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Abstract. The BORAX-type accident is a key scenario in the safety design of pool-type
experimental nuclear reactors. It considers a reactivity insertion large enough to initiate
an exponential power escalation with a period as small as tens of milliseconds, necessitating
effective heat removal by the coolant system. This study presents a computational analysis of
single-phase transient heat transfer under thermal-hydraulic conditions relevant to such reactors,
focusing on turbulent channel flow between planar fuel plates with highly subcooled water. Our
investigation uses Large Eddy Simulation (LES) performed with TrioCFD, the open-source CFD
code developed by the French Atomic Energy Commission (CEA). Several modeling options
are tested: incompressible flow with temperature as a passive scalar, incompressible flow with
varying viscosity, and quasicompressible flow with temperature-dependent viscosity and mass
density. To evaluate the accuracy of our physical models, all simulations were performed under
uniform conditions, using the same experimental parameters, mesh, and numerical strategies.
The specific examined scenario involves a highly subcooled turbulent channel flow at moderate
pressure, experiencing an exponential power increase. We ensure detailed turbulence resolution
at the Batchelor scale in the wall normal direction close to the heating wall. This communication
presents a comparative study of LES simulations of the single-phase flow under exponential
power excursion at the wall. Subsequent analyses focused on the impact of different velocity-
temperature couplings on the prediction of wall heat transfer, incorporating comparisons with
experimental infrared thermometry measurements. Early in the transient phase, temperature
peaks are confined within turbulent streaks, as reported in the existing literature. However,
as the exponential power transient unfolds, the viscous layer and streak structures destabilize,
leading to a more dispersed distribution of hot spots. Preliminary findings suggest a transition
in heat transfer modes from turbulence-driven to conduction during the final stages of the
single-phase transient.

1. Introduction

In nominal operating conditions, the fluid within the core of a research reactor is in single phase.
During a BORAX-type scenario, an accidental reactivity insertion can induce an exponential
increase in power, characterized by a time constant, 7 of about tens of milliseconds. Due to
the large subcooling levels, most of the time of the transient is spent in single phase. However,
the rapid escalation of power leads to a concentration of energy deposition in the two-phase
regime towards the end of the transient. For the fastest power escalations, nucleation onset
nearly coincides with the formation of extensive vapor blankets indicative of boiling crisis. The
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emergence of dry patches reduces both heat transfer efficiency and density reactivity feedback,
which is linked to volume of vapor in the core. Therefore, an accurate prediction and a better
physical understanding of the boiling crisis under an exponential power excursion is a key issue
for nuclear safety.

Experimental investigations employing frontlit shadowgraphy techniques have illustrated the
dynamic interactions between bubbles and turbulent wall streaks. Figure 1 shows the thermal
features during the different stages of a power transient. In these images, turbulent thermal
streaks appear as white, while bubbles are depicted in black. We observe that most of the active
nucleation sites appear within these turbulent streaks. During the boiling crisis, irreversible
dry patches emerge within the hot spots, having the characteristic shape of turbulent thermal
streaks.

Sin

X Increasing heat flux

Figure 1. Frontlit shadowgraphy visualization of the heated wall during a 5 ms power transient
at 1.2 M Pa, 163 K subcooling and Re = 30.000 adapted from Chavagnat et al.[1]

Recently, Nop et al.[2] introduced a mechanistic energy-based model predicting the transient
subcooled flow boiling crisis. Central to this model is the concept of ‘mantle thickness’ (9), a
theoretical parameter representing a characteristic energy layer that achieves saturation during
power transient. This highlighted the need for insights into the evolution of the thermal bound-
ary layer in response to transient heat inputs.

Using the TRUST /TrioCFD software, we study the dynamics of heat transfer near the wall
through Large Eddy Simulation (LES) analyses. The primary objective is to investigate the
behavior of the thermal boundary layer at the onset of nucleate boiling, thereby contributing
to a more comprehensive understanding of the thermal phenomena underpinning the onset of
boiling crises during a transient heat input.

2. Methodology

We present several Large Eddy Simulations (LES) focusing on the transient wall heating within
a turbulent channel. The simulations explore different configurations to investigate the interplay
between thermal and fluid dynamic phenomena under various conditions:

e Incompressible flow with constant fluid properties: In this configuration, the temperature
is considered as a passive scalar, with no influence on the fluid dynamics.

e Incompressible flow with varying viscosity: This setup introduces a coupling between the
temperature and velocity fields by allowing the fluid viscosity to vary with temperature.

e Quasi-compressible flow with varying viscosity and mass density: This approach aims at
capturing the intricate interactions resulting from density variations, particularly their
effects on mass conservation and momentum within the flow field.

Each configuration is designed to incrementally increase the complexity of the thermal-fluid
coupling, enabling a detailed examination of how temperature variations influence the flow
dynamics under different assumptions about the fluid thermophysical properties.
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2.1. Numerical problem solved by the TRUST/TrioCFD code

The simulation setup is illustrated in figure 2, the mean flow is in the x direction and a
recirculating box is placed at the domain inlet. We solve a hydraulic problem in the recirculating
box and a thermalhydraulic problem in the numerical test section. Both the recirculating box
and the domain are periodic in the spanwise direction (z). The channel half width is denoted h.
The global size 2h x 6wh X wh was defined in order to minimize the influence of the computational
domain on the solutions using independence mesh studies of thermal flows by Lluesma-Rodriguez
et al.[3]. In the present investigation, the mesh dimensions are specified as a height of 2 mm,
a width of 3.15 mm, and a streamwise length of 1.89 cm. This size selection in the streamwise
direction is intended to accurately model the experimental heater setup and to adequately
capture the thermal boundary layer development.

Hydraulic problem Thermal-hydraulic problem
27th 61th
<>
y 5 i mh Adiabatic wall
§ No Slip / i ic wi ol
Flow > »
z [T P
/ " No Slip Py, = cste

| A PAEAAEREAEREEAEAE Y Py = oste

Recirculating Inlet Imposed wall p 0 f) o T Open Outlet
boundary condition heat flux s boundary

Figure 2. Schematic description of the numerical problem

For the Navier-Stokes equations (1-2), the inlet boundary is a fully developed turbulent
velocity profile obtained from the recirculating box, ensuring a realistic turbulent flow entering
the domain. At the outlet, the boundary is open with a specified pressure condition. The no-slip
condition is applied at both the bottom and top boundaries.

For the heat equation (3), the inlet boundary condition is an imposed temperature, modeling
the isothermal inlet condition of the fluid. The outlet is considered as an open boundary for
temperature, allowing heat to leave the domain freely. The top boundary is treated as an
adiabatic wall. At the bottom boundary, a specified time dependant but spacially uniform heat
flux is imposed. The set of equations being solved is:

dp
Opv . . 2 .
¥ + V- (pvv) =V - (uVv) -V (Pf) where P =P, + g,udlv(v) (2)
orT dFy
rer { 5p +v-VT | =V-(\VT)+ s where Py = p(T)RT (3)

The TRUST/TrioCFD software uses a staggered grid system in conjunction with a projec-
tion technique to decouple velocity and pressure fields. This mitigates the issue of checkerboard
pressure oscillations and ensures that the velocity field satisfy both the momentum and conti-
nuity equations, leading to more physically accurate simulations. All simulations presented in
this work leverage finite volume difference discretization on a hexahedral mesh with 30 million
elements. A comprehensive review of the TRUST/TrioCFD code is highlighted in the article
by Angeli et al.[4] (2015). The following tables summarize the numerical methods and mesh
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characteristics used in the simulations runs.

Table 1. Numerical methods and schemes. Table 2. 30M hexahedral mesh
characteristics
Discretisation Finite Volume Differences
Pressure Solver General Conjugate Gradient Size yT Dimensionnal unit
Diffusion Implicit (second order) Ay, | 0.5y 2.13um
Momentum Convection Centered (second order) Ayys | 1.86y" 7.95um
Scalar Convection QUICK (third order) Az 4yt 16pm
Time scheme Runge Kutta 3 Az S8y™ 32um

2.2. Physical characteristics and turbulence model

With the high subcooling level of 100 K and the exponential heat input characterized by a time
constant 7 of 5 ms, significant temperature gradients are expected at the vicinity of the wall.
Under these transient conditions, viscosity can be reduced by up to 50%, while other properties
such as conductivity, heat capacity and mass density vary by around 10%. This highlights the
need for a modeling approach that effectively captures the interactions between the temperature
and momentum fields. The quasi-compressible model aims to investigate the specific effects of
the flow field positive divergence near the wall, due to mass density variation.

Gravitational effects on the flow are considered negligible, supported by a Richardson number
(Ri = gApL/pU?) much less than 0.01. The equation of state is a stiffened gas fitted on
IWAPS97 data for liquid water properties. Properties in metastable states above the saturation
temperature are assumed to be constant and equal to those at saturation.

The mesh design incorporates refinement in the wall-normal direction up to the Batchelor
scale, targeting accurate representation of thermal gradients and boundary layer dynamics at
the wall (noted y,,). In the freestream region (noted yys), the mesh is stretched by a factor of 4
in the streamwise direction and by a factor of 2 in the spanwise direction.

For turbulence modeling, the Wall-Adapting Local Eddy-viscosity (WALE)[5] model is
selected, with a fixed turbulent Prandtl number of Pr; = v /oy = 0.9 to couple the velocity
and temperature fields subgrid models. The WALE model is chosen for its capability to address
the complexity of shear flows.

3. Simulation results

The image depicted in figure 3 presents a cross-section in the (z, z) plane, capturing the velocity
and temperature fields in the vicinity of the wall moments before the Onset of Nucleate Boiling
of a quasi-compressible simulation. We observe that the temperature and velocity fields exhibit a
strong correlation. Additionally, the turbulent patterns maintain a consistent shape throughout
the channel, albeit with a reduced scale towards the outlet where the viscosity is lowered due
do heating.

3.1. Comparison with experiments under transient heat input

The experimental setup uses infrared thermography at a high frame rate of 3125 frames per
second to capture flow boiling phenomena within a dedicated loop. Details of the boiling loop,
experimental apparatus and postprocessing techniques are published in the work of Richenderfer
et al.[6](2018).

This comparision is based on the data presented in Nop et al.[7](2022), which involves a test
section featuring a channel height of 2 mm and a heater measuring 20 mm in length and 7 mm in
width. The experiments were conducted at a fixed operating pressure of 1 M Pa, with the liquid
bulk temperature stabilized at 80°C, leading to a subcooling level of 100K . Water is flowing
with a mean velocity of 1.8 m/s, which corresponds to a bulk Reynolds number of 20 000 and
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Figure 3. Wall normal slice at 5y = 10 of the temperature and flow velocity close to ONB

a friction Reynold number of 300. The bottom plate of the channel is subjected to a uniform
power transient ¢, (¢) o et/T where 7 = 5 ms.

By replicating the experimental conditions in our simulations, we can compare the heat
transfer during a power transient obtained from numerical predictions and those derived from
experimental observations. The following figure 4 presents the space average of the wall temper-
ature T, plotted over time during power transient. The dashed line is the average experimental
wall temperature. Note that the significant discrepancies observed after ¢ = 23 ms, exceeding
30%, are due to the onset of boiling on the heater surface, as noted experimentally. Phase
change does not fall within the scope of this work.
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Figure 4. Left: Wall temperatures T;, comparison during the transient

Right: Relative discrepancy of simulations T“’i—;fe“’

The left graph in figure 4 indicates that the simulations consistently predict higher wall
temperatures than observed, suggesting an underestimation of the heat transfer in the fluid.
The right graph demonstrates a gradual increase in the discrepancy of the simulated wall
temperatures during the transient up to approximately 20 ms. During this period, turbulent
structures are weakly affected by the temperature increase and thus efficiently transfer heat from
the vicinity of the wall to the bulk of the flow. Thus, the observed discrepancy may stem from
inaccuracies in modeling the turbulent heat flux, attributable to the assumption of a constant
turbulent Prandtl number. Despite this, all simulations maintain a deviation lesser than 15%
with experimental data in the initial phase of the transient.

Interestingly, simulations using the quasi-compressible model show the lowest level of accuracy
compared to others, while those adopting the incompressible model with variable viscosity yield
the most accurate results. The discrepancies seen in the quasi-compressible simulations could
be due to offsetting errors present in the incompressible simulations. In the quasi-compressible
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approach, only the mass density and viscosity are considered as temperature-dependent. Since
the observed discrepancies align with the physical changes in thermal conductivity and specific
heat capacity, using an accurate equation of state is key to improve the modeling process.

As the single phase concludes, particularly between 20 ms and 22.5 ms, the mean wall heat
flux escalates above 4MW/m?, and the gap between simulation outcomes and experimental
results diminishes to a minimum. This pattern could indicate a shift in the primary heat
transfer mechanism, transitioning from turbulent heat transfer to transient thermal diffusion.

This inference is drawn from the observation that under such extreme transient heat flux
conditions, the decrease in near-wall viscosity results in smaller turbulent structures, therefore
reducing the efficiency of heat transfer from the wall vicinity to the bulk of the fluid. This
suggests that, at this critical juncture, the system ability to manage heat is increasingly reliant
on the direct thermal diffusion across the thermal boundary layer, rather than on the convective
efforts of turbulence.

4. Conclusion

This work presents several Large Eddy Simulations of liquid water subjected to an exponential
heat input. A comparative study of various modelling hypotheses is carried out in order to
assess the fidelity of simulations. Overall, all simulations exhibits a consistent behavior and
fall within +15% of the experimental wall temperature during the single phase regime. The
variable viscosity simulation performs best, highlighting the importance of taking into account
the viscosity dependance to temperature.

Yet, there are systematic discrepancies during the first part of the transient for all simulations
that might be related to subgrid models or offsetting errors. Further work will investigate new
simulations implementing tetrahedral meshes refined isotropically at the batchelor scale near the
wall. This will ensure that the intricate balance between convection and conduction processes
taking place in the buffer layer will be directly resolved by deactivating both thermal and
velocity subgrid models. In addition, we might implement fully quasicompressible simulations
with all properties depending on the temperature and implement an equation of state valid for
metastable superheated water.

Several new configurations of transient heat input will be investigated by varying the mass
flux, pressure, subcooling, power escalation time and geometry of the channel.
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