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The detailed characteristics of the interstitial ®elocity distributions in pores are critical
to understanding heat and mass transfer in a packed bed of granular material. The
®elocity distributions in a pore that models a simple-packed bed were measured directly
by a magnetic resonance imaging technique. With an increase in the Reynolds number
from 12.17 to 59.78 � 204.74, the increase and decrease in main flow ®elocity did not
correspond to the local pore geometry, as is the case with a creeping flow. This indicated
that inertial forces dominate o®er ®iscous forces. For example, at the Reynolds number
of 204.74, the fluid penetrated through the center of the pores like a jet with negligible
change of ®elocity. Circulation in the surrounding stagnant spaces generated eight sym-
metrical eddies in the plane perpendicular to the main flow direction.

Introduction
The physical understanding of fluid flow in a packed bed

of granular material is essential for many science and engi-
neering applications. Investigation of these phenomena has
applications to various chemical and mechanical engineering
systems including heat and mass transport in a packed bed,
oil recovery from rock formations, packed-bed-reactor de-
sign, and filtration systems. For Reynolds numbers Re below
about unity, the pressure drop per unit length along the main
flow direction in porous systems varies linearly with the filtra-
tion velocity in accordance with Darcy’s law; whereas, as ve-
locity increases, deviations from Darcy’s law occur due to the

Žinertial contribution to the momentum balance Bear, 1972;
.Kaviany, 1995 . Heat and mass transfer in a packed bed are

sensitive to the details of the interstitial velocity distributions
in pores over a wide range of Reynolds numbers.

Attempts have been made in the past to clarify the flow
structure in packed beds at the Reynolds numbers for the
transition from laminar to turbulent flow. Jolls and Hanratty
Ž .1966 studied the motion of a colored plume of fluid through
a packed bed of spherical particles. A transition from laminar
to turbulent flow occurred over the Reynolds number range

Ž .268 to 366. Dybbs and Edwards 1984 used laser anemome-
try to visualize the flow of liquids in porous structures built
out of spheres in a hexagonal packing and also rods arranged

Ž .in a complex, fixed, three-dimensional 3-D geometry. There
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Ž .were four flow regimes as a function of Reynolds number: 1
Ž .Darcy or creeping flow at Re�1; 2 inertial flow at 1� Re

Ž . Ž .�150; 3 unsteady, laminar flow at 150� Re�300; and 4
highly unsteady flow at Re�300.

Various improvements in measurement technique have al-
lowed the detailed investigation of flow in porous media.

Ž .Among these are laser-Doppler anemometer LDA
Ž . Ž .Yevseyev et al., 1991 , particle image velocimetry PIV
ŽStephenson and Stewart, 1986; Saleh et al., 1993; Rashidi et

.al., 1996; Moroni and Cushman, 2001 , photoluminescent vol-
Ž . Ž .umetric imaging PVI Montemagno and Gray, 1995 , mag-

Ž . Žnetic resonance imaging MRI Shattuck et al., 1991, 1995;
Li et al., 1994; Kutsovsky et al., 1996; Seymour and Callaghan,
1997; Sederman et al., 1997, 1998; Manz et al., 1999; Irwin et

. Ž . Žal., 2000 , and magnetic resonance tomography MRT Bau-
.mann et al., 2000 . Reviews of the MRI work on porous me-

Ž . Ž .dia are in Bories et al. 1991 and Fukushima 1999 . For
measurements of flow in porous media, optical techniques
such as LDA and PIV can be applied to only solid and liquid
phases of the same refractive index, whereas MRI requires
that the porous media be nonmagnetic. In the present study,
MRI was used to visualize directly the flow field in porous
media.

MRI techniques have shown structure-flow correlations
within the inter-particle space of randomly packed beds of

Ž .spheres Sederman et al., 1998; Johns et al., 2000 . In particu-
Ž .lar, Sederman et al. 1998 observed significant heterogeneity

in the flow; for example, approximately 8% of the pores carry
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Figure 1. Unit cell for a bed of uniform spheres in a
simple cubic lattice.
Origin of the coordinates is in the center. The image was
constructed from the MRI data obtained in present experi-
ments.

40% of the volume flow, and high volume flow is mostly in-
fluenced by the local geometry of the pore space. Ogawa et

Ž .al. 2000 used MRI analysis to show that most of the chan-
nel flows with higher axial velocity are induced in the axial

Ž .channels with long, straight pores. Johns et al. 2000 ex-
tended the study by Sederman et al. to investigate in detail
the transition from creeping to inertial flow in a randomly
packed bed. They found that the transition was sensitive to
the local Reynolds number of each pore and the nearly-stag-
nant fluid had a large influence on the pressure distribution.
However, it is still not clear how each separate factor, pore
heterogeneity and intrinsic flow instability, influences the flow
within randomly packed beds.

This article describes our measurements of flow velocities
in a simply packed bed of spheres in the range of Reynolds
number from the inertial flow region to the transition to the
unsteady laminar flow region. In the simply packed bed,
spheres are arranged at each corner of the cube, as shown in
Figure 1. The unit cell had simple cubic packing with an av-
erage volumetric porosity � of 0.476. Taking into account the
flow symmetry, we modeled the flow in a packed bed by fo-
cusing on the flow through six unit cells along one flow chan-
nel. Because there is no net flow and pressure gradient across
symmetry plates in x- and y-directions, the symmetry plates
were replaced by a solid wall as in Figure 2. The three com-
ponents of the velocity vectors of the fluid in 3-D pore space
of the channel were directly measured using an MRI tech-
nique with high resolution. Velocity distributions in the pore
are shown for Reynolds numbers over the transition from
Darcy to inertial flows.

Experimental Apparatus and Measurement
Techniques

Figure 2 shows the apparatus, which consisted of the flow
channel aligned vertically inside the MRI system and a water

Figure 2. Experimental apparatus.
Measurements were done in the region near the top of the
channel and marked by the rectangle marked as 28 mm high.

circulating system with a constant-pressure water reservoir.
The channel models an ideal series of five unit cells, here-
after unit pores, in a simply packed bed. Each pore is bound
by two layers, as shown in Figure 2; thus, we used six plastic
unit layers arranged in an acrylic pipe. The layers were 28
mm on each side and were put in a cylinder 46 mm in diame-
ter. Each of the six layers had four 1r4-spheres of 28 mm
diameter D , as shown in Figure 3. The layers were alignedp
in the pipe by putting tubes through the holes on each side.
During the experiments, stationary water contained in these
tubes was used as a velocity reference. A flow distributor plate
was 100 mm upstream from the entrance of the unit cell
channel to make the flow uniform, as shown in Figure 2. Wa-
ter was circulated from the reservoir with a constant pressure
to keep the flow rate constant. Measurements of the flow
rate were repeated several times during the course of an ex-
periment to ensure that the flow rate Q was constant. We
averaged the measured velocities in the fourth unit pore

Ždownstream that is, between the fourth and fifth layers shown
.in Figure 2 , because our preliminary experimental results

showed that the velocity field is periodic by the time the wa-
ter reaches this pore. The averaging was done to reduce fluc-
tuations that might result from distortion of applied magnetic
field and the velocity fluctuations. The point between these
two layers on the axis of the channel is the origin of x, y, z
coordinates with the z axis pointing downstream.

Ž .Our MRI system Varian model Unity Inova 300r150 SWB
imaged the spatial distribution of the flowing water by receiv-
ing the signals from protons rotating with their Larmor fre-
quency, which is proportional to the intensity of the applied
magnetic field. The strength of the magnetic field of this sys-
tem was 7.05 T, and the bore diameter was 57 mm. Gradient
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Figure 3. Top and side view of the unit cell.
Clearance on top surface of the cell is for the rubber pack-
ing to prevent water leakage. Unit cells were made of acryl-
onitride-butadiene styrene.

coils provided a maximum gradient strength of 0.24 Trm.
Further details of MRI techniques for fluid flow can be found

Ž . Ž .in Callaghan 1991 and Fukushima 1999 .
Velocity distributions were measured using the phase en-

coding method, which is a technique used to acquire the ve-
Ž .locity distribution in a cross section Feinauer et al., 1997 . A

timing diagram of the radio frequency and magnetic field
gradient pulses for obtaining an image of the fluid velocity
distribution is shown in Figure 4. A flow encoding pulse is
included in the pulse sequence of conventional gradient echo
imaging. Under a magnetic field gradient of magnitude G
imposed for flow encoding, the velocity is related to the phase
of the Larmor precession generated by the difference in Lar-
mor frequency that corresponds to the position of the proton.
The proton’s �� is

��s� G® � 2 1Ž .0

where � is the gyromagnetic ratio of the proton, ® is the0
component of the flow velocity along the flow encoding gra-
dient, and � is the duration of the imposed flow encoding
gradient. In the present study, �� is the phase difference
between the phase measured with flowing water and with sta-

Figure 4. Phase encoding method for flow measure-
ment.
G , G and G correspond to theread out phase encode slice select ion
magnetic field gradient in x-, y- and z-directions, respec-
tively. The duration of flow encoding pulse � is 0.0025 s.

tionary water. The measurement accuracy in this method is
15% for a well developed Hagen-Poiseuille flow in a cylindri-
cal tube with the spatial resolution of 0.2 mm�0.2 mm�0.5

Ž .mm Ogawa et al., 2000 . Images of the pore structure were
acquired simultaneously with the phase difference to deter-
mine the velocity ® for each pixel.

For the velocity experiments, the field of view is 51.2 mm
�51.2 mm in the x-y plane, and the thickness of a slice along
the direction of main flow is 0.5 mm. The spatial resolution
was 0.2 mm�0.2 mm. For each plane, each of three velocity
components is the average of three measurements. At equal
space intervals of about 2.0 mm in the main flow direction,
17 planes of velocity distribution were obtained over the 28
mm field of view shown in Figure 2; hence, the velocity distri-
bution was obtained in the entire unit cell pore space of Fig-
ure 1. To reduce the spin-lattice relaxation time of water and
thus decrease the image acquisition time, the water con-
tained 20 molrm3 of copper sulfate.

The Reynolds number is defined here as

Res � ® D r� , 2Ž .mean p

® sQrA � , 3Ž .mean

where � and � are the fluid density and viscosity of fluid, Dp
is the diameter of the packed spheres, ® is the averagemean

Ž .downstream z component of the water flow velocity, and
AsD2, the cross-sectional area of the packed bed. Thep
Cartesian coordinates are normalized by the sphere radius
rsD r2 and hence vary between y1 and 1.p

Experimental conditions are summarized in Table 1. Three
velocity components were visualized in detail at the Reynolds
number of 12.17, 59.78, and 204.74. The lower two Reynolds
numbers correspond to the inertial flow region, and the high-
est corresponds to the unsteady laminar flow region. At Res
12.17, the flow is in transition from creeping to inertial flows,
whereas at Res 204.74, the flow is in transition from inertial
to unsteady laminar flows. Because the fluctuation time scale
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Table 1. Experimental Conditions�

3w x w xRe Q mmrs ® mmrsmean

12.17 162.21 0.435
28.88 384.90 1.031
59.78 796.77 2.135

105.57 1,407.0 3.770
204.74 2,728.7 7.312

�Re is the Reynolds number, Q is the flow rate; ® is the pore-aver-mean
aged value of ® .z

is about 1 s and, hence, much shorter than the image acquisi-
tion time of about 140 s, measured velocities are time aver-
ages over many fluctuations. At the slice zs0, ® was alsoz
measured at supplemental Reynolds numbers of 28.88 and
105.57.

Experimental Results and Discussion
Velocity distributions are shown in Figure 5 for the lowest,

middle, and highest Re. Because of the symmetry of the flow
in the x- and y-directions, only one quadrant in x-y space is
shown. The magnitudes of the velocities ® are normalized by
the average pore velocity ® . At the lowest Reynolds num-mean
ber of 12.17, the water moves along the sphere surfaces and,
thus, the velocities decrease with an increasing cross-sec-

tional area normal to the main flow. In other words, only the
cross-sectional area of local pore affects the velocity distribu-
tion. Therefore, the distribution of velocities has the symme-
try of the pore structure. These properties are typical of a
creeping flow, although, at this Reynolds number, the rela-
tion between the pressure drop and the fluid velocity devi-
ates from Darcy’s law. At Res204.74, the velocity does not
depend on the cross-sectional area; the fluid penetrates
through the pore space like a jet without changing velocity.
At the intermediate Reynolds number of 59.78, the velocity
along the flow direction does not simply decrease as the
cross-sectional area increases, and then increases as the
cross-sectional area decreases further downstream. Instead,
the downstream flow speed has a minimum downstream from
the maximum in cross-sectional area. At this intermediate Re,
the inertial forces dominate over viscous forces; the water is
flowing so fast that it flows past the maximum cross section
before it slows down.

If the velocity components in the z-direction ® are inte-z
grated over the cross-sectional area, the result at every slice
should be constant and equal to the flow rate Q measured at
the exit of the water circulation loop. This serves as a check
of our data analysis. The ® integrated over each slice, andz
then averaged over all 17 slices in the pore, are within 8% of

Ž .Q for Res12.17, 59.78, and 204.74 Figure 6 . This is con-
sistent with the estimated 15% measurement accuracy of lo-

Figure 5. Velocity distributions in a quarter pore for the three Reynolds numbers shown below each plot.
Ž . Ž . Ž .a Res12.17, b Res 59.78, and c Res 204.74. Arrows are colored according to the magnitude of local velocity normalized by the
averaged pore velocity ®r® .mean
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Figure 6. Relation between volumetric flow rate ob-
tained from the axial velocity images and flow
rate measured at the exit of the water circula-
tion loop Q.
Solid line represents perfect correlation. The total flow rate
calculated for each slice was averaged over all 17 slices.

cal velocity for a well-developed Hagen-Poiseuille flow in a
cylindrical tube. The complicated structure of the packed bed
might distort here the distribution of magnetic flux density
near the spheres’ surfaces in spite of their material being
nonmagnetic. Velocity fluctuations during the data acquisi-
tion time also affect measurement accuracy. However, a more
precise estimate of accuracy is very difficult.

Along the zs0, ys0 line, the z-component of the veloc-
ity peaks at the center of the pore, and this peak is sharper at

Ž .the larger Reynolds numbers Figure 7 . If the velocity was
uniform in the slice perpendicular to the main flow direction,
mass conservation would require that ® r® equal 0.476z mean
and 2.214 for the largest and the smallest cross-sectional ar-
eas, respectively. However, the velocity is not uniform across
a slice. For example, at Res12.17, the maximum ® r® �2z mean
instead of 0.476. The velocity decreases to zero gradually at

Ž .the walls that is, xrrs�1 . The velocity profiles are sym-
metrical to the plane xs0 up to Res204.74. The value of
maximum ® increases with Reynolds number up to the valuez
of 4 ® and tends to be constant in the range of Reynoldsmean
number from 59.78 to 204.74. Reverse flow arises at the points
near the wall at high Reynolds numbers, and, thus, most of
the volumetric flow is in the center of the pore. Within a
single pore space of a randomly packed bed, the high velocity
region has a parabolic profile that coexists with the surround-
ing near-stagnant region.

Axial velocity images in five slices in the main flow direc-
tion at Res12.17, 59.78, and 204.74 are shown in Figure 8.

Ž .Slice C zrrs0.0 contains no spherical surfaces of the chan-
Žnel; the square slice area is filled with water. In slices B zrr

. Ž .sy0.28 and D zrrs0.28 , the four spheres show up as
four quarter-circles, one at each corner, with normalized radii
of 0.694. Similarly, slices A and E have circles with normal-

Ž .ized radii of 0.898 at the corners Figure 8 . As shown also in
Figures 5 and 7, at low Re, the velocity generally decreases
with increasing cross-sectional area and increases with de-

Figure 7. Effect of the Reynolds number on the velocity
distribution along the x -axis at the highest
cross-sectional area zs0 and ys0.
Walls are at xsy1 and q1. Because of the distortion of
the applied magnetic field near the walls, the imaged veloci-
ties are nonzero at the walls.

creasing cross-sectional area along the main flow line. At Re
s59.78, extensive reverse flow occurs near the surfaces of
the spheres in the slices A-C; in this sequence, the cross-sec-
tional area increases along the main flow direction. The iner-
tial forces are significant at this Reynolds number. At Res
204.74, the fluid flows through the center of the pore with
negligible change in velocity. For all Reynolds numbers, the
velocity distribution is nearly symmetrical in x and y in every
slice.

Figure 9 shows the normalized variance of the velocity dis-
tribution in slices perpendicular to the main flow direction
versus the local Reynolds number Re . The normalized vari-l
ance is defined by the variance of the z-component of veloc-
ity 	 divided by the average velocity ® . A local Reynoldsz

Ž .number is defined in Sederman et al. 1998 and Johns et al.
Ž .2000 as

d� ®z
Re s 4Ž .l �

where d is the distance between spheres along the line xs y
in Figure 8 and ® is the average velocity in the slice, as cal-z
culated from the experimental data. For all three Reynolds
numbers, the normalized variance decreases with an increase
in the local Reynolds number. However, the decrease of the
normalized variance does not result from a flattening of the

Žvelocity profile such as that for a randomly packed bed Johns
.et al., 2000 . The velocity distribution of the jet-like flow that

Ž .penetrates the pore center is parabolic Figure 8 . The change
in the normalized variance results from the ratio of the sur-
rounding near-stagnant region’s area to the jet-like flow area.
The flattening of the velocity distribution, which resembles a
laminar flow at the entrance to a pipe, might result from the
winding of the streamlines due to the tortuosity of a ran-
domly packed bed. In a simply packed bed, the velocity distri-
bution of the jet-like flow remains parabolic because it pene-
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( ) ( ) ( )Figure 8. Axial velocity images in five 0.5 mm thick slices at the Reynolds number of a 12.17, b 59.78, and c
204.74.
Slices are located at equal space intervals in the main flow direction as indicated by dashed, white lines in the drawing at left and listed
along the bottom of the images. Measured axial velocities ® are normalized by the averaged pore velocity ® .z mean

trates through the pores without changing direction. More-
over, within a randomly packed bed, the local Reynolds num-
ber varies over a wide range, even for relatively low bulk
Reynolds numbers, because of the redistribution and concen-
tration of flow. However, in the present experiment, because

Figure 9. Relation between the local Reynolds number
Re and the normalized variance of velocity inl
a plane perpendicular to the main flow direc-
tion.

of mass conservation, the local Reynolds number is inversely
proportional to the cross-sectional area. Therefore, the con-
cept of the local Reynolds number cannot be directly applied
to describe the velocity distribution within a simply packed
bed. The velocity distribution within the pore of a simply
packed bed is different from that of a randomly packed bed.

Figure 10 shows horizontal flow patterns in three down-
stream slices A, B, and C that have sequentially-decreasing
cross-sectional areas along the main flow direction. Because
the flow fields are symmetrical in x and y, Figure 10 shows
only one quadrant of the pore space. The flow fields are also
nearly symmetrical to the line xs y. For the creeping flow
Ž .not shown , the fluid moves in the direction from the right
top corner to the left bottom to avoid the sphere. Conversely,
at Res59.78 and 204.74, the flow collides on the sphere sur-
face and turns towards the stagnant spaces near the left top
and right bottom corners. At Res59.78, the flow moves away
from the surface of the sphere in the slice zrrs0.42. At Re
s204.74, two eddies arise clearly in the slice zrrs0.14. For
both Reynolds numbers, the magnitudes of the velocity com-
ponents in the x-y plane ® , ® are much lower than that ofx y

Ž .® at the center of the pore relative size is shown at left .z
Thus, the motion of fluid in the x- and y-directions are prac-
tically negligible except in the near-stagnant region where ®z
is comparable to ® and ® .x y

Figure 11 shows the 3-D structure of the flow at Res
204.74. The initial points for these streamlines in the x-y plane
are shown in the drawing at the left; the three central ones
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( ) ( )Figure 10. Horizontal flow at a Res59.78 and b Re
s204.74 in the downstream slices, where
the cross-sectional area decreases along the

( )main flow direction see sketch at left .
Length of the left arrow represents the magnitude of the

Ž .main flow velocity ® at the pore center xs ys zs 0 ofz
8.66 and 29.78 mmrs for Res 59.78 and 204.74, respec-
tively.

originate from the plane zsy1, and the two outside ones
originate from the plane zs0. The streamlines are repre-
sented by the path of fluid particles in constant time inter-
vals, and the tangential location of the particle is represented
by the color scale. The three centermost particles flow along
the surface of the bottom sphere, approach the top sphere,
and then turn along the surface. The outer two particles move
slowly downward and then move toward the pore center be-
fore moving downstream. Strong sheer stress between the

Figure 11. Streamlines in the pore at Res204.74.
Five streamlines are represented by the trace of fluid par-
ticles at constant time intervals. Initial points of the parti-
cles are shown in the x-y plane on the left. The three cen-
termost particles originated from zsy1, the outer two
started at zs 0. Flow direction is from bottom to top and
the tangential position is represented by the color scale at
top.

jet-like flow at the center of the pore and near stagnant flow
between the spheres results in circulations about the main
flow direction. The circulation can also be explained by the
interaction, which turns the flow towards the stagnant spaces,
of the jet-like flow with the sphere surface as shown in the
eddies of slice A in Figure 10b. In other words, flow away
from the central jet strikes the sphere, and then turns to-
wards the stagnant regions thus resulting in a circular flow in
the x-y plane.

Conclusions
We used an MRI technique to directly measure the veloc-

ity distributions of inertial flow in a pore space that models a
simply packed bed. The 3-D flow field was imaged at Reynolds
numbers of 12.17, 59.78, and 204.74, whereas the z-compo-
nent of flow was also determined at zs0 with Res28.88
and 105.57.

At Res12.17, the fluid speed decreased with increasing
cross-sectional area and increased with decreasing cross-sec-
tional area like a creeping flow; in this regime, the local ge-
ometry significantly influenced the flow. The transition from
creeping flow to inertial flow was not clearly observed.

However, at Res59.78, unlike the case at lower Re, the
velocity along the flow direction did not simply decrease with
an increasing cross-sectional area and did not simply increase
with decreasing cross-sectional area further downstream. In-
stead, the flow speed had a minimum that was downstream
from the maximum in the cross-sectional area. This is at-
tributed to the increasing role of inertial forces over viscous
forces as the Reynolds number increases.

Inertial forces were even more dominant at Res204.74; in
this case, the fluid flowed through the pores like a jet without
changing velocity. The maximum velocity in the center of the
pore increased with increasing Reynolds number by a factor
of up to four times as high as the pore-averaged velocity; this
factor of four was reached for a Reynolds number from 59.78
to 204.74.

The interaction between jet-like flow through the center
and the spherical surfaces resulted in some backflow near the
bounding surfaces with magnitudes of up to 0.5 times the
mean pore velocity. The location of this backflow changed
significantly with position along the main flow and with the
Reynolds number. Extensive backflow occurred near the
spheres’ surfaces where the flow cross-sectional area in-
creased along the main flow direction. In addition, the jet-like
flow collided with the surfaces where the cross-sectional area
decreased, and then turned towards the stagnant spaces. The
circulation in the stagnant spaces can be explained by the
strong sheer stress between the jet-like flow and stagnant flow,
as well as by the interaction of the jet-like flow with the
spheres. This turning of the flow generated eight symmetrical
eddies in the plane perpendicular to the main flow direction.

Within the simply packed bed of this study, the velocity
profile is parabolic even for a high local Reynolds number
because the jet-like flow penetrates through the center of the
pores without changing direction. This implies that the de-
pendence of the variance of the velocity distribution on the
local Reynolds number is different from that of a randomly
packed bed.
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