ChE 344
Winter 2013
Mid Term Exam II + Solution
Tuesday, April 9, 2013

Open Course Textbook Only
Closed everything else (i.e., Notes, In-Class Problems and Home Problems

Name

Honor Code (Please sign in the space provided below)

“I have neither given nor received unauthorized aid on this examination, nor have I
concealed any violations of the Honor Code.”

(Signature)
1) /| 5pts
2) /| 5pts
3) /| 5pts
4) /| 5pts
5) ____/10pts
6) /10 pts
7) /10 pts
8) /15 pts
9) /15 pts
10)  /20pts

Total /100 pts



(5pts) 1) (a) The following plot gives the square pressure drop parameter, y, as a function of catalyst
weight, W for an adiabatic endothermic reaction and for an exothermic reaction. The
flow is turbulent. The flow properties and catalyst properties are the same in both cases.
Assume the absolute magnitude of the heats of reaction and heat capacities are identical
as are the feed conditions. Which curve corresponds to the endothemic reaction?

yz\

A B

Explain:

(b) The Hercules explosion (P13-3g) could have been prevented by continually increasing
the ratio of water to ammonia chloride in the feed to shut the reactor down. Circle the
correct answer

True False Insufficent informtion to tell

(c) For an endothermic adiabatic reaction, the addition of inerts up to a certain amount will

increase the conversion for a first order reaction when the reactant flow rates, F a¢, 1s held
constant

True False Insufficent informtion to tell

(d) For an endothermic adiabatic reaction, the addition of inerts after a certain amount has
been added will decrease the converison for a first order reaction when the reactant flow

rates, F g, is held constant

True False Insufficent informtion to tell

(e) In PFR counter-current heat exchange, as one moves down the reactor away from the
reactant entrance the ambient temperature will decrease once it falls below the reactor
temperature

True False Insufficent informtion to tell
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Solution

(a) Answer B

Slope
dy __oT dy? T
a:
Exo
T
To
Endo
T
(b) True
(c) True
(d) True
(e) True
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(5 pts) 2) The elementary series reaction

A——B——>C

is carried out in a packed bed reactor. The following profiles were obtained.

T

Ca

5kg W 5 kg

Circle the correct true (T) or False (F) answer for this system

T

Solution

F

(a) The above profiles could represent a system where the reactions are carried
out adiabatically.

(b) The above profiles could represent a system where there is a heat exchanger
attached to the system.

(c) The above profiles could represent an adiabatic system where both of the
reactions are endothermic.

(d) The above profiles could represent an adiabatic system where only one of the
reactions is exothermic

(e) Assuming the activation energies are virtually the same for both reactions, the
above profiles could represent an adiabatic system where increasing the feed
temperature will increase the concentration of B in the exit stream.

(a) True. Possible if A — B is exothermic and B — C is endothermic.

(b) True. Possible when either A — B is exothermic or B — C is endothermic or both.

(c) False. Not possible because the temperature is initially increasing.

(d) True. Same as (a)

(e) False. Increasing the feed temperature will increase the rate of reaction of both A — B
and B — C. Hence, exit concentration of B could decrease.
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(5 pts) 3) Monsanto Explosion: (Circle the correct answer)
(a) The addition of inerts will decrease the time between the time the heat exchanger came
back on line and the time of exposion.

True False Insufficent informtion to tell

(b) If inerts had been added to the reactor it is possible that the explosion would not have
occurred.

True False Insufficent informtion to tell

Solution

(a) False
(b) True

Explanation:
d_T_Qg_Qr_ Qg_Qr
dt ENiCPi NACPA + NBCPB + NCCPC + NICPI

We see the rate of temperature increase, decreases as the amount of inert, Ny, increases.
Therefore, the temperature will not rise as rapidly during the adiabatic period (down time, t4)
and we can have longer down times without having an explosion.

T 8, =0
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(5pts) 4) (Reactor selection and operating conditions) For each of the following sets
of reactions, describe your reactor system and conditions to maximize the
selectivity to D. Make sketches where necessary to support your choices. The
rates are in (mol/dm3.s), and concentrations are in (mol/dm?).

(a) (1) A+B—oD —r14 = 10 exp(=8,000 K/T)C,Cy
) A+B->U —ry5 = 100 exp(—1,000 K/T)C}> C;”
Solution
P8-9 (a)
Reactor selection
A+B—D P r, =10exp(-8000K /T)C ,C,
A+B—U . r,, =100exp(-1000K /T)C,'*C,”"*
g _ o __10exp(-8000K /T)CCp exp(-8000K / T)CY?
DU~ — = =
ry  100exp(-1000K / T)CH2CY*  10exp(-1000K / T)Ch?
At T = 300K
-12 ~1/2
k=262x10" & k=357  Spy=_ 210 "Ca
Cp
At T = 1000K
-5~1/2
ki=335x107 &k;=36.78  Spw =9'2"é#
B

(2 pts) Hence In order to maximize Spy, use higher concentrations of A and lower concentrations of
B. This can be achieved using:
1) A semibatch reactor in which B is fed slowly into a large amount of A
2) A tubular reactor with side streams of B continually fed into the reactor

(2 pts) 3) A series of small CSTR’s with A fed only to the first reactor and small amounts of B fed
to each reactor.

. !
B A—y
I / A i T | J I
R / B> . T T / ;.i"jf_J_,*‘ ‘
6}4 724 _ Pure A \= ‘::L‘ |
h intitiglily Tubular reactor ’ =k |
. with side streams —
Semibatch

Series of small CSTRs

(1 pt) Also, since Ep > Ey, so the specific reaction rate for D increases much more rapidly with
temperature. Consequently, the reaction system should be operated at highest possible
temperature to maximize Spy. Note that the selectivity is extremely low, and the only way to

P
increase it is to keep (%) <107® and add B drop by drop.

A
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(10 pts) 5) The curves below show the conversion or temperature profiles for the Problem 12-3g base
case. Sketch the requested profiles for the parameters identified. Be sure to label which curve
is the maximum and which is the minimum.

(2pt) (a) Sketch the conversion for the maximum flow rate, i.e., 8 mol/min, and for the minimum
flow rate, i.e., 1 mol/min

Flow Rate: Base case shown below for Fag =5

A+B <> 2C
0.6

0.5

0.5

= X

6.4

0.4

0.3

0.2

0.2

0.1

0.1

0.0

0 450 %00 1350 18OO 2250 2700 3150 3600 4050 4500
w

(2pt)  (b) Inert, O1: Sketch the temperature profiles for ©; = 0.5 and ©; = 4. The base case shown
below is for O =1

A+B<>2C
390.0

383.0

376.0

369.0

362.0

365.0

348.0

341.0

334.0

327.0

320.0

0 450 500 1350 1800 2250 2700 3150 3600 4050 4500
W
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5) (continued)

(2pt) (c) Sketch the temperature profiles for Va _ 0.1 cal/kges*K and  for

Po
Ua Ua .
— =0.8cal/kg*s*K. The base case profile [ — =0.5 cal/kges*K | is shown below
Py Py

A+B<>2C
390.0

383.0

376.0

369.0

362.0

365.0

348.0

341.0

334.0

327.0

320.0

0 450 500 1350 1800 2250 2700 3150 3600 4050 4500
W

(2pt) (d) Sketch the temperature profiles for an inlet temperature To = 310 and for To = 350 on the
base case profile shown below for To = 330K

400

L

382

373

364

355

346

337

328

318

310

0 450 800 1350 1800 2250 2700 3150 3600 4050 4500
w
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5) (continued)
(2pt)  (e) Sketch the temperature profiles for constant coolant temperatures of T, = 300K and for

T, = 340K on the base case profile shown below for T, = 320K

A+B<>2C

390.0

383.0

376.0

-1

369.0

362.0

355.0

348.0

341.0

334.0

327.0

3200 0 450 500 1350 1800 2250 2700 3150 3600 4050 4500

W

Solution

: 1 =4

O MIN FAO’(
SBks€°.t‘»a=5 M,/S
Mhx : Fro =8 /s

0.60

- X

0.54

048

0.42

0.36

0.30

0 450 900 1350 1800 2250 2700 3180 3600 4050 4500
w
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b> M s e:p:OS
BASE: Or= |
MAF: Oy - ¢

430

47 +I° T

404 |
391
378 t
365 |
352 ¢t
339 |
326 |
313 |

390 07450 900 1350 1800 %igo 2700 3150 3600 4050 4500
Q) Mwis Vajp = |
Pse Jofp= S
/4A6¢ Uafp =8
430
417 | |- T
404 | LLV?':-‘
391
378
365

U“/(—; {

352
339 |

326
313 | w// = .g

300

0 450 900 1350 1800 2250 2700 3150 3600 4050 4500
W
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¥V

d) Mmo-To =3lo X
5Aﬁ§;:lﬁ)55501:
MAY T To=350 K~

430

M7 =T

To= Sgo '«

404 }
391

378
365
352
339

326

313 | 'ro»,’S\oK-

300 50 900 1350 1800 2250 2700 3150 3600 4050 4500

w
ézf) /MlA) : —T;:o = 500K
PAsE - Tag = 220K
MAX . Too = 3HOK

430

417 - T

404
391
378
365
352
339
326

313

300 : . .
0 450 900 1350 1800 2250 2700 3150 3600 4050 4500

W
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(10 pts) 6) The irreversible reaction

A+B——C+D

is carried out adiabatically in a CSTR.

[R(T)] curves are shown below
12000

10000
8000—
6000—

4000—

G(T), R(T) cal/mol

2000—

The “heat generated” [G(T)] and the “heat removed”

O T T ]

1T 1T 1T 1T T 1

200 225 250 275 300 325 350 375 400 425 450

(a) What is the AHRy of the reaction?

Temperature ( C)

AHpx =

cal/mol

(b) What are the inlet temperatures for ignition and extinction?

Ignition =

°C

Extinction =

°C

(c) What are all the corresponding temperatures in the reactor corresponding to the inlet
ignition and extinction temperature?

Ignition

T= °C, °C
Extinction

T= °C, °C

(d) What are the upper and lower conversions corresponding to at the ignition and

extinction temperatures?

X (Ignition) =

X (Extinction) =

b

(e) Inthe above figure, what is the conversion at the unstable

steady state?

X
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Solution
Assume Adiabatic

(a) —12,000 cal/mol

(b) Ignition =260°C
Extinction = 190°C

(c) Ignition, T =300°C, 475°C
Extinction, T = 215°C, 375°C
(d) X (Ignition) =0.281
X (Extinction) = 0.86

G _ 7,000

- = =0.583
AHg, 12,000

(e)
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(10 pts) 7) The reaction

A+B_2C

is carried out in a packed bed reactor. Match the following temperature and conversion
profiles for the four different heat exchange cases adiabatic, constant T,,

co-current exchange and counter current exchange.

. .
Figure 1 Figure 2
1.00 100
090 090
080 080
y
0.70 0.70
y 2
0.60 - X 060 y
- e - X
050 050 =
Xe xe
0.40 0.40
0.30 2 0.30 X
020 020
0.10 0.10
0.00 - ‘ - 0.00 . ‘ ;
0 435 870 1305 1740 2175 2610 3045 3480 3915 4350 235 870 1305 1740 2175 2610 3045 3480 3915 4350
w w
. .
Figure 3 Figure 4
070
1.00
090
080
070
y
060
-y
050 =X
0.40
0.21 0.30
014 020 xe
007 0.10
X
0 0.00
000 | 13 870

435 870 1305 1740 2175 2610 3045 3480 3915 4350
w
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7) (continued)
Figure A

370

= Ta
365 | |- 1

360

355

350

345

340

335

330

325

320

0 435 870 1305 1740 2175 2610 3045 3480 3915 4350
w

Figure C

380

374

367

= Ta
=T

361

354

348

341

335

328

322

315

0 435 870 1305 1740 2175 2610 3045 3480 3915 4350
w

(a) Figure 1 matches Figure
(b) Figure 2 matches Figure
(¢) Figure 3 matches Figure
(d) Figure 4 matches Figure

Solution

(a) Figure 1 matches Figure C
(b) Figure 2 matches Figure A
(¢) Figure 3 matches Figure D
(d) Figure 4 matches Figure B
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351
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392

315

Figure B

0 435 870 1305 1740 2175 2610 3045 3480 3915 4350
w

Figure D

0 435 870 1305 1740 2075 2610 3045 3480 3915 4350
w



(a) Adiabatic

POLYMATH Report

Ordinary Differential Equations
Calculated values of DEQ variables

Variable|Initial value| Final value Differential equations

1 [alpha  ]0.0002 0.0002 1 d(Ta)/d(W) = Uarho*(T-Ta)/(Mc*Cpmc)

2 |ca 0.1 0.0111573 2 d(y)/d(W) = -alpha/2*(T/To)/y

3 |Cao 0.1 0.1 3 d(T)/d(W) = (Uarho*(Ta-T)+(-ra)*(-Hr))/(Fao*sumcp)

4 |cb 0.1 0.0111573 4 d(X)/d(W) = -ra/Fao

W Lo {0 gid oo Explicit equations

L T - =0 1Pa|pha: 0002

7 |CpB 20. 20. 2 To =330

8 |Cpl 40. 40. 3 Uarho = 0.5%0

9 |Cpmc 18. 18. 4 Mc =100

10|Cto 0.3 0.3 5 Cpmc =18

11|Ea 2.5E+04 2.5E+04 6 Hr = -20000

12}Fao 5. 5. 7 Fao=5

13{Hr -2.0E+04 -2.0E+04 8 thetal = 1

14{ka 0.046809 4.152669 9 Cpl =40

15]Kc 6.601082 0.1824807 10 CpA =20

16|Mc 100. 100. 11 thetaB = 1

17|ra -0.0004681 |1.126E-19 12 CpB =20

18fsumcp |80, 80. 13 Cto = 0.3

19|T 330. 373.9994 14 Ea = 25000

20|Ta 320. 320. 15 Kc = 100%(exp(Hr/1.987*(1/303-1/T)))

21jthetaB |1. 1. 16 ka = .004*exp(Ea/1.987*(1/310-1/T))

22|thetal  |1. 1. 17 yao = 1/(1+thetaB+thetal)

23|To 330. 330. 18 xe = Kc™0.5/(2+Kc”"0.5)

24|uarho |0 . 0 19 Cao = yao*Cto

25(wW 0 4350. 20 sumcp = (thetaI*CpI+CpA+thetaB*CpB)

26X 0 0.1759977 21 Ca = Cao*(1-X)*y*To/T

27|xe 0.5622921 0.1759977 22 Cb = Cao*(1-X)*y*To/T

28ly i 0.153458 23 Cc = Cao*2*X*y*To/T

29}yao 0.3333333  {0.3333333 24 ra = -ka*(Ca*Cb-Cc2/Kc)

550 EXample 12-T1233 PBR Adiabatic jigp \EXample12-T123 PERiAdIabatlc

374 T 0.90

368 0.80

362 - Ta 0.70 y

-T

356 0.60
sy

350 050 - X
= o

344 0.40

338 030

332 0.20 xe

326 0.10 .

320 5 4% 870 1305 1740 2";/75 2610 3085 3480 3915 4350 " 0 3% 870 1306 1740 2\1175 2610 3045 3480 3915

344/W13MidTermExamll.doc

4350



(b) Constant T, Heat Exchange

POLYMATH Report
Ordinary Differential Equations

Calculated values of DEQ variables

Variable|Initial value|Minimal valuejMaximal value|Final value
1 |alpha 0.0002 0.0002 0.0002 0.0002
2 |Ca 0.1 0.0216333 0.1 0.0216333
3 |Cao 0.1 0.1 0.1 0.1
4 |Cb 0.1 0.0216333 0.1 0.0216333
5 |Cc 0 0 0.0467561 0.0243159
6 |CpA 20. 20. 20. 20.
7 |CpB 20. 20. 20. 20.
8 |Cpl 40. 40. 40. 40.
9 |Cpmc 18. 18. 18. 18.
10|Cto 0.3 0.3 0.3 0.3
11|Ea 2.5E+04 2.5E+04 2.5E+04 2.5E+04
12|Fao 5. 5. 5. 5.
13|Hr -2.0E+04 -2.0E+04 -2.0E+04 -2.0E+04
14]|ka 0.046809 0.0200561 1.05569 0.0200561
15|Kc 6.601082 0.5458201 13.00416 13.00416
16|Mc 100. 100. 100. 100.
17|ra -0.0004681 |-0.0020396 -8.474E-06 -8.474E-06
18|sumcp |80. 80. 80. 80.
19|T 330. 322.8237 359.3692 322.8237
20|Ta 320. 320. 320. 320.
21|thetaB |1. 1 1. 1.
22|thetal  |1. 1 1. 1.
23|To 330. 330. 330. 330.
24|Uarho  |0.5 0.5 0.5 0.5
25|w 0 0 4350. 4350.
26|X 0 0 0.3597967 0.3597967
27|xe 0.5622921  |0.2697522 0.6432475 0.6432475
28|y 1. 0.3305639 1. 0.3305639
29]yao 0.3333333 |0.3333333 0.3333333 0.3333333

360

356

351

347

342

338

333

324

320

315

Example 12-T12-3 PBR with Constant Coolant Temperature

Differential equations
1 d(Ta)/d(W) = Uarho*(T-Ta)/(Mc*Cpmc)*0 < Constant Ta

2 d(y)/d(W) = -alpha/2*(T/To)/y
3 d(T)/d(W) = (Uarho*(Ta-T)+(-ray*(-Hr))/(Fao*sumcp)

4 d(X)/d(W) = -ra/Fao

Explicit equations

W 00 N O i1 A W N =

10
11
12
13
14

alpha = .0002
To = 330
Uarho = 0.5
Mc = 100
Cpmc = 18
Hr = -20000
Fao =5
thetal = 1
Cpl = 40
CpA = 20
thetaB = 1
CpB = 20
Cto = 0.3
Ea = 25000

15 Kc = 100%(exp(Hr/1.987%(1/303-1/T)))
16 ka = .004*exp(Ea/1.987*(1/310-1/T))

17 yao = 1/(1+thetaB+thetal)

18 xe = Kc”0.5/(2+Kc”0.5)
19 Cao = yao*Cto
20 sumcp = (thetal*CpI+CpA+thetaB*CpB)
21 Ca = Cao*(1-X)*y*To/T
22 Cb = Cao*(1-X)*y*To/T
23 Cc = Cao*2*X*y*To/T

24 ra = -ka*(Ca*Cb-CcA2/Kc)

Example 12-T12-3 PBR with Constant Coolant Temperature

- Ta
- T

Ta

063

0.56

0.49

0.42

0.35

0.28

0.21

0.14

0.07

- X

xXe

435 870 1305

1740 2075
w
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(c¢) Variable T, Co-Current Heat Exchange

POLYMATH Report
Ordinary Differential Equations

Calculated values of DEQ variables

Variable|Initial value|Maximal value|Final value . . .
1 [alpha  |0.0002 0.0002 0.0002 "l'f;(eT':)';:gI'v ;‘:“S:::;‘:(T_Ta)/(Mc*Cpmc)
10 il st 0,0181299 2 d(y)/d(W) = -alpha/2*(T/To)ly
EL|C0, qi s = 3 d(T)/d(W) = (Uarho*(Ta-T)+(-ra)*(-Hr))/(Fac*sumcp)
4 |Cb 0.1 0.1 0.0181239 4 dOO/d(W) = -ra/Fao
5 |Cc 0 0.0443144 0.0210077
6 |CpA 20. 20. 20. Explicit equations
7 |cpB 20. 20. \ 20. 1 alpha = .0002
8 [cpt 40 40. 40. & Tor=gal
9 |cpme 18. 18. 18. 3 Uarho = 0.5
10|cto 0.3 0.3 0.3 M =100
11]Ea 2.5E+04  [2.5E+04 2.5E+04 2 pmc= 18
12|Fao 5, 5. 5. 6 Hr =-20000
13{Hr -2.0E+04 -2.0E+04 -2.0E+04 ; :::t;i )
14}ka 0.046809 1.441253 0.1538474
15iKe 6.601082 6.601082 2.548041 ?0 222142%
16lMc 100. 100. 100. R
17Ira -0.0004681 [-2.389E-05 -2.389E-05 12 CpB = 20
18|sumcp  |80. 80. 80. 13 Cto = 0.3
19|T 330. 362.5934 340.6307 14 Ea = 25000
20|Ta 320. SRR i 15 Kc = 100%(exp(Hr/1.987%(1/303-1/T)))
21]thetaB |1. e & 16 ka = .004*exp(Ea/1.987*(1/310-1/T))
22|thetal |1 1. 1. 17 yao = 1/(1+thetaB+thetal)
23|70 330. 330. 330. 18 xe = Kcn0.5/(2+Kc”0.5)
24|uarho  |0.5 0.5 0.5 19 Cao = yao*Cto
25{w 0 4350. 4350. 20 sumcp = (thetal*CpI+CpA+thetaB*CpB)
26{X 0 0.3669116 0.3669116 21 Ca = Cao*(1-X)*y*To/T
27|xe 0.5622921  |0.5622921 0.4438665 22 Cb = Cao*(1-X)*y*To/T
28}y 1. 1. 0.2954995 23 Cc = Cao*2*¥X*y*To/T
29]yao 0.3333333  0.3333333 0.3333333 24 ra = -ka*(Ca*Cb-Cc2/Kc)
370 Example 12-T12-3 PBR with Variable Coolant Temperature 1.00 Example 12-T12-3 PBR with Variable Coolant Temperature
= Ta
365 | |- 1 090
360 0.80
y
356 0.70
350 T 0.60 C ;’(
345 050 T
Xe
340 0.40
335 0.30 X
Ta
330 0.20
325 0.10
20 23 870 1305 1740 2'&’75 2610 3085 3480 3915 4350 "°° o 43 870 1306 1740 2\;v75 2610 3045 3480 3915
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(d) Variable T, Counter Current Heat Exchange

POLYMATH Report
Ordinary Differential Equations

Calculated values of DEQ variables

Variable|Initial value|Minimal value|Maximal value|Final value| Differential equations
1 |alpha 0.0002 0.0002 0.0002 0.0002 1 d(Ta)/d(W) = Uarho*(T-Ta)/(Mc*Cpmc)*(-1)
2 |Ca 0.1 0.019166 0.1 0.019166 2 d(y)/d(W) = -alpha/2*(T/To)/y
3 |Cao 0.1 0.1 0.1 0.1 3 d(T)/d(W) = (Uarho*(Ta-T)+(-ra)*(-Hr))/(Fao*sumcp)
4 |Cb 0.1 0.019166 0.1 0.019166 4 d(X)/d(W) = -ra/Fao
5 |Cc 0 0 0.0430954 0.0213071 Exlicit ti
6 [coa |20 20. 20. 20. S
1 alpha = .0002
7 |CpB 20. 20. 20. 20. 2 To =330
8 |Cpl 40. 40. 40. 40. 3 Uarho = 0.5
9 |Cpmc 18. 18. 18, 18. 4 Mc =100
10|Cto 0.3 0.3 0.3 0.3 5 Cpmc =18
11|Ea 2.5E+04 2.5E+04 2.5E+04 2.5E+04 6 Hr = -20000
12|Fao 5. 5: : 5. S. 7 Fao=5
13{Hr -2.0E+04 -2.0E+04 -2.0E+04 -2.0E+04 8 thetal = 1
14|ka 0.046809 0.027341 3.66453 0.027341 9 Cpl =40
15|Kc 6.601082 0.2016806 10.1491 10.1491 10 CpA = 20
16{Mc 100. 100. 100. 100. 11 thetaB = 1
17{ra -0.0004681 |-0.0066177 -8.82E-06 -8.82E-06 12 CpB = 20
18|sumcp |80. 80. 80. 13 Cto = 0.3
9|1 330. 325.4108 372.6143 54108 | 14 Ea = 25000 Matches
20|Ta 341. 320.132 341.4065 | 7 | ( 15 Kc = 100*(exp(Hr/1.987*(1/303-1/T)))
21jthetaB |1. 1. L. 16 ka = .004*exp(Ea/1.987*(1/310-1/T))
22|thetal |1. - 1. 1. 1. 17 yao = 1/(1+thetaB+thetal)
23|To 330. 330. 330. 330. 18 xe = Kc~0.5/(2+Kc”0.5)
24|Uarho  {0.5 0.5 0.5 0.5 19 Cao = yao*Cto
25w 0 0 4350. 4350. 20 sumcp = (thetal*Cpl+CpA-+thetaB*CpB)
261X 0 0 0.3572674 0.3572674 21 Ca = Cao*(1-X)*y*To/T
27|xe 0.5622921 |0.1833697 0.6143288 0.6143288 22 Cb = Cao*(1-X)*y*To/T
28|y 1. 0.2940479 1. 0.2940479
29]yao 0.3333333  |0.3333333 0.3333333 0.3333333
380 Example 12-T12-3 PBR with Variable Counter Current Coolant Temperature Example 12-T12-3 PBR with Variable Counter Current Coolant Temperature
1.00
374
0.90
367
0.80
361 L
T 0.70 =5 y
354 -x
0.60 -
Xe
348
T 050
xXe
341
0.40
335 030 .
328 0.20
Ta
322 0.10
38, 4% 870 1305 1740 2175 2610 3045 3480 3915 4ms0 00 43 870 1305 1740 2175 2610 3045 3480 3915 4350
w w
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(15 pts) 8) The temperature and conversion in a very long (i.e., virtually infinite) PFR are shown below
as a function of the reactor volume. The reactor is surrounded by a jacket for heat transfer.

The value of Ua is 100 cal/(sec * m’ e K) with T, being constant. The elementary gas-phase,
reversible reaction is

2A _ B+2C
and pure A is fed to the reactor at 0.05 mol/dm”. The absolute value of the heat of reaction is

20,000 cal/mol of A at 500K, and the heat capacities of A, B, and C are 10, 10, and 5
cal/mol/K, respectively.

600 0.7

X - | 06
€ V > o5 &
) - 0.
» 400 o
3 / N T 04 5
© 300 E
@ 0.3
3 200 / S
£ I - 02 ¥
T 100 ’ - 0.1

0 0
0 10 20 30 40 50 60 70 80 90 100 110

Volume

(7pt) (a) What is the rate of disappearance of A at V =10 m’?

3
—TA = mol/m”es

(7pt) (b) What is the total amount of heat removed (in cal/mol) from the entire reactor per mol of
A fed in cal/mol?

Q= cal/mol A

(I pt) (c) Whatis the equilibrium conversion at 300 K

Xe=

Solution

(@) A=

At maximum

Qg =Qr
Qr =Ua (T -T,) =100 (500 — 300) = 20,000 Cal/S'm3

Q, = (-1 )(-AHg)
(~1a )(~AHg, ) = Q, = 20,000 cal/ssm’
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cal

20,000 |
s sem’ _; mo
al 3 °
20,000 & m7°s
mol

(0) Q-Fug2OCp (T-Ty)~[AHp, +ACH(T-T, ) [y X =0
Per Mole A
Q _ Cp, [T-T,]+[AHg, +AC,(T-Tg )X]

A0

A —+C

P—

Cp, 10
ACP=CPC+ 2 _CPA=5+E_10=O
-0

: 1
Q. 10(300 - 400) +[-20,000][0.6] = =1000 - 12,000 = —13,000 =
Fao mol

(c) At o reactor length X, =0.6
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(15 pts) 9) Circle the correct answer

(3 pt)

(4 pt)

(4 pt)

(a)

(b)

(c)

The reaction A — D is carried out adiabatically. The heat capacities of A and D are
approximately equal at 20 J/mol-K. When a conversion of 50% is achieved in a PFR, the
outlet temperature is 50 K higher than the inlet. What the heat of reaction?

A) AHgy = 0.5 kJ/mol
B) AHgy =-0.5 kJ/mol
C) AHgx =2 kJ/mol
D) AHgx=-2 kJ/mol

The conversion and temperature are shown below as a function of catalyst weight for
three sets (1, 2, 3) of cooling or heating rates

T‘¥3 X 3

—

W W

Circle the correct answer.
A) One of the curves could correspond to an exothermic irreversible reaction with too
high of a cooling rate.

True False Insufficent informtion to tell

B) One of the curves could correspond to an endothermic reversible reaction with too
high of a heating rate.

True False Insufficent informtion to tell
C) The reaction could be second order exothermic and carried out adiabatically.

True False Insufficent informtion to tell

The elementary isomerization of A to B was carried out in a packed bed reactor. The
following profiles were obtained

600 -+

X 1 1 T \
0.4 - T
5 E 500+

4kg 10kg W 4 kg 10kg W

If the total entering volumetric remains constant the addition of inerts to the feed stream
will most likely

A) Increase conversion.

B) Decrease conversion.

C) Have no effect.

D) Insufficient information to tell

| '
| |
T 1
U |
| |
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9) (continued)
(4pt) ()

W W
Which of the following statements are true?
A) The above reaction could be adiabatic.
B) The above reaction could be exothermic with constant cooling temperature.
C) The above reaction could be endothermic with constant heating temperature.
D) The above reaction could be second order.

Solution
(a) D) AHgx =—-2 kJ/mol

— AHgx = Cp(AT)
(= AHgy) 0.5 = (20)(50)

(b) A) True. k(T) smaller .. X smaller
X _Xa-x)
dv Vo

vV = constant

B) False. For endothermic reactions conversion always increases with heating rate up to
isothermal conditions.

C) False. For exothermic adiabatic reaction T always increases with increasing W.

(c) A) Increase conversion.
dX k

v %(1 -X)
_AH,, - Cp, (T-Tp) _(20)(50) _2kJ AHg, = 2k

X 0.5 mol mol

600
T T o1 AHgX
500 %G, +06,
kg 10:kg W 4lkg 10'kg w
If it is an adiabatic system, then it has to be endothermic, because .

the temperature decreases and the heat of reaction is positive.
Increasing inerts increases the temperature, increasing k,
increasing the rate and hence increasing conversion.
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(d) Answer: C and D
A) The above reaction could be adiabatic. False.
X, could not increase if adiabatic.
B) The above reaction could be exothermic with constant cooling temperature. False.
T would increase then decrease follow slope temperature curve.
C) The above reaction could be endothermic with constant heating temperature. True.
D) The above reaction could be second order. True.
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(20 pts) 10) The following elementary reactions are to be carried out in a PFR with a heat exchange with
constant T,

mol B
kJ
A—D AH =+10
Rx2A mol A
B+ 2C —E AHRX3C = —20 kJ
mol C

The reactants all enter at 400 K. Only A and B enter the reactor. The entering concentration
of A and B are 3 molar and 1 molar at a volumetric flow rate of 10 dm’/s

Additional information

3
Ua =100 J/dm?/s/K Cp_=10J/mol/K
3 2
k(400 K) =1 dm) % Cp, =201/mol/K
mol

Cp =401J/mol/K
k(400 K)=0.5 57! e mel/
C, =20J/mol/K

dm*)’ "

m

1)% Cp =100J/mol/K
E

k3p(400 K)=2
mo

(15pt) (a) What coolant temperature is necessary such that at the reactor entrance, i.e., V = 0, that

T o9

dv

T, = K

(5pt) (b) Repeat part (a) when an inert stream with a molar flow rate of 20 mol/s with CPI =100
J/mol/s is added to the feed stream.

T, = K

Solution

dT _ ripAHgy g + paAHR,op + 13cAHR, 30 ~Ua(T - T,
@ gy FoCp, +FgCp, +FcCp, + FpCp,_ + FsCp_

atV=0,T=Ty,=400K for d—T=O
dv

T =T-— lipAH g + 15 AH g + 13 AH o
‘ Ua
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—114 =kjACACs
—Tha =kpaCxp

2
-1353 =k35CpCe

(1)
[T
1 2
1
AHpptiy = AH g rl?A = (_10’000)(_5k1AC§0C30)
= (5,000)(1)(3)’(1) = 45,000
)
AHpy op1 = (_AHRxZA )(_rZA )
=(-10,000)k,,C,, = (~10,000)(0.5)(3)
=-15,000
3)
AH 5T
e _Te
1 2
AHp oo = AH 50215, = (_20’000)(_2k33CB()CC(2)) =0
T, = 400 [45,000 - 15,000] 400 - 30,000
Ua 100

dT
b) No change, — =0
(b) g

344/W13MidTermExamll.doc



Blank Page

344/W13MidTermExamll.doc



