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Partial condensers of the reflux type are capable of producing substantial fractionation of vapor mirhues. For vapor products having 
low dew points they may be preferred to conventional equipment for adiabatic distillation plus total condensation. 

Experimental studies of a condenser used to fractionate mixtures of ethylene dichloride and toluene show that observed mass trader 
effects are in agreement with the Colburn-Drew film theory, which accounts for the influence of the net mass exchange on the relative 
mass transfer rates of the components. In an adaptation of the transfer-unit concept to partial condedsation, new equations are derived 
relating the number of transfer units to liquid- and gas-phase resistances, surface area, and amount of condensation. Observed resistances 
to mass transfer agree qualitatively with values independently measured; the diffusional resistance of the liquid phase has a pronounced 
effect on the fractionation, which does not conform to the Rayleigh theory of equilibrium differential condensation. 

Partial condensers appear, to require more interfacial area than adiabatic distillation equipment in order to produce the same frac- 
tionation at the same heat load; for the same interfacial area condensers require more heat removal. 

Although only the system ethylene dichloride-toluene was investigated here, the results of this work are believed pertinent to other 
binary liquid mixtures also. Knowledge of the vapor-liquid equilibrium relationship of the new system and of the liquid and vapor-phase 
transfer coefficients is required in order to employ the calculation methods introduced here. 

Design of heat transfer equipment for 
the condensation of vapors is carried out 
according to well-established procedures 
in two extreme cases. In the first, the 
vapor phase is composed of a pure com- 
ponent, and only heat transfer considera- 
tions are involved, all the thermal 
resistance on the vapor side of the heat ' 

transfer surface being in a liquid con- 
densate film that covers the surface. 
Here the problem is essentially that of 
estimating the thickness of this film and 
its effective thermal conductivity (12). 
In the second case the vapor is a mixture 
of components, one of which does not 
condense and is not soluble in the con- 
densed phase. The problem still involves 
the estimation of the thermal resistance 
of the condensate layer, though the 
really important step in the design pro- 
cedure is the estimation of the diffusional 
resistance offered by the gas phase to  the 
mass transfer of the condensing com- 
ponent to the vapor-liquid interface. 
When only a single component condenses, 
the diffusion calculations are simple in 
principle (2, 9, 10, 11). 

If more than one component condenses 
-a case intermediate between the two 
extreme cases-two new rate processes 
need to be considered carefully: the 
influence of the net flux of mass through 
the vapor phase on its diffusional resist- 
ance must be included, particularly when 
large concentrations of inert components 
are not present, and the diffusional 
resistance of the liquid mixture composing 
the condensate layer must be estimated 
and allowed for. Although the extended 
calculations are not expected to be difK- 
cult in principle, the necessary studies 
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of diffusional mechanism having been 
partially worked out in previous investi- 
gations ( I ) ,  no data on condensers have 
been available to determine whether 
computations made according to logical 
procedures would agree with observed 
performance. 

The use of partial condensers in con- 
junction with distillation apparatus is 
not new. When the overhead product is 
composed of light and heavier compo- 
nents, reflux is provided for the fraction- 
ator by condensing mainly the heavier 
components, the distilled product being 
kept in the vapor state. In  such concur- 
rent-flow operations the vapor product 
and the condensed liquid leave the 
condenser together and even the appara- 
tus that is most efficient in promoting 
mass transfer can do no better than cause 
the exit streams to reach phase equili- 
brium with each other. Thus the enrich- 
ment accomplished in such a device 
cannot exceed that equivalent to a single 
theoretical plate or equilibrium contact. 

There are process situations, however, 
in which i t  may be advantageous to 
provide for as large a composition change 
in the condenser as can be achieved. This 
may occur, for example, if the condensa- 
tion of even a portion of the vapor leaving 
a distillation column would require a 
refrigerated coolant. In  this event it 
might be desirable to feed vapor con- 
taining appreciable quantities of heavy 
components to the bottom of a counter- 
current partial condenser, sometimes 
referred to as a backward-return type of 
unit because the vapor and liquid prod- 
ucts leave a t  opposite ends of the heat 
transfer surface. Under these conditions 
a very efficient condenser can produce 
a liquid stream that may be nearly at 
equilibrium with the entering vapor and 
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the exit vapor may be much more con- 
centrated in the volatile components. A 
substantial part of the heat removed 
from the condensing phase may be trans- 
ferred to the coolant a t  a higher tempera- 
ture than would be possible if the frac- 
tionation were done in a conventional 
adiabatic distillation unit producing the 
same light-distillate stream. 

When a partial condenser of this type 
is to be designed to provide for efficient 
fractionation of components having com- 
parable volatilities, presently available 
design procedures are incapable of d e t p  
mining the heat load or reflux require- 
ments. Furthermore, the estimation of the 
required condensate surface appears 
difficult, as it depends both on the re- 
quired heat load and on the specified 
'composition change. What is apparently 
needed is a method of combining heat 
transfer and mass transfer computations 
in an extended version of the separate 
procedures that have been devised pre- 
viously for the two extremes of conden- 
sers for pure components and for single 
condensable components mixed with 
inert gascs. 

THEORY 

In  the condensation of both components 
simultaneously from a binary vapor 
mixture there is a net flux of mass toward 
the interface which transports both types 
of molecules, assisting the diffusion of the 
less volatile component through the 
laminar fluid near the interface and 
hindering that of the more volatile 
component. The net rate of mass trans- 
port is of course proportional to the rate 
of heat transfer, and the problem under 
discussion is essentially that of describ- 
ing the influence of the heat flux a t  the 
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ihterface on the diffusional resistance of 
the liquid and vapor phases. The problem 
is not a new one. It was considered first 
by Colburn and Drew (1) in a paper on 
the condensation of binary vapor mix- 
tures. Although this early work provided 
the mathematical methods needed to 
subdivide the total local mass flux into 
the portions due to the two kinds of 
molecules, no attempt was made by these 
authors to apply their equations to heat 
transfer surfaces of finite extent and no 
data were available from which the mass- 
transfer resistance of the liquid phase 
could be determined. 

Using y to represent the local mole 
fraction of component A at a distance s 
and z for that in the net cogdensate 
stream, Colburn and Drew wrote the 
following equation for the total rate of 
transfer of component A owing to diffu- 
sion and to net mass flux: 

NA wz = -kc(dY/dv) + WY (1) 
where kG is equal to DVa/RTBG and 
7 = s / B c ,  in which Dv is the diffusion 
coefficient and Bc is the equivalent 
laminar-film thickness. 

The composition of the net condensate 
stream is 

in which Na and Xg refer to the constant 
mass fluxes of A and B components, 
respectively. The solution of Kquation 
(1) can be represented as 

y - Y, exp ( - w / k d  

= z[ l  - exp ( - w / k G ) ]  (3) 
in which y now refers to the mole fraction 
of component A in the bulk of the gas 
phase and ?I, is the value a t  the interface. 

Equation (3) can be put in a familiar 
form either when 2(: is zero (no mass 
exchange) or when .YB is zero (no mass 
transfer of R,  the "inert-gas component" 
when .VB = 0). 

Limit NA'= k,(y - y,) (5) 
i-= 

Equation (1) and the results derived 
from it do not appear to depend on the 
assumption of a stagnant film which 
offers the sole resistance to mass transfer; 
the equation would seem to remain 
unchanged wlien applied to turbulent 
diffusion in the core of the vapor stream. 
Hoyevrr, under some circumstances, 
such as those leading to the progressive 
development of a hountfary layer, the 

problem is more complex. It has been 
solved, however, by Eckert and Lieblein 
(4)  and discussed by Mickley et al. (IOU); 
the results are qualitatively similar to 
those given here. 

On the assumption that the diffusion 
process in the liquid layer is also that of 
steady state mass transfer of two com- 
ponents through n condensed phase the 
velocity of which is not disturbed by the 
mass exchange, the same equations 
should apply to the liquid mass transfer 
resistance. 

x. - x exp ( - w / k d  

= z [ l  - esp  ( - w / k L ) ]  (7) 

where kL is the liqriid-phase mass transfer 
coefficient. 

L4 somewhat more reasonable model of 
the liquid phase is t h a t  of a liquid laver 
that flows under the influence of gravity 
and on which incremental liquid con- 
densate is deposited, the interface gradu- 
ally moving townrd the gas phase. The 
influence of molecular diffusion on the 
mass transfer rate in this situation can 
be estimated if it is assumed that the 
fluid motion is laminar (8). The results 
are somewhat involved but show that 
Equations (7) and (8) are very nearly 
correct, the deviations being a function 
of the ratio of the velocity of interface 
movement toward gas to the velocity of 
diffusion. For very wide limits of this 
ratio the deviations from the equations 
given arc not more than a few per cent. 

By use of Equations (-1) and (8) the 
interfacial compositions y, and ri can 
be found if it is assumed that interfacial 
resistance is absent. For binary mixtures 
forming ideal solutions, 

Equating the right sides of Equations 
(4) and (8) gives 

which has to be solved simultaneously 
with Equation (9). 

The procedure used for calculating the 
composition changes in liquid and wpor 
phases occurring as these fluids niove 
past the heat transfer surface in a con- 
denser involves the use of Equations 
(4), (8), (9), and (10) a t  each point on 
the surface, followed by differential 
energy and material balances to compute 
the changes in bulk composition. In 
principle such computations are simple, 
though they may be very time-consuming 
unless carried out by machine. If 1' and 
L represent the riiolsr mass flow rates 
of vapor and liquid, respectively, 

wz = - d ( y V ) / d A  = - d ( ~ l , ) l d A  
or 

w(z - y) = - V(dy/d.4) (11) 
where d.4 represents a dif'ferential ele- 
ment of heat transfer area (w = - dV/d.4). 

Although Quations (4), (8), (9). (lo), 
and (11) would be used in step-by-step 
computations for designing equipment, 
for understanding the principal features 
of the condensation phenomenon it is 
helpful to integrate the rate equ a t' ions 
and tlic differential material balances 
approximately. This is done to determine 
how finite composition changes owing to 
fractionation in a condensw may be 
influenced by the rate of condensation. 
First an idealized unit is considered in 
which there is no liquid-phase resistance 
to mass transfer; i.e., k,, = infinity. 
Under these conditions l?qu:itions (4) 
and (1 I )  give 

In Tiem of the assumed n1)sence of 
interfacial and liquid-phase resistance to 
diffusion z - 2, and y, - y* = ax/ 
[I + (a - l).~]. The integral on the left 
of Equation (13) is frequently referred to 
as the number of transju units because 
its numerical value is a measure of the 
amount of composition change accom- 
plished in n binary systmi, regardless of 
its particular phaseequilibrium charac- 
teristics. Xumerical ev:iluation of the 
integral on the right shows the infliienre 
of partial condensation on tlw enrich- 
ment. In  order to evaluate it precisely 
the functional dependence of k,, on the 
local value of 1' should hc :illowed for. 
.ilthough exact numerical values ran bc 
found, it is sufficiently precise to assume 
that k G  is proportional to V and to use 
the logarithmic-mean value of k(; i n  the 
denominator of the integral. 

where I I ,  = Vl/ko,a and a = interfacial 
area per unit volume of apparatus. With 
these approximations 
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Figure 1 shows a plot of N o  vs. Vl/V2 
according to Equation (14). It is interest- 
ing to notice that the normal value 
(h / I Ic )  of the number of transfer units is 
in the limit when V,/Vz approaches unity 
or when the rate of condensation is 
negligible. When Vl/V, is large, the num- 
ber of transfer units is independent of 
the mass transfer resistance, as expressed 
by I Ia ,  and can be computed from the 
hylc igh  equation, which assumes that 
the vapor stream is differentially con- 
densed, each incremental quantity of 
condcnsate having a composition x* a t  
local equilibrium yith the vapor stream. 
Diffusional mass transfer is assumed 
absent, each incremental condensate 
being isolated from the vapor as soon as 
it has been formed. The Colburn-Drew 
expressions thus are seen to provide the 
connecting link between the convcntional 
expressions for the composition changes 
accomplished in adiabatic distillation and 
those calculated without regard for dXu- 
sional eHects, according to the Kayleigh 
proccdure. 

In order to obtain a useful approxima- 
mate expression showing the effect of 
condensation on mass transfer when 
liquid-phase resistance is allowed for, it  
is helpful to approximate the true, 
curvilinear relationship expressed by 
F4uation (9) by  means of a straight 
equilibrium line, 

Substituting this into Equation (10) and 
assuming that the operation is a t  total 
reflux, so that V = L at all points, the 
following equation can be derived in a 
form similar to Equation (14), a3 shown 
in the appendix: 

10 

0 
10 100 I000 

GM, 1 GMz 

Fig. 1. Partial condensation in countercurrent column: gas-film resistance only. 

L.8, 

I 

N 

where H L  = L/kLaS. 

Figure 2 is a plot of this equation; it 
shows that in the limit when the con- 
densation rate is negligible (V,/VZ -+ 1) 
the..number of transfer units according 
to Equation (16) agrees with the well- 
known expression, 

In  contrast with Figure 1 and Equation 
(14), however, the Rayleigh line is no 
longer significant in the limit when the 
condensation is rapid unless gas-phase 
resistance is absent (h/Ho = a). In  
the extreme case of rapid condensation 
the liquid-phase resistance has a large 
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effect and is capable of causing the 
enrichment to be much smaller than that 
given by the equation of equilibrium 
differential condensation. 

The Rayleigh equation is derived on 
the assumption that the composition of 
the incremental condensate, z, is that in 
equilibrium with the hulk of the vapor, 
z*; that is, 

2 = x* = -y 
a - (a - 1)y 

Figure 2 shows that the condensate is in 
equilibrium with the vapor from which 
it is produced only if the resistance of 
the vapor phase is negligible, i.e. h / f I Q  
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Fig. 2. Partial condensation in counter- 
current column: gas- and liquid-& 

resistances (m = 1.0). 

= CQ , and if the resistance of the liquid is 
large, i.e. h / H L  = 0. 

APPARATUS 

The apparatus used in this investigation 
is shown in Figure 3; it consisted essentially 
of a wctted-wall distillation column equip 
ped with a n  annular jacket through which 
water could be circulated under carefully 
controlled conditions so as to produce 
known, nearly uniform rates of condensa- 
tion. External reflux could he supplied from 
a total condenser operating on the exit vapor 
stream from the test section, 80 that the 
column could he operated as an adiabatic 
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countercurrent distillation unit or aa a par- 
tial condenser. 

The wetted-wall section of the column 
was 1.063 in. I.D. and 6 ft. long. It was made 
from a piece of brass pipe of 1.315 in. O.D. 
around which a spiral of heavy copper wire 
was wound with a spacing of in. between 
adjacent turns. Surrounding the copper 
spiral was a piece of l?.Q-in., 15-B.W.G. 
brass tubing which fitted snugly and formed 
a spiral channel for the passage of cooling 
water. This construction was used so that 
both a measurable temperature rise of the 
water and a high water velocity might be 
obtained. The temperature of the water in 
the annular space was measured by thermo- 
couples located a t  l-ft. intervals, and local 
values of the heat flux were computed from 
the known maas flow rate of the coolant and 
the slope of the experimentally observed 
plot of water temperature vs. position. 

The column was wrapped with %-in. 
asbestos rope on the outeide of which ther- 
mocouples were mounted a t  three levels. 
When the readings of these thermocouples 
were compared with those of three similar 
thermocouples mounted outside a second 
layer of asbestos rope flow of heat through 
the insulation could be detected. Adiabatic 
conditions werc achieved by adjustirlg the 
current through electrical resistance wind- 
ings which were applied outside a third layer 
of asbestos rope. 

Provision was made for withdrawing sam- 
ples of the vapor stream at the center line 
of the wetted-wall section and a t  l-ft. inter- 
vals along the axis. Short lengths of hypo- 
dermic tubing wcrc inserted into the vapor 
space through the annular jackct. These 
tubes had their inner ends pointed upward 
80 that any condensate formed inside the 
tubes could not drop out into the gas stream. 
The small copper tubes led to water-cooled 
condensers. 

The test section was provided with elec- 
trically heated upper and lower calming 
sections. The external reflux w3s heated to 
its boiling point before being returned to the 
column and’was distributed evenly to the 
wetted wall by means of a fine-mesh screen. 
The liquid stream was sent through a cal- 
cium-chloride drier before being returned to 
the column. Flow rates of external reflux and 
liquid returned to the boiler were measured 
with calibrated rotameters. 

Only the system ethylene dichloride- 
toluene was distilled. Its composition was 
determined from measurements of rcfrac- 
tivc index madc with an Abbe refractometer. 
Technical-grade materials were purified 
carefully by distillation before use. The re- 
fractive indexeR (nn) of the purified pure 
componentswcrc 1.4427 f O.OOO1 and 1.4941 
i 0.0001 a t  25°C. for ethylene dichloride 
and toluene, respectively. 

RESULTS‘ 

Adiobatic Distillation Experimontr 

Ordinary distillation tests were carried 
out at total and at finite reflux by use of 
three different average levels of liquid 
composition, in each case covering a 

*A complete deacription of the ex erimen+ pro- 
cedure M given in reference (8). TaEles of ongnd 
d a b  are on file aa document number 4954 with the 
American Documentation Institute Photoduplica- 
tion Service, Librarg of C o n g n y  baahington.25. 
D. C., and may be o tamed for $5.00 for photopnnta 
or S2.25 for 3.5-mm. microfilm. 

range of vapor Reynolds numbers ex- 
tending approximately from 9,OOO to 
25,000. 

The still pot, having a capacity of 4.9 gal., 
was charged with approximately 3 gal. of 
the liquid mixture; it waa found that this 
amount was sufficient completely to cover 
the electrical immersion heaters during a 
run and a t  the same time to avoid bumping 
and carryover of liquid from the still pot 
into the column. The power input to the 
immersion heaters was adjusted to give the 
desired vaporization rate, and after about 
30 min. the material in the still pot began 
to boil and the vapors started to flow 
through the lower calming section. 

Adiabatic conditions were cstablished and 

tametttr. During this time the virrious heat- 
ers had to be adjusted frequently to keep 
pace with the warming of the column. After 
this time another hour of running followed 
during which no further adjustments were 
made on the column, and then the first set 
of four samples was taken, consisting of 
liquid and vapor samples from the top and 
the bottom of the wetted-wall section of the 
column. 

Without any adjustments on the column, 
operation waa continued for another hour. 
Then the second set of samples W:LS taken at 
the same four points. These generally agreed 
very closely with the first set. Each run was 
made individually, always starting with 
cold equipment. 

All analyses were made by determining 

vent 

Sighlgloss 

Fig. 3. Schematic drawing of distillation apparatus. 

maintained by regulating the electrical input 
to three insulatiou heaters along the column 
until each pair of thermocouples a t  any one 
of the three levels along the column showed 
the same temperature inside and outside the 
insulation. 
As soon aa the reflux was flowing a t  a 

fairly uniform rate, the reflux heater was 
turned on and adjusted to  assure the return 
of liquid reflux at its boiling point. 

It waa found that approximate equilib- 
rium was established about 2 hr. after the 
reflux began to flow through the reflux ro- 

L a 
Q a 

the refractive index of a sample, by use of 
an Abbe refractometer. The time hpse be- 
tween sample taking and analysis was usu- 
ally less than 10 min. and in no case ex- 
ceeded 15. 

With the height of the column, the rela- 
tive volatility, and the compositions of the 
vapor and liquid streams a t  the top and at 
the bottom of the column known, the over- 
all height of a gaa-phase transfer unit was 
computed by use of standard relationships. 
A series of about ten runs each w a  made a t  
total reflux for three conditions representing 
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high, medium, and low ethylene dichloride 
concentration; similar series of runs were 
made for adittbatic operation at finite reflux 
and for the condensation experiments. 

hIaterial and energy balances were com- 
puted for the adiabatic runs as well as for 
those in which condensation occurred. I n  
the adiabatic runs the average of the abso- 
lute deviations from perfect balances were 
0.2 and 1.2%, respectively, expressed in 
each case as the error divided by the net 
mass or energy transported into the column. 
For operation as a condenser the corre- 
sponding figures were 0.3 and &I%, re- 
spectiveiy . 

Since the principal object of these 
runs was to determine the extent of the 
liquid-phase resistance, it was necessary 
to estimate the vapor-phasc diffusional 
resistance and to calculate the liquid- 
phase value by difference. By use of a 
vapor Reynolds number computed from 
the vapor velocity relative to the falling 
interface, the friction factor for a smooth 
tube was calculated from the empirical 
equation of Drew, Koo, and McAdams 
(3).  Next this was corrected for the 
roughness of the liquid-vapor interface, 
on which ripples were invariably present, 
by use of an empirical equation due to 
Kamei (7), 

(18) 
in which the Reynolds number of the 
liquid layer is expressed as 

ReL = 4 1 ’ / p L  (19) 
where r = liquid-mass flow rate, lb./ 
(hr.)(ft. wetted perimeter) and pL = 
liquid viscosity, lb. mass/(hr.)(ft.). Ka- 
mei’s result is based on careful meas- 
urements of interfacial friction in wetted- 
wall columns of various diameters, 
water and aqueous solutions having a 
wide range of viscosities beiig used. 
The values of the ratio of friction facton 
estimated for the conditions of these 
experiments were in the range 1.1 < 
f,/fo < 1.25. In estimating H a  it waa 
assumed that 

j ,  = f,/2 

and the usual relationship between j 
factor and the height of a’transfer unit 
waa employed. 

The Schmidt number of the vapor phase 
was calculated from a diffusivity that 
had been estimated from the empirical 
equation of Gilliland (6). The numerical 
values of other physical properties were 
interpolated from experimental data 
reported in standard references. In  the 
standard equation for the addition of 
individual resistances of the phaeea, 

from which H L  was computed, the average 
value of the slope of the equilibrium 
curve, m, was calculated for the particular 
range of compositions encountered in each 
experiment following the procedure sug- 
gested by Sherwood and Pigford (IS). 

Figure 4 shows the values of H L  
derived from the over-all composition 
changes in distillation plotted against 
the Reynolds number of the liquid phase. 
The drawing of the line in Figure 4 
requires some explanation: It has been 
observed visually that when the liquid 
Reynolds number fell below approxi- 
mately 250, uniform wetting along the 
entire length of the column no longer 
occurred. Operation of the column with 
dry spots along its wetted wall gave 

ii 
A 
I 

Re, 

Fig. 4. HL as function of liquid Reynolds 
number. 

following the diffusion theory for falling 
liquid films. Previous data obtained by 
Emmert and Pigford (5) and shown on 
Figure 9 also indicate an upward trend 
with increasing Reynolds number. 

The H L  values shown on Figure 4 are 
more accurate and reliable than previous 
values obtained by Johnstone and Pig- 
ford (IS), who published the only previous 
information on HL values in adiabatic 
distillation. 

On Figure 4 the HL line for the high 
and lorn concentration (?it = 0.54 and 
fii = 1.56, respectively) is rather clearly 
defined, and it was thought unlikely that 
a line at intermediate concentration 
(a = 0.94) would show any drastic 
change in direction from the other two. 
It is interesting to observe that a single 
line could be drawn for the values at the 
three different concentration levels. 

In a preliminary attempt to calculate 
HI, values from estimates of H o  based on 
friction factors for smooth tubes, a large 
variation of H L  with liquid composition 
appeared to be present. These variations 
were eliminated when Kamei’s roughness 
correction was introduced according to 
Equation (18). Whether the true values 
of the friction factor have been used and 
whether Equation (20) is valid for the 
rippling interface cannot be determined 
with certainty, though it would appear 
?ignificant that the H L  values given on 
the figure show approximately the same 
small influence of composition that would 
have been expected from the liquid 
physical properties. 

Fig. 5. 

0.1) 

0 
I 0 3 

GM‘ / O M *  

Comparison between experimental and theoretical results. 

erratic results and the two points at the Condensation Experiments 
lowest Reynolds numbers must therefore Figure 5 compares the effect of con- 
be ignored. densation on the apparent number of 

The trend toward higher values of HL transfer units computed from the ter- 
with increasing Reynolds numbers is minal compositions with the theory in ite 
normal, the general direction of the line approximately integrated form according 
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COLUMN HEIGHT, FT. 

0.8 

FOR RUN 105: 
J t 

Fig. 6. Point conditions in 
column (for run 10.5). 

+- Fig. 7. Interfacial compo- 
sitions. 

constaiit h/HL. When this line is extra- 
polated backward to  the left-hand margin 
of the figure, i t  intersects the vertical 
axis a t  a value of Noo equal to  the value 
cxpectcd from the adinbatic-clistillation 
tests. i\ppareiitly, as cxpectcd from the 
theory, the liquid-phase resistance has a 
large influence and causes tltc experi- 
mental p0int.s to  cross thc Rayleigh 
different inl-distillation line, which is 
often used (incorrectly) for the estima- 
tion of frtiction:ition that  can be accom- 
plishctl in a partial condenser. 

As far as the quantitative uie of the 
C'olburii-Dre\v throry is ronccrncd, i t  is 
of gre:rter interest to  study the effect 
of con~lensation on the loail changes in 
composition within the column. Figure 6 
is a plot of the olwrvcd local vapor 
compositions :tiit1 cooling water tenipera- 
tures n t  I-ft. intervals along the con- 
denser. The  figure also shows other 
quantities, such as the vapor rate 1' and 
the composition of the incremental 
contlensTte z d e r i v d  froni the experi- 
mental observations. l h e  values of V 
were computed from thc follmving equa- 
tion esprcssing a differential energy 
balance: 

where W = cooling-wxkr ratp. lb./lir.; 
c, = sjecific heat of water; 2' = local 
water temperature at position h ;  2nd 
X = latent heat of condcnsntioti, B.t.u./ 
Ib. The composition of the incremental 
condensate was computed from the 
differential material lmlance, as cspressed 
by E:qu:ition (1 1) and written iri the form 

2 = y + V ( d y / d V )  

The dit'fercntial quotients in I'quation 
(23) and (2-1) were evaluated by means of 
a least-squares procedure based on five 
equally spaced points. 

The  fact tha t  z is everywhere smaller 
than y. as shown in Figure 6, corresponds 
t o  the enrichment of the vapor stream 
as it flows upward. Thus the less volatile 
componcnt. toluene, is rondensed rela- 
tively faster than the more vohtile one, 
ethylene dichloridc. 

1I:tvirig available values of y and z at 
each point 'in the condenser innkes i t  
possible to compute the interfacial com- 
positions y, and 5, from Equations (3) 
and (9) if k G / w  is kiion-n. I t  was assumed 
tha t  in spite of the progressivc change 
in vapor velocity the local Ileyiiolds 
number could be used to compute ko 
from Equations (Is), (20), and (21) and 
the smooth-tube friction factors. (This 
computntion also neglects the probable 
distortion of the nornial turbulent- 
velocity profile in the vapor phaqe owing 
to  the transport of moiiienturn to the 
interface by the condensing vapor.) The 
rcsulting vducs of interfacial composi- 
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tions are shown by Figure 7. It is interest- 
ing to observe that at the top of the 
column, where the liquid layer is freshly 
formed, the values of 5 and zi arc very 
nearly equal. Thus only a very small 
concentration across the liquid phase is 
capable of producing a finite rate of mass 
transfer of each component. Doubtless 
this is due to the sudden creation of a 
sharp concentration gradient in a rela- 
tively quiet liquid mass; a similar end 
effect probably is present in the vapor 
phase at the bottom of the column, where 
the vapor stream is first exposed to the 
liquid layer and where the locul gas-phase 
mass transfer coefficient is probably very 
large. In all probability, however, this 
end effect in the gm phase disappears 
very quickly, and so the steady state 

values of ka computed from Equation 
(20) should be nearly equal to the local 
ones throughout most of the test section. 

Figure 8 shows local values of kL com- 
puted froin the estimated interfacial 
compositions by means of Equation (8). 
It is evident that, in agreement with the 
discussion just given, the value of kL  is 
very large a t  the top of the column and' 
undergoes a progressive decrease as the 
liquid flows down the coluniri. 

In order to compare the values of k L  
computed from the condensation data 
with the values previously obtained 
in the adiabatic distillation runs it is 
necessary to compute an average of the 
local values of kL. This was done by 
means of the following equation, which 
is suggested by theoretical relations for 

Re, 
LEGEND 

O X Y G E N ,  ABSORPTION (I), OESORPTION (2). 
THEORETICAL ( 3 ) .  

CARBON DIOXIDE: ABSORPTION (41, 
OESORPTION (51. 

ADIABATIC LlNL FROM FIG 4 (61. 
PARTIAL CONDENSATION: A RUN 102. 

0 RUN 105. R U N  107 

Fig. 9. HI, for distillation, condensation, and 
absorption. Curves (1) and (5) are from 

reference 5. 

REFLUX RATIO. L,,,,/D 

Fig. 10. Comparison between condensation 
and distillation. 

ENRICHED 
VAPOR 

PRODUCT 

STRIPPED I 1 
CDNDENSlTE 

I STRIPPED 
CONDENSATE 

VAPOR 
FEED 

VAPOR 
FEED 

(b)  

Fig. 11. Flow sheet for fractionation (a) with partial condenser, (b)  with adiabatic distilla- 
tion co1umn:plus ordinary condenser. 
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mass transfer into purely laminar liquid 
layers. 

in which (1/8) refers to the ratio of time 
of exposure of the liquid surface a t  any 
point to the total time of flow of surface 
layers down the column, as computed 
from the well known relations for laminar, 
gravitational flow of liquid layers. Figure 
9 shows values of I I L  [= L.,p/(k~).,paS1 
from three of the condensation runs. The 
agreement with the adiabatic data is 
considered to be good in view of the 
uncertainties in the estimation of local 
conditions. 

DISCUSSION OF RESULTS 

The agreement shown on Figure 9 
between values of HL measured independ- 
ently in distillation and in condensation 
experiments suggests that the Colburn- 
Drew analysis of mass transfer during 
condensation can be applied successfully 
by point-to-point calculation, by use of 
diffusional-resistance parameters evalu- 
ated from experiments in which conden- 
sation did not occur. This conclusion is 
further borne out when the HL values 
are compared with data from gas-absorp- 
tion studies. Figure 9 also shows a line 
representing the data of Emmert and 
Pigford (6) for liquid-phase resistanres 
in the absorption and dcsorption of 
oxygen and carbon dioxide in water a t  
room temperature, a wetted-wall column 
being used which is somewhat smaller 
than that employed in the condensation 
work. When it is rernembercd that H L  
should decrease with increasing tempera- 
turc, owing to the increase in the diffusion 
coefficient, the comparison appears to be 
a good one. A further explanation of the 
tlifferences between the two sets of data 
may be the influence of interfacial 
resistance, which probab1.v contributed 
to the total resistance to transfer of the 
slightly soluble gnses in water but may 
have had less effect in the hydrocarbon 
system. 

With the data just described it is 
possible to carry out a numerical design 
calculation for R reflux type of condenser 
and for an adiabaticdistillation column 
so that the two operation may be com- 
pared a t  equal capacities or at equal 
rates of heat removal. -it equal values of 
the ratio of the liquid rate at the bottom 
of the apparatus, Llnrrom, to the vapor- 
product rate a t  the top, L), the total heat 
transferred in fractionator or auxiliary 
condenser is the same, as indicated by 
Figure 11. The conditions assumed for 
an illustrative calculation are as follows: 
System: ethylene dichloride-toluene 
Bottom vapor rate: 0.400 1b.-mole/hr. at 

dew point 
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Vapor composition given: 0.400 mole frac- 
tion ethylene dichloride a t  bottom of 
column 

Vapor composition desired: 0.550 mole frac- 
tion ethylene dichloride at top of column 

Inside diameter of condenser tube: 1 in. 
CooIant Iiquid: water, introduced at top of 

condenser, single p a s  on shell side 

It is desired to determine the height of 
the tubes or the surface required. The 
calculations are made solely from the 
point of view of mass transfer, the 
assumption being that the correct heat 
transfer rate will be obtained by adjusting 
the cooling-water temperature. 

For conventional distillation without 
heat transfer from the column, the 
required tube height is computed in the 
customary way by use of the values of 
H o  and H L  found in this work. The 
influenre of the reflux ratio on the height 
is indicated in Figure 10. 

For partial condensation a trial-and- 
error computation is required. A tube 
length is assumed so as to get a value of 
condensation rate (20, assumed constant 
here) and the Colburn-Drew equations 
are applied stepwise starting a t  one end 
until the composition at the other end 
of the column is reached. If it does not 
agree with the composition desired, 
another length is assumed and the cal- 
culations are repeated. After the extent 
of the surface is known, the required 
cooling-water temperatures are found 
from conventional heat transfer calcula- 
tions. If these temperatures cannot be 
obtained, the specified vapor compositions 
must be altered. Thus it is not possible 
to specify fractionation, heat require 
ments and coolant temperatures inde- 
pendently; only two of the three can be 
fixed independently. 

Under finite reflux in partial condensa- 
tion the condenser operates in such a 
fashion that all condensation takes place 
inside the column, and no external reflux 
is returned to it. Thus the overhead 
product is all the vapor leaving at the 
top. For example, at a reflux ratio of 
(Lbol lom/D) = 1.50, the first trial, with 
a column height of 8 ft. assumed and 
Equations (4), (8), (9), (lo), and (11) ap- 
plied for a strpwise integration over eight 
1-ft. increments, gave y~ = 0.432 (which 
compares with the given value of yl = 
0.400); a second trial, with a column 
height of 11 ft. assumed, gave y~ = 0.405. 
A detailed sample calculation for the 
design of a reflux condenser is given in 
reference 8. 

Figure 10 shows the computed results 
in the illustrative example. I t  is seen 
that a t  a given ratio of the liquid flow 
rate from the bottom of the tube to the 
rate of flow of the vapor product from 
the top of the tube the partial condenser 
requires slightly greater transfer surface 
in the fractionator to accomplish the 
same enrichment. To produce reflux in 
conventional distillation, on the other 
hand, heat transfer surface is required 

in an external condenser, which is not 
needed for the partial condenser, as 
shown by Figure 11. Conversely, for the 
same surface and the same enrichment 
conventional distillation requires a smaller 
reflux ratio, i.e., a smaller heat load per 
unit of product. Though an exact state- 
ment cannot be made, it appears from 
the numerical work that the minimum 
reflux ratio in a partial condenser is the 
same as that in ordinary distillation or 
that the same amount of liquid must be 
condensed to provide reflux whether the 
condensation takes place in a separate 
condenser or in the condenser fraction- 
ator. 

I n  spite of the disadvantages in heat 
consumption and in required transfer 
surface the partial condenser does of 
course have the advantages of eliminating 
the need of a separate condenser when a 
vapor product is acceptable and of per- 
mitting heat removal partly a t  a higher 
temperature. 
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NOTATION 

A 
a 

BQ 
c: 

D 
D y  = diffusion coefficient of vapor, 

sq. ft./hr. 
fo = friction factor for smooth tube, 

dimensionless 
f, = friction factor corrected for 

roughness, dimensionless 
GM = molar rate of gas flow, 1b.-mole/ 

(hr.)(sq. ft.) 
h = height of wetted-wall column, ft. 
H Q  = height equivalent to a transfer 

unit, based on gas-phase re- 
sistance, ft. 

H L  = height equivalent to a transfer 
unit, based on liquid-phase re- 
sistance, ft. 

H O G  = height equivalent to a transfer 
unit, based on over-all gas-phase 
resistance, ft. 

= interfacial area, sq. ft. 
= interfacial area per unit volume 

of apparatus, sq. ft./cu. ft. 
= equivalent film thickness, ft .  
= specific heat at constant pressure, 

= diameter of column, ft. 
B. t .u ./(lb.) ( O F . )  

j, 
kQ 

= j factor for mass transfer 
= mass transfer coefficient for gas 

phase, Ib.-mole/(hr.) (sq. ft.) 
(mole fraction) 

kL = mass transfer coefficient for li- 
quid phase, 1h.-mole/(hr.)(sq. 
ft.)(mole fraction) 

L = molar mass flow rate of liquid, 
Ib.-mole/hr. 

LM = molar rate of liquid flow, 1b.- 
mole/(hr.)(sq. ft.) 

m = slope of equilibrium curve, dy*/dx 
N A  = rate of diffusion of component A ,  

Ib.-mole/(hr.)(sq. ft.), taken pos- 
itive when A diffuses from gas 
toward interface 

N, = rate of diffusion of component B, 
1b.-mole/(hr.) (sq. ft.), taken pos- 
itive when R diffuscs from gaa 
toward interface 

N o  = number of transfer units based 
on gas-phase driving force, di- 
mensionless 

NoG = number of transfer units based 
on over-all gas-phase driving 
force, dimensionless 

Nor.  = number of transfer units based 
on over-all liquid-phase driving 
force, dimensionless 

nD = refractive index, dimensionless 
R = universal gas constant, 1,544 

(f t.) (lb .-force) / (1 b .-mole) ( O F . )  

Re = Reynolds number, dimensionless 
S = cross section of vapor channel, 

sq. ft. 
s = distance, ft., measured positively 

from gas phase toward the inter- 
face; s = 0 at gas side of equiva- 
lent laminar film 

Sc = Schmidt number, dimcnsionless 
T = absolute temperature, O R .  

t = time, hr. 
V 

w 

= molar mass flow rate of vapor, 
Ib.-moleihr. 

= total molal rate of condensation 
on unit area, 1b.-mole/(sq. ft.) 
(hr.1 

z = mole fraction of more volatile 
component in liquid phase 

z* = mole fraction of more volatile 
component in liquid phase exist- 
ing in equilibrium with vapor of 
mole fraction y 

y = mole fraction of more volatile 
component in vapor phase 

y* = mole fraction of more volatile 
component in vapor phase exist- 
ing in equilibrium with liquid of 
mole fraction z 

= ratio of the rate of Condensation 
of the more volatile component 
to the net rate of condensation 

z 

Greek Letters 

(Y = relative volatility, dimensionless 
r = liquid mass flow rate, lb./(hr.) 

(ft. wetted perimenter) 
7 = fractional distance through film, 

= s/Ba 
8 = time, hr. 
X 

/Ib.-mole 
p = viscosity, 1b.-mass/(ft.) (hr.) 
?r = 3.14159 

= latent heat of vaporization, l3.t.u. 

Subscripts 

G = gas 
i = interface 
L = liquid 
V = vapor 
1 
2 

= the bottom of the column 
= the top of the column 
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G = e””’ = (V1/VJA”-’ (5A) 
and let 

= (L,/L2)NL-‘ (6.4) E = &‘L 

Solving the Colburn-Drew equation- 
Equation @)--for z in terms of both the 
liquid and vapor phase gives 

and replacing yi by mi results in 

@A) 
G(E - 1 ) ~  + (G - l ) ~  
E(G - 1) + m(E - 1) xi = 

and 

2i - 2 ( 9 4  
Gy - (G - 1 + m ) x  

E(G - 1) + m(E - 1) = (E - 1) 

or 

xi  - x 
,x* - x 

[Gy - (G - 1 + m ) x ] ( E  - 1) McGrakHill Book Company, Inc.; 
New York (1952). - 

-[E(G - 1) + m(E - Ol(y/m - 4 
APPENDIX 

Partial Condensation for Gas- 
and Liquid-fllm Resistances 

( 1 0 4  
G(y - X) - (m - l ) ~  In  the derivation of Equation (14) it  was 

ahown that (Y - m-4 
From Equation (7A) 

E 
2 - x = -- (2; - x) 

[$] (1A) 

Similarly, E - 1  
. H L  or 

a x  E - 1 a x  
2 - x  E x i - x  
-=-- 

[El8.‘ = h In [?I ( 2 4  

Since bv definition h/Ho = No and h/HL 

--- d In L (12A) - = In [ (g)N’-‘] (3A) ax 
ko x i - - 2  E - 1  

and For the over-all resistance 

k L  = In [(gL-‘] (4A) a x  5s - x a x  
~ = ~.~ 
2 - x z *  x * - x x - x i  

which upon substitution by Equations (10A) and (12A) gives 

[ - d  In L] 1 - dx 
d N o L  =FTP - [ G ;  1 I E i  1 1  

-a  In L - - 
1 
m - [ (V, /V2)N“-’  - 11 + [l - (LI /LJNL-’ ]  

Upon integration this becomes Equation (16) in the text, i.e. 
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ERRATA 
Below is the list of references cited in 

John W. Delaplaine’s paper “Forccs hcting 
in Flowing Beds of Solids,” which appeared 
in the March, 1956, issue of the Journal on 
page 127. The list was omitted from the 
published paper. 
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36,856X9.4167X10-”3 = 
3.2739 k =  

should be 

k =  

and Equation (8) on p a g ~  556, which ap- 
peared as E. = 1 - (1 - ( E M / c ) ) ~ ,  should 
be E’, = 1 - [I - ( E M / c ) l N .  

36,856X9.4167X - -~ - 
3.2739 
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