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Abstract

Ternary distillation of a methanol/isopropanol/water mixture was studied in a
0.1-m diameter column with SULZER-CY packing. The experimental data have
been compared with results from the multicomponent mass transfer model of
Krishna and Standart. The influence of model simplifications and the accuracy of
the model parameters have been studied. Finally, the suitability of simple mass
transfer models for predicting concentration profiles in packed columns was looked
into.

INTRODUCTION

The number of theoretical plates (NTP) is the most often used designing
method for multicomponent distillation. The number of real plates is then
obtained using a calculated or assumed value of the plate efficiency or the
HETP value for packed columns. An inaccurate plate efficiency (or HETP)
can result in large errors of the calculated product compositions, even if the
number of theoretical plates has been computed with sufficient accuracy.

Most methods for calculating plate efficiencies (or HETP values) don’t

*To whom correspondence should be addressed.
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take into consideration the kinetics of multicomponent mass transfer and
are based on the assumption that the influence of diffusional interactions
between components on the rate of mass transfer is negligible. The
theoretical and experimental investigations of multicomponent diffusion,
condensation, and distillation (Table 1) have shown, however, that “cross
effects” should be taken into consideration in multicomponent mass
transfer calculations, especially if the compounds involved have a different
chemical structure or/and the diffusivities of the binary subsystems are
significantly different. This demands a more complex mathematical
description of the transfer phenomena in comparison to binary mixtures.
These methods are not used, unfortunately, in design practice because of
the complex calculation algorithms, long computation times needed, and
their poor experimental verification. It is, therefore, necessary to investigate
the kinetic models of multicomponent mass transfer, regarding their
applicability in distillation design methods, the computational effort on one
hand and the resulting accuracy on the other hand, as well as the agreement
between calculation and experimental results.

Mathematical models of interphase mass transfer in multicomponent
distillation can be divided into two groups.

Models where multicomponent mass transfer is described by equations
analogous to those used in binary systems. The relation between the
molar fluxes of each component, transferred through the interface and
the mass transfer coefficients as well as the driving force, is then given by
a simple equation

N =kAy, i=1,2,...,n (1)

Models which take into account the diffusional interactions between
components. They are based on a solution of the Stefan-Maxwell
equation. Relationships from the last group of models are either:

Equations which are analogous to the analytical solutions of the
Stefan-Maxwell equation. Applicability of these equations has been
confirmed only for a few multicomponent systems (33).

Equations derived from approximate solutions of the Stefan-Maxwell
equation. These equations contain the characteristic phenomena of

multicomponent mass transfer like “reverse diffusion” or the diffu-

sional barrier. They also allow the mass transfer coefficients for each

component to be correctly defined and seem to be the most accurate

with respect to other models.
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TABLE 1. Literature Review of Experimental Investigations of Multicomponent Distillations
in Tray and Packed Columns

No. System Author(s) Ref.
1 Acetone/ethanol/water Burghardt et al. 7
2 Acetone/methanol/water Diener and Gerster 8
3 Acetone/methanol/water Vogelpohl 29
4 Acetone/methanol/ethanol Bevers 5
5 Acetone/methanol/ethanol Free and Hutchinson 9
6  Benzene/ methylcyclopentane/n-hexane Miskin et al. 23
7  Benzene/toluene/m-xylene Nord 25
8  Benzene/toluene/m-xylene Westphely 30
9 CH4/C2H6/C3H8/+ C4/+ Cs Ra_]ko and Aleksandrov 32

10 CH;Cly/benzene/n-heptane Aittaama 1

11 CCl,y/benzene/methy! ethyl ketone Lutugina and Kovalitchev 16

12 Cyclohexane/benzene/CCl, Lutugina et al. 17

13 Cyclohexane/methyl ethyl ketone/ Lutugina et al. 18

isopropanol

14  Ethanol/benzene/n-heptane Aittaama 2

15 Ethanol/n-butanol/water Aittaama 1

16  Ethanol/rert-butanol/water Martinez 21

17 Ethyl acetate/acetic acid/acrylic Kibol and Artamonov 15

acid/ethyl acrylate

18  Ethane—decane (11 n-alkanes) Molokanov 24

19  n-Hexane/methylcyclopentane/ethanol Young and Weber 31

20  n-Hexane/methylcyclopentane/ Young and Weber 31

cthanol/benzene

21 Methanol/ethanol/water Stefanovskaia et al. 27

22 Methanol/ethanol/water Bogoslavski and Planovski 6

23 Methanol/ethanol/n-propanol/ Gelbin 11

isobutanol/water

24 Methanol/isopropanol/water Cermak 4

25 Methanol/isopropanol/water Goldberg et al. 12

26  Methanol/isopropanoi/water Burghardt et al. 7

27 Methanol/isopropanol/water Vogelpohl and Ceretto 28

28  Methyl ethyl ketone/n-heptane/toluene Tchernykh et al. 10

29  tert-Butanol/n-propanol/n-butanol/ Planovski et al. 26

n-amyl alcohol

30  Trimethylcarbinol/propanol/butanol/ Katalov et al. 19

pentanol

31  Trimethylcarbinol/propanol/butanol/ Mazaev et al. 22

pentanol

32 Oxygen/nitrogen/argon Haselden and Thorogood 14

Packed Columns

I Acetone/methanol/benzene Kowalska et al. 20
2 Acetone/methanol/ethanol Bevers 5
3 Acetone/methyl acetate/methanol Westphely 30
4  Benzene/toluene/xylene Arikwar 3
5  Ethane-decane (11 n-alkanes) Molokanov 24
6  Ethanol/benzene/n-heptane Gorak {3
7  Methanol/isopropanol/water This work
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Toor (34) and Stewart and Prober (35) presented the first linearized
solution of the multicomponent mass transfer equations. The solutions are
equivalent (36) and have been developed under the assumption that the
multicomponent diffusivity matrix is constant over the diffusion path. The
same assumption is made by Burghardt and Krupiczka (37) in their model
of interphase mass transfer. The linearized equations allow the molar
fluxes of species to be determined from an explicit equation, but require an
iterative computation of average compositions over the diffusion path.

More recent publications of Krishna and Standart (38) give an exact
solution of the multicomponent mass transfer equations. The dependence
between fluxes on one side and mass transfer coefficients and driving forces
on the other side is implicit, however. The solution simplifies for low molar
rates typical for distillation problems. All mathematical models of multi-
component diffusion published up to now have been compared by Smith
and Taylor (39); they suggested using the Krishna/Standard model for
distillation problems.

A comparison of the solutions of various diffusional mass transfer
models cannot, of course, answer the question of how good these models
are for predicting multicomponent distillation. A large number of experi-
mental data have been published on multicomponent distillation whereas a
lack of data is evident with respect to multicomponent distillation in packed
columns. Unfortunately, a lot of experiments are uncompletely published,
50 they may not be used to verify theoretical predictions. Experimental
results on distillation systems with more then three components are rarely
published.

The aim of the present work was to check the Krishna/Standart method
against experimental results from ternary distillations in a packed column.
In addition, the influence of simplifying assumptions of the mass transfer
model as well as experimental errors of the model parameters on the
accuracy of predicted product compositions was studied.

EXPERIMENTAL

The ternary mixture methanol/isopropanol/water has been chosen as the
test system. Calculated concentration profiles of this experiment system
show a strong sensitivity on model parameters (40) and simplifications of
the model (41). In addition, distillation experiments with the test system
were run by different authors, resulting in opposing conclusions with
respect to the suitability of matrix methods for design purposes. From a
theoretical analysis of the role of cross effects on calculated distillation
profiles of the test system, Toor and Burchard (42) reasoned that
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diffusional interactions have to be taken into consideration. In their study
the average column efficiency was 39% below the binary efficiencies.
Experimental distillation results from a plate column, presented by
Vogelpohl (43), revealed a different plate efficiency for every component.
Cermak (4), in his study on ternary distillation in a plate column, compared
the experimental concentration profiles with theoretical profiles calculated
on the basis of the Toor (34) model and on the hypothesis of equal
efficiencies, and he found the best agreement between experimental and
calculated curves by assuming equal efficiencies for all components.
Goldberg et al. (/2) applied Eq. (I) to multicomponent distillation
problems, and they claimed sufficient accuracy using pseudo-compositions.
Their own experimental distillation results in a plate column confirmed their
conclusions. Burghardt et al. (7) discussed the suitability of the matrix
method in multicomponent distillation calculations on the basis of their
own experimental investigations of the test system in a plate column. They
state that “expressing the mass fluxes solely in terms of its own concentra-
tion gradients may lead to considerable errors because of the influence of
cross effects on the mass fluxes.”

These contradicting conclusions from distillation data of the methanol/
isopropanol/water mixture motivated us to use the same system for
distillation experiments with a packed column.

Figure 1 shows a schematic drawing of the distillation apparatus
consisting of a packed column (3), a reboiler (2), and a condenser (5). The
columm had an inner diameter of 0.1 m and was packed with SULZER-CY
packing, divided into two parts of 0.8 m height each. All experiments were
performed under atmospheric pressure and at total reflux conditions. The
vapor rate was determined from an enthalpy balance around the condenser.
The composition of the samples was analyzed by gas chromatography. The
vapor rate in the columns was varied between 40 and 80% of the rate at the
flooding point. The compositions and rates from the experiments are shown
in Table 2.

THEORETICAL

Multicomponent distillation in a packed column at total reflux conditions
may be described by the following set of differential and matrix equations
“5):

d(Gy) d(Lx)
dA ~ da N (2)



’

GORAK AND VOGELPOHL

38

141814 42 LD SL6L 1667 8609 606 LEIE 0789 PO 9SIE  08L9 T90 01
SL1E 19°¢ §E'6 W0L8  ¥¥'8T  L99S  L8VI ITLE 6¥T9 6T0 9L°9E €879 6£0 6
1€°0¥ 120 4 OL'I1 OI'v8 ZL'8T 8¥'8F  6LTT TP9E 9579 101 — - — 8
$9°8¢ 8TV P8I1 LB'E8 vS6T  LY09 B66  STOY TS6S TTO — - - L
woy oLy 66'C1  6T7C8 900t 7919 1€8  ¥86¢ L86S 8TO - - - 9
e6l L1t 00 LUL6  8LLT  v09S  LI'91 988T OLOL €¥0 - - - ¢
9¢°I¢ 0Z'0 £9°0 §I'66 €991 TE9E  €O'Ly 908T €90L Of'] - — - L4
LSLE 61°0 ¥T0 96°66 9I'L P88l  86'tL 8ELT 6989 16¢ - — - €
£€6'07 vy 0901 v6'¥8 198C €T6S SITI €8LT 9I'IL 660 - - - 4
[8°8C oLt L6 PS98  SO8T E€6'LS  00VL 6SLT 9TIL Il — — aat 1
(s- s flour) tx ix Ix £ 78 L £x x Ix e 73 I JuswLadxyg
Wwnjod 3y3 ul
(pinby) 10dea jo Supyoed ay1 jo Junyoed ayy Jo Suryoed sy Bunyoed sy
3184 MOY} IBjO doi ay3 1e pinbry a[ppiw ayy ut sodep Mopq pinbrry m0[aq 1odep

(9%[ow) sseyd pinbyj 1o Jodea jo uomisodwo))

synsay [ejuswiradxg
CHI4vVL

1102 Alenuer Gz GZ:€T @I Ppapeo |uwog



39

TERNARY DISTILLATION {N A PACKED COLUMN

90°¢tE
ey
08°0¢
12213
otee
SS'1y
69°tE
[4%44
4343
wiy
20°Ce
691y
9¢°Et
vy
16'8C
eIy
9T6v
8T’y
68°6¢

979
L9t
00°LT
$8°LT
8L'8C
$96T
89'6C
8L'1E
8L°0¢
10T
61°te
grse
PrIe
9I'Ie
0s°Te
0T°€T
elee
9Tyl
el

8L'19
Ly'i9
$9'09
9L°6S
L6'LS
orLs
86°SS
18°¢S
88'vS
LS'ES
86°0¢
LL8Y
1789
v1'69
E'L9
L9°99
Lo'L9
6£°08
68°6L

96°0¢
90°1¢
671t
Ly'ie
1€°1€
Wit
66°1¢
SS'IE
ov'ie
y9'it
8L°IE
8L1e
S6'te
1€°v¢
0oL'6T
08°0¢
Lot
L86C
9414

1102 Alenuer Gz Sz €T

L9C9
[4 3
£1v9
60'v9
16°¢€9
1€'v9
0879
LOY9
8TY9
0t'v9
61°%9
STY9
76'6S
86765
$9°09
8’9
14X4
SL09
b8'6S

9¢'9

LSV
1344
Ly
1T¥
(1149
LEY
£ 4
14124
10v
s6't
9
01’9
¥9°6
oL'9
€L'9
LE6
69°01

osor
12084
[wov
96°0¥
Ir'ly
[4t4
£6°0v
SO’y
€Ty
8’1y
Iwiy
[§3 84
Sv'iv
6£°TY
st
£p'Se
IL°9¢
1L°6¢
e

60'6S
o'LS
¥6°8¢
£5°8S
098§
80°8¢
Ev'8S
608§
LS
17°8¢
90'8¢
86'LS
1v°8¢
1e€°LS
89'¢9
15°¢€9
86'79
e1'e9
S€'89

v pspeo jumog

8¢°6¢
orov
Sv'ot
£9°6¢
£t'6t
sLov
6T°6E
9oy
LEOY
65°6¢
05°6¢
8L°6¢
9L'6¢
or'y
[4: 343
16'v¢
17°9¢
01°st
$9' it

£6°6S
v6°8¢
0009
79'6S
LT09
098
6009
69°8¢S
0£°6¢
18'6S
$8'6S
SE'6S
0009
(4439
8L°€9
£€°€9
1¥'€9
s1°e9
$6°'L9

62
8¢
L
9
$T
£
1 X4
[44
¥4
(174
61
81
L1
91
1!
4!

(4!
11



13: 25 25 January 2011

Downl oaded At:

40 GORAK AND VOGELPOHL

W\P

13

»

\“v\

ap

? :

FiG. 1. Experimental apparatus: 1, electrical heater; 2, reboiler; 3, SULZER-CY packing; 4,

reflux heater; 5, condenser; 6, reflux divider; 7, flow meter; 8, calibrated volume; 9, valves; 10,

insulation; x1, x2, x3, liquid sampling ports; y4, y5, gas sampling ports; T1-T9, temperature
measurement.
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dL =dG=iN,dA 3)
iNr‘ri:O 4)
x=y (%)

This model is based on the assumption that thermal distillation and surface
tension effects are negligible and only vaporization enthalphies need to be
taken into account in the heat balances.

Integrating the set of Egs. (2)-(5), we obtain the concentration profiles
within the packing as well as the product compositions. The initial
conditions are the mole fractions of the components of both phases at the
lower end of the packing and the molar flow rates of vapor and liquid in the
column. An analytical integration of the set of equations is impossible
because the mass fluxes on the right sides of Egs. (2) and (3) are an implicit
function of the mole fractions on the left side of the equations.

The mass fluxes are obtained from the dependence

N=(kgBs' Mk.'B;) '(y* - y)

: (6)
=Kos(y* - y)
where
ri_rn
Bey=8y—yi—>—, Lji=1,2...,n-1 (7)
G
and
ro= 2 ¥, (8)
The elements of matrix M are defined as
ooy o1
1= %y B/EL2en 9)

The matrices of the mass transfer coefficients in both phases are expressed
as

ko=koEg=ksDexp® (exp® — 1)"! (10)
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k,=kE, =k, BO(exp® - 1) ()
where
O=r"'o (12)

The elements of matrix I’ and ® are defined as

X, dlIny, .
r,=9; —g—axj—, Lj=1,2,...,n—1 (13)
o, = + > , ihj=1,2,...,n—-1 (14)
Kein 7 kay
J*i
® = -N 1 1
v ! kGij kGin

The matrix of the mass transfer coefficients k. in the vapor phase is defined
by the inverse matrix Bg:

Vi &S Y
B, = + -, Lj=1,2,...,n—1
G koin i Koi J
ki
| 1 (15)

B..= —v.
Gy 4 ke  Kgin

The matrix of mass transfer coefficients in the liquid phase k, resuits from
the product

k,=B;'-T (16)

The matrices ®,, B,, and B, are obtained from the same equations as the
matrices ®;, B, and B; by replacing of concentrations, binary diffusi-
vities, and the mass transfer coefficients in the gas phase through the
corresponding values in the liquid phase.

The algorithm for the numerical integration of the set of differential
equations (2)—-(3) taking into account the heat balance (4) and the
operating conditions (5) as well as the matrix equation (6)-(16) has been
presented by Kowalska et al. (46). The size of the computer program and
the computation time may be reduced by introducting some simplifying
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assumptions. In the following analysis, the influence of such simplifications
on the agreement between calculated and experimental data is examined.

The following simplifications of the mass transfer model have been
tested:

Low mass fluxes

Equimolar mass transfer

Ideal liquid phase

Negligible cross effects

Mass transfer resistance only in the vapor phase

In addition, the influence of the following model parameters on the
agreement between calculated and experimental product compositions has
been investigated:

Accuracy of VLE data

Accuracy of the correlation equations for the physical properties and the
binary mass transfer coefficients in both phases

Experimental error in the determination of the molar flow rate of both
phases in the column as well as the concentration

! -3 ?—-
yi,mlc o % .
08 L%
o
0
06 ]
o
o
04 —f—
e
A ®
02 T
| & o Methanol
/ﬁn ° o Isopropanol
0 ﬁ >0 a wmerl
0 02 04 0.6 08 1
yl,up

FIG. 2. Comparison of experimental and theoretical distillate compositions calculated from
Krishna/Standart model.
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RESULTS AND DISCUSSION

The above-described mathematical model of multicomponent distillation
(Eqgs. 2-16) was tested by comparing numerical solutions of the model with
measured distillate compositions. The compositions and molar flow rates of
both phases below the packing were given as initial values for the
calculation of concentration profiles along the packing.

While evaluating the experimental samples, some difficulties arose. The
mole fraction of methanol in the liquid below the packing was in general
below 0.002, resulting in an excessively large error from the chroma-
tography analysis. In these cases, therefore, the comparison between
calculated and experimental data was performed only for the upper part of
the packing (0.8 m).

The comparison between the theoretical and the experimental data is
given in Fig. 2 and Table 3.

Influence of Simplifications of the Mass Transfer Model on the
Agreement between Calcuiated and Experimental Data

Simplifications of the mass transfer model reduce numerical difficulties
and save computation time. Therefore the distillate compositions deter-
mined experimentally have been compared with calculated compositions
obtained with the model simplifications shown in Table 4.

The matrices E; and E, describe the influence of large mass fluxes on the
transport process. The calculation algorithm simplifies if we assume that
both are unit matrices (Variant 1) and allows determination of the mass
flux vector N from Eq. (6) without iterations. The comparison of the
distillate compositions calculated with or without the simplification

Ec=E, =1

with experimental data confirms the conclusion of other authors (39, 40,
46, 47) that this simplification gives a negligible error.

The simplification of equimolar mass transfer corresponds to the
assumption

Be=B.=1

As this simplification (Variant 2) did not significantly change the calculated
distillate compositions, the distillation of the methanol/isopropanol/water
mixture may be treated as equimolar.
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Krishna/Standart Model

TABLE 3
Comparison between Experimental and Theoretical Distillate Compositions Calculated from

45

Composition of distillate (mol%)

Experimental Theoretical Absolute deviation
Experiment X X2 X3 X Xy X3 Ax, A.XZ AX3
1 86.5 9.7 3.7 99.0 0.7 0.3 12.5 - 90 -34
2 849 106 44 99.2 0.6 0.2 14.3 -100 -42
3 99.6 0.2 0.2 99.9 0.1 0.0 04 - 01 -01
4 99.2 0.6 0.2 99.8 0.2 0.1 0.7 - 04 -0.1
5 97.8 0.0 2.2 99.6 0.3 0.1 1.9 03 =20
6 823 130 4.7 95.3 34 1.3 13.1 - 95 -34
7 839 118 4.3 98.2 1.3 0.5 14.4 -10.5 -3.7
8 84.1 11.7 4.2 98.2 1.3 0.5 14.1 —-104 -3.6
9 87.0 9.4 3.6 99.0 0.7 0.3 12.0 - 86 -3.3
10 79.8 147 5.5 95.2 35 1.3 15.5 -11.2 -42
11 799 141 6.0 98.4 1.2 0.4 18.6 -129 -55
12 80.1 14.3 5.3 96.4 2.6 1.0 16.1 -116 —43
13 67.1  23.1 9.8 88.0 8.6 34 210 —-145 -63
14 66.7 232 10! 90.5 6.8 27 23.9 -164 -74
15 673 225 102 98.0 1.4 0.5 30.7 -21.1 -9.6
16 69.1 212 9.7 86.6 9.5 39 17.5 —-11.6 -5.7
17 684 214 101 91.5 6.0 24 23.1 -154 -7.7
18 488 35t 16.1 36.5 410 226 —12.2 59 6.6
19 51.0 332 158 547 300 153 3.8 - 31 -06
20 536 320 144 404 387 209 -13.1 6.7 65
21 549 308 143 674 220 106 12.6 - 87 -3.7
22 53.8 318 144 53.3 310 157 - 05 - 07 14
23 560 29.7 143 83.7 11.4 4.9 27.8 -182 -94
24 57.1 297 132 500 330 170 - 171 04 338
25 58.0 288 13.2 78.1 15.1 6.8 20.2 —-136 —-64
26 59.8 279 124 61.8 257 125 2.1 - 21 02
27 60.7 270 123 76.8 15.9 7.3 16.2 -11.1 -5.0
28 6t.5 267 118 79.9 14.0 6.1 18.5 -127 -5.7
29 61.8 263 120 92.5 5.3 2.1 30.8 -209 -938
Average absolute deviation 11.5 - 87 -34

In contrast to the linearized theory, the Krishna/Standart model allows
for the nonideality of the liquid phase through the introduction of the
matrix I’ (Eq. 16). The comparison between results calculated with and
without the assumption I' = 1 (Variant 3) shows that this simplification has

no effect.
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TABLE 4
Simplifications of Mass Transfer Models Used in This work

Cross

effects

Diffusion Type of mass have
mass transfer Liquid been Mass transfer

Simplification fluxes process phase  neglected resistance
! Low Nonequimolar Real No In both phases
2 Low  Equimolar Real No In both phases
3 Low  Nonequimolar Ideal No In both phases
4 Low Nonequimolar Real Yes In both phases
5 Low Nonequimolar Real No In the vapor phase

only

Neglecting of cross effects in both phases (the matrices K; and K
become diagonal—Variant 4) results in a large disagreement between
calculated and observed compositions so that using the simple Eq. (1) for
the prediction of concentration profiles may lead to large errors.

Even assuming transfer resistance only in the gas phase leads to smaller
errors compared to neglecting cross effects. Mass transfer resistance in the
liquid phase should be, however, considered in design procedures.

The concentration profiles, calculated using the above simplifications
(Table 4), are shown in Fig. 3 for Experiment 18 as an example.

influence of Experimental Errors of the Model Parameters on the
Prediction of Product Compositions

The significance of experimentally determined multicomponent mass
transfer model parameters in the design of distillation processes has been
presented elsewhere (40) with the conclusion that the error of VLE data as
well as the correlation equations for binary diffusivities and mass transfer
coefficients have the biggest influence on the calculated results.

In this paper the effect of VLE data has been analyzed using four
specially chosen correlations for predicting activity coefficients: the Wilson
equation with parameters determined by Nagata (48) and Verhoye and de
Schepper (49) and the polynomial equations of Toor (42) and Konstantinov
(50). A comparison between measured and calculated distillate composi-
tions using the above equations is given in Figs. 4a, 4b, and 4c. The largest
disagreement between experimental and theoretical data is obtained using
the Wilson equation and the smallest one from applying the Konstantinov
equation.
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FI1G. 3. Influence of model simplifications on calculated concentration profiles (based on
Experiment 18).

The binary mass transfer coefficients necessary to calculate the elements
of the matrices B and B, (Eq. 15) are in general calculated from equations
describing the mass transfer kinetics in the corresponding binary sub-
systems. Mass transfer coefficients are usually correlated as functions of
the physical properties and the hydrodynamic conditions with an accuracy
between 15 and 50%. For instance, the recently generalized correlation for
mass transfer in packed distillation columns with randomly arranged rings
and saddle types elaborated by Bravo and Fair (51) offers a correlating
accuracy of +20%.

An elaborate study on hydrodynamics and mass transfer SULZER CY
packing was carried out by Zogg (52). He proposes the following
correlation equations for the mass transfer coefficients in the liquid
phase:
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FiG. 4a. Comparison of experimental and theoretical distillate compositions calculated from
VLE prediction equation of Toor (42).
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FiG. 4b. Comparison of experimental and theoretical distillate compositions calculated from
VLE prediction equation of Nagata (48).
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FI1G. 4c. Comparison of experimental and theoretical distillate compositions calculated from
VLE prediction equation of Verhoye and de Schepper (49).

Sh, = 3.415 + 1.2496 |Re,Sc, —0.720548°¢
Ve €xp (Re, Sc, )* 01

(17)

The correlation equation for the vapor phase mass transfer coefficient is
Shg; = 0.05144Re%%Sc (18)

Zogg claims a maximum error of +2.2% for Eq. (17) and a mean and
maximum error of £6.9% and +15%, respectively, for Eq. (18).

The mass transfer coefficients calculated from the correlations were
increased or diminished by the mean or maximum error and used
subsequently in the simulation method. The corresponding results were
then compared with the experimental data. The comparison listed in Table
5 and Figs. 5a and 5b shows a significant effect which is proportional to the
size of the error.

The same procedure was used to determine the effect of an error in the
estimation of the binary diffusivities on the agreement between calculated
and measured product compositions. The data presented in Table 6 and
Figs. 6a and 6b give the same trend as observed with a change in the binary
mass transfer coefficients.
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F1G. Sa. Comparison of experimental and calculated distillate compositions using mass
transfer coefficients reduced or increased by 6.9% (mean error of correlation equation).
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FiG. 5b, Comparison of experimental and calculated distillate compositions using mass
transfer coefficients reduced or increased by 15% (maximum error of correlation equation).
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FiG. 6a. Comparison of experimental and theoretical distillate compositions calculated using
binary diffusivities reduced or increased by 8% (mean error of correlation).
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FIG. 6b. Comparison of experimental and theoretical distillate compositions calculated using
binary diffusivities reduced or increased by 15% (maximum error of correlation).



GORAK AND VOGELPOHL

54

S00'0 vI00 0860 £00°0 800°0 6560 LOO0 6100 ¥L60 7000 9000 2660 11
S100 I¥00 Pr60 8000 €200 6960 0700 7500 8760 LOOO 8100 $L6'0 o1
€000 6000 8860 2000 $000 ¥66°0 000 1100 v86°0 1000 Y000 $66°0 6
9000 SI100 6L60 £000 6000 8860 L000 0200 €L60 7000 L000 166°0 8
9000 9100 8L6°0 £00°0 8000 6860 8000 120°0 I1L6°0 000 9000 166°0 L
§100 0¥0°0 S¥6°0 8000 oo 6960 0200 7500 8260 LO00 8100 9L60 9
1000  $000 $66'0 1000 7000 L660 000 §00°0 t66°0 1000 1000 8660 S
1000 2000 L660 0000 1000 6660 1000 £00°0 966°0 0000 1000 6660 14
0000 1000 6660 0000 1000 6660 0000 1000 866°0 0000 0000 6660 €
€000 LOOO 16¥°0 1000 £00°0 $66°0 $00°0 6000 L86°0 100°0 £00°0 9660 [4
€000 8000 6860 000 Y000 v66°0 Y000 110°0 $86°0 L0O00 £00°0 €660 I
£x X Ix tx x Ix tyx Ix Ix tx x ix wswuadxy
paonpay paseasduy paonpay pasea1du|

uone|a1Iod Jo 1011> Uespy

UONB[2LI0D JO JOLI9 WNWIXEW

uonenbg UONE[RLIO)) JO JOJIF WNWIXEW IO UBd AQ pasealdu] 10 paonpay sannaisnyyq Areuy Suis) paindwio) suonisodwoy) s
94749VL

1102 Alenuer Gz Sz €T

v pspeo jumog



55

TERNARY DISTILLATION IN A PACKED COLUMN

9200
LS00
800
8€T1°0
LLOO
£81°0
9500
SLY'O
wio
9270
EL1°0
eveo
6200
S¥0°0
L000
1£0°0
6£0°0
100

6500
(428 1]
SLTO
LLTO
L9ro
8¥£'0
9CI'0
9¢e’0
LYTO
60v°0
0t€0
1Ev'0
0L00
801°0
L100
8L0°0
L600
1£0°0

9160
18L°0
£vLo
$8S°0
LSL'O
69%°0
8180
06v°0
1€9°0
$9¢°0
L6Y'0
yieo
7060
L¥80
LL6O
1680
$98°0
8660

100
ov0'0
Ly0'o
¥80°0
00
8110
800
€010
L90°0
Ly1°0
6600
€91'o
S10°0
$T0°0
£00°0
L100
00
9000

S€0°0
$60°0
Loro
810
101°0
L4ZA\
9L0°0
8170
910
670
907°0
81£°0
8¢0°0
7900
6000
00
9500
L100

1560
9980
S¥8°0
£EL°0
$¢8°0
8€9°0
£68°0
6L9°0
L8L0
19¢°0
69°0
6150
96°0
€160
L86°0
6£6°0
60
LL6O

1102 Alenuer Gz Sz €T

€00
0600
€170
0810
soro
070
9L0°0
1170
651°0
6520
¢17°0
Lo
8¢0°0
0900
6000
woo
1S0°0
S100

180°0
961°0
1€2°0
£EveEo
8170
800
L91°0
68£°0
80£°0
£SY0
88¢°0
oLY'o
1600
8t1'0
£20°0
001°0
£C1°0
o¥0'0

988°0
¥IL0
9590
LLY'O
LL9O
99¢°0
LSLO
00v'0
£€S°0
L8T0
86¢°0
8570
1L8°0
2080
696°0
8680
9280
S¥6°0

v pspeo jumog

0100
0£00
P£0’0
£90°0
700
6800
£20°0
180°0
1§00
81ro
LLOO
€E1T0
(413
6100
€000
€100
L100
S00°0

9200
£L0°0
6L0°0
wio
9L0°0
610
LS00
LLT'O
ST1'0
(A AU
s91°0
697°0
0£0°0
6¥0°0
L000
S€00
SY0'0
€100

¥96°0
L680
L880
S6L0
680
81L°0
6160
[AZA0)
y£8°0
6£9°0
65L°0
8650
6560
1€6°0
0660
7560
8¢6°0
7860

67
8¢
LT
9T
Y4
14
X4

1T
(114
61
81
Ll
91

vi
£l
[A!



13: 25 25 January 2011

Downl oaded At:

56 GORAK AND VOGELPOHL

Results from Different Mass Transfer Models

Finally, the two following other design methods have been tested, based
on:
Linearized Stefan Maxwell equation (37)
Simple HETP-NTP method

From a comparison of the results from the linearized theory in Fig. 7 with
the results from the exact solution in Fig, 2, it is obvious that the linearized
theory gives good agreement between calculated and experimental data and
thus confirms previous conclusions (39, 46, 47). The exact solution of
Krishna/Standart is recommended for distillation calculations at small
mass fluxes, however (40).

Prediction of product compositions by the NTP-HTP method is
significantly more simple than using the exact or linearized solution of the
Stefan-Maxwell equation.

In order to check the suitability of the NTP-HETP method, the number
of theoretical plates (NTP) was first determined from dividing the height of
the experimental packing (0.8 m) by the HETP value as given by Meier (44)
and presented in Fig. 8. Product compositions were subsequently calculated
using the above obtained NTP values and VLE data from the Konstantinov

1 o
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F1G. 7. Comparision of calculated and experimental distillate compositions calculated from the
linearized theory (37).
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FIG. 8. Diagram used for HETP values.

equation. The agreement between the calculated and experimental data is
significantly worse than in Fig. 2 where the kinetic model of mass transfer is
used. The reason for the poor performance of the NTP-HETP method is
seen in the very simplified kinetic dependence of Fig. 8.

CONCLUSIONS AND RECOMMENDATIONS

In a theoretical and experimental study the distillate concentrations for
ternary distillation of methanol/isopropanol/water in a column of 0.1 m
diameter packed with SULZER CY ordered packing have been compared.
The theoretical predictions are based on a solution of the Maxwell-Stefan
diffusion equation given by Krishna and Standart (38). The mean absolute
deviation between calculated and experimental product compositions for all
experiments and the components involved are

Methanol Ax, = .l115
Isopropanol Ax, = -.087
Water Ax, = —.034

The Krishna/Standart solution which neglects the effect of large fluxes
gives the same results as the exact solution. The diffusional interactions
between the transferred species as well as the mass transfer resistance in the
liquid phase were found to affect the calculated concentration profiles
significantly. Distillation of the test system may be treated as an equimolar
process.
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The VLE prediction method proved to have the largest effect on the
calculated product compositions. For the system investigated, the best
agreement was reached using the equation of Konstantinov (50). The error
of the correlation equations for the binary mass transfer coefficients as well
as for the binary diffusivities also plays the important role.

The agreement between experimental and calculated concentrations by
the “plate to plate” method is very poor compared to the results from the
multicomponent mass transfer model (Fig. 9). In general, the results
obtained in this study are about 40% worse than those from other
published experimental investigations (ethanol/benzene/n-heptane (53),
acetone/methanol/benzene (46)). This is attributed to the strong sensitivity
of the system investigated in VLE data and other model parameters
(7, 40).

With respect to calculating multicomponent distillation, the conclusions
from this investigation are:

Design methods taking into account mass transfer kinetics are signifi-
cantly more accurate than the simple HETP-NTP method

The effect of large mass fluxes may be neglected in distillation, which
significantly simplifies the calculation procedure

Distillation may be treated as an equimolar diffusion process

The most accurate VLE prediction method should be used
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FiG. 9. Comparison of experimental and theoretical distillate compositions calculated from
NTP-HETP model (VLE prediction equation of Konstantinov (50)).
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The simulation method of multicomponent distillation in packed columns
presented, verified by our experiments with the methanol/isopropanol/
water system, can be recommended as sufficiently accurate for design
purposes
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SYMBOLS
A mass transfer surface (m?)
Dy binary diffusivity (m?/s)
G vapor stream in the column (mol/s)
h packing height (m)
k;; binary mass transfer coefficient in one phase (mol/m?’)
L liquid stream in the column (mol/s)
n number of components in the mixture
N, molar flux of component i (mol/m?s)
r; heat of vaporization (J/mol)
X; mole fraction of component { in liquid
Y mole fraction of component i in vapor

Quadratic Matrices

matrix defined by Eq. (15)

matrix which describes the influence of great mass fluxes on
mass transfer coefficients

matrix of mass transfer coefficients in one phase in multi-
component mixtures

matrix of mass transfer coefficients in multicomponent
mixtures

matrix defined by Eq. (9)

matrix defined by Eq. (7)

matrix of activity coefficients

matrix defined in Eq. (14)

matrix defined in Eq. (12)

unit matrix

-0 9™ ; * mw
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Vectors

N vector of molar fluxes

x vector of mole fractions in the liquid phase
y vector of mole fractions in the vapor phase
Ay vector of driving forces

Subscripts

i,jk,n number of component

G
L

vapor phase
liquid phase

Superscripts

*

equilibrium state
quantity modified by the effect of finite rates of transfer
average value

activity coefficient of component i
Kronecker delta
dimensionless film length
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