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Preface

This book covers a wide range of papers in the areas of fluid mechanics presented
at the Seventh International Conference on Advances in Fluid Mechanics held at
The New Forest, UK on 21-23 May 2008. The conference was organised by the
Wessex Institute of Technology, UK and Dalhousie University, Canada, and was
sponsored by the WIT Transactions on Engineering Sciences.

The conference emphasizes the advancement of knowledge in fluid mechanics
problems and new applications. The basic mathematical formulations and their
solutions by analytical and numerical methods are discussed together with the
experimental work.

The conference has been reconvened every two years since 1996 and was
motivated by previous Meetings and well-established book series, Advances in
Fluid Mechanics, also published by WIT Press. The series has so far produced
over 55 volumes. The Scientific Advisory Committee of the conference comprises
the experienced scientists who are members of the Editorial Board of the book
series.

The conference was first held in New Orleans, USA(1996), followed by Udine,
Italy(1998), Montreal, Canada (2000), Ghent, Belgium (2002), Lisbon, Portugal (2004),
and Skiathos, Greece (2006). Many world renowned scientists, engineers, applied
mathematicians and professionals presented their research findings in those
conferences.

This book comprises the following sections: Computational Methods in Fluid
Mechanics; Environmental Fluid Mechanics; Experimental versus Simulation
Methods; Multiphase Flow; Hydraulics and Hydrodynamics; Heat and Mass
Transfer; Industrial Applications; Wave Studies.

The editors are very grateful to the contributors as well as the Board Members
for their enthusiastic support and participation in the Meeting. We are also thankful
to the staff of the WIT Press for their excellent job in producing this beautiful book.

The Editors
The New Forest, 2008
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Ice accretion simulation on finite wings with
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Abstract

Numerical icing simulations on finite wings are performed using a quasi-3D
approach. The solution method consists of computations of the flowfield using
the Hess-Smith panel method, droplet trajectories, droplet collection efficiencies,
convective heat transfer coefficients and finally ice accretion rates and ice shapes.
Inputs to the problem are the ambient temperature 7, freestream velocity Vo,
liquid water content of air p,, droplet diameter d, total icing time fxp, angle of
attack « and the wing geometry. Droplet trajectories are calculated by integrating
the differential equations of motion for the droplets over time. Droplet impact
locations and collection efficiencies are thus determined. Convective heat transfer
coefficients are calculated using empirical relations and the solutions of the 2-D
integral boundary layer equations. Extended Messinger Method is employed for
the prediction of the ice accretion rates. At low temperatures and liquid water
contents rime ice occurs and the ice thickness is obtained using an algebraic
equation. At higher temperatures and liquid water contents, glaze ice forms for
which the energy and mass conservation equations are combined to yield a first
order ordinary differential equation, solved numerically. In this case, a thin layer
of water is present over a layer of ice and effects of runback water are accounted
for. A computer code is developed using the outlined theory, which is validated
with experimental ice shapes reported in the literature. Ice shapes are obtained for
a wing having taper, twist, dihedral and sweep.

Keywords: ice accretion simulation, Messinger Method, droplet collection
efficiency, rime ice, glaze ice.
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1 Introduction

Ice accumulation on parts of the airframe during flight is one of the fundamental
problems of aviation. Ice growth on wings, tail surfaces, fuselage, etc. result in
severe performance degradation. For example, modification of the wing shape due
to ice accumulation results in lift reduction together with increases in drag and
weight. Ice formation on control surfaces and stabilizers results in serious and
unpredictable degradations in the control characteristics of airplanes. Therefore, it
is important to be able to simulate the effects of icing on performance and flight
characteristics.

Messinger’s study [1] is an important milestone in numerical ice accretion
simulation. Increases in capacities and speeds of digital computers in the 1970s
allowed theoretical and numerical researchers to analyze realistic geometries such
as airfoils, wings and helicopter rotor blades.

In a review paper, Gent et al. [2] present the background and the status of
analysis developed to address the problem of icing on aircraft. Methods for
water droplet trajectory calculation, ice accretion prediction and aerodynamic
performance degradation are discussed.

Myers [3] presents a one-dimensional mathematical model describing ice
growth, which is an extension of the original Messinger model. It is shown that
the model can also be extended to two and three-dimensions and it is the two-
dimensional extension that is employed in the current study.

Potapczuk and Bidwell [4] report an effort to develop a three-dimensional ice
accretion modeling. Three-dimensional flowfield methods and particle trajectories
are combined with two-dimensional ice accretion calculations.

Mingione et al. [5] discuss a three-dimensional ice accretion code. Ice accretion
on the NASA MS-317 30° swept wing and on the Agusta A109 air intake
protection grid are evaluated.

In this article, Section 2 summarizes the approaches used for problem formula-
tion and the solution method. Methods used for computing the flowfield, droplet
trajectories, collection efficiencies and convective heat transfer coefficients are
explained. Extended Messinger Method is outlined in the same Section. Section 3
is devoted to code validation and presentation of the results. Finally, Section 4
summarizes the study and makes recommendations for future work.

2 Problem formulation and solution method
2.1 Flowfield solution

In order to determine the pressure distribution around the wing and provide the
air velocities required for droplet trajectory calculations, 3-D Hess-Smith panel
method is employed [6]. The pressure distribution around the wing is also used
for boundary-layer calculations in order to determine the convective heat transfer
coefficients.
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2.2 Droplet trajectories and collection efficiencies

The following assumptions are made for the formulation of the 3-D equations of
motion for the water droplets:

e Droplet sizes are small, hence remain spherical,

¢ The flowfield is not affected by the presence of the droplets,

e Gravity and aerodynamic drag are the only forces involved.
These assumptions are valid for d, < 500 pm. The governing equations are:

mi, = —Dcosyi, (D
my, = —Dcosys, (2)
mZzZ, = —(Dcosyz +mg), 3)
where

Y= tan™! *p— Vx, Vo = tan™! M, VY3 = tan~! Z}’;VZ, )

Vel rel rel
Vie = /(& = V2 + G — V)2 + (& — Vo2, 5)
D =1/2pV2,CpA,. (6)

Vy, Vy and V; are the flowfield velocity components at the droplet location
obtained from the flowfield solution, while X, yp, 2, Xp, ¥p and Z, are the
components of the droplet velocity and acceleration. A, is the droplet cross-
sectional area. The drag coefficients of the droplets are calculated using the
following drag law [2]:

Cp=1+0.197R"3 + 2.6 x 107%Re 134, Re < 3500,

7
Cp = (1.699 x 1079)Re!22, Re > 3500, ™

where Re = pV,pdp/p is the Reynolds number based on droplet diameter d,
and relative velocity V. The droplet impact pattern on the wing determines the
amount of water that impinges on the surface and the region subject to icing. The
local collection efficiency is defined as the ratio, of the area of impingement to
the area through which water passes at some distance upstream of the wing. The
three-dimensional collection efficiency can be defined as 8 = A,/A, where A,
is the area constituted by four droplets in the release plane, while A is the area
of impingement constituted by the same four droplets neighboring a control point.
Figure 1 shows the computed particle trajectories and how the collection efficiency
is calculated.

2.3 Convective heat transfer coefficients

After flowfield and droplet trajectory calculations, the wing is divided into span-
wise strips. Boundary-layer and icing calculations are performed for each of these
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(a) (b)

Figure 1: Particle trajectories and collection efficiency calculation.

strips using 2-D approaches. The current study employs a 2-D Integral Boundary
Layer Method for the calculation of the convective heat transfer coefficients. With
this method, the laminar and turbulent boundary layer properties are calculated
fairly accurately provided that the crossflow velocity component due to 3-D effects
is not too high compared to the streamwise component. Transition prediction is
based on the roughness Reynolds number, Rey = pU.ks/iu , where kg is the
roughness height and U, is the velocity of the external flow at the roughness
location. For laminar flow (Re;y < 600), formulation of Smith and Spalding is
used to calculate the convective heat transfer coefficient [2]:

0.296kU 435
he = ————.
JvloUl¥lds

where, k is the thermal conductivity of air obtained by assuming constant Prandtl
number and viscosity obtained from Sutherland’s law as a function of ambient
temperature. Streamwise distance along the wing strip starting at the stagnation
point is denoted bys. For turbulent flow (Rexy > 600), the method of Kays and
Crawford is employed [2]. Accordingly, the turbulent momentum thickness is

given by:

0.036102 [+ 08

6= W( / Ue3'86ds> + 6y, 9)
e Str

®)

where 6;, is the laminar momentum thickness at transition location. Skin friction
coefficient is found from the Makkonen relation [2]:

Cr 0.1681
2 [In(8646/ks + 2.568)]%

(10)
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The Stanton number can be calculated from [2]:

Cr/2

St:Pr,+\/(Cf/W' (11)
The roughness Stanton number is calculated from [2]:
St = 1.92Re; "4 pr 08, (12)
Finally, turbulent convective heat transfer coefficient is found from [2]:
he = StpUeCpq. (13)

The roughness height is calculated from k; = 0.00117Kv, Kiwc K1, K. dpE, where
Kv. ., Krwc, K1, and K, d, are empirical factors accounting for freestream velocity,
liquid water content, ambient temperature and droplet size effects [7]. The mean
aerodynamic chord of the wing is denoted by c.

2.4 Extended Messinger method

Icing prediction is based on phase change or the Stefan problem. The Stefan
problem is governed by four equations: heat equations in the ice and water, a mass
balance and a phase change condition at the ice/water interface [3]:

T ki 92T

of _ , 14
ot p[Cpi 8)72 ( )

00 ky 826
9 _ ko 070 (15)

ot PwCpu dy?

0B oh . .
,01'5 +pw§ = pafB Voo + iy — Mgy, (16)
LB AT 90 (17)
pPiLF ot = Kj 8}1 way’

where 6 and T are the temperatures, k,, and k; are the thermal conductivities, Cpy,
and Cp; are the specific heats and & and B are the thicknesses of water and ice
layers, respectively. In equation (16), n1;, and i, s are runback and evaporating
(or sublimating) water mass flow rates, respectively. On the other hand, p; and LF
denote the density of ice and the latent heat of solidification of water, respectively.
Ice density is assumed to have different values for rime ice, o, and glaze ice, pg.
The coordinate y is normal to the surface. In order to determine the ice and water
thicknesses together with the temperature distribution at each layer, boundary and
initial conditions must be specified. These are based on the following assumptions:

e Ice is in perfect contact with the wing surface (surface temperature is

assumed to be equal to the ambient temperature, Ty = T,):

T,1t) =T;. (18)
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e The temperature is continuous at the ice/water boundary and is equal to the
freezing temperature, T'f:

T(B,1) =6(B,1) = Ty. (19)

o Atthe air/water (glaze ice, y = B+ h) or air/ice (rime ice, y = B) interface,
heat flux is determined by convection Q. = h.(T;—T,), heat from incoming
droplets Q4 = paBVooCpuw(Ty — T,), heat brought in by runback water
Qin = minCpuw(Ty — Ty), evaporation Q, = x.eo(Ty — T,) or sublimation
Qs = xseo(Ty — Ty), aerodynamic heating Qy = rh¢Voo?/2C pa, kinetic
energy of incoming droplets Qx = pu Voo /2, and latent heat release Q; =

prLFdB/ot:
. 20
Glaze ice : — kw@ =(Qc+ Q¢+ Qa) — (Qu + Ok + Qin),
o T
Rime ice : — kig =(Qc+ Qs+ Qa) — (Qa + Ok + Qin + Q).
(20)
Evaporation and sublimation coefficients are expressed as:
_ 0.622h:LE _ 0.622h.Lg 21
Xe = CoabiLe2B T CouP L
and P; is the total pressure of the freestream flow.
e The wing surface is initially clean:
B=h=0, t=0. (22)

2.4.1 Rime ice growth and temperature profile
Rime ice thickness follows from the mass balance in equation (16), since water
droplets freeze entirely on impact:

PaP Voo + nirjy — mig

B(1) = . (23)
pr

2.4.2 Glaze ice growth
Glaze ice thickness is obtained by time-integration of the ordinary differential
equation obtained by combining mass and energy equations:

L %_ ki(Tf_TS) (Qc+Qe+Qd)_(Qa+Qk)
Pl 9 =7 B "k + h(Qc + Qe + Qa)/(Ty — Ta)

— Qin- (24)

It is assumed that, all unfrozen water runs back to the neighboring downstream cell
for the upper surface, while all water sheds for the lower surface [8]. To calculate
the glaze ice thickness, equation (24) is integrated numerically, using a Runge—
Kutta—Fehlberg method. Water layer thickness for glaze ice conditions is found
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Table 1: Parameter values used in the calculations.

Symbol | Definition Value

Cpa Specific heat of air 1006 J/kg.K

Cpi Specific heat of ice 2050 J/kg.K

Cpuw Specific heat of water 4218 J/kg.K

€o Saturation vapor pressure constant | 27.03

g Gravitational acceleration 9.81 m/s?

ki Thermal conductivity of ice 2.18 W/m.K

ky Thermal conductivity of water 0.571 W/m.K

Le Lewis number 1/Pr

Lr Latent heat of solidification 3.344 x 10° J/kg

Lg Latent heat of evaporation 2.5 x 10° J/kg

Lg Latent heat of sublimation 2.8344 x 10 J/kg

Pr Laminar Prandtl number of air 0.72

Pr; Turbulent number of air 09

r Adiabatic recovery factor 1/2: laminar flow
1/3: turbulent flow

W Viscosity of water 1.795 x 1073 Pa.s

Or Density of rime ice 880 kg/m>

Pg Density of glaze ice 917 kg/m?

Pw Density of water 999 kg/m?

from the following expression:

h

(paBVoo + min — me)
Pw

P
(t —tg) — p—i(B — By).

(25)

where B, is the rime ice thickness at which glaze ice first forms, and ¢, is the
corresponding time given as:

ki(Ty —Ty)

By

pr

Ie

= - —B,.
(PaBVoo + miy — my)
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Figure 2: Ice shapes on a 30° swept wing having NASA MS-317 section.

Table 2: Icing conditions for the cases presented in Figures 2 and 3.

Variable Value (Figure 2) | Value (Figure 3)
Angle of attack, « 0° 4°
Freestream velocity, Vo 74 m/s 129 m/s
Wingroot chord length, ¢, 0.9 m 1m
Wing span, b 7.3 m 8m
Taper ratio, A 1 0.5
Leading edge sweep, A/ 30° 10°
Dihedral angle, I 0° 4°
Geometric twist, 0° 4°
Ambient temperature, 7, —18.1°C —12.6°C
Exposure time, t¢y) 390s 120 s
Droplet size, d, 20 um 20 um
Liquid water content, p, 1 g/m’ 1 g/m?

3 Validation of the method, results and discussion

Figure 2 shows the ice shapes and comparisons with numerical and experimental
data in the literature for a 30° swept NASA MS-317 wing. Icing and geometrical
conditions for this case are given in the second column of Table 2. As can be
seen, a typical rime ice shape is obtained and it is in very good agreement with
the experimental and the numerical ice shapes reported in the literature. Also, the
extent of the iced region is well predicted.
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Figure 3: Ice shapes on a 10° swept wing having NACA 0012 section.

Figure 3 shows the results for a wing with taper, twist, dihedral and sweep
having NACA 0012 section. This wing is representative of wings that one would
see on real airplanes. Icing and geometrical conditions for this case are given in
the third column of Table 2. As expected, there is a spanwise variation of both
the ice thickness and the iced region. At the wingroot, the ice is thin but extends
through a wide portion of the leading edge. On the other hand, at the wingtip,
the ice is thicker but is confined to a narrower region of the leading edge. These
inferences are in qualitative agreement with the results reported by Ozgen et al. [9].
As reported in [9] smaller wing sections yield higher collection efficiencies, hence
leading to thicker and more severe icing. The ice shape in Figure 3b suggests that
there is glaze ice formation, at least on some parts of the wing.

4 Conclusions and recommendations for future work

Ice accretion predictions on finite wings have been performed using a quasi-3D
approach. Results indicate that the strip approach is capable of predicting ice
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shapes with success, although the boundary-layer and thermodynamical models
used are 2-D. The tool can be used for preliminary design purposes for the
selection of a de/anti-icing system or for certification.

The current tool can be developed to a full 3-D code by implementing a
3-D boundary-layer solver and a thermodynamical model. This will be at the
expense of computational complexity and increased run time. Then, the user has
to decide what to use such a tool for and trades between simplicity, good accuracy
versus complexity, improved accuracy need to be considered. However, if more
complex geometries like intakes or highly swept wings are to be studied, then
these improvements are almost imperative. As a further improvement, a more
sophisticated liquid water model can be introduced, like those described by Fortin
et al. [8] and Myers et al. [10].
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Influence of linear and non-linear constitutive
models on thermoacoustic waves in an enclosure
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Abstract

The problem of unsteady compressible fluid flow in an enclosure induced by ther-
moacoustic waves is studied numerically. Full compressible set of Navier-Stokes
equations are considered and numerically solved by boundary-domain integral
equations approach, coupled with wavelet compression and domain decomposi-
tion to achieve numerical efficiency. The thermal energy equation is written in
its most general form including the Rayleigh and reversible expansion rate terms.
Both the classical Fourier heat flux model and wave heat conduction model are
investigated. The momentum flux is modelled using standard Newtonian viscous
model and linear viscoelastic Maxwell model.

The velocity-vorticity formulation of the governing Navier-Stokes equations
is employed, while the pressure field is evaluated from the corresponding pres-
sure Poisson equation. Material properties are taken to be for the perfect gas and
assumed to be pressure and temperature dependent.

Keywords: compressible fluid flow, velocity-vorticity formulation, Navier-Stokes
equations, thermoacoustic waves.

1 Introduction

In the paper the generation and transmission of thermoacoustic waves in an per-
fect gas filled closed cavity is studied numerically. When a compressible fluid is
subjected to a rapid increase in temperature at a solid wall, a sudden expansion
of the adjacent gas occurs. This phenomenon generates a fast increase in the local
pressure and leads to the production of pressure waves. These thermally generated
waves are referred to as thermoacoustic waves.

Thermoacoustic transport phenomena may be very interesting, when the fluid is
close to thermodynamic critical point or when other modes of transport mechanism
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are weak or absent. Thermoacoustic waves enhance heat transport by converting
the thermal energy into compression work and by inducing convection motion
away from the heated wall. This mode of heat transfer is dominant in the space
environment under zero- or reduced-gravity conditions, where natural convection
of heat transport may be absent or low, and when heat conduction is the only mode
of heat transport mechanism.

The problem of thermoacoustic transport phenomena in a perfect gas confined
in an enclosure subjected to a sudden increase in temperature at a solid wall, have
been considered experimentally and numerically by Huang and Bau [1] as well
as by Brown and Churchill [2]. In the literature one can find analytical attempts
to study the phenomenon limited mainly to simplified models, while the solutions
to general cases have been performed by numerical approximative methods. In
the present paper the boundary element method (BEM) is used. Previous studies
of Lin and Farouk [3], Aktas and Farouk [4], §kerget and Ravnik [5], observed
strong thermoacoustic waves as a consequence of impulsive heating. Horizontal
velocity component reverses sign after reflection from the side walls. The flow
field is essentially one-dimensional.

2 Governing equations for the primitive variables formulation

The field functions of interest are velocity vector field v;, scalar pressure field p,
temperature field 7 and the field of mass density p, so that the mass, momentum
and energy equations are given by the following set of nonlinear equations:

0 1D
Wep=—-T (1)
0x; p Dt
Dv; Iy an an dv;
Por T Ty, TR R T e o,
4 9nD an ap
P/ Y) Nia A L 2
3 E)x,- axi 3)(,' P ( )
DT _ 0 (W8T ;%40 4 722 4 g 3)
c— = — | k— — — ,
Dt 8x]‘ 8xj at Dt

in the Cartesian frame x;, where ¢ denotes changeable isobaric specific heat capac-
ity per unit volume, ¢ = ¢ 0, t is time, g; is gravitational acceleration vector, while
B is a volume coefficient of thermal expansion, A is a heat relaxation time and
@ is the Rayleigh viscous dissipation function. Because of the analytical reasons
required by the derivation of the velocity-vorticity formulation of the governing
equations, the momentum equation is given in the second extended form.
The Newton momentum viscous and Maxwell viscoelastic constitutive models
are considered, such as
3‘[,']‘

.2
Tj = Ty + T = 2néy — gnmly — A=

or @
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where the extra stress tenzor or the momentum flux tenzor is given as a sum of
viscous 7:5 and elastic rl-j. effects. D = divy = &;; represents the divergence of
the velocity field or local expansion field. The parameter A; is the stress relaxation
time. The Rayleigh dissipation function may be stated as

av; (31),' av; v ij) 2

P =1i— = ~nD?. 5
Tl]ax]' g 8x]‘ ax]' 8x,- axl‘ 377 ( )

In the case of intensive unsteady heat transfer, it is important to take into account a
terminal velocity of a moving temperature frontier, namely the following form of
heat flux constitutive model

a 6)

where material constants k and XA are the heat conductivity and the heat relax-
ation time. For most heat transfer problems of practical importance, the simpli-
fication known as the Fourier law of heat diffusion is accurate enough, namely
qi = —k%.

Representing the material properties of the fluid the dynamic viscosity 7, heat
conductivity k, the specific heat per unit volume ¢, and the mass density p, are
written as sums of a constant and variable part, e.g. n = 1, + 7, k = ko, + k,
¢=c,+¢ and p = p, + P, so the momentum and energy egs. (2) and (3) may be
written in analogy to the basic conservation equations formulated for the constant
material properties

DY .1 IR 1 -

2 0V xa——Vp+ Ly S Ve, 7
Dt Po Po Po )

L ®)
DT _ s

Dt ¢ Co

where the pseudo body force term f " and pseudo heat source term S™ are intro-
duced into the momentum eq. (7) and into energy eq. (8) respectively, capturing the
variable material property effects, and the nonlinear effects due to rate of reversible
and irreversible work, and given by expressions, e.g. for plane flow problems

while the pseudo heat source term is given by an expression
s —o(wor 424 e (10)
= — — C— _— .
ot Dt Dt
in which the kinematic viscosity is v, = 1,/p,, the heat diffusivity a, = k,/c,

and the inertia acceleration vector is a = Dv/Dt.
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3 Governing equations for the velocity-vorticity formulation

The kinematics of the flow motion is governed by the following vector elliptic
Poisson equation for the velocity vector

V% +V x&— VD =0. (11)

The kinetics of the flow representing the vorticity transport equation is obtained
by applying the curl differential operator to the both sides of eq. (7), rendering the
following statement for the two-dimensional plane flow written in Cartesian tensor
notation form as

o vjw 3w 1 opgi 1 3f" 1 9 (arfk) a2

- _ L opsi 1% 2,9
at  Ax;  CAx;ox;  po Tax;  po L dx;  po T dxj\ dx

To derive the pressure equation, depending on known velocity field, vorticity
field and material functions, the divergence of momentum equation should be cal-
culated, resulting in the elliptic Poisson pressure equation

Ap_ﬁ.fpzo, (13)
where the pressure force term fp is for the planar flow cases

ap ow >
= fpi = —Moij— — Potti + pgi + f{" + V-1 (14)
0x; 0x;
The Neumann boundary conditions for pressure equation may be determined for
the whole solution domain and the following relation is valid
2—Z=fp-ﬁ on T. (15)

Due to the variable material property terms, and rate of reversible and irre-
versible work acting as additional temperature, pressure and velocity field depen-
dent source terms, the vorticity, thermal energy, and pressure equations are cou-
pled, making the numerical solution procedure of this highly nonlinear coupled set
of equations very severe. Already, the vorticity transport equation as itself is highly
nonlinear partial differential equation due to the inherent nonlinearity caused by
the compatibility and restriction conditions among velocity, vorticity and dilata-
tion fields. The dilatation and the vortical part of the flow, D and & field functions
respectively, and all other nonlinear terms have to be under-relaxed to achieve the
convergence of the numerical solution procedure.

4 Numerical algorithm

The nonlinear system of partial differential equation described in the previous sec-
tion is solved by a combination of two BEM techniques. The wavelet compressed
BEM (Ravnik et al. [6]) is used to calculated boundary values of vorticity and
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pressure, while a macro element BEM governed by a square system matrix is used
to solve other equations. The algorithm is presented in detail below:
e calculate integrals, that depend solely on the mesh geometry
e use wavelet compression on matrices of integrals
e begin time step loop
— begin global nonlinear loop

begin local kinematic-vorticity loop
- KINEMATICS
* calculate boundary values by solving the kinematics
equation by wavelet compressed single domain BEM
* calculate domain velocity values by solving the kinemat-
ics equation by subdomain BEM
- VORTICITY KINETICS
* solve vorticity transport equation by subdomain BEM
using the boundary values from single domain BEM cal-
culation
* check convergence - repeat steps in the local loop until
convergence is achieved
end local kinematic-vorticity loop

- ENERGY KINETICS

temperature

- PRESSURE COMPUTATION

calculate boundary values by solving the pressure equation by
wavelet compressed single domain BEM

calculate domain pressure values by solving the pressure equa-
tion by subdomain BEM

- NON-LINEAR EFFECTS

¥ % ¥

calculate all nonlinear terms (dilatation, reversible and irreversi-
ble rate of work, nonlinear material properties)
CONSTITUTIVE FLUX MODELS

Fourier and non-Fourier heat flux model

Newton viscous and Maxwell viscoelastic models

check convergence - repeat steps in the nonlinear loop until con-
vergence is achieved

- end global nonlinear loop

e end time step

e output results
With the aim of decreasing storage and CPU time requirements of the single
domain BEM we employ the macro element approach. The idea is to use a col-
location scheme for equation for each domain cell separately and require that the
functions must be continuous over the domain cell boundaries. Since every domain
cell neighbours only to a few cells, we end up with a sparse system of equations.
In a nutshell we are using single domain BEM on every domain cell separately
and connect them via compatibility and equilibrium conditions (Skerget et al. [7],

Ravnik et al. [8]).
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In order to be able to perform simulations on dense grids, we used a wavelet
compression algorithm on fully populated matrices, resulting from the BEM cal-
culation of boundary vorticity. A discrete wavelet transform for vectors of arbitrary
length, developed by Ravnik et al. [6, 9], was used.

S5 Numerical example

Using the developed numerical scheme we analysed the onset of thermoacoustic
waves in an enclosure. The enclosure is 13 mm wide and 13 mm high. It is filled
with nitrogen gas at p = 101325 Pa and 7y = 300 K. In the beginning the fluid
is at rest. At ¢ = 0 the left wall is impulsively heated to 7 = 400 K. During the
simulation (¢ > 0) a constant temperature of T = 300 K is kept on the right wall
and Ty = 400 K on the left. The top and bottom walls of the enclosure are con-
sidered adiabatic, i.e. there is no heat flux through them. Gravity is neglected. The
enclosure is closed by walls, which have a no-slip velocity boundary condition.
The ideal gas is chosen as a working fluid, thus the equation of state for the
perfect gas is applied
P = PRT, (16)

to relate the temperature to the other thermodynamic quantities. In the present
research the Prandtl (Pr) number is assumed to remain constant, e.g. the following
constant physical values are selected for the nitrogen (N2): k = 1.4, R = 296.7
and Pr = 0.713. The temperature dependence of the material properties are taken
into account using the following polynomial expressions, e.g. for the dynamic vis-
cosity 7

n(T) = —1.253-107°4+8.983-10787 —1.139- 107172 +9.101- 10773, (17)
the heat conductivity
k(T)=1.494-107*+1.108 - 107*T — 1.045-107'T> + 6.958 - 10773, (18)

while the heat relaxation time value A = 0.1 was selected. The influence of tem-
perature on ¢, is neglected.
For the impulsive heating, the temperature of the left wall is given as

Tr(t) = To(1+ A), (19)
where the over heat ratio A is given by an expression

T, — Ty
Ty

A=

: (20)

and A = 1/3 for all cases presented for spatially uniform wall heating, thus the
left wall temperature is equated to 7, = 400 K.

Three meshes were used in simulations. The coarse mesh with 20 x 20 elements
(1681 nodes), the middle mesh with 30 x 30 elements (3721 nodes) and the fine
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v=0.002m/s

Figure 1: Temperature contours (left) and velocity vectors (right) at + = 0.15 s,
zero gravity condition, 20 x 20 element mesh, A7 = 107 s.

mesh with 40 x40 elements (6561 nodes). Two time steps were used for simulation.
The long time step of Az = 10™* s, which enabled a long-term simulation reaching
steady state. The short time step of Az = 1079 s enabled an insight into the physics
of the phenomenon. The short time step was used on the coarse and middle meshes,
while the long time step was employed on the fine mesh.

The short time step simulation lasted for 0.8 s. On Figure 1 we are showing the
temperature field and the velocity fields at # = 0.15 s. Since there is no gravity and
hence no buoyancy the flow field appears to be one-dimensional.

A point in the middle of the enclosure (x = 0.065 m, y = 0.065 m) was chosen
for demonstration of the time development of the flow. On Figure 2 (left) a pres-
sure and temperature evolution with time is shown. We observe a gradual increase
of pressure, faster in the first tenth of a second and slower after that. No pressure
waves are observed, which was expected since the time step is too long to capture
phenomena which occur with the speed of sound. The pressure distribution in the
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Figure 2: Pressure (left) and temperature (right) in the centre of the enclosure (x =
0.065 m, y = 0.065 m) versus time; Ar = 107 s.
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Figure 3: Temperature (left) and density (right) profiles through the centreline of

the cavity. Development of the profile with time can be seen; At =
1074 s.

enclosure is uniform. At t = 0.8 s the pressure reaches about p = 114000 Pa.
Looking at the evolution of the temperature of nitrogen in the middle of the enclo-
sure on Figure 2 (right) we observe that the temperature increase is more or less
linear. The nitrogen in the centre of the enclosure reaches 7 = 340 K.

To show the variation of flow fields across the enclosure we examined profiles
along the horizontal centreline (x, 0.065 m). Figure 3 shows temperature and den-
sity profiles for six time instants. The very sharp temperature profile in the begin-
ning of the simulation is caused by the application of boundary conditions. At long
times, a steady state diffusive temperature profile is observed. Since the ideal gas
approximation of nitrogen is assumed and since the pressure distribution in the
cavity is uniform the density profiles are reciprocal to those of temperature.

The simulation on the fine mesh was preformed using a time step of 107° s.
Figure 4 shows the time evolution of pressure and horizontal velocity component
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Figure 4: Pressure and horizontal velocity in the centre of the enclosure with time

(left); Temperature in the centre of the enclosure with time (right); 40 x
40 element mesh, At = 107%s.
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Figure 5: Pressure profiles through the centre of the enclosure; 40 x 40 element
mesh, Ar = 107 s. Left Fourier heat diffusion rheological model, right
non-Fourier heat diffusion rheological model.

in the centre of the enclosure. Due to the presence of thermoacoustic waves a fluc-
tuating increase of pressure and changing sign of horizontal velocity is observed.
At the same time a fluctuating increase of temperature is also observed.

Figure 5, left, shows pressure profiles across the centreline of the enclosure at
t = 10 us and t = 30 us. By measuring the distance travelled by the thermoa-
coustic wave between these time instants we were able to estimate the speed of
sound to about 322m/s, which is within 10% of the correct value for nitrogen.

The non-Fourier heat transfer model was also simulated on the fine mesh with a
time step of Ar = 10~%s. Using subsequent pressure profiles we were able to esti-
mate the distance travelled by the pressure wave in a specified time interval. This
enabled the estimation of the speed of sound, which amounted to about 318 m/s.
The two profiles were selected to be 10 us apart and are displayed on Figure 5,
right.

6 Conclusions

In this work a numerical algorithm for solving laminar compressible viscous flow
and heat transfer is presented. The method is used to simulate the onset of ther-
moacoustic waves in a nitrogen filled enclosure subjected to a high temperature
gradient. The results show the occurrence of thermoacoustic waves travelling
across the enclosure at the speed of sound. During the expansion phase, the wave
temperature dips bellow the average medium temperature. The thermoacoustic
waves propagate at approximately the speed of sound within the fluid and grad-
ually damp out due to heat and momentum diffusion. Extremely high gradients
are present in the flow field, which generate the pressure waves and are difficult to
model numerically. Our findings are consistent with numerical and experimental
results of other authors, confirming the applicability of BEM for such flows.
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Detailed investigation of the influence of different constitutive models on the
flow phenomenon will be presented at the conference.
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Abstract

This paper introduces a numerical solution for flow over a back facing step. In
this study, the continuity equation is replaced by a penalty function and a new
formula of penalty parameter is derived and implemented. The new formula of
penalty parameter is restricted only to the finite element method and the formula
requires the existence of the second derivative of the trial function so that a
rectangular element with exponential trial function is proposed and used.

A laminar flow over a back facing step is chosen as a test model to examine
the numerical solution. The location of the reattachment point is captured
accurately only if the penalty parameter is multiplied by a suitable factor and this
factor depends on the Jacobian.

The current numerical results are validated through a comparison to available
numerical and experimental results for the case of flow over a back facing step.
The tested range of Reynolds number was 200, 400 and 1000 and the ratio
between the step height to the duct height was 0.5. The reattachment point is
tabulated against Reynolds number. The comparison shows that the finite
element solution using the new penalty parameter is closer to the experimental
results than the available numerical results.

Keywords: penalty method, back facing step, finite element, laminar flow, Navier
Stokes equations, numerical solution.

1 Introduction

The Navier Stokes equations govern the physical behavior of most of the fluid
flow applications. Thus they have attracted a great deal of attention by most
engineering fields, chemical, civil, aecronautical, oil and mechanical engineering.
These equations usually are solved numerically and the challenge of the
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numerical studies usually focuses on predicting more precise results for the case
study.

The well known methods for solving the Navier Stokes equations are finite
difference, finite volume and finite element method. The numerical solution by
these methods faces three aspects of instability sources.

o  The direct solution of continuity equation.

The direct solution of continuity equation is unstable and this equation is used
to be replaced by pressure Poisson equation, pressure or velocity correction
methods, artificial compressibility or penalty methods.

e Advection dominant.

At Reynolds number greater than 2, the advection term dominants the
solution and observed that the solution is unstable where the variable oscillating
from node to node. This problem studied early and many techniques are
developed to handle the problem as Pertov Galerkin or upwinding streamline
techniques.

e Using equal order element.

For Navier Stokes equations, the using of the same element order to the
velocity and pressure leads to non physical oscillation in the pressure and in the
velocity. The pressure field usually interpolated at lower order than the velocity
field but equal order elements for the pressure and velocity can be used and that
requires a stabilization technique.

The current work considers a numerical solution to laminar flow over a back
facing step. The numerical solution adopts the penalty method instead of the
continuity equation in order to reduce the computation time. The validation of
the results is achieved by a comparison to numerical and experimental results.

2 Previous studies

There are a vast number of publications devoted to employ the finite element
method to solve Navier Stokes equations. The applications go back to 1950’s.
The numerical studies usually consider the effect of the element type, the
numerical scheme and the stabilization techniques. Among the early studies
using finite element method, the study of Taylor and Frances 1981 in which they
employed finite element method to very low Reynolds number flow over a back
facing step using second order element for velocity field and less order for
pressure field.

Back facing step model is preferred as test study and usually the developing
of the numerical schemes is validated over this model due to the well
experimental investigations.

Numerical and experimental results to flow over a back facing step is
available from the work of Mateescu [3], and Barber and Fonty [2].

Mateescu presented efficient solutions of the steady and unsteady Navier-
Stokes equations based on a finite difference formulation and using artificial
compressibility. His numerical method is validated for steady incompressible
flows past a downstream-facing step. The method is used to obtain efficient
solutions for several 2D and 3D unsteady flow problems with oscillating walls.
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The comparison with experimental results of Armaly and by Lee presented in [2]
indicated a good agreement for Reynolds numbers between 400 and 700, with a
deteriorating agreement between Re=800 and 1200; this agreement deterioration
was attributed by Gartling [26], Kim and Moin presented in [2] and Armaly to
the three-dimensional effects occurring in the experimental flows due to the side
walls, as opposed to the rigorous two-dimensional numerical analysis.

Barber and Fonty [2] introduced a novel vortex element method for
simulating incompressible laminar flow over a two-dimensional backward-facing
step. Their model employs an operator-splitting technique to compute the
evolution of the vorticity field downstream of abrupt changes in flow geometry.
They validate the model by comparing the length of the recirculating eddy
behind a confined backward-facing step against data from experimental and
numerical investigations and commercial finite-volume computational fluid
dynamics code, CFD-ACE+. The results show that the vortex element scheme
over-predicts the length of the downstream re-circulating eddy.

The current work is devoted to employ the penalty method. This method is
widely implemented to solve the Navier Stokes equations. The basic of the
penalty method is relating the pressure explicitly to the velocity gradients as;

p=-a % 1)
Ox Oy
where A is the penalty parameter. The magnitude of the penalty parameter can
not determined easily and must be assigned a large value in order to approximate
the incompressibility. Small value of penalty parameter increases the error and
large value may lead to ill condition system of equations.

Recent works that conducted to the penalty method that have used different
penalty parameter are surveyed next. Most of the penalty parameter are
determined by numerical experiments. There are two trends in handling the
penalty parameter. In the first one, penalty parameter is set as constant may
depend on the fluid properties.

In the study of Vellando et al [20], they employed penalty function to study
laminar flow over a back facing step, flow in square cavity and the flow past a
cylinder. Numerically they used a SUPG type algorithm as a stabilization
procedure, in order to eliminate the numerical oscillations. The results for the
penalty algorithm for Reynolds numbers of 100, 1000, 5000 and 10000
considered, the penalty parameter as 10*.

Another study presented in [21] employed penalty method to study the
laminar flow over a back facing step at Re = 900. The penalty parameter was
suggested to be in the range between 10" and 10° . The study showed oscillating
pressure field from one element to the next because of the discretization of the
pressure.

Among the studies employed constant penalty parameter that related to the
fluid density, Roylance [24], where he set the penalty parameter as,

A=10"xu (2)
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The other trend in the expressing the penalty parameter is setting the
parameter as function of Reynolds number as that presented by Baker [10] who
suggested to use penalty parameter as;

A =max(vRe,Re) 3)
and John et al [28], relates the penalty parameter to Reynolds number as follows;
P h.Re

4

where / is the element width. Hozman [25] also employed the penalty method
to compressible flow using penalty parameter as;

A=Re (5)

In the manual of FIDAP, the penalty parameter is picked according to the
relation,

A=cxD (6)
where ¢ depends on the machine accuracy and D is a measure of the dominant
contribution in stiffness matrix. All versions of FIDAP use floating point word
lengths of 64 bits and numerical studies reveal that for this range of lengths, an
appropriate choice of ¢ is 10° and D can be chosen as,

D =max(uRe, u) @)

when 4 is the viscosity, Re is the Reynolds number, lie within a range of 107

to 10° it is not necessary to be very particular about the selection of A4 as it may
vary over several orders of magnitude with essentially insignificant effect on
results; however, outside this range the penalty parameter should be decreased

accordingly from its default value of 10°.

Chan et al [23] employed a finite element and penalty method to single-phase
viscous incompressible fluid, or single-phase elastic solid, as limiting cases of a
biphasic material. Interface boundary conditions allow the solution of problems
involving combinations of biphasic, fluid and solid regions. The results are
compared to independent, analytic solution for the problem of Couette flow over
rigid and deformable porous biphasic layers and show that the finite element
code accurately predicts the viscous fluid flows and deformation in the porous
biphasic region. The study use penalty parameter as function of fluid properties

as
s f
p=cr, B2 oM ®)
N, N

where ¢, is a reference time, C is a computer-dependent parameter related to the
accuracy of the numerical calculations C is usually chosen in the range 10’ to

10°, B and g’ are the solid phase Lamé parameters and x” mf is the viscosity

of the fluid.

Generally, in practical computations, the selection of the value of the penalty
parameter is of crucial importance. The following section considers a derivation
of penalty parameter formula.
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3 The determination of the penalty parameter

In the present paper, we assume a generalized formula to the penalty parameter
based on mathematical ground where such a formula does not exist in the
extensive survey. The penalty parameter is intended to be derived based on the
momentum equations.

If the momentum equations are differentiated with respect to their
corresponding velocity component we obtain

. 6N " O’N, 6 N,
plu —= ’) /1( ’)— u( ) )
Gx ox’
and
.ON, .ON 0’N O’N, 6 N,
u Ly —L)— L) = 10
A( o > ) ( 20) = u( e =) (10)
Adding the two equations and obtain penalty parameter;
. ON, N,
+ p )
X y
A=2 -2 11
FN, 0N, a (1
ox’ oy’

The above formula gives a continuous distribution of penalty parameter over
the element.

4 The element type

The usual strategy in the applications of the finite element method is using a
polynomial trial functions. The pressure field is recommended to be of lower
order than that used for the velocity field and should satisfy the inf-sub
condition. The usage of such elements is summarized by Gresho et al [17]. They
tabulated the advantages and disadvantages of the most known 2D-3D
polynomial elements. Table 1, shows some elements that can be used when
penalty method employed.
Patankar [27] used exponential trial function for triangle element as

N, = A+Bexp( )+Cy

where A,Band C are evaluated as in the tradltlonal way.

The approach in this paper is to use an element that simulates the
mathematical solution of the governing equations. The penalty parameter in Eqn
(11) requires an existence of the second derivative of the trial function, so
polynomial elements are excluded from the study where higher order elements
do not recommended in the Navier Stokes equations. According to the solution
nature, an element with exponential distribution is suggested and used. The using
of exponential distribution over triangular or rectangular elements works well
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with the penalty method. The pressure and velocity elements are of equal order

and the trial functions of the element are,

Table 1: Working elements with penalty method [17].
O.P, 0,0,
00, RF, g
Table 2: The trial functions of exponential elements using parent
coordinates.
C_b g o
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e —e e’ —e e’ —e
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e’ —e e’ —e
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-1 -1
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5 Numerical scheme

It is observed from the current numerical experiments that the direct
implementation and linear iterative solvers are inefficient to get precise results.
In order to get a convergent solution, the following discretization is stabilized
through the Pertove Galerkin method and the residual of the previous iterations

is added to current iteration.
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The current technique is based on varying inlet boundary condition from zero.
For very small inlet boundary condition, the advection term can be neglected and
the system looks like the diffusion problem. This solution can be considered as
exact for the next iteration in which the inlet boundary condition is increased
linearly.
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.ON, .ON, ov
-0, A N + —+v —1))—dA+
T Sl H( i )
p .ON, .ON.  ou
o [N 4L Ly Do gy
0, [(N,+ I H( +v 6}/))@1/ +
ON, 614 av 5N6u 6N0u (12)
5)’ o &y ]
%ﬂjuv, " H( A aﬂ))a“d |
o, 2 j(N+ W ﬂ+ aﬂ))@am
o o oy o
o 7 . N N 6N
0. (N, ﬁ(u i ))de
6N au 81) J-(?Nau 8N6u
5}/ & ox ay

”WI(MH O 2 —)) dd+

_®mzij‘(1\f, +‘ﬁ‘( i"‘ aﬂ))aud
z'; a +
e
0, (N, +— (7+ 7)) d
PEAN" 7%
6N ou 8\1 8N8v 6N 81/)
1 &y N % a ey
0, I<N+H s A/ ai»avdA
e b S aﬂ»@
s 2 H ] . (13)
o QM&I(N +2 W al+ aﬂ))avam
2 |ed >y
&N, 6u+8v)d gl N
Y o vy

@ WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
S www.witpress.com, ISSN 1743-3533 (on-line)



30 Advances in Fluid Mechanics VII

where 7 is the current iteration number and S is defined

.E.u.Ax+;.v.Ay - 1
p=—"———, &=coth(a,) ——,
2 a.
= . VA
n =coth(aq)—i,a5 = puAx ,a, _pvay
a, 2u 2u
and 7, is defined
Tps =1

where ©,, =2 and this value also multiplied to the term includes fluid density in
equation 11. . The factor ©,, depends on related parameters.

©, = max(J, [/, b o, L o))
Where J, is the element of Jacobian matrix and the relaxation factor is taken as

0.75 and the number of iterations is 4000. Another workable scheme is
increasing the ©, linearly with the iterations.

6 Laminar flow over a back facing step

The behavior of the flow over a back facing step in laminar mode is sensitive to
the Reynolds number and also sensitive to the ratio between the step height to
the duct height. The main feature of such flow is the circulation that formed
behind the step as a result of the abrupt change in geometry.

In flows at ST =0.33 only one circulation behind the step observed while at
ST =0.5 another circulation occurs at the upper wall. For S7 greater than
0.33, the upper circulation occurs as a result of the vacuum induced by the
lower circulation and it occurs before the reattachment point of the lower
circulation and extends afterwards.

Irrespective to dependency of the numerical solution on grid concentration
and size, the current study is intended to be performed on uniform equal size
rectangular elements to exhibit the efficiency of the developed numerical model.

The study is performed over a wide range of laminar flow and the Reynolds
number ranged from 400 to 1200 . The Reynolds number is based on the mean
velocity and duct height as a characteristic length as in the study of Mateescu [3]
but Barber and Fonty [2], calculated the Reynolds number based on the step
height.

The locations of the separation and reattachment points are commonly used as
a validation criteria for the computational and experimental results. Thus, the
separation and the reattachment points for laminar flow is tabulated versus
Reynolds number in table 1 and the table also shows a comparison to the data
given in [2] and in [3].

Table 3 shows a change of lower reattachment point with change of Reynolds
number that presented in [2] and [3].
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Kim and Moin’s study that presented in [2] used a computational domain that
does not include an inlet region and they directly impose the inflow boundary
condition at the step edge itself. In this study and the study of Mateescu [3], the
domain contains an inlet region which has made the problem more physically
realistic.

The linear iterative solvers are inefficient to solve the system of equations so
that gauss elimination method is applied to compressed matrices in each
iteration.

The numerical solution is very sensitive to ®, and relaxation factor. Their

changes have great effect on the numerical prediction of the reattachment point.
Although of that, the comparison of the current results shows the efficiency of
the current numerical solution. The current results are more accurate than the
numerical results presented in both [2] and [3]. The consistency of accuracy is
hold over all tested range of Reynolds number. But for the study of [2] and [3]
the accuracy is lost for Reynolds number greater than 400.

For real flow, a secondary bubble circulation is observed experimentally
behind and closer to the step and the current numerical technique is capable to
predict this bubble circulation.

7 Conclusions

In this study, a new formula of penalty method is derived from momentum
equations and used with an element of exponential trial function to study a
laminar flow over a back facing step. A special technique to handle the problem
is employed hence linear iterative solvers are found inefficient. Validation of the
code is achieved through a comparison over a wide range of Reynolds number of
flow over a back facing step in laminar mode. The comparison shows that a
precise results are obtainable if the multipliers to the advection and penalty
parameter are well employed. The coefficients, 6,,,6, needs a mathematical

ad >Yp

optimization and generally the present numerical technique shows efficiency
over the numerical results presented in the references.

Table 3: The effect of Reynolds number and step height at ST =0.5.

Lower upper upper
Re, Reattachment separation Reattachment
point: R1 point: R2 point: R3
Curr | Ref[2] | EXP[3] | Curr | Ref[2] | EXP[3] Curr | Ref2] EXP [3]

4.1-

400 4.6 5.5 43 - - - - - -
5.21-

600 5.6 7 58 43 - 4 7 - 8

800 | 7 gs | G| sz - | ssas |10 - | 9810
8.4-

1200 9.1 11 39 4.7 - 7.8 9.8 - 11-11.5

Curr: Current results, Exp [3]: Experimental results presented in [3].
Re,, : Reynolds number based on the hydraulic diameter.
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Figure 1: Backward facing step problem for Re, =800.
Nomenclature

p: Fluid density.

4 : Fluid dynamic viscosity.

v : Fluid kinematics viscosity.

A: Penalty parameter.

Re: Reynolds number.

J : Boundary layer thickness.

h: Element size.

N, : Weighting function.

N, : Trial function at node J .

ST : The ratio between the step height to the duct height.
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An inverse approach for airfoil design
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Abstract

Inverse design methods directly compute geometry for specified design
parameters such as surface pressure or velocity, which is related to the
performance of an airfoil (or a blade) geometry. These methods replace the time
consuming iterative procedure of direct methods in which a large number of
different blade shapes are designed and analysed to find the one which creates
the surface velocity or pressure distribution closest to the desired one. In this
paper a viscous inverse method for airfoil design is described. The inverse design
approach computes an airfoil shape based on the target surface pressure
distribution. The re-design of an airfoil, starting from an initial arbitrary profile
in subsonic flow regimes, demonstrates the merits and robustness of this
approach.

Keywords: inverse method, CFD, airfoil design, RANS equations.
1 Introduction

The Computational Fluid Dynamics (CFD) codes can be directly used for airfoil
shape design based on ‘trial and error’ approaches. By guessing an airfoil shape,
the flow solution can be obtained using the CFD codes. The flow solution is then
compared with the desired flow conditions. If these are not met then the airfoil
geometry is altered. The whole process is repeated again, until the required flow
conditions are achieved. In fact, these direct design procedures are very
inefficient and time consuming. In order to reduce the development and design
time and their associated costs, a more systematic method is required. The
inverse method is an alternative approach that replaces the time consuming
iterative procedure of direct methods. A pioneering airfoil inverse method based
on conformal mapping was developed by Lighthill [1] in 1945. Since then many
inverse methods for airfoil (or blade) design have been developed. These
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methods are mainly based on potential flow equations [2, 3] or Euler flow
equations [4, 5]. These methods provide inviscid geometries so many
characteristics of real flow fields are ignored. Unfortunately the inverse design
based on inviscid flow calculations cannot directly be extended to methods based
on Navier-Stokes equations. This is because the blade modification algorithm of
these inverse design methods requires a non-zero relative velocity on the surface
whereas the relative wall velocity is zero in viscous flow calculations due to the
non-slip condition. However, in certain flow fields accurate modelling of viscous
flow by utilizing Navier-Stokes equations is essential in order to design the blade
or airfoil shape more precisely [6].

The current viscous inverse design approach computes an airfoil shape based
on the target surface pressure distribution. In order to determine the required
geometrical modification to accomplish the target design specification the
following steps are carried out. First, the surface pressure coefficients
distribution of an initial blade is calculated using the viscous flow analysis
algorithm. Then, the difference between the target and the initial surface pressure
coefficient distribution is used for blade modification. Subsequently, the mesh of
the domain is adapted to the modified blade. The modified airfoil is then
considered as an initial airfoil and this procedure is carried out iteratively until
the differences between the target and initial surface pressure coefficients are
negligible. These steps and the application of the method for the design of an
airfoil are described hereafter. It is then followed by the application of the
method for airfoil shape design.

2 Flow analysis algorithm
Taking the time average of the steady incompressible Navier-Stokes equations in

a Cartesian coordinate system and applying the Boussinesq hypothesis for
closure of the equations yields the following RANS equations:

0

_(PUi):O (@

Ox;
2 U, U, P
Z\pUU. —(u+ iy = 2
& PV (u ﬂ[{dcj dx,} & @

U and P are the time averaged components of velocity and pressure vectors
respectively, p is viscosity, p is turbulent viscosity and p is density. The standard
k-¢ model is implemented for turbulence modelling as it has a good compromise
in terms of accuracy and robustness [6]. In this model  is given by:

2

1 =pC#? (3)

An approximate transport equation for k and € can be written in the following
form:

[ﬂﬁj +G, - pe (4)

Oy ﬁxi

opUk 0
Ox; Ox;

1
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2
PUie _ 0| M %2, 06 _c,p- 5)
Ox; ox;\ o, Ox; k k
Here Gy represents the generation of k and is defined as
ou, dU; \ou,
Gy = | —+ s+ (6)
ox; Ox; )ox;

Based on experimental data from a variety of turbulent flows Launder and
Spalding [7] recommended the following values for the empirical constants
which appear in equation (3) to equation (5):

C=1.44,C,=1.92, C,=.09, ox =1 and 5, =1.3.

The pressure correction method developed by Patankar [8] has been used to
solve the incompressible Navier-Stokes equations on unstructured meshes. A cell
centred finite volume discretisation of the governing equation based on the work
of Mathur and Murthy [9] was developed. The flow analysis algorithm and
discretisation method is explained in details in Rahmati et al. [10].

3 Airfoil modifying algorithm

The blade surface pressure coefficient instead of surface velocity is used to
modify the blade. This is because the velocity on the surface is considered zero
to satisfy the non-slip conditions. The airfoil surface is treated as elastic
membrane, which is modified based on the differences between target and
calculated pressure coefficient. The airfoil modifying algorithm is based on the
method of Dulikravich and Baker [11] who suggested the following linear partial
differential equations can be used as a residual corrector to modify the top and
bottom contour of the blade respectively:

—B,0(Ay,,) +B.0 (Ay,,)/0s + B.o’ (Aywp)/és2 =ACp %

BOAY s100) +B20 (AVpo)/ 05 = B30 (AVyuy, )/ 05* = ACP ®)

In equation (7) and equation (8), s is the airfoil contour following coordinate,
Lg is the lower airfoil contour length, L is the total airfoil counter length and
Ayiop and Aypewom are the blade normal displacement at the top and bottom
counter of the airfoil respectively. By, B,, B5 in equation (7) and equation (8) are
user specified coefficients while ACp is the local differences between the target
and computed surface pressure coefficient i.e.

Acp — CpTarger _ CpCalculated (9)

By using two different equations, appropriate boundary conditions for the
airfoil shape design such as leading edge closure and stacking conditions can be
implemented. The solution of this equation provides the geometry correction,
which is used to modify the initial geometry to form a new geometry. If, after
having checked the convergence, the design requirements are not satisfied, the
design cycle is repeated with the new geometry. The process is repeated until the
pressure coefficient differences are negligible.
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Figure 1: Blade modification method using elastic membrane concept.

Equation (7) and equation (8) are non-homogeneous second order equations
with constant coefficients. The complementary functions of these equations for
the upper and lower contours are:

Aymp — Cleﬂ.ls + Czelzs (10)
Aanttom — C3eflls + C4ef/12s (1 1)
where
2
_ —BoE+B 2+4B1 B2
Mo = 253 (12)

Cy C,, C; and C4 are constants that will be computed from the boundary
conditions at the leading and trailing edges. To find out the particular integral of
equation (7) and equation (8) the surface distribution of ACp is represented by
utilising the Fourier series expansion as follow:

AC,(s) =a,+ [ a,cos(N,s)+b,sin(N,s) | (13)
n=1
where N,=2nTl/L anda,, a,and b, are the Fourier series coefficients. The

particular integral of equation (7) and equation (8) are represented in the form of
Fourier series as:

Ay = A + Z[ A" cos(N,s) + By” sin(N,,s) ] (14)
n=l1

Aybotrum — A(l))ormm +f[ Aéwttom COS(N"S)_”_B(}))ormm Sin(N,,S) ] (15)
n=l

The values of A, A, and B, are found by substitution of equation (14) and
equation (15) into equation (7) and equation (8) respectively: These values are as
follow:

g _GB+NB)-b,(BN,) <nen
BN BN, S e
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_b,(B+N" B)+a,(BN,)

B = BTN BT (BN,) B S (17)
Abottam :_a;z(ﬁl+N2;1ﬂ3)+bn(ﬂ2Nn) 0<n<7’l

T BANLA) (AN, SN (1)
Rhottom :_bn(ﬂ] +N%B)-a,(BN,) 1<n<n

T BN (BN, (19)

Having found the particular integral and complementary functions of
equations (7) and equation (8), the complete solution of these equations are given
by the following equations:

AY” =Ce™ +Ce™ + Z[ A" cos(N,s)+ B, sin(N,s) | (20)

n=0

A" = Cie ™ + Cie ™ + Z[ A" cos(N,s) + B sin(N, s) ] (21)

n=0
Equation (20) and equation (21) contain four unknown constants C;" C,, C;
and C4. To compute these constants, the following boundary conditions are
applied: zero trailing edge displacement, trailing edge closure, leading edge
closure, and smooth leading edge. Consequently, these boundary conditions, for
the airfoil shown in figure 1, yield four equations with four unknown: Cy C,, C;

and C,. These constants are found by the following matrix:
— -1

¢ 1 1 0 0
C2 0 0 eUH erz
C3 = e—}qLE e’jQLE _eﬂ'LE —euf *
c| [caete —hes aee pen
_%Abotmmn
n=l1 (22)
_rf Alﬂprl
n=1
i[AA ,€08(N,L;)+AB,sin(N,L;) |
n=l
> A4 N, sin(N,L,)+AB,N, cos(N,L,) ]
L n=1 -
where
_ Alop _ bottom
A, =47 - A, (23)
ABn — B,tlup _Brll;ottum (24)
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In the formulation of this method three arbitrary contents; B, B,, B3 are used.
Ideally the design method for different applications should be independent of
these user-specified constants. However, the choice of these arbitrary constants
controls the convergence and stability of the inverse design. So optimising these
values for successful convergence of iterative design procedure in reasonable
time is essential. Though, the only method to specify these user-specified values
for different applications is based on trail and error. This is the major
disadvantage of the method as the success of inverse design depends on the
specification of these arbitrary constants. For airfoil design the amount of f3,
=1.2, B, =0, B;=0.4 was considered which are the same values which was
proposed by Dulikravich and Baker [11].

4 Mesh movement algorithm

Mesh movement algorithm is an integral part of the current inverse design
method as once the blade surface is modified by inverse algorithm the
corresponding triangular mesh has to be adapted too. The mesh movement
algorithm is based on the linear tension spring analogy concept of Batina [12].
In this method each unstructured meshes edges are modeled as springs with the
stiffness inversely proportional to the length of the edges. By displacement of the
boundaries of the domain, the spring forces are calculated. Then the
displacement of every interior vertex is solved iteratively until all forces are in
equilibrium. A linear tension spring analogy is applied here because only the
nodal displacements are important and no purely elasticity variables such as local
stress or strains. Also this method is a robust method with a low computational
cost, see Rahmati [6].

S Inverse design application

The task of inverse design is usually to improve the performance of a known
blade or create a new design based on earlier design that operates under the same
conditions. Thus, the initial blade is usually known prior to the design. In the
case of inverse design of airfoil, a known airfoil, NACA0012 with zero angle of
incidence, is used as an initial blade. The blade modification algorithms of the
inverse design method require an initial condition, which is given by a stacking
point that remains fixed throughout the iterative design procedure. In this case
the stacking point is a point at the trailing edge of the airfoil. This initial
condition is required to satisfy the boundary conditions of equation (20) and
equation (21).

The NACAO0012 airfoil with zero angle of incidence is utilised as an initial
blade to re-design of NACAO0012 with 6 degree angle of incidence by imposing
the target surface pressure coefficient distribution. The air flow velocity is 55
m/s. Figure 2 and figure 3 show the initial airfoil, the airfoil shape after five and
ten iterations, the designed airfoil and their corresponding surface pressure
coefficients. The meshes of these airfoils, which contain 10216 triangular cells,
are shown in figure 4 to figure 7. Twenty five calls to the analysis code are
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Figure 2: Reproducing NACAO0012 airfoil with 6 degree angle of incidence.
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Figure 3: Initial, intermediates and target surface pressure coefficient.

Figure 4: The initial mesh around the blade.

required for the convergence of the geometry. The flow analysis algorithm is
considered to be converged when the normalised residuals of the governing
equations had reduced to 10, The design process for the computation of blade
geometry is considered to have converged when the calculated design parameters
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Figure 7: The mesh around the designed blade.
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match the target design parameter within the specific tolerance of 1%. This
tolerance is defined as the percentage of the discrepancy between the target and
calculated design specification.

6 Conclusion

A Navier-Stokes inverse design method based on the specification of surface
pressure coefficient distribution on the blade is developed. One of the
improvements of the present methods over previous methods is that the flow
field is treated as viscous turbulent flow. Also one of the advantages of the
current design method and flow analysis algorithm is that they are based on the
unstructured meshes. So most complex fluid regions can be meshed
automatically which yields to significant reduction in the time and effort required
to generate meshes. The capabilities of this design methodology have been
verified by reproducing an airfoil based on a target surface pressure coefficient
distribution. The numerical results show the efficiency of the method for airfoil
inverse design. However the convergence rate of the shape design process relies
on the specifications of three arbitrary constants. These arbitrary constants are
required in the formulation of the blade modifying algorithm. The method can be
extended for three-dimensional inverse design of wings by rewriting equation (7)
and equation (8) for three-dimensional surfaces using more arbitrary constants.
So, the convergence rate of the shape design process for three-dimensional
applications will depend on the specifications of more than three arbitrary
constants.
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lid-driven square cavities by the
lattice Boltzmann method
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Abstract

Due to the presence of corner eddies that change in number and pattern, the
classical one-sided lid-driven cavity problem has been found to be particularly
suitable to study various aspects of the performance of solution algorithms for
incompressible viscous flows. More recently, the flow induced by the motion of
two facing walls (two-sided lid-driven cavity) has also been investigated by
Kuhlmann et al. For some aspect ratios this study demonstrates the existence of a
multiplicity of solutions. However, for the aspect ratio of unity no multiplicity of
solutions has been observed. Also it is found that for parallel motion of the walls,
there appears a pair of counter-rotating secondary vortices of equal size near the
centre of a wall. Because of symmetry, this pair of counter-rotating vortices has
similar shapes and their detailed study as to how they grow with increasing
Reynolds number has not yet been made. Such a study is attempted in this paper
through the lattice Boltzmann method (LBM), as the problem has the potential of
being used for testing various solution methods for incompressible viscous
flows. The results for the antiparallel motion of the walls are also presented in
detail. As the problem has not been investigated before, to lend credibility to the
results they are further compared with those obtained from a finite difference
method (FDM) code developed for this purpose.

Keywords: two-sided lid-driven cavity, lattice Boltzmann method, finite
difference method, D2Q9 model, bounce-back boundary condition.

1 Introduction

A number of experimental and numerical studies have been conducted to
investigate the flow field of a lid-driven cavity flow in recent decades. Ghia et al.
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[1] have applied a multi-grid strategy and presented solutions for Reynolds
numbers starting from Re = 100 to as high as Re = 10000. A review on
computational and also experimental studies on lid-driven cavity flow can be
found in Shankar and Deshpande [2]. They have studied and analyzed corner
eddies, nonuniqueness, transition and turbulence in the lid-driven cavity.
Kuhlmann et al. [3] have done several experiments on a two-sided lid-driven
cavity with various spanwise aspect ratios. Blohm and Kuhlmann [4]
experimentally investigated the incompressible fluid flow in a rectangular
container driven by two facing sidewalls that move steadily in an anti-parallel
direction up to Reynolds number 1200.

Albensoeder et al. [5] were the first to investigate the nonlinear regime and
found multiple two-dimensional states. They have found seven and five flow
states in antiparallel and parallel motion respectively. Kalita et al. [6] developed
an HOC algorithm for Stream-function vorticity formulation of the 2D N-S
equations on graded Cartesian meshes. They used the algorithm to compute the
flow in a two-sided 2D lid-driven cavity [7] where, besides wall shear, free shear
flow is also encountered.

Many researchers [9] carried out simulations of one-sided lid-driven cavity
flow by lattice Boltzmann method. Yong G Lai et al. [10] compared the lattice
Boltzmann method and the finite volume Navier-Stokes solver and concluded
that bounce-back boundary condition has better than first order accuracy. The
present work uses lattice Boltzmann BGK model (LBGK) with single time
relaxation and bounce-back boundary condition to investigate the flow driven by
parallel and antiparallel motion of two facing walls in a square cavity for
Reynolds number up to 2000. A nine-bit square lattice incompressible LB model
in 2D space has been used in the present work since it is known to give more
accurate results compared to seven-bit incompressible LB model.

The rest of the paper is organized as follows. In Section 2, LBGK with single
time relaxation and 2D nine-velocity lattice model is defined. The numerical
procedures for LBM and stream function-vorticity based FDM is also described
in this section. In Section 3, the two-sided lid-driven cavity problem is described
and the results from LBM simulation with parallel and antiparallel motion of the
walls are presented. The results are discussed in Section 4. Based on the results
obtained concluding remarks are made in Section 5.

2 Numerical methods

2.1 Lattice Boltzmann method

The lattice Boltzmann method represents an alternative possibility for the direct
simulation of the incompressible flow. It has been shown that the accuracy of the
lattice Boltzmann method is of second order both in space and time [9]. The
lattice Boltzmann equation, which can be linked to the Boltzmann equation in
kinetic theory, is formulated as [8]

[i(xX+c AL+ A — fi(X,1) = Q; (1)
where f; is the particle distribution function, ¢; is the particle velocity along the
ith direction and €, is the collision operator. The so-called lattice BGK model
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with single time relaxation, which is a commonly used lattice Boltzmann
method, is given by

FX + At t+ AL — f(X,1) = —I—(fi(x,t)ffi(o)(x,t)) )
T

Here fl(o) (x,?) is the equilibrium distribution function at x,t and 7 is the

time relaxation parameter.

The D2Q9 square lattice used here has nine discrete velocities. A square
lattice with unit spacing is used on each node with eight neighbours connected
by eight links. Particles residing on a node move to their nearest neighbours
along these links in unit time step. The occupation of the rest particle is defined
as fo. The occupation of the particles moving along the axes are defined as fi, f,,
f3, fa, while the occupation of diagonally moving particles are defined as fs, fs,
f7, fs. The particle velocities are defined as

c, =0, i=0
¢, = (cos(m/4@i—-1),sin(z/4(i-1))), i=1,2,3,4 (3)
¢, =/2(cos(r /4(i—1)),sin(z /4(i—1))), i=5,6,7,8.

The macroscopic quantities such as density p and momentum density pu are

defined as velocity moments of the distribution function f; as follows:
N

p=2 f )

i=0

pu = Z fic;. %)

i=0
The density is determined from the particle distribution function. The density
and the velocities satisfy the Navier-Stokes equations in the low-Mach number
limit by using the Chapman-Enskog expansion [8]. In the nine-velocity square
lattice, a suitable equilibrium distribution function has been proposed [9] with,

[ = :—p {17%142}, i=0

(6)
FARES ;—p [1+3(c,u) + 4.5 (c,u)’ -1.5u>], i=1,2,3,4
[0 = 31—6,3 [1+3(c,u) +4.5 (c,u)’ -1.5u”], i=5,6,7,8

where the lattice weights are w,=4/9, w,=w,=w,;=w,=1/9 and

w; =w, =w, =w, =1/36. The relaxation time 7 is related to the viscosity by
6v—-1
T= 7
3 (7

where v is the kinematic viscosity. It was seen that 7= 0.5 is the critical value
for ensuring a non-negative kinematic viscosity. Numerical instability can be
expected for 7 close to this critical value. This situation takes place at high
Reynolds numbers. In this work Reynolds numbers up to 2000 in a lattice size of
2577 have been investigated.

In LBM several boundary conditions have been proposed [10]. The bounce-
back scheme was used in these simulations to copy the velocity no-slip condition

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



48 Advances in Fluid Mechanics VII

on walls. In this scheme, the particle distribution function at the wall lattice node
is assigned to be the particle distribution function of its opposite direction. The
basic argument for the use of ‘on-grid bounce-back model’ is that it is both
mathematically applicable and quite relevant for LBE simulations of fluid flows
in simple bounded domains. For this reason, this boundary condition has been
employed here on the two stationary walls. However for the moving walls, the
equilibrium boundary condition is applied [9]. At the lattice nodes on the moving
walls, flow-variables are re-set to their pre-assumed values at the end of every
streaming-step. A lid-velocity of U = 0.1 has been considered in this work.

2.1.1 Numerical algorithm

The velocities at all nodes except those on the moving walls are assumed to be
zero at the time of starting the simulation. Initially, the equilibrium distribution
function that corresponds to the flow-variables is assumed as the unknown
particle distribution function for all nodes at t = 0. Uniform density p = 1.0 is
imposed initially.

The solution procedure of the LBM at each time step comprise streaming and
collision step, application of boundary conditions, calculation of particle
distribution function followed by calculation of macroscopic variables.

The lattice Boltzmann Equation (LBE) is solved in the solution domain
subjected to the above initial and boundary conditions on a uniform 2D mesh. It
is seen that the numerical algorithm of the LBM is relatively simpler compared
with conventional Navier-Stokes methods. Another benefit of the present
approach is the easiness of programming.

2.2 Finite difference (FD) stream function-vorticity based solver

As the LBM method is intended to be used to compute an unexplored problem,
need was felt to develop a finite difference code to attack the same problem thus
providing a basis for comparison. The FD code numerically solves the 2D
Navier-Stokes equation in stream function-vorticity formulation given by

2 2
v LIV ®)
ox %%
oo o Oo 1 (o o
€O, 22,0 L |22, 09 )
ot Ox 0y  Re \ Ox oy

In the code all space derivatives are centrally differenced and ADI method is
used for time integration to the steady state. This code will provide a legitimate
basis for comparison only after it has been validated and this exercise is
presented in the next sub-section.

2.3 Code validation

The developed FD code is used to compute the single lid-driven flow in a square
cavity on a 1297 grid. Well established results computed by Ghia et al. [1] exist
for the same problem on a similar grid and this work is used for validating the
present FD code. Figure 1 shows the steady-state u-velocity profile along a
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vertical line passing through the geometric centre of the cavity at Re = 1000.
Here the top lid moves from left to right and it is observed that the agreement
between our FD results and those of Ghia et al. [1] is excellent. The same figure
also displays our LBM results, which again are in excellent agreement with the
two results described earlier. In the next section the LBM results for the
unexplored two-sided lid-driven cavity flow will be presented and the credibility
of these results will be established through comparison with the results of the FD
code.

Re=1000

08 present LBM E
e  ghiaetal[1] E
07F —emem present FDM E

Figure 1: u-velocity profile at the vertical centreline for single lid-driven
square cavity flow (Re = 1000).

3 Two-sided lid-driven cavity flow

An incompressible viscous flow in a square cavity whose top and bottom walls
move in the same (parallel motion) or opposite (antiparallel motion) direction
with a uniform velocity is the problem investigated in the present paper. In the
case of parallel wall motion, a free shear layer exists midway between the top
and bottom walls apart from the wall bounded shear layers whereas in the case of
antiparallel wall motion, only wall bounded shear layers exist.

3.1 Parallel wall motion

LBM results on a lattice size of 257x 257 for the parallel wall motion are shown
in Figure 2. When both the walls, say, the top and the bottom move in the same
direction with the same velocity, the streamlines are found to be symmetric with
respect to a line parallel to these walls and passing through the cavity centre.
Figure 2(a) shows the streamline pattern for the parallel wall motion at Re = 100
with the top and bottom walls moving from left to right. Two counter-rotating
primary vortices symmetric to each other are seen to form with a free shear layer
in between. At this Reynolds number the primary vortex cores are seen to be
somewhat away from the centres of the top and bottom halves of the lid-driven
cavity towards the right-hand top and right-hand bottom corners respectively. At
Re = 400 (Figure 2(b)), apart from the primary vortices two counter-rotating
secondary vortices symmetrically placed about the horizontal centreline are seen
to appear near the centre of the right wall. Figures 2(c) and 2(d) show the
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(b) Re = 400
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(©Re=1000 (d) Re = 2000

Figure 2: Streamline pattern for parallel wall motion at (a) Re = 100 (b) Re =
400 (c) Re = 1000 and (d) Re = 2000 by LBM on a 257 lattice.
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(c) Re =1000 (d) Re =2000
Figure 3: Streamline pattern for parallel wall motion at (a) Re = 100 (b) Re =

400 (c) Re = 1000 and (d) Re = 2000 by FDM on a 129 grid.
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streamline patterns at Re = 1000 and Re = 2000 respectively. From Figure 2 it is
observed that as the Reynolds number increases the cores of the primary vortices
move from near the top right and bottom right corners to the centres of the top
and bottom halves of the cavity respectively. Also as the Reynolds number
increases the secondary vortices near the centre of the right wall grow in size.
The counter-rotating pairs of primary and secondary vortices maintain their
centro-symmetry for all the Reynolds number investigated in this work. As
mentioned earlier these results are now substantiated by comparison with the
results given by the validated FDM code. Figure 3 shows the FDM streamline
patterns on a 1297 grid for Re = 100, 400, 1000 and 2000 as before. Comparison
with Figure 2 shows that LBM streamline patterns compare very well with those
for the FDM. Figure 4(a) shows the comparison for horizontal velocity along the
vertical centreline of the cavity and Figure 4(b) shows the comparison of vertical
velocity on a horizontal line at a height of three quarters from the bottom wall.
Agreement of the velocity profiles given by both methods is again excellent.
Table 1 gives the locations of the vortices given by LBM and FDM for Re = 100,
400, 1000, 1500 and 2000. All these results show that the agreement is very good
thus lending credibility to the results for these unexplored problems.
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Figure 4: For parallel wall motion (a) u-velocity along vertical line passing

through x = 0.50 (b) v-velocity along horizontal line passing
through y = 0.75.

3.2 Antiparallel wall motion

LBM results on a lattice size of 257° for the antiparallel wall motion are shown
in Figure 5. When both the walls move in opposite direction with the same
velocity, top to the right and bottom to the left in this paper, a single primary
vortex centred at the geometric centre of the cavity is formed (Figures 5(a) and
5(b)). These two figures show the streamline patterns for Re = 100 and 400
respectively. Figures 5(c) and 5(d) show the streamline patterns for Re = 1000
and 2000, which show the appearance of also two secondary vortices near the
top left and the bottom right corners of the cavity. It may be noted that the
corresponding vortex for a single lid-driven cavity flow does not appear at a
Reynolds number as low as 1000 but much later (i.e. at a higher value beyond
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Figure 5: Streamline pattern for antiparallel wall motion at (a) Re = 100 (b)
Re = 400 (c) Re = 1000 and (d) Re = 2000 by LBM on a 257
lattice.
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Figure 6: Streamline pattern for antiparallel wall motion at (a) Re = 100 (b)
Re = 400 (c) Re = 1000 and (d) Re = 2000 by FDM on a 129
lattice.
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Figure 7: For antiparallel wall motion (a) u-velocity along vertical line
passing through x = 0.50 (b) v-velocity along horizontal line
passing through y = 0.50.
Table 1: Locations of the vortices for parallel wall motion: a. FDM, b.
LBM.
Primary vortex centres Secondary vortex centres
Re Bottom Top Bottom Top
X y X y X y X y
100 a.0.6146 0.2025 0.6146 | 0.7956
b.0.6145 | 02024 | 0.6145 | 0.7949
400 a. 0.5844 0.2387 0.5844 | 0.7552 0.9872 0.4636 0.9872 [ 0.5262
b. 0.5845 0.2388 0.5845 [ 0.7549 0.9875 0.4713 0.9874 [ 0.5283
1000 a. 0.5352 0.2453 0.5352 0.755 0.9550 0.4572 0.9550 [ 0.5408
b.0.5314 0.2431 0.5314 [ 0.7556 0.9528 0.4619 0.9528 [ 0.5365
1500 a. 0.5245 0.2453 0.5267 | 0.7528 0.9444 0.4572 0.9443 [ 0.5429
b. 0.5234 0.2434 0.5234 [ 0.7518 0.9434 0.4569 0.9433 [ 0.5385
2000 a.0.5132 0.2474 0.5132 [ 0.7528 0.9400 0.4573 0.9400 [ 0.5478
b.0.5108 0.2489 0.5108 | 0.7497 0.9378 0.4598 0.9377 | 0.5389

2000). It has also been observed that primary vortex centre remains at the
geometric centre of the cavity even for these higher values of Re = 1000 and
2000. However the size of the secondary vortices are seen to increase between
Re = 1000 and 2000. Similar increase in size of the secondary vortices with
Reynolds numbers was also observed for the parallel wall motion. These results
are now substantiated by comparison with the results of the validated FDM code.
Figure 6 gives for the same configuration the FDM streamline patterns on a 129
grid for Re = 100, 400, 1000 and 2000. Comparisons with Figure 5 shows that
LBM streamline patterns compare very well with those for the FDM. Figures
7(a) and 7(b) show the comparison between LBM and FDM for the horizontal
velocity along the vertical centreline and the vertical velocity along the
horizontal centreline and the agreement is excellent once again.
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Table 2: Locations of the vortices for antiparallel motion: a. FDM, b. LBM.
Primary Vortex (PV) Secondary Vortices (SV)
Re X y Bottom Right Top Left
X y X y
100 a. 0.4999 0.5001 .
b. 0.5002 0.5001
400 | a.0.5002 0.4980
b. 0.5001 0.4982
1000 | a.0.5007 0.4981 0.9507 0.1319 0.0492 0.8663
b.0.5012 0.4982 0.9512 0.1326 0.0449 0.8609
1500 | a.0.5005 0.4982 0.9214 0.1146 0.0727 0.8856
b.0.5010 0.4979 0.9336 0.1175 0.0642 0.8829
2000 | a.0.5003 0.5001 0.9229 0.1082 0.0791 0.8920
b. 0.5002 0.4991 0.9250 0.1082 0.0727 0.8855

Table 2 gives the locations of the vortices given by LBM and FDM for Re =

100,

400, 1000, 1500 and 2000. It is seen that LBM results given by the figures

and the table are in excellent agreement with the FDM results produced through
the validated code. This lends credibility to the current LBM results for this
unexplored problem.
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Abstract

A 3D Reynolds Averaged Navier Stokes (RANS) model of a meandering
channel with rectangular cross-section has been developed using the commercial
software package FLUENT 6.2. This model solves the 3D Navier-Stokes
equations using the PISO scheme for the pressure-velocity coupling and the
realizable k-¢ model for turbulence closure. Output of the numerical model is
compared to validation experiments conducted in a physical model, which
represents two wavelengths of a regime channel and allows for the measurement
of flow patterns at several discharges and variable bed forms. The computed
water depths and velocity profiles of the CFD model output are in good
agreement with the physical model results. The simulations slightly underpredict
the streamwise velocities, which reach a maximum just before the apex of the
meander bend, at the inner bank in the lower part of the flow depth. The CFD
model also captures the motion of the secondary current or transverse flow well,
showing the same direction of current along the entire second wavelength.
Keywords: CFD, numerical model, meandering rivers, open channel flow,
experimental results.
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1 Introduction

During the last century, a large number of rivers have been artificially
straightened in order to improve the manoeuvrability of ships, ease the drainage
of rain water and make more space for expanding urban areas. These measures
however brought along a number of drawbacks. Nowadays, the trend in river
management is to give the river back its former space and to restore its natural
flow and meandering pattern.

In order to accurately predict this remeandering process of artificially
straightened rivers, a detailed knowledge of the flow characteristics and sediment
transport processes in meandering river bends is required. The study of two- and
three-dimensional flow in open channels has recently experienced a surge of
interest in the application of computational fluid dynamics (CFD) to
hydrological and geomorphological problems, showing great potential in those
problems where the spatio-temporal boundary conditions may vary over a wide
range, thus often making field study either impracticable or impossible.

In this paper a 3D CFD model is presented to investigate and predict the flow
in a meandering river. To validate the numerical model, an experimental model
was built which represents two wavelengths of a regime channel. Previous
studies have shown that combining the numerical models with a physical model
is a useful method to validate the numerical output, although it can be difficult to
trace whether any differences between the two are caused by numerical
simplifications or experimental errors (e.g. Olsen and Kjellesvig [1]; Rajendran
et al [2]). A first set of experiments with rectangular, fixed cross-section and
steady discharge rate was performed, and the results are presented in this paper.
Both the experimental and numerical results are compared to the theory of flow
in a meandering river, and discussed in detail.

2 Experimental model

The experimental model shown in Figure 1 represents two wavelengths of a
regime channel, the dimensions of which were determined according to Williams
[3]. At the inlet, the discharge is determined by means of a calibrated triangular
weir. Before entering the channel geometry, the water flows through a series of
parallel tubes, to ensure a uniform velocity profile. At the outlet, the water flows
over a rectangular weir with adjustable height, and is collected in a container
after which the water gets pumped into the inlet construction again, thus forming
a closed circuit. The sides and bottom of the entire second wavelength are made
out of a transparent material to allow for the future use of Particle Image
Velocimetry (PIV) measurement techniques. In the early stages of the research,
this model is solely used to measure velocity profiles in a meander bend, without
incorporating sediment transport processes. For this reason, the rectangular cross
section and the discharge remain constant during the experiment. Later on, when
the sediment transport module will be introduced into the numerical model, the
experimental model will be adjusted to enable variable cross-sections and
discharges.
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Figure 1: Geometry and computational grid for the experimental and

numerical models. Indicated dimensions are in [m]. The numbers
refer to the cross-sections in which velocity measurements were
performed.

3 Hydrodynamic model

3.1 Model equations

The flow field is determined by the following Reynolds-averaged Navier-Stokes
(RANS) and continuity equations, written in cartesian coordinates:

aui _

o = 0 (M
ow; | O(wwuj)  19p | 107
at + ox; - pox; p Oxj +F )

where u; (i =1, 2, 3) are the velocity components; F; is the gravity force per unit
volume; p = fluid density and p = pressure. The effective shear stresses 7; are
calculated with the k-g turbulence model (Rodi [4]), which employs the eddy
viscosity relation

ou; , Oujy 2
Ty =p(v+vy) (a_z, 6_xj> =30k A3)
with
vy = ¢, k?/e “)

where the turbulent kinetic energy k and its dissipation rate & determining the
eddy viscosity v, are obtained from the following model equations:

ok oK) _ @ (vedk), o
0t+ aX]' _6xj(ak6xj +G € (5)
2e L 0@ _ 0 (ve e Ce)E
ot 9x;j - oxj (0'5 an> + (C‘ElG CEZE) k (6)
with
=y, (244 9% 0w
G - vt (axj + 6xi> 6)6]' (7)
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the production of k. The following values of the model coefficients are used: ¢, =
0.09;¢c,,=144;¢c,=19;0,=1and o, =1.2.

3.2 Water depth calculations

In this paper, the Volume of Fluid Technique (VOF, Hirt and Nichols [5]) has
been incorporated into the solution of the Navier-Stokes equations in order to
predict the water surface elevation, as opposed to a ‘fixed lid approach’. For use
of the latter, detailed knowledge of the river bathymetry is absolutely necessary,
as any incorrect ‘fixed lid’ will affect the distribution of the mass and momentum
of the fluid flow in the numerical simulation, leading to errors in the prediction
of bed shear stress, and consequently, bed load transport (Ma et al [6]). Although
the model presented in this paper does not yet include a sediment transport
module, such a module will be implemented in the near future. Therefore, the
VOF technique was selected for water depth calculations.

Using the VOF technique, the flow consists of two phases: water and air. The
volume fraction of the water, F, is introduced in each computational cell and is
defined as follows:

_ 8Qwater
F= 8Qcen (8)
where 8Q is the volume of the computational cell and 8., is the fraction of
the cell filled with water. Thus, the following applies:

F =1, cellis full of water
F =0, cellis full of air ©)]
0<F <1, cellisfilled with water and air

The governing fluid flow equations for the water flow and the air flow above
the water are expressed in a single form as given by eqns. (1) and (2), but the
physical properties that appear in eqns. (1) and (2) are different and are defined
by the volume-fraction-weighted average of physical properties of the air and
water as follows:

p = Fpwater + (1 = F)pgir (10)

1= Fiwarer + (1 — Fugir (1)

According to the law of mass conservation of air and water, the volume
fraction of the water satisfies

oF u oF
at Lax;

=0 (12)
By numerically solving the volume fraction eqn. (12), the volume fractions of
water, F, and of air, 1-F, in a control volume cell may be obtained.

3.3 Boundary conditions

As upstream boundary condition, the velocity distribution for both phases and
the water depth are given, consistent with the water discharge through the model.
At the downstream end the water depth is specified, along with a zero gradient
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boundary condition. At the river bed, the standard wall function (Launder and
Spalding [7]) is employed, given by:

ut = %ln(Ey*) — AB(K) (13)

with u" = wu* | y" = y/y*, K= KJ/y*,y*= v/u* and u*=(t,/p)"?. In this, u is the
fluid velocity parallel to the solid wall, y is the distance from the wall, u* is the
wall friction velocity, K; is the wall roughness height, E is a constant taking a
value of 9.8, AB is an expression dealing with hydraulically rough beds, x is Von
Karman’s constant which usually takes a value of 0.4187, v is the dynamic
viscosity of the fluid and 1, is the shear stress at the solid wall boundaries. In the
study reported in this paper, a smooth bed and vertical banks have been
employed in the model, so that AB=0. The turbulent kinetic energy k and
dissipation rate € of the fluid flow at the upstream and downstream boundaries
are determined by specifying the turbulent intensity of the fluid flow. In this
paper a turbulent intensity of 10% was assumed for both upstream and
downstream boundaries (Ma et al [6], Nallasamy [8]).

3.4 Solution strategy

Having set up the grid and specified the necessary boundary conditions, the
governing fluid flow equations are solved by means of the control volume
method. The Power Law scheme (Patankar [9]) is used for the space
discretisation of the convection terms, while a second order implicit scheme is
used for the discretisation of the transient terms. For pressure-velocity coupling,
the PISO scheme is employed (Issa [10]). This scheme is part of the SIMPLE
(Patankar [9]) family of algorithms and is based on the higher degree of the
approximate relation between the corrections for pressure and velocity. The main
idea of the PISO algorithm is to move the repeated calculations required by
SIMPLE and SIMPLEC inside the solution stage of the pressure-correction
equation. After one or more additional PISO loops, the corrected velocities
satisfy the continuity and momentum equations more closely. The PISO
algorithm takes a little more CPU time per solver iteration, but it can
dramatically decrease the number of iterations required for convergence,
especially for transient problems.

4 Results

In order to validate the numerical model, physical model experiments were
conducted, along with several numerical experiments, in which the sensitivity of
the computations to changes in model parameters was tested. The following
section discusses the main results obtained from these experiments.

4.1 Water depth

A first experiment was conducted with the outlet height at 5 cm, and a steady
discharge Q of 2 I/s. Measurements along the experimental channel length show
that the numerically computed water depths are a very accurate representation of
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the water depths in the physical model. Moreover, the water depth drops in the
inner bends and rises in the outer bends, in agreement with the theory of flow
through meander bends.

To investigate the influence of the discharge on the computed water depths, a
second numerical experiment was conducted, with the discharge set at 2.5 I/s.
Because the type of weir at the outlet remains the same in all experiments, the
numerical results can be validated by means of the calibration formula for the
outlet weir

Q =2C.bhi2g (14)

with Q the discharge, b the outlet width, h the water height above the outlet weir,
g the gravitational acceleration and Cy4 the dimensionless discharge coefficient.
For the same type of outlet, the value of Cy4 is a constant. For both experiments
the value of h was calculated by subtracting the height of the outlet weir from the
computed water depth, and was substituted in eqn. (14). This yielded a C4 of
0.822 for the first experiment and a C4 of 0.812 for the second experiment. Thus,
it can be concluded that the numerical model accurately predicts the water depths
for any value of the discharge Q.

In a third numerical experiment, the height of the outlet weir was changed
from 5 cm to 6 cm, with a discharge of 2 1/s. According to eqn. (14), the value of
the overflow height h should remain unaffected by this change. Calculation of h
for the first experiment yielded a value of 2.64 cm, and a value of 2.58 cm for the
third experiment. Thus, it can be concluded that the numerical model adapts very
well to changes of the height of the outlet weir and calculates the water depths
accordingly.

4.2 Velocity profiles

Velocity measurements were carried out in several cross sections along the
experimental channel length, by means of an electromagnetic velocity meter.
Each cross section consists of 12 measuring points. Analysis of the
measurements shows that the streamwise velocity reaches its maximum value at
the inner bank, right before the apex of the meander bend. For each cross-
section, values of the streamwise velocity are higher at the inner bank than at the
outer bank, and reach their minimum values at the bottom, as is to be expected.
Fig. 2 shows the experimentally measured and numerically computed streamwise
velocities for cross-section 17. Comparison shows that the computed velocities
agree reasonably well with the measured velocities, only slightly underpredicting
the higher values at the top of the section. The numerical velocity profiles are
according to the theoretical profiles. Because of technical limitations, the
measuring grid for the velocity measurements in this first set of experiments was
too coarse to determine a full experimental velocity profile. In a next series of
experiments, PIV measurements of the cross sections will be conducted,
providing a more accurate representation of the physical velocity profiles. This
will allow for a more detailed comparison of the measured and computed
velocities, and a better evaluation of the overall accuracy of the numerical
computations.
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Figure 2: Comparison of experimentally measured and numerically

modelled streamwise velocities at cross-section 17. Reported
values are in [m/s]. Upper left frame: distribution of measuring
points, dimensions are in [cm]; upper right frame: experimental
streamwise velocities measured with the electromagnetic flow
meter; bottom frame: contour plot of numerical results.

4.3 Secondary current

In order to see whether or not the numerical model captures the motion of the
secondary current or transverse flow well, the experiment with Q = 2.5 I/s and an
outlet height of 5 cm was repeated. In several sections of the experimental
model, streamlines were visualized with pieces of very fine string, suspended
near the bottom and near the water surface. This visualization could then be
compared with the streamline visualization performed on the numerical output.
Comparison yields that both the experimental and the numerical streamlines
follow the same path, which is a good first indication that the numerical model
captures the motion of the secondary current. The numerical model also allows
for cross-sectional vector plots of the secondary current. This way, the output
can be compared with the theoretical motion of the secondary current in meander
bends, which indicates that the flow consists of a primary rotational cell, and
alternates between a clockwise and counter-clockwise motion every other
meander bend. Together with this rotational cell, a smaller, counter-rational cell
appears near the outer bank (Blanckaert and Graf [11], Blanckaert and
De Vriend [12]).
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Figure 3: Vector plots of the secondary current. Primary flow direction is
into the page. The numbers refer to the sections as defined in

Fig. 1.

Fig. 3 shows vector plots of the secondary current in several cross-sections of the
three meander bends. It can be seen that there is indeed only one rotational cell,
but that the current does not alternate its direction. Moreover, extra numerical
simulations with altered geometries show that the direction of the secondary
current is dictated by the first meander bend the flow encounters, and that it
keeps this direction along the entire model length. In reality, the bathymetry of
the deformed river bed in between river bends dissipates the motion of the
secondary current in such a way that but a fraction of its strength remains, if not
completely disappears. Therefore, the secondary current has little or no ‘motion
history’ when it reaches the next bend, and it takes on the natural rotation in this
bend. However, in the experimental and numerical model, there is no dissipation
due to a deformed river bed, neither is there a substantial influence of friction.
The section in between the river bends is too short to account for a full
dissipation, so that the secondary current still keeps the motion it was given
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Figure 4: Upper left frame: geometry with lengthened straight section
between the first and second meander bend; upper right frame:
vector plot of the secondary current in section 1; bottom frame:
vector plots of the secondary current in sections 2 and 3. Primary
flow direction is into the page.
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possible explanation, numerical simulations were performed in which the section
in between the first and the second meander bend was lengthened to four times
in the first bend and resists the natural counter-rotation in the following bends.
The motion does however seem to weaken, as can be seen in Fig. 3. To test this
the original size, as is displayed in Fig. 4. Also, vector plots are shown of the
secondary current in cross sections in the three meander bends. It can be seen
that the secondary current indeed switches direction from a counter-clockwise
rotation in the first meander bend to a clockwise rotation in the second meander
bend. The secondary current does not change rotation in the third meander bend,
but keeps the rotation it had in the second bend. Thus, it can be concluded that
the short straight sections and the according lack of frictional effects in between
the meander bends of the experimental and numerical model are responsible for
the described behavior of the secondary current. The appearance of only one
rotational cell in the numerical results has two possible explanations: the
counter-rotational cell near the outer bank does not exist in our specific
experiments, or the numerical grid is too coarse to capture this weaker current.
Future measurements should provide more insight into this matter.

5 Conclusions

Experimental and numerical models have been developed in order to predict the
flow in a meandering river. The model represents two wavelengths of a regime
channel. Results are presented for simulations with fixed cross-sections and
steady discharge. The main conclusions are: (1) the numerical model accurately
predicts the water depth along the channel length and at the outer and inner
banks of the meander bends, (2) realistic simulations of the streamwise velocities
are produced experimentally as well as numerically and the numerically
computed velocities are in good agreement with the experimentally measured
velocities, (3) streamline visualisation indicates that the numerical model
captures the motion of the secondary current and that the secondary current does
not alternate its rotation but maintains the rotation of the first meander bend. In a
second set of experiments, the PIV measurement technique will be used to gather
velocity data. This will allow for a more detailed comparison of the streamwise
velocity patterns, and will enable the visualisation of the secondary current in the
experimental model and comparison with the output of the numerical model.
Also, a sediment transport module will be incorporated in the numerical model,
and experiments with deformable beds will be performed.
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Integration of 3D incompressible free surface
Navier-Stokes equations on unstructured
tetrahedral grid using distributed computation
on TCP/IP networks

N. Evstigneev
Doctor of Science, Department of Nonlinear Dynamic Systems,
Institute of System Analysis, Academy of Science, Russia

Abstract

The incompressible system of Navier-Stokes equations for an Initial-Boundary
Value Problem is solved on an unstructured tetrahedral grid using a finite
volume method. Implementation of a free surface calculation is done by using a
combination of Level Set and Volume Of Fluid methods. A numerical scheme
utilizes the method of fractional steps based on the predictor-corrector method
and the artificial compressibility method. Invariant features of a tetrahedron are
used in order to calculate fluxes over a control volume with higher order. A high
order approximation in Navier-Stokes and VOF level set advection equations is
made by a TVD SuperBEE scheme. The turbulence model is based on LES
methodology. In order to decrease the time of solution for a large geometry, a
distributed computation routine is incorporated into the method. The distributed
calculation is based on a TCP/IP network and can use personal computers under
Windows or UNIX. The efficiency of the distributed calculation is shown. The
method is verified by comparison of results with other calculations and
experiments — cavity flow case, dam break free surface flow case, turbulent flow
in a circular pipe case — Poiseuille flow (turbulent energy distribution). The
method is successfully used for CFD simulation of water intake on Zagorskaya
Hydraulic Power Plant (Russia). The results are close between laboratory
experiments and CFD computations.

Keywords: unstructured grid, finite volume method, artificial compressibility
method, predictor-corrector method, Navier-Stokes equations, distributed
computation.
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1 Introduction

It is a common practice these days to use computational fluid dynamics for
complex technical applications. Thus, computational methods must meet certain
requirements: high order of space and time discretization, lesser time demands
for integration, fair geometry approximation and exact representation of flow
specific features. For this purpose, a numerical solution of incompressible
viscous fluid equations with free surface, utilizing a weak form of Navier-Stokes
equations is designed. The method incorporates a high order of approximation, a
decrease in integration time by using distributed computation on cheap available
PCs, unstructured mesh topology, allowing approximation of any arbitrary
complex geometry.

2 Mathematical model and governing equations

2.1 Governing equations

In order to describe a fluid motion in E*, the most basic system of governing
equations is used, Temam [1]. Three dimensional evolutional equations of mass
and momentum conservation for Newtonian incompressible fluid, Navier-Stokes
equations, in dimensionless form for the turbulent flow in a weak form are used:

_Iq dW+§fz nds—jgfv nds—F,—Frilg=0; (D

oQ

= [O;u;v;w]T ; fl ‘n= [(G));(u@)+n)r -P);(v®+ny -P}(w®+nz ~P)]T ;

f -n=[0; (nx Ty ¥0, Ty + 0Ty 1y, + 1, ( Ty 0T + 0T, My My,
T
(sz+nr 0,7, +m,, tm,,
here:  velocity  vector-function ¥ :Qx[0,7]— R, scalar pressure

function P: QAx[0,7] - R . We seek solution on an arbitrary bounded domain

QcFE’; x; — directions in E* (x,y,z — for Cartesian coordinate system);
© =n,u+n,v+n_.w; Re — Reynolds number; Fr — Froude number; g — gravity

V.

unit vector. 7 =—( —7L) - Viscous stress tensor for Newtonian fluid
Re Gx Eixi

where i=1..3,j=1..3; m; - turbulent stress tensor,

mlf = VJ-VZ- —I7J-Vi —O.S(V_/-E)l-?j —?,-al.Vj) ,see section 2.2. The integral form
of (1) assumes that weak solutions exist in R* [1,2].

A free surface is described by a modified Volume of Fluid (VOF) method,
Sussman et al. [5].; F; = o - kVF - surface tension; k — free surface curvature; F —

color set function, that indicates the level of free surface; o - wetting coefficient.
System of equations (1) is added to by the kinematic and dynamic conditions for
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a free surface (continuity of normal stress vector on a free surface), described in
the level set advection and gradient equations:

—tu—+v—+w—=0,F €[0;1];k =V
ot Ox Ox Ox

[VF]

We assume that a color set function F equals 0 for air and 1 for liquid. It
differs form general idea for F>0 for liquid and F<O0 for air, as described in the
general VOF approach, Sussman et al [5]. So the method can be called a Level
Set method with a VOF procedure of calculating stress vectors on a free surface.

OF OF OF OF VF
= e

2.2 Boundary conditions

System of PDE equations (1) must be completed by initial-boundary values in
order to have a well-posed problem in Q. Boundary conditions in general form
are Dirichlet and Neuman conditions for Boundary-value Navier-Stokes
equations, Temam [1]. In the physical domain one can define the following
boundary conditions: at the inlet, the values of all variables are prescribed. At the
outlet, the streamwise gradient for each variable is prescribed to be equal to zero.
At the walls, no slip and no penetration are assumed. The pressure gradient

and for turbulent

normal to the wall is calculated as S—P:Re_1 Vzui +my,

n;

. P = = . .
flows is assumed to be P _ =0.5(V;0,V j =V ;0,V;). Derivatives on the right
n, A .

side are small for the near wall velocities and can be assumed to be equal to 0.
2.3 Large eddy simulation model for turbulent flows

To represent turbulent flows one must recover all flow scales, thus closing a
turbulent stress tensor m;; in (1) one way or another. This can be done by four

ways: recovering all flow scales directly from Navier-Stokes equations (Direct
Numerical Simulation) and, hence, neglecting myj; imposing a complex turbulent
model via additional equations for m; and averaging (1) by Reynolds averaging
procedure, hence computing only mean flow properties; representing large flow
scales (where the turbulent flow is anisotropic) directly from Navier-Stokes
equations (1) and imposing a simple turbulent model (sub grid model) for small
(isotropic) scale turbulence (Large Eddy Simulation); combining the latter two
approaches (Detached Eddy Simulation). Here we shall use the LES model for
turbulent flows. A detailed description for LES methods and applications can be
found in Chunlei et al. [9]. In brief, the Large Eddy Simulation is conducted by
averaging (1) in time and space with arbitrary scale L, related with mesh size of
Q) discretization. Let’s impose a general noncommutative averaging operator

in R*:

V=L, A3)
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Thus there exists decomposition inR*: ¥ =L_1(V) with commutative
properties for a differential operator:

oV, =L 0,V,)=0,(L"(V,)) etc forall x;. 4)
Here we denote 0, = 9/0t for brevity.

In general m;; is a nonsymmetrical tensor, which arises from averaging of the

advective part in the momentum equation by applying (3) to (1). In
general m,f =L(V;L'(Vi))-V ¥V, so closing the asymmetrical tensor on the

selected small scale is done by the modified Leray model, Chunlei et al. [9]:
my =V V=V ;Vi=05V,;0,V,; =V ;oV,). (5)

Adding (5) to (1) closes the system of equations. Hence, the solution of
evolutional PDE system (1) with tensor (5) on scales greater than L is conducted
as a direct numerical simulation. For the flow scales less than L (for greater wave
spectra numbers of turbulent kinetic energy, small scale turbulence Chunlei et al.
[9]), the flow is represented by the modified Leray model (5). To have a well-
posed problem for LES modeling initial conditions must be properly imposed.
For technical problems initial conditions are derived from laminar flow
calculations in the same geometry.

3 Numerical method

3.1 Meshing

In order to solve (1) on a given bounded domain, Q in E* must be meshed. In the
following method a tetrahedral gird that covers the domain is used. The grid
generation is using a Delauny algorithm, Cignoniz et al. [7], that allows the
creation of a space-adopted high quality mesh. The algorithm utilizes mesh
refinement near given areas. Any arbitrary geometry can be discretized due to an
unstructured mesh structure. An example of meshing a 3D power intake of
Zagorskaya Hydraulic Power Plant is given in fig. 1.

Figure 1: An example of meshing — a power intake of Zagorskaya Hydraulic
Power Plant.
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3.2 Numerical integration

In accordance with the PDE system (2) two methods are applied to integrate the
system in space. A march algorithm similar to the method used in aerodynamics,
Evstigneev [12], is used for a continuity equation in (1) is rewritten as
62 j P-dw + f) p:-0®-ds=0, and a predictor-corrector method is used for
1o aQ

classic system of Navier-Stokes equations (1). Here B is an artificial
compressibility parameter, and equals 80-120, Chorin [6]. The march algorithm
is more reliable and much faster due to the lack of Poisson correction equation
for pressure function but the predictor-corrector algorithm is more accurate. So
the combination of these two methods provides a fast and reliable procedure for
flow calculation in complex conditions.

When the space integrals are found, time integration must be applied to the
advance solution in time. So, the integration of PDE system (1) consists of two

steps: finding space integrals (integral-differential operator in R?) and applying
the time advancing procedure (solution of ODE in R' with found integrals in
R,

Considering a free surface flow, the solution of (1) is only done in the part of
the domain where F>0. So the color function equation must be integrated as well.

3.2.1 March scheme
The march method is based on integration of a PDE system like a hyperbolic
system of equations, thus flux solvers must be applied to find a solution. The
idea of the method originates from Chorin’s artificial compressibility solution
methodology [6]. In this case a system of singular perturbed PDE is considered
thus constructing a strictly hyperbolic system of equations for a void viscosity,
i.e. Re equals eternity.

In this case a flux splitting scheme for the inviscid part of (2) on a tetrahedron
boundary is used. Thus, the flux value on the boundary of a tetrahedral equals:

F=05(f, +,|4-(q, ~a))). (©)

where F is a flux value on the side of a tetrahedron; ‘I’ and ‘r’ letters stand for
left and right side values of variables; A4 = 0F /0q -system Jacobean, which has

the following decomposition 4 = TAT ™', the same as the compressible flow
equations with four real eigenvalues:

A2=0,44 =4, *c, (7

where ¢ =,/4;, +f - artificial wave speed propagation. In accordance with the

found Jacobean eigenvalues, a U-CUSP similar to the Evstigneev [12] scheme is
constructed, thus solving an inviscid part of the Navier-Stokes equations. A
detail description of the scheme can be found in Evstigneev [12]. In order to
have a high accuracy in flux splitting scheme a high order reconstruction of
variables is used. A diffusion equation is solved using a Finite Volume scheme,
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described in [4,9]. Hence, a solution is found by integrating a singular perturbed
system of hyperbolic PDEs in artificial compressibility methodology on a
tetrahedral unstructured grid.

3.2.2 Predictor corrector scheme

Consider a classic system of Navier-Stokes equations (1) without singular
perturbations. In this case a link between pressure and the solenoid velocity field
must be found in an implicit way. There are many ways to do that, for example
see [2,4] In the present work we use a predictor-corrector factual step scheme,
based on Yanenko et al [2]. The semi-discrete steps are:

Step 1. V'=V" ==At-V(V"'V") - explicit scheme. (8)
Step2. V —V'=At-Re”' VIV + m;; - implicit scheme. 9)
Step 3. V2P =-V. V / At - Poisson equation solution in assumption that
v.ymt=g. (10)
Step 4. V™! = V — AtVP - correction of V solenoid field. (11

Let’s assume that a vector-function V and pressure function P values (i.e.
from initial conditions) are known in QxT", and vector-function V is solenoidal
in Q. Then on the first step a nonlinear advection equation (inviscid Burgers
equation) is solved (8). On the second step a solution of diffusion equation (9) is
found. Vector function field V is not solenoid in Q if only two steps are applied
— that’s the predictor part. So the velocity field is corrected on the fourth step
(11), that’s the corrector part. In order to consider solenoidality of velocity
vector-function a pressure function is calculated on the third step by the Poisson
equation (10) with a right side as the divergence singular term. The convergence
of fractional steps method (11) is proved in Yanenko et al. [2]. Numerical
integration of fractional steps is done using a finite volume method.

3.2.3 High order variable reconstruction

In order to find a variable value on a boundary side of a tetrahedron with high
accuracy, a high order interpolation is applied for both schemes. Unstructured
grid solvers usually suffer from the main loss of accuracy due to the difficult
topological interpolation of variables. In this work with the staged grid variable
storage high accuracy approximation is achieved by applying Taylor series on
the tetrahedron boundary side projection, i.e.:

40, 9,2) = q(x,, ¥or2,) ¥V, -AL+O0(AL?) ; (12)

here AL — length in E’ from centers of nearby tetrahedra; q, — variable value in

tetrahedron center; q — variable value in tetrahedron boundary side.

In the present work a geometrical invariance of a tetrahedron is used, for
details see Evstigneev [12]. As the result a gradient would transfer in the
following form:
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Vg, ~AL:6q/6L-ALEO.25-[1/3(qB +4c +qD)—qA]-AL/AL,
hence:q, =q,+0.25[(q5 +qc +qp)/3-q4], (13)

so that the values of left and right variables on a tetrahedron side are found using
(13). Here qu etc are the values of the variable on the vertexes of a tetrahedron;
gr — variable value on a tetrahedron face. Values on tetrahedron vertexes are
found using geometrical weighted interpolation.

Using high order in advection equations leads to instability due the existence
of nonmonotonous solutions as described by the Godunov’s theorem, see
Fletcher [4]. To avoid numerical instability a nonlinear scheme must be applied.
In the present work a TVD SuperBEE limiter is used as one of the least
numerical diffusive. This limiter was tested on modal transport and inviscid
Burgers equations [9,12] with very good results. In the author’s recent works the
limiter was applied to DNS and LES solutions [9-11] and good agreement found
with experimental and numerical data.

3.2.4 Time integration

Time integration for the inviscid part of (1) in both schemes (predictor-corrector
and march schemes) is done using the 4-th staged explicit Runge-Kutta method
[3]. Time advancement of diffusion equation utilizes the implicit 2 staged
Runge-Kutta scheme, Hairer et al. [3]. Both methods are described in [9,12]
thoroughly. The time step limit in both methods is based on the limit for the
advection Burgers equation, hence limited by the CFL [3] condition.

3.2.5 Color set function integration

After the numerical scheme to solve (1) is applied, a free surface must be
considered, thus a PDE system (2) must be integrated. The level set equation for
the color function (2) is solved using the finite volume method by converting it
into appropriate hyperbolic form, using the same approach as for the advection
equation in the predictor-corrector scheme, i.e. using finite volume with high
order variable reconstruction. The equation (2) changed to:

%—Fz—V(V~F)+FV~V. (14)
t

If the velocity vector-function field is solenoid, thus V-V=0, equations (14)
and (3) are equivalent. But, since the numerical method uses singularity
perturbation for artificial compressibility or the fractional steps predictor-
corrector method, the divergence term in (14) must be considered to ensure
solenoidal velocity vector-function behavior on a free surface.

The free surface tension Fs in (1) is calculated on every time step. Numerical
integration of (1) is applied only in the part of the domain where F>0, thus
decreasing computational time. The pressure and velocity are solved on the
liquid side of the interface between air and liquid using the methods described in
Sussman et al. [5]. For the edges that intersect the free surface, the pressure that
would be calculated via the extrapolation to the control volume face is replaced
by the hydrostatic pressure as the differences of distances where 0<F<1 in the
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direction of the gravity vector field. The free surface tension is applied by the Fs
in (1) only for the liquid side of the interface between air and liquid, and only in
regions where 0<F<I that come from the equation for k in (3).

3.3 Distributed calculations

The numerical method for Navier-Stokes equations integration, presented in the
following work, is developed for complex geometries and turbulent flows.
Hence, as any CFD method, it is very resourceful on computer processor power
and memory. In order to decrease computer resource dependence, a distributed
computation routine is incorporated in the method for TCP-IP networks.
Computations can be distributed on any PC network. Tests were made on PCs
with MS Windows XP and RedHat Linux 7.0 operational systems. The algorithm
is based on division of source domain € on separate parts with crosslink
boundary tetrahedra. Each PC in the network has a client-sever application that
connects to the neighbor computer in the network by the given IP address. Data
exchange is done only for neighbor tetrahedra, thus decreasing network usage.
Detailed description of the proposed method is given in Evstigneev [12].
Computation acceleration comparison for both schemes as given in fig. 2 was
conducted for the lid driven cavity problem with Re=25 000. The grid consisted
of 701 434 tetrahedral elements.

1600

time, min

2 3

number of computers in the nextwork

Figure 2: Calculation time for distributed computation.

4 Numerical experiments
4.1 Testing numerical scheme
Thorough tests of the numerical method for incompressible turbulent Navier-

Stokes equations were carried out. Only few brief results are presented in the
present paper.
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4.1.1 Lid driven cavity problem

This test case is the classic task for numerical methods in 2D and 3D geometry
for incompressible and compressible low Mach number viscous flows. The test
was preformed by many authors for various Reynolds numbers, including
fundamental results for nonlinear dynamics, Evstigneev [10]. As a result, this
test case has became a main model task for all CFD codes since the end of the
60-th. The test case has a cubic geometry with solid wall boundary conditions.
On one of the walls a tangent velocity is set to 1.

.
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Figure 3: Data comparison form [11]. a— Re=1 000; b- Re=10 000.

Results for Re=1 000 and 10 000 are given in fig. 3 from [10]. For Re=10 000
the flow is turbulent, so averaged velocity profiles are compared. It can be seen
that the results of different authors have a close fit. For more results see
Evstigneev [10].

4.1.2 Broken dam problem

Broken dam problem is a good model test case for the free surface flow problem
that has good experimental and numerical results.
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Figure 4: Comparison of numerical and experimental results for the dam

break case, Re=500. 2a — initial liquid fraction height, b — current
liquid fraction height; t — time in sec.

The test case has a rectangular geometry with % volume filled with liquid.
Experimental results were obtained for the same geometry from Sussman et al.
[5], results are shown in fig. 4 for Re=500.
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4.1.3 Turbulent flow in a circular pipe

This test case is a classic case study for turbulent flow verification for
incompressible viscous flows. The test case has detailed data obtained from DNS
laminar-turbulent Poiseuille flow transition studies as well as for the developed
turbulent regimes, e.g. Chunlei et al. [9].

The case study has a circular geometry with solid wall boundary conditions
and periodic boundary conditions on an outflow border. Inflow boundary
conditions are laminar as well as initial conditions with no initial perturbations.

Results of turbulent energy distribution from numerical investigation with
comparison to the other authors’ results are shown in fig. 5. Energy spectrum
comparison shows good data correlation with other results. For more information
see Evstigneev [11].
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Figure 5: Kinetic turbulent energy spectrum comparison for turbulent
Poiseuille flow in a circular pipe for Re=12000. E — mean
turbulent energy, k — wave number.

All tests of the numerical method presented in this paper showed good results
and data fit.

4.2 Applications for technical hydrodynamics

The method was designed for technical application and has already been used for
hydrodynamic investigation of complex hydraulic power plants. One example of
its technical application is presented in the present work.

4.2.1 Investigation of turbulent free surface flow over a power intake of
Zagorskaya hydraulic power plant

Input geometry was presented in AutgoCAD and translated to preprocessor
format by a Visual Basic adaptive program. An adaptive tetrahedral grid was
created automatically by the preprocessor; the fragment of surface is shown in
fig. 1. Governing system of equations (1) was used with Carioles acceleration.
Integration was conducted on 4 computers on a TCP-IP network using a
combination of march and predictor-corrector algorithms.

Boundary conditions on the input boundary are given by the time changing
discharge Q(t) through the intake. Other boundary conditions are standard. Free
surface is given on a constant level with no perturbations.
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The numerical experiment was carried out for 10 hours of working time for
the power intake. Averaged vector function V on the surface is presented on
fig. 7. A laboratory model scaled 1/50 was made for the given intake geometry
for experimental hydrodynamic investigation. Velocities were measured by
thermoanemometers. Data was presented to the author by the Hydroelectric
Power Plant maintenance organization. Numerical and experimental data
comparison for laboratory scaled model on twelve vertical sections is done with
5% mean results deviation. Two verticals for the first section (15sm from the
power input in 1:50 scale) are presented in fig. 6.

Average and pulsation velocities and pressure functions, turbulent stress, free
surface levels are calculated as the result of numerical investigation. Obtained
data was used for power intake construction optimization for the second power
plant construction queue.

Section 1, paint 1 Section 1, point 12

Figure 6: Comparison of computational (lines) and experimental data for
averaged streamwise (right) and spanwise (left) averaged velocities.

Figure 7:  Averaged vector-function V in E* on the surface of the power-
intake.
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5 Conclusions

The purpose of this paper is to present a new numerical method for viscous
incompressible flow calculation in R* with utilization of distributed
computations and large eddy simulation methodology of free surface flows,
governed by Navier-Stokes equations. The integration is conducted on a
unstructured tetrahedral grid. This allows the use of the method for complex
geometry of technical challenging tasks. A high order finite volume method for
flux calculation is used. To maintain monotonous solutions a TVD SuperBEE
flux limiter is applied. A large eddy simulation method is considered for almost
any averaging scale. The distributed computation on cheap PC networks allows
the use of any arbitrary network as a computational environment.

Figure 8: Zoomed velocity vectors (V) and free surface depression (F) near
one of the vertexes.

Numerical results and data comparison for case studies demonstrated good
performance. The method is used to calculate turbulent free surface flows on
complex geometries. Two technical tasks are considered to demonstrate the
ability of the method in handling complex turbulent regimes and geometries.

The numerical method, presented in the paper, is part of a complex CFD
module that was developed by the author. Other parts of the complex, used for
compressible viscous and inviscid flow computations, are presented in other
papers [9,12].
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CFD modeling of turbulent boundary layer flow
in passive drag-reducing applications
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Abstract

In this paper, the turbulence boundary layer, velocity and skin friction coefficient
characteristics of grooved surfaces are studied. Flow over surfaces with transverse
square, triangular and semicircular grooves are numerically modeled via the finite
volume method. Comparisons are made on the basis of the grooved surfaces’ skin-
friction coefficient, normalized by that of a smooth surface, with Reynolds number
in the vicinity of 2 x 10°. Results show that square grooves are superior to the
two other groove geometries in reducing the drag. Viscous damping in all grooves
keeps skin friction inside them well below the surface above. However, the interior
geometry of square grooves allows them to balance the net inward momentum due
to the sudden absence of the wall in a way that minimizes disturbance of the main
flow while taking advantage of the restart of the boundary layer. As a consequence
to the separation of the boundary layer, an inevitable stagnation point within the
groove must exist. Square grooves had the highest such stagnation point along
the backward-facing side of the groove. The shortness of the resulting upward
boundary layer from the stagnation point to the corner produces smaller near-wall
secondary flow motion and more relaxed merger with the main flow. All this con-
tributes to enhanced drag reduction for the described groove structure.

Keywords: viscous drag, skin-friction coefficient, grooved surfaces, turbulent
boundary layer, momentum transfer.

1 Introduction

In the past, turbulence was thought to be totally random in terms of its micro-
scopic flow behavior and initiation mechanisms. However, some sort of order was
found in turbulent flows (Hama et al. [1] and Kline et al. [2]) which allowed engi-
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neers to begin work on trying to control them. The problem of reducing drag for
external flows over surfaces is one such endeavor; it has been the subject of much
research, off and on, for the past few decades. The basic methodology has been to
delay laminar-to-turbulence transition, with the primary intention of reducing skin-
friction drag. With recent energy and environmental concerns, improvement of the
efficiency of transportation means has seen a renewed focus. The subject is rele-
vant to a large number of areas as it relates to more than a few devices across many
engineering applications, each with direct influence on energy consumption. For
example, in civil or commercial transport aircraft, viscous or skin friction drag is
responsible for about 40-50% of the total drag under typical cruise conditions [3].
Therefore, enhancing the drag-related hydrodynamic performance of these curved
surfaces can lead directly to huge increase in fuel efficiency, even if the reductions
are small. Since most of these vessels operate in the turbulent regime, understand-
ing turbulent flow behavior at the surfaces and how it relates to the possibility of
drag reduction becomes extremely important.

Various techniques have been proposed over the years with the aim of reducing
the drag experienced by solid bodies moving in viscous fluids. Passive techniques
have generally been concerned with using surface grooves and micro-grooves
(riblets) to alter near-wall turbulence in a way that reduces wall shear stress. The
suggestion that drag can be reduced using transverse square grooves was originally
suggested by Tani et al. [4]. The plethora of subsequent heavily-investigated tech-
niques included longitudinal (streamwise) and transverse grooves, with the shape
of grooves frequently being square or triangular, with round and rectangular get-
ting less attention.

However, it was discovered early that turbulent flow regime greatly influences
the effectiveness of such techniques. Ching and Parsons [5] studied the drag char-
acteristics of the turbulent boundary layer over flat plates with transverse square
grooves using direct drag measurements in a tow tank. They reported little to no
reduction in total drag for the cases tested. In fact, many of the configurations
tested resulted in drag increase on the order of 1%. The large number of variables
and flow settings involved gave rise to a large body of research in this area that is
continually growing.

Viswanath [3] thoroughly reviewed the performance of the longitudinally-
applied 3M riblets on airfoils, wings and wing-body configurations at different
speed regimes. He reported drag reductions of 5-8% for airfoils and 2-3% for
wing-body configurations. He also reported that riblets are more effective in
adverse pressure gradients. Caram and Ahmed [6] also studied the near and inter-
mediate wake region of the NACA 0012 airfoil and reported drag reduction as high
as 13%, the non-monotonic variation of drag reduction with riblet height raised
some doubts regarding measurements accuracy.

Use of compliant coating to reduce drag was first proposed by Kramer [7].
He observed that stability and transition characteristics of a boundary layer can
be modified by hydroelastic-coupling to compliant coating. Various subsequent
research in that field has met varying degree of success. Gad-el-Hak [8] provided
an excellent review of progress in this field.
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Katoh et al. [9] presented a theoretical analysis of potential heat transfer
enhancement and the associated pressure loss as they relate to the roughness in
turbulent channel flows. The use of roughness elements is a typical example of
utilizing turbulence to increase heat transfer coefficient. They analytically con-
firm, however, that the enhancement in heat transfer is usually accompanied by an
increase in drag, contrary to original desires. They also noted that, given the def-
inition of Prandtl number as the ratio of effective diffusivity to heat transfer, the
momentum transfer will always be more effective when the Prandtl number is less
than or equal to the turbulent Prandtl number.

Another thermally-related drag question is whether varying the thermal gradient
between the surface and fluid modify the surface shear stress distribution and the
resulting skin-friction drag. Polidori et al. [10] investigated the effect in the context
of underwater swimming. They tried to theoretically quantify the effect the inte-
gral formalism applied to the forced convection theory. It was demonstrated that,
regardless of the flow Reynolds number, a 5% reduction in the skin-friction drag
would occur by increasing average laminar boundary-layer temperature. For a tur-
bulent flow analysis, which is more relevant to practical applications, the effect
was less pronounced, with at most 1.5% reduction for medium to high Reynolds
numbers. The authors correctly conclude that for turbulent flows the skin-friction
drag is solely a function of Reynolds numbers.

While passive techniques are simple, easy to apply, and inexpensive, more
recently, active feedback control with distributed micro sensors and actuators were
the subject of much attention. The potential large modification of boundary lay-
ers and of the overall flow field with the small controlled input made such active
devices attractive wherever their installation is feasible. In some Reynolds num-
bers ranges, drag reduction as high as 20% can be established, albeit after some
time has elapsed, as reported by Endo et al. [11]. Despite their robustness in hostile
environments and little fouling potential, however, complex construction, complex
method of attachment, and difficulty of attachment to existing surfaces make their
use less attractive. The high initial cost, the auxiliary power required to actuate
the wall, and the extra space needed to host the hardware constitute additional
constraints.

The two main variables to consider in such configurations are the groove spacing
(s) and width (w). In general, a reduction in the wall shear stress (t,,) is observed
at the start of the groove where the boundary layer separates. The sudden tempo-
rary absence of the wall weakens the streamwise vorticity promoting the observed
response by the near-wall flow. The observed drop in t,, is followed by a sharp rise
immediate downstream of the groove. The sharp rise in 1y, is commonly attributed
to the local intense favorable pressure gradient emanating from the downstream
edge of the groove. Research on exactly how the geometry of the grooves influ-
ence the flow dynamics and turbulent boundary layer structure is seldom found.
This will be the primary focus of the current study.

This paper tries to address the following basic questions: 1) is the shape of
the groove a factor in the amount of skin drag reduction? and if so, to what
degree? 2) How does the shape of the groove influence the structure of the tur-
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bulent boundary layer and flow outside the groove? Lastly, 3) what effect do mod-
eling techniques have on any reported results? Some observation are also made
on to what degree the performance of one groove strategy changes across ranges
of Reynolds number. The first question determines the required type and range of
surface treatments, while the second provides some insight on how future groove
geometry modification might be geared toward enhancing drag reduction capabil-
ities. The third question provides some guidelines regarding proper ways to model
this effect for future applications and designs, at least in the Reynolds number
range addressed. The observations made with regards to this last point will help
specify the type of treatment most effective for multi-Reynolds number applica-
tions. To do this, the paper is organized as follows. Section 2 gives the formulation
of the problem in terms of geometry, governing equations, and appropriate models
used. Section 3 lists the results of the numerical simulations and discusses them
from a physical as well as numerical point of view. Section 4 draws conclusions
from the work presented and summarizes lessons learned for future use in similar
simulations.

2 Formulation and numerical method
2.1 Geometry and governing equations

To give the problem practical dimensions, all the cases considered were modeled
using a 2-D flat plate with a total length of 3 m, with treatment limited to the mid-
dle 1 m only. The physical structure can be encountered in numerous real-world
applications, such as automobiles, ship hulls, aircraft wings, etc. The freestream
velocity chosen for cases reported was 33 m/s which corresponding to a Reynolds
number of 2 x 10° based on a characteristic length L. = 1 m. The Reynolds num-
ber based on momentum thickness, Reg, is 4000 at the start of the grooved section.
These values were specifically chosen to facilitate the necessary validation with the
experimental data for a comparably grooved flat plate with square grooves done by
Wahidi et al. [12].

Tested grooves were square, triangular and semicircular in shape. Various
widths and depths were tested and comparison is presented for 2 mm wide, 2 mm
deep grooves (1 mm radii semicircular) that are 20 mm apart. Comparisons are
made between grooved middle sections and a comparable (middle 1 m) smooth
section of the plate. Initial studies show that any pertinent effects of slight curva-
ture can be neglected for purposes of this study. Deviation from true 3-D behav-
ior is addressed in Section 4. The flow is governed by the steady, incompressible,
Reynolds-averaged Navier-Stokes equations, shown below in dimensionless, prim-
itive variable form,

V.ou=0 1)
(u-Vyu=-Vp+ ivzu ()
Re
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The k-e model set of equations for eddy viscosity, turbulent kinetic energy, dissi-
pation rate and closure coefficients can be found in any basic text on turbulence
(see [13] for example). Double precision is used for all variables and a freestream
velocity of 33 m/s and air were chosen as a base case.

Standard velocity inlet boundary condition was used for the inlet and standard
pressure outlet was used for the exit. The plates were assumed stationary with a
dimensionless roughness height of k- = 0.5. The boundary condition for the outer
part of the flow for the rectangular domain is an important issue. The specifica-
tion of the realistic pressure-far-field boundary condition is incompatible with the
incompressibility assumption. Therefore, the symmetry boundary condition was
specified at the top of the modeled region. This usually alters the physics of the
flow because the presence of a solid surface is assumed at twice the height of the
modeled region. To get around this artifact, the displacement thickness is precal-
culated using a generic 1/7 power law turbulent profile, §* = 0.046xRe;1/ 5, and
the inlet velocity was corrected accordingly to give the desired Re and Rey values
at the start of the grooved section.

2.2 Boundary layer resolution

The presence of solid surfaces greatly affects the behavior of turbulent flows, both
in terms of velocity as well as turbulence variables. The solid surface is where the
gradients are the largest, and, more importantly, it is where the flow turbulence
kinetic energy and vorticity are produced. These vigorous fluctuations in momen-
tum and other scalar transport variables have to be resolved accurately in order to
have a faithful description of the secondary variables of interest. The turbulence
model of choice (the k-€ model) is known to be primarily valid for turbulent core
flow, away from solid surfaces. To ensure accurate prediction of variables through-
out the boundary layer, particularly in the near-wall region, mesh resolution must
be fine enough, but not finer.

In addition, the RNG (renormalization group theory) version of the standard k-€
turbulence model was used for this study. This model is similar to the standard
model but includes an additional term that improves accuracy for rapidly strained
flows.! While computationally more demanding, the convergence rate and solution
quality of the RNG model justifies its use in such and similar flow simulations.

Numerous experiments have shown that turbulent boundary layers can largely
be subdivided into three layers: the viscous sublayer, the log layer and the defect
layer. Turbulence models are usually modified to enable the boundary to be
resolved with a fine mesh from the outer edge of the boundary layer all the way
to the wall, including the viscous sublayer. This approach was followed here for
accurate prediction of wall shear stress, frictional drag, pressure drop, turbulence
variables, and similar variables of interest. The complete resolution of the tur-
bulent boundary layer usually imposes considerable computational load on the

IThe RNG model also includes the effect of swirl on turbulence and an analytical formula for Pr;
which further enhances its accuracy.
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solution algorithm. One would want to have a boundary layer formulation that is
fine enough to resolve the turbulent sublayers, particularly the (laminar) viscous
sublayer, and, at the same time, be coarse enough to facilitate realistic model-
ing turnaround times. To accomplish this goal, Fluent™ two-layer model with
enhanced wall functions is used [14].

To non-dimensionalize the velocity profile in the turbulent boundary layer, we
use the dimensionless velocity, u™, and distance, yT, defined as,

ut = ui 3)
T
and y* == “)

where u; = /7y, /p is the friction velocity, 7, is the shear stress at the surface,
p is the density, and v is the kinematic viscosity. As with the laminar boundary
layer, close to the surface, the horizontal velocity varies linearly with distance,
equation (5). For y* > 7 the velocity gradually asymptotes to the well-known
law of the wall, obeying equation 6 between y© = 30 and y = 0.18, where §
is the total boundary layer thickness. Further away from the surface, the velocity
profile makes a noticeable departure from the law of the wall. A correlation of
measurements, equation (7), combines the velocity behavior in the log and defect
layers incorporating the Coles” wake-strength parameter, IT ~ 0.6.

=y viscous sublayer (®)]
+ 1
ut = —Iny" +5 loglayer (6)
K
1
ut = =-Iny" 45 —I— n’ <% %) log + defect layers @)
K

An effective accuracy test for the mesh suitability of any turbulent flow simu-
lation is the reproduction of the three sublayers of the turbulent boundary layer.
A base case representing a smooth plate was constructed, meshed, remeshed, and
tweaked (mainly using the Adapt feature of Fluent for better targeted refinement)
until a satisfactory mesh resolution is reached with respect to the experimentally-
verified boundary layer relations above. Specifically, boundary layer mesh adap-
tion was done based on the combined consideration of three quantities: grid iso-
value, parallel velocity gradient, and y™ iso-value. The bottom-right mesh of fig-
ures 1 shows a sample resultant adaption effect for part of the flat surface. The
initial tuning of the boundary layer mesh produced the excellent agreement shown
in figure 2. For subsequent (grooved) cases, only the small, comparably-meshed
grooves (with different sizes and shapes) were added and attached to the flow
domain. Similar adaption was also performed once the final grooved surface geom-
etry is being solved. The top two and the bottom-left meshes of figure 1 show
sample resultant adaption effects for the three types of grooves.
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3 Results and discussion
3.1 SKin friction coefficient

Initial comparisons between grooves geometry are done by straightforward inte-
gration of the skin friction coefficient over the whole middle section of surfaces

SE=SHLE

Figure 1: Adaption results for the geometry based on the combined consideration
of velocity gradients, and grid and y™ iso-values.
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Figure 2: Velocity profile for the turbulent boundary layer flow compared experi-
mental correlation.
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including any horizontal components of interior groove surfaces. These compar-
isons clearly favor the square and semicircular grooves over the triangular ones.
For the specified geometry and boundary conditions, reductions in skin friction
were 8% for square grooves and 7.6% for semicircular ones. Triangular grooves
provided little or no reduction at all. In fact, for the best square case, substitut-
ing triangular grooves resulted in a 3.6% drag increase. This finding is intriguing
if one notices that triangle are far superior to other shapes when the grooves are
placed longitudinally [3]. This point will be addressed when the dynamics of the
flow inside the grooves are discussed further below.

One primary mechanism by which grooved surfaces are believed to reduce fric-
tion drag is delaying transition. One way of accomplishing a similar effect that is
pertinent to the current type of treatment is “restarting” the boundary layer at a
proper place in a way that takes advantage of the sudden drop in shear stress due
to the sudden absence of the wall but does not let it grow thick enough to wipe out
any benefit scored. The flow generally exhibits a drop in friction coefficient over
the groove and a spike at the restart of the boundary layer over the next section
downstream. The general picture and numbers compare well with experimental
results reported by Wahidi [12].

Figure 4 shows the skin friction coefficient, normalized by the skin friction value
of the same location for a smooth surface, upstream of, over and downstream of a
typical (middle) groove. The dots are connected via simple smoothed lines for ease
of viewing. Taking the grooves one by one, one can make the following obvious
observations regarding the behavior of the friction coefficient. First, for the square
groove, the friction coefficient drops suddenly over the groove, builds up gradually
along the bottom of the groove, and then peaks slightly at the restart of the surface.
The increase and decrease in friction is smooth and monotonic, with no Kinks,
mainly because of the simple geometry of the square groove. Additionally, one
notices that upstream and downstream of the groove, the skin friction is not the
lowest. This is a result of the gradual built-up modification of the boundary layer by
grooves upstream of the groove shown. Finally, we see that the peak of the friction
coefficient at the restart of the boundary layer is not very sharp. This is addressed
further when the momentum of the flow is discussed in the next subsection for this
and the two other groove geometry.

For the triangular groove, skin friction peaks just before the groove, drops sud-
denly, then fluctuates around the sharp bottom of the groove. It makes a noticeable
jump before the level flat surface is reached, and spikes considerably at the restart
of the boundary layer. We notice that despite the fluctuations, the triangular groove
has the lowest friction coefficient inside the actual groove. The cumulative effect
of such spikes, however, are seen in the higher than average skin friction far away
from the triangular groove, explaining their poor performance as mentioned above.

Finally, for the semicircular groove, which has the lowest upstream and down-
stream skin friction levels, the behavior is relatively simpler. After the initial drop,
the skin friction monotonically increases over the semicircular surface of the
groove then quickly drops at separation and spikes again at the beginning of the
boundary layer downstream of the groove. The skin friction values as well as the
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spike at separation are comparable to the square groove’s, which explains the close
performance of these two geometries in the overall calculation of the skin friction
presented in figure 4.

3.2 Cross-flow momentum transfer

To understand the mechanism of the turbulent flow in and around the flow and
how the geometry might affect the separation and restart of the boundary layer,
one must consider the interaction between the main flow and any small-scale flow
emanating from the grooves. Figures 3 show velocity vector plots in and around the
typical square, triangular and semicircular grooves. In general, turbulence rarely
penetrates into the grooves, making the shear stress and thus skin friction much
lower than that over the flat part of the surface. Moreover, inside the grooves, the
large viscous damping reduces the tangential fluctuations in velocity , while kine-
matic blocking reduces the normal fluctuations. However, the dynamic behavior
of the flow inside the grooves greatly affects their compound effect on the overall
reduction or increase in drag over the whole surface.

Pound-for-pound, square transverse grooves are expected to induce lower shear
stress in the direction of the flow than, say, triangular grooves, for two reasons:
first, the vertical walls do not contribute directly to the surface shear stress parallel
to the main flow direction. Secondly, the bottom walls of the grooves are well
below the main flow in a way that deems the resultant friction much lower due
to decreased velocity inside the grooves. Semicircular grooves, on the other hand,
have smooth interiors but are relatively closer to the main flow than are the other
two groove shapes. Detailed discussion of velocity vectors is presented below.

The symmetric, sharp geometry of the square groove sustains enough equili-
brating pressure for the flow just above the groove so as to keep the disturbance
of the main flow to a minimum after separation has taken place. The high point of
reattachment on the opposite wall of the groove allows the boundary layer to make

Figure 3: Velocity vectors in and around grooves.
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Figure 4: Normalized skin friction coefficient upstream of, inside and downstream
of grooves.

a clear restart at the downstream flat surface, while the large area of the groove
smoothly absorbs some longitudinal momentum into the crisp recirculating flow
and prevents it from interfering with the remainder of the main flow crossing over.
This explains the relatively small jump in friction coefficient downstream of the
groove in figure 4. From preliminary runs done for this study, the structure of the
detachment/reattachement does not change much when the inter-groove spacing
of 2 mm is increased. However, the reduction in the friction coefficient starts to
decrease, as they become smaller than the large-scale longitudinal vortices. This
agrees well with experimental drag characteristic measurements done by Ching et
al. on a tow tank but for comparable Reynolds numbers [5].

Figure 3 shows a velocity vector plot of the middle triangular groove discussed
earlier. One immediately notices the lower stagnation point inside the inclined
backward facing side of the groove. The boundary layer developed therein grows
longer in this case, disturbing further the main flow over the groove. Greater near-
wall secondary flow motion contributes to drag increase, as is evident by previous
plots and integrals. Additionally, even more clear in this figure are the two sizeable
recirculation zones inside the groove. The two ensuing stagnation points give rise
to the ensuing fluctuations in friction coefficient noticed in figure 4, and the hor-
izontal components of these clearly contribute to the deteriorated performance of
these grooves in this study.

For the case of semicircular grooves the stagnation point is also high, similar to
the square groove case. Thus the spike in skin friction at the restart of the bound-
ary layer is much lower than the triangular groove. The comfortable, monotonic
development of the boundary layer inside the groove, however, adds to the skin
friction cost of these grooves.
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4 Conclusions and future work

In this paper, the turbulent flow over transversely grooved surfaces was numeri-
cally studied. Three different groove geometries were constructed and compared
on the basis of reduction in total skin friction coefficient. Skin friction values
and behavior inside the grooves was a good indicator of how the flow exiting
them would disturb the main flow and to what degree. The optimum groove was
one that succeeds in terminating the boundary layer but does not introduce high
cross flow at the beginning of the next straight section of the surface. In general,
square grooves outperformed comparable triangular and semi-circular grooves in
the medium turbulent Reynolds number ranges. It was found that the dynamics of
the flow inside the grooves, the nature of separation and reattachment of the flow,
and the location of the stagnation point influenced what happens downstream of the
grooves greatly. For the studied groove sizes and spacings, the results favor square
grooves for the Reynolds number range reported herein. Higher Reynolds num-
ber simulations would shed more light on the dynamics of interaction between the
flow inside the grooves and the main parallel flow but then compressibility effects
must be considered, which are not the subject of this paper.

The results validate the notion that optimally grooved surfaces might greatly
benefit efforts to reduce viscous drag which will increase the efficiency and
enhance the performance of many engineering devices in numerous applications
across the industry. Future work in this area is to optimize the shape of the groove
as to accomplish the above goal. This might be in the form of using jigsaw-shaped
surfaces in a way that achieves the desired detachment and reattachment effect for
maximum drag reduction. Another possibility to use deep grooves or completely
open slits in the surface to accomplish the desired effect. Further optimization of
inter-groove spacing is required, and different ranges of Reynolds number must
also be studied to develop a more complete picture. The effect of the turbulent
boundary layer modification on Nusselt number is also interesting. The question
of whether heat transfer enhancement must come at the expense of drag (increase)
is an interesting one. It is equally interesting to explore the possibility of exis-
tence of a pure hydrodynamic technique that alleviates the dependence of shear
stress of Reynolds number as suggested by Polidori et al. [10] using temperature
difference.

One final note about the numerics is that the solution tends to stagnate short
of convergence when using single precision due to the large order of magnitude
difference between the various equations. Even for moderate Reynolds numbers,
the non-scaled residuals of turbulent dissipation rate and continuity equations are
10 orders of magnitude apart. That said, the prospects of using CFD as a valid
tool to investigate such flows and geometry, in the opinion of the authors, still out-
shine many of the current experimental techniques due to the large number of data
points required for the necessary measurements and the large fluctuations in quan-
tities near rough surfaces. Nevertheless, CFD simulations will never replace exper-
imental work. Only validated numerical models can give insight to the underlying
physical aspects of such flows. This stipulates undertaking a thorough comparison
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between the results obtained here and the experimental work conducted by Ching
and Parsons [5], which agree favorably thus far.

References

[1] Hama, FR., Long, J.D. & Hegarty, J.C., On transition from laminar to turbu-
lent flow. Journal of Applied Physics, 28(4), pp. 388-394, 1957.

[2] Kline, S.J., Reynolds, W.C., Schraub, F.A. & Runstadler, P.W., The structure
of turbulent boundary layers. Journal of Fluid Mechanics, 30, pp. 741-773,
1967.

[3] Viswanath, P.R., Aircraft viscous drag reduction using riblets. Progress in
Aerospace Sciences, 38, pp. 571-600, 2002.

[4] Tani, I., Munakat, H., Matsumoto, A. & Abe, K., Turbulence management by
groove roughness. Turbulence Management and Relaminarization, eds. H.W.
Liepman & R. Narasimha, Springer-Verlag, pp. 161-172, 1987.

[5] Ching, C.Y. & Parsons, B.L., Drag characteristics of turbulent boundary layer
over a flat plate with transverse square grooves. Experiments in Fluids, 26,
pp- 273-275, 1999.

[6] Caram, J.M. & Ahmed, A., Development on the wake of an airfoil with
riblets. AIAA Journal, 30(12), pp. 2817-2818, 1992.

[7] Kramer, M.O., Boundary-layer stabilization by distributed damping. Journal
of the aeronautical sciences, 24, pp. 459-460, 1957.

[8] Gad-el-Hak, M., Compliant coatings for drag reduction. Progress in
Aerospace Sciences, 38, pp. 77-99, 2002.

[9] Katoh, K., Choi, K.S. & Azuma, T., Heat-transfer enhancement and pressure
loss by surface roughness in turbulent channel flows. International Journal
of Heat and Mass Transfer, 43, pp. 4009-4017, 2000.

[10] Polidori, G., Taiar, R., Fohanno, S., Mai, T.H. & Lodini, A., Skin-friction
drag analysis from the forced convection modeling in simplified underwater
swimming. Journal of Biomechanics, 39(13), pp. 2535-2541, 2006.

[11] Endo, T., Kasagi, N. & Suzuki, Y., Feedback control of wall turbulence with
wall deformation. International Journal of Heat and Fluid Flow, 21, pp. 568—
575, 2000.

[12] Wahidi, R., Chakroun, W. & Al-Fahed, S., The behavior of the skin-friction
coefficient of a turbulent boundary layer flow over a flat plate with differ-
ently configured transverse square grooves. Experimental Thermal and Fluid
Science, 30(2), pp. 141-152, 2005.

[13] Wilcox, D.C., Turbulence Modelling for CFD. DCW Industries Inc.: La
Canada, CA, USA, 1993.

[14] Fluent Inc., Lebanon, NH, USA, FLUENT 6.2 User’s Guide, 2005.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Section 2
Environmental fluid mechanics



This page intentionally left blank



Advances in Fluid Mechanics VII 93

Stability of meridionally-flowing grounded
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G. E. Swaters

Applied Mathematics Institute,

Department of Mathematical & Statistical Sciences and

Institute for Geophysical Research, University of Alberta, Edmonton,
Canada

Abstract

Deep western boundary currents are an important component of the thermohaline
circulation in the ocean, which plays a dominant role in Earth’s evolving climate.
By exploiting the underlying Hamiltonian structure, sufficient stability (and hence
necessary instability) conditions are derived for meridionally-flowing grounded
abyssal currents, based on a baroclinic model corresponding to a low frequency
limit of the three-layer shallow water equations on a fB-plane with variable
topography.

Keywords: abyssal overflows, deep western boundary currents, meridional over-
turning circulation, baroclinic instability, climate dynamics.

1 Introduction

In a source region of deep water formation, the Sverdrup vorticity balance
predicts equatorward abyssal flow (Stommel and Arons [1]). Away from the
source region, Stommel-Arons theory cannot infer the flow direction of abyssal
currents. However, many abyssal currents are characterized by the isopycnal field
being grounded against sloping topography and the flow being in geostrophic
balance. As shown by Nof [2], a fully grounded abyssal water mass lying over
sloping topography flows, in the fully nonlinear but reduced gravity dynamical
limit, nondispersively and steadily in the along slope direction, irrespective of the
specific height or vorticity field within the abyssal water mass.

These two results provide a dynamical scenario for the initiation and mainte-
nance of source-driven grounded abyssal flow. That is, in high latitude regions
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where deep water is produced (often over sloping topography), the Sverdrup
vorticity balance initiates equatorward flow. Once produced, this water mass can
become grounded and geostrophically adjusted, maintaining a Nof balance that
permits sustained basin scale meridional quasi-steady and coherent abyssal flow.
The principal purpose of the present contribution is to briefly present the stability
properties associated with a baroclinic model that describes the dynamics of
grounded abyssal currents as process that begins as a source-driven “Stommel-
Arons flow” and then transitions to a “Nof flow” as the abyssal water mass flows
equatorward. The report given here is part of a much larger study on the dynamics
on grounded abyssal flow by Swaters [3,4].

2 Governing equations

The model is a low frequency (sub-inertial) limit of the three-layer shallow-water
equations on a B-plane with variable topography (for full details see Swaters [3]).
In this limit, the primary dynamical variables are the geostrophic (leading order
reduced) pressures in the upper two layers and the thickness of the bottom or
abyssal layer (see Fig. 1). The nondimensional governing equations are given by

[0+ 1, M[Ady — Fuln — o) + py] = — 12 L 2200 )
t 1, 1 1 1 2 y F1—|-F2 Re )
[0: + J(¢2, )[A¢2 — Fo(¢2 — 1) + h 4+ hp + By]
3 FQ | A
= —nrnlApr + F1h + R, 2)
hz+1<h+¢2+h3, >=Q+F3A(¢2+h3+h), 3)
14 sBy

with the auxiliary diagnostic relations

e3 x V(go+hp+h)

1+ sBy “4)
p=¢r+hg+h, n=¢2—¢1,

u2=e3x Vg2, U3 =

with J(A, B) = AyBy — AyBy, and where the 1,2 or 3 subscript on a
physical variable refers to the upper, middle and abyssal layer, respectively,
alphabetical subscripts (unless otherwise noted) indicate partial differentiation,
w23 = (123, v1,23), VYV = (x,0y), A = V-V, hp is the height of the
topography, 4 is the height of the abyssal layer relative to hp, 7 is the deflection
(measured positively upward) of the interface between the two upper layers from
its equilibrium position and Q is the down or upwelling term, respectively. The
dynamic pressures in the upper two layers is given by ¢1 2, and in the abyssal layer
by p, respectively. Equations (4c,d) express the continuity of total pressure across
the deforming interfaces between the middle and abyssal layers and the upper
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Figure 1: Model geometry used in this paper.

and middle layers, respectively. The model is a hybrid quasigeostrophic/planetary
geostrophic (QG/PG) system in which (1) and (2) are the QG and (3) is the PG
potential vorticity equations, respectively, for the individual layers.

The dynamical parameters are defined by

s*L B*L? UL g Hy g 33
s=—1,p= L Re=—"" Fil=%—-, h=%,n3=—, ()
H> U, Ay gH; g sHj

where H| » are the constant reference layer thicknesses in the upper two layers, p.
is the reference Boussinesq density and g’ = (o3 — p2)g/px > Oand g = (o2 —
p1)g/p« > 0 where p; 23 correspond to the constant density in each individual
layer with 0 < p1 < p2 < p3, L = /g'Ha2/fo (the internal deformation radius for
the middle layer), Uy = s*g’/fo (the Nof speed), s* ~ O(V*h},) (arepresentative
value for the topographic slope), fo is the reference Coriolis parameter, 8* is the
northward gradient of the Coriolis parameter, respectively. In addition, Ay is the
horizontal eddy coefficient in the upper two layers and r;3 are “bottom friction
coefficients” for the middle and abyssal layers, respectively. Ekman boundary layer

theory implies that r§ 3= Ha3,/ E; 3, where Hj 3 are the vertical thickness scales

and E2 5 are the vertical Ekman numbers for, respectively, the middle and abyssal
layers. Accordlngly, r2 5 are the scale vertical thicknesses of the Ekman bottom
boundary layer in the middle and abyssal layers, respectively.

The unforced, inviscid dynamics of the model is purely baroclinic (i.e., the
horizontal divergence of the barotropic mass flux is zero). Although there is no
“thermodynamics” in the model per se (so that there is no genuine heat or salinity
transport), O > 0 can be heuristically interpreted as a cooling of the overlying
water column that leads to a downward mass flux resulting in the depletion of the
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overlying water mass and a corresponding increase in the volume of abyssal water.
Similarly, O < 0 can be heuristically interpreted as warming or freshening of the
abyssal water mass that leads to an upward mass flux resulting in the depletion of
the abyssal water mass and a corresponding increase in the volume of upper ocean
water.

3 Stability problem

To examine the baroclinic instability problem in its simplest form, but still retain
the most important features, the inviscid, rigid-lid and 2%—layer approximation
Fip=¢1=r3=0, R, - 00, is introduced into (1), (2) and (3), yielding

(An+h)y+J(, An+h+hp+By)=0, (6)
h

hi+J\h+n+hp, —— | = 0, 7

' ( n Bl+sﬂy> Q )

where, for convenience, n = ¢».
The area integrated energy for (6) and (7) is given by

1
E(n, h) = Eff V- Vn+ (h+hp): — 1 dxdy, ®)
Q

which will be invariant in the inertial limit Q = 0.If Q =0, (6) and (7)isa2 x 2
infinite dimensional Hamiltonian dynamical system (Swaters [5, 6]), in which &
will be the Hamiltonian functional and the Hamiltonian variables are given by
An + h and h, respectively. The Casimirs (i.e., the set of invariant functionals that
span the Kernel of the Poisson bracket; see Swaters [5]), which are needed in the
variational principle, may be written in the form

An+h+hg+By
¢ =//{f Fl(é)dé}dxdy, ©)
Q UJhp+By

h/(1+sBy)
) =//Q(1 —i—s,By){/O Fz(é)dé}dxdy, (10)

where [ | are arbitrary functions of their arguments.
3.1 Steady solutions, variational principle and stability conditions

General inertial steady abyssal solutions to (6) and (7) of the form

n=7=0, h="h(x,y), hg =hp(x,y), 0 =0, (11)
must satisfy
J(?z+h h >—0=>E+h —F( n ) (12)
P 1tssy) P04y )

for some function F .
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The solution (12) satisfies the first order conditions for an extremal of the
invariant functional

h/(1+sBy)
zzg+c1+c2=g—//<1+sﬂy>{f F(&)dé}dxdy, (13)
Q 0

where f 1 = 0 and f » = —F . It follows (assuming n = 0 on the boundary of €2)
that

h
SI(n,h):// —nA8n+|:h+hB—F( ):|8h dxdy
Q 1+ sBy

h
= —n(AS Sh h hg — Sh dxd
//Q n(Asy + )+[+n+ B r<1+sﬂy>] xdy,
(14)

so that 8Z(7, h) = 0. _
The second variation of Z evaluated at the steady solution (77, /) is given by

1k

~ F'(y353)
S2T (. h =/f Vén - V8 +[1—ﬂ] sh)? dxdy,
(M, h) Qn n (H_ﬂy)()xy
=// Vo - oy — B 502 gay, (15)
x(x,y

where the “prime” means differentiation with respect to the argument and (12)
has been used. It is always the case that >Z (7, h) is an invariant of the linear
stability equations (Swaters [6]). Since the integrand of the functiogal 82T (1, h) is
a diagonalized quadratic form with respect to (8n, 6h), if 82Z (7, h) is definite in
sign for all perturbations, then ('77, h) is linearly stable (in the sense of Liapunov
with respect to the norm [|(SZI(n h) i 2)

The case where 827 (7, h) < 0 is not considered. It requires certain mathemat-
ical properties to hold on the domain €2 and while these can occur this analysis
is not pursued (see Swaters [S] for the f-plane Hamiltonian-based analysis). The
case where 82Z(7, h) > 0 is precisely analogous to Fjgrtoft’s stability theorem
(Swaters [6]) and reduces to the f Elane results of Swaters [5,7].

It follows from (15) that 82Z (3, 1) > 0 when

hBX (x, )’)
he(x,y) ~

This is a sufficient condition for stability. A necessary condition for instability is,
therefore, that there exists at least one point (x, y) € €2 for which

(16)

hBY(X y)
Iy (x, )

Even though 8 has been fully retained, this stability condition is identical in form
to that obtained by Swaters [7].

> 0. (17)
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Consider the case where hp, (x, y) < 0 as would occur, on average, along the
western shelf-slope region of an ocean basin (see Fig. 1). The necessary condition
for instability is that there exists at least one point for which %, (x, y) < 0. For a
parabolically shaped abyssal current with up slope and down slope groundings, this
condition holds on the down slope flank but not on the up slope flank. This is why
the instability preferentially amplifies on the down slope flank and the amplitude
of the perturbations along the down slope grounding are much larger compared
to those on the up slope grounding (see Swaters [4, 7, 8]). Physically, energy is
required to move grounded abyssal fluid parcels located adjacent to the up slope
grounding up the sloping bottom (against the force of gravity), while energy is
released by the down slope movement of grounded abyssal fluid parcels located
along the down slope grounding. The result is that there is a spatial asymmetry
(even on an f-plane) in the destabilization of these grounded abyssal currents.
This asymmetry is clearly seen in numerical simulations (Swaters [4, 8]).

4 Baroclinic instability characteristics for a constant velocity
abyssal current

The general linear stability equations are analytically intractable. However, much
can be learned from the constant velocity abyssal flow on the linearly sloping
bottom, given by

ho=h—yx >0, hg = —x, (18)

where 7 > 0 is constant, and neglecting terms of O(spB) but retaining 8. The

abyssal height (18) is the simplest profile for /¢ that satisfies the necessary condi-

tion for instability and for which the stability problem can be solved explicitly.
The linear stability problem associated with (18) can be written in the form

Ant+:877x+(h+77)y =0, ht_hy+y77y=O- (19)

These equations will be solved in the meridional channel domain x € (0, L) so
that the appropriate boundary condition is = 0 on x = 0, L. It is convenient to
write the solution in the form

(h,n) = Aly/(1 + ), 1]sin(nmwx /L) explik(y — ct) —iBx/(2ck)] + c.c., (20)

where n € Z*, c.c. means the complex conjugate of the preceding term, k is the
meridional, or along slope, wavenumber, A is a free amplitude constant, and c is
the complex-valued phase velocity that must satisfy the dispersion relationship

K23+ 1+ K)HAP+[1+y — (B/2k)%1c — (B/2k)> = 0, 1)

where K = +/k2 + [2 is the wavenumber modulus and [ = nw/L.

The three roots to the cubic dispersion relation (21) correspond to a barotropic
and baroclinic topographic Rossby wave and to a planetary Rossby wave, respec-
tively (Swaters [3]). The onset of instability corresponds to the coalescence of
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the barotropic and baroclinic topographic Rossby modes. Mathematically, this
coalescence occurs when the discriminate for the cubic (21) is zero and this
condition defines the marginal stability boundary. Thus, the marginal stability
boundary is given by

6P — (6261/2)* = 9616263/2 + 2763 /4 + 65363 = 0, (22)

where
ci=[1+y —(B/2°1/K% c2=1+1/K?, ¢3=—[B/(2kK)I>.  (23)

Equation (22) is itself a cubic with respect to ¢ (i.e., ¥). It can be shown
that the discriminate for (22) is strictly positive since ¢ > 0 and ¢3 < 0O
and is zero only if § = 0. Thus, there is only one real solution for y,
denoted as y.(k, [, B), and this is the marginal stability boundary (or, equiva-
lently, the critical equatorward abyssal velocity). That is, for a given k, [ and
B, instability only occurs if y > y., (neutral) stability occurs if y < 1y,
and the marginal stability boundary is given by y = y.(k,[, B). The point
of marginal stability will be the minimum y, > 0, with respect to k and I,
for fixed B. In the limit B = 0, (22) reduces to y. = (K? — 1)?/(4K?),
which is the f-plane result of Mooney and Swaters [9]. Based on the nondi-
mensionalizations introduced, it is possible to characterize the most unstable
mode as having an along slope wavelength on the order of 94 km, an equa-
torward phase velocity on the order of 3 cm/s, a modal period on the order
of 38 days and an e-folding amplification time on the order of 6 days (Swa-
ters [3]).

5 Conclusions

A model has been presented capable of describing the meridional flow of source
driven grounded abyssal flow in a stratified ocean. In the inviscid, unforced limit,
the model can be written as an infinite-dimensional noncanonical Hamiltonian
dynamical system and this formalism has been exploited to establish sufficient
linear stability (and hence necessary instability) conditions for general steady
bottom-intensified abyssal flow. The linear stability equations were explicitly
solved in the case of an equatorward flowing abyssal current with constant velocity.
The most unstable mode, which corresponds to a baroclinic topographic planetary
wave, has a wavelength on the order of 94 km, an equatorward phase velocity on
the order of 3 c¢m /s, a modal period on the order of 38 days and an e-folding
amplification time on the order of 6 days.

Acknowledgement

Preparation of this extended abstract was supported in part by the Natural Sciences
and Engineering Research Council of Canada.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



100 Advances in Fluid Mechanics VII

References

(1]
(2]
(3]

(4]

(5]
[6]
(7]
(8]

[9]

Stommel, H., and Arons, A. B., On the abyssal circulation of the world ocean —
I. Stationary flow patterns on a sphere. Deep-Sea Res., 1960, 6, 140-154.
Nof, D., The translation of isolated cold eddies on a sloping bottom. Deep-Sea
Res., 1983, 30, 171-182.

Swaters, G. E., The meridional flow of source-driven abyssal currents in a
stratified basin with topography. Part I. Model development and dynamical
properties. J. Phys. Oceanogr., 2006, 36, 335-355.

Swaters, G. E., The meridional flow of source-driven abyssal currents in
a stratified basin with topography. Part II. Numerical Simulation. J. Phys.
Oceanogr., 2006, 36, 356-375.

Swaters, G. E., Nonlinear stability of intermediate baroclinic flow on a sloping
bottom. Proc. R. Soc. Lond. A, 1993, 442, 249-272.

Swaters, G. E., Introduction to Hamiltonian Fluid Dynamics and Stability
Theory, 2000 (Chapman&Hall/CRC Press: New York).

Swaters, G. E., On the baroclinic instability of cold-core coupled density fronts
on sloping continental shelf. J. Fluid Mech., 1991, 224, 361-382.

Swaters, G. E., Numerical simulations of the baroclinic dynamics of density-
driven coupled fronts and eddies on a sloping bottom. J. Geophys. Res., 1998,
103, 2945-2961.

Mooney, C. J., and Swaters, G. E., Finite amplitude baroclinic instability of a
mesoscale gravity current in a channel. Geophys. Astrophys. Fluid Dyn., 1996,
82, 173-205.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 101

Experimental tests and Computational Fluid
Dynamics (CFD) simulations of barriers
installed around open storage piles of

raw materials

I. Diego, J. Torafio, S. Torno & B. Garcia
GIMOC, Mining Engineering and Civil Works Research Group,
Oviedo School of Mines, University of Oviedo, Spain

Abstract

The international commerce of raw materials is growing every year at a high
rate. Hugh amounts of granular materials are moved around the world and thus
increase the need of storage space. Usually the stockage yards where the
materials lay are installed in an open air, so the potential to create dust emissions
due to wind blows is high, then generating operative and environmental
problems. In order to quantify these emissions a series of scaled experiments to
simulate air flows and dust emission around conical shaped piles of granulated
materials stored in open areas have been developed. These experiments are then
used to validate CFD models of the phenomena. In a first phase the experiments
gave the possibility to effectively measure the flow patterns and the dust
emission around conical material piles. A Lagrangian Multiphase model was
implemented in CFD commercial code Ansys CFX 10.0, that successfully
simulated the emission of dust as compared to experimental data. In the second
phase, to be shown in this paper, metallic barriers are installed surrounding the
piles, and flow characteristics and dust emission are measured through the use of
hot-wire anemometers and light scattering instruments as well as simulated in the
CFD package. The paper shows how k-epsilon turbulence models are accurate
enough to simulate the air flow in affordable mesh resolutions and computing
times. The superficial velocity contours over the cone face are also studied in
order to obtain the degree of dust emission diminishing expected due to the
barrier installation. These studies have been done in the framework of the
Research Project CTM2005-00187/TECNO, “Prediction models and prevention
systems in the particle atmospheric contamination in an industrial environment”
of the Spanish National R+D Plan of the Ministry of Education and Science,
2004-2007 period.

Keywords: storage piles, wind tunnel, CFD Lagrangian methods, turbulence.
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1 Introduction

The research group of Mining Engineering and Civil Works of the University of
Oviedo, based in the School of Mines of Oviedo (Spain) is developing a research
project granted by the Spanish Ministry of Education and Science. One of the
project goals is to develop and study dust emission factors in several industrial
situations, from quarries blasts to ship unloading or loading facilities. The
researches and simulations have been very successful in several fields obtaining
interesting results in the case of dust coming from quarries blasts, both using
CFD [1] and classical dispersion methods, [2], and comparing results for
different pile shape configurations, [3] and [4]. Now the next step has been
taken, trying to evaluate the mitigation of emissions using solid barriers that are
installed surrounding the piles. These barriers can be porous or non-porous and
there are several references where PIV (Particle Image Velocimetry) methods are
used in order to evaluate flow around pile-shaped flow obstacles, [5] and [6].

Instead using PIV methods, indirect methods will be used to measure air
velocities and dust concentrations in scaled tests. Light scattering instruments are
used to measure dust clouds and hot wire anemometers in case of measuring air
velocities.

1:10 scaled tests were conducted simulating a cone shaped pile surrounded by
a solid barrier. In order to create the flow a mine ventilation fan is used,
obtaining flows up to 16 m/s. Velocity values are measured in 64 points and dust
concentrations are measured in two locations. A measured quantity of dust is
homogeneously disseminated over the metallic cone surface, repeating the
experiment in case of 3 different materials: coal, cement and limestone.

These measurements are then used to validate CFD (Computational Fluid
Dynamics) models, in a first stage one phase models where air movements are
simulated and in a second stage Lagrangian multiphase models where dust
movement is represented. The main goal is to check the amounts of dust injected
in the surrounding as compared to the calculations done by the North American
standard EPA [7].

This paper will show how the CFD calculations can effectively simulate the
air movement in these experimental setups. Later papers will use the dust
concentration data to validate multiphase CFD simulations.

2 Measurements and 1:10 scaled tests

The scaled tests were conducted in the tailings dam area of the coal
concentration plant installed in a coal mine in Asturias, northern Spain (see
attached figure 1). The initial intention was to install the piles and the fans in one
side of the dam and the dust sensors on the other side, 30 meters away, in order
to evaluate just the dust floating in the air, as the dust falling to the dam will be
trapped there. Unfortunately dust levels at a distance of 30 meters from the
emission area were null, so all the experimental setup was changed and adjusted
several times until dust concentration levels were correctly measured.
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The final experimental setup is shown below: a metallic cone blown by air
coming out of a 300 mm pipe where a 12 kW fan, compressed air powered, is
connected. The cone is installed 50 cm apart from the pipe outlet, which its axes
installed at the height of the cone apex. The cone surface is then homogeneously
covered by dust and once the fan is started a dust cloud is created by the pick-up
of the dust particles places in certain areas of the cone.

Figure 1: Coal stockage area and experimental setup.

The test is repeated for different materials over the cone and with and without
barrier installed between the cone and the pipe. Photograph at the upper right
corner of figure 1 shows the setup in case of barrier installed. This barrier has a
height slightly lower than the cone height, as first tests conducted with barriers
with the same height as the cone showed no dust clouds creation.

Once the dust measurement tests are done comes the second phase where the
air velocities are measured. To do so a hot wire anemometer TSI Velocicalc Plus
is used, shown in figure 2. During all the experiments a weather station (Met
One Instruments) is measuring and recording wind speed and bearing and
humidity, in order to evaluate possible changes in the results. The tests were
conducted in moments were wind and humidity remained constant or wind was
not present.

The air velocity was measured in 64 locations, shown below in figure 3, 22 of
them over the cone and 44 in the developed flow area. As our goal is to define
how the dust comes out of the pile surface the 22 measurement points are
profusely measured with caution.
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Figure 2: Instrumentation used in velocities studies.

Figure 3: Measurement location.

Figure 4: Measurement of inlet flow.

@ WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
S www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 105

The air coming out of the pipe was also controlled (figure 4), observing a
high difference between the several points of the pipe that were measured.
Despite the expected difference between the points near the wall and the points
in the axe of the pipe there are also quite big differences among opposite sides of
the pipe. This is, the flow is not symmetrical, probably due to the swirl given to
the air by the fan and by the fact that the pipe length is not long enough to
stabilize this swirl caused by the fan blades. The velocity values in the pipe
outlet are shown in table 1.

Table 1: Values of inlet flow.

Velocity values at Pipe outlet
1 2 3 4 5
12.2 m/s 10.8 m/s 15.7 m/s 12.3 m/s 13.5 m/s

3 CFD simulation

The CFD commercial code Ansys CFX was used to develop a simulation model
that allows the comparison of the experimental results and the simulated ones.
The model considers a volume of 2000 m® surrounding the experimental setup.

Figure 5: 3D mesh.

The meshing has been done using commercial software ANSYS ICEM CFD
10.0, importing the geometry from Solidworks parametric modelling tool
through IGES format. First a geometry cleaning is done, deleting unnecessary
geometry features and checking for physical incongruence. Figure 5 shows
details of one of the developed meshes.

The physical characteristics of the problem are defined in CFX-Preprocessor.
Three different simulations will be done, depending on the turbulence model
used: Zero equation, K-epsilon, Spallart-Almaras and SST. CFX offers a wide
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selection of turbulence models, from the quite simple Zero Equation models to
LES and RANS, highly demanding in computing time and hardware
requirements. The selection of these 4 more or less complex models is based on
related bibliography, e.g. [8], [9], [10] and [11].

Despite the turbulence model selection and the problems associated to the

mesh our main worries regarding the simulation were the ones associated with
the inlet condition. As shown before an irregular flow pattern was obtained from
the measurements and thus it should be considered in the simulation.
An inlet design sensitivity study was carried out, comparing plane inputs at the
inlet condition, e.g. the same velocity and turbulence intensity values in the
entire inlet surface, against curve-shaped inputs. This curve-shaped inputs were
obtaining fitting a surface to the point velocity values shown in figure 4.

Figure 6 shows the adjusted curve data, obtained following method referred in
[12]. Once this expression is used as the inlet velocity value there are not
differences in the flow when comparing these results with the plain input ones.
As this expression programming is very time-consuming it was decided to use
plain inputs in all simulation cases.
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Figure 6: Inlet condition surface fitting.

Then taking into account all the factors explained above a series of
simulations are repeated, with and without barrier installed, and considering 4
different turbulence model in each experimental setup. This means 8 different
simulations.

Each one of these simulations is compared with the existent experimental data
through a regression study.

A lineal regression is done between the pairs CFD-cfx values vs. field values.
Below is shown (Figure 7) the best of the obtained comparisons, a k-epsilon
model with the barrier present.
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Figure 7: K-epsilon, barrier, model validation.

The following figure shows the results of this test in all analyzed cases. As
can be seen the best fit, higher regression coefficient, is obtained in k-epsilon
model. Generally speaking the fits are better where the barrier is not present.
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Figure 8: CFD vs. Experimental result comparison.

The great advantage of CFD, once its results have been thoroughly checked
and validated, is the possibility of extreme powerful post processing. As an
example found below, a comparison between the velocity distribution and
streamlines of the situation with barrier and with no barrier present.
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Figure 9: Results comparison.

As can be seen velocity values are lower in the vast majority of the surface of
the barrier case, although velocity values in cone apex are higher in the barrier
case. A post processing study must be done in order to evaluate which of the two
cases will present more dust pick-up and emission over the cone surface, as is
not so evident that the velocities values are higher in the no barrier case than in
the barrier installed case.

4 Conclusions

Air flow around wall protected piles can be adequately simulated using CFD by
means of quite simple turbulence models as k-epsilon and using meshes of
medium size, around 160.000 nodes. Despite the quite simple instrumentation
used, regression values obtained when comparing measured values and CFD
values are surprisingly high, over 0.9 in some cases.

These results will be used to simulate the dust emission from the surface of
the conical piles, and compared against the concentration measurements made
with light scattering instrumentation.
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Evaluation of diffusion models for airborne
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Abstract

The diffusion coefficient is a property that plays a significant role in the transport
of airborne nanoparticles. However, there seems to be no general agreement in
the literature on the most appropriate model to use for nanoparticle numerical
simulations to be used in risk exposure assessments. This paper begins by
presenting a brief review of some of the main models for small particles
diffusion. A general dynamic equation for aerosol transport is briefly discussed
next. Since the particle diffusion coefficient can be expressed in terms of a
friction coefficient, three relationships are then presented and their influences on
the friction and diffusion coefficients are considered for the particular case of
TiO, nanoparticles. Although, all the models studied here predict a decrease in
the value of the diffusion coefficient with increasing particle diameter, some
significant variations can be observed between the models. A specific diffusion
model, chosen between those studied, is finally applied to estimate the purge
time of airborne TiO, nanoparticles in a simple closed space the size of a
glovebox. It is shown that the sedimentation and the diffusion processes do not
play a major role in the evaluation of the purge time.

Keywords: nanoparticles, diffusion, sedimentation, numerical simulations,
titanium oxide, purge time.

1 Introduction

The evaluation of the potential risks associated with the inhalation of
nanoparticles is a question which currently worries many researchers [1]. The
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phenomenal emergence of the nanotechnologies led government agencies to
produce discussion papers on the secure use of particles in the nanometric scale.
The international reports are unanimous to support proactive measures to ensure
the safety of workers exposed to nanoparticles. One of the basic elements for the
risk assessment evaluation in a work environment consists of an adequate
characterization of the degree of exposure. Computer simulation could be used
advantageously as a tool to predict the exposure levels. The development of
reliable models will make it possible to predict the behaviour of nanoparticles in
a workplace environment, to evaluate the risks of exposure and to contribute to
the development of efficient ventilation systems which could make it possible to
contain and, if required, to recover the airborne particles. In order to reach
theses objectives, numerical models should be able to represent the dominant
particles transport and agglomeration mechanisms. The objectives of this paper
are to review the present models for small-particle diffusion and to select the
most suitable one for nanoparticles transport modelling and risk assessment.

2 Literature review

The Brownian diffusion is a phenomenon of passive transport which results from
the random movement of the particles subjected to the effect of the collisions
with the surrounding molecules. In a macroscopic perspective, the average
quadratic displacement of a nanoparticles cause by the Brownian motion can be
characterized by a global diffusion coefficient D of the particle [2]. Hinds [2]
used the Stokes-Einstein relation to express the diffusion coefficient in term of
particule mobility. The resulting expression indicates that the coefficient D is
proportional to the temperature of the medium and inversely proportional to the
square of the particle diameter d,. In spite of this dependence, the diffusion
coefficient of a nanoparticle as small as 1 nm in diameter will be twenty times
smaller than the equivalent coefficient for air (molecules). The diffusion of the
nanoparticles in air is therefore unlikely to change the trajectory of the
nanoparticles significantly compared the main flow streamlines [3]. This
“passive scalar” behaviour implies that the nanoparticles can be transported
directly by the convective movement of the fluid. However, the diffusion has a
determining influence on the “particle-particle” collision probability and on the
“particle-wall” collision probability. Therefore the diffusion coefficient may
significantly affect the agglomeration of particles between themselves (the
coagulation mechanism) or the filter efficiencies.

In a study relating to the theoretical bases of the analytical ultracentrifugation
applied to nanoparticles, Lechner and Méchtle [4] make the assumption that the
diffusion coefficient is independent of the mass of the particle, inversely
proportional to the aerodynamic diameter, and proportional to the absolute
temperature. In aerosol science, the aerodynamic diameter of a particle is
usually defined as the equivalent diameter of a spherical particle of density equal
to 1 g/cm® having the same deposit rate or settling velocity as the measured
particle [2].

Friedlander [5] proposed a correction factor in order to make the Stokes-
Einstein relationship (see details below) applicable for small particles and large

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 113

mean free paths of the gas molecules. From the results of an analysis based on
molecular dynamics, Rudyak er al. [6] developed, for their part, a diffusion
model applicable to nanoparticles in dense medium. These latter authors
compared their model with the diffusion coefficients obtained from the Einstein
[7] and the Enskog kinetic theory of gases [8]. The numerical values of the
diffusion coefficients differ considerably according to the model used.

Experimentally, Rudyak et al. [9] compared the results of measurements of
the diffusion coefficients with the theoretical predictions of both the Einstein and
Enskog theories. Two measuring devices were used for the determination of the
D coefficient: a differential mobility analyzer (DMA) and electron microscopy
(EM). Measurements obtained from the DMA made use of the Stokes law
together with the Cunningham-Millikan-Davis correction. However, this
measurement technique led to systematic variations when compared with the
theory for very small particles (d, <7 nm). For aerodynamic diameters from 2 to
5 nm, the variations observed between the DMA measurements and the Stokes-
Einstein relation can be as much as several tens of percent. On the other hand,
the results obtained from the EM measurements follow very closely the
theoretical Stokes-Einstein relation for diameters ranging between 2 and 9 nm.
In this same paper, Rudyak et al. also presented a method for the determination
of the coefficient D based on the kinetic theory of rarefied gases. This method
takes into account the interactions between the surrounding ambient gas
molecules and the nanoparticles. The application of this kinetic theory of rarefied
gases approach was shown to give diffusion coefficient values between those
obtained by DMA and EM measurements.

3 General dynamic equation

The transport of nanoscale particles dispersed throughout a fluid is governed by
the aerosol general dynamic equation (GDE) [S]. For a discrete distribution
function where k refers to the number of molecules in a particle, the GDE is
written

on, on,

8—+V-nkV=V~DVnk+[—} -{—} -V-cn,. (1)
! growth at coag

In this equation, n is the concentration, v is the velocity vector, D is the
diffusion coefficient and c is the particle settling velocity vector resulting from
gravity. Coagulation of particles leads to a reduction of the total number of
particles, to an increase in the average particle diameter, and to an increase in the
number of molecules in the particles. Growth of the particle occurs by gas-to-
particle conversion by condensation or nucleation. It increases the particle mass
concentration in air.

For particles with large number of molecules, it becomes convenient to pass
from a discrete to a continuous distribution to carry out the calculations, but this
is outside of the scope of the present paper. In any case, the diffusion coefficient
must be determined before solving either the discrete or continuous GDE. The
discrete GDE will be solved using classical CFD methods in a future work.
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Classical theory relates the Brownian motion of small particles to the
molecular motion of the gas molecules. The Stokes-Einstein expression for the
diffusion coefficient is

p-XL @)
v

where K is the Boltzmann constant and 7 stands for the absolute temperature.
The friction coefficient f furthermore depends on the particle size and on the
fluid physical properties.

We will consider here three possible expressions to evaluate this nanoparticle
friction coefficient. The appropriate equations depend on the Knudsen number,
defined here as twice the ratio of the mean free path of the gas molecules, /,, to
the particle diameter d, such that
Kn = ﬂ.

d

P

3)

For a Kn lower than 1, the Stokes law may be applied. If the particle is
considered as being rigid and spherical, the friction coefficient is thus written

S =3mud,. 4)

For a Kn much larger than 1, the friction coefficient can then be determined
according to the Enskog kinetic theory [5, 10, 11] to be

2 ) T 1/2
f:-d;p( ad j (1+ﬂj )
3 m 8

where p is the gas density, m is the molecular mass of the gas molecules, and the

accommodation coefficient o is a constant parameter to be taken usually with a
numerical value of 0.9.

A generalization of the above relations can be made to cover a more global
range of Kn numbers by rewriting the Stokes law, eqn (4), with a correction
factor C such that

gy (©)
C

The effects of the Knudsen number are then included in the coefficient C, the
value of which can in turn be determined by more than one relation.
Friedlander [5] and Rudyak et al. [9] suggest the following expression

C =1+Kn[1.257 +0.400 expij (7
Kn

which has been derived from experimental data for oil droplets in air. Hinds [2]
proposes a slightly different relation in the form of

c=1+X0 2.34+1.05exp —0.78 ) ®)
2 Kn
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Finally, Gussman [12] suggests a relation applicable for different types of gas
which reduces to

C:(1+0.615Kn)71+1.615Kn )

for air.

The friction coefficient values predicted by eqns (7)-(9) are shown in figure 1,
for the particular case of TiO, particles in air at a standard atmospheric pressure
of 101.3 kPa and at a temperature of 293 K. Typical TiO, nanoparticle diameters
range from 10 to 100 nm. For reference, values predicted by the kinetic theory in
eqn (5) are also plotted. As expected, the kinetic theory tends to over predict the
friction coefficient with increasing particle size. Friedlander’s eqn (7) and
Hinds’ eqn (8) give almost the same results and are thus equivalent for these
specific conditions.

-12

w10
g T T T T T T T T
Friedlander ’,-"
7| —— —Hinds i
""""" G.uss.man 0‘.'
— =~ Kinetic Vs

Figure 1: Friction coefficient for TiO, particle in air at atmospheric pressure.

Gussman’s eqn (9) predicts slightly higher values than those of eqn (7) as
particle diameter increases, reaching about 8 % difference at 100 nm. On the
other hand, for particle diameters below 40 nm, all four relations give very
similar results.

As previously mentioned, the numerical values of the diffusion coefficient
predicted by eqn (2) depend on the particular expression used to determine the
friction coefficient. Figure 2 compares the coefficient D predicted by 1)
Friedlander’s eqn (7), ii) Gussman’s eqn (9), iii) the kinetic theory of eqn (5),
and iv) the Stokes law in eqn (4). The numerical values shown are obtained for
airborne TiO, particles in air at standard ambient pressure and temperature. As
can be seen on the figure, the diffusion coefficients decrease as particle size
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Figure 2: Diffusion coefficient for TiO, particle in air at atmospheric
pressure.
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Figure 3: Evolution of the diffusion coefficient with temperature for 40 nm

particles.
increases from 10 nm to 100 nm. As expected, the Stokes law under predicts the
values of D. For particle diameters greater than about 40 nm (as for f), the kinetic
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theory gives results different from those obtained from Friedlander’s and
Gussman’s equations, which on the other hand agree quite well between
themselves. Note that Hinds’ equation results are not shown, as they are almost
identical to those of Friedlander.

In figure 3, we show the effect of temperature on the diffusion. The curves
are obtained for 40 nm particles in air, again at standard atmospheric pressure.
The temperature value range is chosen to cover normal room conditions. The
variation of the air viscosity in Stokes eqn is taking into account using
Sutherland’s correlation [2]. The three diffusion curves show once more the
same trend, a nearly linear increase of the diffusion coefficient with temperature,
a somewhat similar feature as for general gas behaviour. Friedlander’s, the
kinetic theory, and Gussman’s equation results have about the same slope of a
5% augmentation for a 15 K temperature increase.

4 Particle extraction from a small room

In the eventuality of an airborne, possibly toxic, event involving nanoparticles in
a workplace, it will certainly be critical to be able to estimate the time to
completely purge the contaminated air from the room in which it took place, i.e.,
to remove as much as possible of the unwanted particles from that room. A first
estimate of this purge time can be obtained knowing the volume of the room
which could then divided by the volume flow rate Q of fresh air from the
ventilation system. The time scale hence obtained represents the time taken by
the ventilation system to achieve a single volume air exchange.

It may be important to note that for airborne nanoparticles, the diffusion
effects close to the walls of the room and the sedimentation process may have a
non negligible influence on the evolution in time of the particle concentration in
that room. In order to take into account these additional effects, Hervé-Bazin
[13] suggests the following exponential relation for the evolution of particle
concentration C with time

C=C, -exp(-t/T) (10)
where C, is the initial concentration, and 7" a constant time scale such that
Y
i (11)
T V p
with [ representing the deposition coefficient in turn obtained by the following
relation
V. S-D
f=—+—. (12)
h Vo

In the last relation, eqn (12), Vs is the sedimentation or settling velocity of the
particles, /4 is the room height, S is the room total wall surface, V' is the room
volume, and finally ¢ an estimate of the boundary layer thickness formed at the
surface of the room’s wall.
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To give an idea of the purge time of a room, consider a set of TiO,
nanoparticles uniformly distributed in a room with an initial, fairly low,
concentration of 10* particles per cubic centimetre; at this concentration level,
particle coagulation or agglomeration effects can reasonably be neglected [2]. If
we now consider a rectangular closed space having the dimensions of a typical
glovebox which could be used for nanoparticle experimentations, that is with a
1 m length, a 0.8 m width, and a 0.8 m height. The sedimentation velocity Vs,
following Friedlander’s general notation [5], depends on the particle density p,,
the air density p, and gravity g such that

2
Vszwa_p/p ). (13)
18u i

For TiO, particles (p, = 4 g/em’) in air, one may readily note that the
particle’s buoyancy term, (1 — p/p,) is negligibly close to 1 and could thus be
omitted.

In table 1, we show values of D, Vs, £, and T, for typical TiO, particles of 10
nm, 20 nm, 40 nm and 100 nm diameters. These results have been obtained
assuming an air flow rate of O = 4.5x10” m’/s whence Q/V = 7.0x10 I/s. in eqn
(11). Based on the quasi one dimensional (piston) flow hypothesis made above,
we may estimate the particle purge time of the glovebox, 7, to be at slightly more
than 20 s. More specifically, for the smallest particles (10 nm) sedimentation
effects are not significant and the purge time is thus the longest at 26.3 s. For
20 nm particles, Brownian motion and sedimentation are maximum hence giving
the minimal time of 22.4 s. For 40 and 100 nm, the sedimentation velocity
increases but the Brownian motion diminishes giving in this case purge time
values a bit higher than for the 20 nm particles but still below the 10 nm value.
One may also deduce from the table results that the sedimentation time scale
h/Vy is significantly much larger (at least 4 orders of magnitude) than the global
purge time 7, confirming thus that the sedimentation or settling process plays a
negligible role in the evolution of the particle concentration.

Table 1: Characteristics of TiO, particles dispersion in a rectangular closed
space (see text for details).

d, [nm] D [em?/s] Vs [cm/s] B1/s] T[s]
10 5.2e-4 2.6e-5 3.7e-5 26.3

20 1.3e-4 5.4e-5 1.0e-5 224

40 3.5¢-5 1.2e-4 3.9¢-6 22.5

100 6.7e-6 3.4e-4 4.7e-6 22.7

5 Conclusion

The present paper is part of an ongoing work on the development of a numerical
simulation model for the dispersion of airborne nanoparticles to be used in risk

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 119

exposure assessments. Our main concern at this stage has been on the evaluation
of already existing diffusion models. More specifically, three models have been
studied. These models are based on a generalization of the Stokes law for the
dynamics of small spherical particles to which a correction factor is added to
take into account the very small scale effects occurring at nanoscales. At given
standard pressure and temperature, the diffusion coefficient is shown to decrease
as the particle diameter increases from 10 to 100 nm. The diffusion models
proposed by Friedlander and Hinds give almost identical results while the model
proposed by Gussman gives slightly lower values. For particle diameters below
40 nm, the difference between the three models becomes very small though. All
models are also shown to agree with the results obtained using a more classical
kinetic theory approach for small particle diameters, but that latter theory tends
to under predict diffusion for larger diameters. For a given particle diameter,
diffusion is shown to increase with temperature, as it is the case in general for
gases.

The Friedlander diffusion model was then applied to the evaluation of the
time taken to extract a low-level concentration of TiO, nanoparticles from a
small closed room the size of a glovebox. Assuming a certain air flow rate, we
were then able to estimate a room purge time. From the values hence obtained, it
was then shown that the sedimentation or settling of nanoparticles is negligible
in the global dispersion process.

Future work includes the implementation of this diffusion model to more
complete fluid dynamics simulation tools in order to be able to obtain more
accurate estimations of the purge time in complex room geometries. The
inclusion of particle agglomeration or coagulation dynamics will also be
considered in order to be able to take higher and more realistic concentration of
nanoparticles into account.
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Numerical study of the effect of the type of fuel
on pollutant emissions in a diesel engine
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Abstract

In order to minimise the planet heating observed during recent years, many
studies have been undertaken on the different factors responsible for this
atmospheric pollution, among which are the studies of the physical and chemical
phenomena occurring in combustion. In order to diminish the polluting gases
emanating from I.C. engines, the idea is to lower fuel consumption while
maintaining engine performance. In this context, we numerically calculated the
concentration of different polluting species (CO, CO,, HC and NO) by using the
commercial programme KIVA2 for four fuels (DF2, CgH;g, C;H;4, and Ci4H;3)
in a direct injection diesel engine of type CMT/FL912. The Zeldovich chemical
reactions for the formation of NO, the global fuel oxidation reaction and the
equilibrium reactions contributing to the formation of pollutants have been
introduced. A comparison of polluting species of various fuels obtained after
combustion is presented.

Keywords: KIVA2 code, diesel engine, turbulent combustion, polluting gases,
fuels.

1 Introduction

During the last two decades, energy demand in the world has increased. The
prices of fossil fuels have increased and the ecological repercussions due to the
emissions of polluting gases CO, CO, and NOx have become worrisome,
particularly the rate of CO; in the atmosphere which is continuously increasing
and which results in global heating. The shortage and the depletion of
conventional energy resources are also one of the major concerns for western
countries. This has incited scientists to develop alternate fuels such as bio fuels,
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LPG (liquid petroleum gas), GNV (vehicle natural gas) and finally synthesis
liquid fuels.

The objective of our work is to numerically study the emissions of polluting
gases CO, CO,, HC (unburned hydrocarbons) and NO from a diesel engine. A
comparison has been made between various fuels for the mass fractions of the
polluting gases. The study was conducted using the code KIVA II. The latter
solves simultaneously the equations governing the mechanics of fluids, the heat
transfer, the mass transfer and the chemistry occurring during combustion inside
an engine.

2 Mathematical formulation

The prediction of the properties of reactive flows due to the combustion of liquid
fuel jets in diesel engines must take into account the liquid phase and the gaseous
phase in the flow field. Several approaches have been suggested to model the
discontinuity of the gas-liquid phases [1].

Among them, the statistical Eulerian-Lagrangian approach [2], which is used
in the Kiva II code, and which consists of describing the field of flow of the
gaseous phase in Eulerian coordinates by the averaged Navier-Stokes equations
and the turbulent model equations. The liquid droplets field is described in a
Lagrangian formulation, which has the advantage of being able to take into
account the temperatures and the momentum of representative samples of all the
different drops possessing the same characteristics (position, velocities, size,
temperature, etc.) [4]; thereby avoiding the modelling of effective diffusion
coefficients of mass, momentum and energy of the liquid.

The influence of the liquid phase on the gaseous phase is handled by
introducing the source terms, due to the coupling of the liquid gas phases, in the
balance equations of the Eulerian phase.

2.1 Chemical reactions

In the present study, four fuels have been chosen: these being Ci4Hj
“n-tetradecane”, the DF2 “diesel fuel 2” which is represented by the Ci,Hy
“dodecane” in the chemical reaction, the C;H ;¢ “n-heptanes” and finally CgH g
“iso-octane”. Their global chemical reactions are:

2 C14H30 +43 02 H 28 COZ + 30 HzO
2 C12H26 + 3702 H 24 COz + 26 HzO

2C8H18+2502 H 16 C02+ 18 H20 (1)
CHie+ 70, ——>» 7CO,+ 8 H,O

2.2 Equilibrium reactions

K r (T ) is the equilibrium constant of the n°r reaction, which is assumed to
depend only on the temperature:
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K, :exp[A, InT, +%+Cr+D,TA +ErTjJ )
A

where Ar ,B s C - and D, are constants, and T,=7/1000.

We have considered the seven following reactions:

Table 1: Value of Ar , Br , Cr and D,

Reaction n°r A, B, C, D, E,

H, —~ 2H 0.990207 |-51.7916 |0.993074 |-0.343428|0.0111668
0, < 20 0.431310 |-59.6554 |3.503350|-0.340016|0.0158715
N, < 2N 0.7947009 | -113.2080 | 3.168370 | -0.443814 | 0.0269699
0, + H, ©20H -0.652939 | -9.8232 3.930330 | 0.163490 |-0.0142865

0,+2H,0 < 40H | 1.158882 |-76.8472 |8.532155 | -0.868320 | 0.0463471
0, +2CO <> 2C0O, | 0.980875 |68.4453 |-10.5938 |0.574260 |-0.0414570
0, + N, < 2NO 0.000000 | -10802 0.14 7.210° 0.0000000

2.3 Kinetic reactions

We take into account the kinetics of the reaction towards the equilibrium by a
reaction rate given by the Arrhenius’ law:

a b,
. rilen | o 1Y) 3)
@, :k./'rH[W ] _kb’H(Wj

m=1 m m=1 m

kf and ker are the reaction rate constants respectively for both directions of
reaction n°r.

Zeldovich’s chemical mechanism for the formation of NO is taken into
account by introducing the coefficients and the equilibrium constants of the
following chemical reactions into the KIVA II code:

0, + 2N, €5 NO + 2N N, + 20H¥=5 2NO + 2H
ki =1.558.10" exp(6.76.10%/T) kp-=2.648.10" exp(5.94.10%/T)
k- =7.500.10" ks =1.600.10° exp(1.96.10%/T)

N, +20, 9= 2NO + 20
kp=2.132.10"exp(5.70.10%T)
khr =0.0

3 Numerical methods

The temporal discretisation is a discrete sequence of times ' (n=0,1,2....). The
interval of time At” =t""" —¢" is the step of time and n is the number of
cycles. In the KIVA 1II code, the cycle takes place in three stages or phases.

Phase A and Phase B constitute the Lagrangian calculation where the grid nodes
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move at the same speed as the fluid. There is thus no convection through the
sides of the grid cells. So, during this first phase none of the convective terms of
the aerodynamics equations are taken into account. In phase C, the field of flow
is frozen and the grid nodes are returned to the new positions prescribed by the
user with the aim of calculating the compression and the expansion. This
remeshing is realized by transporting by convection the various quantities
through the boundaries of the control volumes when these are moved to their
new positions.

4 Results and discussion

The simulation has been applied to the combustion chamber of the diesel engine
CMT FL912 that is mounted on the tractor CIRTA C6807 manufactured in
Constantine, Algeria by the national company SONACOM. Its 68 KW power is
reached through a rotation speed of 2300rpm. For the current work, we have
used the engine regime which is 1600rpm rotation speed corresponding to the
maximum couple. The walls are maintained at constant temperatures, the initial
time step is dti = 107s, the tolerances for the convergence of the method of
conjugated residues for the implicit terms diffusion of pressure gradient epsp =
10, chemical species epsy, momentum epsv, heat epst and kinetic energy epsk
are all equal to 10~

Table 2: Characteristics of the engine.
Cylinder diameter 100 mm
Piston course 120 mm
Distance between cylinder head and 1.8 mm
piston surface at TDC (squich)
Length of the connecting rod 216 mm
Injector diameter 0.285 mm
Engine speed 1600 tr/min
Injection period 12°
Injection Mode Injection according to a half
sinusoid
Rate of injection 50 cm’/s
Injection pressure 400 bars
Injection temperature 313°K (40°C)
Air temperature 400 K
Total number of injected particles 2000
Inclination angle of injector orifice 60°
Thickening angle of fuel jet 10°
Cylinder wall temperature 400K
Piston wall temperature 400K
Temperature of cylinder head 400K
Initial density of oxygen 2.4257x10 g/em’
Initial density of nitrogen 7.9851x10™ g/cm’
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The numerical grid used in this study contains 25 cells in radial direction
(NX=25), 1 cell in the azimuthal direction (NY=1) and 40 cells in the axial
direction (NZ=40). At the beginning of the calculation (at -90°), the grid starts
with 40 cells in the axial direction (NZ=40). During the compression phase, cells
are compressed as the piston approaches the top of cylinder (top dead center
TDC), until a minimal number of cells (which is two) between the cylinder head
and the top surface of the piston is reached.

Figure 1: The grid mesh at 0.0068 degrees before the top of the cylinder.
4.1 Formation of pollutants

4.1.1 Unburned hydrocarbons

The curve of fuel consumption (Fig. 2) by the oxygen is the same for the various
fuels. The fuel begins to evaporate as soon as the first injected drops in the
combustion chamber from the advanced angle of injection until the evaporation
of part of the fluid that corresponds to the maximum of the curve. From this
point onwards the first free radicals start to form to provoke the immediate
explosion of the fuel at around the top of the cylinder (TDC). At that moment,
the curve decreases then becomes asymptotic to a value which corresponds to
unburned hydrocarbons which are due to the short duration of the combustion at
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Figure 2: Evolution of total fuel mass as a function of Crankshaft angle for

various fuels.
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about 12° (Fig. 2), and which is shorter than the period of self-ignition necessary
for the fuel to completely oxidize, and by the adhesion of droplets to the walls of
the combustion chamber to evaporate which are at a lower temperature (Fig. 3).
The unburned hydrocarbons are then chased away by exhaust gases.

Fuel
0.291619
0.272178
0.252736
0.233295
0.213854
0.194413
0.174971
0.15553
0.136089
0.116648
0.0972063
0.077765
0.0583238
0.0388825
0.0194413

Figure 3: Contours of the mass fractions of the consumption of the fuel at
the position (—5°) before the TDC for DF2.

4.1.2 Carbon dioxide

The carbon dioxide begins to form as soon as fuel ignition (Fig. 4) in the flame
zone by the chemical kinetic mechanism of hydrocarbon oxidation at 12° before
TDC (Fig. 5). The total mass of CO, increases quickly till the end of the ignition
then continues to form in a slower way by the chemical mechanism of
equilibrium of CO oxidation and of CO, dissociation into CO during the
expansion phase up to a maximal value (Fig. 4).
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Figure 4: Evolution of total masses of polluting gases as a function of the
crankshaft angle for the fuel C;4H3.
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Figure 5: Evolution of CO, mass as a function of the crankshaft angle for

various fuels.

4.1.3 Carbon monoxide

The carbon monoxide forms well far from the flame front (Fig. 4), by the fact of
the lack of oxygen. The thermodynamic equilibrium of CO, dissociation and the
reaction of CO, and H, will result in a mass that represents 20% of the mass of
fuel at the maximum point at 15 © after TDC (Fig. 6). This quantity will decrease
during the expansion phase because of its transformation to CO, until a
negligible value is reached (Fig. 4).
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Figure 6: Evolution of the total masses of carbon monoxide according to the

swing angle for the various fuels.
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4.1.4 Nitrogen oxide

The formation of NO begins at 5 © before TDC far from the flame front because
of the lack of oxygen (Fig. 7). The curve undergoes an exponential jump, which
confirms that the formation of NO essentially results from the chemical kinetics.
NO then reaches a maximal value at the end of combustion, which will remain
constant until the end of the expansion. We can deduce that the formation of NO
takes place at high temperatures (fig. 7).
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Figure 7: Isotherms at the position (—5°) before the TDC for C7H16.
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Figure 8: Evolution of nitrogen oxide mass as a function of the crankshaft

angle for various fuels.
4.2 Comparison of the results for the various fuels

4.2.1 Unburned hydrocarbons

The C;H,4 (n-heptane) has the least unburned evaporated mass which is 0.011g,
and which represents 36% of the evaporated mass, whereas Ci4Hjzy (n-
tetradecane), DF2 and CgH;g (isooctane) have almost the same unburned
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hydrocarbons evaporated mass of 0.015g. Consequently C;H 4 (n-heptane) emits
the least unburned hydrocarbons.

4.2.2 Carbon dioxide

The curve of CO, formation (Fig. 4) is the same for the four fuels. The mass of
the carbon dioxide, CO, (Fig. 5) emitted by various fuels, is practically the same.
The total mass of CO, is between 0.08g and 0.09g.

4.2.3 Carbon monoxide

The curve of CO (Fig. 6) is similar for the four fuels. The mass of the carbon
monoxide CO emitted at the end of combustion by C7H16 (n-heptane) (Fig. 2) is
0.0013g and is sharply lower than those of the other fuels. We notice that the
curves of CO for C14H30, Df2 and the C8H18 (isooctane) are identical. The
mass emitted is 0.003g.

4.2.4 Nitrogen oxide

The curve of formation of NO is similar for the four fuels (Fig. 8). We notice in
Fig. 5 that the combustion of Cy4H3¢ (n-tetradecane) and DF2 emits less nitrogen
oxide NO gases, they have each a mass of 0.0114g at the end of the cycle
whereas the combustion of the C;H,¢ (n-heptane) produces more NO; its mass is
0.00122g.

5 Conclusion

The numerical bi-dimensional study of the type of fuel on the polluting
emissions emanating from a diesel engine has been achieved by using the KIVA
II code. The kinetic chemical mechanisms and the balance of the formation of
various pollutants have been implemented in the code.

The results obtained for the four fuels give us the following comparative
analysis:

» The four fuels produce at the end of the combustion the same density of
carbon dioxide.

» The C;H 4 (n-heptane) emits less unburned hydrocarbons because of the
weak number of the carbon atoms. The energy of atoms connection is
less important than the other fuels.

» In spite of the lower number of carbon atoms, the emissions of CgH g
(isooctane) polluting gases is the same as for the emissions of the DF2
and the C4H; (n-tetradecane).

» The emissions of carbon dioxide for the four fuels are very close
because of the temperature at the end of combustion, which is identical
for all.

» The emissions of carbon monoxide are less important for C;H;¢ (n-
heptane) because the CO, residential time is shorter than the other fuels
(ignition delay shorter).

» The emissions of nitrogen oxide are less important for C4Hz (n-
tetradecane) and the DF2.
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Macroscopic conservation equation based
model for surface tension driven flow

T. M. Adams & A. R. White

Department of Mechanical Engineering,
Rose-Hulman Institute of Technology, USA

Abstract

Due to the small scales encountered in MEMS and microfluidic devices, surface
tension can play a significant role in the device physics. As such, many
microscale devices have exploited surface tension forces to serve as passive
valves and to move fluids. Surprisingly, few models for surface tension driven
flow seem to have been developed.

In this study a theoretical mathematical model for surface tension driven flow
through a capillary of an arbitrary cross section is derived. The model is based on
macroscopic mass and momentum balances, allowing for different physical
insights to be drawn compared to approaches starting with the Navier-Stokes
equations. Expressions for flow length and velocity are derived for both
frictionless flow and for flow with wall friction. For frictionless flow the result
of surface tension force is to increase the momentum of the fluid by constantly
drawing mass into the capillary at a constant characteristic velocity. In the case
of flow with wall friction, a characteristic time scale can be calculated. For times
on the order of the characteristic time scale, the flow velocity exponentially
decays from the characteristic velocity, whereas for larger times the velocity
shows an inverse power law dependence. The model well predicts flow
behaviour for previously published experiments in which the characteristic time
is small. For systems in which the characteristic time is larger, the model may
show improved performance over previous models.

Keywords: capillary, microchannel, microfluidics, surface tension.
1 Introduction

With the rapid development of microfluidic devices over the past decade, the
favourable scaling of surface tension with small dimensions has been exploited

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)
doi:10.2495/AFM080131



134 Advances in Fluid Mechanics VII

for many purposes, including for use as passive valves [1], [2] and the seemingly
ubiquitous capillary electrophoresis [3], [4] used as chemical and biological
detection methods. Surprisingly, few models seem to be available to address the
physics of liquid flows driven by surface tension.

Studies on the nature of interfacial surface tension and the dynamics of
capillary wetting date back to over a century ago, including the early works by
Young [5], Lucas [6], and Washburn [7]. More recently, the methods and
equations developed by these early studies have been modified for use in parallel
plate geometries by Schwiebert and Leong [8] and Jong et al. [9]. These recent
studies have shown good agreement between predictions and experimentally
obtained parameters.

The method of analysis in the above mentioned studies has typically started
with a quasi-steady version of the Navier-Stokes equations and then introduced
the non-steady effect of surface tension via manipulation of the applied pressure
gradient term. Furthermore, the works focus on particular geometries and lack a
general applicability to other capillary shapes.

The current study investigates surface tension driven flow in capillaries of
arbitrary cross section. Rather than starting with differential equations of motion,
the current study uses macroscopic conservation laws applied to the entire
capillary in order to model the flow. The results of the model are compared to
previous models, as well as the experimental predictions therein.

2 Frictionless flow model

As a starting point for modelling surface tension driven flow we begin with a
frictionless flow model.

2.1 Conservation of mass

Figure 1 gives a schematic diagram of the open system used in the macroscopic
mass conservation equation. A reservoir feeds flow into a capillary of arbitrary
cross section with perimeter /7 and cross sectional area 4. The leftmost
boundary of the system remains stationary at the capillary inlet whereas the
rightmost boundary moves with the liquid-gas interface at a distance L from the
inlet.

Conservation of mass for this system requires

Sys .
=m, , 1
% in (1
where m,, is the mass contained in the system at any time ¢ and n,, is the rate of
mass flow into the system. Eq. (1) reduces to
d(p,L)
R e A R 2
7 PA, @)
where p is density and V is the average velocity of the fluid at the capillary inlet.
For an incompressible fluid, p is constant and Eq. (2) reduces to
dL
V=—. 3
0 3
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e : System boundary
Min L \ Cross section
. with 4, and 7P
Figure 1: Schematic diagram of system used in macroscopic mass
conservation.

The analysis would be identical for a system with a stationary inlet at any
location along the capillary. Thus, at any point in time the entire fluid in the
capillary moves with a single velocity equal to velocity of the liquid-gas
interface.

2.2 Conservation of linear momentum

Figure 2 shows the open system used in the macroscopic momentum
conservation equation. The leftmost boundary of the system extends just inside
the reservoir where pressure is constant and the fluid velocity is approximately
zero. The rightmost boundary coincides with the liquid-gas interface.

Ty

/7 System boundary
- ad Cross section
:( N with 4, and 72

91 aP

Figure 2: Schematic diagram of system used in macroscopic momentum
conservation.

The flow direction component of linear momentum conservation requires that

d(mV)

Ty = ZF external * (4)

For frictionless flow the wall shear stress, 7, in Fig.2 is zero and Eq. (4)
becomes

d(mV)

dt
where P, is gage pressure in the reservoir, ¢ is surface tension and 6 is the
contact angle formed by the liquid-gas interface with the capillary wall.
Integrating with respect to time yields

mV =(FA,+ocosOP)t+c, . (6)

=P A4 +ocosOP, )
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At =0 the momentum of the system is zero, so that the constant of integration
isc 1:0.

From the conservation of mass results, V=dL/dt. Substituting this along with
m=pA.L into Eq. (6) gives

pACL% =(RA4. +ocosOP)t. @)

Separating variables, integrating and solving for L,

172
L= (i+—“°05‘97)}2+c2] . ®)
p P4

At =0, L=0, so that the constant of integration is ¢,=0.

Eq. (8) can be differentiated with respect to ¢ to find V; equivalently, Eq. (8)
can be substituted into Eq. (7), which in turn can be solved for velocity. Either
way the result is

1/2
P,
V:ﬂ: _0+40'cosﬁ ©)
a \ p  pD,
where P and 4, have been eliminated in favour of the hydraulic diameter,
44
D, = ?" . (10)

For the case in which Py=0, corresponding to a reservoir height of zero, the
flow is driven completely by surface tension. Eq. (9) gives a characteristic
velocity for this situation, one that represents a theoretical upper limit for flow

velocity.
4 9 1/2
Vo = [ﬂ} (11)
PD;,
This velocity can also be found by setting the Weber number based on
hydraulic diameter equal to 4cos6:
VD
We=L"erZh _ 4050 (12)
o
It is of interest to note that the flow velocity given by either Eq. (9) or Eq.
(11) is constant. Therefore, the result of the surface tension force is to increase
the system momentum, not by increasing its velocity, but by constantly drawing
more mass into the capillary.

3 Flow model with wall friction

Due to the large surface area to volume ratios encountered in systems in which
surface tension is important, the assumption of zero wall friction, a surface
phenomenon, is not realistic. Though the frictionless model yielded a theoretical
upper limit for flow velocity, in practice we would expect to see slower
velocities due to the impeding effect of wall shear stress. Thus, a more accurate
model should include the effects of wall friction.
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3.1 Conservation of mass

As the presence of wall shear stress does not affect any of the terms appearing in
the conservation of mass equation, the analysis of section 2.1 is still valid. At any
point in time the entire fluid in the capillary again moves with a single velocity
equal to velocity of the liquid-gas interface as given in Eq. (3).

3.2 Conservation of linear momentum

The flow direction component of linear momentum conservation given by Eq.
(4) as applied to the system in Fig.2 including wall friction is

d(mV):E)AC—erL+0'cosé’P. 13)

The wall shear stress, 7,, is related to the Fanning friction factor, ¢ by
1
Tw=cf5pV2. (14)

Assuming that the flow is fully developed at any point in time, a reasonable
assumption given the small entrance lengths encountered in microfluidics, the
Fanning friction factor is given by

C
cp=—, 15
ry (15)

where Re is the Reynolds number based on the hydraulic diameter and C is a
constant depending solely on the geometry of the cross section. Using Egs. (14)
and (15), along with the definition of Reynolds number,

D
Re=P"Pn . 16)
n
Eq. (13) becomes
dmV) _ OAc—ﬂ(lpVZJPL+O'cos€P. a7
dt VD, \ 2

Recognizing that m=pA.L allows Eq. (17) to be rearranged as

M:R)Aﬁ—zcz (mV)+ocosOP . (18)
dt pDh
Separating variables,
°C ! d(mV)=dt . (19)
PA - Z (mV)+ocosOP
pD;
Integrating and solving for mV,
mV =t,, [RA.+ocosOP—c exp(-t/1,,)], (20)

where ¢ is a constant of integration and ¢, is a characteristic time of the system
given by
2
fo = PDj;
chr 2 C77

21
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At =0 the momentum of the system is zero, so that the constant of integration
is found to be

¢ =PRA +ocosdP. (22)
Eq. (20) is now
mV =t, (BA. +ocosOP)[1-exp(-t/t,,)]. (23)
As was the case with the frictionless flow model, the length L can be found by
substituting V=dL/dt and m=pA_.L into the expression above.
dL

pALE =1, (R A + o cosOP)[1-exp(-t/1,,)] -

Separating variables, integrating and solving for L yields
1/2
Py 4
L=1{2 tch,,(—o + L05‘9](1 1y, exp(—t/ty))+es b, (25)
P PD,,

where we have once again eliminated #and 4. for D,. Requiring that L=0 at /=0
yields the constant of integration, c,.

P,
— (_0 N M] (26)
P pDy,
Eq. (25) becomes
P 4 7 v
L= 2tchr (_0 + ﬂj(t —Lenr [1 - exp(—t / Lenr )]) . (27)
P pDh

If we again let P=0 and focus on surface tension driven flow only, this
reduces to

1/2
L= {MZQ,W (t - tchr [1 - exp(—t/tchr )])} . (28)
PD,

The reader will recognize the characteristic velocity of Eq. (11) appearing in
Eq. (28), which can be recast as

L= Vchr (Ztchr (t - tchr [1 - exp(—t / tchr )]))1/2 . (29)

As before the flow velocity can be found simply by differentiating the length
with respect to time. The result is

2t 1—exp(—t/t,,)
V=V . 172 (30)
2 [t —Lenr (1 - exp(—t / Lenr ))]
Both the length and velocity as given by Eqs. (29) and (30) initially show an
exponential decay. For times much larger than the characteristic time scale ¢,

the exponential terms can be neglected, and Eqs. (29) and (30) respectively
reduce to
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L= Vchr (2tchrt)]/2 (31)
and
P 1/2
V=V, 32
Ch)( 9 J ( )

And so for times larger than the characteristic time, both length and velocity
show a power law dependence on time. Figures 3 and 4 illustrate these trends in
dimensionless form.
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Figure 3: Variation of dimensionless penetration length as a function of
dimensionless time.
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Figure 4: Variation of dimensionless velocity as a function of dimensionless
time.
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4 Comparisons with other models and experiments

For the frictionless flow model, the flow velocity is constant and the distance
travelled by the fluid in the capillary increases linearly with time. In the model
including wall friction, the velocity decreases with time and the fluid penetrates
smaller and smaller distances into the capillary.

Both Schwiebert and Leong [8] and Jong et al. [9] derived expressions for
surface tension driven flow between parallel plates. In both studies the length as
a function of time can be given as

g 2

[ _|aocost, ’ (33)
3n

where a is the separation distance between the plates. For parallel plates, the

hydraulic diameter is D,=2a and the constant appearing in the Fanning friction

factor relation is C=24. This gives a characteristic velocity and characteristic
time scale, respectively, of

1/2
v, :[20 cosé’j (34)
pa
and
2
pa
t, =—. 35
chr 1277 ( )

Based on the material property values given in [8] and. [9], the time scales are
on the order of 5x10°° s, validating the use of the large time approximation of Eq.
(31). Substituting Eqgs. (34) and (35) into Eq. (31) yields

0 1/2
L= (CZO'COS IJ , (36)
3n

which is identical to Eq. (33). As [8] and [9] both showed good agreement of
Eq. (33) with experimental values of L, this serves as validation of the present
model for times larger than the characteristic time scale #.,.

For systems with larger hydraulic diameters, large fluid densities and/or small
viscosities, however, the characteristic time scale may become a significant
fraction of a second. As such, the approximations of Egs. (31) and (32) to which
previous models reduce may show significant deviations from measured values.
This is especially evident in Eq. (32) in which the velocity approaches infinity as
t—0. Eq. (30), however, predicts V=V, at =0, likely indicating a better model
for small times and/or systems with large characteristic time scales. Physically
this value makes sense as well, as ¥, represents a velocity characterized by zero
wall friction. Since the fluid in the capillary initially makes contact with the wall
over an infinitesimally small surface area, it should approximate frictionless flow
at =0. However, experimental values for velocity are needed as evidence for this
claim. Further study is therefore warranted.
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5 Conclusion

Models for surface tension driven flow in a capillary of arbitrary cross section
have been developed using macroscopic conservation equations. Models for flow
with and without wall friction were both investigated. For flow without friction,
the flow velocity is constant and is a function of surface tension, contact angle,
fluid density, and hydraulic diameter. For flows with wall friction, a
characteristic time for the flow can be calculated. For flow times on the order the
characteristic time scale, the flow velocity decays exponentially from the
frictionless flow velocity. For larger times, both velocity and penetration length
show a power law dependence on time.

For larger time scales, the derived equations for length and velocity reduce to
expressions developed by earlier models. Previously obtained experimental
values of penetration length validate the present model. However, experimentally
measured values of flow velocity are needed to validate the model’s accuracy for
small times or systems with large characteristic time scales.
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Characteristics of the flow over a NACA 0012
airfoil at low Reynolds numbers

R. W. Derksen, M. Agelinchaab & M. Tachie
Department of Mechanical and Manufacturing Engineering, University
of Manitoba, Winnipeg, Manitoba, Canada

Abstract

This paper presents our work of an experimental examination of the flow over a
NACA 0012 Airfoil at low Reynolds numbers and large angle of attack using
particle imaging velocimetry. The Reynolds numbers examined were 5,000,
30,000, and 60,000, while the angles of attack ranged from 8 to 12 degrees in 2
degree increments. This work was motivated by reports that lift and drag
measurements for airfoils operating at Reynolds numbers less than roughly
40,000 could not be made due to flow unsteadiness. This is puzzling in that the
flow should be laminar at these Reynolds numbers, which are an order of
magnitude lower than the flat-plate transition Reynolds number of 500,000. To
this end we examined a sequence of flow field measurements of the
instantaneous velocity field. We observed mean streamline patterns that were
very representative of those we would find for a strictly steady flow, however a
random pattern of significant fluctuations in the velocity and vorticity were
observed. The intensity of these fluctuations increased with Reynolds number
and angle of attack.

Keywords: aerodynamics, low Reynolds number flow, particle imaging
velocimetry.

1 Introduction

Historically, interest in low Reynolds number aerodynamics has been restricted
to model radio controlled aircraft applications and did not garner a great deal of
scientific interest. This situation is changing with the interest in small unmanned
aerial vehicles, predominantly for military purposes. As such, our understanding
of low Reynolds number flow over airfoils is limited to a few sources that are
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growing as time evolves. This naturally leads us to the outstanding work done
by Selig et al [1-4] in the mid-nineties. This work details the results of a
carefully constructed experimental program to produce a database of modern,
low-Reynolds number airfoils. The measurements were exhaustively examined
for their accuracy, for example drag was measured by the more accurate wake
traverse method.

One observation made in the Selig work was that they could not reliably
measure airfoil characteristics if the Reynolds number fell below 40,000 due to
flow unsteadiness. Huang and Lin [5] clearly demonstrated vortex shedding and
instability at low-Reynolds numbers using smoke-streak and hot-wire
measurements of the flow over a NACA 0012 airfoil. Unfortunately, the smoke-
streak method presents us with a time averaged view of the flow field and hot-
wire only yields point observations. We suspected that this may be the result of a
periodic bursting of a laminar separation bubble. In this process the separation
bubble would develop to such a point that it would detach from the airfoil and
move downstream. Once the remnant of the bubble was sufficiently far
downstream the process would then repeat periodically. A computational study
of unsteady boundary-layer separation over an Eppler 387 airfoil at low-
Reynolds numbers done by Lin and Pauley [6] appears to support this view.

We felt that this was a sufficiently interesting possible phenomenon that
deserved an in depth study which is described below. The main objective of this
study was to determine the characteristics of the bubble growth, that triggered
the detachment, to observe the movement of the detached bubble.

2 Experimental set-up and procedure

The experiments were based on the flow over a NACA 0012 symmetric airfoil,
which is the same as that studied by Huang and Lin. This airfoil is often used in
aerodynamic studies and forms a good base to work from.

2.1 Test section

The experiments were performed in a re-circulating open channel with a test
section that is 2500 mm long, 200 mm wide and 200 mm deep. A provisional
closed test section 2500 mm long with a 187 mm X% 187 mm cross-section was
inserted into the open channel to hold the airfoil in place. The airfoil is
symmetric and has a chord length of 100 mm, a maximum thickness of 12 mm
and a width of 187 mm that spans the entire width of the test section. The airfoil
was tightly screwed to the side walls of the test section at 1000 mm downstream
from the inlet of the channel to ensure uniform flow at the measurement section.
Figure 1 is the schematic of the provisional closed test section with the laser and
camera arrangement.
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2500 mm

»
187 m
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CCD Camera
Nd:YAG
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Figure 1: Experimental set-up of the test section, airfoil, CCD camera

and laser arrangement.

2.2 Measurement procedure

A particle image velocimetry (PIV) technique was used for the velocity
measurements. The flow was seeded with 5 gm polyamide seeding particles. An
Nd-YAG, 120 mJ/pulse laser of 532 nm wavelength was used to illuminate the
flow field. A 12-bit high-resolution CCD camera with 2048 pixels x 2048 pixels
and a 7.4 um pixel pitch was employed to image the flow field. The
instantaneous images were processed using the adaptive correlation option of
FlowManager (version 4.50.17) developed by Dantec Dynamics. A 32 pixels x
16 pixels interrogation window (IW) with 50% overlap and moving average
validation was used. The adaptive correlation used a multi-pass FFT cross-
correlation algorithm to determine the average particle displacement within the
IW. A three-point Gaussian curve fit was employed to determine particle
displacement with sub-pixel accuracy. The particle image diameter was
estimated to be d, = 2.1 pixels, a value that is very close to the recommended
optimum value of d, = 2 pixels required to minimize peak locking (Raffel et a/
[7D-

Whereas the vorticity contours are instantaneous, the mean streamlines,
turbulent intensities, and Reynolds shear stress were obtained from a sample size
of 250 images. A field of view was made large enough to capture the whole
airfoil at once. The physical spacing between data points along the flow direction
and normal to the flow direction were 1.2 mm and 0.6 mm, respectively.

The Reynolds numbers based on the chord length and the upstream velocities
were Re = 5000, 30,000 and 60,000. For each Re, the angle of attack was varied
from 6 = 8°, 10° and 12° to investigate the effect of both Re and 8 on the airfoil.
The measurements were obtained at the mid-plane of the test section.
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2.3 Measurement uncertainty

Uncertainty analysis was made following the AIAA standard derived and
explained by Coleman and Steele [8]. In general, a complete uncertainty analysis
involves identifying and quantifying both the bias and precision errors in each
part of the measurement chain. In a PIV technique, the accuracy of velocity
measurement is limited by the accuracy of the sub-pixel interpolation of the
displacement correlation peak. Other sources of measurement uncertainties
include particle response to fluid motion, light sheet positioning, light pulse
timing and size of interrogation area. Detailed analyses of bias and precision
errors inherent in the PIV technique are available in Prasad [9] and Forliti et al
[10]. Forliti et al showed that a Gaussian peak-fitting algorithm has the lowest
bias and precision errors. On the basis of the size of the interrogation area and
the curve fitting algorithm used to calculate the instantaneous vector maps, the
uncertainty in the mean velocities at a 95% confidence level was estimated to be
+2%, in turbulence intensities are estimated to be +7%, and in Reynolds shear
stress are estimated to be £10%.

3 Results

A survey of the results will be given due to the volume of data that was produced
and the limited space available in this document. The characteristics of the flow
can be summarized as follows. The mean stream lines were as to be expected for
a steady laminar flow for each angle of attack and for each of the three Reynolds
numbers. The flow was attached to the airfoil for 6=8 and 10°, but a small
separation bubble was evident for the 12° case. This bubble was most noticeable
for Re=5,000 and diminished as the Reynolds number increased to the point that
it was barely detectible for Re=60,000. Generally, the intensity of the
disturbances, as indicated by the turbulence intensity, increased with Reynolds
number for a fixed angle of attack. However there was a pronounced increase in
both intensity and amount of the flow field affected by the disturbance for
Re=60,000. A snap shot of the instantaneous vorticity field corresponds to this
picture. It is interesting to note that the region that contains fluctuating vorticity
is usually smaller and more dispersed than that indicated by the mean turbulence
intensity field, indicating that the mean intensities indicate a greater influence of
the disturbances that occurs at any given time. One would be tempted to think
that this would indicate the presence of turbulence in the flow. However, with
the exception of the Re=60,000 and 6=12° case, the mean Reynolds shear
stresses were very small — virtually negligible. This would tend to indicate that
an instability mechanism is at play generating random fluctuations, but that the
flow has not developed a correlated turbulence region. We will focus on the
Re=5,000 cases for our detailed discussion that follows.

3.1 Mean streamlines at Re=5,000

The mean streamlines for Re=5,000 are shown below, in Figure 2.
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Figure 2: The mean streamlines at Re = 5,000; (a) 8 = 8°, (b) 8 =10°, and
(c) 6=12°.

This figure clearly demonstrates the characteristic streamline pattern that we
would expect to see for a steady laminar flow. The flow is generally attached,
but a separation bubble appears at 6=12° which corresponds to the known
maximum lift angle of attack. This picture is consistent with the results for
Re=30,000 and 60,000.
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3.2 Turbulence intensities at Re=5,000

The measured turbulence intensities are shown below in Figure 3 for Re=5,000.

02 (b)
015

Figure 3: The turbulence intensities at Re = 5,000; (a) 8 = 8°, (b) 8 =10°,
and (c) 8=12°.

Figure 3 clearly demonstrates a zone of fluctuation that is most noticeable above
the suction surface and in particular above the leading portions of the airfoil.
This zone is physically separated from the surface of the airfoil at a distance
approximately equal to its width. At the largest Reynolds number, 60,000, it
appears that the affected zone grows dramatically in intensity and size.
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3.3 Instantaneous vorticity distributions at Re=5,000

Instantaneous snapshots of the vorticity for Re=5,000 are shown below in
Figure 4.
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Figure 4: A snap shot of the instantaneous vorticity at Re = 5,000; (a) 6

=82, (b) 0=10°, and (c) 6 =12°.

Figure 4 clearly demonstrates the limited size of the zone affected by the
disturbances at any given time. In all cases the size of the region is similar;
however, the meander of the instantaneous vorticity clearly increases with
Reynolds number. Notice that the size of the region of the flow that is affected
by the disturbances is significantly smaller than that indicated by the size of the
regions with notable turbulence intensity.
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3.4 Reynolds shear stress at Re=5,000
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Figure 5: The Reynolds shear stresses at Re = 5,000; (a) € = 8°,
(b) #=10°, and (c) 6 =12°.

Figure 5 is a flow field map of the mean Reynolds stresses for Re=5,000.
Here we clearly see that the turbulence levels are negligible for the lower angles
of attack, however at the higher angle of attack a significant degree of Reynolds
stress is evident above the forward portion of the suction surface.
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4 Discussion

An examination of the mean streamline patterns about the airfoils does not
indicate any of the rich character of the flow. They are very similar to what we
would expect if the flow was a strictly steady, laminar flow, as we would expect
based on the low Reynolds numbers studies.

The results of this study clearly demonstrate that significant levels of
fluctuations exist in the flow over a NACA 0012 airfoil at angles of attack
between 8 and 12°. This is true even though the Reynolds numbers were very
small, well below the typically turbulent transition Reynolds number of 500,000.
Clearly, an instability mechanism is at play and we cannot assume that the flow
is automatically steady. The magnitudes of the disturbances are too large to
consider as minor background disturbances, which are not observed in the main
body of the flow away from the airfoil.

The snapshots of the instantaneous vorticity distributions clearly indicate that
similar zones are affected by the disturbances as indicated by the mean
turbulence intensities in all cases. For Re=5,000 and 30,000 the instantaneously
affected zones are very similar to that indicated by the mean turbulence intensity.
However, at the highest Reynolds number the instantanecous vorticity affected
zone meanders about the flow field considerably, causing the affected zone to
appear much larger when we examine the mean turbulence intensities. The
highest Reynolds number and angle of attack could result in transition as this
angle of attack approximately corresponds to the maximum lift point.

The measured Reynolds stresses confirm the picture that the flow is not
turbulent, at least for the lower angles of attack and Reynolds numbers. In
general, we observe very low degrees of correlation between the stream wise and
normal components of the velocity fluctuations. This is more indicative of a
random, uncorrelated disturbance pattern that likely is the result of a flow
instability mechanism. It also indicates that the mean streamline field would not
be affected by these disturbances, as was observed.

The picture does appear to change somewhat at the highest angle of attack of
12°, particularly at Re=60,000. This may indicate that the transition Reynolds
number for this airfoil at this angle of attack is about 60,000.

5 Conclusions

The results of this work present us with three interesting and somewhat
unexpected observations.

First there is clear evidence of significant levels of flow disturbances in all
cases examined, with some indication that there may be some turbulent flow at
Re=60,000 and 6=12°. The consequences of this is that while our basic flow
model of steady laminar flow will result in reasonably good predictions of mean
behaviour, the flow is still highly unsteady, complicating measurements of the
airfoil’s characteristics.
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The second observation is that the flow is not turbulent, except for the 12°,
Re=60,000 case. The correlation between the stream-wise and normal velocity
components is essentially negligible.

The third observation is that at low Reynolds numbers, the airfoil’s
characteristics will be unsteady, with fluctuations in lift, drag, and pitching
moment. This will make measuring the mean characteristics more challenging.

It is interesting to note that these observations indicate that it will be easier to
obtain an accurate estimate of the mean characteristics of an airfoil by
computational methods than experimentally.
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Abstract

Aerodynamic coefficients on a two dimensional plunging airfoil, in a low-speed
wind tunnel are presented. Dynamic motion was produced by plunging the
model over a range of reduced frequencies, and mean angles of attack. The
Reynolds number in the present test was held fixed (Re=1.5x10%), and the
reduced frequency was varied in an almost wide range. Surface static pressure
distribution was measured on the upper and lower sides of the model, during the
oscillating motion. It was found that reduced frequency had strong effects on the
pressure distribution, near the leading edge of the airfoil. For mean equivalent
angles of attack of 0, 5 degrees, hysteresis loops on the upper surface of the
airfoil near the leading edge were counter clockwise and for high mean
equivalent angle they were clockwise. By increasing the reduced frequency the
hysteresis loops became wider and larger.

Keywords: unsteady aerodynamic, hysteresis loops, plunging airfoil, reduced
frequency.

1 Introduction

In many engineering applications, lifting surfaces experience unsteady motions
or are perturbed by unsteady incoming flows. High level dynamic loading and
noise generation are inherent problems, due to unsteadiness [1]. One of the basic
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problems of flight dynamics is the formulation of the aerodynamic forces and
moments acting on a body in an arbitrary motion. For many years the
aerodynamic functions were approximated by linear expressions leading to a
concept of stability and control derivation but the addition of nonlinear terms are
very important and should not be omitted in the control fields. These
considerations were many time questioned base on the studies of aerodynamics,
which go back to the twenties. Dynamic stall phenomenon appears on
helicopters rotor blades, rapidly maneuvering aircraft, wind turbine and even
insect wings. In many cases dynamic stall becomes the primary limiting factor in
the performance of the associated vehicle or structure [2]. The mechanism of
dynamic stall was first identified on helicopters. The importance of unsteady
aerodynamics was considered by Harris and Pruyen [3] when helicopter designs
were unable to predict the performance of high speed helicopters using
conventional aerodynamics. Ham and Garelick [4] observed the extra lift due to
vortex formation on the airfoil during the unsteady motion. Carta [5] was able to
identify a pressure field on oscillating, two dimensional airfoils that was
indicative of the passage of the vortex. Dynamic stall was then explored by
McCroskey and Fisher [6] on a model of a rotor. Many of the aerodynamic
phenomena governing the behavior of wind turbine blades and helicopter rotors
are known, but the details of the flow are still poorly understood and need to be
predicted accurately. As a result of this inaccuracy the actual loading are under
predicted [7]. Due to the complicated behavior of unsteady forces during the
plunging motion, numerical techniques are not able to predict accurately these
variables yet, and relatively little experimental information is available about the
precise fluid physics of oscillating airfoils. Also pure plunging airfoil motion has
received relatively less attention than pitching motion. Therefore the main
purpose of this experimental work is to study the pressure distributions at various
locations of the Eppler-361 airfoil undergoing sinusoidal plunging oscillation at
several angles of attack and different reduced frequencies. Fourteen pressure
transducers and the on-line data acquisition system have significantly facilitated
the study of the pressure distribution in the plunging airfoil.

2 Experimental facility and data processing

All experiments were performed in the subsonic wind tunnel of Amirkabir
University of Technology, Department of Aerospace Engineering. The wind
tunnel is closed return type, and has a test section of approximately 45 cm wide,
45 cm high, and 120cm long. The Maximum flow speed in the test section of this
tunnel is approximately 45 m/s. The inlet of the tunnel has a 7.3:1 contraction
ratio with four, anti-turbulence screens and honeycomb in settling chamber to
reduced tunnel turbulence to less than 0.1% the test section at all speeds. The
airfoil used in this study has an E-361 profile. A 15 cm constant chord airfoil
model was designed and manufactured for the test program. To achieve two
dimensionality of the flow, the airfoil span has been chosen the same size as the
width of the tunnel. Figure 1 shows the airfoil section along with the 14 pressure
taps located on upper and lower surfaces used for static pressure measurements.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 155

Figure 1:  Airfoil  section  and Figure 2:  Oscillation mechanism.
location of pressure taps.

Data are obtained by using differential pressure transducers with a quoted
accuracy of 0.2% of full-scale pressure range. Due to the size of selected
pressure transducers, we could not place the transducers inside the model.
Therefore, the connections between pressure taps and Pressure Transducers are
made by tubes. Extensive experiments were conducted to ensure that the time
taken for the pressure to reach the transducers is much less than the frequency
response of the transducers themselves [8]. The data was processed by using
analog to digital board. Oscillatory data were then digitally filtered using various
cut-off and transition frequencies to find the best frequencies to fit the original
data. The filtering process is necessary to eliminate the electrical noise from the
genuine data. The driving mechanism of the plunging airfoil has a simple and
versatile design which consists of motor, gears, cam, and shaft. This mechanism
can provide various frequencies ( /), amplitudes (/ ) and mean angles of attack

(&, ). The motor and gear combination develop a wide range of frequencies. The

maximum frequency is 3 Hz. Figure 2 shows the picture of oscillation
mechanism.

3 Results and discussions

Both static and oscillatory test were conducted atRe=1.5x10°,
(U . =15m/ s) .The instantaneous displacement of the model was measured
using a potentiometer. The static pressures at angles of attack 0, 2, 5, 10, 12, 15,
17 and 20 were measured. The surface pressure distribution at mean angles of
attack (0, 5, 10 degrees) and different reduced frequencies for constant amplitude
of oscillation / =8cm are presented in this paper. The effects of the amplitudes

of oscillations on the static pressure distribution in dynamic motion are presented
in [9].
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Figure 3 shows the sinusoidal variation of displacement with non-dimensional
time. Relative motions between pitching and plunging airfoils are compared by
equivalent angle of attack [10]. The phase difference between two motions is
90degrees (Figures 3 and 4). The height of oscillation and its equivalent angle of
attack are defined as:

h = hsin(wr)

a,, = tan” [UiJ = kh cos(wt)

©
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Figure 3:  Sinusoidal variations of Figure 4: Variations of equi-
displacement (¢, =0). valent angle of attack

vs. T (@, =0)-

There is a crossover point at which the value of pressure in upstroke and
down stroke is the same, for specific angle of attack. For example as shown in
(fig 5c) at k=0.0706 this angle is 1.8 degrees. By increasing the reduced
frequency up to k=0.0942, the related equivalent angle to crossover point of the
"8" shape is decreased to 1.4 degrees which shows an earlier separation of the
flow in high frequencies. As mentioned before, the more the reduced frequency,
the larger the variation ranges of equivalent angle of attack.

For example at ¢, =0deg and k= 0.0942, the equivalent angle of attack is

varied over the range of (-5.8" < a,, < 5.8"), that have noticeable effects in
unsteady behavior of the flow. For the lower surface the direction of the
hysteresis loops are clockwise (opposite direction of the upper surface), figure
5d. Variations of Cp vs. « in figure 5, shows that the hysteresis loops are larger

and widen as reduced frequency increases from k=0.0471 to k=0.0942, because
this parameter (k) make the flow more unsteady and reinforce the lag effects of
the flow. In this figure, it is observed that, the maximum pressure suction
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Figure 5: Dynamic variation of the pressure coefficients for oye,,=0 deg.

=1.7 is near the leading edge at x/c=5% of the upper surface and occurs

max

c
P
at an equivalent angle of attack about 5.5 degrees for k=0.0942. One could
expected that the maximum pressure suction for k=0.0942 happens at maximum

equivalent angle of attack (5.8 degrees), but it happens at a,, =55". This is due

to the lag effects and delay time of the flow in unsteady motions. At lower value
of reduced frequency (for example k=0.0471) the delay time of the maximum
pressure suction near the leading edge is negligible but it is much significant at
higher reduced frequency (fig 5a). At the aft portions of the airfoil the dynamic
variations of the pressure coefficient are lower regard to the forward portion.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



158 Advances in Fluid Mechanics VII

This indicates that oscillation of the airfoil has no significant effect on the rear
portion.

Figure 6 show the variation of pressure coefficients at several ports (x/c=5,
15, 60 and 70%) on the upper surface of the airfoil fore, = 5deg, meaning

that the model was set to an angle of attack of 5 degrees and oscillated at
amplitude of +8cm. In this case, the suction pressure peak near the leading edges
at x/c=5% and x/c=15% are increased. The maximum pressure peak at x/c=5%
for k=0.0942 in comparison with figure (5a) is increased about‘ ACF\ =0.8. The

direction of the hysteresis loops at the positions near the leading edge remains
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Figure 6: Dynamic variation of the pressure coefficients for oy, =5 deg.
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counter clockwise, that indicates the flow is attached yet, but at the aft portion
x/c=60%, hysteresis loops become like "figure 8" shape which shows the
separation has occurred in this position. In the pressure port x/c=70%, the
direction of the hysteresis loops change to clockwise direction which is caused
by the adverse pressure gradient near the trailing edge of the airfoil. Comparison
the figures (5c, 6¢), showed that the separation of the flow moved forward and
happened at x/c=60%, because the model was oscillated at higher mean angle of
attack. The effects of reduced frequency in this case are observed to be the same
as the previous case.
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Figure 7: Dynamic variation of the pressure coefficients for o, =10 deg.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



160 Advances in Fluid Mechanics VII

Figure 7 shows variations of Cp at higher mean angle of attack, (near static
stall angle). Note that the static stall angle for this airfoil occurred at 12degrees.
The directions of hysteresis loops at x/c=5% for the upper surface are clockwise
which define that the motion has lead phase, figure 7a. When the mean angle of
attack is increased up to 10 degrees, the width of the hysteresis loops in this
pressure port increase drastically and also the maximum pressure suction is
increased for the highest value.

For example the value of maximum pressure in figure (7a) for k=0.0942, is
increased about ‘ ACP‘ =1.4 compared to figure 5a. It is observed that after the

maximum suction a sudden undershoot of pressure coefficient happened which
shows that dynamic starting vortex near the leading edge forms. This stating

vortex as obvious in figure 7a, for k=0.0706 happens at a, =16 and for

k=0.0942 it occurred at a, = 14°. The speed of starting vortex on the upper

surface of the airfoil increases when the reduced frequency is increased.

When the plunging airfoil passes the static stall angle flow reverses near the
surface at the rear part of the airfoil. By increasing equivalent angle of attack this
reversal flow progresses up the leading edge of the airfoil; then at an angle of
attack that depend on many parameters including frequency, airfoil shape,
Reynolds number etc, the viscous flow no longer remains thin and attached, and
a very strong vertical flow develops.

This vortex being near the leading edge of the airfoil, enlarges, and then
moves down the airfoil then produces the phenomena known as dynamic stall.
The vortex shedding process is the most obvious characteristic of dynamic stall

[2]. In this case (¢, =107), the variations range of the equivalent angle of

attack was not enough large to cause deep stall and light stall [12] happened. In
position x/c= 15%, three hysteresis loops are formed which the largest one is
clockwise and lead phase. The maximum overshoot in figure 7c, (x/c=70% upper
surface), shows the progressing of the starting vortex to trailing edge of the
airfoil. Further from figure 7 note that, at the lower reduced frequency k=0.0471,
there is no indication of the sudden undershoot and progressing of the starting
vortex in the airfoil. On the lower surface, figures 7d, the directions of the
hysteresis loops are clockwise. There is a lower pressure variations on the lower
surface compared to the upper surface which is due to the shape of the airfoil.
Hysteresis loops on the lower surface in this case in comparison with the figure
5d (e, =0deg), become narrower.

mean

4 Conclusion

An extensive experimental study was conducted to investigate the flow
phenomena over the plunging airfoil. Static pressure distributions at 14 positions
over and under the model were measured. At mean angles of attack 0, 5 deg,
hystresis loops in forward portion of the airfoil were counter clockwise and the
flow was attached. Near the trailing edge of the airfoil where the flow was
separated, hysteresis loops formed an "8" shape and at lower surface hysteresis
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loops were clockwise. The directions of hysteresis loops for x/c=5% and
Omean=10deg on the upper surface were clockwise and the dynamic starting
vortex was formed. The higher reduced frequency resulted larger hysteresis loop
which was due to strong effects of unsteadiness. There was a lower pressure
variations on the lower surface compared to the upper surface of the airfoil. In
the aft portions of the airfoil the dynamic variations of the pressure coefficient
were less regard to the forward portion.
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Semi-empirical formulas of drag/lift
coefficients for high speed rigid body
manoeuvring in water column
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Abstract

Falling of rigid body through water column with high speed is investigated
experimentally and theoretically. Several experiments were conducted to shoot
rigid bodies with the density ratio higher than 1 into the hydrographical tank.
During the experiments, we carefully observe the position and orientation of the
bomb-like rigid bodies. Using the experimental data a semi-empirical formulas
for the drag/lift coefficients were obtained. With the given drag/lift coefficients,
the momentum and moment of momentum equations of a fast-moving rigid body
can be integrated numerically. The numerical results are well compared by the
experimental data.

Keywords: body-flow interaction, bomb manoeuvring, body trajectory and
orientation, drag/lift coefficients, inverse modeling, bomb drop experiments.

1 Introduction

Study on falling rigid body through water column with high water entry speed
has wide scientific significance and technical application. Scientific studies
involve nonlinear dynamics, body and multi-phase fluid interaction,
supercavitation, bubble dynamics, and instability theory. Technical application
of the hydrodynamics of a rigid body moving fast in fluids includes aeronautics,
navigation, and civil engineering.

The rigid-body dynamics allows one to set up six nonlinear equations for the
most general motion (Chu et al., 2004, 2005a, b): three momentum equations and
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three moment-of-momentum equations. These equations are ready to solve if
hydrodynamic coefficients (such as drag and lift coefficients) are given for
computing hydrodynamic forces and torques. Unfortunately, these coefficients
(usually Reynolds number dependent) are known only for bodies with some
simple geometry such as cylindrical and spherical, not for bodies with more
complicated geometry such as the Mk-84 general purpose bombs. Therefore, the
key issue for solving the basic equations is to determine the hydrodynamic
coefficients.

In this study, an inverse model is developed for determining the drag/lift
coefficients from the rigid-body’s trajectory and orientation. Then a bomb strike
experiment is conducted to collect the data for the trajectory and orientation.
Using the experimental data, semi-empirical formulas are derived for the
drag/lift coefficients.

2 Hydrodynamic force and torque

Consider an axially symmetric rigid-body with length L such as bomb falling
through water column with the centers of mass (c,,) and volume (c,) on the main
axis (Fig. 1a). The position of the body is represented by the position of ¢,,,

r(t) =xi +yj + zk, (1a)
which is called the translation. The positions of the two end-points (such as head
and tail points) are represented by r;(f) and r,(f). The difference between the two
vectors in nondimensional form

L-r
e= , (1b)
|rh - l‘/|

is the unit vector representing the body’s main axis direction. The translation
velocity is given by
dr
dt
where V'and € are the speed and unit vector of the rigid-body velocity.

=u, u=Ve. (2a)

Let v be the water-to-body relative velocity (called the relative velocity). If
the water velocity is much smaller than the rigid-body velocity, the water-to-
body relative velocity can be approximately given by

vre-u=-Ve (2b)
Usually the two vectors (e, e,) are not parallel and their vector product leads
to a unit attack vector

ev xXe
e, =——, 3
sin

where « is the angle between (e, e,). For a two dimensional motion, if ( 3,y)

are the elevation angles of the rigid body and its velocity, the difference
a = [ —y, is the water attack angle (Fig. 1b).
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Hydrodynamic force on a rigid body consists of a drag force (F,)

F, =fe, e =-e, 4)
and a lift force (F))
(e xe)xe
F=fe, e =—"——"——. 5
AR |(ev><e)><ev| ©)

Their magnitudes are determined by the drag and lift laws,
1 1
f = ECdpAsz, f = 5c,pAWV, (6)

where p is the water density; 4 1is the under-water area of projection; and

(C,,C, ) are the drag and lift coefficients. Let ¢ be the vector from the center of

mass (COM) to the center of volume (COV), or 6 =ce. The center of the
hydrodynamic force (COF) is the location where the fulcrum is chosen with zero
torque. In fact, the hydrodynamic torque is calculated from the resultant drag and
lift force exerted on COF with COM as the fulcrum (M: ). If we shift the
exerted point of the resultant drag and lift force from COF to COV, the torque

(M; ) contains two parts

M =M +M, M, =cex(F,+F), M =Me,_, (7)
where M), is the hydrodynamic torque with the resultant drag and lift force
exerted on COV, and M, is the torque caused by the shift of the exerting point
from COF to COV. Here, the magnitude of M; is calculated by the drag law

1
M,=—C pA LV, (8)
2

m wow

where C,, is the moment coefficient; and L,, is the under-water path length.

Figure 1: Shift of the exerted point of the drag/lift forces from COF to COV
with an extra torque M,. Here, (o, f,7 ) are the attack angle,

elevation angels of the body and its velocity.
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3 Basic equations

Let (i, j, k) be the unit vectors of the Cartesian coordinate system fixed to the

Earth with (i, j) in the horizontal plan and k in the vertical (positive upward).

Time derivative of (2a) gives the acceleration of COM (Chu et al., 2006a, b),
da dV de,

———e 4V —x.
di dt dt

If the translation velocity has an elevation angle y and an azimuth angley ,

€)

the unit vector e, is represented by
e = cosycosyi+cosysinyj+sinyk, (10)

Substitution of (10) into (9) leads to

de d d
do By Wy a1
dt dt dt
where
e/ =—sinycosyi—sinysinyj+cosyk, e’ =—cosAsinyi+cosicosyj,
e le,e Lle,e Le'. (13)
The momentum equation is given by
dv dy , dy |,
m—e +mV(—e, +—e ) =(pll-m)gk— fe + fe,. (14)
dt dt dt

where (m, I1) are the mass and volume of the rigid body; (f;, /) are the drag
and lift forces.

Let Q* be the body’s angular velocity, which is decomposed into two parts
with the one along the unit vector e (self-spinning or bank) and the other part Q
(azimuth and elevation) perpendicular to e,

Q*=Qe+Qe , e=0, (15)

where e_ is the unit vector of € (perpendicular to e),

Q=0e, Q=[Q|. (16)
For axially symmetric body, J is a diagonal matrix
J 0 0
J=10 J, 0], (17)
0o 0 J

3

with Ji, J5, and J; the moments of inertia. The moment of momentum equation
for small self-spinning velocity is given by (Chu and Fan, 2007)
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aQ
J-—zO'pngxk+0'(fde><ed+f/e><e,)+Ml+MM. (18)
dt
where M, is the torque due to the azimuth and elevation rotation,
1 - , 1 \ QL
M = —e”J‘ZL CrpD(Vr - xQ) xdx =——C pDLV Qe , for — <V
2 T 12 ' 2

2

1A 1 L 1
M, =e, [j 15 CPD(V, — Q) xdr - jﬁquD (V. -xQ) xdx}
Q

2
1 o1 (v ) 4 20 N N A 20
=——CpDL | V| ——| = | |+=VQL| = | +=Q'L'| — | = | ||e,
2 4 \aL 3 QL) 2 16 \QL

L
for —> V.
2

4 Hydrodynamic coefficients

Prediction of the rigid-body’s orientation and COM location is to integrate the
momentum equation (14) and moment of momentum equation (18) with known
coefficients: C,, C;, and C,,. Inner products between equation (14) and the unit

7 v :
vectors (e , e, e ) give

dv
(pl1—m)gk-e, —m——
¢, =—— a (19)
—pA V|V
Lpa ]
mV\(edy/dt+e'dy/dt)e —(poll—m)gkee
¢ i e make
—pA V|V
2
Inner product of (18) by the vector e, leads to
dQ
Jo—-e —apl'[g(exk)-e,_
__dt o
C = : - (Cd (exed)-el_ +Cl(e><e,)-er), 21
—pALV’
2
where
e =e xe, V =Vee . (22)

The formulas (19)-(21) provide the basis for the experimental determination
of (C,, C;, C,,) since each item in the right-hands of (19)-(21) can be measured
by experiment.
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5 Bomb drop experiment

Models of Mk-84 bombs with and without tail section are taken as examples to
illustrate the methodology for determination of the bulk drag/lift coefficients,
and in turn the prediction of location and orientation of a fast-moving rigid-body
through the water column. The primary objective is to determine the Mk84
trajectory through the very shallow water zone to provide an estimate of the
maximum bomb-to-target standoff and required fuse delay time for optimum
target lethality. Because it is possible that a portion, or all, of the guidance tail
section may become separated from the warhead during water entry, it is
necessary to determine the Mk84 trajectory for a variety of different tail
configurations ranging from a warhead with a completely intact tail section and
four fins to a warhead with the tail section completely.

Using the Hopkinson scaling laws, 1/12-scale Mk84 bomb models were
designed and constructed in SRI that matched the overall casing shape and mass
inertial properties of the full-scale Mk84 prototype. To model the different
possible damaged tail configurations, we fabricated models that consisted of the
warhead section with a complete tail section and four fins, a complete tail section
and two fins, a complete tail section and no fins, and with the tail section
removed. The models were accelerated to velocities of up to about 454 m s
using a gas gun. The gun was positioned over a 6 m deep by 9 m diameter pool,
located at SRI’s Corral Hollow Experiment Site (CHES). Two orthogonal
Phantom 7 high-speed video (HSV) cameras operating at 10,000 fps were used
to record the water entry and underwater trajectory. The digital HSV data were
used to generate depth versus horizontal trajectory, position-time history,
velocity-time history, deceleration-time history, and drag coefficient-time history
profiles. Typically, up to three experiments were performed for each model
configuration to determine the overall reproducibility (Gefken, 2006).

A gas gun with 0.10 m (4 in.) diameter and 1.52 m (60-in.) long was
positioned over a 6.10 m (20-ft) deep by 9.14 m (30-ft) diameter pool located at
SRI’s Corral Hollow Experiment Site (CHES). The gas gun barrel was
evacuated before launching the scale model to prevent an air blast from
disturbing the water surface prior to the model impacting the water surface. At
the end of the gas gun there was a massive steel ring to strip the sabot from the
scale model. At high velocities there is some deviation from the theoretical
calibration curve, which may be attributed to gas blow by around the sabot or
friction. For the maximum gun operating pressure of 2,500 psi, we were able to
achieve a nominal water-entry velocity of about 304.80 m/s.

Two orthogonal periscope housings were positioned in the pool to allow
simultaneous above-water and below-water visualization of the model trajectory.
The housings supported Phantom 7 high-speed video (HSV) cameras, which
were run at 10,000 fps. Five high-intensity, short duration (30 ms) flash bulbs
were used to front-light the scale model as it entered the water and traveled under
water. The HSV cameras and flash bulbs were triggered at the time the sabot was
released within the gun.
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A series of 19 experiments was performed with the different 1/12-scale Mk84
bomb models described in subsection 6.2 with nominal water-entry velocities
ranging from 119.48 m/s to 308.83 m/s. Table 1 summarizes the overall
experimental matrix and water-entry conditions. Typically, the water-impact
angle of entry was between 88° and 90°. In Experiments 10, 11, and 12 the sabot
failed to fully support the scale model within the gun during the launch phase,
resulting in the scale model impacting the sabot stripper plate before impacting
the water. All the experimental data have been converted to full-scale values.

Table 1: Summary of Mk84 underwater trajectory experimental matrix.
Experiment Model Type Water-Entry Water-Entry
Number Velocity (m/s) Impact Angle (°)

1 I 131.51 89.2
2 I 296.87 90.0
3 I 295.35 88.8
4 I 302.05 88.5
5 I 226.77 88.0
6 I 219.45 89.0
7 I 119.48 88.2
8 II  Model impacted sabot stripper plate
9 II  Model impacted sabot stripper plate
10 II 295.04 90.0
11 11 289.96 90.0
12 II  Model impacted sabot stripper plate
13 v 296.26 85.7
14 v 300.53 90.0
15 v 300.53 88.7
16 11 304.19 90.0
17 11 298.39 87.0
18 11 291.08 88.1
19 11 296.87 90.0

6 Semi-empirical formulas

Upon completion of the drop phase, the video from each camera was converted
to digital format. For Mk84 warhead without tail section, vertical and horizontal
locations of the two-end points (Fig. 2) versus time were recorded. From these
data, the unit vector e can be directly determined using (1b). The translation
velocity u and the angular velocity € are measured and so as the fluid-to-body
relative velocity V since it is assumed that the water velocity is much smaller
than the bomb velocity [i.e., (2b) holds]. The unit vectors (e,, €;) are in turned
determined since (e, , ;) represent the direction of V and its 90° shift. When the
orientation of the bomb is measured, the unit vector e is known and so as

e using (22).
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Figure 2: Trajectory of Mk84 with no tail section and water-entry velocity of
296 m/s (Exp-13) (from Gefken, 2006).

Using the unit vector e,, we determine the elevation angle y and the azimuth
angle y [see (10)] and the two other unit vectors (e, e’ ) [see (11)]. Using the

unit vectors e and e_, we determine the unit vector e, [see (22)]. With the

calculated temporally varying (C,, C, C,) and («, Re) data, we obtain the
following semi-empirical formulas for calculating the hydrodynamic
coefficients,

. Re .
8sm(2a)(—"”) +0.02  ifsin(22)>0 and Re > Re_,
C,(Re,a) = - ,
0.34]sin (22| (L) +0.02 otherwise
Re

(33)

. . Re ) (Re \~ L
2.531n(2a)m1n | — if sin(2ar) > 0

Re Re

crit

C (Re,a) = 5

0.16sin(2a) if sin(2a) < 0

Re =15x10", (34)
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do 0.06 if0 <180
, B =0.00065. 35)

C =A4Asin@-B—, A=
dt 0.006 if'6@>180

7 Verification

The semi-empirical formulas of (C,; C;,, C,) were verified using the data
collected from the experiments. We use the formulas (33)-(35) to compute the
hydrodynamic coefficients (C,;, C,, C,), and then to predict the location and
orientation of Mk-84 bomb in the water column by (14) and (18). Comparison
between model predictions and experiments (Fig. 3) shows the validity of
feasibility of the semi-empirical formulas (33)-(35).

Experiment test 13 time:0.48s Meodel with initial vel:296.1m/s angle:2°

| ]
|

=204

Figure 3: Comparison between modelled and observed bomb trajectories for
the experiment shown in Fig. 2.

8 Conclusions

A new method has been developed to determine the hydrodynamic coefficients
(C4 C,, C,,) of fast-moving rigid body in the water column. This method contains
two parts: (1) establishment of the inverse relationship between (C,, C;, C,,) and
the rigid-body’s trajectory and orientation, and (2) experiments for collecting
data of the rigid-body’s trajectory and orientation. Using the experimental data,
the inverse relationship leads to semi-empirical formulas of (C4 C,, C,) versus
Reynolds number and attack angle. This method is much cheaper than the
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traditional one using the wind tunnel to determine (C,, C;, C,). We also verify
these formulas using the experimental data.

Acknowledgement

The Office of Naval Research Breaching Technology Program and Naval
Oceanographic Office supported this study.

References

(1]

(2]

(3]
(4]
(3]

(6]

Chu, P.C., C.W. Fan, A. D. Evans, and A. Gilles, 2004: Triple coordinate
transforms for prediction of falling cylinder through the water column.
Journal of Applied Mechanics, 71, 292-298.

Chu, P.C., A. Gilles, and C.W. Fan, 2005a: Experiment of falling cylinder
through the water column. Experimental and Thermal Fluid Sciences, 29,
555-568.

Chu, P.C., and C.W. Fan, 2005b: Pseudo-cylinder parameterization for mine
impact burial prediction. Journal of Fluids Engineering, 127, 1515-152.
Chu, P.C., and C.W. Fan, 2006a: Prediction of falling cylinder through air-
water-sediment columns. Journal of Applied Fluid Mechanics, 73, 300-314.
Chu, P.C., and G. Ray, 2006b: Prediction of high speed rigid body
maneuvering in air-water-sediment columns, Advances in Fluid Mechanics,
6, 123-132.

Chu, P.C., and C.W. Fan, 2007: Mine impact burial model (IMPACT35)
verification and improvement using sediment bearing factor method. IEEE
Journal of Oceanic Engineering, 32 (1), 34-48.

Gefken, P., 2006: Evaluation of precision-guided bomb trajectory through
water using scaled-model experiments. SRI Final Technical Report-PYU-
16600, Menlo Park, California, USA, 1-80.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 173

Flow separation patterns in a 60-degree
junction

K. Alhussan
Space Research Institute, King Abdulaziz City for Science and
Technology, Saudi Arabia

Abstract

The work to be presented herein is a theoretical and numerical analysis of the
complex fluid mechanism that occurs inside a 60°-junction shape specifically
with regard to the boundary layer separation, vortex shedding and generation of
wake. The boundary layer separates from the surface, forms a free shear layer
and is highly unstable. This shear layer will eventually roll into a discrete vortex
and detach from the surface. A periodic flow motion will develop in the wake as
a result of boundary layer vortices being shed from the solid boundary. The
periodic nature of the vortex shedding phenomenon can sometimes lead to
unwanted structural vibrations, especially when the shedding frequency matches
one of the resonant frequencies of the structure.

A number of important conclusions follow from the current research. First,
the study of the actual flow configuration inside 60°-junction shape offers some
insight into the complex flow phenomena. Second, the characteristics of the
boundary layer separation, the vortex and wake change considerably with the
divergent angle. This research shows that downstream, away from the junction,
the boundary layer reattaches and normal flow occurs, i.e. the effect of the
boundary layer separation is only local. Nevertheless fluid downstream of the
junction will have lost energy. The results show that downstream, away from the
junction, the boundary layer reattaches and normal flow occurs, i.e. the effect of
the boundary layer separation is only local. Nevertheless fluid downstream of the
junction will have lost energy. This research shows that when the velocity ratio
is equal to unity the circulation and the vortex shedding phenomenon are
maximized.

Keywords: flow separation, vortex flow, internal flow, boundary layer,
numerical analysis, CFD.
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1 Introduction

Flow separation from the surface of a solid boundaries, and the determination of
global changes in the flow field that develop as a result of the flow separation,
are the most difficult and fundamental problems of fluid dynamics. Gases and
water have extremely small viscosity and, therefore, most practical flows are
characterized by very large values of the Reynolds number; both theory and
experiment show that increasing Reynolds number almost invariably results in
flow separation [1-3].

The difference between a separated flow and its theoretical unseparated flow
concerns not only the form of trajectories of fluid particles, but also the value of
aerodynamic forces acting on the body. For example, for blunt bodies in an
incompressible flow, it is known from experimental studies that the drag force is
not equal to zero. It does not approach zero as the Reynolds number becomes
large. One of the most famous results of the inviscid flow theory is d'Alembert's
paradox which says that solid bodies experience zero drag in incompressible
flow. It is well known that this contradiction is associated with the assumption of
a fully attached form of the flow; this case never happens in reality.

Separation imposes a considerable limitation and lead to a significant
degradation of total performance. For example, separation is usually
accompanied by a loss of the lift force and sharp increase of the drag at the
reattachment region. The first attempts to describe flow separation past blunt
bodies are due to Helmholtz (1868) and Kirchhoff (1869) in the analysis of the
classical theory of inviscid fluid flows, but there was no adequate explanation as
to why separation occurs. Prandtl (1904) was the first to recognize the physical
cause of separation at high Reynolds numbers as being associated with the
separation of boundary layers that must form on all solid surfaces [1-5].

In accordance with the Prandtl's theory, a high Reynolds number flow past a
rigid body has to be subdivided into two characteristic regions. The main part of
the flow field may be treated as inviscid. However, for all Reynolds numbers, no
matter how large, there always exists a thin region near the wall where the flow
is predominantly viscous. Prandtl termed this region the boundary layer, and
suggested that it is because of the specific behaviour of this layer that flow
separation takes place. Flow development in the boundary layer depends on the
pressure distribution along the wall. If the pressure gradient is favourable then
the boundary layer remains well attached to the wall. However with adverse
pressure gradient the boundary layer tends to separate from the body surface.
The reason for separation was explained by Prandtl in the following way. Since
the velocity in the boundary layer drops towards the wall, the kinetic energy of
fluid particles inside the boundary layer appears to be less than that at the outer
edge of the boundary layer, in fact the closer a fluid particle is to the wall the
smaller its kinetic energy. This means that while the pressure rise in the outer
flow may be quite significant, the fluid particles inside the boundary layer may
not be able to get over it. Even a small increase of pressure may cause the fluid
particles near the wall to stop and then turn back to form a recirculating flow
region, which is the characteristic of separated flows [2—6].
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The work to be presented herein is a Computational Fluid Dynamics
investigation of the complex fluid mechanisms that occur inside 60°-junction
shape, specifically with regard to the boundary layer separation. This research
shows a numerical simulation of mapping the flow inside a 60°-junction shape
flow. The results show that downstream, away from the junction, the boundary
layer reattaches and normal flow occurs i.e. the effect of the boundary layer
separation is only local. This research shows that when the velocity ratio is equal
to unity the circulation and the vortex shedding phenomenon are maximized.

A CFD analysis enables one to understand the complex flow structure inside
this confined region. Through this computational analysis, a better interpretation
and understanding of the physical phenomenon of the boundary layer separation
that occurs in an internal flow; the 60°-junction shape, can be achieved. Figure 1
shows schematic view of a 60°-junction with two dimensional unstructured
mesh.

2007

Grid May L4,
FLUENT 4.2 (2d. pbns, ska)

Figure 1: Schematic view of a 60°-junction showing a 2-D unstructured
mesh.

2 Theoretical and numerical analysis

The governing equations are a set of coupled nonlinear, partial differential
equations. In order to formulate or approximate a valid solution for these
equations they must be solved using computational fluid dynamics techniques.
To solve the equations numerically they must be discretized. That is, the
continuous control volume equations must be applied to each discrete control
volume that is formed by the computational grid. The integral equations are
replaced with a set of linear algebraic equations solved at a discrete set of points.

Fluent is used in this current research to model the flow characteristics inside
the two dimensional region. It should be possible to model the flow separation
for internal flow inside a 60°-junction shape using the CFD analysis [7-14]. A
numerical analysis must start with breaking the computational domain into
discrete sub-domains, which is the grid generation process. A grid must be
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provided in terms of the spatial coordinates of grid nodes distributed throughout
the computational domain. At each node in the domain, the numerical analysis
will determine values for all dependent variables such as pressure and velocity
components. Creating the grid is the first step in calculating a flow. Two-
dimensional Navier Stokes equations are solved using fully implicit scheme with
K-epsilon turbulence model. The grid is refined near the solid boundary walls in
order to model the large gradient.

3 Results and discussion

The work to be presented herein is a theoretical and numerical analysis of the
complex fluid mechanism that occurs inside a 60°-junction shape specifically
with regard to the boundary layer separation, vortex shedding and generation of
wake.
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Figure 2: Velocity vectors for flow inside 60°-junction from top left to
bottom right the velocity ratio is 0.5, 0.67, 1, 1.16, 1.3, and 2.

Figure 2 shows velocity vectors for internal flow of a 60°-junction shape.
From top left to bottom right the velocity ratio is 0.5, 0.67, 1, 1.16, 1.3, and 2,
respectively. The velocity ratio is defined as the velocity of the branched inlet to
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the velocity of the main (straight) inlet. One can see in this figure that the
circulation, wake generation and the vortex shedding phenomenon are evident
when the velocity ratio is equal to 1. This figure shows that downstream, away
from the junction, the boundary layer reattaches and normal flow occurs i.e. the
effect of the boundary layer separation is only local. Nevertheless fluid
downstream of the junction will have lost energy. The boundary layer separates
from the surface forms a free shear layer and is highly unstable. This shear layer
will eventually roll into a discrete vortex and separate from the surface. A
periodic flow motion will develop in the wake as a result of boundary layer
vortices being shed from the solid boundary. The periodic nature of the vortex
shedding phenomenon can sometimes lead to unwanted structural vibrations,
especially when the shedding frequency matches one of the resonant frequencies
of the structure.
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Figure 3: Contour plots of static pressure for flow inside 60°-junction from
top left to bottom right the velocity ratio is 0.5, 0.67, 1, 1.16, 1.3,
and 2.

Figure 3 shows contour plots of static pressure for internal flow of a 60°-
junction shape. From top left to bottom right the velocity ratio is 0.5, 0.67, 1,
1.16, 1.3, and 2, respectively. One can see in this figure that the circulation is
evident when the velocity ratio is equal to 1. The results show that downstream,
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away from the junction, the boundary layer reattaches and normal flow occurs
i.e. the effect of the boundary layer separation is only local. Nevertheless fluid
downstream of the junction will have lost energy.

4 Concluding remarks

The work to be presented herein is a Computational Fluid Dynamics
investigation of the complex fluid mechanisms that occur inside 60°-junction
shape, specifically with regard to the boundary layer separation, vortex shedding
and generation of wake.

A number of important conclusions follow from the current research. First,
study of the actual flow configuration inside the 60°-junction shape offers some
insight into the complex flow phenomena. Second, downstream, away from the
junction, the boundary layer reattaches and normal flow occurs i.e. the effect of
the boundary layer separation is only local. This research showed that when the
velocity ratio is equal to unity the circulation and the vortex shedding
phenomenon are maximized.
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A numerical and experimental study of
a thin, high cambered airfoil at a low
Reynolds number
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Abstract

In the framework of the development of new aerodynamic design concepts, a
joint numerical/experimental analysis has been performed on a 2D thin, high
cambered airfoil at a low Reynolds number. The experimental investigation has
been performed by means of the Pressure Sensitive Paint Technique (PSP) and
Particle Image Velocimetry (PIV). These techniques have been selected for their
characteristics of low-intrusivity and high spatial resolution. Details about the
experimental set-up and results shall be reported. The experimental investigation
has been intended to obtain detailed information about the pressure field and to
detect flow characteristics on a non-conventional airfoil. Experimental data have
been compared with numerical results obtained by FLUENT commercial code.

Results will be presented in terms of experimental and numerical velocity
fields around the model and in terms of lift characteristics.

Keywords: PIV, PSP, endurance, non-planar wing, aerodynamic loads.
1 Introduction

In the framework of the Unmanned Aerial Vehicle (UAV) Project, which is
aimed at designing a High Altitude Long Endurance (HALE) unmanned vehicle,
some configurations have been tested. In more detail, a prerogative of HALE
vehicles has the possibility of operating at high altitudes ranging between
2000030000 metres, with an endurance of at least 48 hours. One of the
considered configurations has been characterized by an inflatable leading edge so
that an airfoil characterized by high curvature and small thickness has been
produced, similar to a modern directional parachute (Figure 1). A wide

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)
doi:10.2495/AFM080181



182 Advances in Fluid Mechanics VII

numerical and experimental test campaign has been performed in order to
analyse the aerodynamic behaviour of this configuration and to confirm the
preliminary analysis carried out during the design phase.

2 Experimental set-up

2.1 Wind tunnel

Tests have been carried out in the Calibration Tunnel 1 (CT-1). CT-1 is an Eiffel
type open circuit wind tunnel, with the following main characteristics:

o velocity range: 5-55 m/s

o nozzle contraction rate: 16:1

o maximum value of turbulence level at 50 m/s flow speed: <0.1%

o test section size (LxWxH): 600 x 305 x 305 mm”.
The test section allows in the region of 100% optical access. It is equipped with a
motorized turntable equipped with an angular decoder providing the geometric
incidence angle of the model to the data acquisition system.

2.2 Test article

The investigated profile is thin like a modern directional parachute. It was
designed in the framework of the project Non-Planar Wing (NPW) by CIRA
researchers G. Andreutti and D. Quagliarella. A sketch of the geometry is shown
in Figure 1. The main dimensions of the test model are as follows:

o span: 302 mm

o chord: 100 mm

o maximum thickness: 6.26 mm.
The test article is equipped with fifteen pressure taps, nine located on the upper
surface and six located on the lower surface. The location of the pressure taps
has been concentrated on the leading edge of the model in order to integrate the
data coming from the PSP affected for some incidence angles by a lack of
information.
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Figure 1: Investigated airfoil.
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2.3 PIV system

The laser system is composed of two Nd-Yag resonator heads providing a laser
beam of about 300 mJ each at 532 nm. The light sheet is delivered in the
measurement area by means of two mechanical systems composed of a
mechanical arm equipped with seven mirrors and which provides six freedom
degrees. Measurements have been performed on the symmetry vertical plane of
the test section in order to minimize possible wall effects and assure the
bi-dimensionality of the phenomena.

A large seeding generator, equipped with twenty Laskin nozzles, has been
used. A cyclone has been mounted in order to filter large droplets and avoid
environmental contamination. DEHS oil has been adopted as the seeding
material. In order to obtain a uniform concentration of particles the full wind
tunnel room has been seeded.

Two CCD cameras equipped with 28 mm Zeiss lenses and mounted on a 2D
linear traversing system have been used for measuring the flow field around the
model and in the wake regions.

2.4 PSP system

The paint employed was the single component UniFIB, manufactured by ISSI.
Paint luminescence was induced by three blue LED lamps (with a spike at 405
nm) equipped with a 10 deg. angle diffuser and supported by a X95 frame.
Long-term stability is about 1.0% after 5 minutes, and 0.1% after 20 minutes of
operation.

A Princeton Instruments 16-bit CCD back illuminated camera (model Pixis
1024B) equipped with a 50 mm, f1.8D Nikkor lens has been used for the images’
acquisition. The camera is characterized by a 1024x1024 pixel resolution, a
quantum efficiency of about 95% in the visible range and a full well capacity of
240ke . The camera position has been chosen in order to look at the entire model
under the entire test campaign conditions.

3 Numerical flow solver algorithms

Numerical simulations have been carried out by means of Drela’s MSES code
and FLUENT commercial code.

MSES [3] is based on a finite-volume discretization of the Euler equations on
a streamlined grid. Also in this case a compressible formulation has been used.
The MSES code computes the viscous region by using an integral boundary
layer formulation based on a multi-layer velocity profile representation. The
inviscid and viscous regions are coupled by using the displacement thickness
theory.

FLUENT™ golves the Navier-Stokes equations on hybrid grids by means of
the Finite Volume method. A second order upwind scheme has been adopted for
the spatial discretization whereas an incompressible formulation was chosen as
the governing mathematical model. For such a flow model the continuity is
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enforced by means of a Poisson equation for the pressure. The pressure-velocity
coupling was ensured by means of the SIMPLEC algorithm and by using the
pressure-staggering approach “PRESTO!”. In some cases convergence problems
occurred, therefore a collocated second order pressure interpolation scheme has
been used instead. Moreover, due to the isothermal flow assumption, the energy
equation was disregarded. In all cases the so called segregated implicit solution
procedure was used, where each single flow equation is solved sequentially.
Furthermore, the following boundary conditions types have been used in the
computations.

The so called “velocity inlet” boundary condition was used to prescribe the
velocity profile at the left boundary of the computational domain.

The classical no-slip boundary condition has been adopted on the lower side
of the computational domain.

The “outflow” boundary condition has been adopted on both the upper and
right sides of the computational domain. In such a case the normal derivative of
all the flow variables is set to zero, except for pressure.

Finally, a RANS approach has been used in order to include turbulence
effects on the flow solution. Further information can be found in [4].

4 Procedure for data reduction

With regards to the numerical analysis, an initial investigation by means of
MSES has been carried out in order to get a preliminary estimation of the
aerodynamic characteristics on the project conditions (low Reynolds number)
and to have information about the transition location. This latter can have a great
influence on the aerodynamic characteristics because of the airfoil’s large
curvature and low thickness. This information has been used as a starting point
for the CFD analysis on the flow field carried out through FLUENT commercial
code.

With regard to the experimental analysis, velocity profiles have been
evaluated using two PIV cameras aligned vertically (one for the upper part of the
test section, one for the lower part), scanning the entire flow region around and
behind the model at different instants. The mean fields obtained for each region,
partially overlapped with others, have been merged together to allow the
necessary integration process for the aerodynamic coefficients evaluation.

The lift coefficient has been calculated applying the Kutta-Joukowski
theorem on a circulation line surrounding the airfoil in the measurement plane.
The drag coefficient, on the other side, has been evaluated using the momentum
balance equation. All the results have been corrected taking into account the wall
effects and compared with the numerical ones for different angles of attack.

The integration of pressure distributions obtained by PSP provided another
criterion for an experimental measurement of the lift coefficient, as well as for
the moment coefficient. The application of the PSP technique has been forced by
the reduced dimensions of the test article that would not allow the insertion of a
reasonable number of pressure taps, especially in the aft part of the model.
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5 Results and discussion

In the scenario of experimental measurement technique for aerodynamics, PIV
provides a unique tool in terms of data accuracy, test productivity and, at the
same time, an understanding of the phenomena. PIV data give a clear general
view of the flow field behaviour. Velocity field colormaps, around the model and
in the wake region, for o = —4°, 0° and +4° are reported in Figures 2—4 Plots
give an insight into the aerodynamic behaviour at different angles of attack,
showing a flow separation on the lower surface for the negative angle confirmed
by the large wake left behind. Partial separation occurs at o = 0°. For the
positive angle of attack shown, the flow remains attached on the lower side of
the model. The PIV analysis has shown that on the upper surface a trailing edge
flow separation starts from about 11°. The flow field at 15° AoA is reported in
Figure 5.

Figure 5 shows the velocity profile along the height of the test section
(Z direction) two chords downstream from the model trailing edge for the
highest investigated angles of attack (o = 11°-15°). It can be seen that the wake
at 11° and 12° shows quite the same extent whereas the momentum loss
increases slightly starting from 14°. This is also highlighted by a soft stall
starting from 12° AoA as presented in Figure 8.
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Figure 2: PIV flow field at —4° AoA.
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Figure 3: PIV flow field at 0° AoA.
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Figure 4: PIV flow field at 4° AoA.
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Figure 5: PIV flow field at 15° AoA.

Numerical simulations have highlighted that laminar-turbulent transition
plays an important role on the flow field. In Figure 7, the flow field obtained
considering a fully turbulent flow is compared with the free transition flow field
at 0° AoA. It can be seen that flow characteristics are dramatically affected by
transition position. The field predicted by a transition free criterion is confirmed
by the experimental flow field shown in Figure 3, where a wide region of
separated flow is evident in the lower part of the airfoil. The impact of the
numerical algorithm chosen (fully turbulent or transition free) is also evident
looking at the numerical/experimental comparison as reported in Figure 8 in
terms of lift coefficient distribution. PIV and PSP integrated data are compared
with results of RANS calculations for both fully turbulent and transition free
conditions. It is noticeable that the experimental lift curves are close to each
other whereas a sensible divergence is shown by the CFD fully turbulent curve.
On the contrary, transition free simulations seem to provide lift values coherent
with the experimental measurements. This suggests that the laminar-to-turbulent
transition sensibly affects the flow field so that, the hypothesis of a fully
turbulent flow on the entire model surface, eliminating the possibility of large
separated regions, implies a wrong evaluation of normal strains and, in turn, of
the lift coefficient.

A comparison of numerical and experimental results in terms of pressure
coefficients is reported in Figure 9 for different angles of attack. Excluding the
very critical case at o = 0°, a good agreement is noticeable, although it can be
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seen that experimental (PSP) pressure profiles are not closed on the model
trailing edge. This is probably due to an inaccurate measurement in the last
5-10% of chord on the lower surface (a possible reason can be paint degradation
or imperfection in the paint application due to the high curvature). In fact,
pressure distribution on the lower surface, very close to the trailing edge, seems
to show a smaller pressure recovery than the expected one, especially at low
angles of attack.
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Figure 6: Wake velocity profiles (AoA between 11° and 15°).

(b)

Figure 7: Numerical streamlines at 0° AoA (a: fully turbulent, b: transition
free).
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Figure 8: Comparison between numerical and experimental lift coefficient.
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6 Conclusions

In the framework of the Non-Planar Wing Project, an accurate numerical and
experimental analysis has been performed aiming to analyze the aerodynamic
performance of a new airfoil.

The analysis has shown that the transition position strongly affects the airfoil
performance. With regard to the experimental check, the agreement with
numerical results is satisfying. In particular, if the laminar region is accurately
predicted, the numerical/experimental comparison is quite good both in terms of
local values (pressure and velocity distribution) and global parameters (lift
coefficient).
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Numerical and experimental results for the
warming of cylindrical timber segments
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Abstract

As part of an industrial process in the forestry industry, pre-cut segments of
debarked logs are conditioned by placing the wood segments in a warm water
shower. For wood which is initially cold (or sometimes frozen) and has a rela-
tively high moisture content, the conditioning process results in a net increase in
temperature and change in moisture content. As a porous media, wood has a fairly
complex structure due to the orientation and sizes of the cells which make up the
fibers. In addition, the moisture content of the recently debarked log segments is
relatively high, the moisture being almost completely composed of liquid water
trapped by capillary forces. Simplistic models which assume a constant moisture
content have previously been used to predict conditioning time. However, as is
often the case in reality, the complexity of the problem is such that more accurate
modelling is desired.

To learn more about the conditioning process, preliminary experiments were
conducted using a data logger and an array of fifteen thermocouples placed radi-
ally at three points on a log segment which was then put through a full conditioning
cycle. Theoretical model equations are presented, which take into account both the
liquid and vapour components of the water, and spatial averaging is used to create
a system of nonlinear partial differential equations. The problem is then simplified
through some basic assumptions to pose a set of coupled differential equations for
energy and moisture transport in one spatial dimension. A finite difference numer-
ical method is used to solve the initial boundary value problem for the coupled
system of nonlinear partial differential equations, and some numerical results are
compared to experimental data for the one dimensional problem. Limitations of
the model are identified and discussed.

Keywords: multiphase flow, porous media, water transport, finite differences.
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1 Introduction

The problem studied herein arises from an industrial application in the manufactur-
ing of plywood. Of direct concern to industry is finding a quick and simple method
to predict the amount of time required to warm pre-cut and debarked cylindrical
wooden log segments from their ambient temperature outside to a desired produc-
tion temperature. This process is known as conditioning and can be achieved in
many ways, for example, submersing the segments in a hot water bath or exposure
to hot steam. In this study, conditioning is achieved by placing the wood in a con-
tinuous shower of warm water, and waiting for a pre-determined time to move the
wood onto the next stage in the production process. As a porous media, fluid within
the cell structure can move from cell to cell under the influence of temperature and
concentration gradients, and therefore the transport of water must be considered as
an integral part of the conditioning process.

The specific problem considered is therefore to create a model for the reheating
of a cylinder of wood through partial contact of its outer boundary with very humid
air. In the next section, a set of governing equations are posed which describe the
reheating of wood in this particular circumstance. The model takes into account the
porous nature of wood, and the multiphase (liquid and gas) flow of water within the
porous media in order to obtain a set of partial differential equations for the volume
averaged temperature and moisture content. In section 3, the equations numerical
solutions of the equations are compared to experimental data gathered on site.
Some concluding remarks follow, and limitations of the model are discussed.

2 Model equations

A first attempt at modelling the heating of a homogeneous cylinder is typically
achieved through the application of a linear form of the heat equation,

or V- k,VT 1

o = q D
where T is the temperature, ¢ time, and k; a heat conduction coefficient. Equa-
tion (1) has been well-studied [1], although there are several factors which are
important when studying the warming of wood which require a more delicate and
thoughtful approach. For example, the coefficient k, can depend strongly on mois-
ture content, and to a lesser extent, temperature, tree species, and spatial position
within the wood [2]. Equation (1), coupled with an analogous moisture diffusion
equation, has been used to model wood heating [3] and the non-isothermal drying
of dimensional lumber [4]. Other limitations are imposed by assuming equation
(1), particularly regarding moisture content. Heating and surface evaporation can
result in the redistribution of fluid within the wood. Indeed, starting from the time
of harvest, wood immediately begins to lose moisture, a process which is acceler-
ated with de-barking. The humid environment employed during conditioning acts
to reduce surface evaporation but still allows for the formation of pressure gradi-
ents which result in a nonhomogeneous moisture distribution.
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Whitaker [5] completed a thorough characterization of the transport of energy
and mass in general porous media, which was later applied to dimensional lumber
drying by Spolek [4]. Whitaker’s approach [5] considered the phases of water and
the solid wood separately. The temperature 7' of the wood is modelled with a linear
enthalpy approximation and Fourier’s law of head conduction as a generalization
of equation (1).

T,

Po (cp)ﬂ <W) = kavaa + CD(T' (2)

In equation (2), and in later equations, the standard symbols are used: p for density,
¢, heat capacity, k thermal conductivity coefficient, and ® for heat sources. The
subscript o is used for all of these variables to denote the properties within the
solid wood.

The liquid phase obeys a similar continuity equation, with the added compli-
cation of transport, and can be stated (with subscripts 8 denoting liquid phase)
as

ot

In equation (3) a linear relationship between enthalpy and temperature is again
used, as is Fourier’s law of conduction within the liquid.

For the gas phase, the temperature of the water vapour and the existing inert
gases (such as air) are taken into account to give a generalization for the gas phase,
written with a subscript y as

0Tg 2
pplcp)p\ —— + Vg - VTIg | =kgVTg + Dg. 3)

aT, ) SN
py(€ply o1 +vy - VT, | =k, VT, + @, = V- Zpiui(cp)iTy NG
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where the last term represents the contribution due to the existence of N inert gases
with diffusion velocity w; and heat capacity (c,);.

Equations (2), (3), and (4) are local in nature, and are standard expressions in
the transport of fluids with the inclusion of diffusion and a source/sink term (®).
To obtain relationships between the bulk properties of the wood, the equations
must be averaged over a given volume. For example, for a volume element V, the
average temperature of the solid phase is given by

1
(T) = fofv T, dv. )

Each of equations (2), (3), and (4) are integrated to create volume averaged
equations, which are subsequently manipulated using integration by parts theorems
to bring in various phase boundary conditions into the problem. The individual
equations are be then added together to create a total thermal energy equation, for
the averaged temperature (7) [5]

a(T)

<10>C177 + [pﬂ(cp)ﬁ<v/3> + (py)y((cp)yw/(vy)] -V(T) + Ahvap(’h)
=V-K V(T)+ (®). (6)
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The process leading to the derivation of equation (6) is quite detailed due to the
consideration of all of the phases, and the details may be found elsewhere [5]. In
equation (6) a few shorthand terms have been introduced: the superscript ¥ denotes
an average over the portion of the volume element in relation to that phase, (®)
denotes a combined source term, and (r2) denotes the mass rate of vaporization per
unit volume. In addition, the enthalpy of vaporization per unit mass at temperature
(T) is given as Ahy,p, and being a non-homogeneous material, K eTff is a second
order tensor which encompasses the thermal diffusivity in each of the three spatial
dimensions.

A second equation can be created for the moisture content by applying an
approach analogous to the derivation of equation (6). Again, the details are left
to Whitaker [5], and the result is stated for the saturation, S, a quantity which rep-
resents the mass fraction of moisture in the form of liquid and vapour to the fully
saturated mass.

a(S) (m)”w)) _ [(pyV ) ((m)”)]
—4vV. - )=V.|—D/V . 7
¢ ot <<V’3> + 0p ps T \Upy )y @

In equation (7), the effective diffusivity Dé}}, is a second order tensor which
encompasses diffusivity of the vapour in each of three spatial dimensions, p; is
the vapour density, and ¢ is the porosity or volume fraction of the void space in
the wood.

To close the system, the momentum equations for the liquid and gas phases are
used together with Darcy’s law to relate the flow rate to the pressure gradient. The
pressure P is then introduced in place of velocity, with the introduction of per-
meability constants K (with appropriate subscripts) The resulting two equations,
neglecting heat sources and sinks (®), are stated as

4 14
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Equations (8) and (9) contain several coefficients which must be determined
prior to solving the equations. By applying a mechanistic model of wood struc-
ture, the properties of wood may be used to develop theoretical relationships and
values for many of the parameters to decrease the dependence on experimental
parameters [2, 4]. As in the development of the equations, the technical details call
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for a more thorough examination of their derivation; however, for brevity, only the
impact of the simplifications will be used herein with the details referred to where
appropriate. For example, the volume fraction ¢ can be determined by an analytic
dependence on cell parameters [4].

The liquid and gas phase pressures remaining in equations (8) and (9) can be
removed by assuming the gas phase acts as an ideal gas, and that the capillary
pressure P, is the difference between the gas phase pressure and liquid phase pres-
sure, [5, 4]. The liquid phase pressure is therefore expressed as a function of the
gas phase pressure and the capillary pressure, (Pﬂ)ﬁ = (P,)” — (P.)". The liquid
pressure gradient can then be expressed by the following linear expansion,

(P’ (P 9(P)"
B _— _
Vi) _( oT T ar aT )Vm
(P (P O(P)"
< as T Tas s )VS' (19)

Analytic expressions for the partial pressures and capillary pressures in equation
(10) are given by Spolek [4] as functions of temperature, saturation, and number
of constants. In the interest of writing equation (10) in a more compact form, the
following substitutions are made,

V(Pp)! = —(Cr.c = Cr,,)V(T) = (Cs,. — Cs,,)V(S). (1)

In addition, a dimensionless temperature Q is used (M is already dimensionless
definition) such that Q = (T — Ty)/(Tsc — Tp), where T is the average initial
internal temperature of the log, and T, is the temperature of the bathing fluid.
Since the saturation S does not include the hygroscopically bound water, it will
be substituted for with the moisture content M through the relation § = (M —
Mysp) | (Mypax — M r5,), where the subscript fsp denotes the fiber saturation point,
and the subscript max refers to the maximum possible moisture content the wood
can contain. The fiber saturation point is a species dependent parameter which is a
measure of the moisture content due to hygroscopically bound water only.

In addition, as wood dries, surface tension forces the small valve-like openings
which connect neighbouring cells, known as pits, to be forced shut. A chemical
bond between the valve and pit opening forms, effectively sealing off the pit open-
ing to gas transport, causing the gas phase to become trapped and permitting the
assumption of a gas phase permeability very close to zero, (K, = 0) [2]. Although
the bulk gas phase transport is neglected, vapour transport continues as a diffusive
process which is captured in a diffusion coefficient denoted D,,, leading to the
following simplification,

Y
(pny;})fv(((Z;;V) = psDuV M, (12)

where M is the moisture content, and D,, is a combined vapour and bound water
moisture diffusion coefficient.
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Employing the above simplifications, and neglecting transport due to gravity
along with equations (12), and (10), permits equations (8) and (9) to be written as
a more simplified set of transport equations,

0 K
(p)cp ;@ +[” B ks (e~ cr ) aTviQ)
t 127
1
+ (Cs,c — CS,)/)WV(M))} -V(Q) =V -K,V(0), (13)
and
¢ M) o (Ko
NYEET, +V |:<M (Cr.e CT,y)>ATV<Q)
1
(M_(CSL — Cs, y)> V(M)} =V.-D,V{(M). (14)
3 Results

the thermal conductivity can be reduced to a scalar quantity k,, and A moisture
diffusion coefficient, D,,, is introduced in an analogous way to the thermal con-
ductivity derivation [4].

This section considers the restriction of equations (13) and (14) to cylindrical
polar coordinates, with only the radial motion considered, such that Q = Q(r, 1)
and M = M(r, t). The equations are simplified further by suppressing the volume
average bracket notation, and using the notation CT = (C 7.c — Cr,) and C S =
(Cs,c — Cs,). In addition, the second order tensors KeTff and D,, can be reduced to
scalar quantities k, and d,, respectively, when considering only the radial direction.
The resulting equations are expressed as

) © 5 1 9 19 @
pe, 22 Q. [M(c AT Q+C5——)]—Q——_rk i > (15)
at g or AM 9r=Jorrd
and
oM 10 K ! L9, M
¢ “flc ATVQ+CS—VM T dnm 16
AM ot r8r mp AM ror or

Equations (13) and (14) are applied to model a symmetric simplification of
log conditioning, considering only time-dependent radial transport of heat and
moisture. The initial boundary value problem is solved in the domain # > 0 and
0 < r < R. The boundary conditions at r = 0 are the standard symmetry con-
ditions of zero flux. The outer boundary conditions at » = R are somewhat more
complex, as a balance of energy and mass must be maintained at this point caus-
ing the latent heat of evaporation to be included to derive a generalized Neumann
boundary condition which couples moisture, temperature and the flux at the sur-
face.
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The thermal boundary can be approximated by the standard convective heat flux
boundary condition, ¢ = hy(T(R,t) — T) [6], where h, is the surface ther-
mal transfer coefficient, and T, is the temperature of the bathing fluid. The hor-
izontal stacking of the cylindrical log segments in the conditioning tunnel give
rise to horizontal voids between neighboring log segments. By approximating
the voids as cylindrical, and the flow of the humid air in the voids to be in the
laminar range, the surface heat transfer coefficient 4, can be expressed as h, =
(k, /D)0.023Re% Pr033 | where k, is the thermal diffusion coefficient of humid
air, D is the diameter of the void, Re is the Reynolds number of the flow, and Pr
is the Prandtl number of the humid air.

The boundary condition for the moisture content should ideally be analogous
to the thermal flux condition. Unfortunately, a mass flux boundary which does
not result in an ill-posed problem has not yet been found and will therefore be
approximated with a Dirichlet condition, M (R, t) = My, where M is an appro-
priately chosen initial moisture content at the surface. Although a Dirichlet mois-
ture boundary results in a somewhat unphysical moisture boundary condition, it
will suffice as a first approximation until appropriate mass flux boundaries at the
surface can be derived.

With the initial and boundary conditions specified, a finite difference numeri-
cal approach was taken to find numerical solutions. A forward in time central in
space scheme was chosen, with some care employed to obtain second order spatial
approximations for the Neumann boundary conditions. An exciting feature of this
research program was the ability to conduct measurements of log conditioning,
and data was collected for several experiments. Thermal sensors were placed in
the log in a straight line along a ray outwards from the center with one at r = 0 cm
(core), one at r = R (surface), and three more positions between the core and
the surface. The data from the temperature sensors was recorded over a period
of several hours during conditioning. Moisture content was not measured during
the experiment, however a rough estimate of initial and final moisture content was
measured by removing samples for controlled measurement in the laboratory. The
main sources of error were in the temperature measurement and placement of the
thermocouples, and the lack of precision in moisture content measurements.

A selected result is displayed in Figure 1, which depicts temperature versus time
giving a comparison of the model to experimental temperature data 30 cm from the
end, and at both the core and 10 cm radially form the core. The thin dotted lines
represent the placement error of the thermocouples.

4 Conclusion

The modelling of any industrial process can be plagued by oversimplification
which causes the problem to be either trivial or too far removed from reality to be
of much use. In this case, the modelling of log conditioning is a complicated pro-
cess involving a consideration of the vapour and liquid phases of moisture moving
within a the porous wooden cellular network. Through volume averaging, a system
of differential equations, derived from a lumber drying model, were applied and
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Figure 1: Comparison of theoretical model to experimental data for Douglas Fir,
where Ty = 5.3°C, My = 0.80, R = 15cm, Z = 30 cm.

found to model the experimental results relatively well within experimental error.
Some underestimation of the temperature is seen which could be due to heating
from the end of the log, which is neglected in the one dimensional problem. In
addition, the Dirichlet boundary condition imposes a relatively unphysical mois-
ture boundary which could cause the model to converge to an incorrect steady-
state. Ongoing research will assist in probing the dependence of various types of
boundary conditions, and generalizing the problem to more than one spatial dimen-
sion to account for these minor discrepancies.
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Experimental study on the oscillation of a
separating shear layer in a cavity

Y. Inoue & S. Yamashita
Department of Mechanical and Systems Engineering,
Gifu University, Japan

Abstract

This study was performed to clarify the oscillation of a separating shear layer in
a cavity formed peripherally on a cylinder in a uniform axial stream.
Experiments were conducted on the cavity having the width-depth ratio of 4 and
formed in a water channel. Firstly, the dynamic characteristics of the flow field
were investigated by visualizing the flow, and a time-averaged flow field was
measured with a particle imaging velocimetry (PIV). As a result, the typical
three flow patterns were demonstrated. Secondly, spatiotemporal measurements
were taken along and/or across the shear layer with a UVP monitor. Thirdly, the
proper orthogonal decomposition was applied to the UVP dataset, and random
coefficients at the low-order POD modes were examined. As a result, two
dominant time scales of f'b/U,, = 0.1 and 0.9 were found in the shear layer. These
two-scale flow structures can be shown through filtration with discrete wavelet
transformation.

Keywords: cavity flow, self-sustaining oscillation, ultrasonic Doppler method,
wavelet analysis, POD.

1 Introduction

In many cases, the flow passing across an open cavity generates self-exited
oscillation, causing two major problems: radiating noise and fluid induced
oscillation. Although the characteristics of cavity oscillation have been studied in
recent decades, there are still some problems that remain unsolved even today.
The details of these problems were perused by Rockwell and Naudascher [1] and
Grace [2] in their prospective papers and by Lin and Rockwell [3] and Howe [4].

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)
doi:10.2495/AFM080201



202 Advances in Fluid Mechanics VII

Rockwell and Naudascher [1] describe the self-excited oscillation by dividing
it into three types, where the cavity oscillation under this study falls into a type
caused by flow-specific instability according to their classification. Lin and
Rockwell [3] describe the characteristics of the cavity oscillation in four steps:
(i) interaction between a vorticity concentrated area and a downstream cavity
edge, (ii) effects on a shear layer formed from an upstream edge, (iii) conversion
to fluctuations in a separating shear layer, and (iv) amplification in the flow
direction of this conversion. They comment that the sequence of these four steps
is not stable in terms of time, and the instantaneous velocities in the direction
along the shear layer should be measured. On the other hand, Grace [2]
investigates the math calculation for cavity noise prediction, and Howe [4] treats
the same subject theoretically.

This study is intended to experimentally clarify the flow field of an
axisymmetric cavity on a cylinder placed in an axial flow. In this paper, a
cylinder with a water channel of the aspect ratio of four is set up in a uniform
water flow, instantaneous fluctuation velocities are measured with an ultrasonic
velocity profiler (UVP monitor) [5], and the characteristics of the oscillation of
the separating shear layer are studied from the results of the measurement.

The axisymmetric cavity was studied in detail by Sarohia [6], and the effects
of the boundary layer thickness of the approaching flow, Reynolds number and
the aspect ratio of the cavity on self-excited oscillation characteristics were
clarified. Later, Gharib [7] studied the effects of periodic disturbance introduced
into the approach flow, and Gharib and Roshko [8] studied the relationship
between the drag acting on the cavity and the flow pattern. On the other hand, as
to the instantaneous flow field, Rockwell and Knisely [9, 10] and Neary and
Stephanoff [11] showed their experiments in the visualization of flow, and Lin
and Rockwell [3] and Meganathan and Vakili [12] showed their experiments
with a particle imaging velocimetry (PIV).

In this study, the basic flow patterns were studied through visualized flow
observation by using the dye streak method, and then the mean velocity field was
shown based on the results of measurement with the PIV. The spatiotemporal
velocity information was measured with the UVP, and the low-order model of
the separating shear layer in self-exited oscillation was identified through the
mode analysis of the acquired data. The UVP method is detailed by Takeda [5].

2 Experimental apparatus and procedures

The experiment of this study was conducted by using a low-speed recirculating
water channel. The measurement part of this channel was 0.7 m wide and 2.2 m
long. The test body was an acrylic resin cylinder with the radius @ = 100 mm
having a streamlined head of aluminium alloy casting. The downstream end of
the cylinder was fixed to a frame, which was independent of the tank. The
posture of the cylinder toward the flow was adjusted with three wires located in
the upstream part. The outline of the flow field and its coordinate system are
shown in fig. 1. The main stream direction is taken to be the x-axis, the radial
direction to be the z-axis and circumferential direction to be the y-axis. The
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cavity was shaped with the width » = 100 mm and the depth 2 = 25 mm.
Assuming that the reference velocity of the main stream outside the layer was
expressed as U, the experiment was conducted as to the reference Reynolds
number Re = 0.6x10* and 1.0x10*, where Re = U,, b/v. At this time, the
boundary layer of the approach flow was laminar, and the momentum thickness
was 6y =1.38 mm (b/Gy="71) at Re = 1.0x10* and x = -10 mm.

Laminar  [J, 4
boundary
layer .
P —
hll ——

Figure 1: Flow field and coordinate system.

The flow visualization was realized by injecting fluorescence dye Rhodamine
B from three small openings (¢ 1 mm) at x = -20 mm upstream from the cavity
and x = 20 mm and 80 mm within the cavity, and illuminated by an Nd:Yag laser
sheet light source. In the PIV method, Ar-ion laser was used for illumination,
and a lkxlk pixel digital camera SKC-100 and Digital Frame Grabber
IPM-8540D were used for imaging at 15 frames/sec. Polymer spheres having the
mean size of 180 um were used as tracer particles, and the cross-correlation
method was used for velocity analysis.

The data measured with the UVP is realized as the spatiotemporal distribution
of instantaneous velocity components in the ultrasonic beam flying direction. In
this experiment, as shown in fig. 1, ultrasonic transducers (frequency: 8MHz,
beam diameter: 2.5 mm) were positioned axially (Tdx-1) and radially (Tdx-2),
and #(x,t) and w(z,t) were measured respectively. The transducer Tdx-1 was

embedded in the cylinder, and its center position was z = -7 mm. The transducer
Tdx-2 was attached to the tip-end of the supporting rod having a wing
cross-sectional profile, and moved axially within the range of x = 30 to 90 mm
by using a traverser. For ultrasonic scattering particles, hydrogen bubbles
generated from a Pt wire having the diameter of 30 mm were used. The velocity
distribution sampling intervals of Tdx-1 and Tdx-2 were 32 ms and 50 ms,
respectively, when these transducers were used independently. When a
multiplexer was used and Tdx-1 and Tdx-2 were used concurrently and
alternately while they were switched to each other, the switching time interval
was 40 ms. As to the UVP data, the proper orthogonal decomposition (POD)
method [13] was applied to the extraction of the spatial mode, and the Fourier
transformation and the discrete wavelet transformation were applied to the
analysis of the time fluctuation components. The details of this data processing
are left out here (refer to [13]).
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3 Experimental results and considerations

3.1 Visualization of flows

Figure 2 shows the visualized images of flows within the cavity, arranged for
each of three typical flow patterns in four frames each as the time passes (from
top to bottom). The main stream flows from left to right. In any flow pattern, the
streakline from the upstream cavity edge to the downstream is broken almost in
the middle of the cavity width, causing a large deformation in the downstream.
The appearance of this deformation differs among the three patterns as shown.
The tip of the streak collides with the downstream cavity edge in fig. 2(a), the
streak tip is caught up in the cavity without break in fig. 2(b), and the streakline
collides little with the downstream edge and flows off as it is downward in fig.
2(c). When it comes to the flow within the cavity, it is active in a comparatively
compact area near the downstream in fig. 2(a), a large-scaled flow pattern
occupying more than half of the cavity area is formed in fig. 2(b), and the degree
of activity of flow is lower compared with the former and there is little flow
recirculation within the cavity in fig. 2(c).

(a) pattern I (b) pattern II (c) pattern III

Figure 2: Typical flow patterns visualized by dye injection.

These integrated streaklines in fact represent certain realized flow patterns of
all flow patterns existent numerously. As a result of observation, these three flow
patterns were confirmed to be typical ones. As Lin and Rockwell [3] point out,
the cause of the pattern fluctuation has not yet been identified clearly. While
responsive jitters and relativity of three-dimensionality are thought of as possible
causes, there have been few studies treating this subject actively (e.g. [10] and

[11]).
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3.2 Mean flow field

Figure 3 shows the mean behaviour in the x-z plane measured by the PIV method
as Re = 0.6x10*. In fig. 3(a) showing the mean velocity vectors, a definite main
vortex can be seen in an area occupying about half on the downstream side of the
cavity width. The main vortex reaches the cavity bottom, and a boundary layer
develops above the bottom. This boundary layer separates from the bottom and
flows upward. Upon reaching the separating shear layer of the main stream, it
forms a saddle point. In contrast with this, the flow on the upstream side of the
saddle point is extremely weak, and the secondary vortex driven by the
entrainment of the shear layer and another secondary vortex in reverse rotation to
the main vortex are formed as shown schematically in fig. 3(b). Each letter in the
figure indicates a singular point. N stands for node, S stands for saddle, N' stands
for half-node and S' stands for half-saddle.
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Figure 3: Time-averaged spatial maps measured with the PIV at Re = 0.6
x 10%.

Figure 3(c) shows the contour lines of the dimensionless vorticity component

in the y-direction, .Qy*, defined as the following;
o=t _b[oU oW
Uu,/b U,\ 6z ox)
It was calculated by numerical differentiation from the mean velocity field by
using the least-square method of quintic polynomial. In the separating shear
layer, there is an area showing positive vorticity corresponding to oU/0z > 0.
The width of this area expands drastically at x/b > 0.5, filling most areas of the
main vortex but without excessive concentration. The bottom boundary layer
shows 0U/0z < 0, generating negative vorticity. This area showing the negative
vorticity is transferred into the cavity upon the separation of the bottom

boundary layer.

(M
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3.3 Fluctuation energy

In this study, paying attention to the oscillation pattern of the shear layer,
measurement was taken by the UVP method in the direction along the shear
layer longitudinally (Tdx-1) and in the direction across the shear layer (Tdx-2),
and the oscillation mode was analyzed. Figure 4 shows axial changes in the
fluctuation velocity energy as u* quantified by Tdx-1, E,, quantified by Tdx-2
and w’ at z = 0. Here, E, expresses the total fluctuation energy within the
measurement range defined by

EW:%HWZ(Z,t)dtdZ:ZifV”), 2)

n

and Ew is the spatial mean value of E,. The distribution of u* increases

gradually up to x/b < 0.6, and then increases rapidly toward the peak of x/b =
0.85. The distribution of the radial components shows almost the same trend, but
the fluctuation energy at x/b < 0.4 is considerably smaller. 4, in eqn. (2)
expresses the eigenvalue that can be obtained empirically by using the POD
method [13]. When the eigenfunction corresponding to each mode is expressed
as ¢,", the original velocity data can be expressed by

w(z,0) =3 w0 ¢ (2). 3)

Here, w'” is the nth random coefficient. Since the norm of ¢, itself is
normalized to 1, the square mean value of the random coefficient is equal to the
eigenvalue 4,". That is, even though there is an issue of the distribution profile
of the eigenfunction, the spatiotemporal information of the UVP data can be
contracted to the time change in the random coefficient.

0.04

0.03

0.02+

Energy of fluctuation

0.01

Figure 4: Axial change in the energy of velocity fluctuation.

The POD was applied to the data within the range of x/b = 0.5 to 1, and the
estimated POD spectra are shown as to Re = 0.6x10* and 1.0x10* in fig. 5(a).
The spectra were normalized by the total fluctuation energy E,. In both cases of
Re, the spectra shown are almost the same. Only the first mode captures about
50% of the total fluctuation energy, and the first three modes contain over 80%
of the total fluctuation energy. Here, due to limitations of space, the distribution
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of the eigenfunction has to be omitted, but it should be noted here that the
eigenfunction takes the sine-wave distribution with different wavelengths and
phases depending on the mode. Also in the radial direction (fig. 5(b)), most
fluctuation energy is captured in the lower-order modes, and the energy content
rate of the first mode is slightly high at x/b = 0.8. The eigenfunction is expressed
by the even and odd function taking the center of the shear layer as an axis of
symmetry, whose distribution profile has no essential difference due to the axial
position.

0.6 0.6 Re=1.0x 10"
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Figure 5: POD spectra of velocity fluctuation.

The power spectra of the axial and radial random coefficients were
normalized by U,,> as to n = 1 to 5 as shown in fig. 6. From these figures, it is
understood that there are two typical time scales in the present flow and they
coexist with a comparatively sharp peak of the dimensionless frequency of about
0.9 and the peak of the broad bandwidth centered about the dimensionless
frequency of 0.1. The former peak corresponds to the self-excited oscillation and
has its dominance in each spectrum excepting the axial spectrum of Re =
1.0x 10*. In the radial direction, the spectral peak is sharper at x/b = 0.5. On the
other hand, the long-period fluctuation of the dimensionless frequency of 0.1 is
made apparent well in the spectra of u".

3.4 Oscillation pattern of shear layer

Here, to separate these two time scales and examine their oscillating modes, the
random coefficient of the axial velocity distribution was subjected to discrete
wavelet transformation. Daubechies with N = 4 was used for the mother wavelet.
The wavelet spectrum was normalized by U,,” as shown in fig. 7. In the abscissa
scale j, when j = 0 is the sampled signal level, the resolution degrades
sequentially as j = -1, -2, ... down to the lowest frequency at j = -10. As
understood from this figure, the random coefficients of the POD mode n = 1
show their peaks at j = -5 and -8, while the random coefficients of the POD mode
n =2 and 3 show their peaks only at j = -5. Here, the dimensionless Nyquist
frequency at j = -5 is about 0.8.

The random coefficients were inverse transformed by using j = -5 to -10

(#%), j = -5t0 -6 (a% +a") and j = -7 to -10 (&'?) of all wavelet
coefficients of each scale, and then the velocity field was reconstructed by using
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the eigenfunction as shown in fig. 8. It is understood from this figure that the
long and short scale flow structures are separated well (figs. 8(b) and 8(c)). That

is, the long-period fluctuation can be captured by ﬁf? , having the contribution

of over 25% of the total fluctuation energy.

Lastly, correlation between the axial fluctuation and the radial fluctuation was
studied. Figure 9 shows the random coefficients of the first mode and second
mode as to the axial data and the radial data (x/b = 0.8). There is the lag of the
dimensionless time of 0.04 between these two directional components due to a
measurement problem. The positive and negative signs of the random coefficient
are dependent on the eigenfunction. The time delay z was varied and the
correlation coefficient between the random coefficients was obtained as shown in
fig. 10. The correlation between u" vs. (W or w®) is identical to the
distribution of the time scale corresponding to the long-period fluctuation, where
radial inflow and outflow repeats along with the repetition of the slow
acceleration and deceleration of the axial velocity. Between u® vs. (w'" or w®),
the correlation distribution is seen in response to the self-exited oscillation period
but their correlation is weak.
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Figure 7: Wavelet spectrum of the random coefficient in the axial direction

(a) the axial direction

Figure 6:

(b) the radial direction

Power spectra of the random coefficient.
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4

Conclusions

The results of this study are summarized as follows:

)

@

3)

Three patterns of flow fields were demonstrated according to the mode of
interaction between the separating shear layer and the downstream cavity
edge through visualized observation. Also, the mean velocity and vorticity
within the water channel were defined through velocity measurement by the
PIV, and streakline patterns were shown schematically.

Axial and radial measurements were taken by the UVP, and the
measurement results were analyzed by the POD. In both directions,
fluctuation energy over 80% was captured in three low-order modes. From
the power spectra of the random coefficients, the dominances of two time
scales were demonstrated.

When the time scales of the random coefficient were separated by using the
discrete wavelet transformation and then reconstructed, the flow structures
of the two scales could be separated and examined.
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Abstract

In the area of chemical engineering, fluidization is a widely employed
technology for a number of industrially important processes. A sound
understanding of the mechanisms governing the complex flow phenomena
involved in a fluidized bed still remains an open technical and scientific issue.

The principal difficulty in analysing fluidization quality and bubble dynamic
is concerned with the possibility of measuring or predicting the physical and
geometrical properties of gas bubbles chaotically rising in a solid granular
medium.

In recent years the use of Computational Fluid Dynamics (CFD) has been
significantly increasing to simulate multi-phase flows. It is invariably
emphasized that a necessary step towards the development of reliable fully
predictive CFD models is an extensive experimental validation of the simulation
results.

On the above basis, the present work focuses on the statistical analysis of the
behaviour of a 2-D fluidized bed operating under bubbling and slugging
conditions. Experimental data are collected by the means of a purposely
developed Digital Image Analysis Technique (DIAT). DIAT is capable of
measuring several bubbles properties simultaneously. Moreover it could be used
without any modification for computational data analysis, thus providing the
answer to the need for close comparison between experimental and
computational data. In fact, in many cases, direct experimental validation of
CFD simulation is difficult and cumbersome, since different level of detail is
available in experimental and computational investigations. In this work, the
development of an image analysis technique available for both experimental and
computational data does allow direct and effective quantitative comparison.

Keywords: multiphase flow, CFD, image analysis.
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1 Introduction

Many of the characteristic features of gas-fluidized beds, like the excellent solid
mixing, heat and mass transfer properties, can be related to the presence of
bubbles and are dominated by their behaviour. A deeper knowledge of the
fluidized bed hydrodynamics and on how such hydrodynamics are affected by
the operative conditions, especially geometry changes and plant scale-up, would
provide the base for the development of a fully predictive model describing the
gas solid flow in a fluidized bed.

The gas bubbles rising up through a typical fluidized bed ensure that the
particles are circulated throughout the bed so that properties and process
condition could be considered uniform, but at the same time could eventually
allow gas bypass, depending on operative conditions. They have a considerable
importance in the fluidized solid-gas systems because they govern
hydrodynamics and efficiency of the operation for which the bed is used.

The recent development of mathematical modelling of particulate solids
behaviour together with the increased computing power enables researchers to
simulate the behaviour of fluidized powders and to link fundamental particle
properties directly to the powder behaviour and predict the interaction between
particles and gaseous or liquid fluids. In this regard, Computational Fluid
Dynamics (CFD) modelling provides a fundamental tool to support engineering
design and research in multiphase systems. Many Authors recognise that
computational modelling in multi-phase systems has the potential to increase
process efficiency and reduce the number of scale-up steps in the design of
reliable commercial plants.

It is invariably emphasized that a necessary step towards the development of
reliable fully predictive CFD models is an extensive experimental validation of
the simulation results. In the first instance, the experimental validation will come
to assess the CFD model chosen to simulate the investigated regimes.

On the above basis, the present work focuses on the simulation of a 2-D
fluidized bed operating under bubbling and slugging conditions carried out with
the use of the commercial CFD code Ansys CFX-10.0. Computational results are
post-processed by a Digital Image Analysis Technique, [1], and compared with
experimental data.

2 Literature review

Eulerian—Eulerian continuum modelling of multiphase flows, with the fluid and
solid phases treated as interpenetrating continuum phases, is the most commonly
used approach for fluidised bed simulations, [2]. The general idea in formulating
the multi-fluid model is to treat each phase as an interpenetrating continuum, and
therefore to construct integral balances of continuity, momentum and energy for
both phases, with appropriate boundary conditions and jump conditions for phase
interfaces. Since the resultant continuum approximation for the solid phase has
no equation of state and lacks variables such as viscosity and normal stress [2],
certain averaging techniques and assumptions are required to obtain a complete
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momentum balance for the solids phase. In the last decades many investigators
tried to develop a theory of particle collision based on the kinetic theory
approach by [3]. The solid-phase momentum equation contains an additional
term to account for momentum exchange due to particle—particle collisions. The
absence of the stress term of the particle phase in the particulate momentum
equation has led to different models adopting different closure methods,
including the kinetic theory model [4-6]. The application of the kinetic theory to
model the motion of a dense collection of nearly elastic spherical particles is
based on an analogy to the kinetic theory of dense gases. A granular temperature,
0, is defined to represent the specific kinetic energy of the velocity fluctuations
or the translational fluctuation energy resulting from the particle velocity
fluctuations. In granular flow, particle velocity fluctuations about the mean are
assumed to result in collisions between particles being swept along together by
the mean flow. The granular particle temperature equation can be expressed in
terms of production of fluctuations by shear, dissipation by kinetic and
collisional heat flow, dissipation due to inelastic collisions, production due to
fluid turbulence or due to collisions with molecules, and dissipation due to
interaction with the fluid [5].Numerous studies have shown the capability of the
kinetic theory approach for modelling bubbling fluidized beds (e.g. [2, 4, 6, 7,
8.

Once developed appropriate models for the explicit formulation of solid phase
stress tensor, the inter-phase momentum transfer between gas and solid phases is
still needed to mathematically close the problem. The momentum exchange
(represented by a drag force) is one of the dominant forces in the gas- and solid-
phase momentum balances. Numerous correlations for calculating the
momentum exchange coefficient of gas—solid systems have been reported in the
literature, including those of Syamlal and O’Brien [9], Gidaspow [5], and Wen
and Yu [10].

3 Experimental set-up

The fluid-bed reactor purposely designed and built for the present investigation
is made of Perspex” with dimensions equal to 800 (height) x 180 (width) x 15
(depth) mm. The whole experimental setup is shown in figure 1(a).

The reactor is therefore almost two-dimensional, thus allowing visual
observations of bubble dynamics within the bed. A plastic porous distributor,
whose thickness is equal to 10 mm, is placed at the bottom of the particle bed.
Below the distributor a wind box allows to equalize the gas flow.

Glass ballotini in the size range 212-250 um were used for the experimental
runs with density equal to 2500 kg/m*. The particles were filled up to a bed
height of 360mm, i.e. twice the bed width. The value of u,,; was experimentally
determined and found equal to 5.24 cm/s. Also the value of gas voidage has been
experimentally determined and found equal to 0.385. In these conditions the
fluidized bed had a typical Geldart Group B system behaviour for both
particulates. Air was used as fluidizing gas, at a velocity equal to 3.4 times the
Upf.
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Figure 1: Experimental set-up.

The bubble-related flow structures were visualized with the aid of a
continuous back-lighting device obtained by placing six fluorescent lamps at the
back side of the bed, at approximately 10 cm, and recorded by a commercial
digital camcorder (Sony, model DCRTRVS530E PAL), placed opposite to the bed
at a distance of 270cm. The digital visual acquisition system allowed to collect
images of the bed at a frequency of 25 Hz. Each experimental acquisition
provides at least 500 frames, equal to 20 seconds of real time experiment.
Preliminarily, the measurement device was accurately calibrated by means of a
purposely generated set of still images that included horizontal and vertical
scales, with rectangular, circular and ellipsoid objects. The image processing
routine was developed on Matlab 7.0 (The MathWorks inc.), using the Image
Processing Toolbox. Thanks to the flexibility of the Matlab environment almost
all steps in image processing, data acquiring and elaboration could be easily
automated. The reader is referred to Busciglio et al., [1], for full details on the
experimental set-up adopted and measurement techniques.

4 Computational models and methods

In this study the Eulerian-Eulerian Multi-phase Flow Model (MFM) coupled
with the Granular Kinetic Theory (GKT) has been adopted to study the
behaviour of gas-solid fluidized beds. This choice is a standard option of the
presently adopted CFD code Ansys CFX-10.

Continuity and momentum balance equations are thus solved for each phase
using a classical Eulerian—Eulerian description. The standard GKT model is
adopted for estimating rheological properties of fluidized solid phase and
standard Wen and Yu, [10], model is adopted for estimate the momentum
exchange between phases at the phase boundaries.

Because of the similarities between particle-particle interactions and
molecular interactions in a gas, the concepts from gas kinetic theory can be used
to develop a model for the solids stress tensor. Complete details on the
derivations and applications to dense phase flow can be found in Gidaspow [5].
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The particulate phase is modelled as a population of identical, smooth and
inelastic spheres. Particle-particle interactions are described as a binary
instantaneous collisions, resembling those between gas molecules.

As far as the numerical aspects are concerned, CFD simulations were
performed in a 2D fashion choosing a computational grid consisting of Smm
square cells, with 36(X) x 288(Y) cells. Thus the width of the computational
domain exactly coincides with that of the real lab-scale bed previously detailed,
conversely the height of the computational domain in fact is bigger than the real
bed (i.e. 800mm) in order to apply a fully developed flow condition at the top of
the freeboard. The lateral walls were modelled using the standard no-slip
boundary condition. The upper section of the simulated geometry, or freeboard,
was considered to be occupied by gas only. A simple pressure boundary
condition was imposed at the top of freeboard (i.e. fully developed flow
condition). A Dirichlet boundary condition was employed at the bottom of the
bed to specify a uniform vertical gas inlet velocity throughout the distributor.
Symmetry planes were imposed on the front and rear faces of the simulated bed.

The initial conditions specify only the distribution of solid volume fraction
within the bed of solids which was set equal to 0.65.

Typical running CPU times for CFX10 simulations were equal to about 100
hrs for 10 seconds of real time simulated with a fixed time step interval At =10"s
on a Dell Dimension 8300 Personal Computer.

The simulated case is identical to that experimentally investigated.

S Post-processing procedure via Digital Image Analysis
Technique

The quantitative data on experimental and simulated bubble dynamics have been
obtained by the means of an original Digital Image Analysis Technique, [1].

This is based on bed images, suitably obtained with backlighting in order to
enhancing the contrast between the emulsion phase and the bubble phase.
Bubbles in the bed are detected because they create transparent areas in the flat
cross-sectional plane of the bed, through which light, emitted at the back of the
bed can pass through and reach the camera.

The problem of phase separation enhancing in experiments does not exists in
simulation. As a matter of fact, it is possible to obtain, by the mean of code post-
processor, full coloured concentration maps. Images ready for Image Processing
can be obtained by superimposing, as output of post-processor, black and white
images, in which areas having solid concentration less than the conventional
value of 0.15 are drawn as white areas and other areas are drawn as black ones.

By means of the DIAT, geometric properties of all bubbles found in the
image are measured. The above mentioned Digital Images Analysis Technique
(DIAT) can be easily used for both experimental images and computational
volume fraction maps, without any adjustment. The data obtained can be used to
rebuild some important statistical information about the bubble dynamics,
such as:

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



218 Advances in Fluid Mechanics VII

1) Statistical probability density of bubble equivalent diameters in the whole bed
and as function of bubble distance from the distributor;
ii) Average bubble number as function of the distance from the distributor;

The rising velocity distribution can be found by comparing bubble centroids
positions in subsequent frames. Within the present work a Lagrangian
Velocimetry Technique (LVT) has been adopted, [1], able to locally track each
bubble in his chaotic rising motion along the bed.

The data processed through the use of the LVT allow to rebuild fundamental
information on bubble dynamics, such as:

i) variation of bubble rise velocity with bubble diameter, as obtained by
smoothing processing of raw data by means of a bisquare weight function ;
ii) Statistical probability density of bubbles rise angles;

The direct rigorous comparison between experimental and computational data
on bubble dynamics so obtained will allow coherent validation of computer
simulation of bubbling fluidized beds.

6 Results and discussions

In Figure 2.a and figure 2.b the experimental and computational distributions of
bubble size distribution are reported. A characteristic positive skewed
distributions are generally observed. This kind of distribution is in accordance
with the relevant literature, [11].

It is worth noting that a single skewed distribution, such as Gamma
distribution or Log-normal distributions are not able to correctly follow data
trend. Theoretical analyses, [12], have shown that Gamma distribution can be
obtained if a coalescence-driven bubble enlargement is considered.

On the other hand, complex nucleation and splitting phenomena generally
give rise to significant amount of bubbles with smaller diameters at any distance
from distributor, thus leading to a first (almost constant) peak at smaller
diameter, and a moving peak typical of coalescence-enlarging bubbles.

This considerations lead us to consider, as fitting curves, the linear
combination of Gamma distributions shown in Equations 1, that shows excellent
fitting.

_dy 1 _dy
d)7e " +(1-p)——d, e (1)
2 F(7 3 )

1

dfd,)=p———
pf( ) ¢)72ylr(7l)

where I is the integral Gamma function.

Fm)= [e'rds @)

The numerical predictions appear to qualitatively estimate the complex
bimodal trend of bubbles size distribution, even if the quantitative agreement
may still improve.
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Figure 2: Experimental (a) and computational (b) probability density
distributions of bubble diameter at different distances from
distributor and relevant curve fitting.
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Figure 3: Bubble density along bed height.
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Figure 3 reports the experimental and computational bubble density profiles
along the bed height. It must be pointed out that a linear decay of bubble density
in a logarithmic chart would characterize a constant bubble coalescence rate,
while a constant value of bubble density would be that typical of fully developed
slug flows.

The experimental data trend is characterized by a clear linear decay, related to
a net constant decay rate of bubble density along bed height. Such trend appear
to be sufficiently predicted by the code, even if somewhat lower decay rate is
predicted.

As far as the experimental raw rise velocity data are concerned, a significant
scattering has been observed. This is not surprising at all given the chaotic
behaviour typical of bubbling fluidized beds. Therefore a choice was made to
report in Figure 4 only the smoothed version of the rise velocity data. It can be
noted that the numerical predictions are in satisfactory agreement with
experimental data, particularly for the general trend. Moreover a comparison
with the power law proposed by Davidson [13], uy=¢(gds)"’ shows that the
correlation acceptably predicts the trend of bubble rise velocity increase with
increasing bubble diameter, although some general level of overestimation is
found at all ranges.
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Figure 4: Smoothed distribution of bubble rise velocities.

In Figure 5 the probability distributions of rising angle for both experimental
and computational data are reported. It must be noted that the rising angles
always follow an almost symmetrical distribution, with the average value near
the vertical rise angle, as physically expected.

Given the random lateral motion of bubbles a sort of Gaussian distribution
may be expected to fit the data. However careful observation of the shape of the
distribution, with respect to the relevant Gaussian fit curve, highlights a positive
excess kurtosis. This can be principally due to the near wall bubbles, with limited
random lateral motion. It is thus expected that fluidized beds with larger width
could present rise angle distributions more similar to Gaussian distributions. The
comparison of the computational distribution with the experimental one shows
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an acceptable agreement along most of the distribution interval, while significant
underestimation of the probability density is found around the mean value of the
distribution.
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Figure 5: Probability density of bubble rise angle.

7 Conclusions

The direct comparison between experimental and computational data on bubble
dynamics obtained by means of a Digital Image Analysis Technique allowed the
validation of the predictive capability of the Ansys CFX 10.0 CFD code.

In particular the validation of CFD predictions with experimental data
focused on the analysis of selected bubbles characteristics, namely the bubble
diameter probability density function, bubble density, bubble rise velocity and
bubble rise angle.

The statistical significance of the results, due to the substantial quantity of
processed data, allowed to identify interesting features of fluidized bed
dynamics, such as the bimodality of the local bubble size distribution or the
positive excess kurtosis of rise angle distributions. In this regard the code
capability in predicting such complex behaviours has been tested with
encouraging results.

The present work draws the conclusion that the actual state of the art in
mathematical modelling and computer simulation of bubbling fluidized beds
allows the qualitative prediction of several phenomena, but major quantitative
improvements are still an open task.
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Abstract

Both numerical and experimental observations on two novel technologies for
fluidization in a centrifugal field are presented.

In the rotating fluidized bed in a static geometry, the rotating motion of
the particle bed is generated by the tangential injection of the fluidization gas
in the fluidization chamber via multiple gas inlet slots, so i.e. by the tangential
fluidization of the particle bed. The fluidization gas is forced to leave
the fluidization chamber via a centrally positioned chimney results in a combined
tangential-radial motion of the fluidization gas through the particle bed. In case
the radial gas-solid drag force balances the centrifugal force, radial fluidization
of the particle bed can be obtained. As a result of the tangential fluidization of
the particle bed in rotating fluidized beds in a static geometry, radial fluidization
of the particle bed is, however, not necessary to take full advantage of the
improved particle bed uniformity and the higher gas-solid slip velocities at which
fluidized beds can be operated in a centrifugal field.

The rotating chimney can be combined with any rotating fluidized bed
technology and allows increasing locally, i.e. in the vicinity of the chimney, the
centrifugal force. The rotating chimney consists of multiple blades and rotates in
the same sense than the rotating particle bed, but at higher rotational speeds. The
fluidization gas is forced through the chimney blades to the chimney outlet. As a
result of the centrifugal force generated by the rotating chimney, particles are not
entrained by the fluidization gas, but remain rotating around the chimney in a
fluidized state.

Keywords: fluidization, rotating fluidized bed, rotating chimney, process
intensification, centrifugal force.
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1 Introduction

Fluidization in the earth gravitational field faces limitations in the gas-solid slip
velocities and in the particle size that can be used. The limitation in the gas-solid
slip velocity may induce external mass and heat transfer limitations, that is, in
the gas-solid mass and heat transfer rates [1]. The limitation in the particle size
may induce internal mass transfer limitations. Internal heat transfer limitations
can usually be neglected by the large heat capacity of the particles.

Fluidization in a centrifugal field may allow to overcome the above
mentioned limitations [2]. In the currently existing so-called rotating fluidized
beds, the fluidization chamber is rotated fast around its axis of symmetry by
means of a motor in order to generate a centrifugal field [2—6]. The particles
form a cylindrically shaped particle bed against the outer cylindrical wall of the
fluidization chamber. Radial fluidization of the particle bed is introduced by
injecting the fluidization gas radially through perforations in the outer cylindrical
wall of the fluidization chamber and by evacuating the fluidization gas via a
centrally positioned chimney. It should be emphasized that in the current type of
rotating fluidized beds, the particle bed is only radially fluidized by balancing the
centrifugal force and the radial gas-solid drag force.

The current type of rotating fluidized beds has never been used on a large
scale in the (petro)chemical industries. Major challenges encountered were
related to the moving geometry, i.e. the rotating fluidization chamber, and
include sealing, vibrations, particle feeding and removal, etc.

In the present work, two novel technologies for fluidization in a centrifugal
field are presented and discussed: the rotating fluidized bed in a static geometry
and the rotating chimney [7-9]. The present paper does not aim to give a detailed
overview of experimental or simulation results, but rather summarizes the
concept, the recent findings, and the potential of the novel technologies.

2 Rotating fluidized beds in a static geometry

2.1 The concept

In a rotating fluidized bed in a static geometry [7,9], the rotating motion of the
particle bed is generated by the tangential injection of the fluidization gas in the
fluidization chamber via multiple gas inlet slots in its outer cylindrical wall
(Figure 1). The fluidization gas is forced to leave the fluidization chamber via a
centrally positioned chimney. Whereas in the current rotating fluidized beds, the
motion of the fluidization gas through the particle bed is mainly radial, in
rotating fluidized beds in a static geometry, the fluidization gas is forced to move
in a combined tangential-radial way through the particle bed. This is at the origin
of the unique characteristics of rotating fluidized beds in a static geometry with
respect to flexibility in the fluidization gas flow rate. Indeed, as can be
theoretically shown [9] and as will be demonstrated in what follows, in rotating
fluidized beds in a static geometry, the fluidization gas flow rate affects the
centrifugal force and the counteracting radial gas-solid drag force in a similar
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way. This allows to vary the fluidization gas flow rate while hardly affecting the
radial bed expansion or the particle losses via the chimney.

(<]
gas So
inlet o8

Z\
chimney|™
l(outlet)
N

\f/

@ solids @ solids
outlet inlet
Figure 1: The concept of the rotating fluidized bed in a static geometry.

2.2 Basic experimental observations

Experiments were carried out using two different fluidization chamber designs
and two different types of particles. The major fluidization chamber design
parameters and particle characteristics are listed in Table 1. The first fluidization
chamber has a cylindrical design and is 24 cm in diameter. The second
fluidization chamber has a polygonal design and is 36 cm in diameter. The
particles of the 1G-Geldart D-type are polymer pellets with an average size of
3.5 mm and a density of 950 kg m™. The particles of the 1G-Geldart B-type are
alumina or salt particles with an average size of 350 um and a density of about
2160 kg m™.

Independent of the fluidization chamber design, the particles fluidized, or the
fluidization gas flow rate, the solids loading in the fluidization chamber was
found to be crucial in obtaining a stable rotating fluidized bed in a static
geometry (e.g. Figure 2 for the 24-cm diameter fluidization chamber and the
polymer particles). At very low solids loadings, channelling is observed. In the
case of channelling, a strongly non-uniform distribution of the particles and the
fluidization gas in the axial direction of the fluidization chamber is observed. At
somewhat higher solids loadings, slugging occurs (Figure 2). In the case of
slugging, a strongly non-uniform distribution of the particles and the fluidization
gas in the tangential direction occurs. A particle slug forms that rotates in the
fluidization chamber and most of the fluidization gas enters the fluidization
chamber via the gas inlet slots not facing the resistance of a particle bed [9]. At
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sufficiently high solids loadings, a stable rotating fluidized bed is formed,
rendering the gas-solid contact optimal (Figure 2). It should be emphasized that
the fluidization gas flow rate has only a minor impact on the flow regime that is
obtained in rotating fluidized beds in a static geometry (Figure 2).

This can be explained by the similar effect of the fluidization gas flow rate on
the centrifugal force and the counteracting radial gas-solid drag force, a major
feature of rotating fluidized beds in a static geometry.

Table 1: Fluidization chamber and particle characteristics.
Unit Value
Fluidization | [m] (i) 24-107%, cylindrical
chamber (ii) 36:107%, polygonal
diameter
Fluidization | [m] 13.5-10°
chamber 11.5-102 (rotating chimney)
length
Chimney [m] (i) 15-107 / 16-107 (rotating chimney)
diameter (ii) 12-10°
Number of ] (i) 12 or 24
tangential (i) 12
gas inlet slots
Gas inlet [m] (i) 2.3-10°
slot width (ii) 4-10°
Number of ] 1
chimney 32 (rotating chimney)
outlet slots
Chimney [m] (i) 8107
outlet slot (ii) 9-107
width
Number of [/] 1/1,
solids inlets via opposite end plates
and outlets
Total gas [Nm’ h''] | 650-850
flow rate
Outlet [Pa] 101300
pressure
Temperature | [K] 333
Particle [/] a) polymer
material b) salt / alumina
Average [m] a) 2:107 (length)-5-107 (diameter)
particle size (cylinder pellets)
b) 350-10°°
Particle [kgm®] | a)950
density b) 2160
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Figure 2: Different flow regimes as a function of the fluidization gas flow

rate and the solids loading in the fluidization chamber. Fluidization
chamber and particle characteristics: see Table 1, (i) and (a).

Figure 3 shows the typical experimentally observed behaviour at sufficiently
high solids loadings with the two different types of particles using the same non-
optimized 24-cm diameter fluidization chamber design. Similar observations
were found with the 36-cm diameter fluidization chamber design [9]. The main
difference in the behaviour of the two types of particles is found in the radial bed
expansion, that is, the radial fluidization of the rotating particle bed. With the
polymer particles, radial fluidization is nearly absent. As a result, an excellent
separation of the particles and the fluidization gas leaving the fluidization
chamber is obtained with minimal particle losses via the chimney. Despite the
absence of radial fluidization of the particle bed, particle mixing is pronounced
by the tangential fluidization that is introduced. The absence of radial
fluidization indicates an unbalance between the centrifugal force and the radial
gas-solid drag force. This implies that part of the centrifugal pressure generated
by the rotating motion of the particle bed is supported by the outer cylindrical
wall of the fluidization chamber, i.e. the rotating particle bed is pushed against
the outer cylindrical wall of the fluidization chamber. The unbalance of the
centrifugal force and the radial gas-solid drag force when using the polymer
particles with the current fluidization chamber designs can be theoretically
proven [9] and is confirmed by a comparison of the measured centrifugal
pressure drop, derived from the measured particle bed rotational speed and solids
loading in the fluidization chamber, and the measured radial pressure drop over
the particle bed. With the alumina or salt particles, radial fluidization of the
rotating particle bed is pronounced and bubble formation is observed (Figure 3).
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Bubbles are transported in a combined tangential-radial motion through the
particle bed [9]. Furthermore, most of the fluidization gas injected via one gas
inlet slot is seen to leave the particle bed when approaching the next downstream
gas inlet slot. This was confirmed by simulations (§ 2.3). As a result of the radial
bed expansion, the separation between the particles and the fluidization gas
leaving the fluidization chamber is somewhat less good than with the polymer
particles and the particle losses via the chimney are pronounced. The balance
between the centrifugal force and the radial gas-solid drag force can be
theoretically calculated, confirming radial fluidization using the alumina or salt
particles with the current fluidization chamber designs.

(a) polymer particle () salt particles

Figure 3: Rotating fluidized bed in a static geometry.(a): polymer particles
(Table 1: (1), (a)); (b): salt particles (Table 1: (i), (b)).

2.3 Numerical investigation

Computational Fluid Dynamics (CFD) simulations were carried out to improve
comprehension of the gas-solid flow behaviour in rotating fluidized beds in a
static geometry. The Eulerian-Eulerian approach [10] was taken and the solid
phase physico-chemical properties were calculated using the Kinetic Theory of
Granular Flow (KTGF) [11]. Calculations were carried out using the Fluent
code. Figure 4 shows some typical simulation results for a 36-cm diameter
fluidization chamber and the salt particles. Whereas the simulation model or
code fails to predict certain experimental observations, as for example bubble
formation [9], other experimental observations are clearly confirmed. Upstream
of each gas inlet slot, solids accumulation occurs (Figure 4(a)). The fluidization
gas injected via a given gas inlet slot is seen to move radially inwards when
approaching the next downstream gas inlet slot (Figure 4(b)). This results in a
local tangential deceleration of the particle bed. The inertia of the solids prevents
them from following the fluidization gas radially inwards (Figure 4(c)) and is at
the origin of the solids accumulation upstream of the gas inlet slots.
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Figure 4: CFD simulation of a rotating fluidized bed in a static geometry.(a)

solids volume fraction; (b) gas phase velocity vectors, coloured by
the gas phase velocity magnitude; (c) solids velocity vectors
coloured by the solids velocity magnitude. Focus on a region in the
vicinity of a gas inlet slot.

2.4 Potential applications

Both the experimental observations (e.g. Figure 2) and the numerical simulations
confirm the extreme flexibility in the fluidization gas flow rate when using
rotating fluidized beds in a static geometry. In particular, this allows operating
rotating fluidized beds in a static geometry at much higher, that is, one to several
orders of magnitude higher gas-solid slip velocities than conventional fluidized
beds. On the one hand, this implies that the residence time of the fluidization gas
in the particle bed, i.e. the gas-solid contact time can be made very short. On the
other hand, a higher gas-solid slip velocity implies a proportionally higher gas-
solid mass and heat transfer coefficient. The possible combination of extremely
short gas-solid contact times and extremely high gas-solid mass and heat transfer
coefficients renders rotating fluidized beds in a static geometry potentially
advantageous for use with extremely fast and highly endo- or exothermic
reactions. For certain catalytic reactions, the removal of external mass or heat
transfer limitations when using rotating fluidized beds in a static geometry will
allow using a more active catalyst and the increase of the overall reaction rate.
Internal mass transfer limitations could be removed by using smaller particles
[1]. Indeed, even micro- and nano-scale particles were shown to fluidize
uniformly in a sufficiently high centrifugal field [12,13]. Summarizing, by
allowing operation at significantly higher gas-solid slip velocities and by a
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similar impact of the fluidization gas flow rate on the centrifugal force and the
counteracting radial gas-solid drag force, rotating fluidized beds in a static
geometry pave the way for fluidized bed process intensification, i.e. the use of
more compact reactors, and for an improved flexibility in fluidized bed
operation.

3 Rotating chimney

3.1 The concept

When fluidizing small particles, in particular micro- and nano-size particles, in
any type of rotating fluidized bed, particle entrainment by the fluidization gas to
the chimney may be pronounced. To avoid excessive particle losses via the
chimney, the chimney design can be modified or a rotating chimney [8] can be

used.
g%f/i'gﬁ

otatlng
gchlmney
(outlet)
ﬁg ,‘ > e
.

Figure 5: The concept of the rotating chimney.

The rotating chimney consists of multiple blades with inlets to the chimney in
between them (previously called 'fluidization chamber outlets') and rotates fast
around its axis of symmetry by means of a motor (Figure 5). The fluidization gas
is forced to move from the region outside the chimney into the chimney by
means of a compressor. Particles in the region outside the chimney cannot follow
the fluidization gas into the chimney by the action of the centrifugal force
generated by the chimney rotational motion. In case the centrifugal force by the
chimney and the radial gas-solid drag force in the vicinity of the chimney are
balanced, a rotating fluidized bed around a rotating chimney can be obtained, as
will be confirmed by the simulations presented further in this work. In case the
centrifugal force by the chimney is much stronger than the radial gas-solid drag
force in the vicinity of the chimney, particles will, at contact with the chimney,
be ejected more strongly. In such case and if the rotating chimney is used in
combination with another rotating fluidized bed technology [2,5,7,9], the rotating
chimney allows to build up more easily a high solids loading in the rotating
fluidized bed against the outer cylindrical wall of the fluidization chamber. This
has been experimentally demonstrated, as will be shown in the next paragraph.
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3.2 Basic experimental observations

The action of the rotating chimney was experimentally investigated in
combination with a rotating fluidized bed in a 24-cm diameter static fluidization
chamber [7,9] and using polymer or salt particles. The fluidization chamber,
chimney and particle characteristics are summarized in Table 1.

chimney: 250 rpm

Figure 6:

Solids loss rate [kg/s]

0.025 -
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---a-- Average solids loss rate after stop solids
feeding [kg/s]

200 400 600 800 1000 1200 1400 1600
Chimney rotational speed [rpm]

(@)
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(a) Solids loss rate via the chimney as a function of the chimney
rotational speed; (b) maximum solids loading in the fluidization
chamber for a chimney rotational speed of respectively 250 rpm
and 1000 rpm. Fluidization chamber and particle characteristics:
see Table 1 (i) and (a). Fluidization gas flow rate = 850 Nm’/h;
solids feeding rate = 0.0356 kg/s.
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The typical experimentally observed behaviour is illustrated in Figure 6 using
the polymer particles. For a given solids loading in the fluidization chamber and
fluidization gas flow rate, the particle losses via the chimney decrease
significantly with increasing chimney rotational speed (Figure 6(a)). For a given
solids feeding rate and fluidization gas flow rate, on the other hand, a
significantly higher solids loading in the fluidization chamber can be obtained
with increasing chimney rotational speed (Figure 6(b)). These findings hold for
the salt particles.

3.3 Numerical investigation

Numerical simulations were carried out to demonstrate the formation of a
rotating fluidized bed of small size particles around a rotating chimney. The
simulation model and method used are described in § 2.3. The rotating chimney
in combination with the static outer cylindrical wall of the fluidization chamber
requires the use of a rotating geometry. The mesh used for the simulations is split
into two zones, one static and the other rotating together with the chimney. At
the interface between the two mesh zones, an interpolation scheme is used for the
exchange of information between the two mesh zones.
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Figure 7: Simulation of a rotating fluidized bed of 60 pm alumina particles

around a rotating chimney. (a) Solids volume fraction; (b) Solids
velocity vectors relative to the chimney rotational motion,
coloured by the absolute solids velocity magnitude. Focus on a
zone between two blades.

Figure 7(a) shows the simulated solids volume fraction profile in a 36-cm
diameter fluidization chamber with a 4-blade, 12-cm diameter rotating chimney
when fluidizing 60 um alumina particles. The chimney rotational speed is 4000
rpm (rotations per minute). Figure 7(a) clearly demonstrates that, whereas the
fluidization gas is forced to leave the fluidization chamber via the openings
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between the chimney blades, the particles cannot follow the fluidization gas into
the chimney and form a rotating fluidized bed around the rotating chimney.

Figure 7(b) shows the vectors of the solids velocity relative to the chimney
rotational motion coloured by the absolute solids velocity magnitude, focusing
on a region between two chimney blades. As seen from Figure 7(b), particles
eventually entrained into the chimney by the fluidization gas can be returned to
the rotating particle bed around the chimney by the rotating motion of the
chimney. This is an important feature of rotating chimneys.

3.4 Potential applications

When used with other rotating fluidized bed technologies, rotating chimneys
allow to increase locally, that is, in the vicinity of the chimney, the centrifugal
force. As such, rotating chimneys can significantly reduce or even eliminate
particle losses via the chimney. This may be of particular importance when
fluidizing small, i.e. micro- or nano-scale, particles [12,13]. Furthermore, in
certain applications, the particle size changes significantly during the residence
time of the particles in the fluidization chamber. In such cases, the rotating
chimney opens perspectives for multi-zone or multi-layer fluidized bed
technology, with, for example, a rotating fluidized bed of the largest particles
near the outer cylindrical wall of the fluidization chamber and a rotating
fluidized bed of smaller particles near the chimney.

4 Conclusions

Two novel technologies for fluidization in a centrifugal field are presented and
experimentally and numerically investigated. In rotating fluidized beds in a static
geometry, the rotating motion of the particle bed and the centrifugal force are
generated by the tangential injection of the fluidization gas via multiple gas inlet
slots in the outer cylindrical wall of the fluidization chamber. The combined
tangential-radial motion of the fluidization gas through the particle bed results in
extreme flexibility with respect to the fluidization gas flow rate and, as such,
with respect to the gas-solid mass and heat transfer coefficients. With rotating
chimneys, the centrifugal force is generated by the rotational motion of the
chimney. The radial gas-solid drag force resulting from the fluidization gas being
forced into the chimney counteracts the centrifugal force generated by the
chimney. In combination with conventional rotating fluidized beds or rotating
fluidized beds in a static fluidization chamber, rotating chimneys allow to
significantly reduce the particle losses via the chimney and to operate at higher
solids loadings in the fluidization chamber. As such, rotating chimneys
significantly increase the flexibility in operation of rotating fluidized beds.
Rotating chimneys may be particularly advantageous when fluidizing small
particles or mixtures of particles with different fluidization properties.
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Abstract

Displacement of non-Newtonian fluid in porous media is of paramount
importance in the flow modeling of oil reservoirs. Although numerical solutions
are available, there exists a need for closed-form solutions in simple geometries.
Here we revisit and expand the work of Pascal and Pascal [4], who analyzed the
dynamics of a moving stable interface in a semi-infinite porous domain saturated
by two fluids, displacing and displaced, both non-Newtonian of power-law
behavior, assuming continuity of pressure and velocity at the interface, and
constant initial pressure. The flow law for both fluids is a modified Darcy’s law.
Coupling the nonlinear flow law with the continuity equation considering the
fluids compressibility, yields a set of nonlinear second-order PDEs. If the fluids
have the same consistency index n, the equations can be transformed via a self-
similar variable; incorporation of the conditions at the interface shows the
existence of a compression front ahead of the moving interface. After some
algebra, one obtains a set of nonlinear equations, whose solution yields the
location of the moving interface and compression front, and the pressure
distributions. The previous equations include integrals which can be expressed
by analytical functions if » is of the form iAk+1) or (2k-1)/(2k+1), with k a
positive integer. Explicit expressions are provided for k = 1, 2; for other values,
results are easily obtained via recursive formulae. All results are presented in
dimensionless form; the pressure distribution and interface positions are studied
and discussed as a function of the self-similar variable for different values of the
mobility and compressibility ratios.

Keywords: porous media, non-Newtonian, compressible fluids, self-similar
solution, immiscible displacement.
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1 Introduction

Displacement of non-Newtonian fluid in porous media is of paramount
importance in the flow modeling of oil reservoirs, where often a power-law fluid
of pseudo-plastic behavior (water thickened with polymer addictive) is used to
minimize the instability effects [5]. A large bibliography exists on porous media
flow of non-Newtonian fluids: see for example the papers by H. Pascal and
coworkers and references therein [2,3]. Although numerical solutions are
available [5], there exists a need for closed-form solutions in simple geometries.
Pascal and Pascal [4] analyzed the dynamics of a moving stable interface in a
semi-infinite porous domain saturated by two fluids, displacing and displaced,
both non-Newtonian of power-law behavior. In this paper, we revisit and expand
their work by providing: i) a dimensionless formulation of the problem; ii)
explicit expressions for the variables of interest for special values of the flow law
exponent; iii) a discussion of their behavior as functions of the problem
parameters.

2 Problem formulation

We analyze the dynamics of a moving interface due to fluid injection of a non-
Newtonian fluid in a semi-infinite porous domain of constant thickness m
saturated by another non-Newtonian fluid (Figure 1); both fluids, displacing and
displaced, are of power-law pseudo-plastic behavior with the same consistency
index n < 1. The interface is stable, so that a piston-like displacement exists; the
pressure and velocity fields are assumed to be continuous at the interface; the
pressure is taken to be constant and equal to p,, in the domain occupied by the
displaced fluid at time ¢ = 0; the displacing fluid is injected at a constant pressure
p. greater than the ambient pressure p,,.

X v
—

—_— K1, Hefrr

:
]
' K2, Mefr2
m| Pe !
'
]
]
]

Pw

—

—
—
—
— —
—

A 4 —

&(t)
Figure 1: Definition sketch.

The flow law for both fluids is a modified Darcy’s law taking into account the
nonlinearity of the rheological equation [2—4]. Thus the flow and continuity
equation for both fluids (i = 1 for the displacing, i = 2 for the displaced fluid) are:

I/n

k. Op, ov, op;

yo=| - L P N g P (1a,b)
Uy Ox Oox ot
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where x denotes the spatial coordinate, ¢ time, v Darcy velocity, p pressure, n
fluid consistency index, ¢, compressibility coefficient, ¢ porosity, k permeability
coefficient, p,r effective viscosity; in turn, the ratio between the latter two is a
function of n, ¢, k (see for example eqn 4 in [4]). Substituting eqn (1b) in eqn
(1a) one obtains for the two fluids (i =1, 2):

/n (n=1)/n
’p, 1" ((p, p,
i gl 29 i /4 2 2
o’ "C°'¢( k) Lo or @

i

where p, (x,)= p,(x,¢) for 0< x < &(¢) and p,(x,1)= p,(x,z) for &(t)<x <o,
with £(¢) interface position and &(r=0)=0. The injection flowrate per unit
width is ¢(¢)=v,(0,)m . Initial and boundary conditions are:

pi(x0)=p.; p(0,0)=p,.; limp,(x,0)=p,. (3a,b.c)
At the moving interface, the pressure and velocity fields are continuous; thus

In Vn
pl[g(o,z]:pz[g(r),r];[—L%J ["—%j v e

K OF ¥=£(2) Ko O x=£(1)

in which V = ¢d&/dt is the common value of the Darcy velocity at the interface.
We now define the following dimensionless variables (i = 1, 2):

T
(x”é:"t”p;’\;;’l/"q’):(i’iji’coip“v’_’ﬂ,q—TZJ’ (5)
mm T gm gm gm

1/n . . .
where T = c(l)/l” (,u 1 /kl) gm V" is a timescale. This recasts eqns (1a) and (2),

(4

respectively, in the following dimensionless forms, where primes are dropped for

convenience:
1/n I/n
0
v =| £ ;vzz(—M@ﬂ : (6a,b)
Ox Ox
(”*1)/’7 n—1)/n
*p _ (dp, op py_ a (ap,)""" ap,
P =n — — P =n 1/ I Y~ (7a’b)
ox Ox ot ox M ox Ot

in which M = (kz s )/ (kl / ueﬂ) and o =c,/c, are respectively the mobility

ratio and the compressibility ratio. Conditions at the interface (4a)-(4b) read in
dimensionless form (primes omitted)

plel=pled (-2 <(n ) Ly dE gy

b
O ey N Jiszn dt

while initial and boundary conditions (3a)-(3¢) remain unchanged.
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3 Solution of the problem

Introducing the similarity variable

X
n= Z‘n/ n+l) >

eqns (6a)-(6b) and (7a)-(7b) take the form

In I/n
1
v, = t_l/’”l(— —Zplj sV = t_l/nﬂ(—ﬁ&j s
n

(2n-1)/n
d? n? d,
l——ﬂ(—ﬂj =0, (0<n<n),

where 7, is linked to the position of the moving interface by
‘f(t) = ﬂll"/("“) .
Initial and boundary conditions (3a)-(3¢) coalesce into

p(0)=p,, ,171330 p,(m)=p,,

while the conditions at the interface (8a)-(8b) become

d, d,
pl(nl):pz(nl):pim 5 [ﬂj :M(ﬁj )
n=m =

dn dn

)

(10a,b)

(11)

(12)

(13)

(14a,b)

(15a,b)

in which p,, is the pressure at the interface. The interface velocity becomes

I/n
V= ﬁ — V) _ﬂ _
dt dn

Integrating eqn (16) with the initial condition & (t = 0) =0 yields

1/n
g(r) =" o i)
n dn n=n

Coupling eqns (13) and (17) leads to the following expression for 7,

I/n
n = @y =12 (_ @J :
n 6177 n=m

n=m

Now integrating once eqns (11)-(12) yields respectively
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dp dp (1-n)/n n(l n) n/(1-n)
G _ || TR g 0<n<m), 19)
d’] {( d77 j]]‘l]] ( 1 ) ( l)

d d (1=n)/n (1 ) n/(1-n)
P _ || _ 9P __mdznje (a0 < 20
dn ﬂ dﬂ),,_,,l 20+n)M"" b = )} (m <n<w). (0)

Note that eqn (19) is in variance with (18) of Pascal and Pascal [4]. From eqn
(20) it is evident that dp, /dn =0 for

2(l+n)Ml/n dp (l—n)n 1/2
T el s : @n
m=m

n(l —n)a - dn

Eqn (21) shows the existence of a compression front ahead of the moving
interface, whose dimensionless position and velocity are defined by

*
é % (t) — 77 % tn/(n+1) : V* — dé — n ’7 E3 t—l/(n+]) . (223,b)

dt  n+l1
At and beyond the compression front, the displaced fluid Darcy velocity v, is

null; hence, the fluid remains at the constant pressure p,, for 7 > 7 *. Therefore,
the boundary condition (14b) is replaced by p, (77 *)= p,, ; taking this and eqn
(14a) into account, the integration of eqns (19)-(20) yields

W[ g N o /()
pl(ﬂ)=pe—_[{[—ﬂj _l _")(rz—nf)] dr, (23)

W dn 2(1+n)

2l g\ (1-n) nf(1-n)
P> mi—n 2 _p?
_ _ _ - dr . 24
p2(77) pw +J.l:( d?] \J']_’h 2(1 +n)M1/n (T ’71 ):| T ( )

n

On the other hand, subtracting eqn (24) from eqn (23) and taking into account
the interface condition (15a) gives

m (1-n)/n n/(1-n)
o _dp, 3 n(l— n) SR
Ap=p,-p, —J-K dnlm 2(1+n)(T )| de+

0

* d (l*ﬂ) n (l ) Vl/(l—n)
+J.(_&J el T | I
dn) . 201+ n)Mr

m

(25)

The nonlinear algebraic system of equations (15b), (18), (21), and (25), for
assigned pressure drop Ap, compressibility ratio @, and mobility ratio M,
determines the pressure gradients at the interface, and the positions of the
moving interface and of the compression fronts, i.e. (dp, /d 77),7:,]l , (dp,/d 77)77:771 ,
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n,,n*; once these are known, the pressure distributions are easily determined.

To solve the set of equations, we proceed as follows: first, we rewrite eqn (21),
with the aid of eqs (15b) and (18), as

12

2(1 ' M
n*= 771{1 +%} =nme(m). (26)
1

Second, with the help of eqns (15b), (18), and (26), eqn (25) becomes
m l-n n/(1-n)
n n(l - n) 2
Ap = J. —_ — - dr+
P ([[l-l-nn'j 2(1+n)(T ) ‘

me (77]) 1 n 1-n n(l _ n)a "/(1’")
2 2
+ | {M(l"j/" (1+n"‘j T2 M (= )} dr

n

. @D

in which the only unknown is 7, ; once 7, is determined via eqn (27), 1 * is then
calculated through the function ¢, (771) defined in eqn (26). Finally, the pressure

distributions behind and ahead the moving interface are given by eqns (23)-(24),
which become, with the aid of eqns (15b), (18), and (21)

) i) (1-n)
p.(ﬂ)=pe—J[( “ mj _er (rz—nf)} dr, (28)

AN 2(1+n)
met(m) 1 " 1-n n(l _ n)a n/(1-n)
p,(n)=p, + I {W[EMJ —W(Tz—mz)} dr. (29)
n

The integrals in eqns (27)-(29) are of the type I(a —btz)p dt, with a = a(nl)

and b positive quantities, and p a positive real number: hence, they can be
expressed as analytical functions in two cases [1, p. 84]: i) n=k/(1+k);

ii)n =(2k —1)/(2k +1) , where k is a positive integer.

4 Closed-form results

In the following, explicit expressions for all variables of interest are provided for
cases i) and ii) for k =1and k =2, while for other values of % results are easily
obtained via recursive formulae [1]; for each case, we report eqns (26)-(29), the
expressions of the coefficients included therein, the position and velocity of the
interface and of the compression front, and the dimensionless injection flowrate
per unit width ¢(¢); for the sake of brevity, ¢,(n,)=¢,,a,(n,)=a,, a,(n,)=a, .

4.1 Casei)n=ki(k+1); k=1 (n=1/2)

2
.= {1+4(3)—M} , (30)

an”
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3
AP:’71[5’1+(C1_l)az]_ﬂ?l[bl+(c13_l)b2]’ 1)

bn’ b
pl(ﬂ)—pL —an+ l;’] > pz(ﬂ):Pw +a2(cl771 _77)_?2(0137713 _773)’ (32a,b)

1/2 5 1/2 2
“ :(mj WL azzi(ﬂ} ] (33a,b,c,d)

o
12 M\ 3 12M2° 7 12M*]
E)=nt™ V()= ex)=cn™, V() =", Ghabed)
q(t)=att™*. (35)

4.2 Casei)n=ki(k+1); k=2 (n=2/3)

s 2
(= {1 +M} , (36)

an”

ap =l + o] 2 o + 6 - a2 + e - 2], o)
pl(n):pe_al77+%a1b1773 _%blz ’, (38)

2 1
p.(n)=p, +a;(cm - n)—;azbz(Cfnf - 773)+gb§ (i =), 39)

1/3 2
a, =(%j +’17—15, b, :%, (40a,b)
/3 2
_ 1 (2 arn __
EYIE (Tj Flsm T T s (41a.b)

EW)=ns", V()= %t’” L EXO) =t V()= %t’% ,  (42ab,c,d)
q(t) = a]3t'3/5 . (43)

4.3 Caseii) n = 2k-1)/(2k+1); k=1 (n = 1/3)

/2
3(4)1/3M !
¢ = 1+T(‘/3 ) @9
Ap = % (611 —bn} )1/2 +¢ (a2 ~bycin; )1/2 - (az ~ by} )1/2]+

b 1/2 b 12 b 1/2 ,(45)
+-9_arcsin| | - n |+ D Jaresin| | 2| ¢ n, |—arcsin| | =+ | 7
2b]l/2 a, 1 2b;/2 a, "I 2, |
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/2
P (77): P. %( y ]/2 arcsm[ 77] , (46)
1 5 \/2
pz(ﬂ)=pw+5[cl ( —bclm) —77 _b277 ]+
b 12 b , (47)
+—2_Jarcsin| | =% | ¢,n, |- arcsin —2
2/3 2 2
Ui m 1 1 (n an
=4+ p=—, ,b, = , (48a,b,c,d
@ (4) 2" T T M2(4j 2m 12M3 ( )

0= V()= 20 g2 = cni v
qlt )= a

4.4 Caseii) n = 2k-1)/(2k+1); k=2 (n = 3/5)
8

ys 12
¢ = l:l + 5(5) } ,
[(al — b} )3/2 +¢ (a2 hCLTl; )3/ ( — 01 )3/2]+
3m

3 [al(al _b1’712) +a Cl( —bycin} )1/2 _az(az b} )1/2 ]+
2

2
b 3a;
arcsin| |+
a, &b

_ S,
()=,

13/2 =i

M

8/5

arn,

Ui

A =
P

2
2

. [[b
arcsin| | —
a

2

+

8b1/2 1/2

2

2

P1(77): P. _%(al —b1772)3/2 —MTlﬂ(al —b1772)]/2 - 8bl/2 arcsin (2—'1
pn)=p. +%[clm(az R |

+3%[C1771( ~byein, ) 77(a2 _b2n2)1/2]+

12 12
| by .| by
arcsin| | — 01771 —arcsin| | — n
a, a,
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5 > (49a’b9c’d)

(50)
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2/5
a =30 +ﬁ,bl=i, (55a,b)
8 40 40
2/5 2
1 (3n 3an; _ 3a
=5 v g G0

EW)=nt", V()= %t‘” L EX()=ept, v E(e)= %t‘sﬂ‘ . (57ab,c,d)

gle)=a* . (58)

5 Discussion of results

In this section we discuss the behavior of the variables of interest as functions of
the fluid properties. We do so for the reference case p, =1, p, =0.5; hence

Ap =0.5. We evaluate results for n=0.33,0.50,0.60,0.67 ; these values cover

quite well the range of variation of n for pseudoplastic fluids in field cases.
Finally, to grasp the influence of fluid mobility and compressibility, we consider
the following cases for the mobility ratio M and compressibility ratio o: 1) M =
02,0=02;ID)M=02,a=5I)M=5,a=0.2;IV) M=5, o =5. In Figures
2a-d, the interface location &(r) is illustrated as a function of time for the above

values of n, M, and .

When the displaced fluid is less compressible and less mobile than the
displacing one (case I), the interface advances very slowly, more so for lesser
values of n (Figure 2a); when the displaced fluid is more compressible and more
mobile than the displacing one (case IV), the interface advances very fast, more
so for larger values of n, even if the difference between results for different
values of # is, relatively speaking, less marked than in the previous case (Figure
2d). When the displaced fluid is less mobile, but more compressible than the
displacing one (case II), the interface advances almost as fast as for case I, and
differences between results for different values of n are as marked as for case I'V.
Finally, when the displaced fluid is more mobile, but less compressible than the
displacing one (case III), the interface advances faster than for case I, but less
fast than for cases II and IV; this indicates, at least for the range of values of
parameters examined here, that to achieve the maximum displacement, one needs
not only large values of the power law model exponent n, but also of the
compressibility and mobility ratio, the former more than the latter.

Figure 3a shows the compression front location & * (t) as a function of time in

the four cases listed above for n = 0.50. As expected, the compression front
advances fastest when the displaced fluid is more mobile, but less compressible
than the displacing one (case III); the compression front is slower in cases I and
IV, and becomes slowest for case II, when the displaced fluid is less mobile and
more compressible than the displacing one.

On comparing Figure 3a with Figures 2a-d, it is noted that the compression
front location is farther from the interface location when the displaced fluid is
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less compressible than the displacing one (cases I and III); the reverse is true
when the displaced fluid is more compressible than the displacing one (cases II
and IV). The above conclusions hold true also for different values of n (not

shown).
0.20 20
¢ | [=n=033 a £ | [=n=0.33 o)
——n=0.50 15 —e—n=0.50 A
0151 | _a—n=0.60 A |21 |-a—n=0.60 .
1 [=©—n=0.67 ——n=0.67
0.10 § P 1.0 A
0.05 i 105
0.00 T T 0.0 T T
0 2 4 10| 0 2 4 8 t 10|
1.0 20 d
¢ | [=n=033 © 3 ) A
0.8 | |—#—n=0.50 b1l s ] ’
4 | -4—n=0.60 . :
0.6 1 |—©—n=0.67
b 1.0
0.4 1 N —=-n=0.33
| —e—n=0.50
0.5 1 —&—n=0.60
0.2 i —©—n=0.67
0.0 T T 0.0 T
0 2 4 10 0 2 4 8 t 10|
Figure 2: Interface location as a function of time for a) case I: M = 0.2, o =
0.2;b)case II: M=0.2, a =5; ¢) case lIl: M =5, o = 0.2; d) case
IV:M=5,0=5.
25.0 1.0
g - a) p 1 b)
2004 |-l M oo
4 —A— 1l 1
1504 [o=IV 0.8 1 m n*
10.0 0.7 3
5.0 1 0.6 i
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Figure 3: a) Compression front location as a function of time for Cases [-IV

and n = 0.50; b) Pressure as a function of 7 for n=0.50, Case [V.

Finally, Figure 3b shows the behavior of pressure in the displacing and
displaced fluids, p, (77) and p, (77), as a function of 7 for n = 0.50 and case IV;

note the discontinuity in the pressure derivative at the interface location 7,=

0.745 and the pressure asymptote at the compression front location 77* = 2.556.
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6 Conclusions

In this paper, we examined the dynamics of non-Newtonian interfaces when a
fluid is injected at a constant pressure into a plane porous domain, revisiting and
expanding the work of Pascal and Pascal [4]. Via the adoption of a self-similar
variable, we obtained closed-form solutions for the pressure distribution, location
and velocity of the moving interface and compression front for several values of
the power law model exponent.

Expressing the model equations in dimensionless form, it was found that the
variables of interest are functions of the imposed pressure difference, of the fluid
consistency index (power law model exponent), and of the relative mobility and
compressibility of the displacing and displaced fluids.

We confirmed the existence of a pressure front ahead of the moving interface,
traveling with finite velocity. Evaluation of the interface location showed that,
for a given power law model exponent, a large relative compressibility is
comparatively more efficient than a large relative mobility ratio towards
maximizing the resulting displacement.

Our results may help in better interpreting transient pressure response in
polymer flooding projects in oil reservoir engineering.
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Abstract

The presence of an icy crust covering several satellites of the solar system (e.g.
Europa, the jovian satellite) suggested us to accomplish the numerical simulation
of the Rayleigh-Benard convection flow of a horizontal layer of mushy water,
covered at the top by its own ice and immersed in a low gravity field. The phase
transition occurring at the ice/mushy water interface, with release/absorption of
latent heat, is included in our study. Starting the simulation with ice and water at
rest in a conductive temperature distribution, we pushed the computation forward
enough to approach, possibly, the thermo-dynamical equilibrium. We adopt
initial geometrical parameters resembling the present set-up of Europa's crust. As
the changes undergoing on the satellite nowadays are imperceptible, the final
computed configuration should recover the present dynamical and thermo-
dynamical fields. We also provide the estimate of the amount of heat flowing up
from the bottom of the domain that is from the inside of the planet, a quantity
practically difficult to be measured even on Earth.

Keywords: continuum mechanics, phase transition, heat transfer, moving
boundary, numerical simulation, natural convection, low gravity, front-fixing,
finite differences.

1 Introduction

Due to the relevance to techniques in artificial crystal growth and metal
manufacturing, in the last three decades specialists in CFD have devoted much
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attention and effort in developing numerical models and computational codes for
the simulation of horizontal convection flows with liquid/solid (L/S) phase
transition and a bunch of papers on this topic are available in the literature (see,
for example [1-4]). Several issues have been deeply investigated, such as the
impact of the convection flow of the liquid and of the deformations of the solid
on the phase-change process and the dependence of the dynamical and thermal
fields on gravity and on the physical and geometrical parameters.

The problem faced in this work, the Rayleigh-Benard convection flow with
L/S phase change, is linked, as well, to interests of other scientific disciplines, in
particular we mention planetology with its queries on the icy satellites of the
solar system and geology and glaciology with the studies on the appearance and
evolution of the Antarctic subglacial lakes. In both cases occurs the presence of a
thick layer of ice with its water underneath, and either the ice or the water
undergo a natural heating effect from below that induces vertical convection
within both phases. For these applications, the description of the evolution of the
icy crust (thickness and deformations), of the convection flow of the water and
of heat transfer are, clearly, fundamental. Here, we propose the numerical
simulation of the Rayleigh-Benard convection flow of a rectangular laterally
open horizontal layer of mushy (freezing) water, covered at the top by its own
ice, immersed in a low gravity environment, alike that one of Europa, the jovian
satellite. In fig. 1 the geometrical setting is sketched (the phase boundary is
drawn as a straight line in its initial shape; with time evolving, it is allowed to
become curvilinear).

lg
vA

A
. Hs

Solid phase
A 4
A

Liquid phase H
\ 4 >

(0] X
L
Figure 1: Initial geometrical setting.

In the next section the mathematical equations adopted and the numerical
technique used are outlined and, in section 3, the numerical results are presented
and discussed.
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2  Mathematical and numerical modelling

2.1 Governing equations

The mathematical model governing the evolution of a continuum sample
undergoing L/S phase transition has to include the equations for the conservation
laws of momentum, of energy and of mass; for their structure we refer to the
books on classical mechanics (e.g. [5]). So a set of equations for each single
phase is obtained; they are coupled through the jump conditions, one for each
balance equation. In the jump condition for the energy conservation law (so
called Stefan condition [6]), most important is the contribution due to release or
adsorption of latent heat corresponding respectively to the solidification or the
melting processes.

In the model here adopted the liquid phase and the solid phase are
respectively described as an incompressible viscous fluid and an isotropic
linearly elastic material [5]. This choice allows one to keep average the level of
difficulty of the final system of equations to be solved. Obviously, for the ice, a
more appropriate model would be one describing correctly the specific material
symmetry but, our aim, here, is to provide a first insight to the effects of the
mechanical response of the solid phase within the transition process.

Additional simplifying assumptions are:

1) the density of the liquid phase and of the solid phase are assumed to be equal,
ii) the radiating heat is neglected,
iii) the material coefficients of the two phases are assumed to be constant.

Let ¢ and (x,y) be, respectively, the time and the space Cartesian coordinates
within a spatial reference frame with origin at the left lower corner of the sample
and upward vertical axis. Let us call D;, Dg andI the domains occupied
respectively by the melt, the solid and the phase interface. Introducing the
Boussinesq and Fourier approximations, the governing equations of the melt
flow, holding in D; result:

d _ - ~ 1
PL dTVZ—VP"'/lLVzV—PL [l_aL(TL_Tp )]g M
V-y=0 ()
dr ou) 1fou ov) (v
pc,—E=k, VT, +u, (uj | L 3)
dt ox 20y Ox oy

p, T; and £, being V =(u,v), respectively velocity, pressure, temperature and

density of the melt.
These equations are coupled with the following ones for the solid phase
holding in Dyg:
-

ps%:ysvzﬁ—ps[l—as(n—T,,)]g “4)
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V-U=0 (5)
T
pics aa—ts:kSVsz ©)

U, Ts and ps respectively being the displacement, the temperature and the

density of the solid phase. The symbols ¢, k and o with the appropriate subscript
(L or S) indicate respectively the specific heat, the conductivity and the thermal
expansion coefficients for the liquid and the solid phases, whereas z; and
are the viscosity coefficient of the melt and the second Lamé constant of the
solid.

The jump conditions, that hold in I" (t), appear:

7, =7, )
(o +10, (75, + (95, ) ) = (VO + (v )i ()
—pAW, -A—u, )~k VT, -A+k, VT, -7 =0 )

n being the normal unitary vector on I'(t) and A the latent heat. The set of
equations (1) —(9) is completed by initial and boundary conditions according to
the known requirements of the classical fluid and solid mechanics models (see
[5] and further details in the next section).

Let us observe that equation (9) is the well-known Stefan condition;
furthermore, let us focus on the fact that, at the phase front, the classical no-slip
condition, holding for viscous fluids, within our model implies that interfacing
fluid and solid particles are allowed to move sticking to each other with the same
velocity. On the contrary in models for L/S phase change that neglect the solid
deformations the no-slip condition implies that at the phase front the fluid
particles have null relative velocity.

The Coriolis force is not included in the model; this choice is compatible with
the application to the icy satellites as it has been shown by Cerimele et al. in [7].

By observing that the vectors V and U are both required to be solenoidal,
we have reformulated the above model on the basis of the Helmoltz-Hodge
decomposition in order to meet more accurately and easily such constrain.

This procedure is well known and experimented in fluid dynamics and leads

to the scalar potential/streamfunction/vorticity formulation (¢ ,y,®) [8]. In [9]

we have proposed to extend this approach also to the treatment of the solid phase
by introducing the new unknowns, ¢,y and @g linked to U by these relations:

O=|_%Ys % Ovs  Obs o, =Y U
dy Ox Ox Oy ox Oy

According to this, we transform the equation (4) by applying the curl operator

and obtain a scalar equation for @, . In doing so, equation (5) reduces to a

simple Laplace equation for ¢, and i results solution of the Poisson equation

coming from the definition of @y .
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2.2 Numerical method

Prior discretization, the mathematical model adopted has been written in
nondimensional form by using the following reference quantities: H; ,
H? preu/koand To- T, respectively for length, time and temperature.

Then a finite difference method has been applied, with the first order Euler
scheme for first order time derivatives, the second order backward scheme for
second order time derivatives and centred second order schemes for space
derivatives.

Doing so, the unknowns @, , g T, and, Tsresult explicitly determined from

the evolutive equations within a time marching algorithm. The Laplace equations
for the scalar potentials and the Poisson equations for the stream-functions, one
of each in both phases, are solved by a Bi-CGStab method [10], as linear system
solver, supported by a pre-conditioner based on the ILU factorization [11].

In fact the first step in our solving procedure consists in the application of a
front-fixing technique that overcomes the difficulties related to the moving
boundary formulation: a coordinate transformation is adopted in order to
transform the spatial domains, D; and Ds, into the unitary square and make
straightforward the finite difference discretization. Obviously, this
transformation generates new factors to the differential operators of the model,
which depend on the function of the unknown curve of the phase front. At each
time step the discrete points of this curve are properly advanced according to the

value of #, obtained by the Stefan condition.

3 Numerical simulation test

3.1 The physical set-up

The simulation that we have developed is compatible, with respect to either the
geometrical and the physical characteristics, with the evolution of a portion of
Europa’s icy crust, that is two adjacent infinite layers of ice, the conducting one
laying above the convective (mushy) one.

Below and above the icy crust are supposed to be respectively the ocean and
the atmosphere, not directly included in the simulation; at both boundaries free-
slip and impermeability conditions are imposed together with the melting
temperature 7, at the ice/ocean interface, and the external temperature 7,, at the
top.

At the phase interface, the temperature T3, limiting the convecting ice, is
imposed. At the left and right lateral open boundaries, where the infinite layer is
artificially truncated, periodicity to I* order is imposed to the dynamical
variables and to temperature. The remaining boundary value of the dynamical
variables selects the solution with entire convecting cells.

The values of the geometrical, physical and material parameters, here, follow:
Hg=5 Km and H; = 20 Km (initial thickness of ice and mush layers), L = 100
Km (length of the truncated layers), T,, = 95 K, T}, = 249.24 K, T,, = 270.5 K,
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£ L=1000 Kgm®’, ps=917 Kg/m®, k. =3.9 Wm K, ks =k, ¢, =4.2 103
J/KgK, cs=1925J/KgK, t11=10"Kg/ms, s1s=10GPa, & . =1.6 10°K,
aL=as A=33410"J/Kg, g=1.3 m/s.

3.2 Results

In order to cope with the extremely long computing time required to accomplish
the simulation, quite typical of any L/S phase transition computation, we have
kept as low as possible the number of discrete unknowns and used time steps as
large as possible. The space discretization grid used is (71 X 41) either in D,
and in Dy ; this choice is supported by the grid refinement analysis developed by
two of the authors in [7] for a similar problem where the dynamical response of
the conductive ice was neglected (egs. (4-5) and (7-8) dropped). The larger non-
dimensional time step allowed by numerical stability constrain has been At=
~107 (equivalent to 0.25 yr).
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= L R |
=)
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10000
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i T Y i .J = | SR T o o™=
0 20000 40000 X 60000 80000 100000

Figure 2: Particle track lines in the solid phase (above) and streamlines in the
liquid phase (below) att=17 x 10° yr.

We have started the simulation with conducting temperature profile and both
phases at rest and pushed the computation up to time t=17 x 10° yr, when
symmetry establishes. In fig.2 we show the tangent lines to the deformation field
of the solid phase (particle track lines) and the streamlines of the liquid phase. In
fig. 3, the isothermal regions in the whole domain are displayed. We observe the
formation of four cellular structures either in the liquid or in the solid phase.
Although the elastic response of the solid to the tractive effort operated by the
convecting liquid phase at the interface is clearly evident, it is not so important to
influence sensibly heat transfer; actually, the thermal field within the solid phase
exhibits a conducting behaviour. In the liquid phase two thermal plumes form.
As far as that may be deduced by the plots of the thermal field, there is
qualitative agreement with the results obtained by Mitri and Showman [12],
based on a geology-purpose power-law/finite element code. By looking at the
evolution of the phase front, we observe that, approaching the shot time, it still
undergoes short oscillations that should be due to the linear elastic nature
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imposed to the ice. So thermo-dynamical equilibrium, if there exists, is not
reached yet.

[ [

40000 TLVTSV: 100 180 259.104
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Figure 3:  Isothermal regions at t=17 x 10° yr.
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Figure 4: Streamlines in the liquid phase at t = 2 x 10° yr (above: solid
mechanics not included; below: present model).

In fig. 4 it is possible to compare the streamlines obtained with the present
model versus those computed by dropping the solid phase mechanical response:
it is evident that this contribution is non-negligible (see the effect on the velocity
of phase change) and has to be included in order to simulate correctly the
phenomenon considered.
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In fig. 5 the curve of the value of the heat flux, computed at the bottom of the
liquid domain, is shown. Its shape is due to the gradients of the thermal field
within the lower internal region and, in order to have an estimate of the heat flux
coming from the inside of the satellite, it would be necessary to compute the
average of the displayed values. We can say, however, that there is just a good
match with the range of values extrapolated from the magnetic field data
gathered by the Galileo and Voyager spacecrafts, that amounts to (0.02—0.07)
W/m.

Q (Wim)

 x(m)

Figure 5:  Estimate of the heat flux from the bottom of the domain.

We are aware that a mesh refinement analysis on the present model, at this
time under development, is mandatory in order to increase the confidence in our
numerical results.

The average CPU time required for running each time step was estimated to
be about 0,4 sec.

The analysis of the transient regime and the dependence on the classical fluid
dynamics non-dimensional parameters (Gr, Pr and Re) will be our next
challenges.
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A five-equation dissipative model for the
simulation of two-phase flows
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Abstract

This work deals with the design of a five-equation dissipative model for the
simulation of two-phase flows and its numerical approximation. Two-phase flows
are usually modeled using the well-known one-pressure two-velocity model,
which is not hyperbolic, or using a two-pressure two-velocity model, whose
complexity makes it costly. Finally, five-equation reduced models can be used, but
they feature a unique velocity, which makes them unable to reproduce complex
flows.

Our five-equation dissipative model is derived from the standard six-equation
bifluid model using the Chapman-Enskog expansion technique. Developments
to the first order lead to a hyperbolic system, and even if the model features
only one velocity, dissipative second-order terms enable it to deal with velocity
disequilibria.

A finite-volume numerical approximation of this model using a fractional
step approach is proposed. After the convective step, which takes into account
the hyperbolicity of the convective part, the solution of the dissipative step is
evaluated. Numerical tests are presented, where the capability of the model to deal
with flow featuring phenomena due to velocity disequilibria is shown.

Keywords: two-phase flows, velocity disequilibria, Chapman-Enskog expansion,
finite-volume scheme.

1 Introduction

Two-phase flows arise in a large range of applications, and their numerical
simulations are still an issue. Mixture models are often used for this purpose. But
there are situations where velocity disequilibria between the phases have to be
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taken into account and for these cases, the most widespread model is the bifluid
model based on the assumption of the phase pressure equality [1], which feature
six equations in one dimension. This model is however basically non-hyperbolic,
which can lead to numerical failures.

Thus, seven-equation models [2] have been proposed, with the addition of an
equation on the volume fraction. This ensures the hyperbolicity, but it is seldom
used because of its computational cost. Finally, five-equation models exist [3],
which includes unique pressure and velocity for both phases, but this feature
prevent them to model complex flows.

Here, we discuss a model that has been obtained using a Chapman-Enskog
expansion [4] of the six-equation model. This gives us the five-equation model
when the expansion is performed at the order zero, but expansion at the second
order gives additional terms that can model the difference between phase veloci-
ties. The derivation of this model will be presented in the next section, then we will
show some of its properties. Next, we will discuss its numerical approximation and
present eventually some numerical results.

2 Derivation of a five-equation model with additional
second-order terms

Our model is derived using a Chapman-Enskog expansion [4] of the classical bi-
fluid model, which can be written

drag pr + div (o pruy) =0
o priuy + div (o prity ® uy) + o Vp = M{ + o prg (1)
dro prex + div (o (prex + puy) = —pdag + 1, MY + o priuy.g

where oy are the phase volume fractions and verify o) + ap = 1, pi are the phase
densities, u; the phase velocities, p the pressure and ¢; the phase total specific
energies, with e = iy +£z /2, i, being the phase internal specific energies. g stands
for the gravity. The velocity at the interface is modeled by u; = Yju, + You,,
and the drag force terms are written M Z = (— 1)"+1 8% (uy — uy), where we have
introduced the mixture density p = a1 01 + o202 and the mass fraction ¥y = D
&, denotes the characteristic time of the velocity relaxation, and is supposed to be
small.

An expansion to the order zero in ¢, gives the five-equation model [3] that can
be written

0 (a1p1) + div ((e101)u) =0

3 (o p2) + div ((a2p2)u) =0

dpu+ div(pu ®u) + Vp = pg 2)
dpe + div((pe + p)u) =0

(@1C2 + a2 C)(Br0ry 4 u.0y0r1) + ajap(Cy — Co)dive =0
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where pe = pi +g2/2 is the total energy of the mixture, with pi = o1 p1i1+020202
the internal energy of the mixture and Cy = ,okc,% is the adiabatic bulk modulus of
phase k, with ¢, the speed of sound.

If we now perform a first order expansion, we obtain an expression of the relative

velocity between the phases as a function of the state variables. More precisely, it

can be written u, = (u; — u,) = SMMVp. Introducing this expression in

system (1), we obtain the following system with additional second-order terms

0 (a1 01) + div ((a101)u) = —div (pY1Yau,)
0 (a2 02) + div ((a2p2)u) = div (pY1Y2u,)
dpu + div(pu @ u) + Vp = pg
dpe + div((pe + p)u) = div ((ha — hp)pY1You,) + pu.g 3)
(@1C2 + a2 C1)(0ra1 + u.0xa1) + @1o(C1 — C2) divu
= (Y1a1C2 — Yra2Cu,.Vai — ooz (Cy div (You,) + Co div (Yiu,.))
a1 Y o Ys
—| 1o + - Y1 —a1) Ju,.Vp

P2K2 P1K1

where hy = iy + p/px is the specific enthalpy of phase k and kx = (%ﬂ)k_ In the
following, we will assume that this system of equations is completed Witﬁ Stiffened
gas equations of state for both phase, i.e. iy is such that iy = % ~+ ix,0, with
Yk» Pk.oc and ig o are constants describing the thermodynamical properties of the

material.

3 Properties of the model

The five-equation model (2), and therefore the model with second-order terms (3),
is an unconditionally hyperbolic model, as shown by Murrone and Guillard [3].
Indeed, it features three distinct real eigenvalues, whose associated eigenvectors
span R3. These eigenvalues are given by u, u — ¢ and u + ¢, where ¢ is the well-
known speed of sound in a multiphase flow given by the equation 1/(pé?) =
ar/(picd) + az/(p2c3) [5].

A second very interesting property of this model is the existence of two
independent entropy-entropy flux pairs, one for each phase, which are consistent
with the additional second-order terms. These pairs are (—o PkSk, —Ok PkSkU),
where s; is the specific entropy of phase k.

Indeed, algebraic manipulations of the system (3) gives two equation on the
phase entropies s

— O (g presi) — div (g prSkit)

) 1 pYi (Y1 —a1)) 2
=&, div((=D"" Vi Ypsk (Y1 —a1)Vp) — g — IVpll® 4)
where k' = 3 — k. Considering equation (4), it is therefore clear that dissipative
terms due to velocity disequilibrium increase the phase entropies along the
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trajectories. As a consequence, the mixture entropy s = Y1s1 + Yas2 is also an
increasing variable along the trajectories.

4 Numerical approximation

A fractional step is performed to solve numerically the system (3), as performed
by Guillard and Duval [6]. This consists in first solving the convective step, i.e.
solving the classical five-equation system (2), and then focusing on equations
where only second-order dissipative terms appear.

4.1 Convective step

To solve the convective step, we use the Finite Volume method proposed by
Murrone and Guillard [3]. This method is based on VFRoe-ncv methods [7], but
characteristics on both sides of the discontinuity are linearized when using the
approximate Riemann solver, which leads to a more robust solver than classical
VFRoe-ncv methods.

It should be noted that the equation on the phase 1 volume fraction is not
solved using the form given in system (2), because this form may cause numerical
instabilities when cohesion pressures pi, o are very different, which is usually the
case when dealing with gas-liquid flows. Indeed, when discretizing this equation,
large rounding errors arise when evaluating the pressure. Thus, the volume fraction
equation is transformed into

a1 .
0 V. -——d =0 5
ray + V.(a1u) 21Cr + arC vu 5)

which prevents the propagation of large rounding errors.
4.2 Dissipative step

The dissipative step consists in solving the following equations, using the state
vector ' (oY, pe, ay, p, pu)
0 pY1 = —div(pY1You,) (6.1)
drpe = div ((hy — h1)pY1You,) (6.2)
(@1C2 + a2C1) 0o = (Y1a1C2 — Y2a2Cu,..Vay
—araz(Crdiv (Yau,) + C2 div (Y1u,))

1Yy oY
— a2 + - (Y1 —a1) Ju,.Vp (6.3)
P2K2  PLIK]
dp=0 (6.4)
drpu =0 (6.5)
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Because the mixture density p and momentum pu are constant with respect to
time during the dissipative step, the system can be simplified and written with the
variables ! (Y1, i, or1)

p 0 Y1 = —div(pY1You,) (7.1)
p 0 = div((hy — h1)pY1You,) (7.2)
(@1C2 4+ a2C1)dsay
= Y1102 — Y2a2Cu,..Vay — ajaz(Cy div (You,) + Codiv (Y1u,))
arYy  als
- (Otlotz + < - )(Yl - al))ﬂ,VP (7.3)

P2K2 P1K1

We use again a fractional step method to solve this system. First, a “dissipative
advection step” is performed, which consists in solving the following equation

Yia1Cy — Yoo C

0, .
. a1Cy + a2 Cy r

Vai ®)

: . — Y](X|C2—Y20[2C] : [T : : : LN T}
Considering that u, = e CoTaC U isa dissipative advection velocity”, we

use a characteristic method to solve it, which ensures that the volume fraction o
remains between 0 and 1 if it was in this interval before, providing that the cfl
condition At < minj<;<y |”ATX[| is verified, which is usually the case. If this is
not the case, the time step is reduced and several “dissipative advection steps” are
performed until the convective time step is reached.

Next, we focus on the term including the norm of the pressure gradient. We
therefore want to solve the equation

ajo2(p1 — p2) ( (OtlYl L3¢
o] = — aja

Eu B —
p7(a1C2 + a2Cy) P2Kk2  PLK]

><Y1 —a1)>|IVp|I2 ©)
In this step, we evaluate the pressure gradient explicitly, and then we solve this
equation using a Newton method for each point.

Finally, we perform a “dissipative convection step”, which consists in solving
the system

oY1 = —div (pY1You,)

p0si = div ((ha — h)pY1Y2u,) (10)
oo

o] = —————(C1 div(You,) + Cr div (Yiu
o (a1C2+a2C1)( 1div (Yau,) 2div (Yiu,))

which is done using a Newton method.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



262 Advances in Fluid Mechanics VII

5 Numerical results
5.1 Air-water shock tube

We present the numerical results for a shock-tube problem, which consists in a tube
of length 1.0 m, filled with air and water with a homogeneous volume fraction
a1 = 0.5 through the tube. The tube is divided into a high-pressure room for
x < 0.7 m, where the pressure is p = 10° Pa, and a low pressure room (x > 0.7 m)
where p = 10° Pa. Water and air are both governed by Stiffened gas equations of
state, with the following thermodynamical properties: y¢ = 1.4, pg.co = 0 Pa,
yL = 4.4, pr.o = 6.0 108 Pa. The velocity relaxation time is assumed to be a
constant. To determine it, we require that the drag force we use must be equal to
the drag force used in the Neptune code [1], which gives the equality

0 1
M = @y —wy) = SSvmCpluy — |y — ) (11)
u

with Sy = D‘{,fb% = al% is the interfacial area per volume unit and Cp is the
u. e

drag coefficient, given by %(1 + 0.1925 Re"63) [8], with the Reynolds number

2R|U,—U S .
Re = %. We take the dynamic viscosity of water p, = 1073 Pa.s, and

we choose the bubble radius as R = 510~* m, and the remaining variables are
found by performing single-phase shock-tube test case for water and air, which
give puir = 0.47 kg.m™3, pyaer = 1100 kg.m™>, ugiy = 25000 m.s~! and
Upater = 230 m.s~L. Thus, it is found that g, is equal to 2.4 1075 s.

On Figure 1, we compare results obtained with the five-equation reduced model
of [3], the seven-equation model and the present dissipative model. The solution
consists in a rarefaction, a contact discontinuity and a shock traveling to the right:
the initial pressure imbalance pushes a plug of water to the right (the front is the
shock wave, the back is the contact discontinuity) and a low-pressure zone appears
in the wake (the rarefaction wave). It is seen that the addition of dissipative terms
allows to reproduce to a large extent the results of the seven equation one while
the non-dissipative model is unable to introduce any velocity disequilibria between
the two phases. We also note that the seven equation model predicts a change in the
mass fraction inside the shock zone, this feature is reproduced by the dissipative
model whereas the reduced model of [3] is unable to reproduce this feature.

5.2 Water-faucet problem

We now perform the water faucet test, which is a usual benchmark test for two-
phase flows [9]. It consists in a vertical column of length 12 m, where a column of
water is surrounded by air. Initially, the mixture is homogeneous along the tube,
where the air volume fraction is oy = 0.2, air density and velocity are p; =
1kg.m3 and u; = O0m.s™!, water density and velocity are pp = 1000 kg.m™> and
u» = 10m.s~!, and pressure is equal to p = 10° Pa. We again use the stiffened
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Figure 1: Comparison between the reduced model of [3] and the dissipative model
(left) and the seven-equation model (right): air-water shock tube test after
150 ps. Mesh of 2001 nodes.

gas equation of state for both phase, with the same thermodynamic properties as
in the previous test.

At time t = Os, a gravity field with g = 9.81 m.s~? is applied, which causes
a lengthening of the water jet. This test is interesting because air and water
have different velocities, and therefore the five-equation model completely fails
to reproduce results given by the six- or seven-equation models. Figure 2 shows
the results for the dissipative five-equation model and the seven-equation model on
a mesh of 1001 nodes. The velocity relaxation time has been fixed to ¢, = 103,
because this test is usually performed with no drag force, and although we cannot
have zero drag in this five-equation model, such a value will reduce it dramatically.
It should be noted that this values is also used for the seven-equation model. The
pressure relaxation time is set to &, = 10~'2 s for the latter model, which ensure
an equality of the phase pressures.
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Figure 2: Comparison between the dissipative five-equation model (left) and the
seven-equation model (right): Water-faucet test after 0.4 s. Mesh of 1001
nodes.

If we make the approximation of the incompressibility of the liquid and if we
neglect the variations of the gas pressures, an analytic solution can be found. It
can be seen on Figure 2 that the dissipative five-equation model reproduces in a
large extent the variation of the air volume fraction. It can be even noticed that
the scheme is less diffusive than the seven-equation model, because of the large
number of waves of the latter. Thus, our model can deal with flow phenomena
including large velocity differences between the phases, even if it is originally
designed for small relative velocities.

6 Conclusion

We have derived a five-equation dissipative model from the standard bifluid six-
equation model using first order Chapman-Enskog expansions. Thanks to these
dissipative terms, this model can deal with flows featuring differences between
phase velocities, although it features only one velocity. Numerical results are very
promising, and show that the model can simulate flows with shocks or counter-
currents in an accurate way, while being hyperbolic and less complex than the
two-pressures two-velocity models.
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Abstract

Mixing is a widely practiced operation to effect distribution, intermingling and
homogeneity of matter. Stirred tanks with different geometries (such as in main
container tanks, impellers, baffles, etc.) are also widely used to mix different
materials. The forces applied by impellers develop overall circulation or bulk flow.
Superimposed on this flow pattern, there are turbulent eddies and also molecular
diffusion of the fluids, which have a direct effect on the mixing phenomenon into
the stirred tank reactors. In this work the mixing field in an aerated stirred reactor
with two Rushton turbines was experimentally analysed using the particle image
velocimetry technique (PIV). The mixing characteristics were measured at three
different impeller rotational speeds: 225, 300 and 400 rpm, for both single- and
bubbly two-phase mixing systems. The bubbles will, due to reflection and
refraction of the laser light, cause an uneven and unknown distribution of light
intensity in the measurement plane. This can be compensated for by introducing a
second tracer with a known concentration. Based on this method the mixing of a
determining tracer in liquid-phase in a double Rushton turbine stirred tank is
studied. Using the PIV measurement technique and the flow structure of the liquid
phase, the pumping capacity of those systems were calculated. The aerated-to-
unaerated relative power was also calculated from the experimental results and
compared with the theoretical values. Reasonable agreement between experimental
and theoretical results was obtained.

Keywords: mixing, bubbly flow, two- phase flow, stirred reactor, Rushton, PIV.
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1 Introduction

Stirred tanks are widely used for the mixing of two miscible fluids in the
chemical, food and process industries. Our understanding of the flow structure,
the behaviour of stirred systems and the basic mixing mechanisms has improved
over recent years, but there are still some problems associated with the mixing of
fluids in bubbly gas-liquid stirred reactors.

The radial pumping flow rate of an impeller, O, is defined as the volumetric

flow rate leaving the turbine blades, for a chosen radial position, 7, from the
centre of the stirred tank, and can be expressed as:

0, =271 U dz (1)

where U, is the average velocity component in the radial direction. The
integration is often performed over the blade height. Assuming U, to be

proportional to the blade tip speed, (.Tr oc ZND , then the pumping capacity
near the blade can be expressed as in Eq. (2) (Holmes et al. [4]):

Q, =N ND’ Q)
where N is the turbine rotational speed, N ; 1s called the pumping number and

D is the impeller diameter. Comparing the results of different studies for single-
phase flow in the stirred tanks with Rushton turbines, at the impeller tip where
there is no fluid entrainment, the values of the pumping number varied between

0.75 and 1 (Wu and Patterson [7]). The value of (), can be assumed to be equal
to QO , near the blade tip. Therefore, by applying Egs. (1) and (2) the value of the
pumping number can be determined by extrapolating the data for the normalised
pumping radial flow rate (Q, / ND?), as a function of the normalised radius
(r/ R), in a fully developed flow region of a discharging jet.

The stirring power input for the unaerated single-phase case, P,, can be
calculated using Eq. (3) (Guillard et al. [3]):

315 NB imp
P =P,.(pN°D”)| ——— 3)
Lig
where F, is the power number and p is the density of the continuous phase,

NB,,, is the number of impellers (two in this study) and V,,, is the total

volume of the liquid in the stirred tank. A value of F, =5.5, determined by

Guillard et al. [3] for the same stirred reactor, was used in the present study.
Trigardh [6] used an extensive kK — & numerical model to solve the equation

of motion in order to calculate the gas void fraction, concentration, velocity and

energy dissipation rate fields in an aerated stirred tank. He showed that the mass
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transfer is higher in the regions of high shear stress, such as near the wall and the
interface between the rapidly accelerating “jet” from the turbines and the slow
rotating flow. He also stated that the gas void fraction is higher in the region

closest to the turbine. In calculating the aerated power, P , he used the
following equations:

P =P (1-12.6N,) N, <0.035 4)
P =P (0.62-185N;) N >0.035 %)
where N, =0,/ ND’ is the gas flow number and O, is the gas flow rate. It

can be seen that the reduced aerated power is a function of the gas sparging flow
rate, the geometry of the turbine, the rotational speed and the unaerated power,

P

o
At a constant rotational speed (/N ) the aerated turbine power (P,) is lower

than the unaerated power (P, ). The subscripts @ and u denote the aerated bubbly

two-phase and unaerated single-phase flow patterns, respectively. For a low gas

void fraction, the ratio between aerated and unaerated pumping flow rates is

equal to the ratio between their related powers (Bakker and van den Akker [1]):
2,), _2,

== 6
(0,), P ©

Equation (6) shows that the mechanical agitation, which is a hydrodynamic

generator, is affected by air dispersion through the efficiency factor —- .

u

2 Materials and methods

The design and the dimensions of the stirred tank with two Rushton impellers of
standard geometry, which were used in this work, are shown in Figure 1. The
stirred tank consists of a flat-bottomed glass cylinder (refractive index 1.47 at a
wavelength of 587 nm) an inner diameter 7 of 0.30 m. Four vertical baffles are
symmetrically placed around the tank wall, each with a width of one-tenth of the

tank diameter (£, = 0.17"). The Rushton stirrer with two impellers, which is

of standard design with a diameter (D ) equal to one-third of the tank diameter
(D/T=1/3), is located with a clearance from the tank bottom of about half of the
tank diameter (C;=0.55T). The upper impeller is placed AC=0.7T above the
lower one. A pump drives the turbines and the stirring speed is measured using a
calibrated digital oscilloscope. In order to reduce optical refractive index effects
at the cylindrical surface of the tank, it is placed in a square glass vessel. The
stirred tank is filled with tap water as the main continuous phase fluid, the
surface of which is C,=0.55T above the upper impeller. The square vessel is also
filled with water to reduce light refraction at the interface. For more details on
the geometry of the stirred tank used in this study see Guillard et al. [3].
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Figure 1: Stirred tank and impellers: a) side view, b) top view.

For the bubbly two-phase flow measurements, air bubbles are introduced, at a
superficial gas velocity of 3.96x10™* m/s 50 mm below the bottom impeller,
through a sparger with a diameter of 3D/4 with 30 active orifices at the chosen
gas flow rate.

A double-cavity 2 x 25 mJ Nd:Yag (Continuum) pulsed laser is used to
produce a beam at a wavelength of 532 nm. The laser beam passes through a
plano-concave lens to produce a two-dimensional vertical sheet of light (2 mm
thick). Velocity measurements of the liquid phase using PIV were performed and
3 different rotational speeds of the impellers: 225, 300 and 400 rpm, were
employed. For the determination of the average velocity a CCD camera captured
500 instantaneous images in each case.

In the measurements, the water in the tank was seeded with Rhodamine-B
fluorescent tracer particles, 1-20 um in diameter. The flow fields were measured
at 23", 30" and 37.5 angles behind the impeller blades for the three chosen
rotational speeds of the impellers, i.e. 225, 300 and 400 rpm, respectively. A
CCD camera with two long-pass filters, OG-550 and OG-570 (Melles Griot,
Irvine, CA, USA) were used to capture the fluorescent signals from the particles.
By masking the scattered signals from the bubbles using the two filters, only the
signal from the seeding particles will be captured. The PIV image processing of
the liquid continuous phase was performed using multipass interrogation
windows decreasing from 32 x 32 to 16 x 16 pixels.
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The aerated-to-unaerated relative power = was determined
u

experimentally using Eq. (6), and theoretical values were calculated by applying
Egs. (3) and (4).

3 Results and discussion

The flow pattern and the effects of aeration, for an impeller rotational speed of
300 rpm, are shown in more details in Figure 2. Figure 2a shows the normalised
radial mean velocity profiles at a chosen streamwise location below the impeller
as a function of the normalised distance from the blade’s centreline, 2z/b = —2.36
for both single- and bubbly two-phase flow systems. It can be seen that the
normalised radial velocities of the continuous liquid phase in the bubbly two-
phase flow system are lower than those found in single-phase flow. Below the
impeller region included higher volumetric gas void fraction according to the
visualization, which discussed earlier. A comparison of the axial mean velocity
results in a chosen normalised radius close to the wall, /R = 2.8 is shown in
Figure 2b. The bubbles enhance the axial velocity of the liquid continuous phase.
Near the wall it could be expected that the influence of the impellers on the
motion of the bubbles was less than in the central part of the tank.

Normmalized radial mean velocity, RPM = 300, 2zb =-2.36 Normalized axial mean velocity, RPM = 300, /R = 2.80
i} 8

0
—6- Singls-phase flow &~ Single-phase flow
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Figure 2: Comparison of the normalised mean velocity profiles in single-

and two-phase flow systems for an impeller speed of 300 rpm.
a) Radial profiles, 2z/b = —2.36, b) axial profiles at r/R = 2.80.

Figure 3 shows the centreline radial mean velocity profiles for the three
impeller rotational speeds investigated in both single- and bubbly two-phase flow
systems. The velocity data are normalised by the tip velocities,

U,, =7+ N-D, at each impeller speed. The non-random velocity fluctuation

caused by the periodic passage of the impeller blades makes the flow structure in
the region close to the impeller (1 < r/R < 1.5) more complicated. Stoots and
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Calabrese [5] found that the extent of periodicity in the radial direction is from
/R = 0 to 1.7 and is controlled equally by the radial and tangential components
of mean velocity, which shows very good agreement with the presented results in
this study. The extent of periodicity in the mean velocity results was found for all
three-impeller rotational speeds. However, as the flow field in this range is blade
angle dependent, some differences for the mean velocities were noted between
different impeller speeds. In this region an accurate measurement of the velocity
field is very difficult due to the effect of strong out-of-plane motion due to the
swirl. The influence of the bubbles on the centreline mean velocity profile was
found to be more pronounced at the highest impeller speed (400 rpm) than at the
others.

Normalized centerline radial mean velocity, Single-phase Normalized centerline radial mean velocity, Two-phase flow

-8B RPM =225
=€~ RPW =300
o7 7| —A- RPM = 400

R R
(a) (b)
Figure 3: Centreline radial mean velocity for three different rotational
speeds, 225, 300 and 400 rpm. a) Single-phase flow, b) two-phase

flow.

The normalised pumping flow rate at each speed of rotation for both single-
and two-phase flow systems is presented in Figure 4. The results show that the
normalised pumping flow rate is almost independent of the impeller speed in the
single-phase flow system. The highest impeller speed (400 rpm) shows slightly
different values than those for the other speeds. The values of normalised
pumping flow rate for the bubbly two-phase flow system show some variation
with the impeller speed and the distance from the blade. The effect of aeration on
the pumping flow rate is the direct result of changes in the impeller
hydrodynamics and the flow pattern.

Table 1 gives the calculated tip pumping numbers for all cases. In the case of
single-phase flow it can be observed that the pumping number remains almost
constant, with a mean value of 0.89, independent of the impeller rotational speed.
These results are in very good agreement with the values obtained by Wu and
Patterson [7]. The values of pumping number for the case of two-phase flow
differ by the factor aerated-to-unaerated power ratio, which is the same effect as
that on the normalised radial pumping flow rate.
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Figure 4: Normalised pumping flow rate for 3 different rotational speeds,
225,300 and 400 rpm. a) Single-phase flow, b) two-phase flow.
Table 1: Calculated tip pumping numbers for 3 different rotational speeds,
225, 300 and 400 rpm.
RPM 225 300 400
Single-phase flow 0.89 0.87 0.92
Two-phase flow 0.90 0.86 0.72
Table 2: Calculated mixing characteristics of single- and two-phase flow

for three different rotational

speeds, 225, 300 and 400 rpm.

RPM 225 300 400

N (s 3.75 5 6.67
Uyp (m/5) 1.18 1.57 2.09
Rejmp 3.75%x10* 5.00x10*  6.67x10*
Ng 7.66x107 5.67x10°  4.25%x10°
Pu (W/kg) 0.12 0.30 0.72
Pa/Pu 0.90 0.93 0.95
Pa/Pu (Eq. 6) 0.97 0.96 0.93

Table 1 gives the calculated tip pumping numbers for all cases. In the case of
single-phase flow it can be observed that the pumping number remains almost
constant, with a mean value of 0.89, independent of the impeller rotational speed.
These results are in very good agreement with the values obtained by Wu and
Patterson [7]. The values of pumping number for the case of two-phase flow
differ by the factor aerated-to-unaerated power ratio, which is the same effect as
that on the normalised radial pumping flow rate.

At the aeration rate used the aerated stirring power in put (P,) decreases with

increasing impeller speed due to the decrease in the gas flow number ( V), see

Table 2. The relative power consumption was shown to be greater than 90% for
all three impeller speeds without a strong drop, as was found by Bakker and van
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den Akker [2], in the range of 0.02 < N < 0.04. Because in this study the

values of gas flow numbers for every impeller speeds were less than the critical
number of 0.02 found by them. A comparison between the theoretical and
average experimental values of P,/P, shows quiet good agreement, spatially, for
the two higher impeller speeds. Table 2 gives the calculated mixing
characteristics of single- and bubbly two-phase flow for the three different
rotational speeds.

4 Conclusions

The mixing field in an aerated stirred reactor with two Rushton turbines was
experimentally analysed using the particle image velocimetry technique. The
mixing characteristics were measured at three different impeller rotational
speeds: 225, 300 and 400 rpm, for both single- and bubbly two-phase mixing
systems. Based on PIV results, the pumping capacity of the systems was
calculated. The aerated-to-unaerated relative power was also calculated from the
experimental results and compared with the theoretical values. Reasonable
agreement between experimental and theoretical results was obtained.
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Commercial scale slurry bubble column
reactor optimization

W. Strasser & A. Wonders
Eastman Chemical Company, USA

Abstract

An in-depth numerical study has been carried out to investigate a high-pressure
commercial scale (2—8 meter diameter) slurry bubble column reactor (SBCR).
Typical superficial gas velocities are in the range of 0.5-3 m/s, and overall vapor
hold-ups are in the range of 0.45-0.85. The study revealed that steady
compartmental reaction models do not match plant data when reaction time
constants are very fast. Also, off-the-shelf commercial CFD codes do not
produce useful information about a reactive column of this scale and aeration
without tuning to reconcile with vapor hold-up and reactant operating data
“anchors” from in-plant units. Important measures include both transient and
time-averaged profiles, integrals, and extrema of vapor hold-up and reactants.
The present study proposes reactor designs that improve productivity and
product quality.

Keywords: oxidation, staging, chaos, turbulence, pX, TPA.
1 Introduction

The liquid-phase partial oxidation of para-xylene (pX) to terephthalic acid (TPA)
is conducted on a very large commercial scale (agitated vessels and bubble
columns), principally for providing raw material for polyester fiber and
packaging products. Huge oxidation reactors provide individual capacities
presently ranging from 1,500 to 3,000 metric tons per day (TPD) of TPA for new
construction. Although the partial oxidation of pX to TPA proceeds at very high
yields and purities, further small improvements have a significant impact due to
scale. The overall stoichiometry of TPA production is deceptively simple, as
shown in equation (1).

pX +30,=TPA+2H,0 1)

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)
doi:10.2495/AFM080271



276 Advances in Fluid Mechanics VII

Behind the seemingly simple overall reaction equation, there are at least four
principle reaction steps; and each of those steps typically involves several
elementary reaction sub-steps. In fact, the principal intermediates can even be
reached by competing, alternative reaction pathways. In addition, there are
literally hundreds of impurities formed at low to extremely low rates. Some of
these impurities relate to impurities in the pX feedstock, and some derive from
pX itself. The various impurities affect the TPA product’s fitness for use
differently, but some impurities are important at concentrations as low as 1 PPM
by weight. Some of the particularly noxious impurities involve two or more
aromatic rings coupled together.

Broadly speaking these undesirable reactions are suppressed by higher
concentrations of dissolved oxygen and are promoted by higher concentrations
of dissolved aromatic species. To elevate the concentration of dissolved oxygen,
it is desirable to maximize aeration of the reaction medium, promoting mass
transfer from gas to liquid phase. Notably, the reaction proceeds with such
intensity that the average survival time of an oxygen molecule after dissolving is
a very few seconds. Thus, the local concentration of oxygen in the gas phase
varies greatly depending upon the agitation and location of gas feeding; and the
concentration of dissolved oxygen involves a competition between dissolution
rate and chemical demand. Similarly, the local concentration of pX will vary
according to agitation and the location of pX addition. To lower the peak
concentration of dissolved aromatics it is desirable to mix off the feed plume of
pX quickly. However, the interplay of dissolved oxygen and dissolved aromatic
is very complex. Different aromatic intermediate species react at different rates
and with different stability while “searching” for an oxygen molecule. Important
interactions exist when optimizing local oxygen and local aromatic
concentrations. As a result, one of the goals in improving upon this rich, well-
established method of making TPA is to optimize methods of gas and liquid
feeding. A disclosure of the current invention can be found in US Patent
Application # 20060116531.

Although the experimental and computational work for bubble columns has
historically been fruitful, nothing exists for the conditions of the present work:

e  High pressure (0.2 — 3 megapascal gauge), and

e High superficial gas velocity and holdup (0.5 — 3 m/s, 0.45 to 0.85), and

e High solids content (8% — 45% of the total slurry weight), and

e Strong evaporation (>30% of the gas fed by mass at operating temperatures
as high as 250°C), and

Large diameter (2 — 8 meters), and

e Fast reaction kinetics (pseudo half-lives of some species under 10 seconds).

The most recent work that comes near the conditions in the present work is
that of Nottenkamper et al. [1] with superficial velocities approaching 1.5 m/s in
a 1.0 meter diameter column at atmospheric pressure. They showed liquid
centreline velocities near 2.0 m/s, with centreline hold-ups approaching 0.8.
They found near-linear positively-sloped axial hold-up profiles, with the slope
staying about the same (excluding the bottom transition region) with increasing
superficial velocity. A near-linear hydrostatic pressure profile resulted from all
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the column chaos. Since it is known that pressure strongly affects bubble size
population (Letzel et al. [2] and many others), and since the other evaporative,
chemical, and solids issues are removed, the results of this study can only be
used as a guide. Other works will be discussed where pertinent in the upcoming
discussions.

2 Method
2.1 Physics

Numerical methods for investing bubble columns have been a subject of intense
study for years. An axial dispersion approach is employed by Xie and Li [3] to
study pX oxidation. A 151-page review of various numerical approaches was
given by Rafique et al. [4] in 2004. It was found through internal evaluations at
Eastman Chemical Company that axial dispersion and compartmental
approaches do not produce chemical species profiles for pX oxidation like those
actually measured in a commercial scale unit. The results of a steady
compartmental model (with the average of local fluctuations superimposed onto
the mean) are superior to an axial dispersion model but still apparently distort the
transient effects of correlated hydrodynamics and chemistry. As a result, a fully
transient 3-D hydro-kinetic Eulerian-Eulerian three-phase CFD approach is
sought. Each phase is allowed separate velocity, turbulence, thermal, and
chemical fields, but share a common pressure. The liquid is assumed to be
everywhere continuous, while the compressible gas and solid phases are assumed
to be everywhere dispersed. Every computational cell is given some amount of
all three phases.
Continuity for phase o

Oibe | Tulills @
ot Ox

J

The Reynolds averaged linear momentum balance in Cartesian coordinates for a
compressible phase o is shown in equation (3) after invoking the Stokes
assumption.
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Of course the liquid phase and solid phases are incompressible, so the div
(normal stress) term drops out of the right hand side of equation (3) for these. S
involves momentum sources due to evaporation and condensation, while M;
includes interfacial forces (drag and non-drag).

The shear stress transport (SST) two-equation linear eddy viscosity model of
Menter [5] is used for computing the Reynolds stress terms for the continuous
phase. This model involves a smooth blend between the standard k-¢ model of
Launder and Spalding [6] in the freestream and the k-& model of Wilcox [7] near
the wall. In the SST model, additional consideration is given to the transport of
the principal turbulent shear stress via 1) an eddy viscosity limiting function and
2) a cross diffusion term in the transport equation for . Also, there is a
turbulence production limiter, as discussed in [8], preventing the artificial build-
up of fluctuating velocity in regions of irrotational strain. The local eddy
viscosities of the dispersed phases are functions of the eddy viscosity of the
continuous phase. “Scalable” wall functions, discussed in [8], are an alternative
to standard wall functions of Launder and Spalding [6]. They have the
advantage of being less sensitive to variation in near-wall grid resolution
throughout the domain. The distance from the wall is computed via a Poisson
equation with a uniform source value of -1. Additional compressibility effects
and buoyancy-driven turbulence have been neglected in the present work. As
with most Reynolds averaged turbulence models, the boundary layers are
considered everywhere turbulent. The profiles in the near-wall region are topics
of current debate. For example, Vitankar et al. [9] discusses boundary layer
thinning by increased turbulence in two-phase flow, so there is not an obvious
answer to the near-wall approach that is best. More complete discussions of
turbulence models, advantages, and caveats are available in Pope [10]. It is well-
known that eddy-viscosity turbulence computations are limited. For the
purposes of industrial bubble column design optimization, it was decided that the
use of a linear two-equation model for the liquid phase and a zero-equation
model for the dispersed phases was an adequate starting point. As will be
discussed in an upcoming section, the momentum balance (obviously includes
phasic turbulence) is a result of many forces. It is the tuning of these to match
experimental information that is the key. The results shown here represent a
very small subset of the actual design work; time did not permit the use of a
Reynolds stress model and certainly not a large eddy simulation approach.

The phasic chemical species balance is shown in equation (4):

0 .
Obeble | SilPiltate | 0, |[ ) oy Hon |00 |, po )
ot ox; Ox, Se, . ) ox,

J J

The gradient diffusion hypothesis has already been involved to separate out the
molecular and turbulent diffusive effects on the right-hand-side. R,” is simply
the reactive species volumetric source terms for species @ in phase a. The basis
for R,” is equation (1) plus enough competing, parallel reactions and species to
account for the preponderance of oxidant consumption. When viscous heating
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and compression work are ignored, the phasic energy equation looks very similar
to equation (4) with the appropriate substitutions. Extremely large bulk
evaporation rates are handled through appropriate sources and sinks shown
above.

2.2 Drag, bubble size, and other forces

The momentum balance (holdup, backmixing, and velocity profiles) is directly
related to a joint effect of drag coefficient (including swarm effects), bubble size
distribution, bubble induced turbulence, turbulent dispersion, turbulence stress
closure, and other non-drag forces such as lift and virtual mass. A given balance
can be achieved from various combinations of these. Some of the most recent
bubble swarm drag relationship work is given by Simonnet et al. [11], but deals
with a situation unlike that of the current work. It is valid for atmospheric
pressure, air/water, a maximum bubble diameter of 10 mm, and local void
fractions less than 30%. A recent study of turbulence closure and interfacial
forces is carried out by Zhang et al. [12]. They propose combinations of
methods that produce more realistic validations, but all for homogenous flow. A
new interfacial area transport equation has recently proposed by Ishii [13].
Interactions between the phases typically include bubble induced turbulence
(Sato and Sekoguchi [16]) and turbulent dispersion (Lopez de Bertodano [17]).
For further reference, Strasser [18] offers a study of turbulence interactions
between continuous and dispersed phases. Commercial implementations of
bubble population balance models for CFX and FLUENT are discussed in Olmos
et al [14] and Chen et al. [15], respectively; however, application to pX oxidation
proved ineffective at matching experimental hold-up and velocity distributions
and pressure fluctuations. Therefore, the authors have developed a novel
population balance method for realistic industrial pX oxidation conditions.
Without matching experimental hydrodynamic information, there is little hope of
ascertaining the overall operating quality of various design configurations. The
particular choices of models and coefficients have not been disclosed for the
present work due to the proprietary and unique nature of the liquid-phase
oxidization at these conditions.

2.3 Solver

The ANSYS CFX Release 10 solver (details and individual references found in
[8]) discretizes equations (2)—(4) using a vertex-based finite volume method.
Each term is converted to mesh element volume integrals and element surface
integrals. Advection terms are discretized using a high resolution algorithm
similar to that of Barth and Jesperson. Time derivatives are discretized using a
second-order transient scheme. Mass flows are discretized using a Rhie-Chow
approach, modified by Majumdar, to avoid pressure decoupling on the co-
located grid. The mass flow discretization also involves a Newton-Raphson
linearization to handle compressibility effects. Viscous stresses, diffusion terms,
and the pressure gradient are discretized using finite element shape functions,
whose construction depends on the mesh element type. The solution algorithm is
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fully implicit, with velocity and pressure coupled together in the same matrix.
The resulting system of equations is solved using a coupled ILU algebraic
multigrid technique.

2.4 Mesh

The computational mesh, involving prisms, tetrahedra, hexahedra, and pyramids,
was built in Gambit and TGRID from Fluent, Inc. with the intent to balance
computational load and accuracy. The smallest grid lengths scales were near the
various feeds, such as the gas sparger holes. The expansion (in all three
dimensions) of cells away from the feeds to areas with lesser gradients was
carried out in such a way as to minimize cell aspect ratios, centroid shifts, and
skewness. A “superblock” technique is used to ensure the cells at block
boundaries (including boundary layer blocks) meet each other with nearly
uniform mesh spacing. More on these concepts can be found in the transonic gas
turbine blade passage research of Strasser et al. [19]. Also, the effects of
gridding methods on the computational results are explored in Strasser [20].
Typical total cell counts ranged from 100,000 to 1,000,000 cells, depending on
the complexity of the feeds. The particular cell length scales chosen for this
work were arrived at through successive meshing numerical tests. The first grid
built was referred to as 1X, and tests were performed to compare 1X, 2X, 4X,
and 8X grids. It was found that increased resolution beyond 4X did not change
the time-averaged radial velocity and gas hold-up profiles, so the 4X approach
was employed for the model results shown in this work.

2.5 Convergence

The final mesh is partitioned to run on 8 to 16 CPUs. After months of tuning the
model to match reality anchors for a particular geometry and set of operational
conditions, a quasi-steady solution is sought. The model is then run typically
100 seconds of bubble column churn time, requiring two to four weeks of CPU
time. The timestep and number of inner loops is chosen such that mass, energy,
and chemical species mass imbalances are far less than 1%.

3 Results

3.1 Hydrodynamics

With superficial velocities in the range of 0.5 to 3 m/s, this column operates in
well into the heterogeneous flow regime. At this high of a superficial velocity,
Nedeltchev et al. [21] proposes a “coalesced bubble regime (3-region flow)”.
These 3 regions are central plume, vortical region, and descending region. The
structures meander laterally and circumferentially, in both space and time.
Figure 1 shows some un-related instantaneous views on a column mid-plane
from one design of the present work. These are “partial” renderings in that they
do not represent the entire height of the column. The colour represents low gas
volume fraction (blue) to high gas volume fractions (red), while the black arrows
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are liquid velocity vectors on that cutting plane. The ranges are purposely not
disclosed, but it can be said that the gas volume fraction far exceeds 0.5, while
the liquid velocity far exceeds 1m/s. The locations that show no vectors imply
that the flow is aimed into the page and the likelihood of helical motion. It can
be seen that, on average, there is no time-averaged flow present.

Figure 1: Instantaneous mid-plane volume fraction and liquid velocity
vectors.

The flow is violent, sometimes moving up/down, radially inward/outward,
and into/out of the page. The phase distribution gets slightly more uniform
moving up the column, but, in general, a transition height is difficult to detect.
The most unique aspect of the present work is not just the presentation of
colourful pictures, but the fact that the radial and axial gas hold-up profiles have
been compared and matched to experimental data from the same column in full,
heated operation. Along with radial and axial hold-up profiles, CFD pressure
pulses at the lower tangent line have been matched to experimental values in
terms of both magnitude and frequency.

3.2 Hydro-kinetics
Key reactant concentration samples from various elevations in the numerical

column have been compared to plant operating values. There was acceptable
agreement for both the average concentration and temporal variation. Local
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concentrations of the liquid and gas phase reactants within the column have a
dramatic impact on product quality (see the Introduction section). Specifically,
low values of a specific gas phase reactant and high values of some liquid phase
reactants cause the production of colour-degrading contaminants. Steady
models, that do not include the added effects of fluctuating velocities and
fluctuating concentrations, do not detect all of the problematic locations within
the column. Figures 2 and 3 show typical offending gas and liquid phase
reactants, respectively, from one design of the present work. Again, these
“partial” renderings do not represent the entire height of the column. The reader
will see “isovolumes”, which are depictions of the cells above or below a
specified reactant threshold.  The colours represent ranges of reactant
concentration within the isovolume. For the purposes of the paper, the
“offensive” gas phase involves any cell containing less reactant than the time-
averaged concentration leaving the column top. That may not necessarily be a
threshold for effective oxidizer operation. One will observe that the gas phase
reactant (figure 2) is normally offensive down near the gas sparger, but can
become offensive anywhere in the column. At some points in time, the total
offensive gas phase volume amounts to 30% of the entire reaction mixture
volume, while at other times it is as low as 1%. In other words, up to 30% of the
reaction volume can contain a gas phase reactant level lower than the outlet
value. The offensive volumes are typically not continuous in space. The volume
of offensive liquid phase reactant (figure 3) is equally complex and is often
offensive near the entry point. At a given sampling time, the volume of
offensive gas phase reactant may or may not be the same shape or total volume
as that of the offensive liquid phase reactant.

Similarly intriguing results are shown in figures 4 and 5. Here we explore
mass flow-weighted area-averaged (MWFAA) values at various results cutting
planes moving from the bottom to the top of the reaction mixture at four
different un-related CFD sampling times. In general, it can be said that there is a
trend from high to low values progressing up the column. Since both reactants
are fed closer to the bottom, and since they jointly react, this behaviour is
expected. Notice that the profiles, local minima and maxima, and the starting
and ending values can be dramatically different within normal operation. Again,
there is no time-averaged flow present on a regular basis. An optimized column
design must be able to take into account the swings and peaks in both phasic
reactants.

Figures 1-5 represent results of complex interactions between the spatio-
temporal momentum balance, mass transfer effects, and interrelated kinetic
relationships. Considering these figures, along with the time-averaged space
occupancy of offensive volumes and their locations, the authors have designed
an oxidizer that minimizes the offensive zones and produces a higher quality
material at a higher rate. Ideally, reactants are “staged” properly in that phasic
reactants' availabilities match their local reactive needs. This prevents the
undesirable, colour-forming side reactions from occurring. The authors have
found feed methods, feed locations, and column dimensions that meet this goal.
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Figure 2: Partial renderings of instantaneous 3-D isovolumes of material
having a gas phase reactant concentration less than the time-
averaged outlet value.

Figure 3: Partial renderings of instantaneous 3-D isovolumes of material
having a liquid phase reactant above a critical value.
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Liquid Reactant Concentration
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Figure 4: Planar MFWAA liquid reactant concentration versus normalized
reaction mixture height for four random CFD time samplings.
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Figure 5: Planar MFWAA gas reactant concentration versus normalized
reaction mixture height for four random CFD time samplings.
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4 Conclusions

It was desired to study complex, coupled hydro-kinetics within a slurry bubble
column at highly aerated, high pressure conditions. Steady 3-D compartmental
models were shown in internal evaluations to miss the experimental results;
therefore, a transient 3-D Eulerian-Eulerian Reynolds averaged approach was
utilized. The various choices of models and bubble population approach were
tuned with grid-independent solutions to match transient and time-averaged
experimental information (hold-up, pressure fluctuation, and reactant
concentrations). After tuning, various designs were considered in order to study
methods of improved reactant feeding. The goal is to pair chemical availability
with chemical reactivity for various species in each phase, locally throughout the
column. Sample results were displayed for a particular design. Reactant
concentrations that were above or below pre-determined thresholds were shown;
these are responsible for off-quality material or the lowering of production rates.
The shape and total volume of the offensive phase material were extremely
variable (cumulative volume ranging from 1% to 30% of the total reaction
volume) and were typically not continuous in space. Axial profiles of reactants
were also shown, and proved that there was no apparent normal profile. The
local maxima and minima shifted substantially in time. While time-averages are
useful for making hydrodynamic CFD-experimental comparisons, fluctuating
values of the chemical species in each phase are also considered in any
optimized design.

Nomenclature
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Diffusivity

Gravity

Turbulence kinetic energy
Tensor summation indices
Momentum source term
Pressure
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Reaction source term

Source through mass exchange
Turbulence Schmidt number
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Fluctuating velocity component
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Phase designation

Kronecker Delta

Turbulence dissipation rate
Chemical species

Specific dissipation rate
Density

Turbulent (or eddy) viscosity
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An application of contact melting theory to
skates sliding on ice

P. J. Montgomery
Mathematics Program, University of Northern British Columbia,
3333 University Way, Prince George, B.C., Canada

Abstract

The problem of a skate blade sliding over ice is a complex and classic problem,
with an early form considered by Reynolds over a century ago. The problem is
revisited herein: a thin layer of water in between the skate blade and the ice sur-
face is assumed to exist, and acts as a lubricant for the sliding motion of the skate
blade. The existence of the melt layer is caused by viscous friction in the liquid
film itself, instead of pressure melting. Governing equations are considered for a
Newtonian and inviscid fluid of constant density. These equations are reduced by
considering some scaling analysis to determine the negligible terms, and a sim-
pler planar flow is considered. Through some straightforward manipulations of the
governing equations, the viscous stress on the surface of the skate blade is analyt-
ically expressed as a function of the depth of the melt layer. Other results are used
to posit an approximate expression for the non-constant depth of the melt layer,
and this is used to calculate the frictional force. The results are compared to others
in the area, and limitations on the modelling are discussed.

Keywords: multiphase flow, fluid dynamics, stefan problem.

1 Introduction

Contact melting is an area of research in which two solids interact in such a way
that one of the solids partially melts at the surface to create a thin melted layer
between the two solids which acts to lubricate the motion between the two parts. A
relatively recent review of the industrial and engineering applications of this theory
has been completed by Bejan [1], although the area of focus of this manuscript is
on the application of the contact melting theory to describe a skate blade sliding
over ice. The classical mechanism of melting due to surface pressure has been
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Figure 1: Geometry of the skate blade variables (not to scale).

shown to be essentially incorrect, and the melted layer is considered to be created
due to the viscous friction of the motion (see [2] and the references therein.)

In a previous study, the concept of a thin lubricating layer of water was used to
permit a study of the frictional drag on an object sliding over ice [3]. In Summers
and Montgomery [3] the two main limitations on the theory were an assumption
that the horizontal pressure gradient was negligible, and the depth of the melt layer
was undetermined. In a more recent work Penny ef al [4] posed a partial solution
for the depth of the melt layer in the form of a nonlinear nonhomogeneous first
order ordinary differential equation, thus partially removing one of the previous
limitations.

In this study, the theory of contact melting is applied to determine the frictional
force on a skate blade over ice. The theory follows that of Fowler and Bejan [5]
and implements the results of Penny et al [4] to create an expression for the vis-
cous drag force on the skate blade. In Section 2, the governing equations for the
melt layer are derived fairly thoroughly as this seems to be something that is lack-
ing in the standard literature. In two subsections, the equations are simplified by
assuming a small aspect ration (vertical to horizontal) and a thin model layer is
developed. The equations are used in Section 3 to create a solution for the pressure
and velocity in the melt layer without any assumptions on the depth of the layer.
By using an approximate solution similar to the numerical results of Penny et al
[4] an expression for the viscous drag force is derived which is similar to previous
results [6].

2 Model equations

A sketch of the initial skate blade geometry is depicted in Figure 1, where a solid
metal blade of length L overlies a thin layer of liquid melted from the ice beneath.
It is assumed that the start of the melt layer occurs coincidentally with the begin-
ning of the skate blade, and that there are no asperities in the ice which would
cause uneven contact [5].
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To model the liquid layer, the fluid is assumed to be Newtonian, and there-
fore satisfies the Navier-Stokes equations [7] in a Cartesian coordinate frame of

reference;
1 Dp

P v.id=0 1
DI + U , (1)
for mass conservation, and the momentum equation
Du R L1 .
ppp = —VP+eg V2u+§V(V-u) . )

In equations (1) and (2), p and @ = (u, v, w) denote the fluid density and velocity,
p the pressure, p the viscosity, and § the gravitational force per unit mass. The
standard material derivative notation % = % + 4 - V is also used. The viscosity
is assumed to be a constant as the temperature of the liquid layer is expected to be
very near the freezing point for the duration of the fluid motion.

To complete the description of the fluid and close the governing equations, a
thermal energy equation is required from the first law of thermodynamics. If e
denotes the specific internal energy, ¢ the outward heat flux vector per unit area,
and there is no internal heat generation, then energy conservation can be written in

the form of a thermal energy equation (heat equation,) [7, 6]

De 5
Pop =V T p(V-u)+ po. 3)

The viscous dissipation function, ¢, in equation (3) can be written in its full form

as [6]
¢—2 @2+ @24, @2_2@+@+8_w2
N Ox oy 0z 3|0z Oy Oz
+ a—u+@2+ @+a_w2+ E)_er@Q )
Jdy Oz dz 0Oy dr 0z
Equations (1) to (4) are simplified in the next subsection and adapted to the geom-
etry of Figure 1.

2.1 Incompressibility and symmetry

To simplify the governing equations (1)—(4), some assumptions are of course nec-
essary. Fortunately, these are well justified, and the resultant equations can be
seen to capture the essential components of the model without making unjusti-
fied assumptions merely for the sake of simplicity. The first simplification arises
from specifying a few standard properties of the fluid layer, and it is thus assumed
that the fluid is of constant density and incompressible. The second assumption
is to consider only planar motion in the horizontal and vertical plane, neglecting
any variation across the skate blade (i.e. the y direction). Although the assump-
tion of incompressibility is standard [6, 5] the assumption of a uniformly placed
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skate blade is restrictive as often blades are subject to varying forces during an
actual skating stroke [4]. However, in order to obtain an advancement of the the-
ory, the variation of forces within the skate blade are assumed to average out, and
the assumptions thus permit equation (1) to be written as the standard assumption
of incompressibility in two spatial dimensions [7]

ou Ow
%—&-5—0. (5)

The restriction to planar motion simplifies the vector equation (2) by one com-
ponent, and only the x and z components remain. Substitution of equation (5) into
equation (2) gives these two components as

Du Op v 0%u
pﬁ—‘%ﬂ‘(w*w)’ ©)
and
Dw Op Pw  OPw
pﬁ“&"’g“‘(WJFW)’ @

where the gravitational force is taken to be in the vertical direction, and the material
derivative simplifies to % = % + ua% + w%.

The thermal energy equation (3) is rewritten by using the linear relation of inter-
nal energy e to temperature 7', e = ¢,,T" where c,, is the specific heat capacity of
water [6]. In addition, the constitutive relation given by Fourier’s law of heat con-
duction [7],

7= —koVT, ®)

is used where k,, is the thermal conductivity of water. These changes, together
with the incompressibility assumption (5) give

DT o*Tr  0*T
Pew T = M(W—i_@) + 1o, )

where ¢ is simplified from (4) to

ou\’ ow\? ow  ou\’
—9o| (& = — 4+ ). 10
¢ [(81‘) +<8z>]+(8x+8z) (10)
In the next subsection, the governing equations are further simplified to account
for the specific geometry of thin layer flow.

2.2 Small aspect ratio

The second major simplification applied to the governing equations is to neglect
those terms which may be extremely small compared to the other terms. To that
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end nondimensional variables denoted with a tilde (5 are introduced by factoring
out dimensional constants according to

X - ~
(u,w) = (U, W), (x, ):(Xi,Zé),t:ﬁt,T:AT,p:—pgz—l—Pﬁ.

(11)

Substitution of the new variables (11) into the incompressibility equation (5) gives

U ou n W 0w

X 0% Z 0z

from which it is inferred that W = ¢U, where § = Z/X is the aspect ratio of
vertical to horizontal scales.

The momentum equations (6) and (7) are written in expanded form with the new
variables (11) and use of the previous scaling notation as

Ur(on ou pouy_ POp . U (o070 0Pa\
p of "oz " Voz) T xoz Mex2\" a9 )

=0, (12)

and

@ @+*a_@+~@ __£@+ U 628_11)_'_82 (14)
Px \oi "oz "oz )T sxoz Msx2\° 9m2 T 92 )

Similarly, equations (9) and (10) become

or _oT  _oT A 2T 9T
PCw—— (a~+u%+wg>—kwm(5 o 2+62>+u¢, (15)

_U? 50U o [ OW 20w 0u
6= o |2 (M) 2 <az) (0 %*a_”' (16)

For a very thin layer, the aspect ratio is necessarily small, perhaps of the order
of 1076 [4]. If the terms which are of order 62 are neglected from equations (13)
to (16) the resulting approximate equations are drastically reduced, and result in a
problem similar to Couette flow. For the skate blade problem, the pressure scaling
term P is unknown, but is expected to be relatively large and therefore all terms
which are O(§?) are neglected except those which contain the scaling P. The
resulting equations are stated as three results (since equations (15) and (16) are
combined):

and

P§2 0p U 9% P op U 82w
=" trxo " x2: TFxeoe 17
and _ )
A 9T U? (04
O—kwﬁﬁwﬁ(%) : (18)

By using equation (17) scalings can be compared to finally deduce that the pres-
sure scaling can be fixed as P = ,u%, which then justifies the assumption of
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a large pressure scaling and yields the approximate equations, now stated dimen-
sionally (and neglecting the vertical hydrostatic part of the pressure term) as

dp 0%u
0="%; T o 1)
dp
-2 2
0 9 (20)
and
9T ou\’

Equations (19), (20), and (21) are an extension of those used previously [3] as the
temperature variation is included. They have been used previously [5] but with
minimal justification as to their derivation, and it was felt by the author that a
thorough exposition was warranted.

3 Thin layer solution

The approximate equations derived in the previous section are employed to give
a first solution for the skate blade problem following the method of Fowler and
Bejan [5]. An inertial frame of reference with the blade of the skate, and ori-
ented such that the layer is of positive height in positive horizontal position is
used (essentially a rotation of the geometry in Figure 1. As such, the steady state
problem moving with the speed of the skate is considered, and transition effects to
this steady state solution are not obtained. First, using equation (20) we note that
p = p(x) only, and therefore, equation (19) may be integrated over the vertical
domain 0 < z < h. Using the boundary conditions u(x,0) = 0 and u(z,h) =V
the double integration of equation (19) yields the solution

1d |4
u(z, z) = ﬂé(z —h)z+ W (22)

The solution (22) is not completely specified as the horizontal pressure gradi-
ent is still unknown. However, the incompressibility equation (5) may be used by
substituting the expression (22). The result is

=0. (23)

1 [d?p dp dh V dh ow
2| — 552+ — =
h? dx 0z

o a G T T

Integrating equation (23) vertically and using the kinematic boundary condition
w =0 at z = 0 gives

-z
3 2

1 [d?p (/1 1h 5 ldpdh , 1V dh 4
z z
2dx dx

- |ep _ora —0. (24
2 | dx? 2h2dr” tw=0 @4

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 295

Evaluating equation (24) along the contour z = h where w = 0 is assumed gives
a second order ODE for p(z),

1 [d*/ 1 1.\,, ldpdh,,] 1V dh ,

which can be rearranged to a simpler form via the chain rule,

d dp dh
—(r*—=) = - —. 26
dz < dz ) bV dx (26)

The pressure gradient can now be expressed by integrating equation (26) and using
a boundary condition at the end of the skate blade where it is assumed that the
gradients vanish. This assumption yields

dp  6uV(ho — h)

= = 7 27
e e ) (27)
where hg is the maximum depth of the liquid layer.
Finally, substitution of equation (27) into equation (22) gives the solution
Vz|3(hg—h)(z—h
u(x,z):_z M+1 ) (28)

h h?
4 Viscous drag on the skate blade
The velocity of the lubricating liquid layer given by equation (28)permits the vis-

cous drag force, I, on the skate blade to be calculated by integrating of the shear
stress along the length of the skate

L
0
F= / JPicdud IR (29)
0 32 2=0
Substitution of equation (28) into the above gives
L
ho — 2h
F= Nv/ (3%72) dz. (30)
0

At this point, some expression for the depth h(z) of the liquid layer is needed to
complete the calculation for the drag on the skate blade. A separate analysis con-
taining a discussion of this has been completed [4], however an analytic expression
for h(z) is not yet available. A graph obtained from the numerical approxima-
tion of the results of [4] is given in Figure 2, along with the approximate solution
(L = 40 cm is used for the calculations in Figure 2)

1

h(z) = h0<%) 31)

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



296 Advances in Fluid Mechanics VII

Depth of Liquid Layer

B
ocoo°°°°°°°°°

Vertical Depth of Liquid in Angstroms

1 2 3 4
Horizontal Position in dm

e ————— Bumerical Solution
L Approximate Solution

Figure 2: Numerical and approximate solutions of the depth, h(z), of the liquid
layer. A more complete description is given by Penny et al [4].

Substituting the assumption (31) into the integral (30) gives

rewigsnl(z) - (5) )]

The result (32) is similar in behaviour to a result obtained by Bejan [6] except
for the factor of 6, where the layer was assumed to be of constant height, and
knowledge of the depth i (x) was not required. It is clear that there is a great degree
of sensitivity to the expression used for the layer depth, and an approximation such
as (31) will impact the tangential force heavily. Importantly, the Stefan problem [8]
is not required to be solved, as long as an approximation for the depth of the melt
layer is known.

_ 6uVL
= =5

(32)

5 Summary

The concept of a viscous lubricating melt layer was used to determine the frictional
force on an idealised problem similar to that of a skate blade. By approximating
the governing equations, explicit expressions for the pressure gradient and velocity
were obtained as functions of the depth of the liquid layer. By using a power law
to approximate the depth of the melt layer, the viscous shear stress was calculated
directly to yield a result similar to previous results obtained elsewhere [6]. The
results are limited by the accuracy of the assumptions and the expression used for
the depth of the melt layer, which is an essential assumption.
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Subgrid particle method for porous media and
suspension flow

R. G. M. van der Sman & G. Brans
Food and Bioprocess Engineering, Wageningen University,
The Netherlands

Abstract

In this contribution we report on the initial steps in the development of a numeri-
cal scheme for flow through packed or suspended spheres. The spheres are semi-
resolved, meaning that their diameter is smaller than the grid spacing, but their
excluded volume is taken into account. Flow in the fluid phase is solved using the
volume-averaged equations. Particle motion is solved via Newtons law, taking into
account drag force and lubrication forces only. Despite the low resolution of the
flow field, the particle trajectories of two spheres colliding in shear flow can be
reasonable reproduced.

Keywords: Lattice Boltzmann, porous media, suspension flow, Euler-Lagrangian.

1 Subgrid particle method

The subgrid particle method is a Euler-Lagrangian method for modeling the mul-
tiphase flow problem of gas fluidised beds, cf. [1-3]. Here particles are underre-
solved, meaning that their radius is smaller than the grid spacing, but their volume
is excluded for the fluid.

In this paper we present an extension of the subgrid particle method towards
suspension flow, requiring that hydrodynamic interactions mediated via the liquid
has to be included. Such a scheme for suspensions has been proposed by Schwarzer
[4], but has been implemented in 2D. The model presented in this paper is 3D, and
is implemented in Lattice Boltzmann. Lattice Boltzmann is chosen as it has shown
to be a very versatile method capable of simulating a variety of complex fluids.
Next to suspensions and fluidized beds, the subgrid particle method can also be
applied to porous media. Governing equations for porous media flow and fluidized
bed are identical if solid phase is assumed immobile.
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The validity of the method is shown via the simulation of several benchmark
problems. We investigate the Beaver-Joseph problem of flow in a channel par-
tially filled with a porous layer [5]. This problem is challenging due to the step-
wise change in porosity, and poses for many numerical schemes serious prob-
lems [6, 12]. For the subgrid particle method for suspension flow it is important
to handle the problems with changing porosity, i.e. solid fraction. Subsequently,
we investigate the classical problem of two particle colliding in shear flow, as first
investigated by Batchelor and Green [7]. This is a good problem for testing the
validity of hydrodynamic interaction.

2 Governing equations for fluid phase

For the governing equations for the fluid phase we follow those of Feng and Yu [1].

0 pp = dupPua (1)
Orppuy + dgpPpuqug = —0up + dpPpu(dguy + duup) + Farag.a

Here p is the bulk density of the fluid, ¢ is the porosity, uy is the component
of the velocity field in the Cartesian direction x,. p is the pressure, and u is the
dynamic viscosity of the fluid. We assume that particles are neutrally buoyant. We
note that the superficial velocity field is ity = ¢uy. In suspension flow Fy; 46 o 15
the backflow induced by the drag of the fluid on the particles. Below we explain
how this is computed in case of suspension flow. For porous media flow it follows
from closure relations, such as the Ergun relations. In case of negligible inertia the
above equation is equal to the Darcy-Forchheimer-Brinkman equation. The Ergun
relation for a randomly packed bed of spheres in the Stokes flow regime is:

1804 (1 — ¢)?

drag,a =

3 LB scheme for flow through inhomogeneous porous media

With the Lattice Boltzmann scheme [8] we simulate the above governing equations
for the fluid phase. Via inverse Chapman-Enskog expansion we have derived this
LB scheme. In order to model spatially varying porosity stability of the scheme
requires that the speed of sound should be less than the regular value: cs2 < c?/3,
This induces however anisotropy in the viscosity u [9]. This can be remediated via
a modified MRT scheme [10]. We briefly present the resulting LB scheme. More
details will be presented in a full length paper. In LB physical fields are repre-
sented by moments of particle distribution function f;. These particles move over
a simple cubic Bravais lattice with lattice spacing Ax with discrete set of velocities
¢i.« = Ax; /At which brings them to nearest and next-nearest neighbouring lat-
tice sites. Upon arrival the particles collide with each other, and after collision they

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 301

propagate with their new velocity. The collide and propagation steps are described
by a discrete version of the Boltzmann equation:

Jix 4 Axi, 14 AD = fi(x, 1) = =i 79 (x, 1) 3)

with /Y = f; — f7 the non-equilibrium part of the distribution function. The
moments equilibrium part of the distribution function ffq determines the govern-
ing physics, as shown by the inverse Chapman-Enskog expansion [9]. The collison
rate is controlled by the scattering matrix ;;. In the commonly used Lattice BGK
scheme €2;; is linear with the unit matrix. But here we require the multiple relax-
ation scheme (MRT), which has a scattering matrix with different eigenvalues.

The moments of the equilibrium distribution, as follows from the inverse
Chapman-Enskog expansion, are equal to:

= =9 ©)
i
Meqa = Z fieqci,a = Qpuy
Mz op = Z f Ci,aCi,p = PCg 80[/3 + ppuqup
M5t = fciacipeiy = pet(adpy + tpday + ttyap)
i
Note that Moq and M, q are conserved quantities: density and momentum.

In the MRT scheme before collision the particle distribution function is pro-
jected on the set of eigenvector, which happen to be Hermite tensor polynomi-
als [9]. Each moment of the distribution function is relaxed towards its equilib-
rium value, at a rate determined by its associated eigenvalue. After collision the
moments are projected back to the particle distribution function, and are propa-
gated to the adjacent lattice sites.

For the implementation of the drag body force, we have implemented the

scheme of Ladd, who proposed to apply one half of the forcing before the col-
lision step, and the other half after the collision.

3.1 Numerical tests

The above presented LB scheme is validated using the benchmark problem of flow
in a flat channel partly filled with a porous layer. The porous layer has a height H,
and the clear fluid layer has a height L. An analytical solution to this problem
is by Beavers and Joseph [5]. Beavers and Joseph have treated the problem as a
two domain problem, with different governing equations. Hence, at the interface
of the two domains the boundary conditions have to be matched via a closure
relations. Goyeau and coworkers have proposed a single domain approach, with
one governing equation, namely Eq.(1) [12]. At the interface between fluid and
porous medium they assumed continuity of the superficial velocity and the stress.
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Figure 1: Analytical and numerical solution of flow in porous layer adjacent to
fluid in a channel between parallel plates, with Da = 0.08, and ¢9 = 0.8.

Their numerical solution agrees with the analytical solution of Beavers and Joseph,
if a gradual change of porosity at the interface is assumed.

We have checked the results of Goyeau and coworkers. We have varied porosity
as ¢ = ¢ + %(1 — tanh(y/¢))(1 — ¢o), with ¢y the porosity of the porous layer.
Simulations are performed with a 120 x 10 x 1 lattice, ¢g = 0.8, Darcy number
Da = 0.08, {/Ax = 1, porous layer height H/L, = 6, and Reynolds number
Re = upmqxLy/v = 0.7. Results are shown in figure 1, from which we observe
that our model shows good agreement with the analytical solution.

4 Suspension flow
4.1 Lagrangian scheme

In this section we describe how the solid phase in suspension flow is treated in
our scheme. Subsequently, we test the validity of this part using the benchmark
problem of Green and Batchelor.

Subgrid particles have diameter d;, < Ax; and mass m . We solve their motion
via Newtons law:

dv
mpd—tp =mpa, = Fdrag,p + qu + Fwall,p )
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with Fy,qg, p the drag force on the particle p, F),, the force due to hydrodynamic
interaction between particles p and g. Between particles and confining wall there
is also hydrodynamic interaction. For other applications Newtons law is easily
extended with gravity or Brownian forces.

The drag force on the particle follows the correlation of van der Hoef [13]:

G
Farag.p = %3”/*@(“ = Vp) 6)

with the factor

10(1 —
G(@) = %+¢2(1+1.5,/1—¢) 7)

Note that in the limit of dilute suspensions, G(¢) — 1, and the drag force is equal
to the Stokes drag force.

The drag force is coupled back to the fluid as backflow, following Newtons third
law. If the boundaries of lattice cells intersect the volume of the particle, the force
will be distributed over the lattice cells intersecting the particle, proportional to
the volume fraction of the particle in the particular lattice cell, cf. [3]. In similar
way, the solid volume fraction is distributed over the lattice cells. In this way the
porosity field ¢ is computed.

The hydrodynamic interaction between particles with same diameter is given by
the two-point lubrication force. As in regular Lattice Boltzmann part of the hydro-
dynamic interaction is already resolved. Hence, we take a modified lubrication
force:

N 1 1
qu,o( = —67T,lLd,27(Upya — Uq,ot)er,a — (8)
h he

Note that r is the distance between the particles, which all have the same diameter
dp. The gap between particles is h = r — d. The lubrication force is propor-
tional to the relative velocity between the particles. /. is a cut off length where the
lubrication force is zero.

If the gap between particles is smaller than ki, a spring force acts between
particles p and ¢:

Fspring,a = _k(h - hmin)ér,a (9)

The wall lubrication force acts only if the gap is within the cut off distance
h < hg:

1 1\.
Fuailiub = —67d (1v) (E - h—)en (10)
c

Here é, is the outward pointing normal vector to the confining plane. If the gap is
even smaller & < hpip the spring force is acting on the particle, similar as above.
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As common in molecular dynamics Newtons law is integrated via a velocity-
Verlet scheme:

Fpa(t +81) = rpa(t) + podt + 1ap bt (11)

Vpo(t +01) =vp o) +ap oot

The timestep ¢ can vary during simulation, and will be determined by the smallest
gap between particles, as shown below. Stability of the scheme set some require-
ments to the time scales involved. Below we list the time scales 1) convective time
scale 7y = dp/v), 2) time scale of drag force: 75 = ppdf,/lSpfv, 3) kinematic
time 7, = df, /v, 4) spring force time scale: rkz = kspring/mp 5) lubrication force
time scale 7,5 = ppdyh’/36pv. with 1/h" = 1/h — 1/ h. Note that dimen-
sionless numbers can be expressed in ratios of the above time scales, namely the
Reynolds number: Re = 1, /7y, and the Stokes number St = 7, /7. Stability sets
the following hierarchy of time scales: 6t < Ty < 77 < T) K Tg.

4.2 Numerical test

We compare the collision of two equal spheres in linear shear field with the solu-
tion of Batchelor and Green. Results are shown in figure 2. Results are obtain

3 3

ZA 2
L et N
> >

1 1

0 0

-5 0 5 -5 0 5
x/a x/a
3 3

-5 0 5 -5 0 5

Figure 2: Normalised relative trajectory of a sphere colliding with a second sphere
in a linear shear field. Solid lines indicate the solution given by Batchelor
and Green, and symbols indicate our numerical solution. Dashed line
indicates the base line to which the sphere should return after collision.
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2.5F

1k

Figure 3: Normalised relative trajectory of a sphere colliding with a second sphere
in a linear shear field, with initial vertical distance y/a = 0.4 and hpin, =
0.01a, and Ay, = 0.004a.

with cut off length for the lubrication h. = 2d,, d, = 0.2Ax. Initial positions
of the particles are at xo = £5d), and yp = :I:ﬁdp withm = {1,2,...,5}.
In figure 2 we show the particle trajectory (with respect to the barycentre) for
m =2,...,5. Here we have set i, = 0.01d,,. Surprisingly we obtain very good
agreement with the analytical solution of Batchelor and Green, although the flow
is not fully resolved. In figure 3 we show results for m = 1, where the particle
come very close in contact. In this case we have changed A yin t0 hpin = 0.005d),
and hpin = 0.002d,. We observe that the particles do not return to their initial
streamlines. Still some asymmetry in the analytical solution. Might be due to the
fact that tangential lubrication is not included [14].

This error improves if we take smaller /iy, at the cost of a significant increase
of computing time, as smaller gaps lead to smaller subgrid time steps 6¢. At hpyin =
0.005d), we obtain nearly the same solution as the integration of the analytical
solution of the particle velocities given by Batchelor and Green.

5 Conclusions

In this paper we have given a first introduction to a numerical scheme describ-
ing flow through porous media and suspensions at a semi-resolved scale. We have
obtained reasonable agreement with benchmark problems. Currently we are inves-
tigating problems of suspensions with a multitude of particles.
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Considering bottom curvature in
depth-averaged open-channel flow
modelling, based on curvilinear coordinates
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Abstract

Accurately modelling open-channel flows on strongly vertically curved bottoms,
such as for instance over a spillway, is a challenge for any depth-averaged flow
model. This type of computation requires the use of axes properly inclined along
the mean flow direction in the vertical plane and a modelling of curvature
effects. The present generalized model performs such computations by means of
curvilinear coordinates in the vertical plane, enabling for instance one to simulate
within one single computation domain the flows in the upstream reservoir, over
the spillway, in the stilling basin and in the river reach downstream of a dam.

The frame of reference is chosen in such a way that one of the two curvilinear
axes follows the local bottom curvature. Hence the set of generalized shallow
water equations involves explicitly not only the channel bottom slope, but also
the channel vertical curvature and its derivative. The velocity profile is
generalized in comparison with the uniform one usually assumed in the
conventional shallow-water equations. The pressure distribution is also modified
as a function of the bottom curvature and is thus not purely hydrostatic but
accounts for effects of centrifugal forces.

This enhanced mathematical modelling framework has been implemented in a
2D finite volume model. A specific flux vector splitting technique has been
developed and demonstrated to be stable for any flow regime and any bottom
curvature. The scheme offers the advantage of being dependent only on the sign
of the bottom curvature. For a vanishing bottom curvature, the new model
converges smoothly towards the conventional shallow-water equations.

Finally, two test cases are detailed and lead to satisfactory validation results
for the new model.

Keywords: shallow-water equations, finite volume, bottom curvature.
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1 Introduction

In the conventional shallow-water equations, the main assumption states that
velocities normal to a main flow direction are smaller than those in this main
flow direction. As a consequence, the pressure field is found to be almost
hydrostatic everywhere and a depth-averaging operation of the local
conservation laws can be performed easily.

The large majority of flows occurring in rivers can reasonably be seen as
shallow and are characterized by relatively small vertical velocity components
everywhere, except near local singularities. Those singularities, such as weirs or
spillways, can however play a major part in the flow behaviour in the vicinity of
the structure, but also in the far field upstream and downstream. A key
characteristic of most of those structures is the development of flows over
strongly vertically curved bottoms.

While applying fully 3D flow models for large-scale real applications remains
challenging in terms of computation cost and data requirements, modelling such
flows over vertically curved bottoms is far from straightforward for any depth-
averaged model. Indeed, such a computation requires the use of axes properly
inclined along the Jocal mean flow direction in the vertical plane. Since this local
mean flow direction changes over the computation domain, a suitable modelling
of the vertical curvature effects is needed.

Therefore, the present paper describes an extension of the shallow-water
equations (SWE), based on a similar depth-averaging operation as in the
development of the conventional SWE, but considering a frame of reference with
curvilinear lines of coordinates following the main flow direction. As a
consequence, the new set of equations includes terms involving not only the
channel inclination #[-], but also containing explicitly the bottom curvature
& [L'] and its rate of change &’ [L?]. The velocity profile is different from the
uniform one usually assumed in the conventional shallow water equations. The
pressure distribution is also modified to take into centrifugal forces. As a
consequence, the mathematical and computational model described hereafter
enables to achieve unified 2D modelling of the flows upstream, downstream and
over river training structures (e.g. spillway) in one single simulation.

Besides a literature review, the present paper provides a description of the
new depth-averaged model, covering the development of the mathematical
model and a short overview of its computational implementation. Two validation
test cases are also presented, demonstrating that the enhanced model provides
more accurate water depth and bottom pressure results than the SWE.

2 Literature review

The first attempt to introduce vertical curvature effects in a shallow-water model
was performed in a pioneering work by Dressler [13] in 1978. He developed a
1D model on a similar idea as in the present case, but without a proper depth-
averaging operation. His mathematical formulation was thus non-conservative.
Later he presented a modified friction term [14], taking into account the uneven
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velocity profile. Experimental validations of this first model were performed by
Sivakumaran et al. [21, 22] and later by Ilhan [18]. A 2D generalization, as well
as a finite element computer code to solve the model, have been proposed by
Berger and Carey [4, 5]. A finite volume numerical model for solving the 2D
extended model, considering curvature along one direction, has been developed
and validated by Dewals et al. [9]. Recently, Anh and Hosoda also derived a
generalized formulation handling flows over an arbitrary 3D surface [1]. In
parallel, 3D models were also applied to spillway overflows (e.g. Biirgisser and
Rutschman [6]), while other authors [19, 20] have modelled flows over vertically
curved beds by means of vertically averaged and moment equations. However,
this later approach presents the drawback of involving 10 equations in 2D, in
comparison with 3 equations in the present case.

3 Model development

In this section, the mathematical formulation of the model is described. Bed
curvature is considered along one direction (x).

3.1 Curvilinear frame of reference

The fundamental idea of the extended model is to replace the Cartesian
coordinates (x, z) in the vertical plane by curvilinear coordinates (&, n) selected
in order that:

= the curvilinear abscissa ¢ follows the local channel bottom;
= the second curvilinear axis (77) is normal to the local bed direction;
= the third axis of reference () is simply normal to the plane of
curvature.
Figure 1 shows the new axes of reference and the main notations used.
In order to allow the evaluation of the space derivatives involved in the
curvature expression and those present in the conservation equations, the

Ui

Figure 1: Symbols and axes of reference for the 2D extended model.
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mathematical function describing the channel bed has to be continuous, have a
continuous slope (6) and a continuous curvature (x). The curve representing the
bottom must therefore be three times differentiable.

3.2 Change of variables

The correspondence between the Cartesian coordinates and their curvilinear
counterparts is given by the following relations:

x=x(&n)=x(&)-nsind, y=y, z=z(&n)=2,(E)+ncosd. (1)

The unit vector tangent to the channel bottom in a vertical plane and the
bottom curvature are respectively defined as:
dx,/d cosf
B, /4¢ L df) . do
t = dyb/dé = 0 and K= l/\g '@/v:%. (2)
dz,[/d& ) \sin@

The Jacobian matrix can be deduced from relation (1), as well as the Jacobian
of the change of variables, which is simply equal to the determinant of matrix J:

cos@(1-xn) 0 —sin@
= o0 oo |, det(J)=J=1-x7  (3)
sinf(1-xn) 0 cosd

The fundamental relation between derivatives in both systems of reference
reads:

cos¢9(1—1(77)7l 0 —sind|[%
0 10 |2 )
sin@(1-x7)" 0 cosd || =

Flo Qo Plo

A change of variables is valid provided that the corresponding Jacobian
remains positive. In the case of a negative bed curvature (convex), no special
restriction needs to be introduced. On the contrary, if the bed curvature is
positive (concave), the coordinate 7 must be limited to a value depending on the
sharpness of the curvature. The Jacobian expression above remains positive as
long as the water height verifies the following condition (with x>0 and R the
radius of curvature): H <1/k =R.

3.3 Velocity transformation and velocity profile
The velocity vector V may be expressed in both frames of reference:

v=Ue,+Ve +We =ue +ve +we,. %)
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Those components are related by the simple transformation formula:
U cosd 0 siné |(u
Vi=l 0 1 0 v

w —sind 0 cos@ |\ w
. (6)

Following the work by Dressler [13], the most straightforward assumption
concerning velocity distribution has been selected. This corresponds to a non-
rotational flow in the vertical plane, expressed in curvilinear coordinates by:

rotv-é, =0 - ow Ja—U—KU. )

Finally, heeding the shallowness of the flow, the corresponding ¢&-velocity

profile is given by: U (&, y,n,t)=(1- Kr])fl C(&,y,t), with C representing the

longitudinal velocity along the channel bottom. The profile of the velocity is
hence completely determined by the condition of irrotationality and the bottom
curvature, as shown in Figure 2(a).

1

— - Fr=05and xH=-0.5
(b) — Fr=05and xH=0.5
— Fr=1and xkH=-05
— Fr=1land xH=0.5
— Fr=15and xH=-0.5
= Fr=15and xH=0.5

0.8

=
0.6 § 0.6
z Zo0s
= 2
04 gos
203
z
02 0.2
0.1
'y % o5 1 s P 2.5 5 35 4 as
vIc Non-dimensional pressure: p/py g, v
Figure 2: (a) Velocity profiles for different values of the non-dimensional

curvature; (b) generalized pressure distributions for various Froude
numbers and non-dimensional curvatures xH .

3.4 Local conservation laws for the flow

A general conservation law, such as

§+%+%+%:
o ox oy oz

may be transformed in the system of curvilinear coordinates by applying the
fundamental relation (4). This operation leads to a new conservative law:

o(Js) & Jf,)

0
7+£(fx cos @+ f. sin6)+(a—}'}y

S, ®)

+ai(fchos9—fosin0):JS , (9)
n
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which can later on be used to transform the mass and momentum conservation
equations for the flow. The local continuity equation can be easily deduced from
its Cartesian form and the general relation (9):

UL 2w+ =o0. (10)

g oy on
The same transformation performed for the momentum conservation
equations leads to three new equations, which can be combined to provide the
local momentum conservation laws expressed in curvilinear coordinates:

0 0 (1 0 0 ,
E(JU)+%(U +p/p)+5(JUV)+%(JUW):—ngm¢9+KUW, "
3 3 3 ) 0 ~

ow) + ouw) + o) +i{J[W2 +£ﬂ= —chosB—K(U2 +£].

According to the conventional assumption regarding the shallowness of the
flow (W? < U?*+V?), the purely advective terms expressing an acceleration
perpendicular to the bottom may be ignored in the latter equation. A complete
non-dimensional analysis of orders of magnitude has been performed and
demonstrates that this conclusion remains valid for the model expressed in
curvilinear coordinates. As a result, the generalized pressure distribution can be
deduced directly by integrating relation (13) along the 7 -axis:

r(n)/p :gcosé’(H—77)+C2/2[(1—1<H)72 —(1—1(77)72]. (14)

It can be easily verified that in the case of a zero-curvature bed, the term in
square brackets vanishes in relation (14) and hence the hydrostatic pressure
distribution is restored. Figure 2(b) illustrates the effect of bed curvature on the
pressure field as a function of a modified Froude number, defined as

Fr=C / JgH cos8 . The figure highlights a higher sensitivity of the pressure
profile to positive curvatures, rather than to negative ones.

3.5 Boundary conditions

The interface between the studied liquid and the ambient air is defined by the
impossibility for the fluid to cross this surface. This implies that the velocity of
the fluid in the direction normal to the interface and the velocity of this interface
in the same normal direction are equal. According to Whitham [23], and taking
into consideration the specific velocity profile of the flow over a vertically
curved bed, this equality of normal velocities can be expressed as follows:

oH U(t,¢,y,H) 0H oH
w H)="—4—"22" " Ly H)=—. 15
(t.&.9,H) PRI a§+ (t.£.y, )ay (15)

The no-flow condition across the bottom is expressed by: W(t,é:, y,O) =0.
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Since the free surface position is not known a priori, its location constitutes
an additional unknown and a second boundary condition is required. This
dynamic boundary condition simply states that the pressure at the free surface is
identical to the atmospheric pressure, selected as the reference:

p(&y.H,t)=p,, =0.
3.6 Depth-averaged equations for the flow

Integrating equation (10) from the bottom (77 =0 ) to the free surface (7 = H)
leads to the depth-averaged mass conservation equation:
D% 42 (3v)=0 (16)
ot 85 oy
where H and g represent respectively the actual “volume” in a cell and the unit
discharge, defined as:

H
HE2HJ = H[I—KTJ and  ¢(&t)=HU= j U(&Emt)dn. (17)
The previous expression can be evaluated for the particular velocity profile:
q=HC(~xH) In(1-xH). (18)

A similar procedure applied to equations (11) and (12) leads to the
momentum conservation along the & -axis:

2 2 2
Q(Hc)+_[ e ] + L mev)e L o cosp K
ot o&\1-xH ) oy o0& 2 2 (1-xH) (19)
:—g%sin6+/<HW
and the corresponding relation along the y-axis:
2 a0r)+ 2 v+ 2 gev2 e 1 2| <0, 20)
ot o0& oy P

with the mean pressure term written out in full as follows:
T 2 21— 2In(1-xH
= L o1 L Lok _HC (1)
P 2 3 2 (1-xH) 2 -xH
It can be easily verified that in the case of a zero curvature bed, equations

(16), (19) and (20) become identical to the set of the conventional shallow-water
equations. According to the non-dimensional analysis of orders of magnitude,

(e2y)

the term x HUW in (19) may not necessarily be ignored. It can be accounted for
thanks to a proper assumption regarding the profile of the velocity component
W (normal to the bottom), as detailed for instance by Dewals ef al. [9].

A bottom friction term can be added on the right hand side of equations (20)
and (21). Dressler and Yevjevich [14] suggest an adapted formulation of the
conventional empirical friction laws (Chezy, Manning) for a 1D model including
bed curvature. In addition, in further developments of the present research, the
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velocity profile will be enhanced to take into account the corresponding bottom
shear stress.

4 Computational model

The system of equations (16), (19) and (20) remains conservative, which is a
crucial asset for numerical discretization. In the present case, a finite volume
scheme is used for the space discretization of the system. An original Flux
Vector Splitting (FVS) is used for the space discretization of the complete set of
equations [7]. This second order upwind scheme is Froude independent and
depends only on the sign of the bottom curvature. Its stability has been
demonstrated by means of a theoretical study of the mathematical system [7, 9],
as well as a von Neumann stability analysis [7]. The computational model deals
with multiblock Cartesian grids. The multiblock organization of the computation
code enables the activation of the extended model only in the vicinity of the
spillway, while the simple SWE are solved in the rest of the computation
domain. This feature leads to CPU time savings.

Several expressions in the additional terms of the extended model present a
very stiff behaviour for low-value curvatures. For this reason, expressions, such
as the specific discharge (18) or the mean pressure term (21), are replaced in the
numerical model by a series expansion as soon as k H becomes very small.

The herein described model is integrated within the modelling system WOLF,
developed at the University of Liege. This set of interconnected computational
models enables the simulation of process-oriented hydrology [3], 1D [3, 15] and
2D hydrodynamics [2, 16, 17], sediment or pollutant transport [7, 10, 11], air
entrainment [8], turbulence (incl. a k-& closure) [15] ... as well as optimisation
processes (based on Genetic Algorithms) [15]. Other functionalities of WOLF
include the use of moment of momentum equations [7] or the analysis of flow
instabilities [12].

5 Validation

This section aims at demonstrating the improvements brought by the generalized
SWE model in terms of results accuracy and realism. The section includes
comparisons between the SWE and the extended model for idealized test cases.
Full details can be found in the original reference cited for each example.

5.1 Symmetric profile

Sivakumaran et al. [22] studied the flow over a symmetric profile in a flume of
9.15x0.75x0.445 m. The flume roughness corresponds to a Manning
coefficient 7 ~0.01 m™"’s and experiments were carried out with two different
discharges: 0.11197 m?%s and 0.03599 m?/s.

In both cases, the present extended model with curvature leads to significantly
more accurate predictions for the free surface location, as well as for the bed
pressure. Results for the higher discharge are presented in Figures 3(a) and (b).
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Figure 3: Water surface for the symmetric profile of Sivakumaran et al. [22],
simulated with the SWE (a) and with the extended model (b); bed
pressure on the flip-bucket spillway tested by Khan and Steffler

[19] (c).
5.2 Flip-bucket spillway

Water profile and bed pressure measurements, conducted on a laboratory flip-
bucket spillway, were presented by Khan and Steffler [19] in 1996. The slope of
the chute was 20° and the idealized flip-bucket was represented by a circular arc
of radius 15.4 cm. Two specific discharges were tested: 0.0187 m%*s and
0.0292 m?*s. Figure 3(c) shows a comparison between observed and computed
pressures on the bottom of the spillway for the higher discharge. The pressure
profile computed with the herein presented model agrees well with the
measurements.

6 Conclusion

Since the shallow-water equations simply assume that both the bed curvature and
its rate of change may be neglected, such an approach is valid only if no sharp
changes in the bed inclination occur. Though these conditions are very widely
met in waterways and rivers, experience in open channel flow modelling
demonstrates the necessity for a better approximation for a wide range of
applications, such as spillway overflows. Therefore, the herein presented 2D
generalized model has been developed in order to handle correctly the effects
induced by strong bottom curvatures, based on curvilinear coordinates in the
vertical plane. The model presented generalizes the shallow water theory by
incorporating effects of streamline vertical curvature. It leads to better
estimations of particle velocity profiles and non-hydrostatic pressure distribution
over curved surfaces. More accurate upstream water elevation and bottom
pressure can thus be predicted.

Moreover, the approach enables simulations completely integrating the flow
behaviour in the vicinity of large river structures, such as dams: the flows in the
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upstream reservoir, on the spillway, in the stilling basin and in the downstream
river reach can be treated in one single simulation.

The full development of the mathematical model has been presented and two
successful test-cases have been described. Both cases lead to significant
improvements in the numerical results compared to the conventional SWE.
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Abstract

Analytical solutions were constructed to investigate the ice floe drift, velocity field,
and trajectories. The mathematical model considers the balance of atmosphere and
ocean drag forces on ice floe, including skin and body drag forces from wind,
waves, and currents. We have obtained numerical solutions to our mathematical
models of air-ice stress. Graphical solutions are presented for ice floe drift due to
wind stress. Mathematical formulations are being developed for the ice floe drift
due to Eulerian current, water-ice form stress, and wave radiation pressure. We
systematically presented in this paper the classical solutions of the ice floe drift,
velocity, and trajectories considering the effects of wind. Numerical solutions of
the mathematical models developed here, have been computed and presented. The
mathematical models will be tested with available experimental data.

Keywords: ice floe, marginal ice zone, MIZ, ice drift, ocean surface waves, energy
balance equation, wave spectrum, ice floe velocity components, ice floe trajecto-
ries.

1 Introduction

An ice floe is a floating chunk of sea ice that is less than 10 kilometers in its
greatest dimension. Marginal Ice Zone (MIZ) is an interfacial region of ice floes
which forms at the boundary of open water and the continuous ice pack. Figure 1
depicts a typical MIZ situation including ice floes and wave induced ice fracture
at the ice edge. This paper considers the mathematical model for the ice edge and
ice floe trajectories which is based on a balance equation for forces due to wind,
waves, and currents impinging on the ice, as described by Tang and Fissel [7],
Steele et al. [6] and Jenkins [3].
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Figure 1: Marginal ice zone in the Antarctic, and wave induced ice fracture at
the ice edge. (Courtesy: National Science Foundation, USA, and Squire
etal [5]).

The dominating physical processes that determine ocean surface waves are,
input of energy due to wind S;,, nonlinear transfer between spectral components
due to wave-wave interactions S;;, and energy dissipation due to white capping
and wave breaking Sy;. Operational wave models combine these processes in the
energy balance equation, which may be written as

DE(f.6)
MEID |y VEC0) = Sut Sus+ Su (1)

where the two dimensional wave spectrum E(f, 6) is a function of frequency f,
direction 6, time ¢, and position x and where Cg is the group velocity. Follow-
ing Hasselmann et al. [2] and Perrie and Hu [4], we parameterized S;,, Sg, and
Sni. Figure 2 shows a JONSWAP Wave Energy Spectrum with peak frequency of
0.3 Hz, at 10 m/s wind speed developed over 3.25 hours.

We systematically illustrate the mathematical formulations of the ice floe drift
velocity due to wind forcing effects. The ice floe trajectories and the ice floe veloc-
ity fields are illustrated in a clear cut way. Linearizing the governing equations with
zero initial conditions and using the Laplace transform method, we have obtained
solutions to simulate the real field conditions. Graphical solutions are displayed
in case of the external wind stress which causes the ice floe drift from one place
to another. These highly simplified results seem to agree quite well with real field
data. Further analysis and detailed investigations of the Eulerian currents, water
ice form stress and the wave radiation can be found in [1].

2 Mathematical formulation

The mathematical equation of motion for an ice floe in the marginal ice zone due
to wind, waves, and current can be written as

ou’ . )
" (E i “/) = AR T, T T, + TG — mgVE +F
2
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JONSWAP Spectrun with fuea =03 Hz

Figure 2: JONSWAP wave energy spectrum.

where g is the acceleration due to gravity, m is the ice mass, A is the ice floe
surface area, £ is the sea surface elevation, F is the ice internal stress gradient, u’

is the absolute ice velocity, rj,’fi” is the wind stress on the top surface of the ice
skin

warer 18 the water stress on the bottom surface of the ice floe, 7™ is the air-

ﬂOC, T air

ice form stress, 7™ is the water-ice form stress, and T/ is the wave radiation

water
pressure.
If the ice concentration is low, the internal stress gradient F is essentially zero.
Replacing —mgV§ by the geostropic current mf x Ug and neglecting F, equation
(2) can be expressed as

ou ; ; 2 .
m(g +fx ll) = A(TZIE:,” + Tﬁ(c;?er + TZ:m + T&Z?Zr + T;vaadve ’ 3)

which gives the ice floe velocity, u = u’ — Uy, relative to the geostropic current
Usg.
g

The stresses T skin

water

skin

s and T are caused by skin friction. It is assumed that

|T{Z;m| < |r’:f,:;2[,|. Therefore, the final time-dependent equation of motion for

an ice floe becomes

Ju A . . ,
(G +0xu) = et s a4 ol + 22, @

Perrie and Hu [4] have described these expressions with various types of param-
eters effecting these stresses.
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In a calm sea condition, the drift of the ice floe can be assumed to be only
due to the effect of the wind. The air-ice-skin friction stress rflllf;", thus, is usually
represented by a quadratic formula in terms of the wind speed Uy,

5" = paClyUro — u|(Ugp — w) )

air

where, p, is the air density and C7, is the air-ice-skin friction drag coefficient.
Following Steele et al. [6], we used C3, ~ 3 x 1073.

3 Ice floe drift due to wind stress: model 1

We simplify the governing partial differential equation with the initial condition
and obtain,

ou
m — fv=aUjp — au
ov

where u = (u, v, 0) are the velocity components of the ice floe in a horizontal
plane, f = (0, 0, f) are the Coriolis force components, and ¢ = ,%,Oa C>:\Ugp —ul.
Also, we have (Uyjg —u) = (Ujo — u, —v, 0). The wind velocity vector Uyg is
assumed to be parallel to the positive x — direction. Here we assume that Ujog >
[ul, i.e., the speed of wind is much greater than that of the ice drift and so we can
safely assume that o is a constant parameter. The initial conditions at ¢t = 0 are
assumed as (when there is no wind):

u(0) =0, v(0)=0. (7

Using Laplace transform L{u} = [~ u(t)e™*'dt and L{v} = [;° v(t)e™'dt
with the initial conditions (7), the simultaneous differential equations (6) can be
transformed as

aUjo

(s + o) L{u} — fL{v} =

N

fL{u}+ (s +a)L{v} =0

Solving these two algebraic equations by Cramer’s rule and using residue calculus,
we obtain the non-dimensional forms of the solutions as:

U—a=e *{bsinft —acosft} (8)
V +b=e Y{bcosft + asinft} )

where U, V, a, and b are given by

u v o? af

U=——-, =—, a=——— and b= ———.
Uio Uio 052+f2 Ol2+f2
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Thus, the velocity field of the ice floe, i.e., the U — V plot, can be described by the
following circular spiral type solution as a function of time

(U —a)> + (V + b)? = (a®> + b*e >, (10)

The equation (10) reveals that the radius of the circle at ¢ = 0 becomes simply
v/a? + b2 but when the time progresses the radius starts to decrease exponentially
and at very large time, i.e., when t — oo, the radius of the circle becomes zero
implying that the circle shrinks to zero at the center (@, —b). This simulated behav-
ior of the drift of the ice floe is not unusual in a real field situation. The graphical
representation of our mathematical model in Fig. 3 confirms this analytical con-
jecture of the velocity field of the ice floe. The computations were carried out by
assuming a cylindrical shape for ice floe with diameter L and a thickness of T'. The
air-ice skin friction drag coefficient was set to C); = 3 x 1073, following Steele
et al. [6], the Coriolis parameter was set to f = 1.07 x 10~*s~!, and the wind
speeds at 10 m above the surface (Ujp) were varied between 10 m/s and 25 m/s

with 5 m/s increments.

L= le T= 1111: L-13 = 1[:'11‘[5 L= ll}m T= lm: I.‘]; = lij

0.0 T oo
= 0.5 = 0.5
n n
= K
-1.0 -1.0
0.0 0.5 1.0 0.0 0.5 1.0
U=ulg U=ulg
L=10m, T = Im, L7gp = 20m/= L=10m, T =1m, L7y = 23m/=
= 0.3
n
=
-1.0
0.0 0.5 1.0 0.0 0.5 1.0
U =ulig U=ylhg

Figure 3: Non-dimensional ice floe velocity field in the phase plane.
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To further verify this conjecture, we determine the ice floe trajectory. We replace
u and v in terms of derivatives of x and y with respect to time, such that u = 9x

at
and v = g;’ Thus (6) will take the following form:
9%x ax
Y Y U —a 1
8l2 f =aljp —« a1 ( )
32y ax ay
7 = - g2 12

2z * Ury “or (12)

The initial conditions are x (0) = 0, 2 5 X (0) = 0. Also, y(0) = 0, a7 Y(0) = 0. The
solutions can be obtained by using the Laplace transform method.

aljo

(s +sa)Lix} — fsL{y} =
FsL{x} + (52 + sa) L{y} = 0.

Solving these two equations by Cramer’s rule and using the residue calculus, we
obtain the solutions in non-dimensional forms as

2 2 2 :
— — T — 2 1
X()=———J_ f2 +ar +e—“’{ G} )Czosf _ of sin/ } (13)
(a”+ f9) (o= + f%)
2 2 t 4 (a? — f2)sinft
Y() = 2ozf2 ﬁ_e_m{(ocf)cosf;l—(oc2 f)smf} (14)
(@™ + f9) (= + f9)
where X () and Y (¢) are given by,
t t
X(l) = % and Y(l) = %
alUyo/(o* + f?) alUio/(a” + f*)
With these definitions, the ice floe trajectories can be obtained as
(X —c)+ (¥ —dP =e (15)
here ¢ = _ep +atandd = 2L — ft, respectively. It can be easily see
w ¢=—gp Tt = a2 , respectively. ily seen

that the ice floe path is a circle with the center (c, d) and radius e~%’. The param-
eters ¢, d and the radius are all dependent on time ¢. Thus the ice floe will move
in a circular path with exponentially decreasing radius with respect to time. Fur-
ther more, for large time, the floe trajectory will follow a linear path with the
linearly dependent coordinates of the center of the circle with respect to time. At
the initial stage, i.e., at t = 0, the trajectory will be a unit circle with center at
(_oﬂ—f2 2af
C(2_;'_]02 ’ Ol2+f2
a? < f2ora® > f2, respectively. However, the Y — coordinate is always a neg-
ative number. The graphical simulations of the non-dimensional trajectory of the
ice floe with varying wind speeds and their corresponding phase diagrams follow-

ing our derived mathematical formulations are shown in Fig. 4. The trajectories

). The X— coordinate may be positive or negative according to
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Figure 4: Non-dimensional ice floe trajectories in the phase plane.

are circular spirals starting with a unit circle at + = 0 and ending with a point
circle at t+ — o00; but the center is moving according to law of order O («t) such
that X = ot and Y = —ft. Our computation shows that as time passes, the orbital
motion of the ice floe, due to the earth’s angular motion, gravitational pull, and
the constant wind effect, eventually becomes linear. Also, the result of this simpli-
fied approach tends to display more displacement along the y-axis than that along
the x-axis. However, this can be corrected with further mathematical computation.
One such computation is given below.

4 Ice floe drift due to wind stress: model 11

The equation of motion of an ice floe (5) can be rewritten in the form,

u
ot
v
t

o g

i j k
+{0 0 f
u v 0

= ApaCy

V(U0 — u)? + v2(Uyo — u)
—vy/ (Uro — u)? +v?

0
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‘We obtain,
du Ap,Co; 2 v2
- _ = Mra y,, — 14—
or 7Y N (Uro — u)?
A7)
v Ap,CS, v2
— + fu=——""vUjo — I+ ——
a7 Sfu p” v(Uio — u) o~ )2
Using the binomial expansion, the above equations can be written as,
0 ApqCS.
o~ o= U — 0)?
_1 n 1 v 2 v 4 v 6 i
X u— —_ JE—
L 2\Uio—u 8\ Uip—u 16\ Uijo—u
0 Ap,C:;
a—l; + fu= _%U(UIO —u)
[ S WA 4+1 v 6+'
x Z - —_
L 2\ Ui —u 8\ Uiop—u 16\ Uio—u ]
(18)

Considering wind speed is much greater than the ice floe drift, the above expansion
can be linearized in the form,

u foe ApaCUro

vl (Ur0 — 2u)

(19)
ov A,OaC;iUlo
A

Proceeding as before, we represent equation (19) in non-dimensional form as
follows:

oU

9V (20)
— 4+ fU = —aV

o1 +f o

Using Laplace transform with initial conditions, equation (20) can be transformed
as

o

20)LU) — fL(V) = —

{<s+a)<) FEWV) =~ on
fLWU) + (s +a)L(V)=0

As before, solving these two equations, we obtain the solutions as,

B az e—3at/2 ﬂaz B ot(otz +2f2) ) B
U=t 2T 8 [_2oe2+f2 °°S<5’> T 2 S‘“(El)](m

B af e gpf B 362f (B
V = _2012 n f2 + 5 |:2052 n f2 cos<5t> + 72012 n f2 sm(Et)]

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)




Advances in Fluid Mechanics VII 329
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Figure 5: Non-dimensional velocity components of ice floes (dashed line: model I,
solid line: model-II).

where o> —4 f2 = — % < 0. The non-dimensional velocity components of the ice
floe with the simplifications introduced in Model-I and Model-II have been com-
puted and shown in Fig. 5. Interestingly, Model-II shows further improvements and
its computational results tend to agree more closely with those of Perrie and Hu [4].
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Abstract

Research on river ecosystems asks for a multidisciplinary approach. All
components such as water, macrophytes, sediment, suspended solids, etc. play an
important role. The presence of macrophytes in rivers has an influence on water
levels and flow patterns since a wealthy vegetation growth causes back water
effects and consequently higher upstream water levels. In view of this, flood risk
increases in periods of higher flows and greater vegetation growth. So, river
management also deals with the control of vegetation. Good management
contributes not only to the quality of the water and the ecosystem, but also to
flood protection.

Keywords: backwater effect, ecological modelling, vegetated rivers.
1 Introduction

In many lowland rivers in Flanders, a significant increase in macrophyte growth
has been observed. This is due to eutrophication and a better water quality
(Vereecken et al. [1]) of surface water, which is imposed by the European Union
and laid down in the ‘Water Framework Directive’ (2000/60 EG). The directive
aims at a better water quality by structural interventions in rivers. A better water
quality influences the macrophytes (increasing growth) and so, the drainage of
the river. Therefore, the ecological and hydraulic function of the macrophytes
has to be understood. The vegetation influences the roughness of the channel bed
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and banks which, as a major modelling parameter, is important for the prediction
of floods since aquatic plant growth can lead to a substantial rise of the water
level (Aminal [2]), (NVVE [3]). The channel roughness can be expressed by the
Manning coefficient.

By this, there is a relation between the amount of biomass in and the
discharge capacity of the river. Good river management includes mowing of
vegetation to avoid floods, with respect to the ecological functions of the river.
Therefore, a well-considered choice of mowing patterns is essential to balance
both requirements.

2 Study area and data set

2.1 The river Aa

Focus of the study is the downstream part of the river Aa. The catchment basin
of the river Aa is situated in the region of Antwerp in Belgium and is
hydrographically part of the Nete basin. The most important rivers of this basin
are the Kleine Nete and the Grote Nete, both influenced by the tidal bore. More
than 40% of the water in the Nete basin is carried by the river Aa, which is
consequently the most important tributary of the Kleine Nete. It has a total length
of 36.8 km and a drainage area of about 23 700 ha. The study area is focused on
the downstream part of the Aa, on a 1.4 km reach controlled by two weirs at the
up-and downstream end.

The river Aa is a typical lowland river with low velocities, a small fall and a
strongly meandering character. Over the years, the river has been straightened
and the section was enlarged. The water inflow originates from drainage of rain
water and seepage of ground water. The water is rather acid, without chalk and a
low amount of minerals, not suitable for organisms. Living conditions for them
are caused by food supply in the way of organic drainage of fertilizers from the
fields of agriculture along the banks of the river.

2.2 Hydraulic measurements

Discharge was monthly measured from a bridge and from a boat in different
sections along the stretch under concern in the period from September 2004 to
May 2007. The method used is the integration of the velocity field over the cross
section as is explained in (Herschy [4]) Two devices are used for measuring the
velocity of the water. In case of open water (no vegetation), hydrometric
propellers (Type: OTT, C31 Universal Current Meter) are used, while in
locations where vegetation might hinder the mechanical functioning of the
propeller an electromagnetic instrument (Type OTT, Nautilus C2000/SENSA
7300 and Valeport, Type 801) is applied.

2.3 Biomass collection

In the river Aa, macrophytes found are various leaved water-starwort (Callitriche
platycarpa), rigid hornwort (Ceratohyllm demersum) and floatingleaf pondweed
(Potamogeton natans). Sampling is carried out upstream, downstream and half
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way the stretch on a monthly base. In each of these cross-sections, the amount of
macrophytes is determined by taking samples every meter, at the same position
were the discharge measurements are carried out. First the fresh weight [g/m?] of
the plants is defined, afterward also the dry weight [g/m?] is postulated. The
sampling of the macrophytes is carried out with a sampler as described in
(Marshall and Lee [5]). This instrument has no moving parts, its primary
components are a cutting blade fixed to the base of a vertical shaft to shear off
plant stems at the substrate surface, and a collection rake to allow retrieval of the
freed vegetation. The sampler is well suited for the measurements in this study,
because a large variety of macrophytes over a range of conditions can be
sampled, while possessing the design features of prime importance: lightweight,
low cost and easily used.

2.4 Femme environment

Calculation are performed making use of software developed in ‘Femme’ (‘a
Flexible Environment for Mathematically Modelling the Environment’) is
developed by NIOO (Netherlands Institute of Ecology) (Soetaert et al. [6]). Itisa
modelling environment for the development and application of ecological time
dependent processes by use of numerical integration in the time of differential
equations. The program is written in Fortran. ’Femme’ consists of a wide range
of numerical calculations and model manipulations (as integration functions,
forcing functions, linking to observed data, calibration possibilities, etc.). These
technical possibilities allow the user to focus on the scientific part of the model
without the confrontation with real programming linked problems.

‘Femme’ is focused on ecosystem modelling, is open source (no black box)
and has a modular hierarchical structure (implementation of different modules).
What was missing up till now was the implementation of a hydrodynamic
surface water model to couple ecology and surface water each timestep. For the
study of the interaction of ecological processes and flow, a realistic modelling of
the surface water flow is necessary. In this study, a one dimensional
hydrodynamic model for surface water flow based on the solution of the Saint-
Venant equations has been implemented in ‘Femme’.

3 Biomass influence on the resistance coefficient

3.1 Manning roughness coefficient

The measured discharges and stages are used for the calculation of the roughness
coefficient of the stretch, making use of the Bresse equation or the Manning
equation. In steady state conditions (permanent flow) and assuming uniform
flow, the energy slope is equal to the bottom slope and discharge, stage and
Manning coefficient are linked directly by Manning’s equation (Chow et al. [7]).
In case of non-uniform permanent flow, Bresse equation is used to calculate the
Manning coefficient.
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3.2 Biomass distribution and the Manning coefficient

A positive correlation between the biomass and the Manning coefficient was
found by (Brooker et al. [8]) and mentioned in (Viaene and Vereecken [9]). For
all measurements carried out over almost three years, the amount of macrophytes
was determined and the Manning coefficient was calculated from the Bresse
equation. The relation between biomass and Manning coefficient is clear. Low
values for both are seen during winter (November to April), high values during
spring and summer (June to September). More biomass results in a higher
Manning coefficient (De Doncker et al. [10]). An exponentional curve is fitted to
the values of biomass and Manning coefficient in Figure 2. Presence of
vegetation increases the roughness and decreases the section and by this raises
also the water level for the same discharge value.

3.3 Relation between discharge and the Manning coefficient

As the vegetation only covers part of the cross section, it is clear that with
increasing discharge, and by this increasing water level, the relative influence of
the biomass will become smaller. Figure 2 depicts the link between discharge
and Manning coefficient as calculated from the Bresse equation, based on the
measured data in the Aa between September 2004 and May 2007.

3.4 Coaxial relation between the Manning coefficient, biomass
and discharge

The Manning coefficient is linked to the discharge (Fig. 1) and related to the
biomass (Fig. 2). The relation Manning coefficient — discharge has an R? value of
0.72, while the relation between biomass and Manning coefficient agrees with R?
=0.77. The relation between these three parameters is expressed by (Eq. (3)) (De
Doncker et al. [11]).

0.1568 .
n=0.169+ ———-0.1593exp(—0.0047 * biomass)

0 ()

0.5 +
* l S i
()
|
|
|
0 1 2 3 4
Qi
Figure 1: Correlation between discharge and the Manning coefficient in the

river Aa from September 2004 to May 2007.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advances in Fluid Mechanics VII 335

'] . % I | |

& manning coefficient = flbiomass)
—— y=04628-0.3982 ep{-0.0047x)

|
|

(X} S . =
0

0 100 200 00 400
biomass [g/nv]
Figure 2: Exponentional correlation between biomass and the Manning

coefficient in the river Aa from September 2004 to May 2007.
4 Calculation results

4.1 Steady state conditions

Due to vegetation and the consequential influence of backwater, the friction
slope S; of a river stretch can vary extremely, so the Manning coefficient has to
be calculated using the Bresse equation. Figure 3 and Figure 4 show the situation
in a theoretical stretch of 5000 m. The cross-section is rectangular and has a
bottom width of 12.0 m. There is no slope along the stretch and the bottom level
is 8.89 m. The accuracy of the ‘Femme’ model in both steady and unsteady
conditions is checked by comparing some results with the Hec-Ras model
(Hydrologic Engineering Center [12]), which is a one dimensional code, also
based on the solution of the Saint-Venant equations. Both models give the same
values and Hec-Ras has already proven his worth, it demonstrates that the
‘Femme’ model returns good and reliable results.

In Figure 3, two cases are considered, a Manning coefficient of 0.1 m /s,
which corresponds with the values in the winter for the river Aa and a Manning
coefficient of 0.4 m™"/s (spring and summer values). The Manning coefficient is
up to 9 times higher in spring when there is wealthy vegetation (De Doncker et
al. [9]). Starting from the same downstream water level (10.20 m) and using a
discharge of 1 m?/s, the upstream water level is calculated for both values of n.
In spring, a value of 11.25 m for the upstream water level is calculated, while
10.35 m is obtained in winter; this is a difference of 0.90 m due to the presence
of vegetation.

Figure 4 shows the influence of the discharge on the energy slope S; For
three different values of the discharge (0.5; 1 and 1.5 m?®/s), the water surface
profile is calculated. The Manning coefficient is kept constant at 0.1 m™’s. It is
shown that tripling the discharge results in an increase of the water level of only
0.26 m (10.24 m for the lowest discharge, 10.35 m for Q = 1 m*/s and 10.50 for
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the highest value of Q). So, the impact of the vegetation on S; is much bigger and
explains why dangerous situations may occur with regard to inundation during
summer floods.
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4.2 Unsteady state conditions

Here, the impact of a variable resistance coefficient on the stream flow is
illustrated. A flood wave, registered in the studied stretch of the river Aa, in the
period from August 12" to August 19™ (2005), is used as upstream boundary
condition for the calculation (Qupstream). Downstream boundary condition is
the registered water level at the downstream weir (Zdownstream). The studied
stretch has a length of 5000 m, a rectangular cross section and a bottom width of
12.0 m. The bottom level is 8.89 m.

Fig. 5 and Fig. 6 depict the boundary conditions and the calculated results for
Qdownstream and Zupstream for two values of the Manning coefficient: in
winter conditions (n = 0.1 m™’s) and in summer conditions (n = 0.4 m™?s). The
variation, with the Manning coefficient, of the downstream discharge is limited,
but it is clear that the upstream water level (Zupstream) is strongly influenced by
the dense vegetation growth during summer. With increasing values of the
Manning coefficient, the downstream discharge peak shows a small time lag and
a substantial attenuation.

The river banks are indicated in Figs. 6 and 7. For low vegetation growth, the
peak discharge and corresponding water level cause no problems. For values of
the Manning coefficient larger than 0.205 m™"** (Fig. 7), the river banks (11.6 m)
will be too low for the peak discharge and neighbouring areas will inundate.
Therefore, study of the roughness of the river, including all determining
parameters, is important.
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5 Conclusion

In this paper, the influence of aquatic vegetation on

hydraulic characteristics in

rivers is studied. Over the year, the amount of vegetation is linked to the seasonal
cycle. The combination of a wealthy vegetation growth and summer storms can

cause flood problems.
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A well-considered integrated river management needs to balance the
requirements from the ecosystem with regard to water quality and the need for a
safe flood protection policy. For a stretch of the river Aa, the correlation between
discharge, biomass in the river and the resistance coefficient is demonstrated
based on field measurements and hydraulic modelling. Calculation results show
the influence of the resistance on both flow and water levels. Taking into account
the environmental conditions (living area, agricultural land, etc.), peak values of
the discharge have to be reduced e.g. for safety reasons. Therefore, a sound
vegetation control policy can contribute to control flood water levels while at the
same time guaranteeing the quality of the ecosystem.

Acknowledgements

This research is funded by the FWO (Fund for Scientific Research) - Flanders
(G.0306.04). 1t is part of the multidisciplinary research project ‘A fundamental
study on exchange processes in river ecosystems’ (University of Antwerp, Vrije
Universiteit Brussel, Ghent University, 2004 - 2007). The overall objective is to
study the physical and biological exchange processes in margins and inundation
areas of water courses and how their interactions determine the exchange of
water, dissolved compounds and particulate matter.

Thanks to Mr. Martin Van Daele and Mr. Stefaan Bliki for their assistance
with the discharge measurements.

Also thanks to the Hydrological Information Centre of Flanders Hydraulics
Research (HIC, Mr. E. Cornet) for providing the discharge and water level data
of the river Aa.

References

[1] Vereecken, H., Baetens, J., Viaene, P., Mostaert, F. and Meire, P.,
Ecological management of aquatic plants: effects in lowland streams,
Hydrobiologia, 2006.

[2] Aminal, De Kleine Nete, computer modelling as a method, high water
control as a target (in Dutch) - computermodellering als methode,
hoogwaterbeheer als doel. Grontmij Belgroma nv, in order of Aminal,
2004.

[3] NVVE, Waterplanten als graadmeters voor de ecologische toestand van het
water: doel, referentie en beoordeling. Nederlands-Vlaamse Vereniging
voor Ecologie - Werkgroep Water-en Oeverplanten, 2003.

[4] Herschy, R. (Ed.), Hydrometry: principles and practices. Wiley
Interscience Publication. ISBN 0471996491, 1978.

[5] Marshall, T. and Lee, P., An inexpensive and lightweight sampler for the
rapid collection of aquatic macrophytes. Journal of Aquatic Plant
Management (32), 7779, 1994.

[6] Soectaert, K. et al., Femme, a flexible environment for mathematically
modeling the environment. Manuals, 2004.

[71 Chow, VT., Maidment, DR. and Mays, LW., Applied Hydrology, 1988.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



(8]

[10]

[11]

[12]

Advances in Fluid Mechanics VII 339

Brooker, M., Morris, D. and Wilson, C., Plant flow relationships in the
River Wye catchment. In European Weed Research Society 5"
International Symposium on Aquatic Weeds, 6370, 1978.

Viaene, P. and Vereecken, H., Stromingsweerstand tengevolge van
waterplanten. Technical report Flanders Hydraulics. Rapport Ministerie
van de Vlaamse Gemeenschap, Departement Leefmilieu en Infrastructuur,
Administratie Milieu, Land- en Waterbeheer, Afdeling Water, Model 566,
2001.

De Doncker, L., Troch, P., Verhoeven, R. Determination of the Manning
Roughness Coefficient influenced by Vegetation in the River Aa and
Biebrza River. In review, 2007.

De Doncker, L., Troch, P., Verhoeven, R., Desmet, N., Meire, P., Seuntjes,
P. relation between resistance characteristics due to aquatic weed growth
and the hydraulic capacity of the river Aa. In review, 2007.

Hydrologic Engineering Center, HEC-RAS River Analysis System,
Version 3.1.3, US Army Corps of Engineers, 2004, http://www.hec.usace.
army.mil/.

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



This page intentionally left blank



Advances in Fluid Mechanics VII 341

Design of ‘Smart’ pebble for sediment
entrainment study

A. Dwivedi', B. Melville', E. Akeila® & Z. Salcic®
'Department of Civil & Environmental Engineering,
The University of Auckland, Auckland, New Zealand
’Department of Electrical and Computer Engineering,
The University of Auckland, Auckland, New Zealand

Abstract

The ‘Smart’ pebble is a small self-equipped datalogger having a 40 mm outer
diameter with a built-in sensor for acceleration and rotation measurements. This
pebble has the capability to detect instantaneous acceleration due to turbulence in
fluid, which is indicative of hydrodynamic forces acting on the pebble. The
pebble stores the data continuously in its internal memory. These data can
subsequently be transferred by serial port to a computer for detailed analysis.
Test runs using the smart pebble have been carried out to validate accurate
functioning of the acceleration and gyro sensor. The acceleration of the smart
pebble was compared to the acceleration of the shake table. The results show the
excellent capability of the pebble to record the instantaneous forces acting on the
pebble during its entrainment.

Keywords: entrainment, hydrodynamic forces, accelerometer, gyroscope.

1 Introduction

In order to understand the processes causing particle entrainment, the stability of
the separate particles must be evaluated. The hydrodynamic forces on the
particles are very important for understanding this stability. Figure 1 (a) shows
the hydrodynamic forces acting on the sediment particle. Figure 1 (b) shows the
test arrangement of smart pebble.

This research has been aimed at improving the present level of understanding
of the physical processes involved in the transport of individual sediment
particles in the near bed region of a turbulent open channel flow by the use of
smart pebble.
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Figure 1: (a) Hydrodynamic forces on the particle where Fy is lift force, Fp is

drag force, F¢ contact force and W the weight of pebble. (b) Test
arrangement using the smart pebble inside the flume.

2 Background

Inertial navigation system (INS) concepts (Titerron and Weston [3]) are used as
the basis of this work. An INS is a system, which can determine its exact
location in three-dimensional space, relative to a known starting location. The
location is resolved by integrating the accelerations and rotations about the three
axes. Three accelerometers and three gyroscopes measure the accelerations and
angular rotations about the three axes, giving the particle six degrees of freedom.
The reference frame consisting of three axes of the body of the pebble is known
as the Body Frame. The set of sensor modules, organized in orthogonal form,
measure the accelerations and gyrations with reference to the body frame. As the
forces acting on the pebble need to be measured relative to a stationary frame of
reference a conversion is necessary.

AX_Gﬂ
Ay/ *

G, A, Positive X rotation

Positive y rotation

A: Accelerometer
G: Gyroscope

Positive Z rotation

Figure 2: Axis conversion from body frame to reference frame.
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There are several methods of performing a coordinate transformation
(Titerron and Weston [3]). The Euler Angle method (Pio [4]) was chosen as the
most appropriate method, given the processing and time constraints in this proof
of concept project.

The Euler Angle method performs the coordinate transformation as three
rotations about the three axes. To transform the body frame related motion
parameters to the reference frame, three angular rotations, y, 0 and ¢ are
performed around the z, y and x axes respectively. When the three rotations are
performed as per Figure 2, we get three matrices C/, C2, C3, representing the
rotations as below:

Rotation y about the reference Z axis,

Cos(y) Sin(y) 0
C, =| - Sin(y) Cosw) 0 M)
0 0 1

Rotation 6 about the new y-axis,
Cos(@) 0 —Sin(6)
c,=| 0 1 0 @)
Sin(@) 0 Cos(0)
Rotation ¢ about the new x-axis,

1 0 0
C,=|0 Cos(p) Sin(p) G)
0 —Sin(p) Cos(p)

The three individual matrices can be combined into one complete matrix as
follows

C'=C,0C,eC, 4)

The complete matrix C f is known as the rotation matrix

The conversion of any vector from the body frame to the reference frame is
achieved by the multiplication of the body frame vector by the transpose of the
rotation matrix. This is indicated in the following:

r=C l’} orD %)
r" is the vector in reference frame,

C} is the transpose of the rotation matrix C” , and

7" is the vector in the body frame
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For the order of rotation in Equation (5) the transpose of the rotation matrix

C? is as follows.

Cos(0)Cos(y) —Cos(¢)Sin(y)+Sin(p)Sin(8)Cos(y) Sin(¢)Sin(y)+Cos(p)Sin(6)Cos(y)
CZ =| Cos(0)Sin(y) Cos(p)Cos(y)+Sin(¢)Sin(0)Sin(y) —Sin(p)Cos(y)+Cos(¢)Sin(6)Sin(y)
—Sin(0) Sin(¢)Cos(0) Cos(¢)Cos(6)

(6)

Between successive updates in the real time computation of body attitude
there will be small change in angle rotations such that

sing — @,sinf — @,sinyy - and the cosine of these angles
approach unity. Making these substitutions in equation (6) and ignoring the

product of angles, which also become small, the direction matrix expressed in
terms of Euler rotations reduces approximately to the skew symmetric form

1 —w 6
Gy 1 ¢ (7)
-0 ¢ 1

In such a situation, if commercial off the shelf (COTS) accelerometers and

. . b
gyroscope ICs are used to monitor instantancous motion parameters, 7~ vector
can be indicated as,

Ax—b

Ay— b
Az—b

where Ax,, A4,., and 4., are the body frame accelerations in the corresponding
axes.

= =

®)

This gives us the simplified relationship for the 7" vector in the reference
frame as,

1 -w 0|4,
r=ly 1 -¢||4, )
_0 ¢ 1 Az—b
For the angular rotation parameters, the following relationships were used.
y=[od, 0=[od  ¢=[od

where o, wy and w, are the gyrations in respective axes.
3 Design considerations
Key design considerations for smart pebble are packaging, powering, relative

physical placement of the MEMS, signal conditioning and providing a bare
minimum digital subsystem and a compact and simple data communication
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interface. Packaging has direct influence on the size of the pebble. Since
roughness elements involved in the sediment entrainment study are 40mm
diameter ping pong balls, the diameter of the pebble should not be more than
40mm, which is only possible with proper compact packaging of the electronics
involved. Entrainment is a sporadic and instantaneous event. The time at which
particle will be entrained can vary from few seconds to few minutes. This
directly put constraint on powering the smart pebble for at least 15 minutes to
capture the meaningful data before entrainment, during entrainment and after
entrainment of the pebble. Physical placement of the sensors and electronics
should be such that the centre of gravity is at the centre of the sphere (pebble) to
avoid any abrupt motion due to eccentricity of the inside mass. Compact and
simple data communication system was required to make the pebble user-
friendly.

4 Sensors

In order to monitor the accelerations, commercial off the shelf (COTS) type
accelerometers and gyroscope MEMS from Analog Devices were considered
based on their sensitivity, accuracy, noise behaviour and the offset, etc (Brown et
al [1]). ADXL202 dual axis accelerometers and ADXRS150 yaw rate gyroscopes
were found suitable. These devices were placed in three orthogonal sensor
modules with suitable signal conditioning circuitry.

The unit is powered by a 6V battery, which generally powers the circuit up to
about 15 minutes continuously. A Texas Instruments TPS60132 charge pump
has been utilized to regulate the supply voltage of the pebble at 5V. Additionally,
it boosts up the battery voltage as it dips below 5V to maintain the accuracy of
the sensor readings. The entire system works on 5V, except for the external flash
memory, which requires 3V supplied through a REG102 3V regulator.

Since dual gang accelerometers were used, it was possible to take all the
necessary measurements with two chips to keep the real estate of the PCBs to a
minimum. Each sensor produces an analogue voltage proportional to the
acceleration or gyration measured. These outputs are periodically scanned and
averaged out to minimize noise, through the analogue-to-digital-converter
channels of the Microchip PIC18F8520 microcontroller. The digitized sensor
data is then stored in an external flash memory, SST25VF020. Since the data is
collected at regular time intervals, this data is later processed to determine the
accelerations of the pebble.

The smart pebble is a complete, battery powered unit equipped with two dual-
axis accelerometers and three angular rate sensors, a microcontroller, non-
volatile external memory and a user interface capable of communication with a
PC. It has been packaged into a sphere of 40mm diameter as illustrated in Figure 3.

The stored data is transferred to a PC over the hyper terminal of the computer.
This data is then processed in MATLAB to calculate the true accelerations along
the reference axes. The MATLAB program takes in the raw digitized sensor data
and converts them to the analogue voltage values measured originally. Since the
fixed axis set of the sensor boards are subject to rotations, the accelerations
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Figure 3: Final packaged ‘smart pebble’. Right: Actual size of the PCBs.
Left: The PCBs inside the shell of the smart pebble.

measured are in fact, not the true accelerations along a set of reference axes.
Therefore the data needs some complex mathematical processing to extract the
true acceleration data. The gyroscope measurements are integrated to obtain the
rotation angles of the unit, about each axis. Next, the initial tilt of the unit and the
gravity components along each axis are calculated. Then the direction cosine
matrix and Euler angles are used to convert the data to obtain the true
accelerations along each reference axis. Finally gravity is compensated for and
the accelerations along the reference axes are plotted.

The sensors are mounted such that the accelerations along the three
orthogonal axes and the gyrations about each axis are measured.

5 Operation of the smart pebble

There are two switches on the sensors, power switch and a Data protection
switch (protection for the stored sensor data). Data protection switch is coupled
with a push button, which triggers the interrupt to start reading the sensor data
and storing them in the flash. Turn this switch on and push the button next to it.
This should briefly light a blue LED. This means the processor will start reading
the data off the sensors in one minute. Once the interrupt has been triggered (i.e.
blue LED) turn the switch off.

This means that there will be no accidental triggering of the interrupts once
we have set it out. The main reason for doing this is, each time we need to store
data in the flash and retrieve data out to pc and then erase the chip for the next
set of Data. So if the interrupt is triggered on the way all the data stored up until
then will be lost. There is a second push button (also coupled to an LED) to
retrieve data off the micro, into the PC

6 Calibration and testing
In developing a system of this nature, the designer has to be aware of the overall

errors contributed by many sources. Some obvious errors are the accelerometer
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offsets, OpAmp offsets, the analog calculation interface inaccuracies and offsets
and noise from the sensors.

Calibration was performed in two steps. In the first step individual sensors
were calibrated and in the second step complete smart pebble system was
calibrated.

6.1 Individual sensor calibration

The accelerometer sensors were calibrated against the gravity by orienting the
axes of the sensors towards the gravitational direction to get +g output and then
opposite to that direction to get —g. After that, each sensor gain and offset is
calculated using the following equations.
vV, +V
. +t8 -g
offset(V) = ———5—— (10)

Gain(V 19)=V., o ~offser (11

The gyroscope calibration was carried out by placing each gyroscope on a

servo motor. The motor moves in a controlled sequence (%1 80° ). The rotational
speed of the servo motor has been adjusted so that it does not exceed the
gyroscope maximum sensitivity (150° /s). This was achieved by controlling the
voltage level that supplies the motor (at 3V the speed is 83%/s). The outputs of the
gyroscopes are observed using an oscilloscope. When the motor rotates in the
positive direction relative to the gyroscope sensitive axis, the output of the sensor
gives a high pulse voltage with respect to the sensor’s offset, and the opposite
happens when the motor rotates in the reverse direction. The sensitivity (gain) of
the gyroscope is calculated using equation 10.

V.V . At
Gain(V/O/s):% (12)

6.2 Overall system calibration

Overall system calibration was done with shake table. For this set of calibration a
hollow cube was made in which the sensors can be in housed. The advantage of
using cube is that it can be placed on the shake table with the direction of the
shaking coinciding with the direction of the acceleration sensors. The shake table
is fitted with an accelerometer that records the acceleration of the table. After
giving the sine wave motion to the shake table for 30 seconds, the accelerations
were compared to the accelerations recorded by the smart pebble. This was done
for all the three axis of the pebble coinciding with the motion of the shake table.
Similar experiments were performed with the cube placed at 45 degrees to the
shake table motion

The first step in the calibration process was testing the zero acceleration
output (Null Offset). The total noise included in this version of the smart pebble
has caused an accumulation error when implementing digital mathematical
integration on the outputs of the gyroscopes. Figure 4 shows the output from the
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smart pebble when it was left stationary for about 15 minutes while Figure 5
shows the accumulative angle calculation error.

The null offset output has been improved by filtering the data using some
MATLAB built-in digital filters and taking the average of the first 5 seconds of
each sensor output as reference value for calculating the accelerations and
angles. Figure 5 shows the output data resulted from filtering and averaging.
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Figure 4: Acceleration resulted from the smart pebble when it is left
stationary.
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Figure 5: Smart pebble stationary output after filtering and averaging
(acceleration).

Because of the low sampling rate (8.33 Hz), frequency of motions was
selected to be less than 4 Hz to avoid signal aliasing. The preliminary results
show that the pebble can accurately detect the frequency of the applied motions.
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However, due to the noise and mainly the very low sampling frequency, the
amplitude output error is very high (it ranges from 63% to more than 92% in
some time intervals. To reduce the amplitude error we tested the smart pebble at
different sampling frequency and found that the error can be reduced to almost
5% if sampling is done at more that ten times the required motion’s frequency.

Figure 6 and 7 shows the affect of sampling frequency on smart pebbles
output. It can be seen that the amplitude error is minimised by increasing the
sampling frequency (Figure 7).

2

Shake table frequency 3.5 Hz ‘ Smart P‘ebble
Sampling Frequency 9.0 Hz - Shake table
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Figure 6: Smart pebble output versus the shake table (sampling frequency 9 Hz)
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Figure 7: Smart pebble output versus the shake table (sampling frequency

70 Hz).

7 Conclusions

Initial testing and calibration of smart pebble shows the excellent functioning
and its capabilities to log instantaneous accelerations. Few measurements of the
smart pebble were done inside the flume with water and data analysis is in
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progress. Further work in reducing the overall power consumption by selecting a
lower power microcontroller is in progress, because the microcontroller in this
version of the smart pebble is consuming more than 80% of the whole power.
Work in reducing the noise to signal ratio is in progress. Work is in progress to
reduce the size of the pebble by using three axis accelerometers e.g. (Tieman et
al [2])
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Abstract

In this study we describe the near wake response and flow dynamics associated
with experimentally simulated flows around a circular cylinder that is either
stationary, superimposed to simple harmonic cross-section variation, or
harmonic cross-section variation combined to steady rotation. Results are
examined for a Reynolds number Re = 1000 and a fixed vibrating amplitude
equal to 5% of the cylinder radius. A large domain of the forcing Strouhal
number up to several times the natural shedding frequency of the cylinder in rest
is considered.

Keywords: fluid-structure interaction, deforming-rotating cylinder, wake
control, drag reduction.

1 Introduction

Bluff body wakes play an important role in the design of a diversity of
engineering structures and industrial applications: aerodynamics, heat
exchangers, offshore structures.

Control of vortex shedding leads to decreasing the unsteady forces acting on
the body and can substantially reduce its vibrations. Flow control may be
executed by controlling the boundary layer separation, the shear layers structures
and / or the coherent structures dynamics in the body near wake.

Several techniques, such as blowing, suction, surface roughness elements,
etc., have already been considered by researchers [1], [2] and [3] presented a
fairly comprehensive overview of the various methods for suppressing vortex
shedding.
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Smoke visualizations of the flow generated behind a circular cylinder,
submitted to both steady rotation (inducing Magnus effect) and cross-section
oscillation are performed. A detailed analysis of the resulting flow properties and
involved mechanisms together with plausible explanations are addressed.

The main objective is to produce a first assessment as a first step to a reliable
response about the possibility to optimize the lift to drag ratio using a
combination of the Magnus effect (resulting from cylinder steady rotation) with a
modulated near wake generated by harmonic cylinder cross-section variation.

2 Experimental set-up

These experiments were carried out in a Deltalab 38340 Voreppe open circuit
channel facility EV 280 type. This consists of a low speed air turbine (0.3 - 3
m/s) with a large Plexiglas tunnel, approximately 1.5 m long, 0.35m height and
0.45 wide with optical access from all sides. The background streamwise
disturbance level is less than 1% of the free stream velocity.

The cylinder made of PVC (Polyvinyl Chlorine) walls, figs.1 and 2, is
mounted horizontally traversing the test section with the ends linked to two
external motors destined to deliver rotating motion of the cylinder shaft and
cylinder walls as well. The inside of the test cylinder, as shown by figs. 1 (b) and
2(b), consists of the cylinder shaft entrained in rotation motion (by means of the
external motor), rotating cams appropriately transform the rotating motion into
diameter variation movement of the test cylinder walls according the following
law:

a=a, (I +Assin 2rx xfxt)

Where a is the variable cylinder radius, a, is the initial cylinder radius, 4s is the
maximum deformation amplitude set equal to 5% of the cylinder diameter, f is
the cylinder forcing frequency in Hertz and ¢ is time in seconds.

Considering the cylinder dimensions, the above relation becomes:

a=0.04 (1 +0.005sin (27 % f * 1)) (1)

Flow is thus controlled by the sinusoidal variation of the radius a. The internal
deforming system of the cylinder and the test section dimensions imposed an
aspect ratio of 5.62.

The flow visualizations were carried out by releasing a horizontal smoke
sheet in front of the cylinder created by injecting smoke through a tubing of a
smoke generator enabling a steady leakage of smoke through the oncoming flow.
The collection of flow visualization images was taken with a digital video
camera in a rate of 24 images per second.

The rotating movement is generated by an electrical motor developing a
rotation speed N varying from de 0 to 300 rpm. The cylinder axis is clamped to
an electrical motor and constrained to move in a rotating motion to generate the
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Isometric view of
the modified cylinder
Aspect ratio = 5.62

Cylinder cams

Cylinder shaft

Cross section view of

the test cylinder
Figure 1: Operating set-up / cylinder deforming mechanism.
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Figure 2: (a) The wind tunnel, (b) schematic diagram of the cylinder side
view.

vibrating motion of the cylinder cross section via the integrated mechanism
inside the cylinder. The rotating cams mechanism converts the rotary motion of
the drive shaft into sinusoidal motion of cylinder walls by a mechanism reported
elsewhere in [4] and [5].

The cylinder walls are entrained in a steady rotation by a second electrical
motor. With this system, the corresponding forcing Strouhal number, Sty = f
D/U,, is between 0.7 and 15. D and U, are respectively the cylinder diameter
and the infinite flow velocity. The non dimensional steady rotating speed
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considered in this study, o= Qay/U.,, is in the wide range of 0 to 11.78, with Q is
the cylinder rotating speed in rpm and a, the cylinder radius.

The results are presented for Re=1000. Flow visualizations are carried out to
study the behavior of the cylinder near wake in response to combined steady
rotation and radial vibration controlling techniques.

The present investigation of the near wake of a circular cylinder
superimposed simultaneously to steady rotation and diameter variation is an
initial step towards understanding the intricate flow phenomena generated when
such active controlling techniques (rotation and radial vibration) are coupled on
the actuated flow around a circular cylinder.

3 Results and discussion

A first understanding of the visualization results is deduced from the digital
video clips and the video tapes. Separation of the successive video frames into
digital images enables compilation of time sequences showing evolution of the
nascent vortices, vortices interactions and vortex shedding process. Dye streaks
contours are detected and highlighted to interpret the results more clearly. These
tracings scale-accurate representations of the near wake regions, showing the
surrounding shear layers and the primary vortices in the cylinder vicinity.

The vortex shedding Strouhal number, S#, for the non controlled cylinder at a
freestream velocity of U,=3 m/s is determined to be 0.21. This value is in perfect
agreement with the universal St-Re relation. The considered Reynolds number,
Re=1000, coincides with the subcritical flow regime for which the Strouhal
number fluctuates in the range of 0.18-0.22, [6] and [7]. The visualized near
wake region for this nominal case at a time where the vortex formation is fully
developed is shown in figure 3. The shear layers and the vortex roll-up
surrounding the formation region are clearly illustrated on the figure. The shear
layers roll-up and the Karman vortices are formed in a laminar fashion indicating
the absence of Kelvin-Helmholtz instability vortices on the shear layers. [8]
carried out experiments for an active control of a circular cylinder using a
rotative-oscillating technique for Re=15000, corresponding to the same flow
regime. This flow configuration is similar to the flow pattern found by [8] for the
nominal case.

Primary vortices

Figure 3: Von Karman eddy-street behind the cylinder at rest.
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The nominal case (without control) is presented as a reference flow situation
for a comparison with visualization results for the formation region and the near
wake behind the cylinder superimposed to both radial vibration and steady
rotation.

When the cylinder is set into motion the flow developed various features and
phenomena as a response to the applied actuating perturbations.

When examining the sequences of video pictures, several shedding modes are
identified throughout these flow visualisations. Particularly, the four modes
presented by [8] for a cylinder submitted to rotative oscillations and termed dual
shedding mode, global locking mode, local locking mode and the shear layer
mode are clearly identified but as partial modes in this study.

Flow configurations similar to these flow modes are previously observed by
[9] for a cylinder subjected to transverse oscillations in a freestream.

An estimation of the drag coefficient is given by [8]. He showed that these
shedding modes are accompanied by a substantial drag coefficient reduction (up
to 80% of the non controlled case). This is in line with the goal researched
through the elaboration of this work, namely lift to drag ratio optimization.

An interesting feature of this flow is the progressive and ordered way in which
each mode evolves at the selected values of the frequency and steady rotation of
the cylinder.

The test cylinder

Figure 4: Instantaneous Von Karman vortex suppression (Sty =0.51, a =
3.94).

In the images of fig. 4 (St;=0.51 and a =3.94) the wake flow is parallel to the
midspan plan (straight and without beating motion) the shear layers developed
abrupt instabilities in the form of undulations and kinks without evolving to roll-
ups vortices as this can be expected. In this configuration the shedding
mechanism seems to be inhibited.

In the current experiments, the modification process (wake undulation) is not
limited to the formation region but extends to farther wake behind the cylinder.
This undulation phenomenon is thought to be caused by the cylinder walls
acceleration during the radius increasing and decreasing motion. In fact, the
Kelvin-Helmholtz instability settling in the flow shear layers is strongly
enhanced. This tendency is immediately reversed by the steady rotation effect of
the cylinder which attenuates the developing instability preventing, thus, roll-ups
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vortices formation. The cylinder steady rotation seems forcing the cylinder wake
to evolve in a straight and parallel direction.

The rotation of a circular cylinder in a viscous uniform flow is expected to
deeply alter the wake flow pattern and vortex shedding mechanism. It may
reduce the flow-induced oscillation or augment the lift force. The basic physical
rationale behind the rotation effect is that as the cylinder rotates in the clockwise
sense, the shear layer of the cylinder upper side is accelerated leading to
separation delay or suppression. While the shear layer of the cylinder lower side
is decelerated and easily separated. Hence, the pressure on the accelerated side
becomes smaller than that of the decelerated side, resulting in a mean lift force
(this effect is known as “Magnus effect”) [10].

This parallel shedding mode may be explained by an unstable equilibrium
state resulting from a non linear interaction of the effects induced by the radial
vibration from one part and the steady rotation from the other. An evolution to
more stable fashions is observed when the steady rotating speed is increased. The
mode becomes more persistent accompanied by a largely narrower wake.

If the controlling parameters are maintained constant, the previous mode
progressively shifts to a new mode in which the shedded structures rearrange
into a more organized mode termed 2P mode following Williamson and Roshko
[9] terminology, fig. 5.

(2) : (b) : ~l(©

Figure 5: 2P shedding mode for a = 0.175 and St <= 0.47/ wavelength
variation.

The wake configuration is clearly seen to be of 2P-type in fig. 5. Two vortex
pairs are shed per cycle of radial cylinder oscillation and the vortex pairs rapidly
diverge away from the wake axis. The 2S-type wake pattern shown in fig. 3,
where two vortices are shed from the circular cylinder per shedding cycle is
markedly different from the 2P mode shown in fig. 5. In the former (2S mode),
the vortices remain close to the wake axis as they convect downstream. The latter
wake pattern (2P mode) is seen as indicating synchronisation with respect to
cylinder motion as reported by [11] and [9].

The coherent synchronized wake patterns observed for the excitation regime
frequencies within the synchronized regime is not preserved indefinitely over the
oscillation cycles. Flow visualization results of the near wake and formation
regions illustrating its evolution are given in fig. 6 corresponding to oscillation
frequency St=0.87.
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(@)

——Near wake starts rolling up

(b)

Near wake dissociates
from the far wake

and the formation length
strongly reduces

Near wake
rolling up

The near wake
starts straightening

Figure 6: Near wake rolling up shedding mode, (St;=0.87 and a = 3.94).

A comparison the images of this figure shows that the regular 2P mode shifts
progressively to a new 2P wavy mode characterized by a horizontally beating
wake and a variable wave number of the Von karman eddy street forming behind
the cylinder with a rate of roughly 35% as estimated from the visualisations. The
observed periodic variation of the instability wavenumber is seen in the current
experiments to be accompanied by a substantial increasing and decreasing of the
vortex formation length.

Though the excitation frequency, St; = 0.7 (close to the 3-superharmonic
synchronization value), is largely higher than those corresponding to the
fundamental lock-in regime, 0.15< Sty <0.22, the wake pattern persists in the 2P
mode without relaxing to the usual Karman mode (2S) as this is reported by both
[11] and [9]. On the other hand, for higher rotating speeds of the cylinder, Q >33
rpm, the visualizations reveal appearances of the 2S mode as a subsidiary
configuration considering its existence duration. This indicates that the steady
rotating effect of the cylinder remains dominant throughout the whole spanned
range.
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An attempt to quantify vortex formation lengths for a cylinder vibrating
frequencies in the range, 0.37 < St; < 15 and a constant steady rotation Q; = 23
rpm is now discussed.

While the vortex formation length is rather well defined for flows past a
stationary cylinder, difficulties arise when the cylinder is forced to vibrate
radially and rotate steadily around its axis, for the following reasons:

6] The shear layers are subject to alternating repulsion and attraction
movement induced by the cross-section increasing and decreasing
respectively.

(i) There are three vortex processes contributing to vortex formation: (a)

those applicable to natural vortex formation from a stationary cylinder
([12], [3], and [13]), and (b) shear layers undulations in the form of roll-
ups successions mainly induced by the radial acceleration of the
cylinder walls with the cross-section variation. The vortex formation
length is thus dependent on the process which gives rise to the vortices,
[8] and the manner in which these formed vortices interact (before and
after they are shed) is intricate and complex.

(1i1) [11] reported that the more important effects of the steady rotation are:
(a) Inducing of a continuous fluid layer that rotates with the cylinder in
such a way that the stagnation and separation points around the cylinder
are shifted from the wall within the stream. The thickness of this layer is
found to increase with the rotating rate but decreases with Reynolds
number increasing. (b) Destroying of the vorticity symmetry generated
from the cylinder because of the difference between the relative fluid-
to-wall velocity on each side of the cylinder (one side moving in the
freestream direction and the other moving opposite to it). So, eddies
with different size and strength are created. (c) Eddies detachment is
accelerated and the vorticity evacuating process within the stream is
likely to be modified.

Representative vortex formation lengths Ly are estimated as suggested by
[10]. L¢ is the streamwise distance from the axis of the cylinder to the core of
fully formed vortex. It is determined for several vibrating frequencies with a
fixed cylinder rotating speed were determined in the first case and for a fixed
vibrating frequency and various rotating speeds in the second case.

These formation lengths are evaluated from images of the formation region in
which a fully formed vortex was clearly seen when the shear layers were quasily
straight. The results are plotted in figures 7(a) and 7(b). In the first case, the
vortex formation length is evaluated for the fixed rotating nondimensional rate o
=Q D/2U,, equal to 1.78.

As the forcing Strouhal number, St is augmented the formation length
increases with a jump of 73% and decreases in a rather sharp way until it reaches
a minimum of LyD = 1.9-2 at St; = 2.96. As the forcing Strouhal number is
increased above 3.64 the formation length seems stabilizing around a constant
value of LyD=3.

It comes out from the above results that an optimization of lift to drag
coefficients ratio (C;/Cp),, can be obtained for an optimal vortex formation
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length reduced by the right value of the rotation rate o,y and maintained around
this value by fixing the right value of the forcing Strouhal number St
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Figure 7: Vortex formation length L¢/D evolution.

4 Concluding remarks

It is noted that when the cylinder is actuated using cross-section variation and
steady rotation the Von Kérman eddy street is re-arranged in such a way that four
structure evolving modes prevail and become dominant in the flow dynamics.

Various features and phenomena are noticed. This illustrates a remarkable
similarity with modes reported in several studies and devoted to rotative
oscillation.

When the main controlling parameters, o and Sty are increased, the 2P mode
seems to become dominant throughout the spanned ranges of the steady rotation
rate and forcing Strouhal number.

To answer the central question related to an optimization of lift to drag
coefficients ratio, it is established that the obtained results favourably encourage
further quantitative exploration in order to be definitely fixed about the problem.
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Hydrodynamics of long jet impingement
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Abstract

A circular turbulent long jet has been assessed numerically using the
volume-of-fluid method to examine the hydrodynamics of a long jet before
impingement and to inspect the flow structure of a radial thin layer spreading
over a flat plate after impingement. Typical steel mill industrial parameters are
used in the model. Comparative results are shown for laminar and turbulent jets
with different turbulence models. Model results showed good agreement with the
analytical solution available for global parameters and jet behaviour. The film
thickness of the water layer over the plate, for more than 27 jet diameter, was
measured by tracking free-surface. A hydraulic jump was detected and occurred
within the radial zone in different shapes in laminar and turbulent modelling,
respectively.

Keywords: hydrodynamics, long jet, numerical simulation, hydraulic jump.
1 Introduction

Jet impingement is one of the effective means in cooling and heating
applications. Water jet impingement has a distinguished ability to dissipate a
large amount of heat fluxes and has attracted many studies over the past few
decades. Recent reviews may be found in [1-3].

In an axisymmetric jet, the jet thickness decreases as the liquid radially
travels outward. The thickness of the liquid sheet initially decreases with the
radius but, because viscous drag slows the liquid sheet, its thickness begins to
increase at larger radii. The rapid thickness decrease brings the growing
boundary layer into contact with the free-surface of the liquid layer. If the
Reynolds number is large enough, a shift to a turbulent regime could be expected
for the radially spreading thin laminar liquid film. Layer thickening after
thinning marks the radius of transition [3, 4].
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Far downstream, the impinging jet flow may be terminated by a hydraulic
jump whose location depends on both upstream and downstream flow
conditions. The liquid layer thickness upstream from the hydraulic jump is
necessary in order to determine the location of the hydraulic jump. This
thickness is also used to find the Fraud number of magnitude [5]. The effect of
gravity in a long jet causes speeding up of the jet and contracting of the jet
diameter. For the long jet, turbulence has enough time to develop and it derives
surface jet disturbances and jet splattering.

This paper discusses the numerical simulation of the hydrodynamics of an
axisymmetric long jet impingement with typical industrial parameters. The jet is
considered fully developed turbulent. The FLUENT program is used for the
numerical modelling [6].

1.1 Geometry and jet parameters

The parameters used are: nozzle radius, 19 mm, nozzle height above plate, 1.5 m,
and jet flow rate, 15 lit/sec. The height of the issuing jet, H, at a given time, ¢,
may be obtained from the following simple analytical equation:

1 o
H=Egt +vt 1)

where g is the gravitational acceleration and v; is the jet issuing velocity (nozzle
exit velocity). At a given time, the velocity of the jet, v, and the jet diameter, d,
may be obtained from the following relations:

v=,/vf+2gH, d:dj V—] 2)
V v

where d; is the nozzle diameter. Table 1 shows the jet parameters used in the
simulation (note that suffix ‘imp’ stands for the impingement instant).

2 Numerical simulation

The problem has two very different length scales, which make the numerical
simulation quite difficult and time consuming to model in one simulation.
Therefore, the domain was divided into two parts as shown in fig. 1. The upper
part extends from the nozzle to just above the plate surface (1.2 m long) and the
lower part covers the impingement area and the plate surface. Outputs of the
upper domain such as velocity and VOF profiles at the outlets of the upper
domain are used as the input conditions (inlet boundary conditions) for the lower
domain.

The domains discretized based on the finite volume method. The volume-of-
fluid method (VOF) was employed to analyze this two-phase flow problem and
to track the interface between the water jet surface and the surrounding air.
Numerical simulations were carried out using the FLUENT program.

The assessment of film flow structure travelling over the plate was carried out
by examining the distribution of VOF and the velocity along lines parallel to the
plate at different heights above the plate. These lines are termed ‘parallel lines’
and they are 0.5 mm apart, therefore, a ‘/ mm parallel line’ indicates a line
parallel to the plate at a distance 1 mm above the surface.
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3 Results

Along a parallel line, a VOF value of zero means pure air and a VOF value of
1.0 denotes pure water. Hence, a map of the measured VOF along parallel lines
represents how the water sheet evolves at the top of plate and one could resolve
reasonably the free-surface. The velocity profile inside the water and at
free-surface could be drawn from the velocity distribution along parallel lines.

3.1 Laminar modelling

An experimental facility has been established at The University of British
Columbia for testing the heat transfer and hydrodynamic behaviour of jet
impingement on hot plates (see fig. 2).

MOZZLE EXIT

Table 1: Jet parameters.
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1em (lit/min)
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Re 33337
Figure 1: Problem geometry and jet
gu & Ty and) We 405
parameters.

Experimental observations showed that the incoming jet is turbulent. Our
simulation starts, however, with a laminar case just to establish some experience
with the model. Table 2 shows the velocity and height data of the tip of the jet
travelling downward until impingement in a laminar modelling. The subscript
‘comp’ indicates FLUENT s results which is compared to results obtained from
eqns. (1) and (2). Shortly after exiting the nozzle, the jet height resulted from the
numerical simulation retarded by 10-20%. However, as time elapsed, the
discrepancy decreased to less than 10%. In the lower domain the jet is generally
off by less than 5% and the discrepancy is only about 2% near the plate surface.
It should be noted that at a given time instant, the heights calculated analytically
are larger than those calculated numerically indicating slightly faster velocities
for the analytical solution. This is the case for both domains of analysis as
indicated in table 2.

Fig. 3 shows the measured VOF distribution along a 0.5 mm parallel line.
The measured VOF is 1.0 for the initial part of the line inside the stagnation
zone. As the flow enters the radial zone, the water layer is thinned and the VOFs
decreased. The assessment of VOF for a 0.2 mm parallel line shows that the film
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has the thickness of 0.2-0.5 mm at the early region outside the stagnation zone
(note that for the laminar simulation closer parallel lines are used just above the
plate surface). A wavy free-surface was seen until a radius of more than 0.1 m
was reached. Thereafter the film thickness was nearly unchanged but beyond the
radius of 0.2 m the layer thickens. The parallel line is completely inside the
water over the radius of 0.4 m.

Figure 2: Experimental testing of stationary and moving plates.

Table 2: Height and velocity of laminar jet before striking the plate (a) upper
domain, (b) lower domain.

(a) (b)
time| H | How |V Veomp time| H H.,, | V Vcomp
(sec)| (m) | ,(m) | (m/s) | (m/s) (sec)| (m) | ,(m) | (m/s) | (m/s)
0.05 0.056 | 0.047 | 1.3 1.23 0.004 0.02 0.01 4.935 4.93
0.12 0.176 | 0.16 | 1.98 1.9 0.025 0.126 0.118 5.145 5.09
0.2 0373 | 0.34 | 2.73 2.6 0.035 | 0.178 | 0.172 | 5247 | 5.19

0.275 0.613 0.58 3.49 3.26 0.045 0.231 0.227 5.349 5.27
0.344 | 0.884 | 0.805 | 4.07 | 3.9 0.055 | 0.285 | 0.281 | 5446 | 5.36
0.4 1.138 | 1.038 | 4.6 4.43 0.0575 | 0.299 | 0.295 | 5472 | 5374
0.425 1.261 1.151 | 4.83 4.66 0.0578 0.3 0.297 5.475 5.37
0.433 1.3 1.19 | 491 4.74 0.058 0.302 | 0.298 | 5.477 5.36
0435 | 1.31 12 | 4.93 4.76 0.0585 | 0.304 0.3 5.481 0
1.2
; Laminar modeling
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Figure 3: VOF distribution along a 0.5 mm parallel line.
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A circular wave was seen at the leading edge of the water layer. The radial
progress of the peak of the circular wave over the plate may be tracked by
looking at the VOF variation along the higher parallel lines. At 0.4 sec the peak
was well above 1 mm and thickness values become larger.

Fig. 4 shows the variation of radial velocity along a 0.5 mm parallel line. The
velocities were decreasing monotonically as the fluid expanded radially
downward. The numerically detected velocity fluctuations correspond to a wavy
free-surface outside the stagnation zone as the liquid sheet thinned. The velocity
ultimately became negligible at the plate border (over the radius of 0.5 m).

The assessment of radial velocity for lines parallel to the plate surface at
different heights from the plate (up to 4 mm) revealed that the water film
velocity has very similar variations along these lines, such as those shown in
Figure 4. This result is quite reasonable and expected because of thinning of the
water layer.

——0.07s
——0.105 s
——0.1951s
——04s
----07s
—--1s
——12s
—--14s
—1.812s

Laminar modeling

velocity (m/s)
N W A o N

0 ‘ ‘ ‘ ‘ ‘ radius (m)
0 0.1 0.2 0.3 04 0.5 6

Figure 4: Velocity along a 0.5 mm parallel line.
3.2 Turbulent simulation

3.2.1 k-¢ turbulent model
Table 3 shows the data of velocities and heights of the jet tip during impinging
from the nozzle for different times until impingement on the plate using the k-¢
turbulent model with wall functions. This model shows better performance for a
radial jet with strong streamline curvature because it is adapted for wall bounded
flows [6]. Analytical results could be determined as mentioned above in the
laminar case. In the upper analysis domain, the differences between these results
and the analytical ones are 5%. The difference in jet development in lower
domains is about 10-20% showing a faster analytical jet from the analytical
results by about 10%. The numerical simulation was continued until the jet
passed the outlet of the lower domain and until striking the plate in the lower
domain.

Fig. 5 shows the measured VOF along a 0.5 mm parallel line. Thinning of the
water layer is evident as it exits the stagnation zone and free-surface disturbances
have been determined for a radius of up to 0.1 m. Thereafter, the water layer
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thickness starts to increase while the free-surface disturbances continue to more
than 0.2 m radius. After 0.3 m the film thickness is more than 0.5 mm and
parallel lines at larger distance from the plate are needed to assess the wavy
free-surface. The VOF assessment for the parallel lines up to 5 mm show that the
water layer thickness could rise up to 4.5 mm.

Radial velocity distribution along a 1 mm parallel line is shown in fig. 6.
Also, each line shows how much the fluid is widening over the plate as time
elapses until water covers the plate. The flow has velocity parallel to the plate
after impinging almost equal to the incoming jet velocity. After exiting the

Table 3: Height and velocity of jet before striking the plate for k-& model (a)
upper domain, (b) lower domain.

(@) (b)
. 0 HCO
time H chmp \Y Vcomp time H A% Vcomp
(sec)| (m) | (m) (m/s) | (m/s) (sec) (m) (’;1;!17) (m/s) | (m/s)
0.05 0.056 0.049 1.32 1.28 0.004 | 0.0197 | 0.01 4935 | 4.75
0.12 0.176 0.166 2.0 1.95 0.025 | 0.126 0:0 5.12 4.8
02 | 0373 | 0349 | 276| 264 0.035 | 0.178 0'315 521 | 49
0.275 | 0.61 0.571 3.46 3.34 0.045 | 0.231 0'§0 5.3 4.95
0.35 0.91 0.845 4.1660 4.05 0.055 | 0.2852 0'325 5.4 5.08
0.395 | 1.11 1.036 4.6 4.46 0.0606 | 0.316 0'328 5.45 5.18
0.413 1.2 1.119 4.77 4.64 0.063 | 0.329 0;9 5.47 5.1
0.42 1.24 1.149 4.83 4.69 0.064 | 0.333 0.3 5.48 0
0.424 1.26 1.166 4.86 4.74
0.431 1.29 1.2 4.93 4.82
1.2
—0.105 s
,,,,,,, — — 0.195s
----04s
—————— s St I S I
— =-145s
777777 —a—2s
—— 2-6
radius (m)

0.6

Figure 5: VOF distribution along a 0.5 mm parallel line.
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5 k-¢ turbulent modeling —  009s
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Figure 6: Velocity along 1 mm parallel line.

Table 4: Height and velocity of the jet before impacting the plate for the k-m
model: (a) upper domain (b) lower domain.

(@) (b)
time| H | Heopp | V| Veomp time| H | How | V| Vi
(sec)| (m) | (m) | (m/s)| (m/s) (sec)| (m) | ,(m) | (m/s) | (m/s)
0.05 | 0.056 | 0.0472 | 1.32 | 1.19 0.004 | 0.0197 | 0.01 4.94 4.79
0.107 | 0.151 | 0.132 | 1.835| 1.77 0.015 | 0.0748 | 0.065 5.04 4.8
0.2 0373 | 0.337 | 2.76 | 2.6 0.025 | 0.126 | 0.115 5.14 4.93
0.275 | 0.614 | 0.557 | 3.47 | 3.27 0.035 | 0.178 | 0.164 5.23 5.02
035 | 091 0.825 | 4.119| 4.0 0.045 | 0.231 | 0.213 5.32 5.19
0.4 1137 | 1.0345 | 4.59 | 4.45 0.05 0.258 | 0.239 5.37 5.18
0.413 1.2 1.095 | 493 | 4.58 0.060 | 0.316 | 0.296 5.47 5.23
0424 | 1.256 | 1.143 | 4.82 | 4.68 0.061 0.319 1.5 5.48 0
043 | 1.287 | 1.172 | 4.87 | 4.74
0433 | 1.30 | 1.186 | 4.904 | 4.78
0436 | 1314 | 12 | 4.93 | 4.81

stagnation zone, the velocity is reduced while water expands in the radial zone
downstream but has some fluctuations extending over a radius of 0.1 m. The
velocity became flat thereafter and then dramatically decreased as the film
thickness increased.

3.2.2 k- modelling

Table 4 shows the velocities and the heights of the jet tip during impinging from
the nozzle exit and up to the impingement on the plate surface in the turbulent
case using the shear stress transport (SST) k-o model. This model has better
performance than the standard k-& model. The analytical results could be found
as mentioned in the laminar case. The numerical results show jet delays from
analytical one in the upper domain by 10% except for earlier times while the
velocities are lower than the analytical results by less than 5%. In the lower
domain, the comparison gives similar results as the upper domain.
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Fig. 7 shows the development of water over the plate by the variation of
measured VOF along a 0.5 mm parallel line. The peaks of VOFs were decreasing
while the liquid spread beyond the radius of 0.1 m. However the trend turned
over and the peaks began to increase. Enhanced water layer thickness reached
the 1 mm parallel line at a time of around 0.4 sec and then passed it. The
evaluation of other higher parallel lines reveals that the maximum height
ultimately became larger than 3.5 mm. The evaluation of the velocity of the
spreading water sheet at the top of the surface could also be discerned. In the
stagnation zone downstream, as the thickness reduced the velocity fluctuations
were seen to be monotonically decreasing.

k-o turbulent modeling ——0.065m
- — —0.0851s
o AT ---.0.0951s
N S —--0105s
! #f'- VA —--015
I ay. " 1 ' — --023s
) A - a-.04s
I| Y1 4 IR —e -06s
I, » LA :
|2 R ] —=- -0.8s
AT RY SR \ —12s
Lyl i/{ vt s )_._1_85
Py A : ot radius (m 2s
‘l‘\'“\ — e w 22s
0.1 0.2 0.3 0.4 0.5 0.6
Figure 7: VOF distribution along a 0.5 mm parallel line.

4 Splashing

The exiting jet from the nozzle is fully developed turbulent which makes the jet
surface rough on contact with the air and ultimately causes disturbances in the jet
surface coming vertically toward the plate. A jet surface disturbance for turbulent
modelling using k-e in the lower domain is shown in fig. 8. Any turbulence in
the incoming axisymmetric jet can significantly disturb the free-surface of the
thin liquid sheet, causing splattering of the liquid advancing parallel to the plate.

Bhunia and Lienhard [7] and Lienhard et al [8] developed a model for
splattered fully developed turbulent jets. The onset of splattering where 5% of
the incoming fluid is splattered is [7]:

So 130 3)
di 1+5x107"We}
2
W, =pvid;/o (4)

where W, is Weber number.

This gives So/dj =120 which is quite different from S/dj = 40 obtained in this
problem. Therefore, we expect to have less than 5% splashing while the jet
travels downward. In the actual numerical simulation, we were able to capture a
few ejecting drops from the jet tip in our turbulent simulation by reasonably fine
mesh in the upper domain (fig. 8). This jet has a low Weber number. Therefore,
the surface tension effect is dominant but it doesn’t capillary break up [7].
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Figure 8: (a) jet surface disturbances; (b) drop splashing.

In k- turbulent modelling, the measured VOF of between 0 and 1 was found
in some cells outside (above) the free-surface which may be an indication for
splattering after impingement; tiny water drops in the air need highly refine mesh
to confirm.

5 Discussion

In the laminar simulation case, the assessment of free-surface was carried out by
measuring the VOF along the parallel lines up to 5 mm. The water film thickness
covering a large area of the plate is extremely thin (0.2-0.5 mm). As the circular
wave passes, the thickness h increases and then decreases again. The maximum
thickness was detected with a value over 2 mm at the peak of the circular wave.

The radius of transition from laminar to turbulent was found to be around 0.2
m [2]. The wavy free-surface of this thin layer could be related to the eddies
inside the layer [4]. It was not possible to measure the turbulent parameters in
laminar modelling in FLUENT to confirm the position of transition to turbulent
flow but increasing the thickness layer may be considered as an indication for
this change [9]. The size of the plate is over 20 jet diameters and the flow has the
Fraud number above 2, which are good indications for the occurrence of a
hydraulic jump in a circular jet [4]. Therefore, considering the circular wave as a
hydraulic jump, then it is a jump with a roller that could be unstable [5].

The free-surface was examined by measuring the VOF along the parallel
lines up to 5 mm for k-e modelling. The free-surface disturbances were seen
downstream of the stagnation zone which extend to around r = 0.1 m. The film
became very thin and the height monotonically decreased to less than 0.5 mm.
Thereafter, the thickness was increasing up to more than 4.5 mm.

The results for k- @ modelling are similar to k-¢ but the maximum height is
up to 4.5 mm. The water expanded over the target in a smoother layer than using
k-¢ model. Beyond 0.2 m in radius, the thickness of the front of the film started
to increase with negligible radial velocity. This may be considered an indication
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for the occurrence of a hydraulic jump. The shape of a hydraulic jump in
turbulent modelling is a curve without a roller, which differs from the jump in
the laminar case. The obtained results for turbulent modelling of a jet are better
than those for the laminar one before impingement because higher order schemes
for momentum equation and turbulent equations were chosen and finer mesh is
used. However, in the laminar case the film was spreading faster than in the
turbulent situations at the top of the plate and becoming thinner.

Watson [10] presented a model to determine the radius of the hydraulic jump
for a radial spreading liquid layer without considering the jump width.
Agreement with experimental data has been mixed [2]. Simple calculations
reveal that the hydraulic jump could be occurring in laminar case [11]. Based on
the assessment of the numerical results, a thickness of 1.5-2.5 mm was
considered to have a crude estimate for the radius of the hydraulic jump using
the Watson model in the laminar case. The jump radius was obtained in the range
of 0.1-0.2 m, which is consistent with what has been shown in Figure 2. Free-
surface disturbances need more mesh refining to be reasonably resolved,
especially when a wavy surface is evident as is the case in the above simulations.
Near the wall region, up to 4 mm for laminar and up to 6 mm for turbulent,
should also be refined more.
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BEM for compressible convection flow in
porous media
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Abstract

A boundary element method numerical scheme for simulation of compressible
(density depended) fluid flow in porous media is presented. The fluid flow is
modelled applying the Brinkman extended Darcy momentum equation, which is
commonly used when it is important to satisfy the no-slip boundary condition on
impermeable surfaces that bound the porous media domain. The model is applied
to consider buoyancy driven flow in a closed porous cavity, differentially heated
under large temperature gradients. The density is to be regarded as a dependent
thermodynamic variable. The results in terms of velocity and temperature
redistribution as well as the total heat transfer across the cavity are presented for
different governing parameters.

Keywords: porous media, compressible fluid flow, boundary domain integral
method, boundary element method, natural convection.

1 Introduction

Most of the studies dealing with transport phenomena in porous media are based
on presuming the fluid is incompressible and viscous, where the mass density is
a constant quantity the velocity does not depend on the mass density and
pressure is simply a force in the linear momentum balance equation. However in
numerous natural and engineering systems, density-dependent flow processes
play an important role. Besides various applications in the dynamics of pure
viscous fluids we find such phenomena also in subsurface hydrology,
geophysics, reservoir mechanics, which are all the problems concerning a
presence of a permeable solid-porous media. In this work, the boundary element
method, which has been established for the viscous incompressible fluid motion

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)
doi:10.2495/AFM080361



374 Advances in Fluid Mechanics VII

in porous media [1], is modified and extended to capture the compressible fluid
state with restriction to the subsonic flows. That means that the difference in
mass density significantly changes the velocity field but there are no shock
waves and no sudden sharp changes in the values of the field functions.
Furthermore the pressure is a thermodynamic quantity which is temperature and
mass density dependent.

2 Mathematical formulation

The fundamental processes of flow and transport in porous media are presented
by the standard continuum approach. The physical properties such as velocity,
pressure, temperature are continuously distributed in space and thus exist for any
infinitely small material point. But in practical problems, of course, mass, motion
and energy related quantities can’t be measured and solved at microscopic level
due to the geometric complexity of the real porous domain. Therefore the
transformation to the macroscopic level by averaging over representative
elementary volume is required. This procedure leads to measurable and solvable
quantities for which the continuum approach is then invoked. The basis of
density dependent flow and transport model is stated by the fundamental
physical principles of conservation of mass, momentum and energy [2]:

W Lo, M
t axj

v, 0 (vi|_ 40P _, 0

p|: ot t; ax1[¢j:| ¢axj +Ppg; ,Uﬁxjaxj
, @)

(/U+ )6 o —%vj
0 v, o , or

[¢ ,+( ~P)pe,) |1 +ax1{¢(pc) y }—glg 3)

The parameters, used in equations are: v, volume-averaged velocity, x; the
i-th coordinate, ¢ porosity, ¢ time, p density, x# dynamic viscosity, Gp/axj the
pressure gradient, g, gravity, K permeability of porous media, f coefficient of
bulk viscosity, T is temperature, A, the effective thermal conductivity of the
porous media given as A4, =¢4, +(1-¢)A, where A, and A, are thermal
conductivities for the fluid and solid phases, respectively. Furthermore (pc, ),
and (pc, ), represent heat capacity for the fluid and solid phases. Introducing
new variables p'=pg¢ and V) =v, /¢, and with the definition of Stokes
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material derivative of the variable () as D())/Dt=0()/ot+v,0()/ox, ,
continuity equation can be written as
oV, '
“iop= _L’D_p , 4)
ox, p' Dt

J

where D’ represent a local expansion rate. According to Stokes hypothesis the
second viscous coefficient can be taken as 4 =—2/3 u. Because of analytical

reasons to develop velocity-vorticity formulation of governing equations, the
momentum eq. (2) is worth writing in its extended form [3], [4]

p—Dvi =—e; a’uwk Zeijk a_’ua)l: + 26_;1% — ga_’uD’
Dt 7 ox; 0x; ox; 0x; 3 0x,
4 oD 0 é ’ ©
p HO
t—p——— 1 pg. -2V
34 ox; 0x; PET Y

with the introduction of the vorticity vector @, representing the curl of the
velocity vector,

ov, aa)].
ad 3 l=0, 6
ijk 6)6./- ( )

o =e

>

and having in mind that in our case the original vorticity is replaced by the so-
called compressible vorticity @', @' =(I/¢)w . It is important to stress out that

porosity ¢ is taken to be constant over individual subdomain but changeable in

respect to the whole computational domain.
Representing the material properties as a sum of a constant and variable part

p=p+ il p=py+p (ple,) =co+8 A =20+, (7)
then the momentum and energy equations (3) and (5) can be written as

Dv)] 0 . 1 0 1
l:_ei/‘kﬂ___p—‘rigi—‘r_‘f;"}_ﬂ_¢v;, (8)
Dt Ox; Py 0X; P, Po P K

DT o’T Sy
—=q +_
Dt 0x.0x, ¢,

J J

, (€)

m

where a is thermal diffusivity, and the pseudo body force f;” and pseudo heat

source S; terms including the effects of variable material properties, are given

by

oliw,
Ox

" Ox; ox; 0x; 3 0x, 3" Ox

S = €k

J
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o ~ or D(c,), @[(1—¢)(pcp)s]T ~DTJ
) P _ -c==1.  ay
8xi. ax}. Dt ot D

3 Numerical method

The numerical method chosen for this investigation is the Boundary Domain
Integral Method based on the classical Boundary Element Method.
The kinematic is given by velocity vector Poisson’s equation

2. ’ '
o°v, e ow, _on (12)

ox,0x, " ox, 0x
representing the mass conservation equation (1) and the vorticity definition (6),
expressing the compatibility and restriction conditions between velocity,
vorticity, and mass density field functions.

The vorticity kinetics is given by the vorticity transport equation obtained as a
curl of the momentum equation (8) in the form

Do), 0’ ov! 1 0
&:vo @ +w}l—a)i'D'+—el.jk P8
Dt 0x;0x; ox; Po ox,
‘ : T (13)
1 of"
+—e /. —#—¢w.’

py " ox ;P K

The vorticity transport equation (13) is a highly nonlinear partial differential
equation due to the products of velocity and vorticity having in mind that the
velocity is kinematically dependent on vorticity. Due to the buoyancy force and
variable material property terms, acting as additional temperature and pressure
dependent vorticity source terms, the vorticity transport equation is coupled to
the energy and pressure equations, making the numerical procedure very severe.

In the compressible fluid dynamics the pressure is a thermodynamic quantity
which is temperature and mass density dependent. Writing the momentum
equation (8) for the pressure gradient we have

0 ow' m !
%Z pi:_,uoeijg_poai‘*‘pgi*'fi _ﬂ?(évj' (14)
i J

To derive the pressure equation, depending on known field and material
functions, the divergence of equation (14) should be calculated, resulting in the
elliptic Poisson pressure equation

sp  of,
ox,0x;, Ox,

i

=0. (15)

Equations (9), (12), (13) and (15) represent the leading non-linear set of
coupled equations to which the weighted residual technique of the BDIM has to
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be applied in establishing integral representations corresponding to original
differential conservation equations. Each of those equations can be written
following the general differential conservation equation where the linear
differential operator can be either elliptic or parabolic. The velocity potential
equation and a pressure equation are recognised as a nonhomogeneous elliptic
vector Poisson equations, while the formulations of the integral representation
for the vorticity kinetics and heat energy kinetics are based on a elliptic
diffusion-convection character of the leading partial differential equations. For
the numerical approximate solution of the field functions, namely the velocity,
vorticity, pressure and temperature, the integral equations are written in a
discretized manner in which the integrals over the boundary I' and domain Q
are approximated by a sum of the integrals over all boundary elements and over
all internal cells. In such a way we obtain the matrix form of the equations,
which are solved by coupling kinetic and kinematic equations, considering the
corresponding boundary and initial conditions. The integral formulation has been
presented in detail previously by Jecl et al. [5], therefore only the resulting
matrix form of the equations for kinematics, vorticity kinetics, heat energy
kinetics and pressure are presented here. As the computational results of the
present work are limited to the two-dimensional case, all the subsequent matrix
equations are consequently written for the case of planar geometry only.

H]{v}=e,[H]{v,|-¢,[D Jo'}+ DD}, (16)
[H] {w’}zl[(}] {Voﬁ_a)’_a)"’; _Leijpgi n; _Leijj{im nj}
Vo on Po Po
+L[Dj]{a)’Vj'+Lel.jpgi+Ley.fim} , 37N
Vo Po Po
- 8] {0} +—— [B] (@)}

voK v, At

)7} = - [61{ 2.2 ~2c 7}

—%0 ] {Ze% —e VT—EV T - Eﬁj’T} (18)
1 0¢G0T or| 1
+/1—60[B]{ijﬁ—xj+cffb & =(1=9)(pe), o”t}+At [B]{T }
[H]{p}=[D,]{s, (19)

where kinematic viscosity v, is defined as v, = 1,/ p, . In equations (16), (17),
(18) and (19) the matrices [H], [G], [Dj]and [B] are the influence matrices and
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they are composed of integrals taken over the individual boundary elements and
over the internal cells. In order to improve the economics of the computation,
and thus widen the applicability of the proposed numerical algorithm, the
subdomain technique is used, where the entire solution domain is partitioned into
subdomains to which the same described numerical procedure can be applied.
The final system of equations for the entire domain is then obtained by adding
the sets of equations for each subdomain considering the compatibility and
equilibrium conditions between their interfaces, resulting in a much sparse
system matrix suitable to solve with iterative techniques. In our case each
quadrilateral internal cell represents one subdomain bounded by four boundary
elements. The geometrical singularities are overcome by using 3-node
discontinuous quadratic boundary elements combined with 9-node corner
continuous internal cells.

4 Test example

The extended numerical algorithm was tested on the problem of natural
convection in a porous cavity heated from the side with the vertical walls held at
different temperatures and the connecting horizontal walls considered adiabatic.
The enclosure is filled with porous material, which is homogeneous and
isotropic. The saturating density dependent fluid and the solid matrix are both in
local thermodynamic equilibrium. The flow is assumed to be steady, laminar,
and compressible. Detailed presentation of the geometry and boundary
conditions are given in Fig. 1.
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Figure 1: Geometry and boundary conditions for the cavity.

The governing parameters for the presented example are given in Table 1. An
orthogonal 10 x 10 stretched grid in both dimensions was used for computations,
where the grid aspect ratio was 6. The computations were performed for Ra =
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1000, where the cold wall is imposed to temperature 7. = 240 K and the hot wall
to temperature 7, = 960 K. In the first case the value of porosity is ¢ = /, and in
the second case ¢ = 0.1, the values of permeability are K = 10, 107, 10 m’.

Table 1: Parameters and boundary conditions for solved problem.

Dimension of the cavity
Porosity

Permeability

Reference temperature
Reference pressure
Reference density
Dynamic viscosity

Specific heat (fluid phase)
Specific heat (solid phase)

Temperature of cold wall
Temperature of hot wall
Rayleigh number

L xH=0.0Im x0.0lm

¢=10.1
K=10° 107 10°m?
Ty =600 K

po=101325 Pa
oo = 0.5884 kg/m’

10(Ty) = 0.295-10 Pa-s

cr=1004.5 Jkg K
¢, =800Jkg K

T,=240K
T, =960 K
Ra=10°

Figures 2 and 3 show temperature and velocity fields respectively. The most
evident difference in comparison to incompressible fluid flow is the asymmetry
of both fields. The influence of permeability can be observed mainly in the

Figure 2:

Temperature contours for Ra=10’ and different values of porosity

and permeability. Upper row ¢=1, bottom row ¢=0.1, left K=10"

m?, middle K=10"7 m’, right K=10%m’.
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Figure 3: Velocity vectors for Ra=10" and different values of porosity and
permeability. Upper row ¢=1, bottom row ¢=0.1, left K=10"° m’,
middle K=10" m’, right K=10"° m’.

Table 2: Values of Nusselt number at different values of parameters ¢ and
K
Nu K=10° K=10" K=10°
¢=0.1 1.817 1.487 1.299
=1 1.472 1.292 1.284

temperature field presentation. With the decrease of value K the heat transfer
through cavity also decreases.

In Table 2 the results of overall Nusselt number Nu for different values of
porosity and permeability are listed. The overall heat transfer is higher for the
case of porosity ¢ = 0./ and for lower values of permeability, which is also
evident from the temperature contours in Figure 2.

5 Conclusion

The boundary element integral approach for the numerical solution of
compressible fluid motion in thermally driven porous cavity is presented. The
derived numerical model is characterized by the decomposition of flow into its
kinematics and kinetics, a result of the velocity-vorticity formulation of the
modified (porous) Navier-Stokes equation for a compressible fluid. The
described numerical algorithm leads to strong coupling between velocity,
vorticity and mass density fields, resulting in a stable numerical scheme. The
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proposed numerical procedure is studied for the case of natural convection in
square porous cavity heated from the side. The characteristics of the flow and
temperature fields in the cavity are analysed for different parameters. The results
indicated that the BDIM as extended from BEM could be efficiently used for
solving the convective heat transfer in porous media.
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Experimental study of heat transfer from
in-line tube bundles to upward foam flow
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Abstract

The heat transfer from the in-line tube bundle to the vertically upward directed
laminar aqueous foam flow was investigated by means of experimental set-up,
consisting of the foam generator, experimental channel, in-line tube bundle,
measurement instrumentation and auxiliary equipment. Two in-line tube bundles
with different geometries were used for the experiments. One bundle consisted
of three rows with six tubes in each. Spacing between centres of the tubes across
the experimental channel was 5,=0.06 m and spacing along the channel was
5;=0.03 m. The second in-line tube bundle consisted of five vertical rows with
six tubes in each. Spacing between centres of the tubes was s,=s,=0.03 m. All
tubes had an external diameter of 0.02 m. Statically stable foam was used for
experiments. It was noticed that structure of foam varied while it passed the
bundle: bubbles changed their size, liquid drainage from the foam appeared.
Dependence of heat transfer intensity on flow velocity, volumetric void fraction
of foam and liquid drainage was determined and described by empirical
relationships. Moreover, density and the pattern of tubes location were estimated
in experiments and the development of the heat transfer computation method.

Keywords: two-phase foam flow, in-line tube bundle, heat transfer, void fraction

of foam.
1 Introduction

Development of heat exchangers with low consumption of primary energy
resources and the enhanced heat transfer rates is the aim of this work. This issue
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is addressed by applying an advance heat transfer carrier, such as aqueous foam
flow, consisting of gas bubbles separated by a thin liquid film. Foam coolant can
be applied on heated surfaces only when bubbles of it don’t collapses and retain
their structure during transportation to heat transfer place and process of heat
transfer. One type of aqueous foam — statically stable foam keeps initial
dimensions and structure of bubbles within broad limits of time and velocity of
motion; therefore it is suitable for heat transfer purpose [1]. To apply two phase
foam flow in practice and to utilize effectively this type of coolant deep
investigations of foam and heat exchanger interaction to be performed and
influence of foam, flow and exchanger characteristics to heat transfer intensity
are vitally needed. Drainage of liquid from foam [2, 3], diffusive transfer of gas
between bubbles [3], division and collapse of foam bubbles [4, 5] take place in
foam type heat exchangers. Those phenomena are closely linked between
themselves what complicates very much application of analytical methods. Thus
an experimental method was selected for our investigations as the most
convenient and universal.

Heat transfer from single tube and tube line to statically stable foam flow was
investigated in our previous works [6], therefore we have requires experience
and necessary equipment. After these works an experimental series with in-line
tube bundles in foam flow followed [7, 8]. The effect of tube bundles’
geometries is the focus of this work, since bundles (behaving as obstacles in a
flow) induce substantial changes of foam structure: bubbles are transformed by
collapsing, dividing, appearing news bubbles. This, together with gravity and
capillary forces, facilitates the liquid drainage from the foam and affects the
thickness of liquid film, composing on the heated surfaces and channel walls.
Such effects can significantly increase or decrease heat transfer rates. The results
of our investigation are presented in this paper.

2 Experimental set-up

Experimental set-up consisted of the following elements [6, 7]: experimental
channel, tube bundle, gas and liquid control valves, gas and liquid flow meters,
liquid storage reservoir, liquid level control reservoir, air fan, electric current
transformer and stabilizer. Cross section of the experimental channel had
dimensions 0.14 x 0.14 m?; height of it was 1.8 m.

Two in-line tube bundles with different spacing between tubes centres across
the bundle were used during experimental investigation. A schematic view of the
experimental channel with tube bundles is shown in the Fig. 1. The in-line tube
bundle No.1 consisted of three vertical rows with six tubes in each. Spacing
between centres of the tubes across the experimental channel was s,=0.06 m and
spacing along the channel was 5,=0.03 m. The in-line tube bundle No.2 consisted
of five vertical rows with six tubes in each. Spacing between centres of the tubes
was 5;=5,=0.03 m. External diameter of all the tubes was equal to 0.02 m. An
electrically heated tube — calorimeter had an external diameter equal to 0.02 m
also. Endings of the calorimeter were sealed and insulated. During the
experiments calorimeter was placed instead of one tube of the bundle. An
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electric current value of heated tube was measured by an ammeter and voltage by
a voltmeter. Temperature of the calorimeter surface was measured by eight
calibrated thermocouples: six of them were placed around the central part of the
tube and two of them were placed in both sides of the tube at a distance of 50
mm from the central part. Temperature of the foam flow was measured by two
calibrated thermocouples: one in front of the bundle and one behind it.

Bundle No. 1 Bundle No. 2
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Figure 1: In-line tube bundle No. 1 and No. 2 in upward foam flow.

Statically stable foam flow was used for an experimental investigation. This
type of foam was generated from water solution of detergents. Concentration of
detergents (0.5%) was kept constant. Foam flow was produced by gas and liquid
mixing on the riddle, which was installed at the bottom of the experimental
channel. Liquid was delivered from the reservoir to the riddle from the upper
side; gas was supplied to the riddle from below.

Measurement accuracies for flows, temperatures and heat fluxes were of
range correspondingly 1.5%, 0.15-0.20% and 0.6-6.0%.

During the experimental investigation a relationship was obtained between an
average heat transfer coefficient / from one side and foam flow volumetric void
fraction £ and gas flow Reynolds number Re, from the other side:

Nu, = f(B.Re,). (1)
Nusselt number was computed by formula
hd
Nu, =—. 2)
Ay
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Here A is the thermal conductivity of the statically stable foam flow,
W/(m-K), computed by the equation

Ay =By +(1- Ay 3)
An average heat transfer coefficient we calculated as
Iy
T
Gas Reynolds number of foam flow we computed by formula
G,d

h “4)

Re, = . 5)
Av <
Foam flow volumetric void fraction we expressed by the equation

G,
P=——"1. (6)
Gg + Gy
Experiments we performed within limits of Reynolds number diapason for
gas (Re,): 190410 (laminar flow regime) and foam volumetric void fraction (f):
0.996-0.998. Gas velocity for foam flow was changed from 0.14 to 0.32 m/s.

3 Results

The process of heat transfer from in-line tube bundle to upward foam flow was
investigated experimentally. Tube bundle No.l (see Fig. 1) was the subject of
our research. The influences of foam flow gas Re, numbers and tube position on
heat transfer intensity Nu, were evaluated for middle-line (A) tubes of tube
bundle No.1 (Fig. 2). Heat transfer from the first tube (A1) to foam flow is more
intensive than that of the other tubes for the entire interval of Re,. Heat transfer
of the second tube (A2) is lower than that of the third tube (A3). The heat
transfer intensity of the third (A3), fourth (A4) and fifth (A5) tubes is almost the
same — the difference is less than 5%. Heat transfer from the fifth (A5) tube to
foam flow is slight higher than that of the third (A3) and fourth (A4) tubes. The
exception is the last — the sixth (A6) tube. Heat transfer intensity of this tube is
lower than that of the first (A1) tube and higher than that of the other tubes. This
phenomenon can be explained by the fact that structure of foam flow changes
while it passes the tube bundle. Passing the bundle the large bubbles of foam are
divided into smaller ones, some of foam bubbles collapse. Therefore the real
void fraction and the intensity of the liquid drainage process increases along the
tube bundle. So, the heat transfer intensity from the last tubes to foam flow
increases.

Average heat transfer intensity from the second (A2) tube to foam flow (f=
0.997) is equal to 63% of the first (A1) tube heat transfer intensity. The same of
the third (A3) tube is equal to 81% of the second (A2) tube heat transfer intensity
to foam flow. It is different in comparison with one-phase flow case, where the
highest heat transfer intensity is of the third and furthered tubes and the heat
transfer intensity of frontal (first) tubes are equal to about 60% of the third tubes
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heat transfer intensity [8, 9]. Results showed that the heat transfer intensity from
the bundles’ third (A3) and further tubes varies insignificantly (except the last
tube). It’s the same in comparison with one-phase flow case.
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Figure 2: Heat transfer intensity from the tubes of the middle-line (A) to
upward foam flow, = 0.997.

Comparison of heat transfer intensity from both bundles’ third tubes (A3 and
B3) to upward foam flow is shown in the Fig. 3. Heat transfer from the tube A3
(tube bundle No.1) increased by 1.5 times for £=0.996, by 1.6 times for f=0.997,
and by 1.4 times for f=0.998 for upward foam flow, when gas flow Reynolds
numbers Re, are changed from 190 to 410. For the B3 tube (tube bundle No.2),
the heat transfer increased by 2.1 times for £=0.996, 1.9 times for f=0.997, and
by 1.8 times for 5=0.998.

Heat transfer intensity of the tube B3 is higher than that of the tube A3 on

average by 58% for =0.996 and 0.997 and by 50% for 5=0.998, for Re,~190-
440.
An average heat transfer rate of middle-line tubes was calculated in order to
compare the experimental results of in-line tube bundles No.l and No.2. An
average heat transfer intensity of the middle-line tubes (A and B) of the in-line
bundle No.1 and No.2 to upward foam flow is shown in Fig. 4.

When foam is passing through the obstacle (the tube bundle) flow velocity
increases, foam bubbles are intermixed, some bubbles collapsed or divided into
smaller bubbles. These processes are more intensive in the case of tube bundle
No.2, where five tubes are located across the channel in comparison with three
tubes of the bundle No.l. Therefore average heat transfer intensity from the
middle-line tubes (B) of the bundle No.2 to foam flow is higher than that of the
middle-line tubes (A) of the bundle No.1.
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Figure 3: Heat transfer from the tubes A3 and B3 to upward foam flow,
$=0.996, 0.997 and 0.998.
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Figure 4: Average heat transfer intensity from the middle-line tubes of the in

line bundle No. 1 and No. 2 to upward foam flow: =0.996, 0.997
and 0.998.

Changing Re, from 190 to 410, an average heat transfer intensity of the
middle-line tubes of the in-line bundle No.1 to upward foam flow increases by
1.6 times for £=0.996 and 0.997, and by 1.5 times for f=0.998; and that for the
tubes of the in-line bundle No.2 is twice for £=0.996; by 1.9 times for £=0.997,
and by 1.8 times for £=0.998.
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An average heat transfer intensity from the tubes of the tube bundle No.2 is
higher than that of the tubes of the bundle No.1 on average by 27% for =0.996—
0.998, to upward foam flow for entire interval of Re, (Re,~190-440).

Experimental results of investigation of heat transfer from the in-line tube
bundles to upward statically stable foam flow were generalized by criterion
equation using dependence between Nusselt number Nu, and gas Reynolds Re,
number. This dependence within the interval 190 < Re, < 410 for the in-line tube
bundle in upward foam flow with the volumetric void fraction £=0.996, 0.997,
and 0.998 can be expressed as follows:

Nuf =cp" Reg' . N

On average, for the whole middle-line tubes of bundle No.1 (s;=0.06 and
5,=0.03 m) in the upward foam flow c=7.4, n=—111, m=22.8(1.023-p).

On average, for the whole middle-line tubes of bundle No.2 (s;=s,=0.03 m) in
the upward foam flow ¢=5.7, n=340, m=102.1(1.006-5).

4 Conclusions

Heat transfer of two in-line tube bundles with different geometry to vertical
laminar upward statically stable foam flow was investigated experimentally.

Heat transfer from the first tubes of the in-line bundle to foam flow moving in
upward direction is higher than that of the next tubes, what is different in
comparison with one-phase fluid flow case.

Heat transfer intensity from the third and the other (excluding the last) tubes
are similar and close to that of one-phase flow case.

An average heat transfer intensity from the tubes of the tube bundle No.2
(s;=5,=0.03 m) is higher than that of the tubes of the bundle No.1 (s,=0.06 and
5,=0.03 m) on average by 27% for £=0.996-0.998, to upward foam flow for
entire interval of Re,~190—440.

Criterion equation (7) may be applied for calculation and design of the
statically stable foam heat exchangers with in-line tube bundles.

Nomenclature

A — cross section area of experimental channel, m%; ¢, m, n — coefficients; d —
outside diameter of tube, m; G — volumetric flow rate, m’/s; Nu — Nusselt

number; ¢ — heat flux density, W/m?; Re — Reynolds number; T — average
temperature, K; 7 — average coefficient of heat transfer, W/(m2~K); g -

volumetric void fraction; 4 — thermal conductivity, W/(m-K); v — kinematic
viscosity, m?/s.

Indexes

f— foam;
g — 8gas;
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[ —liquid;
w — wall of heated tube.
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Flow patterns and heat transfer in square
cavities with perfectly conducting horizontal
walls: the case of high Rayleigh numbers
(10°-10%)
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Abstract

Flow patterns and heat transfer in a square cavity with perfectly conducting
horizontal walls are described by direct simulation for Rayleigh numbers of 10°—
10°. The code uses second order time and space discretisations and non-uniform
grids. For Ra = 10° or less a steady final state is found. Periodic characteristics
are obtained at Ra = 107, and non periodic behaviour is found at higher Ra. Time
averaged wall and mid plane Nusselt numbers (not previously known for this
case) are reported and correlated. Their oscillation frequencies are determined to

characterize the regime. The mid plane Nusselt number, Nt mia , always exceeds

wall Nusselt numbers. Nt mia represents the total heat moved by the cavity
under the perfectly conducting condition. At Rayleigh numbers from 10°

onwards, Nu mia exceeds the corresponding value for the adiabatic problem.

Keywords: natural convection, enclosures, perfectly conducting walls.

1 Introduction

Natural convection in differentially heated square enclosures has received
considerable attention in the CFD and Heat Transfer literature. Although the
condition of perfectly conducting horizontal walls is more realistic when air is
the test fluid, most studies use the adiabatic condition. In the present study,
numerical simulations of the natural convection in a square cavity with perfectly
conducting horizontal walls at high Rayleigh numbers are reported. Nusselt
number values for some cases not previously treated in the literature are given.
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Attempts to simulate the flow in differentially heated cavities at very high
Rayleigh numbers have been relatively scarce in the literature until very recently.
A direct numerical simulation of cases with Rayleigh numbers in the turbulent
range seems at first sight to be possible because the confined geometry limits the
size of the largest turbulent structures. Even so, the need to describe in full detail
even the smallest structures in the viscous layers near the walls is a very severe
difficulty.

Very high Rayleigh numbers, above 10°, are associated to turbulence or to the
succession of chaotic flow patterns that result in turbulence. Successful
simulation of flow and temperature fields must account for the extremely high
temperature and velocity gradients at the walls, which require small grid steps.
Time scales get shorter as Ra grows, requiring small time steps. However,
simulation times must be long enough to get meaningful time averages of all
quantities. The present study is restricted to a maximum Rayleigh number of 10°.

Two-dimensional simulations of differentially heated cavities at high
Rayleigh numbers, with adiabatic horizontal boundaries have been reported.
Paolucci [1, 2] used the finite volume method to give detailed description of the
flow dynamics. The first paper [1] dealt with the transition to turbulence, while
[2] conducted a direct numerical simulation of turbulent flow for air, taken as a
non-Boussinesq fluid, at Ra = 10'°. Le Quéré et al [3] used spectral methods to
obtain numerical simulations at Ra = 10°~10"°, using the Boussinesq assumption.
The main goal in these contributions was to characterize the mechanisms
governing the onset of unsteadiness, the transition to chaos and the turbulence. In
the chaotic state, internal wave activity was not suppressed, as shown by high
amplitude and low frequency oscillations in average Nusselt number at the
vertical midline. High frequencies are observed in wall Nusselt number
oscillations, which are associated to motion within the boundary layers.

Three-dimensional solutions for differentially heated, cubical enclosures with
adiabatic walls were given by Fusegi et al [4], Janssen and Henkes [5], Tric et al
[6] and others. In [5, 6] 2D results were also reported for Rayleigh numbers up to
10°. From the 2D results in [6], the Ra exponent in the Nusselt —Rayleigh
number relation is 0.3 at low Ra (10°~10°) and 0.2673 in the upper range (10°-
10%). Le Quéré and Behnia [6] implies a 0.26 exponent in [4] for Ra = 10°-10"°

Information on Nusselt number values for the perfectly conducting square
cavity is scarce, especially at high Rayleigh numbers (10’-10%). An experimental
benchmark for cubical cavities up to Ra = 10* is available [7], and numerical
simulations for the same situation have been performed [8]. In this paper direct
numerical simulations are reported for a square cavity with perfectly conducting
horizontal walls for Ra = 10°-10°. After a brief description of flow and heat
transfer in this situation, the dependences of wall and central Nusselt number on
Rayleigh number are described and explained. Then the results are generalized in
the form of Nusselt number correlations.

2 Formulation and numerical method

Consider a square cavity of side L, filled with an incompressible Boussinesq
fluid such as air (Pr = 0.71). From a uniform temperature, motionless state, a
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difference AT between the hot left wall and the cold one is imposed at £ = 0. The
dimensionless governing equations of continuity, momentum and energy in
terms of the Rayleigh number (Ra), based on L and AT are:

ou oV

4+ 7=0

oxX oY
6—U+U8—U+VG—U=—6—P+PrV2U
ot )¢ oY oX

5V+U5V+V‘W:_21;+PNZV+RaPr®

ot oX oY

00 00 00

——+U-——+V—=V'0

ot oX oY
Y and ¥ are the vertical coordinate and velocity, respectively. The following
boundary conditions apply:

X=0,0=05; X=1,0=-05,Y=0and Y=1,0=05-X
U=V=0on all walls
Initial conditions for the interior points in the region are:
0=0,U=V=0atr=0.

A finite volume code based on the SIMPLER method with second order time
and space discretisations and non-uniform grids in both directions was used. The
coordinates of nodes in the deformed grid are expressed in terms of the
coordinates in an equally spaced grid with the same number of nodes (X°),
according to the rule of Janssen and Henkes [3]:

X=X - isin(zzz)(')
27

A grid sensitivity analysis showed that appropriate grids were of 252x252
nodes for Ra < 10* and 302x302 nodes for higher Rayleigh numbers. The latter
grid gave 40 temperature nodes at the zone of high wall temperature gradient at
Ra = 10°. For validation the results of the code for a square cavity with adiabatic
horizontal walls and Pr = 0.71 were compared with a benchmark for that
problem [6]. For Rayleigh numbers up to 10°, the maximum differences in
horizontal and vertical peak velocities never exceed 0.2%. The Nusselt Numbers
did not deviate from the benchmark by more than 0.1%. In addition, left and
right average Nusselt numbers agreed to within 0.02% in our runs for the
adiabatic case. Finally, our Nusselt number results for a perfectly conducting
cavity agreed to within 0.1% with the results available in [8] at Ra = 10°.

3 Results and discussion

Differences between the adiabatic and perfectly conducting cases will be briefly
described. With perfectly conducting horizontal walls, heat transfer is
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characterized by three average horizontal Nusselt numbers: the two wall Nusselt
numbers, Nt por, Nucoia, and the vertical midline average Nusselt number,

Nutia . While Nujor = Nttcota, Numiais higher than the other two. The
difference is caused by heat flow across the horizontal walls.

The flow in the adiabatic case at Ra = 10° is in boundary layer regime, with a
stratified core. A similar flow pattern occurs in the perfectly conducting case,
but, as the horizontal walls are active, the velocities and circulation rate increase
in comparison with the adiabatic case. However, the heat transfer at the vertical

walls ( Nt ot ) is lower.

Fig. 1 shows the horizontal local Nusselt number profile at the hot (left) wall
as a function of Y. In the adiabatic case (not shown) the local Nu in the vicinity
of the arriving corner (¥ = 0) is the highest. In the perfectly conducting case, Nu
is unity at both corners due to the linear temperature on the horizontal walls.
Buoyancy forces imposed by the lower wall at 0 < X < 0.5 on the fluid coming
from the cold wall, cause it to flow upwards, forming an inclined stream that

moves toward the hot wall. These two facts result in a lower Mhm than in the
adiabatic case at each Ra, in spite of the higher circulation rate.
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Figure 1: Horizontal Nusselt number profile at the hot wall, Ra = 10°.

The vertical local Nusselt numbers across the perfectly conducting walls are
zero at the corners, as vertical wall temperatures are uniform. A net vertical heat
flow (fig. 2) enters the cavity in the interval 0 < X' < 0.5, and it is compensated by
an equal heat output in the region 0.5 < X < 1. As a result, the average horizontal
Nusselt number varies with X and has a maximum at X = 0.5, which results from
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the sum of the heat transferred through the hot wall and the contribution from the

horizontal walls from X = 0 to 0.5. Therefore Nut mia represents the total heat
moved by the cavity under the perfectly conducting condition.
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Figure 2: Net vertical heat flow across the horizontal walls of the cavity.
3.1 Cases Ra=10,10" and 10’

The solutions for the two higher Rayleigh numbers were run from the uniform
temperature motionless state, but the case 10’ was run using the temperature,
velocity and pressure fields for Ra = 10° as initial condition. In all these cases,
the final regime is time dependent, with oscillations of great amplitude

in Nt mia . At variance with Ra = 10°, in which the final regime is permanent, at
Ra = 107 the two wall Nusselt numbers are unequal at each time instant, and
display roughly sinusoidal, out of phase oscillations (fig. 3).

From fig. 3, it is possible to identify the main oscillation frequencies. These

are, for NUmia, of 214.3 and for the wall Nusselt numbers, 785.7. A time
averaged temperature field (fig. 4) shows complete stratification in the nucleus
and full symmetry about the vertical axis. The boundary layer thickness is
considerably reduced with respect to Ra = 10°. Inclined fluid jets discharged by
the active walls are visible. The similarity of this time- averaged temperature
field with the steady one found at Ra = 10° shows that, although at Ra = 10 the
regime is unsteady, it is fully laminar.

Non-periodic oscillations occur at Ra = 10%. In a comparison of cold wall
Nusselt number with the result of Janssen and Henkes (23.9), the percent
differences are very low (0.1 %). Fig. 5 shows the evolution of Nusselt number

WIT Transactions on Engineering Sciences, Vol 59, © 2008 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



396 Advances in Fluid Mechanics VII

in the final regime at Ra = 10°. Numia displays complex oscillations in which
its value at a given instant cannot be predicted from previous values. High
amplitude oscillations are associated to internal wave motion that is not damped
at this Ra. By Fourier analysis one main frequency was found for

Nt mia (1881.9), probably associated with internal wave motion. Oscillations of
wall Nusselt number are of high complexity and show an additional frequency of
13174. As this frequency is not found in the central Nusselt number, it must be
caused by near- wall motions. These frequencies agree in order of magnitude
with the ones reported by Paolucci [1] for the adiabatic case. The behaviour at
this Ra can be considered as chaotic. Fig. 6 shows a time- averaged temperature
field. It is very complex compared to the one at Ra = 10’. Local circulations
appear at different heights in the vicinity of the hot wall. Thermal plumes are
generated by interaction of hot fluid with the cold part of the upper wall, (also
ascending plumes are generated in the hot part of the lower wall). This local
behaviour is similar to a Rayleigh-Bénard situation. These plumes and the
incidence of cold and hot fluids on the hot and cold walls respectively produce
many local circulations (of a spatial scale smaller than the overall motion). This
seems to be the cause of the instability of the final regime, which is transient at
high Ra.
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Figure 3: Evolutio7n of mid plane (bold line) and wall Nusselt numbers at
Ra=10".

3.2 Heat transfer

Characteristic values of the solutions are given in Table 1. Maximum velocities
at the cavity axes and Nusselt numbers are steady state values for Ra up to 10°
and time averages for higher Ra.
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Table 1: Maximum velocities and overall Nusselt numbers.
Ra Umax Vmax Nu mid Nu cold
10° 55.699 81.286 4.118 3.359
10° 124.271 256.319 8.241 6.601
107 460.31 861.77 16.75 13.16
10° 1358.32 2592.63 31.07 23.91
10° 4501.25 7839.38 56.98 42.98

All velocities are a 15-20% higher than the corresponding values for the
adiabatic problem. Nusselt numbers are in general lower than their adiabatic
counterparts are. This holds for wall Nusselt numbers at all Ra, but at Ra = 10°
and 10°, Numia exceeds the adiabatic value. The results in Table 1 can be
expressed by the following equations:

Nu,., =0.16Ra"** Nu,,, =0.15Ra"*"

Time averaged temperature field, Ra = 10”.

Figure 4:

According to these trends the midline Nusselt numbers would progressively
exceed the ones for adiabatic cavities (in which the Rayleigh number exponent is
lower) as Ra grows.
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Figure 5: Evolution of mid plane (bold line) and wall Nusselt numbers at
Ra=10’.

Figure 6: Time averaged temperature field, Ra = 10°.
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4 Conclusions

The simulation of the high Rayleigh number cases (up to Ra = 10°) has been
done successfully. The phenomenon is characterized by the generation of
boundary layers on vertical walls with thickness that decrease as Ra grows.
These boundary layers are extended to the adjacent horizontal walls. The internal
wave regime characteristic of this phenomenon at all Rayleigh numbers is
suppressed in the final regime up to Ra = 10°. At higher Rayleigh numbers
internal wave motion remains, with oscillation of high amplitude.

The wall Nusselt numbers, up to Rz = 10° are equal at all times, during the
transient and final regimes. For Ra = 107 or higher, both wall Nusselt numbers
oscillate out of phase.

At Ra = 10°, the oscillations of the two wall Nusselt numbers are completely
independent. The Nusselt number behaviour in the present situation had not been
described previously. New results of wall and mid plane Nusselt number are the
main contribution of this work. At Rayleigh numbers from 10° on, the total heat
moved by the cavity under the perfectly conducting condition (Nu,,;) exceeds
the corresponding value for the adiabatic problem.
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Abstract

The present work deals with experimental studies on heat transfer and flow
characteristic for buoyancy induced flow through inclined tubes. The parameters
that were varied during the experimentation are tube inclination and heat supply.
It was found that the mass flow rate and the heat transfer coefficient increase
with an increase in heat flux. The flow rate decreases for an increase in the tube
inclination.

Keywords: thermo siphon, natural convection, buoyancy induced flow, solar
water heating system, uniform wall heat flux, renewable energy.

1 Introduction

Heat transfer by natural convection inside the tube (circular or square) has a
large number of applications in industries. These include solar water heating
systems, cooling of gas turbine blades, heat exchangers etc. The heat transfer and
flow characteristics with respect to various parameters play a vital role for the
design of such systems .The present work is carried out with a specific
application in mind, i.e. domestic solar water heating systems.

Presently most of the dimensions of solar water heaters are standardized from
some other commercial consideration and not necessarily giving the best thermo-
siphon results. Little information is available in the literature on the heat transfer
characteristics for buoyancy-induced flow through inclined tubes [1-4]. The
present work aims to study the effect of tube inclination and heat flux on heat
transfer and flow characteristics for buoyancy induced flow through inclined
tubes, and to develop an experimental model. Hence this work is undertaken.
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2 Nomenclature

a = Side of the square tube (m)

h= Heat transfer coefficient (W/m’°C)

q = Heat flux (W/m?)

m’ = Mass flow rate (ml/min)

g = Acceleration due to gravity (m/sec’)

t = Temperature, (°C)

k = Thermal conductivity (W/m°C)

C, = Specific heat at constant pressure, (kJ / kg K)
DIMENSIONLESS NUMBER

Gr = Grashof Number (B g AT a*/ v?)

Nu = Nusselt Number (h a / k)

Pr = Prandtl Number (u C, / k)

Ra = Rayleigh Number (Gr Pr)

Re =Reynolds Number (4 m’ / ([Tap)
GREEK SYMBOLS

0 = Angle of Inclination (degree)

B = Coefficient of Thermal Expansion, K
v = Kinematic Viscosity, (m”/ sec)

= Dynamic Viscosity, (N-s /m?)

3 Experimental set-up

A schematic of the test set up is shown in Fig.1. It consists of a long aluminum
tube. The tube is wound uniformly with a 90-gauge Nichrome wire to provide a
uniform heat flux condition on the tube surface. The power supplied is measured
directly with the help of a pre-calibrated digital wattmeter. The tube was
insulated to reduce the external heat loss. The tube is connected to a constant
headwater tank and the flow is measured with the help of a calibrated measuring
jar. Thermocouples were used to measure the wall and water inlet and outlet
temperatures. The arrangement and methodology suggested by Prayagi and
Thombre [4] was adopted for this purpose. Thermocouples were used to measure

the wall temperature.

Constant head

ouple;
water tank ir Blectrical heater

r temp,- Thermocouple

Figure 1: Schematic of experimental set-up.
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Thermocouples were used to measure the inlet and outlet temperature of
water flowing through the tube. A linear temperature variation was assumed
from the inlet to the exit of the flowing water. It is well justified since the
boundary condition created at the tube surface is a uniform heat flux boundary
condition. The dimensional details of the experimental set-up and the parameters
varied during the experimentation are given in table 1.

Table 1: Details of the experimental set-up.
Sr.No. Parameter Range
1 Tube length 1.5m
2 Square tube side 0.012 m
3 Tube inclination (0) 20°, 30, 45° and 60°
4 Heat flux supplied (q) 200 W/m” to 7000 W/m’
5 Insulation used Asbestos
6 Fluid used Water
4 Results

The steady state data generated in the experimental set-up for different values of
tube inclination and heat flux where correlated for heat transfer and flow
characteristics as described below.

4.1 Heat transfer characteristics

The increase in the heat transfer coefficient for different values of tube
inclination with respect to heat flux is shown in fig.2. It represents the effect of
heat supplied on the fully developed heat transfer coefficient for the test section
of 20 degree inclination, 12mm side square tube and 1.5 m length.

250

200 +

150 4 -

+ (20 degree)

100 | —— Poly. (( 20 degree))

50

o 2000 4000 6000
Heat flux (q)

Figure 2: Heat transfer characteristics.

It can be seen from the fig.2 that with an increase in the value of heat
supplied, the heat transfer coefficient tends to increase. This is due to the fact
that with an increase in heat supplied the buoyancy force tends to increase. The
net effect of this is to increase the mass flow rate of liquid through the tube. The
same trend was observed for the other configurations.
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Conventionally the heat supplied (the main driving force) is represented by
the Rayleigh number, whereas the heat transfer coefficient is represented by the
Nusselt number. Hence in the present study the heat transfer characteristics are
obtained by correlating the Nusselt number with the Rayleigh number.

Fig. 3 shows the plot between the Nusselt number and the Rayleigh number
for all configurations investigated.

Nusselt number Vs Rayleigh number
( Combine data )
45
s
35 3
- P2 aed
E 25 // o Seriest
H 2 Lir Series1
P L. =4 near (Series1)
z f o
0.5 v““
0
0 2000000 4000000 6000000
Rayleigh number
Figure 3: Nusselt number versus Rayleigh number.

It can be seen from this figure that the Nusselt number increases with an
increase in the Rayleigh number. This is an expected result, since an increase in
the Rayleigh number increases the buoyancy force and hence the flow rate and
the Nusselt number. Typically for an increase in the Rayleigh number of about
50%, the increase in the Nusselt number is around 30%. This is attributed to the
fact that if heat supplied is increased, the corresponding system equilibrium
temperature will also increase, thereby leading to more heat loss from the
system. Furthermore, the increase in heat loss depends upon the heat capacity of
the liquid. The higher the heat capacity, the lower will be the heat loss and vice
versa. The correlation (best fit curve) obtained from the fig.3 is as follows.

Nu=1*10"Ra"** (1)
This equation is valid for Rayleigh numbers ranging from 7 x 10° to 5 x 10°
and Reynolds numbers ranging from 0.3658 x 10

4.2 Flow characteristics

Figure 4 represents the effect of heat flux on the flow rate for the test section
with 20 degree inclination, 12mm side tube and 1.5m length. The following
observations were made:

a. The induced flow rate increases with the heat supplied and the variation is
nearly parabolic.
b. The same trend was also observed for other configurations investigated.

Conventionally the heat supplied for the buoyancy force is represented by the
Rayleigh number, whereas the induced flow rate established is represented by
Reynolds number. Hence to obtain mass flow characteristics, the Reynolds
number is correlated with the Rayleigh number. The relevant data is plotted in
the fig.5. It can be seen from the figure that the Reynolds number increases with
an increase in the value of the Rayleigh number.
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Figure 4: Flow characteristics.
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Figure 5: Reynolds number versus Rayleigh number.
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Figure 6: Nusselt number versus Reynolds number.

The Reynolds number increases with an increase in the value of the Rayleigh
number. Typically it was observed that for an increase in the Rayleigh number
from 3 x 10° to 4 x 10°, the percentage increase in the value of the Reynolds
number was around 30-35%. This is an expected variation as an increase in the
Rayleigh number increases the buoyancy force, which results in a higher mass
flow rate. Thus from the above analysis it can be concluded that the Reynolds
number is dependent upon the Rayleigh number.

The correlation (best fit curve) obtained from the fig.6 is as follows.

Nu = 0.029 * Re®"* ()
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This correlation is valid for Reynolds numbers ranging from 0.3658 x 10%.

5 Validation

The present experimentation was validated against the laminar forced
convection, which is available in the literature i.e.
Nu=ha/k =4.36

6 Conclusions

Experiments were performed to study heat transfer and flow characteristics for
buoyancy induced flow through inclined square tubes with different inclinations
and variations in heat flux. The following observations were made.

6.1 Heat transfer characteristics

» The heat transfer coefficient is strongly influenced by heat flux.
> When the heat flux increases, the heat transfer coefficient also
increases.
» The heat transfer coefficient is found to be the weak function of the tube
inclination.
The correlation obtained is as follows:
Nu=1*10"Ra '**

This equation is valid for Rayleigh numbers ranging from 7 x 10° to 5 x 10°
and Reynolds numbers ranging from 0.3658 x 10%

6.2 Mass flow rate characteristics

» The mass flow rate increases with the heat supplied and the variation is
parabolic.

» The mass flow rate is strongly influenced by heat flux.

» The mass flow rate is found to be practically independent of the tube
inclination and tube length.

The correlation obtained is as follows:
Nu =0.029 * Re""**
This equation is valid for Reynolds numbers ranging from 0.3658 x 107,

7 Scope for future work

The present study needs to be extended further as suggested below.

» The experimental data should be generated for air as in the case of air
heaters operating under natural convection.
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» It is also proposed to change the fluid inlet temperature by placing the

heater in between the inlet fluid tank and the test section, in order to
study the effect of a change in the inlet temperature of fluid on the heat
and mass transfer characteristics.

» Insertion of twisted strip or fins on the test section in order to enhance

the heat transfer.

» It is also proposed that using a different aspect ratio (i.e. length to

diameter ratio), an experiment should be performed to study the effect
of diameter and length on heat and mass transfer characteristics.

» Mathematical models should be developed for heat transfer as well as

for mass-flow rate and must be compared with the experimental data
generated. This mathematical model will be helpful for an optimum
design of the solar water collector system.

» Extensive experimental data should be generated to study the effect of

twisted strip insertion inside the tube on the heat and mass flow
characteristics. A mathematical correlation should be developed, in
order to strike a balance between the parameters mentioned above for
an optimum design.
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Abstract

This work aims at developing computing tools for the numerical simulation of
impulsively started jets with variable physical properties due to large thermal
gradients. The fluid is injected at temperature 7; and density p; in a quiescent
surroundings at different temperature and density 7,, p,. The 3D-time dependent
Navier-Stokes equations, formulated in the low Mach number approximation,
were numerically integrated by using a non divergence-free projection method.
The computations were performed for 3D and axisymmetric jets, and for a wide
range of the jet-to-ambient density ratio, @ = p; /o4, providing the expected flow
features. Except the formation of a leading vortex in the head of the flow followed
by a jet stem, the results show that the behaviour and the dynamics are quite
different for hot and cold jets. The hot jet is indeed characterised by a leading
vortex in which the hotter fluid is concentrated, while the vortex ring is a region of
intermediate temperature and density for a cold jet. Particular attention is given to
the influence of @ on the integral characteristics of vortex rings such as circulation
and impulse.

Keywords: numerical simulation, anisothermal vortex ring, low mach number flow,
variable density.

1 Introduction

The fluid injection through an orifice or a nozzle in a stagnant atmosphere leads
to the generation of a vortex ring followed by a tail. Vortex rings are encountered
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in nature, cyclones, human heart, and in several industrial applications such as
internal combustion engines. Experimentally, the vortex ring is obtained with a
piston-cylinder mechanism by pushing a column of fluid. The boundary layers at
the orifice edge separate and roll up into a vortex ring which detaches from the rear
flow and travels downstream induced by its own momentum. During its evolution,
the vortex grows by viscous diffusion and entrainment of the surrounding fluid. For
long-time injections, Kelvin—Helmholtz instabilities may develop in the trailing
layer with more vortex interactions.

Vortex rings were the subject of numerous studies based on the constant density
assumption. For a general review on the generation, formation, evolution and
interaction of vortex rings, the reader could refer to Shariff and Leonard [1].

Theoretically, there are two models that predict evolution laws of the vortex
characteristics. The first one (Saffman [2]) relies on the similarity theory while the
‘slug-flow’ model estimates the circulation, impulse and energy, using the injection
program only.

In the present work, started jets with large density and temperature differences
are investigated to get an insight into more complicated flows such as combustion
which involves vortex ring dynamics. The flow is assumed to be laminar and
the injection velocity small enough to consider applicable the formulation of the
3D Navier—Stokes equations derived in the low Mach number approximation.
This model, proposed by Majda and Sethian [3] for combustion problems with
premixed flames, is intermediate between the compressible and incompressible
Navier—Stokes equations. Few results are available in the open literature about
the variable density vortex rings, in particular the influences of the jet-to-ambient
density ratio on the vortex characteristics. To our best knowledge, there is only a
brief recent communication of Iglesias et al. [4] in which the authors suggest an
extension of the ‘slug-flow’ model to estimate circulation of variable density vortex
rings.

Computations of variable density flows at low Mach number by using fully
compressible Navier—Stokes equations solvers are not well adapted for industrial
flows. This is due to the large differences between the acoustic and the advective
scales. Thus, very small time steps are required for stability conditions.

In this study, an incompressible algorithm [5] was extended to handle non
divergence-free velocity flows (V - v # 0). This approach is used in different
ways by several authors (see Nicoud [6], Cook and Riley [7], Najm et al. [8]).
By applying the low Mach number approximation to the Navier—Stokes equations,
acoustic waves are removed while the convective modes are described. In these
conditions, large density variations due to thermal effects are allowed irrespective
of pressure fluctuations, for instance, in combustion.

In what follows, the mathematical model of the Navier—Stokes equations is first
introduced within the framework of the low Mach number approximation. We
describe then the numerical procedure used to integrate the governing equations.
Results for variable density vortex rings simulations with different ratios « are
discussed for both cases of hot and cold jets. The simulations are compared to the
reference case of an incompressible vortex ring (o« = 1).
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2 Governing equations

The fully compressible Navier—Stokes equations are nondimensionalized by using
the reference quantities associated to the injected fluid. Let D}‘f, Vj?", ,oj, ijk be
the orifice diameter, velocity, density and temperature, respectively. The buoyancy
forces are neglected. We define the Mach, Reynolds and Prandtl numbers as:

— * * ks * R *
Ma—Vj/ erj,Re—ijij/Mj,Pr—uij/Aj.

All the primitive variables of the flow are then expanded in power series law of

the small parameter € (¢ = yMa> < 1). Under the hypothesis that the flow is

fully described by the advective space and time scales, the single scale asymptotic

analysis (Miiller [9]) leads to the following Navier—Stokes equations of zero order.
— continuity equation

9p0
— + V- (povp) =0 (D
ot
— momentum equations
9 (povo) 1 =
+V-(povo®Vvy) =—-Vp1+—V.T ()
at Re

The shear stress tensor T for a Newtonian fluid is given by

— 2 =
To = —gu(V -v0) - I + 1(Vvo + V'vo)
The viscosity variation is approximated by the following power law
w=Ty with o=0.5 3)

— energy equation in term of density
8,00 1
o +vo-Vpo=—— —rV - (uVTo) 4)

Eq. (4) is obtained by combining the energy, the continuity equations and the
equation of state (see Cook and Riley [7]). Another form of the energy equation
can be derived in term of temperature (see Najm et al. [8]).

At the order —1, the momentum equations reduce to

Vpo=0. &)

The most important outcome of the low Mach number approximation is the
splitting of the pressure into two components: a thermodynamic pressure pg
constant in space and allowed to vary in time according to Eq. (5), and a dynamic
pressure p; decoupled from density and temperature fluctuations. Since we are
considering an open computational domain, the thermodynamic pressure py is also
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Figure 1: (a) Radial profile at the orifice exit, (b) velocity injection program.

constant in time and is given by the equation of state for an ideal gas
po=poTo =1 (6)

The equations are formulated in cylindrical coordinates (r, 6, z) for the set of
conservative variables (p, pg,, pvg, pV;, p), Where g, = rv,.

Initial and boundary conditions

At t = 0, the density and temperature fields are assumed uniform within the
computational domain, p = p, = 1/o, T = T, = «. Moreover, the dynamic
pressure and all the velocities are set equal to zero.

At z = 0, injection conditions are applied: pv,(r,t) = f(r)g(t), pgr = pvg =
0, where f(r) is the top hat jet profile proposed by Michalke [10] (Fig. 1(a)).
The impulsive and longtime injection program g(¢) in Fig. 1(b) controls the inflow
velocity (see James and Madnia [11]). The density at the orificez = 0and 0 < r <
0.5 is parameterised by the ratio «, p(r, 1) = pg[1 + (@ — 1) f(r)g(¢)]. At the exit
z = L., the dependent variables pg,, pvy and pv, in the momentum equations
satisfy the convection equation dX/dt + CdX/dz = 0. Note that the value of
the phase speed C = 0.5 does not affect the solution because the velocities at
the outlet are corrected at each time step to insure mass conservation. For the
density, Neumann condition dp/dz = 0 is used. At the axis r = 0, symmetry
conditions are applied, except for the radial component pg, which is set equal
zero (dp/dr = dpvg /dr = dpv;/dr = pq, = 0). At the lateral boundary r = L,,
Neumann conditions for the density and fluxes are applied (dp/dr = dpvg/or =
apqy/dr = dpv;/dr = 0). These conditions allow the entrainment of fluid through
the lateral boundary. In the 0 direction, periodicity is imposed on all variables.

3 Numerical procedure

The cylindrical computational domain was covered with a staggered grid, the
fluxes and velocities being located at the centers of the faces and the scalar
variables p, T, p at the center of the cells. A centered finite-difference scheme with
a second-order accuracy was used for the spatial discretization. A total variation
diminishing scheme (TVD) was employed for the conservative part V - (pv)
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of the convective terms in the energy equation Eq. (4), as in Vreugenhil and
Koren [12] in order to damp spurious oscillations for high density ratios. The time
integration method employed is an extension of the fractional-step method to the
low Mach number regime with V - v # 0. Different schemes (Benteboula [13])
were implemented and tested. The most efficient version in terms of CPU time is
described here.

The energy equation was firstly integrated with a first-order Euler scheme

= (=Ap+ Dp)"
where A, and D, are the convective and diffusive terms, respectively.

1 1
A, =V - (pv)—p-Vy, Dy,=——=|—=—V.-(uVT
p (ov) = p o T[RePr (n )]
Next, the conservative momentum equations are advanced in time with a
fractional-step method by using a second-order explicit Adams-Bashforth scheme.
The resolution consists in two main steps:
1- Prediction: in this step, an intermediate solution pV,. is computed as

—_ nen
PYe — PV,

= —Vl)n + §(_Ac + Cc + Dc)n - l(_Ac + CC + Dc)n_l
At 2 2

where v, = (rv,, vg, v;) and A, C., D, are the advective terms, coupled viscous
terms and second-order derivatives viscous terms, respectively.

2— Projection: in order to satisfy the mass conservation, the following Poisson
equation for the variable ® related to the pressure was solved

1 e 9 n+1 9 n+1 3 n+1 — 4" n—1
Aq)n+l = E[vac"f_(_p) jIy where <a—€> = P L +p

at 2At

A second-order backward scheme seemed to be well adapted to approximate dp /0t
which is generally a source of instability, as reported in Nicoud [6]. The corrected
velocity fields are then obtained from the following equation

(pvc)n+] _ ﬁc — —AIVCDn+1

The pressure gradient is next updated with V p"t! = Vp" 4+ vortl,
Finally, the temperature distribution is deduced from the equation of state,
7"+ = 1/p"*!, and the viscosity field from the power law p" ! = (77+1)7.

4 Results and discussion

The computational domain is a cylinder of radius L, = 3 and length L, = 7,
in which the fluid is injected through an orifice of radius r; = 0.5 located at the
center of the cylinder. The cylinder was discretized with a grid of Ny x N, x
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Figure 2: Surfaces of constant vorticity (a) axisymmetric cold jet ¢ = 2, wg =
—0.5,2,5, (b) disturbed hot jet & = 1/2, wp = —3, 1.8, 3.5.

N; = 32 x 200 x 500 cells. For axisymmetric simulations Ny = 1. We consider
Re = 1000, 2000 and Pr = 0.71 is kept constant. The effect of the jet-to-ambient
density ratio is analysed for cold jets 1 < « < 8, isothermal jet « = 1 and for hot
jets1/8 < < 1.

3D simulations of a vortex ring produced by impulsively started jets are shown
in Figure 2(a) for axisymmetric cold jet and in Figure 2(b) for disturbed hot jet.
It can be seen a roll up of the sheet of vorticity that leads to the formation of a
toroidal vortex ring at the head of the flow, followed by a symmetric annular layer.
The vortex ring moves downstream by inertial effects and grows by diffusion and
entrainment of the surrounding fluid. 3D effects are highlighted in Figure 2(b) by
applying a random azimutal perturbation to the spatial profile f(r). The surfaces
of constant vorticity demonstrate how the resulting vortex ring is distorted by this
perturbation which is shed in the trailing jet.

In the following, the analysis is restricted to axisymmetric flow. The plots in
Fig. 3 show the azimuthal vorticity wg = dv,/dz — dv;/dr in the plane (r, z) at
the same time ¢t = 10. For hot jets, the roll-up of vorticity sheets is more intense
and the core diameter of the leading vortex becomes smaller as the injected fluid
is hotter. Furthermore, we observe the development of a negative vorticity layer at
the head of the vortex as well as in the jet stem. This counter-rotation is due to the
baroclinic torque that acts in regions of non-uniform density. On the other hand,

o=1/5 o=1

Figure 3: Instantaneous vorticity contours, ¢ = 10, Re = 1000, for different
density ratios, - - - negative vorticity.
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1=24

Figure 4: Instantaneous temperature fields: hot jet « = 1/8, Re = 2000 (up), cold
jeta = 8, Re = 1000 (down).

the cold jet has a more voluminous and more inertial leading vortex which makes
its penetration easier. Therefore, the vortex ring grows considerably by thermal
diffusion when its vorticity decreases, as can be seen for « = 8. It should be
noted that the negative vorticity near the inlet section is due to the formation of the
stopping vortex.

The temperature fields are shown in Fig. 4, during and after the injection,
for both hot and cold jets with strong density contrasts. It is worth noting that
the Reynolds number being based on the jet properties, the kinematic viscosity
of the surrounding flow is smaller than the hot jet one by a factor a'*°. The
high temperature fluid, initially distributed at the orifice section, is progressively
conveyed toward the vortex ring. At time ¢ 