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DEPARTAMENTO INGENIERIA QUIMICA 
FACULTAD DE CIENCIAS QUIMICAS 
UNIVERSIDAD COMPLUTENSE DE MADRID 
28040-MADRID, SPAIN 

ABSTRACT 

A nonequilibrium stage model is used to predict composition profiles for binary 
and multicomponent distillation in a column of spheres and cylinders with a known 
interfacial area. The profiles generated by the model are compared with experi- 
mental data for the binary systems methanol-isopropanol, methanol-water, and 
isopropanol-water, and for the ternary systems methanol-isopropanol-water and 
acetone-whexane-cyclohexane. The model predicts with a high accuracy the 
experimental data with an average deviation lower than 1 mol%. 
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INTRODUCTION 

Simulation of multicomponent separation processes such as distillation 
and absorption is a powerful tool for the modern chemical engineer. At 
present these simulations are based on the equilibrium-stage model (1-4). 
However, industrial columns rarely operate at equilibrium conditions. The 
usual method to take into account deviations from the equilibrium in mul- 
tistage towers is to incorporate a stage efficiency into the equilibrium 
relations. While many different models of stage efficiency have been pro- 
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1806 OVEJERO ET AL. 

posed for binary systems (1,5-7), the extension of these models to multi- 
component systems involves several complications, mainly due to possi- 
ble coupling between the individual concentration gradients. 

During the last few years, different researchers have been working on 
the development of nonequilibrium stage models which avoid the use of 
ambiguous stage efficiencies for multicomponent separation processes 
(8-13). The nonequilibrium stage model used in this work was developed 
by Krishnamurthy and Taylor (8) for the simulation of countercurrent 
multicomponent separation processes. 

In the present work this nonequilibrium model has been tested using 
data obtained in a wetted-wall column for nonideal systems: three binary 
and two ternary mixtures. A new solving method using the Marquardt 
algorithm has been proposed (14). 

The Nonequilibrium Model 

The model consists of material and energy balances for each phase, 
models for interphase mass and energy transfer, and equilibrium equations 
to relate the interface compositions. The equations representing the j th 
stage orjth section of packing, whose schematic representation is shown 
in Fig. 1, are as follows. 

The Conservation Equations 

It is possible to establish c component material balances for each phase: 

( 1 )  

(2) 
where ."r$ and N$ represents the interphase molar flows of species i from 
the vapor and to the liquid, respectively, and 

MT ( 1  + r y ) ~ i j  - V+ 1 - f y  + ,N; = 0 

M$ = ( I  + [:)I0 - l i + ,  - j$ - N$ = 0 

ry = sy1vj: 'jL = SLIL- J J  ( 3 )  

are the ratios of side stream to interstage flow rates. 
The energy balances for each phase are 

4" = (1 + rjV)V.HV J J  + Qj" - Vj-,Hy-I - FjVHyF + %y = 0 (4) 

E) E (1  + ,-~L)L~H!- + Q? - L .  J + l  HL J + 1  - F ~ H F F  - c p L  eJ - - 0 ( 5 )  

where %: and %: represent the interphase energy flow rates. 
The balances around the interphase lead to 

M!. = N!! - NL = 0 
41 - v 

E7 E %.y - %,i" = 0 
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SIMULATION OF MULTICOMPONENT DISTILLATION 1807 
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L, +I 

HJ+l 
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FIG. 1 Schematic representation of a nonequilibrium stage. 

From Eq. (6) there is only a set of c independent molar transfer flows, 
Nu (=  Ny = Nb), and therefore we can define the following balance 
equations: 

(8) 

(9) 

Rv E X.. - Nv = 0 

Rk G N.. - S,rL = 0 

Mass Transfer Rate Equations 

The precise form of the mass transfer rate equations depends on the 
model used to represent the vapor-phase transport processes. Using the 
equations based on film model steady-state one-dimensional diffusion, 
there are several methods of calculating the fluxes. These methods may 
be grouped in three categories. 

1. Methods Based on the Use of an Effective Mass Transfer 
Coefficient, kLft. These methods neglect interactions between species, 
and the mass transfer rates are given by 

i = 1, 2 ,  3,  . . . , c - 1 (10) 

where kxffdepends on the effective diffusivities. @&is a correction factor 
NV = kXffd@XfXYV - yt) + YVX?, 
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1808 OVEJERO ET AL. 

due to high mass flux and is calculated as follows (15): 

+& = k L d / N t  (12) 

There are several ways to estimate the effective mass transfer coeffi- 
cient. Wilke’s ( 1  6) formula for the effective diffusion coefficient, modified 
here in order to obtain effective mass transfer coefficients, is the one most 
used in the literature (8): 

where yi’ = 0.5(?? + yf). 
The lack of interaction effects in the model is the main disadvantage of 

these methods. 
2. Implicit Interactive Methods. Two method fall into this cate- 

gory: that based on the exact solution of the Maxwell-Stefan equations 
(17) and that based on the solution of linearized equations (18-20). Both 
methods lead to the following equation: 

(14) 

is the column matrix with c - I elements of mass 
transfer rates through the vapor phase 
is the column matrix with c - 1 concentration differ- 
ences between the bulk vapor phase and the interface 
for each component 
is the square matrix with ( c  - I )  x ( c  - I )  multicom- 
ponent mass transfer coefficients and is calculated 
(17): 

[ k v ] d  = [BV]-’dlAv]{exp[hv] - [I]}-’ (15) 

The elements of [B”] and [A”] may be defined using a general matrix 
[MI whose elements are functions of binary mass transfer coefficients 
k$ : 

(NV) = [ k ” ] d ( 7  - y1) + N;V(Y) 

where (Nv) 

(5 - y ’ )  

[kvl  

k # i  

Mix  = - 
I -1; i # k =  1 .2 ,  . . . ,  c -  
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SIMULATION OF MULTICOMPONENT DISTILLATION 1809 

where the kik are the mass transfer coefficients of the binary i-k pair. 
These coefficients must be estimated from a suitable correlation of experi- 
mental data, such as the one we propose further on. In the method of 
Krishna and Standart (171, [B”l /d  = [MI with mi = Ti and [A”] = [MI 
with mi = XY. 

3. Explicit Interactive Method. In these methods the rate equations 
take the form 

(18) 

where [Kv] is the square matrix of total mass transfer coefficients and 
QV is a flux correction factor. 

(Wv) = [K”]@”sQ.(y - y’) 

Energy Transfer Rate Equations 

The film model of simultaneous heat and mass transfer in multicompo- 
nent systems leads to the following expression for the energy transfer rate 
through the vapor film (15, 17): 

%” = hVDQ exp EV EV (TV - TI) + @‘Ni (19) 
- 1  i =  I 

where EV is defined by 

and hV is the vapor phase heat transfer coefficient, estimated from the 
appropriate correlation (see below). 

For the liquid phase, a similar relation to Eq. (17) can be written for 
low transfer flux: 

(21) 
c 

CeL = hLsQ.(T1 - TL) + 2 @SIT; 
i =  1 

where hL is the heat transfer coefficient for the liquid phase. 

lnterface Equations 

Assuming a singular surface offering no resistance to transport, where 
equilibrium is attained, the following equations relate the mole fractions 
on each side of the interface: 

(22) Q!. = K.x!.  - y.. - 
IJ 1J f, - 0 

c c 
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1810 OVEJERO ET AL. 

Thermodynamic and Transport Properties Evaluation 

To solve the equations of the model described above, evaluation of the 
following thermodynamic properties is need: K values at the temperature 
and composition of the interface, enthalpies of the vapor and liquid 
streams entering and leaving every stage, and partial molar enthalpies of 
the bulk vapor and liquid phase. All these thermodynamic properties have 
been calculated by using the methods proposed by Prausnitz et al. (21). 

Solving the equations system also requires the evaluation of the trans- 
port coefficients (binary mass transfer and heat transfer coefficients) 
which involves the calculation of several other physical and transport 
properties: binary diffusion coefficients, viscosity, density, heat capacity, 
and thermal conductivity. The binary mass transfer coefficients have been 
calculated from the experimental correlation proposed in a previous work 
for the same type of contact device (22): 

The properties have been calculated separately on each stage by the 
predictive methods recommended by Reid et al. (23). 

EX PER1 MENTAL 

The data were obtained by using an experimental device which has been 
previously described elsewhere (24). The experiments were carried at total 
reflux and steady-state conditions that considerably reduce the number 
of equations in the model, since x,,+ = yo and I , ,  = 7jij at any height 
of the column. Moreover, in these types of experiments the maximum 
separation is attained for a given number of stages and no material is lost 
from the column. 

Sequence data collection from different parts of the column was re- 
peated twice consecutively, with about 15 minute between reading or sam- 
pling at the same height of the column. 

The binary systems used were methanol-water, isopropanol-water, 
and methanol-isopropanol, and the ternary systems used were metha- 
nol-isopropanol-water and acetone-n-hexane-cyclohexane. 

THE SIMULATIONS 

The experiments were simulated by dividing the column into six sec- 
tions, each of which was treated as though it were a nonequilibrium stage. 
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SIMULATION OF MULTICOMPONENT DISTILLATION 1811 

Moreover, the distillation column was eguipped with a partial reboiler 
and a total condenser. 

The partial reboiler was modeled as an equilibrium stage with (2c + 1 )  
variables: c component liquid flow rate, 1,; c component vapor flow rate, 
nu; and the temperature TL = qv = 7;‘. The (2c + 1) equations that model 
this stage included the c component material balance, c equilibrium rela- 
tionships, and the energy balance. 

The total condenser may be described by a set of (2c + 1) equations: 
c component material balance, an energy balance, ( c  - 1) equations which 
consider the equality between the mole fractions in the product and reflux 
streams, and an equation specifying the temperature of the product 
stream. 

Each one of the nonequilibrium stages is described through (6c + 5 )  
equations and independent variables, as mentioned before. A reduction 
in this large number of equations and independent variables can be ob- 
tained by eliminating certain linearly dependent equations. So, consider- 
ing that there is only one set of c strictly independent mass transfer rates, 
N, (= N; = Nk), and combining the energy balance in the interface (7) 
with the energy transfer rate equations (19) and (201, the final number of 
equations and independent variables to be considered is (5c + 3 ) ,  ex- 
pressed in vectorial form as follows. 

Independent variables: 

xj = ( V l j ,  V Z j ,  . . . , vcj, l , j ,  12j,  . . . , l c j ,  qv, Tj j ,  
1 I 

N l j ,  Nzj, . , . 9 Ncjt .Yij ,  y z j ,  . . . 9 Y:j, - d j ,  ~ 2 j ,  . . . , ~-4% c)  (26) 

Independent equations: 

Fj = ( M  x, M Z ,  . . . , M Z ,  M b ,  M k ,  . . . . M$,  RX., . . . , Rc- l j ,  V 

Rb,R$r . . . 7 R,L-lj, EY, EjL, 4, Q i j ,  Q!jt  . . . 9 Q:j, Cj”, C)) 
(27) 

The experiments were carried out at total reflux, for which ZJ, = lij + 

and therefore the set of component vapor flows, I J ~ ,  or the component 
liquid flows, lo, can be removed from the set of variables representing the 
jth nonequilibrium stage. 

The sequence of the six nonequilibrium stages will be described by a 
set of 6(4c + 3) = (24c + 18) variables and equations, and the distillation 
column will be represented by ( 2 ~ ‘  + 1) + (24c + 18) + (2c + 1)  = (28c 
+ 20) variables related through the same number of equations. 

A simple flow chart of the calculation algorithm used in the simulation 
of the distillation experiments could be expressed as shown in Chart 1. 
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RESULTS AND DISCUSSION 

In our simulations the composition measured at the column bottom was 
used to initiate calculation of the profiles along the column. Figures 2(a-c) 
show a comparison between the experimental data and the profiles pre- 
dicted by the model for some runs carried out with the three binary sys- 
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SIMULATION OF MULTICOMPONENT DISTILLATION 1813 

tems methanol-isopropanol, methanol-water, and isopropanol-water. As 
can be seen, the discrepancies are extremely small, with an average abso- 
lute deviation of much less than 1% (Fig. 3 ) .  

A much better test of the model is provided by comparison between its 
predictions and the measured profiles in multicomponent systems. Pre- 
dicted and measured composition profiles for the systems methanol, iso- 
propanol, and water (Figs. 4, 5, and 6) and acetone, n-hexane, and cyclo- 
hexane (Figs. 7, 8, and 9) show excellent agreement, with average and 
maximum error values very low. 

To determine the influence of the interaction effects among the different 
components forming the ternary system, a new simulation has been made 
by replacing Eq. (12) by Eq. ( 8 ) ,  described above, for the acetone-n- 
hexane-cyclohexane system. Figures 7 and 8 show comparisons among 
the experimental values, the predicted composition profiles by the interac- 
tive model (Eq. 12), and the predicted composition profiles by the effective 
diffusivity model (Eq. 8). The average deviation in prediction of the experi- 
mental values is around 6%. 

Finally, Figs. 7 and 8 also show the results obtained for the acetone-n- 
hexane-cyclohexane system using an equilibrium stage model to estimate 
the composition profiles. A clear difference between the experimental 
values and the estimated composition profiles can be observed with an 
average error above 15%. 

The agreement between the experimental results and the values pre- 
dicted by the nonequilibrium model with interaction effects in all the simu- 
lations carried out with different systems is almost complete, showing the 
excellent possibilities of the model, useful when dealing with nonideal 
systems. Among the different information sources needed by this predic- 
tive model, the correlations of mass transfer coefficients used in this work 
lead to adequate estimation of the molar fluxes in every stage. 

The influence of the interaction effects is easily deduced from a compari- 
son of the predicted profiles by the nonequilibrium model with interaction 
effects and without them; the latter is based on the effective diffusivity 
method. These interaction effects become important in the systems used 
in these work in which the binary pair diffusivities differ widely. As can 
be observed from Figs. 7 and 8, ignoring the interaction effects leads to 
poorer predictive results. 

The equilibrium stage model has been used to estimate the importance 
of mass transfer resistance between phases. The number of equilibrium 
stages needed to reach the experimental composition of the column top 
was determined for each experiment, starting from the experimental com- 
position of the column bottom. The number of equilibrium stages, and 
therefore the height equivalent to a theoretical plate (HETP), varies with 
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FIG. 2(a) Comparison of experimental and predicted composition profiles for the binary 
system methanol and isopropanol. 
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FIG. 2(c) Comparison of experimental and predicted composition profiles for the binary 
system isopropanol and water. 
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FIG. 3 Comparison of experimental and predicted mole fractions for the binary systems: 
methanol and isopropanol (0), methanol and water (0) and isopropanol and water (A). 
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FIG. 4 Comparison of experimental and predicted composition profiles for the methanol 
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FIG. 5 Comparison of experimental and predicted composition profiles for the methanol 
(0). isopropanol (A), and water (0) systems. Predicted profile (-+. Run 8: V = 0.0600 
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FIG. 6 Comparison of experimental and predicted mole fractions for methanol (01, isopro- 
panol (A). and water (0) systems. 
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FIG. 7 Comparison of experimental and predicted composition profiles for the acetone 
(O), phexane (A) andcyclohexane (0) systems. Predictedprofile by nonequilibriummodelwith 
interactions (-1. Predicted profile by nonequilibrium model with effective diffusivity 
(- - -). Predicted profile by the equilibrium stage model (- -). Run 1: V = 0.0273 kmol/h. 
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FIG. 8 Comparison of experimental and predicted composition profiles for the acetone 
(O), n-hexane (A), and cyclohexane (0) systems. Predicted profile by nonequilibrium model 
with interactions (-). Predicted profile by nonequilibrium model with effective diffusivity 
(- - -). Predicted profile by the equilibrium stage model (- -). Run 7 :  V = 0.0425 kmolih. 
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FIG. 9 Comparison of experimental and predicted mole fractions for acetone (El), n-hexane 
(A), and cyclohexane (0) systems. 
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SIMULATION OF MULTICOMPONENT DISTILLATION 1819 

the composition of the column bottom without any relation between these 
variables. 

SYMBOLS 

H 
H 
- 

Dl 
k 
[KI 
Kij 
1 
L 
L,  
M 
[MI 
in 
N 
Q!. 

Q 
r 
S 
T 

V 
V R  

U 

X 

Y 

interfacial area (m2) 
specific interfacial area of packing (m2/m3) 
matrix of inverse mass transfer coefficients (m*.s/kmol) 
diffusivity (m’/s) 
number of component 
specific heat (J/kmol.K) 
energy balance functions (Jis) 
heat transfer rate factor 
total interphase energy transfer rate (J/s) 
component feed rate (kmolis) 
total feed rate (kmol/s) 
gravitational acceleration (m/s’) 
heat transfer coefficient (J/s.m2.K) 
enthalpy (J/kmol) 
partial molar enthalpy (J/kmol) 
identity matrix 
individual mass transfer coefficient (kmol/m’.s) 
square matrix of total mass transfer coefficients 
equilibrium ratio 
component liquid flow (kmol/s) 
total liquid flow (kmol/s) 
liquid flow rate [m3/s (m perimeter)] 
mass balance functions (kmol/s) 
general matrix defined by Eqs. (14) and (15) 
element of the matrix [MI 
total interphase mass transfer ratio (kmolls) 
interphase equilibrium function 
heat removal (J/s) 
ratio of side stream to interstage flow rate 
total side stream flow (kmol/s) 
temperature (K) 
component vapor flow (kmol/s) 
total vapor flow (kmolis) 
liquid-gas relative velocity (m/s) 
liquid-phase composition (mole fraction) 
vapor-phase composition (mole fraction) 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1820 OVEJERO ET AL. 

Greek Letters 

@ high flux correction factor 
4 rate factor 
[A] rate factor matrix 
x summatory functions 
P density (kg/m3) 
F viscosity (kg1m.s) 
(T surface tension (kg/s’) 

Subscripts 

eff effective value (of property) 
i, k component number 
j stage number 
t total (of property) 

Superscripts 

I interface 
L liquid bulk 
LF liquid feed 
V vapor bulk 
VF vapor feed 
- average bulk value 

Matrices 

0 
[I 

1. 

2 .  

3. 

4. 
5. 

6. 

7. 

column matrix 
square matrix 
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