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Abstract — Recently, a Eulerian-based two-fluid computational fluid dynamics (CFD) framework with
a wall heat flux partitioning approach has been intensively investigated for departure from nucleate boiling
(DNB) simulation under the U.S. Department of Energy—funded Consortium for Advanced Simulation of
Light Water Reactors (CASL) program. Understanding of the DNB characteristics over a range of
pressurized water reactor—like operating conditions and accurate prediction of boiling crisis in the nuclear
power system have been grand challenges because of the large impact of DNB on reactor safety and
operational economics. The ultimate goal of this task in the CASL program is to introduce a robust
multiphase CFD—based DNB modeling framework that is capable of characterizing an entire boiling
history in which the wall boiling mode experiences the following through multiple stages of heat transfer
mode: (1) single-phase convective heat transfer, (2) nucleate boiling heat transfer, and (3) identification of
the departure of nucleate boiling. To validate the CASL boiling model, we have benchmarked simulated
DNB over three different flow channel configurations (pipe flow, 5 x 5 fuel bundle with mixing vane tests,
and 5 x5 fuel bundle without mixing vane tests) against experimental measurements, and the validation
result with open literature is reported. The DNB detection criteria in the simulation are checked by
monitoring the peak wall temperature, wall dryout factor, and net energy balance. In addition to the
DNB performance test, some preliminary sensitivity results on closure model selection are reported to
address the prediction capability of local void profile against measurements. The boiling simulation tested
in this study exhibits a maximum deviation of 24% from the measured DNB value in a high-pressure (i.e.,
138 bars) subcooled pipe flow test. The ranges of operating conditions are as follows: 1650 to 2650 kg/m*-s
for mass flux and 8.5 to 96 K for subcooled inlet temperature. The deviation is even reduced to 7% when the
subcooled temperature is less than 40 K. Besides accuracy, base practice guidelines for DNB detection
criteria are tested by monitoring three simulation variables: (1) maximum wall temperature, (2) wall dryout
factor (i.e., K-value), and (3) energy balance. Numerical robustness of DNB simulation is largely achieved
in most of the validation test except for a few high subcooled test cases.

Keywords — Departure from nucleate boiling simulation, multiphase CFD, wall boiling closures.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

*E-mail: skim@lanl.gov

This is an Open Access article distributed under the terms of the
Creative ~ Commons  Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any
medium, provided the original work is properly cited, and is not altered,
transformed, or built upon in any way.

Subcooled flow boiling can provide an effective heat
transfer mode in a heat flux—controlled system like
a pressurized water reactor (PWR). This enhanced heat
transfer mode, however, is limited by critical heat flux
(CHF) or departure from nucleate boiling (DNB). Beyond
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this critical point, the system encounters a radial reduc-
tion of the heat transfer coefficient (HTC) due to the
transition from nucleation boiling to the film boiling
condition and experiences a temperature excursion at
the heating surface that hampers the safety and integrity
of the heating surface of the fuel rods. In PWRs, CHF or
DNB prediction is a critical design parameter and an
important operational issue as it is related to reactor
safety and economics.' One of the key deliverables in
this work is to demonstrate the DNB modeling capability
for subcooled flow boiling application under PWR oper-
ating conditions. Over the past 4 years, the Consortium
for Advanced Simulation of Light Water Reactors
(CASL) Thermal Hydraulic Method (THM) team has
been extensively demonstrating the DNB modeling cap-
ability for subcooled flow boiling application for a high-
pressure operating condition. The CASL boiling model is
implemented with a commercial computational fluid
dynamics (CFD) package, STAR-CCM+ v12.06.010, to
assess the predictive capability with the various flow
configurations. Previous DNB validation campaign
efforts are summarized as follows:

1. In fiscal year 2016 (FY16), the CASL baseline
model was developed and tested for pipe flow DNB.
A virtual boiling test methodology was proposed to eval-
uate the DNB predictive performance. The baseline boil-
ing closures were selected and implemented into a simple
pipe flow DNB test at the high-pressure condition (e.g.,
138 bars). The predicated DNB was directly compared to
corresponding measurements showing underpredictive
behavior up to 33% deviation.

2. In FY17, we performed a DNB test of a 5 x 5
fuel bundle flow configuration with and without mixing
vane spacer grids. Basically, the same baseline model was
tested in more complex configurations showing similar
underpredictive behavior (i.e., ~50%) (Ref. 3).

3. In FY18, we scrutinized the baseline boiling
model and identified what would be the potential cause
of underprediction.’ A series of closure sensitivity studies
on void and DNB was conducted, and the CASL mod-
ified boiling model is proposed for high-pressure DNB
application.

4. In FY19, we reevaluated the DNB prediction
performance with the modified CASL model for a pipe
flow subcooled boiling test at the high pressure.’

As a practical method to analyze and predict the two-
phase boiling phenomena, most commercial CFD codes
have employed the two-fluid Eulerian-Eulerian model
framework. Under this framework, the role of closure
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models (or closure relations), which capture relevant
interphase physics, is critical, and hence, a great deal of
effort has been paid over the last decades to develop the
closure models in either empirical or mechanistic fashion.
In parallel, considerable effort has been devoted toward
finding the optimal combination of “existing” closure
models, aiming to predict the widest possible range of
subcooled flow boiling conditions. However, because of
the inherent complexity of subcooled flow boiling phe-
nomena, those efforts have yet to yield satisfactory
results, and similar endeavors are still underway.®

This paper aims to provide a comprehensive sum-
mary of the boiling model study for high-pressure DNB
application over the CASL project and to identify the
current predictive capability using CASL boiling closure;
potential research is for future work. This paper is
divided into four main parts. Section Il summarizes the
numerical description of the CASL boiling model with
selected interfacial transport closure. A detailed discus-
sion on the selected wall boiling model and desirable
DNB detection criterion are reported in Sec. III.
A sensitivity study of the closure model, which is per-
formed to support the present closure model setup for
DNB prediction, is summarized in Sec. IV. Preliminary
results of DNB performance and simulated boiling char-
acteristics are discussed in Sec. V. Finally, conclusions
and suggested future work are presented in Sec. VI.

Il. NUMERICAL DESCRIPTION OF CASL BOILING MODEL

In general, the CASL boiling model tracks the local
void fraction near the heated surface to identify the incep-
tion of the DNB that transitions from the nucleate boiling
state to the film boiling stage. When it comes to the local
void fraction in the model, interfacial liquid-vapor mass,
momentum, and energy equations are solved to close the
system of conservation equations. In the DNB simulations
all the voids are created at the heated surface by
a calculation of evaporation mass flux that is converted
from the evaporation heat flux using the latent heat energy
equation. Therefore, an accurate evaporation heat flux
calculation is a significantly important variable to quantify
the void information near the wall. In particular, the cur-
rent boiling model is based on the bubbly layer theory
proposed by Weisman and Pei.” The DNB criterion is
based solely on the void fraction near the wall in the
computation cells. In order to accurately predict the boiling
crisis in the CFD model, the void transfer mechanism
should be carefully examined in the wall boiling closure
as well as associated interfacial momentum closures.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2020
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However, it should also be noted that both interfacial
momentum transfer closures and wall boiling closures are
highly dependent on the interfacial length scale and the
bubble size distribution at the operating conditions. In
addition, the applicability of the selected closures at high-
pressure operating conditions should be also taken into
consideration for the DNB boiling test. An overall numer-
ical approach for the DNB boiling simulation is briefly
summarized below. The closure models are selected by
considering the following three factors: (1) physical cor-
rectness, (2) predictive capability, and (3) numerical
robustness for DNB application. The detailed multiphase
interfacial closures and boiling closure correlations are
listed in Table 1.

ILA. Eulerian-Based Two-Fluid Conservation Equations

In the two-fluid model, mass, momentum, and energy
equations are modeled for each phase in conjunction with
an interfacial transport term. A brief description on the
transport equation applied is summarized below with an
interpretation related to the interfacial transport concept.

The conservation of mass for phase £ is

%(akpk) + V- (arpue) = Zil(mki ) (1)

and

=1, (2)

where

a; = volume fraction of phase k
pr = phase density
u; = phase velocity

my;, . = mass transfer rates to and from the phase,
respectively

N = total number of phases.

Note that the mass transfer rate in the mass conserva-
tion equation is calculated based on the void generation
(i.e., liquid phase to vapor phase) by the evaporation term

TABLE I

Genl-FY19 CASL Boiling Closure Selection for High-Pressure DNB Application

Interfacial Transfer and Boiling Closure

Selected Model and Correlation

Interfacial Momentum/Energy Transfer

Lift force

Drag force

Turbulence dispersion force
Wall lubrication force

Sugrue-Podowski lift

Tomiyama et al. model with contamination
Turbulent dispersion Pr = 1.0

Lubchenko et al. model

Interphase Mass/Energy Transfer

Liquid phase condensate
Vapor phase condensate
Interfacial area density
Interaction length scale

Kim-Park condensation model

Nu = 26

Symmetric particle assumption

S-gamma with Sauter mean diameter (limiter: 1e-6 m;
coalescense coefficient: 0.2)

Wall Boiling Model

Convective heat flux
Evaporation heat flux
Quenching heat flux

Wall boiling relaxation
Wall dryout area fraction

Single-phase turbulent convection model
Bubble departure diameter: Kocamustafaogullari
Bubble departure frequency: Cole
Nucleation site number density: Modified Li et al. model
Quenching HTC: Del Valle Kenning model
Bubble-induced fraction: Kurul-Podowski
Wall boiling underrelaxation factor: 0.5
Wall dryout breakpoint: 0.9
Bubbly layer relaxation faction: 1.0
Bubbly layer option: fixed Y+: 200

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2020
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in wall boiling closure and liquid generation (i.e., vapor
phase to liquid phase) by the condensate model at the
bulk fluid region.

The conservation of momentum for phase % is

0
& ((kakuk) +V. (akpkukuk) -V. (Otk (Tk + ’E;{))

=~ VP + oaxpyg + M (3)
and
M = Fp +Frp + Fr + Fyu + Fe
+ Zil (Mgt — ;) (4)
where

T4, T, = laminar and turbulence shear stresses,
respectively

P = pressure

M = sum of the interfacial momentum transfer that
includes drag, lift, wall lubrication, turbulence
disperse force, and virtual mass force.

The conservation of energy for phase £ is

0
o (oxprhx) +V - (oupyutrhy)

) 5)
-V. <(1k(7ukVTk +G—chk>> = Q
h
and
DPy
Q:ath‘Fak(Tk"‘T;() :Vuk+zi¢kai ()

+ Z(ik) O + Zi#k (myihi — mihy),
where

hy = phase enthalpy
Ar = thermal conductivity in phase k&
T = temperature
u, = turbulent viscosity
o, = turbulent Prandtl number
0 = interfacial heat transfer and other heat source.

Again, note that the void creation term (i.e.,my) by
evaporation and the liquid generation term (i.e.,m;;) by
the condensate models are used in Eq. (6) to quantify

@ANS

interfacial energy transfer Q. Thus, a selection of appro-
priate wall boiling closures (void generation) and con-
densate (liquid generation) models are very important
since they are tightly coupled with interfacial mass and
energy conservation.

11.B. Thermodynamic Properties, Meshing Strategy,
and Boundary Conditions

In the current simulation, thermodynamic properties for
the liquid and vapor phases are defined by the “IAPWS
Industrial Formulation 1997 for the Thermodynamic
Properties of Water and Steam”® (IAPWS-IF97) correlation
at the given system pressure and temperature. The correla-
tion provides a fundamental polynomial equation for the
specific Gibbs free energy, and then, the density and other
thermodynamic properties are calculated for both liquid and
vapor based on the correlation.® Thus, the density and all
thermodynamic properties (e.g., viscosity, heat capacity,
and latent heat) for the liquid and vapor phases are changed
along with the flow condition. Temperature- and pressure-
dependent thermodynamic properties are selected as it is
believed that the dynamic model captures the realistic ther-
modynamic properties in a two-phase environment. It is
also worth noting that all simulation cases in this study
fall within the validity window; thus, no numerical issue
with the [APWS-IF97 feature is observed in the current test.

The standard k-¢ turbulence model with high Y+ wall
treatment is selected to solve turbulent flow in both phases.
Bubble-induced turbulence is not considered in this study as
Magolan and Baglietto in their work have investigated
a balance between production and dissipation of bubble-
induced turbulence at a high-Reynolds-number condition
and concluded that shear-induced turbulence is the domi-
nant component.” In general, turbulence effects on various
fluid applications should be a checking point for high-
fidelity calculations. In this bubbly flow condition with
void fractions below 30%, however, the shear-induced com-
ponent is dominant, and the adoption of the standard k-¢
approach provides reasonable predictions on DNB perfor-
mance. However, there might be some effect on the void
profile in the radial direction associated with different tur-
bulence models since the turbulence dispersion force might
be slightly changed between turbulence models.

The CFD model domain represents the exact geometry
and test condition of the reference experiments reported by
Weatherhead.'® The experiments were performed at varying
operating conditions that affected the flow boiling character-
istics and DNB performance. Weatherhead explicitly
described tube channel geometry, mass flux, system pressure,
inlet temperature, and calculated exit quality based on the

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2020
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energy balance. In regard to meshing strategy, the CFD
domain is modeled in only one-fourth of the tube geometry
by implementing the symmetry boundary condition, which
enables the model to lower the computational cost without
a loss of physics. A hexahedral-dominant mesh (Fig. 1) is
used, and the total number of cells is approximately
0.4 million. The base size of 0.2 mm was chosen in the
bulk fluid domain with two layers of prism mesh next to
the heated wall. The near-wall prism mesh has a total thick-
ness of 0.5 mm, resulting in the wall y* value lying within the
logarithmic region of the boundary layer for all the test cases
(typically y* ~ 100). A mesh sensitivity study on the bound-
ary layer and bulk flow region was performed to find an
optimal mesh provding a robust numerical simulation with
reasonable predictive performance on DNB. It was observed
that a finer mesh (y© ~ 1) near the wall results in a notable
instability in the two-phase flow solver and poor interfacial
variable convergence. Refinement of the mesh in the bulk
flow region did not affect the DNB prediction. The length of
the heated section is 47.5 cm with a 10-cm unheated zone
before and after the heated section. The uniform heat flux is
applied on the heated wall surface along with the flow direc-
tion. The boundary condition for the inlet is defined as a fully
developed pipe flow profile with a fixed temperature, and the
outlet is set to a pressure-out condition.""

11.C. Interfacial Radial Momentum Transfer and
Interfacial Area Transfer Model

Equation (4) represents the sum of five key momen-
tum sources (Fp + Frp + Fi + Fyy + Fr). Those inter-
facial momentum transfer models can be divided into two
groups: (1) drag force and (2) nondrag force. Drag force
usually governs interfacial momentum transfer along with
flow direction that is not directly related to lateral void
distribution. Nondrag forces include lift force F; and wall
lubrication force Fy;. The combination of nondrag forces

(a)

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2020

determines the lateral void distribution encompassing the
near-wall boiling region and bulk fluid region. Since void
prediction is a most critical variable for the DNB trigger-
ing algorithm, nondrag force closure should be examined
and validated with high-resolution void distribution
experimental data. However, most DNB tests report
only system extrema such as CHF, exit outlet tempera-
ture, and some pressure drop. Thus, high-resolution void
data are rarely obtained from any open literature.
Unfortunately, this is a most challenging component in
a successful DNB model validation test.

The drag force model has two components: an aver-
age part and a fluctuating part. The average drag force is
given by

3agp, Cpod

Fn =
D™ 44y g

|u; — ug|(u1 —ug) (7)

where djp is the bubble diameter and Cpis the drag coef-
ficient, estimated by Tomiyama et al.'* for a mildly con-
taminated two-fluid system. The fluctuation part of the
drag force is usually calculated as the turbulent dispersion
force, which plays an important role in taking the vapor
bubbles from the near-wall region to the bulk liquid:

t

Vi
Frp = -2

Vog (8)

050G,

where v} is the turbulent kinematic viscosity of the liquid
phase and o, is the turbulent Prandtl number (default
value of 1 is used in this study).

Regarding nondrag forces, lift and wall lubrication
force models are newly implemented in the FY 19 boiling
model. The current study implements the Sugrue lift
model"® incorporating a wobbly bubble effect and the
Lubchenko et al. model'* accounting for a wall lubrication
effect based on the postulated liftoff diameter concept

(b)
Fig. 1. (a) Mesh in the outlet plane and (b) mesh on the heated wall with iso-view.

@ANS
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developed by Massachusetts Institute of Technology. Those
newly adopted boiling closures can help an improved lateral
void estimation at the near wall, which will prevent the
premature DNB triggering mechanism observed in the pre-
vious validation campaign:

Fp = CL,Sugrueagpl [(”1 - ug) X (V X ul)] (9)
and
|u1 — ug|2
Fwr = —Cwr Lubchenko(Vw) OgP; . (10)
B

As described earlier in this section, it is also critical to
correctly model a set of multiphase interfacial area transport
closures as those closures play a significant role in the mass,
energy, and momentum equations [see Egs. (1), (3), (5), and
(6)]. Phase change between liquid and vapor can be modeled
as vapor generation by evaporation near or at the wall and
liquid generation by condensation in the subcooled bulk fluid
region. With this in mind, the bubble size distribution is one
of many unknowns in the subcooled flow boiling regime due
to lack of high-resolution experimental measurement at
a certain pressure condition. In the current study, the Sauter
mean bubble diameter distribution is calculated with a two-
equation S-gamma model. Unlike Kurul-Podowski’s

-_—-— =@
@ @

Void [-]

Heated wall surface

0000000

interfacial area transfer model correlating the bubble dia-
meter with only the function of the subcooled temperature
at a fixed pressure condition, the S-gamma model captures
the bubble diameter distribution in the subcooled boiling
flows by resolving the mechanistic moment transfer
equation.”” The S-gamma model is a model similar to the
interfacial area transfer equations including a set of chaotic
bubble dynamics such as bubble breakup and coalescence,
but their source items are different. The S-gamma model
represents the bubble size distribution using the method of
moment approach. Thus, the bubble size distribution is
assumed to have a predefined shape, and this shape is
retained during the bubble profile calculation. A detailed
description of the S-gamma model can be found in Lo and
Rao’s paper.'®

[1l. WALL BOILING CLOSURES

In parallel to closures related to void distribution,
wall boiling closures are effectively contributing to the
void profile calculation near the wall, which is the sole
criterion of DNB detection in the current approach shown
in Fig. 2. In general, the wall heat flux can be viewed as
three parts according to the wall heat partitioning model:
(1) single-phase convective heat flux, (2) evaporative
heat flux, and (3) quenching heat flux. The wall dryout

Calculated radial void profile on red dotted line (left)

0@
0009

0.0005

0.001 0.0015 0.002 0.0025 0.003 0.0035

Radial poition [m]

Subcooled
flow direction
(upward)

Bulk flow centerline

Per Weisman & Pei observation, void (0.79~0.85)
at the bubbly layer is critical for DNB occurrence
[7]. Thus, accurate predictions of axial & radial
void profile are essential for DNB simulation

Fig. 2. DNB detection criterion based on a void profile near the wall.
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factor Ky, is utilized to smoothly transition the nucleate
flow boiling mode to film boiling by the vapor-only heat
transfer mode shown as

" 4 " "
q, <qC0nv.liquid + qEvaporation + unenching) (1 - Kd”}’)

"
+ qunv.vaporKd"y ’

(11)

where Ky, is a mathematical function composed of local
void fractions at a certain distance from the wall (see Ref. 2
for detailed information). Equation (11) numerically illus-
trates how the wall boiling model operates from subcooled
nucleate boiling (i.e., normal mode) to DNB (i.e., DNB
mode). There are two conditions incorporated in the wall
boiling model. The first term in Eq. (11) reflects a normal
nucleate boiling regime in which the heat flux is still well
below DNB, while the second term describes a DNB condi-
tion when bubble generation starts sufficiently covering the
heated surface and finally turns into a film boiling condition:

” plc 7]1/[7
qunv.liquid = T]I}I)_'— (TW - Tl) ) (12)
" C k t
9 Quenching = 2Kquenchingf & p7j[;l : W(TW - Tl,quench) )
(13)
and
" va ) l/l:
qunv.vapor = 7{4_‘) (Tw - TV) ) (14)
where

uj, u, = velocity of liquid and vapor near the
heated wall surface, respectively

T, T,) = nondimensional parameters for liquid
and vapor, respectively; those near-
wall velocities and dimensionless tem-
perature parameters are all calculated
through wall functions

Cp1, Cp,y = liquid and vapor specific heat, respectively
K quenching = bubble influence area coefficient.

Among the three heat flux partition terms in the wall
modeling model, the evaporation heat flux term dominates
mostly the wall dryout factor as it determines the void
creation. As the current DNB triggering mechanism is
purely based on a local void near wall, the void generation

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2020

term calculated by the evaporation heat flux must be a more
practical calibration factor from the DNB prediction per-
formance standpoint. Thus, the evaporation heat flux term
should be carefully calibrated for the desired applications
(e.g., high-pressure flow boiling DNB):

" TCD3
9 Evaporation = Nefa <6d> Pg hfg ) (1 5 )

where

N, = active nucleation site density (NSD)
D, = bubble departure diameter (BDD)
f. = bubble departure frequency (BDF).

Equation (15) implies the amount of equilibrium eva-
poration heat flux multiplied by the mass flux of bubble
generation multiplied by the latent heat and vapor density at
the given system pressure (i.e., NSD x BDD x BDF).
Thus, one should have a wise selection of three wall boiling
closures to quantitatively calculate the evaporative heat flux.
More detailed discussion on those closure selections are dis-
cussed below.

llI.A. Active Nucleation Site Density

In the FY19 model, active NSD is estimated by the
modified Li et al. model.'” Li et al.’s NSD model strives to
account for the system pressure, surface characteristics, and
wall superheat when NSD is correlated based on empirical
data with a wide range of operating pressure conditions illu-
strated in Fig. 3. In addition to Li et al.’s model, we implement
a limiter factor in the Li et al. model to account for the possible
maximum NSD value from analytic calculations based on
bubble size. It is noted that this limiter factor helps to keep the
numerical robustness of the current boiling simulations by
preventing the NSD value from increasing excessively.

l11.B. Bubble Departure Diameter

The BDD model determines the diameter of depart-
ing bubbles at the heated wall when it leaves the nuclea-
tion site. Along with NSD, BDD is one of the most
challenging wall boiling closure models. While there
exist numerous analytic correlations and semiempirical
models, a viable BDD at conditions of high pressure
and flow boiling is still yet to be introduced. In this
study, BDD is estimated by the Kocamustafaogullari
model'®:
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According to the Kocamustafaogullari model and com-
parison against experimental data, BDD varies widely
with different pressures. For example, at 1 bar, BDD by
the model is calculated to be 2 mm, but the value reduces
to 0.006 mm at high pressure (e.g., 138 bars) as shown in
Fig. 4. The validity of the Kocamustafaogullari model is
not evaluated in this study due to lack of available experi-
mental measurements; however, it should be noted that
a change in BDD inevitably leads to more calibration in
other closures (e.g., BDF and active NSD).

l1I.C. Bubble Departure Frequency

The BDF model follows Cole’s approach.'”” Cole
assumes that a typical bubble rise velocity is determined by
BDD using a force balance at the bubble departing surface:

This model is originally developed for nucleate pool boiling
at the horizontal heat transfer surface. Thus, the validity of
the Cole model on the vertical boiling heat transfer surface
requires further investigation. Although there are several
other BDF models available in the literature, this study
selects the Cole model because of its simplicity in imple-
mentation and numerical robustness. In the Cole model, the

Approximately 135 measurement data with
different pressure conditions (1 bar to 141.87 bar)

1bar with water fluid

Bubble departure diameter falls into the range of
2mm (Blue dot)

| Bubble departure diameter falls into the range of

138bar with water fluid

0.006mm (Red dot)

Fig. 4. Bubble departure diameter with pressure (Kocamustafaogullari model).'®
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waiting time between the bubble departure and the activa-
tion of the next bubble is assumed to be 80% of the total
bubble departure time in the pool boiling scenario.
Therefore, a compounding effect between the departure
diameter and frequency should be accounted for when the
wall boiling closures are selected for the desired DNB
model for high-pressure subcooled flow boiling application.

IV. WALL BOILING CLOSURE SENSITIVITY ON VOID
PROFILE PREDICTION

As discussed in Sec. 111, the void distribution is one of
the most important factors affecting the DNB prediction.
Accordingly, the present study has performed a boiling
closure sensitivity study to investigate the impact of model
selection on prediction of the void profile at PWR-like high-
pressure subcooled flow boiling conditions. Particularly,
this study has adopted the experimental data from two
papers from Bartolomei and Chanturiya®® and Bartolomei
et al.>! The so-called Bartolomei experiment was performed
in subcooled boiling conditions of water flowing upward
through a vertical heated pipe over a range of operating
pressure (up to 15 MPa), mass flux (up to 2000 kg/m>°s),
and heat flux (up to 2.2 MW/m?) conditions.

In the experiment, the cross-sectional area-averaged
void fractions were measured at different axial locations,
while the heated wall and subcooled liquid temperatures
were also available for one experimental condition (this is
used in this paper as base case T1 as shown in Table II).
The void fractions were measured by detecting the
gamma-ray penetration through the flow boiling channel
from a Tu-170 source. These measurements were per-
formed for several different sizes of pipe, but the experi-
mental data from the pipe (inner) diameters of 15.4 and
12 mm were particularly used for the present discussion.
The heated length of the vertical pipe was about 2 and
1.5 m for the 15.4- and 12-mm-diameter pipes, respec-
tively. The details of the experimental conditions used in
this study are summarized below.

IV.A. Assessment of Wall Boiling Models

Nucleation site density calculates the number of
departing bubbles on the heated surface over a unit area.
In the previous validation tests, we tested two methods: (1)
the Lemmert-Chawla model* and (2) the Hibiki-Ishii
model.® Both models were basically correlated based on
various experimental measurements. Usually, the original
Lemmert-Chawla model predicts a relatively smaller site
density compared to the Hibiki-Ishii model at a given
pressure condition.

The first model assessment was performed with
regard to the evaporation term in the wall boiling
model, specifically the BDD and the active NSD models.
The two widely used pairs of the BDD and the NSD
models are (1) Tolubinsky-Kostanchuk + Lemmert-
Chawla and (2) Kocamustafaogullari + Hibiki-Ishii. For
the present subcooled flow boiling simulations, the Li
et al. NSD model is adopted as a replacement for the
Hibiki-Ishii NSD model. The Hibiki-Ishii model is
known to predict extremely high values of active NSD
as the heat flux or wall temperature increases at high-
pressure conditions. Since the simple Rensselaer
Polytechnic Institute (RPI) model does not account for
the inevitable interaction between active bubbles and sites
occurring in a realistic scenario, the effective number of
sites cannot be limited. As a result, the Hibiki-Ishii model
often causes unphysically high nucleation site densities,
which leads to severe code stability problems. Li et al.’s
NSD model exhibits better agreement with the effective
number of active sites measured at high-pressure condi-
tions. Indeed, by replacing the exponential form pre-
sented in the Hibiki-Ishii model with the power law
form, Li et al.’s model predicts a milder increase in
NSD with heat flux under high-pressure conditions.

It is therefore expected that the Li et al. NSD model can
alleviate the code stability and provide a more realistic repre-
sentation of NSD. Figure 5 compares the wall temperature
(blue color) and cross-sectional averaged void fraction (red
color) along the axial channel direction, for the different BDD

TABLE 11
Experimental Cases of Bartolomei Used for Wall Boiling Closure Sensitivity Study
Tube Inner Mass Flux (kg/ Heat Flux
Test Number Diameter (m) | Pressure (MPa) m?-s) (MW/m?) Tin (K) ATupin
T1 (base case) 0.0154 4.50 900 0.57 472.4 58.2
T34 0.0120 14.79 1878 0.42 603 11.2
T37 0.0120 14.70 2014 1.72 545 68.7
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Fig. 5. Effect of BDD and nucleation site number density models on the wall temperature and void fraction prediction along the

axial channel direction: (a) T1 and (b) T34.

and NSD model pairs, i.e., (i) Tolubinsky-Kostanchuk +
Lemmert-Chawla (reference model, dotted line) and (ii)
Kocamustafaogullari + Li et al. (solid line). The experimental
data are presented as symbols when available. The x-axes are
displayed as the cross-sectional averaged flow enthalpy or
thermodynamic quality, instead of the axial channel position,
for comparison with the experimental data. In Fig. 5, two
cases of the Bartolomei experiment performed at different test
conditions and tube diameters, T1 (relatively low pressure)
and T34 (high pressure), are used for comparison; the experi-
mental conditions are detailed in Table II. Compared to the
case of model (i) [reference model in Fig. 5], model (ii) tends
to underestimate the wall temperature and overestimate the
void fraction for both cases, but the difference of the simula-
tion results between models (i) and (ii) is insignificant. Also,
both models (i) and (ii) significantly overpredict the void
fraction measured at conditions of higher pressure and higher
heat flux (see Fig. 5b). It is noted that despite the insignificant
difference in the prediction of the void fraction between
models (i) and (ii), there was significant difference in the
prediction of fundamental bubble parameters, such as BDD,
BDF, and the active NSD, between the two models. For the
present high-pressure boiling simulations, it is argued that
model (ii) be preferred since model (i) does not account for
the pressure effect.

IV.B. Assessment of Interaction Length Scale Models

In multiphase CFD (M-CFD) simulations, the inter-
action length scale refers to a characteristic length scale
used to control the interfacial area density as well as other
required modeling quantities such as the bubble Reynolds
number Re,. In bubbly flow, the interaction length scale

@ANS

can be used to simply represent the mean bubble size that
interacts with the continuous phase. In the FY17 CASL
boiling model, the interaction length scale is determined
by the Kurul-Podowski model, in which the interaction
length scale is correlated with the subcooling liquid tem-
perature ATy, as follows:

1, = Dyin (ATDﬁmax - ATsub) + Diax (ATsub - ATD,min)
“ ATD,ma}c - ATDmin ’
(19)

where

D,is Do = minimum and maximum bubble
diameters, respectively (the default
values are D,,;, = 0.15 mm and
Dipax = 2 mm)

ATp maxs ATpmin = liquid subcooling degree corre-
sponding to D, and D,,,,
respectively (the default values are
ATpmax = =5 K and ATp pin =
13.5 K).

Equation (19) indicates that the Kurul-Podowski model
computes the interaction length scale /., based only on the
subcooling temperature, meaning that the mean bubble size
within the bulk liquid is determined regardless of the char-
acteristics of bubbles caused by wall boiling. In other words,
the interaction length scale model is decoupled from the wall
boiling models. To investigate this issue further, the
S-gamma model, which accounts for the bubble size distribu-
tion in the bulk liquid, is additionally employed to the current
study. Figure 6 shows that the predicted values of the void

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2020
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Fig. 6. Effect of applying S-gamma model on the prediction of averaged void fraction: (a) T1 and (b) T34.

fraction become significantly lower by using the S-gamma
model. Another observable difference is that the point of net
vapor generation, where the net void fraction starts to
increase, is significantly retarded by the S-gamma model.

IV.C. Assessment of Interfacial Heat Transfer Model

As for the interfacial heat transfer, especially condensa-
tion heat transfer in the bulk liquid, the Ranz-Marshall
correlation®* has been most widely used in previous CFD
boiling studies. Despite its popularity, however, it should be
noted that the Ranz-Marshall correlation was not developed
directly for condensing steam bubbles but was developed for
evaporating water droplets suspended in a dry air stream. So
far, there is no correlation that is strictly applicable for the
high-pressure flow boiling conditions that we are interested
in for the PWR DNB application. Nonetheless, given the
physical basis as well as the ease of implementation in the
CFD code, we can think of a better option among the models
available in the literature. In this study, the Kim-Park con-
densation model,”® which was developed for condensing
bubbles in a subcooled water pool, was implemented into
the associated closure model instead of the Ranz-Marshall
model. The Kim-Park correlation for the condensate Nusselt
number Nu,. is given by

Nuc — 0.2575Reg.7000Ja;0.2043Pr;0.4564 , (20)
where UD
Re;, = bubble Reynolds number, p’u%
Ja; = Jacob number of subcooled liquid, %}‘Z*m
g
Pr; = Prandtl number of subcooled liquid, C‘Tj“’
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Note that Eq. (20) estimates Nu,. as infinite when the
liquid temperature approaches the saturation point (i.e.,
Ja; in the denominator approaches 0 as 7)—T,,). To avoid
any numerical issues that may arise from Eq. (20), Ja; is
defined as follows:

. p[Cp,l(Tsat - min(Tsat - 10_77 Tl))

Jal
Plife

(21)

A comparison is made for two high-pressure (i.e.,
147 bars) tests, T34 and T37, with both the Ranz-
Marshall correlation versus the Kim-Park correlation.? Tt
is observed from both test cases that the point of net vapor
generation is predicted earlier when the Kim-Park correla-
tion is employed. This observation is consistent for the
other simulation case: T1 performed at P = 45 bars. In
general, when used in conjunction with the S-gamma
model, the Kim-Park correlation tends to better predict
the point of net vapor generation measured from the
experiments. Given the physical suitability over the Ranz-
Marshall correlation as well as the predictive performance
observed, the Kim-Park correlation is preferred for the
present high-pressure boiling simulations. It is noted, how-
ever, that the Kim-Park correlation is originally developed
only for predicting the Nusselt number Nu. during con-
densation, and Eq. (21) forces a small value of the sub-
cooled liquid Jacob number when the bulk liquid is
superheated (7} > T,,). Therefore, the present approach
has an inherent limitation in accurately predicting the
effect of bulk boiling in the superheated liquid near the
heater surface. Note that the current boiling closure selec-
tion is largely targeted for subcooled flow boiling and
associated DNB prediction performance, so admittedly,

@ANS
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the effect of bulk boiling on DNB is not fully investigated
in the interfacial heat transfer model tests.

IV.D. Overall Predictive Performance over
Experimental Measurements

Based on the results from closure sensitivity study in
Secs. IVA~IV.C, a new model setup was proposed for the
FY19 CASL boiling model. A comparison was made to
assess the capability of the proposed boiling model, compared
to the FY17 model (see Table III), at particularly high-
pressure PWR-like operating conditions. Figure 7 reports
the void profile prediction by the FY17 model (Fig. 7a) and
the proposed FY19 model (Fig. 7b) against the Bartolomei
data measurement at pressures of about 150 bars. It clearly
shows that the FY17 model consistently overestimates the
experimental data with significantly earlier prediction of the
net vapor generation along the heated length, whereas the
proposed model shows much better agreement with the
Bartolomei data for all five test cases applying the different
heat fluxes. The comparison presented in Figs. 7c and 7d also
shows similar improvement by the proposed model. It is
noted that these comparative studies as well as the sensitivity
study discussed in Secs. IV.A through IV.C were considered
to determine the Genl-FY'19 CASL boiling closure selection
shown in Table I. While notable improvement is observed
with the proposed boiling model shown below, the compar-
isons against the experimental data are based only on the
spatially averaged void measurements, and interfacial
momentum closures such as lift and wall lubrication force
are not tested. Thus, it is still limited to prove the validity of
the proposed boiling model for high-fidelity lateral void dis-
tribution in subcooled boiling applications. This also implies
a potential research area for DNB closure sensitivity study
with regard to both axial and lateral void profiles when
associated experimental data are available at high-pressure
conditions.

V. RESULTS OF DNB PREDICTIVE PERFORMANCE, VOID
DISTRIBUTION

We performed a virtual boiling test with the GEN-1
model to create a total boiling curve history up to the
DNB point, which exactly follows experimental boiling
test protocols. A detailed description of the virtual boiling
test in the M-CFD framework is reported in the authors’
previous publications. An example of a DNB detected
virtual boiling test for pipe flow configuration is illu-
strated in Fig. 8.

As shown above, the DNB occurance is determined
by monitoring the wall superheated temperature in the
incrementally applied heat flux scenario. In the current
test, the heat flux is increased by 0.05 MW/m? to emulate
the thermal equilibrium condition at each stage. While the
outlet temperature and net void value are monitored to
check the energy balance, the key DNB detection is
mainly determined by the temperature excursion in
which the heat transfer mode is transitioning from the
nucleate boiling regime into a vapor heat transfer regime.
As highlighted in the blue circle in Fig. 8, the wall
temperature is clearly spiking when the heat flux is get-
ting close to the CHF condition. Moreover, the trend of
the wall temperature represents the three modes of heat
transfer over the incremental heat flux condition: single-
phase heat transfer (low heat flux), nucleate boiling heat
transfer (intermdeaite heat flux) and DNB (close to the
CHF). The temperature excursion takes place near the
heat flux of 1.9 MW/m?. For an applied heat flux greater
than 1.9 MW/m?, the regime is beyond the DNB condi-
tion. Beyond DNB, the wall temperature does not con-
verge and becomes unstable even though the simulation
runs for sufficient iterations.

In previous validation tests with the FY17 CASL
boiling model, we found that the model exhibits consis-
tent trends of underprediction of DNB in the simulation

TABLE III

Selected Closure Comparison Between Genl-FY17 and Genl-FY19

Selected Closures

GENI1-FY17 (Original)

GENI-FY19 (Modified)

Lift force No Lift
Wall lubrication force
Condensation model
Interfacial area density
Interfacial length scale
Bubble departure diameter
Bubble departure frequency

Nucleation site density

Ranz-Marshall?*

Cole"

No wall lubrication modeled
Spherical particle assumption
Kurul-Podowski model'’

Tolubinsky and Kostanchuk®®

Lemmert-Chawla??

Sugrue lift"?

Lubchenko et al. model'*
Kim-Park®

Symmetric assumption
S-gamma model®’
Kocamustafaogullari'®
Cole"

Modified Li et al. model'’
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Fig. 7. Comparison of CFD predictions by (a) and (c) the FY17 model and (b) and (d) the FY19 model against Bartolomei
experimental data with a range of pressure and heat flux conditions.

compared to the measurements. Overall deviations
between measurement and calculation turn out to be
around 33% in the pipe flow test and 30% to 50% under-
predicted behavior in the 5 x 5 fuel bundle tests.
Interestingly, notable underpredicted model behaviors
are observed with the mixing vane featured fuel bundle
channel. It is believed that the turbulence mixing effect is
more pronounced in the mixing vane flow channel and
results in a larger deviation compared to the experiments.
One of the potential causes for underprediction of DNB
would be possible overprediction of void creation at the
heated wall due to inappropriate wall boiling closure,
which might not be applicable for the high-pressure con-
dition. As discussed in Sec. IV, void creation in
a subcooled boiling simulation is largely determined by
an evaporation heat flux term on the wall and some extent
of the lateral distribution term by interfacial momentum.
Evaporation heat flux determines void mass flux at the
heated wall as a void source term. Therefore,

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2020

nonrepresentative wall boiling closure for high pressure
could lead to overprediction of void creation, and the
overpredicted void will trigger DNB detection at the
low heat flux condition. Thus, underpredicted DNB
values are readily obtained in most of the tests so far.
Another issue would be incorrect void distribution due to
inappropriate interfacial momentum transfer closure.
Among many interfacial closures, lift force and wall
lubrication force would be the most relevant components
that determine a lateral void fraction near the wall.
Admittedly, the conjugate heat transfer between the
solid and the fluid is not modeled in the current study.
The heat flux is directly applied to the fluid surface where
thermal contact is made at the pipe surface. The effect of
the conjugate heat transfer on the surface temperature
prediction might be nontrivaial when the flow channel
is more complex, such as fuel buddle application in the
PWR design. As the focus on the current study is to
finalize the optimal and robust closure selection for
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Fig. 8. Maximum wall temperature behavior with incremented heat flux up to DNB point in which notable temperature excursion

is observed.

two-phase DNB application, the thermal interaction
between solid and fluid is not considered a high priority.

V.A. DNB Performance Comparison Between Original
Model and Modified Model

In this paper, we report the comparative study of the
DNB performance with the modified Gen1-FY19 model
against the original boiling model used in the previous
campaign. While the Genl-FY19 model is feasible to
apply the complex flow channel like the 5 % 5 fuel bundle
case, we largely focused on the pipe flow DNB validation in
order to evaluate the sensitivity of the newly selected clo-
sure model for high-pressure DNB applications. The virtual
boiling test and DNB detection mechanism are identical to
the method tested in the previous validation tests. For
example, an operation test condition is selected from the
DNB experimental report, a representative mesh is built up,
and a controlled heat flux profile (e.g., an incremental heat
flux for the heated surface in the computational domain) is
set for the virtual boiling test up to the DNB occurrence.
The only change is a combination of selected closures in
wall boiling and interfacial transfer terms. To clearly com-
pare the difference in the selected closure setting,
a comparison table is summarized in Table III. The closures
not mentioned below are set to be identical to Table I.

The overall predictive performance of the DNB simula-
tion is improved with a modified boiling model as

@ANS

summarized in Fig. 9. Those improvements in DNB perfor-
mance should be further investigated in terms of robustness
and applicability in the various flow channel designs such as
fuel bundle configurations with and without mixing vane
spacers. From the numerical robustness standpoint, most
tests in the current study (e.g., pipe flow configuration)
demonstrate a viable numerical robustness and stability up
to the DNB point. However, it is worth noting that some of
the high subcooled test conditions still exhibit some numer-
ical instability when the heat flux is close to the DNB point.
This numerical instability issue should be further investi-
gated in both closure sensitivity level tests and DNB tests
in a complex flow channel test. In parallel to the pipe flow
DNB study, the Westinghouse proprietary design of the 5 x 5
fuel bundle DNB simulation was conducted with the mod-
ified boiling model, and the associated results of the 5 x 5
fuel bundle test can be referenced in Brewster et al.’s work.?

Among the current test results, the DNB performance is
reviewed along with different subcooled temperatures. Five
test cases with different subcooled conditions are carefully
selected while all other operating conditions are kept identi-
cal. The subcooled temperature varies from 12 to 60 K, and
two different subcooled groups are divided as follows: one
group with low subcooled condition (less than 35 K sub-
cooled from the saturation temperature) and the other group
with high subcooled condition (more than 40 K subcooled
inlet temperature). Interestingly the low subcooled group
shows notably good predictive capabilities (exhibiting less
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Fig. 9. Prediction performance evaluation for GEN1-FY17 and GEN1-FY19.

than 7% deviation from the measurements) while the high
subcooled group makes a relatively larger deviation com-
pared to the low subcooled group. This observation indicates
that the modified boiling model is well calibrated to the low
subcooled flow boiling application and quenching closure
needs to be further investigated for the high subcooled flow
boiling application. It is believed that the bubble influence
area coefficient and bubble growth waiting time in Eq. (13)
should be readjusted for high subcooled flow boiling applica-
tion at high-pressure conditions. Those kinds of closure
adjustments require appropriate experimental measurements
from a high-resolution flow visualization technique.

V.B. Radial Void Profile Characteristics with Elevating
Heat Flux Conditions

Here, we report the temperature and corresponding
density and void distribution calculated from the DNB
simulation. At any given heat flux condition, the two-fluid
approach will solve all of the fluid parameters in both phases
as well as three-dimensional void distribution. Figure 10
graphically illustrates those calculated fluid parameters and
potential DNB locations in the pile flow application.

Generally, DNB occurs at the end of the heated section
when the heat flux is uniformly applied. So, a monitoring line
probe is used to extract the radial void profile at the end of the
heated location; here, z = 500 mm from the inlet of the pipe.
A radial void distribution is reported along with four different
heat flux conditions (24%, 50%, 75%, and 82.5% of CHF) as
illustrated in Fig. 11. The horizontal axis is the radial position
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starting from the centerline of the bulk flow region (0.0 mm)
to the near-wall region (3.85 mm). The vertical axis repre-
sents the corresponding void fraction. As the heat flux
increases, the wall boiling model kicks in and introduces
wall boiling by producing bubbles from the wall. The void
fraction near the wall is accumulated above 0.6 when the heat
flux becomes 50% of CHF. The void profile observed in the
current study indicates a wall-peak trend, which is observed
in most subcooled flow boiling experiments with low void
quality condition. Near-wall voids tend beyond 0.9 when the
heat flux gets close to 82.5% of CHF.

Without modifying the DNB triggering criterion (e.g.,
Y+ 0f200 and local void 0f 0.9), the underpredicted DNB in
the current approach might be further improved by recali-
brating the wall boiling closure for the high-pressure appli-
cation as well as interfacial momentum transfer.
Unfortunately, most of the DNB test does not record any
of the wall boiling dynamics (bubble departure size, shape,
nucleation size, departure frequency, waiting time, etc.) but
focuses only on the DNB measurement. Thus, the lack of
those bubble dynamic measurement or experimental boiling
curve data significantly hinders the current DNB validation
tests. In addition to the wall boiling validation, there must be
huge room to improve the interfacial momentum closures
(e.g., lift force, wall lubrication force, and mean bubble
diameter) in the modeling if associated experimental data
from either the adiabatic two-phase test or the boiling test at
a high-pressure condition are available. This experimental
research support should be more addressed in the future
tasks of the CFD-based DNB simulation application.
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Fig. 10. An example of axial and radial profiles of temperature, density, and void for the DNB test (uniform heat flux applied on

the right side of each figure).
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Fig. 11. Radial void distribution along with increasing heat flux up to 82.5% of CHF.

VI. CONCLUSIONS AND SUGGESTED FUTURE WORK

Over the past 4 years, the CASL THM team has
extensively investigated a state-of-the-art M-CFD
approach to provide a high-fidelity DNB simulation cap-
ability based on the two-fluid Eulerian framework in
conjunction with a wall heat flux partitioning model.
The overarching goal in this task is to develop and

@ANS

demonstrate a robust M-CFD model capable of predicting
the DNB value for high-pressure subcooled flow boiling
for PWR application. A robust and physically well repre-
sented boiling closure model is proposed based on
a series of previous studies. The Genl-FY19 DNB
model is evaluated with reference to experimental mea-
surement resulting in an improved predictive trend com-
pared to the original model. A high-level summary of the
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current study and some suggested future work are the
following:

1. The CASL baseline model was developed, and
DNB prediction methodology wusing the M-CFD
approach was proposed to evaluate the predictive
performance.

2. Predicated DNB values with the original CASL
model (i.e., Gen1-FY'17) were compared against the mea-
surements in various flow configurations indicating under-
predictive behavior up to 33% (pipe flow case) and 50%
(fuel bundle with and without mixing vane cases). Note that
the mixing vane test case exhibits a relatively larger devia-
tion compared to the without mixing vane test.

3. We scrutinized the baseline boiling model and iden-
tified what would be the potential cause of underprediction.
Based on a closure sensitivity study, a modified boiling
closure model (i.e., Genl-FY19) is introduced with the fol-
lowing changes:

a. Improved wall boiling closure for high-pressure
subcooled boiling applications. Newly cali-
brated BDD and NSD are implemented.

b. Realistic interfacial momentum transfer clo-
sures (a bubble shape considereing lift and
wall lubrication forces and advanced bubble
size distribution with the S-gamma model)
are applied.

c. The bulk region condensation model is
modified.
4. The modified boiling model exhibits an

improved DNB predictive behavior against the original
model while maintaining a viable robustness in the virtual
boiling test.

5. If experimental measurements for high-pressure
subcooled boiling are available, the modified boiling
model should be further validated with more than just
DNB values such as axial and radial void profiles along
with flow channel, wall superheated condition, and wall
boiling characteristics.

6. Nonetheless, the Genl-FY19 model is still
a feasible option for high-pressure DNB application
with reasonable accuracy (less than 24% deviation
from the measurements) while viable robustness is
achieved in most of the tests. In addition, at PWR-
like subcooled conditions (subcooling level below
40 K and high pressure), the current model demon-
strates an even improved predictive trend (the deviation
falls below 7%).
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