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ASIC MODES OF OPERATION

2.1

2.2

2.3

A mixture containing 48.6 percent benzene and 51.4 percent ethylene chlo-
ride is to be distilled in a batch distillation column with 20 theoretical
plates. The column is operating under the constant reflux mode at a reflux
ratio equal to 9.8. Assume the relative volatility of benzene with respect
to ethylene chloride is 1.109.

a) Find the concentration of the product when 95.4 percent of the to-
tal mixture is distilled. Assume that the initial distillate composition is
approximately 0.722.

b) If the original feed is 100 moles and the vapor boil-up rate is 100
moles/hr, what is the time required to complete the operation?

¢) Simulate the variable reflux operation assuming the reflux ratio varies
from 5.0 to 20.0. Find the end compositions and the total time.

A batch distillation column operating at atmospheric pressure is to be
designed to separate a mixture containing 15.67 mole percent CS; and
84.33 mole percent CCly into an overhead product containing 91 percent
CSs. Assume the column to be operating in the variable reflux mode with
an initial reflux ratio of 3.0.

a) How many theoretical plates are required for the process?

b) If the distillate is stopped when the reflux ratio is equal to 15.0, what
is the amount of distillate obtained?

¢) What is the heat required per kmole of product?

Latent heat for the CSy and CCly mixture is 25,900 kJ /kmol and the data
for the equilibrium curve is given below.

rcoge 0296 .0615 .1106 .1435 .2585 .3900 .5318 .6630 .7575 .8604
yosz2 0823 1555 .2660 .3320 .4950 .6340 .7470 .8290 .8780 .9320

If the same system is operating with the constant reflux mode of operation,
with the initial product composition of 95 percent and with a reflux ratio
of 5.0,

a) How many theoretical plates are required?

b) Simulate the condition and stop the operation when the average distil-
late composition is 0.90. What is the amount of distillate collected at this
stage? What is the batch time if V=100 moles?
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2.4

2.5

2.6

2.7

2.8

¢) Find the heat required per kmole of product.

A multicomponent mixture containing meta, ortho and para mono-nitro-
toluene is to be distilled using a distillation column containing eight the-
oretical plates. The feed composition at the start of operation is 0.6, 0.36,
0.04 of meta,ortho and para-mono-nitro-toluene respectively. The column
is operating at a reflux ratio equal to 3.0 and with constant reflux mode of
operation. Assume that the product composition varies from 0.94 to 0.85.
The relative volatilities of meta, ortho, and para-mono-nitro-toluene can
be assumed as 1.7, 1.16 and 1.0 respectively. Use the plate-to-plate calcu-
lation method to calculate the relation between the distillate composition
and the still composition at any instant.

a) Plot the distillate compositions of meta,ortho and para-mono-nitro-
toluene versus the still composition of meta-mono-nitro-toluene.

b) Plot the still compositions of ortho and para-moono-nitro-toluene versus
the still composition of meta-mono-nitro-toluene.

¢) Find the fraction distilled at the end of the operation.

The same column in Example 2.4 is operated with the variable reflux mode
of operation. The distillate purity of the meta-mono-nitro-toluene is to be
maintained at 0.98. Assume that the reflux ratio varies from 10 to 80.

a) Plot the distillate compositions of ortho and para-mono-nitro-toluene
versus the still composition of meta-mono-nitro-toluene.

b) Plot the still compositions of ortho and para-mono-nitro-toluene versus
the still composition of meta-mono-nitro-toluene.

¢) Plot reflux ratio versus the still composition of meta-mono-nitro-
toluene.s

¢) Find the fraction distilled at the end of the operation.

Converse and Gross, in 1963, solved the maximum distillate optimal reflux
problem given below (Converse and Gross, 1963).

Maximum Distillate Problem — Maximize the amount of distillate of
a specified concentration for a specified time.

Use their system to compare the three modes of operation.

Find the heat duty of the reboiler for the minimum time problem solved
in the section on optimal reflux (Section 2.4).

Bowman and Cichelli, in 1949, presented a very interesting concept of pole
height for a binary batch distillation column. A pole height is defined as
the product of the mid-point of the slope of the distillate composition
versus material remaining in the still curve and the amount of the mate-
rial remaining in the still at that time. Figure 2.1 illustrates the concept
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FIGURE 2.1
The Pole Height Concept (reproduced from Bowman and Cichelli, 1948)

of pole height. They stated that the pole height is invariant to the ini-
tial concentration and provides a good measure for defining sharpness of
separation.

Take 100 moles of a binary mixture containing component A & B with a
relative volatility 1.5. Use a five theoretical stage batch distillation column
and a constant reflux operation with a reflux equal to 5.0. Vary the initial
composition from x 4 equal to 0.5 to 0.4 and plot the distillate composition
versus the amount remaining in the still. Calculate the pole height for each
case. Verify the concept.
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PROBLEM 2.9
REFLUX RATIO = 9.8
NUMBER OF PLATES = 20
PARTS A} AND B)
RESULTS |[FROM  |BATCH-DIST T
NO TIME B XB1 XB2 T
1; 0 100 0.486 0.514
2| 4104 96.2| 0.4768] 0.5232
a| 0.8208 92.4| 04671  0.5320
4 12312  BBB 0.457 0.543
5 1.6418 B4B|  0.4485| 0.5535
B 2052 81.0007] 04355 0.5845
7] 24624 77.2001 0.424 0.576
B B| 28728 73.4001| 0.4118]  0.5882 N
' 5| 32832 $0.5001| 0.3991| 0.5000
_ 10| 3.6936| 65.8001| 0.3858| 0.6142
11 4704| 62.0001| 0.3717| 0.5283
12| 4.5144| 582001 03580 0.6431
13]  4.9248° 544001 0.3413] 0.6587
14| 5.3352: 50,8001 0.3249]  0.6751
15| 5.7458] 48.8001| 0.3074] 0.8928
16 6.156] 43.0001 0,280 0.711
17|__ 6.5664] 38.2001| 0.2685] 0,7305
18| 6.9768| 35.4001| 0.2488] 0.7511
19| 7.3872] 31.600i 0.227 0.773
20| 7.7976] 27.8001| 0.2038] 0.7962
21 8.208| 24.0001] 0.1783]  0.8207
22|  8.6184] 20.2001; 0.1533] 0.8467
23; 9.0288] 16.4001| 0.1258] 0.8741|
24| 9.4392] 12.6001] 0.0871|  0.9029
25| 9.8496| 8.8001| 0.0672| 0.9328)
28 10.26]  5.0001| 0,0367| 0.9633
27 10.26 5|  0.0388] 00834
NO TIME D XD1 XDz T
3 D 0] 07241 0.2759 1
B 2| 0.4104 3.8 0.7157| 0.2843 lovtiae Darars Gonponinies
3|  0.8208 7.6| 0.7067|  0.2933 :
4]  1.2312 i1.4]  0.5971]  0.3029 - 0-74f
5] 1.8418 152 0.6888] 0.3132
8 2.052| 18.9698| 08758| 0.3242
7|  2.4624] 227099 06641  0.336
al  2.8728| 265089 065131  (.3487
B 5] 32832 30.3088| 0.6377] 03823
10| 36936 34,1098 06289 037N
11 4704| 37.0998] 0.6089| 0.3831
12]  4.5144| 41.7999] 0.5896] 0.4104
13|  4.9248] 45.5990| 0.5708! 0.4292
14| 5.3352| 49.3998| 0.5503] 0.4497
15| 5.7456| 53.1989| 0.5279| 0.4721] }
18 6.156] 56.8999| 0.5033]  0.4067
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Xygy = (100 )f0.986) ~ {5 )fs. 0866
g5

Sheat
17 6.5664| 60,7923 0.4784 0.5236¢
18 £.9788| 64,5938 0.4462| ~ 0.5531
18 7.3872; 68,3990 0.4143 0.5857
20 T.7O7TE| 7210040 0.3784 06216
21 8.20B8| 75.9009 {.3389 0.6611
22 8.6184| 70,7000 {.2052 0.7048
_ 23 00288 83.50090 {.2472 0.7528
24 5.4392| B7.3999 0.1845 0.B055
25 9.8498| 1.1599 01374 08628
. 26 10.26( 054.9009 0.0767 0.8233|
27 10,26 a5 00767 0.9233
Xy = J05&86
D= %5
B = a.
F = tan X Ogy = [
Xp = 0.186
T= .26 |+

Page 2
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SEMI-RIGOROUS SIMULATION (CONSTANT

Bottom Comp

(mole-fraction)

BatchDisiSDO

1.0r

REFLUX)

0.8

0.61

(.4

0.2

0.0

Time (hrs)

10

15

a
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SEMI-RIGOROUS SIMULATION (CONSTANT

Distillate Comp

(mole-fraction)

BatchDistSDO

1.0y

REFLUX)

0.8
0.6-

0.4

0.2

0.0

Time (hrs)

15

.
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Sheat1
PROBLEM | 21[PART _ |&)
RESULTS'FROM  [BATCH-DIST
NUMBER |OF PLATES |= 20
REFLUX [RATIO  |= 20.6453
NO TME |B XB1 82 |A
1 0 100] 0486 0514 5
2 022 09684033] 04803 05197 5.2432
3 044| 0929513 04745 (0.52556| A.5073
4 0.66| 89.6403] 0.4685] 0.5315] 5.7855
5 0.88] 86.4664| 0.4623] 05377  6.0817
6 11| B83.4262] 0.4558. 05441 6.3964
7 1.32' 80.5164] 0.4493] 05507 6.730%
B 154, 77.7336] 0.44268] 0.5574]  7.0868
T 1.76| 75.0743| 0.4357| 05843 7.4664
10 1.98| 72.5354| 0.4288] 05714  7.8715
11 22| 70133 0.4214] 05788 B,3026
12 2.42| 67.8048) 0.4141] 0.5859| B.7859
13 264| 856068 0.4066) 0.5934] 92625
14 2.868] B83.5163 0.398 0.601| 97954
15 3.08] 61.5208] 0.3813| 06087 10.368
16 3.3 508447 0.3835 0.5185] 10,9838
17 352 57.8573]  0.8766] 0.8244] 11,847
18; a.74| 56.1645! 0.3678) 08322 12.362
19 3.96] 54,5833] 0.3598] 0.6402| 13.1837
20 418] 53,0503 0.3519] 0.8481] 13.9674
21 44| 516225 0.344 0.6558| 14.8892
a2 462 50.2766]  0.3352| 0.6638| 15.8453
23 484| 48.0084i 0.3284] (0.8718| 16.8029
24 5.08| 478178 0.3207| 0.6793] 18.0498
25 5.28] 466987 0.3131] 0.8868) 10.2045
26| 5.5 458487 0.3056] 0.6944| 206463
2.1 ¢ ) 7= 55 |
Xy = 03056
B = 454187 2 ow
f=5¢25:3
K.ﬂ = 6375 ( Cun:."rbr-"HJ
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Batiom Comp
(mole-fraction)

BafchDistSDO

0.81

SEMI-RIGOROUS SIMULATION (VARIABLE

REFLUX)

0.

(0.4

0.2

0.0
0

'
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R . D4 Sheetd
PHOBLEM 2.4 | J I
RESULTS |FROM BATGH-DElsT ]

|
SEMI-RIGOROUS SIMULATION ;:CGNSTANT REFLUX)
|
THE COMPONENTS AND RELATIVE VOLATILITIES ARE
) XDA(N  [XE(dy_ . DB ALPHA{T}
1] 08774 0.6 05124 1.7
2| 0.1175 0.361 04366 1,18
3, 0.0051 0.04 0.051 1
REFLUX ;RATIO |= 3
NUMBER [OF PLATES |= B
NO TME __|B XB1 XB2 XB3
il 0 100 0.6 0.38 £.04
2| 0.0384] D09.04] 05871 03625 0.0403
3|  0.0768 98.08] 0.5842| 03651  0.0407
4] 01182 g712|  05912| 0.3677| 0.041i
5| 0.1536 96.18] 05882 0.3704] 0.0414
6 0.192 85.2|  0.5851|  0.3731] 0.0418
7|  0.2304] 0942401  0.582| 0.3758| 0.0422
B| 0.2688| 93.2801] 0,5788| 0.3786|  0.0426
8]  0.3072{ 92.3201] 0.5758] 0.3814 0.043
10| __0.3456' 91.3601| 0.5724] 0.3843] 0.0434
11 0.384  90.4001 0589 03872 0.0438
12| ' 0.4224 80.4401| 0.5657,  0.3901] 0.0442
13| 0.4608 88.4801| 0.5623] 0.3931] 0.0446
14| 0.40021 87.5201| 0.5588| 0.3961) 0.0451
15|  0.5376] 868.5601| 0.5553| 0.3992] 0.0455
16 0.576) 85.6001| 0.5517| 0.4024 0.046
17| 0.8144] 848401  0.548] 0.4055]  0.0484
18] 0.685%8| 84.6801: 0.5443] 0.4086| 0.0469
19| 0.8812] 82.7202; 0.5406] 0.4121] 0.0474
20 07298 817802, 05387 0.4i154] 0.0479
21 0.768) 80,8002; 0.5329| 0.4188) 0.0484
22| 0.B064| 7B5.8402] 0.5288| 0.4222|  0.0489
23| 0.8448| 76.8802| 0.5248 0.4257| 0.0494
24| 0.8832] 77.9202] 0.5208] 0.4293| 0.0480
25| 08216 76.9602' 0.5188] 043238 0.0505
26 0.96| 76.0002:  0.5124| 0.4366) _ 0.051
g7 £.96 76, 0.5124] 0.4368 0,051
NO TIME D XD AD2 XD3
i 0 0|, _0.8087| 0.0072 0.004
2]  0.0384] 0.96] 0.8074] 0.0885] 0.0041
3]  0.0768; 1.52 0.806] 0.0998] 0.0042
4]  o.1182. 2.88]  0.80461  0.1011] 0.004p
5| 0.1536 3.84] 0.8931. 0.1025] 0.0043
=] 0,182 4.8 0.BOTE 0.104 0.0044
7| 0.2304, 57598 0.8901] 0.1055] 0.0045

Page 1
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Sheatt
B 0.2888| 6.7199] 0.68885 0107°  0.0045
g 0.3072] 7.6793] 08863 0.1085: 0.0046
10| 0.3456| 8.6308) 0.8852] 0.1101]  0.0047
13 0.384| 9.5295] 0.8834| 0.4118] 0.0048
~ 12| ©04224) 10.5509] 08617 0.1135] 0.0049
~ 13[ _ 0.4808| 115199 08788 0.1152 0.005
14| 0.4992] 124793 0.8779 0.117|  0.0051
15| 0.5376] 13.4309 0.876/ 0.1188]  0.0052
18 0.576] 14.3909'  ©.874] 01208 0.0053
17|  0.8144] 153599 0.8719 0.1227] 0.0054
18] 08528 16.3198) 0.8608] 0.1248] 0.00585
18] 0.6812 17.2708] 0.B876  0.1268] 0.0086
20| 0.7206 18.2398| 0.8653.  0.12§] 0.0057
21 0.768 19.1098 0.863;  0.1912] 0.0058
22| 0.8064 20.1588| 0.8606; 0.1335] 0.005%
23  0.8448; 21.1198| 0.8581| 0.1358] 0,006
24| 0.8832] 220798 0.8555| 0.1383] 0.0062
25|  0.0216| 23.0308| 0.8528 0.1408  0.0063
26 0.08| 23.5098| 0.8501] 0.1484  0.0085
27 0.98 24| 08501 0.1434. 0.0085
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Table L.  Tawar Condillons

Fealatlve volatitity
Numbear of

2
4+
Thuratign of aperatom, hour 1
Bail-up rate, muIc:,i"bﬂul‘ 110
Specified prodoct puricy, 5* 0

f?\ﬁ‘db

Tahle ll. Total Distillode A ccomulation
{Malas)
I'—':'NJ Tﬂfu.r_f At
=3 Coorres Ll A

R Using  Overhead  Corsiant

Lane M’E: 552, pnmal  Compar-  Reflax

Na. Froctim Malar (12 Tio Fearm

4 (.303% 93,0 13,87 13.22 13,50

3 0,362 ma 1.0 17.: 17.97

B 0.487 11561 35.10 3567 35,63

2 0,498 6.8 2052 28. 46 29.04%

T 0.545 101.3 41.26 40,72 063

12 0. 4600 133.0 52.97 02.563 52.19

) 0,638 M3 5027 49,90 49149

11 0. 646 117.9 57.94 5755 5693

16 0.685 14B8.6 68463 568.31 67,50

10 0.713 051 G6.24 66,18 54 565

1 0.715 743 54.33 53,03 5%_28

i5 0.721 132.0 T3.02 - 7 14 72,00

14 0.770 121.9 §1.B% B1._30 To.87

5 0,772 .4 T1.51 T0.73 43,75

o 0, 50 107, 1 87,66 87.21 fi4.38

13 0,814 120.8 100,75 9,13 9B _44
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FROBLEM 2.8

CASE1 XA =05

SEMI-RIGORCUS SIMULATION (CONSTANT REFLUX)

THE COMPONENTS AND RELATIVE VOLATILITIES ARE

I [XDA(T  [XF() XB) __ |ALPHA{))

1 (1.5548 0.5 0.0058 1.5

2 0.4431 0.5 0,504 1.

REFLUX RATIO=5 '

NUWEER GEPLATEE =5 S O

NG TME | B XB1 XEp

1 0. 160 0.5 0.5
2 0216 064 0.487 0.513]
3 0.432 92.8] 0.4733]  0.5267;
4 0.648 B9.2] 0.4589] 0.5411°

5 0.864 B6.B|  0.4437| 0.5583:
8 1,08 82|  0.4276] 0.5724!
7 1,298 78.4| 04108  0.5884!
8 1.512 74.8| 03028 0.6074) |
g 1.728 71.2] 03736 06254
10 1.944; ©7.5995| 0.3535] 0.6465
11 2.16] 63.0989| 0.3322] 06678
12 2.376| 603995 05098  0.6901
13 2502 5670088 02863 0.7137
14 2.80B|  53.1998| 0.2617| 0.7383
15 3.024| 49.5998| 0.2361] 0.7639
18 3.24| 455099 0.2086| 0.7904
17 3456 423998 018268 08174
18 3.672| 387998 0,1554|  0.8446|
15 3888 351090| 0.1287! 0.8713|
20 4104, 31.5088| 0.1020° 08871
21 4.32 279888 0.0789: 06211
22 4636 242088 0.0574- 0.9426)
23 4752 207998 0.039. 0.961
24 4.968 171998 0.0242. 0.9758
25 5184 13.5993] 0.0132°  0.9868
26 5.4 10| 0.0059°  0.9941

NO TIME D XD1_ | XD2

1 0 0| 0.B512] 6.14B8

2 0.218 3.6]_ 0.8437| 0.1563;
3 0.432 7.2|  0.8354] 0.1846
4 0.648 10.8]  0.8261] 0.1739
5 0.864 14.4| _ 0.8158]  0.1841
8 1.08] 18]  0.8044|  0.1956
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7 1,296 21.8]  0.7914] 02086
B 1.512 252 0778B| 0.2232'
g 1728 288 0.7803] 0.2397
10 1.944| 324001 0.7414|  0.2586
11 215 36.0001] 0.7199] 0.2801
12 2.376| 309.6001|  0.895 0.305
13 2502 432001 06664 0.3336
14 2.808| 46.8001] 08335 03685

15 3.024| 5040011 0.5855 0.4045

16 3.24| 54.0001 0.5518 0.4481

17.  3.456| 57.6001. 05024 0.4976

18 3.672| 61.2001; 04471 0.5528

19 4888 64.8001] 0.3865] 0.6135

20|  4.104| 66.4001] 0.3223] 06777

21 4,32| 72.0001| 0.2568] 0.7432

22 4536 7656001 0.1933| 0.8067

23 4752 79.2001° 0.1355|  0.8645

" 24, 4968 82.8001. 0.088 0.914

25! B.184| 86.4001: QL0477 0.9523

28] 5.4 50, 00218 0.9784
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Batch Distillation: Simulation, Optimal Design and Control:Solution Manual

2.9 Problem 2.8 described the pole height concept proposed by Bowman and
Cichelli. Use the above definition to prove that:

a) At a total reflux condition (minimum number of plates), the pole
height S is related to the number of plates N by the following relation.

aN

SF(]. — {EF)

b) At an infinite number of plates (minimum reflux condition) and mod-
erately good separation, the reflux can be expressed as:

S:

25 — «

R = a — 1

Assume that at moderate separation the quantity of g is extremely
small.

Solution: A Pole height for binary mixture is defined as

d:BD
S = — |ap= 2.1
T fapmos (21)
a Rayleigh equation gives
da:D
- — 2.2
d{EB *D B ( )
At total reflux
1 1-—
N = Npin = —xD( —xB) (23)
Inazg(l—2xp)
At zp =0.5aN = %; Hence,
zp =1/ +1) (2.4)
da:B dJ?B da:D
- =P 2.5
dB drp dB (25)
From Equations 2.2 and 2.5
drp drp dzp
— — atd 2.6
drp dB WP T g 26)
From Equation 2.3
dxp d Tp
— 2.7
dxp da:D[ozN —(aN = Dzp (2.7)
N
o
= 2.8
@7 (@~ Dap)? 2
dxp (@™ — (N —1)xp)?

drp «
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Basic MODES OF OPERATION

From Equations 2.4, 2.6, and 2.9

N _ (o = 1)0.5)2
dJ?D dﬂ?B _ (a (Oé ) ) (05 _ )(210)
drg dB alVv alVv +1
o?N —1
B = _ 2.11
x S SN ( )
o?N —1
§ = Shav (2.12)

For sharp separations o'V is large, resulting in o?Y — 1 = o2V, Fur-
ther, for sharp separations, one can assume that amount of material
remaining in the pot is equal to amount of heavy component in the
original charge. Therefore,

B = F(1—ap) (2.13)

Combining Equations 2.12 and pole-8 results in

alVv

5= 8F(1 — ap)

b At minimum reflux (infinite number of plates), Underwood’s equa-
tions for binary separation with relative volatility « are given by

n (@

;T g
= 2.14
Z a;—¢ : ( )
i=1
- aix(i)
Rpin+1=R+1 = Yy —L (2.15)
im0

For binary component, from Equation 2.14

—aprpt+a—¢+orp = 0 (2.16)
Therefore;
_ —(a—9)
rp = m (2.17)
e’
o = T 7o Daon TR (2.18)
o (05 — 1)(1 — .233)

Simplifying Equation 2.15 results in

T

. )
(=1

p— (2.20)
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Batch Distillation: Simulation, Optimal Design and Control:Solution Manual

Substituting value of zp

xp = Rxp+ (R+1)¢zp (2.21)

Replacing ¢ in terms of z g

(R+1azxp
= —-R —_— 2.22
D xB+1—|—(a—1)$B ( )
Rayleigh equation in terms of pole height as shown in (a).
d{ED
S = E |$D:0~5 (:ED — :EB) (223)
From Equation 2.22
dxp (R+1)a
— = —R 2.24
drp + 1+ (a—1)xp)? (2.24)

At zp = 0.5., xp << zp, Hence zp — xp = xp. Also, since zp is
small (14 (o — 1)zp) = 1. Therefore,

S = 05[-R+ (R+1)a] (2.25)

Simplifying,

25 — «
T ooa -1
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FIGURE 2.1

Schematic of a Batch Distillation Column
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FIGURE 2.2
McCabe-Thiele Method for Plate-to-Plate Calculations
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FIGURE 2.3
McCabe-Thiele Method for the Constant Reflux Mode
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FIGURE 2.4

Graphical Integration for Example 2.1
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FIGURE 2.5
McCabe-Thiele Method for the Variable Reflux Mode
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FIGURE 2.6

Graphical Integration for Calculation of Batch Time for Example 2.2
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FIGURE 2.7

Graphical Integration for Calculation of Reboiler Heat Duty for Example 2.2
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FIGURE 2.8
McCabe-Thiele Procedure for the Third Mode of Operation
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FIGURE 2.9
Graphical Integration for the Rayleigh Equation for the Third Mode of Operation
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FIGURE 2.10

Graphical Integration for Calculation of Batch Time for the Third Mode of Operation

di/dx,
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FIGURE 2.11
The Pole Height Concept (Reproduced from Bowman and Cichelli, 1948)
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