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SEPARATION SCIENCE, l (2  & 3), 245-279 (1966) 

Studies of Controlled Cyclic 
Distillation: I. Computer Simulations 
and the Analogy with Conventional Operation 

JUDE T. SOMMERFELD, VERLE N. SCHRODT, 

PAUL E. PARISOT, and HENRY H. CHIEN 
MONSANTO COMPANY, ST. LOUIS, MISSOURI 

Summary 
Computer simulations of a controlled cycling rectification still were run to 
determine the theoretical effects of local point efficiency, slopes of the equi- 
librium and operating lines, amount of liquid dropped during the liquid- 
flow period, and other parameters on over-all column and individual plate 
efficiencies. It is shown that, although the Murphree vapor efficiency of a 
plate at any instant of time is assumed to be constant and equal to the local 
point efficiency, the effective plate efficiency based on the resulting liquid- 
phase plate compositions is usually significantly greater than the point 
efficiency. This leads to the improved separating ability achieved in con- 
trolled cyclic operation. The existence of a precise analogy between con- 
trolled cyclic distillation and conventional distillation with liquid-phase 
concentration gradients across the plates of the column is shown. In 
essence, this analogy reduces to the substitution of time as the independent 
variable in the former case for distance in the latter case. 

The concept of controlled cycling and its application to various 
chemical engineering operations has received considerable atten- 
tion in recent years. As compared to conventional countercurrent 
operations with simultaneous flow of two phases, controlled cyclic 
operation consists of alternating flow of each phase over a con- 
trolled time interval, with or without a coalescence period between 
each flow interval. This concept derives its origin from Cannon 
(1,2), who was the first to apply controlled cycling to a number 
of operations, including screening (3), extraction (4-6) and distil- 
lation (7-9). 
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246 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

Numerous investigators have since applied controlled cycling 
or a variation of it to a variety of separations and operations. These 
include absorption (10J I), in which an increase in throughput of 
a factor of three and a simultaneous improvement in efficiency have 
been observed, and extraction (6,12), in which throughput increases 
of an order of magnitude have been reported. Pulsing, which may 
be considered as a form of controlled cycling, has also been ap- 
plied to fractional crystallization (13) and chemical reactions (14). 
Examples of the application of controlled cycling in the area of 
heat transfer include welding (15) and film boiling (16). In the 
latter case, up to 100% increases in the heat-transfer rate were ob- 
served when cycling was applied to stable film boiling. All this re- 
search indicates substantial advantages to be gained from the suc- 
cessful application of controlled cycling to separations and rate 
processes in a variety of disciplines. 

More recently, McWhirter (17) and McWhirter and Lloyd (18) 
have carried out extensive theoretical and experimental investi- 
gations of controlled cyclic distillation. This mode of operation 
consists of alternating periods of vapor flow only and liquid flow 
only. In the physical sense, this is accomplished in a column fitted 
with, typically, perforated trays with large open areas and no down- 
comers. McWhirter demonstrated, using laboratory columns rang- 
ing up to 6 inches in diameter, that the separating ability and 
capacity of a controlled cycling column could each be simultane- 
ously increased by approximately a factor of two relative to those 
for the same column operating in conventional fashion. Schrodt (19) 
has reported similar results from his laboratory studies. 

Although the nature of the increased capacity of a controlled 
cycling column is easily rationalized by the fact that such a column 
is operating in essentially a flooded condition during the vapor- 
flow period, and hence excessive entrainment becomes the only 
limiting condition here, the reasons for the increased efficiency 
of such a column have yet to be given. From his simulations, 
McWhirter (17,18) shows that the average driving forces for mass 
transfer in a cyclic column are considerably greater than those in 
a conventional column, but concludes that the high stage efficien- 
cies of a cyclic column are difficult, if not impossible, to rationalize 
in terms of conventional operation. 

In this paper the results of analog- and digital-computer simula- 
tions of controlled cyclic distillation, the purpose of which was to 
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CONTROLLED CYCLIC DISTILLATION: I. COMPUTER SIMULATIONS 247 

TABLE 1 
Definition of' Various Efficiences 

Efficiency Symbol 

Murphree point E 
efficiency 

efficiency 
Instantaneous plate 

Effective plate EO 
efficiency 

efficiency 
Over-all column E" 

Definition 

Local vapor efficiency at a point in time and 
space [see Eq. (2)] 

Over-all vapor efficiency of a plate at a point 
in time (always assumed to be equal to E 
i n  these simulations) 

Over-all efficiency of a plate computed on the 
basis of liquid-phase plate compositions 

Number of theoretical stages (E,, = 100%) 
corresponding to a given separation 

' divided by the number of actual plates 
in the column 

investigate the theoretical effects of various parameters on the 
separating ability of a controlled cycling column, are presented. 
Using analytical results derived for certain simplified cases via 
matrix methods (20), an analogy is then developed between con- 
trolled cyclic distillation, on the one hand, and conventional dis- 
tillation with transverse concentration gradients across the plates 
of the column, on the other. The analogy, in essence, involves the 
mere replacement of distance as the independent variable in the 
latter case with time in the former case. The beneficial effects of 
transverse concentration gradients on the separating ability of a 
distillation column were shown by Lewis (21) more than twenty- 
five years ago. Using this analogy, the theoretical performance of 
a controlled cycling column may be accurately predicted from that 
of its conventional counterpart. 

Before proceeding further, it may be beneficial to define the vari- 
ous efficiencies that will be referred to throughout this paper. AI- 
though the reasons for doing this may not be immediately obvious 
at this time, it is hoped that this will serve to reduce the amount 
of possible confusion brought about by the necessary use of various 
efficiencies. The definitions of these are given in Table 1. 

DYNAMIC EQUATIONS 

Dynamic material-balance equations for the vapor-flow and 
liquid-flow periods of controlled cyclic distillation of a binary 
mixture in a rectification still and the assumptions underlying 
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248 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

them have been given earlier by McWhirter and Lloyd (18). The 
same equations were used in this study, and hence only brief men- 
tion of them is made here. For the nth stage of the column (re- 
boiler = stage 1) during the vapor-flow period of the cycle, we have 

where H is the liquid-phase molar holdup on the stage (assumed 
here to be the same and constant for all plates in the column), V 
is the constant molar boilup rate, xn is the liquid-phase mole frac- 
tion of the more volatile component on the nth stage, and y,, the 
mole fraction of the more volatile component in the vapor leaving 
the nth stage, is given by the definition of the Murphree (vapor) 
point efficiency: 

Y n  - Yn-I 
Y n  - Yn-1 

E =  

where y," is the composition of the vapor that would be in equi- 
librium with the liquid on the nth stage and is given by the particu- 
lar vapor-liquid equilibrium relationship assumed. The Murphree 
point efficiency, E ,  with which the plate efficiency at any instant 
of time is equated, is assumed to be the same and equal for all plates 
in the column. Equations (3) and (4) describe the dynamics during 
the vapor-flow period for the special cases of the still pot and con- 
denser, respectively: 

where S and C are the liquid-phase holdups of the still pot and 
condenser, respectively, at time t, and N is the number of actual 
plates in the column. It will be noted in Eq. (3)  that the still pot is 
assumed to be equivalent to one theoretical stage. 

During the liquid-flow period of the cycle, it is assumed that no 
mass transfer occurs and that constant and equal amounts of liquid 
flow from each stage in plug-flow fashion. With these assumptions, 
the material-balance equations for the liquid-flow period become 
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CONTROLLED CYCLIC DISTILLATION: I. COMPUTER SIMULATIONS 249 

where the superscripts V and L refer to conditions at the ends of 
the vapor-flow and liquid-flow periods, respectively, and d, is the 
amount of liquid that flows during the liquid-flow period, expressed 
as a fraction of a plate holdup. For the still pot and condenser, we 
have 

(0 zz d, s 1) Svxv + d,HxX 
Sv + d,H x+ = 

x: = x," (7) 

The conditions denoted by the superscript L also correspond to 
the initial conditions for the vapor-flow period of the next cycle. 

Equations ( 5 )  and (6) are valid only for 0 s d, s 1. For larger 
values of d,, the following equations result: 

For 1 6 d, d 2: 

Svxr + H x l +  (d, - l)Hx,V - 
1 -  Sv + d,H 

x; = (d, - l)xE+, + (2 - d,)XE+, ( n  N )  (9) 

where the ( N  + 2)th stage corresponds to the condenser. Equations 
similar in form can easily be developed for values of d, > 3. In all 
cases there is no change in the condenser composition during the 
liquid-flow period. 

In the experimental studies of McWhirter (17,18) it was shown 
that the condition of plug flow during the liquid-flow period was 
fairly realizable in columns as large as 6 inches in diameter. 

The duration of the vapor-flow period (7) is determined by such 
parameters as plate holdup ( H ) ,  boilup rate (V), fraction of a plate 
holdup dropped during the liquid-flow period (d,), and reflux ratio 
(R) .  In conventional distillation, the reflux ratio is defined as 

L L  
D V - L  

R = - = -  
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250 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

where L and D are the reflux and distillate rates, respectively, ex- 
pressed as certain amounts of material per unit time. In controlled 
cyclic distillation, the reflux ratio is given by consideration of one 
complete cycle. The total amount of boilup in one cycle is Vr ,  
whereas the amount of liquid reflux at the end of the cycle is 4 H .  
Thus the reflux ratio becomes 

whence 
R + 1 4 H  

R V  
$-=-- 

Alternatively, for given values of V ,  H ,  and r ,  specification of 4 
defines R.  At total reflux ( R  + m), 

Although the duration of the liquid-flow period is determined by  
the hydrodynamics of a real column, it is apparent that this period 
is of no relevance from a purely mathematical point of view. 

ANALOG-COMPUTER SIMULATIONS 

To see how the plate compositions of a controlled cycling column 
vary with time during the vapor-flow period, and also how the col- 
umn approaches its pseudo-steady-state condition, analog-com- 
puter simulations of controlled cyclic distillation were run. The 
pseudo-steady-state condition is defined to be tlx, condition at 
which the composition profile in a cycling column is the same at 
the end of successive cycles. Obviously, such factors as time con- 
stants for the plates (HIV), the number of plates in the column, and 
the fraction of a plate holdup dropped during the liquid-flow period 
will have a significant effect upon the number of cycles required 
to achieve this condition. Nonetheless, it will be  seen that a con- 
trolled cycling column, much like its conventional counterpart, 
does indeed achieve a form of a steady-state condition. 

A binary system with a constant relative volatility (a) of 1.2 was 
chosen for study. The simulation was run at total reflux. The follow- 
ing values for the various system parameters were assumed: 

V = 0.1 g molelsec 
Ii = 0.2 g mole 
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CONTROLLED CYCLIC DISTILLATION: 1. COMPUTER SIMULATIONS 25 1 

S" = 10 g moles 
E = 1.0 
r#J= 1.0 
N = 5  

Thus from Eq. (17) it is seen that 7 = 2 sec. The analog simulation 
was run in real time. For initial conditions it was assumed that 
the column was operating in conventional fashion at total reflux, 
whence, with E = 1.0, 

(18) 

The initial composition of the still pot (xy) was assumed to be 0.5. 
Two consoles of PACE 131-R analog-computing equipment were 

used in this study. The first console, which simulated the operation 
of the controlled cycling column, integrated Eqs. (l) ,  (3), and (4) 
for a time interval slightly greater than T ,  at the end of which it was 
automatically put into the reset mode and then back into the oper- 
ate mode for another cycle. In the reset mode it obtained its initial 
conditions for the next cycle from the second console, which, oper- 
ating in track-and-hold fashion, had been automatically put into the 
hold mode at t = ~ ,  and returned to the operate and track mode 
shortly after the initiation of the new cycle. Thus the second con- 
sole served as a memory device and, in addition, performed the 
algebraic operations denoted by Eqs. (5) and (6). 

Composition-time profiles for the five plates of the column and 
the condenser, as followed with a six-channel recorder, are pre- 
sented in Fig. 1, for the conditions given above. It is seen that each 
plate composition decreases during the vapor-flow period as the 
more volatile component is stripped out and then returns to a new 
higher level during the liquid-flow period. The condenser receives 
only vapor from the top plate, so its composition first increases 
during the vapor-flow period as it receives richer vapor, and then 
decreases as the composition of the vapor from the top plate de- 
creases. Thus the condenser composition goes through a maximum 
during the vapor-flow period of each cycle (except the first cycle). 
The composition levels for each plate and the condenser increase 
from the conventional condition up to the pseudo-steady-state con- 
dition. At this point the composition on each plate (except the first 
plate) at the end of the vapor-flow period is exactly equal to that 
on the plate immediately below at the beginning of this period. 
Also, the condenser composition at the end of the vapor-flow period 

&Xi-1 xi = yip* = 1 + (a! - 1 ) X i - l  
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0.5 

is the same as at the beginning of this period. The composition of 
the still pot, because of the large holdup associated with the latter, 
decreases only slightly during any vapor-flow period, and also ex- 
periences only a slight permanent decrease in the approach to the 
pseudo-steady-state condition (less than 0.001 mole fraction). The 
flat parts of the curves in Fig. 1 merely correspond to the time dur- 
ing which the first console is in the reset mode. 

\ 
X ,  

DIGITAL-COMPUTER SIMULATIONS 

The results of the analog-computer simulations provided a 
graphic demonstration of the manner in which a controlled cycling 

O'( t 
I I I I I I 

Number of Cycles 

FIG. 2. Results of digital-computer simulation of controlled cyclic distilla- 
tion in a five-plate rectification still at total reflux. Compositions refer to 
conditions at the end of the vapor-flow period. (V = 0.1 g molelsec; H = 0.2 

g mole; So= 10 g moles; E =  100%; 4 = 1.0; a = 1.2; x! = 0.5). 

0 20 40 60 111 IW 1M 140 
0.3 
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254 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

distillation column operates. Having established that a difference 
in separation stems fundamentally from a difference in mode of 
operation, a program was initiated to study the effects of various 
parameters on the separating ability of such a column via digital- 
computer simulation. For this purpose, Eqs. (l), (3), and (4) were 
converted to finite-difference form suitable for numerical integra- 
tion on an IBM-704 digital computer. The study was confined to 
the simulation of controlled cycling rectification stills; distillation 
columns with intermediate feed streams were not investigated. The 
normal time step (value of At in the finite-difference equations) in 
all these simulations was 0.01 sec; it was found that very little 
change in the results occurred for time steps smaller than this. 

The results of the digital-computer simulation corresponding to 
the same conditions at which the analog simulation was made are 
presented in Fig. 2. These curves represent the computed values 
of the various compositions at the elid of the vapor-flow period as 
a function of number of cycles. The pseudo-steady-state condition 
is, for all practical purposes, achieved after 150 cycles. This was 
generally true for most of the simulations. 

Controlled Cyclic Distillation at Total Reflux 

The effects of fraction of a plate holdup dropped during the 
liquid-flow period, mixing during the liquid-flow period, relative 
volatility, actual slope of the equilibrium curve, Murphree point 
efficiency, and number of actual plates on the separating ability of 
a controlled cycling rectification still operating at total reflux were 
studied. The following parameters were held constant during all 
these simulations: So = 20 g moles, V = 0.1 g mole/sec, H = 0.2 g 
mole. The results of these studies are presented below. 

Effect of fraction a plate holdup dropped. Values of r#~ ranging 
from 0 up to 3.0 were investigated. Values of the other parameters 
were: a = 1.2, E = 1.0, N = 5, and x; = 0.5. The effective number 
of theoretical plates in the column (Neff) was calculated from the 
values of the still-pot and condenser compositions at the end of 
the vapor-flow period at the pseudo-steady-state condition, using 
the Feiiske equation (22): 
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CONTROLLED CYCLIC DISTILLATION: I. COMPUTER SIMULATIONS 255 

where the effect of the still pot, which is assumed to be equivalent 
to one theoretical plate, has been subtracted out. The over-all col- 
umn efficiency (EO) is then determined by dividing Neff by the num- 
ber of actual plates. The results of these investigations are pre- 
sented in Fig. 3. 

These results agree with those obtained by McWhirter (17) in 
his original theoretical studies. Maxima occur at integral values of 
4, with the maximum of these maxima occurring a t 4  = 1. Presum- 
ably, other peaks would result for integral values of 4 greater than 
3, although they would become less and less distinct. The value 
of 4 = 0 corresponds to conventional operation. 

Effect of mixing during the liquid-flow period. To ascertain the 
effect of mixing during the liquid-flow period on the separating 
ability of a controlled cycling column, Eqs. ( 5 )  and (6) were re- 

I I I I I 
0.5 1.0 1.5 2.0 2.5 

Fraction of A Plate Holdup Dropped W) 

4.0 
0.0 

FIG. 3. Effect of fraction of a plate holdup dropped during the liquid-flow 
period (4) on the over-all efficiency (EO) of'a controlled cycling rectification 
still at total reflux. (V = 0.1 g mole/sec; H = 0.2 g mole; So = 20 g moles; 

E = 100%; N = 5;  a = 1.2; X: = 0.5). 
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256 SOMMERFELD, SCHRODT, PARISOT, AND CHlEN 

placed by differential equations which would describe the dynam- 
ics of the plates and the still pot for complete mixing during the 
liquid-flow period: 

where L is the liquid molar flow rate during the liquid-flow period, 
and at total reflux is equal to V if rL, the duration of the liquid-flow 
period, is equal to the duration of the vapor-flow period, 7. As with 
the equations for the vapor-flow period, Eqs. (20) and (21) were con- 
verted to finite-difference form and integrated numerically in the 
digital-computer simulations. Values of r (and also T ~ )  equal to 0.5, 
1.0, and 2.0 sec were investigated; these correspond to 4 = 0.25, 
0.5, and 1.0, respectively, in the case of liquid plug flow. The results 
of these simulations are presented in Table 2. 

A comparison of the data of Table 2 and Fig. 3 shows the impor- 
tance of plug flow during the liquid-flow period ofcontrolled cyclic 
distillation. Complete mixing during this period obliterates the 
separation advantages to be gained by controlled cyclic operation, 
and results in essentially conventional operation. Thus close ap- 
proach to liquid plug flow down the column is necessary in con- 
trolled cyclic distillation. 

Effect of relative volatility. The results of these simulations 
(Table 3)  showed the over-all column efficiency of a controlled 
cycling column to vary with the relative volatility. Thus for a con- 

TABLE 2 
Effects of Mixing during the Liquid-Flow Period on the Separating Ability of 

a Controlled Cycling Rectification Still at Total Reflux 
( S o  = 20 g moles, H = 0.2 g mole, V =  L = 0.1 g rnolelsec, (Y = 1.2, E = 1.0, 

N = 5, xy = 0.5) 

Duration of the Effective number 
vapor-flow period, of theoretical Over-all column 

T(= T,,), sec plates, NCff efficiency, El’, % 

0.5 4.96 99.1 
1.0 4.93 9s.7 
2.0 4.83 96.6 
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TABLE 3 
Effect of Relative Volatility on the Over-All Column Efficiency of 

a Controlled Cycling Rectification Still at Total Reflux 
(So = 20 g moles, H = 0.2 g mole, V = 0.1 g molelsec, + = 1.0, 

E = 1.0, N = 5, x l =  0.5) 

Relative Effective number 
volatility, of theoretical Over-all column 

ff plates, Neff efficiency, E", % 

1.05 9.56 191.1 
1.10 9.54 190.8 
1.20 9.46 189.2 
1.30 9.35 187.0 
1.40 9.23 184.6 
1.50 9.12 182.4 
1.50" 9.26 185.3 

a xy = 0.3. 

stant initial value of the still-pot composition of xp = 0.5, the over- 
all column efficiency (EO) decreases monotonically as the relative 
volatility (a )  increases from 1.05 to 1.5; the value of Eo increases 
slightly at a = 1.5 as x': is reduced to 0.3. These results indicate 
that Eo for a controlled cycling column is a function of the slope 
of the equilibrium line, rn = dy*/dx. Moreover, it would appear that 
Eo decreases with decreasing m, because it may be shown that for 
any value of x greater than 0.5, 

This would also explain why a greater column efficiency is realized 
at a = 1.5 when xp is decreased to 0.3, because, at the general1 

(m increases monotonically with decreasing x for a given value 
of a). 

Recall that these simulations were all run for a constant plate 
efficiency equal to 100% at any instant of time. In conventional 
distillation this circumstance would require that the over-all col- 
umn efficiency also be loo%, regardless of the slope of the equi- 
librium line (to be more general, regardless of the value of the 
stripping factor, A = rnV/L) (23). Thus as an apparent consequence 
of the dynamic operation, the over-all (at the pseudo-steady-state 

lower plate composition levels in this case, larger values of m resu r t 
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258 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

condition) efficiency of a given plate is not necessarily equal to 
the instantaneous plate efficiency. 

Effect of Murphree plate efficiency. In these simulations, various 
constant values of the instantaneous Muiphree plate efficiency, E ,  
were assumed to determine the effect of this parameter on the over- 
all column efficiency. Together with the assumption of complete 
mixing of the liquid contents on all plates during the vapor-flow 
period, it was also assumed that the instantaneous plate efficiency 
was the same for all plates and equal to the Murphree point effi- 
ciency. The results of these simulations are plotted in Fig. 4. Three 
different curves are presented there, corresponding to: (1) a = 1.2, 
xy = 0.5; (2) yo = 1.02~;  (3 )  a = 1.2, xy = 0.5, conventional distilla- 
tion. Thus m is a constant for the second set. The effective number 
of theoretical plates for the cases of this second set was calculated 
from the following general formula for total reflux conditions: 

Neff = ( log “ K -  ( K  - l ) ~ ,  + b ”/log K )  - 1 

which, for b (in the equation, yo = K x  + b )  = 0, merely reduces to 

The value of K for these cases was 1.02. 
These results show that the over-all column efficiency of con- 

trolled cyclic distillation increases rapidly as the individual plate 
efficiencies are increased. This conclusion is in good agreement 
with the results of McWhirter’s earlier studies (18). The first two 
curves of Fig. 4 also demonstrate again the effect of the slope of 
the equilibrium line on over-all column efficiency. Thus the curve 
corresponding to a = 1.2, x; = 0.5, for which equilibrium relation- 
ship and composition range the value of rn is always less than 1.02, 
lies generally below the curve corresponding to cyclic distillation 
for a straight-line equilibrium relationship with a slope of 1.02. 
The third curve in this figure, which corresponds to conventional 
distillation at total reflux with a = 1.2, x? = 0.5, serves as a direct 
comparison of conventional and controlled cyclic distillation. This 
curve is essentially a 45” line, which, in view of the fact that A here 
is close to unity, is what one would expect (23). 

Effect of number of plates. These studies were made assuming a 
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I I I I 

F 

I I I I 
2 3 4 5 6 

Number of Actual Plates (N) 

FIG. 5. Effect of number of plates ( N )  on the over-all column efficiency ( E O )  
of a controlled cycling rectification still at total reflux. (V = 0.1 g molelsec; 

H = 0.2 g mole; S" = 20 g moles; 4 = 1.0; E = 100%; yo = 1.02~) .  
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CONTROLLED CYCLIC DISTILLATION: I. COMPUTER SIMULATIONS 261 

straight-line equilibrium relationship in order to eliminate the 
effect of the slope of the equilibrium line on the over-all column 
efficiency. From these results (Fig. 5), it appears that the over-all 
column efficiency of a controlled cycling rectification still increases 
to an asymptotic value as the number of actual plates in the still 
increases. In an effort to determine the reason for this behavior, 
effective efficiencies for the individual plates were computed. A 
total-reflux modification of Eq. (2) was used for these computations: 

wherein, as the superscripts indicate, the pseudo-steady-state com- 
positions at the end of the vapor-flow period were used. The results 
of these computations are presented in Fig. 6, which includes the 
case of the five-plate rectification still in Fig. 5, as well as addi- 

2- 

2 3 4 

Plate Number 
FIG. 6. Effective plate efficiencies (Eo)  in a controlled cycling rectification 
still at total reflux: 1 - yo = 1.02~; 2 - yo = 1.04~; yo = 1.06~.  (V = 0.1 g 

molelsec; H = 0.2 g mole; So = 20 g moles; 4 = 1.0; E = 100%; N = 5). 
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262 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

tional simulations run for values of K = 1.04 and 1.06. The data of 
Fig. 6 show a striking resemblance to those of Fig. 5; that is, the 
effective plate efficiencies also increase from plate to plate up the 
column to an asymptotic value. Moreover, these plate efficiencies 
themselves are functions of the slope of the equilibrium line, in- 
creasing as the latter is increased. 

Controlled Cyclic Distillation at  Finite Reflux Ratio 

In the preceding section it was seen that the over-all column 
efficiency of a controlled cycling rectification still, as well as the 
effective efficiencies of the plates themselves, despite the assump- 
tion of perfect mixing, is a function of the slope of the equilibrium 
line. In conventional distillation the over-all column efficiency is 
more generally a function of the ratio of the slope of the equilib- 
rium line to that of the operating line (A = mV/L), so the effect of 
the latter on the over-all efficiency in controlled cyclic distillation 
was investigated. In conventional distillation, the slope of the oper- 
ating line is L/V, which for rectification is equal to R/(R + 1). From 
Eq. (16) it is seen that the latter quantity is equal to (PH/Vr in the 
case of cyclic distillation. Thus, for given values of (P, H ,  and V, 
specification of R determines r and vice versa. 

For simplicity in these simulations, the holdup of the still pot 
was assumed to be so large relative to that of a plate holdup that 
the composition of the former could be assumed to be constant 
at all times. Among other advantages, this assumption facilitated 
the approach to the pseudo-steady-state condition, while preserv- 
ing an accurate representation of continuous rectification at finite 
reflux. 

These simulations were also run assuming a straight-line equi- 
librium relationship. Thus the effective number of theoretical 
plates in the continuous controlled cycling rectification still could 
be determined from the following equation: 

+ A]/ - log A (25 )  
K (  1 - A )  (x! - xY) [ ( K -  l)x!+ b Neff = log 

Equation (25) is an adaptation to distillation of Colburn's equation 
(24) ,  which was originally derived for absorption: 

log A (26) 
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CONTROLLED CYCLIC DISTILLATION: I. COMPUTER SIMULATIONS 263 

where Yb and yt are the mole fractions of the solute in the gas enter- 
ing at the bottom of the absorption column and leaving at the top, 
respectively, and Y P  is the composition of the gas phase that would 
be in equilibrium with the solvent entering at the top. In distilla- 
tion then, with the assumption that the still pot is equivalent to one 
theoretical plate, Yb becomes K x ,  + b = y?, yp becomes Kx,  +b =yp, 
and yt becomes x, (for a total condenser). The over-all column effi- 
ciency is then readily determined by dividing the result of Eq. (25) 
by the actual number of plates in the still. 

The effective (or over-all) plate efficiency of the nth stage is de- 
termined by consideration of the steady-state material-balance 
equation for this stage when the column is operating under con- 
ventional conditions: 

(27) vy,-, + LX,+] = v y ,  + Lx, 

whence 

where L/V = R/(R + 1). For n = 2, yn-] = y f .  Thus a combination 
of Eqs. (2) and (28) yields, for the over-all efficiency of the nth 
stage, 

[ R / ( R  + l)](x;+, - x i )  
Y," - Yn-1 

E,, = 

The results of simulations of controlled cyclic distillation at 
finite reflux ratios are presented in Figs. 7 and 8. From the first 
of these figures it is seen that the over-all column efficiency gen- 
erally decreases with increasing reflux ratio (or increasing slope 
of the operating line). However, two different factors are contribu- 
tory here: (1) the relationship between the over-all efficiency of a 
column, be it conventional or controlled cycling, and the individual 
plate efficiencies is a function of the reflux ratio (23), and (2) the 
relationship between the over-all plate efficiencies of a controlled 
cycling column and the instantaneous plate efficiency is also de- 
pendent upon the reflux ratio. The second effect is seen quite 
clearly in Fig. 8. The over-all plate efficiencies, as determined from 
Eq. (29), are seen to depend quite markedly upon the reflux ratio, 
decreasing rapidly with increasing reflux ratio (or slope of the oper- 
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Reflux Ratio (R) 

1 1.5 2 3 4 10 

I I I I 
0.5 0.6 0.7 0.8 0.9 1.0 

I 

Slope of the Operating Line (H/VT) 

FIG. 7. Effect of reflux ratio ( R )  011 the over-all column efficiency (E") of a 
controlled cycling rectification still. (V = 0.1 g molelsec; If = 0.2 g mole; 

S = m; 4 = 1.0; E = 100%; N = 5; y" = 1.02~). 

ating line), even though the assumed instantaneous point efficiency 
in all cases was 1.0. Thus, in a more general fashion, it may be 
postulated that the over-all plate efficiencies in a controlled cycling 
column are a function of the stripping factor, A = mV/L. 

It  is also seen from Fig. 8 that, for a given reflux ratio, the over- 
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350 

~ 

2 3 4 5 
Plate Number 

265 

FIG. 8. Effective plate efficiencies (EO) in a controlled cycling rectificatioii 
still. (V = 0.1 g molelsec; H = 0.2 g mole; S = m; #I = 1.0; E = 100%; N = 5;  

y* = 1.02x.) 
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266 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

all plate efficiencies increase as one proceeds up the column-the 
same behavior that was observed in Fig. 6. 

Controlled Cyclic Absorption 

Several simulations .were run to show the extension of the con- 
cept of controlled cycling to absorption. The following assumptions 
were made here: ( 1) straight-line equilibrium relationship, (2) the 
carrier gas for the solute (only one) is insoluble in the solvent, (3 )  
the solvent is essentially nonvolatile, and (4) the amount of solute- 
free solvent holdup on each plate is the same and constant. The last 
three assumptions result in a constant rate of solute-free gas from 
each plate during the gas-flow period, and a constant amount of 
solute-free holdup being dropped from each plate during the 
liquid-flow period. The dynamic material-balance equations for 
each plate during the gas-flow period were written in terms of 
mole ratios: 

where H ,  is the solute-free liquid holdup on a plate, G, is the solute- 
free gas rate up the column, X ,  = xJ(1 - x,) is the mole ratio of the 
solute in the solvent on the nth plate, and Yn is the mole ratio of the 
solute in the carrier gas leaving the nth plate. Since all the simula- 
tions were run for a value of 4 = 1, Eq. ( 5 )  was applicable for the 
liquid (solvent)-flow period. 

From the pseudo-steady-state conditions achieved in the simu- 
lations, effective plate efficiencies for controlled cyclic absorp- 
tion as a function of LJG, were computed using Eq. (29), with 
R / ( R  + 1) replaced by L,/G,. The results (Fig. 9) are quite analo- 
gous to those of cyclic distillation, although the actual value of 
the slope of the operating line for a given plate, LJG, = [LJl 
+ Xn)/Gs(l + Yn)], varies from plate to plate because of the absorp- 
tion of solute. Nonetheless, the theoretical application of con- 
trolled cycling to absorption is seen even though the separation 
improvement to be gained in a real absorption column (the plates 
of which are usually characterized by poor efficiencies) might be 
difficult to achieve in practice (cf. Fig. 4). There is no reflux, so a 
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FIG. 9. Effective plate efficiencies in controlled cyclic absorption. (G, = 0.1 
g inolelsec; H ,  = 0.2 g mole; 4 = 1.0; E = 100%; N = 5 ;  yo  = 0 . 5 ~ ;  yb = 0.3; 

xt = 0.0.) 

controlled cycling absorption column comes to its pseudo-steady- 
state condition much more rapidly than its distillation counterpart. 

Controlled Cyclic Distillation in a Packed Column 

With the fact of improved separating ability of a plate distilla- 
tion column operating in controlled cyclic fashion established, the 
question arises whether similar behavior could be expected in a 
packed column. Simulation of controlled cyclic distillation in a 
packed column is not as simply handled as for a plate column, be- 
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268 SOMMERFELD, SCHRODT, PARISOT, AND CHIEN 

cause the behavior of such an operation is described by a system of 
partial differential equations: 

where AL and AV are the holdups per unit volume of packing of the 
liquid phase and vapor phase, respectively, and k,a is the combined 
mass-transfer-interfacial area coefficient. At steady-state conven- 
tional operation, Eqs. (31) and (32) reduce to the standard material- 
balance equation for a packed column: 

L - = V ~ = k , u ( y * - y )  dx 
dz dz (33) 

If it is assumed that the vapor-phase holdup is negligible, the right 
equality of Eq. (33) may be used for calculating the distribution of 
y’s up the column under transient conditions. During the vapor- 
flow period of controlled cyclic distillation, L = 0, and thus Eq. 
(31) may be written 

ax 
-A -= k,a(y* - y) a t  (34) 

The following procedure was used in the digital simulations of con- 
trolled cyclic operation of a packed distillation column. The column 
was broken up into a finite number of Az elements, and the right 
equality of Eq. (33)  was then written in finite-difference form. From 
an initial distribution of x values through the column, a distribution 
of y values (assuming y = the still-pot vapor composition = y:) was 
calculated from this finite-difference equation. The driving force 
at the top of a given element was used to calculate the composition 
of vapor leaving that element. After this distribution of y values 
had been calculated, a new distribution of x values after a short 
time step (duration of A t )  was calculated from Eq. (34), which had 
also been written in finite-difference form. This procedure was then 
repeated until the amount of material accumulated in the condenser 
during this vapor-flow period equalled the amount to be dropped 
during the liquid-flow period (all simulations were for total reflux 
operation). 
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The equations for the liquid-flow period were essentially the 
same as those for a plate column. That is, if the number of Az ele- 
ments to be dropped during the liquid-flow period was k (always 
an integer), then the composition of the ith element after this 
period, xf,  was 

x,c = X&+k) (35) 

where x & + ~ )  is the composition of the (i + k)th element at the end 
of the vapor-flow period. The complete procedure described by 
Eqs. (33)  to (35) was then repeated for a number of cycles until 
the compositions at the ends of successive cycles were essentially 
invariant. 

The performance of controlled cyclic operation of a packed col- 
umn was evaluated as follows. For a straight-line equilibrium re- 
lationship, integration of Eq. (34) under conventional steady-state 
conditions yields 

where Z is the total height of packing and xb is the composition of 
the first (or bottom element). Also, it can be shown for a plate col- 
umn at total reflux that 

Here x b  is the composition of the first plate and N is the number 
of theoretical plates in the column. Combining Eqs. (36) and (37) 
then yields 

( K  - l ) k , ~ Z  
V In K N =  

for the number of theoretical plates in a packed column. The actual 
(or effective) number of theoretical plates in the simulations was 
determined from Eq. (22), and the over-all column efficiency, rela- 
tive to that of conventional operation, was computed by dividing 
this result by the number given by Eq. (38). 

The results of simulations of a controlled cycling packed coIumn 
are presented in Table 4. Although these results are not quite as 
unequivocal as those for plate columns, several important conclu- 
sions may nonetheless be derived therefrom. The first of these is 
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TABLE 4 
Results of Simulations of  Controlled Cyclic Operation of 

a Packed Distillation Column at Total Reflux 
(So = 20.0 moles, A,, = 0.04 nioles/ft:', A ,  = 0, k,u = 0.25 moleslfP-sec, 

V = 0.1 moleslfP-sec, yo = 1.02x, 2 = 2 ft, N = 5.05) 

Number of Height of a Duration of Effective number Over-all col- 
Az elements Az element, a time step, of theoretical umn efficiency, 

dropped ft At, sec plates, N,(, 100 N e d N  

0" 
0" 

12.5 
2.5 
5.0 

10.0 
10.0 
20.0 
40.0 

100.0 
20.0 
30.0 

0.04 
0.04 
0.004 
0.04 
0.04 
0.04 
0.04 
0.02 
0.01 
0.004 
0.04 
0.04 

0.01 
0.001 
0.01 
0.01 
0.01 
0.001 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

4.59 
4.58 
5.14 
4.91 
4.90 
4.68 
4.81 
4.93 
4.99 
4.02 
4.43 
3.94 

90.9 
90.7 

101.7 
97.2 
97.0 
92.7 
95.2 
97.6 
98.8 
99.5 
87.7 
78.0 

Simulations of conventional operation. 

that the separating ability of a controlled cycling packed column 
decreases monotonically as the amount of liquid dropped during 
the liquid-flow part of the cycle (or the duration of the vapor-flow 
period) increases. Also, although the exact values of the over-all 
column efficiencies presented may be somewhat in doubt, the con- 
siderable separation improvements obtained through cyclic opera- 
tion of plate columns cannot be achieved by similar operation 
of packed columns (assuming that the value of k,a remains un- 
changed). The difficulty in obtaining accurate results via simu- 
lation lies in the approxiination of a set of partial differential equa- 
tions with a set of finite-difference equations. Only about 91% of 
theoretical separation was obtained by simulation of conventional 
operation (the first two entries of Table 4). Conceivably this dis- 
crepancy could be reduced by decreasing the elemental height 
(Az) of packing. However, considerations of stability and/or com- 
puter time interfere here. Nonetheless, the principal conclusion 
remains that controlled cyclic operation of a packed column should 
not materially improve the separation (unless greater turbulence is 
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concurrently promoted), and that the primary advantage of such 
operation would be increased throughout. This conclusion is in 
good agreement with the results of experiments (19) in which it 
was found that the ratio of the maximum capacity of a packed col- 
umn under controlled cyclic operation to that for conventional 
operation was about 3, whereas the separating ability of the cyclic 
column was essentially the same or at best slightly higher than that 
of the conventional column. 

Indeed, it may be postulated that the actual upper limit of the 
separating ability of a cyclic packed column, neglecting hydro- 
dynamic considerations, should merely be that of a conventional 
packed column. The basis of this idea is that a packed column may 
be thought of as an infinite sequence of infinitesimal stages each 
with zero efficiency, and hence, in accordance with Fig. 4, no im- 
provement may be obtained through cyclic operation. 

THE ANALOGY WITH CONVENTIONAL OPERATION 

Using matrix algebra, analytical representations of the pseudo- 
steady-state condition are possible for certain simplified conditions. 
Let us define a composition vector, x,(t), which represents the 
compositions of the more volatile component on the stages dusing 
the vapor-flow period of the pth cycle. A transition matrix, J(t), 
is defined which transforms the initial composition vector, x,(O), 
to its value at time t:  

xp(t) = J(t)xp(O) (39) 
J(t) is a square matrix and J(0) is, of course the identity matrix. At 
the end of the vapor-flow period, we have 

(40) 
For the liquid-flow period we define a square matrix, D ,  which is 
independent of time and which transforms the composition vector 
at the beginning of the liquid-flow period, xg, to the composition 
vector at the end of this period: 

x,” = x p ( ~ >  = J(7)xp(0> 

xE = Dx,” (41) 
However, the compositions at the end of the liquid-flow period 
are also the compositions at the beginning of the next vapor-flow 
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period. Thus 

X,+~(O) = xi  = Dx,V = DJ(7)xp(0) (42) 
Now, at the pseudo-steady-state condition (as p becomes very 
large), 

%+I (0) = Xp(0) (43) 
or 

xL = DJ(T)x'- (44) 
and finally, 

(45) 
The foregoing equation may then be solved for xL, presuming the 
condition det[DJ(.r) - I] = 0 is satisfied (20). This solution will 
then yield the complete composition profile for a controlled cycling 
rectification still. Alternatively, analytical expressions for each 
plate composition can be derived which, in conjunction with the 
equations given earlier for over-all plate efficiencies, may be used 
to obtain analytical expressions for the latter as functions of oper- 
ating parameters. 

Let us consider first the second stage (first plate) of a controlled 
cycling rectification still. The still pot is assumed to be very large, 
so that the compositions of the liquid in the pot and of the vapor 
leaving therefrom are constant at all times. The boilup rate (V) and 
liquid-phase holdup ( H )  are also assumed to be constants for each 
plate in the still. Then, under the condition of 4 = 1, the effective 
efficiency of this first plate is (20) 

[DJ(T) - I]xL = 0 

eEh-  1 
E " = h  (46) 

Equation (46) is identical to one derived by Lewis (21) in his 
studies of the relationship between the over-all efficiencies of 
bubble-cap plates and point efficiencies. Lewis showed that the 
over-all plate efficiency can be greater than the local point effi- 
ciency if concentration gradients in the liquid phase could be set 
up across the plate, that is, if backmixing could be reduced or elimi- 
nated. Thus, for example, plate efficiencies greater than 100% can 
be realized. It must be realized here that efficiencies greater than 
100% do not imply a violation of thermodynamic equilibrium; 
rather, they result from the definition of plate efficiency, and merely 
imply that one actual plate may, under certain conditions, be equiv- 
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alent to more than one theoretical stage of separation. Lewis found 
that the amount of improvement in the over-all plate efficiency is 
dependent upon, among other things, the downcomer configuration 
and the degree of vapor-phase mixing. In particular, he considered 
three cases: 

1. Vapors enter each plate completely mixed. 
2. Vapors rise from plate to plate without mixing and the liquid 

flows in the same direction on all plates. 
3. Vapors rise from plate to plate without mixing and the liquid 

flows in opposite directions on alternate plates. 
In all three cases it is assumed that no backmixing occurs in the 

liquid phase. Equation (46) was then derived by Lewis for case 1. 
Thus, although this equation corresponds to conventional distil- 
lation with a vapor composition constant with respect to distance, 
it is also seen to be valid for controlled cyclic distillation with a 
time-invariant vapor composition. 

We consider now the case wherein the composition of the vapors 
entering a certain plate does vary with time during the vapor-flow 
period. Typically, this would correspond to an upper plate of a 
rectification still with many plates, so that any effects of a constant 
still-pot composition would be damped out. As before, it is assumed 
that E and H are constants and that 4 = 1. Based on the solution of 
Eq. (45), the over-all efficiency for such a plate is given by the fol- 
lowing expression (20): 

(47) 
E2A - exp (EA) 

exp(9  + E - 1) - w  
where 

9 = l + E o ( A - l )  
Thus, from Eq. (48), 

By taking logarithms of Eq. (47) and rearranging, one obtains the 
following equation for the parameter 9 as a function of E and A: 

Equations (49) and (50) were obtained by Lewis (21) for the 
over-all plate efficiency in a conventional distillation column under 
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the conditions of case 2, that is, where the composition of the vapors 
entering the plate varies with distance in the same fashion as the 
liquid composition on the plate changes (as opposed to case 3 ) .  In 
this connection, Lewis’ case 3, which is probably the most common 
in conventional operation because of designers’ understandable 
reluctance to install downcoiners in the configuration of case 2, 
appears to have no relevance to controlled cyclic distillation. 

The above results represent a mathematical demonstration of the 
analogy between controlled cyclic distillation and conventional 
distillation with transverse concentration gradients across the 
plates. A sketch of the pertinent features of this analogy is pre- 
sented in Figure 10. The existence of a liquid-phase concentra- 
tion gradient across the nth plate of a distillation column with 
downcomers and operating in conventional fashion is schematically 
shown in Fig. 10(a). Distance across the plate is denoted by x and 
the total length of liquid flow across the plate by xu. The value of 
z = 0 corresponds to the point at which liquid in the downcomer 
from plate n + 1 enters the nth plate. Hence the concentration at 
this point, x,(O),  is also equal to the concentration at the end of 
the plate immediately above, X , + ~ ( X , , ) ,  providing of course that no 
mass transfer occurs in the downcomer. If it is assumed that there 
is little or no liquid backmixing on the plate, then the liquid will 
be progressively depleted of the more volatile component by con- 
tact with the vapor from plate n - 1 as it flows across the plate. At 
the end of its traverse across the plate ( z  = xu), it will have the com- 
position x,,(zo) and will be discharged to plate n - 1, and the same 
process will be repeated on this plate with x?,-](O) = x,(zo). 

Consider now Fig. 10(b). The independent variable in this graph 
is time ( t )  and the length under consideration is the duration of 
the vapor-flow period of the cycle (7). If there is no enrichment of 
the liquid phase on the nth plate by liquid flowing down from plate 
n + 1 (i.e., no liquid backmixing in the time domain), as indeed is 
the case during the vapor-flow period, depletion of the more vola- 
tile component will occur on each plate during the course of this 
period. The concentration of this component will thus decrease 
monotonically with time. The liquid on each plate is now assumed 
to be perfectly mixed; that is, no concentration gradients with re- 
spect to distance exist. If the amount of material dropped during the 
liquid-flow period is exactly equal to one plate holdup (i.e., 4 = l), 
then the analogy becomes precise. The concentration on the nth 
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I 
0 t 

FIG. 10. Sketch of the analogy between (a) conventional distillation with a 
liquid-phase concentration gradient on the nth plate and (b) controlled 

cyclic distillation (4 = 1.0). 
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plate at the beginning of the vapor-flow period, x,(O), corresponds 
to that at the end of the liquid-flow period, xi, but this is also equal 
to the concentration on plate n + 1 at the end of the vapor-flow 
period, xR1. 

Similarly, at the end of the vapor-flow period x, (T)  = x,V, which 
is also equal to xi-l. It is readily seen that this analogy is constructed 
by merely substituting, with the restriction of 4 = 1, time for dis- 
tance as the independent variable and is independent of the par- 
ticular modification of vapor flow, that is, regardless of whether one 
considers case 1 or case 2. The only distinction is that, as Lewis (21) 
showed for conventional operation and as was seen earlier (see 
Figs. 6 and 8) for controlled cyclic distillation, for given values of 
E and A,  E ,  will be larger in case 2. 

The existence of transverse concentration gradients and the 
beneficial effects to be derived therefrom in conventional opera- 
tion are not mathematical figments. Recent publications (25,26) 
have presented experimental data showing the improvement in 
over-all efficiency of a sieve plate resulting from concentration 
gradients. Also, the construction of trays with special baffles to 
minimize backmixing and thus improve tray efficiency has been 
reported (27). Thus there are both theoretical and experimental 
bases for the application of this analogy in the analysis of controlled 
cyclic distillation phenomena. 

ANALYSIS OF SIMULATION RESULTS 

The analogy developed above can be used to explain in greater 
detail some of the results of computer simulations presented earlier. 
In Fig. 4 it was seen that the over-all column efficiency (EO) of a 
five-plate rectification still operating in controlled cyclic fashion 
varied almost exponentially with the local point efficiency, E .  All 
these simulations were run at total reflux and for slopes of the equi- 
librium line close to unity; thus A = rn = 1 and the over-all column 
efficiency should then be close to the over-all plate efficiencies (23). 
This is readily seen to be true in the results of simulations of con- 
ventional distillation (with perfect mixing on each plate), which 
are also presented in this figure. In  this case, of course, the over- 
all plate efficiency should be identical to the local point efficiency. 

There is, however, another factor to be considered in the analysis 
of over-all column efficiencies of controlled cyclic distillation, and 
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that is the transition from the conditions of case 1 to those of case 2. 
For given values of E and A, the over-all plate efficiency for case 2 
will always be larger than that for case 1. Thus, for a controlled 
cycling rectification still, the effective plate efficiency will increase 
from a minimum for the first plate above the still pot and approach 
some limiting value [given by Eqs. (49) and (50)]  for the plates near 
the top of the still, where the conditions of case 2 predominate. This 
will then have a corresponding effect on the over-all column effi- 
ciency, and the latter should slowly increase (for A = 1) with an in- 
creasing number of plates in the still. Indeed, this effect is clearly 
seen in Fig. 5, in which A was held constant at 1.02 and only the 
number of plates in the still was varied. 

Because the analogy is concerned with over-all plate efficiencies 
rather than column efficiencies, it is of interest to investigate the 
variation of the former with column operating parameters. In Fig. 
6 individual plate efficiencies for a five-plate controlled cycling 
rectification still operating at total reflux were presented. In  all 
these simulations both E and 4 are equal to unity. The transition 
from case 1 to case 2 in these results is clearly evident. These num- 
bers may be compared with those resulting from the equations of 
the analogy. For example, for A ( = r n )  = 1.02 and E = 1.0, Eq. (46), 
which corresponds to case 1, yields a value for Eo of 173.8%, which 
compares with the simulation result of 173.4% for the first plate. 
Similarly, for the same values of A and E ,  solution of Eq. (50) yields *= 1.0406, from which, together with Eq. (49), a limiting value 
(case 2) for E ,  of 203% is obtained. This compares favorably with 
a simulation result of 202.9% for the fifth (top) plate. 

The results of simulations of controlled cyclic distillation in a 
five-plate rectification still operating at finite reflux ratios (4 = 1, 
E = 1, m = 1.02) were presented in Fig. 8. Individual plate effi- 
ciencies are given there also. Since the slope of the operating line 
[R/ (R + l)] diminishes with decreasing reflux ratio (R) ,  the strip- 
ping factor, A, which is the ratio of the slope of the equilibrium line 
to the slope of the operating line, must increase with decreasing R. 
Then, in accordance with the analogy, the individual plate effi- 
ciencies of a controlled cycling rectification still should increase 
with decreasing reflux ratio. This effect is clearly seen in the data 
of this figure. Similar results were also obtained from simulations 
of controlled cyclic absorption with varying liquid-to-gas ratios 
(see Fig. 9). 
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CONCLUSION 

The physical realization of the separation improvements in con- 
trolled cyclic distillation as predicted by this analogy depends upon 
the satisfaction of the various assumptions made in its development. 
These were: no liquid flow during the vapor-flow period, plug flow 
(no mixing) down the column and no mass transfer during the 
liquid-flow period, and the simultaneous dropping of exactly one 
plate holdup during this latter period. These assumptions, of 
course, are considerations of a hydrodynamic nature, and cannot 
be validated by simulation and/or mathematical analysis as easily 
as were the questions regarding separation. Nonetheless, it has 
been shown experimentally (18,19) that these conditions can be 
sufficiently approximated in small columns (up to 6 inches in diam- 
eter), and a significant separation improvement achieved. In a 
sense, then, the analogy presented herein represents a way of 
estimating the maximum improvement that may be realized. Far 
more important though, it puts the concept of controlled cyclic 
operations on a firm theoretical ground, and thus provides suffi- 
cient justification for exploring the possibilities of its large-scale 
application. 
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