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Abstract

Packed beds play an important role in many engineering fields, with their ap-
plications in nuclear energy being driven by the development of next-generation
reactors utilizing pebble fuel. The random nature of a packed pebble bed creates
a flow field that is complex and difficult to predict. Porous media models are
an attractive option for modeling PBRs, as they provide intermediate fidelity
results and are computationally efficient. Porous media models, however, rely
on the use of correlations to estimate the effect of complicated flow features on
the pressure drop and heat transfer in the system. Existing correlations were
developed to predict the average behavior of the bed, but they are inaccurate in
the near-wall region where the presence of the wall affects the pebble packing.
This work aims to investigate the accuracy of a porous media model using the
KTA correlation, the most common pressure drop correlation for PBRs, com-
pared to high-fidelity Large Eddy Simulation (LES). A bed of 1,568 pebbles is
investigated at Reynolds numbers from 625 to 10,000. The bed is divided into
five concentric subdomains to compare the average velocity, friction losses, and

form losses between the porous media and LES codes.
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The comparison between the LES simulation and the KTA correlation re-
vealed that the KTA correlation largely underpredicts the form losses in the
near-wall region, leading to an overprediction of the velocity near the wall by
nearly 30%. An investigation of the form losses across the range of Reynolds
numbers in the LES results provided additional insight on how the KTA corre-
lation may be improved to better predict these spatial effects in a pebble bed.
This data suggests that the form coefficient near the wall must be increased by
48% while decreasing the form coefficient of the inner bulk region of the bed
by 15%. The implementation of these improvements to the KTA correlation in
a porous media model produced a radial velocity profile that saw significantly
improved agreement with the LES results.

Keywords: Pebble Bed Reactor, Pressure Loss, Large Eddy Simulation,
Porous Media, Wall-Channel Effect

I. Introduction

Recent years have seen increased interest in the development of generation
IV nuclear reactors. One of the most mature and proven generation IV reactor
types is the pebble bed reactor (PBR), in which the fissile material is con-
tained in microencapsulated particles and embedded into graphite spheres. The
graphite spheres are then randomly packed within the reflector blocks to form
the reactor core. The coolant, typically either an inert gas or a molten salt,
flows through the pebble bed, creating a flow field that is complex in both space
and time. As pebble bed reactor designs mature in their development, the need
for accurate and efficient calculations for both licensing and design optimiza-
tion increases. Design basis accidents for PBRs often extend over 10’s-100’s of
hours, making high-fidelity simulations computationally intractable due to the
high cost of performing simulation on these time scales. Instead, lower-order
methods such as porous media models are the current state of the art. Lower-
order models, however, rely on correlations and closures to capture the effects

of flow features that are not explicitly modeled. It is therefore imperative to
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Figure 1: Visualization of the instantaneous velocity magnitude at Re = 3,750 for the 1,568
pebble bed used for this work.

employ correlations that accurately represent the relevant physics of the system.

An area of interest for correlation improvement in these systems is the near-
wall region. In the near-wall region, the presence of the wall disrupts the random
pebble packing, causing the pebbles to form more orderly structures. Large
channels form near the wall, increasing the porosity and creating fast-moving
streams of flow. The formation of these fast-moving structures is known as the
wall-channeling effect. The flow field in the near-wall region is distinctly different
from the flow in the interior of the bed, and thus correlations developed to
predict the average pressure drop in the entire bed are not capable of accurately
predicting the localized effects near the wall.

Capturing the wall-channeling effect in a packed bed requires an accurate

prediction of the pressure drop in each region of the bed. Many previous re-
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searchers have worked to develop correlations used to predict the pressure drop
in packed beds. The correlation suggested by Ergun [I] using experimental data
was one of the first developed for predicting pressure losses in a packed bed.
Ergun’s correlation expressed the total pressure loss as a sum of viscous friction
losses, dominant at low Reynolds numbers, and inertial form losses, dominant
at high Reynolds numbers. Mehta and Hawley [2] discovered that Ergun’s cor-
relation was inaccurate at low pebble-to-bed diameter aspect ratios due to the
larger role that wall effects play in these slender beds. They suggested a corre-
lation that used a difference hydraulic diameter that accounted for the aspect
ratio of the bed. This correlation was later improved by Riechelt [3] who per-
formed experimental studies to account for larger ranges of Reynolds numbers,
porosities, and aspect ratios. Work by Hicks [4] suggested that the constant
friction and form terms used in Erguns equation were not constant, but rather
depend on the Reynolds number. In more recent years, Choi [5] developed a
model for slender beds that was based on the Ergun equation. In this model, a
wall-correction factor is used for the inertial loss term. A sensitivity study was
also performed by Wu et. al [6] to investigate the sensitivity of pressure loss to
the bed height. Most relevant for this study is the correlation developed by the
German Nuclear Safety Standards Commission [7]; this correlation is known as
the KTA (Kerntechnischer Ausschuss) correlation. This correlation was devel-
oped using experimental data from experiments with conditions similar to those
that are found in High-Temperature Gas-Cooled Reactors (HT'GRs). For this
reason, this correlation has been chosen as the main correlation of comparison
for this study and will serve as the basis for improvement.

Numerous studies have also been performed for packed beds that make use
of computational methods. A comparison between experimental and simulation
pressure drop results was performed by Calis [§] for beds with very low aspect
ratios. Atmakadis and Kenig [9] have performed simulations of both regular and
irregular packed beds to analyze the wall effects and make comparisons to vari-
ous correlations. Work by Yildiz [I0] performed a Direct Numerical Simulation

(DNS) study on a bed of 146 pebbles to compare with available experimental
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data and correlations. Additionally, there are currently a number of studies,
such as [11] [12] that analyze HTGR designs currently in consideration while
using the KTA correlation.

This work intends to further the development of correlations used for HTGRs
and FHRs by performing Large Eddy Simulation (LES) of a bed of 1,568 pebbles,
pictured in Figure[l] High-fidelity simulation results will be compared to porous
media models using the KTA correlation to determine areas of discrepancy. The
data will then be used to suggest improvements to the KTA correlation that

will allow localized effects to be more accurately modeled.

II. Methods

II.A. NekRS Introduction

The high-fidelity code chosen for this work is Argonne National Labora-
tory’s NekRS spectral-element CFD code [I3]. NekRS is an evolution of the
well-established open-source Nek5000 code [14], adapted for GPU compatibil-
ity. NekRS is capable of linking to Nek5000 to utilize its extensive pre- and post-
processing capabilities. NekRS demonstrates excellent scalability, and further
details on its performance for nuclear applications can be found in a recent
publication [15].

The simulations performed in this work are wall-resolved Large Eddy Simu-
lation (LES) using the incompressible, constant-properties Navier-Stokes equa-
tions:

ov; 1

+v;-Vo; =—-VP+

2,7
ot Rev vi (1)

V.-0;=0 (2)
Simulations were performed using nondimensional variables according to the

following nondimensionalization:
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Additionally, a high-pass filter approach was used to mimic the effects of
dissipation on the subgrid scales [16]. Simulations were run on the Summit su-
percomputer using 360 Nvidia V100 GPU’s. The cases for the various Reynolds

numbers each took roughly 20 hours of simulation time.

1I.B. Validation of NekRS

Validation of the Nek5000/NekRS code has previously been performed in a
number of existing works. Specifically for pebble beds, work by Yildiz et. al [10]
has demonstrated good agreement of first-order statistics between Nek5000 and
experimental results. This work also demonstrated that the meshing method of
applying chamfers at pebble contact areas does not significantly influence the
porosity of the resulting bed. Another work [I7] compared velocity profiles in a
bed of 67 pebbles between simulation and experiment. Similar agreement to [10]
was found. Additional verification and validation studies for Nek5000/NekRS
can be found in works by Lai et. al [18] and Obabko et. al [19]

1I.C. Mesh Generation

The generation of the pebble bed for this work uses the Discrete Element
Method (DEM) implemented in the open-source physics engine Project Chrono
[20]. To generate the bed, pebbles were first generated in randomly sampled
sheets 2 pebble diameters away from each other. Once these initial sheets were
generated, they were dropped down into a cylindrical vessel to pack. The re-

sulting bed had an aspect ratio (gbe‘i

) of 13. After the packing was performed,

peb

a selection of 1,568 pebble centers were extracted from the middle region of the
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resulting bed to avoid packing anomalies that would be found in the bottom
and top of the bed.

After the pebble centers have been extracted from the DEM simulation, a
meshing script is used to generate an all-hexahedral mesh for use in NekRS.
The meshing method for this work was developed as part of the Cardinal mul-
tiphysics project [2I] and it employs a novel Voronoi-cell approach. First, the
script creates a Voronoi cell for the void region around each of the pebbles.
After the Voronoi cells are created, a number of processing steps such as edge
collapse, vertex insertion, and facet tessellation are performed to generate an
all-hexahedral mesh. This meshing method assumes that all pebbles are per-
fectly spherical. At points of pebble contact, a small chamfer is added to remove
singular mesh points. More details on the generation of the mesh may be found
in a recent publication [? ]. The mesh resolution of the resulting mesh is de-
signed to resolve Taylor micro-scales within the domain based on estimates from
a previous work [10]. The boundary layer is well-resolved with at least one point
below yT < 1 and at least five points with y™ < 10. An inlet boundary condi-
tion with a flat profile is applied along with a stabilized outflow condition at the
outlet [22]. Additionally, a no-slip boundary condition is applied at the pebble
and cylinder wall boundaries.

The radial porosity distribution is a critical part of this work, as the radial
porosity distribution will largely govern the distribution of flow to different
regions of the bed. The radial porosity profile was calculated in NekRS by
separating the domain into 0.05D,,., wide concentric cylinders and calculating
the fluid volume in each. This was done in NekRS by summing the volume of all
fluid elements that fell within each region. The porosity is the ratio of the fluid
volume to the total volume of the annulus. This calculation was performed over
the entire axial height of the bed, excluding the inlet and outlet regions and 2
layers of pebbles on the top and bottom of the bed. This porosity profile was
then compared in Figure [2 to the theoretical radial porosity profile correlation
proposed by de Klerk [23].

The radial porosity profile that resulted from the NekRS case shows very
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Figure 2: Radial porosity profile seen in the NekRS mesh and predicted by the de Klerk

porosity correlation.

good agreement with de Klerk’s correlation in the near-wall region. Throughout
the entire bed, the shape of the porosity function matches very well between the
DEM bed and the de Klerk correlation. There is some discrepancy, however, in
the magnitude of these porosity variations that are seen towards the interior of
the bed, where the simulation case had a porosity slightly below the de Klerk
value. It should be noted, however, that the accuracy of the de Klerk correlation
is sensitive to the value of €, that is used which could potentially be causing

this discrepancy.

1I.D. Pronghorn Introduction

Idaho National Laboratory’s (INL) Pronghorn code [24] was used as the
intermediate-fidelity code for this work. Pronghorn is a coarse-mesh finite ele-
ment thermal hydraulics code built on the Multiphysics Object-Oriented Simula-
tion Environment (MOOSE) framework [25]. The use of the MOOSE framework
allows Pronghorn to be easily coupled with other MOOSE codes to perform mul-
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tiphysics analysis. Pronghorn is intended to provide results for steady-state and
transient simulations with short execution times to provide boundary conditions
for system-level analysis and carry out design-scoping studies. Pronghorn is ca-
pable of using a variety of solver models, but the incompressible porous-media

Navier Stokes equations were used for this study:

LT (epyw) =0, (7)
I(pyrui - _ . .
e% + V- (eppviv;) + eVP —eprg+ Wppv; — V- (uVo;) =0,  (8)

II.LE. Correlation Used

The main drag correlation of interest for this study is the KTA correlation,
developed by the German Nuclear Safety Standards Commission in 1981 [7].
This correlation was developed using experimental data for conditions that are
specifically applicable to HTGRs. The KTA correlation is valid for 0.36 < € <
0.42 and 10 < Re,;, < 100,000. The KTA correlation is as follows:

AP (320 . 6 1—€\ [ pvs? 1 )
L \Rem Ren’! € D, 2p

where the % term represents the viscous frictional losses and the %
m m

term represents the inertial form losses. The KTA correlation is developed to
represent the average pressure drop of the entire bed, and does not explicitly

model any wall-channeling effects.

IILF. Comparison Methodology

A critical aspect of this work is the method of comparison between the
high-fidelity and intermediate-fidelity results. Given the much more complex
representation of the system in the high-fidelity model, multiple simplifications
were required to produce results that could be compared with the porous media
model. This was achieved by separating the system into multiple concentric

subdomains and extracting spatial averages for each of these rings. For this
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Table I: Geometry of the five concentric subdomains used for postprocessing.

Ring | Inner Radius | Outer Radius | Average Porosity
1 0.0 5.575 0.43687
2 5.575 5.825 0.43804
3 5.825 6.075 0.30147
4 6.075 6.325 0.43531
5 6.325 6.575 0.67357

work, a ring width of 0.25 pebble diameters was chosen. This ring width provides
enough resolution to capture the effect of velocity channeling near the wall in
a single ring. As a result of the porosity profile in Figure 2] the radial velocity
profile takes a similar shape. Given that the oscillatory motions have a period of
roughly 1 pebble diameter, the effect of channeling near the wall will be seen for
roughly 1/4 of a pebble diameter away from the wall. This can be seen in Figure
[2] where the porosity is significantly higher than the bulk value from the edge
of the wall to 1/4 of a pebble diameter in from the wall where it then will dip
below the bulk porosity as it continues the oscillation inwards. The rings were
axially centered on the bed and spanned the entire height of the bed except for
2 pebble diameters at the top and bottom of the bed to avoid entrance and exit
effects. The average fluid velocity, pressure gradient, wall shear, and porosity
were calculated for each ring. The porous media code could then model each
of these rings with their respective porosity calculated from the high-fidelity
geometry to create an equivalent system. Averages for each ring were extracted
directly from the porous media code and compared to the LES data. Geometric
information and the average porosity for the five rings can be found in Table[l]
along with an example of the two models in Figure [3]

Another challenge is the separation of friction and form losses in the high-
fidelity data. A key element of this work is the formation of the methodology
to extract these parameters. First, the pressure gradient as a result of frictional

losses is computed from the definition in the KTA equation:

10



Figure 3: Centerplane slice of the NekRS case (left) and slice of the Pronghorn case with the

mesh blocks visible (right). The axial averaging region is shown in the dotted red box.

11



195

200

205

210

215

AP (320 1—ce¢ p?vg? 1 (10)
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The pressure gradient from form losses was then calculated by subtracting

the frictional gradient from the total pressure gradient:

AP AP AP

— = — - — 11
L form L total L friction ( )

Finally, the form coeflficient was determined from the form pressure gradient.

L T
Oform = — L Jorm (12)

It should be noted that this approach assumes that the friction losses are
correctly predicted by the KTA equation for any region of the bed. This as-
sumption is justified, as the friction losses will account for < 10% of the total
losses in the Reynolds number used for this study, meaning that errors with
the KTA frictional loss term will not significantly influence the results. We
assert that this methodology and the suggested improvements that result from
it may not be accurate for Re,, < 100 where frictional losses contribute more

significantly.

III. Results

III.A. Convergence of Results

A convergence study was performed on the results to ensure that time conver-
gence and mesh convergence were achieved. Time convergence of the Pronghorn
results were performed with MOOSE’s built-in steady-state detection, where the
simulation was run until the relative residual changes by less than le-8 between
timesteps. The NekRS simulations were all run for roughly 10 convective units
(1 convective unit — ¢t* = 1) before averaging began. After this initialization,
averaging began and the simulation was run for an additional 10 convective
units to investigate the convergence of the near-wall velocity. Table [[I] shows

the results of this time convergence study. Even the smallest averaging period

12
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Table II: Time convergence of the near-wall velocity average from NekRS

# Convective Units | Average Near-Wall Ring Velocity

2.5 2.963
) 2.965
10 2.966

Table III: Mesh convergence of the near-wall velocity average from NekRS

Polynomial Order | Average Near-Wall Ring Velocity

5 2.964
7 2.965
9 2.965

of 2.5 convective units appears to be sufficient to have a converged near-wall
ring average velocity. A mesh convergence study was also performed by chang-
ing the polynomial order in the NekRS simulation. Table [[TI] shows that the
mesh resolution is sufficient to converge the near-wall velocity magnitude, and

a polynomial order of 7 was used to generate further results.

II1.B. Velocity profiles comparison

The initial comparison between the two codes investigates the predicted ve-
locity profiles in order to quantify the discrepancy between them. Comparisons
were done at Reynolds numbers of 2,500, 5,000, and 10,000 to gauge if the ve-
locity and drag profiles displayed a dependency on the Reynolds number. The
radial velocity profiles for the three Reynolds numbers are pictured in Figure [4]

The velocity profiles do not display a strong dependency on the Reynolds
number, with the near-wall region having an average streamwise velocity of
roughly 2.9 across all three Reynolds numbers. Additionally, the KTA correla-
tion overestimates the velocity in the near-wall region by more than 30%. It is
thus concluded that an accurate representation of the porosity in a porous me-
dia model does not lead to an accurate prediction of the velocity near the wall.

Rather, it is necessary to modify the pressure drop correlation near the wall to

13
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account for the difference in flow patterns to obtain accurate velocity profiles.
Once the discrepancy between the KTA correlation and the LES simulation was
established, the form coefficient in the near-wall ring was manually increased
in Pronghorn until the velocity in this ring matched the NekRS result. The
purpose of this exercise was twofold: firstly, it would serve to demonstrate that
the alteration of the form coefficient in the near-wall region would be sufficient
to improve the overall velocity profile; secondly, this exercise would verify the
process for extracting friction and form coefficients from NekRS and allow the
form and friction data to be extracted directly from the LES results rather than

manually guess-and-checking in Pronghorn.

II1.C. Friction Factor Comparison

The friction factors calculated in each ring from the NekRS and Pronghorn
simulations can be found in Figure [5l From these plots, it can be seen that the
KTA correlation tended to overpredict the friction factor compared to NekRS
in all rings except for the outer ring. It is worth noting that the pressure drop
from friction was small in this case compared to the form losses, with the form
losses ranging from 85% to 95% of the total losses in each of the rings. As
a result, the friction factor was not modified for this study. When the form
factor was manually altered, the friction factor saw a slight change due to the
slightly different velocity in each of the rings. The friction factors normalized
to the value in the first ring are also included in Figure [f] As expected, the
rings with porosity that is farthest outside of the valid KTA range see the
largest discrepancy between NekRS and the KTA correlation. The shape of
these plots remained consistent across the three Reynolds numbers, indicating
that the Reynolds number will not have a large effect on the radial distribution
of the friction losses in the bed. Once again, this is not of great importance to
this study where the role of friction is minor, but may be important for future

studies at low Reynolds number.
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III.D. Form Factor Comparison

Figure [7] shows a comparison of the form factors calculated from the NekRS
and Pronghorn results. Similarly to the friction factor results, the KTA corre-
lation tended to overpredict the form factor in all but the outermost ring. After
increasing the coefficient in ring five to match the velocity seen in the NekRS
results, the form coefficient in the outermost ring was larger than the NekRS
coefficient as well. A better understanding of why the velocity profile matches
even with this overestimation can be gained by examining the normalized form
factors in Figure It can be seen from these plots that the increase in the
form factor in the near-wall ring caused the ratio of form factors in each ring to
match more closely with what was seen in the NekRS results. This result aligns
with intuition and serves to verify that the process of extracting these form
coefficients is appropriate. One would expect that the magnitude of the average
form coefficient determines the pressure drop and that the ratio between the

form coefficients in each ring should determine how much flow each receives.

IIILE. Pressure Drop Comparison

In addition to the friction and form factors, a comparison of the pressure
gradients between the NekRS and KTA results was also performed and can be
found in Figure [0] The KTA values were extracted from the 5-ring Pronghorn
model. As expected given the lower form coeflicients seen in the NekRS sim-
ulation, the pressure drop as well is lower than what is predicted by the KTA
correlation. It should be noted, however, that the pressure drop calculated by

NekRS was within the quoted range of error given for the KTA correlation.

IIILF. Near-Wall Region Correlation Improvements

After verifying the methodology of extracting the friction and form coeffi-
cients from the high-fidelity data, it was possible to perform an examination
into the trend of the near-wall form coefficients across a large range of Reynolds
numbers. The average form coeflicient was calculated in ring five for Reynolds

numbers ranging from 625 to 10,000. A plot of the form coefficient versus the

18
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Figure 7: Form factor in each ring for the NekRS, Pronghorn, and Manually-adjusted
Pronghorn cases for Reynolds numbers of 2,500 (left), 5,000 (center), and 10,000 (right)
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Figure 9: Dimensionless pressure gradient (P*/x*) predicted by NekRS and the KTA corre-
lation for Reynolds numbers from 625 to 10,000.

modified Reynolds number in the ring can be found in Figure As expected
from the verification exercise, the KTA correlation tended to underpredict the
form coefficient near the wall. The dependency of the form coefficient on the
modified Reynolds number, however, did match well with what was predicted
by the KTA correlation. From this information, we can suggest an increase of

the KTA form coefficient in the near-wall region as follows:

6 8.9

Cform = RTgnl — Reignl (13)

III.G. Bulk Ring Correlation Improvements

The form coefficient in the inner bulk ring was also investigated to determine
if it too would see discrepancy compared to the NekRS results. As was done with
the near-wall ring, the form coefficient was calculated in ring one for Reynolds
numbers from 625 to 10,000. The plot of these form coefficients versus the
modified Reynolds number is pictured in Figure It can be seen from this

21
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Figure 10: Form coefficient in the near-wall ring (Ring 5) for Reynolds numbers from 625 to
10,000. The value predicted by the KTA correlation is shown along with the NekRS data and

it’s curve fit.
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Figure 11: Form coefficient in the bulk ring (Ring 1) for Reynolds numbers from 625 to 10,000.
The value predicted by the KTA correlation is shown along with the NekRS data and it’s curve
fit.

plot that the KTA correlation tends to overpredict the form coefficients in the
bulk of the bed. This data suggests the following modification to the KTA form
coefficient in the bulk region of the bed:

¢ 5L o

Oform = ”
0.1 0.1
Re). ReY.

III.H. Implementation in Pronghorn

The suggested improvements from the above sections were implemented for
the bulk and near-wall rings in the Pronghorn model. The resulting radial
velocity profile can be found in Figure The suggested improvements provide
substantial improvement over the KTA correlation in the prediction of the near-
wall velocity. It is worth noting that making the suggested changes in rings 1

and 5 worsens the velocity agreement in the unchanged rings. If the radial
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Figure 12: Velocity in each ring the 1,568 pebble bed from NekRS, the KTA correlation, and

the suggested improved correlations of this work

velocity profile is to be generally matched better, all rings would need to have

improvements applied to them.

HILIILH. 1. Preliminary Verification

The results presented thus far have been extracted from only a single bed
of 1,568 pebbles. It is important, however, to verify that the improvements
suggested based on these results hold consistent for other beds. To test that
this is the case, a second bed of roughly 1,700 pebbles was simulated using
NekRS, and the same postprocessing procedure was once again performed. An
equivalent model was built in Pronghorn for this bed of 1,700 pebbles, and the
case was simulated with the KTA correlation. The porous media simulation was
then performed using the suggested improvements from this work. The results
of these simulations can be seen compared to the NekRS result in Figure

The agreement between the improved correlation and the NekRS result is

not quite as good with this bed compared to the 1,568 pebble bed that was
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Figure 13: Velocity in each ring for a bed of 1,700 pebbles from NekRS, the KTA correlation,

and the suggested improved correlations of this work

used to generate the correlation improvements. Regardless, the improvements
still manage to produce a velocity profile that agrees more with the NekRS
results than the KTA correlation. Additional work will continue to verify that
the suggested correlations produce improved results for beds of different sizes,

aspect ratios, and Reynolds numbers.

III.I. Discussion on Ring Size

It should be noted that the choice of ring size to discretize the near-wall
region is somewhat arbitrary. A user of a porous-media code may see a need to
resolve more or less of the near-wall region depending on their application. We
note, however, that the methodology described in this work can be used for any
number or size of ring. For instance, if a user desires to use two outer rings of
width 0.5Dcp, the same process may be used to extract the form coefficients,
determine a new form-term constant for the near-wall ring, and achieve similar

improvement over the KTA equation. We note that in this configuration, Ring
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Figure 14: Velocity in each ring for a three-ring model of the 1,568 pebble bed from NekRS,

the KTA correlation, and the suggested improved correlations of this work

1 (the inner ring) would remain unchanged from the previous 5-ring model. The
overall improvement is demonstrated in Figure[I4] where it was determined that

for this configuration, the near-wall form coefficient should follow:

6 6.5
Cform = RT%LI — Re%l (15)

Again, since the inner ring is unchanged, we use the same improvement
suggested in Equation [14] for that ring. We recognize that determining a new
correlation every time the discretization is changed is not practical. Future
work will use the methodology described in this work to determine a generalized

improved correlation that will be valid for any given discretization.

IV. Conclusion

This work presented an investigation into the friction and form losses seen

in a packed bed. A bed of 1,568 pebbles was packed with DEM simulation and
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used to create the high-fidelity mesh. The spectral-element CFD code NekRS
was used to produce high-fidelity simulation results, and the Pronghorn porous-
media code was used to generate comparative intermediate-fidelity results us-
ing the KTA correlation. Postprocessing was necessary to make comparisons
between the NekRS and Pronghorn results possible. This was performed by
separating the domain into five concentric cylinders. Starting from the wall, 4
cylinders of width 0.25 Dpeppie Were created to provide adequate resolution in
the near-wall region. The other ring captured the rest of the bed to represent
the bulk bed behavior. Porosity averages were extracted from each of these rings
to be used as inputs to the porous-media code to create an equivalent model.
Other variables such as the average fluid velocity and pressure drop were also
extracted. The frictional pressure drop was first determined using the KTA
equation. Then, the frictional pressure drop could be subtracted from the total
pressure drop, yielding the form pressure drop. This form pressure drop could
then be used to calculate the form coefficient.

Comparison of the radial velocity profile between the NekRS and Pronghorn
results at Reynolds numbers of 2,500, 5,000, and 10,000 displayed a significant
overprediction of the velocity near the wall when using the KTA correlation in
Pronghorn. To verify that the methodology of extracting drag coefficients was
appropriate, a verification case was investigated in which the form coefficient
in the near-wall ring was manually increased in the Pronghorn model until
the velocity in this ring matched the NekRS result. After this change, the
form and friction coefficients were analyzed from the NekRS, KTA, and manual
adjustment cases. It was found that the KTA correlation tended to overpredict
the friction and form coefficients compared to the NekRS simulation in all rings
except for the near-wall ring. The manual increase of the form coefficient to get
the velocity near the wall to match revealed that in this case, the ratio between
the form coefficients in the bulk and near-wall rings matched closely with the
NekRS result. This finding served to verify that the method of extracting the
form coefficient was appropriate, and the form coefficient for all five rings was

then extracted at several additional Reynolds numbers ranging from 625 to
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10,000.

By plotting the form coefficient in each ring against the modified Reynolds
number, it became evident that the KTA correlation significantly underpre-
dicted the form losses in the near-wall region. The trend of the form coefficient
with respect to the modified Reynolds number, however, was consistent between
the NekRS data and the KTA correlation. Therefore, it is suggested that within
0.25D,¢p, of the wall, the constant in the form term of the KTA is increased from
6 to 8.9.

The most important factor to determining the amount of flow the near-wall
region receives is the ratio between the near-wall form loss and the bulk-region
form loss. As a result, the same approach used to improve the near-wall ring
was applied to the bulk ring, and it is suggested that the constant in the KTA
form term is decreased from 6 to 5.1.

The use of these suggested correlations for the near-wall and bulk rings
in Pronghorn displayed significantly improved agreement with the NekRS re-
sult compared to the KTA equation. A second bed of 1,700 pebbles was also
simulated in NekRS and Pronghorn to provide a second case for comparison.
Improvement over the KTA correlation was seen when using the suggested im-
provements, although the agreement was not as good as what was seen in the
1,568 pebbles case.

Future work will seek to further expand on the methodology discussed in
this work to develop a more generalized correlation for the form losses. This
may be accomplished by gathering additional data for other beds of different
sizes to check for inaccuracies with the suggested improvements. Additionally,
future simulations will add heating to the pebbles to compare with existing heat

transfer correlations to identify gaps in predictive heat transfer capabilities.

Nomenclature
CFD Computational Fluid Dynamics

DEM Discrete Element Method
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DNS Direct Numerical Simulation

DOE Department of Energy

FHR Flouride-Cooled High-Temperature Reactor
GPU Graphics Processing Unit

HTGR High-Temperature Gas-Cooled Reactor
LES Large Eddy Simulation

MOOSE Multiphysics Object-Oriented Simulation Environment
PBR Pebble Bed Reactor

€ Porosity

p Density

Tw Wall Shear Stress

C'torm Forccheimer Form Factor

Dy, Hydraulic Diameter

Dpey  Pebble Diameter

f Darcy Friction Factor
g Gravitational acceleration constant
P Pressure

Re Reynolds Number (MTD’”)

Re,,  Modified Reynolds Number ({£2)

t Time
v; Interstitial Velocity
Vs Superficial Velocity
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