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Introduction 

A considerable part of the processes in the chemical industry is a sepa­
ration procedure. Such kinds of processes are e.g.: absorption of gas, desorp­
tion of gas, different processes of distillation, and so on. A common requirement 
of all these operations is the close contact of the gas (vapour) phase and the 
liquid phase, to create a diffusion mass transfer between the phases with the 
aim of changing their concentration. 

Contact of gas (vapour) and liquid phase is realized mainly in column 
constructions. Among the types of column apparatus the most familial' are 
the bubble-cap plates and packed columns. 

A lot of novel plate constructions appeared recently. The different 
dynamic plates and the so-called combined plates are well known, too. The 
most wide-spread is, for example, the so-called valve plate. 

Combined plate constructions are characterized by the fact, that a part 
of the liquid entering the plate does not move off by falling over the outlet 
weir, but it is weeping through the plate. This phenomenon can well be observed 
when using a valYe plate. Supposing normal operating parameters, the quan­
tity of the weeping liquid may be even 30 to 40 per cent of the liquid entering 
the plate [I]. 

In column constructions there is a mass transfer between the phases. 
In such cases the procedure is determined by the rules of molecular diffusion 
as well as by the eddy-diffusion. In most common cases a resistance is devel­
oped by both phases. Thus kno"wledge of the liquid mixing is by all means 
necessary for the examination of the process, and the rate of the mixing is 
characterized by the diffusion coefficient. 

The number of plates effecting the demanded selection, and the number 
of those to be incorporated in the column can be determined in knowledge 
of the eddy-diffusion coefficient for the sake of choosing the construction and 
operation parameters. 

The phenomenon of weeping on the combined plate constructions has its 
effect on the mixing relations developing on the plate. So we have to elaborate a 
model, likely of help in determining the relations of liquid mixing of these types. 
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Liquid mixing on (static) bubble-cap plates 

It was assumed earlier that the liquid wC.s completely mixed on the plate. 
Consequently the liquid concentration 'was everywhere identical with that of 
the liquid leaving the plate. JVIurphree plate efficiency and point efficiency are 
equal in this case. Real conditions of the cross-flow plates are, however 
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not the kinds to allow a perfect mixing of the liquid on the plate. A concentra­
tion gradient is developing, determining the relation between the plate effi­
ciency and the point efficiency. This relation depends upon the gradient of 
concentration or upon the rate of liquid mixing. 

Fig. 1 sho1',-s the nth plate of a bubble-cap column in case of distillation. 
Definition of the JVIurphree plate efficiency and point efficiency, ex­

pressed by the difference of concentration on the vapour side, on the basis of 
Fig. 1. is the following: 

E MV = --'-------'----'--=-

Y~ - Yn-i-l 
(1) 

(2) 
Y~local - )'11+1 

For xn local = xn' i.e. when the liquid on the plate is completely mixed, 
the plate efficiency coincides with the point efficiency (EMV = Eoo). 

The other limiting case is where the liquid does not mix altogether. This 
is the so-called plug flow of liquid, demonstrated hy LEWIS [2]: 

eEOGi. 1 

Eooi. 
where 

, mGM 1.=---. 
L:u 
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In reality, the liquid mixing is between these two limiting cases. 
We know two general models describing the liquid mixing. KIRSCHBAU~1 

[3], and later on GAUTREAUX and O'CONNEL [4] proposed the so-called "mixed 
pool" model. Their presumption was that from the inlet to the outlet weir 
the plate can be divided into n parts, where liquid mixing can be considered 
as perfect. Accordingly the mixing was interpreted as the sequence of perfectly 
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Fig. 2 

mixed liquid pools. On the basis of this supposition a connection was deducted 
on the behaviour of the actual plate: 

f 1 _I,_E_OG_J" - 1 
EMY- = ____ n ___ _ 

EOG I.EoG 

Difficulty of the application of this method lies in the determination of 
the number n of cells. 

Other model is the so-called eddy-diffusion model, used first by Wehner 
and Wilhelm. It was used in the standard works [5, 6], too. On the basis of 
this eddy-diffusion model the rate of mixing of the diffusing component on the 
plate is snpposed to be proportional to the concentration gradient of the 
component. 

Fig. 2 shows an elementary part of a static plate with the application 
of the eddy-diffusion model. The mass balance of the more volatile component 
concerning the elementary part and introducing the dimensionless location 
~o-ordinate le yields the differential equation: 

where 

and 

1 

Pe 
d 2 X dx • 

- - - I.EOG (x - x*) = 0, 
du·2 dw 

rZz 
Pe=--

D 
IS the Peclet-number 

(3) 
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w = ~ is the dimensionless location co-ordinate. 
Z/ 

WEHNER and WILHELM [5] solved the differential equation assuming 
the following boundary conditions: 

Solution: 

x - x* 

x 2 - x* 

where 

w=l 

x=xz 

(z = Z/), 

dx 
and-- = O. 

dw 

e('7)-:-Pe)(w-l) er,(l-W) 

'Yj+Pe + 
1-L 1+--'Yj--

I 

1) 1J+ Pe 

(4) 

On the basis of Equ. (4) the relationship of the plate efficiency and the 
point efficiency is 

1 e-('7)+Pe) 
--------~-------~--+ 

( 
'Yj:pe) (7J+Pe) 1 ./ 

(5) 

From Equ. (5) it is apparent that the relationship of the plate efficiency 
and the point efficiency can be determined from knowledge of the rate of 
mixing (D or Pe). 

The rate of mixing is characterized by the eddy-diffusion coefficient, 
which is not a constant of the mass, but it is depending on the peculiarities 
of the flow, in contradiction to the molecular diffusion, which is caused by the 
BROWNIAN movement, so it can be characterized by a single mass constant, 
i.e. the molecular diffusion coefficient. 

Since the eddy-diffusion coefficient depends on the features of the flow, 
so it depends on the plate construction, on the shape of the cap and on other 
construction data, too, influencing the formation of the flow. 

In the quoted standard works [5, 6] the scientists determined the empir­
ical relationship suitable for reckoning with of the eddy-diffusion coefficient 
in bubble-cap plate columns, This relationship is proposed by other summa­
rizing works [7,8], too for use under given validity conditions. It is the fol­
lowing: 

Do. 5 = 0.00378 O.Ol71uG + 0.00102L 0.0001758hw' (6) 
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Method of determining the eddy-diffusion coefficient 
in case of combined plate constructions 

1. Analytic method 
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As mentioned in the Introduction, weeping of the liquid appears in case 
of combined plate constructions. So the eddy-diffusion model has to be modi­
fied accordingly. 

Equ. (6), determined on the basis of the model in Fig. 2, is not suitable 
for combined weeping plate constructions. 

Taking also the weeping into consideration, mixing parametres are deter­
mined by analysing the concentration profile of the stationary condition. The 
most wide-spread method of determining the mixing parametres is that by 
examining the concentration profile of the indicator, taking no part in the mass 
transfer process, and continuously fed into the apparatus on a certain place. 
This method was used first of all by GILLILAND and MASON [9] to the exami­
nation of the hydro-dynamic characteristics of the fluidized state. The above 
metbod was used to the analysis of bubble-cap plate columns, too [5,6]. The 
above-mentioned Equ. (6) has been set up on its basis. The method is suitable 
to analyse combined plate constructions, too, but the quantity of the wept 
liquid is to be taken into consideration in this case. 

The weeping occurs e.g. in case of a valve-plate through the chimney 
openings of the valve-caps. If there is not a too high liquid gradient apparent 
on the plate, the same quantity of liquid can be assumed to be wept off each 
chimney opening. At the same time, having a nearly indenticalnumber of caps 
per cap lines, the liquid weeping by cap lines can be assumed to be constant. 
Assume, further, the liquid weeping from the inlet to the outlet weir to be 
continuous, and on the basis of the foregoing, to he steady, accordingly on a 
given position z of the plate the actually flowing liquid quantity can be deter­
mined by the function: 

L L SA! 
M = Mbe--- Z• . . Zl 

(7) 

Fig. 3 shows a plate with a weeping, and the eddy-diffusion model and 
injection of indicator is adopted. 

The liquid is assumed to be perfectly mixed in an elementary section. 
Differential mass balance of the soh-ed component: 

dx dZ) = O. 
dz 

(8) 
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Reducing and substituting the yalue of L'1 determined by Eqll. (7): 

-~z) dx =0. 
Z/ dz 

(9) 

Introducing a dimensionless location co-ordinate: 

U'=-

Z/ 
D d 2 x 1 dx 

- -- - (L Mbe - S,\>IW) -- O. (10) 
Zf dw2 AQM Zt dw 

Since the yelocity of the instantaneous liquid flow can he expressed as: 

L/v1 L 
V=--=---. 

AQM ZcZw 
hence 

so the differential equation (10) if. the following: 

d
2 

x _ ~ ~ (L Sw) dx = O. 
du·2 D Zc Z!\, dw 

Introducing notations: 

KS 

D 

KL 

D 

=a. 

b. 

(11) 

The quantities K, a and b are constant under given construction and stationary 
operation conditions, regardless of the place. 
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Substituting into (ll): 

Boundary conditions: 

d2 x dx --+ (alC- b)- = O. 
dw2 ' dw 

w=O 
w=1 

General solution of differf'ntial equation (12): 

IV - ~ wl...;..bw 
X Cl --:- C2 J e 2 . dw . 

() 

Eliminating the integration constants: 

~v -- .~- wl!+·bw 
.1 e - dw 
o ;\;-

1 -.!:.w'-'-bw J e 2 . dw 
o 
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(12) 

(13) 

(14) 

Forming a full square from the exponent of the quantity behind the integral 

and introducing a new variable: 

becomes: 

Sincf' 

u V- b wa--. Va . 

(wYa - b 
u' 

f -2 
dll e 

b 

x - xo la 
( ,- b) Xg - Xo la - la 

f 
u' -z-

du e 

b 
a 

x t' 
1 

q)(x) = 1 f e - T dt, 

the so-called error integral Equ. (15) can ~e expressed as: 

4 Periodica Polytechnica :\1. 17/4. 

(15) 
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Since 
c[)( -x) = 1 - c[)(X), 

and the quantity of the liquid wept is always less than that entering the plate, 
hence 

Thus 

x -- Xo 

x g - Xo 

b 
->Va~wYa. 
Va 

(16) 

It is well known that -where x > 1 and 0 < 8 < 1 is a positiv number, the error 
integral can be expressed by the following function [10]: 

e 
1> (x) = 1 - ------

V 2rrx (1 8) 
X2, 

Relationship (17) adopted to Equ. (16): 

X-Xo 

xg - Xo 

Since: 

a • b -T w + w 
e 

(~ - wra) (I 8 

a 
- T+ b 

e 

(~ -ra) (I e ) 
( ba -tar 
Y ., 

0<8 < 1, 
b >1, 
b >a, 
a >0, 

) 

(17) 

1 

be) -(1+-0 Vu b-

a , 
_ (18) 

1 

~(I-L~) fa I b2 

_ a 

and in the neighbourhood of the position w 1 (injection place) the fraction 

1 

~('_1+ ~ )- , 
Ya ~ 

a 
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is negligible compared to the other members, and about 10 = 1 there is: 

1 + ---:-::--( b ---::-_) 2 

---=-. - 10 Va 
Va 

Expression (18) after reductions becomes: 

Since 

and 

thus 

- ~ lV
I + blV 

e (*- Ya) X-xo 
-----''- """ ------

(~-- WYa) 
IYa e 

b* 
b=-. 

a= 

b --wYa Ya 

D' 

a* 

D 

b* - a* 

b* - wa* 

Substituting into (19) and transposed: 

b* - lOa" 

b* - a* 

Introducing notations: 

and 

7p= 

a • b a b - ZlV + 11'+ 2-
"""e 

b* -- wa* 

b* - a* 

r a* J n=(I-w)lb*-2(1 10). 
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(19) 

(20) 

Substituting into Equ. (20) and taking the natural logarithm of both sides: 

In (.1p x - Xo .) = - ~ 17 . 
Xg - Xo D 

(21) 

On the basis of Equ. (21) it can be realized that the eddy-diffusion coeffi­
cient can be determined by injecting an indicator (provided the quantity 

4* 
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In [11'(X - xo)!(Xg - xa)) is described n. 1), a straight-line, the slope of which 
is the inverse of the eddy-diffusion coefficient). 

Thus, measuring the indicator concentration at different spots 1t' from 
the injection point against the liquid flow but around w = 1, then, since 1) 

and 11' can be measured, in kno"wledge of all constant magnitudes S, L, F, hw, 
the turhulent diffusion coeffi'~ient ean he detE'rmined, taking the constant weep 
into consideration. 

2. Determination of the eddy-diffusion coefficient 

by a grapho-an a lytic method 

If the change of concentration of the indicator IS known, the eddy­
<liffusion coefficient can he determined at about position /{' = 1, on the hasis 

{)f Ecru. (13): 

dx 

dzr 

Taking the natural logarithm of both sideE: 

be 

and after 

and 

thus 

dx 
In - = In e., (-dw -

dx 1 
In-= 

dw D 

a* 
a=-·· 

D 

b* 
b=--. 

D' 

( 
a* 

- 2 w2 b* w) + c. 

Introduced notation: 
a* ., I-

b*w --w-=;. 2 . 

becomes (23): 
dx 1 

In = --; 
. dw D 

c . 

(22) 

(23) 

From Ecru. (24) it appears that knowing the change of concentration of 
"the indicator YS. dimensionless co-ordinate U' the gradient of concentration 
~hange dx/dzf can be graphically. determined at arbitrary location w. Quantities 
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1n dxidu' \"s., one gets a straight, with a slop llD, I.e. the inverse of the eddv­
diffusion coefficient. 

This method can involvf' a considerable inaccuracy, since it is partly 
graphical, namely the gradient of the concentration change has to be deter­
mined by differentiating, and the concentration of the indicator is diminishing 
rapidly away from tll!' place of injection. 

111 

n 
II 

[m111 ] 

[m'sec] 
[m/sec] 

Notations 

height of weir 
slope of eq'lilihrmm line 
number of cells 
linear gas (yapour) yelocity 
yelocity of phase flow 
dimensionlcss place co-ordinate 

, kmol dissoh:ed ma",] 
I . con('~ntration of liquid phase 

kmol solution 

.\'''. ,.*[ kmol. dis.soly~d. _n .. l.GS.'"'J • - .. .. ... .. equilibrium concentrations 
'. k11101 solutIon 

l· kmol dis.s,oJ.-ed mass] 
y 

A 
n 
EMV 
EOG 
G\l 
L 
L* 
L\! 
Pe 
S 

be 

" e 
G 
local 
1}r 

n 
n-
n..L , 
() 

w 

1 
1 

concentration of gU5 (vapour) pha~l' 
kmol solution 

[m] co-ordinate 
[m~] flow cross-section of liquid current 
[m2isec] eddy-diffmion coefficient 

[kmojih] 
[m"/sec. m 3.h] 
[m3/mh] 
[kmol!h] 

[m3/sec] 
[kmol!h] 
[mm, m] 
[mm, m] 
(mm, m] 
[kg/m3 ] 

[kmol/m3 ] 

2\Inrphree plate efficiency 
}Iurphree poiut efficiency 
1110Iar gas rate 
quantity of liquid 
quantity of liquid referred to unit length of the weir 
molar liquid flow 
Peclet number 
quantity of liquid wept 
molar quantity of liquid \I"ept 
height of clear liquid on the plate 
distance of inlet to outlct 'weir 
mean breadth of liquid fiow on the plate 
density 
molar "density 

Subscripts 
entering 
being at the i!1jection grid 
yapour phase 
local yalue 
molar 
nth 
(n - l)th 
(n + l)th 
being at the inlet weir 
weir 

Summary 

Plate columns are often used in chemical industry for separation. In order to determine 
the number of plates needed for a separation of giyen clearness the rate of mixing of the liquid 
on the plates has to be known. The paper presents methods for the experimental determination 
of the eddy-diffusion coefficient in the case of combined plate constructions, affected by a con­
si~erable amount of weeping. 
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