CP303 — Solutions to Set #6 (July-October 2013)

Question Bank 2:
Design of ideal PFRs and ideal CSTRs

operated at steady state under isothermal conditions

Solution to Q1:

Design equation for reactant A in an ideal CSTR operated at steady state is given by

Fao= Fay + (_TA‘ ) 14 (6.1)

exit
Since the reaction A — 5 R is a non-elementary reaction, we could write the rate equation
as

a) Equation (6.1) gives

Fag — Fay _ Faoxay

—TaA it = v v since FAf :FAo(l—ZEAf)
C F
= %Aivofo since Cyg = vioo (6.3)

To obtain the expression asked for in the question statement, we need to write 4 in
terms of concentrations of A at the inlet (C49) and at the exit (C'4y). To get there, we follow
the following procedure:

FAO_FAf _ UOCAU—UfCAf —1_ UfCAf

(6.4)

Tar =
f Fo v9 Cag vo Cao
For a gas-phase reaction, by combining the stoichiometric relationship with the ideal gas
equation, we get
Py Ty
V= — —=10,(1l+eqx
=P T (1+eaza)

where

_Fu[lprats+--)—(atbtet )] [5—1} .
n FTO a N 1 n
Since P and T remain constants, the above expression reduces to
Uf = Uo(l —I— 4ZEAf) (65)

Combining (6.4) and (6.5), we get




which can be rearranged to obtain

Cao — Cay

== 4 6.6
AL = e T A0, (6.6)
Combining (6.3) and (6.6), we get
B _ % Caoway _ Cao [ Cao— Cay (6.7)
Aleait Vv Vv CAO+4CAf '

b) Reaction order could be determined starting from (6.2). Let us take the natural logarithm
of (6.2) to get the following:

) =n(Cay) +In(k) (6.8)

exit

In (—rA

Equation (6.7) could be used to determine (—T‘A ) for each of the four runs for which Cy;

exit

values are known. And, hence, y = In (—rA’ ,t) and x = 1n(CAf) could be calculated for all
Eex

four runs as tabulated below.

Run Vo Cay —TALM y=In (—TA em) z = In(Cyy)
number | litre/hr | millimol/litre | millimol/litre.hr
1 3 16 1536.58 7.3373 2.7726
2 10 30 3181.82 8.0652 3.4012
3 30 50 5000 8.5172 3.9120
4 50 60 5882.35 8.6797 4.0943

Plot of y versus x, attached as Set6FigQ1lb, shows that the data can be fitted by the
straight line y = 1.0113 = + 4.5648 which has an R? = 99.51%. From which, we get the
following:

n = slope = 1.0113 ~ 1 (That is, the given reaction is first-order in A).
k = exp(intercept) = exp(4.5648) = 96.04 per hr = 1.60 per min.

c) Equations (6.1), (6.2) and (6.3) are valid for the liquid-phase reaction as well. However,
since vy & vy for a liquid-phase reaction, (6.4) reduces to

Taf=1——=—. (69)

Combining (6.3) and (6.9), we get

v Caoay g
A exit V o V (CAO CAf)

Once the value of reaction rate is calculated using the above expression for each of the four
runs tabulated, reaction order could be determined in exactly the same way as in part (b) by

plotting y = In (—rA , ) versus x = In(C4¢) tabulated below.

exit
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Run o Cay —ral_ y=In (—T’A exit) x =In(Clyy)
number | litre/hr | millimol/litre | millimol/litre.hr
1 3 16 2520 7.8320 2.7726
2 10 30 7000 8.8537 3.4012
3 30 20 15000 9.6158 3.9120
4 50 60 20000 9.9035 4.0943

Plot of y versus x, attached as Set6FigQlc, shows that the data can be fitted by the
straight line y = 1.5616 = + 3.5155, having an R? = 99.96%. From which, we get the
following:

n = slope = 1.56 ~ 1.5
k = exp(intercept) = exp(3.5155) = 33.63 hr~!. (millimol/litre)~%-°

Solution to Q2:

VUBo = Uao = U, (say)
Cpo = 0.04 mol/litre

UV, litre
C'4o = 0.02 mol/litre

Y

Vi = 4 litre

| Vs = 16 litre -
’01:2’00 U2:U1:2U0

Cri = 0.002 mol/litre Cpy =7

The elementary liquid-phase reaction A+ B — R + S gives the following rate equation:

—ra=-rp=rp=rs=kCyCp (6.10)

a) First consider the CSTR of V; (= 4 litre) volume. Since the exit concentration of the
product R is known, write down the design equation for product R in an ideal CSTR operated
at steady state as

) (V1) = Fry

Since Frg = 0 and F'r; = v; Cpy, the above reduces to

F (7" ’
Ao+ R CSTR exit

<TR‘CSTR em’t) (V1) = v1 Cri = 2 x v, x 0.002 (6.11)
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From (6.10), we get

"Rl osTR exit kCar Op (6.12)

In relating C4; and Cp; to Cgry, we use the following stoichiometric relationship across the
CSTR:

Fao— Fa1 = Fpo— Fp1 = F'm1
which, in terms of concentration, reduces to the following:
Vo Ca0 —20,Ca1 = V,Cpo —20,Cp1 = 2v,Cpy
From the above, we get the following:

Ca1 = Cuo/2—Cpr =0.02/2 —0.002 = 0.008 mol/litre (6.13)
Opi = Cpo/2 — Cpy = 0.04/2 — 0.002 = 0.018 mol/litre (6.14)

Combining (6.11) to (6.14), we get the following:
k x (0.008) x (0.018) x 4 =2 x v, x 0.002

which reduces to the following relationship between the specific rate constant (k) and the
volumetric flow rate of the incoming streams (v,):

k = 6.9444 v, (6.15)

Now consider the PFR of V, (= 16 litre) volume. Since the conversion of A is to be
determined, write down the design equation for A over an ideal PFR operated at steady state
as

FA:FA—I—dFA—i-(—?”A)dV

which gives the following:

Fao 1
Vy = / AV = — / 4R,
Fyy (_TA)

Substituting (—74) from (6.10) in the above, we get the following:

V. / L gp / e QU p 6.16)
2T Jrn kCaCp T Jpa kFaFg (6.

Stochimetry gives F)y — Flyg = Fg— Fgg and, therefore, Fg = Fa— Fa9+ Fpo. which reduces
(6.16) to the following:

Faz (20,)?
V, = —/ AF
? Fai kFa(Fa— Fao+ Fpo) 4

Introducing the definition of conversion of A, x4, the above expression is reduced to the
following:

Vs = / o (20,)° dz (6.17)
7 Jom k(1= 24) (—Faoza+ Fro) '
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Using F4, = 0.02v, mols and Fz, = 0.04v, moles in(6.17) along with the relationship between
k and v, given by (6.15), we get

T A2 28.80 T A2 1 1
V, = / d :28.80/ [ _ d
2 T A1 (1—JZA)(2—ZEA) A T Al 1—ZL‘A Q—ZL‘A A
9 — 347742 92— 92—
- 2880]n_{ mA} — 98.80 <h1{ $A2}—-h1{ xAl})
1—wal,,, I — 20 I -2
92— 1—
— 28.80 hl[( za2)( ‘”Al)l (6.18)
(1—IA2>(2—$A1)

To solve the for x 45 using (6.18), we know V5 = 16 litre and we need to know x 4;. Since,
from (6.13), C'41 is known as 0.008 mol/litre, x 4; can be calculated as follows:

FAO—FAl_1_FA1_1_OA1><2XUO_1_0.008><2

_ — 0.2 = 20%
Fro Fa Chao X Uy 0.02 ¢

TA1 =
Using V5 = 16 litre and z4; = 0.02 in (6.18), we get the following:

(2 — a;AQ)(O.8)1

16 = 28.80 In [(1 =) (18)

2 — T a9 1.8
= — 16/28.
—— 08 exp(16/28.80)
3.9215 — 2
= —— = 0.6577 = 66
2T 5015 -1 %

That is, conversion of A over the CSTR is 20% and the overall conversion of A over the
combined CSTR and PFR system is 66%.

Concentration of R leaving the PFR is calculated as follows:

Fro  Fao— Faz  Faoraz  CapTas

Oy = _ _
=00, 20, 20, 2

Since C'4, = 0.02 mol/litre and x40 = 0.6577, Cry = 0.0066 mol/litre.

b) If the final conversion of A is to be increased by another 10% to x 43 = 76% by introducing
an additional PFR, which is to be connected to the outlet of the existing PFR, the volume of
the additional PFR required (V3) for this purpose could be calculated by modifying (6.18) as

follows:
(2 —xa3)(1 — $A1)]
(1 —243)(2 — 241)
Since V5 = 16 litre and x4; = 0.2, we get the following:

Vo + Vi = 28.80 ln[

(2—0.76)(1 — 0.2)
(1—-0.76)(2 — 0.2)

16 + V5 = 28.80 In [ ] = 23.94

which gives V5 = 23.94 - 16 = 7.94 litre.



Solution to Q3:

Pyystem = 3 atm

Vo U1 (%
Fa, = 3 kmol/h i=2Vs T a1 & Tar =09
T, = 400 K T) =400 K T, = 600 K
k1 = 0.125 per sec ko = 0.175 per sec

The elementary, gas-phase reaction A — B+ C'is carried out in the system shown above.
The volumes of the reactors are to be determined. Since the reaction is elementary, we can

write the following:
—ra=kCy=kFq/v (6.19)
where Cy is the concentration of A, F4 is the molar flow rate of A and v is the volumetric

flow rate.

Steady-state design equation over the first PFR of V; volume gives the following:

Fai 1
V= — / dF,
JF Ao (_TA)

Using (6.19) and the definition of conversion of A in the above, we get the following:

% (R 6.20
1__/FA0 kFA A_~/CIZAO kj(]__xA) J;A ( )
Since it is a gas-phase reaction v is related to x4 by
P, T
v = 2 Tj; Vo(l+€eaza),

of which, P, = P =3 atm, T, = T; = 400 K and €4 = (2-1)/1 = 1. Therefore, the above
expression reduces to
v=1,(1+x4) (6.21)

Combining (6.20) and (6.21), we get

Vi

, o 1
Y /A A e (6.22)

k]_ T Ao 1_$A

where k; is the specific reaction rate (k) at 400 K.

Steady-state design equation over the second PFR of V5 volume gives the following:

V. / T / U p / vy (6.23)
= — [ —_ — - _dr )
’ Fa1 (_TA) 4 Fa1 kFA A T A1 k(l —J,’A) 4

In the above, v is related to x4 by

P0T2
v =
BT,

Uo<1 +€a il?'A) )



of which, P, = P, = 3 atm, T, = 400 K, T, = 600 K and ¢4 = 1. Therefore, the above

expression reduces to

600
= — 1 24
v 00 Vo(1 4+ 4) (6.24)

Combining (6.23) and (6.24), we get

Vs

600 v, /“2 1+ x4

_ d 6.25
400k Jou, 1—m, 4 (6.25)

where k; is the specific reaction rate (k) at 600 K.

Adding (6.22) multiplied by k;/v, to (6.25) multiplied by 400 k5/600 v,, we get the fol-
lowing:

k1 400 ko Ta2 1414
Moy Sy / d
v 5000, 2 ay L—g A
= /xA2 ( 2 — 1) dIA
T Ao 1 - IA
= [-2In(1l —z4) — x4] 742709
T A0,=0

— —2In(1-0.9)—09 =3.7052

Using the numerical values of k; and k5 and the information that V; = 214 in the above, we

get
0.125 400 x 0.175
X 2Vy 4+ o X2y 37052
o 600 vg

which gives
3.7052 v,
V, = — (10.1050 , 6.26
2= 3% 0125+ 4% 00756 . sec) X v (6.26)

The volumetric flow rate at the entrance (v,) appearing in (6.26) could be determined as
follows:

Py RT,  (3/3600 kmol/s) x (8.314 kJ/kmol.K) x (400K)
P, 3 x 1.0132 x 100 kPa

= 0.009117 m3/s

Vo
Substituting the above in (6.26), we get V5, = 92.13 litre.

Therefore, the volume of the first PFR should be 184.26 litre and the second PFR should
be 92.13 litre to achieve 90% overall conversion of A at the exit of the second PFR.

Note:
Solution to Q4 is not provided since it is part of Assignment 2.




Solution to Q5:

vo = 0.1 litre/s vy =1

Cao = 2 kmol/m?3 C4y = 0.3 kmol/m?

The elementary, liquid-phase reactions taking place in the PFR, operated at steady-state
under isothermal conditions, are as follows:

]{,'1 kQ k3
A — R — 28 and R — P

where k; = 0.003 sec™!, ky = 0.001 sec™! and k3 = ky — k.

a) To determine the space-time of the reactor, let us write the mass balance for reactant A
over a differential volume dV of the PFR as follows:

Fa=Fys+dFa+ (—ra)|a—rdV (6.27)
We deal with liquid-phase reactions and therefore
Fy=vCyu. (6.28)
The rate equation for the elementary reaction A — R is given by
(=ra)la—mr =k Ca. (6.29)
Combining (6.27) to (6.29), we get
vodCy = —k1 CydV (6.30)

which, upon integration, yields the volume of the reactor (V) as follows:

Car g Vg Cay
v=-—| e, :—1()
Cao k1 Cy A ki \Ca

Space-time 7 defined as the ratio between the volume of the reactor and the volumetric flow
rate, therefore, becomes

Vo1 (Ca 1 ( 2 ) .
_ L — In (=) =632.4 sec = 10.54 min.  (6.31
T kT <0Af> 0.003 sec—' " \0.3 > min. . (6:31)

b) To determine the concentrations of R and S at the outlet of the reactor, we need to write
the mass balances for R and S over the differential volume dV of the PFR. First, let us write
the mass balance for R which is a product in the reaction A — R and a reactant in the
reactions R — 2.5 and R — P. The mass balance therefore becomes the following:

FR + (rR)|A_>RdV = FR + dFR + (_TR)lR—QSdV + (—TR)|R_>p dV (632)
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The reaction rates in (6.32) can be written in terms of concentrations as follows:

(rrR)la—r = (=ra)la—msr ="k Ca (6.33)
(=rr)|r—2s = k2Cr (6.34)
(—=rr)lr—p = k3Cr (6.35)

Combining (6.32) to (6.35) along with Fr = vy Cg, we get
k‘l CAdV = ’UodCR—I— k?g CRdV—I— k?3CRdV

which can be rearranged, using 7 = V/vy, to give the following:

dC
d—TR:leA—k:QCR—kgCR:leA—kQC’R—(kI—kQ)CR:k:ICA—leR (6.36)

Integrating (6.36) requires C'y be written in terms of Cg or 7. Starting from (6.30), we could

get

dC'y
_— = —]{j
dr 1Ca

which upon integration, using the initial condition C'y = C4 at 7 = 0, gives the following:
CA = CA() G_le (637)
Combining (6.36) and (6.37), we get

dcC
diTR + ki Cp=ki Cage ™7 (6.38)

which could be integrated as follows:

ac
(R + ]{?1 CR> 6k1T = k‘l CAO B_kl T ekl T
dr

C;ZT(CRele) = kcho

CreM™ = ki CuoT + const (6.39)
Using the initial condition, Cr = 0 at 7 =0, (6.39) is reduced to the following:
CR = k’l T CAO 6_k1 T (640)

Writing the mass balance for S which is a product in the reaction R — 2.5, we get the
following:

F5+(TS)|R_>25dV:FS+dFS (641)
The reation rate in (6.41) can be written as follows:
(rs)lr—25 =2 X (—TR)|R—25 = 2k2 CR (6.42)
Combining (6.41) and (6.42) along with Fis = vy Cs and 7 = V /v, we get
dCs
—= =2k 4
ir 2 Cr (6.43)



Combining (6.40) and (6.43), we get

d
dCS =2k ko7 Cape ™7 (6.44)
T

which upon integration gives the following:

Cs = 2 k1 ks Cag / rehTdr (6.45)

To get the integral in (6.45), do the following:

d (7’6_le> = el 1 (—kle_k”)

dr
/d(Te_k”) = /e_k”dT —ky /Te_ledT
e—le
re kT — Kk /Te_k”dT
—ky
e—le
k1 /Te_ledT = —Te T (6.46)
k1
Combining (6.45) and (6.46), we get
—k1T
Cqg=—2kyCy (7’ e M4 ’ ) + const
1
which, using the initial condition Cs = 0 at 7 = 0, is reduced to the following:
ek 1
Cg=—2kyCyo|Te ™™ + - — (6.47)
k1 k1

Using 7 = 632.4 sec from (6.31) and the numerical values of k1, ko and C'yg, we can calculate
Cr using (6.40) and Cys using (6.47) as follows:

Cr = 0.569 kmol/m? and Cs = 0.754 kmol/m?

c) To determine the volume of the PFR that maximizes the concentration of R at the outlet
for the given conditions, we need to set dCr/dr = 0. Using the expression for Cr given in
(6.40), we get the following:

ddC;R = CZ’ (k‘lTC’AQG_kIT) =0

which reduces to
e FT 4 (—kl e_k”) =0
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Therefore, the space-time of the PFR that maximizes the concentration of R at the outlet is
given by
1 1 _
Toptimum — ?1 = m = 333.3 sec = 5.56 min.

The volume of the PFR that maximizes the concentration of R at the outlet is given by

Voptimum = Vo X Toptimum = (0.1 litre/sec) x (333.3 sec) = 33.33 litre.

Note:
Solution to Q6 is not provided since it is part of Assignment 2.

Solution to QT:

v; Cao
Cro=Cs0=Cpo=0

l Uf:U

Cay; Cry; Csy; Cpy

The elementary, liquid-phase reactions taking place in the CSTR, operated at steady-state
under isothermal conditions, are as follows:

4k k k
A — R — S and A — P

a) To determine the concentration of R in the exit stream, we need to write the mass balance
for R over the CSTR. Since R is a product in the reaction A — R and a reactant in the
reactions R — S, the mass balance for R over the CSTR becomes the following:

vCro + [(rr)|aA—Rexit V = v Crs + [(—7TR) | p—s8]exit V (6.48)
The reaction rates in (6.53) can be written in terms of the concentrations as follows:

[(TR)’A—>R}e:m't - [(_TA>|A—>R]ezit:4kCAf (649)
[(—=rr)|rR—slexit = kCry (6.50)

Combining (6.53) to (6.55) and using Cryp = 0, we get

4]€CAfV:UCRf+k’CRfV
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which gives the following:

_4]€CAfV_ 4k
BE= v kv 14kr

Cay (6.51)

To write C4f of (6.51) in terms of Cy4, let us write the mass balance for A over the CSTR
as follows:

vCa0 =vCas+ [(—7a)|aA—Reait V + +[(=74)|a—Plexit V (6.52)

The reaction rates in (6.52) can be written in terms of concentrations as follows:

[(=rA)la—Rlezie = 4kCay (6.53)
[(=ra)[a—plesit = kCuay (6.54)

Combining (6.52) to (6.54), we get

UCAOZUCAf+4kCAfV+kCAfV

which gives
. UCAO . 1
AT SRRV T 14bkr A0 (6.55)
Combining (6.51) and (6.55), we get the following:
Akt
Cry = Cao (6.56)

(14+k7)(1+5kT)

b) To determine the space-time of the CSTR that maximizes the concentration of R at the
exit, we need to set dCgy/dr = 0. Using the expression for Crs given in (6.56), we get the

following:

dCRf_i 4kT C —~0
dr — dr |(1+k7)(1+5k7) |~

which can be reduced as follows:

5kt n —kT N 1
(I1+k7)(1+5k71)2  (1+k7)?2(14+5k7) (1+k7)(1+5kT)

—S5kt(14+k7)—kt(1+5k7)+(1+k7)(1+5k7)=0
—5kT —5(k7)?—k7—5(kT)?+1+6kT7+5(k7)>=0
(k7)*=1/5

Therefore, the space-time of the CSTR that maximizes the concentration of R at the exit is

given by the following:
1

optimum — ~ = 5 6.57
Topt \/gk ( )

c) For the case of k =1 min~! and Cyp = 2 kgmol/m3, concentrations of A, R, S and P in
the exit stream of the CSTR as functions of 7 are to be sketched. Concentrations of A and

12



R in the exit stream of the CSTR are given by (6.55) and (6.56), respectively. Using k =1

min~! and C49 = 2 kgmol/m3, we get the following:

1 2
Ca=—— Cyo= ———— kgmol/m? 6.58
Af 1+5k7r A0 1+57 gmol/m ( )
4k B 8T
(I+kr)(1+5kr) ° (1+7(1+57)

To determine Csy and Cpy, let us write the mass balances for S and P over the CSTR
as follows:

kgmol /m?3 (6.59)

ORf =

For S
v Cs0 + [(rs)|[r—slexit V =0 Csy (6.60)

where
[(75)|r—s5lexit = [(=TR)|R—s5]exit = k Cry (6.61)

Combining (6.60) and (6.61) along with C'sy = 0, we get

k CRf V=wv Csf
which gives the following:
CSf = /{ZTCRf (662)
For P:
vCpo + [(rP)|a—pPlexit V =0 Cpy (6.63)
where
[(TP)’A—>P]exit - [(_TA)|A—>P]em't - kCAf (664)

Combining (6.63) and (6.64) along with C'py = 0, we get
k CAf V=v Cpf

which gives the following:
Cpf:kTCAf (665)

Using K = 1 min~! in (6.62) and (6.65) and using (6.58) and (6.59), we get the following:

872
= k [/m3 .
Csi=Uxmassn €mo/m (6.66)
_ 2 3
Cpy = A557) kgmol/m (6.67)

Plot of the concentrations as functions of space-time is attached as Set6FigQ?7.

Note:
Solution to Q8 is not provided since it is part of Assignment 2.
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Solution to Q9:

v=12m?/hr
Cao = 2 kmol/m?3
Cpo=Cco =0

Y

V m?3

l V1 =0
Ca=7

V m?3

l Vg =V

Cas = 0.05 kmol/m3

The liquid-phase reaction taking place in the CSTRs, operated at steady-state under
isothermal conditions, is A — 2 B + C, which is first-order in A. Therefore, the rate

equation is given by the following:
ra = —k CA (668)

where £ = 21 per hr.

a) To determine the volumes of the CSTRs required and the concentration of A in the exit
stream of the first CSTR, we need to write the mass balance for A over the first CSTR as
follows:

v C'AO =v CAl + (_TA)em'tofthefirstCSTR V

which becomes
UOA0:UCA1+ICCA1V (669)

Substituting the known values in the above, we get
(1.2 m3/hr) x (2 kmol/m3) = (1.2 m3/hr) x Cay + (21 per hr) Cay V
which can be reduced to the following:
2104V +12CH =24 (6.70)

There are two unknowns in (6.70), and therefore we need a second equation to solve for the
unknowns. The second equation may be obtained by writing the mass balance for A over the
second CSTR as follows:

VO =00+ kCaV (671)
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Substituting the known values in the above, we get
(1.2 m3/hr) x Cay = (1.2 m3/hr) x (0.05 kmol/m?) + (21 per hr) (0.05 kmol/m3) V'
which can be reduced to the following:
1.2C4 =0.0641.05V (6.72)

Combining (6.70) and (6.72) so as to eliminate C4; gives

24

lox =%
V12

=0.06+1.06V

which reduces to the following:
22.05V? +2.52V —2.808 =0

Solving the quadratic equation above gives the volume of a single CSTR as follows:

—2.52 4 \/(2.522 + 4 x 22.05 x 2.808)
V= = 0.304 m?
2 x 22.05

Therefore, we require two CSTRs of 0.304 m? each to carryout the given reaction.

Substituting V' = 0.304 m? in (6.70) gives the concentration of A leaving the first CSTR

as follows:
2.4

Cpy = ———
AT oIV +1.2

=0.316 kmol/m3

b) If the reactor system of two CSTRs were replaced by one single CSTR, then the mass
balance for A over the CSTR gives

v CAO = CAQ + <_TA)exit ‘/single CSTR
which becomes the following:
vCa0 = vCa2 + kCas Viinglecstr

Therefore,
v (CAO — CAQ) - 1.2 x (2 — 005)

Viinate - _ — 2999 m3 6.73
gle CSTR % Cas 21 % 0.05 m (6.73)

The volume of the single CSTR, being 2.229 m3, is much larger than the total volume of
the two CSTRs considered in the part (a), which is 0.608 m?, for the same task.

IMPORTANT:

Explanation to why the volume of the single CSTR is larger than the total
volume of the two CSTRs for the same task can be given with the help of the
1/(—ra) versus C4 curve attached as Set6FigQ9. Try to explain on your own.
Help is provided if required.
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Solution to Q10:

v Uf =0
Cao = 2.00 mol/m? Tap =7
Cpo = 0.50 mol/m3

The elementary, liquid-phase, reversible reaction taking place in the PFR, operated at
steady-state under isothermal conditions, is as follows:

ky
A = B
ke
where k; = 0.80 per min and £, = 1.20 per min.

a) To determine the relationship between the conversion of A at the exit, xaf, and the space-
time of the PFR, 7 = V/u, we need to start with the mass balance for A over a differential
volume dV of the PFR. Since A is the reactant in the forward reaction and it is the product
in the backward reaction, the said mass balance is written as follows:

Fa+ (ra)lp—adV = Fa+dFEa+ (—74)|a—pdV (6.74)
The reactions rates in (6.74) are written as follows:

(—=ra)|la—sp = k;Ca (6.75)
(ra)lp—a = (=7B)lB—a =k Cs (6.76)

Combining (6.74) to (6.76), we get
kyCpdV = dFy + ki CydV (6.77)
which, using F'y = v (Cy, can be reduced to the following:
kyCpdV =v dCs + kf CadV
Using the definition of space-time, 7 = V/uv, the above can be rewritten as follows:
(ke Cp — ks Ca)dr = dCxy (6.78)

To integrate (6.78) we need to get rid of the variable Cz from (6.78), which can be done
starting from the following stoichiometric relationship between the molar flow rates 4 and

FBZ
Fao—Fa  Fp— Fgo

1 1
Dividing the above by the volumetric flow rate, we get

Cao—Cy=Cp—Ch
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which can be rewritten as follows:
Cp=Ca+Cp—Cx (6.79)
Combining (6.78) and (6.79), we get
(ks (Cao + Cpo) — (ky + ky) Caldr = dCy

which, by substituting the variables with the numerical values provided, is reduced to the
following:
[1.20 (2.00 + 0.50) — (1.20 4+ 0.80) C'a] dT = dC4

Integrating the above, we get the space-time of the PFR as follows:

B _ [Car 1 (3 —-2C4)
T‘/dT_/cAM?)—chdCA_[ —2 ]

CAf

2

which gives
—27 = hl(QCAf - 3)

and therefore, C'45 can be written as follows:

(6.80)

From the definition of x4, we can relate x4 to C4y for a liquid-phase reaction as

Fao — Fay _ Faofv —Fap/v  Cao— Cuay

x = =
A F A0 F A0 / [ CAO

which gives
CAf:CAO (1—ZL‘Af) :2(1—ZEAf) (681)

Combining (6.80) and (6.81), we get

3 _|_ 6727'

21 —aap) = —

which is reduced to the following expression required by the problem statement:

3+

Y 0.25[1 — e~ 7] (6.82)

fo:1—

Plot of the z 45 versus 7 is attached as Set6FigQ10, which shows that x4, reaches 0.25
as 7 approaches large values.

b) To determine the equilibrium conversion of A, let us start with the fact the overall reaction
rate of A takes zero value at equilibrium since the forward reaction rate equal the backward
reaction rate at equilibrium. Equating (6.75) and (6.76), therefore, gives

k‘f Cy=k,Cp at equilibrium.
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Using (6.79) in the above we get
kaA:kb (CA0+CBO—CA) at equilibrium.

which reduces to

/{Zb (CAO + CB(]) . 1.20 x (200 + 050)
ki+ky 1.20 +0.80

C1A,eqm —

= 1.5 mol/m3.

where C4 ¢qm is the equilibrium concentration of A.
Using (6.81), the equilibrium conversion of A could be determined as follows:

1—Chegm 1-15

Thegn = ——g " = = = 0.25 = 25%

The plot of the x4 versus 7, attached as Set6FigQ10, also showed that x4 reaches an
equilibrium value of 0.25.

Space-time required to achieve 95% of the equilibrium conversion of A in the exit stream
of the PFR can be calculated using (6.82) as follows:

0.95 x 0.25 = 0.25[1 — e~ 7]

which gives
In(1 — 0.
r= 11(2095) — 1.4979 ~ 1.5 min.

Note:
Solutions to Q11 and Q12 are not provided since they are part of Assignment 2.
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