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ABSTRACT

The possible use of compact heat exchangers (HXs) in sodium-cooled fast reactors (SFR) employing a
Brayton cycle is promising due to their high power density and resulting small volume in comparison
with conventional shell-and-tube HXs. However, the small diameter of their channels makes them more
susceptible to plugging due to Na,O deposition during accident conditions. Although cold traps are
designed to reduce oxygen impurity levels in the sodium coolant, their failure, in conjunction with
accidental air ingress into the sodium boundary, could result in coolant oxygen levels that are above the
saturation limit in the cooler parts of the HX channels. This can result in Na,O crystallization and the
formation of solid deposits on cooled channel surfaces, limiting or even blocking coolant flow. The
development of analysis tools capable of modeling the formation of these deposits in the presence of
sodium flow will allow designers of SFRs to properly size the HX channels so that, in the scenario
mentioned above, the reactor operator has sufficient time to detect and react to the affected HX. Until
now, analytical methodologies to predict the formation of these deposits have been developed, but never
implemented in a high-fidelity computational tool suited to modern reactor design techniques. This paper
summarizes the challenges and the current status in the development of a Computational Fluid Dynamics
(CFD) methodology to predict deposit formation, with particular emphasis on sensitivity studies on some
parameters affecting deposition.

Keywords: Sodium-cooled fast reactors, compact heat exchangers, channel plugging, sodium oxide,
deposit formation, Computational Fluid Dynamics (CFD)

1. INTRODUCTION

The vast majority of Sodium-cooled Fast Reactor (SFR) designs, including those actually built and
operated, adopt a conventional water/steam Rankine power conversion cycle [1]. An alternative design,
seriously investigated only in the last 10-15 years due to recent progress in turbomachinery and compact
heat exchanger (HX) technologies, uses instead a Brayton cycle with Supercritical CO, (S-CO,) as
working fluid. The choice of S-CO, is motivated not only by safety considerations related to the
elimination of sodium-water reaction in the HXs, but also by economics considerations which are
important given the perceived higher capital cost of SFRs with respect to large LWRs. In addition to
capital savings resulting from the reduced, albeit not eliminated, requirements for monitoring/addressing
sodium leaks, the properties of S-CO, result in reduced compression work, which benefits plant
conversion efficiency, and in remarkably small turbomachinery, especially the turbine. All these aspects
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are clearly conducive to better economics. On the other hand, however, the heat transfer properties of
S-CO, are similar to those of conventional gases, thus requiring a large heat transfer area to remove the
prescribed heat duty. When combined with the high pressures (up to 20 MPa) and relatively high
temperatures (up to 550 °C) characterizing an SFR-S-CO, plant system, this requirement results in very
large, and thus expensive HXs if conventional shell-and-tube HXs were used [2]. For this reason,
emphasis is recently being given to the potential use of small-channel HXs, such as diffusion-bonded
HXs, since the small size of their channels result in an extreme compactness. At the same time, however,
this small size also results in higher susceptibility to plugging. In the particular case of SFRs, plugging
may result from sodium oxide (Na,O) deposition, which could take place in the event of failure of the
sodium boundary (and therefore air ingress) and simultaneous failure of the cold traps designed to capture
impurities in the coolant. A Computational Fluid Dynamics (CFD) analysis tool capable of modeling the
formation of Na,O deposits, as well as sodium flow in presence of these deposits, will aid SFR designers
to properly size the HX channels accounting for deposition/plugging considerations, and allowing the
reactor operator sufficient time to detect and react to the affected HX before complete channel plugging
occurs. Development and validation of these tools is the ultimate objective of the U.S. DOE sponsored
research [3] carried out jointly by Westinghouse and Argonne National Laboratory (ANL). The
challenges and the current status of the CFD modeling development are summarized in the following
sections. Specifically:

- Section 2 discusses the motivation and objective of the work, and briefly describes deposition

models and the experimental facility used to support the project
- Section 3 explains the analysis methodology
- Section 4 presents preliminary modeling results
- Section 5 presents conclusions and summarizes future work

2. BACKGROUND

The main objective of the project is to ultimately develop properly validated CFD models able to predict
Na,O deposition in small-diameter channels, and thus the time for their complete plugging. Integral part
of this effort is the use of the Sodium Plugging Phenomena Loop (SPPL), operated by ANL, which will
be used to support the validation effort, as well as to gain insights on the Na,O deposit growth [4]. In
particular, because of the impossibility to open the facility to examine the deposits without perturbing
them (due to the air-induced oxidation), ANL is developing diagnostic, non-invasive techniques to
identify deposition locations and possibly to characterize the deposits. These efforts, which are part of the
project, are not however discussed in this paper, but might be used to validate the CFD models under
development.

When liquid sodium contains dissolved oxygen and it is cooled below the saturation temperature for
oxygen dissolution [5, 6], Na,O tends to nucleate and grow on the surfaces that are cooled, leading to
formation of solid deposits. An analytical approach to these phenomena has recently been reported by
Sienicki in the context of a phenomenological model of deposit growth, based upon oxygen mass transfer
between the sodium and the deposit ([4], [7]). Although this model represents an improvement with
respect to previous investigations due to the introduction of the concept of deposit porosity, it does not
capture in full detail the heat transfer (between the fluid and the wall/deposit) nor the fluid dynamics
effects locally, and it is not available within a state-of-the-art computational framework suited for
coupling to modern reactor design/analysis tools. The work described herein presents the current status of
an effort aimed at extending this treatment and addressing its limitations through the development of a
validated CFD model that predicts local deposition based on modeling of the temperature-dependent
growth characteristics of Na,O.
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2.1 Brief Survey of Available Analytical Models for Sodium Oxide Deposition

Based on recent reported work, two models were considered for the deposition of Na,O for this particular
project [8]: the first principles model by Sienicki [7] and a mass-transfer kinetics model by
Khatcheressian et al. [10]. The first principles model calculates a 1-D linear growth of a two-phase
deposit consisting of liquid sodium and solid Na,O volume fractions within a HX channel of a given
shape. The growth of this deposit is a function of an overall mass transfer coefficient defined by local
dimensionless heat or mass transfer numbers, the oxygen concentration gradient between the surface of
the deposit (or the HX wall), the equilibrium oxygen concentration in the system, and the effective
oxygen density in the deposit [7]. Localized Nusselt numbers can be used to describe the oxygen mass
transfer process for either turbulent or laminar forced flow convection using the mass and heat transfer
analogy [7, 9]. After review it was concluded that this model provides a flexible mathematical approach
for calculating deposit growth and is also advantageous since it had been compared against a plugging
experiment at the SPPL under laminar flow, predicting the time of growth of a deposit within ~25% of a
measured value [7].

The mass-transfer kinetics model predicts instead the growth of Na,O and sodium hydride (NaH) deposits
in larger scale cold traps that contain packing [10]. In addition to mass-transfer considerations, this model
also incorporates rate constants associated with both crystal nucleation and growth. The model provides
the potential for a more fundamental description of the crystallization process; however kinetic
parameters were not well defined for the HX channel conditions relevant to this project and values needed
for the calculation of the kinetic parameters were also reported as confidential [11]. For these reasons,
early modeling efforts are focusing on the use of the first principles model [7] with the CFD analysis.
Certain aspects of the mass-transfer kinetics model may be incorporated in future efforts.

2.2 ANL SPPL Facility Description

The SPPL facility at ANL will be used to collect Na,O deposition data in order to benchmark
corresponding CFD models. The facility consists of a sodium loop in which Na,O deposition is induced
inside test sections each containing sets of small-diameter (2, 4 and 6 mm in its original setup) semi-
circular channels, by adding Na,O granules to the flow and reducing the test section temperature below
the oxygen solubility value. The original setup of the loop is shown in Figure 1, and the loop is currently
being upgraded, reducing the three test sections to only one, containing three 6 mm semi-circular
channels. More information on the facility and its operation can be found in [12].
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Figure 1: ANL Sodium Plugging Phenomena Loop (SPPL), original setup [12]
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3. ANALYSIS METHODOLOGY
3.1 Operating Conditions

The CFD modeling approach will be focused mainly on reproducing (and validating with) the flow rate,
pressure drop and temperature measurements from the SPPL. Thus, in addition to the inherent
uncertainties in deposit properties due to lack of available data, the CFD modeling approach needs to be
tested across all the flow rates and temperatures (inlet and cooling) that can be simulated with the facility,
and should also assess geometric parameters that can affect fluid dynamics and deposition (entry path to
the test channels, cooled section lengths, etc.).

Based on the flow rate versus temperature calibration curve for the original SPPL 6 mm semi-circular test
section presented in [12], conservative lower and upper Reynolds numbers of approximately 100 and
1500 were used in the CFD analysis. In addition, based on the temperatures given in [13], the sodium
inlet temperature considered for the model presented herein was chosen to be 300 °C, and the cooled
section surface temperature was set to 150 °C. These values may change depending on future use and
setup of the SPPL, and are used here as a starting point.

3.2 Sodium and Sodium Oxide (Na,O) Properties

In the current CFD model, sodium density, dynamic viscosity, thermal conductivity and specific heat are
used as a function of temperature and are taken from [14].

Unlike for pure sodium, for Na,O and for Na-Na,O mixtures, data on deposit structure and thermo-
physical properties are scarce. The following subsections discuss how the properties for Na,O are

computed. Multiple approaches are instead used to estimate properties for Na-Na,O mixtures, as
discussed in Section 3.4.

Density

The solid oxide volume fraction of the deposit was assumed to have a temperature-independent density
equivalent to the theoretical density of 2270 kg/m”’ [15].

Specific heat

Specific heat data are available in literature for solid sodium oxide [16, 17].

Specific heat (kgLK) — —0.0013568 * [T(K)]? + 2.1272 * T(K) + 593.02 (1)

Thermal conductivity

Estimating the thermal conductivity of the solid phase Na,O portion of the deposit as a function of
temperature is necessary to thoroughly consider heat transfer effects within the plugging of HX channels.
A literature search provided no direct data for the thermal conductivity of pure Na,O [18 - 21], and little
thermal conductivity data was found for oxides of similar composition materials such as pure Li,O or
K,O. However, thermal conductivity data for solid Na,O-sodium cermets was available at a single
temperature of 55 °C [18, 19] as a function of Na,O composition (5-60 wt %). The thermal conductivity
data for solid sodium is also available at temperatures below the sodium melting point of 97.72 °C [14,
18].
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Using this data, the thermal conductivity of pure Na,O at 55 °C was calculated using relationships
provided by [22] that estimate the thermal conductivity of mixed solid materials. In this approach, it was
assumed that the structure of the cermet could be described using a cubic geometry, in which Na,O is the
continuous phase and sodium is the discrete phase. Since the thermal conductivity of the Na,O-sodium
cermet and its solid sodium fraction were known at 55 °C from the literature, it was possible to back
calculate the thermal conductivity of the Na,O fraction using an effective thermal conductivity
relationship that is composition dependent [22]. A thermal conductivity value for the Na,O fraction of the
cermet was calculated for each cermet composition reported in [18] and [19], and the values were
averaged. The resulting thermal conductivity value for solid Na,O was equal to 9.5 W/m.K (£ 42%).
While the intrinsic value of the Na,O thermal conductivity should be independent of the cermet
composition (recognizing the overall cermet thermal conductivity will be a function of specific sodium
and Na,O compositions), this method provided a preliminary estimate of Na,O conductivity at a single
temperature of 55 °C.

However, the temperature in the HX channel will typically be above the melting point of sodium (i.e. >
~ 98.0 °C), and therefore the Na,O thermal conductivity value calculated at 55 °C was scaled to higher
temperatures using the thermal conductivity behavior of MgO at temperatures between 27 °C and 277 °C
[23] (MgO is the closest material with available data). A polynomial regression for MgO thermal
conductivity as a function of temperature was plotted. A “base” thermal conductivity of 56.2 W/m.K was
extrapolated for MgO at 55 °C. The percentage change in MgO thermal conductivity from this base value
to higher temperatures was then then used to scale the Na,O thermal conductivity of 9.5 W/m.K for the
same temperature change. Using this approach, a temperature dependent curve for the thermal
conductivity of Na,O was extrapolated between 150 °C and 300 °C as shown in Equation 2 (thermal
conductivity decreases from ~ 6.5 W/m.K to ~4 W/m.K, from 150 °C to 300 °C, respectively).

Thermal conductivity (%)
= —2.519¢ — 7 * [T(K)]® + 3.91e — 4 * [T(K)]* — 0.2176 * T(K) + 47.66 (2)

3.3 Preliminary Modeling Approach

The formation of the deposit on the walls is first and foremost driven by the local temperature and oxygen
concentration. In order to reduce the number of variables in this preliminary phase of the modeling the
oxide deposit formation was assumed to be directly linked to the local temperature instead of first
determining the deposit mass flux due to temperature-dependent oxygen solubility and concentration
(which will be included in future work). A simple relationship was assumed between liquid sodium
volume fraction and temperature, based on a 150 °C cooled wall set up in the original SPPL [13] in which
sodium volume fraction was set to 0, and a linear rise to a value of 1 at 160 °C. This means that between
temperatures of 150 °C and 160 °C there is a mixture of sodium and Na,O, and at any temperature at or
above 160 °C only liquid sodium exists. This simplified assumption, in this preliminary stage, will be
replaced by the calculated deposit mass flux based on local temperature, oxygen concentration and
solubility of oxygen in liquid sodium ([4, 5]) such as presented in [8].

ANSYS CFX v14.5.7 [24] (CFX) was used as pre-processor, solver, and post-processor for the CFD work
presented herein. In order to simulate the deposit formation, the multi-component fluid structure of CFX
was utilized [24, 25]. Within this analysis, two materials co-exist — namely liquid sodium and the deposit,
and depending on the temperature observed on the computational cell, a combination of these materials
are present. In this preliminary approach, the local temperature was used to determine the liquid sodium
volume fraction based on the relationship explained above, as a simplified assumption. In order to
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account for the loss of momentum due to the solidification process, momentum sinks were placed on each
cell with a mass fraction of sodium less than 0.8, an assumed value for the preliminary analysis.
Turbulence and energy sinks were not added at this stage, but will be incorporated in future models. Sinks
added in the future will be functions of local solidification fractions.

3.4 Test Matrix

A sensitivity study was conducted on some of the many parameters expected to affect deposit formation.
These parameters are briefly discussed below and summarized in Table 1 which shows the complete test
matrix considered in the work presented herein.

- Reynolds number: As mentioned before, Re values from approximately 100 to 1500 were tested in
the 6 mm diameter semi-circular channels in the original SPPL [12]. These two values are
considered for the analysis herein as bounding values.

- Deposit thermal conductivity: No direct data for pure Na,O thermal conductivity is available in the
literature, nor the composition/structure of the deposit is known. As expected, the thermal
conductivity of the deposit will have an important impact on deposit formation, and thus a
sensitivity analysis with two sets of deposit thermal conductivity values with respect to
temperature were tested.

1. Deposit thermal conductivity is assumed to be equal to that of “pure” Na,O derived in
Section 3.2, Equation 2, i.e. without sodium inside the deposit.

2. Considering the deposit solid fraction value of 0.18 from Sienicki [7], an ‘effective’
deposit thermal conductivity was calculated as a function of temperature, using
Equation 3 (thermal conductivity decreases from ~ 71 W/m.K to ~ 63 W/m.K, from
150 °C to 300 °C, respectively).

‘Effective’ deposit thermal conductivity (-—) = kyazo () * (0.18) + ksoasum(T) *0.82 (3)

- Cooled section length: Two cooled section lengths of 6 mm (/D = 1) and 12 mm (L/D = 2) were
used to study the effects on deposit formation.

Table 1: Test matrix

Case # Re Deposit Thermal Conductivity Cooled Section Length (mm)

1 100 Na,O 6
2 1500 Na,O 6
3 100 Effective 6
4 1500 Effective 6
5 100 Na,O 12
6 1500 Na,O 12
7 100 Effective 12
8 1500 Effective 12
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3.5 CFD Model

In the process of developing the preliminary numerical modeling approach of the deposit final shape
formation, prior to modeling the full SPPL in 3-D, a 2-D model representative of one of the 6 mm
diameter semi-circular test channels was built. A 6 mm wide 2-D domain (two computational cells thick),
with an entrance section, a cooled section, and an exit section was built, as shown in Figure 2. The
entrance section length was 240 mm (L/D = 40), and exit section length was 60 mm (L/D = 10), both
lengths representative of the dimensions in the SPPL.
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Figure 2: 2-D CFD domain (not to scale)
This domain was meshed using TrueGrid [26] with hexahedral cells. The total number of cells for the 6

mm cooled section model was 282,720, and it was 297,600 for the 12 mm cooled section model. A cut
plane showing mesh density near the lower wall is presented in Figure 3.
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Figure 3: Cut plane showing mesh density on the lower wall (first layer thickness = 0.01 mm)

Uniform velocity profiles were prescribed for the inlet at values of 0.006468 m/s and 0.097027 m/s at 300
°C, corresponding to Re values of 100 and 1500, respectively. SST k-o turbulence model [27] with
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automatic wall function was prescribed for both Re values, with a turbulent Prandtl number (Pr,) of 4.12'
[28-30]. Note that although the Re values technically fall under laminar regime (as discussed in the results
section), the formation of deposits may cause narrowing of the channel and recirculation regions behind
the deposit, and thus need to be accounted for as these affects may have a strong influence on the flow
regime transition and deposit formation. Thus, the sensitivity studies and comparison of the laminar
versus turbulent flow model results were performed. A 1% inlet turbulence intensity was prescribed for
the analyses presented herein, but sensitivity studies on this value will be conducted in the future to
account for possible upstream effects in the SPPL.

At the exit of the domain, an opening boundary condition in CFX was applied (which allows recirculation
at the exit), with 0 psi gage pressure and 300 °C temperature. Authors determined this to be a critical
decision over choosing an outlet boundary condition (which blocks the recirculation inflows during the
calculation) with respect to providing run stability. The choice for opening boundary condition provides
all outlet velocities (no recirculation) at the end of the calculation when the run converges as there is no
back flow 60 mm (L/D = 10) downstream of the cooled section for any of the cases presented herein.

Symmetry boundary conditions were applied at the two computational cells thick domain outer vertical
sides. All walls were prescribed no-slip boundary conditions and all walls except the cooled wall were
chosen to be adiabatic.

All cases were run as steady state, using double precision. The domain imbalances were monitored for
convergence as well as monitoring points for sodium mass fraction, temperature, and velocities placed
throughout the domain. The time steps (pseudo time steps in CFX steady state simulations, acting as
under-relaxation factors) required for stable runs were determined to be very small (as low as in the order
of 1.e-5 seconds) resulting in long run times until the final steady state deposit shape is reached. Each
case was run until total pseudo time had reached at least two full residence times. The final models will be
run in transient mode to evaluate the time-dependent nature of the deposit formation and validate against
time-varying experimental data from SPPL when available (such as test section pressure drop).

4. RESULTS

Results are shown below starting with the effect of the test matrix parameters on the sodium mass fraction
for the eight cases, followed by a more detailed discussion on one case only, i.e. Case 5.

Figure 4 shows the sodium mass fraction contour plots on the center cut plane for Cases 1 through 4 (6
mm cooled section). It can be observed that:

- Re number has a strong effect on the deposit shape. This is an expected phenomenon as the flow
velocity over the cooled section (and any deposit) increases, the convective heat transfer is also
enhanced, thus the opportunity of the deposit to grow is reduced by the sodium flow effectively
heating the area around the cooled section.

- The thermal conductivity of the deposit has also an effect on the deposition, especially at low Re.
The ‘effective’ deposit thermal conductivity is approximately 12 times higher than the thermal
conductivity for ‘pure’ Na,O (derived as explained in Section 3.2) in the temperature range between
150 °C and 300 °C. With the increase in the thermal conductivity of the deposit, conduction through

! Sensitivity studies conducted for [28] on Pr, showed that results do not significantly vary between 0.9 (CFX
default), 4.12 ([29]), and 5.6 ([30]) for the domain and conditions of interest in this project.
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the deposit is enhanced, thus reducing the temperature of the flow around the cooled section more
effectively, and thus growing the deposit deeper into the channel through solidification.

Sodium Mass Fraction

Il TaE 4

0.000 0.250 0.500 0.750 1.000

Full CFD domain

s B E—

Figure 4: Sodium mass fraction contour plots for Cases 1 through 4 (cooled section length = 6 mm),
zoomed in on the cooled section within the black box marked on the full CFD domain.

Figure 5 shows the sodium mass fraction contour plots on the center cut plane for Cases 5 through 8 (12
mm cooled section). The same observations can be made as for Cases 1 through 4 regarding the effect of
Re and deposit thermal conductivity. In addition, comparing Cases 1 through 4 to Cases 5 through 8, one
can observe that doubling the length of the cooled section had significantly expanded the deposit shape
for cases with lower Re numbers, as expected. In particular, for Case 7, noting that momentum sinks are
implemented on any cell with sodium mass fraction of less than 0.8, one can observe that the channel is
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completely blocked by the deposit formation and that there is no more flow through the channel. The heat
transfer through the rest of the downstream channel is through pure conduction.

Sodium Mass Fraction

0.000 0.250 0.500 0.750 1.000

Full CFD domain

e |

e
T sl

Figure 5: Sodium mass fraction contour plots for Cases 5 through 8 (cooled section length =12
mm), zoomed in on the cooled section within the black box marked on the full CFD domain (inset
for Case 7 shows the sodium mass fraction values further downstream).

Figure 6 shows the temperature contour plot for Case 7 around the cooled section vicinity (similar to
Figure 5, Case 7 inset). Note that a mixture of sodium and deposit is observed between 150 °C and 160
°C, and at any temperature higher than 160 °C, only sodium is observed.

Temperature [C]

150.000 152.500 155000 157.500  160.000

Figure 6: Temperature contour plot on vertical cut plane for Case 7 around the cooled section
vicinity
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More detailed results are now presented for Case 5.

The SST k-o turbulence model was used for all the cases regardless of Re values and possible flow
regime changes due to the channel narrowing and possible recirculation zones downstream of the
deposits. To evaluate applicability of turbulence modeling for low Re number (in fact laminar flow)
cases, Case 5 was run with both SST k- turbulence model (referred to as Case 5) and with no turbulence
model (Laminar — referred to as Case 5-Laminar). Figure 7 shows the contour plots of sodium mass
fraction around the cooled wall, showing no significant difference.

Sodium Mass Fraction

0.000 0.250 0.500 0.750 1.000

Figure 7: Comparison of sodium mass fraction contour plots on center vertical cut plane near the
cooled wall for Case 5 turbulent and laminar models

Figure 8 presents the comparison of sodium mass fraction values for Case 5 turbulent and laminar models
across a line perpendicular to flow (shown in black in figure inset) at a distance of 251 mm from the inlet
(cooled section extends from 240 mm to 252 mm). It can be noticed that the difference between the
curves is negligible.
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Figure 8: Comparison of sodium mass fraction values at X = 251 mm along the black line shown in
insert contour plot (Y = 0 mm is the channel centerline) for Case 5 turbulent and laminar models
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Figure 9 presents the temperature contour plot along the domain for Case 5. Due to the low flow rates and
high thermal conductivity of sodium, sodium upstream of the cooled surface is also cooled down through
conduction.

Temperalure [[#]

W . | I'_°.x

150000 162500 175000 187500 200.000

Figure 9: Temperature contour plot for Case 5, zoomed in on the cooled section

Figure 10 presents the velocity contour plots and streamlines for Case 5 and the change in the flow
structure due to the deposit presence. As mentioned previously, although low Re numbers are reported in
the channel, one can observe the recirculation region behind the deposit as depicted by the streamline plot
in Figure 10(b).
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(b)
Figure 10: Velocity contour plots and streamlines for Case 5 (a) velocity magnitude contour plot
around the cooled section, (b) combined sodium mass fraction contour plot and streamline velocity
plot around the deposit showing the recirculation region behind the deposit (same velocity scale as

in (a))
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5. CONCLUSIONS AND FUTURE WORK

This paper presents the current status of CFD modeling of sodium plugging for heat exchangers in
sodium-cooled fast reactor systems and several sensitivity studies on the sodium oxide deposit final shape
and resulting flow and temperature fields. CFD modeling has been conducted to assess the effect of some
key parameters, such as Reynolds number, deposit thermal conductivity and cooled section length, on the
extent of Na,O deposition. Although still assuming a simplified dependence between local temperature
and deposit formation, the study revealed a strong effect of Re, which was expected, but especially a non-
negligible effect played by the thermal conductivity of the deposit, which is a very unknown parameter
due the lack of data on both pure Na,O and on Na-Na,O mixtures. The cooled section length also plays a
large role in the deposit shape especially in low Re number flows (to the extent of complete plugging).
The modeling approach will be refined as the project moves forward, and validated as the experimental
data from SPPL become available. Future work may include:

- Inclusion of the concentration equation governing Na,O deposition and application of possibly a
combination of available analytical deposition models in literature [7, 10]

- Improvement of the current approach with modification of the sinks (momentum, turbulence, and
energy) based on porosity and permeability, such as Carman-Kozeny model for possible flow
through the deposit [31]

- Sensitivity studies on material/deposit properties

- Sensitivity studies on the turbulence inlet and modeling parameters

- Full 3-D SPPL modeling

- Conjugate heat transfer modeling, capturing the effects of test section walls

- Inclusion of test section slope (as observed in the SPPL test section) and gravity/buoyancy

- Consideration of magnetic effects due to the magnetic flow meters and controllers used in the SPPL
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