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SECTION A

QUESTION 1

During the catalytic oxidation of ethylene, ethylene oxide is produced according to the

following reaction:
2CHa+ 02 — 2CH40 Reaction 1

An undesired competing reaction is the combustion of ethylene:

C2Ha +30; — 2C0, + 2H>,0 Reaction 2

The feed to the reactor (not the fresh feed to the process) contains 3 moles of ethylene per 1
mole of oxygen. The single-pass conversion of ethylene is 35%, and reaction 1 is responsible
for 85% of the ethylene that is consumed. The reactor effluent stream is then fed into a separator
where products are separated: ethylene and oxygen are recycled to the reactor, ethylene oxide
is sold as a product, and carbon dioxide and water are discarded.

Use a basis of 100 mol/s of reactor feed.

(a) Draw and label a flowchart of this process

4
(b) Determine the molar flow rate of C2Ha, Oz, COs, C2H40 and H,0 exiting the reactor,
(1)
(¢} Determine the molar flow rates of ethylene and oxygen in the fresh feed
(6)
(d) Determine the overall conversion of ethylene
)
(¢) Determine the yield of ethylene oxide
()
() Determine the selectivity of ethylene oxide.
3

TOTAL /30/
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QUESTION 2

In a test that is conducted, 20 kg of propane (C3Hj;

) is fed into a combustion reactor. Only 90%
of the propane is converted and air is 28

% in excess. The chemical reaction is as follows:

CsHg + 50, — 3C0O: + 4H,0
Molar mass C3Hg= 44 g/mol

(a)  Calculate the amount of ajr fed into the reactor,

®)
(b) Determine the molar flow of C3Hs, CO,, H>0 and 02 in the reactor effluent.

(1)

TOTAL 21/
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SECTION B

UESTION 3

A 200.0-liter water tank can withstand pressures up to 20.0 bar (abs) before rupturing. At a
particular time, the tank contains 165.0 kg of liquid water, the fill and exit valves are closed,
and the absolute pressure in the vapour head space above the liquid (which may be assumed to
contain only water vapour) is 3.0 bar. A young trainee turns on the tank heater, intending to
raise the water temperature to 155°C, but is called away and forgets to return and shut off the
heater. Let t; be the instant the heater is turned on and t2 be the moment before the tank ruptures.

Use the steam tables for the following calculations.

(a) Determine the water temperature, the liquid and head-space volumes (in L), and the mass
of water vapour in the head space (in kg) at time t;.

()

(b) Determine the water temperature, the liquid and head-space volumes (in L), and the mass

of water vapour (g) that evaporates between t; and t>. (Hint: Make use of the fact that the

total mass of water in the tank and the total tank volume both remain constant between t;

and t2).
®)
(¢) Calculate the amount of heat (kJ) transferred to the tank contents between t; and t2.
9
(d) Give two reasons why the actual heat input to the tank must have been greater than the
calculated value.
(3)
(e) List three different factors responsible for the increase in pressure resulting from the
transfer of heat to the tank.
)
(f  List ways in which this accident could have been avoided.
4
TOTAL /30/

R=8.314 J.mol'LK"
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QUESTION 4

Normal heptane is dehydrocyclicized to toluene and hydrogen in a continuous vapour-phase
reactor, according to the reaction:

C7H15(9) - C6HSCH3(9) + 4H2(g)

Pure heptane at 400°C is fed to the reactor. The reactor operates isothermally at 400°C and the

reaction goes to completion,

(a) Taking a basis of 1 mol of heptane fed, draw and label a flowchart for the process.

)

(b) Taking elemental species [C(s), Ha(g)] at 25°C as references, prepare and fill in an inlet-
outlet enthalpy table.
(10)

{c) Calculate the required heat transfer to or from the reactor (state which it is) in kJ.

)
(d) What is the heat of the heptane dehydrocyclization reaction (AH;) at 400°C and 1 atm?

(1)
Data:
(AHp)c,m,g,, = —187.8 k] fmol (BHp) cetiscry,,, =50 ) fmol

Hy at673K = 10.89 kJ/mol

2(g)

The average heat capacity of n-heptane gas between 25°C and 400°C is 0.2427 kJ/(mol °C)
and the average heat capacity of toluene gas between 25°C and 400°C is 0.1605 kJ/(mol °C).

R=8.314 J.mol' LK
TOTAL 720/
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Table 1: Properties of Saturated Steam: Temperature Table
P(m*/kg) Ulkd/kg) H(kJ/kg)

I(°C)  P(bar) Water Steam  Water Steam Water Evaporation Steam
001 000611 0.001000 2062 zere 23756 +0.0 2501.6 2501.6
2 0.00705 0.001000 1799 84 23783 8.4 2496.8 2505.2
4 0.00813 0.001000 1573 168  2381.1 16.8 24921 25089
6 0.00935 0.001000 1378 252 23838 252 24874 25126
8 001072 0.001000 1210 336 23866 33.6 24826 25162

10 0.01227 0.001000 1064 420 23893 420 24779 2519.9
12 0.01401 0.001000 938 504 23921 50.4 24732 2523.6
14 0.01597  0.001001 829 588 23948  58.8 2468.5 25272
16 0.01817  0.001001 734 67.1 23976 67.1 2463.8 25309
18 0.02062 0.001001 65.1 755 24003 755 2459.0 25345
20 0.023¢ 0001002 57.8 839 24030 839 24543 25382
22 00264 0001002 515 922 24058 922 2449.6 25418
24 0.0298 0001003 459 100.6  2408.5 100.6 24449 25455
25 0.0317 0001003 434 1048 24099 1048 24425 25473
26 00336 0001003 410 108.9 24112 1089 2440.2 2549.1
28 0.0378 0001004 36.7 1173 24140 117.3 24354 25527
30 0.0424  0.001004 329 1257 24167 1257 2430.7 25564
32 0.0475 0001005 29.6 1340 24194 1340 24259 2560.0
34 0.0532  0.001006 26.6 1424 24221 1424 24212 2563.6
36 0.0594  0.001006 24.0 150.7 24248 1507 24164 2567.2
38 0.0662  0.001007 216 159.1 24275 159.1 2411.7 25708
40 0.0738 0001008  19.55 1674 24302 1675 2406.9 25744
42 0.0820 0.001009 17.69 1758 24329 1758 2402.1 25779
44 00910 0001009 1604 1842 24356 1842 23973 25815
46 0.1009 0001010 14.56 1925 24383 1925 23925 2585.1
48 0.1116  0.001011 1323 2009 24409 2009 2387.7 2588.6
50 0.1234 0001012 1205  209.2 24436 209.3 23829 25922
52 0.1361 0001013 1098 2177 2446 217.7 2377 2595

54 0.1500  0.001014 1002 2260 2449 226.0 2373 2599

56 0.1651 0.001015 9.158 2344 2451 2344 2368 2602

58 0.1815  0.001016 8380 2428 2454 242.8 2363 2606

60 0.1992 0.001017 7678 2511 2456 251.1 2358 2609

62 0.2184  0.001018 7043 2595 2459 259.5 2353 2613

64 0.2391 0.001019 6468 2679 2461 267.9 2348 2616

66 0.2615 0.001620 3947 2762 2464 276.2 2343 2619

68 0.2856  0.001022 5475 2846 2467 284.6 2338 2623
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Table 1 cont.: Properties of Saturated Steam: Temperature Table

_ Pa’fkg) U(kJ/kg) AkJ/kg)

T(°C)  P(bar) Water Steam Water Steam Water Evaporation Steam
70 03117 0001023 5.045 2930 2469 2930 2333 2626
72 03396  0.001024 4655 3014 2472 3014 2329 2630
74 0.3696  0.001025 4299 3098 2474 309.8 2323 2633
76 04019 0001026 3975 3182 2476 3182 2318 2636
78, 04365  0.001028 3.679 3264 2479 3264 2313 2639
80 04736  0.001029 3408 3348 2482 3349 2308 2643
82 05133 0.001030 3.161 3432 2484 3433 2303 2646
84 0.5558  0.001032 2934 3516 2487 3517 2298 2650
86 06011  0.001033 2.727 3600 248¢ 3601 2293 2653
88 0.6495  0.001034 2536 3684 2491  368.5 2288 2656
90 0.70t1  0.001036 2361 3769 2493 3770 2282 2659
92 0.7560  0.001037 2200 3853 2496 3854 2277 2662
94 08145  0.001039 2052 3937 2499 3938 2272 2666
96 0.8767  0.001040 1915 4021 2501 4022 2267 2669
98 0.942%3  0.001042 1.789 4106 2504 4107 2262 2673

100 10131  0.001044 1673 4190 2507  419.1 2257 2676

102 1.0876  0.001045 1.566 427.1 2509 427.5 2251 2679
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Table 3: Properties of Superheated Steam
Plbar) Sa'd Sat'd Temperature {"C)-s

(T "0 Water Ssenmn L " 100 15 26 25 30 »
00 & _ -— 2598 2642 2689 by 7] 2880 2978 i nmn
) U — — 2446 2481 2517 248 2662 2736 2812 2890

V — -— —_ -_— —_— —_ —_ — —_ —_

0.1 ¥4 1918 25048 2593 2640 2688 byl il 2880 277 3077 nw
(458) g 1918 24380 2444 480 216 258 2661 2736 2812 8%
v £.00101 7 14.8 160 172 19.5 2l8 242 265 7

0. g M6 2646.0 200.3 KTEY) 2683 s 2878 2979 676 un
#1.3 g M04 24840 2092 3139 23] 2586 2660 2735 2811 %9
¥ 600103 124 0.001001 0.00103 141 189 433 483 5 5

10 b | 4115 26754 2003 40 %76 . . 275 2975 W k7
99.6) g 4715 2506.1 2002 iy 2507 2583 2658 mu 2811 2889
v oo0104 169 0.00101 000103 16 194 217 240 264 3]

50 7 640.1 21415 209.7 43 4194 6322 2855 261 3068 3168
1518 g 6396 2560.2 209.2 318 4188 6316 2543 2724 2803 une
?  o0oi08 0375 00103 000103 0.00104 0.00109 0425 0474 052 0371

10 f 7626 27762 210.1 47 497 6325 2827 43 3082 sy
(179.9) i) 7615 2582 209.1 MaT 487 63ie 2621 2710 794 2%
. ¥ oo 0.1%4 000108 000103 0.00104 000108 0206 0.233 0258 0282
F1] g 08.6 21912 2119 3155 4205 6311 8326 2902 3025 N
@2124) L4 906.2 25982 W0 3115 484 0y 850.2 %7 2774 2852
?  oDOL18 009950 0.00101 0.00102 0.00104 000109 Q00116 0111 0.128 (T}

40 7 10874 28003 2027 3171 220 6343 8534 1085.8 2962 3085
(250.3) g 10824 26013 208.6 130 4178 630.0 sz 1080.8 b 239
¥ 000125 004978 0.00101 2.00102 000104 000109  0001LS 000125 | O0ssg 00665

80 ] 12137 27650 2144 87 s 6356 8542 1088.8 2883 3045
2755 ] 12058 2590.4 208.3 326 4113 629.1 13 10783 2668 m
¢ 000132 0032 000101 00103 0.00104 Q00109 000115 000125 | 00381 00422

80 a8 13171 27599 216.1 1203 4250 6368 855.1 10858 287 2900
(295.0) 0 1306.0 25717 2081 323 4167 6282 8459 10758 2503 2750
P o003 00235 003101 6:00102 0.00104 000109  000ILS 000124 | OMz4d 00299

100 7 1408.0 2103 2118 29 4265 6381 8559 10858 13434 26
o0 & 1393.5 2547.3 2078 3117 4161 6273 8444 10734 13294 22
? 000145 00181 000101 000102 000104 000103 DAOIS 000124 Q014D | oomd

150 )4 16110 26150 221 260 4303 5413 8581 1086.2 13382 2595
(3421) 7] 1586.1 24599 2070 307 4147 6250 8410 10677 176 2523
7 oo0166 00103 0.00101 000102 000104 000168  o0otle 000123 000838 | aous

200 # 18265 24134 2264 3300 4340 6445 8604 1086.7 13343 16471
(365.7) Fif 17857 23008 2063 309.7 4132 6229 8377 10622 1307.1 16137
P 000204 Q00575 | 0.00100 000102 Q00103 000108 00014 00022 000136 00016

21.%P) A 2108 2108 2282 8L £35.7 6458 8514 1087.0 13328 16355
GUINTY & 20818 20478 2060 308.2 4128 6220 B24.3 1060.0 13020 £600.3
7 000317 Q007 £.00100 0.00102 0.00103 000108 000114 000122 Q00135 000163
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Table 3 cont.: Properties of Superheated Steam
Pibar) Temperatwre °C)—»

(T0at."C) 400 450 500 550 600 650 700 750
00 H 3280 3384 3497 3597 3706 3816 3929 4043
—) g 2969 3050 3132 3217 3303 3390 3480 3591

V — — —— —_— _— — —_— —
01 i 3280 3334 3489 3596 3706 1816 3929 4043
(45.8) g 2969 3030 3132 3217 3303 3390 3480 35n
? 211 313 357 180 40.3 426 45 412
0.5 A 279 3383 348y 3596 3708 3816 3929 4043
{81.3) L] 2969 3049 3132 EPiT 3302 3390 3480 57
H 621 6567 714 758 8.06 8.55 9.01 943
1.0 H 278 3382 3488 34596 3705 1816 3928 4042
(99.6) G 2968 049 3132 3216 3302 3390 3479 3570
v 111 333 3.57 380 403 4.26 448 472
50 g 3272 33179 3484 1592 302 3813 3926 4040
(151.8) /] 2964 3045 3128 3213 3300 3388 3477 3569
v 0.617 0.664 0711 0.758 0804 0850 0.897 0943
10 A 3264 33M 478 3587 3697 3809 3923 4038
{179.9) 0 2958 3041 nu 3210 3296 3385 3475 3567
V 0307 0.330 0.353 0377 0.402 0.424 0448 0472
20 i 3249 3358 3467 3578 3689 3802 3916 4032
(2124) g 2945 3031 3115 3202 1290 3379 340 3562
4 0.151 0.163 0075 0.188 0.200 0211 0223 0.235
40 f i 3216 33 3445 3559 3673 3788 3904 4021
(250.3) o 2022 3011 3100 3188 1278 3358 3460 3554
v 0.0734 0.0799 0.0864 00926 0.0987 0.105 0.111 0117
60 B 3180 3303 3422 3539 3657 3174 3892 4011
{275.6) il 2096 2991 3083 3174 3265 3387 3451 3545
v 0.0474 0.0521 0.0566 0.0609 0.0652 0.0693 0.0735 00776
80 i) 3142 3274 3399 3520 3640 37%9 3879 4000
(295.0) (F] 2867 2969 3065 3159 3252 3M6 3441 3537
V 0.0344 0.0382 00417 0.0450 0.0483 00515 00547 00578
100 i 3100 3244 3375 3500 1623 1745 3867 3989
(311.0) i) 2836 2546 3047 3144 3240 3335 3431 3528
v 0.0264 0.0298 0.0328 0.0356 0.0383 0.0410 00435 00461
150 # 2975 3160 kx5 5| 3448 3580 3708 3835 3952
42.1) i 2744 2883 2999 3105 3207 3307 3407 3507
4 0.0157 00185 00208 00229 0.0249 0.0267 00285 0.0304
200 fq 2820 3064 1241 3394 3536 3671 3804 3935
(365.7) L] 2622 2810 2946 3063 3 1nnK 3382 3485
¥ 0009950 0.0127 0.0148 G.0166 0.0182 0.0197 00211 00225
21.%P) a 2733 3020 3210 3170 3516 3655 3790 923
puasr) O 2553 2776 2922 3045 sy 3265 N 476
¥ 0008157 00110 0.0130 6.0147 0.0162 00176 0.0190 0:0202
250 B 2582 2954 3166 3337 3450 3633 mn 3908
) i) 432 2725 2888 3019 ny 3 356 3463
g 7 0006013 009174  go111 00127 00141 00143 0.0165 00178
300 i 2162 2826 3085 »n 44 3595 3740 3880
=) g 277 2623 2824 972 3100 3218 3330 441
V0002830 0006734 0008680 0.0102 00114 00126 0.0136 0.0147
500 4 1378 2293 2723 3021 3248 3439 3610 3171
— [/ 1791 2169 2529 2765 2946 3091 224 3350
7 0001726 0002491 0003882  0.005112 0006112 0007000 0007722  0.008418
1000 A 1798 2051 316 2594 2857 3105 3324 3526
=) 7 1653 1888 2127 2369 2591 27195 2971 un
P 0001446 0001628 0001893  (.002246 0002668 0003106  GO0IS36 0003953




(2200h varid P S UTEM 0 LS M) LG Taals mx\md_ £ AdTVH N3 dOBAIEN 1GIN 4 Pt st g

oose ocre

. 00g9a 0ge 0081 Covi ob0L 009 ooe o02— i
¥000°0 —w AW . oo wedey adensgog. ] L o I T TR T ¥000°C
1

90000 |- -t THA L — R ST BTG T s i ot e _ 90000
Fg.o —lr i: - -1 ...._... = .,,.? _.. . 4 E vnaw\...r o i SRR T \ o W e ey L :l‘..f. e ﬂs-a

=

2%
*--.8}‘:‘_

*
70

eoo0o | €000

£

o
8&
,‘ TN T R

000
8000

-1 P00°0

] ——

LT —

o
g =

g = 8000
100 |- - £t 18-~ {100
oo LT b e
200 . e s - |ao0
o800 FHEIFTLLE LT £ 2
FANNRES kN X
T AT +0°0

Yoo [ ov0 |
0o} E
w.o WP ot u - ‘ j
ovo rtiq LA

N.o I - g.c.“- - 3 f L =

i
3
h
[N
T
0N
‘1
<
A
'}
IR
LY,
'ir - -
LE
b
"
L3

E W . ) 3 3 i SO R Lyl ey S R | rra Wuo

Y

Hiid . zo

L]

¥'0 oL , ]
......... i

m.o T #

B4 ‘THNSS3HA

-

o A S S —or:

L E e o e T gy =

0
j—
08—

A4 loe

- Ok

R a et o i

= PR
=128
/

gle gt ]

D440 6w ey pnas ay | f OB
Bylrngu=-s Byrago-y

) PRI

(e or

8L-YH | 09
s e R . ’ Sﬁ
002 o0ez-

e

S130CST :ADVA
HHTHONH ¢ SHTAIDNIYd ONIYFANIONA TYOINTHD “HAOD ANV dSIN0D

6107 YJHIWNHAON

‘SNOLLVNIWNVXA! W IV LYN-1'INZVAST 40 ALISHTAINN



