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Solution of the mathematical model has been developed of the distribution of liquid in a random 
packed bed in the presence of the wall flow deflecting rings. The solution was obtained in the 
form of a recurrent analytical formula. The formula permits, by repetitive calculation, profiles 
to be obtained of the densities of irrigation in a bed equipped with an arbitrary number of the 
wall flow deflecting rings. A comparison of experimental profiles of the density of irrigation with 
theoretical profiles showed considerable discrepancies between the two profiles. A new optimiza­
tion of the parameters of the model, taking also the width of the wall flow deflecting ring as an 
adjustable parameter, showed a good agreement provided that the optimum width of the de­
flecting ring is about 1·5 times its real physical dimension. This finding can be explained by 
interaction of the function of the deflecting ring with the packing elements immediately adherring 
to the ring. This explanation may be partially supported by the visual observation showing 
the liquid to be deflected by the elements of the packing contacting the deflecting ring instead 
of the ring alone. 

The drawback of the packed beds - the tendency to form the wall flow - can be 
overcome by using the wall flow deflecting ringsl. These rings are placed in the 
column in various distances one from another and contact the column wall. This has 
been confirmed by several experimental studies2 - 5 showing the mass transfer coeffi­
cient in the columns equipped with the waH flow deflecting rings to be independent 
of the column diameter and the depth of the packed section. The width of the wall 
flow deflecting rings to be independent of the column diameter and the depth of the 
packed section. The width of the wall flow deflecting rings (WFDR) is comparable 
with the size of an element of the packing while their spacing along the column 
height is usually large (200-400 mm). Both these facts indicate that the increase 
of the column costs, associated with the implementation of the WFDRs is negligible 
making their use potentially attractive. 

On the other hand, the development of the methods for the calculation of the 
optimum spacing of the WFDRs in dependence on their width and the type of the 
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mass transfer operation to be carried out in the column is not quite straightforward. 
A first step in this direction was made in paper6, presenting a mathematical model 
of the distribution of liquid in a packed bed column in the presence of a single 
WFDR, together with the verification of its adequacy. There it has been also shown 
that for modelling of the effect of the WFDR one can utilize the differential equation 
of Cihla and Schmidt 7, together with the boundary conditions8, expressing the 
imperfect capability of the wall to totally deflect the liquid and the tendency to wall 
flow formation by means to two coefficients9 . 

The aim of the present work is to present a mathematical model of the distribution 
process in the column in the presence of a large number of WFDRs. 

THEORY 

The basic differential equation governing the distribution of liquid in the bed 7 for 
the case of axially symmetric flows takes the following dimensionless form: 

o--:2/-'...(r--:-, Z--,-) + ~ o/(r, Z) = o/(r, Z) . 
or2 r or oZ 

(l) 

The effect of the wall containing the bed is expressed by the following boundary 
condition8 : 

- o/~~ Z) = B[J(r, Z) - CW], r = 1 , (2) 

where the coefficient B expresses the intensity of exchange of liquid between the flow 
trickling down the packing and the wall flow trickling down the surface of the wall. 
e characterizes the conditions when a hydrodynamic equilibrium between the wall 
flow and that on the packing has been reached. Such conditions exist theoretically 
near the bottom of the column of infinite depth of the packed section. 

The general solution of Eq. (1), together with the boundary condition (2), takes 
the following form: 

(3) 
n 

where qn are roots of the following characteristic equation: 

(4) 

The coefficient Ao is determined by the following equation: 

Ao = e/(l + C) . (5) 

Collection Czechoslovok Chern. Cornrnun. [Vol. 521 [19871 



1432 Semkov, Kolev, Stanek, Moravec: 

The coefficients An are yet to be determined from the initial condition, i.e. the initial 
distribution of liquid, given in geneal by a function y(r), see ref.lo as follows: 

Let us assume now that there is a large number of WFDRs in the column spaced 
evenly along the height of the packed section, the spacing being designated as Zo, 
see Fig. 1. Similarly as in our previous paper6, we shall assume that all wall flow, 
together with the liquid on the packing, that hits the WFDR is deflected and leaves 
WFDR on its internal radius. The initial condition for each section of the packed 

r= 1 

FIG. I 

Sketch of the column with the wall flow 
deflecting rings and resulting distribution 
of density of irrigation. 1 waH flow deflecting 
ring, 2 packing, 3 distribution of density 
of irrigation 
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layer appears thus the solution (3) for the height Z = Zo for the immediately preceding 
section of the packed layer. In this way the initial condition for the section of the 
packed layer below the (k + l)-th WFDR is given by the following expressions: 

y(r Z) = j(k)(r Z) = , , Z=Zo 

= Ao + LA~k) Jo(qnr) exp (-q~Zo) for Z = 0, 0 ~ r < r1 (7) 
D 

y(r, Z) = 00 for Z = 0, r = rl (8) 

y(r, Z) = 0 for Z = 0, r1 < r ~ 1 . (9) 

In addition, based on the mass balance, we may write that: 

2 f>(r, Z)z=o r dr = 1 . (10) 

After substituting the initial conditions (7-9) into Eq. (6) one obtains an expres­
sion for the coefficients A~k+ 1) determining the solution (3) in the packed section 
below the (k + l)-th WFDR. The integral in Eq. (6) is evaluated as follows: 

Sr l +" 
+ lim y(r1' 0) r JO(qnr) dr = 

£-+0 r1 

= Aohfqn) J1.(qnr1) + L A~) exp (-q!Zo) lim [fr'-£Jo(qmr) Jo(qnr) r drJ + 
m*n £ .... 0 0 

+ A~k) exp ( - q~Zo) lim JMqnr) r dr + 0 qn 1. lim 2y(r, 0) r dr . [frl -. ] J ( r) [Jrl +. ] 

..... 0 0 2 ..... 0 r, 

(11) 

For the evaluation of the first two integrals in Eq. (11) one has to keep in mind the 
properties of the Bessel functions: 

(13) 

(14) 
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In addition, from the mass balance (10) and from the initial condition (9), we 
have that: 

[f r t +. ] [ff[ -£ ] lim 2ry(r, 0) dr = 1 - lim 2y(r, 0) r dr = 
£-0 fl £ ..... 0 0 

(15) 

Upon expressing the integral (11) with the aid of the expressions (12 -15) and 
upon substituting the result into Eq. (6) one obtains the coefficients A~k+ I) deter­
mining the solution (3) in the packed section below the (k + 1)-th WFDR in the 
form: 

ACk+ 1) _ 2(q~/B) - 2CY {crl J ( r) + 
n - [(q~/B) _ 2CY + q~ + 4C] J~(qn) (1 + C) qn 1. qn t 

+ L rIA::) exp (-q~Zo) 2 1 2 [qm JO(qnrl) J1(qmrl) - qn Jo(qmr t)Jl(qnr l)] + 
m*n qm - qn 

2 

+ A~k)exp(-q~Zo) r l [J~(qnrl) + J1(qnrl)] + 
2 

+ Jo(~nrd [1 - 1 C;iC - 2rl ~A~k) exp (-q~Zo) J1(::r l)]}. (16) 

The obtained recurrent formula (16) permits one to calculate the distribution of 
liquid in the packed section below an arbitrary WFD R by repetitive evaluation of the 
coefficients, starting from the earlier obtained6 solution below the first WFDR, 
i.e. the one located on the very top of the packed layer. Although this procedure is 
associated with a considerable computational effort, a program written in FORTRAN 
for a computer handled this problem quite easily. 

EXPERIMENTAL 

The experiments were carried out on a set-up described in the earlier paper6. The column was 
a tube 188'6 mm in internal diameter. The liquid distributor fed the liquid uniformly on the top 
of the packed section by means of 236 capillary tubes. At the bottom the liquid was collected 
by 4 concentric tubes. The radii of these tubes, delimiting anullar collecting surfaces, are given 
in Table I. 
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The packed layer was formed by Rashing rings 25 x 25 x 3 mm. Three configurations of the 
WFDRs were studied. The number of the WFDRs and their spacing for the three configurations 
are given in Table II. The width of the WFDRs in all cases studied was 20 mm. Also in all cases 
the first WFDR was placed on the top of the packed layer. 

The experiments were carried out with water at tw·o densities of irrigation, namely 1·67 . 
. 10- 3 m3 /(m2s) and 3·30. 10- 3 m3 /(m2s) with 6 repeated experiments for each configuration. 
The packed layer was repacked prior to each repeated run. 

In order to avoid serious errors a careful analysis of random errors in experimental data has 
been carried out. Having in mind the different surface areas of the liquid collecting sections, 
the analysis of uniformity of the variance of the experiments has been carried out first using the 
Cochran criterion12. Next, a careful analysis has been carried out of the results for each configura­
tion in each collecting section, while grouping the data into pairs with respect to the repacking 
and the density of irrigation (see p. 536 of ref. 13). This approach has led to elimination of about 
11% of experimental data which is acceptable considering the normal scatter of similar results. 

The variance of reproducibility was determined (p. 635 of ref. 13 ) from: 

2 1 m 2 
So = -- L (n i - 1) Si , 

n-mi=l 
(17) 

where 

m I nj 

n = L ni and Ii = - LJik· 
i = 1 ni k= 1 

For our experiment S~ = 0·0534 with 52 degrees of freedom. 

RESULTS 

The calculations were carried out on an EC computer. For each experiment were 
evaluated from the model the mean density of irrigation in each of the collecting 
section. For the outermost segment (IV) the density of irrigation was computed 
from the corresponding flow rate on the packing plus the wall flow divided by the 
area of the collecting segment. The coefficient of the radial spread of liquid was 
taken to be equal 0·00235 m, in accord with ref. 6 , which appears optimal for the 

TABLE I 

Radii delimiting the liquid collecting sections at the bottom 
-~~-~~-----~ -~---~~~~~~~~~~~~~ 

Section designation I II III IV 
-------------- ----- ~~~~~~~ ------

Internal radius 

Exterral radius 

o 
40·2 
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Rashig rings_ The coefficients of the boundary condition were taken B = 7-0, 
C = 1-365, in accord with ref_ 9 _ 

The results of experiments are shown in Table III together with the standard 
deviation_ The residual variance was determined (refY, p_ 635) from: 

(18) 

In the given case S.l = 0-413 with 11 degrees of freedom_ The adequacy of the 
model was tested by the Fisher criterion (refY, p_ 636): 

S!/S~ = 7-73 > F l-a./2 = 2-0 

TABLE II 

Experimental configurations 

TABLE III 

Results of experiments 

Configuration 
designation 

2 
3 

Number of 
WFDR 

3 
2 
2 

Configuration Segment li 

1 
2 

2 
2 

2 
3 
3 
3 
3 

I 
II 
III 
IV 
I 
II 
III 
IV 
I 
II 
III 
IV 

1-38 
1-26 
0-87 
0-71 
1-27 

1-28 
0-83 
0-99 
1-18 
1-13 
0-81 
1-41 

Spacing of 
WFDR,mm 

100 
100 
200 

Ii,e 

H2 
I-IS 
0-86 
1-24 
1-09 

1-14 
0-87 
1-28 
1-06 
1-00 
0-75 
2-13 

(19) 

a, % 

22-6 
9-S 
0-8 

-42-9 
16-4 

12-6 
-4-9 

-22-4 
11-7 
12-6 
8-0 

-33-7 
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at the significance level IX = 0·10. Consequently, the above model is inadequate. 
The results of experiments and calculations show that maximum deviations are 

observed in the collecting section adherring to the wall. In all cases these deviations 
are negative with respect to the experiment. In other words, the flow near the wall 
is less than predicted by the model. The WFDRs in reality deflect the liquid more 
effectively toward the column axis and thus function as if their effective width was 
greater than the geometrical one. 

Following this conclusion an attempt has been made to optimize the results while 
taking the width of the WFDR as an adjustable parameter. The results of these 
optimizations showed in all cases the optimum width of the WFDR to be about 
50% greater than the real geometrical width. Naturally, the increase of the effective 
width of the WFDR depends apparently on the size of the ring as well as the size 
of the packing element. The factor of effective increase of the width of the WFDR, 
1'5, thus cannot be taken as universal. The fact that the coefficient of effective in­
crease of the width of the WFDR for all experiments carried out gave practically 
the same value, independently of the number of the WFDRs, seems to confirm the 
basis of the model proposed. It seems that the source of the descrepancies between 
the experimental results and the model calculations, based on the geometrical width 
of the WFDR, is the interaction of the deflecting funciion of the WFDR proper and 
that of the packing elements adherring to the internal periphery of the WFDR. 
Thus the doubt is cast only on the initial condition of the original model stipulating 
that the liquid deflected by the WFDR leaves it on its inner periphery. In contrast, 
this stipulation was found correct in the earlier paper6 for the case of the single 
WFDR placed directly on top of the packed section with no elements of packing 
resting on the WFDR. 

Both these findings lead to the conclusion that when the WFDR is located within 
the packed section the principal part of liquid does not leave it on its internal peri­
phery but, instead, is deflected by the packing elements in the immediate vicinity 
of the WFDR. These elements though may deflect the liquid on different radii 
depending on the angle of their inclinatien. In other words, the presence of the 
WFDR disturbs the structure of bed with the resulting tendency to predominantly 
towards the axis oriented flow. Visual observation of the flow of liquid in a perspex 
glass column confirmed the above speculation. The liquid that hits the WFDR 
drains from its surface predominantly via the packing elements contacting the 
WFDR. This mechanism is readily enhanced by the good wettability of ceramic 
rings by the flowing liquid. 

It may be concluded that the applied model may serve well as long as proper 
effective dimensions of the WFDR are used. A rr.ore the'oretically founded calcula­
tion of the spread of liquid near the WFDR, however, mandates analysis of the 
microstructure of the packed bed in this regien. This shall be subject of the following 
communication. 
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LIST OF SYMBOLS 

AO,An 
8,C 
D 
F 

f= L/Lo 
1 
h 

ho 
J O,J1 
k 

L, Lo 
m 

r' 

r ~ r'/R 

rl 
S2 

W 

Z = Dh/R2 

Zo = Dho/R2 
() 

y 

(k) 

A 
c 

k 
o 

Superscripts 

Subscripts 

REFERENCES 

coefficients in Eq. (3) 
dimensionless parameters of the boundary condition (2) 
coefficient of radial spread of liquid, m 
Fischer criterion 
dimensionless density of irrigation 
mean dimensionless density of irrigation 
height of packed section measured from previous WFDR, m 
spacing of WFDR, m 
Bessel function of the first kind, zero and first order 
sequence number of WFDR 

local and mean density of irrigation, m3/(m2s) 
number of configurations, summation index 
number of experiments, summation index 
roots of Eq. (4) 
column radius, m 
radial coordinate, m 
dimensionless radial coordinate 
dimensionless internal radius of WFDR 
variance 
dimensionless wall flow 
dimensionless axial coordinate 
dimensionless axial spacing of WFDRs 
relative percentual deviation of mean density of irrigation for i-th collecting 
section 
infinitesimal quantity 
initial density of irrigation distribution function 

k-th WFDR 

residual variance 
calculated value 
i-th collecting section 
k-th repeated experiment 
variance 
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