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Introduction to Engineering Calculations

2.1 Unit conversion

(a)
From Table A.9 (Appendix A): 1cP =103 kgl &1
1m= 100cm
Therefore:
15x106cp = 15x106cp |10 kem s 1 1o . 1.5x 107 kgst em™!
’ ’ ' 1¢P 1100cem ’
Answer: 1.5x 10V kg st ol
{b)
From Table A.8 (Appendix A). 1 hp (British) = 42.41 Btu min-!
Therefore:
T |
0.122hp = 0.122hp.|W = 5.17 Btu min~}

Answer: 5.17 Btu min-!

()

From Table A.5 (Appendix A): 1 mmHg = 1.316 x 103 atm

From Table A.1 (Appendix A): 1 fi = 03048 m

From Table A.7 (Appendix A): 1 1 atm = 9.604 x 162 Bt

From Table A.8 (Appendix A): 1 Btu min! = 2.391 X 1072 metric horsepower
fm=100cm

2.2 Unit conversion

Case I

Convert to units of kg, m, s.

From Table A.3 (Appendix A): 1 1b=043536kg

11= 1000 cm?
I h=60min
Therefore:
670 mmHg X = 670 mmHg i 1.316x 10~ d.t:m‘ 9.604 zo*“zmul 10.3048131 3 1100cm PP 11
s .
2.391 x 10™ metric hlorsepcwer i 1 h‘ = 9.56x 104 metric horsepowerh
1 Brumin™ 60 min
Answer; 9.56 x 107* metric horsepower h
(&)
From Table A7 (Appendix A): 1 Baus = .2520 keal
From Table A3 (Appendix A): 1 1b=4536¢
Therefore:
- -1 102520 keat 1 -
345Btulb™! = 345 Brib!. . = !
i 345Bumib 1 B |453‘6g 0.192 keal g
Answer: 0.192 keal g1
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From Table A.2 (Appendix A): 1 £ = 2.832 x 10?2 m?
From Table A9 (Appendix A): 1 cP = 102 kg ml 51
1m= 100 e = 1000 mm

Therefore, using Eq. (2.1):

3
(Qmm.;“miﬁma{scms“l‘; lm DZSbet‘3. 0'4536“3{. L 3D
Dup 1000 mm 100cm ih 1832 x 10 % m o
Re = - P i o= 24%x10
H -6 W0~ kgm ™ 's
Y CP . e
1cP

Answer: 2.4 % 107

Case 2

Convert to units of kg, m, 3.

From Table A.1 (Appendix A): 1in. =2.54 x 102 m

From Table A.9 (Appendix A): 1 by, ftlnl = 4134 x 104 kgl 51
Th=3600s

Therefore, using Eq. (2.1):

- |254x 1072 - _
Dup (Em..lWD(lms 1)(22.Skgm 3}

Re = r Fod

= 1.5x10%
4.134x 10~ kgm 1 5~

11, p!

0.14x 107 1b,, 51 £, I 36005

k

Answer: 1.5 x 104

2.3  Dimensionless groups and preperty data

From the Chemical Engineers' Handbook, the diffusivity of oxygen in water at 25°C is 2.5 x 10"% em? s*1. Assuming
this is the same at 28°C, D= 2.5 x 10 om? 5'1. Also, from the Chemical Engineers’ Handbook, the density of water
at 28°C is py, = 0.9962652 g cm™3, and the viscosity of water at 28°C is j_= 0.87 cP, The density of oxygen at 28°C
and 1 atm pressure can be calculated using the ideal gas law. As molar density is the same as %y, from Eg, (2.32);

LA
P =% = g7

Temperature in the ideal gas equation is absolute temperature; therefore, from Eq. (2.24):

= 28+27315)K = 30L15K

From Table 2.5, R = 82.057 cm® atm K1 gmol!. Substituting parameter values into the density equation gives:

P Patm 5 w3
Po ™ e = = 4.05x 107 gmolcm
RT  (82.057cm® am K™ gmol™!) (301.15K)

From the atomic weights in Table B.1 (Appendix B}, the molecular weight of oxygen is 32.0. Converting the result
for pe; to mass terms:

Pg = 4.05x 10~ gmolcm

-3 ' 32.0¢

- 3 -3
T gmol I = 130x 107 gem

From Table A.9 (Appendix A): 1 ¢P = 10°Z g em! s-}; from Table A.1 (Appendix A): 1 ft = 0,3048 m = 30.48 cm.
The parameter values and conversion factors, together with Dy = 2 mm = 0.2 cra, can now be used to calculate the
dimensionless groups in the equation for the Sherwood number.

3 3 "3 o om3 - -3 -3 -2 |3048cm
Gr = DbPePL-PIE (0.2 cmp {1.30x 103 g cm~2}{0.9962652 1.30x 1073} g om (BZ‘ITfts !“"i“%{““
3

A

(0.8’? cP.

102 geml 51 2
1cP

Gr = 134
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0.87cP.

1072 g cm gt l

. o oo | o
PP (09962652 e} (2.5 1075 cm?s7Y)

........ Therefore: )
Sh = 0316r 8¢ = 031(134)'2 349} = 112

-------- From the equation for Sh: |

_________ - 52 2B 45

Answer, 1.40 X 10-3 cm 571

2.4  Mass and weight
- From the definition of density on p 16, mass is equal to volume multiplied by density. Therefore:

Mass of water = (10 ) (62.4 iby, ft'3) m 624y,

- From p 16, weight is-the force with which a body is attracted to the centre of the earth by gravity. According to
-------- Newton's law {p 15), this force is equal to the mass of the body multiplied by the gravitational acceleration.

(a)
From p 15, at sea level and 45° latitude, gravitational acceleration g = 32.174 ft 572, Therefore:

Weight = 624 by, (32.174 £t 572) = 2.008x 104 Ib,, ft 52

-------- Converting these units to lby, from Eq. (2.16), 1 Tbop= 32,174 Tby, ft 52, therefore:

llbg

Weight = 2.008x 10°1b,, fts72 |~
32.1741b,, fi s~

= 6241bs

Answer: 624 by When g = 32.174 ft 32, the number of Ib mass is equal to the number of Ib force.

(b}
From Table A.1 (Appendix A): 1 m= 3.281 ft. Using the same procedure as in {a):
- Weight = 624 2bm(93?6m 2. 3?112&[} = 1.998x 10*1b,, fis™2
Converting to Ibp
......... | . , 1o
Weight = 1.998x 107 Ib,, fts™, et | 621 Ebf
321741, fts7
......... Answer: 621 Iby

o 2.5 Dimensionless numbers
First, evaluate the units of the groups (Cp /) and (P G W

Cpu) . BuwlFYpetat
k Bub! it2 (oF 1)

o2
Unitsof(gmq) L 11N S
bh! !

Units of (
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Therefore, these groups are dimenstonless. For the equation to be dimensionally homogeneous, {h/ Cp G} maust also be

dirmmensionless; the units of A must therefore cancel the units of Cp .

Units of b = mits of € G = B Ib-! °Fl) b bl f2) = Bou°F- irl 2

The dimensions of k can be deduced from its units. From Table A.7 (Appendix A), Btu is a unit of energy with
dimensions = LZMT"2. °F is a unit of temperature which, from Table 2.1, has the dimensional symbol ©. h is a unit

of time with dimension = T; ft is a unit of length with dimension = L.. Therefore:
Dimensions of & = L2MT2e-1 T1 12 = MT3@!

Answer: Units = Btu 971 h‘l.ft*z; dimensions = MT-3@-1

2.6  Dimensional homogeneity and g,

From Table A.8 (Appendix A), dimensions of P = L2MT3

Dimensions of g = LT2

Dimensions of p = ML-3

Dimensions of Dy = L

From p 11, the dimensions of rotational speed, N; = T-1; from p 15, the dimensions of gc= 1. Therefore:

Py mMrd)or?) o

Dimensionsof =
pN D} (ML) (T LS

As Np is a dimensionless nwmber, eguation i} is not dimensionally homogenecus and therefore cannot be correct.,

Pge (M3 _
PN D] (ML) ()Lt

Hguation (ii) is dimensionally homogeneous and therefore likely to be correct.

Dimensionsof

Answer: (H)

2.7  Molar units
From the atomic weights in Table B.1 {Apperdix B), the molecular weight of NaOH is 40.0,

(a)
From Ey. (2.19):

Ibmoles NaOH = — 228 _ 6 50 1bmol

40.01b Ibmol™
Answer: .50 1bmol

‘gg;m Table A.3 (Appendix A): 11b = 453.6 g. Therefore:
20.01b = 20.01b. ’isfagg = 9072 ¢
From Eq. (2.18):
grammoles NaOH = M = 227 gmol
40.0g gmot™!

Answer: 227 gmol

(o)
From p 16, | kgmel = 1060 gmol. Therefore, from (b):
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1 kgmol

kg moles NaOH = 227 gmol . 7000 gmol

= 0.227 kgmol

Answer: 0.227 kgmol

2.8  Density and specific gravity

(x) '

From p 16, the density of water at 4°C can be taken as exactly 1 g cm™>. Therefore, for a substance with specific
gravity 1.5 129?4@(:, the density at 20°C is 1.5129 g cm3,

N

1 kg = 1600 g

1m=100cm

TFherefore:

3 3
= 1512.9kgm™

Pensity = 1.5129gcm“3.1 1 kg Hif){}cm

i000g lm

Answer: 15129 kg m*3

()
From the atomic weights in Table B.1 (Appendix B), the molecular weight of nitric acid (HNO3) is 63.0. In 1 cm3
HNO3, from Eq. (2.18)

1.5129g

gram moles = ;
63.0¢g gmol™

w (.0240 gmol

Therefore, the molar density is 0.0240 gmol cm'3. From the definition of specific volume on p 16:

Molar specific volume = ! = ! = 41,67 cm’® gmol"“l

molardensity o m40 gmol crn—

Answer: 41.67 cm? gmol

(b)

()

From p 16, as density is defined as the mass per unit volume, the mass flow rate is equal to the volumetric flow rate
mnultiplied by the density:

Mass flow rate = {50 em? miz{“l) {2.6 g c:m”3) = 80g min™!
Answer: 80 g min~}
(D

From the atomic weights in Table B.1 (Appendix B), the molecular weight of carbon tetrachloride, CCly, is 153.8.
Using the mass flow rate from {a):

= .52 gmot min™

B . =t Igm(}i
Molar flow rate = 80 g min i 153.8¢

Answer: 0.52 gmol min-!

2.9  Molecular weight

From p 17, the composition of air is close to 21% oxygen and 79% nitrogen. For gases at low pressures, this means
21 moel% Og and 79 mol% Nj. Therefore, in 1 gmol air, there are 0.21 gmol Og and 0.79 gmo! Ny From the atomic
weights in Table B.1 (Appendix B}, the molecular weights of O and Ny are 32.0 and 28.0, respectively. The
molecular weight of air is equal to the number of grams in I gmol:

3208
i gmol

+ 0,79 gmol N, . 1 128'0511 = 288

1gmolair = 6.21gmol O,

Answer. 28.8
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2.16 Mole fraction _

The molecular weights can be obtained from Table B.7 (Appendix B): water 18.0; ethanol 46.1; methano} 32.0;
glycerol 92.1; acetic acid 60.1; benzaldehyde 106.1. In 100 g solution, there are 30 g water, 25 g ethanol, 15 g
methanol, 12 g glycerol, 10 g acetic acid, 8 g benzaldehyde, and ao other components. Therefore:

1 gmotl

Moles water = 30 g. 1805

= 1.67 gmol

Moiesethanol = 25 g, Z—é-g?-?é‘ = (.54 gmol

Moles methanol = 15 g.i ;g‘g‘: = 0.47 gmol

1 gmol

Moles glycerel = 12g. g

= (.13 gmol

1 gmol

01% = §.17 gmol

Moles aceticacid = 10g. l

Moles benzaldehyde= 8 g f ;Og;‘;"é = 0.08 gmol

The total number of moles is 1.67 + 0.54 + 047 + 0.13 + 0.17 + 0.08 = 3.06 gmol. From Hy. (2.20):

\ 167
- Mole fraction water = TH6 © 0.55
, 0.54
Mole fraction ethanol = 306 = 0.18
Mole fraction methano] = 9««?3 = (.15
3.06
Mole fraction giycerol = m = (.04
EYCRIOl = 356 T V-
, .. 0,17
Mole fraction acetic acid = ——— = 0.06
3.06
, 0.08
Mole fraction benzaldehyde = 36 = 6.03

Answer: 0.55 water, 0.18 ethanol; (.15 methanol; 0.04 glycerol; 0.06 acetic acid; 0.03 benzaldehyde
211 Temperature scales
From Eq. 2.27):

40 = 1.8 T(°C)+32
T(°C) = —40

From Eq. (2.25):

T{°R) = ~40 + 459.67
T(°R) = 420

From Eq. (2.24) and the result for T (*C}:

T(K) = ~40 +273.15
T(K) = 233

Answer: 40°C; 420°R; 233 K

2.12 Pressure scales

(a)

Assume that the atmospheric pressure is 14.7 psi. From Eq. (2.28):

Absolute pressure = 15 psi + 14.7 psi = 29,7 psi
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From Table A.S (Appendix A): 1 psi= 6.805 x 102 atm. Therefore:

6.805% 107 atm

; = 2.0%atm
1psi

Absolute pressure = 29.7 psi |

Answer: 29.7 psi; 2.02 atm
(0

From p 19, vacuum pressure is the pressure below atmospheric. If the atmospheric pressure is 14.7 psi:

Absolute pressure = 14.7psi—3 psi = 11.7 psi

Answer: 11.7 pst

2.13 Stoichiometry and incompiete reaction

()

The molecular weights are calculated from Table B.1 (Appendix B): peniciilin = 334.4; glucose = 180.2. The
maximum theoretical vield from the stoichiometric equation is 1 gmol of penicillin for every 1.67 gmol of glucose.
This is equivalent to 334.4 g penicillin per 1.67 X 180.2 =300.9 g glucose, or 1.1 g gl

Answer: 1.1 g g“z

)

The maximum theoretical yield in {a} is obtained when all the glacose consumed is directed inte penicillin production
according to the stoichiometric equation. If only 6% of the glucose is used in this way, the actual yield of peniciflin
from glucose is much lower, at 334.4 g penicillin per (300.9 x 100/g) g glucose, or 0.067 g g1.

Answer: 0.067 g g1
{c)

From the atomic weights in Table B.1 (Appendix B), the molecular weight of phenylacetic acid is 136.2.
B

-Fhe only possible limiting subsirates are glacose and phenylacetic acid. - Using a basis of 1 1 medium, # (50 - 5.5) =

44.5 g glucose are consumed but only €% is available for penicillin synthesis, the mass of glucose used in the
penicillin reaction is 44,5 x 6/100 = 2.67 g. This is equivalent to 267 81802 g gmol-1 = 1.48 % 10 gmol ghicose
avatlable for penicillin synthesis. At the same time, 4 g or 4g 136.2 g gmol-1 = 2.04x% 1072 gmol phenylacetic acid is

“available which, according to the stoichiometric equation, requires 1.67 x 2.94 % 102 = 4.91 x 10-2 gmol ghicose for

complete reaction. As the gmol glucose required is greater than the gmol glucose available after growth and

‘maintenance activities, glucose is the limiting substrate.

Answer: Glucose

(i)
Ofthe 44.5 ¢ I ghicose consumed, 24% or 10.7 g 1 is used for growth. In a 100-litre tank, the total mass of glucose
consumed for growth is therefore 1070 g or 1.07 kg.

Answer: 1.07 kg
{iif)

. From (), 1.48 x 102 gmol glucose is used in the penicillin reaction per litre. . According to the stoichiometry, this

produces 148 X 10°2/; ¢7 = 8 86 x 10°3 gmol penicillin per litre. Therefore, in a 100-litre tank, 0.886 gmol or 0.886
gmol X 334.4 g gmol"! = 296 g penicillin are formed.

Answer: 296 g

{iv)

If, from (i), 1.48 x 102 gmol F! glucose is used in the penicillin reaction, 1-48 X 102/ ¢7 = 8.86 x 103 gmol I'!
phenylacetic acid must also be used. This is equivalent to 8,86 x 10-3 gmol I'! x 136.2 g gmol"l = 1.21 g I}
phenylacetic acid. Asd g Il are provided, (4 - 121)y=2"1T9¢ 1 phenylacetic acid must remain.

Answer: 219 g il
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2.14 Stoichiometry, yield and the ideal gas law

(a)
Adding up the numbers of C, H, O and N atoms onr both sides of the equation shows that the equation is balanced.

Answer: Yes

(b} : _

The molecidar weights are calculated from Table B.1 (Appendix B).
Cells: 91.5

Hexadecane: 226.4

From the stoichiometry, as 1 gmol of hexadecane is required to produce 1.63 gmol of cells, the maximum yield is 1.65
gmol X 91.5 g gmol™! = 151 g cells per 226.4 g hexadecane, or 0.67 g g1,

Answer: 0.67 g g1

{© '

From the atomic weights in Table B.1 (Appendix B), the molecalar weight of oxygen is 32.0. From the
stoichiometry, 16.28 gmol of oxygen is required to produce 1.65 gmol of cells which, from (b}, is equal to 151 g cells.
The maximum yield is therefore 151 g cells per (16.28 gmol x 32.0 g gmol'1) = 521 g oxygen, or 0.29 g g1

Answer: 029 g g

) :

Production of 2.5 kg cells is equivalent to 2508 g = 2500 £/91.5 g gmot-1 = 27.3 gmol cells. The minimum amounts
of substrates are required when 100% of the hexadecane is converted according to the stoichiometric equation.

O

From the stoichiometry, production of 27.3 gmol cells requires 27.3/1 g5 = 16.5 gmol = 16.5 gmol x 226.4 g gmol! =
3736 g = 3.74 kg hexadecane.,

Answer: 374 kg

(i
From the answer in (d)(3), the concentration of hexadecane requiredis 374 kg in 3 m3, or 1.25 kg m-3,

Answer: 1.25kg m™>

(i)

According to the stoichiometric equation, production of 27.3 gmol cells requires 27.3 x 16.28/1.65 = 269.4 gmol
oxygen. As air at lJow pressure contains close to 21 mol% oxygen (p 17), the total moles of air required is 269-4!{),21
= 1282.9 gmol. The volume of air required can be calculated using the ideal gas law. From Eq. (2.32):

aRYT
r

¥ =

Temperature in the ideal gas equation is absolute temperature; from Eq. (2.24):
T = (20+273.15) K = 293.15K
From Table 2.5, R = 82.057 cm3 atm X1 gmol-!, Substituting these values into the equation for V gives:

(1282.9 gmot) {82.057 cm® atm K1 gmot™) (293.15K)
1atm )

im
180 cm

3
Ve = 31m’

Answer: 31 m>
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Presentation and Analysis of Data

3;1 Combination of errors

Cay = 025 mol m™3 +4% = 025£0.010 mol m™3
Car, = 0.183 mol m3 + 4% = 0.183 40,0073 mol m3
OTR = 001l molm3 sl £5%

For subtraction, absolute errors are added. Therefore:

Chp~CaL = (025-0.183)+(0.010+ 0.0073) molm™> = 0.067:£0.0173molm™> = 0.067 molm™ % 25.8%
For division, relative errors are added. Therefore:

_ 0011mol m s
0.067 molm™—

kya +{25.845)% = 01657 £31% = 0.16£0.055™

Answer: 31%. This example illustrates how a combination of small measurement errors can result in a relatively
large uncertainty in the final result. '

3.2  Mean and standard deviation
(@)
The best estimate is the mean, x . From Bq. (3.1}

_ 3.13+345+3.50+3.35

y) = 5.36

X

Answer: 5.36

(b) .
Calculate the standard deviation from Eq. (3.2}

= .13

o \/ (5.15 - 5.36)7 + (5.45 - 5.36) + (5.50 5.36)% + (5.35 - 5.36)
= -1

Answer: The standard deviation is 0.15. Nore that standard. error, which can be calculated from the standard
deviation, is a more direct indication of the precision of @ mean.

(e}

_ 5154545

5 = 5.30

x
Standard deviation is mot appropriate for expressing the accuracy of a mean evaluated using only two samples. In this

case the maximum error, i.e. the difference between the mean and either of the two measured values, might be used
instead. The maximum error in this example is (5.30 - 5.15) = 0.15.

Answer: 5,30, an indication of the accuracy is £ (.15

(d)

_ 3543454550+ 53545154545+ 5.50+5.35
B 8

X .

w 5.36
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\/2(5 15536 +2(545-5.362 +2(5.50~ 5362 +2(5.35 - 5,36 _

§-1 0.14

Answer: The best estimate of optimal pH is uachanged at 5.36, but the standard deviation is slightly lower at (.14,
This example illustrates that although the standard deviation decreases as the number of measurements is increased,
o is not strongly dependent on n. The best way to improve the reliability of the mean is to ensure that the individual
measurements are as intrinsically accurate as possible, rather than repeat the measurement many times.

3.3  Linear and non-linear models
(a) :

¥ =1y =10

xpu By yp =05

A seraight line plot of y versus x on laesr coordinates means that the data can be r&presemed using Eq. (3.6). From
Egs (3.7) and (3.8

_b2-v) 0s5-10

" oy~ 8-l = —~1.36

B =y ~Ax; = 10-{1.36)1 = 114
Answeriy=-~136x+114

)

x1 =32y =145

x3=89,y3=38.35

- A straight line plot of y versus "2 on Tinear coordinates means that the data can be represented using the equation:

y=Ax R + B
with 4 and B given by the equations:

»2-¥1 _ 385-14.5
A= = = 20.1
wtexlt 8932

B =y ~Axi? = 145-201(32"%) = 215
Answer, y = 20.1 x? 215

{c)

x1=5v1=6

xp=1y2=3

A straight line plot of 1/y versus *% on linear coordinates means that the data can be represented using the equation:

Iy = Ax2+B
with A and B given by the equations;
Wyl il

-z 13.s?

= 69x 1073

B =Ly -Axt = Ug-(-69x107) () = 034
Answer: 1y = 69% 103 x2 + 034
(d)

X1 =05, y; =25
x7 = 3505 yo = 2600

A straight line plot of y versus x on log-log coordinates means that the data can be represented using Eq. (3.10).

From Eqgs (3.13) and (3.14):
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_ (nyy-Inyy) 10 2600~1n25

= Tax—lrp - W550-Tmos5 - 000

InB = .inyl ~Alnx) = In25-(0.663)1n 0.5 = 3,678
B = 678 = 396
Answer: y = 39.6 x0.663

(e

x1=15y; =235

xo = 10; yp = 0.036

A straight line plot of y.versus x on semi-log coordinates means that the data can be represented using Eq..(3.15).
From Eqs {3.17) and (3.18):

_Qny;-lny)  1n0.036-1n25

= = ~0.50
(xp = X1} 10«15 -0

B =lhy~Ax =1825-(050)15 = 1.666
B = 1666 = 579
........ Answer: y = 5.29 e—O‘SUx

3.4  Linear curve fitting

(a)
The results determined using Bgs (3.1) and (3.2) are lsted below.

------- Sucrose concentration (g rh Mean peak area Standard deviation
6.0 36.84 X 121
120 112.82 2.06
i8.0 170.63 : 2.54
240 23274 1.80
30.0 302.04 221
by
35 T T T T 1 L]
........ 30 3 "
o 25} i
o
2 20
w = -
£
g s
8
é 10 | N
&
5 -
0 L i L 1 i i
______ _ 0 50 100 150 200 250 300 350
Peak area
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{c)

The linear least squares fit of the data is:

¥

= 0,098 x + 0.83

Answer: y = 0.098 x + 0.83, where y is sucrose concentration in g tandxis peak area.

(@)

For x = 209.86, the equation in (¢} gives a sucrose concentration of 21.4 g I'1,

Answer: 214 g1’

3.5  Non-linear model: calcalation of parameters

(@

The proposed model equation has the generai form of By. (3.15); therefore, if the model is suitable, a plot of & versus
/7 on semi-logarithmic coordinates will give a straight line. As T in the equation is absolute temperature, °C must
first be converted to degrees Kelvin using Eq. (2.24). The data are listed and plotied below.

Temperature (°C) Temperature (K) Yr &b Relative mutation frequency, o
15 288.15 347 x 10-3 44%10°15
20 293.1% 3.41 % 1073 2.0x 1014
25 298.15 3.35x% 10°3 8.6 x 1014
30 303.15 3.30x 10°3 3.5% 10-13
35 308.15 3.25 x 1073 1.4x 10712

5 .

> 10-12

g 10tk :

= ! A

g - :

s

g 108L

E ; 3

£ o -

R E|

o ~ ]

10-18 L 4
3.2 x 108 3.3x 103 3.4x 103 3.5x 103
1/Temperature (K1)

As the data give a straight line on semi-logarithmic coordinates, the model can be considered to fit the data well,

(b)

The equation for the straight line in (a) is:

y = 9.66 X 1024 ,—26,121x

where ¥ is relative mutation frequency and x is reciprocal temperature in vnits of K1, For dimensional homegeneity
the exponent must be dimensionless (p 12), so that -26,121 has units of X, and £/p in the model equation is equal to
26,121 K. From Table 2.5, R = 8.3144 J gmol-! X'1; therefore:

E = (26,121 K) (8.3144 T gmol" K'ly = 217,180.4 I gmol'! =

217.2 kI gmot!
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Answer: 2172 kJ gmol™

{©)
From the equation in (b) for the straight line, ¢g is equal to 9.66 x 1024,

Answer. 9.66 x 10%4

3.6  Linear regression: distribution of residuals
______ @ _

6

increase in hiomass concentration (g -1}

C® 1 i ] i 1
0 1 2 3 4 5 8
Decrease in medium conductivity (mS cm-1}

The lincar least squares fit of the data is:

y = 1.58+2.10x
where v is increase in biomass concentration in g I'! and x is decrease in medium conductivity in mS cm-1,
(b)

The residuals are calculated as the difference between the measured valaes for increase in biomass conceniration and
the values for y obtained from the equation in (a).

Decrease in medivm conductivity (mS cemh Residual
......... . 0 ] 58
0.12 6.57
0.31 0,23
0.41 0.36
0.82 1.20
1.03 1.36
. 1.40 1.28
- 1.91 0.41
2.11 0.19
2.42 -0.46
2.44 -{.50
274 ~£.73
291 -]1.69
3.53 -1.99
4,39 100
""" 521 1.48
: 324 0.02

3.55 1.37
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These results are plotted below.

Residual

3

] i i H 1

1 2 3 4 &
Decrease in medium conductivity (mS cm1}

. The residuals are not randomly distributed: they are mainly positive at low. values of decrease in medium
copductivity, then negative, then positive again. Therefore, the straight line fit of the data cannot be considered a very

good one.

3.7  Discriminating between rival models

{a)

The results are plotted nsing linear coordinates below.

Liguid superficial velocity, 4 (ms'1)

0.11

010 -

.08

.08 =

0.07 |-

.08 |-

0.05 |-

0.04

.00

0.02 0.04 0.08 0.08
Gas superficial velocity, ug (m s-1)

010

The data are reasonably well fitted using a linear model. The linear least squares equation for the straight line fit is:

where y is liquid superficial velocity in m s~} and x is gas superficial velocity in m 5"}, The sum of the squares of the
residuals between the measured valves for liguid superficial velocity and the values for y obtained from the above

equation is 8.4 x 1073,

y = 0054+ 0466 x
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(b}
The proposed power law equation has the same form as Eq. (3.10). Therefore, if the power law model is suitable, the
data should give a straight line when plotted on log-log coordinates.

1 . . r T ———-—
% f .
E - a
< N r
Q - L
8 |
01k
8 . 4
& » /_"—._‘f
o - -
@« b e
[+ N -
2 i
0
o n i
& i , 4
|

0'02 L L L i (3 i ' L
0.01 ) _ 0.1
Gas superficial velocity, ug, (m 51}

. The data are reasonably well fitted using a power law.medel. The equation for the straight line in the plot is:

y = 0.199 x0.309

where y is liquid superficial velocity in m s} and x is gas superficial velocity in m s*}, The sum of the squares of the
residusls between the measured values for Haquid superficial velocity and the values obtained from the above eguation
is 4.2 x 1075,

(c)

‘The non-linear model is better because the sum of squares of the residuals is smaller.

3.8 Non-linear model: calculation of parameters
(a), (b) _

~The proposed model equation has the same form as Eq: {3.15). Therefore, if the model is suitable, the data should

give a straight line when plotted on semi-logarithmic coordinates.

104 T ] T T T T 3

103 =
= 3 ;
§ 102F 3
= 3 e

101 g ?

100 i i 1 I 1 }

O 5 10 15 20 25 3o 35
Time {min)
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() ()
The equation for the straight Hne in the figure is:

y = 2,13 x 104 ¢~0353x

where v is the number of viable cells and x is time in min. As the exponent must be dimensionless to preserve
dimensional homogeneity (p 12), the dimensions of kg are T1; therefore kg = 0,353 min~!. The dimensions of Ny are
the same as N, i.e, Np is dimensionless and equal to 2.13 x 104,

Answer: kg = 0.353 min-}, Np = 2.13 x 10%; the dimensions of kg are T-}, Ny is dimensionless



......... 4

Ma_terial Balances

4.1  Cell concentration using membranes
i Assemble
[63] Flow sheet .

....... . System boundary
..... - - -
i l
--------- Bufter solution in [ i s Buffor solution out
in-1
80 kg min I Hollow-fibre membranes |
Cell concentrate - | — Fermentation broth
§% bacteria i i 350 kg min?
1% bacteria
| } 99% water

{ii) System boundary
The system boundary is shown on the flow sheet.
(i} Reaction equation
_______ No reaction ccours.
2. Analyse
() Assumptions
........ - steady state
- 1o leaks
— only water passes across the membrane
(i) Extra data
No extra data are required.
(iif) Basis
1 min, or 350 kg fermentation broth

........ (iv) Compounds involved in reaction
Ne compounds are involved in reaction.
(v Mass-balance equation

As there is no reaction, the appropriate mass-balance equation is Eq. (4.3):

mass in = mass out

3. Calculate
{i} Calcuiation table

The calculation table below shows all given quantities in kg. The total mass of cell concentrate is denoted C; the total
mass of buffer out is denoted B. The columas for water refer to water originating in the fermentation broth,
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In Out
Stream
Water Bacteria Buffer Total Water -Bacteria Buffer Total

Fermentation 346.5 3.5 0 350 - - - .

broth
Buffer sclution in 0 0 80 80 - - - -
Cell concentrate - - - - ? 006 C 0 C
Buffer solution - - - - ? 6 L B

out
Total 346.5 3.5 80 430 7 0.06 C 80 C+B
{ii} Muass-balance calculations
Bacteria balance

3.5 kg bacteria in = 0.06 C kg bacteria out
C = 583 %kg
Total mass balance
430 kg total mass in = (C + B} kg total mass out
{sing the result for €'
B = 311.7ke
Water balance
346.5 kg water in = water out
Waterout = 346.5kg
These calculations allow completion of the mass-balance table with all guaniities in kg.
Stream In Out
Water Bacteria  Buffer Total Water Bacteria  Buffer Total

Fermentation 346.5 3.5 0 350 - - - -

broth
Baffer solutionin 0 g &0 80 - - - -
Cell concentrate — - - - 54.8 3.50 0 583
Buffer solution P - . - L2917 0 80 371.7

out
Total 346.5 3.5 80 430 346.5 3.50 80 430

{iii) Check the results
Al columns and rows of the completed table add up correctly.

4, Finalise
(a)

After rounding to three significant figures, the total flow rate of buffer solution out of the annulus is 372 kg min>.

Answer: 372 kg min*!
(b}

The total flow rate of cell concentrate from the membrane tubes is 58.3 kg min"1.

Answer: 58.3 kg min-1
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4.2 Membrane reactor
1. Assemble
0} Flow sheet

Off-gas
System boundary\
Feed r 1
40 kg h? i ; Agueous residue
_______ 10% giucose 0.2% glucose
80% water S - ! e (.5% othanol
| Membrane system l
""""" Solvent | oo L - Product
40 kg h-1 | I
_______ i |

------ {ii) System boundary
The system boundary is shown on the flow sheet.
(iid) Reaction equation

........ C6H2206 - B C2H60 b2 C02

2. Analyse
{1} Assumptions
- gteady state
- ne jeaks
—yeast cells do not grow or dislodge from the membrane
..... - B0 eVaporation
— alt COy produced leaves in the off-gas
- N0y side reactions
(ii) Extra dara
-------- Molecular weights (Table B.1, Appendix B): glucose = 180.2
ethanol = 46,1
COy = 44.0

¢iii) Basis
1 b, or 40 kg feed solution
(iv) Compounds involved in reaction
: (ilucose, ethanol and carbon diexide are involved in the reaction.
...... (v) Mass-balance eguations
For glhucose, ethanol and carbon dioxide, the appropriate mass-balance equation is Eq. (4.2)

mass in + mass generated = mass out + mass consumed

For water, solvent and total mass, the appropriate mass-balance equation is Eq. (4.3);

mass in = mass out

3, Calculate
i Calculation table

....... The calculation table below shows all given quantities in kg. The total mass of aqueous residue is denoted R; the total
mass of product out is denoted P; the total mass of carbor dioxide out is denoted G,
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Stream In Out

Glucose Ethanol COp Solvent Hy0 Total Glucose Fthanol CQp Solvent Hy(O Total
Feed 4 0 0 9 36 40 - - - - - -
Solvent 0 0 0 40 0 40 - - - - - -
Aqueous — - - - - - 0.002R OGOSR O 0 ? R
residue
Product - - - - - - 0 ? 0 ? 0 P
Off-gas - - - - - - 0 0 ? 0 0 G
Total 4 0 0 40 36 80 0.002R 7 ? R+FP

{it) Muass-balance calculations
Solvent balance
Soivent is a tie component.

. 40 kg solvent in = solvent out

Solventout = 40kg

Water balance
Water is a tie component,
36 kg water in = water out

Water out = 36kg
As water appears on the Out side of the table only in the aqueous residue stream:
DO R+0005R+36kg = R
R = 36254 kg

Therefere, the residual glucose in the agueous residue stream = 0.002 R = 0.073 kg; the ethanol in the agueous residue
stream = 0.005 R = 6.181 kg.

Glucose balance
4 kg glucose in + 0 kg glucose generated = 0.073 kg glucose out + glucose consamed

Glucose consumed = 3,927 kg

Converting the glucose consumed to molar terms:

1 kgmol

m = 0.0218kgmol

3.927 kg glucose = 3.927kg. !

From the reaction stoichiometry, conversion of this amount of glucose generates 2 X 0.0218 = 0.0436 kgmol ethanol
and 2 x 0.0218 = 0.0436 kgmol CO7. Converting these molar quantities to mass:

0.0436 kgmol ethanol = 0.0436 kgmol . im{ - 2010kg

1 kgmo:
0.0436kgmol CO, = 0,0436 kgmol 1 fi';’;‘fli = 192kg
COy balance
O kg COy in + 1.92 kg COp generated = CO7 out + 0 kg CO7 consumed
COyout = 192kg = G
Ethanol balance

G kg ethanol in + 2.010 kg ethanol generated = ethano! out + 0 kg ethanol corsumed
Ethanol out = 2.010kg

Ethanol leaves the system only in the prodact and agueous residue streams, Therefore:
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Ethanol out in the product sizeam = (2.010-0.181) kg = 1829 kg

As the product stream consists of etharol and solvent oaly:

P (1.829+40hkg = 41820 kg

These calculations aliow completion of the mass-baiance table with all quantities in kg.

Stream In Out

------ Glucase Ethanol COy Solvemt HyO Total Glucose Ethanol COj Solvent HO  Total
Feed 4 t] 0 1] 36 40 - - - - - -
Solvent O 0 0 40 0 40 - - - - - -

______ Agueous - - - o - - 0673 0181 g 0 36 36254
residue . s _
Product - - - - - - G 1.829 it 40 0  41.829.
Off-gas -~ - - - - - 4] 0 192 © t] 192
Total 4 1y, 0 40 36 B8O 0.073 2010 1.92 40 36 8000

(i) Check the results
------- Al columns and rows of the compieted table add up correctly.

4, Finalise

(a)

1.829 kg ethanol are contained in 41.829 kg of product stream. The ethancl concentration is therefore 1.829/41 829 %
100% = 4.4%.

Answer: 4.4%

(b)
The mass flow rate of COis 1.92kg b},

Answer: 1.92 kg -l

4.3  Ethanol distillation

i Assemble
{i) Flow sheet

System boundary
""" \_ e = Distilate
r “‘I 5,000 kg h-1
| i 48% sthanol
55% water
i !
_______ ! f
i - I
Eistillation
Feed B column |
........ 50,000 kg b1
10% ethanot | !
90% water i I
........ 1 E
| i
""" — e - Bottoms
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(i) System boundary

The system boundary is shown on the flow sheet.
{iit) Reaction equation

No reaction occurs.

2. Analyse

(i) Assumptions

— steady state

- o leaks

(i) Extra data

No extra data are required.
(i) Basis

1 h, or 50,000 kg fecd

i) Compounds involved in reaction

No compounds are involved in reaction.

{v} Mass-balance equation

As there is no reaction, the appropriate mass-balance equation is Eq. (4.3):

mass in = Tass out
3. Calculate

(i) Calculation tabie
The calculation table shows all given quantities in kg.

Stream _ In Out

Ethanol Water Total Ethanol Water Total
Feed 5,000 45,000 50,000 - - -
BDistillate - - - 2,250 2,750 5,000
Bottoms - - - ? ? ?
Total 5,000 45 000 50,600 ? 1 7

¢it) Mass-balance calculations
Total mass balance
50,000 kg total mass in = total mass out
Total mass out = 50,000 kg
Therefore, from the iotal column on the Out side of the table:
Bottoms out = (50,600~ 5,000 kg = 45,000 kg

Ethanol balance
5,000 kg ethanol in = ethano! out

Ethanol out = 5,000 kg
From the ethanol column of the Out side of the table:
Ethanol out in the bottoms = (5,000 2,250 kg = 2,750 kg

Water balance
45,000 kg water in = water out

Water out = 45,000 kg
From the water colume of the Out side of the tabie:
Water out in the bottoms = (45,000~ 2,750 kg = 42,250 kg

These calculations allow completion of the mass-balance table with all guantities in kg,
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Stream In Cut

Ethanol Water Total Ethanol Water ~ Total
Feed 5,000 45,000 50,000 - - -
Distillate - - - 2,250 2,150 5,000
Boitoms - - - 2,750 42,250 45,000
Total 5,000 45,000 50,000 5,000 45,000 50,000

(i) Check the results
All columns and rows of the completed table add ap correctly.

4, Finalise

(a)

. The bottoms contains 2,750 kg ethanol and 42,250 kg water in a total of 45,000 kg. Therefore, the composition is

2,750/45 000 x 100% = 6.1% ethanol, and 42,250/45 000 X 100% = 93.9% water.
Answer: 6,1% ethanol, 93.9% water

(b)
Directly from the table, the rate of alcohol loss in the bottoms is 2,750 kg wl,

Answer: 2,750 kg bl
4.4  Removal of glucose from dried egg

i. Assemble
(i) Flow sheet

CH-gas
System boundary,
[ i
I I
| !

Egg shurry I P Enzyme reactor i e Prodiyct
3000 kg h-1 | i 0.2% glucose
2% glucose

20% water ! i
78% egg solids i |
Inket air
18kgh102

(i1} System boundary
The system boundary is shown on the flow sheet,
(it} Reaction equation

CGHIZOG + 02 L3 Hzo - Cénzzoj- 4 H202

2. Analyse

1 Assumptions

— steady state

—~ 1o leaks

— air and off-gas are dry

- gases are at low pressure 50 vol% = mol%
— Hs O remains in the liquid phase
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(i) Extra data
Moiecuiar weights (Table B.1, Appendix B): glucose = 180.2
Q=320
Ny =280
HoO = 18.0
gluconic acid = 196.2
H302 =340
Composition of air (p 17%: 21% O3, 79% N3 by volume
(1) Basis
1 h, or 3000 kg egg shurry
{iv) Compounds involved in reaction
Ghlucose, Oy, water, glaconic acid and Hy0O» are involved in the reaction.
v) Mass-balance equations _
. For ghucose, O3, water, gluconic acid and HyOy9, the appropriate mass-balance equation is Eq. (4.2):

mass in + mass generated = mass out + mass consumed
For egg solids, N2 and total mass, the appropriate rass-balance equation is Eq, {(4.3):
mass in = mass out
3 Calculate
€) Calculation table

The mass of No accompanying 18 kg Oy in air can be calculated from the known composition of air. Converting 18
kg Q2 to molar units:

18kg 0, = 18 kg02_|£.‘5§“;_°‘ = 0.563 kgmol O,

32.0kg

Therefore, 7971 % (.563 kgmol = 2.118 kgmol Np enter in the air stream. Converting this to mass vnits:

28.0kg
1 kgmol

The caiculatior tables below show all known quantities in Xg. The total mass of off-gas is denoted (7, the total mass
of product is denoted P. The In side of the mass-balance table is compiete,

2.118kgmol Ny = z.iigkgmolNz.I | = 59.30kg Ny

Stream In

Glucose Water Ege solids O» Ny Gluconic acid  HyO» Total
Bgg sturry 60 600 2340 0 0 0 0 3000
Air 0 0 it 18 59.30 g 0 713
Off-gas - - - - - - - -
Product - - - - - - - -
Total 60 600 2340 18 59.30 0 0 30713
Stream Ot

Glucose Water Egg solids  On N3 Gluconic acid Hy0» Total
Bgg slurry - - - - - - - -
Air - - - - - - - -
Off.gas ] 0 g ? ? 0 0 G
Product 0002 P ? ? 0 0 ? ? P
Total 0.002 P ? ? ? 7 ? ? G+ P

{i) Mass-balance calculations
Egg solids balance
Egg solids is a tie compornent.
2340 kg egg solids in = egg solids out

Egg solids out = 2340kg

N7 balance
N> is a tie component,
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5930 kg Nz in = Ny out

N7 out = 53930 kg

Glucose balance
60 kg ghucose in + O kg ghucose generated = 0.002 P kg glucose out + glucose consumed

Ghucose consuamed = (60 - 0.002 P) kg

-------- Converting the ghicose consumed to molar terms:

1 kgmot
1802 kg

_ (60-0.002P)
= gy benel

Glucose consumed = (60 - 0.002 P kg . I

Glucose consumed = (0.333 ~111x 107 P) kgmoi

From the reaction stoichiometry, conversion of this amount of glucose requires the same number of kgmol 04,
Converting this molar quantity to mass of Oy

(0333~ 1.11%x 10”5 P} kgmol 0, = {0.333~1.11x 1075 P) kgmol t fi'gn"fil ={10.656-3.552x 107 P} kg O,

Q2 balance
18 kg O in + 0 kg Oy generated = O out + (10.656 ~ 3.552 x 1074 P) kg O, consumed

Oy out = (18~ (10.656 ~3.552 X 10-* PY) kg
Oy out = (7.344 4 3.552 x 104 P) kg

Adding this mass of O to the mass of N in the off-gas:
-------- G = 59.30 + (7.344 + 3.552 x 104 P kg

G = (6664 +3.552x 1074 P) kg

Total muss balance
3077.3 kg total mass in = {G + P) kg total mass out

-------- Substituting the expression for  into the total mass balance:

30773kg = (66.64 +3.352x 104P + Py kg

3010.7 kg = L0004 Pkg
P o= 30006kg

Therefore, from the oxygen balance:
G = (66.64 + 3.552 x 1074 % 3009.6) kg

G = 671 kg

and;
Oy out = (7.344 +3.552 x 10-%x 3009.6) kg

Ogout = 841 kg
The mass of glucose out is 0.002 x 3009.6 = 6.02 kg. The moles of glucose consumed is:

Glucose consumed = (0.333 - 1,11 x 10-% x 3009.6) kgraol = 0.300 kgmol

Therefore, from stoichiometry and the molecular weights;

18.0 kg_l - 540k

1 kgmol

Water consumed = 0.300kgmot.
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L . 196.2kg|
Glaconic acid generated = 6.300 kgmol I Tkgmol | ~ 38.86kg
Hs0s generated = (.300 kgmol | ke | 10.20kg
2v2 "| 1 kgmol
Water balance
600 kg water in + 0 kg water generated = water out + 5.40 kg water consumed
Water out = 5946 kg

Gluconic acid balance

0 kg gluconic acid in + 58.86 kg glnconic acid generated = gluconic acid out + 0 kg ghuconic acid consumed

- Gluconic acid out

H]

58.86 kg

Ha0 balance
O kg HaO9 in + 10.20 kg H7 07 generated = Hz09 out + 0 kg HyOq consumed

HoOq out = 1020k

These caiculations allow completion of the Qut side of the mass-balance table with-allquantities inkg. . - -

Stream Out

Glucose Water Egg solids  O2 N Gluconic acid HaO) Total
Egg shury - - - - - - -~ -
Air - - - - - - - -
Off-gas 0 0 0 8.41 59.30 0 0 67,71
Product €02 594.6 2340 0 0 38.86 16,20 3609.6
Total 6.02 5946 2340 841 39.30 58,86 10.20 30713

(iii) Check the results
AH columns and rows of the completed table add up correctly to within round-off error.

4, Finalise

(a) :

To determine which is the limiting substrate, the number of moles available of each substrate involved in the reaction
must be determined. From the mass-balance table for streams in:

1 kg mol
Mol = Y e S 1
oles glucose = 60 kg |180.2kgi £.333 kgmol
- ITkgmol] _
Moles water = 6€}Okg.iml = 333 kgmol
Moles O, = 18kg‘i3«gm = 0,563 kgmol
32.0kg '

- As the subsirates are required in the molar stoichiometric ratio of 1:1:1 and glucose is available in the smallest molar
quantity, the extent of the reaction must be timited by glucose.

Answer: Glucose

(b}
Water and Oy are available in excess. As only 0.333 kgmol of each will be used if the reaction proceeds to
completion, fom Bg, (2.34%

(33.3-0.333) kgmol

P excess water = 57333 kgmol x 100% = 9900%
_ {0.563 - 0.333) kgmot "
% excess Oy = 57333 kgmol X 100% = 65%

Answer: 9900% excess water; §9% excess Oy



Solutions: Chapter 4 27

(e}
From the completed mass-balance table, the reactor off-gas contains 8.41 kg Op and 59.30 kg N3. As gas

compositions are normally expressed in molar or volumetric terms (p 17), these mass values must be converted to
moles:

841k 0, = 8.41kg oz.l Ligmol| _ 63 kgmol O,

32.0kg
As the number of kgmo! N3 was determined in the preliminary calculations to be 2,118, the total namber of moles of
off-gas is (0.263 + 2.118) = 2.381 kgmol. Therefore, the composition of the off-gas is 0.263/2 381 = 0.11 Oy, and
2.118/2.381 = 0.89 Ny.

Answer: .11 O3, .89 N3

(B '
From the completed mass-balance table, the product streamn has a total mass of 3009.6 kg and contains 6.02 kg
ghrcose, 594.6 kg water, 2340 ky egg solids, 58.86 kg gluconic acid and 10.20 kg HyO9. Therefore, the composition
is: -

%0%% = (3,002 glucose
%?.._;9:% = 0.198 water
3%?]49_«% = 0.778 egg solids
550%’—% = (.020 gluconic acid
;&fﬁ = 0.003H,0,

Answer: (0,002 glucose, 0.198 water, 0.778 egg solids, 0.020 gluconic acid, 0.003 H205

4.5  Azeotropic distiflation
1 3 Assemble
{1 Flow sheet

Systern boundary = Overhead
\l— e | 74.1% benzene
i 18.5% ethanol
I 7.4% Hz20
i |
Fead et I
95% ethanol
5% water | Distillation |
; tower ]
Benzene feed J e |
I i
! {
i |
e Product
160% sthanol

{i1) System boundary
The system boundary is shown on the flow shest,
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i) Reaction equation
Ne reaction occnrs.

2. Analyse

{0 Assumptions

— steady state

- 110 leaks

(B Extra data

1000 cm® =11

(i) Basis

250 1 ethanol product

{iv) Compounds involved in reaction
No compourds are involved in reaction.
{v) Mass-balance equation

As there is no reaction, the appropriate mass-balance eqeation is Bq. (4.3):

HAss i = ass cut

3. Calculate
{i) Calculation table

As all quantities in mass-balance calculations must be masses (rather than volumes), 256 1 absolute ethanol must first

be converted to mass. From the definition of density on p 16, mass is equal to volume roultiplied by density:

2501 absohute ethanol = 2501x0.785 g em™.

= 196.25kg

1000 cm? 1kg
11 11000 g

The calculation table shows all given quantities in kg. The total mass of feed in is denoted F; the total mass of
benzere feed in is denoted B; the total mass of overhead out is denoted V.

Stream In Out
Ethanol Water Benzene  Total Ethano! Water Benzene  Total

Feed 095 F Q05 F & F - - - -
Benzene feed © 4] B B - _ - -
Product - - - - 186.25 1] 0 196.25
QOverhead - - - - 0185V 0074V 074tV vV
Total - D85 F Qo5 F B F+RB 19625+ 0014V 0741V 19625+

0185V v
{i) Mass-balance calculations
Ethanol balance

(.95 F kg ethanol in = (196.23 + 0.185 V) kg ethanol out
F = (206.58 +0.195 V) kg
Benzene balance
B kg benzene in = 0.741 V kg benzene out
B = 0741V

Total mass balance

{(F+ B)ykgtotal nass in = {19625 + V) kg total mass out
Substitating for F and B from the ethanol and benzene balances:
(20658 + 0195V + 0. 741 Vi kg = (196.25+V) kg
10.33 = 0.064 V
V=161l4kg
Using this result in the cthanol and benzene balances gives:

F = 238.] kg
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B = 1196%g

These calculations allow compietion of the mass-balance table with all quantities in kg.
Stream In Ot

Ethanot Water Benzene Total Ethanol  Water Benzene Total
Feed 226.2 119 8 238.1 - - - -
Benzene feed 0 0 119.6 119.6 - - - -
Product - - - - 196.25 0 ¢ 196.25
Overhead - - - - 299 119 119.6 1614

357.7

Total 2262 11.9 119.6 3577 226.2 11.8 119.6

(i) Check the results
All columns aud rows of the completed table add up correctly to within round-off error,

4 Finalise

From the completed mass-balance table, the mass of benzene required is 119.6 kg. Using the definition of deasity on

p 16, vohwme is equal to mass divided by density:

Volume of benzene = 119.6kg IOOOgH il

. = 1371
0872gem™ | 1¥8 1| 1000 cm® l

Answer: 137 litres

4.6  Culture of plant roots
1 Assemble
(i) Fiow sheet

Off-gas
47 ltres O
185 litres CO2
System boundary
Y-+
Medium i . E
1425 g ! E
3% giucose
1.75% ammonia ! E
95.25% water | Air-driven ]
reactor
! i
i i
I | e
e Orainad liquid
] | 1110¢
L. ] 0.083% glucose
s e § e 1.7% ammonia
Air
22 em3minlforiod
25°C, 1 atm

(id) System boundary
The system boundary is shown on the flow sheet.
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(iH) Reaction equation
From Table B.2 (Appendix B), the molecular formula for glucose is CgH120g. The reaction equation is based on the
general stoichiometric equation for aerobic growth, Eq. {(4.4).

CGHIZOG + 02 + b NH3 - ¢ %OﬁNg + dCOz +e Hzo

2. Analyse
{1 Assumptions
- steady state
- no leaks
- air and off-gas are dry
— ali the CO9 produced leaves in the off-gas
- gases are at low pressure so vol% = mol%
{n} Extra data
11=1000 cm?
Molecular weights (Table B.1, Appendix B): giucose = }180.2
Oy =320
Ny = 28.0
NH3 = 17.0
COy =440
HyO =180
Composition of air (p 170 21% O3, 79% Ny by volume
Ideal gas constant (Table 2.5); R = 82.057 cm® atm K1 gmol-!
€iit) Basis
10 4, or 1425 g nutrient medium
(iv) Compounds involved in reaction :
Ghlucose, Og, NHa, biomass, CO2 and HoO are involved in the reacion. .
(V) Mass-balance equations
For glucose, Oz, NH3, biomass, CO9 and HoO, the appropriate mass-balance equation is T (4.2}

mass in + mass generated = mass out + mass consumed
For N3 and total mass, the appropriate mass-balance equation is Eq. (4.3):

mAass i = mass out

3. Calculate
€y Calculation table
Over 10 d, the volume of air sparged into the fermenter is:

24h

Volume of airin = 22 cm® min™! x 10d. !Gﬁrmn T

i = 3.168 % 10° om>

Converting this gas volume to moles using the ideal gas law, Eq. (2.32), with the temperature converted from °C to
degrees Kelvin using Eq. (2.24)

Moles of airin = n = 2Y = 1 atm (3.168 % 10% cm?)

RT  82.057cm?® atm K1 gmoi™! (25 + 273.15) K

= 12.95 gmol

From the known composition of air, the moles of O in the incoming air is 0.21 X 12.95 = 2.72 gmol, and the moles of
Ny is 0.79 x 12.95 = 10.23 gmol. Converting these values 10 masses:

Mass of Oy in = 2,72 gmol . 132 ) =8704g

280g

= 2864 g

Massof Ny in = 10.23 gmol. !
The total mass of air in is thereff_}re {8704 +2864yg=37344 2.

The gas volumes in the off-gas must also be converted to masses. First, convert the volumes of O and COp tomoles
using the ideal gas law, Eq. (2.32), with the temperature converted from °C to degrees Kelvin using Eq. (2.24):
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3
v 1 atm {47 litres) . %;»»?m
Molesof Gy out = 1 w BY = = 1.92 gmol
RT  82.057cm? atm K™ gmol™ (25 +273.19) K
3
v 1 atm {15 litres) 590?%?3‘3“
Molesof COq0ut = n = %7’ = 3 =} - = 0.613 gmol
82.057cm’ atm K gmol™ (25 +273.15 K .

Calculate the corresponding masses:
32.0g

Massof Op out = 1.92gm02.lzgmoki = 6i4dg
= 44081
Mass of COq out = 0.613 gmol. 7 gmoli = 2697 ¢

The calculation tables below show all known quantities in g The In side of the mass-balance table is complete. The
total mass of off-gas out is denoted G, the total biomass-harvested is denoted B, As the ratio of biomass fresh weight
to dry weight is 14:1, dry biomass comprises 1/15 = 0.0667 of the total biomass. Because this problem requires an
integral mass balance, the biomass remaining in the fermenter afier 10 d culture must also be included in the table
even though it is not contained in any. of the streams flowing into or out of the vessel.

Stream In
. Glucose [¢7} Ny NH3 Diry biomass  CO» Ha0 Total
Medium 42,15 0 g 24.94 0 g 135731 1425
Air 4] £7.04 286.4 0 G 0 0 373.44
Drained - — - - - - - -
liquid
Off-gas - - - - - - - -
Harvested - - - . - - - -
biomass
Total 42.75 87.04 286.4 24.94 0 0 1357.31 1798 44
Stream Out
Glucose O3 N2 NHz. Dry biomass CO» Ha0 Total
Medium - - - - - - - -
Air - - - - - - - -
Drained 0.699 0 ] 18.87 g 0 1090.43 1110
liquid
Off-gas 0 61.44 ? 0 t] 26.97 0 G
Harvested 0O 0 ] G 0.0667 B o 093338 B
biomass
Total 0.699 61.44 7 18.87 0.0667 R 2697 1090.43 + 1110+ G

09333 B +B

{i1) Mass-balance calculations
N3 balance
Nz is a tie component.
286.4 g N7 in = Np out

Ny out = 2864 ¢
Using this result and adding ap the row for the off-gas in the out table:

G ow 61.44 + 2864+ 2697 = 37481 g

Total mass balance
1798.44 g total mass in = {1110+ G + B) g total mass out

Using the result for G
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B =31363¢g

Therefore, the dry biomass produced is 0.0667 x 313.63 = 2092 g; the mass of water in the biomass is 0.9333 x o
313.63=292.71 g

These calculations allow completion of the Out side of the mass-balance table with all guantities in g.

Stream Out
Glucose 02 No NH3 Dry biomass CO2 Ha0 Total
Medium -~ - - - - - - -
Air - - - " - - - -
Prained 0,699 0 & 18.87 0 0 1090.43 1150
liguid -
Off-gas 0 61.44 286.4 0 0 26.97 G 374.81
Harvested O 0 0 0 20.92 G 26271 . 31363
biomass
Total 0.699 61.44 2864 18.87 20.92 26.97 1383.14 1768.44

FPurther mass-balance calculations allow evaluation of the masses of componeats consumed or generated in the
reaction.

Glucose balance
42.75 g glucose in + @ g glucose generated = 0.699 g glucose out + glucose consumed

Glucose consumed = 42.05 g

(39 balance
87.04 g Oz in + 0 g Og generated = 61.44 g O3 out + Oy consumed

Oy consumed = 25.60 g

NH 3 balance

24.94 g NH3 in + 0 g NH3 generated = 18,87 g NHs owt + NHj3 consumed

NH3 consumed = 6.07 g

CO2 balance

0 g COy in + COy generated = 26.97 g CO4 out + 0 g €O, consumed

€O generated = 2697 g

H30 balance

1357.31 g HyO in + H30 generated = (1090.43 + 0.9333 B) g HyO out + 0 g HyO consumed
Substituting the value for B from the total mass balance:
HyO generated = 2583 ¢

(i) Check the results
All columns and rows of the completed mass-balance table add up correctly.

4, Finalise
@ o
Rounding to three significant figures from the completed mass-balance table, the mass of dry roots produced is 20.9 g.

Answer: 20.9 g
(h)

To determine the stoichiometry, the calculated masses of components consumed or generated in the reaction must be
converted to molar quantities:
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Maoles of glucose consumed = 42.03g. ! 1gmol ! 0.233 gmol

18022
Moles of O3 consumed = 25.60g. ‘ égxgoi = (.800 gmol
Moles of NH; consumed = 6.07g. | g‘g"* = 0.357 gmol

 Moles of CO; generated = 26973 . l ! gm“’ = 0.613 gmol
Moles of H,O generated = 25.83 g i%‘g = 1.435 gmol

Moles of biomass generated = WN%

The moles of biomass generated is not yet known explicitly because the molecular formula for the dry biomass is

- unkaown. The above molar quantities can be used as coefficients in the reaction equation:

2092

CHyOgN;5 +0.613CO9 + 1435 H,0

Dividing each coefficient by 0.233 to obtain the stoichiometry per gmol glucose:
89.79

The values of o, 8 and § and the molecular formula for the biomass can obtained using elemental balances.
89,79
Chalance: 6 = m +2.63
Therefore:
89.79
MW blomass ~ -

This result can be used in the remaining elemental balances for completion of the stoichiometric equation,
Hbalance: 12 +3x 1.53 = 3370+ 2%x616 —» o= 1.27

Obalance: 6 +2x 343 = 3378+2x263+6.16 — f = 043

Nbatance: 1.53 = 3375 - § = 045

Answer: The complete stoichiometric eqguation is:

CgH 1206+ 343 0y + 1.53NH; — 3.37 CH; 2700 43Ng 45 + 2.63 CO, + 6.16 H,O

The chemical formula for the dry roots is CH| 270p.43Ng 45

(c)
Converting to moles the mass quantities of glucose, O and NHj3 available for reaction on the In side of the mass-
balance table: '

. igmol! :
Moles of glucosein = 42.753.* %63g| (.24 gmol
oo lgmoli
Molesof O in = 87.04g.!wm32.0g = 2.72 gmot
Moles of NHj in = 24.93 g, Il,gf’:g‘;‘ = 1.47 gmol

From the stoichiometric equation, reaction of 0.24 gmo! glucose requires .24 X 3,43 = 0.82 gmol O3 and 0.24 x 1.53
= .37 gmol NH3. As the molar quantities of O and NH3 available for reaction are in excess of these values, glucose
must be the lmiting substrate.

Anywer: Ghucose
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{d)
The mass of glucose conswmed is 42.05 g; the mass of dry biomass produced is 20,92 g. Therefore, the biomass yield
from ghucose is 20.92/42,05 = 0.50 g g1 dry weight.

Answer: 0.50 g g1 dry weight

4.7  Oxygen requirement for growth on glycerel

From Table B.2 (Appendix B), the molecular formala for glycerol is C3HgQOs. From Table 4.3, the chemical formula
for Klebsiella aerogenes can be taken as CHj 750043Np 2z Substituting these formulae into the general
stoichiometric equation for growth, Eq. (4.4), gives:

C3§1803 +a02+bNH3 - CCI‘II.?SoG;43NO‘22+dC{}2+€I’§20

- From Table B:8 (Appendix B), the molecular weight of glycerol is°92.1. The biomass formaula weight calculated from
the atomic weights in Table B.1 (Appendix B) is 23.74. Taking into account the 8% ash:

Biomass molecular weight m'%?ilgg = 25.8

- The value of the stoichiometric coefficient ¢ can be determined from the yield Yxg = 0.4 g g'! and Eq. (4.12):.

Fys (MW substratd) — 0.40¢ g™ {92.1 g gmor™)
MW cells -

¢ = = 1.43 gtmigmoi""2

258¢g gmoi'Z

From Table B.2 (Appendix B), the degree of reduction of glycerol relative to NH3 is ¥ = 4.67. The degree of
reduction of the biomass relative to NHj is:

 IX4+175x1-043x 20223
B = i

= 4.23

which is also listed in Table 4.3. The theoretical oxygen demand can be determined from Bqg, (4.16) with F= 0; from
Eg. (4.13), w = 3 for glycerol:

a= Ygwr—cm) = Vg3 x467-1.43%x423) = 1.99

- Therefore, 1.99 gmol oxygen are required per gmol glycerol. From the atomic weights in Table B.1 (Appendix B),
the molecular weight of oxygen is 32.0. Converting 4 to mass terms:

32.0g

1gmol| _ -1
T gmol = 069¢gg

9ig

a = 1.99gmol gmc::bl”“I = 1.99 gmol 'gmok“l-.l

Answer: 0.69 g oxygen is required per g glycerol consimed

4.8  Product yield in anaerobic digestion
From Egq. (4.13), the stoichiometric equation for anaerobic growth aad product formation by methane bacteria can be
written as:

CH3COOH + b NH3 —» ¢ CHI.400.40N0.20 + dCOz + e H20 ~§~fCH4

From Table B.8 (Appendix B), the molecular weight of acetic acid is 60.1. From Table B.1 (Appendix B), the
molecular weight of COy is 44.0. The value of the stoichiometric coefficient d can be determined based on Eq. (4.14)
with carhon dioxide as the product and the yield Ypg = 0.67 kg kgl =067 g gl

_ Yo (MW substrate)  0.67g g1 {60.1 g gmot™)

d = {L.915 gmol gmcl"l
MW CO, 44.0¢g gmol‘i

The other coefficients can be determined using this result and elemental balances,

Chalance 2 = c+d+f = ¢+0815+f ~» f= 1.085~¢

Hbalance 4+3b = 1dc+2e+4f

Obalance: 2 = 040c+2d+e = 040c+2x08154¢ = 040c+ 1834 e ~» ¢ = 0.17-040¢
Nbalance b = 0.20¢
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Sabstituting the expressions for £, e and & from the C, O and N balances, respectively, into the H balance:
4+3x020¢ = 14c+2Xx017~0406) +4x(1.085-¢)
4¢ = 0.680
¢ = 0.170

Substituting this value for ¢ into the expressions for the other coefficients gives b = (.034, ¢ = 0.102 and f = 0.915.
The yield of methane is therefore (.915 gmol per gmol acetic acid.

The maximum possible methane yield can be calculated using Eq. (4.20). From Eq. (4.13), w= 2 for acetic acid and j
= 1 for methane. From Table B.2 (Appendix B), the degree of reduction of acetic acid relative to NH3 is % = 4.00,
and the degree of reduction of methane refative to NH3 i }g: 8.00. Subsumaag these values into Bq. (4.20) gives:

fmax w }-?; = __1 3.00) 0 l.OgmoEgmoi

The actual methane yield of 0.915 gmol gmol-! therefore represents 91:5% of the theoretical maximum.

Answer: 91.5% of the theoretical maximum

4.9  Stoichiometry of single-cell protein synthesis

(a) _ '

From Fable B.2 {Appendix B), the molecular formula for glucose is CgHy20¢.  If all carbon in the substrate is
converied into biomass, production of carbon dioxide is zero. Therefore, from Eq. (4.4), the stoichiometric equation
for anaerobic growth of Cellulomonas is:

Cetl;90g + b NH3 ~» ¢ CHy 5600 54Np 16+ ¢ H30

The stoichiometric coefficients can be determined using elemental balances.
 balance: 6 = ¢

Hhbalance: 12+3 5 = 1.56c+2e

Obalance: 6 = 054c+e

N balance: b = 0.16 ¢

- Substituting the value for ¢ from the C balance into the O and N balances gzves e = 2.76 and b = 0.96, respecuveiy :

The yield of biomass from substrate in molar terms is therefore 6 gmol gmol™!.

Using the atomic weights in Table B.1 (Appenchx B), the molecular weight of glucose is 180.2. The biomass formula
weight calculated from Table B.1 {Appendix B) is 24.46. Taking into account the 5% ash:

Biomass molecularweight = 2%? = 2575

'I‘hcrcfotei in mass terms; the molar biomass yield of 6 gmol gmol! = (6 x 25. 75) g biomass per 180.2 g substrate =
086gp-t.

The maximum possible biomass yield is calculated using Bq. (4.19). From Eg. (4.13), w = 6 for glucose. From Table
B.2 (Appendix B), the degree of reduction of glucose relative to NH3 is %5 = 4.00. "The degree of reduction of the
biomass relative to NHz is:

_ IX4+156x1~054x2-0.16x3

T = 400

Substituting these values into Bq. (4.19):

w X
Cmax = «-«‘}«{;— m _ww6240{z}0) = 6.0 gmoigmoi"l

The theoretical maximum biomass yield is therefore the same as the actual biomass yield.
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Answer: The biomass vield from substrate of 0.86 g gl is 100% of the theoretical maximum. When there is no
product formation and no oxygen for electron transfer, all the available electrons from the substrate must go to the
biomass.

(b)

@

From Table B.2 (Appendix B), the molecular formula for methanol is CH40 and the degree of reduction relative to
NHj is % = 6.00. The degree of reduction of Methylophilus methylotrophus biomass relative to NH3 is:

_1x4+1.68x1 ~»0,36x2-0.22><3

= 4,
i 30
From Eq. (4.13), w= | for methanol. Substituting values into ¥q. (4.19):
LB 1{6.00) L
[ m%w =wy 1.40 gmol gmol™

From Table B.8 (Appendix B), the molecular weight of methanol is 32.0. The biomass formula weight caicalated
from the atomic weights in Table B.1 (Appendix B) is 22.55. With 6% ash:

. . 22.58
Biomass molecular weight = W m 23.99

In maés terms, the maximum possible molar biomass yield of 1.40 gmo! gmol-! is equal 1o (1.40 x 23.99) g biomass
per 32,0 g substrate = 1.05 g g%,

. Answer: The maximum possible biomass yield from methanol is 1.03 g g*l. In terms of C.atoms,-the biomass yield is

.1.40 gmol gomol"} as both biomass and substrate have 1 C atom each. In comparison, the C-atom biomass yield from -

glucose in (a) is 1 gmol gmol"!. The main reason for the increased yield in (b) is the high degree of reduction of
methano] compared with giucose,

(i)

The actual yield of biomass from methanol is ¢ = 0.42 x 1.40 gmol gmol-! = 0.59. The oxygen demand can be
determined from Eq. (4.16) if biomass remains the only major product so that f = ¢. Using the parameter values
determined in (b) (i)

am Ygww-cm) = Vg (I X 6.00-059%430) = 0.87

Therefore, 0.87 gmol oxygen is reguired 1per gmol methanol. As the molecular weights of methano! and oxygen are
the same, the oxygen demand is 0.87 g g~ methanol,

Answer: 0.87 g oxygen is required per g methanol consumed

4.10 Ethanol production by yeast and bacteria

(a)

From Fable B.2 (Appendix B), the molecular formula for glucose is CgH190g and the molecular formula for ethano}
is CoHgO. From Eq. {4.13), the stoichiometric equation for anaerobic growth and product formation is:

Cﬁﬂlzos +5 NH:.; - ¢ Cﬂi_go{)‘sN{lz +d C02 +eé Hgo +fC2H6(}

From Table B.8 {Appendix B), the molecular weight of ethanol is 46.1. Using the atomic weights in Table B.1
{Appendix B}, the molecular weight of glucose is 180.2 and the biomass molecular weight is 24.6. The values of the
stoichiometric coefficients ¢ can be detexmined from Eq. (4.12) and the yields ¥xg = 0.11 g g} for yeast and Yyg =
0.05 g g-1 for bacteria.

Yys (MW substrat) 0.1 g g~ {18022 g gmor™?)

_ _ -1
For yeast,c = NI solls 24.6ggm01“1 = 0.81 gmol gmol
Yyq (MW substra ~1 -1
For bacteria, ¢ = — (Mchlls 19 _ 005gg7 (1802 gmol”!) _ 0.37 gmol gmol~L

46g gmel”“Z
The other coefficients can be deermined using elemental bajances.
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Yeast

Chalance: 6 = c+d+2f = 0.8l4d+2f = d = 519-2f

Hbalance 12+3b = 18c+2e+6f = 1L8X0Bl4+2e+6f > 10.54+3b = 2e46f
Obalance 6 = 05¢c+2d+e+f = 05%X081+2d+e+f > 5595 = 2dsesf
Nbalance: b = 0.2¢ = 0.2x0.81 = 0.16

Substitating the expression for b from the N balance into the H balances gives:

1054 +3%016 = 2e+6f
e. = 551-3f
Substituting this and the exp;qs&_i\ug-fgr d __frcm the C balarce into the O balance gives:
5595 2x(5 19-2H+(551-3H+F
N 6f-zoz95
S 172
Therefore, for yeast, the yield of ethanol from glucose is 1.72 gmol gmol-l,

Bacteria

Chalance: 6 = ¢+ d+2f = 037+d+2f — d = 5.63-2f

Hbalance: 12+3b = 1.8c+2e+6f = 1.8X0374+2¢+6f - 11.3343b = 23~é~éf

Obalance: 6 = 05¢c+2d+e+f = 053X0374+2d4e+f > 5815 = 2dse+f

Nbalance: b = 02¢ = 0.2x0.37 = 0.074

Using the same solution procedure as for yeast, substituting the expression for b from the N balance into the H
balances gives:

1133 +3%x0074 = 2¢+6f

ewm 3T8-3fF

Subéﬁmting this and the expression for 4 from the C balance into the O balance gives:
5815 = 2563 -2A+(818-3H+f
6f = 11.225
f= 187

‘Therefore, for bacteria, the yield of ethanol from glucose is 1.87 gmol gmol-1,
Answer: 1.72 gmol gmol'! for yeast; 1.87 gmol gmol"! for bacteria
{h) _
The maximum possible ethanol yield can be calculated using Eq. (4.20). From Eq. (4.13), w = 6 for glucose and j = 2

for etharol. From Table B.2 {Appendix B}, the degree of reduction of glucose relative to NHj is 1% = 4.00, and the
degree of reduction of ethanol relative to NHj is 1 = 6.00. Using these values in Eq. (4.20) gives:

- m - m - ZOgm{}lngf“l

Therefore, the actual ethanol yield of 1.72 fmﬂi gmol'l for yeast represents 86% of the theoretical maximum; for
bacteria, the actual vield of 1.87 gmol gmol™ represents 94% of the theoretical maximum.
Answer: 86% of the theoretical maximum for yeast; 94% of the theoretical maximum for bacteria

4.11 Detecting unknown products

From Table B.2 {Apperdix B), the molecular formula for glucose is CgH1206. Assuming that no products other than
biomass are formed, from Eq. (4.4), the stoichiometric equation for growth is:
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CgH 1906 +aOq + B NH;y —» ¢ CH{ 790 56Ng.17+dCOx + e HyO

Using the atomic weights in Table B.1 (Appendix B), the molecular weight of glucose is 180.2, the molecular weight
of oxygen is 32.0, and the biomass molecular weight is 25.16. The value of the stoichiometric coefficient ¢ can be
determined from the yield Yxg =0.37 g g'l and Bg. (4.12):

MW substrat -1 gmot™!
.o Yyg (MW substrate) _037gg (ZSO.Zggmof"} = 2.65 gmol gmol™!

MW cells 25.16 g gmol™*

. Therefore, 2.65 gmol cells are produced per gmo! glucose consumed. Converting the oxygen demand to a molar
basis:

1 gmol 02
1326804

= 0.69 gmol O, gmot™! cells

08820, 125
Ogggozpergceﬁs_ gV #zs.lﬁgcelis

gce]}s 11 gmolcells

Combining this with the result for ¢, the observed oxygen demand ¢ is:

Y .69 gmol Oy (2.65 gmol cells

i gmolcells {1 gmol glucose) = 183

From Table B.2 (Appendix B), the degree of reduction of glucose relative to NHz isyg-=4:00. - The degree of
reduction of the biomass relative to NHj is:

_ Ix4+ 1.79% 1 - 0.56x2-0.17x3
- |

- Hno products are formed other than biomass, the dacorcucai oxygen demand can be determined from Eq. (4,16) with f
= {}; from Bq. (4.13), w = 6 for ghicose:

= 4.16

a=gwr-cm) = Ha6x400-265x4.16) = 3.24

As the theoretical oxygen demand is significantly higher than that observed, formation of other products acting as
electron acceptors is likely to have occurred in the culture.

Answer: Yes

4.12 Maedium formulation

" -Using the atomic weights-in Table B.1 {Appendix B), the molecular weight of {(NH4)380y is 132.1 and the biomass
.molecular weight is 26.16.- Using a basis of 1 litre, production of 25 g cells corresponds to 23/26.16 = 0.956 gmol

cells. As-each gmol cells contains 0.25 gmol N, {8.956-%-0.25) = 0.23% gmol N are needed from the medium for

- biomass synthesis. As (NHg)3804 is the sole N source and each gmol (NF)2S04 contains 2 gmol N, 0.239/2= 0.120
gmol (NH4»»804 is required. Muitiplying this by the molecular weight, 0.120 x 1321 = 15.9 g (NH1)2504 are
required. The minimurn concentration of (NHg)280;4 is therefore 159 g L

Answer; 159 g 11
4.13. Oxygen demand for production of recombinant protein
=

- :Recombinant protein can be considered as a product of cell culture even though it is not excreted from the cells;

© . assume that recombinant protein is synthesised in addition to the normal E. coli biomass composition. From Table .

4.3, the chemical formula for E. celi can be taken as CHy 7700.49Ng.24; from Table B.2 {Appendix B), the molecular
formula for glucose is CgH)20¢. Substituting these formulae into the general stoichiometric equation for growth and
product formation, Beq. (4.13), gives:

C6H1206 L ¥+ 02 + b NH3 -y CHLT;O{)AQN(}_% + dC02 +e HQ_O +fCHZ‘5500_31N(}‘25

Using the atomic weights in Table B.1 (Appendix B), the molecular weight of glucose is 180.2, the biomass molecular
weight is 25.00, and the recombinant protein molecualar weight is 22.03.
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Assutne that the biomass yield refers to the cell mass without recombinant protein. The value of the stoichiometric
coefficient ¢ can be determined from the yield Yxg =048 g g} and Eq. (4.12):

trate -1 o]
= Yy (MW substrate) . 048z¢ (ZSO.Zggmoi ) = 3.46 gmol gmoi”z

MW cells 25 00 g gmol»-»i

The value of the stoichiometric coefficiént f can be determined from the yield Ypg =020 x 0.48 = 0.056 g g} and Eq.
(4.14):

P (MW substrate) _ 0,006 ¢ g~ (180.2 g gmol™!)
- MW product 22.03 g gmol ™!

= 0.79 gmol gmoy !

The ammonia reqmrememcan Z)e ge@@aﬁ using an elemental balance for N.
Nbalance: b = 024c+025f =~ 7

Substituting the above valaes for ¢ and finto the N balance gives b = 0.24 X 3.46 + 0.25x 0.79 = 1.03.

Answer: 1.03 gmol gmol'! glucose

(b}
The oxygen demand can be determined using an electron balance. From Table B.2 (Appendix B), the degree of

‘reduction of glicose relative to NHs is %5 = 4.00; from Table 4.3, the degree of reduction of E. coli relative to NH3 is

1 = 4.07. The degree of reduction of the recombinant protein relative to NHj is:

o IX4+155%x1-031%2-0.25%3

; = 4.18

From Eq. (4.13), w = 6 for glucose and j = 1 for recombinant protein. Substituting these values into Eq. (4.16) for the
theoretical oxygen demand gives:

a=lisowm—cm—fim = V4(6x4.00-346x4.07~ 0.79%1x4.18) = 1.65
Answer: 1.65 gmol per gmol glucose
(©)

If  in the stoichiometric equation is zero but ¢ remains equal to 3.46, the annonia requirement can be determined
using an elemental balance for N as follows:
Nbalance: b = 0.24 ¢ = 0.24x 346 = 0.83

Therefore, in wild-type E. coli the ammonia requirement is reduced from 1.03 to 0.83 gmol gmol'! glucose, &
decrease of 19%. Eq. (4.16) for the oxygen requirement becomes:

a=Ygwp—cm) = lg(6x4.00~346x4.07) = 2.48
Therefore, the oxygen demand is increased from 1.65 to 2.48 gmol gmol*! glucose, a rise of 50%.

Answer: The ammonia and oxygen requirements for wild-type E. coli are 0.83 gmo! and 2.48 gmol per gmol glucose,
respectively. These values represent 2 19% reduction and a 50% increase, respectively, compared with the genetically
engineered strain.

4,14 Effect of growth on oxygen demand

The stoichiometric equation for acetic acid production using celi culture must inclade terms for growth. Based on Eq.
{4.13), the stoichiometric equation for growth and product formation is:

CzHGO +4a 02 +5 Nﬁ:; e CHZ‘SO{)‘SN{}.Z +d C02 + & H20 +fC2H402

From Table B.8 (Appendix B}, the molecular weights of ethanol and acetic acid are 46.1 and 60.1, respectively. From

the atomic weights in Table B.1 (Appendix B), the biomass molecular weight is 24.63. The value of the

stoichiometric coefficient ¢ can be determined from the yield Yyg = 0.14 g g*! and Eq. (4.12):

Yxg (MW substrate} . Ol4g gt {46.1 g gmoi“l)
MW celis 2463 g gmoi—i

= 0.26 gmol gmol ™
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The value of the stoichiometric coefficient f can be determined from the yield Ppg = 0.92 g ¢! and Eq. (4.14):

;o s (MW substratd) 0928 ¢”1 (461 g gmor”?)
MW product 60.1 g gmol™

= 0.71 gmol gmol ™!

From Table B.2 (Appendix B), the degree of reductior of ethanol relative to NHj is ¥ = 6.00, and the degree of
reduction of acetic acid relative to NH3 is 1% = 4.00. The degree of reduction of the biomass relative to NHy is :

% = IX4+18x1-05%x2-02x3

i = 420

From Eq. (4.13), w = 2 for ethanol ard j = 2 for acetic acid. Substituting thege values into Eq. {4.16) for the
theoretical oxygen demand gives: '

a= Yagwh—cwm~Fw = V42 x6.00-026x420-0.71x2x4.00) = 1.3
Therefore, with growth, 1.31 gmol oxygen are required per gmol glucose consumed, compared with 1 gmol oxygen
per gmol glucose without growth, Therefore, with growth, the oxygen demand for acetic acid production is increased
by 31%.

Answer: The oxygen demand is increased by 31%.
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Energy Balances

5.1 Sensible energy change
{a)} .
From Table B.5 (Appendix B), Cp for m-cresol bétween 25°C and 100°C is 0.551 cal g'Z °C-1, The specific enthalpy -
change calculated using Eq. (5;&3} is:. . . -
Ak = Cp AT = 0.551 cal g’ °C-1 (100 - 25)°C
Ah = 413 cal gt
Answer: 41,3 cal g1
{h
From Table B.5 (Appendix B), Cp for ethylene glycol between10°C and 20°C can be taken as 0.569 cal g Log-i,
The specific enthalpy change calculated using Eq. (5.13)is:
Ak = Cp AT = 0.569 cal gl °C"1 (10~20)°C
Ah = 569 cal g}
Answer: ~5.69 cal g'1

{c)

- From.Table B.6 (Appendix B}, Cp for succinic acid between 15°C-and 120°C is given by the expression 0.248 +

G.00153 T, where Tigdn °C and C isin cal g1 °C-1. The sensible energy change is best determined from the integral
of this equation between the ixmxts T 15°C and T'= 120°C:

1P
M= cpdr= f (0.248+0.00153 7) dT cal g™

I5°C
120°C

cal g“l
15°¢

A= (0.248 T+ 0'031 33 1’2)

Ak = 369 cal g
Answer: 36.9 cal g1

(d)
From Table B.3 (Appendix B), the heat capacity of air between 65°C and 150°C is given by the equation;

Cp = 28.94 + 0.4147 X 102 T+ 0.3191 x 10" 7% - 1.965 x 109 73

where Cp, is heat capacity in J gmol"! °C-! and Tis temperature in °C. The sensible energy change can be determined
by evaluating the integral of this expression between the limits T= 150°C and T = 65°C:.

Ak = f C,dT = (28 94+0.4147% 1072 T+ 0.3191x 107> 72— 1.965 x 1072 73} 4T J gmot !
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5°C

) -5 —2
Ab = (28‘94 T+ 0.414’?; 10 72 4 0.3 1?1; 10 . 1.965: 10 74) 1 gmi-z

150°C

AR = ~2500.9 F gmol! = —2.50kJ gmol!

Answer: -2.50 k¥ gmol™

5.2  Heat of vaporisation
“The latent heat of vaporisation of water at 33°C is obtained from Table C.1 (Appendix C), Taking the average of the
values at 32°C and 34°C, Ahy = 2423 55 kI kg1 at 33°C. From BEq. (5.16):

AH = MAh, = 20 g~ (2423557 kg ™). Ifg‘%;

AH = 485kF ]

Answer: 48.5 kI bl

53  Steam tables

(a) ........
The heat of vaporisation of water at 85°C is obtained from Table C.1 {Appendix C). Takmg the average of the values

at 84°C and 86°C, Ahy = 2296.05 kJ kg at 85°C.
Answer: 2296.05 kT kg1

1))

From Table C.1 (Appendix C), the enthalpy of liquid water at 10°C relative to the triple pointis 420 kI kg'l. The
enthalpy of liguid water at 35°C relative to the triple point can be estimated as the average of the values in Table C.1

for 34°C and 36°C = 146.55 kY kg'}. Using the relationship on p 89, the enthalpy of water at 35°C relative to 10°C is

therefore (146.55 — 42.0) k¥ kg-! = 104,55 kJ kgL,

Answer: 104.55 k¥ kg

() _

- -The enthalpy of saturated water vapour at 40°C relative to the triple point can be read directly from Table C.1 -

(Appendix C) as 2574.4 kJ kgL,

Answer 25744 %Tkgl T

{d)
The enthalpy of superheated steam at 2.5 atm and 275°C relative o the triple point can be obtained from Table C3 . :
- (Appendix C). To convert the pressure to kPa, from Table A.5 (Appendix A), | atm = 1.013 x 10% Pa. Therefore:

1.013x 10° Pa
iatm

1 kPa
11000 P2

25am = 2.5 atm.' | = 253.3kPa

" From Table C.3, the enthalpy at 100 kPa and 275°C is 3024 kJ kg*}, the enthaipy at 500 kPa and 275°C is 3013 kJ
kg’l Interpolating between these values gives an enthalpy of 3019.8 id kg'! at 253.3 kPa.

Answer: 3019.8 k¥ kg1

54  Pre-heating nutrient medium

1. Assemble
i) {Inits
kg: h! k-}y OC .....

i) Flow sheet
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System boundary _
......... \ Q{loss) = 0.22 KW

r 1

I 7 !

i I
"""" Medium in - Heating vessel ! oo Medium out
3280 kg b1 | | 3250 kg h-1
e g |

—(2 {from condensing steamn)

{ii) System boundary
The system boundary is shown on the flow sheet.
2. Analyse
(i) Assumptions
— steady state
— no leaks
- gystem is homogenous
- condensate temperature is 150°C
- - no shaft work
(i) Basis
1 h, or 3250 kg medium in
(i1} Reference state
H = { for water {steam} at its triple point
H = ( for ruedivm at 15°C
(iv) Extra data
________ Cp, medium = 0.9 cal g1 °C1 = 0.9 keal kgl °C}
Aﬁv water at 150°C = 2113.1 kJ kg1 (Table C.2, Appendix C)
1 keal = 4.187 x 10° J (Table A7, Appendix A)
1 W =175 (Table A.8, Appendix A); therefore, I kW =1kJ s°1
------ {v) Mass balance
The mass balance is already complete.
{vi) Energy-balance eguation
At steady state, Eq. (5.9) applies:

ZMB) - XM -Q+W, =0

input output
streams streams
3. Calculate
() Identify terms in the energy-balance equation

W = 0. There are two components for the heat term, (7 Ooqs and Q from the condensing steam. With symbol MD =
medium, the energy-balance equation becomes:

....... (Mh)MDin“(Mh}MDeut*Q“Qlcss = 0

(M Epap in = 0 (reference state)
(M AYMD our at 44°C is caleulated as a sensible energy change from A = 0 at 15°C using Eq. (5.13):

M Byppowt = M Cp AT = 3250kg {0.9 kealkg™ °C™1) (44— 151°C = 8.483 x 10% keal

Converting to kI
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, _
(M Bypip s = 8483 10% kel ’ 4‘“‘12::;0 ! l f Ié;‘g;; = 3.55% 10° KJ
The rate of heat loss is 0.22 kW. Converting to kJ h°%:
]
0.22KW = 0.22kW. Ig{:v . 3€;°§s = 7927571

Therefore, on the basis of 1 b, Qiogs = 792 kJ. Substituting values into the energy-balance equation gives:
0-355x10° kI~ Q~792k) = O
Q = —3.56x 10° kI
¢ has a negative value which is consistent with the sign conventions auéﬁaed on pp 87-88: heat must be supplied to
the system from the surroundings, This heat is provided as the latent heat of vaporisation as saturated steam at 150°C
condenses, . The enthalpy change from this change of phase is calculated using Eq. (5.16) and must be equal to .
356 x 100 ki = Mgteam Ay = Mgteam (2113.1 kT kg'h)
Myteam = 168 kg
4. Finalise

Answer: 168 kg

5.5  Production of glutamic acid

(a)
L Assemble
) Units
kg, b, kI, °C
{ii) Flow sheet
Off-gas
System boundary
r-— - -7 - - = 1
! |
I I
i Reactor i
Food A awe.  Product
2000 kg h-1 ' (25,000 litres) ; 0.5% glucose
4% ghicose
96% water | |
25“0 E l
Q2 {covling}
Inlet gas
100,000 fitres min!
t atm, 15°C
88% air
12% NH3

(i) System boundary
The system boundary is shown on the flow sheet.
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(iv} Reaction equation
C6H1206 4 NH3 + lzfz 02 - C5H9N04 & COZ +3 Hzo

2. Analyse

(i Assumptions

— steady state

- 1o leaks

— system is homogenous

- sofutions are ideal

- inlet air and off-gas are dry

- all excess NHj is dissolved in the aqueocus phase
- all COx produced leaves in the off-gas
— neghgiblie sensibie heat change

— 1o evaporation

- 00 shaft work

{ii) Basis

1B, or 2000 kg feed

{iii) Reference state

H =} for water at its triple point

H = O for feed a1 25°C

{av) Extra data

‘Molecularweights (Table B.1, Appendix B} glucose = 180.2 .

NH3y=17.0

04 = 32.0

Nz =280

glutamic acid = 147.1

COp = 44.0

H:0= 180

air = 28.8 (see Problem 2.9, Chapter 2)
Ideal gas constant (Table 2.5): R = (.082057 ] aim K-l gmfai'1
Composition of air {p 17): 21% 07, 79% N2 by volume
Heats of combustion (Table B.8, Appendix B):

Nag glucose = —2803.0k} gmol'l
ARG NH; =-382.6 k7 gmol ™

84 glutamic acid = ~2244.1kJ gmol™!
(v) Compounds involved in reaction

.Glucose, ammonia, oxygen, glutamic acid, carbon dioxide and water are involved in the reaction.

{vi) Mass-balance equations

.For.glucose, amimentia, oxygen, glutamic acid, carbon dioxide and water, the appropriate mass-balance-equation-is Eq.

(4.2)
mass in + mass generated = mass out +mags consumed

For Ny and total mass, the appropriate mass-balance equation is Eq. (4.3):

mass in = mass out

(vii)  Energy-balance equation
The modified erergy-balance equation, Bq. (5.26), applies:

~AH = My Dby~ Q+ W, = 0

3. Calculate

{i) Mass balance

As gas compositions are normally given in vol%, 88,000 Hures air and 12,000 titres NH3 enter the reactor every min.
On a basis of 1 h, the volume of air in is 88,000 x 60 = 5.28 x 10% litres: the volume of NH3 in is 12,000 x 60 = 7.20
x 105 litres. Using the known composition of air, the volume of Oy in = 0.21 X 5.28 x 106 = 1.11 x 106 litres; the
volume of N3 in = 0,79 % 5.28 x 108 = 4.17 x 100 litres. Converting these gas volumes to moles using the ideal gas
iaw, Hq. (2.32), with the temperature converted from °C to degrees Kelvin using Eq. (2.24):
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6
tmil.1ix1
Moles of Oy in = %3% - la (1 1 f ) = 4.69% 10* gmol
0.0820571 atm K1 gmol™! (154 273.15 K
6
4,
Moles of Npin = 27 = zm{l ek 1 = 1.76x 10° gmol
RT 00820571 am K~ gmot™! {154 273.15) K

Moles of NHz in = B, = 1 atm (:'2“ }‘105 ) = 3.05 10% gmol
RT 0082057 am K gmot 1 (15+273.19K

These molar guantities can now be converted to masses using the molecular weights:

| 1kg

32.0g

i om 4 . it §
Mass of Ogin = 4.69x 10 .gx'noij;i. of|"| 000 g 1500.8kg
o 5 |280g]| 1kg "

Massof Nyin = 1.76x 10 gmol.!1 ol| | 10005 = 4928.0kg
N 4 17.0¢g 1kg | _
Massof NH; in = 3.05x 10” gmol. Tgmol| | 1000 5| 518.5kg

Therefore, the total mass of inlet gas is 1500.8 4 4928.0 + 53185 = 69473 kg.

The calculation tables below show all known quantities in kg. The total mass of off-gas is denoted G; the total mass
of product is denoted P, . '

Stream in
Glucose  NH3 02 No Gluconic acid  COy HyO Total

Feed 8O g 0 0 4] 0 1920 2000
Inlet gas 0 518.5 1500.8 49280 O 0 0 69473
Off-gas - - - - - . - - -
Product - - - - - - - -
Total 80 5185 1500.8 49280 O 0 1920 89473
Stream Cur

_ Glucose NH 3 (2] Noy Gluconic acid €O Ha0 Total
Feed - - - - - - o -
Inlet gas  — - - - - - - -
Off-gas 0 0 ? ? 0 ? ] G
Product 0.005 P ? 0 0 ? G 7 P
Total 0005 P ? 7 ? ? ? ? G+ P
N3 balance

N» is a tie component.
4928.0kg N2 in = Ny out

Nj out = 4928.0 kg

Glucose balance
80 kg glucose in + 0 kg glucose generated = 0.005 P kg glucose out + glucose consumed

Glucose consumed = {80 - 0.005 Py kg

Converting the glucose consumed to molar terms:

Glucose consumed = {80-0.005 Py kg . Lkgmol| (0.444 ~2.775x 107 P) kgmol

180.7%g

From the reaction stoichiometry, conversion of this number of kgmol glucose requires the same number of kgmot
NH3 and 1.3  the number of kgmol! Oz. Converting these molar quantities to masses:
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NH; consumed = (0.444 - 2775 x 1075 P) kgmol = (0.444-2.775x 105 P) kgmol. l%{%‘%

NHj consumed = (7.548-4.718 X 104 Py kg

0, consumed = 1.5x{0.444-2.775 % 107> P) kgmol = 1.5%(0.444-2.775x 10" P} kgmol .

32.0kg
1 kgmol

07 consumed = (21312~ 1332 x 103 P) kg

Similarly, expressions for the masses of glutamic acid, CO; and water generated can be determined from the
stoichiometry: o

Glutamic acid generated = {0:444 - 2,775 x 1075 P) kgmol = {0.444~2.775x 10°% P} kgmol. l%_ o
Glutamic acid generated = (65,312 ~ 4.082 x 1073 P) kg |
CO, generated = (0.444—2.775x 10°3 P) kgmol = (0.444 - 2.775x 10~ P} kgmol. !%’%!
CO; generated = (19.536- 1221 x 1073 P) kg
Water generated = 3% (0.444-2.775% 107 P) kgmol = 3 x(0.444-2.775x 10”5 P) kgmol. %%

Water generated = (23,976 - 1.499 x 1073 P) kg

(O balance
1500.8 kg O in + 0 kg O generated = Op out+(21.312 - 1.332 x 10-3 P) kg O consumed

O out = (1500.8 - (21312~ 1.332 x 1073 P)) kg
Qy out = (14795 + 1332 x 103 Py kg

COy balance _
Okg COy in + (19.536 — 1.221 x 103 P) kg €O, generated = CO, out + 0 kg CO2 consumed

COy out = (19.536~ 1.221 X 10°3 Py kg

- Adding together the masses of N3, Oz and CO» out gives the total mass of off-gas, (7:

G = 4928.0kg Ny + (1479.5 + 1.332 X 1073 P) kg O + (19.536 — 1.221 x 10°3 P) kg COy
G = (6427.0+ 1.11 x 104 P) kg

Total mass balance ' o
8947.3 kg total mass in = (G + P) kg total mass out

Substituting the above expression for G into the total mass balance:
8947.3kg = (6427.0+ 1.11x 104 P+ P) kg
25203 kg = 1000 Pkg
P o= 25203kg

Therefore, from the total mass balance:
G = (8947.3.2520.3) kg

G = 6427.0kg

Substituting the result for P into the glucose, Og and CO5 balances gives:
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Ghucose consumed = (80 0.005 Pykg = 6740 kg
Glucose out = G.005 Pkg = 12.60kg

O, consumed = (21.312-1332x 103 P) kg = 1795kg

Oy out = (1479.5+ 1.332x 10 Py kg = 1482.9kg
CO3 out = CO; generated = {19.536-.- 1221 x 103 P kg = 1646 kg
Using the result for P to evaluate the masses of the other reactants and products involved in the reaction:
NH3 consumed = (7.548 - 4718 X 104 P) kg = 6.36 kg
Glutamic acid generatéd = (653 12 '4'.682. x 103 Pykg = 55.02kg
Water generated = (23.976 — 1.499 x 103 P) kg = 2020 kg

These resalts can be used directly in the energy balance for evaluation of the cooling requirements. However,
completion of the mass balance allows the calculations to be checked.

NH 3 balance
518.5 kg Nii3 in + O kg NHz generated = NHj3 out + 6.36 kg Nii{3 consumed
NHjzout =512.14 kg
Water balance
1920 kg water in 4 20.20 kg water generated = water out + O kg water consamed
Water out = 1940.20 kg
Glutamic acid balance

0 kg glutamic acid in + 55.02 kg glutamic acid generated = glutamic acid out + 8 kg glutamic acid consumed
Glutamic acid out = 5502 kg

The Out side of the mass-balance table can now be compieted with all quantities in kg.

Stream Out

Glucose  NH3 7] No Gluconic acid CO» Hy0 Total
Feed - - - - - - - -
Inletgas - - - - - - - -
Off-gas 0 0 14829 49280 0 16.46 0 0427.4
Product 12.60 512.14 0 0 35.02 0 194020 2520
Total 12.60 512.14 14829 45280 5502 16.46 1940.20 89473

All colemns and rows of the completed table add up correctly to within round-off error,

Gi) Energy balance
W = 0; My = 0. Therefore, the energy-balance equation becomes:

~AHpn~Q = 0

The heat of reaction is evaluated using Eq. (5.20). As the heat of combustion of CO9 and H20 is zeron

AHpy = (nAkg)G+(nMg)A~»(n&kg}GA

where G = glucose, A = NHj3 and GA = glutamic acid. The »n in this equation are the meles of reactant or product

involved in the reaction. Converting the masses of reactants and products consumed or generated 1o moles:

1000g
ikg |

1 gmol

ig03g| = o 4@mol

Giucoseconsumed = 67.40kg = 67.40kg ;
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As NH3 and glutamic acid are involved in the reaction in stoichiometric quantities, 374 gmol NH3 are consumed and
374 gmol glutamic acid are produced. Substituting these quantities into the heat of reaction equation gives:

AH_ = 374 gmol {~2805.0%7 gmol™) + 374 gmol {~382.6 k7 gmol™'}— 374 gmol (-2244.1 1 gmor™)
AHpyp = ~353 % 10° &J
Substituting this result into the energy-balance equation:
|  353x105KI-Q = 0
Q= 353x109kJ
From the sign conventions outlined on pp 8788, @ positive indicates that:-heat must be removed from the system.
Answer: 3.53 x 103 kJ b

(b)

If cooling were not provided, the heat of reaction would be absorbed as sensible heat by the streams passing through
the reactor. For a rough calculation of the effect of this heat on the temperatare of the reactor, assume that the 3.53 X
105 kJ ! is absorbed by 2000 kg bl aqueous medium and 6947.3 kg br! gas. -Assume that the heat capacity of the
aqueous medium is close to that of water = 75.4 J gmol-! °C-1 (Table B.3, Appendix B) = 75.4 kJ kgmol-! °C-%, and
that the heat capacity of the gas stream is equal to that of air = approx. 29 J gmol~! °C-} (Table B.3, Appendix B) = 29
kI kgmol? °C-1, From Eq. (5.12):

AT = mre ~ MC,
(M Colyquia * (M Cplgas
re 3.53% 10° kI b1 - 30
- " 101} | 1 kgmol 1 1op-1) |1kgmol] ~
{2000 kg b~} {75.4 kT kgmor™! °C ).l 5ot +{69473kgh )(29k1kgmof"‘ c*].l B

As a temperatre rise of 23°C in the reactor would not be weli tolerated by most commercial organisms, provision of -
adequate cooling for this reaction is an important consideration. Assuming that the usual temperature for the reaction
is 25°C, the temperature without cooling would increase to (25 + 23)°C = 48°C.

Answer: 48°C

5.6  Bacterial production of alginate

Alginate production at a rate of 5 kg h'! requires:
el
i‘fﬁf}m{ = 125kg O b7t
4kgkg

Converting this guantity to gmol using the molecular weight of Oy = 32.0 (Table B.1, Appendix B):

m‘.ilg’m} = 39.06 gmol ™1

irad — el
O required = 125kgh™ . ke 1.0

The heat of reaction for aerobic metabolism is approximately ~460 kJ gmol'l O (p 100). ‘Therefore, the heat of
reaction for alginate production is:

AHpp = 460 kT gmot™! (36.06 gmoi b1} = -1.80x 104 KT v~}
This result can be used in the modified energy-balance equation, Fq. (5.26):
Ay~ My Aty — Q4+ W, = 0

with Wy = 1.5 XW and My = 0 (no evaporation). From Table A.8 (Appendix A), 1 W= 1T s°1; therefore 1 kW = 1 kI
oA et
s*1and:
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36005

1.80x 104 It —o- g+ 15950, -

-
Q= 23x104k7h}

From the sign conventions cutlined on pp 87-88, O positive indicates that heat must be removed from the system.

Answer 2.3 x 104k bl

5.7 Acid fermentation

From Tables B.8 and B.1 (Appendix B), the moiecuiar fozmulae and molecular weights are:
sucrose = CyoHon0y1: MW = 342.3

propionic acid = C3HgOy: MW = 741

acetic acid = CoHuO: MW=60.177 "7

butyric acid = C4HgOy: MW = 88.1

lactic acid = C3HgO3: MW =90.1

. From p 75, the biomass molecular formula can be taken.as the average, CHj g0p sNg 2. From the end of Table B.8
{Appendix B), the molecular weight of the biomass is 25.9,

The reaction equation can be obtained by modifying Eq. (4:13) for anaerobic growth and product formation:
CypHpaOqp + 5 NHy ~» ¢ CHj g0g sNg 2 + dCOy+ e HyO +f C4Hg0y
+f CoH4O9 + 3 C4HgOy +f3 C3H O
. The biomass yield from substrate Yxs =0.12 g g'}.- This value can be used to determine the stoichioretric coefficient
¢ using Bq. (4.12):

o o HsMWsubstrate)) 912 gl (3423) 159
- MW cells - 259 o

‘The coefficients f1, f2. f3 and f3 can be determined similarly using the product vields and Bq. (4.14):

Yps (MW substrate))  0.40g g~} (342.3)

A= v propionic acid 74.1 =185
4 = Yos (MW substrate)) _ 020g¢™ (342.3) _ |,
T MWaceticacid 60.1 o
5 = Ypg (MW substrate)) . 0.05g ¢! (342.3) - 0.19

MW butyric acid 88.1 o
4= Yos (MW substrate) _ 0.0349 1 (3423) _ o
47 TMWiacucacd 96.1 e

Of the remaining coefficients b, 4 and ¢, because COy and H20 do not figure in heat of reaction calculations as their
heat of combustion = 0, only b need be determined. This can be done using an elemesntal balance on N,
Nbalance: b = 0.2¢ = 02X L59 = 0.32.

To calculate the heat of reaction, the heats of combustion of the reactants and products are required from Table B8 . . .

(Appendix B}
) - —1
Ak sucrose = -5644.9 kI gmol

AWS NH; =-382.6kJ gmol ™!

Oy - -1
Ah biomass = -552 kJ gmol
N:g propionicacid = ~1527.3 k¥ gmol”l
Ahg acetic acid = -874.2k] gmo?.";‘

o id el
Ak butyric acid = -2183.6 k¥ gmol
B lactic acid = ~1368.3 k7 gmol™
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The heat of reaction is determined using Eq. (5.20). As the heat of combustion of CQ4 and H2O is zero:

OHexn = (” N‘g)s M (" Mg)A - (” N‘g)s - (” N‘g)m - (" Ahg)AA - (” Mg)BA - (” ME)LA

where § = sucrose, A = NHz, B = biomass, PA = propionic acid, AA = acetic acid, BA = butyric acid, and LA = lactic
acid. Using a basis of {1 gmol sucrose, the n in this equation are the stoichiometric coefficients. Substituting values:

AH = 1 gmol {~5644.9k7 gmol™) +0.32 gmol (~382.6 kI gmol™) - 1.59 gmol (552 k¥ gmor ™)
— 1.85 gmol {~1527.3 k3 gmol™} - 1.14 gmol {~874.2 kI gmol™*) - 0.19 gmo1 (2183.6 kI gmol™!)
~0.13 gmol {~1368.3 KJ gmol )
C AHgn = 47481

Fhis AHypn was determined on the basis of 1 gmol sucrose. For 30 kg sucrose consumed over a period of 10 d:

1000g1

kg

AHp, = 30kg. 1 gmol

1y _ 4
5 (47487 gmor1) = —4.16% 10% K3

The cooling requirements are determyined using the modified energy~baiance'.equaﬁ0n, Eq. {5.26). For no evaporation
and no shaft work, My = W = 0, so that:

Q = -AHpy = 416 X 104 kJ
From the sign conventions outlined on pp 8788, @ positive means that heat must be removed from the system.

Answer: 4.16 x 104 %

5.8  Ethanol fermentation
From Table B.2 (Appendix B), the molecular formula for glucose is CgH;904 and the molecular formula for ethanol
is CyHgO. From Eq. {4.13), the stoichiometric equation under anaerobic conditions is:

cﬁHZZOG + b NH3 - ¢ CHz_jse(}.sgN(}’ gt d COZ + £ Hzo 'i~fC2H§0
From Table B.8 (Appendix B), the molecular weight of ethano! is 46.1. From the atomic weights in Table B.1
{Appendix B), the molecular weight of glucose is 180.2 and the bicmass formula weight is 25.58. Taking into
account the 8% ash: '

Biomass molecular weight = «2-5-%?— = 27.80

The value of the stoichiometric coefficient Fcan be determined from the yield Ypg = 0.45¢ ¢} and Eq. (4.14):

Pg (MW substrate) 045 ¢ g1 {1802 g gmoi™!)
T MWproduct

. = 1,76 gmol gmol“Z
46.1 g gmol™!

The other coefficients can be determined using elemental balances.

Chalance: 6 = ¢+ d+2f = c+d+2%176 ¢ = 248 ~4d

Hbalance: 124+ 38 = 1.75¢4+2e¢46f = 1.75¢+2e+6X1.76 - 1.44+3b = L.785c+2 e
Obalance: 6 = 0.58c+2d+evf= 058c+2d+e+ 1 X176 «» 424 = 058¢c+2d+¢
Nbalance: b = 0.18¢

Substituting the expression for ¢ from the C balance into the N balance:

bhw 018248 -d) = 0.45-0.184
Substituting this and the resuits from the C and N balances into the H balance:
1.444— 3(045-0.184d) = 175248 ~d)+2e
121d-1535=2¢

e = 0614078
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Substituting the expressions for ¢, b and ¢ into the O balance:
424 = 058 248 —d) + 24+ (061d—0.78)
358 = 2034
d= 176

Substituting this value for d into the expressions for the other coefficients gives ¢ = 0.72, £ = 0.13 and ¢ = 0.29. The
completed stoichiometric equation is therefore:

Ceil 1206+ G.I3NH; — 0,72 CH; 7500 58Np 18+ 1.76 CO» + 0.29 HHO + 1.76 CoHgO

Using abasisof 1 h, 0.4 kg cthei’zzi:):i are p’fotiﬁceé. Conveﬁ.ing this to moles:

1000 1000g) | gmoi _
Moles ethanol. produced 04 kg. ke || d6ig| " 8.68 gmol
From stoichiometry:
Moles glucose consumed = 8.68 gmol x —i««% = 4.93 gmol
0.13
Moles NH; consumed = 8.68 gmol X g = 0.64 gmol
0.72
Moles biomass produced = 8.68 gmol X — 76 = 3.55 gmol

The heats of combustion from Table B.8 (Appendix B) are:
Mg ghucose = -2805.0k¥ gnwf”i

-]
ARG NHj = ~382.6 kT gmol
AR ethanol = —1366.8 k gmol™

From p 101, the heat of combustion of yeast can be taken as —21.2 kI g'1. The heat of reaction is determined using
Eq. (5.20). As the heat of combustion of COs and H,O is zero:

- o o o ]
Mgy = (n MC)G + (n N‘c)A (n MC)B (n MC)E
where G = glucose, A = NH3, B = biomass and E = ethanol. The » in this equation are the actual moles of reactants
and products consumed or produced. Substituting values gives:

2780¢g
{ gmol

AH,, . = 4.93 gmol (~2805.0kJ gmol™!) + 0:64 gmol (~382.6 kI grol™ )~ 3.55 gmol (-21.21g™1).

-~ 8.68 gmol {~1366.8 kI gmol™)
AHppp = ~117.5K]

Using the modified energy-balance equation, Eq. (3.26), with My = 0 and Wy =
g = ~AHpy = 117.5K)

From the sign conventions outlined on pp 87-88, @ posiz:ive means that heat must be rémoved from the system; in this
case, 117.5 kJ h*! is used to raise the temperature-of 2.5 1 bl water from 10°C. The sensible heat change of the watcr
can be calculated from Bq. (5.12). Using a value of 1 kg 1-! for the density of water, Cp for water = 75.4 ¥ gmol-!
°C+1 (Table B.3, Appendix B), and the molecular weight of water = 18.0 (Table B.1, Appendzx By:

0 117.5xr a7}

MC, 2 [1kg “to—t |1 gmol]
2
(2.51h * D(?S‘Ugmoi C T50g |

The final temperature of the water is therefore 10°C + 11.2°C = 21.2°C

AT =

= 11.2°C

ilooog' t 1kd D
kg |']110607

Answer: 21.2°C
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5.9  Production of bakers’ yeast
From Table B.8 (Appendix B), the molecular formula for sucrose is Cy7H25011. Therefore, from Eq. (4.4}, the
stoichiometric equation for aerobic cell growth is:

Cizﬁzzoil a 02 + b NH?, - CHZ‘SSO(}‘SSN{}.IT ks dC02 +e H?_O

Using the atomic weights in Table B.1 (Appendix B), the molecular weight of sucrose is 3@2 3 and the biomass
formula weight is 25.04. Taking into account the 5% asb

Biotnass molecularweight = %’; = 26.36

The degree of reduction of the biomass relative to NH3 is:

m_\__1 }_<4+.1.83X1~»»§).55><2«~O.Z?X3 = 497

The degree of reduction of sucrose refative to NHz is:

12x4+22x1-11%2
%= 13

= 4.00

The value of the stoichiometric coefficient ¢ can be determined from the yield Yxg = 0.5 g g~} and Eq. (4.12):

¥, substr -1 -1
o = Bxs(MW atg)  05gg (342.323?01 ) = 6.49 gmol gmol™!
MW celis 26.36 g gmol”

The oxygen requirements can be determined from Eq. (4.16) with /= 0; from Eq {4.13), w = 12 for sucrose:
= Ygwr—cw) = Va(12x4.00-649x422) = 5.15

Therefore, 5.15 gmol O are required for each 6.49 gmol biomass produced; this corresponds to 0.79 gmol Og per
gmol biomass. Converting this oxygen demand fo mass terms using the molecular weight of oxygen = 32.0 from
Table B.1 (Appendix Bx:

0,79 gmol Gy
1 gmol biomass

32020,
1 gmol Oy~

0.79 gmol G4 per gmol biomass = = .96 g g‘2

26.36 g biomass

! 1 gmotl biomass

The specific growth rate represents a rate of growth of (.45 g biomass produced per g biomsass perh. As0.96g Op

are required per g biomass produced, the spec:lﬁc rate of Oy consumption is 0.45 X 0.96 =043 g Oy Per g biomass per
b. When the biomass concentration is 10 g I in a 50,000 litre fermenter, the mass of cells is 10 g 177 X 50,0001 = § x

105 g. Therefore, the total rate of Oy consumption is 0.43 g g"l 1 x 5% 10% g=2.15 x 10% g Oy h'!. Converting
this to moles:

Rate of O, consumption = 2.15x 10°gh!.

1 gmol 3 i
208 g = 6.72% 10° gmolh

From p 100, the heat of reaction for aerobic growth is approximately —460 kJ gmol-} Oy consumed. Therefore:
AHpyp = —460 kI gmoll (6.72x 10% gmol h'l) = —3.09x 106 kT -1

The rate of heat removal from the fermenter is determined using the modified energy-balance equation, Bg. (5.26),
with Wy =M, =0

QO = —AHpyy = 3.09 x 108 kT 1!
From the sign conventions outlined on pp 87-88, @ positive confirms that heat is removed from the system.

Answer: 3.09 x 106 k¥ vl
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Unsteady-State Material and Energy Balances

6.1  Dilution of sewage
(@) . Flow sheet and system boundary -
These are shown in the figure below,

System boundary\ . _/
™

—— = = -

i I
| A L, P !
Water ! - i e Outlet stream
F= 40,000 1kt | ] Fi= 40,000 1 b
I I Ca
j . v i
c
i 2 i
i

{iz) Define variables

V = volume of material in the tank; F = volumetric flow rate into and out of the vessel = 40,000 1 1} Cp =
concentration of suspeaded solids

{iii} Assumptions

- no leaks

- tank is well mixed; therefore Cp in the outlet stream = Cp, inside the tank-

- density of the solids is the same as that of water = 1 kg I1

Gv) Boundary conditions

At t =0, V= Vp = 440,000 litres + the volume of the solids. The initial mass of solids in the tank is 10,000 kg;
therefore, if the density is 1 kg 1}, Vo = (440,000 + 10,000) 1 = 450,000 1. At?=0, Ca = Cap

_ 10,000kg

1 ‘1
Cao = o001 = 0-022ks!

) Total mass balance

As the volumetric flow rates of material in and out are the same and the density of the inlet and outlet streams are
assumed to be equal, the volume of material in the tank is constant (see Exampie 6.2) so that V = Vj at all times.

{vi) Solids mass balance

The general unsteady-state mass-balance equation is Eq. (6.5). As there is no reaction, Rg = Re = 0; in this problem,
B?i =0, M, = F Ca and M=V Ca. Substituting into Eg. (6.5) gives:

VCy)
T = —F Cy

AsVis c_{mstant, it can be taken outside of the differential:
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dcy,

As F is also constant, the differential equation contains only two variables, Ca and . Separating variables gives:

dac -
AL F dr
Ca ©V

aC -
J“‘A’f“ﬁ"‘
Ca Vv

Using integration mles(DZ'?}azzd(D%) from Appérzdix D and combining the constants of integration:

Integrating:

inCA ax :‘g“t-i-K

From the initia} condition for C4, at £ =0, In Cao = K, Substituting this value of X into the equation gives:

InCy = e+InCrg

v
Ca _-F,
Cag ¥

Cp = Cpge™?
Substimiting the known valnes for Cpag, Fand V'
Ca = 0.022 0089 ¢
where Ca has units of kg I'! and 7 has units of h. From this equation, at =5 h, Cp = 0,014 kg 'L,

Answer: 0.014 kg 11

6.2  Production of fish-protein concentrate

(i} System

The system is the whole gutted fish placed in the batch drier at time zero. During drying, the mass of the system
decreases as water is removed..

(i) Assumptions

No additional assumptions are required,

(i) Boundary conditions

At t=10, the mass -of water in the fish in the drier is equal to My,

(iv) Water mass balance

~ The general unsteady-state mass-balance equation is Bq. (6.5). As there is no reaction, Rg = Rc =0. No water is
. added during drying; therefore M 0. At any time during drying, as the rate of water removal M is proportional to

the moisture content M, M w K M where k is 2 constant. Substituting into Eq. (6.5) gives:

dM
ar T M

where M and 1 are the only variables. Separating variables and integrating:

dM
W T ) R

Using integration rules (D.27) and (D.24) from Appendix D and combining the constants of integration:
M e kt+ K

Att=0, M = Mg, therefore, XK'= In M. Substituting this value of X into the equation gives:



56

Selutions: Chapter 6

M = ~kt+in My

M
m%wwk:

At =20 min, M =0.5 My. Substizuting these values into the equation:

0.5 M,

In = wk {20 min)

In 0.5 = —k (20 min)

k = 0.0347 min-]
Therefore: _
" . .
m% = -0.0347¢

where ¢ has units of min, When 95% of the water has been removed, M = 0.05 My. Therefore:

0.05 M,
In
My

In 005 = ~-0.0347 ¢

= -0.0347 ¢

= 86.3min = 86.3 min. = 144h

th f
60 min
Answer: 144 h
6.3  Contamination of vegetable oil

D Flow sheet and system boundary
These are shown in the figure below.

System bcundary\ . _/

™ R A

i |

i R !

intet stream | bl Outiet stream

Cod-tiver oil drum F I i Fo
P | P

v !
“ ¢

! fi i

| 1

Oil tank
b o e — i

(if) Define variables

V = volume of oil in the tank; Fj = volumetric flow rate of cod-liver oil into the oil tank; F, = volumetric flow rate of

mixed oil out of the oil tank;, ¢ = mass fraction of vegetable oil; p = density of vegetable and cod-liver oils

{iii) Assumptions

- 10 leaks

- ofl tank is well mixed; therefore ¢ in the outlet stream = ¢ inside the tank
- densities of each oil and the ol mixturs are the same
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{v) Boundary conditions
At 1= § when cod-liver oil first enters the oil tank, V= Vo= 60 litres. Ate=0, g=gom= 1.

(@)

Total mass balance

The general ummadystate mass-balance equation is Bq. (6.5). As there is no reaction, Rg = Re = 0. The total mass
flow rate into the oil tank is equal o the volumetric flow rate mudtiplied by the density of the cod-liver oil: Mz 1 P
Similarly, M, = F, p. The total mass of oil in the tank is equal to the volume of oil multiplied by its density: M= V p.
Substituting zhesc expressions into Eq. (6.5) gives:

v
As pis constant it can be taken outside of the differential and cancelied:
o o d
G AT
dv
T = F-F

The differential equation contains only two variables, ¥V and £. Separating variables and integrating:
Vs (Fj~Fp)dt
f v = f F—Fydt
Using integration rule (.24} from Appendizx D and combining the constants of integration:
Voa (FimFt+ K
From the initial condition for V, at ¢ = 0, K= V. Substituting this value of K into the equation gives:

Ve (Fi~Fgyt+ Vg

“The time betweea 8 p.n. and 9 a.m. the next moming is 13 h. From the above equation for Vi fort=13h, Fi =751

bl Fo=a481hland Vo=601V=9511 Asthis volume is less than the tank capacity of 100 1, the tank will not
overflow.

Answer: No

{b}
Total mass balance

As the volumeiric flow rates of oils into and out of the tank are the same and the density of the inlet and outlet streams
are assumed to be equal, the volume of oil in the tank is constant (see Example 6.2)s0 that V= V= 601 at all times.

Vegetable vil mass balance

The general unsteady-state mass-balance equation is Eq. (6.5). As thereis no reaction, Rg; = Rc = 0. No vegetable oil
enters the tank; therefore M ={). The mass flow rate of vegetable oil out is M = F, p ¢. The mass of vegetable oil
in the tank at any time is M = V p ¢. Substituting these expressions into Fy. (6. 5) gives:

dvpd)
—a = fep?
As both Vand p are constants, they can be taken cutside of the differential and o can be cancelled:
Vp%rf = wfop ¢
g
V‘“&“{ = P> (b

As Fo s also constant, the differential equation contains only two vatiables, ¢ and £. Separating variables and
integrating:
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d¢ o
R

..‘.i.? e ‘.._...{;‘..E}. e
¢ 14
Using integration rules (D.27) and (D.24) from Appendix D and combining the constants of integration:
o= 204k
¢ = *'*i;"-— t+
_From the initial condition for ¢, at r= 0, In ¢p = K.. Substituting this value of K into the equation gives:

. »-—F{.’
ZﬂQ = ““‘;“t‘i“ln%

¢ ~Fp
].ﬂ"%' = m{};—!
9= e T

In this problem, Fo = 4.8 1 h'l. Substituting the known values for ¢ and V:

¢ = 1200801

where ¢ is dimenstonless and r has units of h. The time between 8 p.m. and midnight is 4 h. From the above
equation, at t=4 h, ¢=10.73. Therefore, at midnight, the composition of oil in the tank is 73% vegetable oil and 27%
cod-liver oil,

Answer: T3% vegetable oil, 27% cod-liver oil

6.4  Batch growth of bacteria

The general unsteady-state mass-balance-equation is Eq. {6.5). For a batch culture, A?i a :1?0 ={), For a mass balance
on cells, assuming there is no loss of cells from the system, e.g. by lysis, Rc =0. The rate of generation of cells Rg is
‘proportional to the concentration of cells present: R = 4 x 'V where g is a constant, xis the cell concentration and ¥V
is the culture volume. The total mass of cells M is equal to the culture volume V multiplied by the cell concentration
x: M = Vx Substituting these results into Eq. (6.5) gives:

Md(;x} = uxV

Assuming that V is constant thronghout the batch culfure, it can be taken outside of the differential;

dy

Va‘; = HX v
& opx
5 = A

The differential equation contains only two variables, x and . Separating variables and integrating;

X
_d..mx.. £ f uis
X

Using integration rules (D.27) and (D.24) from Appendix D and combining the constants of integration:

Inx =pr+ K

Assume an initial condition: at £ = 0 at the beginning of exponential growth, x = xo. Therefore, at ¢t = 0, Inxg = K.

Substituting this value of X into the equation gives:
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Inx = gr+lnxg
Zn% = pt

When = 45 min, x = 2 x5. Substituting these values into the equation:

2
in—— = u{45 min)
6

2 = (45 min)
4 o= 0.0154 min!
Therefore: .

X = 001541
Xg

or
X = xp 0.0154¢

where 7 has units of min. For =12 h= 12 %X 60 = 720 min:
x=6.54x 10% xg

After 12 h, the cell concentration is 6.54 x 10% times the cell concentration at the beginning of exponential growth. If
there is 2 lag phase, the cell concentration at the beginning of exponential growth is usually very close to that at
inoculation; therefore, the cell concentration is about 6.54 % 10% times the inoculum level.

Answer: 6.54 x 10% times the inocalum level

6.5  Radioactive decay

The general unsteady-state mass-halance equation is Eq. (6.5). In this problem, ﬂi = !;5'0 ={. For a mass balance on
isetope, R = 0. The rate of isotope decay R is proportional to the concentration of isotope present: Rg =~k €'V,
where &; is a constant, C is the isotope concentration and V is the solution volume. The total mass of isotope M is
equal to the solution volume V muliiplied by the isotope concentration C: M = V C. Substituting these results into Eq.
(6.5) gives:

%ﬁm ZCV

If we assume that the density of the solution is constant during isotope decay, V is constant and can be taken outside
of the differential and cancelled:

aC

a¢
5 =*C

The differential equation contains only two variables, C and . Separating variables and integrating:

Using integration rules (D.27) and (D.24) from Appendix D and combining the constants of integration:

InC =~k t+K
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Assume an initial condition: at ¢t = 0, C= €y Therefore, at £ = 0, In Cp = K. Substituting this value of X into the
equation:

InC =~k r+InCyp
C
ln -'C-{; k- —kz t
(@) L |
When £ = ty,, the half-life of the isotope, C'=0.5 . Substimting these values into the equation:

05C,

hzco

= Kyt
Cwos #_ -461 .
, o 05
h = ki

Using mathematical rule (D.10) in Appendix D, ~In 0.5 = In /g § = In 2. Therefore:

In2
f = ——
h 2 1
Answer: Q.E.D.
{
From the equation derived in (a):
n2
k H -4 T
h

For i, = 14.3 days:
ky = 4.85x10241

Substituting this value of &) into the general equatioa for igsotope concentration:
S = -485x 1072
Co
where ¢ has units of days. For C=0.01 (4

0.0 C
n ¢

= w2
oA = -4.85% 107t

10001 = -4.85x 10+
=95 days
Answer: 95 days
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6.6 Continuous fermentation
(i) Flow sheet and system boundary
These are shown for a continuous fermenter in the figure below,

System boundary\ . _/
Feod L i maR - Product
F i ! F
= vy i x
I !
I E
! S
| x !
§
! i

(it} Define variables

V = volume of broth in the fermenter; F = volumetric flow rate into and out of the vessel; x = concentration of cells; s
= concentration of substrate; x; = concentration of cells in the feed; 55 = concentration of substrate in the feed

(iif) Assumptions

- 1o leaks

- fermenter is well mixed; therefore x and sin the outlet stream = x and s, respectively, inside the fermenter

— density of the fermentation broth is the same as that of the feed

v}  Boundary condition

Arr=0, x=xp.
v Total mass balance

. As the volumetric flow rates into and out of the fermenter are the same and the density of the inlet and outlet strearns
are assumed equal, the volume of broth in the fermenter is constant (see Example 6.2) and equal to V at all times.

(a)
Cell mass balance

The general unsteady-state mass-balance equation is Eq. (6.5). As no cells enter in the feed siream, ﬁi = (. The mass
flow rate of cells out M, = F x. The rate of cell generation Ry = ry V= k) x V. Assuming that cell lysis is negligible,
Re =0, The mass of cells in the fermenter M is equal to V x. Substitating these terms into Eq. (6.5) gives:

L2 = Fxakyxv

As Vis consiant, it can be taken ouside of the differential.

dx
V~a~£ = -Fx+rkixV

Dividing through by V and grouping terms:

d _ F
@ = -y

' dx F
Answer: o= x (ks w«‘?)

6]
At steady state, dxfd; = (. Therefore, from the equation derived in (a), at steady state ki must be equal to F/y.

Answer ky = Fiy
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©
As F, V and k; are constants, the differential equation derived in (a) contains only two variables, x and ¢. Separating

variables and integrating:

dx F
== e

& F
& =f{kz#‘;)d:

Using integration rules (0.27) and (D.24) from Appendix [ and combining the constants of integration:

anm(kl-fv-—)r«:«lf

From the initial condition for .x,.at t: 0, irz xg = K. Substituting thié value of K into the equation gives:
Inx = {(k; -%}Hlnxg
X F
In Pl ky =~ T{?) t

F
x = Xg L)

F

(kl“t;)f

Answer.x = Xg @

{d)
Sebstituting the parameter values into the equation derived in (¢):

-}
(03357 22001k Yoo

= 05gthe 15,0001

x = 0.5011¢

where x has units of g I! and rhas vnits of h. Forx =4.0g*l;

4 = 050112
w8 =o01le
t=189h
Answer: 189h
(e)
Substrate mass balance

The general unsteady-state mass-balance equation is Eq. (6.5). For substrate, the mass flow rates in and out are
M F s and M = F's. The rate of subsirate generation R = 0; the rate of substrate consumption Rp=rn V=Fky x
V. ‘The mass of subsn*aw in'the fermenter M is equal to V5. Substitating these terms into Eq. (6.5) gives:

d(V 5)
dr

= FSi—FS“ksz

As Vis constant, it can be taken outside of the differential;

VE = Fs-Fs-kpxV

Dividing through by V and grouping terms;

ds F
i m(sl«vs) kyx

Substituting the expression for x from {c):
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F (kl_ﬁ d

aF V(Sj—S)—kzxee

In this equation, ¥, V, ky and xg are constants and there are only two variables, 5 and . However, the variables cannot
be easily separated as in the previous problems, making algebraic solution difficalt.

F
ds F k-1t
Answer. — = 3 (s;—5)~ky X Ty |
f
An equation for dsfdg in terms of x was derived in (e} as:
6 Fo
TV (si—..v) ~kax

At steady state, d‘;‘d; = (). Therefore:

Vkq
§—85 = “-f-'x
Vo
5 S e X
F
ng
Answer. s = Si—u?ux

6.7  Fed-batch fermentation
{1 Flow sheet and system boundary
These sre shown for a fed-batch fermenter in the figure below.,

System boundaty\ . _/
Feed L - 7T T 7
F i !
5 i §
........ | i
| M.
| s |
| i
e e e - m - ]

(i) Define variables

V = volume of broth in the fermenter; F = volumetric flow rate into the fermenter; x = concentration of cells in the
fermenter; 5 = concentration of substrate in the fermenter; 5 = concentration of substrate in the feed; p = dengity of the
feed and fermentation broth

(it} Assumptions

— 10 Jeaks

- fermenter is well mixed

- density of the fermentation broth is the same as that of the feed
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i) Boundary condition
Att=0, V=Y,

(a)

Total mass balance

The general unsteady-state mass-balance equation is Fq. (6.5). As total mass cannot be generated or consumed, KG =
Re = 0. No mass leaves the fermenter; therefore M ={. The mass flow rate in M = p F. The total mass in the
fermenter M is equal to V p. Substituting these terms into Eq. (6.5) gives:

| & pF
As pis constant, it can be taken outside of the differential and cancelied:
' ' av
g = PF
14
el F

As Fis constant, the differential equation contains only two variables, Vand r.. Separating variables and integrating:

dV = Fdr

f av = j Fdr
Using integration rule (12.24) from Appendix D and combining the constants of integration:
V=Fe+ K
From the initial condition for V, at £ = 0, Vj = K. Substimuting this value of K into the equation gives:
| V=Fr+V,
Answern V= Fta+ Vg

(b}
Substrate mass balance

The general unsteady-state mass-balance equation is Eq. (6.5). The mass flow rates of substrate in and out are
M w F 53 and M = 0. The rate of substrate generation Rg = 0; the rate of substrate consumption Romrg V=ky s V.
Thc mass of sabstrate in the fermenter M is equal to V5. Substituting these terms into Eq. {(6.5) gives:

d(Vs)
dr

= Fs-kysV
As neither ¥V nor s is constant, both raust be kept in the differential as a product. Expanding the differential using the
product rule (.22} from Appendix D:

V%%S%‘; = Fs—-kisV

Using the equation dV;d; = F derived in (a) :
V%é—Fa‘ =Fs-kisV

Grouping terms gives:

ds F
*a“t" Ed “?{Si*.b‘)"kl-‘i‘

Answer:

el
<y

(53-8~ ks
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6.8 Plug-flow reactor
@ Flow sheet and system boundary
These are shown for a plug-flow reactor in the figure below.

Systom boundary\

: =
Faad wwwma——i —:u—-/ : e Procuct
I i
Cui Iz z+Azl

Loeo—d

(i) Define variables

u = fluid linear velocity; z = distance along the reactor; Cy = concentration of reactant; Caj = concentration of
reactant in the feed stream; A = reactor cross-sectional area

(i)  Assumptions '

- 10 leaks

- plug flow

(@)

Reactant balance

Consider the system to be a smali section of the reactor located between z and z + Az, The gezwrai unsieady-state
mass-balance equation is Eq. (6.5). The rate of entry of reactant into the gystem is; .

M, = Cyuh
Z
where L means that the parameter values are those at distance z from the front of the reactor. Similarly, the rate at
which reactant ieaves the system is:

M., = Csué
G -Au ZMZ

Reactant is not generated; therefore Rg = 0. The rate of consumption of reactant is given by the equation:
Re=reV=rAl

where A Az is the volume of the system and r¢ is the volumetric rate of reaction. At steady state there is no
accurnulation in the system and 9M/4, = 0. Sabstituting these expressions into Bq. (6.5) gives:

0= CAuéiz_CAuAi;H»AZWTCA&

As A s constant and does not-depend on z, it can be cancelled from each of the terms:

0= CAu;szAuiﬂm—rCAz

Dividing through by Az
¢ -
0= Aulz CARIZ'HM R ¢
Az C
Taking the limit as Az approaches zero and applying the definition of the derivative (.13} in Appendix D:
~d(Cp ) '
0= g e
or
&Ca #)
& ¢

As the fluid velocity is constant throughout the reactor, u can be taken outside of the differential:
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dCy
" “a'z-“ = ~-IC
4 dCy
REWEr: i “‘&2‘“ = e

(b}
Answer: at z= 0, Cp =Caj
(C) - - s
If the reaction is frst-order, rex = kp €4 where &) is the first-order rate constant. The differential equation becomes:

. o N

i “&“Z& = K 1 CA

As u and X are constants, the differential equation contains only two variables, Cp and 7. Separating varigbles and
infegrating:

dCA _ ....kl
Cs o
dcC ~k
Ca u

Using integration rules (D.27) and (D.24) from Appendix D and combining the constants of integration:
1
From the initial condition in (b}, atz = 0, In Ca; = K. Substituting this value of K into the equation gives:

k1
IIICA = —u-Z"I“hICN

| Ca &y
Cai u ?
A #
Cp = Cpyehi02

Answer: Cp = Cp; £z

(d)
The equation derived in {(c) is direcily analogous to the equation for change. in reactant concentration in a batch
reactor. Asz = u ¢ where ¢ is the time taken for the fluid to travel distance z, the above equation can be written as:

C A= CA; 8‘»’*1 f
which is the same as the equation for reactant concentration ia a batch reactor where Ca; is the concentration at time
ZE10.

Answer: Esseatially identical

6.9  Boiling water

The system is the beaker containing water.

{i) Assumptions

— no evaporation

- water is well mixed

~ o shaft work

— heat capacity is independent of temperature

— heat Josses are negligible

~ the density of water is constant between 18°C ard 100°C
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(i) Extra data

Density of water = 1 kg I}

Cp water = 75.4 J gmol™! °C-1 (Table B.3, Appendix B) = 75.4 ki kgmot'! °C-1
Molecular weight of water (Table B.1, Appendix B} = 18.0
1W=1J3s1(Table A.8, Appeadix A); therefore, T kW = 1 kJ s

{iii) Boundary conditions

Atte=0, T=Ty=18°C

(@) R
The general unsteady-state energy-balance equatxon is Bq. {6.10). For a batch system, M M = {; also W, = 0.
Energy is accomulated by the system in the form of sensible heat only; therefore:

dE T
& Moy

where M is the mass of water in the beaker and T is its temperature. Substituting these expressions into Eq. (6.10)
gives:

ar _ =
MCy 5 = -0

. ar _ =
Answer; MCPE = -

{b}
i g, Cp and M are constant, T and ¢ are the only variables in the differential equation. Separating variables and
integrating;

&

dr = gt

J‘dT“I“A}:%“d’

Using integration rufe (1.24) from Appendix P and combining the constants of integration:

X
:"’q

-0
T"MC t+ K

From the initial condition for T, at =0, T = K. Substituting this value of X into the equation gives:

=2
T"MC 1+7

Using the density of water = 1 kg 11, the mass of 2 litres of water M = 2 kg. Converting the Cp for water to mass
terms:

C, = 754K kgmol 1 oc1 | L xemel

- w1 o1
|song | = 410K ke o

T = the boiling temperature of water = 100°C; ¢= 11 min. Substituting the parameter values into the equation for T:

100°C = -2 e (1 min) + 18°C
2xkgla189krkgt o)
J = 6245k min~! = 62,453 min-! | 2ER L | IEW 1L oaew
603 }k}s—i

From the sign conventions outlined on pp 87-88, the negative value for Q confirms that heat is added to the system.

Answer, 1.04 kW
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6.10 Heating glycerol solution

The system is the stirred tank containing the solution of glycerol in water.

{1} Assumptions

- no leaks

- RO evaporation

—tank is well mixed

- 1 shaft work

— heat capacities are independent of temperature between 15°C and 90°C
—ideal solution

- gystem is adiabatic; therefore heat losses are negligible

(i) Extra data

Cp glycerol = 0.576 cal g™! °C-1 (Table B.5, Appendix B) = 0.576 keal kg1 °C-*
Cp water = 75.4 J gmol'! °C-! (Table B.3, Appendix B) = 75.4 kJ kgmot'? °C-1
Molecular weight of water (Table B.1, Appendix B} = 18.0

f keal = 4.187 x 10° J (Table A.7, Appendix A) = 4.187 kJ

1 W=1Jsi(Table A8, Appendix A); therefore, 1 kW = 1 kJ 57!

{iif) Boundary conditions

Att=0, T=TFo=15°C

{a)
The general unsteady-state energy-balance equation is Eq. (6.10). For a batch system, A?i mﬁ?om 0; also ﬁ’s = {),
Energy is accurnulated by the system in the form of sensible heat only; therefore:

LI dar

i M Cp &
where M is the mass of glycerol solution in the tank and T'is its temperature, Substituting these expressions into Eq.
{6.10) gives:

ar s
MCyor = -0

M has two components, giycerol and water, which have different heat capacities. Therefore, this equation can be
written:

(MWCPW & MG CPG) -ig S MQ

where My is the mass of water in the tank, M is the mass of glycerol, Cyw is the heat capacity of water, and Cpg is
the heat capacity of glycerol.

Answer: (My; Copy + Mg Cpi) - = -0

(b}
I @, Cpw, Cpi, My and Mg are constant, T and ¢ are the only variables in the differential equation. Separating
variables and integrating:

Using integration rule (D.24) from Appendix D and combining the constants of integration;

e -{
(Mw Cpw + Mg CPG}

From the initial condition for T', at = 0, Tp = K. Substituting this value of X into the equation gives:

t+ K
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T = "Q
{Mw pr + MG Cp(g}

t+ 1y

-0
(MW pr 3 MG C{JG)

Answer. T = t+ Ty

{c) _
The mass of glycerol in the tank MG = 45 kg; the mass of water My = 55 kg. Converting the Cp, for water t0 mass
terss: .

pr = 75.4k}kgm(}1_z °C_Z |M - 4_189k3'kg—1 oc*»i

| i8.0kg
Converting the Cp, for glycerol to kJ:
_ ol 141BTKRI| 0 apeel
Cp = 0.5T6keal kg™ °C” “Wz el = 2.412kT kg °C

The raie of heat input to the system is 0.88 X 2.5 kW =22 kW =22 kJ s'f. From the sign conventions outlined or pp
8788, () must be negative as heat is added to the system; therefore, ( = ~2.2 kJ s*1. Substituting the parameter
vahues into the equation for T with Ty = 15°C and T'= 90°C:

wl
| 90°C = - 1415
s5kgla.189kT kg™l °C ) + 45 kg (2412 KT kg™ oY)
_ 4. . 4 ih |
t= L1610 s = L16x107s. T Tl 32h

Answer:3.2h
6.11 Heating molasses
(i) Flow sheet and system boundary
These are shown in the figure below.

System boundary

Molasses solution in =———L—m Heating tank Lt Molasses solution out

1020 kg -t 1 | 1020 kg h-t
20°C

~(} (from steamy}

(i1} Assumptiony

- 10 leaks

- N0 evaporation

—tank is well mixed; therefore the temperature of the molasses solution out is the same as in the tank
— 8o shaft work

- heat capacity is independent of temperature

- negligtble heat losses
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- condensate from the steam leaves at saturation conditions
(i) Reference state

Tref = 20°C; H =0 for molasses solution at 20°C

v}  Extradata

Cp = 0.85 keal kg! °C1

1 psi = 6.895 x 10% Pa (Table A.5, Appendix A) = 6.895 kPa
Converting 40 pst to kPa:

6.895 kPa

40 psi = 40psi. T poi

= 275.8kPa

The temperature of saturated stearn at 275.8 kPa interpolated from Table C.2 (Appendix C) = 130.7°C.

(v} Boundary conditions ' o
Att=0,T=Tp=20°C

(i) - Total mass balance :
As the mass flow rates into and oot of the tank are the same, the mass of molasses solution in the tank M is constant
and equal to 500¢ kg at all times.

(a)

“The general unsteady-state energy-balance equation is Eq. (6.10). From the reference state, iy = 0. The value of by
relative to the reference state is equal to the sensible heat-absorbed by the molasses solution between Teer and the exit
wemperatare T, From Eq, (5.13):

ho = Ah = Cp (T~ Tep)

W;=0. The rate at which the molasses solution is heated is given by the equation:

é = ~UA Tsteam— 1)

From the sign conventions outlined on pp 87-88, 0 must be negative as heat is added to the system. Energy is
accumulated in the form of sensible heat only; therefore:

dE dar
@ Moy
Substituting these expressions into Eq. (6.10) gives:

Mcp%:; = My Cy (T Tyep) + UA Tpopy = D)

After reatranging, the differeatial equation is:
ar _ UATyeam+ M, Cp Lot _ (5?0 Cp+ UA) r

ds MCP MCP

d UATyean+ Mo CpThet (Mo Cp+UA
Answer: — = -
dr MC, MC,

" _
f%s) U, A, Totearn, ﬁo, Cps Tref and M are all constant, T and 7 are the only variables in the differential equation derived
in {a}. Substituting the known numerical values for the parameters:
ar _ 190kealm™ 20t oc (1.5 m?) (130.7C) + 1020 kg ™ {0.85 keal kg™ o) 200y
dt 5000 kg (0.85 keal kg™! oC 1)
M(l{mo kg b1 {0.85 keal kg~ °C™1) + 190 keal m2 1l o (1.5 m%) r
5000 kg (0.85 keal kg™ °C~1)

dr
i 12.840211T

where T has units °C and ¢ has units h. Separating variables and integrating:
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ar _
1284-02T17 ~ a

ar
j12.84-0.27zr b .(é’

Using integration rules (.28) and (.24) from Appendix D and combining the constants of integration:

wl
5571 n(1284-02711D = t+K
From the initial condition for T, at 1=
. » .
K= 55 In (12.84.~.~ 02’72 15

© Applying the numerical value of To = 20°C, K =—7.395. Substituting this value for K into the equation gives:

. |
5T (128402711 T+7395 = ¢

Answer: 557 In{12.84-0271 T +7.395 = ¢

(€}

Values of ¢ corresponding to varicus tetaperatures in the tank can be caleulated from the equation derived in {b).
Temperatare, T Time, ¢
iy {h)
20 0.00
25 0.4
30 1.68
35 2593
40 484
45 9.01
46 11.0
47 158
473 215

The results are shown in the figure below.

50

Temperaturs (°C)

20 i i I i
0 B 0 15 20 28
Time {h)
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d)
From the equation derived in (b}, as the logarithm of zero and negative numbers is not defined {(p 413), the theoretical
maximum temperatare that can be achieved in the tank occurs when 12.84 —0.271 T'= (; Le. when T'= 47.4°C.

Answer 47.4°C

(e)
The temperature changes constantly with time; therefore, strictly speaking, there is no steady state. For practical
purposes, however, the temperature approaches a constant value after about 16 h,

Arnswer: About 16 h

From the calculation table in (¢}, the temperature reaches 40°C after 4.84 h.

Answer. 484

6.12 Pre-heating culture medium

The system is the glass fermenter containing nutrient medium.

{ Assumptions

- BO evaporation

— fermenter is well mixed

- ne shaft work

— heat capacities are independent of temperature between 15°C and 36°C

- heat losses are negligible

{5 Extra data

Cp, glass vessel = 0.20 cal gt oC! = 0.20 keal kgt °C1

Cp medium = 0,92 cal gt °C1 = 0.92 keal kg'! °C'!

1'W = 1.433 x 10" keal min'! (Table A.8, Appendix A)

{ii1) Bourdary conditions

Atte=0, T=Ty=15°C

(v} Energy balance

The general unsteady-state energy-balance equation is Bq. (6.19). For a batch system, A?i S 571'0= 8; aiso ﬁfs = ),

Energy is accumulated by the gystem in the form of sensible heat only; therefore:
daE ar

T " MOF

M has two components, the glass vessel and the mediom, which have different heat capacities. Therefore, this
equation can be written:

% = (MV CPV +MM CPM) %

where My is the mass of the glass vessel, My is the mass of the medium, Cyy is the heat capacity of the vessel, and
CpM is the heat capacity of the medium. Substituting into Eq. (6.10) gives:

(MV va +MM CPM] %«? e —Q

As O, Cpv. Cpm. My and My are constant, T and £ are the only variables in the differential equation. Separating
variables and integrating:

»».Q
g = dt
(MV va 4+ MM Cm)

-0
d7 = dr
f I (MV Cp\; 'f"MM CPM)

Using integration rule (D.24) from Appendix D and combining the constants of integration:
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e

= -2 t+ K
(My Cpy + Myt Com)

From the initial condition for T, at t= 0, Ty = K. Substituting this value of X into the eguation gives:

= -9
| (Mv va + MM CpM)

t+ 1y

The rate of heat input to the system is 450 W. Converting this to keal mint:

1.433 % 1072 keal min™

= ol
W = -6.45 keal min

0O = ~450W = 450 W,

- From the sign conventions outlined on pp 87-88, § must be negative as heat is added to the system, -Substituting this-

and the other parameter values into the equation for T with Ty = 15°C and 7= 36°C:

-
61,45 kgal min 2 1 £ 4 15°C
12.75 kg {020 keal kg™ °C™1} + 75 kg (0.92 keal kg™ oY)

£ = 308 min

36°C

Answer: 30.8 min

6.13 Water heater

The system is the tank comtaining the water.
(1) Assumptions

- 10 leaks

- 10 evaporation

— tank is well mixed

—no shaft work

— heat capacity is independent of temperature

- condensate from the stearm leaves at saturation conditions

(i) Extra data

Cp water = 75.4 J gmol! °C-1 (Table B.3, Appendix B) = 75.4 kJ kgmol! °C-1

Molecular weight of water (Table B.1, Appendix B) = 18.0

I keal = 4,187 x 10° J (Table A.7, Appendix A) = 4.187 kJ

(i) Boundary conditions

At tuQ, T To = 24°C

(v} Energy balance

The general unsteady-state energy-balance equation is Bq. (6.10). For a batch system, M M = () also W .
Energy is accumulated by the systern in the foxm of sensible heat only; therefore;

dE ar
MGy

where M is the mass of water in the tank and T is its temperature. Substituting these expressions into Eq. (6.10) gives:

MC, dT—-Q

()
‘There are two components to {: the rate of heating from the steam, and the rate of heat loss to the surrounding air:

0= Ur4,(T- T air) ~ Uz Az Tgream =~ 1)
This equation reflects the sign conventions outlined on pp 87-88: the term for the heat loss to the atmosphere is

positive to indicate heat removal from the system, while the term for heat input from the steam is negative.
Substituting into Ha. (6.10) gives:



74 Soltutions: Chapter 6

daT
MCps = UgAg Tyteam~T) — Up A1 (T~ Ty
ar Uy Ay Tsteam—T) = Ut A (T-Ty)

& MC,

As Ui, A1, U, A2, Tsieam. Tair, Cp and M are all constant, T and ¢ are the only variables in the differential equation.

Substituting the known parameter values:

dr _ 220kealm? b1 oC1 (0.3 m%) (130~ TP°C ~ 25 keal w2 b~} °C (0.9m?) (T~ 20y°C

S = 1 o=t |1 kgmol 1 keal
10001(3(75-4“1(81}102 °C t 18.0kg | |4.187TS

A7
Frl 9.026-0.088 T
where T has urits of °C and ¢ has units of h. Separating variables and integrating:

d}‘ v—
9.026-0.0887

ar
j 9.026--0.088T f @

Using integration rules {D.28) and (D.24) from Appendix D and combining the constants of integration:

-1 »
mh}(9.026m0.0887’) w p4 K

de

From the initial condition for T, at = O

-1

K= o8

in (9.0260.088 7))

Applying the numerical value of Ty = 24°C, K = ~21.97. Substituting this value for K into the equation gives:

-1

From this equation, for T=80°C,r=14.2h

“Answer, 142 h

(b)
If heat fosses can be neglected, { has only one component and Eq, (6.10) becomes:
' ar
MC, 3 = Uy Ay Tyeum—D

ar _ Uy Ay geam~ D

ds MCP
Substituting the known numerical values;
ar _ 220keatw2n! oot @3m? a30-1rC
dr w1 opei |1 kgmol| | 1keal
ZOOOkg('?S.ékagm{}l c i T8.0ks 'E4.187RJD
dr
Vi 8.576-0.066T

where T has units of °C and 1 has units of h. Separating variables and integrating:
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dar
8.576-0.066T

a7 "
J8.576w0.0662“' B f‘k

Using integration rules (10.28) and (D.24} from Appendix 12 and combining the constants of integratiom

= ¢

- miﬁ(SS?ﬁ ~0066T) = t+ K

From the initial condition for T, at t= 0

_K. 0066111(8576 0.0667)

Applying the numerical value of Ty = 24°C, K = -29.47. Substituting this value for K into the equation gives:

-1

O066En(85'?6 ~0.066T3+2947 = ¢

From this equation, for T = 80°C, ¢ = 11.4 h, Therefore, from {a), the time saved is (14.2- - 11.4) h'= 2.8 &, which
corresponds to 20% of the ime required when heat losses occur.

"""" Answer: 2.8 h, or 20% of the time required when heat losses occur
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Fluid Flow and Mixing

71
(a)

Rheology of fermentation broth

The rheogram is obtained by plotting shear stress against shear rate.

(b)

The rheogram in (a) is similar to those for pseudoplastic and Casson plastic flaids in Figure 7.7, 1t is not clear from
the rheogram whether the fluid exhibits a yield stress at y= 0 or not; therefore, both non-Newtonian models are worth
checking. From the equation in Figure 7.7 for pseudoplastic fluids, a plot of shear stress versus shear zate on log-log

Shear stress {dyn cm?)
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coordinates would be expected o give a straight line. This plot is shown below.
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The equation for the straight line in the log-log plot is 7= 11.43 ?0‘587. Therefore, the flow behaviour index n =
0.587 and the consistency index K = 11.43 dyn s cm2. The sum of squares of the residuals for this data fit is 1137

From the equation in Figure 7.7 for Casson plastic fluids, a plot of the square root of shear stress versus the square
root of shear rate on linear coordinates would be expected to give a straight line. This plot is shown below.

30 L) : 1 : T : L]
- . wl
E
Sl =
@.
g o . el
w
= 10 -
2
o) »
6 1 | N 1 % ] i
)] 10 20 30 40

VShearrate 53

The equation for the straight line in the plot is 722593 +0.648 ¥ From the equation in Figure 7.7, this means that
K, =0.648 dyﬂl"2 52 cm-! and the yield stress % = 35.2 dyn cm™2, The sum of squares of the residuals for this data
fit is 8986.

Comparison of the residuals from the two models suggests that the equation for a pseudoplastic finid is the better fit.
Answer: Psendoplastic fluid: = 0.587; K= 11.43 dyn s em2
© '

The apparent viscosity for a pseudoplastic fluid is given by Eq. (7.8) and can be calculated using the parameter values
determined in (b).

B

u = K = 1143090558 o2 (15 s_';)o.ss?mz = 3.7dynscm™2
Answer: 3.7 dyn s cm2 |
(ii)

#y = K7 = 11.43dyn %587 e 2 200 s ) 3 dynsom2

Answer: 1.3 dyn s em™2

7.2  Rheology of yeast suspensions
From Eq. (7.8), for pseudoplastic fluids, a plot of apparent viscosity versus shear rate on log-jog coordinates can be
expecied to give a straight line. Log-log plots for the different cell concentrations are shown below.
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Apparent viscosity (cP})

L ] T T

Celi concentration: 21%

10
Shoar rate (571}

100

The equations and parameter valaes for the straight Hnes in each plot are listed below,

Cell concentration (%) Equation Flow behaviour index, n Consistency index, X
(P sm-1y
L5 Hy=15¥"=15 1 L5
3 Hy=207°=2.0 1 2.0
6 | Hy =291 7000 0.95 2.9
10.5 p, = 5.38 0076 0.92 54
12 g2, = 50.1 7793 0.61 50
18 = 162 770307 0.69 160
21 | 1, =833 701 0.75 830
KX and n are plotted as a function of cell concentration below.
14 1 T 1 1 3 1000
. @ Flow behaviour index, n E
© Consistency, index, K ]
1.2 7 -
o - ém
§ [ = 104 %
£ L0k b X
- : o
2 3 u
5 ]
§ 08} o ?
g F 310 &
0.6 b " g
s o
0.4 L i i | 1
0 5 10 15 20 25
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The cell broth is Newtonian up to a cell concentration of about 2%, then becomes pseudoplastic. The flow behaviour
index continues to decrease until a cell concentration of about 12% is reached. The consistency index rises

throughout the culture with increasing cell concentration.

7.3 Impeller viscometer
(a)

If the rheology can be described using a power-law model, a plot of shear stress versus shear rate on log-log

- coordinates can be expected fo give a straight line, Values of shear stress and shear rate can be determined from

torque and stirrer speed data using Bqs (7.1 and (7.12) with k=102 and Dy =4 cm = 4 X 102 m. The results are
listed below anfi plotted below,

Stirrer speed (1) Torque (N m) Shear stress (N m™%) Shear rate (s°1)
0.185 357 x 106 0.0559 1.89
0.163 3.45 x 10°6 0.0540 1.66
0.126 331 x 10-6 0.0518 . 1.29
0.111 3.20x 106 0.0501 1.13
0.07
0.06 b A
% '_’__)/r‘_’—/.
S oosl i
oy .
g
8
2
5
= 004 )
g
Iy
i
0.03 1
1 1.5 2

Shear rate (s™1)

The equation for the straight line on the log-log plot is 7=0.049 5!0‘?‘0. From Eq. {7.7), this means that the flow
behaviour index # is 0.20 and the consistency index K is 0.049 N s m",

Answer: Yes: n=0.20; K = 0.049 N % m~2

(b)

- The impeller Reynolds number for psendoplastic floids is defined in Eq. (7.23). ¥ Re, at the highest stirrer speed is in

the laminar range, conditions at the other stirrer speeds are also laminar. Therefore, for Nj = 0.185 s*! and using the
unit conversion factor 1 N = 1 kg m 572 (Table A4, Appendix A):

4)2*0.20

2n 2
_NT'DIp (oasss

Re. (0.04 m)% 1000 kg m™
i 1 =
KR 000201 (o.ww §0-20 2

1kgms2
N

= 10.0

This value for Re; is at the upper HEmit of the laminar range (p 137); therefore, we can conclude that flow at this and
Yower stirrer speeds is laminar,

Answer: Flow is laminar,
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()

From Table 7.4, k = 39 for a helical-ribbon impeller. From Figure 7.25, flow with this type of impeller is laminar up
to about Re; = 103, These conditions allow use of higher stirrer speeds within the laminar region than is possible
using a turbine impeller. Solving for Nj from Eq. (7.23) and substituting values of 7 and X for the fluid from (a), the
maximum stirrer speed at Re; = 30 can be calculated as:

R K
i .

3

Dl p
wd
16% (300-20-1) (0.049 Ns020m2 lﬂ%’ﬁ—l)
N2-020 _ N _|
! (0.04m)2 1000 kg m ™
NE = 200618

Ni = 14851

Therefore, from Eq. (7.11), as ¥= 30 N, for a helical-ribbon impeller, shear rates up to 30 X 1.48 = 44 571 can be used.
This is a considerable improvement on the restricted range of up to about 1.9 5% as determined in (a) for the upper
limit of laminar flow with a Rushton turbiee impeller.

Answer: The shear rate range can be extended from 1.9 5°1 with a Rushton turbine impeller to 44 57! with a helical-
ribbon impelier,

7.4  Particle suspension and gas dispersion

The Zwietering equation is an equation in numerics {p 12); therefore, the parameter values used in the eguation must
have the units specified. Dy =10um =10 x106m: g =98 ms? (p 16); D; = 30 cm = 0.3 m; py, = density of water =
1000 kg m™>. The dynamic viscosity of water g at 20°C is about 1 ¢P (p 133); from Table A.9 (Appendix A), this is
the same as 1 = 10~3 kg m-! 1. Using the definition of kinematic viscosity from p 133

The density of the cells pyis 1.04 g em™. Converting to kg m:

100 cm
1m

Pp = 184 g -3,

31 1kg 3
‘!zooog = 1040 kgm

Substituting values in the correct units into the Zwietering equation:

* 1,02{8@= OV _oss o
. _ _ 100011045
N = 77(1076)> (10x 10‘6102(W) 0.3y083 40013 = 057571

This minimum stirrer speed for suspension of the cells can be compared with the minimum stirver speed for dispersion
of air bubbles. Taking the average minimum tip speed of 2,0 m s*! for bubble dispersion:

N o= tipspeed _ 2.0ms™!
1 D, T n{03m)

= 2,15}

The stirrer speed for air dispersion is 3.7 times higher than for cell suspension. As power in the tzrbulent regime is
proportioral to the stirrer speed cubed, about 50 times more power is required to disperse the air bubbles than to keep
the ceils in suspension.

Answer: Bubble dispersion requires significantly more power than cell suspension.
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7.5  Scale-up of mixing system

(@)

The Reynolds number for a Newtonian ffuid in a stirred vessel is defined in Eq. (7.2). Using this equation to evaluate
the raximum viscosity 4 under turbulent conditions with the density of water p = 1000 kg m™>;

. -1 {lmin 2 im P w3
2 800 l 5 omy© . et 1 1000 kg
4= IR 1 P _ { 60s . 100em = 33% 1073 kgm“"}‘ &1
4 10

From Table A.9 (Appendix A}, T kg m-} 51 = 103 ¢p; therefore:

3
4=33x103kgm s m’-?-f;f__ =33cP
Tkgm™ s
Ansgwer: 3.3 cP
(b}
The tip speed in the laboratory equipment is:
1 min

TIPSpeeﬁ = ?ENinz = ?t(BOOmin'I I““é“é*;*

[T

In the large-scale vessel, Dj = 15 X 5 em =75 cm. If the tip speed is kept the same after scale-up:

. —1
N = tip speed - 21mys = 0895~

Dy Im

Using this value of ¥; to calculate the maximum viscosity as in (a):

7)
2 ~1 2 | lm -3
N Di p 0.895 ((75(::]1} '|1!}(}cm 1000 kg m o
= = - - = 0.05kgm™ s
Re; 10t _
Converting to cP:
3
4= 005kgmt s, % = 50¢P
Tkgm™s™

Answer: Scale-up increases the maximam viscosity for turbulent conditions to 50 ¢P.

7.6  Effect of viscosity on power requirements

(a)

Di=1m p=1gom3=1000kgm3,

)

The viscosity of water at 20°C is about 1 ¢P {p 133); from Table A.9 (Appendix A), this is the same as 10°3 kg m!
sl Substituting parameter values into Eq. (7.2):

N.D?p (%min‘l. Eﬁ-‘il}(xm)z 1000 kg m™>
Rej = —— = 60s = 1.5% 108
' “ 1073 kg m-t gt

From Figure 7.24 for a Rushion turbine, this value of Re; corresponds to turbulent flow and N;, can be taken as 5.8,

The power reguired is evaluated using Eq. (7.20)

4 H 3
P = NopN D} = 58(10@0@0@31”%(9011&11‘2 i%g‘iD (m?® = 1.96x 104 kgm? s~*
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From Table A.8 (Appendix A), 1 W = 1 kg m? s-3; therefore:
P=196x104W = 19.6kW
Ansgwer, 196 kW

(i)
For a viscosity of 100 x 103 kg misl=01kg mlsl, Re; is:

N.D?p {%min"‘. MD(im)z 1000kgm™
Rey = —tme = 80s = 1.5x 10
ok 0.1kgm™i g

. From Figure 7.24 for a Rushton turbine, this value of Re; is still within the turbulent regime so that N;, is-again 5.8.

Therefore, the power required is the same as that calculated in (f): P = 19.6 kW.
Answer: 19.6 kW

(i)
For a viscosity of 104 X 103 kgl sl = 10 kg m! 57, Re; is:

1 |1 mi -
i N,D2p ) (%mm l.lﬁ‘?’“"g-oam)z 1000kgm™

] i = 150
H kg mig!

Rei

-From Figure.7.24 for a Rushton turbine, this value of Re; is within the transition regime. Np read from Figure 724 is.

about 3.5. The power required is evaluated using Eq. (7.18):

1min
60s

3
P=NppN D = 3.5(1000kgm‘3)(90mn_2 I D (Im) = 1.18x10%kgm? s~

From Table A.8 (Appendix A), 1 W = 1 kg m? §-3; therefore:
P LIBX104W = 11.8kW
Answer: 11.8 kW

®) ,
From Figure 7.24 for a Rushton turbine, turbulence with Np = 5.8 is achieved at a minimum Reynolds number of
about 10%. For a viscosity of 1000 x 103 kg ml sl = 1 kg m-! &1, the stirrer speed required can be determined from
Eq. (7.2):

N = Repn 10*{1 kgm™! 57 -

= = = 10571
' pfp  am?1000kgm

Using this result in Bq. (7.20)
, 3
P = NppN: D} = 58(1000kgm~3) (1051} (1 m)® = 5.80x 105 kg m? 52
From Table A.8 (Appendix A), I W =1 kg m? s-7; therefore:
P o= 580x100W = 5.80 x 103 kW

Answer 5.80 x 103 kW
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7.7  Electrical power required for mixing
Di =7 cm = 0.07 m; p = 1000 kg m~>. The viscosity of water at 20°C is about 1 cP (p 133); from Table A9
{(Appendix A), this is the same as 10-3 kg m'1 51, Substituting parameter values into Eq. (7.2):

2 i lming 2 3
Re. R N.D{p _ (900:mn '_M6Os ©.07my 1000kgm 410t
! H 107 kgm 57 ‘

_ From Figure 7.24 for a Rushton turbine, this value of Rej corresponds to turbuient flow and N;, can be taken as 5.8,
The power required is evaluated using ¥q. {7.20):

’ 3 3
P=NopN DY =58 (1000kgm“3)(900min”1. %;‘!%D ©.07m) = 329kgm?s™

From Table A.8 (Appendix A), 1 W = 1 kg m? s73; therefore:
P =329W

This value is considerably lower that the electrical power consumed by the stirrer motor, Much of the remainder of
the electrical power is converted into heat within the motor housing,

Answer: 32.9 W a significant fraction of the electrical power is dissipated as heat within the- motor housing -

7.8  Mixing time with aeration
D; =0.67 m; p = density of water = 1000 kg m™3. From Table A.9 (Appendix A), 1 ¢P = 103 kg m'! s°1; therefore, u
=4 cP=4x 103 kgm! s°1. For a cylindrical tank of diameter Dy = 2 m and height H= 2 m, the volume V is

2 2
V= n(%l) H= n(ig‘w) 2m = 6.28m°

(@

If the maxitaum specific power consumption is 1.5 kW m3, the maximum power P is:
P =(1skwm?)6.28m® = 9.02kW
From Table A.8 (Appendix A), | W=1 kg m? s°3; therefore 1 kW = 1000 kg m? 573, Converting P to kg m? 5°3;

1000 kg m? 5=

. 3,2 -3
o = 942x10° kg m?s

P o= 942kW = 942 kW.I

Assume for now that the fluid flow is turbulent and N;, = §.8. The stirrer speed can be evaluated using Eq. (7.20)%

M P 942x 10° kgm?s=>
H

e > 5 = 12.0573
NppD;  58(1000kg m3) (0.67 m)

Nj = 22951 = 137 pm

Check that this stirrer speed provides turbulent mixing conditions by evaluating the Reynolds number. Re; for
Newtonian fluids in a stirred vessel is defined in Eq. (7.2):

2
_NDip (22951 (0.67m)? 1000 kg m™3

= 2.6%x10°
K 4x1073 kg m-tgl

Re;

From Figure 7.24 for a Rushton turbine, this value of Re; is well into the turbulent regime; therefore the value for N;,
assumed above is valid.

For high Re;, the mixing time can be calculated using Eq. (7.16):
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L o154y 1s4(s28m’)
o = =

3 3 = 14s
_________ Dp}N,  (067Tm) 2295

Answer: The maximum allowable stirrer speed is 2.29 st or 137 rpm; the mixing time is 14 5.

{b)
The ungassed power number was 5.8; therefore, the power number with gassing (Np)g = 0.5 x 5.8 =2.9. The stitrer
speed which delivers the maximum power P=9.42 x 10° kg m? 573 can be evaluated using Bq. (7.18):

e P 9.42x 10° kg m? s~
S =

-3
= = .15
(Np)ngis 2.9{1000kg m™} (0.67my’

N; = 28951 = 173 1pm
......... The mixing time evaluated using Eq. (7.16) is:

_154v _ 154{628m’)

= ils
DiN,  ©67m)’ 28957

m

Answer: The maximum allowable stirrer speed is 2.89 571 or 173 rpm; the mixing time is 11 s.
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Heat Transfer

8.1 Rate of conduction

®

B =15 cmow 015 m; AT = (100 —80) = 620°C, which is equal 10 620 K as temperature differences are the same on the
Celsius and Kelvin scales (p 18). The rate of heat conduction can be calculated using Eq. (8.10%

(0.3 Wl K"Z) 1.5m?

5i%m {620K) = 1860W = 1.B6kW

~ kA

Q = -5 AT =
Answer: 1.86 kW
(b}

. In this case there are two thermal resistances in series. Their magnitudes are calculated using Eq. (8.15). For the
" firebrick:

By 0.15m 1
Ry = —tom : = 033K W~
14 {oawm k! 15m2
For the asbestos, B = 4 cm = 0.04 m, so that:
B
Ry = 004m = 027K W

T B4 [oiwo k) 1sm?

. ‘Therefore, the total wall resistance Ry =R; + Ry = (0.33 + 0.27) K W1 = 0.60 K W-i, For thermal resistances in
series, the rate of heat conduction is calculated using Eq. (8.14):

p=Al 620K 033w = 1.03kW

" Rw  os0KW!
Answer: 1.03 kW

8.2  Overall heat-transfer coefficient
The overall heat-transfer coefficient is calculated using Eq. (8.24) with g, =830 Wm 2 KL hp = 1.2kWm2 K1 B
=6mm=0006m, k=19 Wl KL b =17kWm2K1and he=0.

it _ 1,1 B 1 1

T Ry hy K R g
1 1 . i o, 0006m 1 o
- 22 =1 : T - _
V' sowm K 1.2ka-2K'"]—__1??WW 9Wm™' K 1.7ka”2K”1.‘1?10W?V

:2; = 294x 103 Wm2K
U =340 W nr? K1

Answer: 340 W m 4 K-1
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8.3  Effect of cooling-coil length on: coolant requirements
%{ie steady-state cnergy-balance equation for the cooling-coil is Eq. (8.32):

G = M, Cpo(Too~Tg) = (05kgs 418 kgl ocl (15-8yC = 146157
Answer: 146 KT 5°1

(b)
‘The mean temperature difference betweea the fermentation fluid and the cooling water is calculated from Eq. (8.35):

2 Ty (Tci + Tc{,) _ {2x3srC-8+15)°C
. -

ATy = . = 23.5°C
Answer: 23.5°C
(c)
U A is evaluated using Eq. (8.19) with AT' = AT
va =2 o MSHST oyt
T ATy T 235¢C

Answer: 0.62 kI 571 oC?
Gy

UA = 1504 = 1.5x062K s oct = 093171 o
Answer: 0.93 ki s71 °oC-1

(e) :
Applying Eq. (8.19) to determine AT = AT for the new ¢oil:

g _  146ksl

ATA e -
UA  go3i05mtoc]

= 18.7°C

The new cooling water outlet temperature T, is determined using Eq, (8.35):
Top = 2{TR—-ATA)-Tg = 2(35-15.7°C-8°C = 30.6°C
Answer: 30.6°C

®
From Eq. (8.32), for the new coil with {J = 14.6kJ 5™, Ty = 8°C and Te = 30.6°C:

-

_— ) _ 14.6ky 57t
Coc{Too=Tei)  418k7kg T oc 1 (30.6-8FC

= §,15kg st

¢ =

- Therefore, instaflation of the new coil allows a 70% reduction in cooling-water requirements;

Answer. T0%

8.4  Calculation of heat-transfer area in fermenter design

Ni=801pm = 806y = 1.33 5°L. C,, culture fluid = 4.2 kT kgt °C1 = 4.2 x 103 T k! °C-L. Cp = C, water = 75.47
gmol-1 °C-1 (Table B.3, Appendix B) = 75.4 kJ kgmol'l °C-1, Converting Cp¢ to a mass basis using the molecular
weight of water = 18.0 (Table B.1, Appendix B):

Cpo = 75.4KT kgmol™ °C1 = 75.4k7 kgmor L oc~1 | LEEBOL o 4 164y o1 o1

1 18.0kg

#p =103 N's m%; from Table A.9 (Appendix A), I N sm? = 1 kg m! s°}; therefore up = 103 kg m? 571, kgyy = 0.6
W m! °C-1; from Table A.8 (Appendix A), 1 W= 1 Js-1; therefore k 1, = 0.6 J &1 ! °CL. B= 6 mm = 0.006 m,
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From p 97, as the heat of reaction for an exothermic reaction is negative, aﬁmmWZS”OO kW, From the modified
energy-balance equation, Eq. (8.33), when evaporation and shaft work can be neglected, O =-AH,,, = 2500 kW = 2.5
% 10% W, According to the sign conventions on pp 8889, (J positive is consistent with heat being removed from the
system. From Table A.8 (Appendix A), 1 W=1Ts"L; therefore § = 2.5 x 106 1 5-1 = 2500 kV s°1,

(a)

The fermenter-side heat-transfer coefficient can be evaluated using the empirical correlation, Eq. (8.45). The
dimensionless numbers in this equation are Re;, Prand Nu. Re; is given by Eq. (8.39):

2
_NiDip 133571 17m? 10°kgm3

! Hy 10 kgm™! 5!

= 3.84 % 10°

Pris given by Eq. (8.40):

b Got _ 42x10° kg oc (108 kgt s7t)
r = = w7,
kb 0675 mtoc!

From Eq. (8.45):
062, 033[ B\ 6082 .. .0.33 ,,0.14 4
Nu = 0.87 R prO (m) = 0.87(3.84x 108 (1.0%33 (1014 = 2 9% 10

From: the definition of Nu in Eq. (8.37):

Nukg, 2.0x10M06wmloct
- Dﬁ’m (Sm - )m2.4x103Wm*2°c*’

Therefore, as the fermenter fluid is the hot fluid, ky = 2.4 x 103 Wm2°C-1,
Answer: 2.4 x 103 Wm-2 oC-1

(b}
The overall heat-transfer coefficient in the absence of fouling layers can be cafculated using Eq. (8.23). Assuming
that the heat-transfer coefficient for the cooling water . can be neglected (p 183):

L w§w+£ = 1 + 0.006m = 7.17x 1074 Wl m2eC

U™ hy k7 gaxi0®wm2ec! 2owmleg !

U =140x103 Wmr2°C] = 1.40 kW m2oC'1

From Egs (8.21) and (8.22), the heat-transfer resistance due to the pipe wall is ij; A from Bq. (8.20), the total
resistance to heat transfer is 1/17 o. Therefore, the proportion of the fotal resistance due to the pipe wall-is: -

Bpa BU _ 0006m(140x 103 wmZoc!)

= oe— = (.42

Answer: 1.40 kW m? °C-L. The pipe wall contributes 42% of the total resistance 10 heat teansfer.

{c) '
- The energy-balance equation for the cooling water, Eq. (8.32), relates the cooling water flow rate, the inlet and outlet
temperatures and the rate of heat transfer. From this equation, an expression for the outlet cooling-water temperature

s

0 2500 k7 s~
Tm“ﬁ:&m'{'rm“m Ih 3 R +IO°C
o e - 5e55 (419K kg™ oY)
)
To = ZBX107 1o

M,
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where T has units of °C and ﬁc has units of kg h"l. An expression for the mean temperature difference between the
fermentation fluid and the cooling water can be determined from Eg. (8.35)

2 T~ (Tei + Too) ) (2%30)°C~ (10 + ToI'C _ 60°C-10°C- Ty 25_%2

ATy = 3 ) 2 3
where AT s and Tpo have units of °C. Substituting this expression info Eq. (8.19) for evaluatior of 4 with AT = AT
and the value of I/ from (b}): )
......... A= UAQT - 2500kW — I.Sx:}ﬁ
A 140kWm2oc] (25 - 25~ -2

.. where A has units of m? and Tgo has units of °C. The above equations for Too and 4 allow evaluation of these
. parameters as a function of M. The results for several values of M, between 1.2 X 109 kghtand 2x 106 kghl are

listed and plotted below.
M (kghl) Teo (°C) A@m?)
1.2x 105 279 163
2.0%x 105 20.8 123
3.0 10° 17.2 110
4.0% 105 15.4 104
2.0x 107 12.7 97
1.0x 106 122 95
2.0% 108 111 93
. 30 ¥ t T 200
4 ® Tomperaturo
2 - O Area
I--. —
- (84
g £
£ 204 4 150 <
g o
£ i %
......... § . ‘g
@O o
£ 10} - 3 100 5
£ © 5
§ I
%
........ § 0 F £ [ so
0 5 10 15 20
Cooling-water flow rate, My x 105 (kg h-1)

(d) '
_____ : - From the equations developed in (¢}, at a cooling-water flow rate of 5 x 105 kg b}, Ty = 143°C and 4 = 101 w2,

The area 4 of a cylindrical cooling-coil is equal to 2 n r L, where r is the cylinder radius and L is its length. For a
radiug of 5 cm = 0.05 m;

........ L _ A - 101 mZ
T 3Ry 2n{0.05m)

= 321 m

Answer: 321 m. This is a long cooling-coil, representing a considerable expense when fabricated from stainless steel.
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8.5  Effect of fouling on heat-transfer resistance

(a)

Cpe =Cp water = 75.4 1 gmol'1 °C'! (Table B.3, Appendix B) = 75.4 kJ kgmol~! °C~1. Converting to mass terms
using the molecular weight of water = 18.0 (Table B.1, Appendix B):

= 75.4kTkgmol 1 °C = 75 4 kT kgmor? oc™! | LXERON . 4 495 i1 o

1 18.0kg
From Eq. (8.32), the rate of heat removal 1o the cooling water before cleaning is:

Cpe

0 = M, Cpo{Tuo-Toi) = 20kgs {4.19k7kg™ 1) (28~ 12)°C = 1340.8K) 57!

The mean temperature difference between the fermentation fluid and the cocling water can be caloulated from Eq.

(8.35):

2 T~ (T + Too)
2

The area A of the cylindrical cooling-coil is equal to 2 7t r L, where ris the cylinder radius and L is its length, Forr=
Scm=006mand =150 m;

(2x37PC-{12+28PC
. 3 -

ATy = 17°C

A = 27 (0.06 m) (150 m) = 56.5m?
Evaluating the overall heat-transfer coefficient U frora Eq. (8.19) with A7 =AT's:

_ 0 _ 13a0sks™
AATA  {s65m2 17°C

U = 140K s~ m2 o]

Answer: 1.40kJ 571 mar? °C-1

(b}
If the fermentation temperature is maintained the same after cleaning the cooling-coil, the rates of heat removal
before and after cleaning must be equal. The new outlet cooling-water temperature can be calculated from Eqg, (8.32):

-1
.2 . 1340.8K] s

T = - +12°C = 36.6°C
© T M, Cp © 13kgs [419kTkg™ oC7)

Answer: 36.6°C

(©)
-The mean temperature difference between the fermentation fluid and the cooling water after cleaning is determined
from Eg. (8.35):

2 T (T + T | 2x37PC {12 +36.6°C

3 3 = 12.7°C

ATA ko

The heat-transfer area is the same as before cleaning: A = 56.5 m?2, Evaluating ¥/ from Eq. (8.19) with AT = AT4:
ve. 0 13408k

AAT,  [s6sm?12.7°C

The overall heat-transfer resistance is given by Eq. {8.20):

RTW_JM: 1 = 9.46x 1073 k11 goC

VA 18705 Tm2oc{s6.5m%)

= 1875 T m2eoct

This is the heat-transfer resistance after cleaning the cooling coil. The resistance before cleaning is calculated from
Eq. (8.20) using the value of [ from fa);

Ry = - = ! = 126x 1072kt s °C

UA ™ 1400057 m 2 oc1{56.5m)
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The resistance due to the fouling deposits is equal to the difference between these two overall resistances = (1.26 X
102 -9.46 x 103 = 3.14 x 10-3 kJ*1 5 °C. Therefore, fouling contributes:

3.14x 1023wl soC
126 x 1072 x5! soC

= (.25

of the total resistance before cleaning.

Answer. 0,25

8.6  Pre-heating of nutrient medium
Cph = Cpe = Cp water =754 gmol*! °C- (Table B.3, Appendix B) = 75.4 ki kgmol'! °C'1. Converting to mass

.. terms using the molecular weight of water = 18.6.(Table B.1, Appendix B):

1 kgmol
18.0kg

pmedium = p water = 1000 kg m™3. The viscosity: of water at 20°C is about 1 cP {p 133); from Table A.9 (Appendix
A), this is the same as 10°3 kg ml ¢1; therefore, 4 medium = g water = 10-3 kg ml gl kg, medium = .54 W m!
°C-1; from Table A.8 (Appendix A), this is the same as 0.54 J 5'L ol °C-1; therefore, kﬁ, medium = (.54 x 103 kJ
sl °oC-1 From Table 8.1, kg, water at 303 K= 0.62 Wl °C-1; from Table A:8-(Appendix A), this is the same
as 0.62 T s m™} °C-1; therefore, ke, water = 0.62x 103 kJ 571 rl oc-1, From Eq. {2.24), 303 K = approx. 30°C,

= 4.15K) kg'* oc-l

Cob = Cpe = T54kIkgmol ! °C™! = 75.4 kT kgmor ™ °C™1.

. which is close enough fo the conditions in the heat exchanger for evaluation of thermal conductivity. & pi waii s 50

W m-t °C-1; from Table A.8 (Appendix A), this is the same as 50 J s"1 or'} °C-1; therefore, k= 50 x 103 kJ s*! ol
°C-l. B=3mm =0.005m.

(a)
- From the definition of density (p-16), the mass flow rate of the medium is equal to the volumetric flow rate multiplied
by the density:
T 34~ LBy j_1h =
M, = som’ it {1000kgm™3). saios| = 139kes

The steady-state energy-balance equation for medium in the tubes of the heat exchanger is Eq. {8.32); therefore:
0 = Mo Cpo (Too—Tei) = 139kgs™ (41917 kg™ °C1) 28~ 10)°C = 1048.3k7 571
Answer: 1048.3kJ 571

(b)

The heat-transfer coefficient for the medium in the tubes of the heat exchanger car be calculated using the empirical
correlation, Eq. (8.42). The parameters in this equation are Re, Pr and Nu. Re is given by Eq. (8.38). The lincar
velocity of the fluid & is equal to the volumetric flow rate per tube divided by the cross-sectional area of the tube. The

- cross-sectional area of a cylindrical tube = 7 r* where ris the tube radius = 2.5 cm = 0.025 m. Therefore:

1h
. volumetricflow rate 3600

numberof tubes (12} (30) 7 (0.025 m)?

50m3 ! I ;
| = 0236ms™!

- Substituting parateeter values into Eq. (8.38) with the tube diameter D=5cm=005m:

Dup _ 005m{0236ms™) 1000 kg m™?

= 1.18x 10%
Hy 103 kgm st

Re =

This value of Re is within the range of validity of Eq. (8.42). Pris given by Eq. (8.40): -

o= Cotb _ a1900kg™ o (100 kg ml 57 -
ko 0.54x 102 kI 5™ T o

This value of Pris also within the range of validity of Eq. (8.42). From Eg. (8.42):
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Nu = 0.023 RO P04 = 0.023(1.18x 10972 7.8%4 = 946
From the defirition of Mu in Eq. (8.37):

_ Nukg,  94.6(054x 103 k357wl ocl)
=7 n 0.05m

As the medium in the tubes is the cold fluid in this heat exchange system, ko= LO2 K sl m2°C-1

= 102K 5" m2 o

The heat-transfer coefficient for the water flowing in the shell of the heat exchanger can be calculated using the
empirical correlation, Eq. (R.44). The parameters in this equation are C, Repay, Prand Nu, As the tubes of the heat
exchanger are arranged in line, from p 183, C = 0.26. Remyy is given by Eq. (8.38) with D egual to the outer tube
- diameter determined as the sum of the inner tube diameter and the pipe wall thicknesses: D=0.05m + 2x 0005 m=
6.06 m. Substituting parameter values into Eq. (8.38):

_Dup _ 006m(0.15m5!) 1000 kg ™3

3
- = 9.00x10
max Hy 10~3 kg mig!

Re

As this value is > 6 X 10°, Remay is within the range of validity of Eq. (8.44). Pr for the shell-side water is given by
Eq. (8.40) :
Gty _ 4190 kg7 o (10 kg 571)

Pr= = 6.8
key 0.62x 1072 xy s~ 1 ol

Therefore, from Eq. (8.44):
0.
Nu = CREZS P33 = 0.26(9.00x 10%)°° (68033 = 115
From the definition of Nu in Eq. (8.37) with D the outside tube diameter:

Nukg, 115 ({}462x 103 s m! °c*1]
Y R 6.06m

As water is the hot fluid in this heat exchange system, Ay = L19kI st m2 °C-1,

A = 11915 m2ect

Answer he= 1.2 KT s i m2°C-h =119k vl m? oCt
(e}
The overall heat-transfer coefficient without fouling factors is calculated using Eq. (8.23):
1_1.B 1 _ 1 . 0.005m 1
Uk ko ke 1005 m?ecl sox10” st mloc? Lok s mm2 g
I
u

= 192k s m2eC
U 052k g1 o2 ol
Answer: 052 k) s m2 ot

(d)
The outlet temperature of the water from the shell is determined from Eq. (8.31):

o

1048.3k7s™
4; -1 ] 1h wl agen]
3x10%kgh ‘!““““%oos {419k kgt oc™1)

Tho = T — = 60°C — = 30°C

g

The fluid flow directions and the inlet and outlet temperatures for a single-pass countercurrent shell-and-tube heat
exchanger are represented graphicaily below,
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Thi = 60°C

Toj = 10°C s / / e Too = 28°C
/ Heat exchanger '

Tho = 30°C

The temperature differences at the two ends of the exchanger are ATt = (30 - 10) = 20°C and AT, = {60 28) =32°C.
Substituting these values into Eq. (8.34) for the log-mean temperatare difference:

Al -ATy  (32-20)°C

Al = e = 23.5°C
L™ (ATyar)  W(320)
Answer: 25.5°C
(e} _
The heat-transfer area is determined from Eq, (8.19) with AT = ATy
P e}
4= 0 . 1048.3kJ s - 79m2

UAR, ~ o525~ m2oCL (25.5°C)

Answer: 79 m?

{
The total area A of the tubes in a shall-and-tube heat exchanger is equal to 2 % r L N, where r is the tube radius, L is

the length of the fubes and N is the number of tubes. For r=2.5 cm =0.025 m and N = 3(:

A 19mt
T2rrN T 2m(0.025m) 30

L = 16.8m

From these results, L/p = 16-8/g o5 = 336, where D is the tube diameter. As this value is > 60, application of Eq.
(8.42) used 10 determine the tube-side heat-transfer coefficient is valid. ' .

Answer 168 m

8.7  Suitability of an existing cooling-coil
N =50 tpm = 30/60 = 0.83 571, Cpn = Cpe = €, water = 75.4 J gmol-! °C-1 (Table B.3, Appendix B) = 75.4 kJ
kgmol-! °C-1. Converting to mass terms using the molecular weight of water = 18.0 (Table B.1, Appendix B):

1 kgmol
18.0kg

kgy, fermentation fluid = kyp, water. From Table 8.1, kgp, water at 303 K = 0.62 W nr! °C-1; from Table A.8 (Appendix
A), this is the same as 0.62 T 5! st °C1; therefore, kg, = 0.62 x 103 k7 51 m-! °C1. From Eq. (2.24), 303 K =
approx. 30°C, which is close enongh to the conditions ir the fermentation system for evaluation of thermal
conductivity. p fermentation fluid = p water = 10° kg m°3. g fermentation fluid = u water. The viscosity of water at
20°C is about 1 cP (p 133); from Table A.9 (Appendix A), this is the same as 103 kg 'l s"1. Assume that this value
applies under the conditions in this systern, and that the fluid viscosity at the wall p, is equal to the bulk viscosity 1.

Cp = Cpe = 754k kgmol™L °Ct = 754 kT kgmol! oc1 .

= 4.19k kgL oCt

The fermenter-side heat-iransfer coefficient can be evaluated using the empirical correlation, Eq. (8.45), The
dimensionless numbers in this equation are Re;, Pr and Nu. Re is given by Eq. (8.39):
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2
NDlp omstam?iodkgm™

Re; = - = 8.3 10°
! Hp 10”3 kg m““2 -1
Pris given by Faq. (8.40):
C . k}-k "-E [+ 3. ""‘3 "'1 —Z
o, _ ot _ 41917k cH{103kgm s)ms.s

kiy 0.62x 103 75 I m1ec]
From Eq. (8.45):

0.14
Nu = 0.87Re062 p/0.33 (%) = 087(83x 105" 6803 10 = 77x10°

From the definition of Nu in BEq. (8.37) with D = the tank diameter = 3 m:

Nukg, 77x10° (0.62>< 10735 ! °c:—*)

- S R P
B i = 1.39kIs™ m™“°C

h

Therefore, as the fermentation fluid is the hot fluid, Ay &= 1.59 k¥ 5"} m~2 °C-1, The overall heat-transfer coefficient in
- the absence of fouling lavers is caleulated-using Eq. (8.23). . Assumiing that the heat-transfer coefficient for the cooling
water &, and the tebe wall resistance Blk can be neglected (p 185), from Hq. (8.23), U=hp = 1.59 k¥ sl g2 oc-1,

To maintain the fermentation temperature constant, the cooling-coil must be capable of removing heat from the

- fermenter at-the rate at which it is produced. From p-100, the beat of reaction for aerobic cultures is 460 kJ per- graol

ox;gen consumed, Therefore, i the maximum oxygen demand = 90 gmol m~ bl and the fermenter volume = 20
m-.

1h

o ~1
7t 230kF s

A = -460kT gmol™ {90 gmot ™3 h~1}{20 7).

From the modified energy-balance equation, Eq. (8.33), when evaporation and shaft work can be neglected,
émmﬁm =230 kJ s}, According to the sign conventions on pp 88-89, O positive is consistent with heat being
- remaved from the system. From the definition of density (p 16), the mass flow rate of the cooling water is equal to
the volumetric flow rate multiplied by the density:

e

= 3l (13 o3y 110 | o
#, = 20w b {103 kg m ).!36005 = 5.56kgs

From Eq. (8.32), the outlet cooling-water temperature is:

. vl
Ty = 230K s —+12°C = 21.9°C
¢ Cpe 5.56kgs™ {4.19k7 kg™ °c)

Too =

The mean temperature difference between the fermentation fluid and the cooling water can be determined from Eq.
(8.35):

2T~ (T+ Too) (2% 28FC-(12421.9FC
3 - 2

Substituting the results into Eq. (8.19) for evaluation of A with AT = ATy

g 230kJ 57!

" = = 13m?
UAT, 15915~ im~2ec! (11.1°0)

A

The area A of a cylindrical cooling-coil is equal to 2 ® r L, where r is the cylinder radius and L s its length. Forr e
1545 =375 cm = 0.0375 m:

. A _ 13m*
2R7 . 2R Q.0375m)

L 55m
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As the required length of cooling-coil is considerably longer than the 45 m available in the offered fermenter, the
second-hand fermenter without modification is unsuitable for the proposed culture.

Answer: No

8.8  Optimum stirring speed for removal of heat from viscous broth

p = 10,000 cP. Prom Table A.9 (Appendix A), 1 cP = 103 kg wr! 571 thersfore, 1, = 10,000 x 103 kgmi 51 = 10
kgml sl ky =2 Wml °C-L From Table A.8 (Appendix A), this is the same as 2 J sl m"! °C-1; therefore, kg, =
27s mloC=2x103 s imioClL

(a), (b) and (c) _
The fermenter-side heat-transfer coefficient can be evaluated using the empirical correlation, Fq. {(8.45). The

. dimensioniess numbers in this equation are Re;, Pr and Nu. The dependence of Rej on stirrer speed is given by Eq.

{8.39)

2 _
re o MDLP _ N, (0.78m)? 10° kg m™> e 08N,
’ Hp 10kgm™ 5! '

where N has units s1. Pr is given by Eq. (8.40):

oo Cpth 2K kg7 e (10xgm157Y) ot
you [ -
ke 2x 1073 kI s gl

. From Eq. (8.45), assuming that the viscosity at the wall is equal to the viscosity of the bulk fluid:

0.14
Nu = 0.87 Re?'sz Pr9-33(£%'vi) = 0.87(60.8 Ni)0.62(104)9‘33(}){}.14 = 732 N?.sz

From the definition of Nu in Eq. (8.37) with D = the tank diameter = 2.3 m:

62 -3 ]l i 1
Nukg, 232”? (2x 1077kTs™ m™ °C ) 62
— = - A w1 w2 el
A= 5= o = Q20N"""kIsT m e °C

Therefore, as the fermentation broth is the hot fluid:
hy = 020N 62357 g2 oc!

Assuming that the heat-transfer coefficient for the cooling water A and the tube wall resistance B.fk can be neglected
(p 185), from Eq. (8.23):

U= hy = 020N 25T m2oc
Substituting the known parameters into Bq. (8.19) with AT = AT's = 20°C:
0 = UAATy = 020N 215t m2oc (14 m?) 20°C = 56.0n0 821y s7!

The power dissipated from the stirrer, ﬁfs, is equal to the power P calculated using Eq. (7.18). In this system, the
value of Np with gassing (Npp) is 40% lower or 0.6 x the value of Np read from Figure 7.24. Therefore:

W, = P = Npg pN° D) = 06Np(10°kgm )N 078 m)° = 173 Np W) kgm?s™>

where the valte of Np depends on Rej, and N has units of s*1. From Table A.8 (Appendix A), 1 Js'! = 1 kgm?2 ¢°3;
therefore, 1 k¥ s'1 = 107 kg m? 53 and:

Tirs™!

s L LR

W, = 1713Np N} kgm?s3 .

From the modified steady-state energy-balance equation, Eq. (8.33), assuming evaporation is negligible:
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8 = Ao+ W,
Therefore:
Ay = 0~ W, = (56080173 Np M) 1571

Values of 0, ﬁ}s and —-Aﬁm calculated using the equations derived above are listed below as a function of Nj.
Values of Np as a function of Re; were obtained from the original reference (J.H. Rushton, EW. Costich and H.T.
Everett, 1950, Power characteristics of rmixing impellers. Chem. Eng. Prog. 46, 467-476) for more accurate
interpolation of the power curve in Figure 7.24,

Ny Re; 0 ish Np W, &rsh ~AH gy kI 571
0.5 304 364 4.5 016 36.3
0.8 48.6 48.8 4.1 .34 484
1.0 60.8 56.0 4.0 (.69 553
z0 122 £6.1 3.7 512 809
3.0 182 i1l 3.7 17.3 934
4.0 243 132 3.6 : 380 92.4
50 304 152 3.6 719 74.0
6.0 365 170 38 142 28.1
70 426 187 3.8 225 -38
8.0 486 203 4.0 354 ~1581
10.0 608 233 40 692 —459

The values of (0, W, and ~AH,,, are plotted as a function of Nj below.

w 1000

=
[§ W

T E

. _
$ o 100}
$£5

e € ¢

o
‘g c E ey
B2 chop

g2

g & s

55 8
g §£t 1

Q3
g g
& & v P T | A & i L L PR |

0.1
0.4 1 5 10
Stirrer spaed, A; (1)

G
The rate of removal of metabolic heat (the —AH,,,, component of 0) reaches a maximum at around N; = 3 574,

Answer: About 3 571

{e} '

From p 100, the heat of reaction for aerobic cultures is -460 kJ per gmol oxygen conswumned. Therefore, if the rate of
oxygen ccns?mpzion per g cells is 6 mmol gl bl = 6 x 10°3 gmol g1 !, when the stirrer speed is 3 57! and AH,,
=-834kjs:
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—934KkTs™!

3 1,1 ] 1h
6x 10 gmolg " h 15%50°5

Biomass = = 122x10°g

! (460 k7 gmol™1)

~ The cell concentration is equal to the biomass divided by the fermenter volume:

5
Cell concentration = mi—%»zmx—}-g—gw m 1228 1
10001
1003 —
......... {m

Answer: 122 g I

® '
From the graph, as the stirrer speed is raised, the overall heat-transfer coefficient increases as heat transfer through the
boundary layer in the fermentation broth is improved. Therefore, the rate at which heat can be removed from the
..... _ system () is increased. ‘However, the rate at which heat is dissipated by the stirrer W also increases with stirrer
© . speed. ‘When the curves for  and W intersect, the entire heat-transfer capacity of the fermenter cooling system is
being used just to remove the heat fram stirring; the system in unable to remove any of the heat generated from
reaction. Accordingly, at high stirver speeds, the system has limited capacity to handle exothermic reactions.
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Mass Transfer

9.1  Rate-controlling processes in fermentation
Converting the units of the maximum specific oxygen upiake rate using the molecular weight of oxygen = 32.0 (Table
B.1, Appendix B} :

320g] | 1h
1gmol|’|3600s

1 gmol

" P SRS S |
1000 mmeol =44ax107ggs

go = Smmoig't nt |

At a cell density of 40 g I'], the maximum oxygen requirement is:

- -5 ~1 -1 -1} 1100011 | 1kg | -3y, -3 1
gox = 444x100ggls (40g1 )t?m = 1.78x 102 kgm3 s

The rate of oxygen transfer is given by Eq. (9.37); N4 is maximum when Cap = Ot
kpaCp = 01557 (8x 102 kgm™?) = 120x 10 kgm3 s

As the maximum oxygen demand of the culture is greater than the maximum oxygen transfer rate in the fermenter, the
system will be limited by mags transfer.

Answer. Limited by mass transfer.

9.2  kyarequired to maintain critical oxygen concentration
Converting the units of the oxygen uptake rate using the molecular weight of oxygen = 32.0 (Table B.1, Appendix B):

- ] gk 1 gmol 320g! ! 1kg 10001 ih | itk w3}
dox = 80mmoll™ b '[IO{}Ommoi | Tgmol |'| 000 8| T3 13g505| = THxi0kgm™ g
Converting the units of the critical oxygen concentration:
L _ -1 1 gmol 320g ikg | 110001] —4 -3
Cerip = 0.004 mM = 0.004 mmol 1™ . 1000 mmol|"{ 1 gmol| | T000g]"| 7 o3 = 1.28x 107 kgm

(a)
From Table 9.2, the sofubility of oxygen in water at 30°C under 1 atm air pressure is 8,05 x 1073 kg m™3. If the
solubility in medium is 10% Jower:

Cy = 09%(805x 10 kgm? = 7.25x 1077 kgm™?
To maintain the oXygen concentration in the medium at the ¢ritical level, from Bq. (9.41)
90 x 711 % 10 kgm™ 5~

(9o, = 7 - 3,03 = 01057
. [CAL—CCm) [7.25sz" kgm™ —1‘28x1€}“4kgm‘3}

Answer: 0.10 571

(b)

From Table 9.1, the solubility of oxygen in water at 30°C under 1 atm oxygen pressure is 3.84 x 102 kg m3.

‘Therefore:
* ) -3 3
Cap = 09X (384107 kgm™ = 0.0346kgm
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From Eq. (9.41):

x 4,3 |
(kg::) = a0 - T1IX10 7 kgm™s = 0015
crit (

CaL~ crit) (0.0346 kgm™ —128x 1074 kg m"“3)

Answer: 0.021 51

9.3  Single-point k1.2 determination using the oxygen-balance method

@)

The oxygen transfer rate for & a determination by the oxygen-balance method is given as Eq. (9.48). Fromp 17, the
partial pressure of oxygen in the inlet air at I atm is (0.21 X I atm) = 0.2 atm; assuming that the exif gas leaves the
fermenter at the fermentation conditions (1 atm pressure and 28°C), the partial pressure of oxyges in the exit gas is
(0201 x 1 atm) = 0.20] atm. Using R = 0.000082057 m? atm K1 gmol! from Table 2.5 and converting the

temperatures to degrees Kelvin using Bq. (2.24):
(FgPAG _[FePac
T j T Jo

. —] ' 1min . —1 | }min
(2001m .Imlomm)“(wwm '{605 02013:1;1)]
0T 3BISE BEiIBINK

1
NA“RVL

1

Na = 3 73 i
0.000082057m" atm K™ gmol™t (2001)

Na = 0.0174 gmol m= ¢!
Answer: 0.0174 gmol m™3 51

b
From Eq. (9.37) with the units of N from (a) converted to mass terms using the molecuiar weight of oxygen = 32.0

{Fable B.1, Appendix B):

-3 -1 |320g] | 1kg
0.0174 gmoim™ s i.}-_u— : —»»»—ml
N
ko = ot = Lgmol| 10008l _ _ g 1557t
(CALw CAL) (7‘3 X102 kgm ™ - 0.52x 7.8 10 kgm™
Answer: 0.15 571
(e}

If the measured exit gas composition of 20.1% Oy is an overestimation, the actual value is (1/ 1.1 X 20.1)% = 18.3%
Oy. Therefore, the partial pressure of oxygen in the exit gas is (0.183 % I atm) = 0.183 atm. From Eq. (9.48):
Ny = 1 {{Fgpacl [FgPag
RV i

T T /o
2001 min™ |22 021 atm | {1891 min™t .| L2120 183 atm

Ny = i 60s » 60s

Na = 0.0289 gmol m3 571
Therefore, fromm Bq. (9.37) with N5 converted to mass units:

-3 -1 1320g Pkg
0.6289 gmolm 35 l.l '»~«~«-~«-|
N, 1gmol| |1
kg = B = [1gmol] |10008] . ga2sst
{CAL - CAL) (7.3 X102 kgm™ -0.52x 7.8 x 102 kg m™3

The kya value obtained in (b) using the incorrectly calibrated oxygen analyser is 60% of the actual ky @ value; the
error is therefore 40%.
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Answer: 40%. This calculation illustrates the sensitivity of the oxygen balance method to the accuracy of all of the
measured parameters used in Eq. (9.48). Thiy sensitivity arises from the subtraction of two similar numbers for the
moles of oxygen in and out of the system. When similar errors in both F, g terms are taken inty consideration, the
error in the final kya value can be very large.

94  kpa measurement

(=) :
From p 16, g = 9.8 m s2. Assuming the density of the culture broth to be the same as water, p = 1000 kg m™3, The
static pressure at the sparger is:

ps = pgh = 1000kgm> G8ms? (35m) = 3.43x 108 kg ml 52

.From Table A.S (Appendix A), 1 kg o1 52 = 9.869 x 100 atm; therefore:

9.869 % 107 atm

T = (.34 atm
Tkgm™ ™

ps = 343x10%kgm™t g7 = 3.43x 10 g 5L

Ps is the pressure due to-the head of quid-above the sparger: -The total pressure at the sparger i§ pg + atmospheric
pressure = 1.34 atm, :

Answer: 1,34 atm

by

From Tables B.8 and B.1 (Appendix B), the molecular formulae for glucose and sucrose and the molecular weights of
the medieum components are: glucose (CgHi206) = 180.2, sucrose (CiaH232011) = 3423, CaCO3 = 100.1,
(NH42804 = 132.1, NapHPO4 = 142.0 and KHoPO4 = 136.1, _

The parameter values for application in Eq. {9.45) are listed below. Valuves of H; and K; are taken from Table 9.5.

Medium component Hior K (m3 molD N 7 Cy, or G, (mol m)
-1 1 1mol | 10001
Glucose 0.119 % 1073 - 20g1_3.l«m—m |1 = 111
18038, | 7 3
Sucrose 0.145 % 103 - g5g1-t |l 110001] _ o4g
Ca?+ ~0.303 x 10-3 2 3grt,|Lmel | 110001
& 13gl 0615 3 13.0
cos32-  0.485x 1073 2 agrt | lmol ) 110001} _ 4o
03 L3g1 g || o] = 130
NH,* 0T720% 163 1 o axiagrl |Lmel | 110001 g .
21, | o3
5042~ 0453 10°3 2 pagrt | Lmel 10000 o
EZR I N
Na* 0.550 % 10°3 1 Ix 009 gt | LBOLL 11000F] -
4208 | o3
HPO42- 0.485 x 1073 2 09g-l | 1mol | 110001}
4 001 | el T | = 06
K+ -0.596 x 103 1 0.a2grt | Lmol ) 110001} 6 oq
13618 | o3
HyPO4~ 1.037% 10°3 1 0.12g11 [ LmOL| 100011, oq
3612 | 03

Substituting these values into Eq. (9.45) gives;
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Eogw Cﬁm = 0.5 E HI'Z;‘:Z Ci{, + EK} CJL
CaL : j
(-0.303x 163} 2% 13.0+{0485 10322 13,0+ {-0.720% 103} (12 19.7 + {0453 % 1075 )P 9.8 +
(-0.550% 107%) (1% 1.3 + [0.485x 107%) 27 0.63 + (~0.596 x 103} (1)2 0.88 +{1.037x 1073} (1)% 0.88
+](0.119%1073) 111+ (0.149x 10-3) 24.8]

= .3

*
c

logyo| a2 = 239x 1672
CaL

®
CaLo
Y

CaL

= 1.06

* *
CAL e 0.95 CA.LO

Solutes in the medium reduce the oxygen solubility by about 53%. From Table 9.2, the solubility of oxygen in water at
35°C and 1 atm air pressure is 7.52 x 107 kg m>. Using this value for Carnr Cap, =095 x 7.52 X 103 kgm =
714 % 103 kg m3,

Answer. 7.14 x 1073 kg o3

()
From Henry's law, Eq. (9.43), the solubility of a gas is directly proportional to the total pressuze. From (a), the total
pressure at the bottom of the tank is 1.34 atm rather than | atm; therefore:

Cap = 134{7.14x1073 kg %) = 957x 103 kg3
Answer: 9.57 x 1073 kg mr3

(d)

The logarithmic-mean concentration difference is given by Eq. (8.53). From (b), the solubility of oxygen at the top or
outlet end of the vessel is 7.14 x 10-3 kg m3; the dissolved oxygen concentration at this location is 50% air saturation
or 0.50x 7.14 x 10-3 = 3.57 x 10-3 kg m~3. From (c), the solubility of oxygen at the bottom or inlet end of the vessel
i8 9.57 x 10-3 kg m3; the dissolved oxygen concentration at this location is 65% air saturation or 0.65X 9.57 x 103 =
6.22 x 103 kg m. Substituting these values into Eq. (9.53):

* -
(CAL - CAL){; ‘“(CAL - CAL); _{7.14-357)x 10 kgm ™ - (9.57-6.22) x 103 kg m™>
- = 7029
(ChL-Cat), N [(T.Iéw 357)x 10~ kg m™>

In (9.57-622)x 10 2 kgm™
* 3 . £
(CAL _CALji

(C*AL - CAL)L w 346X 10_3 kg m_3

(CRL - CAL)L =

Answer: 3.46 x 10°3 kg i3

(e)

The oxygen transfer rate for &y g determination by the oxygen-balance method is given in Eg. (9.48). Assume that the
volumetric flow rates of gas into and out of the fermenter are measured under ambient pressure, i.e. at | atm. From p
17, the partial pressure of oxygen in the inlet air at 1 atm is (0.21 X 1 atm) = (.21 atm; the partial pressure of oxygen
in the outlet gas is (0.2015 x 1 atn)} = 0.2015 atin. Assuining that the exit gas Jeaves the fermenter at the fermentation
temperature (35°C), using R = 0.000082057 m3 atm K- gmol?! from Table 2.5 and converting the femperatures to

degrees Kelvin using Eq. (2.24):
(ngm] _ (Fg PAG
7T )T

_ 1
TRV

Ny
43
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. 3
3. -1 [1min 41| im
. ) (25211 min ., e O.ziatm)_ 407 1s .l1m1i0.20153m
A 0.000082057 m" atm K~} gmof““l (20 m3) (25+273.15K (35+273.15K

Np = 00167 gmol m3 51
Answer: 0.0167 gmol m™3 5°1
1ty

From Egq. (9.37) with (C:\L - Cary= (C_:L ~ Car)y from (d) and units of Ny converted to mass terms using the
molecular weight of oxygen = 32.0 (Table B.1, Appendix B):

-3 -t §320g 1kg
Ny 0.0167gm0h;1 S T gmcll'*m_wmg "
kja = 5 = = 3 = 0.155
(CAL—CAL)L 3.46x 1073 kg m
Answer: 0.15 571
®

The maximum cell concentration supported by the fermenter can be calculated using Hq. (9.40) with C;L' equal to the
average solubility of oxyger between the top and bottom of the fermenter:

3
. -1 7.14+9.57) a3l .3 l 1m !
L kalCh) 01s {( PR Sl i 17| HT
max a0 - 7.4 mmol gL b~ { gmol Rog L kg 5] "¢
) ‘11000mmol| | gmol | [1000¢g] | 3606 s
Answer: 19 g I'1

9.5  Dynamic kya measurement
&t a is determined using Bg. (9.52) and the method described in Section 9.13.2. Taket) = 10 sand Cpy 1 = 43.5% air
saturation. The steady-state dissolved oxygen tension ﬁ'A;_ = 73.5%. Calculated values of

I Car.—Cari
CarL~Carz
andd (#3 ~ £} are listed and plotted below.
Car ~C
n| Ak AL (t2—-11) ()
Car~Carn
0.00 0
0.41 5
0.80 10
1.6 20
23 30
3.0 40

4.1 60
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)

Car ~ Cary
CaL - Carz

_______ 3} WP WU VWP NSV DUSSPUS SR S
0 1 20 30 4 s 8 7

(-t (s)

ky a is equal to the slope of the straight line in the plot = 0.069 &1

Answer: 0.069 g1

96  Measurement of Xy a as a function of stirrer speed: the oxygen-balance method of

Mukhopadhyay and Ghose

From p 17, the mole fraction of oxygen in the inlet air (¥ag); = 0.210. Convert the data for Cay_ to units of gmol m

using the molecalar weight of oxygen = 32 (’l‘abie B.1, Appendix B) and assuming that the density of the fermentation
-------- broth is the same as that of water = 1000 kg w3

1ppm = g [IOOOkgm |10%g| llgmoi
109¢

-2 -3
20 = 3,1285% 107 gmol m

Values of Cay, and (yaq)i — (AGo] for cach stirrer speed are listed below.

o Fermentation time Agitator speed
)
360 rpm: 500 rpm 700 ipm
CaL [0AGi ~0aGk] CAL [(yach - aglel CaL (YA — GA®e!
{gmol m‘3) {gmol m‘3} {gmol m“3)
0 0.184 0 0.184 0 0.184 g
4 P - 0.175 0.001 0178 6.001
5 (.166 0.001 - - - -
8 e - 0.163 0.002 0.169 0.002
7 0.147 0.002 0,153 0.003 0.159 0.003
8 0.128 0.003 0.138 0.004 0.147 0.004
-------- g 0.106 0.004 0,125 0.005 0.128 6.006
10 0.106 0.004 0.125 0.005 0.128 0.006
11 0.109 0.003 0.131 0.004 0.131 0.005

The tabulated v;aiucs of Car and [(y A — {yaGled for 0-10 h are plotted below. As Cpp increases at 11 b after
being constant at 9 and 10 b, the final values in the table for each stirrer speed most likely reflect the decline phase of
cukture growth and are therefore not incleded in the &1 g analysis,
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0.20 T ! H T T
& 300 rpm
0.10 H H i i 1
0.000 €.001 0.002 0.003 0.004 0.005 0.006
[Uaa) - Oaght
(a)

The slopes of the straight kines in the plot for 300, 500 and 700 rpm are —19.58, —12.04 and ~9.68 gmol m-3,
respectively. These values can be used to determine kya using R = 0.000082057 m3 atm gmot"! K1 from Tablc 2.5
and converting the teruperature to degrees Kelvin using Bq. (2.24»

-] 11 min
g = prfy 33&3(313213 } 605 D _ 2,02 gmolm™ 71
L% = RTVLxslope ™ (000082057 atm gmol™! K~1 (29 + 273.15)K (3 1) x slope slope
For 300 rpm:
-3 —I
kpa = 2202gmolm = 0.105"1
~19.58 gmofm
For 500 pm:
-3 -1
kg = 2.02 gmolm 83 = 0175
«12.04 gmol m™
At 700 rpm:
_ -3¢t
ko= ZREMOIM S _ 4541
~9.68 grmol m™

Answer: 0.10 571 at 300 rpm; 0.17 st at 500 pm; 0.21 s ae 700 P

(b)

The intercepts of the straight lines Jn the plot for 300, 500 and 700 rpm are 0.185, 0.186 and 0.187 gmol m-3,

respectively. Taking the average, CAL is 0.186 gmol m"3. Converting to mass terms using the molecular weight of

oxygen = 32.0 (Table B.1, Appendix B):

Cap = 0.186 gmolm™ = 0.186 gmol m™ !

Answer: 5.95 x 10-3 kg w3

(e}
Equating Eqs (9.39) and (9P6.2)%:

320¢

1kg T
IgmoEH = 595x 10 kgm
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10% = & [pack-0ad))

3 atm (3 it 1 }g%l? D [ac); - (ac)y]

-3 -1
§
0.000082057m> atm gmol™! K1 (204 273.15)K (3 1)

= 2,02 [(y AG); (Y AG){,] gmol m

apx =

The maximum rate of oxygen uptake occurs when [(yAG)k — (YAG)o] is maximum. At 300 rpm, the maximum value
of [(YAG) ~ (FAGQ)o] is 0.004; therefore, (g0 Xmax = 2.02 X 0.004 = 8.1 x 10°? gmol o3 1. At 500 rpm, the
maximum value of [{(YAG) ~ (YAG)o] is 0.005; therefore, (40 Xmax = 2.02X 0.005 = 1.0 x 102 gmol m-3 51, At 700

- rpm, the maximum value of [(yAQ: ~ (YAQo! is 0.006; therefore, (g0 X)max = 2-02 X 0.006 = 1.2 x 102 gmol m™..

1,

Answer: 8.1 x 10°2 gmol m> -1 at 300 rpm; 1.0 X10-2 gmol m™3 571 at 500 rpm; 1.2 X 10-2 gmol m3 51 at 700 pm
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Unit Operations

10.1 Bacteria! filtration

(a)
According to Eqs (10.12)-(10.14), a plot of ‘?Vf versus Ve should yield a straight line for determination of the
filtration parameters. The data after converting the units to s and e are listed and plotted below.

Time, ¢ (8) Filirate volume, ¥§ (m¥) ’!Vf s m3)
120 0.0108 1.11 x 104
180 0.0121 1.49 x 104
360 0.0180 2.00 x 104
600 0.0218 2.75 x 104
900 0.0284 3.17 % 104

1200 0.0320 3.75 % 104

4.0 ] ] I
& 30 b . -
5 .
2 " .
x
~I5" 20 ]
g - L
2|5
£i> .
=g 10 b o
g 10
=
i i §
0.0 } { I
0.00 0.01 0.02 0.03 0.04
Filtrate volume, V; (m3)

The slope of the straight line in the plot X1 = 1.18 x 108 s m8; the intercept X3 = 363 s m3. From Eq. (10.13),
- -using the conversion factors 1 mmHg = 1.333 x 102 kg m~ 52 (Table A.5, Appendix Ay and 1 ¢P = 103 kg m! &1
(Table A9, Appendix A), the specific cake resistance oris:

1.333 % 107 kg nlg2
1 mmHg

4 {10001 | 1kg
EEE

24t spk, 20025 w?)? 360mmHg.l (1.18% 106 s m~5)

Mo

& =

1073 kg m~tgl
1cP

4.0(:?.’

o = 8.0x 1010 m kgl

The intercept X is a relatively small negative number, which may practically be taken as zero. Therefore, from



Sotutions: Chapter 10 . 107

Eq. (10.14), the filter medium resistance ry is zezo.
Answer: =80 x 1010 m kgl ry is effectively zero.

(b)
‘/vfm 7.5 x 103 min 1), From (&), Ky =0; therefore, from Eq. (1012

10001
Im3

_ % _ 75% 107 min1”}

- 2, -6
K= 5 BT = 1.13x10%sm

2 | 60s
11

The filter area is obfained from Eq. (10.13) using the result for & from {a):

B, 11 "
40cp | 0T kEmT S He o 1010 1 ke 21t 100011} kg
TcP 301600g
T
A2 22X . -. = 649 m*
2K o 1.333% 102 kg m™! 572

. 2{1.13x 10% s 8} 360 mmHg . Tots

A= 255m?

Answer: 25.5 m2

----- - 10.2  Filtration of mycelial suspensions

(a)
- After converting units using the conversion factor 1 m3 = 108 ml, the data for ¥/ Vg and Vyare listed and plotted below,

Pressure drop (mmHg)
100 250 350 550 750
Ve (m3) pelleted Yy (s m)
1.0x 103 2.2 x 108 12x 106 9.0 % 10° 7.0 % 109 50 10°
""" 1.5% 1073 3.5x 108 1.7 x 108 1.3 % 106 9.3 x 10° 8.0 x 103
2.0% 1073 4.5x 108 2.5 x 106 1.8 x 106 1.4 x 106 1.1 x 106
2.5x 103 5.8x 108 3.0 % 106 2.4 x106 1.7 x 106 1.4 x 106
------- 3.0 x 163 6.7 x 108 37% 106 2.9x106 2.1 x 108 1.7x 108
35x% 1073 8.1 x 108 43x10% 3.4 % 106 2.4 x 106 2.0 % 108
40x 103 9.2 x 106 4.8 x 106 3.9% 106 2.8 x 106 2.3 % 105
4.5%x 1073 1.ox 107 53x 106 4.3% 106 3.1 % 106 2.5% 108
50% 10 - 6.0%x 106 4.8 x 106 3.5 x 106 2.8 x 108
Pressure drop (mmHg)
100 250 350 550 Y50
"""" V¢ (n3) filamentous e (s m3)
1ox 103 3.6 x 109 22% 108 1.7x 106 1.3 x 106 1.1x 106
- 1.5% 103 55 % 108 3.1 x 108 2.7 105 2.1% 106 1.7 x 106
20x 1073 72 % 108 43 % 106 3.6x% 108 2.7 % 106 2.3 x 106
25% 107 9.0 x 106 53x 105  44x108 3.4 %106 2.8 % 106
....... 3.0x 103 1.1x 107 6.5 x 106 52 %106 4.0 x 106 33x 106
3.5x 1075 13x 107 7.5 % 108 6.1 x 106 4.7 x 106 40x 108
4.0 % 103 - 8.5 % 106 7.1 % 108 5.6 % 106 4.5% 106
45% 105 - 9.6 % 106 7.8 % 106 6.2 x 106 5.1% 106

5.0% 10 - - 8.8 x 106 6.8 x 106 5.7 % 106
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e
N

1 ¥ H ¥ f ' I i T
L Pressure drops: Palloted
& 10 ® 100mmHg o
T O 250 mmHg
&, - B 350 mmidg "
‘g g+ &J 880 mmidg -
* ' | A 750 mmHg i

L

Time
Fiitrate volume ' v

+

T

) . . )
0 1 2 3 4 ) &
Filtrate volume, V; x 105 (m3)
14 L A ST SR A NSNS M

~ Pressure drops: Filamenfous 1

& 12 + @ 100 mmig ]
E L O 250 mmHg J
= 1o | 1 350 mmHg ]
b | L) 550 mmHg }
X g L A 780 mmHg )

t

Time
Filtrate volume' 4
a
1

0 ’ i i | i 1 % H A i "
g 1 2 3 4 5 6
Filtrate volume, ¥} x 108 (m3)

From Eq. ¢10.12), the slopes of the straight lines in the plots are equal to K for each pressure drop. These values are

Histed below,
Pressure drop (mmig) '
100 250 350 550 750
Pelleted
Slope = Ky (s m5) 2.26 x 101 1.20x 1611 9.93 % 1010 707 % 1610 577 x 1610
Filamentous
Slope = K} (s m™) 373 x 10t 2.13 x 10t} 175 % 1011 1.38 x 101! 1.14 x 1011

From Eq. (10.13), using the conversion factors T mmHg = 1.333 x 102 kg m! 2 (Table A.5, Appendix A) and 1 cP
= 10-3 kg mrl &1 (Table A.9, Appendix A), the specific cake resistance ¢tof the pelleted celis is:
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20 ! 2
[1333x 10%kgm
4t 5 1"0"‘? / “m{:{g . = 247x 1075 Ap K; mkg™!
Mt 14 cP W kgm™ §™ 0.25 g i~} 0%mii | tkg
kel 1cP BT 5 T000g

where Ap has units of mmHg and K has units of s 5, Similariy for the filamentous cells:

2] Im 1.333% 10%kgm™! §2
2 218 om” . furumren Ap. i K
o= 4 ! = 3}00{712; ; 1 Z £ k- 6.17X10—5ApK1 mkng
He 1.4cP 10 kgm ™ s~ 0.1 g mr~ Wml|{ kg
' 1cP SEm T 1000

The results for specific cake resistance obtained after substituting the values for Ap and Ky into the equations are
listed below.

Pressure drop (mm¥Hg)
100 250 350 550 750
Pelleted
amkgh) 5.58 x 108. 741 x 108 8,58 x 108 9.60 x 108 1.07 x 109
Filamentous
afmkgD 2.30 x 109 3.29 x 109 3.78 x 10°% 4.68 x 109 5.28 x 169
(b)

From Eq. (10.2), the compressibility can be obtained by plotting the specific cake resistance o versus Ap on log-log
coordinates. Using the conversion factor 1 mm¥g = 1.333 x 102 kg m~# s°2 (Table A.5, Appendix A) to convert the
units of Ap, the data are listed and plotied below.

Pressure drop (kg m™1 5°2)

1.33 % 104 333 x 104 4.67x 104 733 % 104 1.00x 103
Pelleted
amkgh) 558 108 7.41 x 108 8.58 x 108 9.60 x 108 1.07 x 109
Filamentous
a@mkgl) 2.30x 109 3.29 x 109 3.78 x 10° 4.68 % 10° 528 x 109

8

Specific cake resistance, o x 108 (m kg1
Py
¥ I £ 1% i'
[ 1 i \ 3,

= O Pelleted
" @ Filamentous

k.
b
-

—

Pressure drop, Ap x 104 (kg vt §2) 10
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From Eq. (10.2), the equations for the two lines in the figure have the form, @= &’ Ap®. For the pelleted suspensm,
a=2.60x 107 Ap%323; for the filamentous suspension, o= 4.42x 107 Ap0-415 where Ap has units kg m'! 574, oz has
units m kg3, and @ has units kg (115} m1+9 25, Therefore, the comprcssablizty is 0.323 for the pelleted suspensicm
and 0.415 for the filamentous suspension. '

Aﬁswer: 0.323 for the pelleted suspension; 0.415 for the filamentous suspeasion

()
The fitration equation for a compressible filter cake is Bq. (10.11) with o= o Ap" Assuming that the filter medinm

resistance ryp is negligible:

Solving for (Ap)¥1:

Substituting the parameter values for the filamentous suspension using consistent units, including the results &= 4.42
x 107 kg-(1+5) m1+5 §25 and 5= 0.415 from (b):

36005
h. Th
(20m?)
2
2(15m?
107 kgm 15! 7 u(140.415) 1 140,415 2X 0.415 1 110%m1| | 1kg
14 ?lm—m—ml 5 442x10 kg m 0.1gml o3 || 100

(&p)wO.SSS = 6.54 % 104 kg—O.SSS w8383 (L1170
Ap = 278 x 109 kgm! 572

Converting units using the conversion factor 1 mmHg = 1.333 x 10% kg m™! 572 (Table A.S5, Appendix A):

1 menHg

Ap = 278x 100 kgm ™ 572 = 278X 107 kgm ™' 2. —
1333x 10% kg m™1 5~

w 2086 mmHg

Answer: 2086 mmHg. An assumption associated with this answer is that the filter cake characteristics measured at
pressures between 100 and 750 mmllg apply at the much higher pressure of 2086 mmHg.

10.3 Rotary-drum vacuum filtration

@
For negligible filter medium resistance, the filtration equation for a compressible filter cake is Eq. (10.11) with ry = 0
and o= o Apst

Solving for up o ¢:

Substatutmg the parameter values for the laboratory filter and using the conversion factor 1 psi = 6.895 x 103 kg m!
§ ('I‘able A5, Appendix A):
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2
Im [
23.5min.|16§;n Z(Ssz.IIOOm )
potc = — 5 o = 3.6710% kgl 243 0.4
— 1m? 9ot 6.895x 10° kgm™1 52
105 m! pst- Tpsi

Answer: 3.67 % 10° kg043 py243 (0.14

(b} :
Fhe cycle time is 1fN hours per revolution.

Answer: 1;’Nh

(¢}
As 30% of the rotating filter cloth is submerged at any time, each cm? of cloth is submerged for 0.3 X the cycle time =

03/pn.
Answer; 0-3IN h

(d)
The volume filtered per revolution is 20 m? h™! x 1y h = 207y m3.

Answer: ZOIN m3

(e}
Eq. (10.11) with 7y = O and a= & &° is:

Applying this equation to a single revolution of the filter, £ = 0. 3!3\1 h and Vi= ZOIN m3. Substituting the filter cake-

parameter values from (a}, evaluating the filter area A = 2 ©t r W where r is the drom radins = 0.75 m and W is the
drum width = 1.2 m, and using the conversion factor 1 psi = 6.895 % 10° kg m~! 52 (Table A5, Appendix A):

0.57-1
0.3, 136005 S, (.43 -243 (.14 , 16.895x% 103i~;gz:a“Z s
N h. W{ : 367107 kg" ™ m S (4.5psz. Tpsi (gng} |
§§m3 227 (0.75m) (1.2 m) N

where N is the number of revolutions per hour. Calculating both sides of the equation gives:

543 m‘3 e 13439 sm’“3
N
N = 249 mph

Answer: 24.9 revolutions per hour

{£)
The filtration time is increased from 0-3/}\? h to 0-5/;\; h. Substituting this valuve for ¢ into the left-hand-side of the
eguation in (e):

05, 136003
N ] Th [_13439 .3
20 53 N

N
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N = 149 1ph
Answer: 14.9 revolutions per hour

10.4 Centrifugation of yeast
(&)

Convert the parameter values to anits of kg, m, &

3
pp = 1.06gem™ = I.Oﬁgcm“3.i£“§.%‘.lmocm = 1060kg m™>
P = 0.997gc:m‘3 = 0.997gcm“3.'1{1)§0gg’ ’iﬁﬂcm -997kgm“3
3
Q = 500147 = 500111“1.]«{%5.‘35? . "é"“sfo%“s? = 139x 1074 m3 !

~From Table A9 (Appendix A}, I Ns m7 =1kg ! 53 therefors u = 1.36 x 103 kgl ol Dp =5um= 5x

106 m. From Eq. (10.15) with g = 9.8 m 572 (p 16), the sedimentation velocity is:

(1060~ 997) kg m™>
18(136x 103 kgm! 571

i ,Opmpf.ng =

2
8z °p (s%10%m) 9.8ms2 = 631x 107 ms~!

ugm

Substituting this result into Eg. (10.18):

~4 .3 —1
E=TQ": 139107 m” s = 110m2

2(631x 107 ms"1)

Answer: 110 m?

b)
From the relationship between specific gravity and density (p 16), as the density of water is close to 1.0000 g cm'3 3]
16):

100cm 3
im

1kg

- -3
1000g|° 2000kgm

Py = 2.Ogcm“3 = Z.Ogcm“s.'

Dp=0.1mm=01Xx 103 m. From Eq. (10.15), the sedimentation velocity for the quartz particles is:

_PpmPra  (2000-99Nkgm™
“g = “igu p& = 3 1 1
18{1.36x 103 kgm™! 5

) (G.Z % 10™3 m)z 9.8ms ™2 = 402x 10" ms™!

From Bq. (10.18), the sigma facior is:

—4..3 -1
_zwmgmm 1.39x 18 m” s = 0.017m2

24y 2(402x102 ms)

From the result in (a), 2 for the yeast cells is 130!9_017 = 6470 times that for the quartz particles.

Answer: By a factor of 6470.

16.5 Centrifugation of feod particles

Convert the parameter values to units of kg, m, s

= 1030kg m™

3
Pp = 203gcm“‘3 = I,OBgcm“a.‘ ik-g ] llOOcm

1000g!"
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kg 100 cm
gy Im

3
pr = Jx.{){}gcm”3 = i.OOgcm‘3. = Z{}O{)kgm“3

From Table A.9 (Appendix A), 1 Pas= 1 kg ml s°l; therefore = 125x 103 kg m*1 ¢1. Dp = 102 mom = 109 m;
b=1cm=070m; r=11.5 cm=0.115m. As one revolution = 2 & radians where radians in a non-dimensional unit
{p 11), converting the centrifuge speed to radians st

@ = 10,0001pm = 27 (10,000) min~! I%‘ = 1.047x 10° 57}
From Bq. (10.22) with g = 9.8 m 5°Z (p 16), the sigma factor for the tubular-bow! centrifuge is:

_2maPbr 21 (1.047% 103512 0.70m (0,115 m)? _

. Py 6.506x 10° m*
B HLS

pX

From Eq. (10.13):

_ _Pp”“ﬁfng _ (1030~ 1000) kg m™>
£ Be T pgl1a5x 108 kgmis7Y)

2
(10%m) 9.8ms 2 = 1.307x 106 ms™!

From Eq. (10.18):
0 = 2ug X = 2{1307x 105 ms7) 6506 x 10°m? = 0.017m>s”)

Answer: 0.017 m3 ¢l

10.6 Scale-up of disc-stack centrifage

The sigma factor for the pilot-scale disc-stack bowl centrifuge X1 is calculated using Bq. (10.20) with g = 9.8 m s (p
16), and @ converted to rad s-1 using the conversion factor 1 revolution = 2 © radians where radians is a non-
dimensional unit (p 11). For the pilot-scale device, m=3cm=005mand ry = 1 cn=0.01 m:

1 min %
“"’“’GOSD 25-1)

2:rc(21z><300011151:{"z ;
) 3{9.8m 5% (tan 35%)

_ 2::0:2(3\!“1)(3”3 _

3_ 3 . 2
3 = g 271 = (©0.05m)® - (0.01m)?) = 89.6m

From Eg. (10.19), the sigma factor Xy for the bigger centrifuge is therefore:

.
Z, = ?ﬁzl = m(gg,emz) = 2048 12
L) 3.51min”

From Eq. (10.20), for the bigger centrifuge with rz =785 cm =067 mand r{ = 235 e = 0.0235 m:

P Wby  3(9.8ms Y (tan 45°) 2048 m?

3
= = 434x10% ¢
2n(N-1{3-r)) 27 5- {075 m - 0.0235m?)

60s
1 min

i revolution
2 trad

@ = 659radsL . = 6290 pm

Answer: 6290 rpm

10.7  Centrifugation of yeast and cell debris

Combining Eqs {10.15) and (16.18):
184 0,
Ei LT
2{»01)"“9{)‘09} £

and
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13#2Q2
2{pp- Py D ?23

where subscript 1 refers to the centrifugation conditions for the yeast suspension, and subscript 2 refers to the
centrifugation conditions for the cell debris. As the same centrifuge operated at the same speed is used in both
applications, 2 = Xy and:

13!‘191 - 13#2(22
2op-rDme  2(pp-PD5re

. Assuming that the particle and fluid densities are the same in both applications, canceiling terms gives:

M md
33
Dy Dy

ar

As Dy = Y3 Doy, ty = S 1y and Q) =3 1 mmin“L:

(43 Dp)* 11

2
B1min?) = 3 (31min) = 0.0671 min™!
D% Sh 3

=
Answer: 0.067 1 min~1

10.8 Cell disruption
The relationship between pressure and protein release for a Manton-Gaulin homogeniser is given by Eq. {1(} 23). At

-constant pressure, a semi-log plot of W(RWR) versus N should vield a straight line, so that the vaIue of k p% can be

determined from the slope.
The data for % protein release represent values of R"Rm x 108, These data can be converted to Rm/(gmmg) as
follows:

R 100 _ 100
Ry~R — 100-Rp X100 " 100 - % protein release

The results are lsted and plotted below.

Pressure drop (kgs e %)

200 300 400 500 550
R
N m
Ry R

1 1.05 116 130 156 172
2 1.10 1.31 167 2.41 2.94
3 1.16 " 150 2.11 4.00 6.13
4 122 175 2.99 571 8.70
5 128 1.90 3.70 8.70 182
6 135 222 4.88 115 -
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200 kg, om™®

10

» 1M O @

LI L |

1 3 i L
t] 1 2 3 4 5 6 7
- Number of passes, N o

The values of k p% obiained from the slopes of the straight lines for eacls pressure are listed below.

Pressure drop {kgf cm'z)
200 300 400 500 350
kp® 8.050 .129 0.267 0.406 0.580

A log-log plot of these valaes versus p can be expected to give a straight line with the value of o obtained from the
slope.

1 [ ki L
% 01l _
2 = ]
001 s X i & i x M £
100 1
Pressure, p (kg, cm-2) 000

As the equation to the straight line in the plot is k p% = 1.71 x 1677 p237, = 2.37. Therefore, for this system, Eq.
£14.23) becomes: '

R 7 237
ln(meR)u-l,’ilxiO N

where p has units of kgrom™2.
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()
For 80% protein release, le(RmWR) = 5.0. Rearranging the above empmcai equation for the homogeniser and
substituting p = 460 kgfcm gives: .

R
rys)
N = m - In30 = 4.6

1711077 237 1711077 (4607

Therefore, 80% protein release is achieved within 5 passes through the homogeniser.
Answer. 5

)

N =2 gives:

Rm
In PR
2.37 _ m-f) 1333

5 7 = 3.52% 109
LTx1w0TN  17mx1077 Q)

p = 578 kgrem2

Answer: 578 kgy cm?. An assumption associated with this answer is that the homogenisation characteristics
measured at pressures between 200 and 550 kgy cm2 apply at the higher pressure of 578 kgfcm'z

10.9 Enzyme purification using two-phase aqueous partitioning

(a)
From Eq. (10.24), for K = 3.5, the product partitions into the upper phase. Eq. (1027) with K = 3.5 and ¥y = 0.8 is

Rearranging gives:

08 Vy+023 W =

023V] = 02 Va
Va
»i;; = 1.15
Answer: 1.15
)]

The mass: of enzyme in the two phases must be equal to the mass of enzyme in the original homogenate. The mass-
batance equation is:

Can Vu+ Car V1 = CagVo

From Eq. (10.24), for K = 3.5, CaAp =3.5 Cy1. If V; = 100 ], from (a) for 80% recovery, Vy = 115 1. Substitating
these values into the mass-balance equation with Vg = 150 1and Cap=32umi-! =32x 103 u 1L

35 CA (LIS + CaAr (100D = 32%10% ul-l) 1501
where Ca; has units of u I'X, Solving the equation for Cay:
502.5 Cay = 4.8 x 107

Cap = 955ul

For 70% protein release, RW(RmMR) =333, Reartanging the empirical equation for the homogeniser and substituting -
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AS Cpp =3.5 Caz Cag=3.34 x 10% u 'L, From Eq. (10.29), the concentration factor for product pafsitioning into
the upper phase is:

Cas  3.34x10%ur?
e e 3 : = 1,04
Cao 32x10%ur”

0%
Answer: 1.04

16.10 Recovery of viral particies _
From Eq. (10.24), for K = 102, Cag = 10-2 Cay and the product partitions into the lower phase. If 5 1 culture volume -

- is added to 2 | polymer solution and, after phase separation, the volume of the lower phase is 1 1, the volume of the

upper phase mustbe 5+ 2)~1 =61

(a)
The yield of virus in the lower phase is given by Eq. (10.28) with V=11, Vy=61land K = 10-%

Y 11

h= = = 6.94
PR 61109+ 11

Answer: 1.94

()
‘The mass of viral particles in the two phases must be equal to the mass of viral particles in the original culture broth,
The mass-balance equation is:
CanVu+Ca1 Vi = CaoVo
Answer: Cay Vp +CatVi=Can Vo

(c)
From Eq. (10.24):

Car= g

- Rearranging the mass-balance equation in {b} and substituting for Cy; gives:

Ca ¥ CAU
ChuVetCu¥i CmVut—gV

CA{) . VG VO

The concentration factor for product partiioning into the lower phase Is given by Eq. (10.29). Substitating for Cay
and Cag in this equation pives:

Cau Yo
5 = CAl _ K K _ %
C” Can C - Vi V. K+ ¥,
Al An i [F} i
A A
Yo
PR
Answer = RV,
(d)
Using the equation for & derived in () with Vg =51, V=11, Vy=6land K= 10°2:
8y = ke = 47

61{107%) + 11

Answer. 4.7
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10.11 Gel chromatography scale-up
(a) '

The elution volume for the toxoid is lower than for the impurity. Therefore, as the toxoid stays in the column for the
shorter time, it must be the larger molecule.

Answer: Toxoid

(b)
The internal pore volugme in the gel in the laboratory reactor can be calculated using Eq, (10.42):

10 ml
im

V,=aW, =10g. [ Lkg {(00035 m?kg ). = 35 mi

As Vi = 23 mi, the partition coefficients for the toxoid and impurity can be determined using the measured elution
volumes and Eq. (10.41):

(Vem Vo]  (29-23)ml

'I‘oxo;dl{p = V. I v 4171
Ve- Yol  (@5-23)mi
Impurity X, = e = (3.629
P V; B mi

Answer: Toxoid = 0.171; impurity = 0.629

(c)
Let subscripts T and 2 denote the small and large columns, respectively. The total volume of the laboratory colunn. of
inner diameter Doy = 1.5 cm = 0.015 m and height H = 04 mis:

2
The total volume of the large-scale colummn of diameter Dep = 0.5 m and height f = 0.6 m is:

Dy 2
Vpy = 1:( ) Hy = (0'025“’) 04m = 7.07% 10" m’

2
Dy
Vpy = n( 5 ) Hy = K(ozm} 0.6m = 0.118m>

1f the void fraction in the large column is the same as in the small column, Vi in the large column is:

3
v 23mi. 1:‘
Veg = 3o Vg = e (0.118m) = 0.0384m?
T1 707% 105 m
If the pore volume fraction is also the same:
3
35ml. Ig‘
108 mi
Vo = gV = kel (0,118 m%) = 0.0584m?
1 707x 10 m

If the large-scale column is operated with the same packing and flow conditions, the partition coefficients can be

assumed to be the same-as those in the laboratory column, Therefore, from Eq. (10.41), for toxoid in the large column
with the value of K p from (b):

Vez = Kp Vip + Vo2 = 0.171 (0.0584 m3) + 0.0384 m3 = 0.0484 m?
Skmilarly for the Empurity: '
Vea = Kp Vi + Vg2 = 0.629 (0.0584 m3) + 0.0384 m® = 0.0751 m?

Answer: Toxoid = 0.0484 m3; impurity = 0.0751 m3
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()
The Hquid flow rate is scaled up in proportion to the column cross-sectional area. As the cross-sectional area =

--------- n (_Dcs*z)z, the volumetric flow rate vo in the large column is:

0.5m

3 2
Jdm (W) = 0.0156 > min™!

10%mi

Dey 2
vy = v va Da)* _ 14 mi min~!
I 11D, ‘ 6.015m

Answer; 0.0156 m? min~}

(e}
The retention time fR is equal to the elution volume divided by the volumetric flow rate. For the foxoid in the large
colump, using the results from (¢) and {(d}:

v 3
R = fe2 00484 m - 3‘1“&_’1

V2 0.0156m° min~}

Answer: 3.1 min

10.12 Protein separation using chromatography

(=)
......... Selected values of u and H are listed and plotted below.

Linear fiquid velocity, # HETP, H
(msy (m)
0.1 104 212 x 1004
0.2 x 104 187 x 1074
"""" 0.3 x 1074 1.69 x 104
0.5x 104 172 x 104
0.8 x 1074 202 x 104
1.0x 104 2.27 % 1074
12x 104 2.54 % 1074
1.5x 104 2.95 x 104
______ 1.8x 104 3.38 x 1074
2.0x 104 3.67 x 104
4 i i i 3
E ap 4
-
X E -
T
________ t%
w2 -
| 1 | 1 |
________ 0.0 0.5 1.0 1.5 20 2.5
Linear liquid velcoity, 4 x 104 (m s 1)
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{b)
From the graph in (a), the minimum HETP is around 1.7 % 10* m. This can be confirmed by differentiating the

equation for H and solving for dHfdu =

a7 _ -A
“&“; = ;:f-f-B = {
Therefore:
—5 2 —I
2"10 = 3.65% 1075 ms!
The value of H corresponding to this u is:
- —1 '
H=24pusc= 2210 T +155(365x 10 ms ) +57x10% m = 167% 10 m
u 365x 1070 ms

. Answer The minimum HETP is 1.67 X 10-% m, obtained at a liquid velocity of 3.65x 105 m 51,

{c)

. The column diameter Dy = 25 cm = 0.25 m. - The volumetric flow-rate v is 0.31.1 min"L, The simear flow. rate uis
. - obtained by dividing the volumetric flow rate by the column cross-sectional area:

{min] | 1m°
0.311min"!
e 5 = 805 || 10001 =105%10ms!
D, _[025m)?
i1 ‘*i“ 2
Substituting this result into the equation for H:
9.2 ~i
H=24Busc= %10 e+ 155 (1051074 ms1) +57x 105 m = 234x 104 m
u 1.05x107 ms™

The capacity factors for the A and B chains are ks = 0.85 and kB = 1.05, respectively. From Eq. (10.38):

Substintting these parameter values into Bq. (10.51) with L = | m for the larger column and &y = kg

R [L{6-1) k8 } 1 im L235-1} 105 ) _ o
N = 4 H\ 6 Jikg+1] 34\/ 934w 109m \ 1235 J\TOS*1]

From p 248, as Ry > 1.5, the two peaks are completely separated.

Arzswer: Yes
{d)

determined using Eq. (10.51):
1yEf6-1Yf k8 )} _1/67m (12351} 1.05 } _
VH = 4RN( 8 )(kgn)”Z 15 | 1235 (1.054»1)“0‘0136‘/5{

H = 1.85%x10%m

The linear liquid velocity at which this value of H is obtained can be determined by rearranging the expression for H
as a function of u and solving for u:

Hu=A+But+Cu

« «ofor L= (.7 m for the smaller column, the value of H correspording to Ry = 1.5 or virtual complete separation canbe - .- - -~ -+ .
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B+ (C-Hu+4 =0

The solution to this quadratic equation is:

_ AC-HE\(C-H?-4BA _H-Ci\/(C-H)*-4BA
= 7B - 7B

Substituting the parameter values:

{185%10%-57x 107 m#y/ (5.7% 105 m—1.85% 10 m) - 4 (159 {2 x 160 m? 571)
2159

= 427x 10 msl+221x105msl
Therefore:
=648x10%mel or u= 206x10mel

The maximuro flow rate for complete separation is & =6.48 x10-5m s}, Betweenu = 2.06 x 105 tm 5! and u = 6.48

U x 105 m s, H < 1.85 % 104 m so that Ry > 1.5 and complete separation is maintained. - The volumetric flow rate v is

equal to u multiplied by the column cross-sectional area:

D2 2
v = an(mi"i) = (648 10‘5;::5**]@(0'225 m) = 3.18x 1076 m3 71
Converting units:
y = 3.18x 1076 m3 51, | 10001 t 605 | . 0.191 min"!
1 m3 I min

Answer: 0.19 1 min-1
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Homogeneous Reactions

11.1  Reaction equilibrium _
From p 258, take the standard conditions to be 25°C and 1 atmn pressure. The temperature is converted to degrees
~ Kelvin using Bq. (2.24); from Table 2.5, R = 8.3144 1 K1 gmol'l = 8.3144x 103 &J K1 gmolL,

(a)
From Eq. (11.3):

-GS -1
mK = oxn _ . 14.1:;1}1'1012 = 569
RT  83144x 102 kWK gmol™ (25+273.15K)
K =295
The large magnitude of X indicates that the reaction can be considered hreversible.
Answer: 293, irreversible
()
From Hg. (11.3):
-AGS = 1
K = ma 5 S.ZIRJmOE_I = 129
RT  83144x 10 kIK™! gmol™! (25 +273.15K)
K = 0275

The relatively small magnitude of K indicates that the reaction is reversible.

Answer: 0.275; reversible

112 Equilibrium yield

(a)
From Eq. (11.2) with G6P and G1P representing giucose 6-phosphate and glucose -phosphate, respectively:

Cgep atequilibrivm g o3 M

~ Cgpatequilibiom ~ G.002M 1
Answer: 19
{b)
From Egq. (11.9) and the reaction stoichiometry:
moles G6P formed 1mol

= 1 molmol™}

Theoretical yield = s e e Form 6P © Tl

Answer: 1 mol mol-!

(c)
From p 260 and using a basis of 1 litre:

moles GOP formed 0,038 mol

= ]
molesG1Psupplied  0.0dmol 0.85mol mol

Gross yield =

Answer: 0.95 mol mol”!
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11.3 Reaction rate
{a}

....... . Termms used to express reaction rate are outlined on p 261,

)

Answer: The volumetric productivity is unaffected by change in volume.
(ii)

Answer, The specific productivity is unaffected by change in volume.

(iie)

Answer: The total productivity is doubled if the fermenter volure is doubled,

(b}
Answer: The volumetric productivity is doubled, the specific productivity is unaffected, and the total productivity is
doubled.
{c)
)]
Ra=100kgdl; ra =08 gt'! b-l. From Eq. (11.16):
R -1
______ veta 1 *‘;‘”‘3“ = 52081
A I -
i ] | 19003'
Answer: 52081
an
From Eq. (11.67n
......... . ogerty! o
gp == =Bl 2 = 004ggin!

Answer: 0.4 g gl il

114 Enzyme Kkinetics .
Evaluate the enzyme kinetic parameters by plotting */y versus s as a Langmuir plot (p 272). The values are ligted and

piotted below.

s (mol I'h) 37, (min)

...... . 0‘0250 . 12‘89
0.0227 11.88
0.0184 .95
0.0135 7.50
0.0125 7.02
0.00730 5.00
0.00460 3.93

0.00204 2.62
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18 T ¥

10 -
3
E
o>
5 i -
)] H |
0.00 0.0t 0.02 0.63

& {mol 1)

The equation for the straight line in the plot is %y, = 1.70 + 445 s, where s has units of mol I} and 5/, has units of min,
Therefore, from Eq. (11.39), l/”max = 445 mol! 1 min, so that vmay = 2.25 x 10°3 mol I'! min"l. Also from Eq.
(11.39), Ry, = 1.70. Multiplying this value by the result for vpay, Koy = 3.83 x 103 mot 11,

Answer: Veay = 2.25 % 10°3 mol I'! min'l; Ky, = 3.83 x 103 mol -

11.5  Effect of temperature on hydrolysis of starch

(a)

The activation energy is determined from the Arrhenius equation, Eq. (11.21), with % equal to the initial rate of
glucose production. According to the Arrhenius equation, a plot of & versus 1!’[ on semi-logarithmic coordinates

- should give a straight line.. The parameter values are listed and plofted below; Tis converted-to degrees Kelvin using

Bq. (2.24).
T(°C) 7K . L g1y Rate, k (mmol m*3 5°1)
20 293.15 3.41 % 10°3 031
30 303.15 3.30 x 10°3 0.66
40 313.15 3.19 x 1073 1.20

60 333.15 3.00% 1073 6.33
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10 i 1 1 H i

Rate of glucose production, k {mmot m3 s-1)

14 . "
a.1 | i g i _l
29 3.0 341 3.2 3.3 34 3.5

]
/Temperature x 103 (K1)

- . -The equation for the straight line in the plot is k= 1.87 x 1010 ¢~ 7300/T where & has amts of mmol m 51 and T has

umzs of K. Therefore, from Eq. (11.21), fR TG K. From Table 2.5, R =8 3144 Kt gmoi‘1 = 83144 x 103 kJ
K-1 gmol-1; therefore, £ = 7300 K x 8.3144 x 10°3 kJ K-} gmol! = 60.7 kJ gmol i,

Answer: 60,7 kJ gmol-1,
(b)
Converting 55°C to degrees Kelvin using Eq. (2.24), T'= 55 + 273,15 = 328 15 K. Substituting this value into the
equation for ¥ obtained in (a).
k= 1.87x 1010 73007 = 1 87 x 1010 ~7300/328.15 = 4.08 mmol m™3 51
Similarly, for T=28°C=25+2713.153=29815 K:
k= 1.87 % 1010 ¢~T300/T = 187 x 1010 ¢~7300/298.15 < 0.43 mmol m3 s

Therefore, the rate at 55°C is 4 -03!{)_43 = 9.5 times faster than at 25°C.

* Answer: The reaction rate at 55°C is 4.08 mmol m3 s-1 or 9.5 times faster than the rate of 0.43 mmol m3 ' at 25°C.

(c)
From Table 2.5, the value of R in the appropriate units is 1.9872 cal K-! gmol-!, A155°C=328.15K:

kg = 225% 10%7 HO30RT = 3 95 1077 H1.630/1.9872%328.15) . 4 17!

Therefore, from Eq. {11.45), the half-life of the enzyme at 55°C is:

m2_. 12 i6sn

fy =
k¢ pa2p!
At25°C =298.15K:
kg = 225x 1027 g LO3ORT = 3 955 1027 ;~41.630/1.9872x298.15) = 6.87x 1074 b~

and the enzyme half-life is:
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Although the reaction rate is 9.5 tirnes faster at 55°C than at 25°C, the rate of deactivation is 0.42/(6.87 x 10-4) = 611
times greater. Therefore, unless there are other considerations, 25°C would probably be the more practical
temperature for processing operations.

Answer: The enzyme half.life at 25°C is 1009 h or 611 times longer than the haif-life of 1.65 h at 55°C. The more
practical operating temperature is probably 25°C. '

11.6 Enzyme reaction and deactivation

K =5mM=35x10-3 gmol ! = 5 x 106 gmol m3. The concentration of fat is reduced from 45 gmol m 10 0.2 X
- 45 gmol m3 = 9.0 gmol m3. As this concentration range is well above the value of Ky, 5 >> K, and, from p 269, v

= Vinax. As v="953, combining Eqgs (11.35) and (11.44) gives:

- B

In this equation, 5 and ¢ are the only variables. Separating variables and integrating:
f—*d-? = fvmaxﬂg—kdtdf
Applying calculus rules (.24) and {(D.17) from Appendix D and combining the constants.of integration:

i
P Mg”kdr+x
kg

. ‘Fhe initial condition is: at f = 0, s = 5. Therefore:

= Vmazh

Ymax(

K= iy —~ 55

Substityting this expression for & into the equation for —s gives:

-V ,
mexl kgr  Vmaxd

-5 = % > - 50

5= SGM"I;&XO (i -e”k¢:)

d

At the beginning of the reaction, sp = 45 gmol m™3. Converting the units of Vyax0:

v = 0.07mmol I s = 0.07mmot 1 571, 1 gmol . 10001 . % = 4.2 gmol m™> min™!
maxQ 1000 mmol || | 3 | {min Lo
From Eq. (11.45):
kg=02 2 12 _ 6087 min!

Substituting parameter valaes into the equation for 5, when 80% of the fat is hydrolysed:

4 .4
0.2 x 45 gmolm™3 = 45 gmol w3 .. 4280l WD (- ¢0.087 4
0.087 min~

where ¢ has units of min. Grouping terms:
12.276 = 48276 ¢0-0871

0087 = 254

0087t = ~1.369
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= 15.7 min

Answer: 15.7 min

11.7 Growth parameters for recombinant E. coli

ge average rate-equal area construction is used to determine growth rates from the corcentration data. The data and
calculations are tabulated below.
""" Time,  (h) x (kg m*%) Ax (kg m™) At () A%/ps (kg m3 )
0.0 0.20 0.01 033 0.03
0.33 0.21 0.01 0.17 ' 0.06
0.5 0.22 0.10 0.25 0.40
0.75 0.32 0.15 0.25 0.60
10 047 0.53 0.50. 1.06
L5 100 1.10 0.50 2.20
= 20 210 232 0.50 464
25 4.4z 2.48 0.30 8.27
2.8 6.9 | 2.50 0.20 12.50
"""" 3.0 9.4 1.50 0.10 15.00
3.1 16.5 0.70 0.10 7.00
- 3.2 11.6 0.10 - 0.30 0.33
3.5 1.7 —0.10 0.20 —0.50
3.7 116

The values of A/, are plotted as a function of time below according to the method described on p 263.

16 ¥ ¥ 1 T T 1 1
......... 14 |. "
12 ' -
101 v
- ;: gl i
E 5
€ 6l .
7‘(,1-.- /
<l <1 -

2 H | R H i ! zI

a.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
Time {h)
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Results for dxfd; read from the average rate-equal area curve and the calculated specific growth rates are listed below,

Time, ¢ () rx = gy (kg w3 brh p= 1 g (071
6.0 0 0
0.33 0.05 | 024
0.5 020 0.91
0.75 0.45 - 141
1.0 0.70 1.49
15 15 1.50
20 33 - 1.57
25 6.5 1.47
28 10.4 1.51
30 14.5 1.54
3.1 11.0 1.01
32 35 0.30
3.5 0.3 .03
37 08 007

Values of the-specific growth rate g are plotied as a function of time below.

20 . . v ' : Y
=~ 15} -
&

o
@
8 1.0 b -
:
& O05p =
§
W 0.0 p

__0'5 A % 3 i i i 5,

0 1 2 3 4
Time (k)

(b)
As expected for most batch cell cultures, growth occurs at aronnd the maximum specific growth rate for most of the

culture period. Taking the average of the vatues of y between times 0.75 h and 3 b, gpax = 1.50 £ 0.05 ), where
0.05 is the standard deviation,

Answer: 1,50 k"1

()

From Eq. (11.49), the observed biomass yield ¥y at any point in time is equal to the ratio of the observed growth and
substrate consurnption rates. The average rate-equal area construction is used to determine the substrate consumption
rates rg = ~98/4; from the concentration data, as shown below.



Solutions: Chapter 11 129

Time, ¢ () s (kg m>) As (kg m*3) At (h) ~B7pr (kg m-3 il

0.0 250 w012 0.33 0.61
033 24.8 0.0 0.17 0.0
......... 0.5 24.8 02 0.2% 0.80
0.75 24.6 0.3 0.25 1.20
........ 10 243 hi 0 0‘50 2‘00
1.5 23.3 26 0.50 320
2.0 207 -5.0 0.50 10.0
25 157 -55 0.30 18.3
2.8 10.2 . -5.0 0.20 25,0
3.0 5.2 ~3.55 0.10 33.5
_________ 3.1 1.65 ~1.45 0.10 14.5
3.2 02 0.2 0.30 0.67
3.5 0.0 6.0 0.20 0.0
....... 3.,? 0‘ O

--------- : The values of ~A5/4, are plotted as a function of time below according to the method described on p 263.

........ 40 I ’ ] ‘ ! i !
35 - ]
30 i ]
........ - 25 L. N
.E: .
(?
_________ £ 20 s
Z
23
R I -
10 | _ // -
5+ // -
......... 0 ?,_1—’-_{?-4! H 1 1 &Q;
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4,0
Time {R)

Results for ”“dsr‘d; read from the average rate-equal area curve are listed below, together with the instantaneous
biomass yield coefficients calculated using Eq. (11.49) and the values of ry from {a).



- Answer: 0.46 kg kg'L; Y;{s is.approximately constant during exponential growth
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Tirme, 7 (h) re="/g; (kg m3 bl Yyg = TXlpg (kg kgD
0.0 0.4 0
0.33 0.5 0.10
0.5 0.6 033
0.75 1.0 0.45
1.0 1.6 0.44
15 3.0 0.50
2.0 7.4 0.45
2.5 13.9 0.47
2.8 222 0.47
3.0 33.0 0.44
3.1 21.5 0.40
32 7.0 0.50
3.5 0.4 -0.75
3.7 0 -

Values of the observed biomass yield from substeate Y;(s are plotted as a function of time below.-

Is
YXS

Chserved biomass yield from substrate,

(kg kg1)

0.6

0.5

0.4

0.3

0.2

0.1

0.0

o

”
Time (hy

11.8  Growth parameters for hairy roots

(a}

. During the exponential growth phase between 0.75 h and 3 b when i = i, Y;cs is approximately constant with an
average value of 0.46 & 0.02 kg kg1, where 0.02 is the standard deviation,

The mid-point slope method is used to determine rates from the concentration data. The growth data are listed and
plotted below according to the method described on pp 264265, Values of {(x}.g~ €x)—g) are read from the graph.

Thne, ¢t (d) Biomass concentration, x (g I"1) £ [~ Ep—gl (g 11
0 0.64 5 -
5 195 5 3.0

i0 4.21 5 3.6

is 5.54 5 38
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20 698 5 3.7
25 9,50 5 3.4
30 10.3 5 2.6
35 120 5 1.9
40 12.7 5 1.2
45 13.1 5 0.8
50 135 5 0.6
55 137 5 -
16 * i " H T H " H i H ¥
14 -
________ % . - h
4 f : }
_g‘ | | )
- 10 ] by ~
B | i ; |
£ s ' by ! -
........ ﬁ I ; ] !
g 6 | ! ] ! -
; i ! i I
! ]
§ 4 I; ! ! | 7
& !
| ! | [
_______ 2 | ; | | i
i ! | i
o H | f §
""""" 0 10 20 30 40 50 60
Time {d)

The growth rate d’-’/d; is determined using the central-difference formula, Eq. {11.23). These results and values of the
specific growth rate u are listed and plotted below as a function of time, :

....... Time. 1 (D) re = g (g 1L w= 1 By @l
5 - -
_____ s 030 0.154
10 0.36 0.086
15 0.38 0.069
....... 20 0.3? 0‘053
25 0.34 0.036
30 0.26 0.025
35 0.19 0.016
_____ i 40 0.12 0.009
453 0.08 0.006
50 | 0.06 0.004
. 55 S -

Values of the specific growih rate g are plotted below,
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0.20 NN AL B R B A

0.15

010

0.05 |-

Specific growth rate, u (d-1)

0.00

Time (d)

‘Answer. Near the beginning of the cuiture.

(h)
The mid-point slope method is used to determine the rate of substrate uptake as a function of txme The sugar

concentration data are plotted below according to the method described o pp 264-265.

38 . ! " J " J * ! et

25

— i
. !
= i i
S 201 ! | o
8 R
Fi | | i
§¥5 P ¢!
8 N ! i b4 7
8 | | i )
(%’ ! I | | : i
10F | f | I i ; + -
b | ! ; b
i i ! [ i I | ]
s5l. i ; | ] ; | [ f i a
i i I l ; I I | I ! i
| i | i ; i i i i ! |
0 L1 L i b oL L ]
0 10 20 30 40 50 60
Time {d)

Values of {($)psg~ (5) 1 read from the graph are listed in the tabie below.
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Time, 1 (d) Sugar concentration, s (g I'1) £ [(Drpe— a8 IH
0 30.0 5 .-
5 274 5 ~6.2
~ 10 236 5 s,
15 2.0 5 3.7
20 184 5 -S54
25 14.8 5 -5.2
""""" 30 13.3 5 4.6
35 8.7 5 4.4
40 8.0 5 -39
......... 45 6.8 5 w27
30 5.7 5 -1.9
5 -

53 51

The rate of substrate uptake 0874, is determined using the central-difference formula, Eq. (11.23). These results and
values of the specific rate of substrate uptake gg are listed and plotted as a function of time below.

Time, £ (d) re=~5/ge (g 111 a1y gs =Yy Bige (@)
3] - -
5 (.62 0.318
10 .61 0.145
15 .57 0,103
....... . 20 : 0.54 0.077
25 0.52 0.055
) 30 : 0.46 0.045
........ a5 0.44 0037
40 .39 8.031
45 ) 0.27 6.021
50 .19 0.014
_________ o 0 0
— 0.35 1 M i ¥ 1 M 1 4 1
® pa30l .
&
_§§ 0.25 - -
£
pon ]
....... @
§ 0.20 - ]
?:E 015k -
......... "6
&
E 0.10 §- -
2
........ g 0.05 -
2]
0.00
0 80

Time {d)

() :
‘The instantaneous biomass yield coefficient is calculated using Eq. (11.49) and the values of ry and rg from (a) and

(b). The results are listed and plotted below.
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Time, ¢ (h) Yyg="%/r @8
O —
5 0.48
10 0.59
15 0.67
20 _ . 0.69
25 0.65
30 0.57
35 0.43
40 0.31
45 0.30
50 0.32
55 _
0. . . . : :
‘>§ 8 H i i ¥ 1
g o7l -
g
£ o8t =
3
E  o5h ' -
‘g o~
2o 04k -
- S » .
2 oak -
E .
8
2 02 -
3
£ ok _
§ 0.0 s i s { . } R L s {
0 10 20 30 40 50 60
Time (d)

Answer: Y;(s varies during the culture period within the range 0.30-0.69 g g1 dry weight.

11.9 Ethanol fermentation by yeast and bacteria

(@)
From Table B.8 (Appendix B), the molecular formulae for gluicose and ethanol are CgH10g and CaHgO,
respectively. The reaction equation for fermentation of glucose to ethanol without cell growth is:

C6H1206 -y C2H60 +2 COQ

From the stoichiometry, the maximum theoretical yield of ethanol from glucose is 2 gmol gmol’!. From Table B.1
{Appendix B) the molecular weights are: glucose = 180.2; ethanol = 46.1, Therefore:

46.1g l
2 gmol ethanotl . j 2.
Maximumtheoretical yield = 2 gmol ethanol = ngm-- = (51¢g g‘l
L gmol glucose 1 gmol glucose 180.2¢
gmole 1 1 gmol

Answer, 0.51 g g’

)
In the absence of growth, 4 in Eq. (11.83) is zero and the equation reduces to:
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? Mo
Poor = o
P§ LS

Therefore, for Y;,s equal to the maximurn theoretical yield:
mp = 6.51 mg

- For §. cerevisiae, mg = 0.18 kg kgl i}, for Z. mobilis, mg=22%kg k'l b, Applying these parameter values in the
--------- above equation gives my, = 0.092 ! for S. cerevisiae and mp = 1.12 ! for Z. mobilis.

Answer: 0.092 17! for S, cerevisiae; 1.12 bl for Z mobilis

() _
. During batch culture at usual glucose concentrations, &2 = iynax for most of the culture period {p 279). Eq. (11.83) can
therefore be written as:

: YoxHmax +mp
Ypg =

e e I,
_________ Tag O

Substituting the parameter values for S. cerevisiae, including the result for mp from (b):

........ + -3 -1 -1
L L | (o4n)vo002n7t o gk
22N 4 o18kgkgial
........ O‘Il kg kg_
Similarly for Z, mobilis:
, g2 -1 -1
_______ ¥ = 7.7kgki (03n!)+ 122070 _ 048kg kg™
M«Mf +22kgkgln!
006kgkg™
"""" Answer. 0.43 kg kg1 for 8. cerevisiae; 0.48 kg kg'! for Z mobilis
(&)
--------- Using the results from (a) and (¢}, for S. cerevisiae:
Yog 043 kg kg™
Efficiency = : e T — = (.84
maximum theoretical yield g 57 g o~
For Z. mobilis:
........ Y' ]
Efficiency = B « 048keke 0.94

maximum theoretical yield (.53 gg!
Answer: 0.84 for §. cerevisiae, 0.94 for Z. mobilis

(&)
From Eq. {(11.70) with g = fiyax, for 5. cerevisiae:

gp = Ypx itmax +mp = 39kgkgl (04K +0.0920! = L65hL
"""" Yor Z. mobilis:
Gp = Ypxlmax +mp = T.7kgkg't (03K + 112! = 3.43 1]

Answer, 1.65 k! for S, cerevisiae; 3.43 wl for Z, mobilis
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) :
In Eq (11.70), the growth-associated term is Ypyx fimay, the non-growth-associated term is myp. Therefore, using the

result from (e), the proportion of ethanol production from growth for 8. cerevisiae is:
Yextmax _ 39kgkg~l{04n)

7 e e T .94
PxHmax* 72 39kgkgl{0.4n1) 40,0920
50 that the proportion from non-growth metabolism is 0.06. For Z. mobilis:

Poxtmax _ 77kgkgo3nl) 067

Yox Bmax +™p  77kgkg L (03077 + 1.12071

and the proportion from non-growth metabolism is 0.33. Non-growth-associated ethanol production is more
substantial for Z. mobilis.

Answer: For 8. cerevisiae, (1.94 of the ethanol production is growth-associated and 0.06 is non-growth—associateﬁ. For
Z. mobilis, .67 is. growth-associated and 0.33 is non-growth-associated, . Z. mobilis produces a more substantial
proportion of its ethanol in non-growth-associated metabolism.

(&

the specific ethanol productivity qp for Z. mobilis is 3437 5 = 2.1 times that of 5. cerevisige, 1o achieve the same

volmmelric productivity, the concentration of yeast must be 2.1 times that of bacteria.

Answer: 2.1 times the concentration of bacteria

{h)

From p 261, total productivity is equal to specific productivity multiplied by cell concentration and fermenter volume,
At zero growth, u in Eq. (11.70) is zero and gp = mp. Therefore, from (b), the specific productivity gp for S.
cerevisiae is 0.092 1}, and for Z. mebilis, 1.12 b'1, As the value for Z. mobilis is 11 /0,007 = 12.2 times that of S,
cerevisiae, to achieve the same fotal productivity at the same cell concentration, the fermenter volume for the yeast
culture must be 12.2 times that for the bacteria.

Answer: 12.2 times the volume for the bacterial culture

B
From Eq. (11.81} with u= figay, for S. cerevisiae:

1y -1
_.,I_&:?L.q. s 1 I+G.1.8kgkg1h =9-54kgkng
Yy 1XS Hmax  0.11kgkg™ 04k~
Yis = 0.105kg kg™!
For Z. mobilis:
m 1,1
“_i_m?gm+ s _ 1 1+2.2kgz;g b7 os0kgkg™!
Yys IXs Hmax  0.06kgkg” 03n"

Yes = 0.042kg kg™

Answer: 0.105 kg kg*! for 8. cerevisiae; 0.042 kg kg1 for Z. mobilis. As Z. mobilis produces fess biomass per mass
of substrate consumed and per mass of ethanol produced than S, cerevisiae, biomass disposal is less of a problem with

- the bacteria.

&)

The ethanol yield from substrate is 12% higher using Z. mobills than S. cerevisiae, the specific productivity is 2.1
times higher so that a smaller and cheaper fermentation vessel is required to achieve the same rate of ethanol
production, and Z mobilis produces less than half the amount of biomass generated by S. cerevisize per mass of
glucose consamed. All of these factors mean that Z. mobilis performs better than S. cerevisiae for ethanol production.
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However, other aspects of the cultures and the ethanol production industry also need to be considered. Z. mobilis
requires a higher pH (5.0) for growth than §. cerevisiae (3.5-4.0}, and is therefore more susceptible to contamination.
Z. mobilis also does not grow well on molasses, a common substrate material for fermentations, because of the high
salt content. The biomass produced in ethanol fermentation by yeast is often sold for use in animal feeds, whereas
application of bacteria for this purpose is not as well accepted in the industry. These are some of the reasons why Z,
mobilis has not been widely adopted for industrial ethanol production, despite its superior ethanol production
characteristics,

1110 Plasmid loss during culture maintenance
From Eq. (11.65):

- -1
a=t L OOBH g

The number of generations of plasmid-containing cells over the 28-day period is, from Eq. (11.66):

. {oozsnl)2ga |20
n=fls AP
T2 In2 T
If the fraction of cells containing plasmid is F = 0.66, from Eq. (11.64):
l-a-p 1-132~p _ 0.32+p _ 032+p

0.66 =

1—q2M@p-Dy 132 28 20324-D) 7 035, 024203249, 37421438 (2242P)

Maltiplying through by the denominator:
0211+ 141.49p 2422y 032+ p
14149 p 22429y _0.108 ~p = O

This eguation can be solved for p by trial and error. Values of the left-hand-side of the equation for various p are
hsted below, starting with p = 0.001 as the first guess.

p 141.49 p (22429} . 0,109 - p
0.001 0.0339

0.002 0.1816

0.0007 —0.0095

0.00076 ~0.0008

0.00077 0.0006

0.000766 0.000017

As the value of the expression when p = 0.000766 is sufficiently close to zero, the solution can be taken as p =
0.000766.

Answer: 0.000766

11.11 Medium sterilisation _

(a), (b) and (c) '
The specific death constant kg is evaluated using Eq. (11.46) with A = 1036251 and Ey4 = 283 kJ gmol*!. From Table
2.5, R =8.3144 J K1 gmol'1 = 8.3144 x 10-3 kI K1 gmol'l, Converting the temperatures to degrees Kelvin using
Eq. (2.24), 80°C = (80 + 273.15) = 353.15 K, 121°C = (121 + 273.15) = 394.15 K, and 140°C = (140 + 273.15) =
413.15 K. Therefore, at 80°C: .

. 1 -3 1 -1
ky = Ae—&;{}ar = 1036,2 S—I & 283 %7 gmoi A8.3144x 1077 KT K™ gmol™ x 353.15K) 2 220X 10—6 sl
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At 121°C:
kg = AcTURT o 1036241 728310 gmol/(8.3144x 107 kY K gmol™ x 394.15K) . ¢ 049771

At141°C:
ky = 4 e TIRT o 193621 283K gmol (83144 x 107 KK gmol  x413.15K) . 5 63 ¢~

The relationship between the number of viable cells and time is given by Eq. (11.87). Converting the units of the

initial concentration of contaminants xg:

10001

_ 108 -1 _ yp8 -1
xp = 107 cellsl 107 cellsi™ . 3

Im

1 = 1011 cells m™>

Therefore, per m>, Ng = 1011; N = 10-3. Substituting values into Eq. (11.87) gives:

1673 = 1011 o %a?

~3224 = kgt
32.24
= wkd
Therefore, at 80°C:
32.24 3224 l Ih
b oo = . - 4070h
kg 220x 10705 (36008
At 121°C;
‘= 32.24 - 32.24 - i min = 10.8 min
ka po497s57! | 60s
At 140°C:
‘= 32.24 - 32.241 = 1235
ki 2635

Answer: 4070 h at 80°C; 108 min at 121°C; 12.3 s at 140°C
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Heterogeneous Reactions

12.1 Diffusion and reaction in a waste {reatment lagoon

(a) '

A substrate shell mass-balance is peeformed around a thin slice of sludge of area A and thickness Az located distance 7.
from the bottom of the lagoon, as shown in the diagram below.

Wastewater

A o s o e o mmm b W R WA MW e e e W e e e g e —— o — -

I
VST

Substrate diffuses into the shell across the upper bourndary at z+4z, and diffuses out across the lower boundary at 2,
Substrate consumption within the shell follows first-order kinetics. Following the procedure on p 301, from Fick's
1aw, the rate of substrate input by diffusion is:

ds
(248)
where D, is the effective diffusivity of substrate in the sludge. Similarly, the rate of substrate output by diffusion is:

()

7+Az

Z

The rate of substrate consumption in the shell is £; 5 A Az, Substituting these expressions into the mass-balance

equation, Eq. (4.1), with the rate of substrate generation = 0, at steady state;

(& (343)

wkisAAZ = {

74

“Assuming thatthe substrate diffusivity and sludge area do not vary with distance z;

ds
@s.zf‘*(a;

Cancelling A and dividing through by Az gives:

_ &
rar 02

UmklsAAz =0

ds

& i‘:‘,L

2z, Ez_ﬁ"i@‘f- ~kys=0
Taking the limit as Az — 0 and invoking the definition of the derivative as in Bq. (D.12) in Appendix D:
. adz“ (ng] wkis = 0

2%
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or
%
%*d*“zi‘*kl § e
2e
Answer: 273@%;2{—3:1 gl
(b)

Atg= L, 5= 5. ‘At 2= 0, we assume that the substrate concentration profile reaches a mingmum so that ds/dz w ),

Answer: Atz=L, s =g at2=0, d“'/dz=0‘

(e

@

s = N P2 using differentiation rale Eq. (D.17) in Appendiz D:
ds _ z
&= NeP

and

2

Substituting the expressions for s and dzs;dzz into the differential equation in (a):
D PNk NeP? = 0
Dividing through by N ¢PZ and solving for p?;

ki
pz ju—
SE

Answer.p = & fki,lﬂSe

{ity
K5 m N ePZ 4 M P2, substituting the values for p from (i) above:

Differentiating this equation using differentiation rule Eq. (D.17) in Appendix D:

% - Ni/'k}f% ezvklfzge —M\/'%e”z\jkif%e

Applying the boundary condition at z= O

0 = N\/kﬂg&a "M\/kif-@&

Cancelling the square root terms gives:

Answer N= M

(iid)
Substituting N for M in the equation for s in (if):
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- N(ez Ty, 4 g2 z,f%)
Applying the boundary condition at z= L: |
sy = N[ VAT, 4 LR
Solving for V.

S
LDy, 4 L6 D,

Substituting this resolt into the equation for 5 above:
VR o R
L TRiDy Lk,
VB 4 ot [ B
RN NN

N o

Answer: g =

{iv) .
From the definition of cosh x, the numerator in the equation for 5 in (iif) is egual 10 2 cosh (z [ &/ gs ’ Simularly,
the denominator is equal to 2 cosh (L kyt @s . Therefore; ' #

4]

200311( kv,
Schosh( ,‘/kz/@s )
or
_ ey
b cosh(L, [k, )
Answer: QE.D.
G

" Taking the derivative of s using the equation for s in {c) fiv):

o sinh(z k;fﬂs
= \"b\/}—l}—ésj cmh(LJklf'@see)

Evaluating the derivative at z = L

dz L_ =% V cosh(( V{ ki‘:; J

Substituting this result into the expression for 74 obs!

sinh(L, /k1/ ), )
Taobs = Dy, Asp [k ( L2

"2, cosh( Ve, )

sinb{L, /ky/ gy ]
Answer. Tp ohe = ﬂseAst 1 @se cgsh(( \/kz;ﬂs )
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{e)
The internal effectiveness factor is defined in Bq. {12.26). For first-order reaction kinetics at substrate concentration
sy everywhere in the sludge, the rate of reaction within the entire sludge volume is:

Tas ® k15, AL
Substituting this and the expression for 74 obs from (d) into Eq. (12.26) for first-order kinetics:
sich{L  /ky )
By Ao/ MV 2, coah(L P ;ﬂse
TAobs _ ( \/ ! ﬂSe)

i = kiShAL
TAs 1%

Cangcelling and grouping terms and applying the definition of tanh x gives:

(277,

M =

L [k
viz,
Therefore, applying the definition of ¢;:
tanh ¢
’7&2 = ....._?51_...._
Answer: QE.D,
0
From the definition of tanh x:
gy = A=
ehreh
For L =2 cm, the values of ¢, tanh ¢ and 151 evaluated for the three sets of conditions are Hsted below.
‘Condition # tanh ¢ ' .
43 0.50 0.46 0.92
{2 20 0.96 048
€] 10 1.0 0.10

The substrate concentration profiles are calculated using the equation for s as a function of z from {c) () and
applying the definition of ¢;:

BN N N
& oo
* e¢l + e“‘ﬁi _

The results for s, = 10-% gmol cm3 at various values of 2 are listed and plotted below,

Substrate concentration, s (gmol cm3)

Distance, z {cm) Condition (1) : Condition (2) Condition (3)
0.0 8.87 x 108 2.66 x 1076 9,08 x 10-10
0.3 8.89 x 1076 278 x 106 2.14% 1079
0.7 9.00 x 10°6 3.34 x 1076 1.50 x 108
1.0 9.15 x 1076 4.10x 108 6.74 % 10-8
1.2 9.27 x 106 481 x 1076 ' 183 % 1077
1.5 9.50 x 10°6 6.25 x 10-6 8.21 x 1077
1.8 9.78 x 10°6 8.26 x 1076 3.68 x 106

2.0 1.00 % 1073 1.00 % 1079 1.00 % 103
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1.2 r y T

1.0

Condition ( 1)
[ 2 *— y
0.8 b # = 0.50; oy = 0.92

0.6}~

0.4

Condition (2)
¢1 = 2.0; = 0.48

0.2

Substrate concentration, s x 105 {gmof cm-3)

Condition (3) ¢, = 10; 7y = 0.10
0.08 - i P A
Q.0 0.5 1.0 1.5 2.0

Distance from the botiom of the lagoon, z {om)

_As ¢y increases, 7)1 decreases, the concentration profile becomes steeper, and the minimum substrate concentratiosn in - -
the sludge is reduced.

- 12.2  Oxygen profile in immobilised-enzyme catalyst
(a)
" “From p 269, as Cpg 15 O-S-mMz'{)_g;s mM = 33 times the value of Ky, as a first approximation we can consider the
kinetics to be effectively zero order with kp = viax. Converting the units of &y to a per volume of gel basis:

-------- ko = Vogy = 0.12mols T kg1 (o.ozzkgm-3).l_?3£ LXK 1o 4e1x 100 kg5

Ymol; 1100z
Converting Cag to units of kg m™>:
- - -3 -1 1100601 R2g 1kg | -2
Cag = 05mM = 0.5%x 107 gmol1™ . T3 | | Tgmot| | T000 ] 0.016kgm

""""" For zero-order reaction, the equation used to determine the substrate concentration inside the beads depeads on
. . whether Ca remains > O throughout the particie. . The maximum particle radius for which this occurs can be
calculated using Eq. (12.17)

: 6n, C -5 2 i w3
‘Ae " As 6(2.1x 197 m s 10016 kgm
R = —_ = 0.0021m = 2.1mm
max oy ko \/ 461%10" kg5~ m™ _

- . Therefore, the maximum particle diameter for Ca >0 everywhere is 4.2 mm.- Because the immobilised-enzyme beads
- .are smaller than this, Ca > 0 and the oxyger concentration profile can be calculated using the equation for zero-order
reaction and sphetical geometry in Table 12.1. Values for Cp, as.a function of r are listed and plotted below.

Radius, r (m) ~ Oxygen concentration, Ca (kg 1)
------- 2.0x% 103 1.60X 1074

L7x 103 1.19x 102

1.5 % 103 9.60 x 1073
....... 1.2 % 103 6.63x 1073

1.ox 103 502 % 1073

0.8 x 103 371 % 103

0.5 % 1073 228 x 103
. 0.2 1073 1.51 x 103

0.0 1.37 x 193
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M 20 i 1 i
e
2.
o
@
x
<
5
g
:
:
O
0 1 1 i
0.0 0.5 1.0 t.5 20
Radius, r{mm) :

.. As the minimum value of Ca at the centre: of the bead is still about 2.9 times Ky, the assumption of zero-order
kinetics is reasonable.

(b}
As Cp > 0 everywhere within the bead, for zero-order reaction this means that the entire bead volume is active.

Answer: 1.0

(c)
For zero-order reaction, the maximuin conversion rate occurs when the oxygen coacentration is greater than zero
everywhere in the particle. The largest bead size for this to occur was caleuiated in (a) is 4.2 mm.

Answer: 4.2 mm

12.3  Effect of oxygen transfer on recombinant cells
@

Converting the units of kg to mass:

32g

- B3 S
kg = ™ mols m™ . T

= 32x107kgs  m™

kg
1000 g

The maximum particle radius for which oxygen concentration inside the beads remains greater than zero is calculated
using Bq. (12,17}

6 Dpe Ca 6{14x10%m2s8x 103 kgm™>
Roge =\ |~ = ( . ) T = 145%10%m = 145mm
ko 32x 107 kg m™ '

Therefore, the maximum particle diameter for aerobic conditions is 2 X 1.45 = 2.9 mm.

Answer: 2.9 mm

(b}
The particle radius is 147/2 = 0.725 mm = 7.25 x 104 m. As this radius is less than Ryax determined in (a), oxygen
is present everywhere in the particle. Therefore, as the kinetics are zero-order, 7; = 1. From Eq. (12.26) with 1y = LI

Taobs = r;S = kp = 32X 1073 kg § 3

Substituting parameter vaiues into the equation for the observable Thiele modulus @ in Table 12.4 for spherical
geotnetry:
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= 6.167

. (R)z TAchs (?.25x10*“m)2 32x 100 kg s m?

3 ﬂAe Cas h 3 14x 1079 m?s1 [8 x 1073 kg m“S)

Using this value, the misimum intraparticle oxygen concentration can be calculated from the equation in Table 12.5
for spherical geomeiry and @ < 0.667:

3 3, _3f, 3 RV
CmmCm(iwid‘-‘)=lef)Skgms(b—»«i(o.ié?))=6.(}x1(}3kgm3

Answer: 6.0x 1073 kg 3
{c}

- the cell density is reduced by a factor of 3, kg is reduced to 21’ s its previous value. Therefore, kg=1/5 (3.2 x 10 kg

sim¥) =64x108kg s~ m3. From Eq. (12.17x

a5 Pnelns  eliaxiofmls ) ex100 gm0 s
max kg 6.4x10“6kgs"1 m™

Therefore, the maximum particle diameter for aerobic conditions is 2 x 3.24 = 6.5 mm..

Answer: 6.5 mam diameter

124 Ammonia oxidation by immobilised cells

(a)
R=15mm=15x103m. Calculating the observable modulus 2 for spherical geometry from Table 12.6:

oo R TAcks _ 15x 10%m 22x10%kgs m?
3 kg Cap 3 6x10ms ! {6x 102 kgm3)

From Egs (12.43) and (12.44):

= (.031

Capfl~ £ = Cap (1 -0.031) = 097 Cap

H]

Cas
As Cag = Cap. external mass-transfer effects are insignificant,
Answer: Insignificant; the surface oxygen concentration is only 3% lower than in the bulk medium.

b

From Table 12.7 for zero-order oxygen uptake kinetics, fjeg = 1. The internal effectiveness factor 1j¢ can be
determined from Figure 12.11 as a function of the observabie Thiele modulus @. Evaluating @ from the equation in
Table 12.4 for spherical geometry using the result for Cu ¢ from (a):

7y -3_\2 ~5 10 1 =3
d,:(R) Aobs (z.szo m} 22x105 kg s m - 050

3] D,,Cas 3 19% 1077 m?s™1 {0.97x 6 x 10 kgm™)
From Figare 12.11, at @ =050, o= 1. Using Bq. (12.46), tr=Njg Rp=1%xI=1.
Answer: 1
{e)

Using the results from {a) and (b}, the minieuwn intraparticle oxygen concentration can be caleulated from the
equation in Table 12.5 for spherical geometry and ¢ < 0.667;

_3 W P - B g m=3
Camin = Cas (I 3 43) 0.97x6x 10 kgm (1 5 (0.50)) = 1.3x 10" kgm
This oxygen concentration is greater than the critical level.

Answer: Yes
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12.5 Microcarrier culture and external mass fransfer
Dy = 120 pm = 120 % 106 m. The external mass-transfer coefficient can be determined using the equations on p 322

for free-moving spheres. The Grashof number is calculated from Eq. (12.51) with g = 9.8 m 57 from p 16 and the -

unit conversion factor 1 Ns m-2= 1 kg m~! &1 from Table A.9, Appendix A:
3 3
80P (Pp=r1) _ 98ms2(120x 108 m)” 10° kg m3(1.2x10% kg m~3 - 10* kg m )
. : FETVI
”12‘ (10"3Nsm”2. lkgm s~ D

INsm™?
- Therefore, from Eq. (12.52), Rep = G’}’;g . 3'39113 = {1,188, The Schmidt number from Hqg. (12.49} is:

=339

10 Nsm-2 |Lhems

' )

so= o2 3 3 'mésmz iy = 43
PLDy 1P kem23x 1079 m?s7Y)

~Therefore, Rep Sc = 0.188 x 435 = 81.8. As this value is less than 104, the Sherwood number can be evaluated using
Eq. (12.55):

Sh = \/ 4+121(Re, Se)“'“ =\/4+121(81.8%% =521 -
From the definition of the Sherwood number in Eq. {12.50}:

_ Sk Dyy. _sa (2,3 x 1672 m2 s”z)

kg = = 9.99x 10 mg™!
Dy 120 108 m

Using this value of kg to determine {2 from the equation in Table 12.6 for spherical geometry:

120x107%m
; e wl w3
Q= gk&gbs - 2 0.0155 molls m e 0.015
3ksCpp, 3 9.99x 107° ms~1 {0.2 mol ™)

From Bgs (12.43) and (12.44);
| Cas = Cap(1-£2) = Cap (1-0015) = 0,985 Cap

External mass-transfer effects are insignificant as Cag = Cap. Because respiration is zero-order and the cells are
present-only on the surface of the beads, Caq> O is all that is required 10 ensure maximum reaction rate.

Answer: Negligible
12.6 Immobilised-enzyme reaction kinetics

(a)
R= 0.8 mm = 0.8 x 103 m. As external boundary-layers have been eliminated, Cag= Can = 0.85 kg m™ and 7 = L.

The value of fas defined on p 313 is:

From Figures 12.10-12.12, this value of 8 means that the reaction kinetics can be considered effectively first-order,
- Evalnating the observable Thicle modulus @ from the equation in Table 12.4 for spherical geometry;

= 8.0

2
o= (R)2 TAobs (G.SX 1073 m) © 125%x10 % kg5

3] Dy, Cas 3 13x 10" m? 51 {0.85 kg m™)
From Figure 12.11, at ¢ = 8.0, 3 = 0.12. Therefore, from Eq. (1246), p= 15 7.=0.12 % 1 = 0.12,

Answer: .12
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(b)
From the definition of the effectiveness factor, Eq. (12.26):

o Tachs | 125x107%kge m™
As & T T 0.12

For first-order kinetics, r; §F k.z CAg; therefore:

»
r. - [As _ 00104kgs™ m
1 T ——

Cas 0.85kgm™

Answer: 0.0122 571

(©)

= 0.0104kgs T m™>

= 0.012257

The value of 0.0122 s~! for &y corresponds to an enzyme loading of 0.1 umol g-!. The Thiele modulus ¢; can be

- evaluated as a function of enzyme loading using.the equation for first-order reaction and spherical geometry from.

‘Table 12.2, with %] directly proportional to the enzyme loading. For ¢ < 10, the.internal effectiveness factor 73 is
determined using the equation in Table 12.3 and the definition 0f coth x; for ¢7 > 10, from Eq. (12.30) 753 = 1/¢y. For
each value of k1. r,, = k1 CAg and 1A obg can bedetermined from these results and the definition of the effectiveness
factor in Eq. (12.26). Calculated values of these parameters for several different enzyme loadings are listed below,

Enzyme loading (umol g'l) &3 1) ¢ T ragkesTmd)  raons (kg s m)
0.01 0.0012 26 0.34 0.0010 3.40 % 1074
0.05 0.0061 58 0.16 0.0052 832 x 104
0.10 0.0122 8.2 0.12 0.0104 125 % 103
0.20 0.0244 11.6 0.086 0.021 1.81 x 1073
0.50 0.0610 18.3 0.055 0.052 2.86 % 1073
0.80 0.0976 23.1 0.043 0.083 3.57 % 1073
1.0 0.122 25.8 0.039 0.104 4.06 % 1073
13 0.159 29.5 0.034 0.135 4.59 % 1073
1.5 0.183 31.6 0.032 0.156 4.99 x 103
1.8 0.220 34.7 0.029 0.187 5.42 x 1073
20 0.244 36.5 0.027 0.207 5.59 % 10°3

-~ The results for 11 and ra obs are plotted below as a function of enzyme loading.

0.4 1 I H
o= 0.3
]
8
8 02
g
2
8
8 01
0.0 . : :
0.0 0.5 1.0 15 2.0
Enzyme loading {(umol ¢1)

Reaction rate , 1y ops % 108 (kg 51 mv3)
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As the enzyme loading is increased from 0.01 pmol g‘l, the effectiveness factor drops significantly. Although the
reaction rate continues to rise with increasing enzyme loading, at loadings above about 0.5 umol g-1, less than 5% of
the potential activity of the enzyme is being utilised. Further increases in enzyme loading therefore represent an
effective waste of more than 95% of that enzyme,

12,7 Mass-transfer effects in plant cell culture

(a>
= 1.5 mm = 1.5 x 10-3 m. The particle Reynolds number is evaluated using Eq. (12.48) with py_ = density of water
= 103 kg m3, and y_ = viscosity of water = 1 ¢P (p 133) = 103 kg ! s} (Table A.9, Appendix A):

Dyt P 1.5x10°m(083x 102 ms {103 kg m™)

= 12,5
M 1073 kg m1g1

Re? =

As this value is within the range 10 < Rep < 104, the external mass-transfer coefficient can be determined using Eq.
(12.57; for sphencai particles in a packed bed Converting the diffusivity anits to m?® s}

Dy, = 9X 108 em?s! = 9x 108 em?sL. «li’i’mlz = 9x 10710 p2 -1

106 cm

DaL =2%X Pae=2x9% 1010 m2 51 = 1.8 x 109 m? s-1. The Schmidt number from By: (12.49) is:

H, - 103 kg m™t s~
AL Dy 10%kgm™ (18x109 m? st

From Eq. (12.57}, the Sherwood nurnber can be evaluated as:

So o= = 556

Sh = 095 Red> 5033 = 0.95(12.5)% (556%33 = 270
From the definition of the Sherwood number ia Eq. (12.50):

Sh D -9 2 o1
ks = o Da _ 270(18x10%m )m3.24xzo"5ms-?

D, 1.5x1073m

This value of kg can be used to.determine the observable modulus for external mass-transfer £2 from the equation in

"~ Table 12.6 for sphencal geotnetry. As the specxﬁc gravity of the wet cells is §, from p 16, 1 g wet cells occupies a

volume of 1 cm? and ra obs= 028 mgcm” 3k}, Converting these units to kg 5! m™3:

_ 3,1 _ 3.1 | lkg 1h | j100emP _ 5, -1 -3
Faobs = 028mgem™ b = 028mgem ™ h™ . lﬁﬁmg 3ol Tl = 178X kgs ™ m
Substituting this and the other parameter values into the equation for £2:
15x1073 m
o= R TAobs 2 T.78x 107 kgs - 0.075
3 ks Cap 3 324x 10 ms! (8 mgl™). 6 20001
10 mg

From Egs (12.43) and (12.44):

Cas = Cap(1 -4 = Cap (10075 = §.925 Cpy
As Cagis close to Cas, external mass-transfer effects are present but sraall.

Answer: The effect is small; the surface oxygen concentration is 7.5% lower than in the bulk mediam.

(b}
Evaluating the observable Thiele modulus & from the equation in Table 12.4 for spherical geometry using the result
for Cay from (a):
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15x102 m
RV Taobs 3 7.78%x 105 kg s~ m™
?=13 = 3 Tk Too01] = 072
Dy, Cas 9x10719m25 {0,925 x 8 mg 1Y) , b H I
107 mg

From Figure 12.11 for zero-order reaction, at @ = 0.73, m;p is very close o but slightly less than 1.0. Therefore,
internal mass-transfer effects can be considered negligible.

Answer; Negligible

©

Cas =0.925 x §mg I'! = 7.4 mg I'1. As njq is only very slightly less than 1.0, it is likely that oxygen is exhausted
- just close to the centre of the clumps. Taking ra obg t0 be essentially efyual to the intrinsic zero-order rate constant kg,

the maximum particle radius for the oxygen concentration to remain greater than zero throughout the clump can be

evaluated using Bq. (12.17):

ikg [ 110001
10° mgl |} m
778% 107 kg st m3

9 x 10710 2 s‘z) T.4mg it

6 Q?Ae CAS

Repax =

Rpax = 72%10%m = 0.72 mm

Therefore, the maximum particle diameter for oxygen through to the centre of the clump is 2 X 0.72 = 1.4 mun, which

"..is only shightly less than the plant cell clump diameter of 1.5 mm.

.. Answer: The oxygen concentration falls from 7.4 mg 11 at the external surface to zero just near the centre of the

clumps.

12.8 Respiration in mycehai petiets
(a)

© R=25mm=25x 103 m. The presence of external boundary-layers can be checked by calculating the observable
moduhis for external mass-transfer, £2. From Table 12.6 for spherical geometry:

R Taobs 25x107m 87x105kgs w3
£ -ém e = 5 3 i 5 = (.24
s Cab 38107 ms~! (8% 107 kg m™3)
From Egs (12.43) and (12.44):

Cas = CAp(1—&D = Cap (1 ~0.24) = 0.76 Cap= 076 8x 103 kg m3) = 6.1x 103 kgm3
As Cagis significantly less than Cap, external mass-transfer effects are present.

Answer: Yes

(b)

As oxygen uptake is considered a zero-order reaction, for Cpg> 0, flgp= 1.

Answer: 1

(¢}

In the absence of internal and external mass-transfer resistances, the reaction rate is ry Ap Sorresponding to Ca = Cap
throughout the pellets. As ra A, 18 related {0 74 obs by Bq. (12.45), 7, can be determined if we know 7o Evaluating
the observable Thiele moduius & using the equation in Table 12.4 t%r spherical gecmetry and the result for Caq from

{a):

w 5.66

o (3)2 TAobs (2.5 x 1073 m)z 8.7x 10 kg s m™>
3 ﬂAﬁ Cas 3 1.75% 10" m2 s~ (6.1 x 1073 kg m”3)
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From Figure 12.11 for zero-order reaction, at @ = 5,66, nj¢ = 0.30. Therefore, from Eq. (12.46), as 7q = 1 from (b},
fiTe = Tio Meo = 0.30 x 1 =0.30. Using Hq. (12.453):

«  Taochs  8Ix10kgs T m~

- = 4y —1_-3
o | RET] 29x10%kgs ' m

TAb =
Answer: 2.9 x 104 kg 51 m*3, or more than three times the rate actually observed

{d)
If external mass-transfer effects were eliminated, Cas = Cap = 8 x 103 kg m*3, and the observed reaction rate would

- be greater than 8.7 x- 103 kg s L m-3. Under these conditions, an-expression for the observable Thisle modulus ¢

from the equation in Table 12.4 for spherical geometry is:

P = = 496X 10% ra obs

(3}2 TAobs (2.5x 107 m)2 7A obs

3 Dpe Cas 3 1.75x 109 m? ¢! (8 x 1073 kg m‘3)

vn;here.rAv.obs has units of kg.s-1 m=3. Because the reaction is zero-order, r; ¢ r;b; therefore, from the result in (¢},
ras =29 % 104 kg 1 m3, Using Eq. (12.26):

o = TAobs _ T'A obs
P 29x107%kgsT 3

® and nyp are related by the curve in Figure 12.11 for spheres and zero-order reaction. The value of ra gbs can be
determined by trial-and-error using Figure 12.11 and the equations derived above. As a first guess, take ra ohs = 2.0
x 104 kg 51 m3. Depending on the difference between the values of 779 obtained from the figure and from the

X

equation with r As* adjust ra obs as shown in the table below,

.

rAobs (kg sl m3) g = ““é’;% & Mo (from Figure 12.11)
TAs

20x% 104 0.69 9.92 0.19

1.0x 104 0.34 496 0.34

Since the values for 7o in the last row are as close as practical, ra obs = 1.OX 10-4 kg s'1 ar3. Therefore, compared

-with the observed reaction rate of 8.7 x'10°3 kg s*1 m3 in the presence of both internal and external mass-transfer

resistances, eliminating the external boundary layers increases the reaction rate by about 15%. -

Answer: 1.0x 104 kg sl m3
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Reactor Engineering

13.1 Economics of batch enzyme conversion
For 73% conversion, s¢= (.25 sp. The batch reaction time for enzyme processes is evaluated using Eg. (13.10)

= 481 h

K Sp S8 -1 ~1 ~1_ ]
= m Yo 70 f. I.Sgi 1En 3gi 1+3g1 O.Z?x:’;gl
Ymax Sf Vmax 09gl™'hT  0.25x3gl” 08gl™ h™

The operating cost is therefore:

1 day

S -
Y 54800 day™ = 3962

Operatingcost = 4.81h. j

. The cost of downstream processing per kg product is:
"""" C = 155-033X = 155-033 (75) = $130.25kg'!

The mass of product formed is determined from the mass of substrate coﬁsumed, which is equal to the change in
substrate concentration multiplied by the volume of the reactor V:

Mass of substrate consumed = (s5—sp V = 3-025x3) g (16001 = 3600 ¢

--------- As 1.2 g product are forrned per g substrate consamed:

Mass of product formed = 1.2x3600g = 4320g = 4.32kg

""" Therefore:

Downstream processing cost = $130.25 kg™! (4.32kg) = $563

........ The revenue from sale of the product is: |
Revenue = $750 kgl (4.32 kg) = $3240
Therefore the cost benefit at 75% substrate conversion is:

Cost benefit = revenue — operating cost — downstream processing cost = $3240 - $962 — $563 = $1715

-Carrying out the calculations for 90% conversion, the batch reaction time for s¢ = 0,10 g is:

K Sy Spe§ ~1 i -t -1
m 0% f__135gl n gl {_3gi G.10x3¢gl

= 6.84h
max  f Ymax  09glthal o1ox3gr! 09g1 ht

At 90% conversion, the operating cost is increased due to the fonger reaction time:

I day

wd .
5qh | $4800day™ = $1368

Operatingcost = 6.84h.

The cost of downstream processing per kg product is:
........ C = 155-033X = 155-0.33(90) = $12530kg!

The mass of substrate consumed is:
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Mass of substrate consumed = (sp—sf} V = 3~ 010X 3) g I (16001 = 4320 g
and the mass of product formed is:
Mass of product formed = 1.2x4320g = 5184 g = 5.18kg
Therefore, the downstream processing cost is:
Downstream processing cost = $125.30kg"! (5.18 kg) = $649
The sales revenue is:
Revenue = $750 kgl (5.18 kg) = $3885
Therefore, the cost benefit at 90% substrate conversion is:
© Cost benefit = revenue — operating cost — downstream processing cost = $3885 — $1368 ~ $649 = $1868
The gain per batch from increasing the conversion from 759%:40 90% is therefore $1868 - §1715 = $153.

Answer: There is a gain of $153 per batch, representing a 9% increase in the cost benefit at 75% conversion.

13.2 Batch production of aspartic acid using cell-bound enzyme

(a)

The initial concentration of substrate sp = 15% (W/v) = 15 g per 100 mi = 150 g ). The final substrate concentration
sp=01530=015x150g1 1 =225, Calculating the deactivation rate constant at 32°C using Eq, (11.45):

_in2  1a2 |14 3,1
ka==== zo.Sd‘Iz4h = 273X107h

For enzyme subject to deactivation, the batch reaction time is evaiuated using Hq. (13.13):

" K S Sawd
rbmk—linl—kd m ln—o»i-{} f
g Vmex0 f Ymaxo

_ -1 i . ],
-t oI 1-2.75% 1073 ! 4'ﬁgi 12208l +(I50 2581\ _ 23.6h
275x 1072 b sogrint msert segrlat
At 37°C, the deactivation rate constant is:
a2 _ 2 {1dj _ Dl
k= = 2ag ‘“Z“iil = 126X 1072h
The batch reaction time is:
- K S5 S-S
tbm-kj‘hll*kd m 1]3-—0+ ot
d Vmax0  ¥f Vmaxo
_ -1 -1 - -1
= Mmmimz - In|1-1.26x 107441 4.0g§ lin 130¢1 +(150 22.5)gt = 17.7h
126x1072h 85gl bl 225511 g5gr iyl

As the batch reaction time is lower at 37°C, 37°C is the recommended operating temperature.
Answer: 37°C

b
From Eq. (13.33), the total batch reaction tme at 37°C is:
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frw fptilgn = 17 7Th+28h = 4570
‘Therefore, in one year, the number of batches carried out is:

365d.
45.7hper batch

|2¢h

Number of batches = = 192

In each batch, the mass of ammonium fumarate converted is 0.85 x 150 g I} = 127.5 g I} multiplied by the reactor
volume V. Therefore, the mass of substrates converted is 127.5 V g = 0.1275 V kg, where V has units of litres. From
the reaction stoichiometry, as the molecular weights of ammonium fumarate and aspartic acid are approximately
equal, the mass of aspartic acid produced is also 0.1275 Vkg, After one year or 192 batches, the mass of aspartic acid
produced is 0.1275 V x 192 =245 Vkg. Using the conversion factor I tonne = 10° kg (Table A.3, Appendix A),

target level of aspartic acid production each year is 5000 x 103 = 5 x 108 kg. To reach this target level: o

245 Vkg = 5x 108 kg
Vo 204% 1051 = 204 m3
Answer: 204 m3
13.3 Prediction of batch caulfure time

()
The initial cell concentration xg = 12 8/ 1001 =012 g I'l. Assume that stationary phase is reached when s¢= 0. The

* batch culture time can be determined using Eq. (13.27)

0575g¢°}
0.12g1

g
ty = uﬁi in[l+~§§(sgwsf)}= 5 1 In{“«

{1011 w0)] = 43h

Answer: 4.3 h

b
If only 70% of the substrate is consumed, ss =03 5o=0.3 x 10 g1} = 3 g 1I', From Eg. (13.27):

1 Yxs ] g 0575g¢"! 4 1
4, = )1 +-22 gy msg)] = In|1+->288 _{10g1 31| = 390
® " Hmax [ X (s0-51) 095! { 0.12g1"1 (10g &) :

The biomass density at this time can be caleulated from Eq. (13.19):
-1
xp = xgefmxhs = 0.12g171 OFBTIIM S 40017

Answer: 40 g -1

134 Fed-batch scheduling

(a)

- The initial substrate concentration so = 3% (w/v) =3 g per 100'ml = 30 g I'L. The batch culture time to achieve sg= 0.
* is determined using Eq. (13.27)

1 ¥xs 1 05gg” "
fy = 1n[n«m so—sf} - In{l+ w(wgz -0)l = 1334
Hiex x0 ( ) 0.184"1 1531”1

The biomass density at this time can be calculated using Eq. (13.19):
1
Xp = Xgefmaxl = 15171 LOIBE X133} _ yg 4011

Answer: The batch culture time is 13.3 days; the final biomass concentration is 16.4 gI'L,
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’g'b;c mass of cells at the start of fed-batch operation is equal to the final batch cell concentration maultiplied by the
initial medinm volume:
Xo=xgV=164grl (100D = 1640 ¢
The final mass of cells after 40 d fed-batch culture can be determined using Hq. (13.50)
X = Xo+(Yxssi Py = 1640g+05gg? 30gtH @141 40d = 4040 g = 4.04kg
Answer; 4.04 kg

(¢}

The mass of cells produced in each reactor run is_ aqual to the final biomass minus the biomass used for inoculation:
Biomass produced perrun = 4040 g 1.5 g '} (1001) = 3890g = 3.89 kg

By analogy with Eq. (13.33), the total reaction time is:

T = i+ Hp+Hidn

where ty, is the batch reaction time and tg, is the fed-batch operation time. Substituting parameter values using the
result for f, from (a):

fr = o+t Hidg = 1334 +40d+1d = 543d

In one year, the number of runs carried out is:

2754
Numberofruns = W = 5.06

The total biomass produced annually is equal to the biomass produced per run maltiplied by the number of runs per
year:

Biomass produced per year = 3.89 kg x 5.06 = 19.7kg

Answer: 19.7 kg

13.5 Fed-batch production of cheese starter culture
(a) :

. An expression for the liquid volume as a function of time during fed-batch reactor operation can be derived from an
unsteady-state total roass balance as shown in the solution to Problem 6.7a from Chapter 6, Using this expression:

Vo= V-Ft=40m -4m3hl1 (6 = 16m3

Answer: 16 m3
(b}
- From the definition of the dilution rate in Eq. (13.39), after 6 h of fed-batch operation when V = 40 m3:
3,1
p=Lf=280_ - oon
40m

Substituting this value into Eq. (13.45) for the substrate concentration af quasi-steady state:

so DX _oaon! (0.15kgm™)
Hoax~D  g3sp~lo0.a0h7!

= 0.06kgm™

Answer: 0.06 kg m3

{©)
Taking maintenance substrate requirements into account, for gp = 0, Eq. (13.43) becomes:



Solutions: Chapter 13 155

L N
&—t—-:!)(s2 8§ (Yxs+ms)x

At quasi-steady state, d’id; = {, p= D, and 5 << 5. Therefore, the equation reduces to:

0 = Dsi”(“fgg*mS)x

Solving for x:

Ds, = -3
x= L O'I?h (80kgm=) = 14.0kgm™>
P oim 0.104~ 1l
Yoo ¥ +0.135kgkg b
023kg kg

Answer: 140kgm-3

(D
After 6 h fed-batch operation, the mass of cells is:

X=xVe=140kgm3@0md) = 560kg

At the start of fed-batch oaperation when the liguid volume is 16 m3, if operation is at quasi-steady state, the cell
concentration = 14.0 kg m™ and: :

X=xV=140kgm3(16md) = 224 kg

- Fherefore, the mass of cells produced during fed-batch operation is (560 kg - 224 kg) = 336 kg.

Answer: 336 kg

13.6 Continuous enzyme conversion in a fixed-bed reactor

- Convert the parameter values to units of kg, m, s. Kn-ém 0.54 g I'! = 0.54 kg m~3. During the reactor operation, s =

002 gt =002kgm3,5; =042 1" =042 kg >, R =1 mm = 10°3 m. The active enzyme concentration per

unit volume of catalyst e, is:

= 4x 10“4kg m™

&,

_ 1% 107t ' 1kg | |100cm|3
2 250em®  250cm’ lm

00g
The effective diffusivity of urea in the gel Dy, is:

Im

— b 2 .= _ B Y
Q)Ac..”?xio cms T = Tx 10V om*s 'tIOOcm

2
’ = 7x 10" m2 st

- From Table B.1 (Appendix B), the molecular weight of urea is 60.1 and the molecular weight of NH4* is 18.0

Therefore, from the stoichiometry, reaction of 60.1 g urea produces 2 X 18.0 = 36,0 g NHy*. Expressing the qnover
number k3 in terms of urea:
60.1 g urea

ky = 11,0008 NHZ (g enzyme}_i s1 = 11,000 g NHI {g enzyme) ™ s1
36.0 g NH}

kp = 1.84 x 10% g urea (g enzyme)'! 571 = 184x 10% kgkg! ot
From Eq. (11.33), vinax expressed on a'per vohune gel basis is:
Vinax = kp ey = 1.84x 104 kg kgl sl (@ x10% kg = 736 kg m3 571

As there are 250 cm® gel per litre of liquid in the reactor, v,y expressed on a per volume liquid basis is:
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3 (10001

5| = 1.84kg m-3 st

250cm3) ‘ im

_ P |
axm7.36kgm § ( T 06 om

Ym

1m

The rate of reaction can be determined after evaluating the effectiveness factor in the absence of external boundary
layers. From the definition of Son p 313 with Cae =&

K -3
ﬁmmﬁmo.&tkgm =27

5 002kgm™

From Fgure 12.10, for this value of § the reaction kinetics can be considered first-order. Based on Eq. {11.36), the
effective first-order rate constant &y is:

- ...Calculating the Thiele modulus from the equation in Table 12.2 for first-order kinetics and spherical geometry:

4 =F ki _107m 3a1s L,
3 Dire 3 7x107¥0m? ¢!

As ¢y > 10, from Eqg. {12.30)

1
nil=~£~m«-~m=0.043

%, 233

. From Bq. {12.46), as 1 = 1, 11 = 0.043. ‘The flow rate of urea solution info and cut of the reactor can be determined

by evaluating the dilution rate D in the mags-balance equation, Eq. (13.54):
_ Mrvmaxs _ 0043({184kgm> s 002 kgm
K +90-9 054+ 002)kgm™ (0.42-0.02) kgm™
Fm_m the definition of the dilution rate, Eq. {13.39):

= 7.06x 1073 571

FeDV=706x103s1(11) = 706x1031g1
{n 30 min, the volume of urea solution freated is:

Volume treated = 7.06x 1073 15”1 (30min}.]~§-%¥ = 1271

Answer: 12,7 litres

13.7 Batch and continuous biomass production
So=5=4% (W) =4 gper 100 m! = 40 g I'! = 40 kg w3, 55 = 5 = 0.02 x 40 kg m™> = 0.8 kg m3. For the batch
reactor, xo=0.01% (wiv) = 0,01 gper 100mi=0.1 g1 = 0.1 kg m>.

The batch culture time can be determined from Bq. (13.27):

1
044171

04dlg g”l
0.1 kgm™

4 = @m[n%(sews)] = m{u (@0-08)kgm™] = 11.6h
The biomass density at this time is obtained from Eq. (13.19):

xp = xyefmax = 0.1kgm™ LOMBTIXILEN) _ 16 kgm™
Calcelating the mass of cells produced per batch:

X = (xp~x)V = (165 ~0.D) kg m3 (1000 m3) = 1.64x 104 kg
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H the downtime between batches #gn is 20 h, from Eq. (13.33):
tr = By+lg = 116h+20h = 31.6h

Therefore, in one vear, the number of batches carried out is:

sesa. |22
Number of batches = W w 277

The total annual biomass production from batch culture is.therefore 1.64 x 10% kg x 277 = 4.54 x 100 kg,
For continuous reactor operation, the steady-state cell concentration is given by Eq. (13.62):

=5~ Yxs = @0-08)kgm3 ©4lggl) = 161 kgm3
The dilution rate D corresponding to 5 = 0.8 kg m™3 can be determined using Eqgs (13.57) and (11.60):

P L 0440 {0.8kgm™)
Ks+s 07mgl™!. IIOOOZH kg l O.Skgm“S

10% mg

= 0.44 01

From the definition of the dilution rate, Eq. (13.39):
F=DV = 044h! (1000 m>) = 44003 bl

The rate of biomass production Fx = 440 S bl x 16,1 kg 3 = 7084 kg b1, The number of days per year available
for continuous reactor operation is (365 — 25) = 340 d; this corresponds to 340 d x 24 hd*! = 8160 h. ’Iherefore the
total biomass produced per year is 7084 kg -1 x 8160 h = 5.78 x 107 kg. 'This production level is 5.78 X 107/4 54
108 = 12.7 times the amount produced using batch culture.

Answer: The annual biomass. production using continuous operation is 5.78 x 107 kg, which is 12.7 times the
production of 4.54 x 108 kg from batch culture.

13.8  Reactor design for immobilised enzymes
5o = 5y = 10% (wiv) = 10 g per 100 ml = 100 g 11 = 100 kg m™>. sp=5=0.01x 100kgm3 = I kg m™>. Based on the

-unsteady-state mass-balance equation derived in Example 6.1 in Chapter 6 for first-order reaction, the equation for the

rate of change of substrate concentration in a batch reactor is:

(Vs
dr ='-kESV

where V is the reactior volume and k) is the reaction rate constant. As V can be considered constant in a baich

reactor, this term can be taken outside of the differential and cancelled from both sides of the equation:

ds
E-m “kl.i‘

The differential equation contains only two variables, s and r. Separating variables and integrating:

& . kyar
&

= [ 4
Using integration rules (D.27) and (D.24) from Appendix D and combining the constants of integration:
Ing = ~kjt+ K

The initial condition is: at ¢ = 0, s = sp. From the equation, therefore, In 5o = K. Substituting this value of X into the
equation gives:
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Ins =~k t+Insg

1Ii-~€~ s Mk; t
g
5
*5
=
k
- The batch culture Hme #y, is the time required for the substrate concentration to reach sg
i}
5
In “t: ity “E_k,gwu.l_.....g“
3 T
ty = —— = 1%"“’3600 = 16.0h
L 08x 10““s”f.'mﬁ-§

If the downtime between batches f4p, is 20 h, from Eq. (13.33):
fr = fy+ gy = 1600 +20h = 36

Therefore, in one year, the number of batches carried ount is:

3654.| 22

Number of batches = W w 243

To treat 400 tonnes penicillin G annually, using the unit conversion factor 1 tonne = 107 kg (Table A3, Appendix A):
3
400 tonnes 400 tonnes ;goa’:age 3
Mass of penicillin G treated per batch = anmber of batches per year e ~513 P = 1653107 kg
As the concentration of penicillin G added to the reactor is 100 kg m™>:
3
Reactorvolume = M = 16.5m°
10Gkgm™

The batch reactor volume required is 16.5 m>,

- For a CSTR operated under steady state conditions, F; = Fy = F, V is constant, and 95/g, = 0. Therefore, the mass-
balance equation for first-order reaction derived in Example 6.1 in Chapter 6 becomes:

Owm Fog—FswkysV
0=Fry@—-s)-ky sV
Solving for F/v.

kys  08x1074 57 (1kgm™3)
=8 (100- 1) kgm™

Fry = = 8.08x 1077 571

The flow rate of penicillin G into the CSTR is 400 tonnes per year. Using the unit conversion factor 1 tonne = 10° kg
{Table A.3, Appendix A) and the concentration of substrate in the feed stream 5; = 100 kg m™, the total volumetric
flow rate of the feed stream Fis:

3 .
-1 {107 kg IyeaerdH Ih
400 tonnes year . . . .
litonne| §365d| i24h; 3600
F= 3 LIPS 27104 7
W00kgm™

Applying this with the above result for £y
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-4 3 1
F_ 127=107 m™ s = 157m3

V=
Fry - g.08x1077 ¢!

The CSTR reactor volume required is 157 m3.
For the PFTR, if the density of enzyme beads is four times greater than in the other reactors, k] =4 X 08x 104 sl =
3.2 x 10°4 51, By analogy with Bq. (13.83), the differential equation for change in substrate concentration with
position in the reactor for first-order kinstics is:

i *?z* L 17
The differential equation contains only two variables, s and z. Separating variables and integrating:

o
gﬁm_{dz
i

$
ke
f d j g,
5 U
Using integration rules (D.27) and (.24} from Appendix D and combining theconstamts-of integration:

~ky
Ing = **E;"—Zﬁ-K

- The boundary condition is: at 72=9, ¥ = ;. From the equation, therefore, In 5 = K. Substituting this value of Kunto

the equation gives:

—;
Ins = ——2z+lng
u

sn_”"ki

Ine = e z
Si 3
Atthe end of the PFIR, 7 = L and s = s5; therefore:
8 —k
mt = g
£ u

8
inj w k) T
5
Rearranging and solving for 1:
wn-f kg
5 -3
T= 1 mkgm%m 40h
Poosaxaots 2

Note that this is 1/4 the value obiained for the batch reaction time tp, as expected from the analogous kinetic
characteristics of batch and PFTR reactors and the 4 x higher value of kp in the PFTR.

As calculated for the CSTR, F = 1.27x 104 m3 s, Therefore, from the definition of rin Eq. (13.51):

36005
Ih

V = tF = 40h. 127x 1074 m3 ¢! = 1.83m°

The PFTR reactor volume required is 1.83 m3,

Answer: The smallest reactor volurne is 1.83 m3 for a PFTR.
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13.9 Two-stage chemostat for secondary metabolite production

()
5i= 10 g I'l = 10 kg m'3, ‘The dilution rate, which is the same for both reactors, is calculated using Eq. (13.39):

The cell and substrate concentrations entering the second reactor are the same as those leaving the first reactor. The
substrate concentration can be determined using Eq. (13.58):
DKs 01007 (1.0kgm™3)

= = = 5.0kgm™>
Hyax—D  g12nt —g.108™

¥

When mainfenance requirements are significant, the celi concentration is calculated using Eq. (13.61):

D~ ! qo- >
e QIO 0-S0KMT | 5 ppn?
o rmg _O10B +0.025kgkg 1 p!

T
XS 0.5kgkg™!
Answer. The cell concentration is 2,2 kg m'3; the substrate concentration is 5.0 kg m™3.

®) . '
As growth is negligible in the second reactor,.x = x; = 2.2 kg m™>. The substrate concentration is determined by

rearranging Eq. (13.59) and solving for s with = 0:

_ {ae v
§om e ?I:SW'FPHS x~F-

Substituting the parameter values with s = 5.0 kg m>;

I S | 3
s = 50kg m-%(m@ +0.025kgkg™! n*‘)z.z kgm™ |22 1| = 031kgm
085kgkg™ 501p~! Im
T I000T

For the two reactors together:

o -3

Overall substrate conversion = Gi-9 X 160% = (ZOWOﬁl)kggm x100% = 97%

! 10kgm™
Answer, 97%
(e}

As product is not formed in the first reactor, p; = 0 for the second reactor. The product concentration is determined by
rearranging Fq. (13.64) and solving for p:

gpxV _ 0.16kegkg 0" 22 kg m?) 0.5 3
Ay 3
Im
10001l

= 3.5kgm™>
50107, I

Answer:3.5kg m-3

13.10 Kinetic analysis of bioremediating bacteria using a chemostat

& '

From Eq. (13.92), tmax and Kg can be determined from the slope and intercept of a plot of 5/ versus 5. From the
definition of the dilution rate in Eq. (13.39), values of D are evaluated from the experimental flow rates using V=11
= 1000 ml. The measured substrate concentration at 50 ml h*! indicates that washout occurs at this flow rate;
therefore, this result is not included in the kinetic analysis. The data are listed and plotted below,
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Flow rate, F (mi 1) Dilution rate, D (b)) Substrate concentration, § (M) S (M )
""""" 10 0.010 17.4 1740

15 0.015 25.1 1673

20 0.020 39.8 1990
-------- 25 0.025 46.8 1872

30 0.030 69.4 - 2313

35 0.035 80.1 2289
50 0050 100 2000
......... | 2500 Y 1 T Y T 1 T ; *

2000 |- -+
=
....... i
@lQ hd
........ 1500 2 ™
...... 1000 i i A i P f i } 3
0 20 40 60 80 100

Substrate concentration, s (uM)

- 'The slope of the straight line in the plot is 10.48 h; the intercept is 1493 uM h. From Eg. {13.92), the slope = lf#maﬁ
* therefore, tmax = 1/10.48 h = 0.095 'l The intercept = K/ ; therefore Kg = 1493 xM hx 0.095 bl = 142 uM. .

Answer: fipay = 0095 Ir]; Kg = 142 pM

........ (b)
The critical dilution rate Deyjs is determined using Bg. (13.66):

 Maaxsi _ 0095071 (100uM)
ot T Ro+s,  142uM+ 100uM

......... D, = 0.039h~}

Calculating the flow rate from Eq. (13.39) with V= 1000 ml, F = D V= 0039 h-} x 1000 ml =39 ml b1,

Answer: 39 mi h-1

--------- 13.11 Kinetic and yield parameters of an auxotrophic mutant
' From Eq. (13.92), jiyay and K can be determined from the slope and intercept of a plot of 5/p versus 5. From the
- definition of dilution rate in Eq. (13.39), values of D are evaluated from the experimental flow rates using V=21
........ The relevant data are listed and plotted below,

Flow rate, F (1) Dilution rate, D (h°]) Substrate concentration, ¢ (g 1) - Sip (gt h)

""" Lo 6.50 0.010 0.020
14 6,10 0.038 - 0.054
1.6 0.80 8071 0.089
L7 (.85 0.066 0.078
1.8 0.90 0.085 0.106
1.9 095 0477 6.502
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06

I |

0.1

0.2 0.3
Substrate concentration, s (g -1)

0.4 0.5

* The slope of the straight line in the plot is 1,027 h; the intercept is 0.0119 g I'! h. From Eq. (13.92), the slope =
11;4,,1“; therefore, fmay = 14 007 b =097 h-l. The intercept = S/ptmay; therefore K = 0.0119 g FERx097hi=

0.012g 1L,

r«a;om Eq. (13.93), ¥Yxy and mg can be determined from the slope and intercept of a plot of 1y, _versus ZID, where
¥y is calculated using Bq. (13.94) with 5; = 10 g I"L. The relevant data are listed and plotted below,

1
“Ditution rate ()

Flow rate, F( b1} Dilution rate, D (h-1) p Y;{S(g gl 1/}3}8 ggh
1.0 0.50 2.00 £.315 3175
1.4 0.70 1.43 0.323 3.096
1.6 0.80 1.25 0.326 3.040
1.7 Q.85 1.18 6.328 3.049
1.8 0.90 1.11 £.324 3.086
19 0.95 1.05 .326 3.067
3.20 ) Y 1 T T |
L 4
315 - -
&
@m 3.10 - -
N .
X o
3.05 . 4
]
.00 | ) i i ] i
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
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The scatter in the plot is typical for reasured values of I/y, . The slope of the straight line in the plotis 0.12 g g’}
h-1; the intercept is 2.93 g g}, From Eq. (13.93), the slopé = mg; therefore mg = 0.12 g g-1 'l The intercept =
Z/YXS; therefore Yyg = I.¢'2‘93 h-l=034g g*l.

Answer: fmax =097 L Kg= 0012 gl mg =012 g gl vl Pyg= 034 g gl

13.12 Continuous sterilisation _
From the definition of dilution rate in Eq. (13.39), the medium volumetric flowrate F= B V=01 hlxi1sm3=15

‘m3 b}, The linear velocity u in the holding section of the steriliser is determined by dividing F by the pipe cross-

sectional area A = T 1%, where r is the pipe radius. For r= 6 cm = 0.06 m:

3,1
w=L 13 36mp!

AT {0.06 m)2

... 'The value of the specific death constant is evaluated using Eq. (11.46) with R = 8.3144 J gmol} X~ from Table 2.5,

Eq=288.5 kI'gmol! = 2.885x 10° J gmol'l, A = 7.5x 103? h'}, and the temperature converted from °C to degrees
Kelvin using Eq. (2.24):

kg = AeTORT = 75x10%! 28855 10° T gmol™ 1 g8 31447 gmol K™ (1304 27219 KT . 395 1 !

Within a period of 3 months =~ 90 d, the aumber of cells Ny entering the steriliser is equal to the medium volumetric
flow rate F multiplied by the cell concentration and the time:

6
M o= 15w 105 et 10 %a,l.%i‘_h.l = 3.24x 1014
3 Td

Within the same 3-month period, the acteptable number of cells remaining at the end of the sterilisation treatment is
Ny w1, Therefore:

Ny 1

e 28 ez 309 x 10713
Ny 324x10l4

(a)

-For perfect plug flow with noaxial dispersicn,'-the sterilisation time can be determined using Eq. (13.97):

mhL o, 32xi0

N
fhg = —— = = 0.107h

kq 313.107}

- To allow the medium to remain for this period of time in the holding section .of the steriliser pipe, the length of pipe
. required is equal to the linear velocify of the medium u multiptied by txg:

L= utyg = 1326mbrIx0107h = 142m
Answer, 1421

) . .
Calculating the Reynolds number for pipe flow using Eq. {7.1) with pipe diameter D= 12 cm = 0.12 m:
_Dup _ 0.2m{132.6mb) 1000 kg m ™

Re
# 4kgmint

= 3978

The value of ﬂz,u D corresponding to this Re is found from Figure 13.40. Using the experimental curve as this gives
a higher 77 than the theoretical curve and thus a more conservative design, @z;a D= 1.5. Therefore:

2y =15uD = 1.5(1326mhH012m = 239 m2h1

From Eq. {13.101), an expression for the Peclet number Pe is;
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_ul_ {1326mp )z

where L bas units of m. Similarly, an expressior for the Damkdhler number Da from Eq. (13.102) is:

kgL (anl)r

T 2.36L
“ 132.6mhb™

Da =

The design problemn can be solved from this point using trial-and-error methods and Figure 13.41. As a first guess, try
L =20 m. The values for Pe and Da are evaluated using the equations determined above, and the corresponding value
for V 2/N read from Figure 13.41. Dependmg on how this value compares with the target of 3.09 x 10715, the value
of Lis adjusted unti! the results for 20\{1 coincide. The calculations are shown in the {able below.

L (m) Pe Da N2/N1 (from Figure 13.41)
20 110 47 4 x 1016
18 99 42 _ 1 x 10714

19 105 45 1.5 x 1013

The last value of Y27y, is as close as practicable to 3.09 x 10-15 considering the resolution of Figure 13.41.
Therefore, the required length of pipe in the holding section is about 19 m, or 34% lorger than that determined for
ideal plug flow.

Answer: About 19 m

(c)

For L = 14,2 m, from the equations developed in (b}, Pe = 78 and Da = 34, From Figure 13.41, N2/ N1 is about 5 x

10-12; therefore, NZIN =2x 10 AsNy =1, N; 2 x 1011, i.e. one contaminant enters the fe:menter fcr every 2 X
1011 that enter the smnlzser For F=1.5 m3 h! and an input contaminant concentration of 105 mi-l, the time

required for 2 x 10! contaminants to enter the steriliser is:

1
Time = 2x10 = 80 min

5
15m ! (105 mi-! |19 D !

Therefore, contaminants enter the fermenter at a rate of one every 80 min.

Answer: One contaminant enters the fermenter every 80 min,





