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Abstract

Ensuring efficient removal of decay heat from the reactor vessel is essential for the safety of ad-

vanced reactor technologies. Several Generation IV concepts incorporate variations of reactor

vessel cooling systems to achieve this objective. High-Temperature Gas-Cooled Reactors (HT-

GRs) utilize a Reactor Cavity Cooling System (RCCS), a passive ex-vessel system designed to

operate without active components or external power during accident conditions. The RCCS

removes decay heat primarily through radiative and convective heat transfer mechanisms. This

study presents a comprehensive validation of a CFD Reynolds-Averaged Navier–Stokes (RANS)

model for the University of Wisconsin–Madison (UW–Madison) air-cooled RCCS facility. Valida-

tion was conducted for both high- and low-power natural convection cases under a uniform heating

profile. Near-wall resolution was found to be critical for accurately modeling natural convection

in the RCCS: employing an all-y+ wall treatment resulted in wall-temperature discrepancies ex-

ceeding 50◦C compared to a wall-resolved mesh. Thermal-hydraulic behavior under natural and

forced convection conditions was compared within the heated cavity and RCCS. Turbulence model

sensitivity analysis indicates that low-Re k–ε, k–ω SST, and Reynolds Stress Transport models

produce similar wall-temperature predictions. A buoyancy modeling sensitivity study revealed

that the Boussinesq approximation significantly underpredicts thermal-hydraulic behavior in the

RCCS. Based on these findings, modeling recommendations are provided. The validated dataset

along and identified sensitivities refine the modeling natural convection in the RCCS. The informa-

tion produced by this study support RCCS design, optimization and safety evaluations enabling

calibration and verification of reduced-order thermal-hydraulic models.

Keywords — CFD, RCCS, STAR-CCM+, RANS, Air-cooled RCCS, Natural convection
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I. INTRODUCTION

Effective removal of decay heat from the reactor vessel is a key safety aspect in the devel-

opment of advanced reactor technologies. Several proposed Generation IV concepts, such as high

temperature gas-cooled reactors (HTGRs), sodium-cooled fast reactors (SFRs), and lead-cooled

fast reactors (LFRs), include different variations of reactor vessel cooling systems [1]. Depending on

the design, exo-vessel cooling systems can operate passively, often requiring no human intervention

or component operation, though some may require certain human actions such as valve manipula-

tion. HTGRs employ a reactor cavity cooling system (RCCS), which is a passive exo-vessel cooling

system that can mitigate accident consequences by using radiative and convective heat transfer.

The RCCS includes vertical pipes or rectangular ducts called “risers” around the reactor pressure

vessel (RPV). These risers carry out heat removal from the RPV through convective and radiative

heat transfer [2]. The heat received by the RCCS is expelled into the atmosphere (ultimate heat

sink) through natural convection of air inside the riser ducts. The effectiveness of the RCCS has

been demonstrated via the high-temperature reactor pebble-bed module (HTR-PM) demonstra-

tion nuclear power plant. Loss-of-cooling tests validated these reactors’ ability to be cooled down

by simply relying on natural convection, without needing to depend on the emergency core cooling

system during accident conditions [3].

Two RCCS designs are commonly employed by the industry: water-cooled and air-cooled

(see Figure 1). Even though both systems utilize the same underlying heat-removal principle,

they exhibit different challenges in decay heat removal. The air-cooled systems can be affected by

ambient air conditions, as demonstrated in [4]. A common instability observed in these systems

is flow reversal in one of the exhaust ducts, ultimately lowering the heat removal capacity of the

system. Flow reversal is likely to occur in asymmetric and low-power scenarios [5, 6]. Furthermore,

the water-cooled system is subject to the two-phase instabilities of water, which can reduce heat

removal.

A vast amount of numerical and experimental data pertaining to RCCS studies are available

in the literature. Experimental studies on an air-cooled RCCS were conducted for General Atomics’

Modular High-Temperature Gas Reactor (GA-MHTGR) [5, 6, 7], while the water-cooled RCCS

experimental studies are based on Frametome’s steam cycle HTGR (SC-HTGR), formerly known

as AREVA [8, 9]. The present work focuses on the air-cooled RCCS facility in the University of
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Fig. 1. The working principle behind the water- and air-cooled RCCSs.

Wisconsin-Madison (UW-Madison). The scale of the facility is shown in Figure 2.

An essential contribution to this field was made by Argonne National Laboratory (ANL)

through their Natural Convection Shutdown Heat Removal Test Facility (NSTF), which has en-

abled experiments to be conducted at half the scale of the original design [6, 8, 10, 11, 12, 13, 14].

The NSTF experiments began with the air-cooled RCCS. The outcomes of the NSTF air-cooled

RCCS experiments indicate that the overall heat removal performance remained effective despite

various abnormal events such as blocked riser channels, strong asymmetries from the heated source,

and moderate weather shifts. The temperature variations measured at the RPV surface, which is

an indication of the maximum fuel temperature, did not increase by more than 5% of the oper-

ating values. The outcomes suggest the GA-MHTGR’s air-cooled RCCS to be robust, as well as

capable of maintaining safe operational temperatures under these tested conditions [6]. After the

air-cooled experiments, the NSTF was converted to the water-cooled RCCS design based on Fram-

atome’s SC-HTGR [13, 14]. Initially, the water-cooled RCCS experiments were focused on single

phase thermal-hydraulics. The first-year results demonstrated the verification of mass and energy
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balances, including the characterization of parasitic heat losses. Facility characteristics such as

frictional pressure losses and transient heating response were also identified. Water-cooled RCCS

experiments were conducted under both normal and depressurized loss-of-forced-cooling (DLOFC)

conditions so as to demonstrate the effectiveness of the water-cooled RCCS [8]. Following this,

reports pertaining to the water-cooled RCCS experiments focused on the variety of two-phase

phenomena observed in the design. The experiments were conducted under various conditions,

including two-phase baseline [15], parametric studies on the two-phase baseline [16], and accident

conditions [17]. Each report includes a stability analysis of the experiments conducted in the

corresponding year. This experimental campaign shows that Framatome’s SC-HTGR RCCS can

operate under various conditions and effectively perform decay heat removal.

Fig. 2. Scaled representations of the GA-MHTGR RCCS.

The experimental test facility at UW-Madison represents a quarter-scale model of the GA-

MHTGR design. The data from this facility are important for computational fluid dynamics (CFD)

modeling. Being smaller than the NSTF makes it more computationally efficient to model with

numerical tools. The experiments simulated both the air-cooled [5] and water-cooled [9, 18] RCCS

designs. The air-cooled RCCS experiments included asymmetric heating cases. Instabilities similar

to those observed in the NSTF were reported [5]. Water-cooled RCCS experiments were performed

in this facility for single- and two-phase conditions [9]. The study confirmed that the RCCS can

maintain adequate cooling for 72 hours, thus meeting the Nuclear Regulatory Commission (NRC)

criteria. The authors indicated that a high level of performance can be expected at a full-scale decay
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heat load of 1.5 MWt, regardless of axial or asymmetric power shaping [9]. Additional experiments

were conducted at Texas A&M University by employing a one-eighth-scale model (i.e., half the

scale of the UW-Madison facility for the air-cooled RCCS) [19]. For these experiments, only the

risers and upper plenum portion were constructed. The results indicate changes in the turbulent

flow characteristics and mixing phenomena in the upper plenum, as instigated by the interactions

of the parallel jets’ behavior of riser ducts. In some cases, the evolution of coherent structures

within the flow field was investigated by applying the Proper Orthogonal Decomposition (POD)

technique [7]. Texas A&M University also constructed a water-cooled RCCS facility that was

1/23 scale of the reference water-cooled RCCS [20, 21, 22, 23]. A steady-state run was performed,

confirming that natural water circulation was sufficient to remove the heat produced in the reactor

vessel. They also contributed to understanding the behavior of the water in the system during

both the power ramp and steady-state phases. This facility was designed as a transparent facility,

thus allowing for qualitative observation of the flow mixing occurring in the RCCS system [20].

Further experiments on the RCCS can also be found in the literature. In one such experi-

ment, conducted by the Korea Atomic Energy Research Institute (KAERI), a quarter-scale facility

representing the Prismatic Modular Reactor (PMR)200’s air-cooled RCCS was constructed [24].

The main outcome of this study was this RCCS design’s ability to operate in the mixed convec-

tion regime, whereas previous experiments were designed to run based on either forced or natural

convection [25]. Another study enabled comparison between the scaling of ANL and KAERI’s

air-cooled RCCSs [26]. The results indicated that the effects of mixed convection and radiative

heat transfer are significant in the scaling of the test results.

Numerous studies have focused on numerical modeling of the various air- and water-cooled

RCCSs (both experimental representations and conceptual designs). ANL’s computational models

of the NSTF air-cooled RCCS are presented in the following studies: [4, 6, 10, 27]. An ANL

report [27] presents thermal-hydraulic modeling of the NSTF air-cooled RCCS by using both a

system-level thermal-hydraulic code (RELAP5-3D) and a CFD code (STAR-CCM+). The results,

obtained via different numerical modeling methods, were validated by the experimental results.

The CFD code utilized the Reynolds-averaged Navier-Stokes (RANS) modeling strategy, and dif-

ferent RANS turbulence models were evaluated.

Hu et al. [4] analyzed the impact of atmospheric effects on the air-cooled NSTF RCCS,
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and proposed a numerical methodology for including them in the system-level thermal-hydraulic

modeling. Rousseau et al. [28] compared the results obtained from two different system-level

thermal-hydraulic codes (i.e., FLOWNEX and GAMMA+), with the results indicating the system-

level thermal-hydraulic codes to be able to predict outcomes that are consistent with each other.

The results also confirm that the system remains functional during partial blocking scenarios in

the air-cooled RCCS[28]. However, a notable limitation of these codes is that they require users to

accurately calculate view factors in order to estimate the radiative heat transfer from the heaters

(mimics the RPV) to the risers.

Frisani et al. [29] presented a CFD analysis of an RCCS that featured circular channels

instead of rectangular ones. Experimental and simulation data were produced for both the water-

and air-cooled versions of the same RCCS design, showing the differences in each version’s level

of effectiveness [29]. Koekemoer et al. [30] investigated coupling the CFD codes with system-level

thermal-hydraulic codes in order to improve simulation accuracy. Moreover, the study analyzed

four different coupling strategies and compared each’s overall performance against that of the

others. In addition, CFD tools have been employed to increase the accuracy and fidelity of system-

level thermal-hydraulic analysis codes, as documented in [31]. Freile et al. [31] considered local

heat transfer effects when calculating the Nusselt number, and included a factor that accounted

for the effects of non-uniform temperatures on the RPV. Their study noted that convective heat

transfer is not the dominant heat transfer mode in the reactor cavity, though it significantly affects

the RPV surface temperature. Therefore, accurate modeling of natural circulation is crucial to the

radiative heat transfer inside the reactor cavity. Using the porous media modeling strategy, the

study produced more representative heat transfer coefficients for the reactor cavity [31]. Porous

media or CFD tools can be utilized to develop accurate heat transfer coefficients for the convective

and radiative heat transfer inside the reactor cavity. Large eddy simulations (LES) have also

been used to model partial geometries of the RCCS, including LES of rectangular ducts [32],

experimental measurements of the turbulence quantities for riser ducts [33], and the outlet plenum

[7] for the air-cooled RCCS.

The simulation efforts pertaining to the water-cooled systems mostly focused on the system

thermal-hydraulics levels, given the complexity of modeling CFD two-phase flows. The water-

cooled version of the NSTF RCCS has been modeled extensively [34, 35, 36, 37]. The computa-
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tional reports from NSTF start with single-phase water-cooled RCCS modeling using system-level

thermal-hydraulic tools. The numerical model was found to accurately—within 6% of the experi-

mental measurements—predict both system and riser flow rates during single-phase, steady-state

simulations [34]. This model used a CFD model of the heated cavity to more accurately rep-

resent the hydraulic losses and heat transfer values. The computational modeling reports that

were written in the following years mostly focused on two-phase modeling when using system-level

thermal-hydraulic tools, under various conditions such as nominal and accident scenarios [35, 36].

Ooi et al. [37] analyzed the effect of inlet throttling on system-level thermal-hydraulic modeling of

the NSTF water-cooled RCCS. Their work highlights the fact that the semi-empirical correlations

used in system-level codes could strongly influence model accuracy under two-phase oscillatory

flows. In general, the study concluded that system-level codes can predict the two-phase flow

phenomena occurring in a water-cooled RCCS.

However, there is a notable gap in the literature when it comes to CFD simulations in

modeling the air-cooled RCCS at UW-Madison. Some preliminary simulations were performed

in [5]; however, the CFD simulations covered in that study do not include the heat transfer that

occurs in the heated cavity. To address this limitation, the present study aims to provide a

multiphysics CFD model of an air-cooled RCCS experimental facility at UW–Madison. This

model will incorporate both the RCCS and the heated cavity, thus offering a deeper understanding

of the underlying physics involved.

The novelty of this study lies in presenting the first comprehensive CFD validation of nat-

ural convection in the UW–Madison air-cooled RCCS facility using a RANS framework. This

study validates both high- and low-power natural convection cases under a uniform heat profile

against experimental data. Beyond validation, it provides a systematic comparison between nat-

ural and forced convection heat removal performance in the RCCS system, offering insights into

their distinct thermal-hydraulic behaviors. Furthermore, a detailed sensitivity analysis demon-

strates that modeling choices—such as wall treatment, buoyancy modeling, and turbulence model

selection—significantly affect prediction accuracy. These findings lead to recommended modeling

practices for simulating natural convection in RCCS systems. By supplying validated RANS data

and practical guidelines, this work refines the RCCS modeling and supports the improvement

of lower-fidelity tools, including system-level thermal-hydraulic codes and coarse-mesh CFD ap-
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proaches. Ultimately, CFD simulations such as those presented here can help enhance the accuracy

of lower-fidelity codes commonly employed in design and safety analysis, enabling less conservative

approaches and thereby reducing the overall cost of reactor design and development.

This work is structured as follows. Section 2 (Methods) provides an overview of the RCCS

numerical model, including the governing equations, boundary conditions, and mesh. Section 3

(Results) compares the numerical model results against the experimental data, then compares the

performance of various RANS models. Section 4 (Conclusion) summarizes the findings of this

study and offers recommendations for future work.

II. METHODS

II.A. Governing Equations

Numerical modeling of the air-cooled RCCS at UW-Madison was performed using the RANS

modeling strategy. The system thermal hydraulics can be described using the mean conservation

of mass, momentum, and energy equations. The Reynolds stress term appears in the derivation

of the mean conservation of momentum equation from the Navier-Stokes equation when it is

derived via Reynolds decomposition. RANS models rely on the Boussinesq hypothesis (Equation

1), constituting a proportional relationship between the mean strain rate tensor and Reynolds

stress. This term allows for the effects of components with fluctuating velocities (e.g.,
〈
u′2
1

〉
,
〈
u′2
2

〉
,〈

u′2
3

〉
, ⟨u′

1u
′
2⟩, ⟨u′

1u
′
3⟩, and ⟨u′

2u
′
3⟩) to be taken into account, and for average properties to be

calculated without needing to resolve turbulent structures. For the derivation, refer to [38].

−ρ
〈
u′
iu

′
j

〉
= 2µtSij −

2

3
ρkδij (1)

where ρ is the fluid density, µt is the dynamic turbulent viscosity (or eddy viscosity), k is the

turbulent kinetic energy, δij is the Kronecker delta, and Sij is the mean strain rate tensor, which

can be calculated per;

Sij =
1

2

(
∂ ⟨ui⟩
∂xj

+
∂ ⟨uj⟩
∂xi

)
(2)

The mean conservation of mass and momentum under the Boussinesq hypothesis become the
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RANS equations:

∇ · ⟨uj⟩ = 0 (3)

∂⟨ui⟩
∂t

+ ⟨uj⟩ · ∇⟨ui⟩ = −1

ρ
∇⟨p⟩+∇ ·

[
(ν + νt)

(
∇⟨ui⟩+ (∇⟨uj⟩)⊤

)]
+ ρ⟨fi⟩ (4)

The kinematic eddy viscosity (νt = µt/ρ), which refers to the viscosity of turbulent structures

in the system, requires extra modeling for estimation. The models used in the study are introduced

in the next subsection.

The conservation of energy equation becomes:

∂⟨T ⟩
∂t

+ ⟨u⟩ · ∇⟨T ⟩ = ∇ · [(α+ αt)∇⟨T ⟩] (5)

where ⟨T ⟩ is the Reynolds-averaged temperature, α = k
ρcp

is the thermal diffusivity of the fluid,

and αt is the turbulent thermal diffusivity, modeled as:

αt =
νt
Prt

(6)

The fluid property changes are crucial in natural convection cases. The temperature differ-

ences were around 100°C in the riser duct during the experiments, meaning the density differences

significantly large in the system. The density was modeled using the low-Mach approximation

based on the ideal gas law (pressure independent). The Boussinesq model was invalid for this case,

since the density differences exceeded 10%. The viscosity and thermal conductivity of air were

modeled using Sutherland’s law. The specific heat capacity was assumed to be a constant 1005

J/kg°C for the air. The turbulent Prandtl number was assumed to be 0.85 for air.

II.A.1. Reynolds Stress Modeling

The closure problem of Reynolds stress modeling is an active area of research. Numerous

models have been developed to find a good generalized approximation. The models are commonly

categorized as algebraic, linear, and nonlinear eddy-viscosity models. The turbulence models

covered in this section are the Spalart-Allmaras, k-ϵ, k-ω turbulence and Reynolds stress transport

(RST) models. All the models solve the transport equation(s) to estimate the eddy viscosity in

the Boussinesq hypothesis.
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Spalart-Allmaras turbulence model

The Spalart-Allmaras model determines turbulent eddy viscosity by solving a transport equa-

tion for the modified diffusivity (ν̃). This model is a one-equation model that requires an algebraic

prescription of a length scale [39]. The Spalart-Allmaras model is a low-Reynolds-number model,

meaning it is applied without wall functions. Thus, a fine mesh is necessary to resolve the boundary

layer.

Turbulent eddy viscosity is calculated as:

µt = ρfν1ν̃ (7)

where fν1 is the damping function [40]. The transport equation of the modified diffusivity

(ν̃) is calculated as

∂

∂t
ρν̃ +∇ · (ρν̃⟨u⟩) = 1

σν̃
∇ · [(µ+ ρν̃)∇ν̃] + Pν̃ + Sν̃ (8)

where ν̃ is the modified diffusivity, Pν̃ is the production term, and Sν̃ is the source term. For

the theory behind each term in the transport equation of ν̃, refer to [39]. Information on the

implementation can be obtained from the STARCCM+ user manual [40].

k-ϵ turbulence model

The k-ϵ turbulence model is a two-equation model that solves transport equations for the

turbulent kinetic energy (k) and turbulent dissipation rate (ϵ) in order to determine the turbulent

eddy viscosity. The original k-epsilon turbulence model by Jones and Launder [41] was applied with

wall functions. This high-Reynolds-number approach was later modified to account for the blocking

effects of the wall (viscous and buffer layer) by using both a low-Reynolds-number approach and a

two-layer approach. The two-layer approach, first suggested by Rodi [42], divides the computation

into two layers. In the layer next to the wall, the turbulent dissipation rate (ϵ) and the turbulent

viscosity (µt) are specified as functions of wall distance. The values of (ϵ) specified in the near-

wall layer are smoothly blended with the values computed from solving the transport equation

farther from the wall. Additionally, a realizable k-ϵ is developed from the original model. This

model includes a variable damping function that is applied to critical coefficients within the model.

This approach allows the turbulence model to satisfy certain mathematical constraints that are
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consistent with the physics of turbulence, often referred to as “realizability” [43].

Turbulent eddy viscosity is calculated as:

µt = ρCµfµkT (9)

where Cµ is the model coefficient (i.e., changes based on model, such as standard k-ϵ, realizable

k-ϵ, and standard k-ϵ low Reynolds), fµ is the damping function, and T is the turbulence time

scale. The transport equation for turbulent kinetic energy and turbulent dissipation rate:

∂ρk

∂t
+∇ · (ρk⟨u⟩) = ∇ ·

(
µ+

µt

σk
∇k

)
+ Pk − ρ(ϵ− ϵ0) + Sk (10)

∂ρϵ

∂t
+∇ · (ρϵ⟨u⟩) = ∇ ·

(
µ+

µt

σϵ
∇ϵ

)
+

1

Te
Cϵ1Pϵ − Cϵ2f2ρ

(
ϵ

Te
− ϵ0

T0

)
+ Sϵ (11)

where σϵ, σk, Cϵ1, Cϵ2, Ct are model coefficients, Pk and Pϵ are production terms, f2 is a damping

function, and Sk and Sϵ are the source terms. More detailed information can be obtained from

[40].

k-ω turbulence model

The k-ω turbulence model is another widely used two-equation model. Like the k-ϵ model,

it solves for two transport equations: turbulence kinetic energy k and the specific dissipation rate

ω. The original k-ω equations were proposed by D.C. Wilcox, and information on their origin and

justifications can be obtained from [44, 45]. One advantage of the k-ω model is that it performs

better in boundary layers under adverse pressure gradients. However, the boundary layer is more

sensitive to the free stream values of ω [40]. To overcome this drawback, a k-ω model different

from the standard model is proposed. This new model, named the k-ω SST model, can be derived

from the k-ϵ model by applying variable substitution. The transformed equations are similar to

those of the k-ϵ model, but an additional term is included to account for cross-diffusion: ∇k · ∇ω

[46]. The eddy viscosity is calculated as:

µt = ρkT (12)

where T is the turbulence time scale. The transport equation for turbulent kinetic energy (k) and
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specific dissipation rate (ω) is calculated as:

∂ρk

∂t
+∇ · (ρk⟨u⟩) = ∇ · (µ+ σkµt∇k) + Pk − ρβ∗fβ∗(ωk − ω0k0) + Sk (13)

∂ρω

∂t
+∇ · (ρω⟨u⟩) = ∇ · (µ+ σωµt∇ω) + Pω − ρβfβ(ω

2 − ω2
0) + Sω (14)

where σω, σk are model coefficients, Pk and Pω are production terms, f∗
β is the free shear modifica-

tion factor, fβ is the vortex stretching factor, Sk and Sω are the source terms, and k0 and ω0 are

the ambient turbulence values that counteract turbulence decay [47]. More detailed information

can be obtained from [40].

Reynolds Stress Transport model

Reynolds stress transport (RST) models, also known as second-moment closure models, di-

rectly calculate the components of the Reynolds stress tensor by solving their governing transport

equations. RST models approximate the stress tensor as:

TRANS = −ρR+
2

3
tr(R)I (15)

where ρ is the density, I is the identity tensor, and R is the Reynolds stress tensor.

R =


u′u′ u′v′ u′w′

u′v′ v′v′ v′w′

u′w′ v′w′ w′w′

 (16)

RST models solve transport equations for each component of R. These models can predict

complex flows more accurately than eddy viscosity models, because they naturally account for

turbulence anisotropy, streamline curvature, swirl rotation, and high strain rates.

The starting point for developing an RST model is the exact differential transport equation

for the Reynolds stresses, derived by multiplying the instantaneous Navier-Stokes equations by a

fluctuating property and then Reynolds-averaging their product (see [48]).

In the resulting equations, the transient, convective, and molecular diffusion terms do not

require modeling [40]. The terms that must be modeled include a turbulent diffusion term, dissi-

pation term, and pressure-strain term. The transport equation for the Reynolds stress tensor R
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is:

∂

∂t
(ρR) +∇ · (ρR⟨u⟩) = ∇ ·D+P+G− 2

3
IγM + ϕ− ρε+ SR (17)

where u is the mean velocity, D is the Reynolds stress diffusion, P is the turbulent production,

and G accounts for buoyancy production. The term γM corresponds to the dilatation dissipation,

ϕ is the pressure-strain tensor, ε is the turbulent dissipation rate tensor, and SR is a user-specified

source term.

For the linear and quadratic pressure-strain models, dissipation is modeled as:

ε =
2

3
εI (18)

In total, seven equations are solved: six for the symmetric Reynolds stress tensor components

and one for the isotropic turbulent dissipation ε.

The Elliptic Blending Reynolds Stress Transport (RST-EB) model developed by Manceau

and Hanjalić [49] is a low-Reynolds number turbulence model that incorporates an inhomogeneous

near-wall treatment of the quasi-linear, quadratic pressure-strain correlation. A blending function

is introduced to smoothly transition between the viscous sublayer and the logarithmic region in the

modeling of the pressure-strain term. This blending requires solving an elliptic partial differential

equation for the blending parameter, denoted as α.

The implementation of this model in Simcenter STAR-CCM+ follows a revised formulation

proposed by Lardeau and Manceau [50]. In this approach, the pressure-strain and dissipation

terms are expressed as a weighted combination of near-wall and homogeneous models:

ϕ− ε = (1− α3)(ϕw − εw) + α3(ϕh − εh) (19)

Here, α is the blending parameter obtained by solving the elliptic equation:

α− L2∇2α = 1 (20)

where L is the turbulence length scale. More information on the model coefficents and the

treatment for near wall and the outer region please refer [40].
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II.B. Numerical Modeling of UW-Madison RCCS Facility

The experimental facility built at UW–Madison is a 10◦ quarter-scale model of the GA-

MHTGR RCCS. In scaled-down facilities, the scaling methodology is critical for ensuring similarity

between the prototype and the original design. Three types of similarity should ideally be satisfied:

geometric, kinematic, and dynamic. However, it is impossible to satisfy all three simultaneously,

so relevant nondimensional groups are employed to preserve the dominant similarities. Because

both the prototype and the original design use the same materials and fluids, similarity in material

properties is maintained.

The experimental setup consists of two primary components: the RCCS and the heated

cavity. The RCCS is responsible for heat removal, while the heated cavity simulates the reactor

cavity in the original GA-MHTGR design. The numerical model of the experimental facility is

shown in Figure 3. There are two fluid systems in the experiment: natural convection in the RCCS

(shown in blue) and natural circulation within the heated cavity (shown in gray). Since there are

two fluid systems, two major nondimensional groups are proposed for the scaling analysis. To

maintain consistency with previous experimental studies, the same notation as in [5, 33, 6] is used.

The Richardson number is used to satisfy similarity in the RCCS. It is defined as the ratio

of buoyancy forces to shear forces and can be calculated as:

Ri =
Gr

Re2
=

g βriser,inlet (Triser,outlet − Triser,inlet)Lh

uriser,inlet
(21)

where g is gravitational acceleration, βriser,inlet is the thermal expansion coefficient at the

riser inlet, T is the fluid temperature in the risers, Lh is the length of the heater section, and u is

the fluid velocity in the risers.

The Planck number is used to satisfy similarity in the heated cavity. It represents the ratio

of heat transfer by conduction to radiation and is defined as:

Pl =
k∆T

W q′′h
(22)

where k is the thermal conductivity, ∆T is the temperature difference from the bottom to the

top of the riser wall, W is the vertical distance between heaters and risers, and q′′h is the imposed

heat flux in the heaters. It is not possible to satisfy both the Richardson and Planck numbers
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Fig. 3. Numerical model of the UW–Madison experimental facility.

simultaneously. Therefore, in this study, to remain consistent with the experiment, the Richardson

number between the prototype and the scaled-down facility is preserved. The Planck number is not

maintained; its ratio scales as L−0.5
h . Details on the scaling methodology are provided in [5, 33, 6].

Additionally, a comparison of scaling laws for two different RCCS facilities is thoroughly discussed

in Kim et al. [33].

There are two fluid systems in the experiments, the boundary conditions for both systems

are presented separately. The boundary conditions of the RCCS are presented in Figure 5. The

shaded parts represent the wall boundary condition for the temperature. The walls in the inlet
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pipe and plenum are adiabatic (the formulation is shown below), as the heating has not started.

∂T

∂n
= 0 (23)

For the riser ducts, we have an interface boundary condition between the solid walls of the riser

ducts and the fluid. The conjugate heat transfer methodology is applied at the interface, where

heat is transferred between the solid and fluid. The outlet plenum has Robin boundary conditions

to simulate the convective cooling done by air.

q′′ = h (T − T∞) (24)

where h is the heat transfer coefficient and T∞ is the ambient temperature. The outlet plenum

and the exhaust ducts are insulated. However, an unexplained heat loss exists in the system (see

Table I). Therefore, the unexplained heat loss is assumed to be lost to the environment via the

outlet plenum and exhaust ducts based on the discussion with experimentalists. It is assumed that

the heat transfer coefficient was equal to 2 W/m2K, and that the ambient temperature was 300

K.

This unexplained heat loss is around 15% of the total power, as seen in Table I. The first

column in table represents the power supplied to the heaters while the second column shows the

heat out in the table. The heat can be removed by the system, either through the RCCS or via

parasitic heat losses to the environment. The heat loss can occur in the heated cavity and in the

upper region of the RCCS, through the insulation material. The last column shows the difference

between heat in and heat out for the experiments which shows a significant deviation. Since it is a

natural convection case, the mass flow rate is function of power, and the 15% difference in power

significantly affects the mass flow rate and therefore the temperature distribution.

TABLE I
Experimental data energy balance.

Name
Heat In Heat Out Difference

Heaters In Heat Removed by RCCS Total Loss (Heat in - Heat Out)
High Power 37.97 kW 23.10 kW 8.15 kW 6.72 kW
Low Power 19.82 kW 12.63 kW 4.66 kW 2.53 kW

The boundary conditions of the heated cavity on the axial cut of the domain are presented
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Fig. 4. Boundary conditions for RCCS.

in Figure 5. The heaters were modeled as a volumetric heat source. Natural circulation of the air

inside the heated cavity was modeled, as it contributes to the heat transfer from the heaters to

the riser ducts. The heat conduction equations were solved in the cavity frame, heaters, and solid

walls of the riser ducts. The thermal conductivity values were taken from the experimental report

[5]. Convective cooling was applied to the outer walls of the cavity frame, under the assumption

that the heat transfer coefficient was equal to 15 W/m2K and that the ambient temperature was

300 K. The heat transfer coefficient was higher for the cavity frame because in the heated cavity

model the insulation material is modeled as solid, while for the outlet plenum and exhaust ducts

an equivalent heat transfer coefficient is used to make the model more computationally efficient.

The reason the solid is modeled in the heated cavity is to enable comparison with experimental

temperatures at various locations on the solid walls.
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Fig. 5. Boundary conditions of the heated cavity.

II.C. Mesh

The model geometry was prepared using the CUBIT software [51]. The internal meshing

tools were employed to create the mesh in STAR-CCM+. The mesh is presented in Figure 6. The

polyhedral mesher is preferred. A conformal meshing strategy was employed at the interface to

improve the stability for conjugate heat transfer. The mesh near the wall was created by using the

prism layer meshing to resolve the fine boundary layer. The average thickness of the fluid elements

was 4 mm. The mesh size of the solid was 1 mm in the riser ducts and heater, and 4 mm in the

cavity frame. For the boundary layer, three prism layers were employed, for a total thickness of

1 mm. The total number of elements was around 148.31 million cells. A mesh convergence study

is performed in Table II to decide the mesh base size. The bulk quantities are compared between

meshes using different base sizes. The bulk temperatures of the 4th riser duct (T4, bulk) and the

outlet (Tout, bulk) are compared, along with the power removed by the RCCS and mass flow rate

in each case. The mesh is considered converged at a base size of 4 mm, as the changes in power

and temperature values are less than 1%

To decide the mesh resolution near the wall, a y+study was performed. The mesh shown

in Figure 6 was run with y+ values of 0.5 and 25, using the same simulation setup. The all-y+

treatment in the STAR-CCM+ is used for the mesh with y+ of 25. The wall temperature showed
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TABLE II
Mesh convergence study for RANS model (Standard k − ϵ Low Reynolds)

Number of elements (M) Base Size (m) Mass Flow Rate (kg/s) Tout, bulk (°C) Power (kW) T4, bulk (°C)
65.38 0.012 0.145 185.4 23.19 238.3
78.99 0.008 0.145 185.5 23.10 241.4
148.31 0.004 0.145 185.6 23.03 242.6
241.84 0.003 0.144 185.6 23.04 242.1

Fig. 6. STARCCM+ mesh.

differences of more than 60◦C when comparing the two cases. In natural convection, the buoyancy

pressure drop is balanced by the frictional pressure drop. This balance dictates the mass flow

rate in the system. The majority of the frictional pressure drop stems from the viscous forces due

to the wall effect. Therefore, accurate resolution near the wall is especially important in natural

convection cases so as to achieve accurate mass flow rate in the system.

III. RESULTS

In this section, the numerical model from the RANS model is validated by using the available

experimental data. The first part focuses on validation of the numerical model. Then heat transfer

characteristics are compared between the natural convection and forced convection cases. Lastly,

a comparative sensitivity analysis is performed on the turbulence models.

The simulations are run with Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)

algorithm for velocity-pressure coupling. The congergence criteria is 10−4 for velocity, energy,

turbulence quantities and ray tracing for radiation, while it’s 10−2 for pressure. These are relative
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Fig. 7. y+ study of the RCCS for the numerical model of the UW-Madison experimental facility.

to initial values, the absolute values are order to two order lower than relative value.

III.A. Validation of Natural Convection Experiments

This section compares the high-power and low-power experimental measurements against

the numerical calculations. Each subsection begins by presenting the energy balance, including a

mass flow rate comparison between the experiment and the simulation. Next, the wall temperature

profile for the 4th riser, as measured by the experiment, is compared to the numerical calculation.

Next, the front wall temperature differences between the experiment and the simulation for all

risers are presented in a bar plot. The centerline temperature profile of air for the 4th riser is

then examined. Subsequently, the centerline temperature differences for all risers are compared in

a bar plot. Finally, the temperatures of the walls of the heated cavity are compared between the

experimental data and the numerical model.
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TABLE III
Setup parameters for the numerical model of UW-Madison’s air-cooled RCCS.

Setup Parameters
Modeling Strategy RANS

Solver Segregated-Steady
Methodology Finite Volume Method
# of Elements 148.31 Million

Turbulence Modeling k − ϵ Low Reynolds
Radiation Modeling Net Radiation Method
Buoyancy Modeling Low-Mach Approximation

Wall Modeling Wall resolved
Experimental Test # 15 23

Power Levels Low Power High Power
Power 19.82 kW 37.97 kW

Inlet Temperature 301.6 K 300.2 K

Fluid Properties

Air
Density Ideal Gas Law
Viscosity Sutherland’s law

Thermal Conductivity Sutherland’s law
Specific Heat Capacity Constant

Prt 0.85

III.A.1. High Power

The energy balance results are shown in Table IV. The second column shows the results from

the STAR-CCM+ simulation, while the third column shows the experimental measurements. The

first line after the header shows the provided heat inputted to the system, which is calculated by

the power controller measuring the current. The power removed by the RCCS is calculated using

the temperature difference (between the inlet and outlet) and mass flow rate of the system. The

results for the experiment and simulations both match.

The total heat losses in the system are calculated in the various parts of the system, primarily

centering around the heated cavity. The results are consistent with the experimental results. As

shown in the appendix of the experimental report, the heat loss calculations can show significant

changes based on the calculation method employed [5]. Thus, an additional heat sink was imple-

mented in the system to account for the further heat losses to the environment that occur on the

outlet plenum and exhaust ducts. The additional heat sink is implemented for unaccounted heat

loss in the system, making the energy balance consistent between the experiment and the simula-

tions. Compared against the experimental results, the mass flow rate is slightly underestimated.

In Figure 8, the wall temperature distribution for riser duct 4 are compared between the
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TABLE IV
High-power-case energy balance comparison.

Name STAR-CCM+ Experiment

Heat In 37.97 kW
Power Removed by RCCS 23.03 kW 23.10 kW
Total Heat Losses 7.94 kW 8.15 kW
Additional Heat Losses to Environment 7.00 kW Not measured

Heat Out 37.97 kW 31.25 kW
Mass Flow Rate 0.1450 kg/s 0.1600 kg/s

simulation and the experiment. The markers represent the experimental measurements taken by

thermocouples on the solid wall. The figure on the right shows the location of the thermocouples;

the dashed line represents the simulation results. Since the 4th riser duct is heavily instrumented,

the left, right, and back temperatures are also provided. The first subplot shows the front temper-

atures (i.e., the face that looks toward the heaters, which is why it is more than 100°C hotter than

the other walls). Since the view factor is high between the front surface of the riser and the heater,

it is expected to show significant temperature differences when compared to the other faces. The

simulation temperatures closely match the experimental measurements.
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Fig. 8. High-power comparison of the 4th riser wall temperatures.
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A small decrease is shown in the temperature profiles at around the 0.8 non-dimensional axial

position. The reason for the decrease is that the heater zone stops at that height. The consistent

matching with the experiment shows that the heat transfer within the heated cavity is accurately

captured. The radiative heat transfer is modeled using the net radiation methods, which have

been demonstrated to be adequate for this system.

The bar plot in Figure 9 shows the front wall temperature comparisons, with each bar

color representing a different riser duct, starting with the bottom marker and ending with the

top one. The 4th riser has more thermocouples than do the other riser ducts. The numbers of

the thermocouples are shown in the right-hand figure. The bars show the temperature difference

between the experimental and simulation results. A positive difference represents overestimation;

a negative one represents underestimation by the simulation temperatures. The middle heights

match well with the experiments, though some deviation is shown in the bottom and top parts.

There could be multiple reasons for the difference. Overestimation in the bottom part may

be caused by the sharp temperature gradient in the temperature profile, where the temperature

increases from 200°C to 400°C within the first 0.2 non-dimensional axial position. The RANS

models might be unable to capture this sharp temperature change. Additionally, the flow patterns

in the top and bottom sections of the heated cavity may contribute to the deviation. Since the

flow changes direction in those parts, the RANS models might be unable to accurately capture

the changes in flow. Furthermore, experimental results could face the same uncertainty in the flow

directions, making it hard to obtain representative data for those locations.

The centerline air temperatures for the 4th riser are presented in Figure 10. The results

match with the experimental results. The trend is underestimation at the bottom and middle

sections, and overestimation at the end of the channel.

Figure 11 compares the air centerline temperatures of all the risers. The results are similar to

those observed for the 4th riser. There is a slight underestimation at the entrance of the channel,

whereas the simulation overpredicts the centerline temperature at the end of the channel. One

reason for this is the mismatch in mass flow rate. The mass flow rate is lower than the experimental

measurements, thus causing the elevated temperatures at the end of the riser ducts. Additionally,

a simple turbulent heat flux model was adopted for this analysis, and can contribute to the error

in the natural convection setups.
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Fig. 9. High-power front wall comparison of all riser ducts.

Fig. 10. High-power comparison of the 4th riser centerline temperatures.

The final part of this section compares the wall temperatures in the heated cavity. The

temperatures of the left, right, and back walls at the middle of the domain were all calculated.

The thermocouple positions can be obtained from the experimental report [5] and presented in
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Fig. 11. High-power comparison of the air centerline temperatures of all the riser ducts.

Figure 12. Table V shows the wall temperature difference between the heated cavity and the

experiment. The simulation overestimates the left and right wall temperatures but underestimates

the back wall temperature. The dominant heat transfer mechanism in the heated cavity is radiative

heat transfer. Since the wall temperatures match, the radiative heat transfer is expected to be

accurate. The slight difference could be due to uncertainty in the insulation material thickness or

in the heat transfer coefficient used for the outside of the heated cavity.

Fig. 12. Heated cavity wall thermocouple locations.

27



TABLE V
High-power heated cavity wall comparison.

Name STAR-CCM+ (◦C) Experiment (◦C)

Left 461 431
Right 457 429
Back 378 387

III.A.2. Low Power

The same model was run for the low-power scenario. The power in this case was 19.82 kW.

The energy balance results are shown in Table VI. The power removed by the RCCS is slightly

underestimated in this case, and thus so is the mass flow rate. Considering the complexity of the

case, the model performs adequately. The numerical model may overestimate the heat going to the

additional heat sink which covers the heat losses that goes to environment through outlet plenum

and exhaust ducts.

TABLE VI
Low-power-case energy balance comparison.

Name STAR-CCM+ Experiment

Heat In 19.82 kW
Power Removed by RCCS 10.33 kW 12.63 kW
Total Heat Losses 4.87 kW 4.66 kW
Additional Heat Losses to Environment 4.62 kW Not measured

Heat Out 19.82 kW 17.29 kW
Mass Flow Rate 0.1033 kg/s 0.1389 kg/s

In Figure 13, the wall temperature profiles for riser duct 4 are compared between the sim-

ulation and the experiment. The numerical model is able to capture the same trends observed

in the experiments. A slight underestimation of temperature is caused by underestimation of the

mass flow rate. Since less power is going to the RCCS, this slight underestimation of the temper-

ature values is expected. In general, the simulation successfully reflects the same behavior as the

experimental measurements.
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Fig. 13. Low-power comparison of the 4th riser wall temperatures.
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The wall temperature profiles for all the riser ducts are compared in Figure 14 via a bar

graphs. Each bar shows the temperature difference between the experiment and the simulation.

The temperature values are overestimated in the first point where the sharp gradient occurs. A

slightly lower temperature value is then observed in comparison to the experiment.

Fig. 14. Low-power front wall comparison of all the riser ducts.

The air centerline temperatures for the 4th riser are compared in the figure below. The

temperature values match the experimental results for the lower half of the channel, but the upper

half shows some deviation. The deviation increases at the end of the channel with more heating.

A main reason for this could be the lower mass flow rate. In addition, a very simple turbulent heat

flux model was used in this numerical model. Therefore, the simple gradient hypothesis could be

contributing to the deviation.

The air centerline temperatures for all the riser ducts are compared in Figure 16. All riser

ducts show the same behavior as previously observed in the 4th riser duct. In all the riser ducts,

there is a trend in which the deviation from the experimental results increases with heating. The

maximum deviation is reached at the end of the channel. In addition to the lower total mass flow

rate, mixing in the outlet plenum of the riser ducts can also contribute to this deviation.

The heated cavity wall temperatures are compared in Table 17. The wall temperatures on

the heated cavity are slightly overestimated, but generally match the experimental measurements.

At both power levels, the heated cavity and riser duct wall temperature predictions are consistent
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Fig. 15. Low-power comparison of the 4th riser centerline temperatures.

Fig. 16. Low-power comparison of the air centerline temperatures of all the riser ducts.

with the experimental measurements. Based on these results, the RANS model is able to predict

the correct temperature distribution within the heated cavity.
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Fig. 17. Low-power heated cavity wall comparison.

Name STAR-CCM+ (◦C) Experiment (◦C)

Left 305 290
Right 302 285
Back 251 256

III.B. Comparison of flow characteristics in natural and forced convection

The flow characteristics of natural and forced convection cases are compared within the RCCS

riser ducts. The Reynolds number (Re = ρVriserDh,riser/µ) is calculated. The hydraulic diameter

calculated as 0.0754 m for the 4th riser duct. The Reynolds number for forced convection is

approximately 20,000, while it is around 7,000 for natural convection. This decrease in Reynolds

number is expected, as the flow in the natural convection case is not driven by a pump.

Figure 18 shows the temperature distributions in the riser ducts for forced convection (top)

and natural convection (bottom). The temperature distributions generally show similar behavior

between the two cases. In both scenarios, the highest temperatures occur on the front face of the

riser ducts, as this face is directly exposed to the heaters.

The internal riser ducts (2, 3, 4, and 5; see Figure 5 for numbering) exhibit similar tem-

perature profiles: the face oriented toward the heaters is the hottest, while the other faces are

progressively cooler, with the back face being the coolest due to its low view factor with respect

to the heaters.

The corner riser ducts (1 and 6) show increased temperatures on their side walls, as these

faces are exposed to the heated cavity. This is likely due to radiative heat transfer between the

heated cavity walls and the side faces of the risers.

Such asymmetry is not expected in the actual RCCS design, as the side walls of the heated

cavity do not exist in the real system. In the actual configuration, the reactor pressure vessel is

fully surrounded by riser ducts, eliminating direct exposure of side walls to the heated cavity.

Figure 19 shows a comparison of the velocity fields for forced and natural convection. Sig-

nificant differences are observed due to the distinct driving mechanisms in each case.

The forced convection velocity field is consistent with expectations for internal forced flows,

where the velocity profile is parabolic, increasing from the wall to a maximum near the center.

Some asymmetries are present, likely caused by variations in temperature-dependent properties
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Fig. 18. Comparison of the velocity profiles of riser ducts between the forced and natural convection
high-power case.

due to uneven heating and jet interactions at the outlet plenum.

In the natural convection simulations, the velocity magnitude decreases significantly, and the

shape of the velocity field changes. The maximum velocity shifts toward the wall, specifically the

hottest wall of the riser ducts, where buoyancy forces are stronger compared to the center of the

channel.
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Fig. 19. Comparison of the turbulent kinetic energy profiles of riser ducts between the forced and
natural convection high-power case.

The final comparison highlights the differences in turbulent kinetic energy (TKE) profiles

between the forced and natural convection cases. It should be noted that the forced convection

case was run using the k − ω SST model with wall functions, while the natural convection cases

were simulated using the standard k–ϵ Low Reynolds number model with a boundary-resolved

mesh near the wall region.

In the forced convection case, high values of turbulent kinetic energy are observed around

the side walls. The TKE values are significantly higher than those in the natural convection case.

In the natural convection case, the maximum TKE value occurs closer to the region of

maximum velocity. The overall TKE is much lower compared to the forced convection case, which

is expected since the Reynolds number is approximately one-third that of the forced convection
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scenario.

Fig. 20. Comparison of the turbulent kinetic energy profiles of riser ducts between the forced and
natural convection high-power case.

III.C. Heat transfer modes in the heated cavity

This section presents the heat transfer mechanisms between the heaters and the riser ducts

in the heated cavity. Figure 21 compares convective and radiative heat transfer for both low- and

high-power scenarios under forced and natural convection conditions. The horizontal axis shows

the fraction of total power removed by the RCCS for each case, with the power supplied to the

system indicated in parentheses. The vertical axis shows the percentage of radiative (green bars)

and convective (blue bars) heat transfer relative to the total power removed by the RCCS.

The forced convection results have already been presented in [52]. Figure 21 shows the
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dominant heat transfer mechanism to be radiative heat transfer in the heated cavity. Radiation

is more pronounced in the natural convection cases than in the forced convection cases. The

contribution of the radiative heat transfer is around 88% in the natural convection cases, but

around 78% in the forced convection cases. Both the natural and forced convection cases exhibit

the same behavior as the power increases. In both setups, the contribution of radiation increases,

mainly because radiative heat transfer changes with the fourth power of the temperature.

Fig. 21. Heat transfer modes between the heaters and RCCS.

III.D. RANS turbulence modeling strategy

This section presents the sensitivity of the RANS turbulence models. Multiple modeling

strategies have been tested: standard k-ϵ low Reynolds, realizable k-ϵ (two layer), k-ω SST, Spalart-

Allmaras and Reynold stress transport with elliptic blending. These turbulence models entail

different levels of complexity and assumptions for modeling the effect of the fluctuating components

on averaged fields. The calculations used were on the front wall and air centerline temperatures

for the 4th riser.

Figure 22 shows the effect on the front wall temperatures. Most of the models are able to

predict temperatures close to the experimental measurements. The following models produced

consistent results with each other: the standard k-ϵ low Reynolds, k-ω SST, and Reynolds stress

transport with elliptic blending models. A strong deviation is observed in the Spalart-Allmaras

and realizable k-ϵ (two-layer) models. Since the Spalart-Allmaras model is the simplest model
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employed in this study, the deviation from the results is expected. The realizable k-ϵ (two-layer)

model is included here since it is the default model in STAR-CCM+. This model shows the largest

deviation from the experimental measurements of wall temperatures. The realizable k-ϵ (two-layer)

model is an alternative to low Reynolds number RANS models and is usually run on a coarser

mesh. Therefore, the deviation could be caused by using a mesh grid appropriate for low Reynolds

number RANS models. The main difference between the models is seen in the sharp temperature

gradient before the 0.2 non-dimensional axial position. All models predict highe temperatures in

this region compared to experimental measurements.

Fig. 22. Effect of RANS turbulence models on the front wall temperatures of the 4th riser duct.

Figure 23 compares the air centerline temperatures for all the turbulence models. All RANS

models were able to predict the same trend as observed in the experimental outcomes. Most models

tended to underpredict the temperature profile up until the last measurement point. At the last

measurement point, all models overpredicted the temperature. The k-ω SST model best matches
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the experimental temperature distribution. (It should be noted that this is not the bulk temper-

ature but the centerline temperature. Therefore, differences in this distribution do not indicate

that less energy is going into the riser duct.) Since we have highly asymmetrically heated riser

duct walls, the RANS turbulence models were expected to show some differences in the tempera-

ture distribution. Additionally using the simple gradient diffusion hypthosesis may contribute to

deviation from expeirmental measurements. Additionally, the use of the simple gradient diffusion

hypothesis may contribute to deviations from the experimental measurements. While more ad-

vanced turbulent heat flux models could potentially improve the results, the algebraic turbulent

heat flux model in STAR-CCM+ is currently not available for most RANS turbulence modeling

strategies and can only be used with the Boussinesq approximation for buoyancy modeling. Since

we have signicant density differences in the system Boussinesq approximation is not expected to

valid for this case, Consequently, the analysis with algebraic heat flux modeling is not included in

this analysis.

III.E. Bouyancy modeling

In natural convection systems, fluid is driven by buoyancy force, and correct modeling of

this force has a crucial effect on the accuracy of the results. The buoyancy force is balanced

by the frictional losses in the system. This balance prescribes the mass flow rate in the system,

which is not known a priori before running the simulation. Since heat transfer and fluid flow are

coupled in natural convection systems, accurately modeling the buoyancy forces is arguably the

most important modeling preference for achieving physical results.

Therefore, two common modeling strategies are tested in the low-power convection case–

Boussinesq approximation and Low-Mach approximation–to evaluate the effect of buoyancy mod-

eling on the accuracy of the results. The Boussinesq approximation assumes that fluid density

changes linearly with sufficiently small temperature differences in the system. Density variations

are then neglected in the Navier–Stokes equations but accounted for in the body force gravity

term.

The Low Mach approximation is a mathematical model used to simulate fluid flows where

the Mach number is low (less than approximately 0.2), indicating that compressibility effects are

present but not dominant. In this formulation, density is typically expressed as a function of tem-
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Fig. 23. Effect of the RANS turbulence models on the air centerline temperatures of the 4th riser
duct.

perature, ρ ≈ f(T ), instead of as a function of both pressure and temperature, ρ = f(p, T ). As a

result, pressure is decoupled from velocity, simplifying the numerical treatment. This decoupling

allows the conservation equations to be solved similarly to the incompressible Navier–Stokes equa-

tions, with the energy equation solved implicitly and separately from the momentum equations

[53].

Figure 24 shows the comparison of the 4th front wall temperature between the Low Mach

and Boussinesq approximation compared to experimental measurements. The results show that

both Low Mach and Boussinesq approximations are able to predict correct temperature trends.

However, the Boussinesq approximation fails to capture the correct values of the temperature

distribution.

Figure 25 shows the comparison of the buoyancy modeling strategie for the center of the

4th riser ducts. The Low Mach approximation matches the experimental measurements better
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Fig. 24. Natural convection effect of the bouyancy models on the front wall temperatures of the
4th riser duct.

than the results with the Boussinesq approximation. The Boussinesq approximation significantly

underestimates the temperature in the channel, which is expected since the wall temperature is

also underestimated.
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Fig. 25. Natural convection effect of the bouyancy models on the air centerline temperatures of
the 4th riser duct.

IV. CONCLUSION

The RCCS is an essential passive safety mechanism that leverages natural convection and

radiative heat transfer to lower the RPV temperature during accidents. HTGRs depend on these

safety systems for removing decay heat during long transients. Correct design of the RCCS ensures

that HTGRs remain inherently safe during loss-of-cooling incidents, as demonstrated by the HTR-

PM nuclear power plant. Heat is transferred from the RPV to the riser ducts—mainly through

radiation—and is then removed from the riser ducts via natural convection of air. Therefore,

understanding the complex interface between radiative heat transfer and natural convection of air

is crucial to ensure the effectiveness of these systems.

In this work, the numerical model was validated against the available experimental data from

the air-cooled RCCS experimental facility in UW-Madison. The first part of the results focused on
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validation of natural convection tests for high- and low-power cases under a uniform power profile.

For each power level, the comparison began by showing the energy balance, including a mass flow

rate comparison between the experiment and the simulation. Next, the wall temperature profiles

for the 4th riser were compared. Following this, the front wall temperature differences between

the experiment and the simulation, for all risers, were shown in a bar plot. The air centerline

temperature profiles for the 4th riser were then compared. The centerline temperature differences

for all risers were compared in a bar plot as well. Finally, the wall temperatures of the heated cavity

were compared. Based on comparison of the temperatures between experiment and simulation in

various locations, the numerical model is able to accurately capture the temperature distribution

within the heated cavity and RCCS.

The results show that the k−ϵ low Reynolds RANS numerical model was able to successfully

predict the correct temperature trends and values that were measured in the experiment. The riser

duct wall temperatures matched well when comparing the experiment and simulation results. The

trends and values observed in the experiments were captured in the numerical model. Most of

the deviation occurred at the temperature distribution of the riser duct wall between the first and

second axial position, where a sharp temperature gradient was observed.

The sensitivity analysis in the Results section demonstrated the importance of the selected

RANS turbulence model in simulating natural convection. To this end, the natural convection

case was modeled by using five different RANS turbulence models, and the simulation results were

then compared against each other. The wall temperatures and air centerline temperatures in the

4th riser duct were compared. All the models were able to successfully produce the correct trends

observed in the experiments. Comparison of the wall temperatures showed that, depending on the

turbulence model, wall temperatures can change by up to 50 ◦C for the RCCS natural convection

setup. For the wall temperatures, the standard k-epsilon low Reynolds model matched well with

the experimental measurements. Next, the air centerline temperatures were compared for all the

models. The selected models underestimated the air centerline temperature, though the k-ω SST

model performed better than did the other three models. (It should be noted that the compared

values were the time-averaged temperatures in the air centerline and not the bulk values; therefore,

the energy balance was consistent between the models.)

The sensitivity analysis to bouyancy modeling showed that boussinesq approximation sig-
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nificantly fails in the modeling of natural convection in the RCCS. The boussinesq approximation

significantly underestimates the temperature in the system. Therefore more advanced modeling of

the bouyancy such as ideal gas law should be employed in the natural convection modeling of the

RCCS.

Based on the simulations conducted in this work, the following recommendations are provided

for natural convection modeling the RCCS. These suggestions aim to highlight the key parameters

relevant to the modeling of the UW-Madison experimental facility. The simulation parameters are

reported in Table III.

• The standard k-ϵ low-Reynolds-numbermodel was found to provide accurate turbulence

closure for RANS simulations of natural-convection RCCS cases.

• A wall-resolved approach was found to be critical for near-wall modeling in natural con-

vection cases, as shown in Figure 7. This approach provides an accurate representation of

friction forces, which is essential for estimating the mass flow rate in the system.

• The Boussinesq approximation should not be used for buoyancy modeling in natural convec-

tion simulations of the RCCS. It fails to accurately capture temperature profiles in natural

convection, as demonstrated in Figures 24 and 25.

• The heat losses in the upper plenum and exhaust ducts should be accounted for in

the RCCS to achieve accurate results in the RCCS. The heat loss through these parts is

approximately 15%, as shown in Table I. It has a substantial impact on natural convection

simulations of RCCS, where the mass flow rate is a function of power.

This study contributes to the literature by providing a validated numerical dataset for the

UW–Madison experimental RCCS facility. It represents the first complete numerical dataset that

includes both the RCCS and the heated cavity within the UW–Madison experimental setup. Ad-

ditionally, the results highlight significant modeling considerations for natural convection in the

RCCS. Modeling choices—such as wall treatment, buoyancy modeling, or turbulence modeling

strategies—can lead to substantial temperature differences (around 50 °C), which may result in

conservative assumptions during design and safety analyses. These conservative assumptions often

increase the cost of system design. CFD-based numerical results can help reduce these conser-
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vatisms by achieving a higher-fidelity representation of the system, thereby lowering expenses

associated with overly conservative approaches.

Future studies can focus on utilizing the validated model to scenarios with asymmetric heating

profiles, where strong flow reversal occurs in the exhaust ducts. The performance of the RANS

model under unstable conditions could also be analyzed.
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