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TECHNICAL NOTES

Water Distribution Network Analysis Using Excel

David H. Huddleston, P.E., M.ASCE"; Vladimir J. Alarcon? and Wei Chen®

Abstract: The analysis of water distribution networks has been and will continue to be a core component of civil engineering water
resources curricula. Since its introduction in 1936, the Hardy Cross method has been used in virtually every water resources engineerir
text to introduce students to network analysis. The technique gained widespread popularity primarily because it is amenable to manuz
calculation techniques. However, the same subtle elegance that facilitates manual calculations often obscures the primary engineering a
physical principles of water distribution systems relative to the nuances of algorithm implementation. Herein, the authors illustrate the
application of commonly available spreadsheet softwitieroSoft Excel to more concisely and effectively solve typical undergraduate
network distribution problems using linear theory. Application development is much more efficient and straightforward than the corre-
sponding Hardy Cross implementation enabling students to concentrate upon the engineering system and relevant design issues. T
technique presented utilizes commonly available technology and is presented as a supplement to alternatives discussed in recent literatu
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Introduction Effective instruction in hydraulic design and piping system
analysis has been the subject of several recent publications. The

As an applied science, there exists a natural tension between théecember 2001 issue of thivurnal of Hydraulic Engineering
study of fundamental scientific theory and instruction in the ap- Was devoted to the topic of teaching hydraulic design. Acommon
plication of analysis and design methodologies within under- theme among many of these articles was a desire to increase the
graduate engineering curricula. Most engineering courses arelevel of realism associated with engineering systems i_ntroduced.
structured to emphasize the relevant physical, chemical, and bio-Jewell (200]) discussed the use of a commercial equation solver
logical processes that are then reinforced by studying specifict© faC|I|t_ate hydraulic design instruction. Weiss and Gl_JIIlver
problem solving skills applied to systems of engineering interest. (200D discussed the use of spreadsheets to analyze various hy-
In the area of water resources engineering, analysis commonlydraulic design projects. They illustrated that using the spreadsheet
results in nonlinear differential or algebraic equations or systems@S @ tool to analyze practical engineering problems not only
of equations. Consequently, the level of application complexity teaches valuable engineering analysis skills but also enhances stu-
and realism introduced to undergraduates is often limited by the dents’ computer skills and helps prepare them for the challenges
students’ computational capability. Instructors must diligently bal- that they will face professionally. Hodge and Tay(@002 pre-

ance the need to emphasize the engineering system physics versiignted & set oMathcad procedures applied to analyze various
instruction in numerical methods used to solve resulting math- PIPINg system applications. Thdathcadprocedures provided a
ematical equations. Student comprehension of basic concepts thagonsistent framework for analyzing and solving common piping-

govern complex engineering systems is often impeded by cum-System applications. _Huddlesto(rzooa discussed the use of
bersome computational procedures. spreadsheet tools to introduce students to fundamental concepts

of computational fluid dynamics by using an illustration from
open-channel hydraulics.

!professor and Chairperson, Dept. of Civil and Environmental This study examines the use Bkce| a commonly available
Engineering, Tennessee Technological Univ., Cookeville, TN 38505; y y

formerly, Professor, Mississippi State Univ., Mississippi State, MS s_preadsheet packagel, to anglyze a water distribution network: The
39762. linear theory method is applied to develop the network equations
2post-Doctoral Associate, Mississippi Agricultural & Forestry Experi- andExcelis used to solve the nonlinear system of equations. The
ment Station, Mississippi State Univ., Mississippi State, MS 39762. application of this technology is an efficient way to enable under-
*Coastal Engineer, Pacific International Engineering, PLLC, graduate students to solve a relatively complex engineering sys-
Edmonds, WA 98020. tem while minimizing the computational burden. Built-in linear
Note. Discussion open until March 1, 2005. Separate discussions mustynq nonlinear system functions are commonly available in com-
be submitted for individual papers. To extend the closing date by one mercial spreadsheet programs, providing to teachers and students

month, a written request must be filed with the ASCE Managing Editor. an affordable alternative to more complicated or expensive soft-
The manuscript for this technical note was submitted for review and P P

possible publication on March 11, 2003; approved on April 12, 2004. Ware'_ . o .
This technical note is part of thipurnal of Hydraulic Engineering Vol. This technique enables students to analyze realistic applica-
130, No. 10, October 1, 2004. ©ASCE, ISSN 0733-9429/2004/10-1033- tions while still requiring manual development of the governing
1035/$18.00. equations to reinforce the underlying engineering principles. Use
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Fig. 1. Hydraulic network for example problem

of the software removes the necessity of analyzing the implemen-such as Hardy Cross, students spend an inordinate amount of time

tation and performance of numerical algorithms. Deletion of this struggling with implementation details and they are burdened by

material can be appropriate for an introductory course in which the quantity of computations required to converge to the network

the primary objective is to teach students about the design, analy-sp|ution. This time devoted to nuances of the solution algorithm

sis and operation of a water distribution system with the study of getracts from the students’ overall understanding of water distri-

specific numerical algorithms deferred to other courses. bution systems and restricts the level of application complexity
that can be introduced.

Background

As presented in numerous referena@sg., Mays 200}, the Network Piping System
steady-state flow distribution of an incompressible fluid through a
piping network is governed by a one-dimensional energy and Consider the hydraulic network described in Fig. 1, which is a
mass balance. Following the notation of Mgg§01), conserva- variation of the network presented by Wood and Chafl&2).
tion of mass can be enforced at each of Menodes within the  This example contains 12 nodes and eight loops which exceeds
network as the usual expectations of a class assignment via manual calcula-
2 Q.- E Qo= 0 0 tions. As an illustration, the example is modified from the original
in out reference by replacing the specified inflows with fixed grade
WhereQin anonutdenote nodal demands and p|pe flows into and nodes and utiIizing the Darcy—Weisbach friction model. All plp-
out of the junction node. For each loopof the N, loops that ing materials are assumed to be cast iron. Specified junction de-
comprise the network, conservation of energy requires that themands and the assumed positive flow direction are indicated on
sum of energy head lo$g in each of thdp pipes and energy gain  the figure. The Darcy—Weisbach friction model is applied
Hpump @cross each of thé, pumps in the loop must balance the  throughout and the friction factor is approximated using the
net change in energy heddEegy as Swamee and Jaif1976 formulation. The kinematic viscosity of
2 ho_ 2 H CAE..=0 ) water .is prescribed as 1.0037E—6/m. ReservoirR—l i§ at.an
e L Sy pumpk FGN elevation 3.66 m above the elevation of Reser®i2. Pipeline
data are provided in Table 1.
For clos_ed loops the change in energy grad_e is zero while th_e The piping network is analyzed by developing a system of
change in energy grade for loops between fixed grade nodes is,qations that represent the conservation of mass enforced at each
prescribed. . . L of the 12 junctions, conservation of energy for each of the eight
The system of equations resulting from application of €. network loops, and conservation of energy between the two fixed

to each junction node and E@) to each primary loop and inde- L . .
pendent set of fixed grade nodes, describes the flow distributiongrade nodes. T_h's yields a system of 21 nonlinear, aIgebrayc équa-
tions to solve simultaneously for the 21 unknown volumetric flow

throughout the network. The resulting system of algebraic equa- :
tions can be solved by a number of numerical algorithms, includ- fates. Wood and Charlg972 and Mays(200) summarize the

ing Hardy Cross, Newton—Raphson, and the linear theory methodcomplete system of equations for this problem subject to specified
(Mays 2001). inflow rates in lieu of the indicated fixed grade nodes.

Based upon experience teaching this material, it is observed Conservation of mass must be enforced at each of the twelve
that students can quickly grasp the primary physics representedpipe junctions. For example, conservation of mass applied at
by Egs.(1) and (2). When implementing a solution algorithm, junction J-9 yields
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Table 1. Pipeline Data for Example Problem. unknowns. In essence, this constitutes an implementation of the

Darcy-Weisbach Iinea_r _theory m_ethod Wit_hout the complexity of _implementing a
relative roughness spemﬂc numerical algorithm to solve the nonlinear system of
Pipe Diameter Length factor roughness Resulting flow equations.
number| ] (m) (m) (m) rate (m3/s) Students’ prior familiarity with spreadsheet applications is a
1] 0.305 4572 0.00026 0.0558 significant advantgge to this approach. It is s_,tralghtforward for
students to associate a spreadsheet cell location with each of the
[2] 0.203 304.8 0.00026 0.0400 . . L .
3 0.203 3658 0.00026 0.0165 conservation equations that must be satisfied. The significance of
[4] 0'203 609.6 0.00026 0'0103 each conservation statement is reinforced since students must ex-
(4] ‘ ) ’ e plicitly define the corresponding spreadsheet formula in order to
(5] 0.203 853.4 0.00026 =0.0087 successfully solve the problem. For reference, the resulting net-
(6] 0203 3353 0.00026 0.0126 work distribution flow rates are included in Table 1.
[7] 0.203 304.8 0.00026 0.0150
[8] 0.203 762.0 0.00026 0.0097
[9] 0.203 243.8 0.00026 0.0480 Conclusions
[20] 0.152 396.2 0.00026 0.0004
[11] 0.152 304.8 0.00026 0.0108 The example presented illustrates the use of a comm_only avail-
[12] 0.254 335.3 0.00026 ~0.0074 able spreadsheet package as a tool to facilitate instruction in water
(13 0.254 304.8 0.00026 ~0.0160 resource engineering. Ti‘@(celsolytlon procedur_e is presenteql
(14 0.152 548.6 0.00026 0.0053 |r; ? mantnethE_at is co?scljste_r;:] w[[thdth? ,governl_n? co?ser_;(at!?n
[15] 0.152 3353 0.00026 0.0157 statements. This, coupled with students’ preexisting familiarity
with the spreadsheet package, enables students to focus on under-
[16] 0.152 548.6 0.00026 —-0.0024 . - -
1 0.254 365.9 0.00026 0.0236 standing of the engineering system rather than cumbersome com-
(17 ‘ ) ’ ) putational procedures. Obviously, learning the skills necessary to
(18] 0.152 548.6 0.00026 0.0040 implement and analyze the behavior of selected numerical algo-
(19] 0.152 396.2 0.00026 -0.0047 rithms is also an important aspect of the development and appli-
[20] 1.000 25.0 0.00026 0.1037 cation of computational models. The instructional technique de-
[21] 1.000 25.0 0.00026 0.0351 scribed herein merely provides the instructor with an alternative

that allows deferral of much of the numerical analysis material to
. other courses.

A _ _ Computer technology plays a significant role in engineering
Qo= Qs = Qo= 003797 =0 ® education. Determining how and at what level to introduce tech-
nology within the curricula is a significant challenge to educators.

A productive role exists for scientific calculators, equation solv-
ers, mathematics packages, spreadsheet applications, commercial
K1Q1|Q4| + K15Q15/ Q15K 10Q10/ Q1o —KgQo|Qo| =0 (4) analysis software, and programming assignments. The selection
of the appropriate tool is dependent upon the course context and
available technology infrastructure. Tlcelillustration is pre-
sented as a bridge that enables students to analyze more realistic

K 20Q20 Qa0 + K1Qu|Qul+ KuQ5| Qs + KaQalQal+ KuQ4lQy ap_pllcat|ons while Stl" requiring e_nough manual development to
reinforce the underlying engineering principles.
—K21Q1/Q| -3.66 m =0 5

In the preceding equation§), and K; denote, respectively, the
volumetric flow rate and the friction coefficient for pipeApply-
ing the Darcy—Weisbach friction model to thth pipe,K; is de-

Conservation of energy applied to representative loop &Y.
yields

Similarly, conservation of energy applied between the two fixed
grade nodes yields
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