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Theoretical model has been formulated of the flow of liquid in a randomly packed trickle bed 
column equipped with special wall flow deflecting rings (WFDR). Solutions have been obtained 
of the model for the case of a single ring. Theoretical results have been compared with experi
mental distributions of liquid in a 188'6 mm in diameter column packed with 25 mm Raschig 
rings and equipped with a single WFDR. 

Reasonable agreement of the theory with experimental results has been found and the theory 
is felt to be important in the future for optimizations of the number, size and spacing of the 
WFDR's to be used in industrial columns to check the extent of the flow on the wall. 

It has been well established1 that the mass transfer coefficients in industrial size 
packed bed columns reach values substantially lower than those determined on the 
basis of data from laboratory scale columns. This observation may be accounted 
for2 by nonuniform distribution of phases over the cross sectional area of the column 
and primarily the nonuniformities ofthe liquid phase flow. 

One of the principal factors contributing to the nonuniform distribution of liquid 
is its tendency to flow toward the column wall to form here the wall flow. The me
chanism of liquid distribution has been investigated by several authors3 -10. Methods 
also have been proposed for the calculation of the magnitude of the wall flow as well 
as the local density of irrigation in the column. 

To check the wall flow formation Stiirmanll as early as in 1936 proposed modifi
cation of the column wall. The aim of the modifications was to achieve the same 
distribution of packing pieces in the proximity of the wall and in the bulk of the 
layer. The modifications involved installations of horizontal fins on the wall, cor
rugated surface of the wall or hemispherical protrusions on the wall. The investiga
tions of Kirschbaum 12, carried out in a column with corrugated walls, showed 
that the height of a transfer unit did not depend on the height of the packed section. 
This indirectly confirms the absence of the wall flow effects. Regardless of the type 
of the modification of the wall proposed by Stiirman it was concluded in the litera-
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ture l3 that from the standpoint of the economy such modifications are ineffective. 
The literature14 provides also explanation for the existence of the wall flow and 

based on this explanation special wall flow deflecting rings (WFDR) have been 
proposed 15. These rings are regularly spaced along the column length and contact 
at the outer edge the column wall. The small widths of the WFDR's and relatively 
large spacing contribute to low installation costs which do not exceed 2% of the 
total column costs. Investigations14 have shown that with a suitable spacing of the 
WFDR's the column wall appears to acquire the capability to reflect the trickling 
liquid. The research of absorption and desorption in three different systems in both 
the pilot_plantI6 - 18 and industrial scale2 columns equipped with WFDR's has 
shown that the mass transfer coefficient in such column does not depend on the 
column diameter nor the height of the packed section. 

In spite of the fact that columns with WFDR have already found its industrial 
application in various absorption and desorption processes, the problem of optimum 
spacing of the WFDR's for a given size has not been resolved. The aim of the work 
undertaken by the authors of this paper is to develop the method of calculation 
of the optimum spacing. This goal encompasses three following steps: 1) Mathemati
cal modelling of the liquid flow distribution in a packed layer with a single WFDR; 

2) Mathematical modelling of the liquid flow distribution in a column with a set 
of equally spaced WFDR's; 3) Optimum spacing of the WFDR's in the column 
in dependence on the parameters of the process taking place in the column. 

The present paper tackles the first of these problems. 

THEORETICAL 

Mathematical Model 

For the distribution of the density of irrigation in a random packed layer Cihla 
and Schmidt19 derived an equation similar to that governing the diffusion. In case 
of an axially symmetric flow this equation takes the following form 

_o2~i..>...(r-,--, z-L) + ~ oi(r, z) = oi(r, z) . 
or2 r or oz 

(1) 

Cihla and Schmidt solved this equation for the case of a column with a wall per
fectly reflecting the trickling liquid and a number of initial conditions 19,20. 

Detailed theoretical and experimental studies21 - 23 showed that in the real packed 
bed column a boundary condition that better characterizes the conditions of liquid 
distribution near the column wall is as follows 

-oi(r, z)/or = B[J(r, z) - CW], r = 1. (2) 
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This condition then helps us calculate satisfactorily the distribution ofliquid including 
the wall flow effects. 

The coefficient B in the last equation expresses the intensity of liquid exchange 
between the flow on the wall and that over the surface of the packing. The coefficient C 
characterizes the equilibrium distribution of liquid between the wall flow and the 
flow within the packing. The equilibrium conditions are reached theoretically on an in
finite depth of the packing. 

According to experimental studies23 the coefficients Band C do not depend on the 
mean density of irrigation, the type of the initial distribution of liquid on the top 
of the packed layer, nor on the depth of the layer. The parameter B appears also 
independent of the ratio of the packing to column diameter and for Raschig rings 
assumes a value of 6·7. 

The coefficient C depends on the above mentioned ratio of diameters and may be 
determined from the following correlation24 

(3) 

where the constant k equals 0·181 for Raschig rings. 
The general form of the solution of Eq. (1) with the boundary condition (2) is 

following 
fer, z) = Ao + IAnJo(qnr) exp (-q~z), (4) 

n 

where qn designate the roots of the characteristic equation in the form 

(5) 

The coefficient Ao is a constant given as 

Ao = C/(l + C) . (6) 

The coefficients An depend on the type of initial liquid distribution, i.e. the initial 
condition. The paper25 presents solutions for various types of initial distribution 
of the density of irrigation on the top of the packed bed (disc, annulus, circle, central 
point source, etc.). The initial distribution in the presence of the WFDR located bet
ween the top of the bed and the distributor proper (Fig. 1) is mathematically defined 
in (7) and may be looked upon as being a combination of a disc distributor of radius 
r 1 and a circular distributor of the same radius 

fer, z) = 1 z = 0; o ~ r < r 1 

fer, z) = 00 z = 0; r = r 1 (7) 
fer, z) = 0 z = 0; r 1 < r ~ 1. 
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Material balance mandates also the following constraint on the initial distribution 

2 {f(r, z) r dr = 1, z = o. (8) 

The solution for a disc distributor of dimensionless radius rl takes the form 

(9) 

while for a circular distributor of the same radius we may write 

r = 1 

FIG. 1 

Scheme of initial distribution of liquid. 1 Wall 
flow deflecting ring, 2 packing 

3 2 

FIG. 2 

Scheme of experimental set-up. 1 Valve, 
2 rotameter, 3 column, 4 filter, 5 supporting 
mesh of the filter, 6 distributing tubes, 
7 wall flow deflecting ring, 8 packing, 9 grid, 
10 collecting device, 11 measuring cylinder, 
12 tank 
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From the material balance (8) there follows that the disc distributor supplies ri 
fraction of the total volume flow rate, and correspondingly the circular distributor 
supplies (1 - ri) fraction of the total rate. The solution for the distribution in the 
presence of the WFDR thus may be constructed as 

fer, z) = fir, z) ri + fe(r, z)(l - ri) . (11) 

After substituting Eqs (10) and (9) into Eq. (11) and after some manipulation 
there results 

fer, z) = _1_ + L {«q~/B) - 2CY Jo(qn r) exp (-q~z). 
1 + C n [«q~/B) - 2CY + q~ + 4C] JMqn) 

. [2rl J~:qnrl) + (1 - ri) Jo(qnrl)]} . (12) 

The mean density of irrigation in an annular section of the column cross section, 
delimited by the radii Rl and R2 (R2 > R1), can be obtained by integration with the 
appropriate we~hting factor 

112 = 2 2 fer, z) r dr = 2 fR
2 

R2 - Rl RI 

= _C_ 2 I {«q~/B) - 2CY [R2 J1(qnR2) - Rl J1(qnRl)] exp (-q~z) 
1 + C + R~ - Ri n [«q~/B) - 2CY + q~ + 4C] JMqn) qn . 

(13) 

The magnitude of the wall flow can be obtained from the overall balance on the 

FIc;. 3 

Detail of construction of the wall flow 
deflecting ring. 1 Column wall, 2 wall flow 
deflecting ring 
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flowing liquid in the form 

W= 1 -2 {f(r,z)rdr = 

= _1 __ 2 L { ((q~/B) - 2C)2 Jt(qn) exp (-q~z) 
1 + C n [((q~/B) - 2CY + q~ + 4C] J~(qn) qn . 

. [21'1 J~~qnrl) + (1 - rDJo (qnrl)]}. (14) 
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EXPERIMENTAL 

The experiments were carried out in a perspex glass column 188'6 mm in diameter (Fig. 2) with 
no gas flow. Water was supplied from a constant head tank equipped with an overflow weir 
(not shown in the figure) via a regulating valve 1. After metering in a bank of rotameters 2 water 
proceeded to a ducaprene filter 4 and the experimental column 3. After passing the supporting 
mesh 5 of the filter 4 water entered a distributor feeding the liquid into the column through 
236 capillary tubes evenly distributed over the column cross section (8448 tubes/m2 ). Below 
the distributor there was a wall flow deflecting ring 7, a layer of packing 8 made of ceramic 
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Raschig rings 25 x 25 x 3 mm. A packing supporting grid 9 was manufactured from a piece 
of expanded metal sheet. Immediately below the layer of packing there was a water collecting 
device 10 consisting of a set concentric tubes. In order to better define the area of the collecting 
sections the upper end of the collecting tubes was tapered. The radii of the water collecting tubes 
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Comparison of computed and experimental results .• Computed mean density of irrigation, 
o experimental mean density of irrigation, x wall flow. Figures a, b, c, d, e, f correspond 
to experimental runs 1- 6 in Table II (the flow rate through segment IV includes also the 
wall flow) 
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TABLE I 

Dimensions of the water collecting cylinders 

TABLE II 

Designation of collecting 
segment 

Radius 
mm 

internal 

external 

Results of experiments 

I 

o 

40·2 

Experiment No h Segment No 

20 100 I 
II 
III 
IV 

2 20 150 I 
II 
III 
IV 

3 20 200 I 
II 
III 
IV 

4 30 100 I 
II 
III 
IV 

5 30 ISO 
II 
III 
IV 

30 200 
II 
III 
IV 

Collection Czechoslovak Chern. Cornrnun. [Vol. 50] [1985] 

2693 

II III IV 

40·2 55·3 88·9 

55·3 88·9 94·3 

fE h % 

0·95 1·05 -9·5 
1-10 1·09 0·9 
0·94 0·86 9·3 
1·21 1·46 - 17·1 

0·83 1·05 -20·9 
1·20 1·03 16·5 
0·82 0·80 2·5 
2·00 1·84 8·7 

0·87 1·03 -15·5 
1·03 0·97 6·2 
0·88 0·77 14·2 
1·95 2·10 -7·1 

1·09 1-19 -8·4 
1·03 1·27 -18·9 
0·94 0·86 9·3 
1·10 1·00 10·0 

1·14 1·19 -4·2 
1·06 1·15 -7·8 
0·91 0·80 13·7 
1·16 1·43 -18·8 

1·02 1·16 -12·1 
1·02 1·07 --4·7 
0·97 0·77 26·0 
1·14 1·76 -35·2 
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are summarized in Table I, the designation of the collecting segments being identical with that 
shown in Fig. 2. 

From the collecting cylinders the water was supplied to a measuring bank to be metered. 
Preliminary experiments showed that the distributor operated with an average deviation of ± 5'6% 
from the uniform flow. It was checked that the supporting grid 9 did not affect the results of mea
surement. 

For a good function of the WFDR it is necessary that the deflected liquid does not return 
back on the lower surface of the ring facing the column bottom. In order to ensure this the rings 
were modified in the way shown in Fig. 3. 

The experiments were carried out with WFDR's 20 and 30 mm wide and at different heights 
of the packed section (100, 150 and 200 mm). The density of irrigation was adjusted to 2 . 10- 3 

m3 m - 2 S -1. The deviation of the data of replica experiments amounted to less than 2%. The dif
ferences between repeated experiments after repacking the column, however, were substantially 
higher. With the aim to increase the accuracy each experimental profile was an average of six 
individual experimental runs between which the column was always repacked. The standard 
deviation of the mean obtained in this manner amounted to 11'7%. 

RESULTS AND DISCUSSION 

The results of experiments and theoretical calculations are presented in Table II. 
The same results are simultaneously presented in Figs 4a - f for each individual 
case (black points show the computed mean density of irrigation for each collecting 
segment; empty circles show the mean experimental density of irrigation). In ad
dition the figures show also the computed distribution of the local density of irriga
tion as a function of the radial coordinate. The right hand side ordinate shows also 
the dimensionless magnitude of the wall flow, W. The calculations respected the fact 
that the collecting segment IV collected not only the liquid from the corresponding 
area of cross section but also the whole wall flow. In all calculations the coefficient 
of radial spreading of liquid, D, was taken equal 0·0027 m on the basis of the correla
tion published in ref.26. 
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FIG. 5 

Residual summ of square deviations as 
a function of the coefficient of radial spread
ing of liquid 
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As may be seen from Table II and Figs 4 the results of the calculation satisfactorily 
agree with the experimentally found data. It is noted though that the data on the 
coefficient of radial spreading of liquid in the literature considerably differ. In some 
cases by as much as a factor of two. For 25 mm Raschig rings, for instance, Tour 
and Lerman27 recommended D = 0·0017 m while Kabakov and Dilman28 D = 
= 0·0038 m. The above used value D falls between these two extreme values. In view 
of this scatter of results we found it necessary to examine the agreement between 
the model and experiment in dependence on the adopted value of the coefficient 
of spreading of liquid. As a criterion we took the sum of square deviations between 
the model and experimental data. The results of this optimization are presented 
in Fig. 5. From this figure it is apparent that the residual sum of square deviations 
exhibits a clear minimum for D = 0·00225 m, i.e. a value not far from that adopted 
above (0'0027 m). 

The adequacy of the model has been tested with aid of the Fischer criterion in the 
form of the ratio of the residual sum of square deviations (S~) and the variance 
of reproduced experiments (Si) 

F = SMS~. (15) 

In this test the effect has been also tested of the value of the coefficient of radial 
spreading of liquid, similarly as in Fig. 5. The results showed that at the 10% signifi
cance level29 the model appears adequate on the interval D = 0·0017 - 0·0021) m. 

LIST OF SYMBOLS 

AO·An 
B.C 
D 

dk·d" 
f c L/Lo 

f 
F 

JO·J 1 

L.Lo 
n 

q" 
R 
r' 

r -0 r'/R 

r, 
S2 

coefficients in Eq. (4) 
dimensionless parameters of the boundary condition (2) 
coefficient of radial spreading of liquid, m 
column and packing diameter, m 
dimensionless density of irrigation 
mean density of irrigation 
Fischer criterion 
Bessel function first kind zero and first order 
local and mean density of irrigation, m s - 1 

summation index 
roots of characteristic equation (5) 
column radius, m 
radial coordinate, m 
dimensionless radial coordinate 
dimensionless internal radius of WFDR 
variance 
width of WFDR, m 
dimensionless wall flow (fraction of total volume flow rate) 
dimensionless height of bed 
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0= 100 (JE -IT)/fT relative deviation of experimental and theoretical density of irrigation 
for a given collecting segment, % 

Subscripts 

T theoretical 
E experimental 
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