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Introduction 

Many researches have been made on a bubble cap column and a packed 

column. As to the perforated plate column, however, studies made are few. 

Besides, this type of column is not used but in a limited case such as separation of 

gas. The perforated plate fractionating column, however, is simple in construction, 

workable with small plate spacing, and, moreover, its efficiency is v,,ery high in 

a certain range of gas or vapor rate. 

Because of its excellent characteristics, it is worthwhile to inquire in detail 

into the performance of this type of column. 

Part 1 

Effect of Entrainment 

Introduction 

In a fractionating column, the mass transfer rate between liquid and vapor 

increases, generally speaking, as the velocity of vapor increases. On the other 

hand the increment of vapor velocity causes entrainment and fractionation 

becomes less efficient. 

The perforated plate column has little amount of entrainment as compared 

with the bubble cap column, because the rising vapor passes uniformly through 

liquid layer on the perforated plate. Therefore a shorter spacing will do in 

case of the perforated plate column than on a bubble cap column. 

Theoretical Consideration 

Many reports1-s, have been made public on the study of the influences of 
entrainment on plate efficiency, but their conclusion are very complicated and 
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are inconvenient to use for the design of a fractionating column. Authors have 

theoretically studied the influences of entrainment phenomena on the efficiency 

of column, and found a convenient method for the determination of number of 

plates. 

In analysing the phenomena of entrainment the following three assumptions 

were established. 

1 There is no entrainment from the top plate to the condenser. 

2 Concentration of liquid entrainment is equal to that of liquid on the plate 

from which it spurts. 

3 Decrease of plate efficiency caused by entrainment is due to the decrease 

of the average concentration of the rising vapor caused by liquid particles which 

accompany the vapor. 

The average composition of wet vapor which rises from the nth plate is 

given by the following equation, 

100-e , e 
y,,. = 100 y,,. + lOOx.,, ( l ) 

where 

x,,. = the concentration of 

the more volatile component 

in the liquid leaving the nth 

plate. 

y.,' = the actual concent

ration of the more volatile 

component in the dry vapor 

rising from the nth plate, 

excluding entrainment and not 

in equilibrium with x.,. 
y., = the actual average 

concentration of the more 

volatile component in the wet 

vapor leaving the nth plate, 

including entrainment and not 

in equilibrium with x,,.. 
e = mol percent of liquid 

particles which ·accompany 

the wet vapor. 

In Fig. 2, 
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Fig. 1 Schematic diagram of fractionating Column. 
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aF = y .. * - Yn+l 

b = y,,/-Jn+l 

b*= Yn-Yn+l (2) 

In such cases,the percentage 

of the decrease of efficiency 

caused by entrainment /,. is 

written as: 

f,. = b/ab/!*faF xlOO 

b-b* = -b-xlOO (3) 

From equations (1) and (2) 

In Fig. 1, the following 

equations are obtaied from 

the material balance on the 

nth plate. 
Fig. 2. x- y Equilibrium Curve. 

(v +1:__JYn+1 = (R+filii-e)x,.+Dxc1 

(v +1:__e) = (R+l~e) +D 

(5) 

(6) 

In case the entrainment is not considered, the equation of enriching line 

will be: 

where 
r=R/D. 

In case the entrainment is considered, the enriching line is obtained by the 

following equation, based on the equations (5) and (6) 

(7) 

where 

(1ici-e +R) j D = r' and (10te +R) is moles of the overflow. 

From equation (7), ( 4) and (3), gain the following equation for the enriching 

section. 

• 
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In the case of total reflux, i.e. r' = oo 

f,.= e 

Using equation (2), equation (8) becomes 

where 

I, e 1 ( Xa-Yn+l) 
11 = e+ r;• Exv Y:l'-Yn+l ' 

E xv = Murphree Vapor Efficiency 

Yn1 -Yn+l 
= Y:l'-Yn+l • 
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(8) 

(9) 

(10) 

(xc1-Yn+1)/(y':-Yn+1) is the ratio of total coecentration change which is 

likely to be attained in the whole upper part of tower above the nth plate 

to ideal increment of concentration at the nth plate. Hence, we named it the 

" theoretical enriching fraction " and denoted it by a,.. This value can be 
calculated for any degree of concentration in the column if the equilibrium curve 

·and the operating line are decided. Consequently, the equation (10) becomes 
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Fig. 3. Theoretical Enriching Fraction, 
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Fig. 3 is an example of calculation of u.n, where x" is 90%. At x = 70%, we 

find (kl= PR/PQ = 0.6 

The correlation between r and r' is shown by the following equation: 

I lOOr+e: 
r = 100-e: · 

From equations (10') and (11), one obtain 

(11) 

(12) 

( 
100-e: a.. ) 

/,. = e: l+10or+e:
0 

Exv • 

From this relation, we can calculate the percentage of decrease of plate effi

ciency caused by entrainment. 

In the exhausting section, the following equation is obtained by similar 

method. 

~ (1 100-e: fJm) 
Jm = e: +lOOA+e:· Exv ' 

where 

fJm = Ym+l - Xw 
Yil:-Ym+1' 

(13) 

fJm is the ratio of total concent 

ration change which is likely to 

be attained in the whole lower 

part of column below the mth 

plate to ideal concentration 

decrease at the mth plate. 

Hence, we term it the " theore

tical exhausting fraction ". 

Experiments 

For the purpose of investi

gating what variables give 

influences upon entrainment e:, 

we have carried out experiments 

using air and aqueous solution 

of NaCl. 

(1) Apparatus and operation 

Fig. 4 shows the schema of 

the experimental apparatus. 

Water from tank B flows accross 

I 
A I 

I 
I 
I 
I 
I 
I 

Fig. 4. 

E 

Shematic diagram of the experimental apparatus. 
A: Perforated plate column 
B : Constant head water tank 
C: Constant head NaCl sol. tank 
D: Receiver for NaCl solution 
E : Maekawa's orifice meter for air 
F: Manometer to measure the static pressure 

in column 
G : Roots blower 
H: Centrifugal pump to circulate NaCl solution 



Studies on Perforated Plate Fractionating Column 93 

the upper perforated plate of column A 

and is .exhausted. On. the other hand, 

NaCl solution from tank C streams 

across the lower plate and is circulated 

by the pump H. Air is blown into the 

column by the blower G. We used a 

column, a glass cylinder of 12.7 cm 

inside diameter, and a perforated plate 

as shown in Fig. 5. 

The amount of entrainment could 

be .calculated .. from the increase of Cl 

ion in the upper plate solution measured 

by the caustic silver method. 

(2) State of the liquid layer on the 

plate 

' --1- -
I 
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1 . / ~0- 0~ ~ • -
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Fig. 5. Perforated plate used in experi• 
ments (Dimmension in mm) 

It was observed that the condition of liquid layer on the plate varied as the 

velocity of vapor changed as shown in the photographs a, b, c, and d of Fig. 6. 

When the vapor rate is very slow, there is a clear liquid layer on the plate 

such as in Photograph a. In this case, the air passes sporadically through some 

of the plate holes, and these holes, move constantly just like in case of water 

boiling at the bottom of a container. The liquid surface is covered with a single 

layer of foams and the foam is almost all semi-spherical in shape. And these 

foams are constantly formed and,. vanished. Hence, the driving force of entrain

ment depends, in this case, only upon the breaking of foams. 

As the velocity of air increases, the clear liquid layer decreases abruptly and 

changes into a thick foam layer. The more intense the air velocity, the higher 

the foam layer becomes which at last, reaches the maximum height as shown 

in photograph b. The driving force of entrainment is the same as in case of 

Photograph a. 

When the air velocity is increased beyond this limit, the height of foam layer 

gradually begins to lower and becomes unstable, and developes a turbulent state 

as observed in Photograp c. In this state, the flow of air homoginizes the liquid 

on its surface, form the liquid particles, and then gives ascending power to the 

particles as entrainment. At the highest air velocity, there occurs splashing of 

whole liquid mass into fine particles as shown in Photograph d. 

It is a very intricate problem which state of liquid would be the most suitable 

for the operation of the fractionating column. 
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(a) (b) 

(c) ( d ) 

Fig. 6. State of the liquid layer. on the plate. 



st 
Q 
X 

Stuides on Perforated Plate Fractionating Column 

bcxx:> r-----,r-----,--...;._--"--------~ 

'J 5000 t----1---~-H 

He(~ht of vve~r 
VoLLAme ot overflo\/\1 
O· Plate spacl,ng 

I crn 
20,cc;sec 
5cm 
6cm 

":t° 
~ 

X · // 

0 4<:l:n i-------1---+---t------,,-----.-------1 v 
·W 

3000 1-----1---o----1-+---1------1-------1 

Q 

,o 20 30 40 

Linear veloqty of a Lr passin<g 
throu~ h the c0Lv1mn V' ccm;sec J 

50 

Fig. 7. Amount of entrainment at mall plate spacing. 

5 
He1,ght of wel,r I cm 
Volume of overfLow 

aJ cc/sec 

~4 

,._:-

t 
~ 

~3 
..n ..n 
::, 
.0 

't 
f2 
'()I> 

~ 

0 10 20 30 40 50 

LLncar veLocLty of air pass~n@ 
throu~h the column, V ( c.c/secl 

Fig. 8. Effect of air velocity on the foaming level. 

95 



96 Saburo KAMEI and Takeichiro TAKAMATSU 

(3) lnflu_ences of vapor velocity and plate spacing on entrainment 

(i) When the plate spacing is small: Fig. 7 shows the plots of the amount 

of entrainment against the air velocity at plate spacing of 5 and 6 cm. At small 

plate spacing the amount of entrainment has a maxinum value at the air velocity 

of 17-18 cm/sec. This is explained as follows. The foam layer on the plate 

increases its height with the increase of the air velocity. Consequently, the vapor 

space clearance between the liquid surface and the upper plate decreases. But 

this clearance increases again as the height of foam becomes lower at a higher 

air velocity. The amount of entrainment becomes maximum at a certain air 

velocity which causes the minimum vapor space as shown in Figs. 7 and 8. 

l ,._ 

HeL~ht of weir I cm 
Ove~flow 20 c.vsec 

II) 6 2 0 1-----1-~.-~.t--+-t\----\-"\Wf",;;f------,--~----"1 

,...._ 
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X 

a Lr velocity 
V- =43.3 

cm/sec 
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~ 1.0 1----1----H,----\--f-~--P<.-~rl~----t 
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0 

-0-2 0 0-2 0.4 0.6 08 1-0 

log (s-h) cm 

Fig. 9. Amount of eintrainment vs. vapor space clearance at small vapor space clearance. 



StUdies on Perforated Plate Fractionating Column 97 

It is observed that the liquid level is constant in a turbulent range, and within 

this range the amount of entrainment increases with the increase of the air 

velocity. In the case of the large plate spacing, however, the influence on entrain

ment of the changes in height of the foam layer is not so great as the amount 

of entrainment attains its maximum value. 

Fig. 9 shows the plots of the amount of entrainment E versus the vapor space 

clearance (s-h) with logarithmic coordinates, here, s is the plate spacing and h, 
the height of foam layer. At part A in Fig. 9, the clearance between the liquid 
surface and the upper plate is less than 3 cm, and it is conceivable that unstable 
liquid particles fly. Parts B and C corresponds to the turbulent stage a,nd the 
foam forming stage respectively, and the liquid particles are carried up in steady 
condition by the ascending air currents. 

2,0 r----T"""----r-----,-------------, 
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overflow I 5 ½C/sec 
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14,3 
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Fig. 10. Amount of entrainment vs. vapor space clearance at large vapor space clearance. 
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(ii) When the plate spacing is large: When the plate spacing is more than 

10 cm and where the height of foam no longer has a direct influence upon the 

amount of entrainment, the vapor phase, in which liquid particles are flying, can 

be divided into two parts; the lower and the upper. The liquid particles found 

in the lower part, are the ones that are falling back to the plate and the larger 

the particle, the lower the position from which it falls. In the upper part, all 

the floating particles are carried away by the air current. Fig. 10 shows the 

relation between E and (s-h) in this case, and B, C and D correspond respectively 

to foam forming stage, turbulent stage, and particles flying stage. 

( 4) Influence on entrainment of overflow rate and height of weir 

One example of the experimental results is shown in table 1. The table 

shows that the amount of entrainment is almost constant regardless of the varied 

rates of overflow. However, the influences of certain degree can not be avoided 

because of the decreased clearance of vapor space caused by the increase of 

overflow. 

Similarly, it can be anticipated that the decrease of the vapor clearance 

caused by the increase of the height of weir will increase the amount of entrain

ment. In Fig. 11 is shown the relation between the amount of entrainment and 

vapor spacing. It is noted that Fig. 10 and Fig. 11 are exactly equal. Conse

quently, both the rate of 

overflow and the height of 

weir will not have any direct 

connection with the driving 

force of entrainment. 

(5) Examination of the 

experimental results 

It was worthy of notice 

that the states of the 

liquid layer on the perfo

rated plate are varied with 

the change of the vapor 

velocity and the overflow 

rate, and that they can be 

divided into the foam 

forming range and the 

turbulent range. It is obvi

ous from this experiment 

that the driving forces of 
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Fig. 11. Amount of entrainment vs. vapor space. 
clearance at change of weir height. 
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entrainment are different at both ranges. 

In case of small plate spacing the foam layer reaches the upper plate at 

certain air velocity and the amount of entrainment becomes greater. Therefore, 

in determining the plate spacing of fractionating column, a value must be taken 

at which the foam layer will not reach the upper plate. 

It shobld be further noticed that foam height and vapor clearance are varied 

with the changes of overflow rate and weir height, therefore the amounts of 

entrainment are influenced by these two variable factors, though indirectly. 

In fractionating substances that have different characteristics in producing 

foams depending upon the degree of concentration it is rational not to arrange 

the plate spacings of column equally throughout the whole column. 

Table 1. Effect of overflow on amount of entrainment. 

~ 4.55 8.0 10.5 14.5 17.0 20.0 23.0 

16.5: 24.2 25.2 27.1 27.2 24.0 22.0 19.5 
25.3 26.4 27.5 28.0 24.6 22.8 21.1 

18.6: 30.8 33.1 32.8 36.0 35.7 33.0 31.3 
33.5 34.4 36.4 36.8 37.2 34.4 32.2 

22.3 : 64.0 65.8 70.7 72.5 70.0 70.5 67.2 
65.0 71.0 73.2 74.2 73.0 76.5 72.5 

29.4 : 80.0 85.0 87.4 91.5 93.5 92.5 95.5 
81.0 87.2 90.0 92.7 95.5 94.5 96.8 

q: Volume of overflow c.c/sec, 
v: Linear velocity of air passing through the column cm/sec 
The amount of entrainment is shown in (c.c/sec) xlOi 
Plate spacing : 12 cm, Weir height : 1cm. 

Example of Calculation for benzene-toluene system 

In the continuous fractionating column a solution containing 40 wt % of 

benzene and 60 wt % of toluene is treated. The distillate is to contain 97 % of 

benzene, and the bottoms, 98¾ of toluene. The reflux ratio is 3.5, the molal 

latent heats of vaporization of both components are equal, and the liquid feed 

enters the column at its boiling point. Enriching line is given by the following 

equation. 

Yn+1 = 0.777x,. +0.216 

The result of the experiment is: the amount of entrainment is 0.6 c.c/c.c 

overflow or e = 80 mol¾ of rising vapor (at overflow rate is 20/c.c/sec, air velocity 
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is 18cm/sec and plate spacing is 5 cm) when a foam layer is in a state at which 

it reaches the upper plate. When the plate spacing is 5 cm and the state of 

liquid layer is in the turbulent range, this amount e is about 50 mol ¾. At the 

plate spacing of 6 cm e is about 10 mol¾. If these results can be applied to the 

above illustrated fractionation of benzene-toluene system, the following results 

can be calculated; at e=80mol¾, r' would be 21.5 and .l.'=25.5; thevalues of 

a., {3, and I are given in Table 2; then 86 number of plates are required. At 

e=50 mol¾ and e=lO mol¾ 32 and 20 respectively of plates are required, as 

shown in Fig. 12. The decrease of plate efficiency caused by entrainment is 

negligible small in case of e=lO mol¾ or less. 

100,---.-~-~-~-~---.--.----,---,--::a, 

J 

i--1--1+--h<-tt+----,t<'r+---+--1---1---+---+--H4 E 
~ 

l--lf--,<-ff,f+-,'C~'--,,<-j.-l--+---l---l---+---.t--H5 ~ 

C: 

f--Mbl.'-?-:'4--1-1-1--+--+-=~::--t--~2~ 

0 0 
0 X 100 

Fig. 12. Graphical solution for Benzene-Toluene system. 
Feed 44mol% Product 97.4 mo!% Bottoms 2.34 mo!% 

EMv=0.7 e=10mol% 

Table 2 Percentage of decrease of efficiency caused by 80 mo! % entrainment 

x% 97.4 90 80 70 60 50 40 30 20 10 2.34 

"'n,!1m 0 1.5 1.9 1.95 2.18 2.35 1.9 1.4 1.02 0.7 0 

I 80.0 87.95 90.0 90.03 91.55 92.5 88.7 86.5 84.6 83.2 80.0 

I 

It seems that if the foam layer does not touch the upper plate in the 

operation of fractionating column, the entrainment scarcely influences on plate 

efficiency. 
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Part 2 

Theoretical Consideration of Plate Efficiency 

introduction 

The degree of approach to the state of mutual equilibrium between average 

composition of liquid and vapor leaving a plate is called the " plate efficiency ", 

and the Murphree vapor efficiency6> is defined by the following equation 

where 

EMv = Murphree vapor efficiency, 

y,. = The average composition of vapor which rises from the nth plate, 

Yn+1 = The average composition of vapor which rises from the (n+l)th plate, 

y; = The vapor composition which is equilibrium with the average compo

sition x,. of liquid that leaves the nth plate. 

For the design of fractionating column of binary mixtures, the stepwise 

calculation method proposed by McCabe and Thiele9> is widely used because of 

its simplicity, and in doing so Murphree efficiency is assumed to be 100¾. 

But the value of Murphree efficiency varies with vapor velocity, rate of overflow, 

composition and degree of concentration of mixtures, etc, and it is difficult to 

foresee the value of Murphree efficiency for any particular condition. 

If liquid and vapor on the plate were mixed completely, the Murphree effi

ciency would be the most appropriate to explain the plate performance. However, 

the mixture on the plate is actually incomplete. Liquid and vapor flow crosswise 

against each other on the plate, and it is likely that there exist a concentration 

gradient in both liquid and vapor in the direction of flow. Based on this point 

of view, Kirschbaum5> and Lewis7> studied the plate efficiency. They divided the 

liquid layer into small elements in the direction of flow, assuming the liquic' 

concentrationon on the plate to be uniform in vertical direction. The efficiency 

in these small elements was called " local efficiency " and the correlation of 

this efficiency with Murphree efficiencywas introduced by them. As the local 

efficiency is also a function of many variables, the estimation of it is very difficult. 

Gerster8> suggested a method of calculation based on the concept of number of 

transfer unit that is commonly used for the packed tower, but it is still insufficient 

predict plate efficiencies at any given condition. 

Authors assumed the crosscurrent flows of liquid and vapor on the plate, 

and introduced an equation from which we could calculate Murphree efficiency. 
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This equation is conceivable to be a function of gradient· of equilibrium curve, 

travelling length of liquid, height of foam, mass-transter coefficient, vapor rate 

and overflow rate. 

Flow of liquid and vapor on the plate 

At usual operating conditions of 

fractionating column the state of liquid 

on the plate is in the foam forming 

range. • • t .--------i,,-~--, 
-+--t--t-
~ 
I I I 

According to the experimental 

observations, the flow of liquid on the 

plate is as schematically shown in 

Fig. 13. The liquid from the upper 

plate is assumed to be distributed 

uniformly to the level of foam and 

flows horizontally on the plate and falls 

down to the lower plate. On the other 

hand the vapor flows vertically, that 

~ 
C. .;. Cl Cl L:l Ci C;. t:.. C. Ci 

+ + ♦ I 
is, crosswise to the liquid on the plate. 

I I 
I I 

Fig. 13. State of flow of liquid and 
vapor on the plate. 

Plate efficiency when the liquid film alone exists 

When the mass-transfer between liquid and vapor is discussed, the double 

film theory is very useful. Authors treated the resistances of liquid film and 

the gas film individually, and then the case in which both of them exist together. 

At first we shall refer to the case in which the concentration of gas is constant 

inrespect to the plate, and there is no resistance is in the gas film but the liquid 

film resistance exists. Absorption of pure CO2 gas by water belongs to this case. 

At any point on the plate the concentration of liquid is given by 

dx = _l(x*-x/1-x) 
dl L., (1-x)r 

(14) 

where x is the liquid concentration at any point on the plate, x* is the liquid 

concentration which is in equilibrium with the gas concentration that is constant, 

(1-x)r is the logarithmic mean of (1-x) and (1-x*), l is the travelling length 

of liquid, and L., is the " length per transfer unit " which means the resistance 
of mass-transfer. When the change of liquid moles is negligibly small, Eq. (14) 

becomes approximately 

dx 1 
dl = L}x*-x). (15) 



Stttdies on Perforated Plate Fractionating Columu 103 

Integrating this equation between x=x .. - 1 and x,., correspondingly 1=0 and l, 

l l 
X,. = x* ( 1 - e - I.,,) + Xn- 1 e - L., • 

By definition of the Murphree efficiency, it is 

E _ Xn-Xn-1 
ML - X*-Xn-1 • 

From equations (16) and (17), the following equation is given. 

(16) 

(17) 

(18) 

It is obvious from equation (15) that L., is the coefficient which represents 

the resistance of mass transfer and has the dimension of length. This coefficient 

is called the length per transfer unit. L., is a function of the liquid and vapor 

rates, and the characters of liquid and vapor. If L., and l are known the Murphree 

efficiency can be calculated by equation (18). 

Plate efficiency when the gas film alone exits 

When the concentration of liquid is constant on the plate and only the gas 

film has a mass-transfer resistance, for example, in the case of the adiavatic 

humidification, the following equation can be given at any point on the plate. 

dy 1 - = ~(y*-y) 
dh L 11 

(19) 

where h is the travelling length of gas or level of foam, y* is the gas concent

ration that is in equilibrium with the constant liquid concentration. 

Integrating the equation (19) between y = Yn+i and y,., correspondingly h = 0 

and h, 

h h 
y .. = y*(l~e - L11) + Yn+le - Lv • 

By definition of the Murphree efficiency, it is : 

From equations (20) and (21), 

E _ Yn-Yn+l 
MV - y*-Jn+l • 

h 
EJiv = 1-e - L11 

(20) 

(21) 

(22) 
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If foam level h and Lu are known, the Murphree efficiency can be calculated, 

where L11 is the length per transfer unit of gas film. 

L11 is also a function of the liquid and vapor rates, and the characters of liquid 

and vapor. 

The overall length per transfer unit 

In the foregoing paragraph, L,, and Lu were defined separately, but it is usual 

that the mass-transfer resistance exists both in gas and liquid films. For example, 

in distillation, the transfer of 

low-boiling component from 

liquid to vapor is considered as 

shown in Fig. 14. x is the liquid 

composition in the main body and 

x, is the liquid composition at 

the gas-liquid interface. y, is 

the vapor composition at the 

interface which is in equilibrium va.pC1r 
with x,, and y is the vapor 

interra.ce 
composition in the main body. 

Based upon the double film 

theory, the following equation 

Fig. 14. Masstransfer resisance based on 
double film theory. 

is obtained by using Lav which means the overall mass-transfer resistance, 

8h 1 -- = ---(y*- y)' oy Lau 

.x. 

(23) 

where y* is the vapor composition which is in equilibrium with the liquid compo

sition x. 
Since the mass-transfer rate is equal in both films, the following equation 

can be obtained : 

(24) 

where G and L are the vapor and liguid rates at any point on the plate. 

In Fig. 15 y*-y, and x-x, correspond to BD and CD respectively. At the 

differential part near by A, the gradient of the equilibrium curve m is shown by 

the following equation. 
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or 
1 x-x, = m(y*- y,) (25) 

From equations (24) and 
(25), 

y*- y y,- y y*-y, 
Lo11/G = r.-;7c = L.,m/ L' 

:. Lo11=L11+L.,(mi). (26) 

Equation (26) shows 

the relation between the 

overall length per transfer 

unit based on the change 

of vapor composition and 

the length per transfer unit 

of each film. 

As for Lo.,, the over

all length per transfer unit 

based on the change of 

liquid composition, the 

fol1owing equation is gained, 

l-
0 
0.. 
,s 
> -0 

s= 
0 

1 
l-

4-

~ 
0 
E: 

f 

~i. D 

'if A 

X· ~ JC. 

moi ft-().ctiort of Qi~u.id. 

Fig. 15. 

105 

(27) 

Assuming that the equilibrium curve is a straight line near this point, we 

obtain 

y,-y = m(x,-x*). (28) 

From equations (27) and (28) 

L L11 
0
"' = (mG/L) + L., (29) 

This equation shows the relation between the overall length per transfer 

unit based on the liquid composition change and the length per transfer unit of 

each film. 

From equations (26) and (29), the relation between Lo11 and Lo., is shown by 

the following equation 

(30) 
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Concentration gradient on the plate when the mass transfer resistance 

exits in both films 

In distillation the mass-transfer resistance exists in both liquid and vapor 

films and the concentrations of liguid and vapor change with their positions on 

the plate. 

In this case the following equation is given at any point on the plate : 

f)y 1 (31) ·-- - = -(y*- y) 
ah Lo11 

ax 1 
-f)l = Lo.,Cx-x*)' (32) 

where 

y* = mx+c (33) 

x* = (y-c)/m. (34) 

The value of m in the Eq. (33) is different from that in Eq. (34) in the strict 

meaning, but it can be safely assumed that they are equal so far as only one 

plate is being discussed. 

If the equilibrium curve is extremely convex and the reflux ratio is very large, 

it is unavoidable that the above-mentioned assumption will bring about some 

discrepancy. 

Combining Eqs. (33) and (34) with Eqs. (31) and (32), and using the relation 

of Eq. (30), we have: 

(35) 

This is an equation of continuity for the concentration on the plate. Consequently, 

the concentrations of the liguid and vapor on the plate are determined by the 

following three equations. 

f) y = _!__(y*- y) 
ah Lov 

y* = mx+c 

~.1 = - ax;(G/L) 
ah 81 

(31) 

(33) 

(35) 

In order to solve the above partial differential equations, the following 

boundary conditions are assumed. The liquid, having a composition of Xn-1, 

flows down from the upper plate to the nth plate, is distributed uniformly over 

vertical section of foam layer, and enters the effective part of plate. The 

composition of vapor is considered to take a constant value of y,.+ 1 at h=O all 

over the plate. 
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x,. and y,. are respectively the average compositions of liguid and vapor 

which leave · the nth plate. 
Therefore, at l=0 

where Yf=o = mx,,-1 +c. 

Solving the above equation, we obtain : 

for l = 0 

and Y = Yn+i 

h 

Y = Yf=o-(Yf=o-Yn+i)e-Loll 

for h=0 

Eqs. (37) and (38) represent the boundary conditions. 

Combining three equations (31), (33), and (35), we have: 

a2y +(mGiL).ay+_l_,ay=O 
8h,al Loll 8h L0 11 8/ 

(36) 

(37) 

(38) 

(39) 

solving the above partal differential equation by using the Laplace transformation 

at the boundary conditictions of Eqs. (37) and (38), we gain the vapor compo

sition at any point on the plate as the follows. 

(40) 

Concerning with the liquid composition, the following equation is obtained 

by the similar method. 

a2x + (m~) . ax +_l_, Bx= 0 
8h,8l Lo11 8h Lo11 az 

The boundary conditions are obtained by the following equations, 

where 

that is, 

at / = 0, 

at h ·= 0, 

(ax) 1 - az = -L (x-xf=o) 
h=O 01/ 

xf=o = (Yn+1 -c)Jm, 

X = Xn-1 

l 

X = X*1,,=o+(Xn-1-Xf=o)e- Lo,, 

= x*,.~o+(X,.-1-xf=o)e 

G 
-mrlfL011 

(41) 

(42) 

(43) 
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Solving the above equation, the result is: 

If the compositions of the liquid and vapor which enter certain plate and 

m fl/ Lo?J & hf Lo11 at this plate are known, the liquid and vapor composition at 

any point on this plate can be calculated from Eqs. (40) and (44). Since these 

solutions are very complex, it is more convenient to make a diagram which shows 

these solutions. They are reformed as follows: 

where 

X = Xn-1-(X,.-1-Xf=o)(l-S) 

Y = (yf=o-Yn+1)(l-S) + Yn+l 
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For calculation of liquid composition, A= h/L011 , B = m~l/L011 , for calculat!on of 

vapor compostiion, A=mftJL011 , B=h/L011 , and Sis called "concentration 

gradient factor". Fig. 16 shows the relation between h/L011 , mfl/Lo11 and S. 

For example, a mixture of methylalcohal and water is being rectified at the 

column of I= 7.5 cm. Assuming that x,._1 is 0.805, Yn+i is 0.614, and then xf=o 

is 0.23, we find that Eq. (45) 

becomes x=0.805-0575 0-8~:::----+---+---t------t:----1 

(1-S). From this equation 

the values of x were plotted 

versus l with h as the 

parameter in Fig. 17, where 
G 

h=4cm. mL =0.53 and L 011 

=2.66cm. 

As the liquid flowing 

along the bottom of foam 

layer has a large driving

force, the mass-transfer 

rate is larger at the bottom 

of foam layer compared 

with other positions. The 

vapor which contacts the 

liquid that flows along the 

top of foam layer is 

enriched with more volatile 

-rj 

::S 
cf" 0-7 ,-...., 
\i-
0 

C: 

~ H 0-6 1--~---~~-----~-~-h = 4 cm 
u 
cs ,._ 
Ii-
...J 
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=2 

=I 
0.41,...._ __ .c.L_ __ __,_ __ __JL___ __ -=-Q-~ 

0 2 4 6 u 

_P,, [Ci'nl 

Li~uid ti-avellin.g length 

Fig. 17. Concentration gradient of liquid on 
the plate. 

methanol-water system, x1 =0.805 y=0.614, 
Loy=2.66cm, h=4cm, mG/ L=0.53 

component in the lower part. Therefore, the driving-force between liquid and 

vapor is smaller at the upper part and the mass-transfer rate is also smaller than 

that at the bottom. The concentration gradient of vapor can also be calculated 

by the similar method. 

Plate efficiency when the mass transfer resistance exists in both films 

Eqs. (40) and (44) show the vapor and liquid compositions at any point on 

the plate when the foam level is h and the liquid travelling length is l. 

therefore, the average composition x,. of the liquid· which flows down to the 

lower plate is obtained by the following equation : 

(48) 

Combining Eq. (48) with Eq. (44) 
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(49) 

where 

The average composition y,. of the vapor which rises from the nth plate is 

obtained by the following equation, 

(50) 

Combining Eq. (50) with Eq. (40), 

Y = Yn+l +(Yf=o-Yn+1) 
G G 

h mLl m-1 
L 

00 

[ -- ( h ){ -- ( L )}] -(Yf-o-Yn+1)mGI~ e Lou•Q,,. Lou 1-e Lou ·P,,. Lou (51) 

L 

When the composition of liquid that enters the nth plate is .x,.-1 , and of the 

vapor is Yn+i, and the foam level is h and the liquid travelling length is l, Eqs. 

( 49) and ( 51) respectively give the average compoitions of the liquid and vapor 

which leave the nth plate. 

By definition the Murphree vapor efficiency, it is 

E - y,.-y,.+1 
MV - (mx,. +c)-Yn+l 

(52) 

From Eq. ( 49) 

mx,,.+c = mxt=o+c 

00 m~l mGl h 

+m{xn-1 + ~-(xt=o+ ~)}Lr~ [e - Lou ·P,.( L~ ){1-e -Lou•Q,.(~J }] 

and 

and then 

(mx,,.+c)-Yn+l 

m~l mGl h 
L0 11 

00 

[ -- ( L ) { -- ( h ) }] = (Yf-o-Yn+1) h ~ e Lou .p,. Lou 1-e Luo•Q,. Lou 
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(53) 

Eq. (53) is the general equation of the Murphree vapor efficiency. The Murphree 

vapor efficiency can be calculated from this equation, if m¥:.,l f Lo1J and hf Lo1J are 

given. 

The Murphree liquid efficiency is obtained by the following equation in the 

same way as in the vapor efficiency. 

E _ x .. -1-x,. 
ML - (J,.-C) 

Xn-1 - -,,,-
(54) 

From Eqs. (49), (51) and (54), 

(55) 

Eq. (55) is the general expression of the Murphree liquid efficiency. 

Eqs. (53) and (55) are very complex, therefore the Murphree efficiency can 

not be easily calculated by these equations. Authors calculated the values of 

the Murphree efficiency at various values of mil f Lo11 & hf Lo11 and made the 

" plate efficiency diagram '' Fig. 18 for the practical use. 

In this figure, we took hf L011 as abscissa and mill L011 as the parameter to 

calculate the Murphree vapor efficiency, and millLo11 as abscissa and hf Lo11 as 

the parameter to calculate the Murphree liquid efficiency. The Murphree vapor 

efficiency approaches to 100% with increasing of hf L011 and 0% with decrease of 

it and the Murphree liquid efficiency approaches to 100% with inc/ ease of mil I Lov 
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Fig. 18. Plate efficiency diagram. 

and O¾ with decrease of it. Both efficiencies assume the maximam values at 

certain value of h/ Lou and m~l / Lou • 
The Murphree vapor efficiency is unobtainable in Fig. 18, when 1;, GI I Lo'// is 

larger than 7, but the Murphree liquid efficiency is obtainable. Therefore, one 

can correct the equilibrium curve and calculate the actual number of plates 

needed from the values of the Murphree liquid efficiency. 

It has been reported by many investigators that the experimental value of 

the Murphree efficiency exceeds 100¾ in case of the perforated plate fractio

nating column. 

The Murphree efficiency becomes more than 100¾ when the relation between 

m~l / Lov and h/ Lov statisfies the following equation : 

G 
m-l G1 

L .. [ _ __£ (mL ){ _!!_ ( h )}] 
// ~ e Lov ·P,. Lou 1-e Lov·Q,. Lou 
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G 
h myJ 

L 11 
00 

[ -- • ( h ){1 -- )}] + m~l ~- e Lo11·Qn Lov -e Lo11 •Pn < 1 
L 

The relation between the plate efficiency and 

the gradient of equilibrium curve m 

113 

(56) 

Many investigators have reported that the experimental values of the 

Murphree efficiency vary with changes of the liquid composition on the plate 

in spite of all other conditions being equal. This phenomena has been explained 

that the heat and mass transfer rates decrease as the temperature difference 

between liquid and vapor decreases. Kirschbaum10> explained it by both views 

of the temperature differince between liquid and vapor and the theoretical rate 

of heat transfer. For the temperature difference between liquid and vapor, he 

took the difference between the temperature of liquid leaving a plate and that 

of the vapor entering it. But it is questionable whether this temperature differ· 

ence represents the true difference between liquid and vapor on the plate. More-

over, the state of flow on 

the plate should be consi

dered when the plate 

efficiency is being con

sidered. Taking the foam 

level, the liquid travelling 

length, and the liquid and 

vapor rates as constant 

in Eqs. (53) and (55), 

we considered how the 

Murphree efficiency will 

change with the change of 

the liquid composition on 

the plate which brings on 

the change of the value 

of m. It is assumed that 

the variations of L., and L 11 

with the liquid and vapor 

composition are negligibly 

small. Line B in Fig. 19 
shows the results of calcu
lation for the Murphree 
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efficiency EMv for ethylalcohol-water system, where L,=2 cm, L,,=4 cm, 1=10 cm, 

h=4 cm, G/ L=l. Line A represents the experimental results which were reported 

by Kirschbaum. Line A and B do not coincide completely, and it is quite possible 

since the values of l, h, L!/, L,, etc. are assumed optionally. But the tendency 

of the variation of these two lines are equal. If the fact that the foam level 

takes the maximum values at about 40 mol¾ for ethyl alcohol-water system is 

taken into consideration, the both lines will coincide well. Fig. 20 shows the 

results for the benzene-toluene system. In this case the both lines agree 

completely. 
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u 
~ 
Q) 

80 
J..... 
0 0 
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0 
> 
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:X: mol f mrtion of liqu.1d 
Fig. 20. Murphree efficiency of benzene toluene. 

h=4cm, l=IOcm, L!/=3cm, L,,=6cm G/L=l 

It is inferred from this fact that, in the case of benzene-toluene system, the 

foam level hardly changes with the change in composition. 

It is concluded that the variation fo the Murphree efficiency with the change 

of liquid composition on the plate depends neither upon the fact that the mass

transfer rate decreases with the decrease of the temperature difference, nor on 

the relation between the temperature difference and the theoretical rate of heat 

transfer, but the influence of m is the principal cause of it and it is inevitable 

phenomena in the cross-current of liquid and vapor. 

Nomenclature 

V = vapor rate Kmol/hr 

R = reflux rate kmol/hr 

D = distillate rate kmol/hr 
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F = feed rate 

W = residue rate 

kmol/hr 

kmol/hr 

G = vapor rate passing through differential volume on the plate 

L = liquid rate passing through differential volume on the plate 

Exv = Murphree vapor efficiency 

E ML = Murphree liquid efficiency 

L., = length per transfer unit with liquid film 

" " " " " 
gas 

" 

115 

cm 

cm 

l 0 ., = overall length per transfer unit based on liquid comosition change cm 

L011 = overall length per transfer unit based on vapor composition change cm 

S = concentration gradient factor defined by Eq. ( 47) 

h = height of foaming layer cm 

l = travelling length of liquid cm 

s = plate spacing cm 

v = superficial column velocity of gas cm/sec 

I= percentage of decrease of plate efficiency caused by entrainment 

x = mol fraction of more volatile component in liquid 

y = mol fraction of more volantile component in vapor 

m = gradient of equilibrium curve 

r1. = theoretical enriching fraction 

{3 = theoretical exhausting fraction 

e = mol percent of liquid particles which are held into rising wet vapor 

Subscripts 

d: distillate 

n : enriching section 

m : exhausting section 
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