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( )Magnetic resonance imaging MRI ®elocity measurement techniques are used to in-
®estigate flow of water and a glucose solution, of ®iscosity 3.89 =10 y 3 Pa? s, within
the interparticle space of a cylindrical packed bed of 5 mm diameter glass ballotini. The
experiments were performed o®er a range of Reynolds numbers from 0.84 to 14.52,
spanning the regime where inertial effects begin to play a significant role relati®e to
®iscous forces. A transition from creeping to inertial flow occurs in isolated pores at a
local Reynolds number, defined for each pore within the interparticle space, of approxi-
mately 30. Despite this transition in flow beha®ior in some pores, the gross features of
the flow pattern scale approximately with flow rate, which can be explained by consider-
ing the ®olume of the ®oid space in which the flow is nearly stagnant as largely deter-
mining the pressure distribution within the bed.

Introduction

Describing the transport processes occurring within the
void space of porous media is of fundamental importance to
numerous scientific fields, ranging from reservoir engineering
to the application of packed beds in chemical processes. Ow-
ing to their complexity, porous media are often treated as an
effectively homogeneous system from which bulk properties
of the flow are determined. This approach neglects the com-
plexity of flow within the individual pores and constrictions
which constitute a typical porous medium. Such local infor-
mation is required to understand and describe completely any
given physical process occurring within the system. A com-
monly encountered situation is that of laminar flow within
the porous medium, where viscous effects dominate the

Ž .transport this is often referred to as the creeping flow regime
as well as transitions from this creeping flow regime as iner-
tial forces become important as a result of changing flow rate
and Reynolds number. An understanding of such phenomena
is of relevance to flow phenomena within packed beds typi-
cally encountered in chemical reaction engineering, as well as
single and multiphase flow phenomena within porous media
such as rocks and soil. The aim of this study is to investigate
the extent to which the transport of fluid through a porous
medium scales with flow rate and, hence, Reynolds number,
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and the effect of the local structure of the void space, at the
single pore level, on the local and global transport character-
istics of the porous medium.

Ž .Magnetic resonance imaging MRI is now established as a
probe of structure-transport relationships in porous media.
The use of MRI to measure the spatial distribution of pore-
scale flow in a porous system has utilized either a time-of-

Ž .flight method Nesbitt et al., 1991 , or exploited a phase-shift
Žencoding method Rajanayagam et al., 1995; Kutsovsky et al.,

.1996 . Time-of-flight methods were shown to give anomalous
results due to magnetic susceptibility effects between the liq-
uid and solid phases, a limitation avoided by the phase-shift
encoding method. In addition, by using this phase-shift en-
coding method, it is possible to produce spatially unresolved
measurements of displacement or velocity distributions
Ž .propagators characterizing the flow of liquid in a porous

Žmedium Lebon et al., 1996; Packer and Tessier, 1996; Sey-
mour and Callaghan, 1997; Amin et al., 1997; Manz et al.,

. Ž .1999; Chang and Watson, 1999 . Park and Gibbs 1999 have
also recently considered the application of magnetic reso-
nance to study fluid flow and dispersion in fixed beds of par-
ticles.

Ž .In a previous article Sederman et al., 1997 we presented
2-D MRI visualizations at 195 mm resolution, in two orthogo-
nal planes, of liquid flow through two randomly packed beds
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Ž .of glass ballotini. In a further article Sederman et al., 1998
we extended this study to the analysis of the flow in a packed
bed for which a full structural image of the bed was obtained
along with MRI flow visualizations in six independent planes,
perpendicular to the axis of the bed. In both articles, 3-D
volume images of the beds were partitioned into individual
pores, using an algorithm based on a variant of morphologi-

Žcal thinning Baldwin et al., 1996; Gladden and Alexander,
.1996 , and it was shown that there existed substantial hetero-

geneity in flow within the bed, with approximately 10% of the
pores carrying 40% of the total volumetric flow and large
regions containing virtually stagnant fluid. Correlations be-
tween both the volumetric flow rate and the average fluid
velocity within individual pores with various structural char-
acteristics of the porous system, such as the radial position of

Ž .the pore within the bed and its coordination or connectivity
to other pores within the bed, were also presented. An im-
portant conclusion from this work was the need to introduce
a local Reynolds number based on the flow within an individ-
ual pore and a scale-length given by the diameter of the pore
to understand the pore-scale flow regimes within the bed.

In this article flow visualizations within the same packed
Ž .bed as reported in earlier studies Sederman et al., 1997, 1998

are presented for various flow rates and, hence, Reynolds
numbers, spanning the introduction of inertial forces into
creeping flow. Flow velocity was measured in a direction both
parallel and perpendicular to that of superficial flow. Two

ŽNewtonian fluids with different viscosities water and a 33.7%
.wrw glucose solution in water were used. The data pre-

sented will demonstrate that while the gross features of the
flow pattern scale approximately linearly with overall volu-
metric flow rate, for large regions of near-stagnant fluid the
flow velocity does not scale in this way. It is also observed
that transitions from creeping flow to inertial flow occur
within specific pores at a local Reynolds number of approxi-
mately 30. The results obtained in the present study are con-

Žtrasted to those of earlier studies Mansfield and Issa, 1996;
.Seymour and Callaghan, 1997 which showed significant

changes in the distribution of flow as a function of volumetric
flow rate as well as hysteresis effects. It is suggested that this
discrepancy is most likely due to incomplete saturation of the
void space in this earlier work. Finally, the implications are
considered of the results presented here. First, the approxi-
mate scaling of the flow pattern with volumetric flow rate
which occurs despite a transition in the type of flow within
individual pores can be understood by assuming that the
pressure distribution within the bed is largely determined by
the near-stagnant fluid, the distribution of which is intimately
linked to the structure of the void space. Second, the obser-

Žvation that the increased flow rate and, hence, Reynolds
.number does not significantly influence the regions occupied

by near-stagnant fluid within the bed, but does cause transi-
Ž .tions in the flow characteristics within regions pores within

the interparticle space which do carry significant fluid flow,
suggests that the performance of the bed when used, for ex-
ample, as a fixed-bed reactor, would give local mass-transfer
characteristics typical of those associated with the local
Ž .pore-scale Reynolds number as opposed to the Reynolds

Ž .number calculated from the global macroscopic properties
of the bed. Validation of this hypothesis is the subject of on-
going work.

Experimental Studies
The details of the operation of the experimental flow loop

and the MRI techniques employed are the same as that de-
Ž .tailed in Sederman et al. 1997, 1998 . For completeness how-

ever, a brief description is given here.

Construction and operation of the packed bed and flow
loop

A glass column of diameter 4.6 cm and length 70 cm was
used to contain the bed. The bed was prepared by randomly
packing the full height of the column with glass ballotini of 5
mm diameter. A section 40 cm above the bottom of the col-
umn was imaged thereby ensuring that the imaged velocity
field is free from end effects. To form the bed, the column
was filled with deionized water and the ballotini were im-
mersed in deionized water. After ensuring that all surfaces
were free of air bubbles, the ballotini were poured into the
column and the top portion of the column was fitted to form
a seal and prevent air from entering the system. The ends of
the column were then fitted to two reservoirs, which both

Žcontained either water or the glucose solution 33.7% wrw
.glucose . During the experiment, the system was subject to an

excess pressure of approximately 2 kPa to prevent air bubbles
from forming.

A constant flow rate of either fluid through the packed bed
was obtained by pumping the respective fluid from the lower
reservoir to the upper reservoir using a variable-speed peri-

Žstaltic pump. The pressure drop through the flow loop pip-
.ing and packed bed was balanced by the difference in head

between the two reservoirs, this being allowed to equilibrate
before data acquisition began. All the experiments using wa-
ter were first conducted, then the valves at the outlet and
inlet to the column were closed, thus enabling the reservoirs
to be detached. The contents of the reservoirs were replaced
by the glucose solution and then reattached to the valves at
both ends of the column. This procedure ensured that identi-
cally positioned slices of the column were imaged in all ex-
periments.

MRI flow ©isualizations
The magnetic resonance visualizations of the bed structure

and fluid flow were performed using a Bruker Spectrospin
DMX 200 NMR spectrometer with a 4.77 T, 15 cm bore ver-
tical magnet equipped with shielded gradient coils providing
a maximum gradient strength of 13.9 Grcm. A bird-cage ra-
dio-frequency coil of diameter 6.3 cm, length 6 cm, and tuned
to 199.98 MHz for the 1H resonance was used. Both the wa-

Ž .ter and glucose solutions were doped with copper II sul-
phate, in order to reduce their respective spin-lattice relax-

Ž .ation times T to 600 ms, hence, decreasing data acquisition1
time.

A detailed treatment of the MRI techniques used in this
Ž .work can be found in Callaghan 1991 , while specific appli-

cations of NMR and MRI in chemical engineering have been
Ž .reviewed by Gladden 1994 . A review of applications of mag-

netic resonance to flowing systems has also recently been
Ž .presented by Fukushima 1999 . The basic velocity imaging

pulse sequence used is shown in Figure 1, and is based on the
velocity imaging technique of dynamic NMR microscopy
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Figure 1. MRI pulse sequence used to image the veloc-
ity field in a 2-D image slice.

Ž .Callaghan, 1991; Callaghan and Xia, 1991 . The experiment
requires two spatial dimensions and one velocity dimension.
The velocity information is encoded for each voxel in each of
the two spatial dimensions by applying velocity encoding gra-

Ž U.dients g which induce a phase shift that is determined by
the displacement of the spins over the time-scale, D. A 1H
908 pulse of duration 92 ms was used to irradiate the sample,
the signal from this being refocused in succession by a hard
1808 pulse of duration 184 ms and a soft 1808 pulse of dura-
tion 800 ms, thereby exciting a 1 mm thick slice. The final
data matrix consisted of 256=256 spatial points by 12 veloc-
ity points; given the selected field-of-view was 50 mm, the
in-plane spatial resolution was therefore 195 mm=195 mm.
The repetition time was 600 ms. The read and phase gradi-
ents were applied for 1.9 ms; a read gradient of 4.65 Grcm
was used, with a maximum value of 2.61 Grcm in the phase

Ž .direction. The duration of the velocity encoding gradients d
was varied between 3.7 and 1.7 ms and the spacing between

Ž .them D was varied between 30 and 18 ms, in order to pro-
duce a range of velocity measurement suitable for the partic-
ular flow rate being measured and to minimize any
wraparound problems in the phase measurements. The veloc-
ity gradient, gU, was incremented in 12 equal steps from 1.4
Grcm to a maximum of 13.9 Grcm. The direction of the ve-
locity encoding gradient was changed to measure the magni-
tudes of the velocity in two perpendicular directions; parallel
and perpendicular to the direction of superficial flow. These
data were acquired for image slices both parallel and perpen-
dicular to the direction of superficial flow. A slice gradient of
3.5 Grcm was used, of duration 1.8 ms, with an additional
refocusing gradient of duration 1 ms. To establish the zero of
velocity, velocity images of stationary water in the packed bed
were acquired. These images were also used to correct for

phase shifts in the images induced by eddy currents when
velocity was measured in either the read or phase direction.
The MRI frequency spectrum of the glucose solution con-
tained a second smaller peak due to the glucose which had a

Ž .short spin-spin relaxation time T of less than 10 ms. By2
employing an echo time in excess of 30 ms in the r.f. pulse
sequence, chemical shift artefacts in the flow visualizations
were avoided.

The maximum fluid velocity observed in the in-plane direc-
tion is approximately 10 mmrs. Between the application of
the velocity encoding gradients the small fraction of spins with

Žthis maximum velocity will have travelled a distance 180 mm
. Ž .for Ds18 ms comparable to the in-plane voxel size 195 mm .

The temporal delay between velocity encoding gradients
therefore results in a velocity-dependent spatial averaging in
the velocity image. Hence the in-plane resolution actually
achieved will be less than 195 mm in regions of high flow
velocity and may be of order 360 mm in the worst case. This
effect does not influence our conclusions since the quantita-
tive analysis presented involves averaging over pore-scale ele-
ments of volume which are typically 10]20 voxels in diame-
ter.

A 3-D volume image was also acquired of the packed bed
when it contained only stationary water, using a conventional
3-D spin-echo imaging sequence. The repetition time and
echo time used were 800 ms and 6.3 ms, respectively. The
read and phase gradients were applied for 1.5 ms, a read
gradient of 4.65 Grcm was used with a maximum gradient
strength of 2.0 Grcm in both phase directions. The 3-D data
matrix consisted of 256=128=128 points; giving a resolution
of 195=390=390 mm3. This data set was zero-filled in the
two phase-encoding directions prior to Fourier transforma-
tion so that the resulting image consisted of cubic voxels of
size 195=195=195 mm3, to facilitate the further analysis.

Characterization of materials
The viscosities of the glucose solution and water used in

the experiments were measured with a Contraves L530 Low
Shear 30 Viscometer over a range of strain rates from 3.23 to
27.7 sy1. Both solutions were found to be Newtonian. A glu-
cose solution of concentration 33.7% wrw was used, which

Ž . y3 Ž .had a viscosity m of 3.89=10 Pa ? s and a density r of
1,090 kgrm3. The viscosity of the pure water was found to be
0.95=10y3 Pa ? s and its density to be 1,001 kgrm3. A series
of flow visualizations were conducted using flow rates of 1, 2
and 4 cm3rs for water and 1, 4 and 8 cm3rs for the glucose
solution. These flow rates corresponded to Reynolds num-

Ž .bers ®r2 arm , where a is the radius of the packing particles
Ž .2.5 mm and ® is the superficial velocity, of 3.63, 7.26, 14.52
for water and 0.84, 3.38, 6.75 for the glucose solution.

Data Analysis
The 3-D image of the water-saturated packed bed was first

partitioned into individual pores using an in-house algorithm
based on a variant of the morphological thinning technique
Ž .Baldwin et al., 1996; Gladden and Alexander, 1996 . In this
algorithm a single pore is defined as a portion of the pore
space bounded by solid surfaces and planes erected where
the hydraulic radius of the pore space exhibits local minima.
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Analysis of the flow visualization data recorded for the
component of the flow velocity in the direction of superficial
flow, for all image slices acquired perpendicular to the direc-
tion of superficial flow, proceeded as follows. The 12 velocity
data points for each voxel in the image plane, were first
zero-filled in the velocity dimension prior to Fourier transfor-

Ž .mation to provide 256 points in the velocity domain Z . A
simple exhaustive search algorithm was then applied to Z to

determine both the position of the maximum in signal inten-
sity in the velocity domain for each voxel, which corresponds
to the velocity of the fluid within the voxel, and the full-width

Ž .at half maximum FWHM of this signal which is related to
Ž .the diffusivity of the fluid Callaghan, 1991 . Wraparound of

the phase can lead to wraparound of the velocity so that a
voxel in which the flow has a large positive velocity will con-
tain a value indicating a large negative flow velocity. Such

Figure 2. Component of velocity in the superficial flow direction for an image slice parallel to the axis of the column.
The direction of superficial flow is from left to right in the images and is indicated as a positive quantity. Images acquired for water at a

Ž . 3 Ž . 3 Ž . 3 Ž . 3flow rate of a 1 cm rs and b 4 cm rs, and glucose solution at a flow rate of c 1 cm rs and d 4 cm rs are shown.
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voxels are readily identified and corrected by requiring the
flow field to be locally continuous. Prior to analysis, the im-
age was first gated, to ensure that the algorithm was only
applied to voxels for which signal intensity in the Z domain
was above a certain threshold, in this way the contribution of
noise to the data was eliminated in the subsequent analysis.
The data were then corrected for zero flow offsets and a mask

of the 2-D image of the slice of interest was then applied
such that signal intensity associated with voxels which did not
contain water was set to zero. Having defined the individual
pores constituting the porous medium by application of the
image analysis algorithm as discussed earlier, the volumetric
flow rate through each pore q was then calculated as de-z j
fined.

Figure 3. Component of velocity in the superficial flow direction for an image slice perpendicular to the axis of the
column.

Ž .The direction of superficial flow is out of the page, and is indicated as a positive quantity. Images acquired for water at a flow rate of a 1
3 Ž . Ž . 3 Ž . 3 Ž . 3 Ž . 3cm rs , b 2 cmrs , c 4 cm rs, and glucose solution at a flow rate of d 1 cm rs, e 4 cm rs, f 8 cm rs are shown.
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q s u dS s A u 1Ž .H Ýz j z j j z ji
pore, j pore j

where q is the volumetric flow rate through the pore j in anz j
Ž .axial direction the direction of the superficial flow , u isz j

the velocity in the axial direction, and dS is an element ofj
area perpendicular to the axis of the bed. The integral is re-
placed by a summation over all voxels forming the cross sec-
tion of the pore where A is the area of one face of a cubic
voxel and u is the flow velocity in the axial direction forz ji
voxel i in pore j.

Results
Influence of flow rate and Reynolds number on the
distribution of flow within the bed

In Figure 2 velocity images are presented for the same slice
parallel to the axis of the column, taken through the center
of the column; the direction of superficial flow is from left to
right in these images. The experimental conditions for each

Ž . 3 Ž . 3image are: water at a flow rate of a 1 cm rs, and b 4 cm rs,
Ž . 3 Ž .and glucose solution at a flow rate of c 1 cm rs and d 4

cm3rs. Figure 3 shows typical velocity images for a slice per-
pendicular to the axis of the column, the direction of superfi-
cial flow being out of the page in these images, for water at a

Ž . 3 Ž . 3 Ž . 3flow rate of a 1 cm rs, b 2 cm rs and c 4 cm rs and for
Ž . 3 Ž . 3glucose solution at a flow rate of d 1 cm rs, e 4 cm rs and

Ž . 3f 8 cm rs. The assignment of individual pores within the
interparticle space for the image slice shown in the velocity

Ž .images Figure 3 is shown in Figure 4. A feature that is im-
mediately obvious in both Figures 2 and 3 is the heterogene-

Figure 4. 2-D image corresponding to the image slice,
as shown in Figure 3.
The interparticle space has been divided into separate pores,
indicated by regions of different shading, using an image-
analysis procedure based on a variant of morphological thin-
ning in which boundaries between pores are defined as min-
ima in the hydraulic radius of the pore space.

ity of local flow conditions, with large regions of essentially
stagnant fluid. This observation is consistent with our earlier

Žresults which have been discussed in detail elsewhere Seder-
.man et al., 1997, 1998 . However, perhaps the most striking

feature in both sets of images is the similarity in the hetero-
geneity of the velocity fields within a given image slice; that
is, over the length-scale of the bed. Regions or pores of com-
paratively high flow rate and stagnation occur at identical lo-
cations within the bed indicating that the bed-scale flow pat-
tern established through the pore space is independent of
both flow rate and Reynolds number over the range of condi-
tions investigated. Furthermore, the flow patterns are re-
established when the flow is first stopped and then restarted,
indicating that hysteresis effects are not apparent in the flow.

Ž .Kutsovsky et al. 1996 , using a similar experimental de-
sign, found considerably less heterogeneity in the bed-scale
flow pattern than is observed in the present work. This dif-
ference is likely to be attributable to the structure of the

Ž .packing and, hence, pore space. Kutsovsky et al. 1996 used
a consolidated packing in a bed of column-to-particle diame-
ter ratio 6 ?6, whereas the results reported here are for an
unconsolidated packing in a bed of column-to-particle ratio
9 ?2. The packing and, hence, pore structure in the work of
Kutsovsky et al. is therefore likely to be more ordered than
that of the present work.

Velocity distributions, for flow in the superficial flow direc-
tion, derived from all voxels in the velocity images in Figure 3
are shown for both water and the glucose solution for flow
rates of 1 and 4 cm3rs in Figures 5a and 5b respectively. Fig-
ure 5c shows the evolution in the velocity distribution for wa-
ter as flow rate is increased. It is seen in Figures 5a and 5b
that, for a given flow rate, the data for water and the glucose

Žsolution are very similar, indicating that the flow is statisti-
.cally unaffected by the change in viscosity and, hence,

Reynolds number. With reference to Figure 5c, as the flow
rate is increased the number of voxels associated with essen-
tially stagnant fluid is reduced and a substantial increase in
the tail of the distribution to positive velocity is observed.
Figure 6 shows the velocity distributions for both fluids for
flow rates of 1 and 4 cm3rs for the same image slice as shown
in Figure 3, where velocity is measured in a direction perpen-
dicular to the direction of superficial flow, instead of parallel
to it. As expected the velocity distributions are symmetric,
centred upon zero velocity and the extent of dispersion in the
flow, indicated by the width of the distribution, increases with
increase in superficial velocity. Again, at the same flow rates,
the two fluids are characterized by very similar velocity distri-
butions. Also apparent in Figure 5 is the presence of some
voxels with negative velocity, indicating countercurrent flow,

Ž .in agreement with our earlier work Sederman et al., 1997
Ž .and that of Kutsovsky et al. 1996 . We note that the amount

of countercurrent flow increases with the overall volumetric
Ž .flow rate through the bed Figure 5c .

ŽThe volumetric flow rate through each of the pores q inz j
.Eq. 1 identified in Figure 4 was calculated for the six veloc-

ity images shown in Figure 3. In Figure 7 the value of the
volumetric flow rate through each pore is plotted. In Figure
7a data for water at a flow rate of 1 cm3rs are plotted against
those for glucose solution at a flow rate of 1 cm3rs. In Figure
7b data for water at a flow rate of 1 cm3rs is plotted against
data acquired for water at flow rates of 2 and 4 cm3rs, re-
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Figure 5. Distributions of velocity in the superficial flow
direction, on a voxel basis, for the two fluids
investigated.
Ž . Ž . Ž .a and b show data obtained for water and the

3Ž .glucose solution at flow rates of 1 and 4 cm rs re-
spectively. The distributions are remarkably similar. The
evolution in the velocity distribution for water as flow rate is

3Ž . Ž .increased is shown in c for flow rates of 1 cm rs , 2
3 3Ž . Ž .cm rs and 4 cm rs ? ? ? ? .

spectively. In Figure 7c data sets of approximately compara-
ble Reynolds number are compared: water at a flow rate of 1

3 Ž .cm rs Res3.63 is compared with glucose solution at a flow
3 Ž .rate of 4 cm rs Res3.38 ; and water at a flow rate of 2

3 Ž .cm rs Res7.26 is compared with glucose solution at a flow
3 Ž .rate of 8 cm rs Res6.75 .

Inspection of Figures 2 and 3 and the pore-to-pore com-
parison presented in Figure 7 suggests that changing overall
volumetric flow rate or Reynolds number does not signifi-

Figure 6. Distribution of velocity in a direction perpen-
dicular to that of the superficial flow, on a
voxel basis.
Data are presented at flow rates for glucose solution of 1

3 3 3Ž . Ž .cm rs and 4 cm rs and for water at 1 cm rs
3Ž . Ž .and 4 cm rs . At corresponding flow rates the

distributions are remarkably similar. As expected the distri-
butions are symmetric and centered upon zero.

cantly change the overall flow distribution within the bed, and
that the local flow velocity scales approximately linearly with
the volumetric flow rate. However, this scaling does not apply
to the near-stagnant fluid. Figure 5c shows that the overall
velocity distribution does not simply scale with volumetric flow
rate; in particular the large peak representing near-stagnant
flow broadens but does not shift to higher flow rates. The
slope of the linear fit in Figures 7a]7c reflects the ratio of
the bulk flow rates and the values so-obtained deviate by less
than 4% from the corresponding ratio of experimentally-de-
termined bulk flow rates. The linear scaling apparent for the
pores associated with high flow rates becomes less good for
pores associated with low flow rates. This observation is con-
sistent with the observations made above concerning the his-

Ž .tograms of flow velocity Figure 5 ; near-stagnant flow does
not scale linearly with the overall volumetric flow rate.

Influence of flow rate and Reynolds number on pore-scale
flow patterns

In the images shown in Figures 2 and 3, corresponding to
both water and glucose solution, it is observed that pores as-
sociated with relatively high flow velocities exhibit more
abrupt velocity changes at their periphery relative to the flow
through the center of the pore, as the flow rate and conse-
quently Reynolds number are increased. Such effects are
clearly seen, for example, in the pore indicated in Figure 2.
In Figure 8a, velocity profiles for the pore indicated in Figure
3a are shown. The velocity profile across this pore, passing
through the maximum velocity within the pore, was deter-
mined for all six velocity images shown in Figure 3. In Fig-
ures 8b and 8c the same profiles are shown for water and the
glucose solution, respectively, normalized to the maximum
velocity through the pore. With increasing Reynolds number
the velocity profiles develop a flatter profile towards the cen-
ter of the pore, and an increasing gradient in the velocity of
the fluid close to the solid surface.

Ž .According to Rode et al. 1994 , the range of Reynolds
Ž .numbers investigated here 0.84]14.52 spans the transition
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Figure 7. Flow rate through each pore in Figure 4 for
corresponding pores for the following flow
rates.
Ž . 3 3 Ž . Ž .a water, 1 cm rs versus glucose solution, 1 cm rs ` ; b

3 3 Ž . 3water, 1 cm rs versus water, 2 cm rs ` and water, 4 cm rs
Ž . Ž . 3? respectively; c water, 1 cm rs versus glucose solution, 4

3 Ž . 3 3cm rs ` ; and water, 2 cm rs versus glucose solution, 8 cm rs
Ž .= . The best linear fits to these data are also shown, the

Ž . Ž . Ž . Ž .magnitude of the gradients being: a 0.96; b ` 2.04, ?
Ž . Ž . Ž .3.97 and c ` 3.98, = 3.91. These slopes reflect the ra-

tio of the experimentally-determined bulk flow rates to
within an accuracy of 4%.

from the creeping flow regime to a steady, nonlinear flow
regime, characterized by a variable thickness viscous sub-
layer, adjacent to the solid particles, and an inertial core. Such

Ž .a transition has been reported by Liu et al. 1994 , from ex-
perimental observations, to occur at a Reynolds number be-
tween 1.6 and 3.5. However, if wall effects introduced by the
column are accounted for, the same authors suggest a transi-

Figure 8. Velocity profiles through a single pore.
Ž .a Velocity profile through the point of maximum velocity
for the pore identified in Figure 3a for each image in Fig-
ures 3a]3f. Data are shown for water at a flow rate of: 1

3 3 3Ž . Ž .cm rs, Res 3.63 ; 2 cm rs, Res 7.26 ; 4 cm rs,
Ž .Res14.52 ] ] ] ] ; and for glucose solution at a flow rate

3 3Ž . Ž .of: 1 cm rs, Res 0.84 ; 4 cm rs, Res 3.38 ; 8
3 Ž Ž .cm rs, Res 6.75 ------. The profiles shown in a are shown

Ž . Ž .again in b and c , normalized to the maximum velocity
Ž .within each profile. The data for water are shown in b : 1

3 3 3Ž . Ž . Ž .cm rs , 2 cm rs , 4 cm rs ----- . The data for the
3 3Ž . Ž .glucose solution are shown in c : 1 cm rs , 4 cm rs

3Ž . Ž ., 8 cm rs ----- .

tion at a Reynolds number of approximately 4. In creeping
flow, a flow profile extracted from a short cylindrical pore
would have a parabolic shape. As Reynolds number is in-
creased and inertial forces become more significant, the iner-
tial core will grow and the velocity profile flatten at its maxi-
mum, resembling that characteristic of laminar flow at the

Ž .entrance to a pipe Rode et al., 1994 . The velocity profiles
shown in Figure 8 follow this trend; an inertial core develops
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( )Figure 9. a Change in variance of 18 randomly se-
lected velocity profiles extracted from pores
identified in the flow visualizations in Figures

( )3a–3f; b the same data are plotted as a func-
( )tion of a local Reynolds number Eq. 2 .

Ž .a Each line shows how variance evolves as Reynolds num-
ber is increased for a particular pore. The variance has been
normalized for each pore relative to that which existed at

Ž .the lowest Reynolds number considered 0.84 to aid com-
Ž .parison between the various pores. b A transition occurs at

a value of the local Reynolds number of approximately 30,
indicating the development of an inertial core in the velocity
profiles.

at lower flow rates for water than for glucose, as is to be
expected given the relative viscosities of the two fluids.

To quantify these observations of the shape of the velocity
profile we define the variance of the shape of the normalized

Ž .velocity profile Figures 8b and 8c as the sum of differences
squared between each point in the profile and the maximum

Ž .in the profile which is always 1.0 , divided by the number of
points in that profile. As the inertial core grows in these pro-
files and the shape of the curve is flattened around the maxi-
mum, the value of variance defined in this way, should de-
crease. The change in variance is shown in Figure 9 for veloc-
ity profiles extracted from 18 randomly selected pores from
the images shown in Figure 3. Each line shows the change in
variance for each pore plotted as a function of Reynolds
number. To aid comparison, the values of variance for each
of the profiles have been normalized relative to the variance

Ž .which existed at the lowest Reynolds number 0.84 for each
of the profiles. The variance for the majority of the profiles
remains approximately constant. However, a few pores expe-

rience a marked drop in variance which is strong evidence of
a developing inertial core. There is no sudden, uniform tran-
sition from viscous boundary-layer dominated flow across the
bed as Reynolds number increases; instead, flow within indi-
vidual pores within the bed undergoes a transition from vis-
cous-dominated flow to inertial flow.

For each velocity profile used to construct Figure 9a, a lo-
Ž .cal Reynolds number is defined as in Sederman et al. 1998

dr ®av
, 2Ž .

m

Žwhere d is the length of the velocity profile that is, the pore
.diameter and ® is the average velocity calculated from thatav

profile. The normalized variance shown in Figure 9a is plot-
ted against this local Reynolds number for each profile in
Figure 9b. A sharper transition is now evident in the slope of
the variance as a function of local Reynolds number, occur-
ring at a value of the local Reynolds number of approxi-
mately 30. We can therefore associate a local Reynolds num-
ber of ;30 as a critical value for the pore-scale transition
from viscous-dominated flow to inertial flow. There is still a
certain amount of scatter in Figure 9b, which is not surpris-
ing given the approximate determination of the local Reynolds
number and the crude model adopted for this analysis. A bet-
ter estimate of the local Reynolds number may, for example,
be achieved by considering the local geometry of the pore
space and by defining both the velocity profile and local
Reynolds number using measurements perpendicular to the
local velocity vector. Such an analysis would require fully
three-dimensional flow visualization and is beyond the scope
of this article.

Discussion
There are two particular points of discussion which arise

from this work. First, the similarity in the heterogeneity of
the flow pattern on the scale of the whole bed for the range
of flow rates and Reynolds number studied. Second, the ob-
servation of local transitions in the flow from creeping flow
to flow characterized by an inertial core which occurs at a
critical local Reynolds number of approximately 30. Both
these points will now be discussed in turn.

Flow beha©ior as a function of changing ©olume flow rate
and Re

The consistency in the bed-scale flow pattern with chang-
ing volumetric flow rate and Reynolds number observed in
this work is in contrast to the observations of both Mansfield

Ž . Ž .and Issa 1996 and Seymour and Callaghan 1997 . Both
these studies obtained two dimensional velocity images of flow
within porous systems using essentially the same MRI tech-
nique as used in our work to measure velocity, that is, phase-

Ž .shift encoding. Mansfield and Issa 1996 used a rapid imag-
ing technique on a porous Bentheimer sandstone, while Sey-

Ž .mour and Callaghan 1997 investigated a packing of polymer
spheres of diameter 90.7 mm. Both studies found that when
the flow rate was increased, the flow field changed in terms
of the spatial distribution of where the high and low flow
rates were observed. However it should be noted that neither
study imaged flow within individual pores, instead presenting
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velocity images where the voxels encompassed a large num-
ber of packing particles and, hence, pores. Thus over the en-
coding time, D, the water molecules sample a number of
pores, and a degree of temporal averaging is introduced. To
investigate the effects of voxel size, we have degraded the
resolution of our velocity images so that the resolution rela-
tive to the pore size was similar to that reported in the stud-

Ž .ies of Seymour and Callaghan 1997 and Mansfield and Issa
Ž .1996 . The consistency of the bed-scale flow pattern was still
found in these low-resolution data.

Ž .Mansfield and Issa 1996 have proposed three possible
reasons for the irreproducibility in the visualized flow fields
obtained in their study. First, flow instabilities may occur
during the transition from one steady state to another when
the bulk flow rate is changed. Second, any change in the flow
rate will cause a change in the saturation level of a given
pore; that is, a change in the position and amount of air
trapped in the pore space. Third, any movement, generated
by the change in superficial flow rate, of fine particles con-
fined between fixed grains of material will cause a physical
modification of the pore space and, hence, an associated
change in the flow field. Of these possible explanations, the
movement of fines cannot account for the results of Seymour

Ž .and Callaghan 1997 obtained for the bed formed from 97
mm spheres as no fines were present. Further, an argument
based on flow instabilities is not supported by the present
study since the pore size for both the sandstone and the bed
formed from 97 mm spheres is considerably smaller than that
considered here, and also the Reynolds number characteriz-
ing the flows considered in this work are higher than those
studied in the other works. Since intrinsic flow instability in-
creases with increasing Reynolds number, we would there-
fore expect any phenomenon associated with flow instabili-
ties to be enhanced in the present study which is clearly not
the case. Therefore, we conclude that the most likely expla-
nation of the contrasting observations is that the void space
of the systems studied in the earlier works was not com-
pletely water-saturated. Redistribution of air within the pore
space with changes in the bulk flow parameters could then
lead to the observed changes in flow distribution and hystere-
sis. While it was possible to completely remove air from our
own experiments, this would be far more difficult to achieve
in the case of the experiments performed with sandstone and,
perhaps also, for the 97 mm spheres. In a future article we
will report studies of a two-phase flowing system of water
and air in packed beds of 5 mm diameter ballotini; these ex-
periments reveal both considerable hysteresis and a depen-
dence on flow rate in the bed-scale flow pattern. Such hys-

Ž .teresis in two-phase flow in a packed bed trickle bed system
Ž .has also been reported by Wang et al. 1995 .

Flow heterogeneity
As discussed above a number of results are clear from the

present work:
v The overall flow distribution within the bed does not

change significantly with volumetric flow rate or Reynolds
number.

v Except for the pores containing near-stagnant fluid there
is a linear scaling of the mean flow through each pore as a
function of the volumetric flow rate.

v Regions of near-stagnant flow remain so as the volumet-
ric flow rate is increased; the scaling of flow velocity in these
regions is not linear.

v There is a local transition at a local Reynolds number of
approximately 30 from the creeping flow regime to a steady,
nonlinear flow regime characterized by an inertial core.

Over the range of Reynolds number considered here a
number of pores undergo the transition in flow behavior to
show an inertial core as the volumetric flow rate is increased.
However, although the flow pattern changes within such
pores, the net flux through them simply scales linearly with
volumetric flow rate. To reconcile these observations we note
that a large volume fraction of the bed consists of fluid which
is approximately stagnant. This near-stagnant fluid will in-
evitably determine the pressure distribution within the bed;

Ž .and, further, the regions pores containing the near-stagnant
fluid are determined directly from the geometry and topology
of the void space. Once the pressure distribution is fixed in
this way it is not surprising that, for a given pore which is
associated with a significant fluid flow, despite a change in
the detail of the flow pattern within the pore as volumetric
flow rate increases, the net flow is linearly related to the
overall volumetric flow rate. This means that the heterogene-
ity within the flow field increases with increasing volumetric
flow rate; this is supported by the change in shape of the
velocity distributions in the direction of the superficial flow
Ž .Figure 5 and the increased prominence of the tail of the
velocity distribution as the volumetric flow rate is increased.

This heterogeneity means that only a relatively small frac-
tion of the bed is involved in carrying the majority of the flow
and that this is not changed as the flow rate is increased. An
implication of this observation is that it is the pores within
the interparticle space which do carry significant fluid flow
which are most likely to determine the performance of the
bed when used, for example, as a fixed-bed reactor. For ex-
ample, local mass-transfer characteristics typical of those as-

Ž .sociated with the local pore-scale Reynolds number as op-
posed to the Reynolds number calculated from the global
Ž .macroscopic properties of the bed might better explain the
operation of the bed. Further, it is noted that the distribution
of regions of near-stagnant flow is determined by the local

Ž .structure of the bed as discussed in Sederman et al., 1997
and therefore such heterogeneity will exist for all beds inde-
pendent of column-to-particle diameter ratio.

Conclusions
Velocity images are presented for two Newtonian fluids of

different viscosity, water and a glucose solution, over a range
of flow rates and, hence, Reynolds numbers. Over the range
of conditions investigated, both fluids produced remarkably
similar bed-scale flow fields with virtually identically located
regions of stagnation and high velocity flow channels. This
effect was shown quantitatively in comparative plots of volu-
metric flow rate through individual pores for the various
overall volumetric flow rates and Reynolds numbers exam-
ined in this study. In all cases, except for those regions con-
taining near-stagnant flow, the flow through a given pore
scales linearly with the overall volumetric flow rate through
the bed. This behavior is in contrast to results previously pre-
sented in the literature in which the distribution of flow
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changes significantly with overall volumetric flow rate and also
shows hysteresis effects. It is most likely that these differ-
ences can be accounted for by incomplete fluid-saturation of
the void space in previous work.

The range of Reynolds number, based on particle diame-
Ž .ter, investigated 0.84]14.52 covers the range over which we

would expect inertial effects to become significant. This phe-
nomenon is observed in the images; abrupt velocity changes
at the periphery of pores associated with high flow velocity
are observed as Reynolds number is increased. This effect
results in a change in shape of the profiles of velocity across
individual pores with increasing Reynolds number, from
roughly parabolic to a shape which is flattened at its maxi-
mum due to the development of an inertial core. This transi-
tion depends critically upon the local Reynolds number of
each pore.

The flow distribution within the bed is determined largely
by the near-stagnant fluid; the majority of the void space con-
tains fluid which has a low velocity and these pores remain
associated with low flow velocity as the overall volumetric flow
rate and Reynolds number are changed since their flow char-
acteristics are determined by the local geometry and topology
of the void space. Consequently this near-stagnant fluid
largely determines the pressure distribution within the bed.
The net flow rate through the minority of pores carrying the
majority of the flow is observed to scale linearly with the
overall volumetric flow rate, as would therefore be expected.
The inherent heterogeneity within the flow field is therefore
increased as the overall volumetric flow rate is increased. This
is seen directly in the histograms of the velocity distribution
in the direction of the superficial flow. This heterogeneous
flow pattern will have important implications on the effec-
tiveness of the packed bed in practical situations and on the
scaling behavior of the properties of the bed with total volu-
metric flow.
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Notation
asradius of ballotini
Asarea
ds length of a velocity profile across a pore
Dsdiffusion constant

gUs velocity encoding gradient
Js total number of pores

Qs volumetric flow rate through the packed bed
q s volumetric flow rate through a single pore in the direction ofz

superficial flow
S scross-sectional area perpendicular to the axis of the bedj
T sspin-lattice relaxation time1
T sspin-spin relaxation time2
tXs pulse program timing
tYs pulse program timing
u s fluid velocity in direction of superficial flowz

Ž .®ssuperficial velocity QrA
® saverage velocityav
Zs velocity domain in dynamic NMR microscopy
Dspulse program timing
dspulse program timing
ms viscosity
rsdensity

Subscripts
is voxel, i
jspore, j
zscomponent in direction of superficial flow
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