BARFHESE #:BRIHE AESJ Thermal Hydraulics Division

THERMAL HYDRAULICS

NRHEE—_21—RA LA — (ET258)
AESJ-THD

it

~

NEWSLETTER (No.72) Apr. 12, 2011

RALHA K FHHRICERL T

TRk 22 FEHRR KEHK

TR23FE3SA1IIBDORIMARFEEFEBICLIVHEKSINZARIZEDLIYESREVBRLLEIFES, Fi-.
BEE—RFHREFOERIGEN=H. BELHALETHE., CRAVEEVWTWSHEENDARLD
BLBEWEBWET, BEHOCSHICHLTELHEERLET,

SENEEF—RFAREFTORIUGTEEIL. FPEEZIEIOINIBRAIERICE>THIEFRIINELT,
HMTEROERIE. SERIIZEDTNCHTREICHLMNIHE DT B EEZFTTN, TLHERIL, ZF
BIZEKY THR0OT] BENBELEZLIZHYET, RFFETFIANIRATLOBEENMRI-WEM 012
EREZE(ZITIED. BREEHLET S ELLHIC. SRICEMAL TV ZENARETT, BARBHEE LTE
REZRD, IEOAEMEZEEL, BELTLWK ZENROONFET, BELEDARIZIE. FREFNDIE
TSENEZEZRDOH. BEFAZRE2N®EIE., TR LICERITHERYBEHFEUOM T T KD BEEUVEH
LEIFET,

BEE—RFHEEMOMEKTIE, FERINEDH, BELBEGERYBEADKEITOATHNET, 51EHK
. BRI TVWEIAL~DEEN. BEMNETEZELIBSBELELET,

HRERN

Research Activities on the Use of CFD Codes for Thermal Hydraulic at the
Chair of Nuclear Engineering of the Technische Universitat Minchen
Department of Nuclear Engineering Technische Universitat Minchen

Rafael Macian-Juan and Filippo Pellacani

I) INTRODUCTION advanced methodologies for nuclear safety applications;

The Chair of Nuclear Engineering (NTech) was
established in April 2007 as part of the Mechanical
Engineering Faculty of the Technische Universitét
Minchen (TUM), partially supported by an endowment
from E.ON Nuclear Power. The academic and research
activities of NTech have been guided by three main goals:
(i) to carry out research in nuclear engineering at an
international level by using, improving on and developing

(ii) to create an attractive academic program for students
interested in the field of nuclear technology, and (iii) to
establish a network of national and international contacts
that can support research and academics in nuclear
engineering at TUM.

To fulfill the academic goals, we have developed a
curriculum, based on Bachelor and Master degrees in
Nuclear Engineering, that can offer interested students



fundamental and advanced knowledge on nuclear
engineering, thus preparing them for employment in the
nuclear industry, nuclear research organizations, or nuclear
regulatory authorities after graduation. The curriculum
includes introductory courses designed to attract a wider
spectrum of students by exposing them, for the first time,
to nuclear technology. More advanced and specialized
courses, and an agreement for academic cooperation with
the Institut National des Sciences et Techniques Nucleaires
(INSTN) at Saclay, France, allows students interested in
developing a nuclear engineering career to pursue the
bachelor and master degrees.

Our research activities focus on the wuse of
state-of-the-art computer based analytical tools and
methodologies for the safety evaluation of current and
future nuclear systems. This use is supported by the
assessment, improvement, and development of physical
and numerical models implemented in these codes and
by the development of methodologies that make use of
them in an integrated framework (multi-physics coupling)
in order to better address the safety of operation and the
design concerns of a variety of nuclear reactor designs,
especially of the Light Water Reactors (LWRS) type.

The research activities are based on the following lines:

*Thermal-hydraulic and Neutronic coupled nuclear
systems analysis.

*Analytical Thermal-hydraulics with the wuse of
Computational Fluid Dynamics (CFD) for nuclear safety
analyses.

*Uncertainty Analysis applied to nuclear safety: the
development and application of statistical methodologies
able to quantify the uncertainty in the result of nuclear
code simulations.

*Nuclear Dynamics: transient and stability behavior of
BWRs and PWRs.

+Stochastic and Deterministic Radiation Transport for
criticality and neutron fluence analysis and for medical
applications of radiation and radiation safety (dose
determination.)

A complementary experimental research activity
involves thermal-hydraulic experiments in a low pressure
experimental facility, currently in the building and
commissioning phase. It has been designed to carry out
experimental measurements on two-phase flow phenomena
such as condensation of bubbles in sub-cooled vertical
flow and horizontal interfacial drag in co-current and
counter-current flow at low pressure.

Research activities are carried out in collaboration with
several national and international groups such as GRS,
TUV-SUD, Forschungszentrum Dresden (FZD), Karlsruhe
Institute of Technology (KIT), ANSYS-CFX in Germany,
Polytechnic University of Valecia and University Jaume |
in Spain, etc.

This paper will briefly describe the research line of
application of CFD codes to nuclear safety research.

NCDF APPLICATIONS TO NUCLEAR SAFETY
ANALYSIS

The objective guiding the work on the application of
CFD codes to safety analysis is to assess their adequacy
and to improve their simulation capabilities so that they
can become reliable analytical tools for design and safety
related studies of current and future nuclear reactors. The
aim is toachieve flow descriptions in nuclear systems with
an accuracy and local resolution beyond those that the
results of current state-of-the-art Systems Analysis Codes
(e.g. ATHLET, RELAP-5, TRACE) and sub-channel
analysis codes (e.g. COBRA-TF) can offer. This is
especially important in the case of simulations of local
thermal-hydraulic effects whose influence on the fuel rod
neutronic response and thermal behavior will have a
significant inpact on fuel design performance and on
reactor safety. CFD codes are expected to significantly
increase the accuracy of the numerical predictions once
their physical and numerical models are computationally
robust enough and capable of dealing with the flow
conditions expected during normal and off-normal
operation of nuclear reactors.

In this context we are following an strategy that pursues
research in three main areas: (i) accurate modeling of
single phase nuclear fuel assemblies: addressing turbulence
effects, calculation of heat transfer coefficients, and
prediction of boiling phenomena; (ii) the improvement of
the two-phase CFD modeling capability of current CFD
tools for interfacial heat, mass and momentum (friction)
transfer; and (iii) The coupling of the thermal-hydraulic
CFD flow description to neutronic core models (diffusion
and neutron transport) at the level of nuclear fuel
assemblies with single fuel rod resolution, which could
initiate the way towards future transient analysis of a
complete nuclear core with individual fuel rod accuracy.

The two main codes used are ANSYS-CFX and
OpenFOAM, which are run in parallel LINUX and
Windows computing environments on our multiprocessor
clusters and on the massively parallel German
Leibniz-Supercomputing Center (LRZ).

The work produced so far has involved a series of PhD
projects and Master theses addressing the development of
bubble transport and boiling models for poly-dispersed
bubbly flows; modeling of direct contact condensation; and
modeling of interfacial drag and interfacial area transport
for low void fraction flows. On the other hand,
complementing this work, the determination of the
two-phase flow simulation capabilities of current CFD
codes has focused on the assessment of thermal (energy)
stratification and the effects of turbulent mixing,
condensation heat transfer and bubble transport for bubbly
flow, and boiling with and without energy and mass phase
interchange. A summary of some of the results of the latter
activity, carried out in collaboration with Sylvana Matturro
and Prof. Sergio Chiva at the University Jaume | in Spain
is the main technical subject of this paper presneted in teh
following sections.



IIHMATEMATICAL MODELS
1. Two-fluid model

Momentum Conservation The simulations presented in
this paper are based on the two-fluid model
Eulerian—Eulerian approach. The liquid phase is
considered as the continuous phase and the gas phase is
considered as dispersed. In the isothermal case no
interfacial mass transfer takes place. The momentum
equation for the two-phase mixture can be expressed as
follows:
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The term F; in Eqg. (1) represents the total interfacial
force acting on the phases. Closure laws are needed to
calculate the momentum transfer of the total interfacial
force.

Modelling of the interfacial Forces Four interfacial
forces have been considered during the analysis. The drag
force Fp, has been modeled using the Grace model [1]. The
non-drag forces considered are the lift force Fi, the wall
lubrication force Fw., and the turbulent dispersion force
Frp. The virtual mass force was neglected, since tests
conducted by Frank et al. [2] showed that its influence is of
minor importance in comparison with the amplitude of the
other drag and non-drag forces.

Fi=FD+FL+F\NL+F"|'D (2)

Each of the forces needs empirical closure relations to
determine the various coefficients appearing in their
formulations.

Drag Force The drag force accounts for the drag of one
phase on the other and the coefficient that has been used
for this force is that of Grace et al. [1].

Lift Force Due to velocity gradients, bubbles rising in
the liquid bulk are subjected to a lateral lift force. This is
modeled according to the Tomiyama [3] formulation

Fy = ~Cp1pa - (Up = Ue) .70E ( U 3

For the evaluation of the lift coefficient C, two methods
have been used, namely, a constant value of 0.06 (a low
value still in the range reported by the ANSYS CFX
software manual) and a value calculated according to
Tomiyama [2].

Wall Lubrication Force Due to surface tension, a
lateral force appears to prevent bubbles from attaching to
the solid wall. The wall lubrication force has been modeled
as follows:
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The two lubrication force coefficients are adjusted in
order to simulate these two effects: to achieve a higher
absolute value of the wall lubrication force and also to
extend its action so that it has an effect far from the near
wall region.

The implementation of the wall lubrication force is
necessary for adiabatic two-phase flows, as it reproduces
the void fraction peak near the wall well [4]. Krepper [5]
reports that its use in case of high-pressure, wall boiling
conditions may be questionable, but also that further
research is necessary to improve the existing wall force
models.

Turbulent dispersion force and bubble induced
turbulence A turbulent dispersion force has been
considered to take into account the turbulence assisted
bubble dispersion. The turbulent dispersion force model
that has been used is the Favre averaged Drag force (FAD)
[6]. The Bubble induced turbulence has been taken into
account according to Sato’s [7] model.

2. Modeling of the wall boiling

The wall partitioning model proposed in the work of
Kurul and Podowski [8] is based on the division of the heat
flux applied on the heated surface into three different terms,
convective, quenching and evaporative.

Qw:Qe"'Qc"'Qq (5)

For the definition of each term closure relationships are
required. In the actual state of development they are based
essentially on empirical correlations rather than on
physical, mechanistic models.

IV)VALIDATION OF THE MODELS

To show the adequacy of the calculated results, the
interfacial force models and the boiling model, described
previously were implemented in ANSYS-CFX to simulate,
for the adiabatic case, the experiment of Hibiki 2001 [9]
and for the non-isothermal case, the experiment of
Bartolomej 1967 [10].
1. ANSYS CFX calculation grid

Several grids were tested in order to determine an
appropriate computational domain for the conditions of the
simulations. The mesh sensitivity analysis yielded the
shortest computational time and the independence of the
results from the calculation grid for mesh composed of ca.
110000 nodes for the isothermal case and 70000 for the
subcooled boiling case. The CFD model represents one
eighth of a wvertical pipe using symmetric boundary
conditions for both axial cut planes. The first node near the
wall was set at a distance yielding a value of y* around
30+40 for the isothermal case and 60+70 for subcooled
boiling case, in order to avoid numerical oscillations and to
result in an accurate wall lubrication force modeling. The
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Fig.1 Dependence of aon r and J.

bottom boundary conditions were extracted from the
experimental data reported in the papers describing the
measurements. At the outlet section a constant pressure
boundary condition at atmospheric pressure was
considered. A RANS turbulence model, based on the SST,
for the liquid phase was selected and, for the subcooled
boiling case, also the k-¢ model was tested. A zero equation
turbulence model desccribed the gas phase. The lift force
was modeled using the Tomiyama model [11] and the
Grace model [1] model modelled the interfacial drag force.
2. Hibiki2001 - Calculation results

In all the simulations the wall lubrication force
was based on the Antal formulation [2], with
coefficients from Krepper et al. [12], and Frank et
al. [2] (see Table 1 for a detailed overview). For this
case not only the original coefficients [2] have been
used, but other two sets of coefficients were also
tested with the aim of reducing the high absolute
value of the wall lubrication force predicted with
the standard wvalues and also to restrict its
influence on the flow to only the near wall region.

In was observed that the Tomiyama lift force model as
modified by Frank et al. [2] with the original coefficients
led to very high values for this force when the distance of
the first computationsl node from the wall is very small.
This can lead to numerical instabilities during the

calculation and an increased value of y* was then selected.
For experimental cases A and D, also the poly-dispersed
MUSIG approach was been tested (Series 4 and 5).

Table.1 Parameters of the Wall lubrication force tested in
the simulations

Series | WLF Cy C, - MUSIG
1 Antal | -0.0064 | 0.016 | - NO
5 Antal | -0.0064 | 0.016 | - YES
Series - Cwc Cwd p MUSIG
2 Frank 8 8 1.2 NO
3 Frank 10 6.8 [ 1.2 NO
4 Frank 8 8 1.2 YES
6 Frank 10 6.8 | 1.7 NO

According to Fig. 1 A,B,C - Series 1 the Antal model
with coefficients from Krepper and Prasser [12] leads to
and underestimation of the wall lubrication force effect.
The void fraction distribution along the radius presents a
peak that is not in accordance with the experimental data.
Simulating the wall lubrication force using the model that
was modified by Frank [2] with original coefficients (Fig.
1 A - Series 6) leads to the overestimation of the force
effect. This trend is also shown in Figure 3 representing the
Cw as a function of the distance to the wall. The new sets



of coefficients tested for the Tomiyama model modified by
Frank [2], led to essentially similar results (Figure 1
A,B,C,D - Series 2 and 3). The position of the void fraction
peak, in these cases, is in good agreement with the
experimental profiles. The homogeneous polydispersed
approach  (Homogeneous  MUSIG) also  tested
(Fig.1 A— Series 4 and 5; Fig. 1 D — Series 4) This
approach led to results in line with the monodispersed
approach (Series2 and3) but with a much larger
computational effort.
3. Bartolomej 1967 - Calculation results

It is important to mention that the assessment presented
in Ref.[5] for the same experimental data and computer
code has several differences in modeling assumptions
compared to our work. Krepper at al [5] selected the
following closure models for the setup of the calculation:

The SST turbulence model for the liquid phase, the Sato
model for the bubble induced turbulence, the Ishii—Zuber
model of the interfacial drag. The only non-drag forces
considered was the Favre-averaged turbulent dispersion
force. This modeling strategy resulted in a good agreement
with the experimental data over a wide range of flow
conditions.

In our contribution a wider range of models concerning
turbulence, drag and non drag forces models and
coefficients has been tested.
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These modeling assumptions yield results that differ
from those in Ref.[5] in some cases. However, it is not the
purpose of this paper to explain these discrepancies in

detail, but to show the influence of the proposed model
assumptions in the accuracy of the simulations by
comparing them to the experimental data.

Figure 2 shows the results obtained when the subcooled
boiling is modeled with and without the presence of a lift
force (figures 2B and 2A respectively).

In general the void fraction versus the thermodynamic
quality is always over predicted by ANSYS CFX, but more
when the lift model is considered. Since the governing
system parameters (P, ¢”, Gj,) allow the generation of
bubbles that remain far below the critical value of 5.8 mm
for the lift force; the lift coefficient has a constant positive
value of 0.288 (in equation 5 we are in the range for the
Edtvos number Eog<4). The bubble diameter was modeled
according to Kurul and Podoswki [13], with the bubble
size dependent on liquid subcooling. Exactly, the bubble
diameter is inversely proportional to the liquid subcooling.

The lift force, with a high predicted value, prevents the
bubbles generated at the wall from moving to the
centerline (Fig. 2B) where they could condense since in
this region the liquid is still subcooled. In fact, during
subcooled boiling in the region where the thermodynamic
quality is negative (x<Q) steam condensation process takes
placeand as bubbles are swept far from the wall by internal
or external forces to zones where the temperature is lower
than the saturation temperature, they collapse.

When saturation conditions are reached (x>0), the
results of Fig. 2 (A) and (B) are comparable.

The lines labeled “Poly.” represent polynomial fits of
the experimental results as a means of better assessing the
quality of the simulation results.

In the simulations results shown in Fig. 3 the wall
lubrication force model of Antal with the coefficients from
Krepper et al. [12] was added. The wall lubrication force
under these conditions has a very low effect on the flow
and is concentrated in the wall near region were the
temperature of the liquid is near of above saturation. The
results are similar to the case of Fig. 2 (B).

In Fig. 4A, a constant lift coefficient was set with a
value of 0.06 with the aim of reducing the effect of the lift
force that prevented the bubble from moving towards the
centerline. The Tomiyama coefficient used in the previous
calculations (Fig. 2 (B) and Fig. 3) was ca. 5 times higher.
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The two lubrication force coefficients were adjusted in
order to obtain two effects: to achieve a higher absolute
value of the wall lubrication force and also to extend its
action not only at the near wall region. This resulted in
lowering the calculated axial mean value of the void
fraction to the level of the experiments, even if the code
still slightly over-predicted the void fcation.

The SST turbulence model was also tested (see Fig. 4b)
and the effect on the results was the increase of the void
fraction for the same thermodynamic quality. The SST
model resulted in a better turbulent mixing of the flow
which lowered the temperature difference between the wall
and the flow centerline and reduced the collapse of the
bubbles.

V)CONCLUSIONS

The assessment of models for the two-phase flow
phenomena includes a staged approach. In the present
work two test cases were analyzed with the specific goal of
assessing the current models used for the forces, turbulence,
bubble diameter and the inter-phase energy exchange in
one of the state-of-the-art CFD two-phase flow capable
codes, ANSYS CFX 12.

In general good qualitative agreement was obtained
between the experimental data and the simulations results.
The models give predictions in close agreement with
experimental results.

In case of adiabatic bubbly flow the radial profiles of the

void fraction obtained from the simulation are in good
agreement with the experimental results produced by
Hibiki et al. [9].

In case of subcooled boiling the agreement is good if the
axial mean values are considered. The main difficulties for
the simulation are observed for flow in transition to flow
regimes with higher void fraction at the end of the
subcooled boiling region. Here the bubbly flow is not able
to maintain the spherical condition of the bubbles, which is
a requirement of the boiling models.

The assessment of the interfacial force models used in
this work has been carried out based on water air data at
low pressure and room temperature. In the literature,
experimental data at high pressure with detailed radial
profiles for the most important physical parameter like
phase velocities, temperatures, void fraction, are not easily
found. For these reasons radial profiles for the above
mentioned parameters in case of high pressure conditions
are not shown in the present work. The enlargement of the
experimental database for bubbly flow and subcooled
boiling at high and low pressure with an adequate level of
resolution is required for further development. Radial
profile distributions of wvoid fraction, gas and liquid
velocities and liquid temperature will allow the comparison
of calculation results with experimental data to assess and
validate further models to enlarge the range of applicability
of CFD codes in the field of the two-phase flow
simulations.
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