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ARTICLE INFO ABSTRACT

Keywords: This paper presents results from system-level modeling of a water-based reactor cavity cooling system using
System-level modeling RELAP5-3D. The computational model is benchmarked with experimental data from a half-scale RCCS test
RELAP5-3D facility at Argonne National Laboratory. The model prediction is first compared with a two-phase oscillatory
RCCS . baseline experimental case where mixed accuracy is obtained. The model shows reasonable prediction of mass
Safety analysis s s . . N
NSTF flow rate, pressure, and temperature but significant overprediction of void fraction. The model prediction is

then compared with a fault case where the inlet of the risers is gradually reduced using a throttling valve. As
the valve is closed, the model is able to predict some major flow phenomena observed in the experiment
such as the dampening of oscillations, the reintroduction of oscillations, as well as boiling, flashing, and
geysering in the risers. However, the timeline of these events are not well captured by the model. The model
is also used to investigate the evolution of flow regime in the chimney. This work highlights that the semi-
empirical constitutive relations used in RELAP-3D could have a strong influence on the accuracy of the model
in two-phase oscillatory flows.

1. Introduction

The High Temperature Reactor (HTR) is one of the candidates
for the Gen-IV reactor designs that are currently under development.
The HTRs appeal to the nuclear industry due to their inherent safety
features, high thermal-to-electric conversion efficiency, and the ability
to provide high-temperature process heat [1]. Many HTR designs rely
on the Reactor Cavity Cooling System (RCCS) for passive decay heat
removal and safe reactor shutdown during accident scenarios due to its
relatively simple design, the reliance on natural forces, and the poten-
tial for high levels of performance [2]. The RCCS is designed to ensure
that the vessel wall and the fuel peak temperatures are maintained at
safe limits during normal operation and accident scenarios, to maintain
the reactor cavity concrete and support structures at safe limits, to
sustain the intended function and performance across the 40-year life
span of a reactor installation, and to accomplish the above functions
without human intervention or active systems [2].

Different designs of RCCS have been explored, among them the
water-cooled RCCS design. The water in the RCCS is designed to
maintain at low temperature and atmospheric pressure during nor-
mal operation. However, during certain accident scenarios where the
cooling capability of the primary coolant flow is compromised, the
RCCS is designed to operate in two-phase conditions as it undergoes
phase change phenomena. Given the no active systems nor human
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intervention design philosophy of the RCCS, the flow of coolant in the
system is driven entirely by natural circulation. This means that a long
chimney section is often required in RCCS to provide sufficient thermal
driving head to ensure that the natural circulation in the system reaches
the desired flow rate to effectively remove decay heat from the reactor.
However, at the same time, the requirement exposes the system to
two-phase instabilities and flow oscillations especially when flashing
occurs in the chimney. These oscillations could severely reduce the
heat removal capability of the RCCS and potentially compromise the
structural integrity of the system. Given the severe consequences of
the failure of the system during accident scenarios, it is paramount to
understand the thermal hydraulics behavior of the RCCS in order to
ensure that the system can operate as designed.

As an effort to improve the current understanding of the RCCS, a
program was established at Argonne National Laboratory (Argonne)
under the support of the United States Department of Energy (US-DOE)
Office of Advanced Reactor Technologies (ART) to develop technologies
to improve the reliability and safety of new reactor designs [2]. Under
the program, an experimental test assembly known as the Natural con-
vection Shutdown heat removal Test Facility (NSTF) was constructed at
Argonne to investigate the feasibility of the RCCS. To achieve this goal
the NSTF has continuously produced NQA-1 compliant experimental
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data that could be utilized for supporting licensing of safety features
in advanced reactor designs since early 2014. The experimental data
are used for validating and verifying safety related codes that in turn
are used by vendors and regulatory bodies to assess the feasibility and
limits of these safety features such as the RCCS. Given the increased re-
liance on safety analysis codes for the determination of safety margins,
course of accident progression, design of new reactor concepts and sys-
tems, and regulatory justification, it is critical to ensure that these codes
and computational tools can correctly predict the behaviors of nuclear
reactors and safety features especially during accident scenarios.

Many current RCCS designs utilize a tall chimney to enhance the
driving head needed for natural circulation. However, the reliance
on a tall chimney also contributes to a higher likelihood of flow
instabilities [3]. One of the most widely studied flow instabilities is
the flashing-induced instability [4]. It typically happens when flashing
occurs at the top of an unheated chimney, causing a reduction in the
hydrostatic pressure and an increase in thermal driving head, which
then leads to an increase of natural circulation flow rate. As the flow
rate increases, the residence time of the fluid in the heated riser
decreases and the fluid enters the chimney in a subcooled state. The
subcooled fluid suppresses the flashing in the chimney, causing the
thermal driving head to reduce and the natural circulation flow rate
to decrease, leading to an increase of residence time of the fluid in the
riser, and eventually the repeat of the process [5].

Other types on instabilities typical in a low-pressure natural circu-
lation boiling system include natural circulation oscillations, density
wave oscillations (DWOs), and geysering [6]. Using the SIRIUS-N facil-
ity, Furuya et al. [6] found that DWOs were the cause of the induced
flow instabilities by studying the flow oscillation period and the fluid
transit time through the chimney. With a scaled test facility that
consisted of a two parallel boiling channels, Chiang et al. [7] per-
formed fundamental study on the thermal-hydraulic instabilities during
start-up in natural circulation boiling water reactors (BWRs). Three
types of instabilities were reported from their study, namely geyser-
ing induced by condensation, natural circulation instability induced
by hydrostatic head fluctuation, and DWO. Using the CIRCUS facil-
ity in both single-chimney and two-parallel chimney configurations,
flashing induced-instability was investigated by Marcel et al. [8,9]. It
was reported that the only type of instability observed in the single-
chimney configuration was DWOs while geysering and DWOS were
both observed in the two-parallel chimney configuration. In addition
the studies mentioned here, experimental investigation of two-phase
instabilities in natural circulation have been widely conducted using
different facilities under various conditions. A comprehensive summary
of these studies can be found in the work by Zhao et al. [5], Zhang and
Brooks [10]., and Ruspini et al. [11]

Given the advancement of computational capabilities in recent
years, computational models have been increasingly utilized by re-
searchers to study various designs of RCCS. Due to their fast running
speed and low requirement of computational resources, system-level
codes are the tool of choice for many previous studies. Among them,
RELAPS is one of the most widely used computational codes. As
highlighted by Shi et al. [12], RELAPS5 is recognized as one of the top
estimate system analysis codes and has been selected for the simulation
of the natural circulation flow driven systems by many researchers.
Furthermore, according to Bertodano et al. [13], RELAPS5 is capable of
modeling global instabilities particularly DWOs. Some recent studies
that used RELAPS to investigate instabilities in natural circulation
include the works by Zhao et al. [5] who observed different oscil-
lation patterns in flashing-induced instabilities in natural circulation
system. The authors also studied the effects of parameters such as
inlet subcooling, system pressure, inlet resistance, and chimney height
on the instabilities. Shi et al. [12] used experimental data to assess
the capability of RELAP5 in predicting the startup transients in a
natural circulation test facility simulating a BWR-type Small Modular
Reactor (SMR). The study found that despite some discrepancies in
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the timing of the system pressure, the code can predict the natural
circulation flow velocity relatively well. Shi et al. [12] also mentioned
that the simplification of the RELAP5 nodalization and the neglect
of heat loss and other local three-dimensional effects could lead to
uncertainties in the predictions. Wang et al. [14] conducted natural
circulation flow instability experiments and used RELAP5 to analyze
the four oscillations observed in the experiments, namely intermittent
and periodical oscillation, double-peak oscillation, periodical sinusoidal
oscillation, and staged irregular oscillation. An excellent agreement
was obtained between the simulation and the experimental data for
intermittent oscillation and sinusoidal oscillation. The authors sug-
gested that the deviation between the simulation and the experimental
result was likely due to the non-linear relationship between the natural
circulation driving force and kinetic energy. Teng et al. [15] evaluated
the applicability of RELAP5 to simulate flow instability in a natural
circulation system using the experimental data from the NHR-200 test
facility. The authors reported that RELAP5 was able to simulate DWOs
in the test facility where the interphase friction correlation and the
resistance models played a major role in the accuracy of the prediction.

In addition to investigating general flow instabilities, RELAP5 has
also been adopted by researchers in studying the behavior of various
designs of RCCS. These studies include Lomperski et al. [16] who
used the code to model the air-cooled RCCS of the GA-MHTGR design
to confirm the scaling laws used for designing the NSTF, Corradini
et al. [17] who performed single and two-phase simulations on a scaled
facility with three riser channels to investigate the behavior of the
system as it transitioned to two-phase flow in a natural circulation
mode, and Vaghetto and Hassan [18] who used the code to study the
behavior of a small scale experimental RCCS facility during steady-state
and ramp-up phase.

Within the NSTF program, computational and simulation efforts
have also been established with the objectives to develop mature and
well-tested computational models to simulate the NSTF, to validate and
verify computer codes and simulation tools with the experimental data,
and to assist the experimental team by providing insights from the
simulations. Under this campaign, system-level analyses are performed
first with RELAP5-MOD3.3 and later with RELAP5-3D to investigate
loop-wide behaviors during long transients while CFD simulations are
conducted to study local flow behaviors in high details [19]. As dis-
cussed above, many past system-level simulations of RCCS focused on
single-phase flows, steady-state cases, or simplified transient cases. In
attempting to expand the availability of RCCS-related computational
works in the literature, this paper presents some of the simulations
performed under the NTSF campaign using RELAP5-3D, emphasizing
on the simulations of a fault condition where the natural circulation in
the RCCS is disrupted. A detailed analysis of the simulation results is
provided where they are compared with the experimental data acquired
by the NTSF experimental team. In the coming sections, the NSTF
facility is briefly discussed, followed by a description of the RELAP5-3D
model. For the simulation results, a short discussion on the two-phase
baseline simulation is provided with the remainder of the discussion
focused on the simulations of a fault condition where the riser header
inlet flow area is gradually reduced.

2. Methodology
2.1. Experimental facility

The NSTF reflects a 1/2 axial scale and 12.5° sector slice of the
primary design features of a full scale RCCS concept for the Framatome
625 MW, SC-HTGR, with a total height of 18.1 m in its current config-
uration. The main components of the facility include a closed cavity
heated by electric heaters, an eight-riser cooling panel test section, and
a water tank that are connected with a series of piping to form a closed
loop. The schematic of the NSTF is shown in Fig. 1. The flow direction is
represented by the blue arrows where water is heated along the heated
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Fig. 1. Side view of the schematics of the water-based NSTF.
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Fig. 2. Top views of the NTSF cavity.

section of the test section, rises through the chimney, enters the tank
from the side wall, and flows back down through the downcomers and
back at the riser inlet. On the other hand, the schematics of the riser
channels with the fins and the cavity are shown in Fig. 2. The cavity
consists of a heater panel, two side walls, a top wall, a bottom wall,
and a back wall. It is divided into a hot side and a cold side by the
riser panel which is located 0.865 m from the heater panel. Thermal
radiation and natural convection are the two primary heat transfer
mechanisms between the heater panel and the riser panel as well as
the other walls. Further information on the design and instrumentation
used in the test facility can be found in a series of reports published by
the NSTF team [20-23].

2.2. RELAP5-3D model description

The system-level modeling of the NSTF is performed with RELAP5-
3D version 4.3.4 [24]. In this work, the model of the NSTF can be
broken down into the primary loop and the cavity. The primary loop
consists of the riser channels, water tank, and the piping network while
the cavity is defined as the enclosure surrounded by the heater panel,
the riser panel, and the unheated panels. A reference RELAP5 model for
the primary loop NSTF has previously been developed by Lv et al. [25].
The nodalization diagram of the model for the primary loop of the
facility is shown in Fig. 3. The inlet and outlet headers of the riser
tube assembly in the water-based NSTF are fabricated from a set of
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tees, which are modeled as branches in the present model, namely,
B790-B720 and B590-B520. A total of eight risers are modeled, each
consisting of an upstream non-heated region (P691-P698), a heated
region (P671-P678), and a downstream non-heated region (P651-
P658). The riser tube assembly is connected back to the water tank
through pipes of P450-P490 while the outlet of the tank is connected
to the inlet of the riser assembly via the downcomer modeled as P840
—P890. All the piping is made of 4.0” Schedule 40 pipes, with an ID of
0.1033 m.

The water tank is modeled as three different volumes, namely a
branch (B969) and two pipes (P950, P980). The branch-component
represents the thermal-mixing water region, while the pipes represent
the bottom half of the tank, and the air/stream region, respectively. All
the piping/tank walls are modeled as heat structures, with convective
boundary condition for the inner surface. To model the heat loss, 2-
inch-thick K-FLEX thermal insulation is modeled as part of the heat
structures, and a natural convective heat loss boundary condition is
applied to the outer surface. In two-phase analysis of this work, the
active-cooling component is removed so water is allowed to boil off
and steam is discharged from the system to the environment.

The cavity of the NSTF, shown in Fig. 2, consists of the eight riser
tubes with the fins, the two side walls, the heated plate, and the
top and bottom walls. The model of the cavity has previously been
developed in the work by Lv et al. [19] and is adopted in this work.
The schematic of the cavity model is shown in Fig. 4. The two main
heat transfer mechanisms in the cavity are natural convection and
radiative heat transfer. For radiative heat transfer, the riser assembly,
heated plate, and the side walls are each axially divided into eight
vertical layers, resulting in a total of 98 surfaces that are modeled
within one radiation enclosure. The required inputs of view factors
are calculated from CFD simulations [19]. On the other hand, for the
internal natural convection, results from CFD analysis show that the
flow is predominantly confined to regions next to the panels [25].
Hence, the flow of natural convection in the cavity is modeled with flow
channels with the flow area determined by the CFD analysis. Note that
in Fig. 4, the flow path of natural convection in the cavity is modeled
with components 100 to 105. Components 103 and 104 represent the
flows at the top and bottom panels of the cavity, components 101 and
102 represent the flows at the side panels, component 100 represents
the flow at the heated panel, and component 105 represents the flow
at the riser panels.
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Fig. 3. The nodalization diagram of the RELAP5-3D model for the primary loop.
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Fig. 4. The nodalization diagram of the RELAP5-3D model for the cavity.

In the NSTF, adjacent risers are connected by fins to form a panel.
Heat transferred to the fins is transferred to the riser walls via conduc-
tion and eventually to the water flowing in the risers via convection. In
RELAP5-3D, conductive and radiative heat transfers are modeled using
the enclosure system. However, each heat structure surface cannot be
specified in more than one enclosure, thus some assumptions are nec-
essary to overcome this limitation while keeping the model as accurate
as possible. In this work, the fin and the riser are modeled a one heat
structure where the heat conduction from the fins to the riser walls
are neglected. This assumption is justifiable because the conduction
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Fig. 5. The ad-hoc approach to improve the prediction of heat loss experienced by the
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resistance is much smaller than that of the radiation. Similar approach
was adopted by Vaghetto and Hassan [18] in their work modeling a
similar facility with RELAP5-3D. The specific heat capacity of the riser
walls is also adjusted to account for the missing heat capacitance of the
fins. Note that the cold side of the cavity is not included in the model as
CFD analysis shows that the temperature on the cold side is significantly
lower by more than 150 °C and is considered to have little effects on
the heat transfer on the hot side [25]. Given the low significance of
the cold side, including it to the model will increase the complexity of
the model and create further uncertainties. The same simplification was
also applied by Vaghetto and Hassan [18] using the same justification.
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The heater panel consists of a stainless-steel plate, ceramic heaters,
multiple layers of insulation, and an air gap between the heated plate
and the heaters. Heat losses due to air flow in the gap between the
heated plate and the ceramic heaters as well as the radiative heat trans-
fer between these two surfaces are modeled, represented by component
106 in Fig. 4. Heat loss due to natural convection on the outer surface
of the cavity walls is also considered in the model by specifying the heat
sink temperature and temperature-dependent heat transfer coefficients.

Based on previous study [26], it was discovered that heat loss
is underestimated by the RELAP5 model and resulted in inaccurate
prediction in the two-phase region. Although the NSTF is insulated,
it is deduced that heat can still escape to the environment through
the support structures or instrumentation mounts, which are not in-
cluded in the RELAP5 model to keep the model reasonably simple.
Furthermore, it is challenging to quantify the amount of heat loss
experienced by the entire facility, given the size and the complexity
of the NSTF. As a result, in order to improve the prediction of heat
loss experienced by the facility while maintaining the simplicity of the
model, an ad-hoc approach is adopted where the insulation at the top-
most nodes of the heaters and the cavity panels are removed. This
approach provides a direct path for heat to escape from the heater
and the cavity to the environment. Using the difference between the
heat produced by the heater and the heat entering the water flow
in the primary loop through the risers, the heat loss experienced by
the cavity can be approximated. The heat transfer coefficients of the
exposed surfaces are then tuned until the calculated heat loss of the
model matches the experimental value. Similar approach is also applied
to the upper section of the chimney in the model as it was learned from
previous work that the heat loss experienced by the chimney could have
a significant impact on the two-phase prediction [27]. Details on this
approach and its improvement to the RELAP5 predictions are available
in the report by Ooi et al. [27]. An illustration of the ad-hoc approach
is shown in Fig. 5. It must be stressed that such an ad-hoc approach is
necessary because one of the primary objectives of this work is to assess
RELAP5-3D’s ability to predict two-phase flows and instabilities. By
minimizing the uncertainties due to inaccurate modeling of heat loss,
the analysis can be focused on understanding the two-phase predictions
by the code. Nevertheless, it should be mentioned that the ad-hoc
approach invariably introduces some uncertainties to the simulation
results. However, the uncertainties cannot be quantified due to the lack
of heat loss experimental data from the test facility. Should heat loss
data be available in the future, the ad-hoc approach will be revisited
to better investigate its uncertainties. Lastly, given that two-phase
instability is a relatively fast transient, the time steps of the simulation
are limited to a maximum size of 0.1 s.

Given that this work focuses on flashing induced instability, the
models used for calculating the vapor generation rate under flashing
flows are briefly mentioned here. In general, the vapor generation rate
in RELAP5-3D is dictated by the volumetric interfacial heat transfer co-
efficient which is calculated with flow regime-based correlations. This
work uses the default models in RELAP5-3D for calculating the volu-
metric interfacial heat transfer coefficient. According to the RELAP5-3D
theory manual [24], in bubbly flow, the volumetric interfacial heat
transfer coefficient is calculated as the maximum between the Plesset—
Zwick correlation [28] and the modified Lee-Ryley correlation [29]
with an additional term to represent enhanced nucleation effects at
a low void fraction condition following a pressure undershoot. For
slug flow, the volumetric interfacial heat transfer coefficient is the
sum of (1) the heat transfer between the large Taylor bubbles and
the surrounding liquid and (2) the heat transfer between the small
bubbles at the surrounding liquid [24]. For the Taylor bubble, the
volumetric interfacial heat transfer coefficient is calculated with an ad-
hoc correlation that is a product of a large coefficient, void fraction,
and volumetric interfacial area [24]. The large coefficient is added to
promote a rapid return of liquid temperature towards the saturation
temperature. Meanwhile, the vapor generation rate due to heat transfer
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between the small bubbles and the surrounding liquid is calculated with
the same correlations as that in the bubbly flow.

For annular mist flow, interfacial heat transfer results from (1) the
heat transfer between the annular liquid film and the vapor core and
(2) the heat transfer between the entrained liquid droplets at the vapor
core. The volumetric interfacial heat transfer coefficient for the former
is also calculated with an ad-hoc correlation with of a similar form
as that of the Taylor bubble. The ad-hoc correlation also has a large
numerical coefficient to artificially push the fluid temperature toward
the saturation temperature. Similarly, the volumetric interfacial heat
transfer coefficient of the entrained liquid droplets also has a function
designed to grow quadratically with superheat for the same purpose.
For horizontally stratified flow which exists in the horizontal pipe be-
tween the chimney outlet and the tank inlet, the volumetric interfacial
heat transfer coefficient is calculated with an ad-hoc correlation that
accounts for the heat transfer between the flat liquid interface and
the vapor as well as that between the entrained droplet interface and
the vapor. The correlation also artificially enhances the value of the
volumetric interfacial heat transfer coefficient to promote the return
of the liquid temperature to the saturation temperature. Readers are
directed to the RELAP-3D theory manual [24] for detailed derivations
and discussions on the correlations.

3. Results and discussions
3.1. Two-phase baseline case

In this section, the results from the RELAP5-3D simulations are ana-
lyzed and discussed. The results are compared to the experimental data
by Lisowski et al. [22]. Run057, a two-phase transient case, is selected
as the baseline case with which the RELAP5 model is benchmarked.
The baseline case is only briefly discussed here for completion as a
detailed discussion has already been provided by Ooi et al. [27]. In
Run 057, the water in the system is heated with a thermal load of
51.6 kW, equivalent to 2.1 MW, in the full-scale RCCS by Framatome.
The initial tank inventory is set to 80%. The heater power is applied
across a 90-minute linear power ramp and then is maintained constant
to allow the heating up of the NSTF facility and water inventory. Upon
reaching saturation, boiling/flashing of water is first observed in the
upper chimney region, and sustained for over 4 hours, followed by
power ramp down. Note that the power ramp down is not included
in the RELAP5 model for simplicity. The secondary cooling system is
excluded from the RELAP5 model and vapor is discharged directly to
the environment. For more details on Run057 such as the experiment
procedures and measurement uncertainties, readers are directed to the
report by Lisowski et al. [22].

Fig. 6(a) shows the comparison between the experimental and
predicted system mass flow rates for Run057. The mass flow rate in
Fig. 6 can be divided into a single-phase region that happens between
the start of the experiment to approximately hour-13 and a two-phase
region that happens from hour-13 onward. As the heater power is
ramped up, water in the riser channels are heated which provides the
thermal driving head to drive the natural circulation in the main loop
of the NSTF. As water is continuously heated in the riser channels, its
temperature eventually rises above the local saturation temperature at
the top of the chimney and the tank. At this point, boiling/flashing
occurs where a significant amount of void (vapor) is generated near the
chimney exit. Flashing-induced natural circulation instability ensues
where large flow oscillations are observed. The generation of void near
the chimney exit causes a larger thermal driving head from density
difference between the riser and downcomer, which leads to an increase
of flow rate. The higher flow rate reduces the residence time of water
in the riser channels thus lowering the temperature of water entering
the chimney. As the colder water remains subcooled near the chimney
exit, flashing ceases, the thermal driving head reduces, and the flow
rate decreases. The slowing of flow increases the residence time of
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water in the risers and allows it to be heated to a higher temperature
as it enters the chimney. This once again leads to flashing at the top
of the chimney as the water temperature is now higher than the local
saturation temperature. The entire process is repeated, resulting in the
flow oscillations observed in both the experiment and the simulation.

Good agreement is observed between the experimental and pre-
dicted mass flow rates in the single-phase region. Additionally, the
overall trend of the two-phase region predicted by the RELAP5 model
matches that of the experiment where the oscillations start at approx-
imately hour-13. The model predicts larger oscillation amplitudes that
range from more than + 2.5 kg/s at the beginning to less than +
0.3 kg/s near the end of the instability. On the other hand, despite
the large initial spike, the oscillations in the experiment have smaller
amplitudes that range from roughly + 1.5 kg/s to + 0.2 kg/s. In both
cases, the amplitudes of oscillations are observed to decrease as the
oscillations progress. At approximately hour-17, the flow transitions
to a quasi-steady two-phase region where the flow oscillates at a
relatively uniform amplitude for an extended period. However, the
RELAP5 model predicts a complete stabilization of flow at roughly
hour-18.5, which is not observed in the experiment.

Fig. 6(b) compares the chimney exit void fraction from the exper-
iment and the RELAP5 model. In the single-phase region, the experi-
mental and predicted void fractions are zero, with the former showing
occasional small spikes that are likely due to noise in the gamma
densitometer measurement. In the two-phase region, the amplitudes
of oscillations from both sets of results are similar till roughly hour-
14.5. Beyond that, the trends begin to diverge where the predicted
void fraction appears to converge to roughly 0.4 in the quasi-steady
two-phase region. Conversely, the experimental void fraction converges
to a smaller value of only 0.1. This difference could be due to the
overprediction of vapor generation rate by the RELAP5 model, which
has been reported by other researchers [30-32]. As described in the
RELAP5-3D theory manual [24], the flashing vapor generation rate is
computed as a function of the volumetric heat transfer coefficient, H, .
For slug flow, the volumetric heat transfer coefficient is calculated as
the sum from the interfacial heat transfer between the Taylor bubbles
and the surrounding liquid as well as that between the spherical
bubbles and the surrounding liquid. For the Taylor bubble, the volumet-
ric heat transfer coefficient is determined from an ad-hoc correlation
defined as H;; = 3.0 x 10%;a,, where 4; and «, are the volumetric
interfacial area and void fraction of Taylor bubble, respectively. The
ad-hoc correlation has a large coefficient to artificially enhance the
interfacial heat transfer in order to promote the rapid return of liquid
temperature to the saturation temperature. It is likely that this artificial
enhancement of the volumetric heat transfer coefficient is the cause of
the overprediction of void fraction at the chimney exit. As stated by
Mangal et al. [33] who performed RELAPS5 simulations to study natural
circulation in a high pressure natural circulation loop and a parallel
channel loop, the questionable applicability of these semi-empirical
constitutive relations in different flow conditions could be one of the
causes of the inaccuracy of the code. Furthermore, the higher predicted
void fraction in the quasi-steady two-phase region likely leads to a
higher predicted mass flow rate due to larger thermal driving head
caused by density difference between the riser and downcomer.

Fig. 7(a) compares the tank gas space pressures from the experiment
and the RELAP5 model. Overall, the trends from both sets of results are
similar where the pressure remains constant at atmospheric pressure in
the single-phase stage. As the flow transitions into two-phase due to
flashing in the tank and upper chimney, the accumulation of vapor in
the tank gas space causes the pressure to increase. At roughly hour-17,
the pressures reach the maximum value and start to stabilize. The pre-
dicted pressure appears to be consistently lower than the experimental
value by approximately 2 kPa. Fig. 7(b) compares the chimney outlet
pressures from the experiment and the model. The chimney outlet
pressure is roughly 10 kPa higher than the tank gas space pressure due
to additional hydrostatic head. The overall trends of the experimental
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and predicted chimney outlet pressures also match those of the tank
gas space pressure. Similarly, the predicted pressure at the quasi-steady
two-phase region is lower than the experimental value by less than
5 kPa.

Table 1 summarizes the comparison between the experimental data
and the RELAP5-3D predictions for Run057. Note that average values
are used in the two-phase region due to the oscillations. The overall
comparison between the two sets of data are relatively good especially
during single-phase where the mass flow rate and pressures are almost
identical. Similarly, the agreement of the mass flow rate and pressures
in the quasi-steady two-phase region, roughly between hour-17 to hour-
19, between the two sets of results is generally good. The only exception
is the chimney outlet void fraction where RELAP5-3D predicts a value
of 0.4 while the experimental data shows a value of only 0.075.
Additionally, the average oscillation periods are tabulated where the
oscillations are divided into an unsteady stage and a quasi-steady stage.
In both stages, the experimental periods are observed to be greater at
187.2 s and 152.2 s, respectively, compared to the predicted values of
141.7 s and 113.8 s, respectively.

Fig. 8 compares the mass flow rate predicted by the RELAP5-3D
model with 20, 40, and 60 nodes for the chimney. It is observed that
the predicted mass flow rates in the single-phase stage are almost
identical for the different numbers of nodes. On the other hand, some
differences are observed in the two-phase stage. At higher number of
nodes, the two-phase oscillatory region appears to have a cone-line
shape followed by a long and thin quasi-steady region. Conversely,
at 20 nodes, the two-phase oscillatory region exhibits a more gradual
reduction of oscillation amplitude, which is closer to the observation
from the experiment. Given the similarity between the experiment and
the simulation in terms of the overall shape of the two-phase oscillatory
and quasi-steady regions, the number of nodes in the chimney is set to
20.

3.2. Fault condition - Reduction of riser header inlet flow area

Based on the discussions in Section 3.1, it is seen that the RELAP5-
3D model is able to predict the experimental two-phase baseline case
relatively accurately. Provided that heat loss is accounted for correctly,
the predicted onset, amplitude, and length of flow oscillations show
good agreement with the observations from the experiment. In this
section, the validation of the model is extended to a fault condition
where the flow area of the riser header inlet is gradually reduced. The
fault condition represents one possible scenario in the RCCS where
debris accumulation occurs at the inlet of the risers.

To study the effects of the reduction of riser header inlet flow area,
a pneumatically controlled 4.0 " nominal sized full-bore ball valve is
installed at the upstream of the riser header. The flow area of the
valve is 8.213 x 10~ m2 when fully open. The valve can be controlled
across the entire range of positions, from fully open to fully closed. The
prediction by the RELAP5-3D model is compared with the experimental
data from Run071 by Lv et al. [23].

This test utilized a continuous refill of boil-off condensate back into
the loop to ensure that the loop operates at a true thermal and hydraulic
steady-state mode of operation. The condensate refill system maintains
a constant inventory level inside the water tank by manually adjusting
the refill rate to match the steam/condensate generation rate. For the
RELAP5-3D model, the heat removal system on the secondary side is
not modeled. Instead, a simple time-dependent junction is added to the
tank to supply water at the measured condensate temperature from the
test back to the tank where the mass flow rate of the feed water is equal
to the vapor discharge rate from the tank.

Once the facility reached a two-phase thermal and hydraulic steady-
state condition ten stages of inlet restriction were imposed on the
operating test loop, beginning with fully open to severely restricted.
The summary of the stages is included in Table 2 along with the
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Table 1
Summary of the comparison between the experimental data and RELAP5-3D predictions for Run057.
Units Experiment RELAP5-3D
Single-phase mass flow rate (before boiling inception) kg/s 1.6 1.6
Single-phase chimney outlet pressure kPa 111.0 111.0
Single-phase tank gas space pressure kPa 100.0 101.8
Quasi-steady two-phase mass flow rate kg/s 3.0 4.0
Quasi-steady two-phase tank gas space pressure kPa 121.0 119.0
Quasi-steady two-phase chimney outlet pressure kPa 130.0 126.5
Quasi-steady two-phase chimney outlet void fraction - 0.075 0.4
Unsteady oscillation period s 187.2 141.7
Quasi-steady two-phase oscillation period s 152.2 113.8
Table 2

loss coefficients, K. Note that the flow areas of the valve at differ-
ent valve positions are estimated based on the valve geometry and
design information from the manufacturer. The loss coefficients are
obtained through the pressure drop measurements across the valve and
defined based on the velocity at full valve flow area. More information
regarding this process can be found in the report by Lv et al. [34].

Fig. 9 compares the experimental and predicted system mass flow
rate for the inlet throttling case. The experimental and predicted results
are represented by the black and red solid lines, respectively. Further-
more, a dashed green line representing the opening of the valve, with
one being fully open and zero being fully closed, is added to show the
stages of the experiment.

The experiment shows that as the valve is closed from stage-1 to
stage-3, the oscillations start to diminish until they are completely
dampened from stage-4 to stage-6 and the flow transitions into a stable
two-phase flow. The dampening of flow oscillations by increasing the
inlet loss coefficients is well known and has been reported by many
previous studies such as the work by Furuya et al. [35]. At the same
time, the overall flow rate also decreases as the valve is closed. Lv
et al. [23] stated that the oscillations experienced by the facility thus
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Loss coefficients of the throttling valve at the riser header inlet.

Stages Averaging window (Hr) Flow area (%) Flow area (x107 m?) K

1 15.83 - 16.13 100.0 8.213 0.05

2 16.13 - 16.50 75.0 6.160 1.78

3 16.50 - 16.85 60.0 4.928 8.02

4 16.85 - 17.17 50.0 4.107 23.04
5 17.26 - 17.53 40.0 3.285 69.85
6 17.60 - 17.88 36.7 3.014 105.19
7 17.88 - 18.23 33.4 2.743 159.54
8 18.31 - 18.57 30.0 2.464 262.92
9 18.62 — 18.92 27.5 2.259 379.13
10 19.02 - 19.26 25.0 2.053 653.36

far are due to flashing in the upper section of the chimney. The increase
of driving force from flashing in the chimney causes a rise in the flow
rate which in turn reduces the residence time of liquid in the heated
section of the risers. This decreases the liquid temperature entering
the chimney and suppresses the flashing occurring near the top of
the chimney. As a result, the driving force is reduced and the liquid
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Fig. 8. Comparison of the predicted mass flow rate for Run 057 with different numbers
of nodes in the chimney.

temperature entering the chimney once again increases, leading to the
repetition of the process.

At stage-7 with the flow area at 33.4%, oscillations are reintro-
duced. According to Lv et al. [23], the oscillations at this stage are of
a different type compared to the oscillations in previous stages. The
oscillations observed in stage-7 appear to be irregular and have jagged
curves compared to the smooth sinusoidal shaped flashing induced
oscillations seen in the previous stages. Lv et al. [23] suggested that
these could be Type-II density wave oscillations (DWO) due to multiple
regenerative feedbacks between the flow rate, vapor generation rate
and pressure drop. As the valve is further closed from stage-8 and
stage-9, the DWOs are dampened and the flow is once again stabilized.

Finally, at stage-10 with the valve area at only 25%, oscillations
once again reappear. The oscillation pattern appears to be different
from the flashing and DWO instabilities observed in previous stages.
The oscillations at stage-10 are more chaotic and the flow rate is
observed to drop below zero, indicating the occurrence of flow reversal.
According to Lv et al. [23], the flow restriction imposed by the valve at
this stage increases the residence time of the fluid in the heated section
and leads to boiling in the risers. At the same time, the high fluid
temperature allows the fluid to reach saturation temperature before
rising through the chimney. The combination of events leads to the
onset of the parallel channel instability (PCI) that causes independent
voiding and flow excursions across the parallel riser channels. PCI
results from the influences of flashing, boiling, and geysering, and is
chaotic in nature with random flow reversals in individual channels.

The RELAP5-3D prediction is somewhat different from the experi-
mental observation. With the closing of the valve at stage-2 and stage-3,
the oscillations are significantly dampened and the flow rate is reduced.
At stage-3, minor oscillations are observed initially but they are damp-
ened out quickly as the condition stabilizes. At stage-4, the closing
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of the valve leads to the reintroduction of oscillations with further
reduction of flow rate. The initial oscillations appear more irregular and
jagged but the oscillations transition into a more regular and sinusoidal
pattern once the system stabilizes. The sinusoidal pattern is similar to
that observed in stage-1, albeit with a larger amplitude, suggesting that
these are likely flashing driven oscillations. The reduction of natural
circulation flow rate from the closing of the valve leads to a greater
residence time of fluid in the heated riser and causes the fluid to be
heated up more, which in turn causes flashing to occur earlier in the
chimney. With more intense flashing, the flashing induced oscillations
are reintroduced to the system.

As the valve is closed further at stage-5 and stage-6, the flow
rate decreases and the oscillations grow. From stage-7 to stage-10,
the amplitude of the oscillations decreases as the valve is closed.
At the same time, the minima of the oscillations drop below zero,
indicating occurrence of flow reversal. Furthermore, the oscillation
patterns at these stages appear to be somewhat different from the
oscillation patterns at the earlier stages. From stage-7 to stage-10,
the rising edges of almost all of the peaks have a minor dip. Similar
observations were made by Wang et al. [14] who studied flashing
induced natural circulation instabilities with RELAP5. Wang et al. [14]
described these as irregular but periodical oscillation. Wang et al. [14]
reported this type of oscillations happened during intense boiling in
the riser. In the RELAP5-3D model, with further closing of the valve,
the natural circulation flow rate decreases and the residence time of
fluid in the heated riser increases sufficiently for boiling to occur. Wang
et al. [14] suggested that the irregular oscillation pattern is due to
the compounding effects from boiling in the riser and flashing in the
chimney. The initial increase of flow rate is caused by boiling in the
riser, followed by another increase in flow rate due to flashing. The
second stage is dominated by flashing, culminating to the flow rate
reaching the local peak. The increased flow rate then drives subcooled
fluid into the riser which causes the bubbles in the riser to condense
and the flow to reverse.

There are some similarities between the oscillations predicted by
the RELAP5-3D model and the observations from the experiment. In
both cases, the oscillations at stage-1 appear to be flashing induced
oscillations. Furthermore, they both show that the closing of the valve
can lead to the dampening and stabilization of oscillations, albeit at dif-
ferent stages. It is also observed from the experiment and the model that
oscillations can be reintroduced to the flow as the valve is closed further
due to the enhancement of flashing. However, there are also some
significant differences between the experiment and the prediction. For
instance, the model predicts a greater reduction in flow rate that leads
to the irregular but periodical oscillations. Conversely, similar chaotic
oscillations are only observed at stage-10 of the experiment.

To further examine the oscillations predicted by the RELAP5-3D
model, the mass flow rate in the individual riser at each stage is shown
in Fig. 10. Note that each plot in the figure represents a stage of
the closing of the valve and each colored line in the plots represents
the mass flow rate in the individual risers. At stage-1, the oscillations
have a sinusoidal pattern that indicates flashing induced instability. At
stage-2 and stage-3, the oscillation are dampened and the flow almost
stabilize entirely. At stage-4, the oscillations are reintroduced due to
the enhancement of flashing in the chimney. From stage-1 to stage-
4, the flow rates in the risers appear to be identical. From stage-5 to
stage-10, the flow rates in individual risers start to differ. The flow rates
appear to be out of sync with respect to each other and exhibit a more
chaotic behavior due to boiling in the risers. The uneven distribution
of flow across the risers at low flow rates causes the fluid in the risers
to reach saturation and boil off at different times, which in turn leads
to non-uniform behaviors between the risers.

Fig. 11 compares the experimental and predicted void fractions in
the chimney. The black and red solid lines represent the predicted
void fractions at the chimney inlet and outlet, respectively, while
the blue solid line represents the experimental void fraction near the
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Fig. 9. Comparison of the experimental and predicted system mass flow rate for the
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chimney outlet measured by the gamma densitometer. The plots are
also partitioned by the green dashed lines into the 10 valve closing
stages.

At stage-1, at the outlet of the chimney, the experimental and
predicted void fractions show some similarities in terms of the oscil-
lation amplitude where the void fraction oscillates between zero and
0.6. However, the predicted void fraction slowly edges upward to an
average value of 0.4 while the experimental value shows a downward
trend and oscillates around a value of 0.2. From stage-4 onward, the
experimental and predicted void fraction at the chimney outlet are
somewhat different. In the experiment, it is observed that the closing
of the valve from stage-4 to stage-6 produces a dampening effect on
the oscillations and simultaneously causes the overall value of the
void fraction to increase. At stage-7 where the system is thought to
be undergoing DWO, the oscillations return before stabilizing once
again at stage-8 and stage-9. At stage-10, the void fraction shows large
oscillations initially before dampening slightly as the system undergoes
PCI. On the other hand, for the prediction, as the valve is closed at
stage-2 and stage-3, the oscillations in the chimney outlet void fraction
start to dampen as seen in the predicted flow rate in Fig. 9. This is
similar to the observation in the experiment from stage-4 to stage-6.
At stage-4, with the enhancement of flashing and the reintroduction
of oscillations, the predicted chimney outlet void fraction is observed
to undergo large oscillations spanning from zero to almost one. As
the valve is closed further, the oscillations of the chimney outlet void
fraction intensifies. The predicted void fraction at the chimney inlet is
also shown. Note that there is no comparison with the experimental
value because void fraction is not measured at the chimney inlet
in the experiment. The predicted void fraction at the chimney inlet
is zero from stage-1 to stage-4. However, at stage-5, predicted void
fraction starts to become non-zero due to boiling in the risers. This
coincides with the flow rate in risers becoming out-of-sync with each
other as shown in Fig. 10. Further closing of the valve from stage-
6 onward intensifies the boiling in the risers which results in larger
amplitudes of oscillations in the chimney inlet void fraction. Similar
pattern of oscillations of the chimney inlet and outlet void fraction was
reported by Zhao et al. [5] who performed RELAP5 simulation to study
flashing-induced instabilities in a natural circulation system.

It should be mentioned that in the current work, the predicted
chimney outlet void fraction peaks at 0.9973. This indicates that the
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Fig. 10. Comparison of the individual riser mass flow rate predicted by the RELAP5-3D
model for the inlet throttling case. Each plot represents a valve stage and each line in
the plot represents the mass flow rate in an individual riser.

flow is annular mist at the exit of the chimney because the upper
limit of the annular mist regime is set to 0.9999 in RELAP5-3D [24].
Nevertheless, the use of RELAP5-3D to model such high void fraction
oscillatory conditions should be proceeded with caution as they could
be close to the numerical limit of the code.

The flow regime at various elevations predicted by the RELAP5-3D
model is shown in Fig. 12 with Vol-1 being the chimney inlet and Vol-
20 the chimney outlet. In the plots, single-phase and bubbly flow are
represented as 4, slug flow as 5, annular mist as 6, and pre-CHF mist
as 7. The chimney inlet remains at single-phase through the first four
stages, in agreement with the predicted void fraction shown in Fig. 11.
As the valve is closed from stage-5 to stage-7, the flow transitions into
slug flow initially and then to annular mist. Further closing of the valve
shows that the flow momentarily transitions into pre-CHF mist. This
is likely due to the chaotic and random nature of boiling, flashing,
and geysering happening at the risers just upstream of the chimney
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inlet. At Vol-10, the flow regime is dominated by annular mist with the
occasional transition into slug flow and pre-CHF mist. The closing of the
valve appears to somewhat shift the flow regime into pre-CHF mist. The
same is true for Vol-15 with the major exception being stage-4 where
slug flow is predicted by the model which indicates the occurrence
of flashing in Vol-15 at stage-4. Lastly, at Vol-20, the flow is seen to
oscillate between single-phase or bubbly flow and slug flow or annular
mist. Unlike the lower volumes, pre-CHF mist is not observed in Vol-20.
The flow regimes show that the boiling and flashing happening at the
risers has a strong influence on the flow regimes near the lower section
of the chimney, but not as much at higher elevations. The analysis
highlights the complex nature of two-phase flows in an RCCS where
the flow could transition between different regimes in a short distance.
Any potential effects on heat removal ability due to the transition of
flow regimes should be accounted for in the design of an RCCS.

4. Conclusions

This paper presents a system-level RELAP5-3D model of the NSTF,
which is a 1/2 axial scale and 12.5° sector slice of the primary design
features of a full scale RCCS concept. The objectives of this work are
two fold: (a) to extend the system-level modeling of RCCS beyond the
steady-state or single-phase domain that are common in the open liter-
ature to two-phase and transient domain, (b) to benchmark RELAP5-3D
with experimental data generated by the NSTF. A two-phase baseline
case is first discussed where the model is able to give good predic-
tions in the single-phase. In the two-phase region, the accuracy of
the RELAP5-3D model is mixed. Parameters such as oscillation length,
chimney outlet pressure, and tank gas space pressure are predicted well
by the model. However, the model overpredicts the void fraction at the
chimney outlet, likely due to the overprediction of vapor generation
rate by the code. The overprediction of the vapor generation rate is
likely caused by the ad-hoc correlation used in RELAP5-3D to compute
the volumetric interfacial heat transfer coefficient in Taylor bubbles
where a large numerical coefficient is added to artificially drive the
fluid temperature back to saturation temperature during flashing. The
overprediction of void fraction also leads to the overprediction of mass
flow rate in the two-phase region.
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Majority of the results and discussions presented in this paper are
focused on a fault case where the flow area of the riser header is
gradually reduced. The fault case is simulated by gradually closing the
valve at the riser header inlet where it is observed that the increase of
flow resistance at the header inlet has a dampening effect on the flow
oscillation in the initial stages. However, further closing of the valve
reduces the flow rate and increases the residence time of fluid in the
riser, allowing the fluid to be heated up more, which in turn causes
an earlier flashing in the chimney. The intensification of flashing in
the chimney leads to the reintroduction of oscillations. As the valve
is closed further, boiling starts to occur in the riser and the regular
and sinusoidal oscillations transition to irregular but periodical oscil-
lations. At the same time, the flow rate appears to fall below zero,
suggesting the occurrence of flow reversal. The irregular patterns of the
oscillations are due to the compounding effects from boiling in the riser
and flashing in the chimney. The predicted oscillations are somewhat
different from the experimental observation. The model is able to
predict phenomena observed in the experiment such as dampening
or stabilization of oscillations, reintroduction of oscillations, geysering
and boiling in the risers even though the timeline of these events are
not necessarily aligned with that from the experiment. The complex
flow regimes in the chimney section is also investigated. Flow regimes
such as bubbly flow, slug flow, annular mist, and pre-CHF mist are pre-
dicted by the model at various elevation of the chimney. The analysis
highlights the complexity of the two-phase flow a water-based RCCS
during accident scenarios and the necessity to consider the different
flow regimes in the design of an RCCS to ensure that its ability to
remove decay heat is remains uncompromised.

The analysis shows that RELAP5-3D is able to predict two-phase
oscillatory flows with mixed accuracy. Even though major flow phe-
nomena are predicted by the model, the timelines of these phenomena
are not captured well. Furthermore, the overprediction of void fraction
in some of the flow conditions can present numerical challenges to the
model. As future steps, further examinations on the numerical schemes,
closure models, and user options are necessary to improve the overall
accuracy of the model. Nevertheless, this work showcases the potential
application of RELAP5-3D in the design of an RCCS.
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