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Dynamic simulation of stage separation processes is a signifi- 
cant field in chemical engineering. Among those processes, a 
distillation column has long been a major process. The emphasis 
of earlier work was on formulations of mathematical equations 
using various assumptions (Peiser and Grover, 1962; Holland 
and co-workers, 1965, 1966, 1967; Howard, 1970). In the last 
ten years, however, development of stable and efficient algo- 
rithms for integrating the basic equations has attracted much 
more attention, and some powerful integration techniques have 
been developed (Ballard and Brosiiow, 1978; Gallun and Hol- 
land, 1982; Prokopakis and Seider, 1983). The present note 
examines the earlier work. 

The simplest model uses the assumption of constant molal 
overflows and liquid holdups, but in the models developed by 
Holland and his co-workers (1965, 1966), provision is made for 
incorporating heat balances and for choosing either constant 
molal or volume holdup specifications. Howard (1970) pre- 
sented a general modeling procedure that allows a wide choice of 
simplifying assumptions. Peiser and Grover (1962) included the 
effects of tray hydraulics and condenser and reboiler heat 
exchange dynamics. Although most of these works are based on 
the assumption of perfect mixing of liquid on and leaving each 
tray, the later models by Holland et al. (1 967) accounted for the 
effect of channeling, transfer lag, and mixing. Those studies are 
all highly significant regardless of the assumptions made, 
because the dynamic simulation is performed by choosing a 
model best suited to the case considered. The simulation is 
undertaken for many different purposes, and we choose a model 
that is expected to give adequate reliability with minimum com- 
putational effort. Although a number of models are thus avail- 
able, the assumption of negligible vapor holdups was used by 
everyone. The author is concerned with this assumption, and the 

significance of vapor holdups in some situations is originally 
pointed out from a unique viewpoint. 

For simplicity, the following assumptions are made: there is 
perfect mixing between the liquid and vapor phases and within 
each phase; hydraulic effects are negligible; and molal holdups 
of liquid and vapor can be considered constant. Then, the varia- 
tion rate of the amount of a component on a tray is given by 

The first assumption means that there is no interphase mass 
transfer resistance and the vapor and liquid leave the tray at  
equilibrium. Assuming that the volatility q, ( = J J , , ~ /  xi ,J) is con- 
stant, Eq. 1 is reduced to 

Hence, the degree of the contribution of H ,  should be estimated 
by comparing H ,  with a,,,H,. The degree can be significantly 
large in cases where ( I )  extremely volatile components are pres- 
ent; (2) the column is operated at  cryogenic temperature; or (3) 
a partial condenser is used and its volume is very large. Case 1 is 
found in distillation of heavy hydrocarbon mixtures where 
hydrogen, nitrogen, and methane are present, and in separation 
of wide boiling mixtures by absorbers and strippers. The most 
significant example where all three cases mentioned above are 
found is hydrogen isotope distillation with the presence of 
helium. Such processes are becoming increasingly more impor- 
tant in  the fusion fuel cycle (Steiner and Flanagan, 1983). A 
typical feed comprises helium, protiurn, deuterium, and tritium, 
from which packed columns arranged in a cascade remove 
helium and protium and produce pure streams of deuterium and 
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tritium. The order of the volatility of helium is in the range from 
lo2 to lo3, and varies greatly depending on liquid composition 
and temperature (Kinoshita, 1983). In addition, H , / H ,  is 
roughly lo-’ per theoretical stage owing to the cryogenic tem- 
perature and low liquid density. In  such circumstances, the 
vapor holdup terms are much more important than the mass 
transfer resistance, hydraulic effects, and heat balances. The 
present note derives working equations for dynamic simulation 
of stage separation processes by incorporating vapor holdups. 
The above-mentioned assumptions are used with the exception 
that the term, dyi.j/dt is treated in a rigorous manner. Heat bal- 
ances are also excluded in the model. 

Derivation of Working Equations 

material balances are expressed by 
The model column is illustrated in Figure 1. The component 

The vapor mole fractions are calculated by solving 

m 

Z j  = Ki,jXi.j = 1 ( 5 )  
i - l  

for Ti and then from the vapor-liquid equilibrium relationship: 

Vl 

FN--T L N  

Figure 1. Model column for mathematical simulation. 

From Eqs. 7 and 10, we obtain 
Mathematical complexity is caused by dyi , j /d t ,  which has never 
appeared in the previously reported models. By using Eq. 6 ,  we 
obtain 

Since Ki,j can be considered a function of 
dK,,,/dt is given by 

. . . , x,_ I,j, and Ti, 

Since Ti is a function of x I J ,  . . . , x , , , - ~ , ~ ,  we obtain 

m- 1 

d T j / d t  = (aTj /ax , j ) (dxk , j /d t ) .  (9) 
k- I 

Substituting Eq. 9 in Eq. 8 yields 

where 

Substituting Eq. 11 in Eq. 3 and rearranging the resultant equa- 
tions yields the following matrix equations: 

d%,/dt = &:IDj, j = I , .  . . , N 
- -  

. . .  

. . .  
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1 ; k f n  

(14) 

The  term Di.j denotes the  righthand side of Eq. 3. 

expressed 
By solving Eq. 13, dxi , j /dr  can  be calculated; it can be 

Hence, a numerical technique can be applied to  the integration 
of Eq. 15. The  partial derivative dTj/dxi,j is calculated from the  
requirement that  the sum of all the  vapor mole fractions be  
equal to unity (Howard, 1970). This calculation is made  by 
assuming tha t  pressure is independent of time. Extending the  
expression derived by Howard to cases of nonideal solutions, we 
obtain 

Conclusion 
I f  H ,  is neglected, d ~ , , ~ / d t  is greatly overestimated for com- 

ponents having very large volatility. For these components even 
a small change of x , , ~  results in a considerable change ofy,,J. As a 
consequence, x , , ~  and Y , , ~  change far more rapidly than  the  cor- 
rect values. The  calculation results for the  other components a r e  
also subject to  this miscalculation and quite erroneous. Thus, the  
present model avoids such errors in cases where very volatile 
components a re  present within the column. 

I t  is a highly interesting task for the  future to  develop a more 
rigorous model by accounting for the  mass transfer resistance, 

hydraulic effects, and  heat balances. Information on some 
experimental results will also be valuable. 
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Notation 

HLj = liquid holdup on stagej, mol 
H ,  = vapor holdup on stagej, mol 
Ki.j = vapor-liquid equilibrium ratio for component ion  stage j 

F, = flow rate of feed supplied to stagej, mol/h 

Lj = flow rate of liquid stream leaving stagej, mol/h 
m = total number of components 
N = number of total stages 

T, = temperature on stage j ,  K 
U, = flow rate of liquid sidestream from stagej, mol/h 
V,  = flow rate of vapor stream leaving stagej, mol/h 

W, = flow rate of vapor sidestream from stagej, mol/h 
xi., = mole fraction of component i in liquid stream leaving stagej 
yi.j = mole fraction of component i in vapor stream leaving stagej 
zi., = mole fraction of component i in feed supplied to stagej 

t = time, h 

Subscripts 
i = component index 
j = stage index 
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