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ABSTRACT
In recent years, a commonly adopted approach is to use Computational Fluid
Dynamics (CFD) codes as computational tools for simulation of different aspects of the
nuclear reactor thermal-hydraulic performance where high-resolution and high-fidelity
modeling is needed.
Within the framework of this PhD work, the CFD code STAR-CD [1] is used for
investigations of two phase flow in air-water systems as well as boiling phenomena in
simple pipe geometry and in a Boiling Water Reactor (BWR) fuel assembly.
Based on the two-fluid Eulerian solver, improvements of the STAR-CD code in
the treatment of the drag, lift and wall lubrication forces in a dispersed two phase flow at
high vapor (gas) phase fractions are investigated and introduced. These improvements
constitute a new two phase modeling framework for STAR-CD, which has been shown
to be superior as compared to the default models in STAR-CD.
The conservation equations are discretized using the finite-volume method and
solved using a solution procedure is based on Pressure Implicit with Splitting of
Operators (PISO) algorithm, adapted to the solution of the two-fluid model.
The improvements in the drag force modeling include investigation and
integration of models with dependence on both void fraction and bubble diameter. The
set of the models incorporated into STAR-CD is selected based on an extensive
literature review focused on two phase systems with high vapor fractions.
The research related to the modeling of wall lubrication force is focused on the
validation of the already existing model in STAR-CD.
The major contribution of this research is the development and implementation
of an improved correlation for the lift coefficient used in the lift force formula. While a
variety of correlations for the lift coefficient can be found in the open literature, most of
those were derived from experiments conducted at low vapor (gas) phase fractions and
are not applicable to the flow conditions existing in the BWRs. Therefore, it is important
to extend validity of the current correlations for the lift coefficients to higher void (gas)
phase fractions. After investigating the underlying physics and analyzing a large amount
of experimental data, an improved model for lift force at different void fraction levels,
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including large bubbles and slug flow regime, is proposed. The model is implemented in
STAR-CD and validated.
The validation of the models is performed against five different experiments,
characterized by different geometries at different boundary conditions. Comparison with
the already existing models in STAR-CD code is performed and it is found that the
newly integrated force models for drag and lift forces leads to more accurate void
distribution predictions.
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CHAPTER 1
INTRODUCTION

1.1

Background
The accurate prediction of detailed void distribution inside the fuel rod bundles is

regarded as an important step towards advancement in the uninvestigated field of twophase flow theory with very important relevance to the nuclear reactors’ safety margins
evaluation. In regard to the numerical model of void distribution, no sound theoretical
approach that can be applied to a wide range of geometrical and operating conditions has
been developed. In the past decade, experimental and computational technologies have
tremendously improved though the study of the two-phase flow structure. Over the next
decade, it can be expected that mechanistic approaches will be more widely applied to
the complicated two-phase fluid phenomena inside fuel bundles. The development of
such mechanistic approaches depends on the availability of mathematical models and
experimental correlations.
The fluid flow and heat transfer encountered in reactor safety analyses are often
very complex due to reactor geometries and occurrence of two-phase flow. In recent
years, an adopted approach is to use Computational Fluid Dynamics (CFD) codes. CFD
codes have the potential for three-dimensional (3D) treatment of the flow distribution for
very fine computational cells. They are able to give acess to smaller scale flow
processes, better understanding of the physical situation and more accurate estimates of
the safety margins. However, the CFD codes have been mostly developed for the
prediction of single phase flow phenomena and two phase flow at relatively low volume
fractions (<10%) of the dispersed phase. The prediction of two phase flow at higher void
fraction poses additional problems. The inter-phase momentum, heat and mass transfer,
turbulence effects and flow regimes transition are all not well understood due mostly to
lack of experimental data focused on more microscopic processes.
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Furthermore, full scale experiments with sufficient instrumentation are often
extremely difficult and expensive to perform due to their size and adverse conditions. In
regards to this, the Nuclear Power Engineering Corporation (NUPEC) developed one of
the most valuable database idenitified for thermal-hydraulics modeling, which includes
void fraction measurements in a representative Boiling Water Reactor (BWR) fuel
assembly. This database was provided for an international benchmark activity called
NUPEC BWR Full-size Fine-mesh Bundle Test (BFBT) Benchmark [2-3]. The
objective of the bechmark is to encourage the development of novel next generation
approaches that focus on more microscopic processes. Based on state-of-the-art
computer tomography (CT) technology, the void distribution was visualized at the mesh
size smaller than the sub-channel (microscopic data) under actual plant conditions. A
special chapter of this PhD thesis is devoted to the description of the available data and
measurement systems.
Within the framework of this PhD work, the CFD code STAR-CD [1] is used for
investigations of two phase flow in air-water systems as well as boiling phenomena in a
simple pipe geometry and in a BWR fuel assembly. STAR-CD has already existing two
phase flow modeling capabilities, which are named in this thesis as default models.
Based on the two fluid Eulerian solver, new boiling modeling framework has been
developed in this work to allow detailed analysis of two phase flow and heat transfer
phenomea in a BWR fuel assembly.
Suitable physical models are developed, implemented, and qualified in this PhD
research to close the two fluid models over the full range of air/vapor void fractions.
Such models include those describing drag, lift and wall lubrication effects for gasliquid systems.
Evaluation of those models is performed with reference to the experimental data
provided within the BFBT benchmark project and additional data obtained from
literature.
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1.2

Statement of objectives
The objectives of this PhD research are formulated as development,

implementation, and qualification of the two phase flow models in the CFD code STARCD. Such improvements lead to better predictions of the dispersed phase distribution in
simple geometry components such as pipes as well as complex geometries such as BWR
fuel assembly. These improvements account for the momentum interfacial transfer and
modeling of the forces acting on the dispersed phase such as drag, lift and lubrication
forces. The models cover different flow regimes at various phase fraction and turbulence
flows.

1.3

Research contributions
A major part of the work in this PhD research is focused on the development of

detailed CFD mesh model of a BWR fuel assembly. This includes sensitivity studies of
different mesh types and their validation for single phase pressure drop at different
turbulence levels.
Another major contribution is the investigation in the treatment of drag, lift and
wall lubrication forces in dispersed two phase flow at high vapor (gas) phase fractions.
The research related to the modeling of drag at high vapor fractions includes the
implementation of different drag models, available in the literature, and their
comparison with the already existing STAR-CD drag models. Validation of these
models is performed against experimental data for air-water systems in sudden
enlargement pipe and a simple pipe problems at different mass flow rates and turbulence
levels. Validation against radial void distribution measurements is performed in a simple
pipe boiling experiment as well as in a BWR fuel assembly test.
The major contribution of this research is the development and implementation
of an improved correlation for the lift coefficient used in the lift force formula. Most of
the currently existing lift coefficient correlations cover only low vapor (gas) phase
fraction conditions and are not applicable to the flow conditions existing in the BWRs.
Therefore, it is important to extend validity of the current correlations for the lift
coefficients to higher void (gas) phase fractions. After investigating the underlying
3

physics and analyzing a large amount of experimental data, an improved model for lift
force at different void fraction levels, including large bubbles and slug flow regime, is
proposed. The model is implemented in STAR-CD and validated. Those models are
compared with the already existing STAR-CD lift force models. Validation of those
models is again performed with the experimental data in a sudden enlargement pipe and
simple pipe problems as well as in a pipe boiling experiment and a BWR fuel assembly.
The research related to the modeling of wall lubrication force is focused on the
validation of the already existing model in STAR-CD.
The above listed two phase flow model improvements have led to establishing a
new two phase modeling framework for STAR-CD, which resulted in more acurate void
distribution predictions.

1.4

Thesis outline
Chapter 2 discusses the experiments utilized for the validation purposes. It gives

detailed description of the BFBT benchmark measurement methods used in the void
distribution tests. A description of the detailed void distribution (microscopic) data from
the BFBT database that can be used for assessment/validation of the proposed CFD
model improvements is provided.
Chapter 3 provides an evaluation of the single phase modeling capabilities of the
STAR-CD and FLUENT [1, 4] codes. It also describes the pressure drop code-to-data
comparisons, performed as a part this PhD work for single phase pressure drop
validation. The fuel assembly type, heater rods and spacer data are specified.
Chapter 4 describes the current STAR-CD two phase flow capabilities along
with a brief description of the solution procedure for two phase flow application. A
description of the CFD models for sudden enlargement pipe and simple pipe test
experiments is provided along with a demonstration of solution procedure applicability.
Chapter 5 gives an overview of the two fluid closure modes existing in STARCD.
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The modeling of drag in dispersed two-phase systems is discussed in Chapter 6,
including literature survey related to previous modeling efforts. Several models are
compared with data from the literature in order to assess their validity.
The purpose of Chapter 7 is to contribute to the development of correlations for
the lift force in dispersed two-phase systems. First, the literature related to the modeling
of the lift force in dispersed gas-liquid is reviewed and an improved lift force model is
proposed. The performance of different models is assessed against experimental data for
four test cases.
Chapter 8 validates the already existing in STAR-CD wall lubrication force
model and the common effect of all inter-phase momentum transfer models is analyzed.
Description of the extended boiling framework is included as well as results for the test
case 4101-55 of the BFBT benchmark are presented.
Finally, in Chapter 9, the main findings and conclusions are summarized.
Various outstanding issues are identified and suggestions for future research are given.
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CHAPTER 2
EXPERIMENTS UTILIZED FOR VALIDATION PURPOSES

The experiments described in this chapter are used to assess the accuracy of the
single and two phase flow models as well as the solution procedure in order to identify
their deficiencies and the necessary improvements to be made. The ideal experiment
should have well characterized geometry and boundary conditions. Also local
measurements of the phase volumetric fraction, phase velocities and turbulence
quantities should be available.
There are multiple experiments performed for gas-liquid systems. A summary of
experiments relevant to the current studies is given in Table 2-1.
Table 2-1 Overview of experiments with gas-liquid systems
Test case
Vertical pipe
Sudden enlargement
Boiling flow

Reference
[5-9]
[10-12]
[2, 13-17]

Low void
YES
YES
YES

High void
YES
YES
YES

The present research is focused on dispersed flows at high void fractions
associated with small to large bubbles. The void fraction of the dispersed phase should
be high ( α > 20% ).
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2.1

Validation exercise 1 - sudden enlargement in a circular pipe experiment by
Bel F’dhila et al. [10]
The experiment based on Bel F’dhila et al. [10] includes investigations of

turbulent concurrent bubbly upward flow through a sudden area expansion. This
experiment is important because of the specific flow conditions developed: high level of
turbulence and strong shear stresses with significant radial pressure gradients. The
experiment is used to assess the interfacial force models that are already implemented in
the STAR-CD code (default models) as well as new models identified in an extensive
literature review. Those models will be described in a separate chapter of this work.
The experimental facility consists of two vertical pipes of 5 and 10 cm diameters.
The overall height is 12 m and the abrupt expansion is located 9 m from the air-water
inlet section to be sure that bubbly flow is fully developed. The geometry is shown in
Figure 4-1. The maximum liquid flow rate is 6 l/s and corresponds to a superficial
velocity of up to 3 m/s before the expansion. Air is injected in the nozzle of a venture
through an annular slot with void fraction up to 30 %. The pipes are instrumented with
impedance flush probe located upstream and downstream the expansion section to
measure the section average void fraction. It is equipped with venturies for liquid flow
rates and calibrated rotameters for air mass flow rates. To measure reverse flow close to
the wall in the expansion area, probes are turned down to point the sensor opposite to the
direction of the flow.
In the experiment, the profiles of mean and root mean square (r.m.s.) velocities
(axial and radial components), and of the phase fraction are measured at six cross
sections: y = -20, 70, 130, 180, 250 and 320 mm, where y = 0 mm corresponds to the
elevation of the sudden expansion. Several sets of measurements for different liquid and
gas flow rates have been conducted by Bel F’dhila et al. as shown in Table 2-2, where

U LS ( m / s ) and UGS ( m / s ) are the superficial velocities for each test. Uncertainties
associated with the measurements were not provided in [10].
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Flow
direction
12 m
y
50 mm
x
25 mm

Figure 2-1 Pipe geometry (Bel F’dhila et al. [10])

Table 2-2 Experimental boundary conditions (Bel F’dhila et al. [10])
Test run

1.1

1.2

1.3

2.1

2.2

2.3

U LS ( m / s )

1.57

1.57

1.57

1.97

1.97

1.97

UGS ( m / s )

0

0.3

0.61

0

0.3

0.61

2.2

Validation exercise 2 – phase distribution and turbulence measurements in
bubbly two-phase flows in a circular pipe, an experiment by Wang et al. [9]
This test case is based on experiments performed by Wang et al. [9]. It is chosen

because the experiments include turbulent bubbly air-water two-phase up and down
flows in a circular test section. Only the upward flow experiments were considered in
this research. The mean and fluctuations in the axial liquid velocity and the local void
fraction are measured at L / D = 35 via cylindrical hot–film probe. To measure the
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Reynolds stress components in the liquid phase a 3-D conical probe was used. A
diagram of the experimental facility is shown in Figure 2-2.

Figure 2-2 Schematic of the experimental facility (Wang et al. [9])
The experimental test section, shown in Figure 2-3, consists of a pipe with
diameter of 57.2 mm.
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10 cells

Flow
direction
3m
0.025 m

y
x

Figure 2-3 Pipe geometry (Wang et al. [9])
The measurements were performed at the flow conditions defined in Table 2-3.
Only experimental set II was considered in the current analysis because data for the
liquid velocity and turbulent fluctuations were provides.

Table 2-3 Wang [9] experimental conditions
Experimental set I

Experimental set II

Experimental set III

U LS = 0.43 m / s

U LS = 0.71 m / s

U LS = 0.94 m / s

Red = 21300

Red = 34000

Red = 44000

U GS = 0.10, 0.27, 0.4 m / s

U GS = 0.10, 0.27, 0.4 m / s

U GS = 0.10, 0.27, 0.4 m / s

In the above table U LS and UGS are the superficial liquid and superficial air
velocities, respectively, and Red is the Reynolds number of the dispersed phase. The
error associated with the void measurement is ± 5% and is defined using standard
propagation-of-error techniques. Error associated with the turbulence quantities is not
provided in [9].
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2.3

Validation exercise 3 – an experiment by Bartolomei and Chanturiya [14]
This experiment is based on bubbly flow regime and is chosen for the study of

two phase flow and phase change phenomena. It involves upward boiling water flow in
a 2 m long heated pipe of 15.4 mm diameter. The pressure in the pipe is maintained at

P = 45 bar . The inlet water is a sub-cooled of ∆Ts = 60 K and the mass flux is
Gs = 900 kg / m 2 s . A heat flux of q = 0.57 MW / m2 is applied uniformly along the pipe

wall. Axial distributions of the wall temperature, bulk liquid temperature and bulk void
fraction were measured and therefore available for comparison with the computed
results. Figure 2-4 shows the pipe geometry used in the Bartolomei and Chanturiya [14]
experiment. Errors associated with the measurements are not provided in [14].

Flow
direction
2m
0.0154 m

y
x

Figure 2-4 Pipe geometry (Bartolomei and Chanturiya [14])
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2.4

Validation exercise 4 - OECD/NRC BWR Full-size Fine-Mesh Bundle Tests
(BFBT) Benchmark
One of the most valuable databases identified for thermal-hydraulics modeling

was developed by the Nuclear Power Engineering Corporation NUPEC [2], Japan which
includes sub-channel void fraction measurements in a representative BWR fuel
assembly as well as microscopic void distribution measurements in the very fine mesh
of 0.3×0.3 mm that can be utilized for new developments of analyses and techniques
focusing on microscopic processes. Part of this database has been made available for the
OECD/NRC BFBT international benchmark activities.
2.4.1

BFBT benchmark objectives
The OECD/NRC BWR Full-size Fine-Mesh Bundle Tests benchmark [2-3] has

the objective to encourage advancement in sub-channel analysis of two phase flow in
rod bundles as well as to develop novel next-generation approaches that focus on more
microscopic processes such as void distribution within the sub-channel. The performed
analysis have great relevance with regard to nuclear reactor safety margin evaluation.
2.4.2

Benchmark phases and exercises
The OECD/NRC BFBT benchmark consists of two phases with each phase

consisting of different exercises. The benchmark phases and exercises are described
below.
Phase I – Void distribution benchmark
The purpose of this benchmark phase is threefold:
To provide data for validation of numerical models of void distribution;
To provide data over a wide range of geometrical and operating conditions for
the validation of void distribution models;
To provide data for development of mechanistic approaches widely applicable to
the two-phase fluid phenomena inside fuel bundles.
Phase I includes four exercises:
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Exercise 1 – steady-state sub-channel grade benchmark, where sub-channel,
meso- and microscopic approaches can be used;
Exercise 2 – steady-state microscopic grade benchmark, where meso- and
microscopic approaches and molecular dynamics can be utilised;
Exercise 3 – transient macroscopic grade benchmark, where a sub-channel
approach can be applied
Exercise 4 – uncertainty analysis of the void distribution benchmark.
Phase II – Critical power benchmark
The purpose of this benchmark is to develop truly mechanistic models for critical
power predictions. Phase II includes three exercises:
Exercise 0 – steady-state pressure drop benchmark;
Exercise 1 – steady-state benchmark, which applies a one-dimensional approach
with BT correlations and sub-channel mechanistic approach;
Exercise 2 – transient benchmar, which applies a one-dimensional approach with
BT correlations and sub-channel mechanistic approach.
Exercise 0 of Phase II is used for validation of the FLUENT [4] single phase
pressure drop predictions.
Exercise 2 of Phase I is the one of interest in this work, since it provides a very
detailed void distribution data which can be used for validation of the CFD codes twophase flow predictions. This data was collected employing special measurement
systems.
2.4.3

Void distribution measurement techniques
Two types of measurement systems were employed for the void distribution

measurements; an X-Ray densitometer and an X-Ray CT scanner.
The fine mesh void distributions were measured using X-Ray CT scanner,
located 50 mm above the heated length of the test bundle. The location of the
measurement system is illustrated in Figure 2.1.
The system consists of an X-Ray tube and 512 detectors. In order to avoid the
effect of the two-phase flow fluctuations, the collection of projection data was repeated
and the results were time-averaged. The attained spatial resolution was as small as
13

0.3mm×0.3mm. Figures 2.2 and 2.3 show the detailed void distribution measurement
performed by the X-Ray CT scanner.
The X-Ray CT scanner is also used for chordal averaged void fraction
measurements. During these measurements the X-Ray CT scanner is not rotated but
fixed. The data given in Table 2-5 is the data collected as it is averaged over nine
measurements taken during nine repetitions of the same test case. The averaging is
performed over more than 400 pixel elements.
The estimated accuracy of main process parameters for void distribution
measurements is given in Table 2-4.

Figure 2-5 Actual axial location of the measurement system (BFBT benchmark [2])
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Scanning section

Measuring structure

Scanning method

Figure 2-6 Void fraction measurement system (BFBT benchmark [2])

Figure 2-7 X-Ray CT scanner measurement method (BFBT benchmark [2])
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Table 2-4 Estimated accuracy of main process parameters for void distribution
measurements
Quantity
Pressure
Flow
X-ray CT scanner
Local void fraction
Sub-channel void fraction

Accuracy
1%
1%
8%
3%

Table 2-5 Chordal average void fraction measurement (BFBT benchmark [2])
CT Subchannel Averaged Void Fraction(%)
y/x
1
2
3
4
5
6
1
22
32.4
26.5
27.7
32.2
24.9
2
31.2
32.3
28.8
29.3
31.8
28.4
3
30.1
28.1
22.6
21.4
26.1
17.4
4
26.9
29.5
18.5
11
14.4
11.4
5
27.4
34.2
22.9
15.4
0
12.4
6
30
27.4
18.9
15.3
12.5
16.8
7
26
32.3
24.2
15.6
19.7
18.2
8
30.8
32.7
26.8
24.9
24.2
26.3
9
20.3
35.7
32.5
26.1
24.8
27.4
The cross sectional averaged void fraction is averaged over

7
8
9
24.2
35.1
25.8
26.8
27.2
31.2
23.5
28.9
29.2
16.6
24.1
27.5
16.5
28
22.8
15.3
20.9
25.3
21.9
26.5
28.6
23.5
30.5
36.9
26.9
32.4
29
more than 100,000

pixel elements. The data is shown in Table 2-6.
Table 2-6 Cross sectional averaged void fraction (BFBT benchmark [2])
CT Cross-Sectional Averaged Void
Fraction(%)
25

The X-Ray densitometer measurements were performed at several axial
elevations. The measurement method is shown in Figure 2-8. During the measurement
the X-Ray densitometer was fixed (not rotated) at a particular axial position.
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Figure 2-8 X-Ray Densitometer measurement method (BFBT benchmark [2])

There are two types measurements performed with the X-Ray densitometer. The
first one is called chordal averaged void fraction measurement and the other is bundle
averaged void fraction at a particular elevation.
The X-Ray densitometer chordal averaging is done from west to east (or xdirection) and the order of data collection is from north to south (or y-direction, y=1 to
9) as shown in Figure 2-9.

Figure 2-9 Void fraction measurement directions (BFBT benchmark [2])

Table 2-7 shows the X-Ray densitometer chordal averaged void fraction data at a
different axial elevation as illustrated in Figure 2-9. Table 2-8 gives the bundle averaged
void fraction at a particular axial location.
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Table 2-7 X-Ray densitometer chordal averaged void fraction data (BFBT
benchmark [2])
DEN.Chordal Averaged void Fraction (%)
DEN.No
ROD1 ROD2 ROD3 ROD4
DEN.#1
20.5
19.3
8.2
8.4
0.0
0.0
0.0
DEN.#2
0.0
0.0
0.0
0.0
0.0
DEN.#3

ROD5
7.6
0.0
0.0

ROD6
6.4
0.0
0.0

ROD7
6.1
0.0
0.0

ROD8
17.9
0.0
0.0

Table 2-8 Bundle averaged void fraction at a particular location
(BFBT benchmark [2])
DEN.Cross-sectional
Averaged void
Fraction(%)
DEN.#1
12.4
DEN.#2
0.0
DEN.#3
0.0

2.5

Validation exercise 5 – experiment by Van Der Welle [18]
This test case is based on experiments performed by Van Der Welle [18]. The

experiments were performed in atmospheric vertical air-water flows for cross sectional
averaged void fractions between 0.25 and 0.75 and superficial liquid velocities of 1.3,
1.7 and 2.1 m/s. Local values of void fraction were measured by resistivity probe
technique over the range of 0 ≤ α ≤ 1 . The test section consists of a straight perspex pipe
of 100 mm inside diameter. The measurements were performed with a probe assembly
which is located at a height of 3.5 m. The flow condition data is given in Table 2-9.
Experimental errors are not provided in [18].
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ROD9
17.3
0.0
0.0

This experiment is utilized exclusively for validation of the new proposed lift
force model that covers flow regimes associated with void fraction larger than 25% .
The new proposed lift model is described in Section 5.2.
Table 2-9 Flow condition data
α

0.25
0.38
0.5
U SL
1.7
Test 31 (0.7)
Test 32 (1.5)
Test 33 (3.2)
Note: bracketed values refer to the superficial gas velocity

0.63
Test 31 (5.6)

Measurement
location

Flow
direction

3.5 m

5m
0.05 m

y
x

Figure 2-10 Pipe geometry (Van Der Welle [18])

2.6

Summary
Five different experiments are utilized for validation purposes. Validation

exercise 1 is a sudden expansion in a circular pipe experiment performed by Bel F’dhila
et al. [10], which provides void distribution and turbulence quantities measurement.
Validation exercise 2 is based on two phase air-water experiments performed by
Wang et al. [9], which provides us with void distribution and turbulence quantity
measurements at L/D=35 for flow rates with different magnitude and Reynolds numbers.
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Validation test exercise 3 by Bartolomei and Chanturiya [14], which is chosen
for this study because of the phase change related to sub-cooled boiling phenomena.
Two exercises case of the OECD/NRC BFBT benchmark [2-3] are of interest for
this PhD work. Exercise 0 of Phase II is utilized for validation of the STAR-CD code [1]
capabilities of accurate prediction of the single phase pressure drop in rod bundles.
The state-of-the-art measurement techniques, used to collect the BFBT database,
provided fine mesh void distributions at different axial elevations of a full size BWR
fuel rod bundles. This detailed void distribution data, which is available as part of
Exercise 2 of Phase I of the BFBT benchmark, is used to develop novel approaches that
focus on microscopic processes as well as to assess and validate the multiphase flow
models of the STAR-CD CFD code. The performed analysis has great relevance with
regard to nuclear reactor safety margin evaluation.
Validation exercise 5 is solely utilized for validation of the newly proposed lift
force model, described in Section 5.2
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CHAPTER 3
SINGLE PHASE PRESSURE DROP MODELING

3.1

Background
The OECD/NRC BFBT benchmark data was applied to single phase pressure

drop investigation. The single phase pressure drop comparisons with measured data are
common validation procedures utilized in the analyses of thermal-hydraulic codes.
The BFBT pressure drop database consists of detailed single-phase pressure drop
measurements along the axial length of a BWR high burn-up fuel assembly at various
Reynolds numbers. These data was used initially to assess the FLUENT CFD code [4],
however due to the limited support from the FLUENT developers as well of licensing
limitations, the work was performed with another commercial CFD code STAR-CD.

3.2

Description of the BFBT test facility
The pressure drop measurements were performed at the NUPEC BWR BFBT

experimental facility [2]. The facility is able to simulate high-pressure, high-temperature
fluid conditions found in BWRs. The test section consists of a pressure vessel, a
simulated flow channel and electrodes. The simulated full-scale BWR fuel assembly was
installed within the vessel as shown in Figure 3-1.
A typical high burn-up BWR fuel assembly was used for these measurements. It
consists of 8×8 electrically heated rods with one large water rod in the middle of the
bundle. The electrically heated rods have a diameter of 0.0123 m. The water rod
diameter is 0.034 m. The heated rods pitch is 0.0162 m. Inchannel flow area is 0.009436
m2. Total axial heated length is 3.708 m.
The rod bundle is constructed with seven spacer grids. The grid straps are made
of Inconnel 600 with thickness of 0.5 mm and height of 31 mm.
Figure 3-2 shows the spacer grids and their axial location in the fuel bundle.
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Absolute and differential pressures were measured using diaphragm transducers.
The inlet flow rate was measured using a turbine flow meter. The bundle pressure drop
was monitored at several locations as shown in Figure 3-3.

Figure 3-1 Cross-sectional view of the BTBF test section (BFBT benchmark [2])
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455
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Heated length 3708 mm

512
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31
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Flow

Figure 3-2 Spacer grid top view and axial position (BFBT benchmark [2])
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512 [mm]

512 [mm]

∆ P 306
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1024 [mm]

682 [mm]

∆ P 308

Figure 3-3 Axial pressure tap location (BFBT benchmark [2])
Note: PT stands for pressure tap
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The data set includes mass flow rates and pressure drops at various locations
along the length of the test section. There are several types of pressure drop
measurements that include a single grid, three grids and the bare bundle region between
the grids. One span of a spacer grid is defined by a section of the fuel assembly with
axial length of 512 mm and one spacer grid in the middle of the length. The bare region
pressure drop measurements represent the frictional loss for the bare portion of the
bundle, while the remaining measurements include the bare region frictional loss and the
loss associated with the grid spacers within the measurement span.
Water entered in the test section at approximately 285 ºC and Reynolds number
ranging from 8.07×10-4 to 27.79×10-4. The flow velocity is calculated from the
volumetric flow rate using the average bare bundle flow area of 0.009436 m2. Table 3-1
shows the range of the boundary conditions chosen for the STAR-CD assessment.

Table 3-1 Single phase flow boundary conditions (BFBT benchmark [2])
EXPERIMENTAL DATA
Test Number Outlet Pressure Inlet Temperature
Flow Rate (t/h)
(MPa)
(deg-C)
P70027
7.15
284.9
20.3
P70028
7.16
285.1
24.9
P70029
7.16
285.1
29.8
P70030
7.16
285.7
34.7
P70031
7.16
285.6
39.7
P70032
7.16
285.3
44.6
P70033
7.15
284.7
55
P70034
7.15
284.8
59.7
P70035
7.16
284.6
64.8
P70036
7.15
284.8
69.9

Reynolds
number ×104
8.07
9.91
11.86
13.82
15.81
17.75
21.86
23.74
25.76
27.79
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3.3

Description of the computational model based on the BFBT fuel bundle
The generation of a CFD model comprises of several steps [19]. First, the flow

domain should be defined. In this work, the flow domain was created by using the
commercial software GAMBIT [20] and STAR-CCM [21]. GAMBIT is mostly used to
built up the geometry of interest and generate the mesh for the fluid domain. It defines
the boundaries of the solid structures such as walls of the spacer grids and the fuel rods,
the can walls, the inlet and outlet surfaces, the fluid interior and symmetry or periodicity
if observed.
The second step involves the application of a solver such as STAR-CD, which
gives the solution of the flow domain. The appropriate flow boundary conditions were
defined and applied to the model.
3.3.1

Building the geometry
One of the most used approaches to create a model is to construct the geometry

by creating solid volumes (bricks, cylinders, spheres etc). The solid volumes are then
manipulated through Boolean operations (unite, substract, etc.) in order to arrive at a
model as the one shown in Figure 3-4.

Figure 3-4 BFBT spacer grid model without heating elements [2]
In the initially developed model, the spacer grid was supporting the fuel rod at
five locations on two opposing sides. On one side of the rod, four spherical dimples
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were touching the heating elements, two at the top and two at the bottom of the spacer
grid. On the opposing side the grid was supporting the rod via a metal strap. The original
shape of the spacer grid dimples and straps is shown in Figure 3.5a.
In order to facilitate the meshing process and to avoid highly skewed elements,
the spherical dimples were changed with cylinders having the same radius. The position
of contact was defined as the cross section between the cylinder of the dimple and fuel
rod. This method of geometry simplification is sometimes called filling considering the
additional material used to turn the sphere into cylinder. Filling method was applied as
well when a contact between the spacers of two adjacent rods was modeled. The
simplifications in the spacer grid geometry are shown in Figure 3-5 a) and Figure 3-5c).
12.3

0.5
1.45 0.5

0.72

31

15.5

filling with
0.73

material
1.45

1.45
0.73
12.3

10.2

0.5

filling with

16.2

material
a) Original spacer geometry
around the heating element

b) Modification 1

c) Modification 2

Figure 3-5 Modifications in spacers geometry
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The errors introduced by these simplifications will not be significant since the
blockage area defined by the original dimples and strap is close to the modified ones.
Another way to handle the meshing process is to split the fluid domain along the
axial plane around the heating rods. This creates additional edges and allows the mesh to
be defined in the axial direction around the surface of the rod. An example of the
splitting process is shown in Figure 3-6. Figure 3-6 shows the individual parts created by
the splitting operation.
Because of the current computer memory limitations a quarter of the fuel
assembly was modeled.

Figure 3-6 Splitting of model to create additional curves for meshing
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3.3.2

Mesh generation
The computational time and resources as well as the numerical diffusion dictate

the type of meshing scheme to be applied. As already mentioned, GAMBIT and STARCCM are the main tools utilized for mesh generation. Both tools provide several
meshing schemes. These are Hex-Map, Hex-Submap, Hex-Cooper, Hex-Tet-Primitive,
Hex-Stairstep and Tet-Hybrid, the usage of which is determined by the topological
characteristics of the volume as well as the vertex types associated with its faces. STARCCM has also polyhedral meshing capabilities.
The Hex-Map, Hex-Submap scheme includes only structured grid of hexahedral
mesh elements. Hexahedral mesh element can be seen in Figure 3-7a. The mesh
generated by the upper two meshing schemes is the most economical one, since they
permit a much larger aspect ratio than triangular/tetrahedral cells. This type of mesh is
used for the fluid domain around the spacer structures and the fuel rod as shown in
Figure 3-8a.
The Hex-Cooper scheme projects the mesh node patterns of specified source
faces through the volume. This type of meshing scheme is applied for the fluid domain
above and below the spacer grid as shown in Figure 3-8b.
Hex-Tet-Primitive meshing scheme applies only to volumes that constitute
logical tetrahedral. To constitute a logical tetrahedron, the volume must include only
four faces, each of which constitutes a logical triangle. Tetrahedron is shown in Figure
3-7b. This meshing scheme was intentionally avoided in order to save CPU time as well
as to reduce the numerical diffusion and to get faster convergence.
Tet-Hybrid meshing scheme specifies that the mesh constitutes primarily of
tetrahedral mesh elements but may include hexahedral, pyramidal and wedge elements
where appropriate. This type of meshing scheme is applicable to complex geometries.
However, this scheme generates numerous cells and may potentially produce a highly
skewed element, which burdens the computational resources. This type of meshing is
avoided intentionally in the developed model. Tet-hybrid meshing schemes can be seen
in Figure 3-7b, Figure 3-7c and Figure 3-7d.
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A 2-D polyhedral cell is shown in Figure 3-7e. This type of mesh is prepared via
STAR-CCM meshing tool. Polyhedral type of mesh is appropriate for this study because
they are efficient to build and contain approximately five times fewer cells than
tetrahedral mesh.

a) hexahedron

b) tetrahedron

c) pyramid

d) prism/wedge

e) polyhedral cell

Figure 3-7 Cell types

a) Mesh within the spacer region

b) Mesh within the bare bundle region

Figure 3-8 Mesh type – I

Figure 3-9 Mesh type - II
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The computational domain built with mesh of type I and II consists of 22 and 20
million cells, respectively. It includes the modeling of the full axial length of the fuel
assembly.
To generate a mesh of the entire fuel assembly will require significant computer
resources. Therefore its axial length was separated into multiple sub-domains. The fuel
bundle axially consists of five grid spans with equal length of 512 mm, one grid span of
682 mm, located at the inlet and a span of 210 mm located at the top of the domain. The
multiple fuel assembly sections are illustrated in Figure 3.3.
To solve on a numerous block mesh level, each block of the mesh was generated with
GAMBIT/STAR-CCM and saved on a separate grid file. After that the multiple grid
files were combined and transferred to the STAR-CD solver.
3.3.3

Boundary conditions
A wide variety of boundary conditions are available within the STAR-CD

solver. They specify the flow and thermal variables on the boundaries of the physical
model. The boundary types available in STAR-CD are categorized as follows:
 Flow inlet and exit boundaries: pressure inlet, velocity inlet, mass flow inlet,
and pressure outlet, pressure-far-field.
 Wall, repeating boundaries: wall symmetry, periodic and axis;
 Internal cell zones: fluid, and solid (porous in a type of fluid zone);
 Internal face boundaries: fan, radiator, porous jump, wall, and interior.
The most appropriate boundary conditions for this particular case are velocity
inlet, walls, symmetry and pressure outlet.
Velocity inlet boundary conditions are used to define the velocity and scalar
properties of the flow at the inlet boundaries. STAR-CD uses boundary condition inputs
at velocity inlets to compute the mass flow into the domain through the inlet and to
compute the fluxes of momentum, energy and species through the inlet.
Pressure outlet boundary conditions are used to define the static pressure at flow
outlets. The value of a specified static pressure is used only while the flow is subsonic.
Should the flow become locally supersonic the specified pressure will no longer be used;
pressure will be extrapolated from the flow in the interior. All other flow quantities are
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extrapolated from the interior. The use of a pressure outlet boundary condition instead of
an outflow condition often results in a better rate of convergence when backflow occurs
during iteration.
Turbulent boundary quantities are specified at the inlet and outlet. Depending on
the specific turbulent model, the user is required to define appropriate turbulent
boundary values. The k − ε turbulent model is applied in our BWR fuel bundle flow
simulation. It ideally requires the definition of the flow - k - kinetic energy and ε energy dissipation. Alternative quantities such turbulent intensity, turbulent viscosity
ratio, hydraulic diameter and turbulence length scale are available to be specified as
well.
More detailed description and justification of the applied turbulence model is
provided in Section 3.4.
Wall boundary conditions are used to bound fluid and solid regions. Slip or noslip boundary conditions can be enforced herein depending on the fluid viscous
properties and the shear stress.
Within the wall boundary conditions the user can enter the thermal boundary
conditions for heat transfer calculations, shear conditions for slip walls, wall roughness
and other options, which are not used in our simulation. In this study adiabatic flow
conditions, stationary wall, the default no-slip shear conditions and constant wall
roughness of 0.5 were imposed.
Symmetry boundary conditions are used when the physical geometry of interest
and the expected pattern of the flow have mirror symmetry. They are used to reduce the
extent of the physical computational model to a symmetric subsection of the overall
physical system. Figure 3-10 emphasizes the section of the fuel bundle where symmetry
conditions were applied. The blue, grey and yellow colors indicate the can walls, rod
walls and symmetry boundary conditions, respectively. Velocity inlet and pressure outlet
are illustrated as red and green. The impact of the error imposed by the symmetrical
boundary conditions is expected to be small enough since it is within the error of other
approximations made in the solution procedure.
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velocity inlet

pressure outlet

Figure 3-10 Boundary conditions

3.4

The CFD solver
The STAR-CD solver provides comprehensive modeling capabilities for a wide

range of incompressible turbulent fluid flow problems. The current simulated flows are
clearly highly turbulent based on the magnitudes of the Reynolds numbers.
It is well known that the turbulent flows are characterized by fluctuating velocity
fields that mix transported quantities such as momentum, energy and species
concentration and cause the transported quantities to fluctuate. The direct simulation of
the small scale and high frequency fluctuations are too computationally expensive to
simulate directly in practical engineering calculations. Instead, the instantaneous (exact)
governing equations can be time-averaged, ensemble-averaged or otherwise manipulated
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to remove the small scales, resulting in a modified set of equations that are
computationally less expensive to solve.
The Reynolds-Averaged Navier-Stokes (RANS) equations govern the transport
of the averaged flow quantities with the whole range of the scales of turbulence being
modeled. The RANS based modeling reduces significantly the required computational
effort and resources.
In the Reynolds averaging, the solution variables in the instantaneous (exact)
Navier-Stokes equations are decomposed into the mean (ensemble-averaged or time
averaged) and fluctuating components.
For the velocity components one gets

ui = ui + u 'i

(3.1)

where ui and u 'i are the mean and fluctuating velocity components (i=1,2,3)
Likewise, for pressure and other scalar quantities

φ = φ +φ '

(3.2)

where φ denotes a scalar such as pressure, energy or species concentration.
Substituting, expressions of this form for the flow variables into the instantaneous
continuity and momentum equations, taking a time (or ensemble) average and dropping
the overbar on the mean velocity u yields the ensemble-averaged momentum equations.
In Cartesian tensor form they look like

∂ρ ∂
+
( ρui ) = 0
∂t ∂xi

(3.3)

∂
∂
∂p
∂
( ρui ) + ( ρuiu j ) = − +
∂t
∂x j
∂xi ∂x j

  ∂u ∂u j 2 ∂u   ∂
− δ ij i   +
− ρ u 'i u ' j
 µ  i +
  ∂x j ∂xi 3 ∂xi   ∂x j

(

)

(3.4)

In Equation (3.4) additional terms appear that represents the effect of turbulence.

(

)

The Reynolds stresses − ρ u 'i u ' j must be modeled in order to close Equation (3.4).
A common method employs Boussinesq hypothesis, which relates the Reynolds
stresses to the mean velocity gradients:
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 ∂u ∂u j  2 
∂u 
− ρ u 'i u ' j = µt  i +
 −  ρ k + µt k  δ ij .
 ∂x
∂xk 
 j ∂xi  3 

(3.5)]

The Boussinesq hypothesis is used in the standard k − ε model, which is the
turbulent model applied in this computational simulation.
The standard k − ε model is a semi-empirical model based on model transport
equations for turbulent kinetic energy k and its dissipation rate ε .
The k − ε is the simplest “complete model” of turbulence, in which the solution
of two separate transport equations allows the turbulent velocity and length scale to be
independently determined. The k − ε model explains its popularity in industrial flows
and heat transfer simulations with its robustness, economy and reasonable accuracy for a
wide range of turbulent flows. Weak point of the k − ε model is that it is insensitive to
streamline curvatures and system rotations. Particularly, for swirling flows this can lead
to an over-prediction of turbulent mixing and to a strong decay of the core vortex [22].
There are curvature correction models available, but they have not been generally
validated for complex flows [23-24].
In the derivation of the k − ε model, the assumption is that the flow is fully
turbulent and the effects of molecular viscosity are negligible. The standard k − ε model
is primarily valid for fully turbulent core flow (i.e the flow in the regions somewhat far
from the walls). Consideration therefore needs to be given as to how to make these
models suitable for wall-bounded flows. Traditional approach to model the near-wall
region is the standard wall function approach, in which the viscosity affected inner
region is not resolved. Instead, semi-empirical formulas called “wall functions” are used
to bridge the viscosity-affected region between the wall and the fully-turbulent region.
The wall function approach is depicted in Figure 3-11.
The wall functions comprise the laws-of-the-wall for mean velocity and
temperature (or other scalars), and the formulas for near-wall-turbulent quantities.
The wall function approach is most appropriate for high-Reynolds-number flows
and substantially saves computational resources because the viscosity-affected near-wall
region, in which the solution variables change most rapidly, does not need to be
resolved. It is economical, robust and reasonably accurate. It is a practical option for the
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near-wall treatments for industrial flow simulations. Therefore the wall function
approach is chosen for our studies.

Turbulent Core
Region with Wall Function

Regions

Approach

Buffer & Sub-layer
Regions

Figure 3-11 Near-wall treatment in STAR-CD [1]

35

3.5

Solution approach
The complexity of the current fuel bundle computer simulation requires

enormous computational resource. Therefore, a parallel computing was necessary to
apply. The Argonne National Laboratory has the ability to compute and manage data by
developing and maintaining several state-of-art computational clusters.
During the BFBT benchmark activities, it became clear the flow at the inlet of
the fuel bundle should be considered fully developed. This required a special approach
of the fuel bundle flow domain. In order to achieve a developed flow distribution at the
inlet, it was necessary to create a dummy section with a length of L/D=115. The dummy
section is a bare bundle region without a spacer grid. The length of L/D=115 was
sufficient to achieve a fully developed flow at the outlet of the bare bundle region.
Uniform boundary conditions were applied at the inlet of the dummy domain. Figure
3-12 shows the flow chart illustrating the solution procedure. Figure 3-13 shows the
dummy section.
The particular flow distribution pattern, which was found once the flow reaches a
fully developed status, is demonstrated in Figure 3-14. One can see that the maximum of
the fluid velocity is reached between the sub-channels of the bare bundle region.
The velocity distribution as well as the turbulent quantities such as kinetic energy
and energy dissipation were taken from the outlet of the dummy domain and imposed at
the inlet of the real fuel bundle.
The initial testing showed that there is a misbalance of mass and energy at the
outlet of the fuel bundle domain. Therefore the outlet was extended with a length of 1.5
m, equivalent to L/D=115. The extension of the flow domain allowed achieving a fast
convergence at around 320 s.
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Converged solution

Fuel bundle region with
extended outlet

Velocity distribution and turbulent
Dummy domain

quantities from the dummy domain

Uniform inlet velocity based on
measured volumetric flow rate
Figure 3-12 Solution procedure flow-chart

Figure 3-13 Dummy domain
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Figure 3-14 Flow distribution at the outlet of the dummy domain

3.6

Numerical results
The test cases as shown in Table 3-1 are isothermal cases. Pressure drop and

flow rate measurements were conducted at several flow rates and Reynolds numbers. A
separate solution was obtained for each flow rate, yielding flow velocity and pressure
prediction throughout the flow regime. Since there are not measured data for
comparisons of flow velocity distribution, only the predicted and measured pressure
drops were compared.
The pressure tap locations and measured data are shown in Figure 3-3 and Table
3-2, respectively.
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Table 3-2 Pressure tap measured data
Test cases
P70027 P70028 P70029 P70030 P70031 P70032 P70033 P70034 P70035 P70036
Pressure
tap location
dP301

0.3

0.46

0.64

0.79

1.11

1.37

2.06

2.41

2.81

3.25

dP302
dP303
dP304
dP305
dP306
dP307
dP308
dP309

0.35
0.39
0.45
0.47
0.46
1.33
0.52
3.12

0.51
0.58
0.65
0.64
0.68
1.98
0.75
4.59

0.72
0.81
0.91
0.93
0.94
2.79
1.03
6.46

0.95
1.05
1.19
1.26
1.25
3.73
1.36
8.57

1.25
1.41
1.58
1.6
1.63
4.87
1.77
11.23

1.54
1.73
1.93
1.95
1.99
5.96
2.17
13.76

2.3
2.55
2.87
2.91
2.96
8.85
3.22
20.43

2.69
2.99
3.35
3.39
3.46
10.36
3.76
23.87

3.14
3.46
3.9
3.95
4.03
12.05
4.37
27.77

3.63
3.99
4.5
4.55
4.65
13.89
5.04
32.03

Figure 3-15 and Figure 3-16 illustrate the predicted versus measured pressure drop for
the simulated test cases. Figure 3-17 demonstrates the predicted versus measured
pressure drop as a function of Reynolds number. It can be clearly seen that the predicted
pressure drop shows very good agreement with the measured data. Pressure taps dP301
and dP303 showed difference of more than 10% (see), which could be explained with
incorrect measurements at these locations or deficiencies in the turbulence model
applied. Pressure taps dP301 and dP303 measurement are very close to the spacer grid
and this leads to some doubts in the validation in the results. Figure 3-17 shows that the
dependence on the Reynolds number is almost flat or the precision of the simulation is
not changed while changing the mass flow rate.
Standard deviation calculations showed that both types of mesh produced the
same standard deviation, since the differences between them is negligible.
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Figure 3-15 Predicted versus measured pressure drop per pressure tap
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Figure 3-16 Overall predicted versus measured pressure drop
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Figure 3-17 Predicted versus measured as a function of Reynolds number
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Conclusions
An 8×8 typical high burn-up BWR fuel assembly has been modeled using the

commercial STAR-CD and FLUENT CFD codes. The experimental data of the BFBT
benchmark was used to validate the code for prediction of single phase pressure drop.
The entire axial length of the fuel rod bundle was simulated. Because of the
current computer memory limitations a quarter of the fuel assembly was modeled and
symmetry conditions applied. The computer resources of the high-performance
computational lab were utilized.
The results of the predicted pressure drops for the investigated test cases agree
very well with the measured data. Differences of 2% were observed with most of the
pressure taps measurements. The predicted pressure drop corresponding to pressure taps
dP301 and dP303 shows discrepancies of more than 10%. This can be explained with
their close locations to the spacer grid and eventual incorrect measurement or deficiency
of the turbulence model utilized in the current study.
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CHAPTER 4 TWO-PHASE FLOW MODELING
4.1

Background
Economical and safety aspects are associated with the experimental studies of

the single and two-phase flows in nuclear reactors. They are the main motivation to look
for alternative predictive tools for analysis of the flow in complex geometries such as
fuel rod bundles.
Reliable computational tools for simulation of the nuclear reactor performance
are the system codes like RELAP [25] , TRACE [26], CATHARE [27] , which have
been formulated for analysis of primary circuit transients. Subchannel codes like
COBRA [28] , COBRA-TF [29] and [30-31], VIPRE [32], FLICA 4 [33], and MONA
[34] are the best analysis tools for prediction of the single and two-phase flow
phenomena inside nuclear fuel assemblies. However, both system and sub-channel codes
provide too coarse nodalization for analyzing the complex flow behavior at more refined
scale and particularly around spacer grid elements.
In recent years, an adopted approach is to use Computational Fluid Dynamics
codes. CFD codes have the potential for 3D treatment of the flow distribution for very
fine computational cells. They are able to give acess to smaller scale flow processes,
better understanding of the physical situation and more accurate estimation of the safety
margins.
In order to address the complete needs in nuclear reactor safety, the CFD codes
are required to predict two- and multiphase flows’ physics. Nowadays, the commercial
CFD codes are still immature in handling those phenomena due to the lack of elaborate
correlations [35]. Up to date, CFD is able to provide general two-phase flow modeling
capabilities [36] for 1) dispersed bubbles in a continuous liquid; 2) dispersed droplets or
particles in a continuous gas phase; 3) separate-phase flow at the vicinity of the interface
such as a free surface in a stratified flow or surface of a liquid film (in both cases there
are only two continuous fields); and 4) presence of two continuous fields and two
dispersed fields. This is the case of a stratified flow when droplets are above the liquid
surface and bubbles below.
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In regards to the heat transfer, the CFD codes are able to simulate heating and
cooling walls and heat sources due to chemical reactions. However, vaporisation and
condensations are possible but through an additional application of separate modules or
user defined functions (UDFs). This is the general heat transfer limitation in the
commercial CFD codes. New modules are necessary to account for phenomena such as
coolant phase changes and multiple flow regimes [37].
In boiling bubbly flow regime, the different behaviour of bubbles with different
sizes and their interfacial heat and mass transfer are not well simulated. Some attempts
are made to account for the poly-dispersion effects in a multi-fluid model [38].
It is well known that the liquid turbulence plays a very important role in boiling
flows. It influences the liquid temperature diffusion, bubble dispersion, bubble
detachment, bubble coalescence and break up which affect the interfacial area. The
turbulence models, in which the fluctuating velocity field and two-phase intermittency
scales are filtered through the time-averaged and ensemble averaged of the governing
equations, are based on the RANS approach. They are mostly applicable for small
bubbles with diameters between 10-4 and 10-3 cm. The application of Large Eddy
Simulation (LES) approach is also possible. It is characterized with filtering scales
smaller than the large eddies. However LES approach is associated with large
computational cost unless used for very simple situations [39-40].
Additional transport equations such as Interfacial Area Transport (IAT) or
bubble number density transport may be required to describe the interface structure in a
bubbly flow [41-42]. Some methods of statistical moments are already developed and
can be used to characterize the poly-dispersion of the vapor phase. The multi-group
model (MUSIC method) with mass and momentum equations written for several bubble
sizes can also be used [35, 38, 43].
The momentum interfacial transfer is another important issue. It affects the void
distribution and is required to include all forces acting on the bubbles. The virtual mass
force is usually neglected while information about reliable drag force models can be
found in the literature. The validation of the lift, turbulent dispersion and wall forces
models may require more efforts since the available models are still often tuned. The lift
force may depend on the bubble size for example [44-45].
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The wall function for momentum should be adapted to the boiling flow
situations. It should not be too sensitive to the mesh size and should allow a converged
solution with reasonably coarse mesh size close to a heating wall. Similar wall function
is validated on ASU tests [46]. The boiling flows of Kurul and Podowski [47] and the
Unal correlation [48] for bubble detachment are often used in boiling flows. They do not
perform uniformly well in all test conditions and may be sensitive to mesh size. The
near-wall properties are calculated from the state in the first wall-adjacent cell. Further
progress is still necessary for energy wall functions. However they are not accounted in
this research.

4.2

Two phase flow methodologies in CFD
The description of the two phase methodologies here is mostly relevant to

STAR-CD solver, however the two phase approach is very common among all
commercial and open source CFD codes.
In general, the dynamics of two phase flows encountered in engineering
applications are adequately modeled by the Navier – Stokes equations which are
complemented by appropriate constitutive equations such as the constitutive equation of
state and Newton law of viscosity, heat and mass transfer and chemical reactions. The
latter is not considered in this study. In order to derive the constitutive equations
appropriate to structured multiphase flow, it is necessary to describe the local
characteristic of the flow. Then the local characteristics of the flow are averaged in order
to get the flow macroscopic information about the flow field which for most practical
engineering applications are sufficient.
In mathematical terms, a macroscopic description is obtained by taking the
suitable averages of the microscopic conservation equations. Due to the loss of
information associated with the averaging process, additional terms appear in the
averaged equations which require closure, i.e. have to be expressed in terms of known,
mean variables. For example, averaging the Navier-Stokes equations yields the
Reynolds stresses which have to be expressed through a turbulence model.
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In STAR-CD code there are two distinct approaches to model multiphase flow
which are outlined next.

4.2.1

Euler - Lagrangian approach
In the Euler-Lagrange approach the two phase flow has dispersed topology. The

two phases are referred to as continuous and dispersed phase. The Euler-Lagrange
approach is focused on a behavior of an individual particle rather than on collective
mechanisms of group of particle. The Lagrangian description of a single particle
dynamics is frequently in use for a particulate phase in a highly disperse flow [49-51]
A macroscopic description of the dispersed phase is obtained by replacing the
microscopic conservation equations with a discrete formulation. In this discrete
formulation the dispersed phase is represented by individual equations, which are
tracked through the flow domain by solving an appropriate equation of motion. The
equation of motion is the conservation equation of momentum expressed in the
Lagrangian formulation, in which the dependent variables are the properties of material
particles that are followed in the motion. On the other hand the conservation equations
for the continuous phase are expressed in the Eulerian frame, where the fluid properties
are considered as function of time and space and time in absolute (inertial) frame of
reference [52].

4.2.2

Euler - Euler approach
In the Euler-Euler approach, also called two fluid model, both phases are

described using Eulerian conservation equations. Each phase is treated mathematically
as an interpenetrating continua. Here, the concept of phase volume fraction is
introduced. The phase volume fraction is defined as the probability that a certain phase
is present at a certain point in space and time [1].
Conservation equations for each phase are derived and solved by providing
constitutive relations that are obtained from empirical information. In addition to the
Reynolds stresses, which enter into the averaged single-phase flow equations, an extra
term that accounts for the momentum transfer between phases appears. This interfacial
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source term accounts for the average effects of the forces acting at the interface between
continuous and dispersed phases. It includes standard drag force, the virtual mass force,
the Basset force, the lift force, the lubrication force and turbulent dispersion force [53].
The two fluid approach is applicable to all flow regimes, included separated, dispersed
or intermediate regimes, since the topology of the flow is not prescribed. However, the
formulation of the interfacial forces and the two phase turbulence models is the biggest
challenge since it depends on the exact nature of the flow. The relationships for drag,
lift, virtual mass and lubrication forces are the subject of this research and their
description and modeling is given in the coming chapters.
In this model the conservation equations for mass, momentum and energy are
solved for each phase. The High Reynolds number k − ε model, modified for
multiphase flow, is used for modeling turbulence. The pressure is assumed to be the
same for all phases.
The main conservation equations implemented in the STAR-CD source are
explained hereafter.

Conservation of mass [1]
n
δα k ρk
+ ∇ (α k ρ k uk ) = ∑ ( mki − mik )
δt
i ≠1

(4.1)



where α k is the volume fraction  ∑ α i = 1 ;


 i


ρk is the density; uk is the mean phase velocity;
mki gives the mass transfer to phase k , from phase i

( mki ≥ 0 ) ;

mik is the mass transfer rate to phase i , from phase k ( mik ≥ 0 ) .
The mechanism of transfer of mass from one phase to the other can be modeled
separately. In this study, the mass transfer mechanism is simulated through evaporation
and condensation.
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Conservation of momentum [1]

The momentum balance for phase k is given by:

δ (α k ρk uk )
+ ∇ (α k ρ k uk uk ) = −α k ∇p + ∇. α k (τ k + τ t k ) + M k + α k ρ k g +
δt

(

)

+ ∑ mki uk ( ik ) − mɺ ik uk + ( Fint )k
i≠k

(4.2)
where τ k and τ k t are the molecular and turbulent stresses, respectively;

p is the pressure equal in both phases;

M k is the inter-phase momentum transfer per unit volume;

( Fint )k

are the internal forces;

g is the gravity vector.

The inter-phase momentum transfer represents the sum of all the forces the
phases exerts on one another and satisfies

∑ M k = 0 . The internal

forces represent

forces within a phase. In the current release, they are limited to particle-particle
interaction forces in the dispersed phase.

Conservation of energy [1]

The energy equation is solved for static enthalpy in chemico-thermal form:

δ (α k ρ k hk )
 

µt
Dk p
+ ∇. (α k ρk uk hk ) − ∇.  α k  λk ∇Tk + k t ∇hk   = α q
+ α k (τ k + τ t k ) : ∇uk +
σh
Dt
δt

 

(

+∑ Qki +∑ Qk ( ik ) + ∑ mki hk (ik ) − mik hk
i≠k

( ik )

)
(4.3)

where

hk is the static enthalpy;
λk is the heat flux;
Tk is the temperature
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µ kt is the turbulent eddy viscosity
σ ht is the turbulent thermal diffusion Prandtl number

Qki is the inter-phase heat transfer rate to phase k from phase i
Qk (ik ) is the heat transfer rate to phase k from phase pair interface ( ik )

D k / Dt - material derivative for phase k
When heat transfer is transferred only by thermal diffusion between phases, the
inter-phase heat transfer rates satisfy Qki = Qik . When heat and mass are only
transferred by phase change (bulk boiling or condensation), heat transfer rates between
each phase i , k and a phase pair interface ( ik ) satisfy a heat balance
ik
ik
ik
Qk ( ) + Qi ( ) + ( mki − mik ) ∆hk ( ) = 0

(4.4)

ik
Here ∆hk ( ) is the heat required to produce phase k from phase i . This is a signed
ik
ik
quantity so that ∆hk ( ) = −∆hi ( ) .

Turbulence models [1]
The turbulence stress is modeled using the eddy-viscosity concept:



 2
 

  2
 

τ kt = µkt  ∇uk + ( ∇uk ) +  −  ∇.uk   I  − ρk kk I
3
3
T



(4.5)

With turbulent viscosity given by
k 2

µkt = Cµ ρk k
εk

(4.6)

Wall functions provide closure at no-slip boundaries.
In multiphase flow the turbulence is modeled based on the k − ε model.
Modified equations are solved for the continuous phase and the turbulence of the
dispersed phase is correlated using semi-empirical models.
The correlation is provided by the response function, Ct , which is defined as the
ratio of the dispersed phase velocity fluctuation to that of the continuous phase:
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Ct =

u 'd
u 'c

(4.7)

With this definition, the discrete phase turbulent eddy viscosity becomes:

µdt = ( ρ d / ρc ) Ct 2 µct and the additional interaction terms in Equation (4.10) and
Equation (4.11) are obtained as:
Sk 2 = − AD

ν ct
( u − u ) .∇α d + 2 AD ( Ct − 1) k
α cα d σ α d c

Sε 2 = 2 AD ( Ct − 1) ε

(4.8)
(4.9)

The additional terms account for the effect of particles in the turbulence field.
The equations are:

δ
(α ρ k ) + ∇. (α c ρcuc kc ) =
δt c c c

(

)

α µ + µ t

c c
c

∇. 
∇kc  + α c ( G − ρcε c ) + S k 2
σ
k





(

ic
+ ∑ mci kc ( ) − mic kc
i ≠c

)

(4.10)

δ
(α ρ ε ) + ∇. (α c ρcucε c ) =
δt c c c

(

)

α µ + µ t

c c
c
ε

∇. 
∇ε c  + α c c ( C1G − C2 ρcε c ) + Sε 2
σk
kc





(

ic
+ ∑ mciε c( ) − micε c
i≠c

(4.11)

)

where kc is the continuous phase turbulent kinetic energy;

µc is the continuous phase molecular viscosity;

σ k is the turbulent Prandtl number for k equation;
ε c is the dissipation rate of kc ;
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σ ε is the turbulent Prandtl number for ε equation;
C1 , C2 are constants for the k − ε model;

(

G = µc ∇uc + ( ∇uc )

T

) : ∇u

c

(4.12)

and the terms Sk 2 and Sε 2 represent phase interactions which must be modeled and
are described here after.

4.3

Solution procedure
The numerical solution procedure for the two-fluid methodology is described in

this section.
STAR-CD employs implicit method to solve the algebraic finite volume
equations. The code currently incorporates two implicit algorithms, namely:
-

PISO is based on the procedure described by [54-57] and utilizes the Pressure
Implicit with Splitting of Operators algorithm to handle the pressure velocity
coupling. It involves a momentum predictor and a correction loop in which a
pressure equation based on the volumetric continuity equation is solved and
the momentum is corrected based on the pressure change. The transport
equations for the phase fraction as well as the turbulent kinetic energy and its
dissipation rate are solved only once per time step/iteration at the end of the
sequence.

-

SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) solution
algorithm [58-59] - the control parameters available are similar to those for
PISO, except that in the case of the SIMPLE, a single corrector stage is
always used and pressure is under-relaxed.

The SIMPLE algorithm is used in the analysis further since it allows us to adjust
the rate of convergence for each transport equation individually through the underrelaxation parameters.
In the following solution procedure studies, the normalized global residuals are
used to judge the process and completion of iterative calculations for steady and pseudo50

transient solutions. The normalized global residuals provide a direct measure of the
degree of convergence of the individual equation sets are therefore useful both for
termination tests and for identifying problem areas when convergence is not being
achieved.

4.3.1

Solution procedure tests using Bel F’dhila experiments [10]
The experiment described below is performed by Bel F’dhila [10] and his results

are used by other authors [11], [60] to validate their solution procedure.
The diameters of the two pipe sections are 50 and 100 mm, respectively. Here,
we chose to compare with the data for case 1.3, for which the maximum local phase
fraction is measured to be 0.38. At the inlet, the mean liquid and gas velocities are 1.99
and 2.87 m/s, respectively. They are defined based on superficial liquid and gas velocity
defined in Bel F’dhila [10] as 1.57 m/s and 0.61 m/s, respectively. The average void
fraction at the inlet is taken to be 0.21 and is defined based on averaging of the void
fraction at elevation of -20 mm. The Reynolds number based on the smaller pipe
diameter and the mean liquid velocity is Re = 99648 . The bubble diameter is estimated
at db = 2 mm.

20 cells

2000 cells

Flow
direction
12 m

y
0.05 m
x
0.025 m
10 cells
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Figure 4-1 Pipe geometry of a sudden enlargement experimental case
The problem is essentially two-dimensional and the calculations are therefore
performed on a two-dimensional axi-symmetric geometry. In the radial direction, the
small and large pipe radiuses are represented by 10 and 20 cells. In axial direction, the
space domain extends from x = -1000 to 1000 mm in order to ensure negligible
influence of the outlet boundary on the region of interest. Altogether, the computational
meshes comprised of 12600 cells. The mesh is plotted in Figure 4-2a. Mesh sensitivity
was performed in order to verify the numerical accuracy of the solution and further
increase in the number of cells did not improve the results.
The inlet conditions for the gas phase fraction and the liquid velocity are
assumed with uniform radial distribution. The average void fraction at the inlet is
assumed to be equal to the average void fraction taken directly from the measurements
at x = −20 mm . The turbulence intensity and length scale at the inlet are calculated based
on Reynolds number and the hydraulic diameter of the small pipe.
Figure 4-2b shows the vector field of the mean liquid velocity. As expected,
there is a large recirculation zone behind the enlargement. In Figure 4-2b the distribution
of gas phase fraction is pictured. It is highest close to the wall of the small pipe section
and diffuses slowly further downstream. The accumulation of bubbles at the wall is
characteristic for certain vertical pipe flows and it is often referred to as a “wall peak”.
Its prediction remains a difficult task because of the coupled effects of shear, wake
phenomena and deformation of the lift force as well as the turbulence of the liquid
phase. In the region just behind the enlargement the gas phase fraction is very small,
since the recirculation is not strong enough to drag bubbles towards the enlargement and
in this way to support an accumulation of bubbles in this region. The turbulent viscosity

ν t is shown in Figure 4-2d. It is noticeable that most of the turbulent diffusion is
produced far away from the enlargement. This is due to the bubble induced turbulence,
which is represented by the additional two-phase source terms in the k − ε model.
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Figure 4-2 Results for the sudden enlargement test case: a) computational mesh b)
mean liquid velocity U l ; c) gas phase fraction α ; d) turbulent viscosity ν t
The numerical solution procedure and the models were described in the previous
chapter. The models utilized in the calculation are therefore only stated briefly. The
calculations are obtained using standard inter-phase transfer modeling, including drag,
virtual mass and turbulent drag and lift. Drag is modeled using the constant drag
coefficient Cd = 0.45 . The lift and lubrication forces are not taken into account in this
study. The High Reynolds number k − ε model modified for multiphase flow is used to
describe turbulence.
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The solution algorithm used for sensitivity study is based on SIMPLE method
and the two options for the time step control – steady state and pseudo transient. Some
sensitivity studies on the relaxation factors are also performed. The results of these
studies are shown in Figure 4-3 through Figure 4-5. The residual factor values used in
the three test cases are given in Table 4-1 through Table 4-3.

Table 4-1 Residual factors as defined in case 1 – pseudo transient
Phase 1 Equation
Relaxation Factor
Phase 2 Equation
Relaxation Factor

Momentum Mass
0.3
-

-

Turbulence Volume Fraction
-

-

Table 4-2 Residual dactors as defined in case 2 – steady state
Phase 1 Equation
Relaxation Factor
Phase 2 Equation
Relaxation Factor

Momentum
0.7

Mass
0.3

0.7

Turbulence Volume Fraction
0.7
0.3
0.7

0.3

Table 4-3 Residual factors as defined in case 3 – steady state
Phase 1 Equation
Relaxation Factor
Phase 2 Equation
Relaxation Factor

Momentum Mass
0.5
0.1
0.5

Turbulence Volume Fraction
0.5
0.1
0.5

0.1
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Figure 4-3 Global absolute residual history of momentum equation

Figure 4-4 Global absolute residual history of continuity equation
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Figure 4-5 Global absolute residual history of turbulence

For pseudo-transient time marching, convergence is very smooth and residuals of
the order 10−6 are obtained after approximately 3000 time steps. The solution is
advanced with a small time step of ∆t = 1× 10−3 .

56

4.3.2

Solution procedure tests using Wang et al. experiments [9]

10 cells

630 cells

Flow
direction
3m
0.025 m

y
x

Figure 4-6 Pipe geometry of Wang et al. [9] test case
This problem is also two dimensional. In the radial direction the pipe is
represented by 20 cells. In the axial direction the space domain extends from x=0.0 to
3.0 m represented by 630 cells. The overall mesh comprises of 12600 cells. The mesh
structure is similar to the one in the experiment of Bel F’dhila et al. [10]. Sensitivity
studies regarding the numerical scheme are performed here as well. Its purpose is to
determine the optimal solution in terms of convergence. Similar to the studies in the
previous section three cases based on the SIMPLE solution algorithm were performed.
The results shown in this section are based on a test case with U LS = 0.71 m / s ,

Red = 34000 , and UGS = 0.4 . The inlet void fraction is defined based on the averaging
of the void fraction at the measurement elevation and it is equal to 0.32. The inlet liquid
and gas velocities are 1.04 m / s and 1.27 m / s , respectively. The air bubble diameter is
estimated to be 1.5 mm , based on the given Reynolds number of the dispersed phase and
properties of air at room temperature. Drag is modeled using the constant drag
coefficient Cd = 0.45 . Lift force and lubrication forces are neglected. The virtual mass
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force coefficient is defined to be 0.5 which is a default option. For this simulation
STAR-CD achieves full convergence with case2 steady state.

Figure 4-7 Global absolute residual history of momentum equation – Wang [9]
experiment

Figure 4-8 Global absolute residual history of continuity equation - Wang [9]
experiment
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Figure 4-9 Global absolute residual history of turbulence - Wang [9] experiment

4.4

Summary and conclusions
Chapter 4 describes the two phase flow modeling methodologies utilized in

STAR-CD code. Emphases are given to the Eulerian two-fluid model, since it is the
preferable approach for the current investigation of two phase flow. Detailed transport
equations are provided as well as turbulence models and solution procedure. Solution
procedure sensitivity study is performed based on two validation experiments - gasliquid sudden enlargement pipe flow experiments by Bel F’dhila et al. [10] and simple
gas-liquid pipe flow experiment by Wang et al. [9]. The results are obtained using
standard inter-phase transfer modeling, including drag, virtual mass and turbulent drag
forces. Drag is modeled using a constant coefficient of Cd = 0.45 . The lift and
lubrication forces are not taken into account in this study. The High Reynolds number
k − ε model modified for multiphase flow is used to describe turbulence. In general the

over-all observation from the solution procedure study is that the PSEUDO transient
solution algorithm is preferable because it provides faster and accurate solution
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especially when boiling simulations and more complex turbulence flow are involved
such as in sudden expansion or contraction geometries.
The STEADY state solution algorithm also provides accurate solution but it is a
slower process and may be more appropriate for simple pipe flows.
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CHAPTER 5 TWO FLUID CLOSURE MODELS
When modeling the dispersed phase flow, closure laws to represent the
interphase momentum transfer are needed. They are usually described by simple
correlations for the forces, drag, lift, virtual mass, lubrication, turbulence dispersion,
acting on a single particle in an infinite medium, which are derived either empirically or
from simple analysis. In STAR-CD the momentum transfer terms, M , in the Equation
(5.1) are expressed as the sum of the drag, turbulence drag, virtual mass, lift and wall
lubrication forces:

M = FD + FTD + FVM + FL + FWL

(5.1)

where FD , FTD are the mean drag and turbulent drag forces, respectively. FVM is the
virtual mass force; FL is the lift force; and FWL is the wall lubrication force.
In this chapter the constitutive equations for the interfacial transfer and the
interfacial fluid mechanics are described.

5.1

Drag force
The interfacial drag force in STAR-CD is represented as the sum of mean and a

fluctuating component. The fluctuating component accounts for the additional drag due
to the interaction between dispersed phase and the surrounding turbulent eddies [1].
The drag force is modeled as, following [61]

FDrag = FD + FTD

(5.2)

The mean drag force for the dispersed phase is

FD =

3 αd ρcCD
ur ur = ADur
4
d

(5.3)

The turbulent drag force for the dispersed phase is

FTD

ν c t  ∇α d ∇α c 
= − AD
−

,
σα  α d
αc 

(5.4)

where
61

AD =

3 α d ρc CD
ur
4
d

(5.5)

and

ur = uc − ud is the relative velocity between the phases;
CD is the drag coefficient;
d is the dispersed phase mean diameter;

σ α is the turbulent Prandtl number which is usually set to 1.0;
ν c t is the continuous phase turbulent kinematic viscosity
In order to close the relationship for drag force the STAR-CD user has the
freedom to choose a formulation for drag coefficient CD .
By default several models, which are explained hereafter, are integrated in
STAR-CD.

5.1.1

Drag coefficient for spherical particles
The drag coefficient for spherical, rigid particles is computed based on the

correlation of Schiller and Naumann [62] and is defined as:

(

)

 24
1 + 0.15 Red 0.687 ; 0 < Red ≤ 1000

CD =  Red
0.44
; Re d > 1000


(5.6)

The particle Reynolds number, Red is defined as

ρ u d
Red = c r .
µc

(5.7)

This correlation is mostly suitable for spherical solid particles, liquid droplets
and small-diameter bubbles.

5.1.2

Drag coefficient for bubbles

The recommended drag coefficient correlation for bubbles in STAR-CD is an
empirical correlation defined by Wang, D. M [63].

It is derived by curve-fitting

measurements for a single bubble rising in water:
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2
CD = exp  a + b ln Re d + c ( ln Red )  .



(5.8)

The coefficients a, b and c are given in Table 5-1.
Table 5-1 Definition of a, b and c coefficients utilized in Equation (5.8)

Red

a

b

c

Red ≤ 1

ln 24

-1

0

1 < Red ≤ 450

2.699467

-0.33581596

-0.07135617

450 < Red ≤ 4000

-51.77171

13.1670725

-0.8235592

Red > 4000

ln ( 8 / 3)

0

0

5.1.3

High particle loading applications
The high particle loading correlation is not utilized in the current studies. It is

given here for completeness.
In fluidized beds where the solid-dispersed phase, particle concentrations may be
very high and it may require separate model for the drag force.
The Ergün drag force model for regions of high solid particle concentrations and
a modified Stokes’ law for regions of lower concentrations [64-66] are most widely
utilized.
A transition volume fraction, α tr is used as the basis for switching between
these formulae as follows:


α ρ u 
α 2µ
 150 d c + 1.75 d c r  ur ; α d > αtr
d

αc d 2

FD =  
.
3
α d ρ c ur
ur α c n
; α d ≤ αtr
 CD
d
4

(5.9)

The drag coefficient in Equation (5.9) is given by Equation (5.6).
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The inter-particle forces affect the particle velocity even below the transition
volume fraction, α d ≤ αtr . The hindered settling effect is accounted for by the
correction factor α c n in Equation (5.9).

5.2

Lift force
When the continuous phase field is non-uniform or rotational, particles

experience a lift force perpendicular to the relative velocity. This force FL is derived by
Auton et al. [67] as:

FL = CLα d ρc ( uc − ud ) × ( ∇× uc ) .

(5.10)

The lift coefficient can be a constant and following the recommendations of
Lance et al. [68] it could be set to CL = 0.25 .
It is known that large bubbles become distorted in shape and behave differently
from spherical bubbles under the lift force influence. For bubbly upflow in a vertical
pipe, while spherical bubbles concentrate near the pipe wall, larger bubbles typically
migrate towards the center of the pipe, implying a negative lift coefficient. The lift
model of Tomiyama et al. [44] covers this range of effects and uses a modified Eo
number to characterize bubble distortion:

Eod

ρc − ρd ) gd H 2
(
=
,

(5.11)

σ

where σ is the surface tension coefficient for the interface and d H is the maximum
horizontal dimension of a bubble. The empirical Tomiyama correlation for lift
coefficient is given as:
 min  0.288 tanh ( 0.121Re d ) , f ( Eod ) 

CL = 
f ( Eod )

−0.29


for

Eod < 4

for

4 ≤ Eod ≤ 10 ,

for

10 < Eod

(5.12)

where f ( Eod ) = 0.00105 Eod 3 − 0.0159 Eod 2 − 0.0204 Eod + 0.474
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However, as implemented in STAR-CD, the bounds on the Tomiyama lift
coefficient are min  tanh ( 0.121max ( Re d , 7.374 ) ) , f ( Eod ) at low Eod and −0.27 at
high Eod . These adjustments are needed to remove small discontinuities in the
empirical correlation that might interfere with convergence in numerical simulations
involving variable bubble diameter.
To evaluate d H in the definition of Eod , Tomiyama et al. apply an empirical
correlation, attributed to Wellek, for the bubble aspect ratio of spheroidal bubbles in
fully contaminated system:

d
1
,
E= V =
d H 1 + 0.163Eo0.757

(5.13)

where dV is the bubbles size in the vertical direction. This leads to the following
relationships in terms of the mean bubble size d :

Eo

ρc − ρd ) gd 2
(
=

(5.14)

σ

Eod = EoE

−

2
3

(5.15)

Alternative models for the lift coefficient are provided in Chapter 7.

5.3

Wall lubrication force

The wall lubrication force is first presented by Antal and Lahey [69], who
defined an analytical expression for a wall force that prevents the bubbles from touching
the wall. The main effect of the wall force was to assure the zero void condition found
experimentally near vertical walls, while not significantly affecting the phase
distribution away from the wall. The model is already integrated in STAR-CD. The
lubrication force is defined as:
FWL = −CWL ( yw ) α d ρ c ur * n ,
2

(5.16)

where CWL is a function that has dimensions of inverse length and falls off rapidly with
increasing distance yw . The vector n is the outward-facing unit normal at the nearest
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point on the wall, so that the force is directed inwards. The velocity scale in this model
is based on the slip velocity component that is parallel to the wall, i.e.

ur* = ur − ( ur .n ) n .

(5.17)

The Antal’s model is implemented in STAR-CD [1] in the simplified form
shown below and includes two calibration coefficients, CW1 and CW 2 .

C

C
CWL ( yW ) = max  W 1 + W 2 , 0 
yW
 d


(5.18)

The coefficients are chosen so that CW 1 is negative and the force vanishes for

yw / d > −CW 2 / CW 1 which is usually a few bubble diameters away from the wall.
Recommended values for turbulent flow conditions are

CW 1 = −0.0167

CW 2 = 0.0667

(5.19)

This recommendation is based on matching the more recent empirical model by
Tomiyama et al. [44] for the turbulent-flow wall lubrication force at the points

yw / d = 1 and yw / d = 3 and it has an effective range of yw / d = 4 bubble diameters
away from the wall. Figure 5-1 shows the direction of the wall lubrication force.

FWL

d

wall

bubbles

yW
Figure 5-1 Illustration of wall lubrication force
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5.4

Summary
This chapter provides information about the two fluid closure models that are

already available in STAR-CD [1]. The drag force model of Wang et al. [63] as well as
the one based on drag coefficient of CD = 0.45 , as recommended by the STAR-CD
theory manually [1], are the most appropriate for highly turbulence flows in air/vapor
bubbly flow applications.
In regards to lift force models, the one recommended by Lance et al. [68] , i.e.

CL = 0.25 is utilized, as well as the one by Tomiyama et al. [44], which cover air
bubbly flow regimes in pipes. In the case of the model by Tomiyama et al. [44],
different bubbles diameters are also accounted for.
Wall lubrication force description as implemented in STAR-CD [1] is also
provided in this chapter.
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CHAPTER 6 DRAG FORCE MODELING
6.1

Alternative drag coefficient models
Extensive studies on single solid particles and drops have been made by other

scientists [52, 62, 70-74] . In what follows is a literature review related to the modeling
of the drag coefficients of bubbles at all phase fractions. This consideration is made to
account for the needs of the current studies and mostly modeling of two phase flow in
BWR fuel bundles.
As a part of this work, the most promising correlations are implemented in
STAR-CD and validated against three test cases: the sudden enlargement in a circular
pipe experiment performed by Bel F’dhila et al. [10], the experimental investigation of
turbulent two phase flow in circular pipe by Wang et al. [9], and the boiling experiment
by Bartolomei and Chanturiya [14]. The new drag correlations implemented in STARCD are the one based on Tomiyama [75-76] for pure, slightly contaminated and
contaminated water and Ishii et al. [77-78].
For solid particles the drag coefficient depends only on the characteristics of the
flow surrounding the particle and is primarily a function of the particle Re number and
the turbulence intensity of the continuous phase. However the exact functional form
depends on whether the particle is a solid particle, drop or bubble. The non-dimensional
form as the standard drag curve is shown in Figure 6-1.

6.1.1

Correlation for single particle system
In Figure 6-1 the drag coefficient CD0 is plotted as a function of Re number,

where CD0 for single particle is defined in Equation (6.1). Re number is defined in
Equation (6.2).
When the solids-spherical particle system is in Stokes or viscous regime the
dependence of CD0 on Re number is pronounced. This is illustrated in Figure 6-1 as b)
Stokes’ law. During Newton’s regime CD0 is independent of Re number.
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Figure 6-1 Drag coefficient as a function of the Reynolds number for solid spheres:
a) Brauer [79]; b) Stokes’ law [74] CD =

24
; c) Newton’s law CD = 0.44 [52, 80]
Re

In Figure 6-1 are also shown experimental and numerical data points from
various sources as well as the drag curve due to Brauer [79].
For falling and rising bubbles and drops in an infinite medium, a generalized
graphical correlation in terms of Eötvös Eo , Morton Mo and Reynolds Re numbers
exists [81]. The definitions of Eo and Mo are given in Equations (6.3) and (6.4),
respectively.

CD 0 =

FD 0
1
ρc AU r 02
2

=

Drag force
Dynamic pressure force

ρ U d Inertia
Re0 = c r 0 =
µc
Viscous
Eo =

g eff ∆ρ d 2

σ

=

Gravity
SurfaceTension

(6.1)

(6.2)

(6.3)
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Mo =

g eff µc 4 ∆ρ

ρc 2σ 3

= Material group

µ
k= d

µc

(6.4)

(6.5)

In the definitions given above, µc and ρ c are the dynamic viscosity and density
of the continuous phase, respectively. σ is the surface tension and ∆ρ is the density
difference between the continuous and dispersed phases, i.e. ∆ρ = ρd − ρc . geff denotes

DU
the magnitude of the effective acceleration given by geff = geff = g − c c , where
Dt

Dc
is the substantive derivative defined as
Dt
Dc δ
= + U c .∇ .
Dt δ t

(6.6)

The Mo number defined in equation (6.4) is a function of the fluid properties for
fluid particles in quiescent liquids. It strongly depends on the viscosity of the continuous
phase which enters with the power of four. Figure 6-2 shows the boundaries between the
three principal shape regimes as given by Grace [81] – spherical, ellipsoidal and
spherical cap or ellipsoidal cap. The characteristic shapes of fluid particles rising in a
quiescent fluid are a function of the Eötvös and Morton numbers. The diagram also
gives the Reynolds number based on the terminal velocity as a function of the same
parameters.
Bubbles and drops are closely approximated by spheres if interfacial forces and
/or viscous forces are much more important than inertia forces ( Εo less than 1). For
high Εo the bubble takes an ellipsoidal or largely deformed shape. This effect is more
pronounced for low Mo , for instance when the continuous phase has a low viscosity.
For very low Mo , intermediate Εo and high Re, for example millimeter-size
bubbles in fluids with a low viscosity, an unstable or “wobbling” motion is encountered.
The unstable motion of bubbles is very complex and has received considerable
attention [82-85]. It can be thought of as superposition of two types of motion: firstly
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oscillations in the bubble trajectory combined with changes of the orientation of the
bubble; and secondly bubble shape oscillations.

Figure 6-2 Shape regimes of fluid particles in unhindered gravitational motion
through liquids (from [81])
In Figure 6-3 experimental terminal velocities for air bubbles rising in water are
presented as a function of the bubble diameter. Three regimes can be identified:
spherical, wobbling (ellipsoidal) and spherical cap.
In some of the spread of the data the bubble rise velocity is not simply a function
of the bubble diameter and large variations of the rise velocity for a given nominal
bubble diameter are found. According to [81, 86] that scatter results from the bubble
surface contamination or surfactants. Surface tension is reduced when surfactants
accumulate at the interface. However, it is not the uniform reduction of the surface
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tension which is important, but the effect of gradually varying distribution of the interfacial surfactant concentration.
Tomiyama et al. [87] also suggests that the variation of the rise velocity for a
fixed bubble diameter can be explained by the presence of surfactants alone. For each of
these states, the bubble assumes a particular shape and posses a characteristic rise
velocity falling into the shaded area of Figure 6-3. Tomiyama et al. [87] explained this is
as being due to non-linearities in the Navier-Stokes equations as well as the inter-facial
conditions. They also found that the level of deformation, quantified by the bubble
aspect ratio correlated well with the rise velocity. In their experiment the shape and rise
velocity of the bubbles was strongly affected by the initial perturbations exerted on the
bubbles during generation/release. For small initial perturbations, they showed that air
bubbles in clean water rise with velocities that have been previously only reported for air
bubbles in contaminated water. Under these conditions, the bubble trajectory is zigzag.
On the other hand, for air bubbles in contaminated water, only a single state existed and
the rise velocity was independent of the initial perturbation. This was attributed to rapid
damping of perturbations in the presence of surfactants. They concluded that the large
scattering of the rise velocity is not primarily caused by the presence of surfactants, but
variations in the initial perturbations.
Finally, their results for bubbles in tap water were very similar to the results for
bubbles in clean water. This showed that tap water should actually be considered as a
clean system and that the variations of the rise velocity for a given bubble diameter
should be explained with reference to the initial perturbations exerted on the bubble.
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Figure 6-3: Terminal velocity as a function of diameter for air bubbles in water
[81]
6.1.2

Correlation for bubbles in water
Tomiyama et al. [75-76, 88] developed empirical correlation for the drag

coefficient of a single bubble. They combined and modified the correlations given by
Hadamard [89] and Rybczynski [90] at low Reynolds number, Schiller and Naumann
[62] at intermediate Reynolds numbers and Mendelson [91] at high Reynolds numbers.
The proposed correlation consists of three equations which respectively correspond to
pure, slightly pure, slightly contaminated and contaminated systems. The correlation for
pure and contaminated systems is given in here:

(

)


 16
48
C D 0 = max  min 
1 + 0.15 Re00.687 ,

Re 0
 Re0


 8 Eo 
 .
,
 3 Eo + 4 

(6.7)

Tomiyama et al. [75-76] used the dataset of Grace [92] who collected 247 data
points for 21 air-liquid system from 8 sources covering 10 −3 < Re0 < 105 ,
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10−14 < Mo < 107 and 10−2 < Eo < 103 to assess the validity of their approach. They

also found that it gives better fits than that proposed by Peebles and Garber [93].
Small amounts of surfactants have enourmous effect on bubbles in the range of

d < 1 − 2 ( mm ) , because their surfaces are quickly saturated with surfactants.
The Tomiyama correlation for a single bubble in slightly contaminated and
contaminated systems is

(

)


 24
72
C D 0 = max  min 
1 + 0.15 Re00.687 ,

Re 0
 Re0


 8 Eo 

,
 3 Eo + 4 

(6.8)

and

(

)

 24
8 Eo 
CD 0 = max 
1 + 0.15 Re00.687 ,
.
3 Eo + 4 
 Re0

6.1.3

(6.9)

Drag coefficient for dispersed two phase flow
Literature reviews for droplets are already performed by Wallis [94], Lahey et al.

[95], Steiner and Hartland [96]. Most of the correlations are empirical and the data used
in the derivation have been obtained from fluidization and sedimentation experiments.
Ishii and Chawla [78, 97] have shown that the drag coefficients of dispersed
particles depends on the flow regime, phase fraction, Reynolds number. They consider
that complete similarity exist between CD0 , based on Re0 for a single particle and CD
based on Re for a cloud of particles. They have developed a multiparticle drag
correlation in parallel with the single particle system for the following flow regimes:

Viscous regime for particles, droplets and bubbles; Distorted regime for droplet, and
bubbles, Newton regime for particles; and Churn Turbulent regime for bubbles.
In the Viscous regime the drag coefficient is given as a function of the particle
Reynolds number:

CD = CD ( Re )

(6.10)

where the Reynolds number is defined in terms of the mixture viscosity µm as:

ρ v d
Re = c r b .
µm

(6.11)
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The mixture viscosity µm , accounts for the confinement effect of the surrounding
dispersed particles and is calculated as:

α 

µ m = µc  1 −

 α *

2.5α *

µ d + 0.4 µc
µ d + µc

,

(6.12)

where α * is the maximum phase fraction, which takes a value of approximately 0.62
for solid particles and 1.0 for fluid particles.
Finally for particles in the Viscous and Newton regimes, Ishii and Chawla [78, 97] give
the following correlations based on the mixture viscosity:

(

)

 24
0.75
; Undistorted regime
 Re 1 + 0.15 Re d
CD =  d
0.44 K (α )
; Newton ' s regime
1


(6.13)
.

In Equation (6.13), in the Newton regime, CD depends only on the phase
fraction, i.e the effect of the neighboring particles is through the phase fraction alone.
Hence the relation between CD and CD0 , i.e. K1 (α ) can be obtained by considering a
special case of the terminal velocity particles in an infinite medium. Briefly the terminal
velocity for single particle and multiparticle systems are compared at the transition point
between the undistorted and Newton regime. At this point the relative velocity given by
the two models should be identical. From this argument, the following function for

K1 (α ) is obtained:
2

 1 + 17.6 K (α ) 6/7 
( 2 ) ,
K1 (α ) = 


18.67 K 2 (α )


where K 2 is defined as K 2 (α ) = 1 − α

(6.14)

µc
.
µm

The model of Ishii et al. [78, 97] has been used by Morud and Hjertag [98] to
correlate the drag on bubbles:
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(

)

 24
0.75
; Undistorted regime
 Re 1 + 0.15 Red
d

2
EoK1 (α )
; Distorted regime

CD =  3
8
2
; Churn turbulent
 (1 − α )
3
9.8 (1 − α )3
; Slug flow


(6.15)

Morud and Hjertag [98] assumed the flow to be in the distorted particle regime
for α ≤ 0.3 and the transition from distorted regime to churn turbulent regime is around
0.3. Slug flow regime criterion is mostly appropriate for dispersed two phase flow in a
confined channel. When the volume of the bubble becomes very large, the shape of the
bubble is significantly deformed to fit the channel geometry.
In summary, the drag coefficient models of Tomiyama [75-76, 88] for clean,
slightly contaminated and contaminated water, as well as the model of Ishii and Chawla
[78] [97]were chosen for the validation studies of the two fluid BWR boiling model,
mostly because they have already passed through a validation exercise over a wide range
of turbulent flow. The model of Ishii and Chawla [78] [97] was particularly chosen
because drag coefficient is covers flow regimes other than highly dispersed bubbly flow.
The drag coefficient model of Wang [63] is a model, already implemented in STAR-CD.
Drag coefficient of Cd = 0.45 is a typical drag coefficient for turbulence flows.
In the drag force model validation study the default lubrication force model in
STAR-CD [1] is utilized. For lift force coefficient, the recommended by STAR-CD
manual [1] value of CL = 0.25 is utilized.
Three test cases were chosen to evaluate the different formulations of the drag
coefficient CD . Those are: 1) sudden enlargement of a circular pipe at high phase
fraction by Bel F’dhila et al. [10]; 2) turbulent two phase flow experiment a circular pipe
by Wang, S. K. [9] ; and 3) boiling experiment by Bartolomei and Chanturiya [14].
The individual test boundary conditions and measurement data was previously
described in Chapter 2. The complete two fluid approach was explained in Chapter 4
76

and, in particular, the standard interface modeling, where drag, virtual mass and
turbulent drag are employed. The inclusion of the lift term has a detrimental effect on
the results for sudden enlargement flow and is not considered in this validation exercise.
6.2

Validation exercise 1 – experiment by Bel F’dhila et al. [10]
The results for the gas phase fraction of the first exercise are given in Figure 6-4

through Figure 6-9. As it can be seen, the results agree well with the measurements at
locations close to the inlet. The comparison at location y = −20 mm shows some
discrepancies between measurement and experimental data, where a peak of void
fraction is observed close to the wall. Possible explanation to this could be that the lift
force coefficient of 0.25 pushes the bubbles closer to the wall and in some studies [52]
lift force is entirely neglected.
The discrepancies of void distribution comparison also increase towards the
outlet. In particular, all correlations over predict the accumulation of bubbles shortly
behind the recirculation zone at y = 70 mm and under predict the development towards
fully developed pipe flow. The latter is apparent from the α value at the centerline.
These deficiencies are somewhat unexpected since the liquid velocities are predicted
well. Possible explanation could be the lack of suitable lift coefficient correlation. For
the void fraction profile comparisons differences between the results for different drag
correlations are observed. Particularly, the drag coefficient model by Ishii [78] seems to
predict better the radial void distribution.
Profiles

of

the

axial

liquid

velocity

at

6

cross

sections

(at

y = −20,70,130,180,250,320 mm ) are shown in the same figures. The agreement
between the calculations and the measurements is very good at location close to the
inlet. The discrepancies of the comparison increase towards the outlet of the pipe, where
the centerline velocity is under-predicted by 45 % at the last measurement location. This
has to be attributed to the deficiencies in the turbulence modeling. For the velocity
profile comparisons, the drag coefficient model by Ishii [78] seems to predict again
better the velocity distribution.
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Liquid velocity (m/s)

Void fraction

Pipe radius (m)

Pipe radius (m)

Figure 6-4 Void fraction and liquid velocity at the elevation of -0.025 m
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Liquid velocity (m/s)
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Pipe radius (m)
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Figure 6-5 Void fraction and liquid velocity at the elevation of 0.07 m
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Liquid velocity (m/s)
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Figure 6-6 Void fraction and liquid velocity at the elevation of 0.13 m
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Figure 6-7 Void fraction and liquid velocity at the elevation of 0.18 m
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Figure 6-8 Void fraction and liquid velocity at the elevation of 0.25 m
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Liquid velocity (m/s)

Void fraction

Pipe radius (m)

Pipe radius (m)

Figure 6-9 Void fraction and liquid velocity at the elevation of 0.32 m
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6.3

Validation exercise 2 – experiment by Wang et al. [9]
The drag coefficient models are also validated against the data of Wang et al. [9].

As already mentioned the experiment provides measurement data for radial void
distribution, liquid velocity and turbulence kinetic. Figure 6-10 shows the void
distribution for two test cases with superficial gas velocities at U gs = 0.40 m/s, and

U gs = 0.27 m/s. For the test case of U gs = 0.40 m/s, the simulations results agree
excellent with the measurement for all drag coefficient correlations. All drag coefficient
models slightly under predict the void at locations close to the wall and over-predict the
void fraction at the wall. But the predictions are within 5 % measurement error. Possible
reason for this is the existence of recirculation zones close to the wall. Similar is the
observation for the void distribution test case at U gs = 0.27 m/s.
The liquid velocity distributions are shown in Figure 6-11. The experimental
results are in excellent agreement with the numerical ones. The velocity profile of the
measurement exhibits a peak that does not coincide with the peak of the void fraction.
This is mostly because of the counteracting effect of shear near the wall. In contrast the
liquid velocity distribution follows the peak of the void distribution at the wall. In
comparison to the previous test case the different drag coefficient models do not show
significant differences in the predictions.
The best results are achieved with the model of Ishii [78, 97].
For the test case of U gs = 0.27 m/s, all the drag coefficients models underpredict the liquid velocity around the center of the pipe. The flattest profile is observed
with the model of Ishii and Chawla [78, 97] as well as with CD = 0.45 .
All models underestimate significantly the turbulence kinetic energy, which
according to Rusche [52] and Behzadi et al, [11] should be expected due to the modeling
of Ct , which is close to unity and thereby diminishing the two phase turbulence
production terms.
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Figure 6-10 Void fractions at the elevation of L/D=32
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Figure 6-11 Liquid velocities at the elevation of L/D=35
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Figure 6-12 Turbulence kinetic energies at the elevation of L/D=35
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6.4

Validation exercise 3 – experiment by Bartolomei and Chanturiya [14]
The experiment was already described in Chapter 2. Figure 6-13 and Figure 6-14

show the axial void distribution and axial temperature distribution at the wall. One can
see that the STAR-CD simulation results are in a very good agreement with the
measured data. The results obtained with the drag coefficient model of Ishii and Chawla
[78, 97]show the best agreement for the axial void distribution data. The model of Wang
[63]and Tomiyama [75-76] over predict and under predict the void distribution,
respectively. The temperature at the wall results are almost the same for all drag models.
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Figure 6-13 Comparisons of the axial void distribution
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Figure 6-14 Comparisons of the axial wall temperature distribution
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Summary and conclusions
Chapter 6 begins with a literature review of existing alternative drag force

models that are appropriate for flow regimes at high fractions of the dispersed phase.
Four drag force models are assessed at three different experiments with various
boundary conditions. Those are a model with CD = 0.45 , model by Wang et al. [63],
Tomiyama et al. [75]and Ishii and Chawla [78, 97].
All drag models gave reasonable and almost identical results in void distribution
comparison in the simple pipe flow experiment of Wang [9].
Significant difference in the drag formulation is observed by the back flow
generated behind the enlargement in the experiment of Bel F’dhila [10]. However, the
discrepancies between the measured and calculated phase fraction profiles for this flow
cannot be explained by the dependence of the drag on the phase fraction.
Overall, for all test cases, the most reasonable results are observed by the model
of Ishii and Chawla [78, 97].
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CHAPTER 7 LIFT FORCE MODELING
Within this chapter several lift force correlations in dispersed two-phase systems
are considered. Special focus is kept on the correlations that define the lift force as a
function of the flow regimes typical for BWRs applications. In STAR –CD the two fluid
methodology utilizes a lift force model developed by Tomiyama et al. [44].
Probably the first research that was related to transverse movement of particles
was based on Poiseuille [99] who found out that blood cells keep away from the wall of
capillaries. Later Segré and Silberberg [100-101] proved that small neutrally buoyant
spheres of various sizes suspended in a Poiseuille flow in tube migrated slowly to a
position about 0.5 to 0.7 tube radii from the tube axis. This experiment demonstrated
convincingly the existence of a lateral force on spherical particles. At the same time,
Oliver [102] investigated buoyant particles in the same type of flow. He found that
downward settling particles in downward flowing liquids move towards the wall
whereas upward moving particles moved towards the axis.
Most of the experimental work related to the lateral movement of particles has
focused on low Re numbers to avoid complications due to unsteady flow, for example
boundary layer separation or oscillations in the trajectory.
Another problem is that trajectories are often random due to turbulence and/or
manner of introduction into the flow. Indeed, in the case of bubbles, the phenomenon of
helical and zigzag trajectories has been attributed to varying injection arrangements and
conditions in the experimental setups of the different researchers.
The lateral migration of the bubble depends on several characteristics as
described in [52]. Those are summarized below.
Shear of the fluid: a lateral force can be induced by shear in the surrounding
continuous phase itself. This effect is name after Saffman [103] who derived an
expression for it, for very low Re numbers.
In contrast to two-dimensional flow past rigid bodies, where an initially uniform
vorticity field remains uniform because vortical elements are not stretched, three
dimensional bodies moving in a shear field permanently after the vorticity field by
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stretching and tilting vortical elements that according to Cauchy-Helmholtz-Kelvin
[104] result, move with the fluid. An essential feature of sheared flow past a rigid body
is the generation of vorticity parallel to the direction of motion which manifests itself as
an attached horseshoe vortex. As illustrated in Figure 7-1 the horse shoe vortex induces
a down-thrust on the fluid and the body feels a corresponding lift force. This kind of
lateral force acts to move the body towards the higher velocity side [105].

Figure 7-1 Shear induced lift on a spherical particle: a) A schematic diagram shows
how incident vertical elements are tilted and stretched (double arrow indicate the
direction of the vorticity w ). b) Shows a numerical solution of the high Reynolds
number flow ( Re = 500 ) Legendre and Magnaudet [106] illustrating the horseshoe
vortex. The iso-contours correspond to a constant value of the stream wise vorticity

w y one diameter downstream of the bubble center [52, 105].
Wake phenomena: even for uniformly approaching flows it is well known that
wake forces are of major concern.
When a vortex is shed, the space it occupies behind the body is replaced by
liquid moving more slowly than the rotational velocity of the vortex. A significant
velocity reduction occurs due to the sharp turn that the incoming fluid has to make to
occupy the volume immediately after the body. The Bernoulli equation predicts that this
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decrease in the velocity of the fluid will generate an increase in pressure. Therefore,
when a vortex is shed a transient lateral force on the body will arise. After averaging
over an appropriate period of time, this effect will generate a non-zero lateral force if the
wakes on either side of the centerline are not symmetric as depicted in Figure 7-2. This
necessarily always happens in a shear flow and the flow visualization of Sakamoto et al.
[107], shows very clearly how this mechanism may produce a non-zero average lateral
force. Interestingly, this net force acts on the opposite to that induced by the shear of the
fluid, i.e. towards the lower velocity side. Wake phenomena become crucial when the
density ratio is large, e.g. in bubbly flows, because, in this case, the liquid phase vortices
shed by the bubble deliver considerable momentum to it.

Figure 7-2 Sketch of the flow field around a DPE in linear shear. The shedding of
nonsymmetrical vortices could produce an average lateral lift force towards the
lower velocity side[52]
Bubble size and deformation: The phenomena discussed are altered for nonspherical particles but the exact mechanisms are not very well understood. Furthermore,
fluid particles deform substantially when the shear of the fluid is strong enough and this
feeds back on the hydrodynamic forces. This coupling between shear and deformation
manifest itself in a spectacular way in the lateral migration of non-spherical bubbles.
Tomiyama et al. [44] reported measurements that show that strongly deformed bubbles
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rising in a vertical linear shear flow migrate in the direction opposite to that followed by
sphere bubbles. A possible reason for this effect is illustrated in Figure 7-3. The fluid
particle may be deformed such that it assumes an airfoil-like shape and could experience
a lateral force towards the lower velocity side.
The experimental and numerical work performed by Zun [108], Liu et al. [5],
Hibiki et al. [109], Serizawa and Kataoka [110-111] shows that relatively small and
large bubbles tend to migrate toward a channel wall and center, respectively. They
indicated that the bubble size and the complex interaction between a bubble wake and a
shear field around the bubble play an important role in the lateral bubble migration.

Figure 7-3 Sketch of an a) undeformed and b) distorted particle. Note that the
distorted bubble may experience a lift force acting towards the lower velocity side
[52]

Surfactants: The presence of surfactants on the surface of small fluid particles is
known to produce inter-facial shear stresses and there to increase the drag as discussed
in Chapter 6. It is likely that surfactants also have a considerable influence on the lateral
force because the amount of inter-facial vorticity may be several orders of magnitude
larger than that for a clean interface.
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Given the large numbers of influencing factors listed above and the limited
understanding of the physical processes involved, it is not surprising that no model
exists that predicts the lateral force on dispersed particles with satisfactory accuracy
7.1

Lift coefficients models
Multiple correlations for lift forces exist in the literature. In fact, the paper of

Hibiki and Ishii [45] provides a broad number of the lift force models. According to
them the lift force models are classified namely into:
-

Analytical approach, models by Saffman [103] and Auton [67];

-

Numerical approach models such as the one by McLaughlin [112] and
Legendre and Magnaudet [106];

-

Experimental approach models developed by Kariyasaki [113] and
Tomiyama et al. [44]

The lift force on a dispersed particle is primarily governed by the Reynolds
number and the dimensionless shear rate Sr defined in Equation (6.16).

Sr =

∇U c d
Ur

(6.16)

In the case of fluid particles, the Eo number and Mo are also important. The
definitions of these dimensionless groups were given in Chapter 6.
The models that are described in the following sections are models that are
chosen for investigation of the effect of the void fraction and bubble diameter on the lift
force. The following models are incorporated in STAR-CD code as a part of this PhD
work: lift coefficient model by Hibiki and Ishii [45], Behzadi and Issa [11] and a newly
proposed model. The goal is to identify the models applicable for the different two phase
flow regimes existing in the BWR fuel assemblies.

7.1.1

Lift force model considering bubble deformation
The lift force model described herein is based on the empirical correlation

developed by Legendre and Magnaudet [106] and is further developed by Hibiki and
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Ishii [109] to account for the bubble deformation effect. Legendre and Magnaudet
studied the three dimensional flow around a spherical bubble moving steadily in a
viscous linear shear flow numerically by solving the Navier-Stokes equations within the
range of 0.01 < Re < 500 and 0.01 < Sr < 1.
The lift force for a single spherical bubble is defined by Equation (7.1):

4
FL0 = −CL 0 π rb3 ρc vr 0 × ωV ,
3

(7.1)

where rb , ρc , vr 0 and ωV are sphere radius, density of the continuous phase, relative
velocity between the dispersed and the liquid phases defined by the sphere velocity with
respect to the fluid velocity and vorticity.
The lift coefficient CL0 is defined by Equation (7.2):

CL0 = ξf 0

{CL0low Re ( Re0 ,Sr )} + {CL0high Re ( Re0 )}
2

2

,

(7.2)

where the modification factor ξ f 0 is developed based on existing experimental data.
The experimental data taken by Tomiyama et al. [44] is used. Tomiyama et al. [44]
obtained the lift force data systematically in an air-bubble and glycerol-water solution
system over the range of flow parameters such as

−5.5 ≤ log10 Mo ≤ −2.8 ,

1.40 ≤ Eo0 ≤ 5.83 and 0 ≤ dvc / dx ≤ 8.3s −1 .
Hibiki and Ishii [109] correlated the modification factor ξ f 0

using the

following simple r

(
)
ξ f 0 = 2 − exp ( 0.136 Eo1.11 )

ξ f 0 = 2 − exp 2.92D*d 02.21 ;

where

D*d 0 =

(7.3)

Eo1/2
4 .
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Figure 7-4 shows the dependence of the modification factor ξ f 0 on the nondimensional bubble diameter D*d 0 . In the figure, it can be seen that ξ f 0 becomes
negative at D *d 0, crit = 0.522 , which is half of the bubble diameter at the distorted
bubble limit. Hibiki and Ishii [109] defined a transition points between viscous, distorted
particle and spherical cap bubble regime, obtained by matching the drag laws for the
different regimes.

Figure 7-4 Dependence of modification factor on non dimensional bubble diameter
from [109]
In multiparticle systems Ishii [114], assumed a similarity hypothesis such that in
viscous regime a complete similarity exist between the drag coefficient CD0 based on

Re0 and CD based on Re , so that CD has exactly the same functional form in terms of
Re as CD0 in terms of Re0 . In a similar fashion Hibiki and Ishii [45] assumed that
complete similarity exists between CL0 based on Re0 and Sr 0 and CL based on Re
and Sr where:
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Re =

2 ρc vr rd

µm

,

(7.4)

where µm is the mixture viscosity defined in Ishii and Chawla [97].
Then the lift coefficient for multiparticle system will be defined as in Equation (7.5):

CL = ξf

7.1.2

{CLlow Re ( Re,Sr )} + {CLhigh Re ( Re)}
2

2

(7.5)
.

Effect of phase fraction on the lift force coefficient
Several researchers Behzadi et al. [11], Bel F’dhila and Simonin [115], Hill et al.

[116], Lance and Lopez de Bertodano [117], Lathouwers [118] have shown that the lift
force has a strong influence on the phase fraction distribution.
Beyerlein [119], Wang et al. [9, 120] have performed studies in which the lift
coefficient correlation as well as other coefficients in simplified two-fluid models are
adjusted to provide the best agreement with experimental data for the phase volumetric
fraction distribution in co-current bubbly flows in pipes.
In his work Rusche [52] describes that Wang et al. [9, 120] deduced lift
coefficients for a range of conditions . They correlated the data as a function of the local
phase volumetric fraction, the ratio of the bubble diameter and the pipe diameter as well
as several other parameters.

Wang et al. [9, 120]

found that the lift coefficient

diminished exponentially with the local phase fraction and ranged between 0.01 and 0.1.
A reduction of the lift coefficient with increasing phase volumetric fraction may
be expected, since the vorticity around the bubble will become increasingly dominated
by that contained in the wakes of the bubbles in front of it. In this case, the lift force
depends only weakly on the mean flow, but strongly on the position of the surrounding
bubbles. Hence the effective lift coefficient diminishes for increasing phase volumetric
fractions.
Beyerlein et al. [119] utilized a simplified two-fluid model in which the liquid
velocity was assumed to be undisturbed by the bubbles to derive a correlation for the lift
97

coefficient. Hence their study is limited to very low phase fractions. They found that the
lift coefficient, CL , could not be independent of the phase fraction if the profiles of the
latter were to be predicted accurately. They correlated C L as the mean phase fraction α
as follows:
CL = 1.65 × 10−3α

−0.78

.

(7.6)

Unfortunately this correlation is suspect and of limited utility, since C L must
clearly depend on the local phase fraction. The validity is particularly suspect near the
pipe wall where the peak phase fraction can be several times larger than the mean value
and where the vorticity and hence lift force are the strongest.
This problem has been addressed in Rusche [52] where the data was fitted using
the peak phase fraction value instead of the mean one. However, the peak values could
only be extracted for three of eight cases investigated by Beyerlein et al., but this is still
sufficient if one retains the functional form of Equation (7.6) and given by:
C L = 6.51× 10 −4 α −1.2 .

(7.7)

Figure 7-5 Lift coefficient as a function of the phase fraction. Original correlation
by Beyerlein et al. [119]
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7.1.3

Proposed model for the lift force coefficient
As can be seen in Figure 7-5 the lift coefficient is correlated as a function of

dispersed phase fraction up to the limit of 10%. In this research, the three experimental
test cases used for validation purposes have void fraction higher than 50 %. In fact, flow
regimes with void fractions larger than 25 % are associated with significant bubble
interactions and agglomeration, while the void concentration reaches maximum at the
center of a pipe. Here is proposed a modified model based on the research of Rusche
[52], Behzadi et al. [11] and Beyerlein et al. [119] and Van Der Welle [18]. It accounts
for the lift force at void fractions higher than 25%, when the flow is associated with
large bubbles or slug flow regime. At that flow regime the lift force should become
negative and move the void concentration toward the center of the pipe.
The negative lift force is associated with transverse movement of a large or
deformed bubble toward the center of the pipe. This movement is caused by the
interaction between the wake and the shear field. There is a direct dependence between
bubble diameter size and the radial void distribution which depends on the flow rate.
Generally, increasing the void fraction at constant water flow rate increases the bubble
size which is a result of the bubble coalescence and increased bubble detachment [6,
18].
At their current status, the CFD codes, including STAR-CD are not able to
predict accurately bubble diameter change due to bubble break-up, coalescence or phase
change conditions. Therefore, the newly proposed model correlates the lift force
coefficient as a function of void fraction. This is reasonable since the bubble collision,
fluctuating bubble motion and bulk liquid turbulence can be neglected, because these
phenomena are more or less stochastic [44].
Given the limited understanding of lift force and how it varies with flow
conditions at high phase fractions, it is not surprising that the studies on the influence of
phase fraction on the lift coefficient are extremely rare [11]. In order to validate the new
lift coefficient model an approach utilized by Beyerlein et al.[119] is applied. Here is
analyzed a cross sectional phase fraction data for vertical upward pipe flow in which the
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liquid velocity is assumed to be undisturbed by the bubbles. The validation exercise is
described in Section 0.
Based on sensitivity studies in STAR-CD, values for lift coefficients are found
that agree best with the void distribution data from the experiments of Van Der Welle
[18] tests 31÷34. Those lift coefficient values are provided in Table 7-1. Figure 7-6
through Figure 7-9 show the lift coefficient studies that give the best agreement with the
measurement data. The boundary conditions for the experiments of Van Der Walle [18]
are given in Table 2-9.
Table 7-1 Lift coefficient data
Test 32

Test 33

Test 34

-0.055

-0.1

-0.15

0.6

Void fraction

Clift

Test 31

Pipe radius (m)
Figure 7-6 Void distribution for experiment test 31
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Void fraction

Pipe radius (m)

Void fraction

Figure 7-7 Void distribution for experiment test 32

Pipe radius (m)
Figure 7-8 Void distribution for experiment test 33
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Void fraction

Pipe radius (m)
Figure 7-9 Void distribution for experiment test 34

The new model is a combination of the correlation of Behzadi et al. [11]
(Equation (7.7)), valid when α ≤ 25% , and a new correlation as given in Equation (7.8),
valid when α > 25% .
C L = 1.0 − exp(3.5* α 4.21 )

(7.8)

The correlation is plotted in Figure 7-10.
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Figure 7-10 Lift coefficient as a function of the phase fraction. Proposal for
modification of the correlation by Beyerlein et al. [119]
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7.2

Validation exercise 1 - experiment by Bel F’dhila et al. [10]
Let us recall that three test cases are used to evaluate the different correlations

for drag coefficient: 1) sudden enlargement of a circular pipe at high phase fraction of
Bel F’dhila et al. [10]; 2) regular circular pipe at different boundary conditions of Wang
et al. [9]; and 3) the boiling experiment of Bartolomei and Chanturiya [14]. The best
model for drag force is defined to be the one by Ishii and Chawla [77].
The same validation cases are now employed in combination with the chosen
drag force model to assess the different lift coefficient models presented above. The
default wall lubrication model of STAR-CD [1] is utilized. The geometry and setup for
the sudden enlargement and the plane mixing layer were explained in Chapter 2. The
complete two fluid methodology was described in detail in Chapter 4.
In total four lift correlations were selected for assessment. The first one, the
correlation by Tomiyama et al [44], given by Equation (5.12), is already implemented
in STAR-CD. It takes into account the influence of Re and Eo numbers. The second
model is that of Hibiki and Ishii [45] and is given by Equation (7.2). It accounts for the
shear and turbulence effects through viscous and Reynolds numbers as well as the effect
of the bubble diameter through a correction factor. The third correlation is that by
Behzadi and Issa [11], which is given by Equation (7.6). The second and the third
correlations are implemented in the code during this study. The fourth correlation,
which allows negative lift force when the void fraction exceeds 10%, is the new
model proposed by the author of this PhD work.
The predicted phase fraction profiles obtained by the different lift correlations
are given in Figure 7-11 through Figure 7-16. The models by Behzadi and Issa [11] and
the newly proposed correlation show the most reasonable agreement. The models by
Tomiyama and Ishii as well as the results with constant CL = 0.25 shows similarity and
namely accumulation of bubbles within the recirculation zone, which is evident at
location y = 130 mm .
Once again, the sign of the lift coefficients based on the Tomiyama and Ishii
work depends on the bubble diameter, which is assumed to be a constant of d=2 mm.
Therefore their results are very similar to the one generated by CL = 0.25 . The results
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produced by the model of Behzadi and Issa [11] and the newly proposed correlation
capture the phase distribution at the first three axial locations better. Further downstream
at x = 180, 250 and 320 mm , some discrepancies with the measurement are noticeable
especially at locations r/R =0.5. The redistribution of bubbles towards r/R =0.5 is
governed by bubble diffusion and remedy has to be sought in the modeling of the
turbulent drag term.
In Figure 7-11 through Figure 7-16 are also given the liquid velocities. The
models of Tomiyama, Ishii and CL = 0.25 always under predict the velocity profile in
the center of the pipe except for location y = 320 mm . The results with the model of
Behzadi and Issa and the newly proposed model show excellent agreement except for
locations at y = 180, 250,320 mm , where the velocity in the centerline is over predicted.
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Figure 7-11 Void fraction and liquid velocity at the elevation of -0.025 m
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Figure 7-12 Void fraction and liquid velocity at the elevation of 0.07 m
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Figure 7-13 Void fraction and liquid velocity at the elevation of 0.13 m
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Figure 7-14 Void fraction and liquid velocity at the elevation of 0.18 m

109

Liquid velocity (m/s)

Void fraction

Pipe radius (m)

Pipe radius (m)

Figure 7-15 Void fraction and liquid velocity at the elevation of 0.25 m
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Figure 7-16 Void fraction and liquid velocity at the elevation of 0.32 m
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7.3

Validation exercise 2 - experiment by Wang et al. [9]
The experimental data by Wang et al. [9] is also utilized for the alternative lift

force models validation. Figure 7-17 shows the void distribution for two test cases with
superficial gas velocities at U gs = 0.40 and U gs = 0.27 m/s.
For both test cases, with U gs = 0.4 and U gs = 0.27 m / s , the lift force models by
Ishii and Tomiyama [44] tend to over predict, while the models by Behzadi and Issa [11]
tends to under-predict the void distribution at the center of the pipe (regions r / R = 0.6 ).
The newly proposed model is in excellent agreement with the measurement except for
regions close to the wall where wall shear stress has an effect. The newly proposed lift
force coefficient as well as the Issa and Behzadi models do not account for wall shear
effects.
In the region of r / R = 0.7 ÷ 0.9 the lift force models by Tomiyama [44] and
Ishii slightly tend to under predict the phase fraction values. Possible reason for this
could be the existence of recirculation zones and the inability of the modified k − ε
model to account for that.
The liquid velocity distributions are shown in Figure 6-11. The lift models by
Tomiyama [44] and Ishii [45] predict very well the velocity distribution at the center of
the pipe. Higher discrepancies are observed for the model by Behzadi and Issa [11] and
the newly proposed model at the center as well as the pipe wall region.
Figure 7-19 shows comparison for the turbulence kinetic energy. The lift models
of Hibiki and Ishii [45], Tomiyama et al. [44], as well as CL = 0.25 underestimate
significantly the turbulence kinetic energy. All those models generate positive lift forces
and correspondingly shift the void towards the pipe’s wall. The newly proposed model
and the model of Behzadi and Issa [11] have better agreement with the measurement for
turbulence kinetic energy.
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Figure 7-17 Void fractions at the elevation of L/D=32
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Figure 7-18 Liquid velocity at the elevation of L/D=35
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Figure 7-19 Turbulence kinetic energy at the elevation of L/D=35

115

7.4

Validation exercise 3 – experiment by Bartolomei and Chanturiya [14]
Figure 7-20 and Figure 7-21 show the axial void and wall temperature

distribution profiles. The overall comparison between the different models of lift force
shows that the new model and the Issa models show insignificant difference. The results
with Cdrag of 0.45, Clift = -0.018 and Antal lubrication force over predict the axial void
distribution but to a lesser extent in comparison to the same calculation without the
lubrication force. The axial wall temperature distribution is shown in Figure 7-21. It is
evident that no significant difference is observed between the different simulations’
results and the overall the STAR-CD prediction is in an excellent agreement with the
measurement. The calculations with lift coefficient models by Tomiyama [44] and Ishii
[45] diverge, since they accumulate vapor close to the wall which deteriorates the heat
transfer between the heated pipe wall and the fluid and exceed the temperature limits.
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Figure 7-20 Axial void distribution

116

550.00

540.00

530.00

Temperature (K)

520.00

510.00

Experimental

500.00
STAR-CD_Cd=0.45
490.00
STAR-CD Cdrag_Clift_Clubr=Ishii_Issa_Antal

480.00

470.00

STAR-CD Cdrag_Clift_Clubr=Ishii_Modified_Antal

460.00

450.00
0

0.5

1

1.5

2

2.5

Axial location (m)

Figure 7-21 Axial wall temperature distribution

7.5

Summary and conclusions
Chapter 7 begins with a literature review of existing alternative lift force models

that are appropriate for flow regimes at high fractions of the dispersed phase. Five lift
force models in combination with the best drag correlation from Chapter 6 are assessed
based on three different validation test cases. The studied lift force models are with

CL = 0.25 , model by Hibiki and Ishii et al.[45], Tomiyama et al. [44] and Behzadi and
Issa [11]. The lift force models by Hibiki and Ishii et al.[45], Behzadi and Issa [11] and a
new proposed one are integrated in STAR-CD code.
Reasonable predictions for the phase fraction profiles in a gas-liquid sudden
enlargement flow cannot be achieved with constant lift force models such as Cl = 0.25 ,
as recommended by [1]. Other lift force models which were tested, such as the one of
Tomiyama [44] or Ishii [45] also show significant deviations from the reference results,
117

particularly at higher recirculation zones where unphysical accumulation of bubbles is
observed. Very good agreement is seen for the simple model suggested by Behzadi and
Issa [11] where the lift force is given only as a function of void fraction. However, this
model is reasonable for void fractions up to 30 % when significant bubble collapsing
and growth occurs and transition from bubbly to slug flow regime is observed. New lift
force model is proposed in this thesis. It accounts for this phase transition and it gives
better results for all test cases chosen for validation.
In the current studies, it is assumed that the lift force turns negative at the
transitional limit of 30 % void fraction. While negative the lift force accounts for the
concentration of bubbles in the center of a pipe geometry or sub-channel of a BWR fuel
assembly.
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CHAPTER 8 OTHER INTER-PHASE MOMENTUM FORCES AND
BWR HEAT TRANSFER MODEL
8.1

Extended boiling heat and mass transfer models [37, 121-123]
The inter-phase mass, momentum and energy exchanges depend on the local

thermo-hydrodynamic conditions. For computational cells where the bubbly flow regime
is present, the vapor is assumed to exist in the form of spherical bubbles with a variable
diameter. While the bubble diameter can vary from cell to cell, all bubbles within a
given cell are assumed to have the same diameter. Vapor bubbles with a prescribed
diameter are generated near the heated surfaces and are entrained in the coolant stream.
Their trajectories are further determined by the inter-phase forces. As they exchange
energy and mass with the surrounding liquid, the bubbles can condense and decrease in
size and number or, under certain conditions, grow due to additional liquid evaporation.

8.1.1

Inter-phase transfer for the bubbly flow regime
The inter-phase heat and mass transfer models were obtained by considering the

heat and mass transfer from the vapor and the liquid to the gas-liquid interface as
illustrated in Figure 8-1 for a bubbly flow regime. The net heat transfer to the interface
is used to compute the mass transfer rate between the two phases.
The heat transfer rate from the liquid to the interface is

qɺlb = hlb Aib (Tl − Tsat ) .

(8.1)

The heat transfer rate from the vapor to the interface is

(

)

qɺ gb = hgb Aib Tg − Tsat .

(8.2)
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Figure 8-1 Heat and mass transfer between a vapor bubble and liquid [124]

Similar heat transfer rate equations apply the droplet topology, shown in Figure
8-2, but both the liquid-side and vapor-side heat transfer coefficients are now calculated
using different heat transfer correlations.
The heat transfer rate from the liquid to the interface is

qɺld = hld Aid (Tl − Tsat ) .

(8.3)

The heat transfer rate from the gas to the interface is:

(

)

qɺ gd = hgd Aid Tg − Tsat .

(8.4)

Vapor

Tsat

Tg
Liquid Droplet

Tl

qɺl
qɺ g

mɺ

Figure 8-2 Heat and mass transfer between a liquid droplet and vapor [124]
120

In Equations (8.1) through (8.4), the subscript b is used to denote the bubbly
flow topology and the subscript b for the droplet flow topology.
Assuming that all the heat transferred to the interface is used in mass transfer (i.e.
evaporation or condensation) the mass transfer rate can be written as
mɺ =

qɺl + qɺ g
,
h fg

(8.5)

where h fg is the latent heat.
To determine the interfacial area Ad is used in Equations (8.1) through (8.4) we
need to specify the bubble diameter. Since bubbles are generated due to boiling and
reduced due to condensation, the bubble diameter is expected to be a function of the
liquid temperature. Kurul and Podowski [47] defined the local bubble diameter using
linear interpolation between measured bubble diameters at two specified values of liquid
sub-cooling:

d ( ∆Tsub − ∆T0 ) − d0 ( ∆T1 − ∆Tsub )
d= 1
;
∆T1 − ∆T0

∆T0 ≥ ∆Tsub ≥ ∆T1
(8.6)

d = d0 ;
d = d1;

∆Tsub ≥ ∆T0

(8.7)

∆Tsub ≤ ∆T1

The liquid subcooling is defined as

∆Tsub = Tsat − Tl

(8.8)

The following values obtained from experiments were used:

d0 = 1.5 ×10−4 ;

∆T0 = 13.5

d1 = 2 × 10−3 ;

∆T1 = −5

(8.9)
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8.1.2

Wall heat partitioning
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 to the liquid, evaporative
heat for generation of steam and quench heat for heating of liquid in the nucleation sites.
If the wall heat flux is specified, rather than the wall temperature, this model allows the
calculation of the wall temperature that corresponds to the specified heat flux. The
details of the wall heat partitioning model are given below.
As we know, evaporation starts from nucleation sites at the heated surface. We
can divide, the heated surface into two parts:
(1) Ac - fraction of wall area not covered by nucleation site and therefore
subject to convective heat transfer:

Ac = 1 − Ae

(8.10)

and
(2) Ae - fraction of wall area covered by nucleation sites and therefore subjected
to evaporative heat transfer:

Ae = FA

π dw2
4

n ''

(8.11)

Here FA is the model constant in which a value of 2 has produced satisfactory results in
the validation exercises; d w is the bubble departure diameter; and n '' is the nucleation
site density. The nucleation site density can be obtained from

(

n '' = m∆Tsup

)

p

,

(8.12)

where ∆Tsup = Twall − Tsat is the wall superheat and according to Kurul and Podowski
[47], m = 185 and p = 1.805 .
The bubble departure diameter is obtained from:
 ∆T 
d w = d0 exp  − sub  ,
 ∆T0 

(8.13)
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where d0 = 0.6 mm and ∆T0 = 45 are model constants.
Over the area not covered by nucleation sites we have convective heating of the
liquid. The convective heat flux can be modeled as

qɺc '' = hc Ac (Twall − Tl ) .

(8.14)

Over the area covered by nucleation sites, we have evaporation heat transfer. The
evaporation heat flux at the wall is proportional to the nucleation sites density, the
bubble departure diameter and bubble departure frequency, f , as follows:

qɺe '' =

π dw3
6

ρ g h fg fn '' .

(8.15)

The bubble departure frequency can be obtained from

f =

(

)

4 g ρl − ρ g
.
3
d w ρl

(8.16)

As the bubble detaches from the wall, the space occupied is filled by cooler
water. Part of the heat flux is used in heating this replacement water. We call this
heating the quenching heat transfer, Del Valle and Kenning [13] modeled this heat
transfer by transient heat conduction in a semi-infinite slab:

qq '' = hq Ae (Twall − Tl )

hq = 2 f

tw ρl Cpl λl

π

,

(8.17)
(8.18)

where tw is the waiting time between bubble departure between the bubble departure
and the activation of the next bubble,

tw =

0.8
.
f

(8.19)

The wall heat flux is therefore made up of three components as follows:

qɺw = qɺc ''+ qɺe ''+ qɺq '' .

(8.20)
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8.1.3

Local flow topologies and topology transitions
The concept of local inter-phase topology map is employed to determine the

local flow configuration (bubbly, mist, annular film, etc. ) as a function of the flow
conditions and to prescribe which models and properties are relevant for each
computational cell [124].
A schematic view of upward boiling flow in a vertical channel is presented in
Figure 8-3, together with examples of computational cells with typical local inter-phase
surface topologies. The following three main types of local inter-phase surface
topologies are distinguished in the STAR-CD code.
1. Topology with multi-connected interface inside a cell:
a) Bubbly flow topology, in which the gaseous phase is distributed in the
continuous liquid in the form of bubbles;
b) Mist flow topology, where the liquid phase is distributed in the
continuous gas in the form of droplets;
c) Churn flow – this is an intermediate topology between bubbly flow
topology and mist flow topology
2. Sharp interface topology with single-connected interface in a cell that can be
approximated by a plane. The interface divides single phase-liquid and single
phase gas.
3. Intermediate (transitional) topologies between those with single- and multiconnected interface.
The local inter-phase surface topology map in the STAR-CD code is determined
using the topology map shown in Figure 8-4. According to this map, the inter-phase
surface topology in each cell is determined by two quantities, i.e. void fraction α g and
void fraction differential γ = δ . ∇ α g , at distances of about the characteristic mesh size

(

)

δ = min ∆ x , ∆ y , ∆ z . Currently, the following inter-phase surface topology map
parameters are used α g ,bc = 0.3, α g ,cm = 0.7, γ1 = 0.2, γ 2 = 0.4 .
It is noted that while the local topology dependence on the void fraction α has
been implemented for all computational cells, the dependence on the void fraction
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gradient γ is currently limited to the near-wall cells where it supports the modeling of
liquid film topologies.
The master cell topology used in conjunction with the map to determine the local
inter-phase surface topology is illustrated in Figure 8-5. This master cell includes a
bubbly topology domain separated by a sharp interface from a mist topology domain.
Various special cases and combinations of the master-cell features, determined the map
shown Figure 8-4, define all local flow topologies, including the basic topologies shown
in Figure 8-3 as well as transition topologies.
The inter-phase surface topology map is used in conjunction with the local flow
topology, which in turn is used to evaluate the interfacial area and inter-phase
interactions. Three basic local flow configurations with specific interface topology are
identified (bubbly flow, mist flow and sharp interface). Interfacial area, interfacial drag
and inter-phase heat transfer models are defined for these configurations. In the domains
identified in Figure 8-4 as transitional topologies it is assumed that a combination of the
basic flow configurations, shown in the most general case in Figure 8-5 is present. The
inter-phase transport quantities required for closure are found by determining the
appropriate combination of mass, momentum and energy exchange terms for the local
flow topology. The dashed arrows in the Figure 8-4 show the scheme used to determine
the combination of basic topologies for each transitional topology.
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Figure 8-3 A schematic view of upward flow in vertical channel with heated walls
[124]

Figure 8-4 The inter-phase surface topology map [122-124]

Figure 8-5 Master cell topology [124]
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8.2

Validation exercise 4 - BFBT test No 4101-55 [1]
The OECD/NRC BFBT benchmark was described in details in 2.4. [2]. A brief

summary of the boundary conditions, which are necessary for this validation exercise,
follows.
Only one test case, 4101-55, is simulated in this research. The simulation test is
performed with the so-called assembly type 4, which is a BWR high burn-up assembly
with one large water rod in the middle of the bundle. Geometrical description is given
Chapter 3. Figure 3-2 shows the spacer grids and their axial location in the fuel bundle.
The same computational model, with hexahedral mesh elements as shown in
Figure 3-8, is utilized for the void distribution exercise (Exercise I-2 of the benchmark).
The boundary conditions for test case 4101-55 are as follows - pressure of 7.20 MPa,
flow rate of 54.6 t/h, inlet subcooling of 53 kJ/kg, power of 1.92 MW and exit quality of
5 %.
Test case 4101-55 has a uniform axial and non-uniform radial power profile. The
radial power profile is given in Figure 8-6.

Figure 8-6 Radial power profile of the modeled assembly [2]
As already mentioned, the measured data for the steady-state microscopic grade
benchmark (Exercise 2 of Phase I) consists of 512x512 pixels void distribution
measurement [2]. Comparison of the STAR-CD simulation with the measurement is
given in Figure 8-7 through Figure 8-10.
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Figure 8-7 shows the detailed void distribution comparison for the base case
study with constant drag coefficient of 0.45 and no lift and lubrication forces activated.
As seen in Figure 8-7 a) the simulation of STAR-CD shows that the most of the void is
concentrated around the fuel rods while the liquid is within the sub-channels and close to
the water rod. This is in disagreement with the measurement where the void is
concentrated mostly in the sub-channels while around the fuel rods a stable liquid film is
observed as seen in Figure 8-7 b). The percent error is shown Figure 8-7 c) which
supports the upper-stated difference between simulation and measurement data. Namely,
largest errors, between 40-50%, are observed in the sub-channel regions and near the rod
surfaces, particularly sub-channels close to the big water rod.
Figure 8-8 shows an averaged sub-channel void distribution comparison between
the same base case and experimental results. It is evident from Figure 8-8 b) that the
largest percent errors are observed in the sub-channels close to the water rod, the corner
sub-channels as well as sub-channels adjacent to the can surface.
The best simulation test case that was determined from the previous validation
studies is the case with drag force as modeled by Ishii and Chawla [97], lift force
defined as “proposed” and lubrication force by Antal et al [69]. That case is also used in
the BFBT validation exercise of test case 4101-55 with 5% exit quality and average void
fraction of 43.5%.
In Figure 8-9 the detailed void distribution comparison is shown. The effect of
lift and wall lubrication forces on the results is obvious. Figure 8-9 a) shows, the
improved void distribution pattern of the simulation results and namely void
concentrated in the sub-channels and particular liquid film around the fuel rods. The
percent error results in Figure 8-9 c) show much better agreement between measurement
data and simulated results. Most of the error is located around the water rod and the
bundle can. The error around the bundle can particularly are mostly caused by the
bundle distortion which was seen in the BFBT database [2-3].
Figure 8-10 shows the sub-channel averaged void fraction comparison.
Significant improvement in the results is observed here as well, particularly for the
averaged sub-channel void fraction at the corners. Largest percent error is seen at the
sub-channels close to the water rod.
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a) Simulation

b) Measurement

c) Percent Error

Figure 8-7 Detailed two-dimensional void distribution comparison for base case with constant drag coefficient of 0.45, without
lift and lubrication forces

a) Simulated sub-channel
average void fraction

b )Percent Error

Figure 8-8 Sub-channel two-dimensional void distribution comparison with constant drag coefficient of 0.45, without lift and
lubrication forces

129

Simulated

Measurement

Percent Error

Figure 8-9 Detailed two-dimensional void distribution comparison for case with Ishii model [97] for drag coefficient, the new
lift force model and lubrication force as of Antal et al. [69]

Simulated average void fraction

Percent Error

Figure 8-10 Sub-channel two-dimensional void distribution comparison with Ishii and Chawla model [97] for drag coefficient,
the new lift force model and lubrication force as of Antal et al. [69]
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8.3

Summary and conclusions
In Chapter 8 are given the details about the extended boiling and heat transfer

models utilized in STAR-CD [1].
The BFBT validation exercise 4 was utilized here to study the effect of drag, lift
and lubrication forces and it was seen that their addition improves significantly the
numerical results. However, some discrepancies are observed in the void distribution
comparison near the unheated surface such as water rods and fuel assembly can.
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CHAPTER 9
CONCLUSIONS AND FUTURE WORK
9.1

Summary and conclusions
In recent years, an adopted approach is to use CFD codes as computational tools

for simulation of different aspects of the nuclear reactor thermal-hydraulic performance
where high-resolution and high-fidelity modeling is needed. CFD codes have the
potential for 3D treatment of the flow distribution for very fine computational cells.
They are able to give acess to finer spatial scale flow processes, better understanding of
the physical situation and more accurate estimation of the safety margins.
However, the CFD codes have been mostly developed for the prediction of
single phase phenomena and two phase flows at relatively low volume fractions of the
dispersed phase. The commercial CFD code STAR-CD has already two-phase flow
capabilities named in this thesis as default models. Based on the two-fluid Eulerian
solver, STAR-CD has boiling modeling framework that allows detailed analysis of twophase flow and heat transfer phenomea in a BWR fuel assembly.
The unique contributions of this PhD research are the development,
implementation, and qualification of suitable physical models to close the two fluid
models over the full range of air/vapor void fractions. Such models include those
describing drag, lift and wall lubrication effects for gas-liquid systems.
Extensive validation procedure was performed in this research. The procedure
starts with the experiment of Bel F’dhila et al. [10] characterized with highly turbulence
air-water flow with relatively high air phase fraction of up to 20 %. Due to the specifics
of its geometry this experiment creates an environment for development of flow
recirculation zones. Thus this experiment is quite suitable for evaluation of two phase
turbulence models and interphase momentum transfer terms that have a major effect on
the radial void distribution.
The next step in the procedure follows a validation based on the experiment of
Wang et al [9]. It includes also turbulent air-water bubbly flow with measurement of
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turbulence intensity as well as void fraction and velocity profiles at high vapor (gas)
phase fractions of 25 % and 35 %.
The third experiment of Bartolomei and Chanturiya [14] is a based on bubbly
flow regime for the study of two phase flow and phase change phenomena. This
experiment is simple enough and can give a valuable information particularly for the
effect of inter-phase mass, momentum and energy transfer. The experiment is chosen as
a step towards the more complex validation exercise based on the NUPEC BFBT
benchmark.
The fourth validation exercise is the NUPEC BFBT benchmark, based on test
case 4101-55 [2-3]. This exercise is a very challenging and valuable experiment. It is
challenging both because of the complexity of the fuel bundle geometry and the
associated size of the computational mesh, and because of the complexity of the two
phase boiling phenomena and the transitions through various phase regimes. It is
valuable because the benchmark provides very detailed void distribution data at the exit
of a BWR fuel bundle at nominal operational conditions. Test case 4101-55 includes
void distribution data at 5 % exit quality or 43.5 % void fraction.
The fifth validation exercise is based on experiments performed by Van Der
Welle [18]. This experiment includes radial void distribution data in the range of void
fraction between 0 and 1. It is exclusively used for the development of a newly proposed
lift force.
Solution procedure sensitivity study was performed based on the first two
validation experiments - gas-liquid sudden enlargement pipe flow experiments by Bel
F’dhila et al. [10] and simple gas-liquid pipe flow experiment by Wang et al. [9]. The
results were obtained using standard inter-phase transfer modeling, including drag,
virtual mass and turbulent drag forces. Drag is modeled using a constant coefficient of
Cd = 0.45 . The lift and lubrication forces are not taken into account in this study. The

High Reynolds number k − ε model modified for multiphase flow is used to determine
turbulence. The overall observation from the solution procedure study is that the
PSEUDO transient solution algorithm is preferable because it provides faster and
accurate solutions, especially when boiling simulations and more complex turbulence
flow are involved, such as in sudden expansion or contraction geometries.
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The STEADY state solution algorithm also provides accurate solution but it is a
slower process and may be more appropriate for simple pipe flows.
Detailed results and analysis in the investigation of inter-phase momentum and
energy transfer are described in the previous chapters, followed by the most important
conclusions and observations.
For high liquid Reynolds numbers the direction and magnitude of lift force is
often unknown. Strong effect on the direction of lift force has the deformation of
dispersed bubbles, which can generate negative lift, strongly influenced by the dynamics
of the wakes [45]. It is obvious also that the lift force diminishes rapidly as the phase
fraction increases [11, 52, 119]. Reasonable predictions for the phase fraction profiles in
a gas-liquid sudden enlargement flow cannot be achieved with constant lift force models
such as Cl = 0.25 , as recommended by [1]. Other lift force models which were tested,
such as those of Tomiyama [44] and Ishii [45], also show significant deviations from the
reference results, particularly at

higher recirculation zones where an unphysical

accumulation of bubbles is observed. Very good agreement is seen for the simple model
suggested by Behzadi and Issa [11] where the lift force is given only as a function of
void fraction. However, this model is reasonable for void fractions up to 30 % when
significant bubble collapsing and growth occurs and transition from bubbly to slug flow
regime is observed. A new lift force model is proposed in this thesis based on an
investigation of the underlying physics and an extensive experimental data analysis. The
new model accounts for phase transition in water-steam and gives better results for all
test cases chosen for validation. The new model covers the range at which the lift force
switches its direction and establishes the rate of its magnitude change as a function of
void fraction and/or bubble diameter. While negative the lift force accounts for the
concentration of bubbles in the center of a pipe geometry or sub- channel of a BWR fuel
assembly.
The effect of drag force has been researched extensively and many correlations are
available. The correlations that have been tested are that by Wang [63], the drag
correlation by Ishii and Chawla [97], the constant drag force coefficient of CD = 0.45
and the drag correlation by Tomiyama et al. [76]. The model of Wang [63] is already
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implememented in STAR-CD. The models of Ishii and Chawla [97], as well as the one
by Tomiyama et al. [76] are chosen specifically because they can account for the change
of drag force with phase fraction and bubble diameter. In the case of Tomiyama the drag
model accounts for the surfactant concentration as well. All drag models gave
reasonable and almost identical results in void distribution comparison in the simple
pipe flow experiment. Significant difference in the drag formulation is observed by the
back flow generated behind the pipe enlargement in the experiment of Bel F’dhila [10].
However, the discrepancies between the measured and calculated phase fraction profiles
for this flow cannot be explained by the dependence of the drag on the phase fraction.
Overall, for all test cases, the most reasonable results are observed by the model of Ishii
and Chawla [97].
A wall lubrication force model based on Antal et al [69] is also studied. In
general, the wall force prevents the bubbles from touching the wall. In particular the
wall force of Antal [69] was developed based on laminar flow conditions ( Re L < 1500 )
and local void fraction below 10 %, as is obvious from the results of the simulations.
Antal lubrication force shows very good agreement at lower phase fractions such as in
the experiment of Bel F’dhila [10] (around 22%), while at higher phase fractions tests
such as the experiment of Wang [9] and Bartolomei and Chanturiya [14], it tends to
predict a higher phase fraction gradients near the wall. In general the wall lubrication
force has beneficial effect on the phase liquid velocity distribution. However future
studies are necessary to account for the effect of dispersed phase fraction and different
flow regimes associated with dispersed phase transition.

9.2

Recommendations for future work
Special emphasis should be put on the available measured data and accuracy of

the measurements. A more extensive experimental data base will reduce the uncertainty
inherent in some of the models and give evidence of phenomena currently unaccounted
for.
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In regards to drag force modeling, the derivation of accurate and reliable
correlations for drag on bubbles to account for the effects of surfactant concentration,
turbulence and the bubble history is much needed.
Improvements in the turbulence modeling based on the two fluid methodogy are
also necessary. Although the influence of turbulence has not been investigated in this
study, it is very likely that some of the discrepancies discovered in this study are due to
deficiency in the models used. One approach could be to incorporate the effects of large
eddy scales, the so called coherent structures, in the interphase momentum transfer. [52]
The lift force is affected by many factors and it will be difficult to account for all
factors in constitutive equations at this stage. However, in an engineering sense a
practical way to develop a constitutive equation of the lift force might be to select the lift
force model based for example on relevant flows, to introduce adjustable coefficients in
the model and to correlate the coefficient by an extensive various database [45].
Development of poly-dispersion effect based on different bubble sizes and their
influence on the interfacial heat and mass transfer could be also another aspect of future
studies. The description of the interface structure in a bubbly flow may require
additional transport equations such the Interfacial Area Transport (IAT) or bubble
number density transport.
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