Problem Set 4

Problem 1. (RC(O)OCH,); — (RCH,); + 3 CO, r =k[(RC(O)OCH,)s]
A —- B +3C r=k[A]

Given:

To=150 C k(To) = ko =5%10 (min™") Ea = 85 kJ/mol

Fao=2.5mol/min yap=1 T=227C

X=09 P=10 atm

First, find k at the reaction temperature using Eq 3-21 from Fogler:
E(1 1 85kJ / mol ( 1 1

k(T) = k(T,)- 65(707} _ [5 1073 Lj ) 68.314-10’3k//(mol-1{)k423415K SOO.ISK] — 0.206255min""

min

Next, make a stoichiometric table for the flow system (see Table 3-4 in Fogler). This
table applies to both a PFR and CSTR reactor.

Species Feed Rate to Reactor Change within Reactor Effluent Rate from
(mol/min) (mol/min) Reactor (mol/min)
A FAO —FA()X FA:FAo(l —X)
B 0 F A()X FB =F A()X
C 0 3FA0X FC = 3FA0X
Total FAO FT = FAo(l + 3X)

Since this is a gas-phase reaction, with a change in the total number of moles, the
volumetric flow rate (v) will not be constant. Simplify Eq 3-41 in Fogler for the steady
state (constant P and T) ideal gas case to:

[QJ = v{—F all+3X )j —vy(1+3x)= LR (14 3 x)
T0 FAO P

v=v,

a) CSTR
The design equation for CSTR volume in terms of conversion is (Eq 2-13 in Fogler):

FuoX  FuX  FuoX  vo(l+3X)F, X  FRT(1+3X)X

Vestra = (_ rA)ex[t - k[A] - k(FA] kFAO(l—X) Pk(l—X)

Plugging in numbers:

(z.smf'l](.osz L -aim j(SOO.ISK)(l +3(0.9))0.9
min mol - K

=1655.36L|~1.7-10°L

Vestra = 1
(10atm)(0.206255,j(1 -0.9)
min
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b) PFR
Neglect pressure drop, so v equation is the same as above. The design equation for a PFR

in terms of conversion is (Eq 2-16 in Fogler):

X X X X X

ax dx dx FoRT(1+3X) FoRT 7 (1+3X)
PFR.b Ao0 r, Ao0 k[A] A0 ki AOO PkFAO(l—X) Pk ) (I—X)
|4

From integration by parts (or an integral table):

X

Jlemd . m)ln{l_—xl} s - )

(l—x) I-x,
X1

(1 + mx)
(1-x)
Integrating and plugging in numbers gives:

o 1 [2.5@)[0.082%)(500.15[()
Vipry =~ | (143)In| —— |-3x |=~—210 mo
prns =8 (3 )2

(1oazm)(o.206255#j
min

When x; = 0, this simplifies to:

S ey %

dx:(1+m)ln{ ! }—mxz
1-x,

{4111(1 _10.9] —3(0.9)}

=323.630~3.2-10°L
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c¢) Now find X in a CSTR/PFR combination for a given V.

First: PFR then CSTR, where the volume of each is }4 the volume calculated in parts a
and b.

FA1' FB1’ FC1
X4

<

PFR equation will be the same as derived in part b, but with V =1 Vpgrp and X = X;:

1 F RT 1 Vprr.s Pk 1
—Vppg p = —2 1+3)In| —— |-3X = 22— _(1+3)In
PFR.b Pk |:( ) [1 XJ l:l ( ) 1

J+3X1=0
2 | 2F, RT X,

Faz Faa Fea
—
X,

There are many methods that can be used to find the roots of the above equation (solver
function in Excel, fsolve in Matlab, etc). For example, using fsolve in Matlab:

function [Xpfr]=partc;

X0=0.1; %initial guess for X pfr
[Xpfr] = fsolve(@pfr eqgn,XO0);
return

function F = pfr eqgn(X)

k = 0.206255; %1/min

T = 227+273.15; %K

FAQ = 2.5; %mol/min

P = 10; %atm

R = 0.082; %$L*atm/mol/K
V pfr b = 323.63; %L, from part b calculation

F = V_pfr_b*P*k/(2*FAO*R*T)—(1+3)*log(l/(l—X))+3*X;
return

Can also solve for X, by hand using an iterative method. For example, using the
Newton-Raphson Method:

/(x,)
/()

Keep iterating until x,+; = x;,.

where f’(x,) is the derivative of £, evaluated at x = x,,.

Xn+1 = Xp —

Regardless of the method used, should find that [X; = 0.75
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A mole balance on the CSTR gives:

V, p kV, p kV,  F
OZFAI_FAZJ"VA[ CSZTR’ J:FAO(I_Xl)_FAO(l_XZ)_%[A]:FAO(XZ_XI)_%[%ZJ

kVcsrr o (1 - Xz)

0=FulX2-X) 2RT (1+3X,)
2

Mo [ PF(1-X,)
2 | FRT(1+3X,

)}FAO(xz—xl)—

Again, solve the above equation either by hand or with a program to find that

Now: CSTR followed by PFR, where the volume of each is 'z the volume calculated in
parts a and b.

FAO

e

< FA1¥ FB1¥ FC1 FAZY FBZ' FCZ

X X,

CSTR equation will be the same as derived in part a, but with V=" Vegrr, and X = X;:

1 FoRT(1+3X))X, 1 FoRT(1+3X,)X,

2ot = i x,) — plemeT T pHisx,) =0

Plugging in numbers and solving gives

A mole balance on the PFR gives (see pg 15-16 in Fogler):
0= FA|V _FA|V+AV +rAV
Rearrange, divide by AV and take the limit as AV approaches zero to get:
CdF, d[F,(1-X)] —Fdx Fod4x
dv - ry - ry B Ty B AO—rA

Integrate with the limits V =0 when X = X, and V =% Vpprp when X = X, to get:

Xz X2 Xz Xz X2
Y _F J—dX =Fu | A [ - | LRI 3K) Pkl ] 2 ax
5/ Prrb = Fao " 40 k[A] onlki AOXI PkFAO(l—X) Pk 1, (I—X)
v

From integration by parts (or an integral table):

X3

(1+mx) _ 1-x 1 _ FRT 1- X,
I(l—x) dx =(1+m)n o +m(x —x,) = SVerrp == (1+3)1n—X2 +3(X, - X,)

FRT 1-X v,
%{(1 + 3)1{—;} 3(x, - X, )} —% =0

Plugging in numbers and solving gives
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Now, consider an isothermal batch reactor system with Py = 2.7 atm. Make a
stoichiometric table for the batch system (see table 3-3 in Fogler)

Species Initially (mol) Change (mol) Remaining (mol)
A Nao -NaoX Na = Nao(1 - X)

B 0 NaoX Np = NaoX

C 0 3NAOX NC = 3NAOX
Total NA() NT = NA()(I + 3X)

d) The volume of the batch reactor is fixed, so the change in moles as the reaction
proceeds will cause an increase in P. For an isothermal, constant volume batch reactor
(Eq 3-38 in Fogler, rearranged):

P=PRy(1+3X)=2.7amm(1+3(0.9))= 9.99atm

e) Want to process 2.5 mol/min of cooking oil in the batch reactor (assume that the down
time between batches is negligible).

Nao _psm0l oy, =[2522),
trouct min min
mol
2.5 | RT
. N 4oRT min
Assuming ideal gas, Vi, = =

Find t..,« from design equation for a constant volume batch reactor (Eq 2-6 in Fogler):

N
dX _—ry K4y :k7AV KN (1-X)
dt Ny N 49 N 49 N 49

Rearrange and integrate:
X t
jdX k[ = m ek = 4, =t/ ——
(1-x) 4 1-x ko \1-x

Plug in numbers to get:

mol 1 mol 1 L-atm
_— - 25— |In 0.082 500.15K
(2'5 minjln(l—XjRT _[ minj (1—(0.9)j( mol-Kj( )

kP, (0.206255min™" f2.7atm)

k(1-X)

=423.94L44.2-10°L

Vbatc'h =

e) Since the characteristic reaction time is on the order of minutes, a flow reactor is
recommended for this process. If minimizing volume is the most important design
criteria, a single PFR is the best choice. If maximizing conversion is the most important
design criteria, the half-size PFR followed by a half-size CSTR is the best choice.
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