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Abstract

The proposition for molten salt and high-temperature gas-cooled reactors has increased the focus
on the dynamics and physics in randomly packed pebble beds. Research is being conducted on the
validity of these designs as a possible contestant for fourth-generation nuclear power systems. A
detailed understanding of the coolant flow behavior is required in order to ensure proper cooling
of the reactor core during normal and accident conditions. In order to increase the understanding
of the flow through these complex geometries and enhance the accuracy of lower-fidelity modeling,
high-fidelity approaches such as direct numerical simulation (DNS) can be utilized.

Nek5000, a spectral-element computational fluid dynamics code, was used to develop DNS fluid
flow data. The flow domain consisted of 147 pebbles enclosed by a bounding wall. In the work
presented, the Reynolds numbers ranged from 430 to 1050 based on the pebble diameter and inlet
velocity. Characteristics of the flow domain such as volume averaged porosity, axial porosity, and
radial porosity were studied and compared with correlations available in the literature. Friction
factors from the DNS results for all Reynolds numbers were compared with correlations in the
literature. First- and second-order statistics show good agreement with available experimental
data. Turbulence length scales were analyzed in the flow. Reynolds stress anisotropy was
characterized by utilizing invariant analysis. Overall, the results of the analysis in the current
study provide deeper understanding of the flow behavior and the effect of the wall in packed beds.
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1. Introduction

Randomly packed beds are widely used in many diverse engineering applications. These include
chemical catalytic reactors, heat storage systems, and nuclear reactors. The pebble bed reactor
(PBR) is one of the most promising concepts of the fourth generation of nuclear reactors. In the
design of PBRs, pebbles are held in a vessel. Coolant in PBRs are either an inert gas (helium) or
liquid (molten salt), which flows through the spaces between the fuel pebbles to carry the generated
heat. Understanding the flow through randomly packed beds is critical for the design of pebble
bed reactors.

Numerous studies of the flow through packed beds have been conducted both experimentally and
computationally. A majority of the studies focused on the derivation of pressure drop correlations
in randomly packed pebble beds. The pressure drop correlation proposed by Ergun [1] has been
used widely in many engineering applications; however, it does not account for the walls of the
bed containing the pebbles. Reichelt [2] and others conducted experimental studies and improved
Ergun’s correlation for a wider range of Reynolds number, porosity, and bed-to-pebble diameter
ratios accounting for the effect of the walls of the bed on the pressure drop. The German Nuclear
Safety Standards Commission (KTA) [3] and Association of German Engineers (VDI) [4]
introduced correlations that have been used for estimating the pressure drop for high-temperature
gas reactors. Eisfeld and Schnitzlein [5] proposed an improved version of Reichelt’s correlation
by analyzing experimental data available in the literature. Hassan and Kang [6] conducted
experimental study for different bed-to-pebble diameter ratios; they developed a new correlation
for pressure drop at high Reynolds numbers and low bed-to-pebble diameter ratios. Most recently,
Nguyen et al. [7] conducted an experimental study of the cross-flow mixing in a randomly packed

bed.

FE-19-1553 Yildiz. 3



As an alternative to experiments, computational fluid dynamics (CFD) tools have been utilized to
investigate flow characteristics and pressure drop through pebble bed geometries. Atmakidis and
Kenig [8] conducted a CFD study to analyze the influence of the wall effects of the confining walls
on the pressure drop through regular and irregularly packed beds in the laminar flow regime. Fick
et al. [9] conducted a CFD study with a direct numerical simulation (DNS) approach at a Reynolds
number of 7600 to analyze the flow through a structured pebble bed, in which they focused on the
turbulence properties in the near-wall region. Das et al. [10] conducted a DNS study for the flow
and heat transfer through a randomly packed bed for bed-to-diameter ratios varying from 4 to 8
and for Reynolds number ranging from 1 to 500. In their study they used discrete element method
to generate a randomly packed bed. An extensive review of the state of knowledge of modeling
the flow through porous medium was recently given by Wood et al. [11].

Our study aims to contribute on the growing pool of high-fidelity data for randomly packed pebble
bed geometries. We present an analysis of the flow through randomly packed bed replicating the
experimental study of Nguyen et al [7]. Our focus is on the effect of the wall on the turbulence
characteristics. We also analyze the bed porosity and pressure drop through a packed bed and

compare our results with available correlations.

2. Experimental Facility

The test facility was a closed loop at isothermal conditions that consisted of a storage tank, a
primary centrifugal pump connected to a variable frequency drive to control the flow rates, a flow
meter, and packed spheres. The pebble bed test section consisted of a 457.2 mm total axial length
hexagonal enclosure and a circular interior cross-section with a diameter of 139.7 mm. Pebbles in
the test section with 22.2 mm diameter were randomly placed in the enclosure cylinder. The test

section and the spheres were made of transparent polymethyl methacrylate (acrylic). P-cymene
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was utilized as the working fluid during the experiments, which had the same refractive index of
the acrylic at room temperature (20 °C). The pebbles were secured by a wire mesh at the top and
bottom of the experiment to prevent access movement during operating conditions.

Experiments were conducted for three modified Reynolds numbers, which were based on the

effective hydraulic diameter and interstitial velocity. Effective hydraulic diameter is estimated as

€p
d,=d
h P 1— & ) (1)
where d,, is pebble diameter and &, is bulk porosity. Modified Reynolds number is defined by
Upnd
Re,, =2 e )

where p is the density of the working fluid, U,, is interstitial velocity, and u is the dynamic

viscosity of the working fluid. Interstitial velocity U,, is defined as
Up =—2, 3)

where Uy is the averaged bed velocity and defined as

U Q

9= ,
Abed

(4)

where Q is the volumetric flow rate and Ay, is the total cross-section area of the bed.

Time-resolved particle image velocimetry (TR-PIV) measurements were conducted to obtain
velocity fields at several regions of the cross-flow plane for modified Reynolds numbers ranging
from 700 to 1700. More details of the experimental facility, experimental conditions, and

experimental procedures are provided by Nguyen et al. [7].
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3. Methodology

This section presents the methodology used for the current study, including the Nek5000 code,

meshing strategy of the computational domain, and validity of the mesh.

Nek5000

Nek5000 is an open source fluid/thermal simulation code based on the spectral element method,
which is a high-order weighted residual technique that combines the geometric flexibility of finite
elements with the rapid convergence and tensor-product efficiencies of global spectral elements
[12].

In the present study, the constant property Navier-Stokes equations were solved:

ou
p<a+ﬁ-Vﬁ>=—VP+VT+p§ (5)

V-u=0, (6)

where 7 = u[Vu + ViT].
Nek5000 solves the Navier-Stokes equations in dimensional form. However, it can be used in
nondimensional form. To this end, the Navier-Stokes equations were nondimensionalized

according to following relations:

* = X
x'= 2 ™)

u
* —_ 8
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t
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where x* is the nondimensional length scale, Lj, is the pebble diameter, u* is the nondimensional

*

velocity scale, Uy e; 1S the inlet velocity, t* is the nondimensional time scale (convective time
units - CU), and p* is the nondimensional pressure scale. Based on prior experience with other
simulations, using the nondimensional form of the Navier-Stokes equations makes it easier to set
physical simulation times, tolerances, and so forth.

In Nek5000, pressure is solved with the Poisson equation and velocity with the Helmholtz
equation. Two main solver formulations are available in Nek5000 for the Poisson equation: Py-Py
or Py-Py.o. In the first method, the pressure is solved on the same grid as the velocity field. The
second method solves the Poisson equation in a separate internal grid that consists of fewer grid
points.

In addition to its higher-order foundation, Nek5000 has further advantages that make it suitable
for large-scale simulations. To speed the time to solution, it can use the method of characteristics

to relax the Courant-Friedrichs-Lewy restriction or use orthogonal projections of the solution to

reduce the iteration count of the algebraic solver [13].

Computational Domain and Mesh

The flow domain under consideration consisted of 147 randomly packed pebbles. The pebble
locations were obtained from the experimental facility by using a combination of PIV and image
recognition algorithms. All geometric parameters were nondimensionalized by the pebble
diameter. Figure 1 shows the scanned experimental test section and the computer-aided design

(CAD) model of the computational domain that is used in this study.

FE-19-1553 Yildiz. 7



Nek5000 supports only hexahedral elements that are constructed mostly with a blocked mesh
strategy. The high curvature of the pebbles combined with the random packing structure makes
the blocked mesh technique unsuitable for this geometry, however. There was no repeatable
pattern, and attempts to obtain a mesh with an adequate boundary layer thickness resulted in a
mesh that was impractically fine, with over 4 million elements. Therefore, we used a tet-to-hex
meshing technique that has been proven useful in previous studies [14,15]. This meshing method
gives a flexibility of meshing the domain of interest with fewer tetrahedral elements, which are
later converted to hexahedral elements. However, the coarse mesh that was created to represent
the flow domain was not sufficient to fully cover the boundary layers of the spheres and had
singularity points at the contact points of the spheres due to the packing of the spheres. To
overcome this issue, we modified the generated mesh in Nek5000 by moving the boundaries of
the surface elements of the spheres to the exact geometrical locations of the sphere boundaries in
the CAD model. Also grid points at the contact regions of the spheres were slightly moved to
overcome the issue with singularity points. Moving grid points at the singularity points showed
much less impact on the overall porosity of the bed compared with changing the size of the pebbles,
as done by previous researchers [8]. Figure 2 shows the planar section of the final mesh, which
involves approximately 866,000 hexahedral elements. For Nth polynomial expansion, each
element in Nek5000 is represented by (N+1) grid points in each direction. Therefore, the number
of grid points in the fifth, seventh, and ninth polynomial expansions is approximately 187 million,
444 million, and 866 million, respectively. The boundary layer thickness of the mesh was extruded
such that in the fifth polynomial expansion 99.9% of the near-wall grid points have a y+ value less

than 1.
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Direct numerical simulation requires solving Navier-Stokes equations, resolving all the scales of
motion. Characteristic scales of the smallest turbulent motions are Kolmogorov scales. In order to
capture the smallest turbulent motions, one must have the grid size in the order of the scales of the

smallest turbulent motions. Kolmogorov length and time scales are given as

s
z(”—) , (11)
&

T = (3)1/2, (12)

€

where 1 is the Kolmogorov length scale, 7 is the Kolmogorov time scale, v is the kinematic
viscosity, and ¢ is the dissipation of turbulent kinetic energy [16]. To ensure that the mesh meets
the desired resolution for DNS, we calculated the Kolmogorov length scales at the third, fifth,
seventh, and ninth polynomial order for all three Reynolds numbers. Figure 3 shows the ratio of
the maximum grid spacing to the Kolmogorov length scale for the entire mesh. The maximum
ratio was calculated by dividing the distance between elements to the local Kolmogorov length
scale at each element. Figure 3 shows that in the fifth polynomial expansion, even for the highest
Reynolds number, the ratio of the maximum grid size to the Kolmogorov length scale is less than
1. Production runs and analysis were conducted in the fifth polynomial expansion.

In the present study, flow is going upwards in the positive z-direction as presented in Figure 1.
Periodic boundary conditions were applied at the inlet and outlet of the domain. No-slip boundary
conditions were applied at the pebble surfaces and wall surfaces.

We note that the Reynolds numbers under consideration, based on the inlet velocity and pebble
diameter, are 430, 740, and 1050. To prevent the confusion between the modified Reynolds
number and the Reynolds number based on the inlet velocity and pebble diameter, we call lowest

Reynolds number Rei, the medium Reynolds number Re;, and the highest Reynolds number Res.
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4. Analysis and Results

In this section we present results of our analysis. In the first part, effect of the meshing strategy on
the overall bed porosity was analyzed. In the second part, friction factor obtained from the DNS
calculations were compared with pressure drop correlations from literature. In the third part, first
and second order statistics from the DNS calculations were compared with available experimental
data. In the fourth part, turbulence scales were analyzed in the present flow domain. Analysis of
the Reynolds stress anisotropy were presented in the fifth part. Finally, coherent structures were

visualized and presented in the sixth and last part.

Bed porosity

Bed porosity is an important parameter in analyzing the flow in pebble bed configurations because
it affects the pressure drop through the packed spheres. To be able to mesh the singularity points
at the region of contact, we moved the grid points near the contact regions of the spheres. In the
present study, it is important to check the porosity of the packed spheres before starting our
analysis of the pressure drop or other quantities of interest, in order to show the effect of the
meshing strategy on the porosity of the domain. The overall porosity of the domain can be

calculated as follows:

V. .
_ Jwvoid ' (13)

Vtotal

where V,,,;4 1s the volume of the void space between pebbles and V;,;,; is the total volume of the
domain. Before meshing the domain, we calculated the overall porosity in the CAD model using
Eq. 13, which was found to be ¢ = 0.430. After meshing the flow domain, we recalculated the

overall porosity as € = 0.436. Moving the grid points at the contact regions of pebbles affected
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the overall porosity of the flow domain only by 1.39%, which is negligible compared with earlier
studies in which researchers shrunk pebble diameters by 2% to avoid the bad elements at the
contact regions [8], which would yield in overall ~6% increase in the volume of the void between
pebbles.

Early researchers [17—-19] proposed correlations based on experimental data to calculate the overall
bed porosity based on the bed-to-pebble diameter ratio. After small modifications to the contact
regions, the overall porosity of the bed was compared with the proposed correlations. The bed

porosity correlation by de Klerk [17] is given as

_ Dped
£ =g, +035¢  Dpebble, (14)
Dixon’s [18] correlation is given as
0.05 0.412
e=04+ + (15)

Dbed/ Dbed 2’
Dpebble /Dpebble

and Jeschar’s [19] correlation is given as

0.34
£=0375+—— (16)

)
Dbed
Dpebble

where g, is the bed bulk porosity and Dpea / Dyopsy is bed-to-pebble diameter ratio. Table 1
pebble

summarizes the evaluated overall porosities from the correlations along with relative errors. All
three correlations predict the bed porosity with a maximum 4% difference.

Analysis of the bed porosity was further investigated in the axial and radial directions. The axial
porosity profile was calculated as the ratio of the flow area at each elevation to the total cross-
section of the bed. Figure 4 shows the axial porosity profile distribution. It is important to note that
the effect of the inlet to the porosity is approximately 1 pebble diameter and the effect of the outlet

to the bed porosity is approximately 1.5 pebble diameter. Even though in our simulations we
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applied periodic boundary conditions, which would reduce the effect of inlet and outlet regions to

the overall bed porosity, in our analysis we used results at —4 < Z / Dyonpi < —0.75 where the
pebble

axial bed porosity fluctuates around the overall bed porosity.
The radial porosity profile has an important effect on the flow channeling. The radial porosity was
analyzed by extracting cylindrical layers from the computational domain starting from the bed wall

towards the center of the bed at every 0.1 pebble diameter. Cylindrical layers were extracted

between —4 < 2 / Dyoppl < —0.75 to avoid the inlet and outlet effect on the radial porosity
pebble

calculations. The local porosity at each layer was calculated by taking the ratio of the flow area to
total area at every extracted cylindrical layer. Figure 5 shows the radial porosity profile from the
wall to the center of the bed. The radial porosity variation of the computational domain was

compared with the correlation proposed by de Klerk [17] as

- 21472 —253z+1,  z<0.637 .
) = ¢, +0.29¢057[cos(23n(z — 0.16))] + 0.15¢0%, 7> 0637" 17

where &(r) is the radial porosity and z is a nondimensional distance from wall z =
(R - r)/ Dyonpie’ The radial porosity profile has perfect agreement with de Klerk’s correlation
pebble

from the wall up to R & 1.25D,,¢p;¢. Closer to the center of the flow domain (R < 1.25Dpppie ),
de Klerk’s correlation underestimates the magnitude of the radial porosity; however, the shape of
the variation has good agreement in that region. Figure 6 shows the center points of the pebbles in
the domain projected on the cross-section of the bed. Even though the pebbles are randomly
packed, the outermost layer of pebbles shows an ordered configuration due to the alignment against

the wall. The pebbles show a random configuration in the central region of the bed. Deviation of

FE-19-1553 Yildiz. 12



the radial bed porosity could be due to our slight modification of the contact regions of the pebbles,
which shows a greater effect in the central region of the computational domain where most of the
pebbles are located. Nonetheless, the radial bed porosity profile shows good agreement with de

Klerk’s correlation.

Pressure Drop

Pressure drop is an important parameter in the design of the packed bed reactors in terms of the
required energy for maintaining the flow. The friction factors found in our simulations were
compared with available correlations proposed by early researchers. The best-known correlation,

proposed by Ergun [1], has the following form:
AP
TzAvU+BU2, (18)

where U is the superficial velocity, v is the kinematic viscosity of the working fluid, and constants
A and B are determined based on the experimental data. In this correlation, the pressure drop is
expressed in terms of viscous and kinetic energy losses. The first term in the right-hand side (RHS)
of Eq. 18 represents the contribution of shear stresses at the wall and pebble surfaces, which are
especially effective in the Darcy regime (at low Reynolds number). The second term in the RHS
represents the contribution of the flow inertia to the pressure drop, which effectively brings the
contribution to the pressure drop in the Forcheimer regime (high Reynolds number). Since Ergun’s
correlation is for an infinite packed bed, it does not account for the confining wall. In reality,
however, packed beds are bounded with a confining wall, which brings additional resistance to the
flow through the bed. Ergun’s correlation has been improved to account for confining walls for

different bed-to-pebble diameter ratios and Reynolds numbers. Some of the friction factor
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correlations through packed beds [1,3-5] that were compared with results from our DNS
calculations are listed in Table 2.

The pressure drop from the simulation was calculated as —4 < Z/D,¢ppe < —0.75 and compared
with proposed correlations. Figure 7 shows the comparison of the friction factor calculated from
the DNS data at three modified Reynolds numbers with the proposed empirical correlations.
Ergun’s correlation shows big deviations from the DNS friction factors, since it does not account
for the effect of the confining walls. The friction factor calculated from the DNS data is within the
error band of the Eisfeld and Schnitzlein, KTA, and VDI correlations. We note that as the Reynolds
number decreases, the error between the correlations and the DNS data increases, which is in
agreement with Eisfeld and Schnitzlein’s [5] observations that the wall effect on the pressure drop

is more important in low Reynolds number cases for Dpeq/Dpeppie below 10.

First- and Second-Order Statistics

Figure 8 shows the instantaneous velocity snapshot in the flow domain for the highest Reynolds
number (Res). Pebbles in the outer ring (Figure 6) show an ordered structure that creates flow
channels near the wall region (half a diameter from the wall). Flow channels near the wall can be
clearly seen in the instantaneous velocity snapshot (Figure 8).

Figure 9 shows the normalized average velocity field at the Z/Dpeppe = —2.28 cross-section
along with the three selected line locations where the first- and second-order statistics from DNS
data was compared with the experimental data of Nguyen et al.[7]. Line 1 extends from the bed
wall to the pebble wall. Line 2 and Line 3 extend in the gaps between pebbles.

First- and second-order statistics were averaged for seventeen flow through times (85 convective

units), where one flow through time is approximately 5 convective units. Figure 10 shows the time-
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averaged velocity and Reynolds stress profiles on line 3 for different time window lengths. It can
be seen that the velocity and Reynolds stress fields are insensitive to time window length after
seventeen flow through times.

Figure 11 shows a comparison of the normalized averaged velocity components for the three lines.
The average velocity profiles are plotted against the length of the sampling line. The average
velocity profiles for the three selected lines show good correlation with the experimental data.
Figure 12 shows a comparison of the normalized Reynolds stress components for the selected three
lines. The Reynolds stress components on the second and third lines show very good agreement
with experimental data. The lowest Reynolds number (Re, ) on the first line shows some deviations
from the experimental data; however Reynolds stresses for Re, and Re; show good agreement
with experimental data.

Overall, comparison of the first and second-order statistics with the experimental data of Nguyen

et al. shows good agreement.

Integral Scales

To quantify the structures within the flow, we analyze turbulence scales with the two-point
correlation analysis. To evaluate the resolved time or length scale, we can apply the two-point
velocity cross-correlation,

(u' (e, U (X + 1, + 1))
Ruu (o1, 7) = W O, O (X, +1,8)
™ ms T ™ms T T"

(19)

where u' is the fluctuating part of the velocity component, x, is the coordinate of the reference
point, T is the lag time, and 7 is the distance between two velocity realizations. Cross-correlation

between two points can be estimated by setting the lag time T = 0 and increasing the distance
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between the two velocity realizations 7. Autocorrelation of the signal can be estimated by setting
n = 0 and changing the lag time 7.

The integral length scale of a large-energy-containing eddy can be estimated by
Ns
Line = f Rii(x,m) dn, (20)
0

where 7, is the total separation distance in space between two points where the correlation function
intercepts zero.

Fluctuating velocity components were recorded along the sampling lines shown in Fig. 13. Lines
L1 and L2 were located near the confining wall, where the flow channeling occurs. Lines L3-L6
are located in the central part of the bed closer to the inlet, and lines L7-L9 are in the central part
of the packed bed closer to the outlet. All lines in the central part of the packed bed (L3-L9) are
within —4 < Z/Dpeppe < —0.75 where the bed axial porosity is not affected by the inlet or outlet
region.

Cross-correlations were analyzed for all Reynolds numbers along each line. Here we present cross-
correlation profiles only for the highest Reynolds number. Figure 14(a) shows the cross-correlation
of the velocity fluctuations in the x-direction along lines L6 and L9. Figure 14(b) shows the cross-
correlation of the velocity fluctuations in the y-direction along lines L5 and L7, and Fig. 14(c)
shows the cross-correlation of the velocity fluctuations in the z-direction along lines L2, L4, and
L8. A common feature of cross-correlation functions in all three directions is that the decay rate
of the cross-correlation function along the lines closer to the inlet part of the flow domain is smaller
than the lines that are close to the outlet region. This indicates that the big turbulent structures with
low frequencies that were formed at the beginning of the bed break down into smaller eddies with
higher frequencies. This process also indicates that the mixing closer to the end of the bed is higher

than in the inlet region. Integral length scales in the x-direction at lines L6 and L9 were calculated
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as 0.1554Dpebble and 0.0973Dpebble; in the y-direction for lines L5 and L7 as 0.1284Dyebble and
0.0926Dpevbie; and in the z-direction for lines L2, L4, and L8 as 0.1549Dpeble, 0.1402Dpebbie, and
0.075Dpebble, Tespectively. In the z-direction along line L2, which is close to the bed wall, the
integral length scale is higher than at the locations in the center of the bed. This shows that flow

near the confining wall is less disturbed due to channeling effects.

Reynolds Stress Anisotropy

The Navier-Stokes equation describes the interplay between the elementary flow processes due to
inertia, pressure, viscous forces, and, when present, body forces. The sole action of pressure is to
render the velocity field deformed by inertia and to reorient the velocity fluctuations in a manner
that preserves the divergence-free condition. Correspondingly, pressure-strain redistribution
redistributes kinetic energy among three diagonal Reynolds stress components. The action of
pressure gradually leads to the isotropization of the fluctuations as they cascade down the scales.
Invariant analysis of the Reynolds stress tensor proposed by Lumley and Newman [20] is
employed to characterize turbulence and to more deeply understand the structure of the turbulent
flow in packed beds.

Any symmetric second-order tensor, such as the Reynolds stress tensor R;;, can be divided into

js
isotropic (R{j) and anisotropic (R{}) parts, where 32{]- = ;Rijc?ij and 32;‘}- =R — ;Rijc?ij. The
anisotropic part of the Reynolds stress tensor can be manipulated as follows,

=Y__g, (21)

where b;; is the nondimensional anisotropic part of the Reynolds stress tensor. For a symmetric

second-order tensor, three principal invariants are defined as
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I = b;; = trace(b), (22)
11 =36 - b, (23)

111 = det(b), (24)
where I, I, and I11 are the first, second, and third invariants, respectively. The first invariant of
the anisotropic tensor is always zero for incompressible flow because of its normalization.
Consequently, the anisotropy tensor has two independent invariants, which can be used to map the
state of the Reynolds stress tensor in a turbulence triangle in invariant coordinates of the local
degree of three-dimensionality (1) and the characteristic shape associated with the particular

balance of stresses () [21,22]. The variables 1 and ¢ are defined as

11 11

& =— n* = 3 (25)

The overall anisotropy in the Reynolds stress tensor can be estimated by combining invariants into
single function that scales anisotropy from 0 to 1 and is given by [22,23]

F =1-27n% + 54&3. (26)
Figure 15 shows the turbulence triangle with the limits of the realizable turbulence. The gradient
inside the turbulence triangle represents the overall anisotropy state in the Reynolds stress tensor.
We conducted Reynolds stress anisotropy analysis near the confining wall and at the inner region
of the packed bed for the highest Reynolds number of our simulations. Nine lines were selected
for the analysis; the locations of the lines in the domain are shown in Figure 13. Figure 16 shows
the return-to-isotropy trajectories of the selected four lines on the turbulence triangle. The
evolution of the Reynolds stress invariants moving along line L1 (from the bed wall to the center
of the bed) shows evolution similar to that of the channel flow up to log-law region (y* = 32),

where farther from the wall with the effect of the flow around near-wall pebbles, the anisotropy
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state returns to a one-component turbulence state and closer to the pebble wall it returns to a two-
component state. Moving downstream on line L2, the state of the Reynolds stress tensor moves to
the isotropic state twice, which corresponds to locations after flow passes two pebbles close to the
wall. Flow passing between the wall and the pebbles generates a rod-like turbulence. As a general
trend for lines in the central region of the bed (L3—L9), the state of Reynolds stress tensor shows
mainly two-dimensional turbulence near the walls of the pebbles and nearly isotropic turbulence
in the gap between the pebbles. In Fig. 16 we plotted state of anisotropy for L3. Lines L4-L8 were
not shown in Figure 16 since they show very similar behavior to L3. Line 9 (L9) shows a different
behavior at the end point, where the state of the turbulence shifts to the one-component turbulent
state. Figure 13 shows that the end point of L9 is in between two pebbles, which accelerates the
flow in the streamwise direction; and the pressure to keep the divergence-free condition moves
energy from two other components of fluctuations to the third component, which results in the
one-component turbulent state.

To have a broader view of the state of turbulence, in Fig. 17 (top) we plotted the anisotropy factor
(F) on planes crossing x=0 (Fig. 17 top left) and y=0 (Fig. 16 top right). At the near-bed-wall
region and around pebbles, the anisotropy factor shows low values, suggesting an anisotropic state
of turbulence. Behind the pebbles at the wake region, the anisotropy factor shows higher values
around F=0.7-0.8; and before and after the pebble region close to the inlet and outlet of the domain,
the anisotropy factor is at around F=0.85-0.95, which indicates an isotropic state of turbulence.
The turbulent kinetic energy (TKE) is produced by the action of the mean velocity gradients
working against the Reynolds stresses. This action removes the kinetic energy from the mean flow
and transfers it to the fluctuating velocity field. The anisotropic part of the Reynolds stress tensor

is known to affect the production of the turbulent kinetic energy, which is given by
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ij
where b;; is the anisotropic part of the Reynolds-stress tensor given by Eq. 21 and S; ; 18 the mean

rate of strain given by

s 1 <a<Ui> N a<u,->>_

= 28
ax]' axi ( )

T
Figure 17 (bottom) shows the production of the turbulent kinetic energy on planes x=0 (Fig. 17
bottom left) and y=0 (Fig. 17 bottom right). One can see that the production of TKE follows the
trend of the anisotropy factor closely. On both planes (x=0 and y=0), production of TKE is higher
where the Reynolds stresses are more anisotropic. It is also important to notice regions of negative
production in the domain. It can be seen that the negative production occurs at the regions of flow
acceleration. The negative production causes local laminarization of the flow and increases
isotropy. As the flow starts to decelerate production increases and increases anisotropy. This

behavior is present throughout the bed as it can be seen at the zoomed-in view in Figure 17.

Vortex Visualization

Vortex structures were visualized with the A, criterion developed by Jeong and Hussain [24].
According to this method, the vortex is defined by the negative eigenvalue of Sy Sy j + Qc Qe j,
where §;; and ();; are the symmetric and antisymmetric parts of the velocity gradient tensor,
respectively. Figure 18 shows the vortex structures identified near the bed wall (left) and at the
center of the bed (right). Near the wall region, vortices were visualized within half a pebble
diameter from the wall, where at the center of the domain vortices were visualized within one
pebble diameter in the cylindrical region. In both regions, vortexes were visualized at 1, = —300

CU2. One can see that the hairpin-type coherent structures in the central region of the bed appear
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denser than in the wall region, suggesting that big structures formed in the central region break
down into smaller structures while moving downstream, because of their complex geometry; in
contrast, near the wall, vortical structures tend to move downstream unobstructed through semi-

regular channels formed by the ordered structure of the pebbles near the wall.

5. Conclusion

In this study, we analyzed flow through a randomly packed bed with direct numerical simulation
using the spectral element code Nek5000. Kolmogorov scales were calculated to demonstrate the
mesh validity for the DNS study, which showed that the developed mesh is capable of capturing
the smallest scales of turbulent motion in the domain. Radial and axial porosity of the bed along
with overall bed porosity was analyzed and porosity distribution was compared with available
correlations. We demonstrated that the meshing strategy employed in the present study has
negligible effect on bed porosity. The pressure drop through packed bed was calculated and
compared with available correlations, which showed agreement within error margins of the
correlations. Time-averaged first- and second-order statistics were validated with available
experimental data. Results showed very good agreement for the first-order statistics and
satisfactory agreement for the second-order statistics. The state of the turbulence was analyzed
within packed bed spheres near the wall and inside the domain to deepen our understanding of
flow physics in this type of flow. Results showed an anisotropic state of turbulence near the walls
of the bed and the pebbles and a more isotropic state of turbulence at the wakes of the pebbles in
the center of the domain. The production of the turbulent kinetic energy was shown to follow the
isotropic state of the Reynolds stresses. Vortices near the wall region and in the central region were

identified through the A, criterion. Denser, smaller flow structures were observed in the central
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region compared with structures in the near-wall region where larger elongated structures are

observed.
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Figure 6: Pebble center locations projected on the cross-section of the bed
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Figure 13: Locations of selected lines for analysis
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Figure 18: Instantaneous isosurfaces of 4, near the enclosing wall (left) at the center of the bed

(right)
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Tables

Table 1: Comparison of bed overall porosity with porosity correlations from literature

Correlation Name Evaluated Porosity % Difference
(€)
De Klerk [17] 0.425 2.52
Dixon [18] 0.4184 4.06
Jeschar [19] 0.4291 1.61
47
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Table 2: Friction factor correlations

Name Correlation Wall
Correction
Ergun 150 No
=—+1.75
f Re +
Eisfeld and 2 2 Yes
154 <1 + )
. . f _ 3(D/Dpebble)(1 - g)
Schitzlein Re
1 2

* 3(D/Dpebble)(l - 8)

D 2 2
l1.15 (%) + O.87l

KTA f_@_l_ 6 Yes
" Re Re%1
VDI 0.4\%78 ;317\ 6.17 Yes
f= <T) <E) Reo1

FE-19-1553 Yildiz. 48



