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Study of flow and heat transfer through porous media or randomly packed beds is impor-
tant as these configurations are widely used in many engineering applications, for example
heat energy storage, chemical catalytic reactors, and nuclear reactors. The flow mixing
characteristics in a cross-flow plane of a facility with randomly packed spheres at an as-
pect ratio of 6.3 were experimentally investigated. The velocity fields at several regions of
the cross-flow plane located in the vicinity of the wall and in the pores between spheres
were obtained by applying the matched-index-of-refraction and time-resolved particle im-
age velocimetry (TR-PIV) techniques for Reynolds numbers ranging from 700 to 1,700.
The TR-PIV results revealed various flow patterns in the transverse plane of the packed
spheres, including swirling flow structures aligned with the axial flow direction, a strong
bypass flow near the enclosure wall, and a circulation region created when the bypass
flow ejected into a large spatial gap. When the Reynolds number was increased, the peaks
of root-mean-square fluctuating velocities, u′rms and v′rms, were found to increase approx-
imately at the same ratio as the increase in Reynolds number, and the magnitude of the
Reynolds stress increased considerably. In addition, the characteristics of flow mixing in
different flow regions were investigated via the two-point cross-correlation of fluctuating
velocities. Using Taylor’s hypothesis, the vorticity iso-surfaces were constructed. Thus
constructed iso-surfaces showed that shear layers generated from the bypass flow gaps
were stretched, broken into smaller flow structures, and then evolved as vortex pairs when
entering the neighboring gaps. The results obtained by applying proper orthogonal decom-
position (POD) analysis to the velocity fields showed that the statistically dominant flow
structures had approximately the same size and shape as those depicted by Taylor’s hy-
pothesis. Vortex characteristics, such as populations, spatial distributions, and strengths,
for various spatial regions and Reynolds numbers were obtained by a combination of POD
analysis and vortex identification.
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Nomenclature

⟨.⟩ time-averaged operator
ω vorticity (s−1)
εN absolute difference between the statistics
η separation length (mm)
µΓ,σΓ mean and standard deviation of vortex strength (mm2/s)
µA,σA mean and standard deviation of vortex area (mm2)
µpcy dynamic viscosity of p-cymene (Pa×s)
νpcy kinematic viscosity of p-cymene (m2/s)
Ωz vorticity in z-direction
ρpcy density of p-cymene (kg/m3)
τ time delay (s)
Ruu0,Rvv0 velocity-velocity spatial cross-correlation coefficients
Ruu,Rvv velocity-velocity spatial-temporal cross-correlation coefficients
Re Reynolds number
εb porosity
D bed diameter (mm)
dh effective hydraulic diameter (mm)
dp sphere diameter (mm)
f sampling frequency (Hz)
Lx,Ly integral length scales (mm)
N number of samples
NΩ counts of detected vortices
U,V time-averaged velocities (m/s) along x and y directions
u′,v′ fluctuating velocities (m/s) along x and y directions
Um interstitial velocity (m/s)
Ug superficial velocity (m/s)
x,y x and y flow directions in the transverse plane

I. Introduction

Proper understanding of the physics of fluids inside random porous media or randomly packed
beds is very important because they are widely used in many diverse engineering applications1.
These include heat storage systems, cooling and/or heating of granular materials2, chemical cat-
alytic reactors for processing and distillation, ground water contamination and remediation3, water
infiltration in soil4, contamination plumes5, oil recovery6–9, magnetic refrigerators, fuel cells10,
nutrient transport through mammalian tissues11, and nuclear reactors. Other engineering applica-
tions of flow in porous media can be reviewed in the works of12,13,7, and14.

Flows in porous media and randomly packed beds exhibit a wide spectrum of complex flow
structures continuously evolving in space and time15, and play an important role in the natural
and engineered processes mentioned above. The complexity of flows in randomly packed beds
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arises from the complex geometries and randomly connected void spaces within randomly packed
beds, i.e., the structures of heterogeneous media13,16, have hindered efforts to characterize the
underlying transport phenomena occurring within them.

This paper discusses experimental studies on a facility of randomly packed spheres that could
represent a chemical reactor and/or a reactor core of an advanced high temperature nuclear reactors
(AHTR). Chemical catalysts, consisting of pellets or beads, are commonly used in the synthesis
of basic chemicals and intermediates at large scales using gaseous reactants. The AHTR concept
leverages a particle-based fuel format consisting of discrete spherical graphite pebbles arrayed in a
packed bed architecture. Thermal regulation is achieved via the flow of gas (e.g., helium) or liquid
(e.g., molten salt) coolants through the void spaces between the pebbles in the bed, with the char-
acteristic pebble diameters being 6 cm for gas-cooled reactors, and 3 cm for liquid-cooled reactors.
In the above mentioned engineering applications, a critical design challenge involves understand-
ing the complex flow field, heat and mass transfer phenomena occurring within the interstitial
regions between the packing materials. For instance, in packed beds with pebble diameters rang-
ing from 6 mm to 30 mm, i.e., the size ranges that are most commonly found in the engineering
applications mentioned above4,8–10,15,17, there are various pore sizes ranging from a few millime-
ters to less than 1 mm7,13–15. Confining wall effects and inhomogeneous porosity within the bed
make flow mixing and thermal transfers within the void spaces very complicated. Various flows
regimes, i.e. from laminar to turbulent or vice versa, may occur within the gaps; heat and mass
transfers in packed bed systems may be locally enhanced and/or reduced. Hot spots and thermal
fatigue have been observed on the surfaces of several packed spheres due to the poor transport of
flow and heat transfer at those locations. The predominant approach to model transports in packed
beds has been adopting a porous media viewpoint to construct a lumped-parameter representa-
tion of the bed, from which the bulk characteristics of the flow can be obtained. Although this
approach is useful for estimating the global scale effects, it inherently neglects details associated
with the complex localized flow fields within individual pores. The macroscopic processes that di-
rect material transport in porous media are manifestations of the interplay between flow behaviors
spanning an incredibly broad range of length scales from macroscopic to individual pore levels.
Dispersion, for example, emerges as a consequence of the cumulative effects of microscale phe-
nomena, including mixing caused by solid obstructions in the flow path, incomplete connectivity
of the medium, eddies in the medium, and recirculation caused by local pressure gradients. Based
upon volume averages of microscale parameters, the macroscopic picture obscures the underly-
ing transport phenomena, making it difficult to rationally develop physics-based simulation tools
capable of accurately capturing behavior across a broad spectrum of conditions.

Pressure drops across the axial length of packed beds and dispersions are macroscopic param-
eters that have been discussed in numerous studies, such as those of18,19,20,21,22, and23. Fully
leveraging the advantages of flows in randomly packed spheres requires a fundamental under-
standing of the complex flow characteristics within packed bed systems. Recent improvements in
computer capabilities have made numerical simulations and computational fluid dynamics (CFD)
valuable tools to study flow characteristics, flow mixing, and transport properties at pore scales for
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flows in porous media. However, due to the complexity of three-dimensional (3D) flow geome-
tries and randomly connected pores within randomly packed beds, most numerical simulations of
flow transports at the pore scale are based on different versions of Reynolds-Averaged Navier-
Stokes (RANS) approaches24. For instance, the RANS simulations of25 and26 consisted of the
temporal-volume averaging process of the extended Darcy-Forchheimer model equations. On the
other hand,27 and28 employed macroscopic turbulence models based on volume averaging the
RANS equations. Recently, there have been several numerical studies of randomly packed beds at
the pore scales such as the direct numerical simulation (DNS) of29, the high-resolution simulations
of a single face or multiple cubic centered pebble bed using large-eddy simulations (LES) of30,
and the quasi-DNS of31,32, and33–35.

Because of the complex geometries of packed bed systems, experimental measurements to ob-
tain the flow characteristics in porous media and/or randomly packed beds are commonly based
on a combination of the matching-refractive-index approach and laser-based techniques. For ex-
amples, readers can review the previous experimental studies of36,37, and38 for their laser-Doppler
anemometry (LDA) measurements (single-point measurement technique); the two-dimensional
two-component (2D2C) planar particle tracking velocimetry (PTV) velocity measurements in
packed beds of39,40,41, and42; the 2D2C particle image velocimetry (PIV) measurements in the
studies of43,44,45,46–48,49, and50; and the two-dimensional three-component (2D3C) stereoscopic
PIV measurements of51 and52. It is known that complex geometries of packed beds have presented
challenges to experimental, numerical and theoretical researchers for constructing advanced trans-
port models, which were previously based on volume averages of micro-scale parameters, to im-
prove the models’ predictive capabilities. Full-field experimental measurements at high spatial and
temporal resolutions are essential to perform the mapping of complex flow patterns in packed bed
systems and the volume-averaging of flow parameters for better and more accurate flow predic-
tions.

The focus of the present study is to investigate the flow mixing characteristics in a cross flow
plane of a facility of randomly packed spheres at an aspect ratio of 6.3 and Reynolds numbers
of Re1 = 700, Re2 = 1,200, and Re3 = 1,700. The considered Reynolds numbers covered a range
of flow conditions from turbulent transition to fully turbulent flow for packed beds46–49. Velocity
measurements were performed on a transverse plane by combining the approaches of the matched-
index-of-refraction (MIR) and time-resolved particle image velocimetry (TR-PIV) techniques.
This combined approach allows us to non-invasively measure the flow fields in the transverse
plane located near the wall and in the pores between spheres with high spatial and temporal res-
olutions. The obtained experimental results will provide insight into the flow characteristics of
flow mixing in packed bed systems, and of bypass flows in high-temperature pebble bed reactors
(HTR-PBRs). In the context of this study, bypass flow refers to flow between the enclosure wall
and spheres. Spatial gaps between the spheres and the wall normally have a wider distribution and
larger sizes53 compared to those between the spheres located within the central regions of packed
beds. Therefore, bypass flows created within the near-wall regions have unique characteristics,
such as accelerated and/or decelerated flows when passing smaller and/or larger spatial gaps, or a
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FIG. 1. Overview of the MIR experimental facility of randomly packed spheres and the TR-PIV experimen-

tal setup. (a) Flow loop with the TR-PIV measurement setup, (b) top view of the test section showing the

TR-PIV measurement areas, and (c) MIR test section of the packed spheres partially filled with p-cymene.

large circulation flow region within the flow gap. These features of bypass flow have been consid-
ered an important issue related to the flow and heat transfer capabilities, and efficiency of not only
pebble bed reactors19, but also of other advanced reactor designs, such as prismatic reactors54–56.

The rest of this paper is structured as follows. The MIR experimental facility of randomly
packed spheres and the TR-PIV experimental setup for velocity measurements on the transverse
plane are presented in Section II. The statistical results computed from the TR-PIV measurements
are discussed in Section III, while the visualization of vortical structures using Taylor’s hypothesis
is presented in Section III C. An analysis of the two-point velocity cross-correlation is discussed in
Section IV, and the velocity decomposition using proper orthogonal decomposition (POD) analy-
sis to extract the statistically dominant flow structures is presented in Section V. In Section VI, we
describe vortex characteristics, such as populations, spatial distributions, and strengths, by apply-
ing the POD analysis and vortex identification.
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II. Experimental facility and TR-PIV experimental setup

A. Matched-index-of-refraction experimental facility of randomly packed spheres

This section describes the experimental facility of randomly packed spheres, featuring the MIR
approach for velocity measurements in the cross-flow plane. An overview of the MIR experimen-
tal facility, which includes a flow loop and a test section is shown in Figure 1(a). The flow loop
consisted of a 100-liter storage tank, a primary centrifugal pump connected to a variable frequency
drive to control the flow rates, a Coriolis flow meter, and a transparent test section of randomly
packed spheres. The fluid flow from the tank was driven by the pump to enter the inlet pipe and the
test section, exit, and return to the tank. The test section, which had a total axial length of 457.2
mm, had a hexagonal enclosure and a circular interior cross-section with a diameter of 139.7 mm.
The test section and the spheres were made of transparent poly-methyl methacrylate (acrylic),
which had the same refractive index (n = 1.49) of the operating fluid, named p-cymene, at room
temperature (20oC). The p-cymene had a density, ρpcy, of 855 kg·m−3, and a dynamic viscosity,
µpcy, of 8.1 · 10−4 Pa·s57. Figure 1(c) shows the principle idea of the MIR approach that we ap-
plied to build the experimental facility of randomly packed spheres. In this figure, when the test
section was partially filled with p-cymene, the spheres at the bottom part of the test section became
invisible in the fluid region. This allows the use non-intrusive, laser-based, optical measurement
techniques, such as the PIV technique in the present study, to quantify the displacement of fluid
elements58. A number of researchers have successfully used p-cymene as the fluid for their MIR
experimental facilities which allows for non-intrusive velocity measurements via laser-based tech-
niques, i.e. LDV and PIV techniques, such as using a column of dispersed beads38, packed beds
of spheres42,45, and bundles of rods59–61.

In the current study, we used spheres with a diameter of dp = 22.2 mm, yielding a bed-to-bead
ratio of D/dp = 6.3, and a porosity of εb = 0.395. For flows in packed beds, the effective hydraulic
diameter, dh, is estimated by

dh = dp
εb

1− εb
, (1)

and the modified Reynolds number is defined by

Re = ρpcyUmdh/µpcy, (2)

where µpcy is the dynamic viscosity of the operating fluid and, Um is the interstitial velocity, which
is the characteristic velocity within the spatial gaps between the spheres. The averaged bed velocity
Ug (or UDarcy velocity) is calculated by Ug = Q/Abed , where Q is the volumetric flow rate and Abed

is the total cross-sectional area of the bed. The interstitial velocity Um can be estimated from
the averaged bed velocity by Um = Ug/εb. Flow measurements were performed along the cross-
plane of the test section. Details of the TR-PIV experimental setup and velocity measurements are
presented in the next section.
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B. TR-PIV experimental setup

Figure 1(a) illustrates the experimental setup for the TR-PIV measurements in the facility of
randomly packed spheres, whereas Figure 1(b) shows a cross-section (xy-plane) of the test section
and the TR-PIV measurement areas. The TR-PIV system consisted of a 20 W continuous green
laser (wavelength λ = 532 nm) and a Phantom Fastcam SA5 camera with a full 12-bit depth image
resolution of 1,024×1,024 pixels. The laser was mounted on linear traverses, and the laser beam
was adjusted by using a combined laser optics system to illuminate a 2-mm-thick horizontal plane
perpendicular to the flow direction. The camera was equipped with a Nikkor 200 mm lens, which
orthogonally viewed the horizontal xy-plane, and was positioned on three-axis motorized linear
translation stages. The seeding particles were hollow glass spheres with a mean diameter of 10
µm and a density of 1.6 g/cm3 that were pre-mixed in the storage tank and circulated through
the entire flow loop. Therefore, the seeding particles were entirely mixed and present throughout
the test section of packed beds. Such highly reflective seeding particles were illuminated by the
laser sheet, and the reflected light from particles was captured by the camera to create an image.
A sequence of images was then captured and analyzed using PIV cross-correlation algorithms to
obtain the particles’ displacements.

In the TR-PIV measurements made in the transverse plane, four measurement regions, denoted
as Regions 1, 2, 3, and 4, illuminated by the laser sheet as shown in Figure 1(b). The transverse
plane had an altitude of 838.2 mm from the inlet pipe or 419.1 mm from the entrance of the test sec-
tion. The origin of the coordinate system was established at the center of the circular cross-section,
where the x and y coordinates represent in-transverse plane directions. In this study, velocity mea-
surements were performed at Reynolds numbers of Re1, Re2, and Re3. The camera operated at
speeds of 1,000, 1,500, and 2,000 frames-per-second (fps) for velocity measurements at Reynolds
numbers Re1, Re2, and Re3, respectively. We followed the suggestions of62 and58 to identify the
camera operating frame rates that yielded small enough time-intervals between two successive im-
ages and resulted in out-of-plane particle displacements less than one tenth of the laser thickness.

TABLE I. Estimated uncertainties, eRe1 , eRe2 , and eRe3 , for the statistical results obtained from the TR-PIV

measurements on Regions 1, 2, 3 and 4 at Reynolds numbers Re1, Re2, and Re3, respectively. The values

shown here are maximal and normalized by the interstitial velocity Um.

U/Um (%) V/Um (%) u′rms/Um (%) v′rms/Um (%) u′v′/U2
m (%)

eRe1 eRe2 eRe3 eRe1 eRe2 eRe3 eRe1 eRe1 eRe3 eRe1 eRe2 eRe3 eRe1 eRe2 eRe3

Region 1 0.58 0.82 1.35 0.65 0.79 1.33 0.41 0.58 0.96 0.46 0.56 0.94 0.39 0.43 0.63

Region 2 0.66 0.79 1.35 0.63 0.76 1.34 0.47 0.56 0.96 0.45 0.54 0.95 0.25 0.27 0.49

Region 3 0.52 0.74 1.27 0.69 0.85 1.38 0.37 0.52 0.89 0.49 0.59 0.98 0.21 0.29 0.47

Region 4 0.56 0.73 1.22 0.67 0.80 1.30 0.39 0.51 0.87 0.48 0.57 0.92 0.32 0.43 0.63
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For each Reynolds number, two experimental runs were performed and total 21,834 images were
acquired and processed to compute the flow statistics. The velocity components corresponding to
the x and y directions were U and V for the time-averaged velocities, and u′ and v′ for the fluctu-
ating velocities, respectively. The experimental images were processed by applying the advanced
multi-pass, multi-grid PIV algorithms implemented in an in-house PRANA code63,64. The robust
phase correlation algorithm65 was used to cross-correlate experimental images that could reduce
bias errors and peak locking effects compared with the standard cross-correlation algorithm when
applied to flows with high shear and rotational motion66. The PIV processing consisted of three
passes, which started with an interrogation window of 64× 64 pixels and ended with an inter-
rogation window of 32× 32 pixels. The initial and final iterations had a 50% and 75% window
overlap, respectively, yielding the final total of 127×127 vectors with a gap spacing between two
adjacent vectors of 0.34 mm. The particle displacements initially estimated from the first iteration
were then used to shift the interrogation window in the next iteration. In all the iterations, particle
displacements were computed from the cross-correlation map with a Gaussian peak fit for subpixel
accuracy58. Vector validation was performed using a median filter67 to remove spurious vectors
and then fill in the blanks via interpolation.

1. Estimated uncertainties of TR-PIV measurements

For all the TR-PIV measurements of the studied Reynolds numbers, the percentage of detected
spurious vectors, which was computed as the number of vectors that failed the validation process
in the final iteration and averaged over the number of velocity vector fields, was less than 2%.
The performance and uncertainty of the PRANA code have been thoroughly evaluated in the stud-
ies of68,69,70, and71. These authors reported that the overall uncertainty of the PRANA code is
approximately 0.1 pixels.

In this study, we followed the PIV uncertainty propagation proposed by72 to estimate the ex-
perimental uncertainties, e, for the first and second order statistical quantities, including mean
velocities, root-mean-square (RMS) fluctuating velocities, and Reynolds stress components. Be-
sides, the experimental uncertainties estimated for the Reynolds numbers of Re1, Re2, and Re3

were denoted as eRe1 , eRe2 , and eRe3 , respectively. Table I summarizes the estimated uncertainties
of the statistical results obtained from the TR-PIV measurements on Regions 1, 2, 3 and 4 for
various Reynolds numbers. The uncertainties given in Table I are the maximum values normal-
ized by the interstitial velocity Um. It can be seen that for any region considered in this study, say
for e.g. Region 1, the estimated uncertainties eRe1 , eRe2 , and eRe3 , corresponding to Re1, Re2, and
Re3 have shown the trend of increase with increase in Reynolds numbers. Overall, the estimated
uncertainties of the mean velocities were less than 2%, while those of the RMS fluctuating veloc-
ities and Reynolds stress were less than 1%. In the studies of73 and74, the authors argued that the
quantification of uncertainty for instantaneous velocity and its derivatives is still difficult to ad-
dress because it is related to various experimental parameters, such as time interval, tracer density,
image calibration, and out-of-plane particle displacement, and processing algorithms, such as the
interrogation window and cross-correlation algorithms.
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FIG. 2. Assessments on the convergence of the statistical results, i.e. U/Um, V/Um, u′rms/Um, v′rms/Um,

and u′v′/U2
m, obtained from TR-PIV measurements on Regions 1, 2, 3, and 4 for Re1, Re2, and Re3. For

each Reynolds number, heights and colors of the bar graphs represent ε̃N1−3/Um values computed using

N1 = 5,000, N2 = 10,000, and N3 = 15,000 velocity snapshots, respectively. Values computed for Regions

1 and 2 are summarized in Table II.

III. Results from the TR-PIV measurements

A. Convergence of the statistical results from the TR-PIV measurements

For the velocity measurements at each measurement region shown in Figure 1(b) and for each
studied Reynolds number, a total of Nmax = 21,834 instantaneous velocity vectors were obtained
from the TR-PIV measurements that could be used to compute the flow statistics. In this section,
we assess the convergences of the first- and second-order flow statistics, i.e., mean velocity, RMS
fluctuating velocity, and Reynolds stress, which were computed using different numbers of veloc-
ity snapshots, i.e., the first 5,000 (N1); the first 10,000 (N2); the first 15,000 (N3), and total (Nmax).
For these assessments, we followed the comparative approach discussed in the works of60, and61

by defining εN1 , εN2 , and εN3 as the absolute differences between the statistical results computed
using N1, N2, and N3 velocity snapshots and those computed using the entire set of velocity vector
fields, i.e., Nmax. In addition, ε̃N1 , ε̃N2 , and ε̃N3 are defined as the spatially averaged values of the
corresponding differences over all grid points in the PIV velocity fields. This can be expressed as

ε̃N j =
1
M

M

∑
i=1

|(Si)N j
− (Si)Nmax

| (3)

where j =(1,2,3), M is the number of spatial points in the PIV velocity fields, and Si represents the
first- and second-order statistical results computed using the corresponding sets of N1, N2, N3, and
Nmax velocity snapshots. The bar graphs in Figure 2 illustrate the normalized values of ε̃N1 , ε̃N2 , and
ε̃N3 computed along measurement Regions 1, 2, 3, and 4 for the TR-PIV statistical results, i.e., U ,
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V , u′rms, v′rms, and u′v′. In addition, Table II summarizes the values of ε̃N1/Um, ε̃N2/Um, and ε̃N3/Um

for the mean velocities, and RMS fluctuating velocities obtained from the TR-PIV measurements
along Regions 1 and 2 for Reynolds numbers Re1, Re2, and Re3. Results presented as bar graphs
in Figure 2 could be interpreted as follows. For each flow region, convergences of the statistical
results, including U , V , u′rms, v′rms, and u′v′, were assessed for TR-PIV velocity snapshots obtained
at three Reynolds numbers Re1, Re2, and Re3. For each Reynolds number, values of ε̃N1/Um,
ε̃N2/Um, and ε̃N3/Um were accordingly illustrated by the colors and heights of bars. It can be seen
from Figure 2 and Table II that for any specific Reynolds number and statistical quantity, values of
ε̃N1 , ε̃N2 , and ε̃N3 decrease considerably when the number of velocity snapshots applied to calculate
the statistical results increase from N1 to N3. Similar assessments on the convergences of the TR-
PIV statistics obtained from Regions 3 and 4 were also performed. Those results are not shown
here; however, we observed the similar trends in the convergence of the TR-PIV statistical results
when the number of velocity vector fields increased. Furthermore, the values of ε̃N3/Um were
found to be less than 1.2% for all the flow statistics computed along Regions 1, 2, 3, and 4 and for
all three different Reynolds numbers considered in this study. This confirms the convergences of
statistical results obtained from the TR-PIV velocity measurements. The TR-PIV statistical results
presented hereinafter were computed using all of the available velocity snapshots, Nmax.

B. Statistical results from the TR-PIV measurements

In this section, we discuss the TR-PIV statistical results, i.e., mean velocity, RMS fluctuating
velocity, and Reynolds stress, obtained from the velocity measurements on Regions 1, 2, 3, and 4
for three Reynolds numbers Re1, Re2, and Re3.

TABLE II. Convergences of the statistical results obtained via the TR-PIV measurements computed on

Regions 1 and 2 for Re1, Re2, and Re3. ε̃N1 , ε̃N2 and ε̃N3 are the spatially averaged values of the absolute

differences between the statistical results computed using N1 = 5,000, N2 = 10,000, N3 = 15,000, and Nmax

velocity snapshots.

Region 1 ε̃U/Um (%) ε̃V/Um (%) ε̃u′rms/Um (%) ε̃v′rms/Um (%)

N1 N2 N3 N1 N2 N3 N1 N2 N3 N1 N2 N3

Re1 2.81 1.85 1.11 3.01 1.77 1.11 1.69 1.07 0.76 1.76 1.21 0.80

Re2 3.25 1.53 0.91 3.67 1.91 1.17 1.71 0.96 0.58 1.64 1.00 0.62

Re3 2.53 1.68 1.05 2.91 1.69 1.18 1.49 0.95 0.56 1.59 0.89 0.58

Region 2 ε̃U/Um (%) ε̃V/Um (%) ε̃u′rms/Um (%) ε̃v′rms/Um (%)

N1 N2 N3 N1 N2 N3 N1 N2 N3 N1 N2 N3

Re1 2.49 1.45 0.96 2.69 1.40 0.89 1.53 0.85 0.48 1.55 1.01 0.58

Re2 2.51 1.43 0.98 2.51 1.52 1.02 1.49 0.88 0.47 1.59 0.87 0.58

Re3 2.66 1.59 0.87 2.91 1.73 0.97 1.28 0.83 0.45 1.37 0.93 0.51
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FIG. 3. Results from the TR-PIV measurements on (a) Region 1, (b) Region 2, (c) Region 3, and (d) Region

4 for Re1. Instantaneous velocity vectors (m/s) and the color contour of the velocity magnitude values (m/s)

are shown. Coordinates of spheres’ centers are indicated.

Figure 3 illustrates the instantaneous results, including the velocity vectors and velocity mag-
nitude contours, obtained from the TR-PIV measurements on Regions 1, 2, 3, and 4 for Re1. It
can be seen from the instantaneous in-plane velocity vectors shown in Figure 3 that the flow pat-
terns in the transverse plane are very complex and reveal swirling structures aligned with the main
axial flow (z-direction). The main flow is perpendicular to the cross-sectional plane along which
the measurements were made. In Figure 4, the mean velocity vector fields and color contours of
the mean velocity magnitude values obtained from TR-PIV measurements in Regions 1, 2, 3, and
4 are illustrated. Because the spheres were randomly packed within the test section, the spatial
gaps between the neighboring spheres, and between the spheres and enclosure wall varied from
0 to nearly dp. Such a random distribution of porosity within the packed spheres created vari-
ous flow patterns within the spheres’ spatial gaps. For instance, though a strong bypass flow was
created near the sphere, whose center is at (xc = −55,yc = 1), and the wall, the flow seemed to
be stagnant within the gap of the neighboring sphere at (xc = −52,yc = 16) and the enclosure
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FIG. 4. Mean in-transverse plane velocity vectors (m/s) and color contours of the mean velocity magnitude

values (m/s) computed from the TR-PIV measurements for Re1 along (a) Region 1, (b) Region 2, (c) Region

3, and (d) Region 4. Vectors were de-sampled for better visibility. Coordinates of spheres’ centers are

indicated.

(c.f. Figure 4). When this strong bypass flow was ejected into a larger gap created by the wall
and two other spheres, namely those at (xc = −39,yc = −10) and (xc = −49,yc = −25), it in-
teracted with the counter bypass flow in the opposite direction, indicated by a low-velocity zone
near the wall. Adjacent to this low-velocity zone, a re-circulation flow region was created because
the bypass flows deflected and entered the large spatial gap. As shown in Figure 4, different flow
patterns occurred in other spatial gaps with approximately equal sizes. For example, within the
gap of (−45 < x <−20,−35 < y <−20) created by a cluster of spheres, two strong flows in the
transverse plane impinged on the sphere at (xc = −24,yc = −21) and created a large circulation
bubble that stretched along the x-direction. In addition, the flow patterns surrounding the cluster
of spheres located within the gap of (−35 < x < −10,10 < y < 20) revealed impinging flows in
the transverse plane.

Figure 5(a-b) displays the first-order statistics, i.e. mean velocity vectors and color contours of
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FIG. 5. Experimental results obtained TR-PIV measurements in the facility of randomly packed spheres for

Re1 (a)-(c) and Re3 (b-d). Results from Regions 1, 2, 3, and 4 are adjoined for larger field of views. (a)-(b)

Mean velocity vector (m/s) and velocity magnitude contour (m/s), (c)-(d) RMS fluctuating velocity, u′rms

(m/s).

the velocity magnitude values, whereas Figure 5(c-d) illustrate color contours of the second-order
statistics, i.e., RMS fluctuating velocity u′rms. The RMS fluctuating velocity v′rms and Reynolds
stress u′v′ are shown in Figure 6. In Figures 5 and 6, the TR-PIV experimental results obtained
from Regions 1, 2, 3, and 4 were adjoined to obtain a larger field of view and are presented for
Reynolds numbers Re1 and Re3. It can be seen in Figure 5 that the time-averaged velocity fields
obtained from Re1 and Re3 showed similar flow structures. Moreover, the color contours of the
turbulence statistics obtained from the TR-PIV measurements for low and high Reynolds numbers
shown in Figure 5(c-d) and Figure 6(a-b) revealed similar flow maps.

We noticed that as the Reynolds number increased, the color contours of u′rms and v′rms were
more widely distributed and had higher magnitude peaks. For instance, the color contour of u′rms

at Re1 depicted peak values of 0.024 m/s and 0.021 m/s for the flow regions within the gaps
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FIG. 6. Experimental results obtained from the TR-PIV measurements in the facility of randomly packed

spheres for Re1 (a)-(c) and Re3 (b-d). Results from Regions 1, 2, 3, and 4 are adjoined to obtain a larger

field of view. (a)-(b) RMS fluctuating velocity, v′rms (m/s), and (c)-(d) Reynolds stress, u′v′ (m2/s2).

of (−60 < x < 50,−20 < y < −10) and (−50 < x < −40,−40 < y < −30), respectively. At
higher Reynolds number Re3, the peak values of u′rms within these flow gaps were 0.062 m/s and
0.052 m/s, respectively. Similarly, within the flow gaps of (−40 < x < −30,20 < y < 30) and
(−45 < x < −30,−30 < y < −20), the v′rms contours respectively showed peak values of 0.017
m/s and 0.026 m/s at Re1, while they depicted higher values of 0.044 m/s and 0.056 m/s at Re3.
It is noted that the peak values of u′rms and v′rms were found to increase approximately at the same
ratio as the increase in Reynolds number.

In the color maps of u′v′, the appearances of recirculation flow regions and shear layers created
within the spatial gaps between the spheres and the wall are in accordance with the negative-
positive values of u′v′, whose magnitudes considerably increased at higher Reynolds numbers.
In the LES simulations of30, the author showed that spheres with locally high temperature (hot
spots) on their surfaces were found to have low levels of turbulence statistics, i.e., RMS fluctuating
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FIG. 7. Visualization of vortical structures by applying Taylor’s hypothesis to the TR-PIV velocity mea-

surements on Region 1 for Re1. (a) Reconstructed quasi-instantaneous 3D velocity vector fields, (b) quasi-

instantaneous 3D vortical structures identified by iso-surfaces of normalized z-vorticity, Ωz ×dp/Um. Posi-

tive (red) and negative (blue) iso-surfaces corresponding to normalized vorticity values of ±6 are shown.

velocities and Reynolds stresses, in the surrounding fluid regions. In addition,30 discussed that hot
spot regions could be created where flow separations and circulations occurred.

C. Visualization of vortical structures by applying Taylor’s hypothesis

In this section, the application of Taylor’s frozen field hypothesis to the collection of TR-PIV
velocity vector fields to reconstruct the quasi-3D vortical structures evolving within the spatial
gaps of spheres distributed in Regions 1, 2, 3, and 4 is discussed. The visualization of vortical
structures created and developed within the pores is meaningful to understand the flow mixing in
packed beds.

In Taylor’s frozen flow hypothesis, vortical flow structures are assumed to remain unchanged as
they move downstream75,76. Uses of Taylor’s hypothesis to reconstruct vortical structures can be
reviewed in studies of76,77,78,79, and61. In those studies, quasi-instantaneous volumetric velocity
data were built using the transformation on the axial z-direction defined as ∂/∂ t =Uc∂/∂ z, where
Uc is the convection velocity within the packed beds. In this study, following the approach used in
these previous studies, we used the flow transformation in the z-direction with a uniform convective
velocity such that z∗ = Uct, where t is the time interval between the first and a given velocity
snapshot in the time-resolved velocity vector fields.

Figure 7(a) illustrates the 3D quasi-instantaneous velocity vector fields built by applying Tay-
lor’s hypothesis to the TR-PIV measurements on Region 1 for Re1. The volumetric velocity
fields were built from 150 instantaneous PIV velocity snapshots and the convection velocity of
Uc = 0.6Um. Prior to identification of the vortical structures, the instantaneous velocity vectors
were smoothened by using the discrete cosine transform (DCT)-based penalized least squares
(PLS) method80, which has been proposed for post-processing PIV vector fields81. The vortical
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structures were then extracted from the reconstructed volumetric velocity fields by applying a
threshold for vorticity magnitude, as is similarly done in the studies of76,77,79, and61. Figure 7(b)
shows the vortical structures that were extracted from the flows in Region 1 and for Re1, and iden-
tified by the iso-surfaces of the normalized z-vorticity Ωz×dp/Um, where iso-surfaces correspond
to positive and negative values, i.e. ±6, of the normalized vorticity. It can be seen from Figure 7(b)
that vortical flow structures were created and evolved within the spatial gaps between neighboring
spheres and between the spheres and the wall.

Figure 8 illustrates a collection of vortical structures extracted from the quasi-instantaneous
velocity vector fields that were obtained from the TR-PIV measurements on Regions 1-4 for
Reynolds number of Re3. Vortical structures were similarly extracted from TR-PIV velocity vec-
tor fields obtained for Reynolds numbers Re1 and Re2 to study the interactions of vortices within
the spatial gaps of spheres. The results, however, are not shown here. The non-uniformity of sizes
of the instantaneous vortical structures showed dependence on the characteristic sizes of gaps,
i.e., large structures were found in large gaps; and either small structures or no structures were
observed in the small gaps of the channel flows between spheres. The shear layers created from
the small gaps of the bypass flows in Regions 1 and 2 were stretched along the tangential di-
rection. When they entered the large neighboring gaps, these stretched layers broke into smaller
vortical structures that evolved as a pair of counter-rotating vortices (c.f. Figure 8). Similar pairs
of counter-rotating vortices were also identified in other large spatial gaps between the spheres.
However, very few small sized vortical structures were found within smaller gaps which formed
as channel flows between two neighboring spheres.

The visualization of vortical structures reconstructed from the TR-PIV measurements in the
cross-flow plane using Taylor’s hypothesis could allow us to study interactions of 3D vortices and
flow mixing within packed beds that, until now, could only be obtained from high-fidelity unsteady
CFD simulations29,33,35.

IV. Analysis of velocity-velocity cross-correlation

In this section, to provide an insight of the complex characteristics of flow mixing in various
spatial gaps within packed beds, we compute two-point spatial velocity-velocity cross-correlations
using the TR-PIV measurements on Regions 1, 2, 3, and 4 in the transverse plane at three Reynolds
numbers Re1, Re2, and Re3. Previous studies60,82–84 have shown that cross-correlation functions
can provide important knowledge about the sizes and shapes of coherent structures evolving within
the studied flows.

The two-point velocity cross-correlation is expressed by

Ruu(xr,η,τ) =
⟨u′(xr, t)×u′(xr +η, t + τ)⟩√
⟨u′2(xr, t)⟩

√
⟨u′2(xr +η, t)⟩

. (4)

In the above equation, ⟨.⟩ is the ensemble-average operator applied over the number snapshots,
u′ represents the fluctuating velocity, τ is the time interval, xr is the coordinates of the referenced
measurement point, and η is the spatial separation between two measurements. In Eq. 4, the spa-
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FIG. 8. Quasi-instantaneous 3D vortical structures identified by iso-surfaces of the normalized z-vorticity,

Ωz ×dp/Um, for Re3. Positive (red) and negative (blue) iso-surfaces correspond to ±6.

tial velocity cross-correlation function is obtained when τ = 0, which allows for the estimation of
spatial correlation length scales, i.e., Ruu0 = Ruu(xr,η,0) as a function of the separation length
η. The maximum value of the correlation coefficient Ruu0 is unity. Higher values closer to unity
signify similar flow structures between two points under consideration. Lower correlation coef-
ficient values closer to zero signify dissimilarities in flow structures between two points under
consideration. The values of Ruu0 indicate the spatial extent of correlated regions85, allowing for
the calculation of integral length scales as

kLx =
∫ ∞

0
Ruu(xr,ηk,0)dη. (5)

In the above equation, the superscript k expresses the direction of the separation vector along
which the integration is computed, and x represents the velocity component. The integral length
scale computed along the specific direction indicates the characteristic length scale of the flow
eddies containing flow energy along that direction. Knowledge of the sizes and shapes of these flow
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FIG. 9. Contour maps of the two-point spatial cross-correlations of the fluctuating velocities u′ and v′, i.e.,

Ruu0 and Rvv0, computed using the TR-PIV velocity vector fields obtained in measurement Region 1 for (a)

Zone 1 and (b) Zone 2 for Re1 and Re3.

eddies and their captured energy is important for gaining a better understanding of the flow mixing
and heat transfer within the packed beds. For experimental measurements, the integral length scale
kLx could be estimated by searching for the separation length at which Ruu0 = 1/e ≈ 0.3783,84,86.

In this study, the two-point cross-correlations Ruu0 and Rvv0 were calculated at different points
located in several spatial gaps (or zones) between the spheres. For instance, each of Zones 1, 2,
and 3 was formed by four points while Zones 4 and 5 were defined by three points as can be seen
in Figure 4. Figure 9 and Figure 10 depict color maps of the two-point spatial cross-correlations of
the fluctuating velocities, u′ and v′, computed at various points located in different measurement
Regions 1-4 and Zones 1-5. For each spatial region, the results are presented for Reynolds numbers
Re1 and Re3. It can be seen that the shapes and sizes of the spatial cross-correlations, i.e., Ruu0

and Rvv0, are titled towards the flow direction in the transverse plane, indicating the effects of
shearing caused by the mean velocity fields. For instances, the correlations Rvv0 at Point 2 in Zone
1 (denoted as Z1P2), and Point 3 in Zone 2 (denoted as Z2P3, see Figure 9), and the correlation
Ruu0 at Point 1 in Zone 3 (noted as Z3P1, see Figure 10) displayed long trails following the mean
flow patterns within the spatial gaps between neighboring spheres. The correlations Rvv0 at Z2P3,
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FIG. 10. Contour maps of the two-point spatial cross-correlations of the fluctuating velocity u′ and v′, i.e.,

Ruu0 and Rvv0, computed using the TR-PIV velocity vector fields obtained in measurement Regions 2, 3,

and 4 for (a) Zone 3, (b) Zone 4, and (c) Zone 5 for Re1 and Re3.

Z4P3 and Z5P3 had their shapes covering large spatial areas between the spheres, indicating that
the local flows in those regions were highly correlated. For points located in the near-wall region of
Zones 1 and 2, i.e., Z1P2 and Z2P2, the shapes of the correlations did not show significant changes
when Reynolds number increased from Re1 to Re3. On the other hand, for points located in the far-
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FIG. 11. Spatial turbulent velocity cross-correlations Ruu0 and Rvv0 computed at (a)-(e) Zones 1-5 using

the TR-PIV velocity vector fields obtained from the MIR facility of randomly packed spheres for Reynolds

numbers Re1, Re2, and Re3. Note that correlations Ruu0 and Rvv0 were computed along x and y directions,

and averaged over various points located in each zone. The integral length scales kLx were estimated by

searching for the separation length at which Ruu0 = 1/e ≈ 0.37.

wall regions of Zones 4 and 5, long trails can be seen in the correlation contours of Ruu0 and Rvv0,
and their spatial extents are reduced when the Reynolds number increased. Similar observations
on the spatial correlations computed in the near-wall and far-wall regions were discussed in50.
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Figure 11 compares the cross-correlations Ruu0 and Rvv0 computed for Zones 1-5 for Re1, Re2,
and Re3. It is notated that for each zone, Ruu0 and Rvv0 were computed along x and y directions,
and averaged over all points located in that area and for various Reynolds numbers. Figure 11(a-b)
show that the Ruu0 values computed in Zones 1 and 2 along x had their integral length scales xLx

decrease from 2.79 and 2.65 mm to 2.44 and 2.37 mm, respectively, when the Reynolds number
increased from Re1 to Re3. On the other hand, the increase of Re yielded negligible changes in
the yLy value estimated from the Rvv0 values. In Figure 11(c-d), integral length scales xLx and yLy

were estimated to be approximately 2.20, 2.35, and 2.45 mm in Zones 3, 4 and 5, respectively.
The effect of increasing Reynolds numbers did not have an influence on the estimated values of
integral length scales, except for in Zone 5, where the yLy values decreased from 2.58 mm to
1.98 mm when the Reynolds number increased from Re1 to Re3. In comparison with xLx and yLy

computed from various spatial gaps between the spheres, the integral length scales obtained from
Zones 1 and 2 were greater than those obtained from Zones 3, 4, and 5, indicating the effects of
bypass flows in the vicinity of the wall.

V. Flow analysis by proper orthogonal decomposition

In this section, we discuss our flow analysis using proper orthogonal decomposition (POD) of
the TR-PIV velocity snapshots to extract the dominant flow structures that play important roles in
the flow dynamics and heat transfer of packed beds. Flow structures extracted from the velocity
vector fields of Regions 1-4 for Reynolds numbers Re1, Re2, and Re3 are discussed in this section.

A. Overview of proper orthogonal decomposition

87 introduced POD or Karhunen-Loéve decomposition into turbulence research to identify sta-
tistically dominant flow features, i.e., coherent structures, in experimental data and numerical sim-
ulations. For a given flow, the velocity field u(x) is decomposed into a set of spatially orthogonal
modes and a set of temporal coefficients, which vary, respectively, only in space and time. Spa-
tial structures revealed by POD modes are considered as coherent structures or large-scale flow
structures, which normally contain the most flow energy. Temporal evolutions of the POD modes
are represented by the associated POD temporal coefficients. The POD modes extracted from the
velocity vector fields yield an optimal representation of the flow field such that, for any given
number of modes, the two-norm of the truncation error between the original velocity data and the
projection of the original velocity data onto such modes is minimized88,89. In addition, the original
velocity fields can be approximated or reconstructed using the few lowest-order POD modes that
capture the highest amount of flow kinetic energy and the associated temporal coefficients. De-
tailed descriptions of the POD analysis can be reviewed in the works of88,89, and90. A brief review
of the snapshot POD of the velocity fields is provided here. A POD analysis of a given velocity
vector field u(x,0 ≤ t ≤ T ) (T is a finite time direction) can be described as

u(x, t)∼=
N

∑
k=1

ζk(t)ψ(x), (6)
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where N is the number of velocity snapshots, and ζk(t) and ψ(x) are the POD temporal coef-
ficients and POD basis functions, respectively. ψ(x) are computed as the eigenfunctions of a
two-point correlation matrixR(x,x′) defined as

R(x,x′) =
1
T

∫ T

0
u(x, t) ·u(x′, t)dt. (7)

It is common that the velocity vector fields obtained by experiments and numerical simulations
are discrete, and the snapshot POD method90 is usually used. In the current study, we applied the
snapshot POD analysis to the collection of TR-PIV velocity vector fields obtained from Regions
1, 2, 3 and 4 corresponding to Reynolds numbers of Re1, Re2, and Re3. First, a correlation matrix
is defined as

Ci j =
1
N

∫
u(x, ti) ·u(x, t j)dx, (8)

and the POD temporal coefficients and POD basis functions are computed as

Ψk(x) =
N

∑
i=1

αkiu(x, ti)ζk(t j) = N
N

∑
i=1

αkiCit j . (9)

In the above equations, coefficients αki are defined as

αki =
υk

i√
N ∑N

m=1 ∑N
r=1 υk

mυk
r Cmr

, (10)

where υk
i is the ith element of the eigenvector υk associated with the eigenvalue λk of the matrix

C. The correlation matrix C is built from instantaneous velocity snapshots, therefore, a derived
eigenvalue λk associated with a POD mode k represents the flow kinetic energy contained by that
mode.

B. Results from the POD velocity decomposition

The results from the POD analysis of the velocity fields obtained from the TR-PIV measure-
ments on Regions 1 and 2 in the MIR facility of randomly packed spheres are presented in Figures

TABLE III. Flow kinetic energy fractions contained in the low-order POD modes obtained from POD

velocity decomposition of the TR-PIV velocity vector fields for measurement Regions 1-4 and Reynolds

numbers of Re1, Re2, and Re3.

Mode 1 (%) Mode 2 (%) Mode 3 (%) Mode 4 (%)

Region Re1 Re2 Re3 Re1 Re2 Re3 Re1 Re2 Re3 Re1 Re2 Re3

1 56.6 54.3 55.3 2.39 1.80 1.94 1.44 1.58 1.46 1.25 1.41 1.12

2 64.3 62.6 60.5 2.31 1.47 1.71 1.65 1.18 1.36 1.36 1.11 0.98

3 74.4 70.9 69.9 1.20 1.14 1.20 1.14 1.02 0.86 0.84 0.77 0.78

4 64.6 60.4 61.3 1.60 1.41 1.29 1.36 1.29 1.12 1.27 1.19 1.10
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FIG. 12. POD analysis of the velocity fields obtained from the TR-PIV measurements on Region 1 for Re1,

Re2, and Re3. (a) Kinetic energy spectra; (b) cumulative energy. Low-order POD velocity modes, i.e., Ψ1,

Ψ2, Ψ3, and Ψ4, for (c) Re1 and (d) Re3. Color shows vorticity calculated from the corresponding POD

velocity basis function.

12 and 13. Results from the POD analysis on Regions 3 and 4 are not shown here, for the sake of
brevity. Figures 12-13(a-b) show the energy spectra and the cumulative energy from the POD anal-
ysis of the TR-PIV velocity fields for Re1, Re2, and Re3. The kinetic energy fractions contained
in low-order POD modes 1, 2, 3, and 4 are listed in Table III for different measurement Regions
1-4 and for Reynolds numbers of Re1, Re2, and Re3. For all four measurement regions, spatial
flow structures revealed by the first POD modes were found approximately equivalent to the time-
averaged velocity fields. Besides, the flow kinetic energy fractions of the first POD modes were
found to decrease when the Reynolds numbers increased. For Regions 1, 2, 3, and 4, the first POD
modes contained 56.6%, 64.3%, 74.4%, and 64.6%, of the total flow kinetic energy, respectively,
at Re1. However, when Reynolds number increased to Re3, the kinetic energy levels captured by
the first POD modes of Regions 1-4 decreased to 55.3%, 60.5%, 69.9%, and 61.3%, respectively.
Moreover, for all cases, the kinetic energy levels of the low-order POD modes 2, 3, and 4 were
less than 3%, resulting in the slow convergence of the cumulative kinetic energy. The total flow
kinetic energy levels contained in the first 100 low-order POD modes at Re3 were 87.2%, 89.2%,
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FIG. 13. POD analysis of the velocity fields obtained from the TR-PIV measurements on Region 2 for

Reynolds numbers of Re1, Re2, and Re3. (a) Kinetic energy spectra; (b) cumulative energy. Low-order POD

velocity modes, i.e., Ψ1, Ψ2, Ψ3, and Ψ4, for (c) Re1 and (d) Re3. Color shows vorticity calculated from the

corresponding POD velocity basis function.

91.6%, and 89.5% for Regions 1-4, respectively. The reduction of kinetic energy levels in the first
POD modes when Reynolds numbers increased and the slow convergence of the cumulative en-
ergy indicate that flow mixing at higher Reynolds numbers for flow regions 1-4 is highly turbulent
and the flow kinetic energy is widely distributed over many small-scale flow structures.

Figures 12-13(c-d) illustrate the in-plane components of the low-order POD modes 1, 2, 3,
and 4 obtained from the velocity decomposition for Regions 1-4 and for Re1 and Re3. It should
be noted that, in our POD velocity decomposition analysis, the POD spatial functions were non-
dimensional. The first POD modes revealed the flow structures to be statistically similar to the
mean velocity fields. For a given Reynolds number, the dominant flow structures depicted by the
higher-order POD modes had smaller shapes and sizes compared with those revealed by the lower-
order POD modes. Moreover, except for the flow structures shown by POD mode 1, the dominant
flow structures revealed by POD modes 2, 3, and 4 for each measurement region were not entirely
analogous. It is worth noting that the results obtained from the POD velocity decomposition also
showed that the statistically dominant large-scale flow structures extracted using the POD basis
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FIG. 14. Velocity reconstruction using low-order POD modes. Comparisons between the original instanta-

neous velocity snapshots obtained at Re3 and those reconstructed using different Nr low-order POD modes,

i.e., Nr = 5, 15, and 35 for (a) Region 1, (b) Region 2, (c) Region 3, and (d) Region 4 are shown. Color

shows vorticity calculated from the in-plane velocity components.

functions had approximately equal shapes and sizes as the vortical structures illustrated by the iso-
surfaces of vorticity shown in Figure 8. Such similarity demonstrates the capabilities of the two
approaches for visualizing instantaneous large-scale flow structures via Taylor’s hypothesis and
statistically dominant flow structures via POD analysis. This could allow for further comparisons
and validations between experiments and simulations that aim to study the 3D flow structures
contributing to flow mixing in randomly packed spheres.

Figure 14 illustrates the capability of performing reduced-order reconstructions using low-order
POD spatial modes and the associated POD temporal coefficients to reconstruct instantaneous
velocity fields for different measurement Regions 1−4, and at Reynolds numbers of Re1 and Re3.
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In Figure 14, the original velocity fields and vorticity contours are shown and compared with those
obtained from the low-order reconstructions using various Nr low-order POD modes, i.e., Nr = 5,
15, and 35. We found that the low-order reconstructed velocity and vorticity fields depict large-
scale coherent flow structures, which are considered to contain the most flow kinetic energy. In
addition, the flow reconstructed using higher numbers of POD modes revealed more flow details
with smaller-scale coherent structures. It was also seen that when Reynolds numbers increased,
it became necessary to use higher numbers of low-order POD spatial modes and the associated
POD temporal coefficients to reconstruct the velocity and vorticity fields with small-scale flow
structures. This can be explained by the distribution of flow kinetic energy over many small-scale
flow structures at higher Reynolds numbers, as previously illustrated in the plots of the POD energy
spectra.

The results obtained from the POD velocity decomposition allowed us to extract the coherent
flow structures obtained from the TR-PIV measurements at the transverse plane in the MIR facility
of randomly packed spheres. The POD spatial modes represent the large-scale flow structures that
are orthogonal, and their associated orders are normally ranked by the amount of flow kinetic en-
ergy each of them contain. Hence, the POD analysis is beneficial in studies that aim to characterize
flow structures associated with energy transfer between coherent large-scale structures to turbulent
eddies50. In the next section, we will apply POD analysis and its low-order reconstruction capa-
bilities to facilitate our study on identifying the vortices and their distributions in the measurement
regions along the transverse plane.

VI. Identification and distribution of vortices in the transverse TR-PIV measurement
plane

The use of Taylor’s frozen hypothesis made it easier for us to visualize the quasi-vortical struc-
tures within the spatial gaps of packed beds as previously discussed in Section III C. In this section,
we investigate the characteristics of these vortices, such as their populations, spatial distributions,
and circulations, extracted from the TR-PIV velocity vectors on Region 1, 2, 3, and 4 along a
transverse plane.

A. Overview of vortex identification using POD analysis

Several methods have been proposed to identify vortices for given velocity fields. Using results
from a DNS of isotropic turbulence,91 identified vortex structures based on vorticity magnitude.
However, this method was not able to separate flow regions induced by vortex cores and shear
motions. Later, more advanced and robust methods, such as the Q criterion92, the ∆ criterion93, the
λci criterion94, and the λ2 criterion95, were proposed to better distinguish the vortex cores against
shear motions96. To extract a projection of 3D vortices on 2D planar velocity fields, which are
typical for 2D2C PIV measurements,97 introduced a modified λci criterion, which is a 2D form
of the 3D velocity gradient tensor.98 applied a pattern recognition method to identify vortices in
their PIV velocity fields based on a referenced eddy structure with Gaussian damping.99 proposed
a method based on a triple decomposition of motion, which was further enhanced by100. This
method calculates a rigid-body-rotation vorticity, which acts as the local measure of vortex-related
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vorticity and is able to separate the swirling motions of vortices from pure shearing motions.
Detailed discussions and comparisons of various vortex identification methods can be reviewed in
the works of99 and96.

In the current study, we employed the approach proposed by101 to perform statistical analysis
on a collection of PIV instantaneous velocity vector fields, and gained statistical information on
the locations and circulations of vortical structures. This approach combines POD analysis and
vortex identification algorithms. Details of this approach can be reviewed in the works of101, and
only brief information is provided here.

In their study,101 the authors first performed POD analysis on PIV velocity vector fields ob-
tained from a swirling flow in a circular duct, and used the low-order POD spatial modes and POD
temporal coefficients to reconstruct the collection of instantaneous velocity snapshots. This al-
lowed for the separation of large-scale flow structures, i.e., energy-containing eddies and revealed
by the low-order POD modes, from the small-scale flow structures. The identifications of vortex
centers and vortex cores were then performed on the low-dimensional reconstructed PIV velocity
vector fields as follows. For a given fixed point P in the measurement domain, the non-dimensional
scalar function Γ1 at P is defined as

Γ1(P) =
1
N ∑

S

(PM∧UM) · z
∥PM∥ · ∥UM∥ =

1
N ∑

S
sin(θM) (11)

where S is a 2D area surrounding P, point M is within S, z is the normal vector of the measurement
region (∥z∥ = 1), N is the number of points M inside S, and θM represents the angle between
velocity vector UM and radius vector PM. |Γ1| has maximum value of 1 and reaches values ranging
from 0.9 to 1 near the vortex center, which allows us to identify the center of vortical structures
based on a threshold calculation101.

Considering the local convection velocity ŨP around point P, the vortex boundary identification
can be derived as

Γ2(P) =
1
N ∑

S

[
PM∧

(
UM −ŨP

)]
· z

∥PM∥ ·
∥∥UM −ŨP

∥∥ (12)

where ŨP = 1/S
∫

SUdS. For a 2D incompressible velocity field,101 discussed that |Γ2| is Galilean
invariant, and is a local function depending only on Ω and µ , where Ω is the rate of rotation tensor
corresponding to the anti-symmetrical part of the velocity gradient ∇u, and µ is the eigenvalue of
the symmetrical part of ∇u.101 have shown that in the region where the flow is locally dominated
by rotation, i.e. |Ω/µ > 1|, |Γ2 > 2/Π|, which was chosen as a threshold to define the vortex core
region and used to estimate the area and circulation of detected vortices.

B. Results and discussions on vortex characteristics

We applied the combined approach briefly described above to the collections of TR-PIV instan-
taneous velocity vector fields acquired at Regions 1, 2, 3, and 4, and for three Reynolds numbers
Re1, Re2, and Re3. For each measurement region and each Reynolds number, the statistical infor-
mation of the vortices was analyzed from Nmax = 21,834 velocity vector fields. The POD analysis
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FIG. 15. (a) Locations, sizes, and strengths (color scale) of the identified vortices computed from the TR-

PIV instantaneous velocity vector fields at Re3 along Regions 1, 2, 3, and 4. (b) Histograms of the flow areas

covered by the vortices identified along Regions 1, 2, 3, and 4.

was performed on the collections of instantaneous velocity snapshots. The obtained low-order
POD spatial modes and POD temporal coefficients were then used to reconstruct the velocity
snapshots. It should be noted that the numbers of low-order POD modes were selected for the
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reconstruction to capture 99% of the total kinetic energy of the flow. Vortex identification was per-
formed on the reconstructed velocity snapshots to extract vortex spatial distributions, circulations,
areas, and populations on measurement Regions 1, 2, 3, and 4.

Figure 15 illustrates the distributions of vortices identified from the TR-PIV instantaneous ve-
locity vector fields at Re3, respectively, and along Regions 1, 2, 3, and 4. In these figures, the
location and the size of vortices are overlaid on the mean velocity vector fields, while the color
scale depicts vortex strengths. In addition, histograms were used to represent fluid areas covered
by the vortices identified along each measurement region. Table IV summarizes the statistical in-
formation computed from the detected vortices on each region and for various Reynolds numbers,
such as the total counts of identified vortices, NΩ, vortex population, NΩ/AF (AF is the flow area
at each measurement region), normalized mean and standard deviation of vortex area, i.e., µA/d2

p

and σA/d2
p, and normalized mean and standard deviation of vortex strength, i.e., µΓ/(dpUm) and

σΓ/(dpUm). It should be noted that the mean and standard deviation of vortex strength were com-
puted from the absolute strength values. It can be observed that when comparing the vortex statis-
tics on different measurement regions for various Reynolds numbers, Region 1 had the highest
number of detected vortices, which also had the greatest values of mean and standard deviation of
vortex area and of vortex strength for Re1, Re2, and Re3. This could be explained by the fact that
Region 1 had the largest spatial gaps between neighboring spheres and the enclosure wall and the
spheres, which allowed for the transportation of vortices crossing those areas. On the other hand,
Regions 2, 3, and 4 had smaller spatial gaps that conformed vortices into smaller sizes, yielding
lower values of the mean and standard deviation of vortex areas and strengths. For all measure-
ments in all four regions, an increase in Reynolds number did not cause a significant change in
the number of identified vortices, i.e., less than a 5% difference between the numbers of detected
vortices in each region. When the Reynolds numbers increased from Re1 to Re3, the values of the
normalized mean and standard deviation of vortex strengths at Region 1 were found to increase,
while those values at Regions 2-4 were decreased. At Region 1, the mean and standard deviation
of vortex area increased as the Reynolds number increased, while those values seemed to decrease
for the other regions. Further investigation complemented with flow measurements of the 3D vor-
tical structures would be essential to explain these observations. The scatter plots of the identified
vortices along various measurement regions shown in Figure 15(a) confirmed our discussions in
the previous section about the dependence of the density distributions and the sizes of instanta-
neous vortices on the local spatial gaps. There are several areas distributed in Regions 1, 2, 3, and
4, however, very few vortices were identified. A majority of vortices were found in the large gaps
formed between spheres and between spheres and the enclosure wall, where the shear layers were
created and evolved; or where jet/channel flows from neighboring gaps tended to merge within
such areas.

The presented approach is an attempt to develop a means for characterizing the statistical char-
acteristics of vortex distributed in various pore sizes of randomly packed beds. This approach can
provide an alternative mean to evaluate the performance of high-fidelity numerical simulations,
such as LES and DNS, against experimental measurements, such as PIV experiments, via compar-
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isons of statistical characteristics of vortices, such as their populations, spatial distributions, and
strength, that are extracted from various pore-scales. On the other hand, the obtained results could
be used to construct flow parameters for modeling transports in packed beds that take into account
the complex localized flow fields within pores, i.e., represented by vortex characteristics.

VII. Summary

The focus of this study is to investigate the flow mixing characteristics in a cross-flow plane
and the bypass flows, i.e., flows between the enclosure wall and spheres, of randomly packed
beds. TR-PIV measurements were performed on a transverse plane of a MIR facility of randomly
packed spheres with an aspect ratio of 6.3 for three Reynolds numbers ranging from turbulent
transition to fully turbulent flow for packed beds. The instantaneous and mean velocity fields in
the transverse plane revealed swirling flow structures aligned with the axial flow. The random dis-
tribution of porosity within the packed spheres created various flow patterns including a strong
bypass flow near the spheres and the enclosure wall, and a recirculation flow region formed by the
interactions of the bypass flow ejecting into large spatial gaps. The peak values of u′rms and v′rms

were found to increase approximately at the same ratio as the increase in Reynolds number. More-
over, the increase in magnitudes of the Reynolds stress profile, u′v′, with the increase in Reynolds
numbers indicates the presence of recirculation region and shear layers between spheres. The two-
point cross-correlations of the fluctuating velocities were computed and analyzed to investigate the
characteristics of flow mixing in different spatial gaps between spheres and flow regions in packed
beds. It was found that the increasing the Reynolds numbers from Re1 to Re3 did not strongly af-
fect the estimated integral length scales, except for those in Zone 5, where yLy decreased from 2.58
mm to 1.98 mm. The integral length scales computed for Zones 1 and 2 near the enclosure wall

TABLE IV. Statistical results of vortices identified from the TR-PIV velocity vectors on Regions 1, 2, 3

and 4 for three Reynolds numbers Re1, Re2 and Re3. The values shown here are the total counts of detected

vortices, NΩ, vortex population, NΩ/AF (AF is the flow area), the normalized mean and standard deviation of

vortex area, i.e., µA/d2
p and σA/d2

p, respectively, and the normalized mean and standard deviation of vortex

strength, i.e., µΓ/(dpUm) and σΓ/(dpUm), respectively.

Region 1 Region 2 Region 3 Region 4

Re1 Re2 Re3 Re1 Re2 Re3 Re1 Re2 Re3 Re1 Re2 Re3

NΩ 39292 38449 39834 30657 29262 29237 26820 25828 25469 29974 29450 28807

NΩ/AF 43.98 43.04 44.59 48.06 45.87 45.83 38.73 37.30 36.78 36.48 35.84 35.06

µA/d2
p 0.021 0.022 0.025 0.015 0.013 0.013 0.017 0.016 0.015 0.016 0.015 0.015

σA/d2
p 0.010 0.011 0.012 0.007 0.006 0.006 0.006 0.007 0.007 0.007 0.007 0.007

µΓ/(dpUm) 0.349 0.372 0.401 0.309 0.267 0.248 0.335 0.313 0.292 0.260 0.250 0.240

σΓ/(dpUm) 0.141 0.169 0.175 0.128 0.110 0.098 0.122 0.123 0.115 0.112 0.106 0.106
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were greater than those obtained for flow regions far from the wall, indicating the effects of bypass
flow. The 3D vortical structures, which were reconstructed using Taylor’s hypothesis, showed that
the shear layers created from the small gaps of the bypass flow were stretched, then broke into
smaller structures and evolved as vortex pairs when entering the larger neighboring gaps.

The POD analysis was applied to the TR-PIV velocity snapshots to extract the dominant flow
structures that have important contribution to the flow mixing of packed beds. Results from the
POD analysis of velocity fields in Regions 1, 2, 3, and 4 showed that the first POD modes con-
tained 56.6%, 64.3%, 74.4%, and 64.6% of the flow total kinetic energy for Re1, and reduced to
55.3%, 60.5%, 69.9%, and 61.3% for Re3, respectively. The kinetic energy levels of the low-order
POD modes 2, 3, and 4 were less than 3%, and the energy levels contained in the first 100 low-
order POD modes at Re3 were 87.2%, 89.2%, 91.6%, and 89.5% for Regions 1 to 4, respectively.
The reduction of kinetic energy levels in the first POD modes and the slow convergence of the
cumulative energy at higher Reynolds number indicated that flow mixing in the transverse plane
is highly turbulent and the flow kinetic energy is widely distributed over many small-scale flow
structures. Finally, a combined approach consisting of POD analysis and vortex identification to
identify vortices from the TR-PIV velocity vector fields was adopted to study their characteristics,
such as populations, spatial distributions, and strengths. It was found that the measurement Region
1 had the highest number of detected vortices, and the highest values of the mean and standard
deviation of vortex area and strength because of its large spatial gaps, which allowed for vortex
transportation in this region. Furthermore, we found that the increasing the Reynolds number did
not yield significant changes in the vortex population, whereas the means and standard deviations
of vortex strengths in Region 1 increased and those values at Regions 2-4 decreased. The approach
presented in this study to characterize the vortex statistics within randomly packed beds could be
used to access the performances of numerical simulations against experimental measurements. The
obtained statistical characteristics of vortex for various pore sizes could also be used to construct
flow transport models in packed beds.
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