ChE 372 Final Exam Thursday, December 12 , 2002

Instructions

1. Write your name at the top of each answer sheet and on the front page of the
exam questions.

2. Start each problem at the top of a new page.

3. The exam consists of three equally weighted problems.

4. Useful integrals and equations are listed beginning on page 5.

5. Return the exam questions or you will receive a grade of zero.
R = 82.06 cm3-atm/gmole-K; R = 1.987 cal/gmole-K

) . . 9lnK _ AH°
The van’t Hoff relation is 3 = BT

Problem 1

Determine value of the rate constant for the second-order, heterogeneously-catalyzed
reaction

A 5B

if the following rate data (Rap) were determined for isothermal, spherical pellets of
different sizes (Rp). In all cases the partial pressure of A was 2 atm and the temperature
was 650 K. The effective diffusivity of A is D4 = 0.0095 cm?/s. You may assume the
bulk fluid and the concentration of A at the external surface are equal.

Ry (cm) | Rap gmol/cm3-s
0.0488 | —2.093 x 103
0.0397 | —2.491 x 1073
0.0334 | —2.857 x 1073

Problem 2

Determine the isothermal plug flow reactor volume needed to convert 90 % of A for the
following gas-phase, second-order reaction at 475 K.

A+B— C r =kcacp k= 525cm3/gmol-s

The feed consists of a 1:2 molar mixture of A in B, at a feed rate of Q; = 8,000 cm?/s
and a pressure of 3 atm.
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Problem 3

One possible mechanism for the gas-phase chlorination of chloroform
2CHCl; +Cl, — 2CCly + 2HC1

involves the following set of elementary reactions.

k1
Cl;, &= 2C1
k_1

Cl + CHCl; <2 HCI + CCly

-2

CCly +Cl, <% CCl, +0l

k-3

CCl; +Cl =4 cql,

20CL; =% C,Clg

Part A) Determine the rate of production of CCly in terms of stable molecules. The
Cl and CCl3 radicals are reaction intermediates. Under the conditions of the
experiments Reaction 1 is so fast it can be assumed to be at equilibrium.

Part B) This reaction has been studied in a batch reactor charged with 94.4 Torr of
Cl, and 22.3 Torr of CHCl3 (the total reactor pressure was 116.7 Torr initially).
List the necessary design equations needed to determine the partial pressure of
Cl, versus time. You may assume the reactor is isothermal.



ChE 372 Final Exam Thursday, December 12 , 2002

Problem 4
Part A) Consider two ideal reactors a PFR and a CSTR. These reactors will be ar-
ranged two different ways.
Arrangement 1 The CSTR and PFR are in series, with the CSTR first in the
series arrangment.

Arrangement 2 The CSTR and PFR are in parallel.

Write down the residence time distribution function p(@) that decribes the two
arrangments and plot the distribution function versus time. On you plot clearly
label the magnitude of values on the y-axis and indicate where on the x-axis zero
begins and multiples of the reactor residence time appear. The CSTR and PFR
have the same residence time, 7.

The distribution function for a PFR is

p(0) =6(0 —0)
The distribution function for a CSTR is

p0) = zexp( )

Part B) Using the following two independent reactions,

A+B X ¢ +D

A +B 2 E

the definitions of heats of reaction, and the conventions for reaction stoichiometry,
reaction rates and rates of production, prove that

TNispecies Nrxns

Z HjRj = Z AHRiri
j=1 i=1
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Problem 5
The liquid-phase series reactions
k1
A— B r = klc A
ks
B— C ro = kQCB

are to be carried out in a CSTR. The feed enters at 45 °C and consists of pure A at a
concentration of ¢4y = 5 mol/L. Determine the temperature of the cooling fluid, which
will be constant, that is required for the reactor to operate at 75 °C.

Parameter Value Units
M, 93,000 g/min
AHRl —6,200 cal/mol
AHpgy 8,000 cal/mol
Vr 1000 liter
Qf 100 liter /min
Cpr 0.22 cal/g-K
U 0.65 | cal/min-cm?-K
A 15,400 cm?
Ky 3.16 x 10'* exp(—12,500/T) | min !; T in K
ko 2.52 x 10° exp(—8,500/T) | min~!; T in K




Design Equations

Batch Reactor

Nrans

VRc
L e
Z VT4 Vi

d_T B UA(Ta - T) - Z?mns rAHRp; VR
dt - VR E;lcomponents chpj

Plug Flow Reactor

d(QC) Nrazns
LI S

d_T _ %U(Ta — T) — Z?”ns ri AHEg;
dV - szcomponents chpj

Stirred Tank Reactor

d Vec: Nrens
7( d}; J) = chjf - Qcj + Z v;iiTiVR
i

dr  UA(T, —T) - X7 ridHpiVr + Qg STt ey (Hy g

— H;)

D Ncomponents , .
dt Ve ¢jCpj

Continuous Stirred Tank Reactor (constant phase)

Nrans

0= chjf — QCj + Z I/isz'VR
i

Nrzns Tlcomponents

0=UA(T,-T)- > riAHpVg+ Z ch]f/ Cp;dT

%



Useful Integrals

1 1
=1
/a—i-bzdx b n(a + bx)

n _(a+b:c)"+1 ‘
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(a+bx)(a’ +bz) abl —a'b a+ bz

/ a+ bx x_b_a:_i_ab'—a’b
a + bz _b' b/2

In (a' + b'z)

(@+bx)™ -1
/ @102 2= o

m m—1
(a + br) S (a + bx) s
(o' + b'z)"? (a/ 4+ b'z)"?

™ (a + bx)" an /mm(
m+n+1 m+n+1

/wm (a+bz)"dr = a+bz)" ' dr

Simpson’s three-eighth’s rule for numerical integration:

X3 3h
[T 0dX = T {F(X0) + 3£(X1) + 3/ (Xa) + £(Xa)]

where:

X3 —Xp

h
3

Xi1=Xo+h X9 = Xo+ 2h

Integration of N + 1 points, where N is even:

XN
/X f(X)dX = g [fo+4f1 +2fa+4fs +2fs+ ...+ 4f (o1 +fN]

where:
_Xv—Xo

b N



General Information on Mass Transfer with Reaction

For heterogeneous reactions one must determine the rate per unit volume of pellet.

1 S dc;
Rjy=— | RjdvV =-22D; =4
Jp V;) v, 9 V;) J d’l‘ r=R,

The dimensionless steady-state concentration within a symmetrical pellet is found with

¢jsDj

R,

526 +

For a first-order reaction (A — B) with a spherical pellet surface concentration of ca s

T sinh(3®)
1 1 1
Ry =73 [tanh3¢ - 3_<1>] X (“kieas)
R k1
D=— x4/—
3 D,
For some heterogeneous cases it is appropriate to use
R .
n=z
YK

Nl[ 1 1]
"% |tanh3® 3@

where



