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Flow Maldistribution in Packed Beds:
A Comparison of Measurements with

Predictions

Experimental measurements are reported on flow maldistribution in
packed beds containing side streams and deliberately created spatially non-

uniform resistance to flow. The actual experimental technique involved the

J. SZEKELY and J. J. POVEROMO

determination of the velocity field of the gas stream exiting the column

through the use of a hot wire anemometer. The experimental measurements
were compared with predictions based on the numerical solution of the dif-
ferential vectorial form of the Ergun equation and reasonable agreement
was obtained. Both the measurements and the analysis confirmed the exis-
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tence of preferential flow in the vicinity of the walls even for uniformly

packed beds.

SCOPE

The quantitative understanding of flow nonuniformities
in packed beds is of considerable practical importance in
chemical reaction engineering. Flow maldistribution may
occur due to spatially variable resistance to flow, as
brought about by variable porosity or particle diameter;
nonuniform flows will also occur when the fluid passing
through the system is introduced in a nonuniform manner,
for example, in the form of a side stream. In recent years
some attention has been paid to these problems (Stanek
and Szekely, 1972; Radestock and Jeschar, 1970), but
this earlier work was almost exclusively analytical.

The work to be described in this paper was undertaken
with a view of providing an experimental test of the vec-
torial differential form of the Ergun equation as applied to
nonuniform flows in packed bed systems. In this paper
extensive measurements of the velocity profiles in a gas

stream exiting the top of a packed bed, containing spa-
tially distributed, nonuniform resistance to flow are re-
ported. The experimental measurements are then com-
pared with theoretical predictions, based on an adaptation
of the previously published vectorial, differential form of
the Ergun equation. The modifications of this earlier
theoretical treatment include the use of more realistic
boundary conditions and an allowance for increased poros-
ity in the vicinity of the walls and for the existence of
possible side streams. The experimental verification of the
vectorial, differential form of the Ergun equation is thought:
to be the major contribution of the paper; it follows that
the Ergun equation should provide a sound basis for
further modeling studies aimed at more complex situa-
tions where flow maldistribution is accompanied by heat
and mass transfer, for example, hot spot formation.

Fluid flow through packed beds which have a
spatially variable resistance to flow is of considerable prac-
tical importance in chemical and metallurgical reaction
engineering. Spatial nonuniformity of resistance to flow

J. J. Poveromo is at the Homer Research Laboratory, Bethlehem Steel
Corporation, Bethlehem, Pennsylvania 180186.
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will occur to some extent in all packed-bed systems be-
cause the region in the immediate vicinity of the wall
has a higher porosity than the bulk, which is known to
result in preferential flow. Local variations in the re-
sistance to flow may also be caused by nonuniform pack-
ing (that is, variable void fraction) or by the segregation
of particles of different size during filling, Finally, non-
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uniform, or nonparallel flow will also occur, even in homo-
geneous beds, if the fluid passing through the system is
introduced in a nonuniform manner, for example, through
side streams.

Because of the obvious importance of these phenomena,
various aspects of this problem received considerable at-
tention. The structure and void space distribution in ran-
domly packed beds of solids was studied by several
workers including Furnas (1929) and Benenati and Bro-
silow (1962). In a now classical paper, Furnas has shown
that the void fraction of a packed bed, made up of solids
of different sizes, may show a marked variation depending
on the particle size ratio and on the relative proportion of
the solid components. Furnas was one of the first inves-
tigators to note that for packed beds the void fraction
was larger in the vicinity of the wall than in the bulk of
the bed. Benenati and Brosilow, by performing elegant
experiments, established a more precise relationship for
the spatial dependence of the void fraction in the vicinity
of the wall.

The directional permeability of packed beds has been
measured by Rice et al. (1970). The actual experimental
measurement of gas velocities for nonuniform flows in
Facked beds has been confined to studying the wall ef-
ect in uniformly packed beds in parallel flow. Numerous
investigations have been conducted using hot wire ane-
mometers to determine the velocity profile at the outlet
from the bed, and there appears to be general agreement
regarding the existence of preferential flow in the vicinity
of the walls. This previously cited work was primarily ex-
perimental although Price (1967) and Standish (1973)
did attempt an interpretation of their results in terms of
expressions derived from an overall momentum balance.

An alternative approach to representing flow maldis-
tribution in uniformly packed beds was provided by the
use of radial dispersion, a good example for which is the
recent work of Bischoff and Schertz (1969).

Regarding theoretical work on flow maldistribution, it
has been rccognized in recent articles that the proper rep-
resentation of nonuniform flow in packed beds requires
the use of the multidimensional Ergun equation in a dif-
ferential form, In these papers, computed results have
been presented for a range of nonuniform flows and geom-
etries which were based on the differential vectorial form
of the Ergun equation. However, up to the present, no
direct experimental verification has been available of
these computed results. The purpose of the work to be
described in this paper is to perform the experimental
measurement of nonuniform flows through packed beds for
a range of packing configurations and flow geometries
which could then be tested against theoretical predictions
based on the previously presented analysis.

APPARATUS AND EXPERIMENTAL PROCEDURE

The apparatus was so constructed to allow the ready mea-
surement of the velocity profile in a gas stream exiting a
packed bed which could be packed with a variety of solid par-
ticles and into which gas could be fed from a number of inlet
ports. A schematic diagram of the apparatus is shown in Figure
1. It is seen that compressed air could be supplied to the bed
at a metered rate; before entering the bed through one of the
inlet ports, the gas was passed through a flow straightener for
the case of parallel flow and then through an empty chamber,
where facilities were provided for measuring the pressure pro-
file at the inlet to the column. The knowledge of this pressure
profile was thought to be useful in establishing the boundary
conditions for the modeling equations.

Two columns were used in the measurements; a larger unit,
15.25 cm in diameter, packed to a height of about 60 cm,
which was used in the preliminary studies and a smaller col-
umn, 10.1 cm in diameter which was packed to a height of
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Fig. 1. Experimental apparatus for the measurement of nonuniform
flow in packed beds.

30.5 cm. A total of 10 inlet taps were available on the larger
column and some 4 inlet taps were provided on the smaller
unit; details of the inlet tap configuration will be given sub-
sequently.

The solid particles contained in the bed were supported on
a 10 mesh wire screen, and a finer (200 mesh) screen was
also employed at the top of the column to retain the solids in
the bed.

The velocity profile of the gas stream leaving the bed was
measured by using a calibrated DISA hot wire probe, mounted
on a suitable traversing mechanism. The probe itself was lo-
cated about 1 cm above the outlet of the bed and was con-
nected to a DISA 55DO5 anemometer, the output of which was
passed through a linearizer and then recorded on a Leeds and
Northrup Strip Chart Recorder.

It is to be noted that in most previous investigations cir-
cumferential probes were used for the measurement of pref-
erential flow in the vicinity of the walls. While this arrange-
ment is certainly attractive for smoothing and averaging the
velocity measurements, it could not be used in the present
case because many of the systems studied produced asym-
metric flow fields.

Experimental Procedure

For uniform packing, glass beads were poured into the col-
umn until the desired height was reached; then the air was
turned on, which allowed the particles to settle and more
solids were added to complete the procedure. The actual void
fraction of the bed was ascertained independently by weigh-
ing the solids that were supplied to the system.

Nonuniform packing of the bed was accomplished by plac-
ing a vertical tube into the bed which was then filled with a
given solid material. The remainder of the bed was filled with
solids the size of which differed from those already contained
in the bed and the tube was carefully withdrawn. In some of
the runs the maldistributed beds were prepared by filling ad-
jacent sections of the bed, separated by a vertical screen.

In an actual experimental run, after the solids were charged,
the air was turned on, the flow rate was set at predetermined
value and the outlet surface of the bed was traversed by the
hot wire probe. The values of the pressure drop across the
bed ranged from 0.005 to 0.059 atm and the linear gas veloc-
ities measured ranged from 17.1 to 61.6 cm/s. In addition to
the measurement of the velocity profile, a pressure traverse
across the inlet was also done for all the experimental runs.

Experimental Configurations

Glass spheres, 0.1, 0.3, and 0.6 cm in diameter were used
as the packing material; the packing was so arranged that any
given portion of the bed contained uniformly sized particles
only.

I>r’1 order to provide a severe test of the expressions developed
for nonuniform flow, it was thought desirable to examine a
broad range of packing configurations and gas inlet condi-
tions. The actual packing arrangements and inlet nozzle con-
figurations employed in the experimental program are illus-
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trated in Figures 2 and 3.

It is noted that for the system depicted in Figure 2 (the
15-cm diameter column) regions 1 contained glass spheres
0.3 cm in diameter, whereas regions 2 contained glass spheres
0.6 cm in diameter; thus regions 1 represented the zones with
the higher resistance to flow.

It is seen in Figure 3 that a broad range of packing con-
figurations were employed in the experiments conducted with
the 10-cm diameter column; here the hatched zones denote
regions which were packed with particles 0.1 cm in diameter,
while the blank zones correspond to regions packed with par-
ticles 0.3 cm in diameter. It follows that the hatched zones
designate the regions which offered a higher resistance to flow.

Some typical, experimentally measured velocity profiles are
shown in Figures 4 and 5. Further measurements will be pre-
sented in the subsequent section and additional data are avail-
able in the thesis by Poveromo (1975).

Figure 4 shows experimentally measured velocity profiles for
a column packed with two types of spheres, as indicated on
the inset, for two distinct mass flow rates.

The following observations may be made:

1. The velocity profiles are similar for the two different
mass flow rates, which is consistent with earlier discussions
based on the theoretical work of Stanek and Szekely (1974),
provided the inertial component dominates the resistance flow.

2. The velocity profile exhibits a pronounced minimum in the
central vertical plane separating the two different types of
packing. This behavior may be explained by considering the
fact that the local void fraction is likely to show a minimum at
the interface separating particles of different size. Such a find-
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diameter glass beads.

ing has been reported by Furnas for the bulk void fraction of
mixed solids.

3. Inspection of Figure 4 also shows quite marked local
maxima in the velocity profile in the vicinity of the wall. This
finding is consistent with that of earlier investigators and is at-
tributable to the local maxima in void fraction in the wall re-
gion. Of course, the velocity has to be zero at the surface of
the wall itself.

4. Finally, it is also seen that the average velocity appears
to be larger on the right-hand side of the figure, which is con-
sistent with the fact that the overall resistance to flow as lower
in this region.

Figure 5 shows a plot of the normalized (with respect to the
average ) velocity profile for a packing where the bed contain-
ing a core with a higher resistance to flow, for four distinct
gas inlet arrangements, as sketched on the inset.

It is readily seen that for the system considered the location
of the inlet nozzle had no effect on the velocity profile at the
outlet and one may infer from these measurements that paral-
lel flow had been achieved by the time the gas reached the
outlet for these particular conditions.

.5 F
Outlet

075

VELOCITY (m/sec)

10 [oF -] 06 04 02 [+ 02 04 06 o8 K.}
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Fig. 4. The velocity profile for flow through parallel intercommuni-

cating beds, parallel flow from inlet nozzle 11, large column

Curve Flow rate Pressure drop, atm
1 8.42 X 10~ 3m3/s 0.058
2 7.02 X 10~ 3m3/s 0.034
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configuration, where the core is packed with 0.1-cm diameter gloss
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numbers on the curves indicate the inlet nozzle positions.

Inspection of Figure 5 also shows the wall effect which is
accentuated in the present case by having the region of lower
resistance forming an annular space in the vicinity of the walls.

COMPARISON OF THE MEASUREMENTS WITH
PREDICTIONS BASED ON THE VECTORIAL FORM OF
THE ERGUN EQUATION

In this section we shall present a direct comparison
between the experimentally measured velocity profiles
with those predicted on the basis of the vectorial form of
the Ergun equation which was described in an earlier
paper by Stanek and Szekely (1974). However, before
we proceed with this comparison it is worthwhile to pre-
sent a brief recapitulation of the principal governing
equations describing two-dimensional fluid flow through
packed beds.

Fluid Flow Equations
In its vectorial form the Ergun equation may be written

as
—VP=V (f +£V) (1)

It has been shown that when N, > 150, the Ergun
equation is dominated by the inertial term and under these
conditions f; may be neglected. Let us assume, further-
more, incompressible flow and then, in order to eliminate
the pressure term from Equation (1), let us operate with
the Vx operator on both sides of Equation (1). Thus we
obtain

VxV—VxV[n{V)]=0 (2)

The components of the velocity vector also have to satisfy
the equation of continuity, thus,

VeV=0 (3)

Upon finding the velocity field through the solution of
Equations (2) and (8) for the appropriate boundary
conditions, we can then evaluate the pressure distribution

from
VeVP=—VeV(fV) )

For the purpose of computation, it is more convenient

to work in terms of the stream function which for cartesian
coordinates is defined as

(5)-(6)
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where y designates the coordinate parallel to the axis of
the column and x designates the direction perpendicular
toy.

Thus the two-dimensional form of Equation (2) may
be written as follows: *

(30 (3]
S LE-2))

+ —_—
SICORICINIE

3y
P a2 (2)(2)-

(7)

It is to be noted furthermore that Equation (7) does re-
main unchanged, formally, if rendered dimensionless by
using a mean velocity V, and a column diameter D.

Regarding the boundary conditions, these had to ex-
press the fact that the side walls were impervious to flow
(except when side stream nozzles were used) which could
be expressed by setting:

(8)-(9)

where X now denotes the dimensionless spatial coordinate.

The boundary conditions at the inlet and at the exit of
the column were established with the aid of the experi-
mental measurements which indicated that the pressure
was uniform both at the inlet and at the exit. This finding
was expressed by stating

Y =constant at X =0, X=1

_‘z‘#_.___.o at y:O,y:L/D (10)'(11)

9y

where L is the length of the column. It is to be noted
that Equations (10)-(11) have to be regarded as an
approximation adopted for the sake of mathematical con-
venience because, strictly speaking, the Ergun equation
will not be valid at the boundaries.

In performing the actual computation, the spatial non-
uniformities in the resistance to flow were expressed by
assigning an appropriate position dependence to fo. The
following particular cases were considered:

1. In accounting for the increased porosity near the
walls, the experimental measurements of Benenati and
Brosilow (1962) were used to estimate the void fraction
at the grid point adjacent to the wall.

2. Appropriate allowance was made for the different
bulk resistances of regions composed of different particles.

3. An approximate allowance was also made for the
sharp decrease in the local porosity at the interface of two
regions composed by the particles of different size—
through the use of Furnas’ (1929) correlation. The prin-
cipal experimental variables are summarized in Table 1.

Equation (7) was put in a finite difference form and
solved by the use of relaxation techniques using the CDC
6400 digital computer of the State University of New
York at Buffalo. An 11 X 40 grid was used and a typical
run required about 100 seconds of computer time. Further
computational details, including a complete program list-
ing, are available in the thesis upon which this paper is
based (Poveromo, 1975).

¢ The equivalent expression to Equation (7) in cylindrical coordinates
has been given in Stanek and Szekely (1974).
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TaBLE 1. THE PRINCIPAL EXPERIMENTAL VARIABLES

Particle shape Spherical
Void fraction in the bulk 0.38
Range of particle diameter

investigated 0.1 cm-0.6 cm
Range of particle Reynolds

numbers studied 100-400

Porosity Data

In the computation an allowance was made for the larger
porosity in the vicinity of the walls (Benenati and Brosilow,
1962) by assigning the following values to the void fraction
at the grid point adjacent to the walls, as a function of the
D/d, ratio:

D/d, ewall
25.4° 0.49
50° 0.47
36°° 048

108°° 045

The local minima in the void fraction at the interface of re-
gions composed of particles of different diameters was esti-
mated on the basis of Furnas’ (1929) observations, as follows:

Ratio of particle
diameters €interface
0.5 0.365
0.33 0.327
® Column diameter = 15.25 cm,
© Column diameter: 10.1 cm.
OUTLET
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Fig. 6. Computed streamlines for flow from side nozzle 2 through

o bed packed with a core of higher resistance (0.1-cm diameter

glass beads) in the lower half of the bed. The rest of the bed is
packed with 0.3-cm diameter glass beads.
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Figure 6 shows the computed streamlines for a complex
flow field, for a system with side stream injection and
where the shaded area denotes a core with a higher re-
sistance to flow. The pronounced wall effect, with the
closely bunched streamlines indicating preferential flow,
is apparent, together with the fact that parallel flow ap-
pears to have been approached at the exit from the sys-
tem.

Comparison of Measurements and Predictions

Before proceeding with the presentation of the com-
parison between the measurements and the computed re-
sults, it should be noted that the cylindrical form of the
equations was used for the systems depicting cylindrical
symmetry, while a two-dimensional, cartesian system was
used for representing the asymmetric situations. The com-
putation of a truly three-dimensional flow field would have
required an unduly large amount of computer time. It is
thought, moreover, that the results would be representa-
tive of the behavior of a two-dimensional slice cut through
the center of the column parallel to its axis.

A selection of the experimental measurements is shown
in Figures 7 to 9; additional data are available in the
thesis upon which this work is based. Figure 7 shows the
behavior of a 15 cm wide column, packed uniformly with
0.6-cm glass spheres in parallel flow. There is reasonable
agreement between measurements and prediction; the
wall effect is also quite apparent.

The system depicted in Figure 8 involve the use of a
side stream nozzle and a bed where the central core had
a lower resistance to flow. The agreement between mea-
surements and predictions is again quite reasonable; it is
seen, furthermore, that the flow appears to be parallel at
the outlet.

Finally, Figure 9 depicts a situation where the central
core of the bed has a higher resistance to flow than the
outer shell. It is seen that both predictions and measure-
ments are in reasonable agreement and preferential flow
is accentuated under these conditions. It is noted that
while there is a discrepancy between the numerical values
of the velocity in the central portion of the bed the actual
overall volumetric flow rate is reasonably well predicted
because the agreement is quite good over the major
portion of the area available for flow.

DISCUSSION

Experimental measurements were reported on nonuni-
form flow through packed beds, as caused by wall effects,
nonuniform packing, and the introduction of side streams.
It was found that the measurements were in reasonable
agreement with predictions obtained from the numerical
solution of the two-dimensional, vectorial form of the
Ergun equation. If follows that the vectorial form of the
Ergun equation would provide a sound basis for repre-
senting flow maldistribution in packed bed reactors and
consequently hot spot formation. It is noted that quite a
marked preferential flow was found in the vicinity of the
walls, and it is thought that this type of flow maldistribu-
tion is likely to occur in most packed-bed reactors.

Experimental measurements were also made of the
pressure distribution at the inlet and at the exit of the
column. It was found that for the experimental condi-
tions the pressure was uniform, a fact which provided
direct experimental proof for the validity of the bound-
ary conditions used at the exit and at the inlet.

In closing it would be worthwhile to comment on the
limitations of the work. The most important limitation is
due to the fact that the Ergun equation (just as the
Darcy Equation) is a macroscopic relationship. It fol-
lows that the use of this equation, or the use of relation-
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ships derived from it, becomes questionable when applied
to distances that are comparable to the size of the par-
ticles that make up the packing, Another important
limitation of the Ergun equation, as cited by Gauvin and
Katta (1973), is the fact that it is not appropriate for
systems containing particles of low sphericity.

The finding regarding the uniformity of the pressure
at the inlet and at the exit is necessarily restricted to the
range of experimental conditions employed in this study.
The use of a two-dimensional, cartesian coordinate sys-
tem to represent flow maldistribution in an essentially
three-dimensional slice, is also an approximation. It is
thought, however, that the measurements reported in the
study do provide firm support for the use of the vectorial
form of the Ergun equation for representing flow maldis-
tribution phenomena in packed bed reactor systems. Fur-
ther work would seem to be desirable in two areas. A
better understanding of variations in local porosity at
the interface separating regions composed of different
packing materials would be helpful because such effects
could contribute to hot spot formation. Finally, it would
be desirable to apply the results of the flow study re-
ported here to real reactor systems.

CONCLUSIONS AND SIGNIFICANCE

Experimental measurements on flow maldistribution in
packed beds containing side streams and a deliberately
created spatially nonuniform resistance to flow were re-
ported. The principal findings of the study may be sum-
marized as follows:

Preferential flow was found in the vicinity of the walls
even for uniformly packed beds.

A sharp minimum in the local gas velocity was found
in the vicinity of any vertical surface separating regions
in the bed containing particles of different sizes.

For the experimental conditions, the normalized (rela-
tive) velocity profiles at the exit were qualitatively similar
for each flow rate which is consistent with the fact that
the inertial component of the Ergun equation provided
the principal resistance to flow.

For the particular conditions examined, a uniformly
packed bed with a height-to-diameter ratio larger than one
was found to act as a flow straightener which evened out
any nonuniformities introduced upstream. The experi-
mental measurements were found to be in reasonable
agreement with predictions based on the differential vec-
torial form of the Ergun equation for a broad range of
packing geometries and inlet conditions.

The principal significance of the work described here
is that it provides direct experimental verification for the
differential, vectorial form of the Ergun equation which
should provide a sound starting point for representing
more complex problems where Hlow maldistribution may
be accompanied by heat or mass transfer processes.
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NOTATION

particle diameter

D = column diameter

f = 150p(1 — €)2/d%e, resistance parameter
fa = L75p(1 — €)/de®, resistance parameter
L = bed depth

Nre = Reynolds number

R = column radius
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V, V, V., V, = velocity vector, absolute magnitude value
and component value, respectively

Vo = average superficial velocity

x, y = rectangular coordinates

X = x/D = dimensionless coordinate

Y = y/D = dimensionless coordinate

Greek Letters

€ = porosity (void fraction)

V = gradient

@ = dynamic viscosity

U,(® = ¢/VD) = dimensionless and dimensionless stream
function, respectively

P = density

Subscripts

0 = average quantity
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Instability of Film Coating

of Wires and Tubes

The stability problem of the free coating of wires and tubes by with-

drawal is formulated and solved. The necessary condition for the stability
of the film coating is given explicitly in terms of the Reynolds number,
wave number, the Weber number, and implicitly in terms of the withdrawal
velocity. The outcome of the competition’ between the destabilizing capillary
pinching and the stabilizing capillary restoring force associated with the
film thickness variation is shown to dictate the stability of the film. The
comparisons between the present theoretical results and the known experi-
mental results for falling films and creeping annular threads of viscous
liquids are good. A possible application of the present results to some
aspects of the qualitative design of a coating process is given.

SCOPE

The film flows down a solid surface under the simul-
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taneous actions of the gravity, the surface tension, and
the viscous drag are frequently encountered in many im-
portant industrial processes. Such processes include: film
coating of photographic paper or plates, cleaning, drain-
ing, coating of insulation on a wire, and the protection
coating of tube walls, etc. A smooth and uniform film coat-
ing is usually difficult to attain because of the flow in-

AIChE Journal (Vol. 21, No. 4)

stability. The instability frequently either sets a limit on
the production rate or dictates the selection of the mate-
rial in precision coatings. A predictive theory of film in-
stability is therefore of considerable practical significance.
The purpose of this paper is to offer such a stability theory
for the particular film flows encountered in the free coat-
ings of circular wires or tubes.
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