E I P | This manuscript was accepted by Phys. Fluids. Click to see the version of record. |

PublishiEgperimental investigation of cross flow mixing in a randomly packed bed and
streamwise vortex characteristics using particle image velocimetry and proper
orthogonal decomposition analysis
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DDepartment of Nuclear Engineering, Texas A& M University
2 Department of Mechanical Engineering, Texas A& M University

Study of flow and heat transfer through porous media or rafidomly packed beds is impor-
tant as these configurations are widely used in many engifigering applications, for example
heat energy storage, chemical catalytic reactors, andfnugleargeactors. The flow mixing
characteristics in a cross-flow plane of a facility withwandemly packed spheres at an as-
pect ratio of 6.3 were experimentally investigated. The velogity fields at several regions of
the cross-flow plane located in the vicinity of thetwall 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 flgw patterns in the transverse plane of the packed
spheres, including swirling flow structuges aligfied 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 spatialigap. When the Reynolds number was increased, the peaks

/

/
vms and v

of root-mean-square fluctuating veldcities, u s>

were found to increase approx-
imately at the same ratio as ‘théunctease in Reynolds number, and the magnitude of the
Reynolds stress increased, congiderably. In addition, the characteristics of flow mixing in
different flow regions were 1hyestigated via the two-point cross-correlation of fluctuating
velocities. Using{Taylorés hypothesis, the vorticity iso-surfaces were constructed. Thus
constructed isp“surfaces showed that shear layers generated from the bypass flow gaps
were stretchedybroken into smaller flow structures, and then evolved as vortex pairs when
entering theweighbering gaps. The results obtained by applying proper orthogonal decom-
positiol (POD) “analysis to the velocity fields showed that the statistically dominant flow
strugtures 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 varigusfspatial regions and Reynolds numbers were obtained by a combination of POD
analysis and vortex identification.
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(.)  time-averaged operator
w vorticity (s~ )
N absolute difference between the statistics

n separation length (mm)
ur, or mean and standard deviation of vortex strength (mm?/s) /

Ua, 04 mean and standard deviation of vortex area (mm?) 3\
Hpey dynamic viscosity of p-cymene (Paxs)

Vpey  kinematic viscosity of p-cymene (m?/s) \

Q. vorticity in z-direction ‘)

Ppey  density of p-cymene (kg/m?) -~ e

T time delay (s) 3

Ru.0,Rv0 velocity-velocity spatial cross-correlationfcoeffic

Ry, R,, velocity-velocity spatial-temporal cross- oLati(ﬁ’Dcoefﬁcients

Re Reynolds number

| -
& porosity \\
N

D bed diameter (mm)
dy effective hydraulic diameter (m \
dp sphere diameter (mm) \ ~

number of samples

f sampling frequency (Hz)
L,,L, integral length scales (n‘d\\\
N

Ngo  counts of detected ices

U,V time-averaged veloeities (fn/s) along x and y directions

u',v' fluctuating velOcitigs ( along x and y directions

Un interstitia;)élom

U, superficial veloeity (m/s)
x,y  xand @directl ns in the transverse plane
I. Introduction

télding of the physics of fluids inside random porous media or randomly packed

beds iSvery 1§1p0rtant because they are widely used in many diverse engineering applications”.

heat storage systems, cooling and/or heating of granular materials”, chemical cat-
alytic reabtors for processing and distillation, ground water contamination and remediation®, water
ﬁgt&atlon in soil®, contamination plumesﬂ, oil recoveryﬂ‘g, magnetic refrigerators, fuel cells™,

frient transport through mammalian tissues™, and nuclear reactors. Other engineering applica-
tions of flow in porous media can be reviewed in the works of 2,7 and™.

Flows in porous media and randomly packed beds exhibit a wide spectrum of complex flow
structures continuously evolving in space and time™, 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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Publishiages from the complex geometries and randomly connected void spaces within randomly packed
beds, i.e., the structures of heterogeneous media ', 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 comménly used in the synthesis
of basic chemicals and intermediates at large scales using gaseous rgactants, 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 critidal 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-paeked beds with pebble diameters rang-
ing from 6 mm to 30 mm, i.e., the size ranges thatare most commonly found in the engineering

applications mentioned above®* -1

, there arg various pore sizes ranging from a few millime-
ters to less than 1 mm™™"™_ Confining wall effectS«aiid inhomogeneous porosity within the bed
make flow mixing and thermal transfers within the-wvoid spaces very complicated. Various flows
regimes, i.e. from laminar to turbulent\orwice versa, may occur within the gaps; heat and mass
transfers in packed bed systems mdy, be lecally enhanced and/or reduced. Hot spots and thermal
fatigue have been observed on the sur{aces 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 perous 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 fowestimating/the global scale effects, it inherently neglects details associated
with the complex lotalized flow fields within individual pores. The macroscopic processes that di-
rect material tran§pOx( in porous media are manifestations of the interplay between flow behaviors
spanning an imcredibly broad range of length scales from macroscopic to individual pore levels.
Dispersionfor example, emerges as a consequence of the cumulative effects of microscale phe-
nomena, fncluding mixing caused by solid obstructions in the flow path, incomplete connectivity
of the mediunyeddies in the medium, and recirculation caused by local pressure gradients. Based
upon volume ‘averages of microscale parameters, the macroscopic picture obscures the underly-
ing transporé-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 of >, ™ 20 %0 22 and™ . 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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PubliShiIWgV s 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) approaches”. For instance, the RANS simulations of*> and“® consisted of the
temporal-volume averaging process of the extended Darcy-Forchheimer model equations. On the
other hand,”" and”® employed macroscopic turbulence models based/£n 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) of™?, fhe high-resolution simulations
of a single face or multiple cubic centered pebble bed using large-eddy simulations (LES) of™",
and the quasi-DNS of % and**",

Because of the complex geometries of packed bed systems;exXperimental 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 approdeh and laser-based techniques. For ex-
amples, readers can review the previous experimental studies of*®,*?, and™® for their laser-Doppler
anemometry (LDA) measurements (single-point megasugenient technique); the two-dimensional
two-component (2D2C) planar particle tracking velogimetry (PTV) velocity measurements in
packed beds of ™, *'* and™; the 2D2C particlg image velocimetry (PIV) measurements in the
studies of*3,*4 #3 #6488 B9 and®: and the twe-dimensional three-component (2D3C) stereoscopic
PIV measurements of>" and®”. It is known«that complex geometries of packed beds have presented
challenges to experimental, numeri¢al anditheoretical 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 volume4averaging of flow parameters for better and more accurate flow predic-
tions.

The focus of the/presént study is to investigate the flow mixing characteristics in a cross flow
plane of a facility ofiyandomly packed spheres at an aspect ratio of 6.3 and Reynolds numbers
of Re; = 7004Re>"= 1,200, and Rez = 1,700. The considered Reynolds numbers covered a range
of flow conditions from turbulent transition to fully turbulent flow for packed beds***?. Velocity
measurementsdwere performed on a transverse plane by combining the approaches of the matched-
index-Of-refractiofi (MIR) and time-resolved particle image velocimetry (TR-PIV) techniques.
This cembined 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 sizes™ 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 expe %ty of randomly packed spheres and the TR-PIV experimen-

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

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

AT
%&on within the flow gap. These features of bypass flow have been consid-
ered an importang issue related to the flow and heat transfer capabilities, and efficiency of not only

pebble bed reaétors™, but also of other advanced reactor designs, such as prismatic reactors>* >,

large circulati

e /

Th&s‘t:} this paper is structured as follows. The MIR experimental facility of randomly

pécked s s and the TR-PIV experimental setup for velocity measurements on the transverse
plane are presented in Section M. The statistical results computed from the TR-PIV measurements

}?di{cussed in Section [, while the visualization of vortical structures using Taylor’s hypothesis
18presented in Section MI'A. An analysis of the two-point velocity cross-correlation is discussed in
Section [V, and the velocity decomposition using proper orthogonal decomposition (POD) analy-
sis to extract the statistically dominant flow structures is presented in Section M. In Section V1, we
describe vortex characteristics, such as populations, spatial distributions, and strengths, by apply-
ing the POD analysis and vortex identification.
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Publishimg 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 [(a). The flow loop
consisted of a 100-liter storage tank, a primary centrifugal pump connected te,a variable frequency
drive to control the flow rates, a Coriolis flow meter, and a transpagent'test section of randomly
packed spheres. The fluid flow from the tank was driven by the pump to eater the inlet pipe and the
test section, exit, and return to the tank. The test section, which*had awotal axial length of 457.2
mm, had a hexagonal enclosure and a circular interior cross-seetion with a diameter of 139.7 mm.
The test section and the spheres were made of transpatent poly-methyl methacrylate (acrylic),
which had the same refractive index (n = 1.49) of the operating/fluid, named p-cymene, at room
temperature (20°C). The p-cymene had a density, Pjes0F855 kg:m~3, and a dynamic viscosity,
Lpey, of 8.1-107* Pa-s™ . Figure M(c) shows the pripciple ilea of the MIR approach that we ap-
plied to build the experimental facility of randomly paeked 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 nen-intrusive, laser-based, optical measurement
techniques, such as the PIV technique‘in“the present study, to quantify the displacement of fluid
elements™®. A number of researchefs have §uccessfully used p-cymene as the fluid for their MIR
experimental facilities which allows fer ngn-intrusive velocity measurements via laser-based tech-

niques, i.e. LDV and PIV techniqueS;such as using a column of dispersed beads"®, packed beds

42,45 NY<AT

of spheres , and bundles-of rods

In the current study, weused Spheres with a diameter of d, = 22.2 mm, yielding a bed-to-bead
ratio of D/d, = 6.3, afid a porosity of &, = 0.395. For flows in packed beds, the effective hydraulic
diameter, dj, is estimated by

€p
dy=d 1
h P 1 _ gb’ ( )
and the modified Reynolds number is defined by
Re = PpcyUmdh/.upcy, (2)

wheze U, is the dynamic viscosity of the operating fluid and, Uy, is the interstitial velocity, which
i1Sthe characteristic velocity within the spatial gaps between the spheres. The averaged bed velocity
Uy (or Upqrey velocity) is calculated by Uy = Q/Apeq, Where Q is the volumetric flow rate and Ay
is the total cross-sectional area of the bed. The interstitial velocity U,, can be estimated from
the averaged bed velocity by U,, = U,/¢€,. 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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PublishiBg TR-PIV experimental setup

Figure [M(a) illustrates the experimental setup for the TR-PIV measurements in the facility of
randomly packed spheres, whereas Figure [i(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 A = 532 nm) and a Phantom Fastcam SA5 camera withfa full 12-bit depth image
resolution of 1,024 x 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# 2-mm-thiek 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 onsthree-axis motorized linear
translation stages. The seeding particles were hollow glass“sphefes with a mean diameter of 10
um and a density of 1.6 g/cm? that were pre-mixed infthé*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 4yas Captured by the camera to create an image.
A sequence of images was then captured and dnalyzed using PIV cross-correlation algorithms to
obtain the particles’ displacements.

In the TR-PIV measurements made in the fransverse plane, four measurement regions, denoted
as Regions 1, 2, 3, and 4, illuminated @y«the laser sheet as shown in Figure [i(b). The transverse
plane had an altitude of 838.2 mm fgom the ifilet pipe or 419.1 mm from the entrance of the test sec-
tion. The origin of the coordinate systemayas,established at the center of the circular cross-section,
where the x and y coordinates repiesent in-transverse plane directions. In this study, velocity mea-
surements were performed at Reynolds numbers of Rej, Res, and Re3. The camera operated at
speeds of 1,000, 1,500, aad 2,000 frames-per-second (fps) for velocity measurements at Reynolds
numbers Re;, Rey, and Res, sespectively. We followed the suggestions of®” and™ to identify the
camera operating frame dtes that yielded small enough time-intervals between two successive im-
ages and resulted@inQut-of=plane particle displacements less than one tenth of the laser thickness.

TABLE I. Estimated uncertainties, ege,, €gre,, and eg,,, for the statistical results obtained from the TR-PIV
measurements*@n Régions 1, 2, 3 and 4 at Reynolds numbers Re;, Re,, and Res, respectively. The values

shown'here ar¢imaximal and normalized by the interstitial velocity U,,,.

U/Uy (%) V /Uy (%) | Uys/Un (%) | Vs /Un (%) | t/V /U2 (%)

€Re | €Rey | €Res | €Rey | €Rey | €Res | €Rey | €Rey | €Rey | €Rey | €Rey | €Res | €Rey | €Rey | €Res
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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Publishiﬁ(g‘ 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 «’ 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 code®-®. The robust
phase correlation algorithm® 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 motion®®. The PIViprocessing consisted of three
passes, which started with an interrogation window of 64 x 64 ‘pixelssand ended with an inter-
rogation window of 32 x 32 pixels. The initial and final itegations had a 50% and 75% window
overlap, respectively, yielding the final total of 127 x 127 vectors with-a gap spacing between two
adjacent vectors of 0.34 mm. The particle displacementsfinitially 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-correlationtnap with a Gaussian peak fit for subpixel
accuracy™. Vector validation was performed using,a medidn filter™’ to remove spurious vectors
and then fill in the blanks via interpolation.

1. Estimated uncertainties of TR-PIV nieasurements

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 oversthe'number of velocity vector fields, was less than 2%.
The performance and uncertainty«Qf'the PRANA code have been thoroughly evaluated in the stud-

0

ies of®® 59 M and™, 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 by’ to estimate the ex-
perimental uncertaifities, e, for the first and second order statistical quantities, including mean
velocities, root-meanssquare. (RMS) fluctuating velocities, and Reynolds stress components. Be-
sides, the expériniental tmcertainties estimated for the Reynolds numbers of Rej, Rey, and Re3
were denotéd as'eg,,, ere,, and ege,, respectively. Table [l summarizes the estimated uncertainties
of the stdtigtical restits obtained from the TR-PIV measurements on Regions 1, 2, 3 and 4 for
variou§ Reynolds/mumbers. The uncertainties given in Table [l are the maximum values normal-
ized by the interstitial velocity U,,. It can be seen that for any region considered in this study, say
for e.g. Region 1, the estimated uncertainties ege,, €ge,, and eg.,, corresponding to Rej, Re;, and
Rexhave shown the trend of increase with increase in Reynolds numbers. Overall, the estimated
uneertainties of the mean velocities were less than 2%, while those of the RMS fluctuating veloc-
itics and Reynolds stress were less than 1%. In the studies of = and”, 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 stati ti(gl-resﬁ-l), i.e. U/Un, V /Uny Wopns/Ums Vigns/Unms
and u'v' /U2, obtained from TR-PIV measurements on iofis 1, 2, 3, and 4 for Re, Res, and Res. For

each Reynolds number, heights and colors of the bar‘graphs represent &y, /U, values computed using

N; = 5,000, N, = 10,000, and N3 = 15,000 os-i.t.;wshots, respectively. Values computed for Regions
1 and 2 are summarized in Table M.
\ <
III. Results from the TR-PIV m rements
A. Convergence of the statisti Wt from the TR-PIV measurements

For the velocity measurements at €ach measurement region shown in Figure [(b) and for each
studied Reynolds numbef a totakof N, = 21,834 instantaneous velocity vectors were obtained
from the TR-PIV meaSuremengs that could be used to compute the flow statistics. In this section,
we assess the cor?’rg es o?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 .CW%S,OOO (N1); the first 10,000 (N,); the first 15,000 (N3), and total (Nqx).
For these assessménts, we followed the comparative approach discussed in the works of®’, and®’
by defini 8]/] . €N, and gy, as the absolute differences between the statistical results computed
using N1, 'NV,, 3 velocity snapshots and those computed using the entire set of velocity vector
Lc., N,%. In addition, &y,, €y,, and &y, are defined as the spatially averaged values of the
ing differences over all grid points in the PIV velocity fields. This can be expressed as

. 1 ¥
\ En; = A—/[i; | (Si)n, = (Si) g | 3)

where j = (1,2,3), M is the number of spatial points in the PIV velocity fields, and S; represents the
first- and second-order statistical results computed using the corresponding sets of Ny, N,, N3, and
Niax velocity snapshots. The bar graphs in Figure D illustrate the normalized values of €y, , €y,, and
€y, computed along measurement Regions 1, 2, 3, and 4 for the TR-PIV statistical results, i.e., U,
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PublishiWgi, g Vims> and u’v'. In addition, Table I summarizes the values of &, /Uy, &, /Un, and &, /Uy,
tor the mean velocities, and RMS fluctuating velocities obtained from the TR-PIV measurements
along Regions 1 and 2 for Reynolds numbers Rej, Re;, 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, ..., V..., and o v/, were assessed for TR-PIV velocity snapshots obtained
at three Reynolds numbers Rej, Res, and Re3. For each Reynolds ndiber, values of &y, /U,
&, /Un, and &y, /U, were accordingly illustrated by the colors and heights'ef bars. It can be seen
from Figure [ and Table [ that for any specific Reynolds number and stafistical quantity, values of
€Ny, En,, and €y, decrease considerably when the number of velocity, snapshots applied to calculate
the statistical results increase from N to N3. Similar assessméntsion the convergences of the TR-
PIV statistics obtained from Regions 3 and 4 were also perforgied:“¥hose results are not shown
here; however, we observed the similar trends in the convergencg of.the TR-PIV statistical results
when the number of velocity vector fields increased. Furthermbore, the values of &y, /U, were
found to be less than 1.2% for all the flow statistics ¢omputed along Regions 1, 2, 3, and 4 and for
all three different Reynolds numbers considered inwthis study. This confirms the convergences of
statistical results obtained from the TR-PIV velogity méasurements. The TR-PIV statistical results
presented hereinafter were computed using all'of thewavailable velocity snapshots, Ny

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, obtaingd«rom, the velocity measurements on Regions 1, 2, 3, and 4
for three Reynolds numbers Refy Reg, and Res.

TABLE II. Convergences Of the statistical results obtained via the TR-PIV measurements computed on
Regions 1 and 2 for Ref, Re,, and Res. €y, €y, and &y, are the spatially averaged values of the absolute
differences between the statisticalresults computed using Ny = 5,000, N, = 10,000, N3 = 15,000, and N,

velocity snapshots.

Region 1| &y, (%) &, (%) | & ju, (P) | & v, (%)

Ni | N N3 [Nl | N | N3 [ Ni | Ny | N3 | Ny | Ny | N3
Re; |2.81(1.85|1.11(3.01|1.77{1.11|1.69{1.07|0.76|1.76|1.21|0.80
Rer, |3.25/1.53|0.91|3.67|1.91|1.17(1.71]0.96]0.58|1.64|1.00|0.62
Res; 12.53/1.68|1.05/2.91/1.69|1.18(1.49(0.95/0.56{1.59(0.89(0.58

Region2| &0, %) | &0, B | &y @) | &, (B
Ni | Ny | Ns | Nt | Ny | Ns | Nt | Ny | N3 | Ni | Ny | N3
Re; 2.49(1.45(0.96|2.69|1.40/0.89/1.53|0.85|0.48(1.55(1.01(0.58
Rer 12.51(1.43]0.98(2.51{1.52{1.02/1.49|0.88|0.47(1.59(0.87[0.58

Re; [2.66|1.59]0.87|2.91|1.73|0.97|1.28|0.83|0.45|1.37]0.93|0.51

10
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FIG. 3. Results from the TR-

4 for Re;. Instantaneous ve

IV measurements on (a) Region 1, (b) Region 2, (c) Region 3, and (d) Region

ity vectors (m/s) and the color contour of the velocity magnitude values (m/s)

are shown. Coordinates/Of syw ’ ¢enters are indicated.

ys V.
Figure B 1 sﬁ?mnstantaneous results, including the velocity vectors and velocity mag-
nitude contéurs,«@btained from the TR-PIV measurements on Regions 1, 2, 3, and 4 for Re;. It
can be seén frdm thé'instantaneous in-plane velocity vectors shown in Figure B that the flow pat-
terns if the tr. Vése plane are very complex and reveal swirling structures aligned with the main
axial flow (z—girection). The main flow is perpendicular to the cross-sectional plane along which
te measurements were made. In Figure B, the mean velocity vector fields and color contours of

ean)relocity magnitude values obtained from TR-PIV measurements in Regions 1, 2, 3, and

e\i ustrated. Because the spheres were randomly packed within the test section, the spatial
s between the neighboring spheres, and between the spheres and enclosure wall varied from
0 t0 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 (x, = —55,y. = 1), and the wall, the flow seemed to
be stagnant within the gap of the neighboring sphere at (x, = —52,y. = 16) and the enclosure

11
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FIG. 4. Mean in-transverse p
values (m/s) computed fro

de-sampled for better visibility. Coordinates of spheres’ centers are

en this strong bypass flow was ejected into a larger gap created by the wall
s, namely those at (x, = —39,y, = —10) and (x, = —49,y. = —25), it in-

and two ather /sph
e gbunter bypass flow in the opposite direction, indicated by a low-velocity zone

teracted wit
near the wall: acent to this low-velocity zone, a re-circulation flow region was created because
thé bypa s deflected and entered the large spatial gap. As shown in Figure B, different flow
patterns §ccurred in other spatial gaps with approximately equal sizes. For example, within the

of (=45 < x < —20,—35 < y < —20) created by a cluster of spheres, two strong flows in the
~gda%s?érse plane impinged on the sphere at (x, = —24,y. = —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 B(a-b) displays the first-order statistics, i.e. mean velocity vectors and color contours of

12
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FIG. 5. Experimental result :% TR-PIV measurements in the facility of randomly packed spheres for
Re; (a)-(c) and Res (b-d). R?ult m Regions 1, 2, 3, and 4 are adjoined for larger field of views. (a)-(b)
Mean velocity vectof ( ndﬁelocity magnitude contour (m/s), (¢)-(d) RMS fluctuating velocity, .,

(m/s).
.)

magnitude values, whereas Figure B(c-d) illustrate color contours of the second-order
statistiesyd.e 7 RMS fluctuating velocity ul.s- The RMS fluctuating velocity v}, and Reynolds
'y ar%shown in Figure B. In Figures B and B, the TR-PIV experimental results obtained
from*Regi 1, 2, 3, and 4 were adjoined to obtain a larger field of view and are presented for
R nolds}numbers Re| and Res. It can be seen in Figure B that the time-averaged velocity fields
‘sbilin rom Re; and Rej; showed similar flow structures. Moreover, the color contours of the

ulénce statistics obtained from the TR-PIV measurements for low and high Reynolds numbers

shown in Figure B(c-d) and Figure B(a-b) revealed similar flow maps.

We noticed that as the Reynolds number increased, the color contours of u/,,, and v,,, . were

more widely distributed and had higher magnitude peaks. For instance, the color contour of u/,,,

at Re; depicted peak values of 0.024 m/s and 0.021 m/s for the flow regions within the gaps

13
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Itswobtained from the TR-PIV measurements in the facility of randomly packed

"‘ ‘30'20"[0 I ' S0k "‘ ‘._..-.' ..... - | I PR
X (mm) \ X (mm) (d)

spheres for Re; (a)-(c
field of view. (a)-(l?/ﬁM

N

of (—60 < ,—20 <y < —10) and (—50 < x < —40,—40 < y < —30), respectively. At
higher R%n ber Res, the peak values of u),,. within these flow gaps were 0.062 m/s and
r
3

Results from Regions 1, 2, 3, and 4 are adjoined to obtain a larger

0.052 edfvely. Similarly, within the flow gaps of (—40 < x < —30,20 < y < 30) and
(—45% x < ,—30 < y < —20), the v}, contours respectively showed peak values of 0.017

s and O« m/s at Rey, while they depicted higher values of 0.044 m/s and 0.056 m/s at Re3.
It note§ that the peak values of «,, . and v/

rms rms

\-0.90 as‘the increase in Reynolds number.
In the color maps of «'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-

were found to increase approximately at the same

positive values of «’v/, whose magnitudes considerably increased at higher Reynolds numbers.
In the LES simulations of"’, 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

14
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FIG. 7. Visualization of vortical structures by applying Faylor ()hesis to the TR-PIV velocity mea-

surements on Region 1 for Re;. (a) Reconstructed quasi-istantangous 3D velocity vector fields, (b) quasi-
instantaneous 3D vortical structures identified by iso-surfaces @fnormalized z-vorticity, Q. x d,,/U,,. Posi-

tive (red) and negative (blue) iso-surfaces corres@ rmalized vorticity values of £6 are shown.

velocities and Reynolds stresses, in the surro%nghid regions. In addition,™” discussed that hot
%pa,ga‘tl ns and circulations occurred.

spot regions could be created where flo

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

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

In Taylor’s fr oW othe31s vortical flow structures are assumed to remain unchanged as
nstream

8. Uses of Taylor’s hypothesis to reconstruct vortical structures can be
§ of 8 1 I8

they move do
andE" In those studies, qua51 -instantaneous volumetric velocity

U, is the'eonveetion velocity within the packed beds. In this study, following the approach used in
these previousistudies, we used the flow transformation in the z-direction with a uniform convective
vélocity s that z* = U,t, where ¢ is the time interval between the first and a given velocity
snapshot in the time-resolved velocity vector fields.
i.alre [I(a) illustrates the 3D quasi-instantaneous velocity vector fields built by applying Tay-
's hypothesis to the TR-PIV measurements on Region 1 for Re;. The volumetric velocity
fields were built from 150 instantaneous PIV velocity snapshots and the convection velocity of
U, = 0.6U,,. 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) method®”, which has been proposed for post-processing PIV vector fields®”. The vortical

15


http://dx.doi.org/10.1063/1.5079303

E I P | This manuscript was accepted by Phys. Fluids. Click to see the version of record. |

Publishistghctures were then extracted from the reconstructed volumetric velocity fields by applying a
threshold for vorticity magnitude, as is similarly done in the studies of "2 and®. Figure ((b)
shows the vortical structures that were extracted from the flows in Region 1 and for Re, and iden-
tified by the iso-surfaces of the normalized z-vorticity Q. x d,,/U,,, where iso-surfaces correspond
to positive and negative values, i.e. -6, of the normalized vorticity. It can be seen from Figure [(b)
that vortical flow structures were created and evolved within the spatial gaps between neighboring
spheres and between the spheres and the wall.

Figure R 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 Res. Vortical structures were similarly gktragted fiom TR-PIV velocity vec-
tor fields obtained for Reynolds numbers Re; and Re; to studysghe interactions of vortices within
the spatial gaps of spheres. The results, however, are notishown here. The non-uniformity of sizes
of the instantaneous vortical structures showed dependeneg on/the characteristic sizes of gaps,
1.e., large structures were found in large gaps; and'eithér-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«]l 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 ‘egunter-rotating vortices (c.f. Figure R). Similar pairs
of counter-rotating vortices were also identifieduin other large spatial gaps between the spheres.
However, very few small sized vorfical styictures were found within smaller gaps which formed
as channel flows between two ngighbering spheres.

The visualization of vortical Steuctutes reconstructed from the TR-PIV measurements in the
cross-flow plane using Tayler’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 simulations™*%47,

IV. Analysis of ¥elocity-velocity cross-correlation

In this sectiényio preyide an insight of the complex characteristics of flow mixing in various
spatial gapsvithin/packed beds, we compute two-point spatial velocity-velocity cross-correlations
using the 4 R-P1V measurements on Regions 1, 2, 3, and 4 in the transverse plane at three Reynolds
numbers.Re s Rexf and Res. Previous studies™ ™9 have shown that cross-correlation functions
can provide imiportant knowledge about the sizes and shapes of coherent structures evolving within
thé studied. flows.

The two-point velocity cross-correlation is expressed by

(u(@p 1) xu(z, 41,14 7))
V(U (1)) /(W (@ +n.1))

In the above equation, (.) is the ensemble-average operator applied over the number snapshots,

Ry (mra n, T) = 4)

u’ represents the fluctuating velocity, 7 is the time interval, x, is the coordinates of the referenced
measurement point, and 7) is the spatial separation between two measurements. In Eq. 8, the spa-
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FIG. 8. Quasi-instantane@us vortical structures identified by iso-surfaces of the normalized z-vorticity,

Q. x d, /Uy, for Res. Pggitiyé (red)and negative (blue) iso-surfaces correspond to +6.

tial velocity cross=co tion function is obtained when 7 = 0, which allows for the estimation of
spatial correlation Jength scales, i.e., Ryyu0 = Ruu(r,m,0) as a function of the separation length
im};m lue of the correlation coefficient Ry, is unity. Higher values closer to unity

floy structures between two points under consideration. Lower correlation coef-

ficien Valuessc er to zero signify dissimilarities in flow structures between two points under
ions The values of R0 indicate the spatial extent of correlated regionsgs, allowing for

t calcuijltion of integral length scales as

S - kL:c :/0 Ruu(a’hnk?O)dTl- (&)

n the above equation, the superscript k expresses the direction of the separation vector along
which the integration is computed, and @ 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

17
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FIG. 9. Contour maps of the two-poi ial cross-correlations of the fluctuating velocities u’ and V/, i.e.,
R0 and R, computed using the TR-P
Zone 1 and (b) Zone 2 for

velocity vector fields obtained in measurement Region 1 for (a)

eddies and their captu énel;gy 1s important for gaining a better understanding of the flow mixing
and heat transferg in the'packed beds. For experimental measurements, the integral length scale
kL could be fn??%\searching for the separation length at which Ry,0 = 1/e ~ 0.378384.86
In this stiidy,thie two-point cross-correlations R0 and R,y were calculated at different points
tial gaps (or zones) between the spheres. For instance, each of Zones 1, 2,
and 3 gvas-for y four points while Zones 4 and 5 were defined by three points as can be seen
in Figuge . P&ure B and Figure [0 depict color maps of the two-point spatial cross-correlations of
tHe fluctuati velocities, #' and v/, computed at various points located in different measurement
Regions 154 and Zones 1-5. For each spatial region, the results are presented for Reynolds numbers
‘ke} an
d R\WO, 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 R, at Point 2 in Zone
1 (denoted as Z1P2), and Point 3 in Zone 2 (denoted as Z2P3, see Figure @), and the correlation
R0 at Point 1 in Zone 3 (noted as Z3P1, see Figure ) displayed long trails following the mean
flow patterns within the spatial gaps between neighboring spheres. The correlations R, at Z2P3,

e3. It can be seen that the shapes and sizes of the spatial cross-correlations, i.e., R0
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r maps of the two-point spatial cross-correlations of the fluctuating velocity «’ and V', i.e.,

omputed using the TR-PIV velocity vector fields obtained in measurement Regions 2, 3,

for (a) Zone 3, (b) Zone 4, and (c) Zone 5 for Re; and Res.

Z4P3 and Z5P3 had their shapes covering large spatial areas between the spheres, indicating that

the local flows
Zones 1 and 2,

in those regions were highly correlated. For points located in the near-wall region of
1.e., Z1P2 and Z2P2, the shapes of the correlations did not show significant changes

when Reynolds number increased from Re; to Re3. On the other hand, for points located in the far-
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searching for the separation length at which Ry,,0 = 1/e ~ 0.37.

wall regions of Zones 4 and 5, long trails can be seen in the correlation contours of R, and Ry,
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 in®”.

20
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Publishingliigure I compares the cross-correlations R, and Ry,o computed for Zones 1-5 for Rey, Res,
and Res. It is notated that for each zone, R,,o and R,y were computed along x and y directions,
and averaged over all points located in that area and for various Reynolds numbers. Figure [i(a-b)
show that the R, values computed in Zones 1 and 2 along x had their integral length scales *L,
decrease from 2.79 and 2.65 mm to 2.44 and 2.37 mm, respectively, when the Reynolds number
increased from Re; to Res. On the other hand, the increase of Re yielded negligible changes in
the YL, value estimated from the R,,( values. In Figure [(c-d), integral length scales *L, and 'L,
were estimated to be approximately 2.20, 2.35, and 2.45 mm in Zgnes'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 7L, Aalues degreased from 2.58 mm to
1.98 mm when the Reynolds number increased from Re; _to Reg! In"eemparison with *L, and 'L,
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 analysiSwsing.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 Reyholds'mimbers Rej, Re;, and Res are discussed in this section.

A. Overview of proper orthégenal'decomposition

*! introduced POD or Karhunen-Leéve decomposition into turbulence research to identify sta-
tistically dominant flow f€atures;i.e., coherent structures, in experimental data and numerical sim-
ulations. For a given flow, thewelocity field u(x) is decomposed into a set of spatially orthogonal
modes and a set of4emporal 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 nprmally 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
numbef of modes{the two-norm of the truncation error between the original velocity data and the
projection of fhe original velocity data onto such modes is minimized***. 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 of*¥ B9 and™. 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

N
u(w,1) = Y ()Y (z), (6)
k=1
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Publishiwfere N is the number of velocity snapshots, and (i (¢) and +)(x) are the POD temporal coef-
ficients and POD basis functions, respectively. ¥ (x) are computed as the eigenfunctions of a
two-point correlation matrix R(x,x’) defined as

R(z,z') = %/OTu(a:,t)- (' (7

It is common that the velocity vector fields obtained by experlments{ numerical simulations
are discrete, and the snapshot POD method™ is usually used. In the/€ ent dy, we applied the
snapshot POD analysis to the collection of TR-PIV velocity Vec or
1, 2, 3 and 4 corresponding to Reynolds numbers of Re;, Re, and

is defined as !
Cij= N/U(wﬂi)'u(

and the POD temporal coefficients and POD basis functio

s obtained from Regions

iest, a correlation matrix

tﬁd (8)

5 are bomputed as

N

N
p(z) =Y, akiu(w,tl?(égpz OiCli; - )
i=1 i=1
In the above equations, coefficients oy; are d M

Qi = \\JC ; (10)

N N

where V¥ is the ith element of the ei \\{Q r 0¥ associated with the eigenvalue 2; of the matrix
C'. The correlation matrix C'is Mm Instantaneous velocity snapshots, therefore, a derived
eigenvalue A; associated with a PO ode k represents the flow kinetic energy contained by that

mode \
B. Results from t P(}D otity decomposition

The results from the D/analysis of the velocity fields obtained from the TR-PIV measure-
ments on Regions 1 and2 in the MIR facility of randomly packed spheres are presented in Figures

TABLE Il Flow kinetic energy fractions contained in the low-order POD modes obtained from POD
velocity deco Osirfon of the TR-PIV velocity vector fields for measurement Regions 1-4 and Reynolds
numbexs of Reb Res, and Res.

-
KB Mode 1 (%) | Mode 2 (%) | Mode 3 (%) | Mode 4 (%)
Region| Re| | Rey | Res | Rey | Rey | Res | Rey | Rex | Res | Rey | Rey | Res
S . 1 ]56.6|54.3155.3|12.39|1.80|1.94|1.44|1.58|1.46|1.25|1.41|1.12
64.3162.6|60.5|2.31|1.47|1.71|1.65(1.18|1.36/1.36/1.11]0.98

2
3 174.4|70.9|69.9/1.20|1.14|1.20|1.14|1.02|0.86|0.84|0.77(0.78
4 164.6/60.4/61.3/1.60(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 velo t%ned from the TR-PIV measurements on Region 1 for Rey,

Re,, and Res. (a) Kinetic energy spectsa; umulative energy. Low-order POD velocity modes, i.e., ¥,

¥,, W3, and Wy, for (¢) Re d) Res. Color shows vorticity calculated from the corresponding POD
velocity basis function.
£

and [3. Resul the'POD analysis on Regions 3 and 4 are not shown here, for the sake of
brevity. Figur D:?B a-b) show the energy spectra and the cumulative energy from the POD anal-
ysis of the AR- velocity fields for Req, Re,, and Res. The kinetic energy fractions contained
in low-o POD niedes 1, 2, 3, and 4 are listed in Table Il for different measurement Regions
1-4 and*fer lds numbers of Req, Re,, and Res. For all four measurement regions, spatial
flow s cture§ revealed by the first POD modes were found approximately equivalent to the time-
aferaged ity fields. Besides, the flow kinetic energy fractions of the first POD modes were
found to becrease when the Reynolds numbers increased. For Regions 1, 2, 3, and 4, the first POD
\7&%‘2 contained 56.6%, 64.3%, 74.4%, and 64.6%, of the total flow kinetic energy, respectively,
e1. However, when Reynolds number increased to Res, 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 ve 'mtained from the TR-PIV measurements on Region 2 for
Reynolds numbers of Rej, Res, an(;;%ﬁnetic energy spectra; (b) cumulative energy. Low-order POD
velocity modes, i.e., ¥, ¥» wand W4, for (c) Re; and (d) Res. Color shows vorticity calculated from the
corresponding POD velo 't%etion.

91.6%, and 89.5 Regions 1-4, respectively. The reduction of kinetic energy levels in the first
POD modes fqe}m{ds

ergy indicate t CPORW mixing at higher Reynolds numbers for flow regions 1-4 is highly turbulent
and the flw kimetic

numbers increased and the slow convergence of the cumulative en-

ergy is widely distributed over many small-scale flow structures.

Figtires (—d) illustrate the in-plane components of the low-order POD modes 1, 2, 3,
and 4 ‘ebtained from the velocity decomposition for Regions 1-4 and for Re; and Res. It should
noted , 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
N ocity fields. For a given Reynolds number, the dominant flow structures depicted by the
igher-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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ire., N, =5, 15, 5 for (a) Region 1, (b) Region 2, (c) Region 3, and (d) Region 4 are shown. Color
shows vorticity ’galc ed from the in-plane velocity components.

4

functions hadypproximately equal shapes and sizes as the vortical structures illustrated by the iso-

sérfaces rticity shown in Figure B. Such similarity demonstrates the capabilities of the two

approachgs for visualizing instantaneous large-scale flow structures via Taylor’s hypothesis and

istically dominant flow structures via POD analysis. This could allow for further comparisons

d alidations between experiments and simulations that aim to study the 3D flow structures
contributing to flow mixing in randomly packed spheres.

—

Figure T4 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 Re; and Re3.
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Publishiing igure [4, the original velocity fields and vorticity contours are shown and compared with those
obtained from the low-order reconstructions using various N, low-order POD modes, i.e., N, =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 Reyfiolds 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 kinetie 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 decompgsition 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 reptesent the large-scale flow structures that
are orthogonal, and their associated orders are normally zanked 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
eddies™. In the next section, we will apply«PODanalysis and its low-order reconstruction capa-
bilities to facilitate our study on identifying.the Vertices and their distributions in the measurement
regions along the transverse plane.

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

The use of Taylor’s froZenhypothesis made it easier for us to visualize the quasi-vortical struc-
tures within the spatial gaps«f packed beds as previously discussed in Section M. In this section,
we investigate the chéractéristics of these vortices, such as their populations, spatial distributions,
and circulations, gxtracted fuom the TR-PIV velocity vectors on Region 1, 2, 3, and 4 along a
transverse plane:

A. Overviewf vortex identification using POD analysis

Severdlunethods have been proposed to identify vortices for given velocity fields. Using results

from @PNS ofisbtropic turbulence,”

identified vortex structures based on vorticity magnitude.
However, thisymethod was not able to separate flow regions induced by vortex cores and shear
nmotions. Cater, more advanced and robust methods, such as the Q criterion”, the A criterion™, the
Acieriterion™, and the A, criterion™, were proposed to better distinguish the vortex cores against
Shear motions™. To extract a projection of 3D vortices on 2D planar velocity fields, which are
typical for 2D2C PIV measurements,” introduced a modified Aei criterion, which is a 2D form
of the 3D velocity gradient tensor.”® applied a pattern recognition method to identify vortices in
their PIV velocity fields based on a referenced eddy structure with Gaussian damping.” proposed
a method based on a triple decomposition of motion, which was further enhanced by"". This

method calculates a rigid-body-rotation vorticity, which acts as the local measure of vortex-related
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Publishingfiicity 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 of™ and”®.

In the current study, we employed the approach proposed by

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 inthe works of "™, and
only brief information is provided here.

(KON}

In their study, " the authors first performed POD analysis onPTV*elocity 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 instantangousvelocity snapshots. This al-
lowed for the separation of large-scale flow structures, i.€., energy-containing eddies and revealed
by the low-order POD modes, from the small-scale flow stwuctures. The identifications of vortex
centers and vortex cores were then performed on theé low=dimensional reconstructed PIV velocity
vector fields as follows. For a given fixed point P in‘the mgastirement domain, the non-dimensional

scalar function I at P is defined as

1 (®PMLDy) -

N Wi

Zsm (6m) (1T)

S

where § is a 2D area surrounding P{pgint M 1s within S, z is the normal vector of the measurement
region (||z|| = 1), N is the number of peints M inside S, and 6y represents the angle between
velocity vector UM and radius vector PM. |I7| 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 calculation™?".

Considering the loéal conveetion velocity Up around point P, the vortex boundary identification
can be derived as
[PM A (Uy —Up)] -2

1PM| - ||Un — Tp||

L(P) =52 (12)
S

where Up £ 1/S [sUdS. For a 2D incompressible velocity field,"™ discussed that |I3| is Galilean

invariant, and s a lecal function depending only on Q and u, where Q is the rate of rotation tensor

corresponding to«the anti-symmetrical part of the velocity gradient Vu, and u is the eigenvalue of

the symmetrical part of Vu."" have shown that in the region where the flow is locally dominated

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
Re|, Re;p, and Res. For each measurement region and each Reynolds number, the statistical infor-
mation of the vortices was analyzed from N, = 21,834 velocity vector fields. The POD analysis
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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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Publishiregenstruction to capture 99% of the total kinetic energy of the flow. Vortex identification was per-
tormed on the reconstructed velocity snapshots to extract vortex spatial distributions, circulations,
areas, and populations on measurement Regions 1, 2, 3, and 4.

Figure I3 illustrates the distributions of vortices identified from the TR-PIV instantaneous ve-
locity vector fields at Res, 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 vegtor fields, while the color
scale depicts vortex strengths. In addition, histograms were used to gepresent fluid areas covered
by the vortices identified along each measurement region. Table [¥ summarizes the statistical in-
formation computed from the detected vortices on each region andfor various Reynolds numbers,
such as the total counts of identified vortices, Ng, vortex poplilation, Ng /Ar (Af is the flow area
at each measurement region), normalized mean and standard deyiation of vortex area, i.e., 4/ dlzj
and o4/ dlz,, and normalized mean and standard deviatiof) of vortexsstrength, i.e., ur/(d,Uy,) and
or/(dpUy). It should be noted that the mean and standard‘deviation of vortex strength were com-
puted from the absolute strength values. It can be observéd-that when comparing the vortex statis-
tics on different measurement regions for various“Reyneld§ 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 Req, Resand*Res. This could be explained by the fact that
Region 1 had the largest spatial gaps between neétghboring spheres and the enclosure wall and the
spheres, which allowed for the transportation of'wortices crossing those areas. On the other hand,
Regions 2, 3, and 4 had smaller spétial gaps that conformed vortices into smaller sizes, yielding
lower values of the mean and standaxd ‘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.,4ess than a 5% difference between the numbers of detected
vortices in each region. When the Reynolds numbers increased from Re to Re3, the values of the
normalized mean andsStandard deviation of vortex strengths at Region 1 were found to increase,
while those values dt Regions 2-4 were decreased. At Region 1, the mean and standard deviation
of vortex area incteased as the Reynolds number increased, while those values seemed to decrease
for the other régions. Further investigation complemented with flow measurements of the 3D vor-
tical structufes would be essential to explain these observations. The scatter plots of the identified
vortices dleng/variotls measurement regions shown in Figure [3(a) confirmed our discussions in
the prgvious 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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Publishi:’ngl s 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 aMIR facility of randomly
packed spheres with an aspect ratio of 6.3 for three Reynolds“aumbers ranging from turbulent
transition to fully turbulent flow for packed beds. The instantanéous.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 vagious flow patterns including a strong
bypass flow near the spheres and the enclosure walljand.a recirculation flow region formed by the
interactions of the bypass flow ejecting into large'spatial gaps. The peak values of u},, . and V.,
were found to increase approximately at the samg 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 fluctuatigwelocities 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 Reéynolds numbers from Re; to Res did not strongly af-
fect the estimated integral length'scales, except for those in Zone 5, where ”L, 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 4esults of vertices identified from the TR-PIV velocity vectors on Regions 1, 2, 3
and 4 for three Reyn0lds numbers Re;, Re; and Res. The values shown here are the total counts of detected
vortices, Nq, vortex population, No /Ar (Ar is the flow area), the normalized mean and standard deviation of
vortex area, i,e. 5yl / dlz, and o,/ df,, respectively, and the normalized mean and standard deviation of vortex

strength, i€, ur/(dpy,) and or/(d,U,), respectively.

Region 1 Region 2 Region 3 Region 4

Re; | Reo | Res | Rey | Rex | Res | Rey | Rep | Res | Rey | Rey | Res
Ng 39292(38449|39834|30657|29262|29237|26820|25828|25469(29974|29450|28807
Ne/Ap [43.98(43.04 |44.59|48.06 |45.87(45.8338.73|37.30(36.78|36.48 | 35.84 | 35.06
uA/df, 0.0210.0220.025|0.015|0.013|0.013|0.017]0.016 | 0.015 | 0.016 | 0.015 | 0.015
GA/a’f7 0.010]0.011]0.012|0.007 | 0.006 | 0.006 | 0.006 | 0.007 | 0.007 | 0.007 | 0.007 | 0.007
ur/(d,Uy)|0.34910.372]0.401 [ 0.309 | 0.267 | 0.248 | 0.335|0.313|0.292 | 0.260 | 0.250 | 0.240

or/(d,Un)|0.1410.169 | 0.175|0.128 | 0.110{0.098 | 0.1220.123 | 0.115 [ 0.112 | 0.106 | 0.106
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Publishiwgre 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 packéd beds. Results from the
POD analysis of velocity fields in Regions 1, 2, 3, and 4 showed that the figst POD modes con-
tained 56.6%, 64.3%, 74.4%, and 64.6% of the flow total kinetic énergy for Re;, and reduced to
55.3%, 60.5%, 69.9%, and 61.3% for Res, respectively. The kinetig energy levels of the low-order
POD modes 2, 3, and 4 were less than 3%, and the energy lévels contained in the first 100 low-
order POD modes at Re3 were 87.2%, 89.2%, 91.6%, and 89.5% forRegions 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 fieldSyvas adopted to study their characteristics,
such as populations, spatial distributions, and strgngths. It was found that the measurement Region
1 had the highest number of detected vortiegs, and.the highest values of the mean and standard
deviation of vortex area and strength because ofiits large spatial gaps, which allowed for vortex
transportation in this region. Furthermorey 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 ineteased and those values at Regions 2-4 decreased. The approach
presented in this study to characterizesthe vortex statistics within randomly packed beds could be
used to access the performiances of numerical simulations against experimental measurements. The
obtained statistical chdracteristics of vortex for various pore sizes could also be used to construct
flow transport modgls T packed beds.
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