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ABSTRACT

The Versatile Test Reactor (VTR) is a fast-spectrum test reactor currently being developed in the United
States (U.S.) under the direction of the U.S. Department of Energy (DOE). The conceptual design of the
300 MWth pool-type sodium-cooled fast reactor (SFR) has been led by the U.S. National Laboratories in
collaboration with General Electric-Hitachi and Bechtel National Inc. Safety performance analysis for the
VTR conceptual design is being performed with the SAS4A/SASSYS-1 liquid-metal reactor safety analysis
code system. Since the current model of the VTR employs a simple perfect mixing model for large plena—
such as the hot pool, it is not able to predict temperature variations that may develop during the transient.
Prior work simulating the response of SFRs to postulated events like the protected station blackout (PSBO)
has shown that the phenomenon of thermal stratification, where stable thermal layers accumulate in the hot
pool, may delay the transition to natural circulation, and thus impact the predicted transient progression.
Thus, an effort has begun to model this transient by integrating a computational fluid dynamics (CFD)
model of the hot pool into the SAS4A/SASSYS-1 model of the Primary Heat Transport System during the
simulation of the PSBO event. A three-dimensional volume-of-fluid CFD model of the VTR hot pool has
been developed for the co-simulation of SAS4A/SASSYS-1 with CFD. In this work, the standalone
SAS4A/SASSYS-1 calculation and the standalone CFD calculation based on the SAS4A/SASSYS-1
calculation result were produced on Idaho National Laboratory’s (INL’s) high performance computing
(HPC) cluster, SAWTOOTH. At this time, only the standalone CFD and SAS4A/SASYS-1 simulation
results are provided.

KEYWORDS
SFR Safety, SAS4A/SASSYS-1, SYSTH-CFD Coupling, Thermal Stratification

1. INTRODUCTION

The safety design strategy of the Versatile Test Reactor (VTR) includes a defense-in-depth approach that
utilizes passive safety systems to provide additional margins for protecting workers and the public from
relatively low frequency events [1]. The safety performance for events that feature loss of forced circulation,
notably the protected station blackout (PSBO), is enhanced by the establishment of buoyancy-driven natural
circulation of sodium coolant to transport decay heat from the core, where it is ultimately rejected to the
reactor vessel auxiliary cooling system (RVACS). This transient performance of the VTR design during
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such events is being modeled primarily with the SAS4A/SASSYS-1 (a.k.a. “SAS”) v5.4 fast reactor safety
analysis code [2]. The VTR SAS4A/SASSY S-1 model represents the reactor core, primary and intermediate
heat transport systems, RVACS, and an assumed reactor protection system (RPS) [3]. Such a simplified
model cannot capture the multidimensional phenomena that are observed in large pools under such transient
conditions. Thermal stratification in the hot pool of pool-type SFRs under low-flow conditions has been
shown to impede the establishment of natural circulation, elevating core temperatures relative to the
predictions of a perfect mixing model [4]. There has been significant prior work to model these phenomena
in SFRs [5], as well as international collaborations to validate such models [6, 7].

The objective of this study is to assess the influence of thermal stratification in the VTR hot pool on the
transient response of the postulated PSBO event. This is being explored initially with a CFD model of the
hot pool employing the STAR-CCM+ code [8]. The time-dependent boundary conditions are obtained from
the standalone calculations of SAS4A/SASSYS-1. This will provide an initial assessment of the extent of
thermal stratification. To assess the influence on the overall transient progression, SAS4A/SASSYS-1 and
CFD models will be coupled together employing similar techniques as published previously [4, 9]. This
analysis is underway, but results are not currently available for this publication.

2. SAS4A/SASSYS-1 MODEL OF THE PSBO TRANSIENT

The SAS model of the core employs 26 representative channels—each with a single-pin and surrounding
coolant—to represent the 313 core subassemblies at beginning-of-cycle conditions. Of these 313
subassemblies, 66 are fuel assemblies, and are represented by 16 of the channels. This includes one channel
to represent the fuel assembly with the peak power-to-flow ratio, and six more for its neighbors. The
remaining channels are used to represent the control and safety rods, reflector assemblies, shield, and
experimental locations where irradiation tests are conducted. The model employs 1-D single-phase axial
coolant thermal-hydraulics connected to a 1-D radial solid conduction model through the fuel, cladding,
and associated structure to predict transient temperatures. A point kinetics model is employed to predict
changes in the core power prior to scram, which accounts for fuel Doppler, coolant density, fuel pin axial
expansion, core radial expansion, control rod driveline expansion, and reactor vessel expansion reactivity
feedback effects. Decay heat is modeled using the American Nuclear Society (ANS) decay heat standard
for light water reactors (LWRs), with specifications for the fraction of power produced by each fissile
isotope.

Outside the core, the SAS model represents the primary and secondary sodium heat transport systems, as a
network of 1-D flow elements that are connected to 0-D compressible volumes. The flow elements include
component models for flow and/or heat transfer in the primary and secondary pumps, intermediate heat
exchanger (IHX), sodium-to-air heat exchangers, and the RVACS. The compressible volumes represent
plena, including large volumes of coolant such as the hot and cold pools, using a perfect mixing model,
where the outlet temperature at a point in time is the mixed mean temperature of the volume.

The PSBO event is assumed to be initiated by loss of electrical power to all plant systems, resulting in the
loss of forced circulation in the primary and secondary coolant loops. The heat rejection through the
sodium-to-air heat exchangers is also assumed to decrease to zero. Upon trip of the electromagnetic pumps,
there is an immediate reduction in flow rate to 60% of its nominal value, followed by a 12 second halving
time. The reactor protection system is assumed to scram the reactor once the power-to-flow ratio exceeds
115% of its nominal value, which occurs almost immediately after the sodium pumps trip. The
SAS4A/SASSYS-1 model predicts that the peak fuel, cladding, and core coolant temperatures occur during
the initial phase of the transient, prior to scram, where the flow rate is reduced, but the reactor power is
close to its nominal value [2].
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With a perfect mixing model in the hot pool, the IHX inlet temperature is predicted to decrease immediately
in response to the reduction in core outlet temperature following a scram. However, in the absence of forced
flow from the primary pumps, several minutes may be required for the cold front to travel approximately
8.5 m from the core outlet to the IHX inlet window. In the meantime, coolant temperatures in the IHX,
which serves as the heat sink for the primary loop, exceed the core outlet temperature, thus impeding natural
circulation. This delay in natural circulation may not influence the peak core temperatures, which are
predicted to occur in the initial phase of the transient prior to scram but may cause these temperatures to
remain elevated for a longer duration compared to the predictions of the perfect mixing model.

To evaluate the influence of thermal stratification on the response to the PSBO transient, the results of the
mass flow rate and temperature at each connection to the hot pool at each time step will be provided to the
CFD model for boundary conditions. The CFD model will then provide an updated prediction of the IHX
inlet temperature, which is anticipated to remain elevated above the corresponding predictions of the perfect
mixing model in SAS. The significance of this delay will motivate further exploration by coupling the SAS
and CFD models directly.

3. CFD MODEL DESCRIPTION

The CFD model of the hot pool was developed using the commercial CFD software, STAR-CCM+ v15.06.
The geometry was developed with a negative volume extraction method based on a 3D computer-aided
design (CAD) drawing of the VTR conceptual design, as shown in Fig. 1. The geometry includes the fluid
inside the upper plenum, surrounding the housings for the primary pumps, IHXs, and the upper internal
structure (UIS). The hexagonal lattice of the core outlet includes the outlet of 313 core assemblies that are
grouped into the 26 channels employed by the SAS model. The initial conditions of these channels are
determined from the SAS steady-state predictions. The fluid domain is part-based meshed with polyhedral
cells and three prism boundary layers near the wall. The total number of computational cells is
approximately 32 M. The mesh structure on the cross-section highlighted by red in the geometry scenes
(Fig. 1-(a), (b) and (c) is illustrated in Fig. 1-(d). In the top region, the mesh was refined locally to better
capture the interface between the liquid sodium and the Argon cover gas.

The model contains two fluids—Iiquid sodium as a coolant and Argon gas as a compressible cover gas layer.
The volume-of-fluid method [8] with a high-resolution interface capturing (HRIC) convection scheme [10]
was employed to take account of the two fluids. The elevation of liquid sodium was specified as an initial
condition. The sharpening factor and angle factor of the HRIC scheme are 0.5 and 0.05, respectively.

The temperature-dependent liquid sodium density, dynamic viscosity, thermal conductivity, and specific
heat is specified by polynomial functions that are consistent with the corresponding properties employed
by the SAS code. Argon cover gas is specified as ideal gas.

The realizable k-g two-layer turbulence model [11] was selected for the Reynolds-Averaged Navier-Stokes
method. Buoyancy forces are accounted for by the Boussinesq model. A second-order convection scheme
is used for both segregated flow and segregated temperature solvers.

In this study, “mass flow inlet” boundary conditions are employed at all flow boundaries, including the
26 channel groups at the core outlet and the two IHX inlet windows. At these boundary conditions, time-
dependent mass flow rate and temperature are imposed using tabular data extracted from the SAS
calculations. In the SAS predictions, the mass flow rate at the IHX inlet window is directed outward (i.e.,
into the IHX), and therefore, the specified temperature is ignored.
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Figure 1. VTR Upper Plenum Geometry and Mesh Structure.
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Simulations were performed on 1,440 cores of Idaho National Laboratory’s (INL’s) high performance
computing (HPC) cluster, SAWTOOTH. The SAWTOOTH cluster consists of 2,079 compute nodes. Each
node of SAWTOOTH has 48 cores and 192 gigabytes (GB) of memory. Some nodes also have four NVIDIA
V100 graphics processing units (GPUs) and an additional 192 GB of random-access memory (RAM) for a
total of 384 GB of memory. The total memory of SAWTOOTH is 404 terabytes (TB).

4. RESULTS AND DISCUSSION

Prior to the coupled calculation of SAS with the CFD, the standalone SAS calculation and standalone CFD
calculation based on the SAS calculation were carried out to investigate the thermal-hydraulic
characteristics in the VTR upper pool.

4.1. SAS4A/SASSYS-1 Standalone Calculation

The PSBO transient is characterized by a rapid reduction in forced flow rate, which activates the RPS to
initiate a scram. The SAS predictions for core flow rate and power, relative to their initial values at full
power and flow conditions, are plotted in Fig. 2. For the first second of the transient, the relative flow rate
is below that of the relative power, causing an increase in coolant temperatures in the core, which propagates
to the primary heat transport system. Predicted evolutions of the coolant temperatures are plotted in Fig. 3,
including the maximum coolant temperature in the channel with the highest power-to-flow ratio (red), the
average outlet temperature of all core subassemblies (purple), and the IHX inlet temperature (green).

The peak core temperature increases quickly in response to the reduced flow rate, as the response is
immediately adjacent to the high-powered fuel pins. The average core outlet temperature response is
mitigated by relatively cool subassemblies, including reflectors and shields. The IHX inlet temperature,
which is equal to the mean hot pool temperature, is further mitigated by the thermal inertia of the large
sodium inventory. Although slower to respond than the temperatures in the core, this response starts
within only a few seconds of transient initiation because of the treatment from the perfect mixing model.
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Figure 2. Relative Core Flow Rate and Power during the PSBO Transient.
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Figure 3. SAS Predictions of Coolant Temperature during the PSBO Transient.

4.2. CFD Calculation based on SAS4A/SASSYS-1 Calculation

The core outlets of VTR are the inlet boundaries of the VTR upper pool model. The time-dependent mass
flow rate and temperature conditions imposed on the inlet boundaries of the CFD model were provided
from the SAS4A/SASSYS-1 calculation. Figures 4 and 5 show the transient temperature and absolute
pressure distributions in the VTR upper pool during the PSBO transient, respectively. At the initial steady-
state condition (t = 0 sec), the temperature gradient along the axial direction was small (< 3°C). In the early
stage of transient (t < 100 sec), the temperature and flow rate of core outlets decreased drastically. These
variations of the coolants from core outlet resulted in the complicated flow mixing at the bottom region of
the upper pool. After the flow rate of core outlet flows decreased down to 100 kg/s, it began to decrease
smoothly, and the axial heat conduction became a dominant heat transfer mechanism in the upper pool. The
IHX inlet windows temperature began to be influenced by the cold temperature coolant 300 seconds after
the transient initiated. The cold temperature coolant reached the bottom of IHX windows at 400 seconds.
The pressure in the upper pool also decreased slightly during this transient.

Figure 6 shows the comparison of IHX inlet temperatures calculated by SAS and CFD. The temperatures
at [HX inlet windows in the CFD calculation was not changed significantly up to 300 seconds, whereas it
began to decrease as soon as the transient initiated in the SAS calculation with the perfect mixing model.
The IHX temperatures calculated by CFD and SAS intersected at 470 seconds. Hence, the core inlet
temperature in the standalone SAS calculation was underpredicted for 470 seconds after the transient
occurred.
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Figure 5. Transient Absolute Pressure Distribution in VIR Upper Pool during the PSBO Transient.
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Figure 6. Comparison of Transient Coolant Temperature at the IHX Inlet Window Calculated by
SAS and CFD.

5. CONCLUSIONS

The system thermal-hydraulic calculation of the VTR system and CFD calculation of the hot upper pool of
the VTR were produced, and coupled simulations are planned. The temperatures at the IHX inlet window
in the hot pool calculated by the 3D CFD model and by the perfect mixing model in SAS showed a
significant discrepancy during the transient. In the CFD calculation, stable thermal stratified layers develop
as the coolant entering the bottom of the hot pool from the core outlet is significantly cooler than the coolant
that was already present prior to the scram. Because of the flow coast down, significant time is required for
the relatively cool layer to be advected to the IHX inlet window near the top of the hot pool. The perfect
mixing model in SAS predicts an immediate decrease in the [HX inlet temperature once the transient is
initiated, whereas the IHX inlet window temperature in CFD remains quite high for the first five minutes
of the transient. In a further study, the standalone calculations performed in this work will be compared to
the co-simulation result to investigate the coupling effect.
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