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Abstract

Effective management of high heat fluxes is critical for sustained tokamak operation. To address this challenge,
hypervapotrons have been employed as cooling devices in plasma-facing components, including the first wall, as well as in
auxiliary systems such as neutral beam injectors. Previous computational studies of hypervapotrons have primarily adopted
Reynolds—Averaged Navier—Stokes (RANS) turbulence models. However, numerical predictions of recirculating cavity flows
can be highly sensitive to the specific RANS model employed, leading to uncertainty in their predictive capability. Large—
Eddy Simulation (LES) provides a higher-fidelity alternative capable of capturing finer-scale turbulence interactions, but its
application to multiphase flow and conjugate heat transfer (CHT) in hypervapotrons remains limited. Motivated by this gap in
understanding the relative accuracy of RANS and LES models, the paper presents progress towards developing the capability
to perform LES of multiphase CHT in a hypervapotron within the open-source Cardinal multiphysics application. Within
Cardinal, the MOOSE heat conduction module is coupled with the NekRS computational fluid dynamics solver, providing a
high-fidelity framework for conjugate heat transfer modelling. At present, a key limitation of the framework is that NekRS
supports only single-phase flow, though efforts are ongoing to implement a multiphase capability. While these extensions are
under active development, the focus of the paper is on the first stage of this effort: validating Cardinal for CHT simulations
under hypervapotron-relevant conditions in the single-phase convective regime. To this end, CHT simulations of a canonical
hypervapotron model are performed using both RANS and LES turbulence models, with validation against experimental data
and assessment of their relative predictive capability. Although only initial progress is reported here, the broader project aims
to improve understanding of hypervapotron thermal-hydraulic behaviour across all operational regimes.

1. INTRODUCTION

Effective management of high heat fluxes in tokamak reactors presents a significant challenge crucial to their sus-
tained operation. One solution is the utilisation of specialised high-heat-flux devices, such as the hypervapotron,
which play a vital role in several components of a tokamak, including the first wall, neutral beam injectors, and
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divertor systems [I]. These devices consist of ducts with repeating cavity structures, sometimes accompanied
by longitudinal slots, designed to dissipate intense surface heat loads. The cavities disrupt the coolant flow and
enhance local mixing, thereby improving heat transfer (see Fig.[T). Depending on the magnitude of the applied
heat flux, three operational regimes can be identified: a convective regime, which occurs at sufficiently low heat
fluxes where no boiling is present and heat transfer is governed by forced-convection; a nucleate boiling regime,
in which localised wall regions exceed the boiling temperature, leading to nucleate boiling and an increase in heat
transfer capacity; and a critical heat flux regime, where a vapour film forms on sections of the surface, reducing the
local heat transfer coefficient and limiting overall performance. Reliable prediction of hypervapotron performance
across its operational regimes therefore necessitates multiphase flow and boiling heat transfer models. A detailed
discussion of hypervapotron applications in nuclear fusion reactors can be found in the dissertation by Milnes [2].

FIG. 1. 3D rendering of a representative hypervapotron geometry, illustrating the repeating cavity structure.

Despite their widespread use in the fusion community, simulations of hypervapotrons have predominantly adopted
Reynolds—Averaged Navier—Stokes (RANS) turbulence models [3]. However, RANS models, particularly eddy-
viscosity formulations, often perform poorly in separated, highly unsteady cavity flows, raising concerns about
their applicability to hypervapotron simulations [4]. Indeed, different RANS turbulence models have been shown
to produce markedly different predictions of cavity shear-layer dynamics and core recirculation, leading to uncer-
tainty in their predictive capability [5| [6]. These shortcomings can propagate into erroneous wall heat-flux distri-
butions and, in turn, inaccurate solid temperature fields. As a higher-fidelity alternative, Large—Eddy Simulation
(LES), which explicitly captures finer-scale turbulence dynamics (compared with RANS), is commonly employed
as a benchmark for assessing and calibrating RANS predictions [7]. Within the hypervapotron literature, how-
ever, LES efforts have thus far been limited mainly to the single-phase forced-convection regime [8]], leaving the
nucleate-boiling and critical-heat-flux regimes comparatively unexplored. Extending LES to these boiling regimes
would enable resolution of the turbulence and phase-change heat transfer needed to evaluate RANS accuracy and
to advance model development for design and qualification.

Motivated by this gap in understanding the relative accuracy of RANS and LES models, the paper presents
progress towards LES of multiphase conjugate heat transfer (CHT) in a hypervapotron. To achieve this, the work
employs the Cardinal framework [9], which integrates the MOOSE heat conduction module with the NekRS
high-order computational fluid dynamics (CFD) solver [[11]]. At present, a key limitation of the framework is that
NekRS supports only single-phase flow, though efforts are ongoing to implement a multiphase capability. While
the multiphase model in NekRS remains under development [12]), this work lays the foundation by validating
Cardinal’s CHT capability for hypervapotron-relevant single-phase convection. Specifically, RANS and LES sim-
ulations of a canonical hypervapotron geometry are performed and benchmarked against the well-characterised
experiment of Ciric et al. [13], which has served as a reference in numerous modelling studies [5} 6
20]. The remainder of this paper is organised as follows: Section [2] describes the formulation
of the CHT solver, Section [3] presents validation against the Ciric et al. experiment, and Section [] summarises
conclusions and outlines directions for future development.

2. COMPUTATIONAL METHODOLOGY

This work employs Cardinal [9], a stand-alone application built on the open-source MOOSE (Multiphysics Object
Oriented Simulation Environment) framework [10]], which integrates the open-source Monte Carlo neutron trans-
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port code OpenMC [21]] with the open-source spectral element CFD solver NekRS [[11]. MOOSE is a scalable
finite element framework that offers a broad suite of physics modules, including heat conduction, structural me-
chanics, and thermo-mechanics. In the present analyses, Cardinal is used to couple NekRS with the MOOSE heat
conduction module, thereby enabling thermal-hydraulic modelling through conjugate heat transfer simulations.
The remainder of this section introduces the individual solvers employed in this study, summarises their governing
equations, and describes the coupling strategy adopted between the different physical domains.

2.1. Fluid-Solid Coupling

In conjugate heat transfer problems, achieving stable coupling between the fluid and solid domains is particularly
important when their characteristic thermal response times differ significantly. Several partitioned coupling strate-
gies have been proposed, as reviewed by Verstraete et al. [22]. Following the work of Giles [23]], we adopt the
flux-forward temperature-back (FFTB) and the related heat-transfer-coefficient—forward temperature-back (hFTB)
strategies in this study. In these methods, the fluid solver first runs with a fixed temperature boundary condition
provided by the solid. The resulting heat flux (or heat transfer coefficient) along the shared boundary is then passed
to the solid solver, which applies it as a fixed flux (or convective flux) boundary condition to compute the updated
boundary temperature. We note that, during these solves, the heat flux and temperature boundary conditions are
held constant in time but may vary spatially. This process is repeated iteratively to advance the simulation in time.
In this framework, the fluid and solid domains are considered weakly or loosely coupled. For additional details on
the transfer of information between the fluid and solid domains, including interpolation procedures, the reader is
referred to the Cardinal online tutorials [[24]].

2.2. Solid Solver

In the MOOSE heat conduction module, the transient heat conduction equation is expressed as

oT.

pscp,saits

=V (ksVTs) = gs, (1)
where pj is the material density [kg m ], cp the specific heat capacity [J kg 'K™'], T, the solid temperature [K],
t the time [s], k¢ the thermal conductivity [W m_lK_l], and ¢, the volumetric heat source term [W m_3]. The
first term, pstys%, represents the transient storage of thermal energy, while the second term, —V - (ksVT5),
describes heat conduction according to Fourier’s law. In this work no volumetric heat source is considered, hence
gs = 0.

As outlined above, various boundary conditions can be prescribed at the fluid—solid interface. For the FFTB ap-
proach, a Neumann condition prescribes a fixed-in-time but spatially varying heat flux along the shared boundary
0Qys,

—ksVTs-n=q"(x), x€ds,, )

where ¢”(x) is the imposed surface heat flux distribution and n the outward unit normal vector. Alternatively, for
the hFTB approach, a Robin (or convective) condition relates the normal heat flux to the temperature difference
between the surface and the bulk fluid,

—ks VT, -n = h(x) (TS(X) — TOO), x € 0y, 3)

where h(x) is the spatially varying convective heat transfer coefficient, Ts(x) the local surface temperature, and
T the bulk fluid temperature adjacent to the boundary.

For steady-state analyses, the transient term is omitted by setting p,C), 5 % = 0, and the solid temperature field

is solved to a steady-state at each iteration. In contrast, when transient thermal evolution is of interest, the full
formulation including the temporal term must be solved; this is also required when the solid is subject solely to
Neumann boundary conditions, which render the steady-state problem ill-posed.

2.3. Fluid Solver

In this study, incompressible turbulent flow is modelled using the spectral element solver NekRS, employing
both RANS and LES turbulence models. The governing RANS equations for incompressible flow comprise the
continuity equation,

V-u=0, @
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the momentum equation,

0
Py (81;+U'Vu) =-VP+V [(us + pr) Vu], )
and the energy equation,
oT
PsCp,s (C%f +u- VTf) =V [(ks + rr) VT§]. (6)

The k—7 turbulence model [25] [26L 27} |28]] is employed, which introduces additional transport equations for both
the turbulent kinetic energy k and the inverse specific dissipation rate. To account for turbulent heat transfer, the
model employs a constant turbulent Prandtl number, linking the turbulent viscosity ur to the effective thermal
conductivity K,

Prp = 1%t (7)

KT

For the present work we assume Prp = 0.9. Here, u is the velocity vector [m s™'], py the fluid density [kg
m~3], P the pressure [Pa], ty the laminar dynamic viscosity [Pa s], and p7 the turbulent viscosity [Pa s]. The
isobaric specific heat capacity is denoted by C), s [J kg=! K], T is the fluid temperature [K], ¢ the laminar
thermal conductivity [W m~! K=!], and s the turbulent thermal conductivity [W m~! K~!]. The turbulent
kinetic energy k has units [m? s~2], and the inverse specific dissipation rate 7 has units [s].

In the LES approach, unresolved scales are represented by an additional high-pass filtering term that modifies the
Navier—Stokes equations. The governing LES equations for incompressible flow comprise the continuity equation,

V-u=0, )
the filtered momentum equation,
ou
pr\ gy TuVu) =-VP+ V- (uVu) —xps (u = Gu), )
and the filtered energy equation,
0Ty
PiCos 5t VIy ) =V (5sVTy) = xpsCys (Ty = GTy). (10)

For notational simplicity, we drop the tilde notation and take all variables to represent filtered quantities. The
operator GG acts as an element-wise low-pass filter implemented via convolution, while  is a user-specified coef-
ficient controlling the filter strength. For the present simulations, we set x = 10.0 and restrict the filter action to
the highest polynomial mode in each element. Further details on this method can be found in the work by Stolz et
al. [29].

3. MODEL VALIDATION

This section presents results from a preliminary validation study of the conjugate heat transfer solver described
in Section [2] Model validation is essential for establishing that the governing equations adequately capture the
relevant physical phenomena. In this initial stage, we evaluate the solver’s capability to predict the temperature
distribution within the solid walls of a hypervapotron, using water as the working fluid and applying a prescribed
heat flux on the external surface. To this end, conjugate heat transfer simulations of a canonical hypervapotron
geometry are performed and compared against the well-characterised experiment of Ciric et al. [[13].

3.1. Experiment Description

The simulations in this section aim to replicate the experimental campaign reported by Ciric et al. [[13]]. At JET’s
Neutral Beam Test Bed, hydrogen beam experiments were conducted on a full-scale Box Scraper hypervapotron
prototype. The test configuration subjected the entire element to high heat fluxes while varying both beam power
density and cooling water velocity, enabling measurements of surface temperatures and overall cooling perfor-
mance. The applied power densities encompassed the full range of hypervapotron operating regimes, from single-
phase conditions through the onset of boiling. Given the current limitation of single-phase modelling in NekRS,
we focus here on the lowest power density of 3.8 MW m~2 and a fluid velocity of U = 4.0ms~*, which is be-
lieved to lie near the upper boundary of single-phase operation, based on the computational results of Milnes [2].
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For all simulations presented in this work, water is modelled with constant thermophysical properties evaluated at
the inflow temperature of 50°C (as discussed in the following section): density p = 9.970 x 10% kg m~3, dynamic
viscosity = 5.474 x 10~* Pas, specific heat capacity Cj, = 4.186 x 103 Jkg~! K~', and thermal conductivity
Kk = 6.406 x 107! Wm~! K~ For the solid domain, the CuCrZr material is modelled with constant properties:
density p = 8.920 x 103 kg m~3, specific heat capacity C,, = 3.81 x 10? Jkg=! K~!, and thermal conductivity
k=23.30x102Wm 1K1

3.2. Simulation Setup

For the RANS simulations, we follow a setup similar to that described by Milnes [2], where two cavities are sim-
ulated around the midpoint of the hypervapotron. The inflow temperature at this location is not directly available
and must be approximated; following Milnes [2]], we estimate it to be 50°C to account for the bulk heating in
the upstream half of the hypervapotron. In the RANS simulations, the fluid domain is prescribed with an inflow
boundary condition specifying velocity, temperature, and the turbulence variables k£ and 7 (assuming a turbulence
intensity of 5%), a zero-gradient outflow boundary condition at the outlet, and no-slip conditions on the walls. In
the LES simulations, the fluid domain consists of a single cavity element with periodic boundary conditions at the
inlet and outlet and no-slip conditions at the walls. For both RANS and LES cases, the solid domain is subjected
to an imposed surface heat flux of 3.8 MW m ™2 on the top wall, along with the coupled fluid—solid boundary con-
ditions described in Section 2.2} all remaining boundaries are assumed to be adiabatic, consistent with operation
of the hypervapotron in a vacuum chamber. The approximate midpoint temperature was also used to initialise the
fluid domain in both the RANS and LES simulations. The computational meshes were generated using Coreform
Cubit 2025.8 [30]. For the RANS simulations, the mesh consisted of approximately 350,000 solid tetrahedral ele-
ments and 1.2 million fluid hexahedral elements. Each fluid element employed a tensor-product polynomial basis
of order N = 3 in three spatial dimensions, corresponding to (N + 1)® = 64 grid points per element. For the LES
simulations, the mesh consisted of approximately 225,000 solid tetrahedral elements and 800,000 fluid hexahedral
elements, with a tensor-product polynomial basis of order N = 5, corresponding to (N + 1) = 216 grid points
per element. In both cases, the fluid meshes achieved an average y™ of approximately 1. A preliminary grid
sensitivity assessment was performed. For the solid domains, the element size was reduced by roughly a factor of
two in each spatial direction. For the fluid domains, simulations were repeated with a polynomial order increased
by one relative to the baseline case. The predicted surface temperature differences were within a few percent.
However, a formal grid convergence study is still ongoing, and the results presented here should be regarded as
preliminary.

FIG. 2. Fluid—solid solution: RANS (foreground) and LES (background). Solid temperatures are shown in
grayscale, while fluid streamlines are coloured by local temperature.

3.3. Results

An example of the coupled fluid—solid simulation results is shown in Figure [2| where the solid temperature field
is visualised alongside fluid streamlines in the cavity region, coloured by the local fluid temperature.
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In the experiments of Ciric et al. [[13]], the surface temperature rise was reported under the assumption that the
initial solid temperature was below 50°C. However, personal correspondence with researchers familiar with
the JET experiments indicates that the initial solid temperature was likely closer to 20°C. To account for this
uncertainty, the computed surface temperature rise is presented with error bars reflecting these upper and lower
bounds of the initial solid temperature. The predicted surface temperature rise from both the RANS and LES
simulations is compared with the experimental data in Figure [3] Both approaches show reasonable agreement
with the measurements within the uncertainty of the initial solid temperature. The LES results predict slightly
higher surface temperatures than the RANS results. This can be attributed to the periodic boundary conditions
employed in the LES simulations: fluid heated within the cavity mixes with the bulk stream, exits the domain,
and then re-enters, leading to progressive heating, as evident in Figure [2] This reduces the driving temperature
difference between the solid and fluid, thereby diminishing convective heat transfer and resulting in higher solid
temperatures. In general, both the RANS and LES simulations predict a larger surface temperature rise than
reported in the experiments. One possible explanation is that, as shown in Figure [2| regions of the fluid domain
exceed the boiling point of water. If multiphase effects were included, the effective heat transfer would likely
increase due to nucleate boiling, which may explain why the simulations slightly overpredict the measured wall
temperatures. However, in the absence of experimental error bars, definitive conclusions cannot be drawn.
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FIG. 3. Comparison of surface temperature rise versus surface power density, showing experimental data from
Ciric et al. [|13|] alongside predictions from RANS and LES simulations.

Preliminary comparisons of the bulk flow features between the RANS solutions and the time-averaged LES results
indicate broadly similar large-scale structures. Sensitivity studies on the inlet value of 7 were also performed;
however, only a modest change in the predicted surface temperature rise was observed, on the order of a few kelvin.
Further analysis of bulk flow features is ongoing as part of the grid convergence study, along with an exploration
of alternative LES setups in which the fluid temperature is initialised with the reported inlet temperature of the
hypervapotron. Results from these investigations are pending.

4. CONCLUSION

This work represents the first step toward LES of multiphase CHT in a hypervapotron. We have validated the
Cardinal framework, coupling NekRS and MOOSE, for the single-phase convective regime of the JET hyper-
vapotron experiments. RANS and LES simulations at 3.8 MW m~2 and U = 4.0 ms ™" reproduced the reported
surface temperature rise within the bounds of the initial solid temperature uncertainty, with LES predicting slightly
higher wall temperatures than RANS, consistent with the modelling choices discussed. Ongoing work is focused
on porting the multiphase algorithm from Nek5000 [[12] into NekRS and implementing phase-change boiling
models. These efforts aim to build a framework for benchmarking turbulence models and advancing predictive
simulations of hypervapotron performance in high-heat-flux fusion applications.
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