
K A  = adsorption equilibrium con; 
stant for alcohol 

KH = adsorption equilibrium con- 
stant for hydrogen 

K B  = adsorption equilibrium con- 
stant for ketone 

L = total molal adsorption sites 
per unit mass 

M = parameter, ( l + K A p A ) / d F  
p A  = partial pressure of alcohol, 

p K  = partial pressure of ketone, 
atm. 

atm. 

pa = partial pressure of hydrogen, 
atm. 

r = rate of reaction, 1b.-moles/ 
(hr.) (lb. of catalyst) 

r A 0  = initial rate of reaction from a 
feed containing only alcohol 

TAH.  = initial rate of reaction from 
a feed containing alcohol 
and hydrogen 

TAB.  = initial rate of reaction from 
a feed containing alcohol 
and ketone 

X b , x e , X d  = independent variables for 
Equation (1) 

y 
tion (1) 

7T = total pressure, atm. 

= dependent variable for Equa- 
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A Study of Sieve-Tray Efficiencies 
J.M. HAY and A. 1. JOHNSON 

University of Toronto, Toronto, Canada 

The performance of sieve trays in the rectification of the methanol-water system without en- 
trainment or leakage from the perforations was studied in an &in.-diameter five-tray column. 
The trays had a 2-in. weir height and 4-in. length of liquid path. Three tray geometries were 
studied: 1/4-in. diameter holes on 3/4-in. triangular spacing, 1/8-in. holes on 3/8-in. tri- 
angular spacing, and 3/16-in. on 7/16-in. triangular spacing. The superficial vapor velocity was 
varied from 2.2 ft./sec. to the limit of stable operation, which for this apparatus was 4.4 ft./sec. 
The ratio L I / V X  within the column was varied from 1 to 0.5. The Murphree plate efficiency varied 
greatly from 105% a t  low concentration to 82% a t  high concentrations of methanol. Variations 
of 10 or 12 efficiency % were noted owing to changing velocities and tray geometries. Measure- 
ments of concentration gradients, foam heights, and gas pressure drops are also reported. This 
paper proposes a method of calculating the point efficiency and the number of individual-phase 
mass transfer units independent of the actual concentration gradient on the tray. 

The method is applied to the methanol-water data, and calculated point efficiencies range from 
50 to 65%. The value of ~ / N L  for the methanol-water system is found to be small. The values of 
No and the effect of the velocity on NQ are believed to be the first in the literature for a tray 
in distillation operation. The effect of velocity is shown to be in agreement with the theory 
proposed by Gerster and co-workers. It i s  shown that ko‘ a0 decreases for increasing free area and 
increasing hole size. Finally variation in L x / V H  is shown to  have litt le effect on €I“. 

Fractionation in tray type of distil- 
lation columns is perhaps the most 
widely used means of separating the 
components of a liquid mixture. The 
calculation of the number of trays re- 
quired for such a separation can be 
made readily (31)  even for the most 
coniplicated separations. However only 
in recent years has much effort been 
directed toward analyzing the effi- 
ciency of operation of such trays in 
view of modern mass transfer theory 
(1 ,  S ,  6, 9, 14, 16, 17, 23, 27). Any 
such analysis is complicated by the 
large number of variables involved in 
the properties of the gas and liquid 
phases, the conditions of operation, 
and the geometry of the system. 

J. .M. Hay is with Dow Chemical of Canada, 
Samia, Ontario, Canada. 
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This paper reports efficiency data 
obtained by operating an &in. sieve- 
tray column at total reflux on the sys- 
tem methanol-water and discusses the 
data in the light of recent theory. A 
special study is made of the number of 
gas-phase transfer units. 

The definitions of the transfer unit 
terms, appearing in the notation, will 
be assumed known to the reader. The 
usual assumptions made in using them 
are that the driving forces are concen- 
tration difference for liquids and par- 
tial-pressure difference for vapors and 
that equilibrium exists at phase inter- 
faces. In addition in this paper it will 
be assumed that the vapor composition 
below a tray is uniform, that there is 
no back mixing of the vapor in the 

A.1.Ch.E. Journal 

vertical direction, and that there are 
no unusual end effects at either bub- 
ble formation or break. 

THE ADDITION OF RESISTANCES 

The basic equation for obtaining the 
individual gas-phase value depends on 
the well-known (32)  equation describ- 
ing the additivity of resistances: 

- +-- (1)  
1 m,V, 1 1 - _ -  

N O Q  NQ LI NL 

Normally in using this equation one 
assumes N ,  and N ,  to be constant and 
plots l/NoQ against (m,V,)/L, to ob- 
tain N ,  from an intercept on such a 
plot. Using total-reflux sieve-tray plate- 
efficiency data, one must modify this 
direct approach in two ways. 

First with total reflux data V J L ,  
has a value of unity, and (m,VH/LM 
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TABLE 1. TABULATION OF TRAY GEOMETRIES To obtain No, for Equation ( 5 )  two 

(a )  If it is assumed that the liquid 
Position Hole spacing, on moves across the plate in plug flow and Tray in diameter, centerto NO. Free area, Bubbling Column that h e  equilibrium concentration xu 

type column in. center,in. of moles sq.ft. 

special cases are applicable: 
Triangular % free area based 

area area remains constant on the tray, then 
I 

I1 
I11 
I1 
I 

IIA 
IIIA 

Velocities 

1 1/8 3/8 216 
2 3/16 7/16 145 
3 1/4 3/4 49 
4 3/16 7/16 149 
5 1/8 3/8 218 
1 3/16 3/8 151 
1 1/4 3/4 73 

used: Series A 5.8 moles/hr. B 6.8 moles/hr. C 9.4 

can be changed only by changing the 
concentration on the trays, which will 
affect the values of N, and NL. I t  is 
necessary, therefore, to introduce into 
Equation (1) correction factors similar 
to those used by Oliver and Watson 
(331, which allow for the effect of 
these variables: 

1 1 m,V, A 1 -=-+--- 
N o t 8  Nos LM B N L ~  

where, from the definitions of NL and 
NO 

- ( 2 )  

(4) 
No, kcm' aOE /3s U 
N O  k ,  a, /3 us 

B=-=---- 

An equation similar to (2) can be 
written for the liquid phase: . 

( 5 )  
1 1 1 

NOLA NU mLVx A 
+ -=- 

N m  -- 
L.w B 

The second factor to be considered, 
and one which still prevents the direct 
application of the revised Equation 
( 2 ) ,  is that the type of mixing on a 

Location of ReHux sample 
Run sampler Before After 

31 Vapor above tray 90.5 89.4 
Foam liquid 
Liquid on tray floor 
Vapor below tray 

34 Vapor above tray 
Foam liquid 
Liquid on tray floor 79.9 77.4 
Liquid on tray floor 77.4 74.8 
Vapor below tray 

36 Vapor above tray 52.9 51.1 
Foam liquid 
Liquid on tray Hoor 
Vapor below tray 

* Average values. 

0.0185 
0.0278 
0.0167 
0.0286 
0.0186 
0.0290 
0.0249 

moles/hr. D 

8.56 
12.87 
7.73 

13.21 
8.61 

13.41 
11.51 

11.3 moles/hr. 

5.23 
8.02 
4.82 
8.23 
5.36 
8.34 

17.37 

sieve tray is not known. Thus N o ,  ap- 
plying at a point cannot be obtained 
directly from the observed tray effi- 
ciencies. It is proposed that a pseudo 
number of transfer units be defined as 
the No, value calculated from the com- 
position change across the tray on the 
assumption that each of the following 
cases is applicable: 

( a )  The liquid may be completely 
mixed; then 

NoG = -In ( 1 - Ex,,) (6) 
( b )  As considered by Lewis ( 2 4 j ,  

the liquid may be completely mixed 
in the vertical direction but not mixed 
in the direction of liquid flow; then 

Lx 

where E,, is related to the value of 
N o ,  by an equation similar to (6). 

(c )  As described by Kamei and 
Takamatsu ( 2 3 )  there may be no mix- 
ing in the direction of either liquid or 
vapor flow. These authors presented 
graphically the relationship between 
E x v ,  (mr'v.w)/LN> zv, ZH, and NOG- 

NO, = -In( 1 - EML) ( 8 )  
( b )  If it is assumed that the liquid 

on the tray is completely mixed and 
the equilibrium concentration remains 
constant, then 

(9) 

If' there is no mixing on the tray 
in either phase, the Kamei and Taka- 
matsu relationship between Ex&, NO&, 
( r n / V M ) / L M ,  ZH, and 2, discussed 
above will apply. 

In the case of extrapolation to 1 / N ,  
all the special cases should have the 
same intercept since they all assume 
that there is no mixing of the vapor in 
the direction of vapor flow. This as- 
sumption is reasonable since, in gen- 
eral, vapor bubbles will rise through a 
liquid with little tendency for back 
mixing. 

However for the case of extrapola- 
tion to l / N L ,  no such assumption is ap- 
plicable, for it is exactly the variation 
among types of mixing that necessitates 
the theoretical approach proposed in 
this paper. Thus the intercept corre- 
sponding to Equation (8) will be dif- 
ferent from that of Equation (9), and 
the Kamei and Takamatsu intercept 
would be expected to be the same as 
for Equation (8). The two intercepts 
should give the limits of NLn. It  may 
be added here that for most practical 
cases l / N L s  will be small and will have 
little effect -on the calculated point 
efficiency except for very large values 
of me. 

EN, 
NoL = - 

1 - E.vL 

TABLE 2. CONCENTRATION GRADIENTS 

(Concentration in mole per cent methanol) 
Prod- 

Sampler Liquid Temper- uction Top Vapor 
location leaving plate ReHux ature, "C read- pIate flow top 

1 2 3 Before After reading Topreturn ing LM/VN moledhr. 

86.4 85.6 82.6 75.2 73.2 45.5 68.7 30.5 - - 12.45 
- 78.4 74.6 
77.4 73.4 69.3 
79.4 76.4 73.7 

- 78.6 74.1 
- 65.1 55.7 

40.4 35.9 34.9 56.1 
51.6 49.1 48.1 60.7 40.9" 73.6 23.7 - - 11 .8OU 

- 60.3 53.0 
59.1 54.4 50.6 17.7 14.4 30.0' 82.5 23.0 - - 10.13" 
35.0 25.4 21.2 
16.3 11.4 7.0 
27.1 23.0 19.4 
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, 

Mole fraction in liquid 

Fig. 1 .  Representation of mass transfer driving 
forces on x-y diagram. 

I t  will be noted that No,' is calcu- 
lated for a concentration change tak- 
ing place across a whole tray, whereas 
m,, A, and B refer to mass transfer 
taking place at  particular liquid and 
vapor compositions. 

Actually these quantities are calcu- 
lated at the average liquid and vapor 
compositions across the tray, the con- 
centration changes being small, and 
thus only a very small error is intro- 
duced. 

The method as developed to this 
point could be used with data ob- 
tained from a number of systems each 
of which had a different constant 
value of m,. However it seems more 
realistic at the present time to employ 
a single system having a variation in 
m,. In this latter case the effect of the 
physical-property corrections is small. 
For boiling systems the equilibrium 
line will be curved, and it is necessary 
to calculate m,, mL, and mT for the 
curved equilibrium line. 

I t  is easily shown that the following 
define m, and mL exactly: 

,m,=--- "-' (10a,b) Y O - Y t  m, = -. 
x-xi x, -xQ 

where xi and yc are equilibrium values 
on the line of slope -NL/N,  passing 
through x, y. It is therefore necessary 
to determine xt and yt, which requires 
a trial-and-error solution. To do this 
the ratio NLs/N,, is first assumed and 
N J N ,  calculated for other composi- 
tions. NL8 and N,, are then determined 
by extrapolation, and the original as- 
sumption is checked. 

For use in the Lewis equation, for 
a curved equilibrium line the follow- 
ing is assumed: 

Figure 1 has been included to il- 
lustrate the various slopes m,, m,, and 
mT referred to in this paper. 

For the special case of Kamei and 
Takamatsu it was assumed that m,' 

could be approximated by Equation 
( 11) ; this gave reasonable results. 

EXPERIMENTAL APPARATUS 

The experimental apparatus and the 
trays employed are illustrated in Figures 
2 and 3. Table 1 lists the various tray 
geometries employed. A standard distilla- 
tion circuit was used, the overhead product 
being recycled to the reboiler. A complete 
description is given in reference 19. The 
top tray was located in a glass cylinder for 
visual observation of foam height and 
leakage. 

Samples were taken from the down- 
comers as illustrated in Figure 4 ,  by 
method similar to that of Garner et al. 
( 1 3 ) .  The method of sampling and analy- 
sis must be as precise as possible mainly 
because of the apparent magnification of 
errors caused by taking differences in 
Equations (5) and (6). 

The top tray was used for a study of 
concentration gradients. Samples were 
withdrawn from the floor of the. tray, from 
the foam yZ in. above the floor, and from 
the vapor above and below the tray by 
means of fixed sampling probes in the floor 
(Figure 3 )  and a movable probe for the 
liquid and vapor. 

Foam heights were measured visually by 
using the top tray. All tray types were 
installed in the top position during the 
course of the experimental work to obtain 
foam heights and concentration gradients. 

Pressure drops across the trays were 
also measured. After correction for the 
dry-tray pressure drop these were used to 
obtain foam densities. 

Thermometers were installed in the 
vapor above all trays. In addition the 
temperature above tray 4 was recorded. 
Only after all temperatures and flows had 
been stead for at least M hr. were the 
samplers ccsed off and samples taken; a 
steady temperature was defined as a 
temperature constant within 20.25"C. 
Usually the ap aratus required 2 to 5 hr. 

time the column was operated manually. 
to reach stea c r  y conditions; during this 

DISCUSSION OF RESULTS 

The column was operated at four 
vapor velocities, denoted on the graphs 
as series A, B, C,  and D, ranging from 
5.85 to 11.34 moles/hr. Data were 
taken on the three tray geometries. 
There was no entrainment at the high- 
est velocity that could be detected by 
injecting dye on one of the intermediate 
trays and sampling the liquid from the 
tray above. Also there was no visible 
leakage from any of the tray types at 
the lowest velocity. 

CONCENTRATION GRADIENTS 

Table 2 shows some typical concen- 
tration gradients. In interpreting these 
measured concentrations, one should 
note that when vapor samples and 
samples are obtained from the foam, a 
slight amount of the undesirabIe phase 
may be sampled. This is more critical 
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Tray spacing 18" 

yTray position 5 
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8 - Ternperoture 
@ - Pressure 
@ - Gradient 

sampling 4 

m to pot 1111 pips 
Overall length * 10 feet 

Fig. 2. Detail drawing of column. 

for the vapor than the liquid, since a 
small amount of entrained liquid could 
have 'a great effect on the measured 
concentration . 

Vapor concentration gradients were 
evident for the runs where the total 
change in concentration across the tray 
was large. However the effect of these 
vapor gradients on tray performance 
must be small, since the same tray per- 
forms identically in positions 1 and 5 
in the column; position 5 has of course 
a homogeneous vapor below it. 

Examination of the liquid concen- 
tration gradients shows that in some 
runs the concentration of the liquid on 
the tray floor is lower than that of the 
liquid leaving the tray. Further, the 
concentration in the foam above the 
tray floor is always higher than on the 
floor. These data therefore suggest a 
vertical concentration gradient in the 
liquid worthy of further study. 

I t  was felt that the trays in this col- 
umn were too short to warrant any at- 
tempt to use the concentration grad- 
ients to study mixing theory. 
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together with AP,‘ in terms of the aver- 
age liquid density on the tray. 

The foam volume ratio is the ratio 
of clear liquid height to foam height. 
Although its accurate calculation is 
difficult because of the errors in meas- 
urement, a value of +’ is calculated by 
using 2, and AP,’. Here # is propor- 
tional to 4 provided that the difference 
between AP,  and the clear liquid head 
is constant (3,22).  Other effects such 
as the influence of interfacial tension 
have been neglected in the calculation 
of 6’ in this paper. 

The purpose of the foam study pre- 
sented here was to determine the varia- 
tion of foam density and foam height 
with gas rate, composition, and free 
area for the methanol-water system. 
The data are seen to support the as- 
sumption that the gas and liquid hold- 
up do not vary significantly with com- 
position for the system studied. Also 
(b is constant with varying gas velocity, 
but the foam height increases with in- 
creasing gas velocity. The effect of hole 
size is negligible. However for the tray 

V~por  belov 

Liquid from 
flWr of tray - Note A 

Them samplers con be 
TT rotat8d 10 1. 2.md 3’ from 
/I in& weir 

;lass 
-Pocking 

Fig. 3. Concentration-gradient sampling. 

FOAM PROPERTIES 

The volumetric gas holdup and clear 
liquid holdup on the tray are required 
for the calculation of contact time. 
Foam heights and pressure drops were 
measured at the four velocities and for 
the three tray geometries shown in 
Table 1. A typical plot of the data is 
shown in Figure 5. The scatter in the 
data is large at the low weir height 
used, and the two low-velocity curves 
A and B and the two high-velocity 
curves C and D cannot be separated. 
The foam pressure drop AP in centi- 
meters of water is shown on the plots 

Fig. 4. Sketch of tray and sampler. 

with incr&a&d free area the foam den- 
sity decreased, since the foam height 
was almost the same for all trays; p 
increased and E decreased for this tray. 

In a separate study Price (30) has 
reported increasing value of # as the 
weir height was increased. 

It is recognized that these conclusions 
are debatable because of the scatter of 
the data. However they are also sup- 
ported by other data in the literature 
( 4 , 2 7 )  (taken from nonboiling trays) 
with the notable exception of the data 
of Gerster and Foss ( 1 7 ) .  These latter 
authors reported decreasing (b values 
with increasing gas velocity, but it is 
not clear whether or not the effects of 
free-area change have been eliminated. 

While the (p values calculated in this 
study are not sufficiently accurate to 
resolve ,controversies regarding the fac- 
tors influencing them, it is believed 
that final values of /3/U shown on Fig- 
ure 11, which depend on the 4 values, 
are accurate to f 0.01. 

TRAY-PERFORMANCE DATA 
A T  TOTAL REFLUX 

Because the calculation of efficien- 
cies from experimental data magnifies 
errors, the authors would like to dis- 
cuss their treatment of the data in de- 
tail. It should be noted that at total 
reflux the concentration of liquid leav- 
ing a tray is the same as the vapor 
entering it. It is postulated that the 
concentration change across a tray will 
be a unique, continuous function of 
the average concentration of the liquid 
on the plate. Therefore the experi- 
mental data were plotted as Yo,, -Yon 
against the arithmetic average concen- 
tration YRvg. 

Here Yo,, and Yo, are the average 
mole fractions of more volatile in the 
vapor leaving or entering a tray and 
are obtained from the liquid samples, 
since the column is operated at total 
reflux. 

An average curved line was drawn 
through the data on such plots, as il- 
lustrated in Figure 6. Efficiencies were 
then calculated from those smoothed 
curves for all further calculations. 

These curves were drawn for all 
plates for all vapor velocities. Com- 
plete data are given in reference 19. 
The method described above was then 
applied for each geometry and velocity 
with a standard state of 60 mole % 
methanol used. This reference concen- 
tration was chosen because 1/N, was 

I I z, hP; 

Mot % Methonol 

Fig. 5. Foam characteristics vs. composition. 
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Fig. 6. Tray performance. 

practically as large and 1 /NL was 
larger than at any other concentration. 

The method of calculation uses the 
following steps: 

(a)  Using the smoothed data for 
average vapor compositions at 10,  20 
. . . . 80 mole % calculate Yo,, and Yon. 
For example if (Y,,,+Y,,)/S = 10.0 
mole % and the corresponding Yoff- 
Yo. = 15 mole %, then Yo, = 2.5 mole 
% and Yo,, = 17.5 mole %. Since the 
column is operated at total reflux, 
X , , ,  = Yo, = 2.5 mole % and Yxofro 
:= 17.0 mole % from the equilibrium 
diagram for methanol-water. 

(b)  In order to find m, and mL for 
each composition, the corresponding 
values of xt and z j 6  must be found as 
described above. Assumed values at 
the reference concentration, for ex- 
ample N L / N , ,  = 3.0, are taken, and 
N J N ,  for the other compositions are 
calculated with the A and B factors 
defined basically in equations but mod- 
ified as discussed in the following 
paragraphs. 

The A.1.Ch.E. group report the ef- 
fect of physical properties on NG of 

From measurements of 4 reported 
previously, it appears that to is not a 
function of composition. Furthermore 
the effect of density is seen to be 
small, and the effect of viscosity (al- 
though not yet reported by the 
A.1.Ch.E. group) would be expected 
to vary inversely with density. There- 
fore for the system methanol-water 

1.15 

B =  ($) (13) 

The A factor is calculated from 
Equation (3) .  The exact proportional- 
ity between kL and D, is not known 
for a foaming tray but here has been 
taken to be proportional to Nsc".", pri- 
marily following the work of Danck- 
werts (10). The inclusion of pL and p L  
in the Schmidt number is an assump- 
tion. It would be expected that aL 
would be independent of composition, 
and in this work 6 was found to be 
similarly independent. The volumetric 
flow rate is not constant but is in- 
versely proportional to p x L .  From these 
arguments A is defined for the system 
methanol-water as 

f 1 4 )  
PUL Bo 

The A and B correction factors are 
shown in Figure 7. 

With the smoothed data (for ex- 
ample Figure 6) used, the calculations 
were made for the average tray com- 
positions, at increments of 10% from 
10 to 80 mole % methanol. Composi- 
tions below and above these values 
were not used because the concentra- 
tion differences are so small and/or 
the slope of the equilibrium curve is so 
large that there is an undesirable mag- 
nification of errors. 

(c)  By means of the over-all con- 
centration change and the smoothed 
data EM,, EYL,  and mT are calculated. 
Then No,', l /Nao 'B ,  Nor,', and l /NoL'A 
are calculated for each of the three 
special cases for the gas-phase driving 
force and for the two special cases for 
the liquid-phase driving force. Figures 
8 and 9 show the plots of these curves 
and the extrapolations to l / N Q 6 >  and 
1 /NL , for these operating conditions. 
I t  should be noted that the NL d N Q  
calculated from these extrapolations 
must check the original assumption. 

Now with N ,  8o and NL 81 known, N ,  
and N ,  at other compositions may be 
calculated by the use of €3 or A factors. 
In turn the point efficiency may be 
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calculated by combining these indi- 
vidual-phase transfer units by means of 
Equations ( 1 )  and (6). The values of 
EM, and the calculated Eov are shown 
in Figure 10 together with curves for 
other velocities for this tray geometry. 
This figure demonstrates the effect of 
the liquid gradients on the tray on EM,. 

Figure 10 indicates several interest- 
ing effects of changing methanol con- 
centration upon E o v  and Exv.  E,, is 
seen to decrease at lower concentra- 
tion. This is believed to be caused by 
the corresponding increase in m, re- 
sulting in the liquid-phase resistance 
becoming appreciable. 

At the same time Ex, increases with 
decreasing methanol concentration. 
This is believed to be the result of 
increasing the liquid concentration 
change across a given tray at these 
lower concentrations. Thus it could be 
expected that this increased concen- 
tration change would increase the con- 
centration gradient, decreasing the ef- 
fects of mixing and therefore, increas- 
ing Ex,. Presumably if reliable data 
were available at concentrations lower 
than those shown on Figure 10, it 
could be shown that EM, approaches 
E,o as the methanol concentration ap- 
proaches zero and the liquid concen- 
tration change across the plate ap- 
proaches zero. 

I t  is obvious that the liquid concen- 
tration change across the tray is gov- 
erned by the shape of the equilibrium 
curve for total reflux operations. Thus 
the plot of E x ,  against concentration 
for any system under total reflux con- 
dition is dependent upon the shape of 
the equilibrium curve. 

It is obvious from Figure 9 that the 
extrapolation to l /NLe is questionable 
because of the difficulty of extrapola- 
tion and because the actual degree of 
mixing is unknown. However l / N L  is 
small and is significant only at high 
values of mo. In this work the extrap- 
olation of Equation (8) was used for 
N ,  because, for the system used, in- 
creasing mL in general corresponds to 
increasing values of Yo, - Y,,,, and 
therefore the tray performance is ap- 
proaching that for no liquid mixing. At 
the same time the extrapolation of 
l / N L  is not considered sufficiently ac- 
curate to attempt a more fundamental 
analysis of N L  such as will be con- 
sidered for N,. 

1.5- 

THE EFFECT OF 
GAS VELOCITY ON N o  

When one follows the mass transfer 
theory outlined above, the N ,  values 
can be treated further. From the defi- 
nition of N ,  it is apparent that No is 
not a function of liquid rate, provided 
that /3 does not vary with liquid rate. 
The effect of liquid rate on 2, has 
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Fig. 7a. A factor vs. liquid composition for methanol-water. 

been shown to be very small (1 ) , and 
therefore little effect on 6 would be 
expected. 

Theoretically if the assumptions 
outlined in the introduction are ap- 
plicable, a plot of N ,  against /3/U 
should yield a straight line passing 
through the origin with slope kcpa,, if 
k,’a, is not a function of gas velocity. 
Such a plot is presented in Figure 11 
for a bulk composition of vapor and 
liquid of 60 mole % methanol. Also 
included on the plot are the data of 
Price (30) for 3- and 4-in. weirs with 
the same apparatus, system, and cal- 
culation methods. 

Some care must be taken in drawing 
conclusions from such a plot since it 
is difficult to measure /3/U with ac- 
curacy. It has been shown that a given 
weir height (b is practically constant 
with gas velocity, and therefore the 
time of contact is proportional to 2,. 
The foam height does increase with 
gas velocity, and therefore the time of 
contact does not decrease proportion- 
ately with increasing gas rate. 

A DISCUSSION OF TIME OF CONTACT 

It  is evident that the effect on N ,  of 
vapor velocity depends to a large ex- 

YAVG 

Fig. 7b. 6 factor vs. vapor composition for methanol-water. 
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tent on the definition of the time of 
contact for which several relationships 
have been proposed. Geddes ( 1 4 )  
suggested that bubbles rose through 
the foam at the terminal velocity of a 
freely rising bubble, and therefore the 
time of contact would be independent 
of vapor velocity. Several investigators 
(7, 12)  have supported this idea, but 
the data were taken on bubble-plate 
trays in which there might be rela- 
tively little interference between bub- 
bles from adjacent slots. 

Stone (33)  has proposed that the 
bubbles actually push each other 
through the foam at a velocity propor- 
tional to the supeficial gas velocity, 
and therefore the time of contact is 
proportional to Z J U .  Using both bub- 
ble-cap and sieve trays operating at 
high gas velocity, he found support 
for this relationship. Anderson's data 
( 2 )  on sieve trays also supported 
Stone's mechanism for weir heights of 
2 in. In this paper the contact time 
proposed by Gerster is used: 

Except for the obvious difficulty of 
measuring 4 at low seals, it provides 
an accurate definition of t o  over the 
range of interest. 

ta having been defined in this man- 
ner, the data reported here shows that 
k,' a, is a function of tray geometry 
but not of gas velocity. This is differ- 
ent from the results of the A.1.Ch.E. 
group ( I ) ,  which used bubble trays 
where k,' a, is a function of gas veloc- 
ity up to a limiting value. It is sug- 
gested here that the latter effect is due 
to increasing a,; with increasing gas 
velocity the bubbles tend to break up 
until they reach a minimum average 
size at the limiting velocity. As a part 
of this study Price (30)  has found 
that 4 varies with weir height, and 
therefore the time of contact is not 
proportional to Z , / U  if a number of 
weir heights are to be considered. 
However on Figure 11 this effect does 
not appear when time of contact is de- 
fined as #VU; for each tray geometry 
a straight line through the origin is 
seen to represent the data adequately. 

THE EFFECT OF TRAY GEOMETRY 

The effect of tray geometry is re- 
flected by the slopes of the lines on 
Figure 11. Type I trays have larger 
k,' a, values than the other two types, 
but types I1 and I11 have almost in- 
distinguishable slopes. 

The experimental evidence that is 
available to support any explanation of 
mass transfer within the foam is re- 
stricted to foam density and foam 
heights, both of which are difficult to 
measure exactly. These data do not 
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indicate changes in interfacial area, 
since the number and size of bubbles 
could be changing without affecting 
foam density. The bubble shape also 
changes, but the assumption of essen- 
tially spherical bubbles is generally 
made to affect some simplification; 
photographic studies have indicated 
that this is reasonable ( 1  1 ) . 

The performance of type I and type 
I11 trays which have the same free 
area can be compared to indicate the 
effect.of hole size. The foam density is 
seen to be constant for both trays, and 
ko' a, decreases with increasing hole 
size. This decrease is believed to be 

due primarily to a decrease in a, with 
increasing hole size rather than a de- 
crease in the turbulence and therefore 
a decrease in kQ'. 

With type 11 tray the free area was 
increased. It is possible that the time 
of contact was increased while k,' U, 

was decreased. 

END EFFECTS 

Work with single bubbles (9, 18, 
31)  and the study of Anderson (2) 
have shown that k, is probably higher 
at formation than during bubble rise. 
Anderson has noted that this effect is 

YAVG 

Fig. 12. FMV vs. vapor composition for various LM/VM. 
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not apparent at higher seals, since the 
bubble U, at formation is smaller than 
in the foam, probably owing to bub- 
ble breakup. The data on Figure 11 
and the work of the A.1.Ch.E. group 
( I )  support the assumption that end 
effects are small. 

EFFECT OF REFLUX RATIO 

A few runs were made at reflux con- 
ditions other than total reflux and are 
reported on Figure 12. For a given 
tray geometry and change in liquid 
concentration EMv was found to be 
practically independent of reflux ratio. 
It was found empirically that less 
scatter of the data was obtained by 
using Y,,, than using XmvO in plotting 
the points on this graph, Y,,, and X,,, 
no longer being equal as for the total 
reflux runs. It is recommended that the 
point efficiency be calculated as for a 
total reflux run and that the appropri- 
ate mixing Equation (24, 26) be used 
to yield EMv for a tray under any oper- 
ating condition. 

CONCLUDING REMARKS 

This paper has provided new effi- 
ciency data for the operation of sieve 
plates, in an 8-in.Aiameter column on 
the system. methanol-water. It is be- 
lieved that the values of N o  are the 
first reported in the literature for a 
tray in distillation operation. 
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NOTATION 

correction factor for N L  to 
standard set of conditions 
(60 mole % methanol) 
interfacial area per unit vol- 
ume of foam, sq. ft./cu. ft. 
interfacial area per unit vol- 
ume of vapor, sq. ft./cu. ft. 
interfacial area per unit vol- 
ume of liquid, sq. ft./cu. ft. 
correction factor for N o  to 
standard set of conditions 
(60 mole % methanol) 
constant 
concentration, Ib. moles/cu. 
ft. 
difFusivity in the liquid, sq. 
cm./sec. 
diffusivity in the vapor, sq. 
cm ./sec. 
Murphree plate efficiency 
based on vapor driving force 
plate efficiency based on liq- 
uid driving force 
point or local efficiency 
based on vapor driving fmce 
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Ka 

ka 

M 
m 
mu 

mL 

m,’ 

NQ 

Noa 

No L 

N‘W 
P 
4 

T 
t. 

tQ 

t L  

U 

v x  
X 

VOl. 

= over-all mass transfer coeffi- 
cient based on vapor driving 
force, lb.moles/ (sq.ft.) (see.) 

= over-all mass transfer coeffi- 
cient based on liquid driving 
force, lb. moles/ (see.) (sq. 
ft.) (lb. mole/cu.ft.) 

= individual gas-phase mass 
transfer coefficient, lb.moles/ 
(sec.) (sq.ft.) (atm.) 

= ke P/para or kQRT, ft./sec. 
= individual liquid-phase mass 

transfer coefficients, lb. 
moles/(sec.) (sq. ft.) (Ib. 
mole/cu. ft.) 

= liquid molar flow, moles/ 
sec. 

= length of over-all gas phase 
transfer exit, ft. 

= molecular weight 
= slope of equilibrium line 
= slope of equilibrium line with 

calculations based on vapor 
driving force defined by 
Equation (15) 

= slope of equilibrium line with 
calculations based on liquid 
driving force defined by 
Equation (15) 

= slope of equilibrium line de- 
fined by Lewis to relate point 
and plate efficiencies on a 
tray 

= slope of equilibrium line de- 
fined by Kamei and Taka- 
matsu to relate No, and EM, 
on a plate 

= number of individual vapor- 
phase mass transfer units = 

( a h .  1 

= number of individual liquid- 
phase mass transfer units = 
kLa d q  = kLaLt, 

= number of over-all gas-phase 
mass transfer units = KaPaZ,/ 

= number of over-all liquid- 
phase mass transfer units = 
KLpILaZV/Lar 

PMQU 

= Schmidt number /LL/DLPL 
= pressure, atm. 
= total volumetric flow of liq- 

= absolute temperature 
= time of contact in general 

solution of unsteady state 
diffusion equation applied to 
liquid at interface of a bub- 
ble, sec. 

= time of contact of vapor with 
liquid on tray, sec. 

= time of contact of liquid with 
vapor on tray 

= linear velocity of vapor with- 
in the column based on the 
bubbling area, ft./sec. 

= molar vapor flow, moles/sec. 
= average mole fraction more 

uid across tray, cu. ft./sec. 

6, No. 3 

volatile in the liquid enter- 
ing or leaving the tray 

X = mole fraction more volatile 
in the liquid at a particular 
point on the tray 

= average mole fraction more 
volatile in vapor entering or 
leaving the tray 

tj = mole fraction more volatile 
in vapor at  a particular point 
on the tray 

Y 

2, 

Greek Letters 

/3 

= height of foam, ft. 

= volumetric holdup of vapor 
in foam, cu. ft./sq. ft. of tray 
bubbling area 

liquid on tray, cu. ft. 
= pressure drop through foam 

on tray corresponding to 
clear liquid head, cm. of liq- 
uid on tray 

AP, = total pressure drop through 
the tray cm. of water 

APE = difference of pressure drop 
through foam and clear liq- 
uid head on tray 

= molar density, lb. moles/cu. 
ft. 

= volume fraction of clear liq- 
uid on tray, cu. ft. of liquid/ 
cu. ft. of foam 

E = total volumetric holdup of 

AP,‘ 

P = density, lb./cu. ft. 
par 

4 

#’ = AP,’/Zv 
P = viscosity of liquid 

Subscripts 
G 
i = concentrations at the inter- 

face 
L = liquid phase 
M = quantities on molar basis 
on,off = compositions entering or 

leaving tray respectively 
S = standard or reference con- 

centration to which N ,  and 
NL at other concentrations 
and physical properties are 
corrected 

XonrXorl, = material to which the equi- 
Y,,,Y,,r librium refers; Y*x,, = the 

mole fraction more volatile 
in a hypothetical vapor in 
equilibrium with the liquid 
entering the tray, used with 
superscript * 

= gas or vapor phase 

Superscript 
0 = phrase mole fraction more 

volatile in a hypothetical 
liquid in equilibrium with; 
material with which equi- 
librium occurs is denoted by 
the subscript 
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