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ARTICLE INFO ABSTRACT
Keywords: During reflood conditions, spacer grids affect the complex flow dynamics inside the reactor core. They can
TRACE breakup the dispersed droplets, thereby significantly reducing their diameters. This process enhances local heat
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and mass interfacial transfer, consequently reducing the peak cladding temperature (PCT). Therefore, accurately
predicting droplet transport and size within a reactor core is very important for reactor safety analysis. Recently,
the US. NRC TRACE code has been modified by extending its governing equations to incorporate a three-field
approach that captures the dynamic behavior of droplet entrainment, transport, and their interactions with
structures within the reactor core. The new TRACE (v5.0 patch 8) three-field framework incorporates droplet
models accounting for entrainment from liquid pools, liquid films on vertical surfaces, and droplet breakup. This
paper focuses on the influence of the spacer grid droplet breakup model on the behavior of reactor core during
reflood transient. The selected droplet breakup model effectively captures the enhancement in interfacial heat
transfer observed in experimental data. We evaluate the influence of the droplet breakup model on the three-field
version of TRACE by comparing it to recent Rod Bundle Heat Transfer (RBHT) experiments. These experiments
had previously indicated that TRACE tended to overpredict the PCT for various initial and boundary conditions.
Subsequently, we conducted a detailed comparison between TRACE v5.0 patch 7 and the three-field TRACE (v5.0
patch 8) with and without the spacer grid droplet breakup model. Our findings demonstrate a significant
improvement in predictive accuracy with the new breakup model compared to the base capability of TRACE v5.0
patch 7. This improvement results in more accurate predictions of PCTs and quenching times for the assessed
conditions.

upper region of the reactor core is expected to undergo a dispersed flow
film boiling regime (DFFB). Meanwhile the PCT will continue to rise
until adequate two-phase flow cooling is achieved. Eventually, the
temperature will decrease until the entire reactor core is completely
quenched (Jin et al., 2019). The increase in the PCT in the post-dryout
regime is a significant safety concern as it can lead to a severe deterio-
ration in heat transfer and result in the degradation of reactor compo-
nents. Therefore, accurately estimating the mass and heat transfer
involved in the DFFB regime is crucial. To enhance the precision of
transient behavior calculations in nuclear power plants, thermal hy-
draulic system analysis codes like US-NRC TRACE are continuously
improved (U.S.NRC, 2022). These enhancements involve solving the
three field equations (Bernard and Bajorek, 2023), utilizing advanced
numerical solving techniques, and selecting correlations and closure

1. Introduction

Many engineering systems experience scenarios involving the flow of
two phases, such as heat exchangers, abnormal transients in pressurized
water reactors (PWRs), and both normal and abnormal operations in
boiling water reactors (BWRs). In the event of a postulated loss of
coolant accident (LOCA) in light water reactors (LWRs), subcooled
water is injected into the reactor core through the emergency core
cooling system (ECCS). This is done to eliminate the decay heat and,
consequently, maintain the peak cladding temperature (PCT) below the
regulatory limit of 1478 K (IAEA, 2003). Following the water injection, a
quenching process starts at the lower part of the reactor core and
gradually progresses upwards to cool the reactor core. As a result, the
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Nomenclature

Abbreviations and Acronyms

BWR Boiling Water Reactor
DFFB Dispersed Flow Film Boiling
ECCS Emergency Core Cooling System

LB- Large Break

LOCA Loss of Coolant Accident
MFB Minimum Film Boiling

PCT Peak Cladding Temperature

PWR Pressurized Water Reactor
RBHT Rod Bundle Heat Transfer

d, Incoming droplet diameter [m]
ds 32 Sauter mean diameter [m]

k Kinetic energy fraction

m Mass flow rate

Nug Nusselt number for interfacial convective heat transfer

Pry Liquid Prandtl number

Re Reynolds number

Uy Incoming droplet velocity

Weq Weber number of the incoming droplet

Y The dimensionless radiation number

Greek

£ Blockage ratio

y The liquid mass loss coefficient due to the evaporation of
the small droplets

n The number of new generated large droplets

ng The number of new generated small droplets

p Density

c Surface Tension

Dispersed Droplets

Inverted Slug Flow

Inverted Annular Flow

Quench Front ——

Fig. 1. Core reflood flow regimes.

modules associated with complex two-phase phenomena. The accuracy
of code predictions is heavily influenced by the complexity of thermal
hydraulic phenomena and geometric parameters. For instance, during a
reflood transient in a nuclear reactor, all heat transfer and flow regimes
are expected to occur within the heated tube bundle in the core region
(Choi and No, 2012), as shown in Fig. 1. This can reduce the accuracy of
predicting PCT and/or quenching times during the reflood phase,
particularly in the presence of spacer grids. Hence, it is crucial to have a
comprehensive understanding of the thermal-hydraulic response during
the reflood phase of an accident to ensure that the cladding temperature
remains below the acceptable safety limit (Cheung and Bajorek, 2011).
The PCT is observed in the dispersed flow boiling regime, where liquid
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Fig. 2. The effect of spacer grid on the rod surface temperature of RBHT
test 9021.
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Fig. 3. Rod surface temperature for test 9021 of RBHT at 2.9 m elevation with uncertainty bands (95 % confidence intervals).

droplets are dispersed within the continuous vapor flow area. These
dispersed droplets have a substantial surface area-to-volume ratio,
facilitating significant interfacial areas for heat and mass transfer. This,
in turn, leads to a reduction in the PCT. The improvement in the cooling
rate is directly proportional to the size of the droplets, which determines
the interfacial heat transfer area between the dispersed droplets and the
continuous vapor (Cheung and Bajorek, 2011).

The Thermal-Hydraulic System Analysis Code, TRACE (U.S.NRC,
2022), evaluated by the U.S. Nuclear Regulatory Commission, serves as
a tool for delivering best-estimate predictions concerning loss of coolant
accidents (LOCAs), operational transients, and various accident sce-
narios in pressurized and boiling light water nuclear reactor designs. The
analysis of these transients requires modeling a wide spectrum of
physical phenomena, involving scenarios ranging from subcooled,
single-phase liquid conditions to superheated steam. TRACE employs a
simplified version of the two-fluid model (Ishii and Hibiki, 2010), con-
taining six equations, each devoted to continuity, momentum, and en-
ergy equations for gas and liquid phases. Nevertheless, when dealing
with the complexities of the reflood transient, the accuracy of predicting
thermal hydraulic parameters moderates. Within the TRACE code, there
exist specific models designed for estimating thermal hydraulic phe-
nomena during the reflood transient (U.S.NRC, 2022). However, during
the OECD/NEA RBHT project, numerous thermal hydraulic codes,
TRACE included, exhibited an overestimation of rod surface tempera-
tures and divergent predictions of the quench front within the rod
bundle, in contrast to experimental outcomes (OECD/NEA, 2022).
Similar observations were made in simulations of ABB Atom and
FLECHT-SEASET reflooding tests (Choi and No, 2010; Koszela, 2003).
Consequently, an extensive examination of the RBHT experimental data
revealed that the spacer grid exerts a significant influence on heat and

mass transfer throughout the rod bundle. As illustrated in Fig. 2, tem-
peratures downstream of the spacer grids are lower than those upstream,
although quenching is delayed downstream. TRACE incorporates
specialized models to account for spacer grid effects, including pressure
drop increases, enhancements in single-phase heat transfer, and a spacer
grid rewet model (U.S.NRC, 2022). However, despite the inclusion of
these models, TRACE failed to replicate the observed trend.

Throughout the RBHT project, TRACE simulations were conducted
using multiple code versions, with an evaluation of the sensitivity of
model parameters playing a significant role in reflood experiments
(Perret et al., 2019). 27 uncertain parameters were considered, which
are derived from the physical models of the Dispersed Flow Film Boiling
(DFFB) and Inverted Annular Film Boiling (IAFB) flow regimes, the
models related to the spacer grid, transition boiling, and minimum film
boiling. More details about the uncertainty analysis can be found in
(Perret et al., 2019). Fig. 3 provides an example of rod surface temper-
ature predictions made with TRACE. The figure shows the Rod surface
temperature for test 9021 of RBHT at 2.9 m elevation with uncertainty
bands (95 % confidence intervals) resulting from the model parameter
uncertainty. Uncertainty bands are derived using model parameter un-
certainty that are conservative (labelled without calibration) and that
have been calibrated against similar experiments (labelled with cali-
bration). Even when the probability distribution of model parameters
was conservatively assessed, i.e., without calibration, the uncertainty
bands did not encompass the experimental temperature profile. Conse-
quently, the TRACE models prove inadequate in capturing the physics
exhibited in such reflood experiments.

In commercial nuclear reactors like BWRs and PWRs, spacer grids are
employed within the fuel rod assemblies to maintain a consistent gap
between the rods. These grids serve the dual purpose of preventing
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Fig. 4. Schematic diagram of droplet breakup at spacer grid.

damage caused by vibrations from fluid flow and ensuring a clear
pathway for the flow. To further enhance their performance, mixing
vanes are incorporated into these spacer grids. These vanes generate
cross-flows and vortices that enhance turbulence and local heat transfer
(Chun and Oh, 1998). An interesting effect of these spacer grids is their
ability to shatter or split incoming dispersed droplets, significantly
reducing their size. This reduction in droplet size results in a larger
interfacial area, leading to increased heat and mass transfer at the local
level. Therefore, it effectively lowers the peak cladding temperature
(PCT). In experiments of reflood test on a 6x6 heated rod bundle,
Sugimoto and Urao (Sugimoto and Muraov, 1984) observed substantial
droplet breakup when droplets collided with the grid spacer straps.
Notably, the downstream droplet diameter decreased as the grid
blockage ratio increased. The spacer grid’s effectiveness in breaking
down incoming droplets is further enhanced when dealing with larger
droplet diameters (Lee et al., 1983; S. L. Lee et al., 1984). Consequently,
significant droplet breakup can occur when droplets with a high Weber
number (determined by factors such as droplet diameter, density, ve-
locity, and surface tension) collide with the spacer grid straps. This
phenomenon gives rise to the creation of new droplets with smaller
Sauter diameters and higher number densities. Consequently, it in-
creases the interfacial heat transfer area downstream of the spacer grid
and accelerates the flow. Simultaneously, it cools the rods downstream
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of the spacer grid through the rapid evaporation of the fragmented
droplets (Chiou et al., 1982).

Over the past few decades, there has been extensive research into the
interfacial heat and mass transfer behavior within a droplet field
entrained in continuous vapor field. When spacer grids are introduced
into this scenario, the droplets encounter the spacer grid’s dry and wet
surfaces at varying angles (Jin et al., 2019). Several researchers have
shown interest in studying how droplets break apart upon colliding with
spacer grids and how this phenomenon affects the PCT during the
reflood phase (Cheung and Bajorek, 2011; Nithianandan et al., 1995). In
1966, Wachters and Westerling (Wachters and Westerling, 1966) con-
ducted an experimental study to investigate the impact of the Weber
number on droplet breakup. They discovered that droplet breakup
occurred when the Weber number of the incoming droplets exceeded 80.
The Weber number represents the ratio of droplet inertia to surface
tension, highlighting the significant influence of incoming droplet ve-
locity on droplet heat transfer (Pederson, 1967). Subsequently, Hamdan
et al. (Hamdan et al., 2015) conducted their own experimental study,
examining droplet behavior above the minimum film boiling (MFB)
temperature. Their findings revealed that droplets did not break apart
when the Weber number was below 30. However, for larger Weber
numbers, incoming droplets fragmented into several micro-sized drop-
lets and a larger droplet with a diameter smaller than the original
incoming droplet.

To estimate the shattered droplet diameter, several empirical cor-
relations have been developed, taking into account the Weber number,
spacer grid blockage ratio (Paik et al., 1985), and the ratio of incoming
droplet diameter to spacer grid strip thickness (Yao et al., 1988). In
1977, Paddock (Paddock, 1977) utilized photography to observe droplet
behavior and noted an increase in the number of droplets downstream of
the spacer grid due to droplet breakup. Rane and Yao (Rane and Yao,
1981) demonstrated that in a dispersed two-phase flow regime, droplets
could function as a distributed heat sink within the continuous vapor
phase region.Senda (Senda, 1982) searched into the interaction of
droplets with heated flat plates and observed that high Weber numbers
could cause droplets to flatten into liquid sheets before fragmenting into
smaller droplets. In 1998, Koszela (Koszela, 1998) conducted an
experimental study using a 3x3 rod bundle to investigate the influence of
spacer grid design on reflood heat transfer. He found that the use of
mixing vane spacer grids significantly reduced the PCT at low reflood
rates but decreased heat transfer in the post-critical heat flux (CHF)
regime at high reflood rates. Similar findings regarding the effects of
spacer grid types on heat transfer enhancement in a rod bundle were
observed experimentally by Cho et al. (Cho et al., 2007) and numerically
by In et al. (In et al., 2008).

Droplet breakup within the Dispersed Flow Film Boiling (DFFB)
regime plays a crucial role in enhancing the cooling effectiveness during
the reflood process. To precisely assess this cooling enhancement, it
becomes essential to determine the ratio of Sauter mean diameters of
droplets downstream and upstream of the grid. Cheung and Bajorek
(Cheung and Bajorek, 2011) formulated a model to predict the Sauter
mean diameter of the newly formed droplets downstream of the wet
spacer grid. Recently, Jin et al. (Jin et al., 2019) extended the research
initiated by Cheung and Bajorek (Cheung and Bajorek, 2011) to predict
droplet breakup for the dry spacer grid. They established a relationship
between the Sauter mean diameter ratio and the governing parameters
of the dispersed flow-grid spacer system, validating their model against
RBHT experimental data.

Consequently, in the present investigation, the droplet breakup
models by Cheung and Bajorek (Cheung and Bajorek, 2011) and Jin
et al. (Jin et al., 2019) for wet and dry spacer grids, respectively, have
been implemented into the nuclear thermal hydraulic system analysis
code TRACE. This implementation within the TRACE code aims to
provide more accurate predictions for reflood peak clad temperatures
(PCTs) and quenching times. These spacer grid droplet breakup models
are rooted in energy and mass balance considerations and the droplet
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Table 1
Definition of droplet breakup model parameters.
Breakup model parameters Definition
k = 2.164We5°'442 Kinetic energy fraction of the incoming droplet that is converted to surface energy of the new generated droplets
- & & The number of new generated small droplets
e d
m=12 The number of new generated large droplets
4 [(kWeo . ﬁ n d_13 1 The ratio of new small group Sauter diameter to the incoming droplet Sauter diameter
d, W12 '@ ca&
1 The ratio of new large group Sauter diameter to the incoming droplet Sauter diameter
d _ 9 3
d ((1 + C)ru)
F The volume ratio of the large droplet
C =
1-F group to small droplet group

I ( 0.0042 (%.,V) —0.0386 ) InWey + 1.04 The volume fraction of large droplet groups to the original droplet volume

—oss ( (NUfJaf v L 0.27 The liquid mass loss coefficient due to the evaporation of the small droplets
7= 22\ PryRey d
v gro-(T;'V — T(‘}) The dimensionless radiation number
T Rgpaug
Nup = (2 +0.57Re0S P,})ss) (1+B)) —07 Nusselt number for interfacial convective heat transfer
R pyltrds Vapor Reynolds number
“ T
v
~ Gpuy Liquid Prandtl number
Pry = Tf
By = Jay — CP(T;,I— Tq) Mass transfer number
fe
Rey — Paltads Droplet Reynolds number
M’V
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Fig. 5. RBHT testing facility (Lowery et al., 2023).

Weber number, and they are integrated into the newly developed three- shown to overpredict rod surface temperature and PCT under various
field version of the U.S. Nuclear Regulatory Commission’s TRACE code initial and boundary conditions. Additionally, a sensitivity analysis is
(Bernard and Bajorek, 2023). To evaluate the impact of the droplet conducted to investigate the influence of time steps on predicting rod
breakup model on the three-field TRACE version, comparisons are made surface temperature during the reflood process.

against recent RBHT experiments. In prior studies, TRACE had been
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Table 2
Boundary conditions for OECD-RBHT tests.

Test Reflood rate (cm/ Reflood inlet subcooling Bundle power

s) X) (kw)

9005 5 14 144
9011  Step (8,5, 3,1.2) 26 144
9012  Varying (+2.5) 9 144
9014 15 80 252
9015 15 12 252
9021 2.5 10 144
9026 2.5 79 144
9027 2.5 32 144
9029 2.5 48 222 (Decay)
9037 5 11 144
9043 0.5 2.8 35

BREAK

Outer
Rods

Unheated Inner

Rods Rods
Ay

Flow
Housing

FILL

Fig. 6. TRACE nodalization view of the RBHT facility.
2. TRACE droplet field model

Recently, Bernard and Bajorek (2023) modified TRACE code from
two-field (TRACE v5p7) to three-field (TRACE 3F) by implementing
droplet field and its associated closure relations. This work is signifi-
cantly enhancing the predictive capability of TRACE in reflood tran-
sients. They considered three interfacial source terms, which are droplet
size changes due to phase change, film entrainment and pool entrain-
ment. They assessed the performance of the new TRACE 3F capabilities

Nuclear Engineering and Design 416 (2024) 112815

by comparing the results of TRACE v5p7 and TRACE 3F against exper-
imental data obtained from the FLECH-SEASET experimental facility
(Hochreiter, 1985). The assessment results revealed a remarkable
enhancement in the prediction of the quench front propagation for the
low and medium reflood tests. This improvement partially rectified a
consistent issue of under-predicting the quench time in TRACE v5.0p7.
Both codes, TRACE 3F and TRACE v5.0p7, demonstrated accurate pre-
dictions of the peak cladding temperature (PCT), with an overall average
deviation of 3 % from the experimental data for all locations below
3.048 m, and the error rise to around 20 % for locations above 3.084 m
(Bernard and Bajorek, 2023). Nevertheless, experimental investigations
based on RBHT results showed that the spacer grid droplet breakup has
noticeable impact on the rod surface temperature, specially in the upper
half for the fuel bundle. In this work, TRACE 3F is further modified by
introducing another interfacial area source term which account for the
droplet breakup from spacer grids (TRACE 3F-DB). Thus, the four
interfacial source terms are modeled as

op = ¢emp + ¢ﬁ1m + ¢paol + ¢breakup @

All of these source terms are associated with mass transfer. This implies
that we can connect the mass source to an area source by defining a
characteristic diameter through the following relationship:

_ Seneric @

¢gener[c -
p[Dcham(/rri:Ii(

More details about the new three field implementation, and the phase
change, film entrainment and pool entrainment can be found in (Ber-
nard and Bajorek, 2023). In the current work, the focus will be on the
spacer grid droplet breakup.

2.1. Spacer grid droplet breakup model

Spacer grids have a significant influence on the thermal-hydraulic
performance of fuel assemblies under both normal and abnormal con-
ditions, as highlighted in references (Cho et al., 2007; Ergun et al., 2008;
Koszela, 1998; Miller, 2012). During the reflood phase, the DFFB regime
occurs, and heat transfer occurs through various mechanisms, including
convection between the heating surface and the vapor phase, interfacial
convection between vapor and liquid droplets, radiation heat exchange
between the heating surface and the vapor/droplets, as well as direct
heat transfer between the heating surface and liquid droplets. Fig. 4 il-
lustrates the breakup process when the incoming droplet collide with the
spacer grid.

Typically, incoming droplets divide into two groups based on
diameter: a group of large droplets with a similar diameter to the
incoming droplets and another group consisting of significantly smaller
diameter droplets (Yao et al., 1988). Many researchers have proposed
empirical correlations for predicting the Sauter mean diameter of sec-
ondary droplets. In their experimental study, Yao et al. (Yao et al., 1988)
explored into the phenomenon of water droplet breakup. It was revealed
that the diameter of dispersed droplets downstream of a dry spacer grid
is depending on the Weber number of the incoming droplets and the
spacer grid blockage ratio (S. Lee et al., 1984; Yao et al., 1988). The
authors estimated the Sauter mean diameter of the newly formed
droplets as follows:

ds.32

0

=AWe, 3)

where Wey is the Weber number of the incoming droplet. Yao et al. (Yao
et al., 1988) proposed a method in which A and B are functions of the
incoming droplet diameter and width of spacer strap. In contrast, Paik
etal. (Paik et al., 1985) utilized constant values for A and B, setting them
at 6.16 and 0.53, respectively. The Weber number is defined as the ratio
of droplet inertia to surface tension, as indicated in Equation 4.
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Consequently, droplets must possess adequate inertial forces (Weq >
Wecrie) to undergo the breakup process.

Ud,
We, = PaYa
c

“
In their experimental investigation of high Weber number droplets
impacting on a heated surface, Akhtar and Yule (Akhtar and Yule, 2001)
ntroduced the following empirical correlation for estimating the Sauter
mean diameter of secondary droplets:

dy 3 60\
== =0.2 — 1.0 1.5 5
d, + (We,,) <a< 5)

Hamdan et al. (Hamdan et al., 2015) conducted a comparison of their
experimental findings with the model developed by Yao et al. (Yao et al.,
1988), which had been implemented into COBRA-TF code. It was
observed that the model resulted in an overestimation of their experi-
mental data. Consequently, they introduced a new modified droplet
breakup model specifically designed for droplets with We; values
exceeding 30, as follows:

dizyy

_ -1/3
= (1.25 — 2.9exp( — 0.09We,)) (Weg‘sexp (W_e,,) ) (6)

The previously mentioned models are straightforward approaches for

predicting droplet breakup. However, Jin et al. (Jin et al., 2019)
demonstrated that the models proposed by Yao et al. (Yao et al., 1988),
Lee et al. (S. Lee et al., 1984), and Paik et al. (Paik et al., 1985)
consistently underestimated the experimental data for RBHT (Rod
Bundle Heat Transfer) with dry spacer grids. In response, the authors
extended the original work of Cheung and Bajorek (Cheung and Bajorek,
2011) to enhance the droplet breakup model specifically for dry spacer
grids, based on the RBHT experimental data. Their model considers
several factors, including the Weber number, spacer grid blockage ratio,
kinetic energy and Reynolds number of incoming droplets, interfacial
heat transfer, non-dimensional radiation number, distance from the
initial breakup point, and the liquid mass loss coefficient due to small
droplet evaporation. Accordingly, the Sauter mean diameter of the
newly formed droplets downstream of the dry spacer grid can be
expressed as:

1 A
@ _ — yen.‘% (7)

& ekWey
dy 1 yensz +5

All parameters of Equation 7 have been defined in Table 1. The
selected droplet breakup model effectively captures the observed
enhancement in interfacial heat transfer, as evidenced by experimental
data. This model is applicable to both mixing vane and egg-crate style
spacer grids. The spacer grids only partially block the core flow area, and
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many of the incoming droplets pass through the spacer grid without any
contact with the spacer strap. Thus, the number of droplets colliding
with the spacer grid is directly proportional to the spacer grid’s blockage
ratio, and approximately 60 % of these colliding droplets will undergo
breakup (Cheung and Bajorek, 2011). As a result, the mass flow rates of
the newly formed small droplets (im,) and the unaffected large droplets
(m;) downstream of the spacer grids can be estimated using Equation 5
and Equation 6, respectively.

my = 0.6exm, (6)
1y = 1, — it )

where ¢ is the total blockage ratio of the spacer grid and my is the mass
flow rate upstream.

3. TRACE 3F-DB assessment
3.1. RBHT experimental facility

RBHT stands for the Rod Bundle Heat Transfer facility, a dedicated
test facility situated at Pennsylvania State University in the United
States. Its primary purpose is to explore the behavior of reflood tran-
sients within a rod bundle equipped with a spacer grid. The RBHT fa-
cility encompasses a 4 m height stainless steel test section, housing a 7 x

7 rod bundle configuration. In addition to the rod bundle, it has both
lower and upper plenums, an injection pump, a steam separator, a
pressure oscillation damping tank, a boiler, and liquid carryover tanks,
as illustrated in Fig. 5 (Lowery et al., 2023).

The rod bundle within this setup simulates a segment of a standard
Pressurized Water Reactor (PWR) fuel assembly. In this representation,
each rod has a diameter of 9.49 mm, and they are arranged with a rod
pitch of 12.59 mm. A total of 45 rods are electrically heated, following a
triangular axial power distribution. The power peaks at 150 % of the
average power level at a height of 2.74 m within the assembly. Notably,
the four rods positioned at the corners remain unheated. The cumulative
heated length of the rod bundle spans 3660 mm. The test section is
enclosed by an Inconel 600 square flow housing, featuring six trans-
parent windows to observe two-phase flow and droplet behavior
throughout the bundle. Furthermore, within the test section, seven
mixing vane spacer grids are installed (Jin et al., 2019; Jin et al., 2020).

The RBHT facility has comprehensive instrumentation, totaling 512
data channels, dedicated to capturing critical transient reflood param-
eters. Within the test section, numerous of temperature (256 TCs) and
pressure sensors (23) are strategically positioned to monitor rod surface
temperatures, bulk temperature, pressure differentials, and high-speed
camera to estimate bubble and droplet sizes. These measurements are
required for investigating the quenching behavior during the reflood
process. In addition, the facility utilizes two carryover tanks, one small
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Fig. 9. Evolution of RBHT thermal hydraulic parameters during reflood test —9043.

and one large, to quantify the fraction of liquid carried over during the
reflood phase. For a more extensive overview of the RBHT facility, a
detailed description can be found in (Hochreiter et al., 2010; Hochreiter
et al., 2012; Jin, 2019).

At the beginning of each test, the rod bundle is heated to a specific
peak cladding temperature exceeding the Leidenfrost point, corre-
sponding accident scenarios encountered in Light Water Reactors
(LWRs). Subsequently, subcooled water, at varying temperatures and
mass flow rates, is injected through the lower plenum to initiate the
quenching process within the rod bundle. During this quenching phase,
a substantial quantity of droplets is generated as the quench front rises
through the rod bundle. Numerous RBHT experiments have been con-
ducted, encompassing a wide range of initial and boundary conditions,
including varying inlet temperature, inlet flow velocity, operating
pressure, and heating power. More recently, as part of the OECD/NEA
RBHT project spanning from 2020 to 2022 (OECD/NEA, 2019), eleven
open-phase tests were made available to project partners for the eval-
uation of different system thermal hydraulic codes. In Table 2, you can
find a summary of the boundary conditions pertaining to these 11
OECD/NEA RBHT tests (Lowery et al., 2023).

3.2. RBHT TRACE input model

RBHT tests have been extensively employed to validate the thermal

hydraulics code TRACE by the US-NRC (Hochreiter et al., 2010;
Hochreiter et al., 2012; Jin, 2019; Perret et al., 2019). The RBHT model
utilized in this paper is based on the one referred to as *Trace-v5p5’ in
(Perret et al., 2019). In this paper, simulations were conducted using the
same TRACE model for the RBHT facility, but with different TRACE
versions, TRACE v5.0 patch 7 (v5p7), the newly developed 3-field
TRACE, both with and without the droplet breakup model. The model
includes various thermal hydraulic and heat structure components,
illustrated in Fig. 6. The test section is represented as a 3D Cartesian
VESSEL component, with 32, 2, and 1 cells in the axial, Y, and X di-
rections, respectively. The axial cells have varying heights, ranging from
11 cm to 15 cm, except for the initial 10 cm, which is divided into two
sections, and above 3.4 m, where it is approximately 9 cm. The two
transverse cells (Y) correspond to the flow patterns around two distinct
groups of rods: an inner group of 25 heated rods and an outer group
comprising 20 heated rods and 4 structural rods. This differentiation is
made because these two groups experience slightly different flow con-
ditions due to wall effects from the flow housing. Both heated and un-
heated rods are simulated using heat structure components, each
incorporating 30 axial cells. The test section walls are similarly modeled
with heat structure components employing 32 axial cells.

The heated rods, HTSTR6 and HTSTR16, are equipped with 30 axial
cells and 9 radial nodes. These rods feature functionalities such as liquid
level tracking, axial conduction, and a fine mesh reflood model, all
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Fig. 11. RBHT rod surface temperature at 2.695 m for low reflood rate and low subcooling temperature case (2.5 cm/s, and 10 K).

enabled. Since there is no heating in the top two cells of the VESSEL,
only 30 axial cells are incorporated into the rod heat structures. The
distribution of power within the heated rods is provided by a POWER
component. In contrast, the flow housing (HTSTR7) consists of 32 axial
cells and 3 radial nodes, with axial conduction enabled. However, it
lacks fine meshes, and neither liquid level tracking nor the reflood model
is enabled for this heat structure. This heat structure is not powered, and
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no consideration is given to heat loss from the outer surface of the flow
housing. The heat structure associated with the structural corner rods
(HTSTR9) includes 30 axial cells and 5 radial nodes, with axial con-
duction and liquid level tracking functionalities enabled. Similar to the
flow housing, fine meshes are removed, and the reflood model is not
activated for this heat structure.

As shown in Fig. 6, there are two inlet boundary conditions (FILL)
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and two outlet boundary conditions (BREAK) components connected to
two pipes. These pipes are linked to the inlet and outlet regions of the
VESSEL component. The hydraulic diameter and flow area of these pipes
are designed to correspond with those of the inner and outer regions of
the vessel. Regarding the outlet (BREAK) components, they are initially
set with pressure and mixture temperature values derived from the
experimental system pressure. In contrast, the inlet (FILL) components
are configured with initial pressure and temperature values determined
based on the experimental subcooling temperature.

4. Results and discussion
4.1. Spacer grid effect on rod surface temperature

In general, spacer grids play a crucial role in influencing the flow
dynamics within the fuel assembly, particularly in scenarios involving
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two-phase flows. In this section, we will investigate how the spacer grid
droplet breakup model affects the accuracy of predicting reflood phe-
nomena. To do this, we will compare the predicted outcomes generated
by three different simulations: TRACE v5p7, a three-field TRACE
simulation without considering droplet breakup (3F), and a three-field
TRACE simulation incorporating droplet breakup (3F-DB). These pre-
dictions will be compared against experimental data from the RBHT
facility, utilizing the same TRACE model throughout all tests. The initial
boundary conditions for these simulations were derived from the
experimental data at the beginning of the tests. The results of specific
tests are presented in Fig. 7 to Fig. 12.

Beginning with test 9005, which features an inlet velocity of 5 cm/s,
inlet subcooling of 10 K, and peak power of 1.31 kW/m, the general
pattern of rod surface temperature at two distinct axial positions (2.695
m and 2.885 m from the inlet) is comparable across all three simulations.
Nevertheless, the maximum rod surface temperature and quenching
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time are different, as shown in Fig. 7. Before reaching the quenching
phase, both TRACE v5p7 and TRACE 3F tend to overestimate rod surface
temperatures, while TRACE 3F-DB demonstrates better predictive ac-
curacy. Corresponding to the experimental data, TRACE 3F-DB exhibits
a rapid decrease in rod surface temperature at the initial stages of the
test. In contrast, TRACE v5p7 and 3F simulations show an initial tem-
perature rise lasting for the first 50 s, followed by a gradual decrease.
These discrepancies in the calculations primarily appear from the in-
fluence of droplet field and droplet breakup models, which enhance
interfacial heat and mass transfer. Additionally, the simulations indicate
an earlier quenching of the rods compared to the experimental results.
Notably, both TRACE 3F and 3F-DB offer more accurate estimates of
quenching time than TRACE v5p7, with a difference of approximately
50 s. However, there is an overprediction of the liquid carryover fraction
after approximately 25 s from the start of the test. In contrast, TRACE
v5p7 and 3F-DB provide slightly better estimates of liquid carryover
during the initial 100 s. Furthermore, the total pressure drop is initially
overestimated for the first 150 s, followed by underestimation. This
trend is influenced by the average void fraction and quench elevation.

As illustrated in Fig. 8, the above observed trend is replicated in test
9021. This test operates at a lower reflood rate, featuring an inlet ve-
locity of 2.5 cm/s and maintaining the same peak power as test 9005.
Due to the reduced reflood rate, the quenching process experiences a
delay. In test 9021, the difference between TRACE v5p7 results and the
experimental data becomes more pronounced. However, TRACE 3F-DB
successfully predicts the rod surface temperatures at 2.695 m and 2.885
m accurately. In terms of quenching time, both TRACE 3F and 3F-DB
provide precise predictions, whereas TRACE v5p7 initiates quenching
approximately 150 s earlier across the entire test section. Furthermore,
at the upper part of the test section, TRACE 3F and 3F-DB calculations
indicate a delay in quenching, with no occurrence near the outlet.
Additionally, all versions of TRACE tend to overestimate the liquid
carryover fraction.

Fig. 9 displays the experimental and calculated results of test 9043,
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which explores a scenario characterized by an extremely low reflood
rate. In this experiment, an inlet velocity of 0.5 cm/s and a peak power
of 0.32 kW/m are applied. Within the first half of the test section, all
three simulations provide a reasonably accurate depiction of the
quenching front, although a delay of approximately 20 s is observed in
the upper part of the test section. This discrepancy accounts for the slight
underestimation of pressure drop by the TRACE model in the later stages
of the test. Over the first 600 s of the experiment, the temperature of the
rod surface gradually rises, reaching a peak 20 % higher than its initial
temperature, followed by a gradual reduction until the rod bundle ex-
periences quenching. For all TRACE calculations, the maximum rod
surface temperature consistently is around 20 % higher than the
experimental data at a position of 2.695 m and approximately 10 %
higher at 2.885 m, as depicted in Fig. 9. This figure illustrates that the
calculated rod surface temperature remains consistent across all three
versions of TRACE. This suggests that, during scenarios involving very
low reflood rates, the droplet field has a negligible impact, or the
generated droplets are sufficiently small to be captured using the
existing single-group droplet field model.

As interpreted through various reflood tests, the thermal hydraulic
dynamics of the reflood scenario are strongly influenced by the specific
conditions during reflood. The implementation of a droplet field in
TRACE significantly enhances its predictive capabilities for reflood
transients. Moreover, the phenomenon of droplet breakup has a sub-
stantial impact on heat and mass transfer within the rod bundle. The
breakup results in many smaller-diameter droplets, thereby raising the
interfacial area concentration (IAC). As shown in Fig. 10, TRACE 3F-DB
estimates a higher total IAC compared to TRACE 3F. As estimated, the
IAC in TRACE 3F-DB substantially increases downstream of the spacer
grid due to droplet breakup. In contrast, TRACE 3F exhibits a slightly
reduced IAC downstream of the spacer grid, representing an unrealistic
behavior. This discrepancy is further highlighted in Fig. 2, where the
temperature downstream of the spacer grid is lower than upstream,
attributed to the increased IAC resulting from droplet breakup through
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Fig. 15. Influence of time step on the axial temperature distribution for test 9021 (2.5 cm/s, and 10 K).

the spacer grid, as verified by TRACE code results.

4.2. Time step effect on the reflood prediction

In this section, we conduct a sensitivity analysis to examine the
impact of varying the time step on the prediction of rod surface tem-
perature and quenching time during the reflood process. Our simula-
tions utilize TRACE 3F and TRACE 3F-DB to model RBHT tests
mentioned in Table 2, employing four different maximum time step
values: 0.001, 0.003, 0.005, and 0.025 s. The simulations consistently
employ the same TRACE model.

The outcomes of this sensitivity analysis are illustrated in Fig. 11 to
Fig. 14, where we compare TRACE’s predictions of rod surface tem-
perature against experimental measurements. Our findings reveal that
increasing the time step leads to a delay in the quenching time, with this
effect being particularly noticeable under conditions of low reflood rates
and low subcooling temperatures. The sensitivity of these operational
conditions to the time step is noteworthy, as even a slight adjustment
from 0.003 to 0.005 s can result in a substantial change of the quenching
time, up to 100 s. In contrast, an increase in the time step to 0.025 s leads
to unrealistic behavior in both rod surface temperature and quenching
time, although the TRACE code continues to run without crashing. It is
worth noting that the time step does not exert a significant influence on
the predictions of peak cladding temperature (PCT) for case 9021. The
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TRACE code employs a semi-implicit numerical scheme, with the time
step automatically adjusted to ensure that the Courant number remains
less than or equal to one. However, if the maximum input time step
meets the Courant limitation, TRACE utilizes this maximum time step
for calculations. If the maximum time step fails to satisfy the Courant
limitation, the time steps are accordingly reduced. In the case of 9021,
where the reflood rate is relatively low at 2.5 cm/s, TRACE requires
small time steps to meet the Courant number condition. As illustrated in
Fig. 12, TRACE decreased the time step to less than 0.004 s during the
initial 200 s. Consequently, the time step does not significantly influence
the PCT for this case. In all cases, the time step does not have influence
on the results of the two-field TRACE v5p7, which indicates that the
dispersed droplets have a large impact on the numerical system
behavior. This also can explain the variations between TRACE 3F and
TRACE 3F-DB results, in which the later creates larger number of
droplets with smaller diameters.

Under experimental conditions with a medium reflood rate of 5.0
cm/s and a low subcooling temperature of 10 K, as seen in the case of
9005, Fig. 13 demonstrates that the numerical time step has a negligible
impact on the results obtained through TRACE 3F. Nevertheless, when
we increase the time step for TRACE 3F-DB, we observe a rise in the peak
cladding temperature (PCT). However, this increase in PCT only leads to
a slight delay of approximately 10 s in the quenching time when tran-
sitioning from a time step of 0.001 to 0.025 s. On the other hand, for
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Fig. 16. Influence of time step on the axial temperature distribution for test 9015(15.0 cm/s, and 10 K).

high reflood rates, such as 15 cm/s, and low subcooling temperatures of
10 K, as described in case 9015, the time step significantly influences the
predictions of PCT and quenching time, as illustrated in Fig. 14. The
results obtained using TRACE v5p7 and TRACE 3F remain relatively
stable despite variations in the time step. These two code’s versions lack
to the physical modeling of droplet field and droplet breakup, respec-
tively. Since the droplet field properties have the largest impact of the
system behavior, the influence of time step appears more in the TRACE
3F-DB.

The RBHT simulations have shown that the effect of the time step
depends on the reflood rate and subcooling temperature. However, this
effect becomes particularly evident in the second half of the heated
length, specifically downstream of the power peak location, as shown in
Fig. 15 to Fig. 16. In this region, the complexity of the two-phase flow
increases, and both the droplet field and droplet breakup become more
sensitive to changes in the time step. This sensitivity is most pronounced
for high reflood rates and low subcooling temperatures, as represented
in Fig. 16 for the 9015 case. The influence of the time step is minimal for
low reflood rates and high subcooling temperatures.

In general, system analysis codes are designed to simulate and model
a wide range of physical phenomena through large thermal hydraulic
systems within a reasonable calculation time. These codes typically use
best estimate methods and include various assumptions to represent the
complex thermal hydraulic system in a simple 1D and/or 3D models.
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Therefore, several source of errors can be found during the validation
process, such as lack of physical representation, spatial and/or time
steps, convergence criteria, and input specifications. Generally, the cell
size and time step are related to each other. However, the cell size must
satisfy the (L/Dy, > 10) conditions, whereas the axial length should me
around 10 times larger than the hydraulic diameter (U.S.NRC, 2022). In
this study, 32 axial nodes have been used to model the RBHT fuel as-
sembly, which is approximately at the limitation boundary (L/Dy ~10).
Therefore, the sensitivity analysis has been performed on the time step
size. TRACE code utilizes the semi-implicit numerical scheme, and the
time step can be automatically adjusted to satisfy Courant number to be
less than or equal one. However, large time steps amplify the numerical
truncation errors, and reducing time step leads to increase the numerical
diffusion. To understand the numerical diffusion, consider the revised
expression for truncation error after substituting the Tayler series ex-
pansions into the original finite volume equation (Hirt, 1968; U.S.NRC,
2022):

n ap
o

op

n v 02p
i S (ax—vanzt

ox? L)

+0(Aax*, AP)

i i

where p is the density for the mass conservation equation, V is the ve-
locity, Ax is the spatial distance, and At is the time step. This equation
(1) is a standard advection—diffusion equations with a diffusion coeffi-
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cient of:

D= (Ax—va) @
For stable solution, the diffusion coefficient must be greater than zero, in
which the time step should be small enough to satisfy the conditions in
equation (2). However, it needs to be close to zero for accurate solution.
The diffusion coefficient depends on the fluid velocity (liquid, droplet,
and gas). Therefore, understanding the physical phenomena through the
simulated system is very important for best estimate analysis. For
illustration, the best estimated TRACE 3F-DB results for case 9015 have
obtained at 0.025 s as maximum time step, and as shown in Fig. 17, the
numerical diffusion is the lowest for time step of 0.025 s. This analysis
can provide a guidelines for modeling and simulations using system
analysis codes.

5. Conclusion

This paper introduced a novel droplet field capability for TRACE
code. The closure relationships for the droplet field from existing liter-
ature and TRACE v5.0p7’s closure models were utilized into TRACE 3F.
The droplet breakup model is implemented into TRACE 3F as source
term for the interfacial area transport. The new modified TRACE code
was referred as TRACE 3F-DB. This study assessed the performance of
three different versions of TRACE (v5p7, 3F, and 3F-DB) in their ability
to predict the reflooding transient during LOCA scenarios. The assess-
ment was based on experimental tests conducted at RBHT, which
involved varying reflood rates and inlet velocities. It was observed that
spacer grids had a significant impact on the flow dynamics within the
fuel assembly, particularly when dealing with two-phase flow scenarios.
This study further investigated the impact of incorporating spacer grid
droplet breakup models on the prediction of reflooding phenomena. The
findings highlighted that the models incorporating droplet field and
droplet breakup mechanisms substantially improved the heat and mass
transfer at the interfaces. Consequently, the inclusion of a droplet
breakup model was key role for enhancing prediction accuracy in sim-
ulations of reflood phenomena. TRACE 3F and 3F-DB were found to offer
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better predictions compared to TRACE v5p7, particularly in terms of
quenching time and rod surface temperatures. However, it was noted
that all TRACE models tended to overestimate the liquid carryover
fraction. Additionally, during scenarios with very low reflood rates, the
influence of the droplet field was minimal, possibly due to the small size
of the generated droplets, which could not be accurately captured by the
current single-group droplet field model.

Furthermore, a sensitivity analysis conducted in this study empha-
sized the significant impact of the time step on predicting rod surface
temperature and quenching time during reflooding, especially in cases
involving low reflood rates and low subcooling temperatures. Increasing
the time step led to delays in quenching time, and even a slight adjust-
ment could produce significant changes in quenching time. However,
increasing the time step beyond a certain threshold resulted in unreal-
istic behavior in rod surface temperature and quenching time pre-
dictions. The effect of the time step was less pronounced in predicting
peak cladding temperatures in some cases, although in others, a slight
increase in the time step led to higher peak cladding temperatures. The
time step’s influence was most notable in the second half of the heated
length, downstream of the power peak location, where the complexities
of two-phase flow, droplet field, and droplet breakup were more sensi-
tive to variations in the time step. However, for scenarios with low
reflood rates and high subcooling temperatures, the influence of the
time step was minimal. In conclusion, selecting an appropriate time step
was essential for accurate predictions of rod surface temperature and
quenching time during reflood simulations. Accurate modeling of the
reflooding process in both BWRs and PWRs was emphasized as essential
for ensuring the safety of nuclear power plants.

The new three-field TRACE version utilizes single entrained droplet
field. Nevertheless, within the flow channel, various sizes of entrained
droplets max exist, particularly during droplet breakup. The single
droplet filed assumption maintains the overall concentration of the
interfacial area. Consequently, the newly developed TRACE 3F-DB
version accurately predicts the rod surface temperature and quenching
front. However, single droplet approach influences the precision of drag
and energy calculations. Therefore, further research could explore the
impact of multi-droplet field of the enhancement of the pressure drop
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and carryover predictions. Additionally, TRACE uses the thermal equi-
librium assumption for the droplet and continues liquid. Thus, a sepa-
rate energy equations for the continuous liquid and droplet filed will be
considered in the future works.
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