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ISOTHERMAL FLUID FLOW IN A PACKING OF SPHERES

V. I. Volkov UDC 532.436

Simultaneous measurements of the velocity profiles inside and behind a packing
made of spheres are used to establish the pattern of isothermal flow of a fluid
inside the packing.

Several investigations have found that the velocity field after a granular bed may be
quite different from the velocity field inside the bed [1, 2]. We therefore made use of
studies which determined the fluid velocity inside the bed. Analysis of these works showed
that all of the contact methods of measurement give a planar or nearly planar velocity pro-
file if the size of the transducer is comparable to or greater than the size of a granule of
the porous medium [2-4].

It has been established by all of the noncontact and diffusive methods of determining
velocity that the fluid velocity is significantly higher near the wall than in the center
of the packing {5~7]. This discrepancy in the findings is evidently due to the fact that in
the measurement of velocity from the heat and mass transfer from a transducer comparable in
size to the granule size in the bed, one is actually determining the hydrodynamic situation
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around this transducer without allowance for the direction of velocity. Measurement by time-
of-flight methods involves finding the longitudinal component of velocity averaged over the
free area between granules in one section of the packing. If the free area is unevenly dis-
tributed over the cross section, then fluid flow rate will be greater at those sites in the
packing where there are more free passages for the flow. This reasoning, which at first

seems obvious, is contradicted by the results obtained in [8]. Here, some of the spheres were
attached to the walls of the test section to create uniform porosity over the cross section.
Nevertheless, the local velocity of the fluid at the wall in this study was 10% greater than
in the center of the packing in an appreciably turbulent flow regime (Re 2 4800; henceforth,
the Reynolds number is figured from the flow-rate velocity in an empty test section and the
diameter of the spheres). Moreover, it isstill uncertain by how much the velocity at the wall
of a random packing exceeds the velocity in the center and how this relative increase depends
on the Reynolds number. All of the authors have obtained different relative increases in
velocity at the wall. For example, whereas Aerov and Umnik found a 30% relative increase,
Abaev, Popov, Smirnov,and other investigators found a sixfold increase in fluid velocity at
the wall relative to the velocity in the center of the packing [6, 7].

The above-mentioned noncontact and contact methods do not have sufficient resolving
power and do not make it possible to establish the velocity profile in an individual pore of
a granular bed. More local and exact methods such as thermoanemometric or laser-Doppler
methods have thus far been used only to measure flow velocity in regular packings. For example,
we know of two studies which used hot-wire anemometers to obtain velocity profiles in indi-
vidual cells of cubic and rhombic packings [8, 9] and one study [10] which used a laser-
Doppler anemometer (LDS) to measure fluid velocity at individual points of a tetrahedral pack-
ing with a Reynolds number of 0.04. The limited amount of data on the velocity fields in
these measurements makes it impossible to ascertain the structure and features of motion of
the flow not only inside a random packing of spheres, but also inside simple models of a por-
ous medium such as a cubic packing of spheres. Following [11], we will represent a random
packing as a mixture of cubic and tetrahedral packings. We then examine the mean-velocity
profiles separately for the tetrahedral and cubic packings. Assuming that the geometry of
the packing has a decisive effect on the hydrodynamics, we find the limits of nonuniform-
ity of the mean-velocity profile in the random packing. The tetrahedral packing of spheres
has the greatest drag and the lowest porosity. Also, the path of the fluid particles is most
sinuous in this packing. In the cubic packing of spheres, sinuousness and drag are minimal
and porosity is maximal. Regardless of the form of the packing inside the test section,
mainly a cubic packing is formed near the wall [6].

Thus, fluid velocity at the wall of a tetrahedral packing exceeds the velocity in the
center by as large a factor as is possible. Fluid velocity in the center of a cubic pack-
ing, meanwhile, exceeds the velocity at the wall by as large a factor as is possible com-
pared to any other types of packings — including a random packing.

We obtain the profile of mean velocity in the tetrahedral packing by averaging five
local velocity profiles presented in [10] (Fig. 1).

We similarly obtain the mean-velocity profile in a cubic packing of spheres by averaging
local velocity profiles reported in [12] in four cross sections separated by a distance equal
to half the radius of one sphere and on nine measurement lines in each section (Figs. 2 and
3)}. Sections A and C were located in the tenth and eleventh layers of spheres from the begin-
ning of the packing, respectively. Sections B and D correspond to the widest and narrowest
sections of the cubic packing. Velocity was determined in 1.5-mm intervals along each meas-
urement line. Nine spheres in all were lcoated in each cross section of the test section.

To compare the mean velocity with the flow-rate velocity, velocity was measure on thir-
teen measurement lines in each of the four sections A, B, C, and D in Fig. 2. These lines
are denoted by primes in section D of Fig. 2. The measured velocity field was used to deter-
mine the mean velocity, which differed no more than 57 from the flow-rate velocity. The LDA
method was used to measure the Poiseuille velocity profile in cylindrical and planar chan-
nels [12] with a similar error. To exclude the corner effects of the rectangular test sec-
tion with a cubic packing, in constructing the mean-velocity profiles in Figs. 2 and 3 we con-
sidered only the nine measurement lines located a distance from the wall greater than the radius
of a sphere.

It is apparent from Fig. 1 that the mean velocity of the fluid at the wall of a tetra-
hedral packing is no more than twice as great as the flow-rate velocity and the velocity at
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Fig. 1. Profile of mean velocity U, referred to the flow-rate velocity Uy, in an octa-
hedral packing [10] with 2R/d = 6. The reckoning was made from the wall of the test
section,

Fig. 2. Profiles of mean relative velocities in sections B and D, respectively, in re-
lation to the transverse coordinate, referred to the diameter of the spheres, with 2R/4d =
3: 1) Re = 22; 2) Re = 500.

Fig. 3. Profile of mean relative velocity in a cubic packing obtained by averaging the
velocity fields in sections A, B, C, and D of Fig. 2: 1) Re = 22; 2) 60; 3) 110; 4)
260; 5) 500.

the center of the packing. Thus, in the case of low Reynolds numbers, the mean velocity at
the wall of a random pcking is no more than twice as great as the flow-rate velocity.

Figures 2 and 3 illustrate the opposite pattern, i.e., the mean velocity of the fluid
at the center of the cubic packing may be five times greater than the velocity at the wall
for low Reynolds numbers. However, with an increase in the Reynolds number to 500, the mean-
velocity profile becomes more uniform across the test section, i.e., the mean velocities at
the wall and the center of the cubic packing become equal. Although Figs. 2 and 3 show
profiles of mean velocity for Reynolds numbersno greater than 500, measurements of velocity
were made with an LDA at individual points of a cubic packing up to Re = 2000. Here, the
maximum velocities at the wall and at the center of the test section with a cubic packing
approached a common limit equal to the flow-rate velocity. Thus, it may be proposed that
there are limits to the nonuniformity of the profile of mean velocity in a random packing.
Thus, the mean fluid velocity at the center of such a packing — even with random formation
of the cubic packing — may be no more than five times as great as the flow-rate velocity,
while the mean velocity at the wall of a random packing may be no more than twice as great
as the flow-rate velocity.

Let us check the above conclusions on a well-known profile of mean velocity inside a
random packing obtained with an LDA on a test section of a diameter 7.5 times greater than
the sphere diameter [12]. To measure the fluid velocity with an LDA in packings of spheres,
the refractive indices of the fluid and spheres are chosen to be the same. View B in Fig. 4
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shows the mean-velocity profile in a random packing obtained with an LDA. This profile was
obtained from 32 local velocity profiles with 10 repackings. At least three profiles were
recorded in each repacking beginning at a distance from the beginning of the random packing
greater than or equal to 14 sphere diameters. Here, the total length of the packing was
equal to 25 sphere diameters. Figure 4 also shows velocity profiles at the inlet of the
packing and at its outlet at a distance equal to 9 sphere diameters — sections A and D, re-
spectively. One of the local velocity profiles inside the random packing, at a distance
equal to 14.5 sphere diameters from the beginning of the packing, is shown in Fig. 4, view C.
It is apparent from the figure than in the range of Re = 13-100, the mean velocity of the
fluid in the wall region is no more than twice as great as the flow-rate velocity, and the
mean fluid velocity at the center of the packing is also no more than twice as great as the
latter. Thus, the assumption made regarding the character of fluid flow in a random pack-
ing on the basis of measurements in cubic and tetrahedral packings was not unfounded and can
be used later to predict limiting flow regimes in actual packings.

g

Let us attempt to explain the difference in fluid flow in different packings.

Of the regular packings, the least and greatest sinuousness corresponds to the cubic
and tetrahedral packings, respectively. '"Wandering' of gas in a random packed bed and sinu-
ousness at low Reynolds numbers were discussed earlier in [13], which did not explain how the
increased sinuousness of the flow affects the mean-velocity profile. Measurements of fluid
velocity in a random packing with an LDA make it possible to conclude that at Reynolds num-
ber of 10 or less, the fluid is nearly still in most of the cross section of the packing [12].
Only a few through channels are formed in a random packing {(Fig. 4). Moving from layer to
layer, a fluid particle can change location so much in the case of low Reynolds numbers that
it moves nearly perpendicular to the vector of the external pressure gradient in most of the
test section. Large-scale regions of stagnant zones are formed. Thus, it is hardly useful
to deal with the fluid velocity profile inside a random packing averaged over the cross sec-
tion of the packing in the case of low Reynolds numbers.

Sinuousness decreases with an increase in the Reynolds number, and the inertia of the
fluid particles increases. They can now jump from layer to layer in the packing with a small-
er change in the direction of the velocity vector. When the number Re® ~ 200 is reached in
an individual channel of the packing, there is a transition to turbulent flow in the mixing
layer between the flow in this channel and the stagnant zone of fluid surround it [14].

Here, the Reynolds number Re* was figured from the maximum velocity in the individual
channel and the equivalent diameter of this channel. For example, in Figs. 3 and 4, the maxi-
mum values of relative velocity near the wall are reached at Re~ 100. With a further increase
in the Reynolds number, turbulent broadening of the velocity profile begins. Thus, the
transition to turbulent flow begins earlier in the broader channels of the packing. After
this transition, momentum losses increase in these channels as a result of the turbulent
pulsations. This in turn leads to equalization of the maximum velocities in the through
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channels with broad and narrow sections at high Reynolds numbers. Consequently, regardless
of the channel diameter, with fully developed turbulent flow the profile of fluid velocity
in each pore will be completely full. Meanwhile, the maximum velocities in the individual
channels will be roughly equal and close to the flow-rate velocity inside the packing, i.e.,
the velocity in an empty test section divided by the porosity. To all appearances, only for
such regimes of fluid flow will it be possible to agree with the observation of Jubota to the
effect that fluid flow rate near the wall and at the center will be determined only by the
number of cavities and that mean velocity will be higher where there is a large number of
cavities [4]. At what Reynolds numers does fully turbulent flow begin in a random packing?
The studies done thus far do not give an unequivocal answer to this question. It follows
from the experiments of Mickley et al. on a rhombic packing [8] that fluid velocity at the
wall is 107 higher than fluid velocity at the center even at Reynolds numbers of 4800. Thus,
developed turbulent flow begins in a rhombic packing at Re > 5000. 1In connection with this,
it is possible to try to explain the nonuniformity of the velocity profile obtained in [8]
with a uniform porosity across the pcking as being the result of greater damping of turbul-
ent pulsations near the wall compared to the center. The wall limits transverse pulsations
of velocity to a greater degree than does a dense packing, which contains channels perpen-
dicular to the main flow. The greater the transverse turbulent pulsations, the more sinuous
the path of the fluid particles. Thus, a strictly uniform velocity profile should be ex-
pected in packings having not only uniform porosity but also uniform sinuousness over their
cross sections.

Consequently, in the viscous regime of flow in packings, the flow moves mainly along
the channels with the largest cross section, and the hydrodynamics is determined by the diam-
eter of the channel and its sinuousness.

The effect of sinuousness decreases in the inertial flow regime. The mean velocity
profile evens out across the test section. The transition from one regime to another does
not occur at the same time over the cross section of the test section. Turbulence begins
earlier in the channels with the greatest sinuousness and largest diameter. In a fully de-
veloped turbulent regime of fluid flow, the mean velocity profile inside the packing is de-
termined by the number of cavities over its cross section.

It is interesting to compare the results obtained with earlier measurements made behind
packings, where all authors obtained an increase in mean velocity at the wall relative to
the center. Studies of the mean-velocity profile after a packing by means of an LDA showed
that at low Reynolds numbers Re ~ 10 a series of jets is formed after the packing. These
jets are twisted into individual vortices at a distance equal to several sphere diameters,
vwhile a large-scale annular vortex is formed at a distance equal to several channel diam-
eters. The velocity in the center of this vortex may be directed counter to the external
pressure gradient. With an increase in the Reynolds number, the annular vortex is destroy-
ed and the velocity in the center of the channel, changing sign, becomes positive. Whereas
the vortices from individual channels in the packing may be twisted in any direction in the
center of the test section, in the channels near the wall they are twisted only from the
wall toward the center of the test section. Stratified flow with laminar viscosity is pre-
served near the wall [14]. These differences in the wall and central parts of the packing
lead to a nonuniform velocity profile after the packing (Fig. 4). In other words, eddy
viscosity behind the packing is higher in the center of the test section than near the wall.
This phenomenon was observed in a study of the equalizing effect of grates [15].

It follows from Fig. 4 that the velocity profiles inside a random packing do not ade-
quately correspond to the velocity profiles after the packing, was was noted in [1, 2].

NOTATION

. Re = U,d/v, Reynolds number; U,, flow-rate velocity of the fluid in a test section not
filled with pcking; d, diameter of spheres of packing; in the experiments using an LDA, d =
0.0183 m; Re* = U*de/v, Reynolds number figured from the maximum velocity U* in an individu-
al channel and the equivalent diameter of this channel; de = 45/2, equivalent diameter of
the channel; S, cross section of the channel at the narrowest part of the cubic packing;

%, wetted perimeter of cross section S; R, radius or half-width of the test section with
packing; y, transverse coordinate, reckoned from the wall of the test section with packing;
v, kinematic viscosity of the fluid.
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