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FLUID DISTRIBUTION IN THE GRANULAR LAYER FOR A 

DESCENDING GAS-LIQUID STREAM 

V. M. Khanaev, V. A. Kirillov, 
V. A. Kuz~min, and Yu. A. Malkov 

UDC 532.529.5:532.546 

The flow of a fluid in an irrigatable granular layer is investigated experi- 
mentally. 

In catalytic reactors with a fixed gradular layer in which a descending gas-liquid 
stream is used, the liquid distribution over the layer is of great value. The appearance of 
stream inhomogeneities results in a reduction in reactor productivity and causes additional 
difficulties in the control and regulation of the process [i] as well as in its mathematical 
description. 

At this time there is not a well-founded quantitative description of the gas-liquid 
stream flow inhomogeneities in a layer because of the inadequacy of experimental data. An- 
nular coaxial liquid collectors mounted at the exit from the layer that are used to deter- 
mine the velocity profile along the radius of the apparatus [2-4] are ordinarily utilized in 
experimental investigations. But as is shown in [5], significant local stream inhomogenei- 
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ties exist in an irrigatable granular layer, whose scale is much greater than the pacticle 
size and which are randomly distributed over the layer section. The influence of the gas 
flow-rate on the uniformity of the liquid flow was not investigated in [5]. 

EXPERIMENTAL METHOD AND CONDITIONS OF THE EXPERIMENT 

Experiments were performed in a column with 20 cm inner diameter for a 20-100 cm granu- 
lar layer height. Glass balls of 3.2 mm diameter; cylindrical activated charcoal granules 
AG-3 of 2 mm diameter and 3 mm length; the same charcoal granules hydrophobized by a poly- 
fluoroethylene resin with 3 and 10% content by weight; granules of polypropylene of almost 
global shape with a 3.5 mm diameter were used as charges. The air velocity varied between 
0-60 cm/sec limits while the fluid velocity was 0.35-1.3 cm/sec. 

Uniform and nonuniform gas-liquid stream distributions were used at the entrance to the 
layer in the experiments. An installation of the type [6] with a separate gas and liquid 
delivery was selected for the uniform gas and liquid distribution. The liquid entered the 
layer through 132 tubes with 1.8 mm inner diameter, that projected 0.5 cm above the tpper 
plane of the grating and i cm below the lower plane to eliminate liquid overflow oyez the 
lower plane. The gas entered by 37 tubes with i0 cm inner diameter that projected i~ cm 
above the upper plane of the grating. The tubes for the gas and liquid insertion were dis- 
posed uniformly over the grating section. 

The stream nonuniformity at the entrance to the layer was produced by two methods: i) 
the liquid was delivered through a single 15 mm diameter tube at the center of the layer, a 
metallic mesh was here superposed on the layer surface to avert layer particle dispersal by 
the liquid jets; 2) a rubber circular plate with a cutout segment in the 2/4 area of the sec- 
tion was placed on the layer surface under the distributive grating; in this case the uni- 
formly distributed gas-liquid stream entered the layer only through the circular segment with 
90 ~ aperture cut out of the plate. 

Measurements of the liquid flow-rate distribution were performed after a support grat- 
ing which was a metallic mesh separated by thin sealed baffles into 37 cells in the form of 
a honeycomb with 1 cm wall height before and after the mesh, that hindered liquid pro~ress 
along the mesh. This construction afforded the opportunity of measuring the inhomogeneity 
of the reduced local velocity of the liquid with a 3.2 cm scale during averaging of the 
liquid flow rate in a section of several tens of grains. 

The pressure drop and the determination of the flow mode were measured simultaneously 
with the measurement of the liquid flow-rate distribution. The change of modes for a given 
gas flow rate and the change in the liquid flow rate were determined visually by the occur- 
rence of liquid flow rate fluctuations at the exit from the layer or by the occurrence of 
pressure fluctuations in the layer. 

The influence of surface tension which was measured by using surfactants (PAV) was in- 
vestigated in part of the tests with glass balls with a uniform initial distribution. The 
PAV used was the laundry powder "Lotos" in the amount of i00 ml powder per 0.4 m ~ of ~ater. 

HYDRODYNAMIC MODES AND PRESSURE DROP 

The diagram of the hydrodynamic modes for a descending gas-liquid stream in a layer is 
presented in Fig. i in conformity with [7]. Two modes were observed in tests: I) strati- 
fied flow of phases or weak interaction mode, II) piston flow mode of the gas-liquid stream 
or strong phase interaction mode. 

Our data for a uniform stream distribution of glass balls or activated charcoal gran- 
ules at the layer entrance agree with the transition boundary (straight line) obtained in 
[7]. We did not remark influence of either the layer height or the order of build-up ~f the 
liquid and gas mass flow rate on the boundary of the hydrodynamic modes. 

The piston flow mode was not observed in the investigated range of variation of the gas 
and liquid mass flow rates for a layer of poorly wetted polypropylene and hydrophobized car- 
bon particles (10% polyfluoroethylene plastic). What is the reason for this phenomenon? 
According to visual observation the piston flow mode occurs when there is the formation of 
liquid films overlapping the whole column section. It is known that the liquid film i=~ 
spoiled if it is punctured by a dry needle, say, and remains whole during puncturing by a 
wetted needle. The poorly wetted particles of a granular layer apparently play the part of 

1323 



L 
S 

10 z 

101 

I0 ~ 

.~,-2 e-3 .4L i- _ ~ n l  Jl~ ' 

~o~ o-~ I- I 
i 

\ 
I . i .  i ~ , , , , , i  

Jo -z z8 -~ lO ~ s lo -3 1o -2 P 

Fig. 1 Fig. 2 

Fig. i. Mode pattern (I - strong interaction mode, II - 
weak interaction mode; the line is the boundary between the 
modes according to data in [7]): i, 2) granular layer of 
hydrophobized charcoal granules (3% poiyfluoroethylene 
resin), 3, 4) glass balls; 1 and 3 correspond to a 20.5 cm 
layer height; 2 and 4 to a 40.5 cm height (G, L are the gas 
and liquid mass flow rates, respectively, referred to the 
area of the column section, kg/(m2"sec)). 

Fig. 2. Pressure drop per unit length of the layer &P/&L 
(kPa/m)_as a function of the mean mass flow rate of the 
liquid V (m/sec); arrows indicate the measurement sequence; 
liquid distribution at entrance to the layer: i, 2) uniform; 
3, 4) liquid delivery at the center (gas velocity is 60 
cm/sec). 

dry needles destroying the liquid films, and they thereby hinder formation of the piston 
flow mode. It is not possible to make a more detailed analysis of the piston mode formation 
within the framework of this paper. 

Hysteresis of the pressure drop in the layer is noted in our tests. As the liquid 
mass flow rate increases for a given gas mass flow rate the pressure drop is less than the 
pressure drop for the same mass flow rates, but obtained for a diminution in the liquid mass 
flow rate (see 1 and 2 in Fig. 2). The appearance of hysteresis is apparently associated 
with the different wetness of the granular layer which depends on the sequence of liquid and 
gas mass flow rate build-up as well as on the liquid distribution. The pressure drop hyst- 
eresis vanished (3 and 4 in Fig. 2) upon delivery of the liquid by a single jet (first 
method). 

The addition of the PAV for the gas-liquid stream through a glass ball layer resulted 
in an increase in the pressure drop. In this case the transition to the piston flow mode 
was observed at lower liquid mass flow rates, i.e., in the domain of weak phase interaction 
without the PAV. The pressure fluctuations in the piston mode were apparently less because 
of frothing of the liquid. 

The substantial influence of the method of the original organization of the gas-liquid 
stream on the domain of hydrodynamic mode and pressure drop existence should be noted. Thus, 
in the case of liquid delivery by a single jet (first method) the piston flow mode was not 
observed. The pressure drop diminished 1.5-2 times (Fig. 2) as compared with the uniform 
distribution. In the case of gas-liquid stream delivery through part of the entrance sec- 
tion (second method), the passage to the piston mode was expressed weakly and was observed 
in the domain of mass flow rates corresponding to the existence of the piston mode for a 
uniform distribution. 

LIQUID DISTRIBUTION IN A GRANULAR LAYER 

For a uniformly distributed stream at the entrance the characteristic form of the liquid 
local velocity distribution at the layer exit is similar to the distribution displayed in 
Fig. 3a. Qualitatively, this depends slightly on the particle material, the layer height, 
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Fig. 3. Liquid velocity distribution at 
the layer exit upon the addition of PAV: 
a) for a single-phase stream; b) for a 
gas-liquid stream with a mean gas velocity 
of 14 cm/sec (the increase in the number 
of isolines per unit corresponds to the 
increase in liquid velocity by 0.09 cm/sec; 
the liquid velocity on isoline No. 4 equals 
the mean mass flow rate of 0.45 cm/sec). 

and the gas and liquid mass flow rates in the investigated range of their variation. The 
measured liquid velocities in the different cells had a noticeable spread around the nean 
velocity. This spread was not associated with measurement error since it was reprodu2ed 
well upon duplication of the tests. The large-scale inhomogeneities of the layer por)sity 
as well as the presence of suspended gas bubbles in the granular layer could be indicated as 
the reason for the nonuniformity of the liquid flow in the layer. The inhomogeneity of the 
liquid distribution in the layer was estimated quantitatively by the empirical dispersion 
[9] of the relative liquid velocities over all the measuring cells: 

1 87 

S 2 - -  ~ ( 1 -- VhlV) ~. 
86 h=l 

The dependence of S on the gas mass flow rate for different test conditions is represented 
in Fig. 4. For a uniform gas and liquid distribution at the column entrance S would be 
practically independent of the kind of charge, the layer height and the phase of the mass 
flow rate. For the flow of one liquid S = 0.25 + 0.03 and as the gas mass flow rate increases 
S would diminish to the value 0.21 + 0.03 (i and 3 in Fig. 4). 

The deviation of the local velocities from the mean mass flow velocity for points equi- 
distant from the center was random in nature for a uniform or axisymmetric distributicn at 
the entrance. Consequently, the local velocities were averaged over the measuring cells 
equidistant from the column axis. The values obtained, referred to the liquid mean mass 
flow velocity are presented in Fig. 4. The velocity profiles have the characteristic form 
described in the literature [4, 8] for single-phase streams; the maximal liquid velocity 
was observed at the wall. As the liquid mass flow rate increases, the near-wall effect 
diminishes. An increase in the liquid mass flow rate for two-phase streams resulted in a 
qualitative change in the velocity profile (Fig. 5), the velocity at the center became 
greater than at the wall although S did not here change in practice (see i-3 in Fig. 4). 

The coefficient of surface tension exerts substantial influence on the liquid vel~city 
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Fig. 4. Dependence of S on the gas mean mass flow velocity 
VG, m/sec: i-3, 7) for a uniform gas and liquid distribu- 
tion at the entrance; 4, 5) for gas-liquid stream insertion 
through i/~ section of the column; 6) liquid insertion at 
the center of the apparatus; 7) liquid with PAV additions; 
granular layer: i, 4, 5, 7) glass balls; 2, 6) charcoal 
granules; 3) polypropylene granules; liquid mean mass flow 
velocity: i, 2, 3) 0.35-1 cm/sec; 5, 6, 7) 0.35 cm/sec; 
4) 1 cm/sec. 

Fig. 5. Liquid velocity distribution at the layer exit over 
the column radius: distribution at entrance: i-6) uniform; 
7, 8) liquid delivery at center; granular layer: i, 2) 
glass balls; 3, 4) polypropylene granules; 5-8) charcoal 
granules: liquid velocity: a) 0.35 cm/sec; b) i cm/sec; 
gas velocity: i, 3, 5, 7) 0; 2, 4, 6, 8) 14 for a) and 46 
cm/sec for b). 

distribution. It was shown in [3] in which a single-phase liquid stream is investigated in 
a layer that a reduction in the coefficient of surface tension results in degradation of the 
liquid distribution over the layer. In our tests the addition of a PAV degraded the liquid 
distribution significantly for a single-phase stream even for a uniform initial distribution 
(see Fig. 3b). The quantity S here grew from 0.25 to 0.61 (i and 7 in Fig. 4, V G = 0). Ad- 
dition of a PAV for a gas-liquid stream had practically no effect on the liquid distribution 
(Fig. 3a and i and 7 in Fig. 4, for V G = 0.14 m/sec). 

The method of organizing the gas-liquid stream at the entrance exerted substantial in- 
fluence on the spreading of the fluid over the layer and therefore also on the local veloc- 
ity distribution. For a nonuniform liquid distribution at the entrance the gas stream can 
result in both an increase in the liquid stream in homogeneity in the layer and to its 
diminution as well. 

The velocity profile at the exit from a 40 cm layer is shown in Fig. 5a (7 and 8) for 
liquid delivery at the center (second method). In this case the gas stream tightened the 
liquid jet to the center and the nonuniformity of the liquid velocity along the radius was 
greater for the gas-liquid stream than for the single-phase stream. The quantity S also 
was increased (see 6 in Fig. 4). As was mentioned above, the pressure drop here is 1.5-2 
times at the layer as compared with the uniform distribution. Consequently, the pressure 
drop can be a qualitative integrated characteristic of the liquid distribution over the 
layer. 

In the case of stream organization by the second method when the uniformly distributed 
gas-liquid stream was delivered through a segment, an increase in the gas mass flow rate 
would result in diminution of the quantity S, i.e., to a better liquid distribution, as does 
an increase in the liquid mass flow rate (see 4 and 5 in Fig. 4). 
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NOTATION 

V, liquid velocity averaged over cells equidistant from the column axis; ~, V G, mean 
mass flow velocities of the liquid and gas, respectively; Vk, liquid local velocity in the 
k-th measuring cell obtained by dividing the liquid mass flow rate through this cell by its 
area; S 2, empirical dispersion. 

i. 

. 

. 

4. 
5. 

. 

7. 
8. 

9. 

LITERATURE CITED 

V. M. Kurganov, Z. U. Novikova, A. I. Vaseiko, et al., Hydrogenized Processes t~ Obtain 
Motor Fuels [in Russian], Moscow (1978), pp. 70-88. 
K. E. Porter, V. D. Barnett, and J. J. Templeman, Trans~ Inst. Chem. Eng., 46, qo. 2, 
69-94 (1968). 
E. Dutkai, Ruckenstein, Chem. Eng. Sci., 23, No. ii, 1365-1373 (1968). 
J. Buchanam, Chem. Eng. Sci., 26, No. 5, 746-747 (1971). 
P. J. Hock, J. A. Wesselingh, and F. J. Zuiderweg, Chem. Eng. Res. Des., 64, No. 6, 
431-439 (1986). 
J. Levec, A. E. Saez, and R. G. Carbonell, AIChE J., 32, No. 3, 369-380 (1986). 
G. Tosun, IEC Proc. Dev., 2__33, No. i, 29-35 (1984). 
J. Prchlik, J. Soukup, V. Zapletal, et al., Collection Czech., Chem. Comm., 40, No. i0, 
3145-3152 (1975). 
S. Wilks, Mathematical Statistics, Wiley, New York (1962). 

TOWARD A THEORY OF TRANSPORT PROCESSES IN 

BROWNIAN SUSPENSIONS 

A. Yu. Zubarev UDC 53].582.7 

Fluctuations in dispersed phase concentration increase the particle gradient 
diffusion coefficient and the effective viscosity of the suspension. 

A large range of literature has been dedicated to the definition of effective proper- 
ties of concentrated suspensions. A review of studies of the rheology of such suspensions 
can be found in [i]. The influence of collective effects on the gradient diffusion coef- 
ficient of Brownian particles in weak concentration suspensions was evaluated in [2-5], 
while in [6] the theory of [2] was generalized to concentrated suspensions. In all studies 
known to the present author the concentration of the dispersed phase was taken as a determin- 
istically specified quantity, and the possibility of its fluctuation over time and sp~ce was 
neglected. However in suspensions in which the particles perform intense Brownian motion 
such fluctuations do occur and their amplitude increases with increase in external noise 
disturbance. Moreover, from the well known analogy between processes of colloid coag~11ation 
and molecular gas condensation [7] one can expect intense increase in fluctuations and their 
correlation radius in colloidal systems upon approach to the critical coagulation point, 
which within the framework of the indicated analogy corresponds to the critical gas-liquid 
phase transition point [8-10]. 

Below we will evaluate the effect of fluctuations in dispersed phase concentration on 
the effective diffusion coefficient of suspension particles and effective viscosity. A con- 
structive description of the macroscopic behavior of suspensions can apparently only be given 
within the framework of the continuum approximation, which becomes inadequate if the ampli- 
tude of the fluctuations in porosity becomes comparable to the mean value of that quartity, 
while the correlation radius becomes comparable to the dimensions of the region occupied by 
the suspension. Therefore below we will assume the value of the fluctuations to be lcw in 
comparison to the mean concentration of the dispersed phase. We note that this limitation 
of smallness of the fluctuations is caused not only by the requirements of the continuum ap- 
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