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Abstract

To allow the detailed analysis of the two-phase coolant flow and heat transfer phenomena in a
Boiling Water Reactor fuel bundle the CFD-BWR model is being developed for use with the
commercial code STAR-CD which provides general two-phase flow modeling capabilities. The paper
reviews the key boiling phenomenological models, describes the overall strategy adopted for the
combined CFD-BWR and STAR-CD boiling models validation and presents results of a set of
experiment analyses focused on the validation of specific models implemented in the code. The
location of vapor generation onset, axial temperature profile and axial and radial void distributions
were calculated and compared with experimental data. Good agreement between computed and
measured results was obtained for a large number of test cases.
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Introduction

This paper presents the validation strategy and validation results obtained during the development
of an advanced Computational Fluid Dynamics (CFD) computer code (CFD-BWR) that allows the
detailed analysis of the two-phase flow and heat transfer phenomena in a Boiling Water Reactor
(BWR) fuel bundle. The CFD-BWR code is being developed as a customized module built on the
foundation of the commercial CFD-code STAR-CD which provides general two-phase flow modeling
capabilities. We have described in [1] the model development strategy that has been adopted by the
development team for the prediction of boiling flow phenomena in a BWR fuel bundle. The strategy
includes the use of local inter-phase surface topology map and topology specific phenomenological
models in conjunction with an interface transport and topology transport approach. This paper reviews
the key boiling phenomenological models implemented to date, describes the overall validation
strategy adopted for the STAR-CD with CFD-BWR module and presents results of experiment
analyses focused on the validation of specific models implemented in the code.

1. Overview of Two-Phase Models

The two-phase flow models implemented in the CFD-BWR code can be grouped into three broad
categories: models describing the vapor generation at the heated cladding surface, models describing
the interactions between the vapor and the liquid coolant, and models describing the heat transfer
between the fuel pin and the two-phase coolant. These models have been described in Refs. [1, 2] and
will be briefly reviewed in this section of the paper. The boiling model was recently expanded to
include conjugate heat transfer so that the complete heat transfer system, including the heat conduction
in the fuel and cladding, can be studied. The ability of computing the solid fuel and cladding
temperatures is important in analyses of critical heat flux (CHF), and is also required for the coupling
of the thermal-hydraulic models with neutronic models.

1.1 Transport Equations

The STAR-CD Eulerian two-phase solver tracks the mass, momentum, and energy of the liquid
and vapor phases in each computational cell. Full details of the Eulerian two-phase flow models in
STAR-CD can be found in Refs. [3, 4]. The main equations solved are the conservation of mass,
momentum and energy for each phase.

The conservation of mass equation for phase K is:

%(akpk)+v.(akpkuk)=mki — i, . (1)
The conservation of momentum equation for phase K is:

g(akpkuk)+V.(akpkukuk)—V.(ak (Tk +7, )) =—a Vp+apg+M. )
The conservation of energy equation for phase K is:

%(akpkek)+V'(akpkukek)_v'(akﬂkVTk) =Q. (3)

The inter-phase forces considered in the model are: drag, turbulent dispersion, virtual mass and
lift forces, and momentum transfer associated with mass transfer, hence
M=F,+F +F, +F_+m,u, —m,u, 4
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An extended k-& model containing extra source terms that arise from the inter-phase forces
present in the momentum equations is used to model turbulence in the flow. Further details of the
inter-phase forces can be found in Refs. [2, 3, 4].

The lift force and the wall lubrication force are found to be important in obtaining correct radial
distribution of the two phases. The correlation suggested in Ref. [5] is used for the lift force, in which
lift force depends on bubble size Dy, as derived in Ref. [6]. According to this correlation, the lift force
depends on Edtvos number EO:

F :Cliﬁadpc(ud —UC)XVXUC 6))
Cir =Cie +Cu» (6)
Where:

C,. =0.288-tanh(0.121-Re, ), (7)
0, Eo<4

Cuk =1—0.096E0+0.384, 4<Eo0<10. ®)
-0.576 E6>10

Re, = m is the Reynolds number, Eo = g '('OC ;pd ) D, is the E6tvos number, gq is

c ten

the gravitational acceleration and o is surface tension coefficient, indexes ¢ and d denotes
continuous and disperse phases.

The wall lubrication force is modeled as in refs. [7, 8]:
2
Ay P "ug _ul‘
Db

where Y is the distance to the nearest wall, n,, is the unit normal pointing away from the wall, and Cy,
and C,, are coefficients.

D
ng = _FWI = _fb ' gb ' : nllax{cwl + sz Tb’o} ' nw (9)

A validation exercise specifically addressing the effects of the lift and wall lubrication force on
the radial distribution of bubbles is described below in Section 2.

1.2 Boiling model

The inter-phase heat and mass transfer models were

obtained by considering the heat transfers from the gas and Liguid
the liquid to the gas/liquid interface, see Fig. 1. The net T
heat transfer to the interface is used to compute the mass /T“‘

transfer rate between the two phases. Vapour

bubble

Heat transfer rate from the liquid to the interface is: 9

g =h AT -T,) (10)

G ¥

Heat transfer rate from the gas to the interface is:
d, =h A, (Tg —To ) (11) Fig.1. Heat and mass transfer
between a vapor bubble and liquid
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The heat transferred to the interface is calculated using Egs. 10 and 11 and used to determine the

inter-phase mass transfer (i.e. evaporation or condensation) rate:
G

m= q'h_qg ) (12)

fg
1.3 Wall Heat Transfer Model

A model describing the heat transfer between the heated wall and the coolant has also been
developed. The heat flux from the wall is divided into three parts according to a wall heat partitioning
model which includes convective heat for the liquid, evaporative heat for generation of steam and
quench heat for heating of liquid in the nucleation sites. The details of the boiling model and the wall
heat partitioning model can be found in Refs. [1-4]. In coupling the flow analysis with neutronics,
temperatures of the fuel the cladding of the fuel pins must be determined together with the fluid
temperatures as a conjugate heat transfer (CHT) problem. Heat transfer within the solids can be
described by the following energy equation:

olpe)_ o[, o) o (13)
a o Mex, )

where S, is the fission heat source obtained from the neutronic code.

Equation (13) is solved together with the energy equation for the fluid (3). From the calculation
the temperature at the solid/fluid interface is obtained. When this wall temperature is greater than the
saturation temperature, the boiling model described above is applied on the fluid side to produce vapor.

2. Two-Phase Model Validation Strategy

Empirical correlations are used in the models described above hence validation checks of the
computed solutions against experimental data are essential and must be carried out. A comprehensive
validation strategy has been developed which includes both validation analyses focused on individual
phenomenological models and integral test analyses including a combination of two-phase phenomena
characteristic for BWR fuel assemblies. No new experiments are planned as part of this work, but a
wealth of experimental data focused on various phenomenological aspects of two-phase flows has
been published in scientific journals and will be used for the validation of the CFD-BWR code. An
extensive literature review has been conducted and 24 papers describing experiments that can be used
as test cases for the validation of the STAR-CD code and the CFD-BWR module have been selected.
These test-cases provide a validation basis for a variety of two-phase flow phenomena already
modeled and have been grouped in the following way:

A - Adiabatic flow of two-phase steam-water and air-water mixture experiments, for the validation of
interfacial drag and wall friction models;

B - Surface Boiling experiments, for the validation of models for boiling, inter-phase heat and mass
transfer, surface heat transfer, surface drag during boiling, boiling crisis;

C — Steam Condensation experiments for the validation of inter-phase heat and mass transfer models
and interfacial drag models;

D - Dispersed flow of water droplets in steam experiments, for the validation of models for inter-
phase heat and mass transfer, droplet deposition on heated surfaces, and surface heat transfer;

I - Integral experiments in which several two-phase flow regimes occur, so this data can be used to
validate the flow regime map and the interaction between multiple phenomenological models;
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M — Model experiments in which two-phase flow in bundles of uniformly and non-uniformly heated
fuel rods are studied, which can be used for the benchmarking of models and the code under
conditions representative of BWR operating conditions.

Multiple experiments from the list presented above have been already analyzed as part of the
model validation effort, and the results of several experiment analyses are presented. The location of
vapor generation onset, axial temperature profile and axial and radial void distributions were
calculated and compared with experimental data. As the code calculates detailed three-dimensional
distributions of void fraction, temperature, and velocity fields, comparison with experimental data
sometimes requires the aggregation of calculated local results. For example, the void fraction at a
given axial location may be measured as a channel average depending on the measurement technique,
and a corresponding average must be constructed from the calculated local values for direct
comparison. Good agreement between computed and measured results was obtained for a large
number of test-cases.

2.1 Validation Series A

Numerical simulation results obtained for air-water bubbly flow in vertical pipes under
atmospheric pressure at room temperature can be given as an example; relevant experimental data are
given in Refs. [7, 9-11]. Radial distributions of liquid and air velocity and void fraction were measured
in these experiments.

A schematic of the Wang, et al., experiments @57.15 mm
[7] is shown in Fig.2. The water-air bubbly — - r -7
mixture was obtained in the mixing tee. In the v\

experiments, volumetric fluxes of the phases and
mean bubble diameter were measured at the inlet,
and radial distributions of liquid velocity and void
fraction were measured in a cross section near
outlet. The experiments were performed with a Mixing tee
pipe of diameter 57.15 mm. A schematic of the /

Liu experiments [8] and Serizawa experiments [9]

is the same as shown in Fig. 2, except for ,
different pipe diameter 57.2 mm and 60 mm, Ao e Water
respectively.

Test section

Fig.2. Schematic of experiment for study of air-
water bubbly flow

Input data for the test-case calculations taken mainly from Ref.[7]. The length of the
experimental pipe is not given in papers [9, 10], so the pipe length was set to 10 m in our calculations,
as in calculations of Troshko and Hassan [7]. The length of the pipe is 2.15 m in Serizawa experiments
[11]. The calculations conducted show that flow settles rather quickly: at ~2 m from inlet of the test
section. All three sets of experiments were conducted at atmospheric pressure and room temperature.

Figures below show a comparison between experimental data and numerical results computed in
a standard set-up STAR-CD simulation (C;ix=0.25), with close to zero coefficient Cz=-0.025, and
with the lift force represented as a function of Edtvos number. The following coefficients from
Ref. [8] were used for the wall lubrication force: Cy;=-0.06 and Cy,=0.147. In Figs. 3-5 W1 denotes
the Wang, et al., experiment #1 [9], L8 denotes the Liu experiment #8 [10], and S2 denotes the
Serizawa, et al., experiment #2 [11]; parameters of mixture at inlet (superficial velocity of liquid J; and
gas Jy, and volume fraction of gas «) are presented in Table 1. As in calculations of Troshko and
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Hassan [7], the bubble diameter used in our calculations was taken D,=2.8 mm for simulations of both
the Liu experiment and the Wang, et al., experiment. In simulation of Serizawa experiment bubble
diameter D=4 mm was used.

Using of lift force as a function of Edtvos Table 1 - Parameters of mixture at inlet
number provides good correspondence of Experiment | Jj, m/s Jg, m/s a
simulated void fraction radial distribution to w1 0.43 0.1 0.132
experimental data, including the near wall peak. L8 1.0 0.1 0.106
Note also improvement in the axial liquid and 92 1.03 0.151 0.102

air velocity radial distributions in calculations
using this model.
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Fig.3. Numerical and experimental void fraction and water velocity as a function of dimensionless
radial distance for experiment W1 [7, 9]
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Fig.4. Numerical and experimental void fraction and water velocity as a function of dimensionless
radial distance for experiment L8 [7, 10]
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Fig.5. Numerical and experimental void fraction and water and air velocity as a function of
dimensionless radial distance for experiment S2 [7, 11]

2.2 Validation Series B
Bartolomei, et al., experiments

The bubbly-flow boiling model was also used for
the analysis of Bartolomei et al. experiments [12, 13].
The set-up of experiments is illustrated schematically
in Fig. 6. In these experiments the average cross-
section void fraction was measured over the pipe
length in upward water flow. In the heated lower
section of the pipe sub-cooled boiling occurs and
steam is generated. The section above is adiabatic and
vapor condensation occurs due to the mixing of the
vapor generated near the heated wall in the lower
section with the still subcooled liquid core. The pipe
diameter is 12.03 mm, the heated section length is
Lo=1 m and the total pipe length is L=1.4 m.

In these calculations we used the same models as
in described above ones except for the bubble size, for
which we used Kurul-Podowski correlation [14] with
bubble size dependent on liquid subcooling.
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Subcooled water at temperature T, enters the pipe at pressure P=6.89 MPa and mass flux G,. Heat
flux at the channel wall in the heated section of the pipe is g=const. Saturation temperature for these
conditions is Ts=558 K. Values of T}, G|, q and subcooling ATy, for the experiments discussed are
presented in Table 2. The wall heat boundary condition in the non-heated upper section of the pipe is
g=0.

Table 2. Parameters of experimental set-up

Experiment # | q, MW/m? G, kg/(mz-s) T, K AT, K
2 1.2 1500 495 63
3 0.8 1500 519 39
5 0.8 1000 503 55

Typical distributions of the water temperature and void fraction calculated for experiment # 2 are
presented in Figs. 7a and 7b, respectively. Figs. 8a and 8b show the void fraction and water
temperature radial distribution, respectively, calculated for experiment # 2 at three axial locations. The
elevation of 0.6 m corresponds to the beginning of boiling, elevation of 0.95 m is located near the end
of the heated section in the boiling region, and elevation of 1.3 m is located near the end of the
experimental section in the condensation region.

Figs. 7 and 8 illustrate development of radial heating of water, changing of void fraction and
transport of steam due to lift and turbulent dispersion forces. By the end of the heated section the
water near the heated wall reaches saturation temperature, while the water at the center of the pipe
remains approximately 30K sub-cooled. As illustrated in Fig. 8a, the vapor fraction decreases in the
adiabatic section of the pipe due to condensation caused by turbulent mixing of the two-phase mixture
from the near-wall region with the sub-cooled liquid in the central region. Correspondingly, the radial
distribution of water temperature in the condensation section flattens mainly due to turbulent transport,
as illustrated in Fig. 8b. Comparison between the calculated bulk void fraction distribution and the
corresponding experimental data is presented in Fig. 9. The experimental and numerical profiles of
void fraction are in reasonably good agreement, although the discrepancy in some sections is up to
~30%.
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Fig.7. a. Distribution of water temperature and b. Void fraction in the flow (simulation of experiment #2)
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Good qualitative agreement was obtained for simulation of experiment #2. Simulations of
experiments #3 and #5 tend to over-predict and under-predict the void fraction, respectively. This
suggests that vaporization and condensation models should be improved to handle a wider range of
flow parameters in the same manner. Overall rather good agreement between numerical and
experimental data was obtained in calculations for boiling and condensation processes.

Lee, Park and Lee and Tu and Yeoh experiments

Radial distribution of void fraction in a vertical (concentric) annulus in flow of subcooled boiling
water was studied in experiments of Lee, Park and Lee [15] and Tu and Yeoh [16-17]. Schematic of
the experimental section is presented in Fig. 10. The experimental section is made as an annulus with
inner diameter 19 mm, 37.5 mm, length 2.376 m and heated section of the inner pipe 1.67 m in length.
Subcooled water is fed upwards. Measurements of radial distribution of local void fraction and steam
velocity were taken using two-conductivity probe method, and water velocity distributions were
measured by the Pitot tube method. The measurements were taken in a single measurement section
located at the elevation of 1.61 m from the inlet. The experiments were carried out with variable mass
flux G=476-1061 kg/(m’s), heat flux g=114.8-320.4 kW/m’, outlet pressure P=1-2 bar and inlet
subcooling ATqw=11.5-21.3 K. Simulation was performed for the experiments with q=152.3 kW/m?,
G=474 kg/(mzs), P=0.14 MPa (saturation temperature Ts,—=383 K), ATg,,=13.4 K.
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. Trfff Y
Subcooled Lx

Water

Fig.10. Schematic of the experimental section for study of boiling in annular channel and calculated
vapor distribution

Calculations were performed using standard STAR-CD models with turbulence, turbulent
dispersion force, virtual mass with the coefficient Cy,=0.5, interfacial drag (Wang curve fit [3]),
buoyancy, no slip for water and slip for vapor. Simulations were performed using three different
models of the lift force: a) a standard setup STAR-CD simulation with C;x=0.25, b) negative
coefficient Cyz=-0.025, -0.25 and -0.5, and c) with the lift force represented as a function of Ettvos
number given by Eqns. (5-8). The following coefficients from Ref. [8] were used for wall lubrication
force: Cw1=-0.06 and Cy,=0.147. Correlation of Kurul and Podowski [14] with parameters dp=10",
d;=4-10" m was used for the bubble diameter dependence on liquid subcooling.

Simulated distribution of void fraction (calculation with Cjir=-0.5) is presented in Fig. 10. Radial
distributions of void fraction (calculations with Ciz=-0.025, -0.25 and -0.5) and phases axial velocities
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(calculation with Cjir=-0.5) are presented in Fig. 11. Close agreement of results of calculations with
experimental data was obtained by using C;=-0.25 and -0.5. With the lift force represented as a
function of E6tvos number the results are close to the calculation with Cjix=-0.025. The reason may be
in larger bubble size that took place in the experiment (~5 mm). As could be seen from Eqns. (5-8), the
lift force depends on Edtvos number EG and changes its direction when bubble size exceeds a critical
value.

Comparing this to simulations described above in Validation Series A it can be seen that different
values of Cyix are needed for surface boiling and adiabatic flow to get agreement with experimental
data. So, development of the lift force model should be continued.
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Fig.11. Numerical and experimental void fraction and water and vapor velocity as a function of
dimensionless radial distance

Khlopushin, Tarasova and Boronina experiments

Wall friction in surface-boiling water flow in a vertical channel was studied in Khlopushin, Tarasova
and Boronina experiments [18]. In these experiments illustrated schematically in Fig. 12, subcooled
water is fed upwards into vertical pipe of inner radius 4.125 mm and length 0.5 m. The pipe wall is
heated by direct electric current. Each series of tests was carried out at constant pressure, mass flux
and heating. Inlet water subcooling was varied. Regimes without surface boiling developed first, then
followed regimes with gradually increasing surface boiling length. A test series was finished when
outlet water nearly reached saturation temperature under the conditions of the experiment. Inlet water
temperature, heating and mass flux were varied for different experiments, and the length of section
with surface boiling and pressure drop along this section were measured in the experiments.

Aim of numerical simulations is to compare numerical results on drag as a function of water sub-
cooling to experimental data (pressure drop in the pipe as a function of the section with surface
boiling). Calculations were performed for pressure is P=2.45 MPa, wall heat flux q=0.625 MW/m’,
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inlet mass flux of water G; =2000 kg/(m®-s), saturation temperature Ts;=496 K. The other parameters
of this problem are given below. All calculations were performed using standard STAR-CD models
with turbulence, turbulent dispersion force, virtual mass with the coefficient Cyy=0.5, lift force with
the coefficient C,x=0.25, and interfacial drag (Wang curve fit [3]). Bubble diameter was set to
Dy=1 mm. A comparison between numerical and experimental data is given in Fig. 13. Overall rather
good agreement between numerical and experimental data was obtained in calculations.
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of drag in surface-boiling water
2.3 Validation Series C
Bartolemei and Gorburov experiments

Upward flow with condensation of steam in vertical
2 m-long pipe of diameter 32 mm with adiabatic (no-
heated walls) was studied in the Bartolemei and
Gorburov  experiments [19]. Schematic of the
experimental section is presented in Fig. 14. A steam- -
water mixture was created in a mixing chamber attached
to the bottom of the pipe. Due to the sub-cooling of the
water, steam is condensed as the mixture moves up the .
pipe. In the experiments the averaged per section void Mlxmg_, jswam
fraction along the pipe was measured, and these data are chamber
used for comparison with calculated results.

Void fraction
measurement
section

()

Subcooled water

Fig. 14. Schematic of experimental
section for study of condensation
Calculations were performed for experiments #5-a and 7-b, parameters of experimental set-up
(pressure P, mass flux of water G, water sub-cooling and void fraction at the mixing chamber outlet
ATgp and @) are presented in Table 3.
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Table 3. Parameters of experimental set-up

Experiment# | P, Mpa G, kg/(mz-s) AT s, K a
5-a 2 250 15 0.25
7-b 3 420 35 0.4

Inter-phase heat transfer was calculated with constant Nusselt number Nu=2, bubble diameter
was assumed constant D,=2.3 mm corresponding to Nu=2. Results of calculations in comparison
with experimental data are presented in Fig. 16 as STAR-CD. Good agreement between numerical
and experimental results has been achieved. Discrepancy is observed only at low void fractions.

A possible way to improve the

. . . & Experiment 5-a
results at low void fractions is to

1754 -------------
. . . —STAR-CD 5-a
introduce void-fraction-dependent s _
bubble diameter during condensation ' STAR-CD 5-a variable D
below a specified threshold void 125 \\ - A Experiment 7-b

fraction, see Ref. [1]. That is, changing £
the bubble size in simulation of
condensation instead of changing the
number of bubbles (as is done in the
standard condensation model). Results
of these calculations are also presented
in Fig. 15 as STAR-CD variable D.

— STAR-CD 7-b variable D

T
|
|
I
|
|
I
|
:
|
: —STAR-CD 7-b
|
|
I
I
I
|
|
|
|
|

0.3 0.4

Fig.15. Void fraction as a function of axial distance

2.4 Validation Series D

Koizumi, et al., experiments

Upward steam-water dispersed flow was studied in r
Koizumi, et al., experiments [20]. The experiments were
performed for two set-ups: one rod in a channel (the heated
rod in this case was located in a circular pipe, the pipe and
the rod being coaxial) and a bundle of 25 rods in a channel
of square cross-section. In both cases, steam-water mixture
was fed into the measuring channel, and there was no liquid
film on the heated rods. Film can develop, however, on
lower parts of the rods due to droplet deposition from the
flow. Schematic of experimental section for single rod set-up |
is presented in Fig.16. In the experiments, axial °
distributions of rod surface temperature was measured for I T R

Steam-Water

Wall heat
flux, q

various wall heat flux: q=346-493 kW/m’.

Fig.16. Schematic of experimental
section for study of disperse flow

Numerical simulation of single-rod experiments (length of channel 2 m, radius of channel 11 mm,

radius of heated rod 6.135 mm) was performed for pressure P=3 MPa, temperature of steam-water
mixture and void fraction at inlet T=507 K and &=0.012 and mass flux of mixture G=310 kg/(m*s).
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Standard STAR-CD models for turbulent dispersion force, virtual mass and lift force were used in the
calculations.

Simulated axial distributions

of rod surface temperature are :822? ZS
presented in  Fig. 17 in 4 Q=367 Exp.
comparison with experimental  oion o
data. Note, that liquid film was | —Q=346, star-CD
not modeled numerically. The & : :822; 2:::83
temperature of the heated rod in g —Q=439, Star-CD
simulations starts to rise in the . ® 797493, Star-CD
lowest point with heating (the

annulus inlet). The coordinate

of this point is assumed to be

equal to the dry-out point in the

experiment. The data shown in
Fig. 17  suggest that at
<367 kW/m*> temperature is

Z (m)

Fig.17. Axial distributions of rod surface temperature

over-predicted, while at
o>367 kW/m*> it is under-
predicted.

3. Conclusion and Future Model Validation Plans

The CFD-BWR validation plan includes a staged approach with several series of test-cases
focused on specific two-phase flow phenomena or integrated experiments. The goal of specific two-
phase phenomena analysises is to validateand improve the current models used for the forces,
turbulence, bubble and droplet diameter, etc. for all inter-phase surface topologies typical for a BWR
fuel assembly. Currently, the validation series A, B and C have been almost completed, and
simulations of test-cases series D have been started. While the initial validation effort was focused on
the bubbly two-phase flow topologies, future work will also validate the models used for other BWR
two-phase flow topologies Along with validation of the models of separate two-phase phenomena
involved, validation of the code through analyses of integral test-cases (series I) that include flow
channels with multiple inter-phase surface topologies and rod bundle experiments (series M),
including bundles with spacers, has been started.
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