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SYNTHESE :

Les codes informatiques de calcul thermo-hydrauliques THYC d'EDF et
VIPRE-02 d'EPRI reposent sur des approches fondamentalement différentes
(représentation de l'écoulement diphasique par un modèle de mélange au lieu d'un
modèle à deux phases, et approche de type milieu poreux au lieu d'une approche de
type sous-canal pour la description du faisceau de tubes). Afin d'évaluer leur efficacité
respective, ils ont été tous deux utilisés pour calculer le comportement de l'écoulement
diphasique dans une maquette d'EDF, VATICAN. Cette maquette est constituée d'un
faisceau de tubes de 2,10 m de haut, orientée verticalement et composée de 40 tubes
chauffés, disposés selon une matrice de 10 par 4 (diamètre 9,5 mm et avec un
entre-axes de 12,6 mm).

Un fluide réfrigérant de type Fréon 114 est introduit à gauche et à droite de la
base du faisceau, et ressort par le haut. Les 160 cm inférieurs du faisceau sont divisés
en deux moitiés symétriques par une paroi verticale. Il est possible de régler le
déséquilibre de débit et de qualité entre les deux moitiés, de façon à produire un fort
mélange latéral au-dessus de la paroi de séparation. La comparaison des calculs fournis
par les codes et des données expérimentales a fait apparaître, dans une certaine mesure,
la supériorité d'un modèle à 6 équations, mais a démontré en outre l'indiscutable
nécessité de bonnes relations constitutives concernant, par exemple, le mélange
turbulent. Certains écarts systématiques par rapport aux données expérimentales ont
été détectés, liés à la mauvaise précision de certaines lois de fermeture qui avaient été
choisies.



EXECUTIVE SUMMARY :

EDF's THYC and EPRI's VIPRE-02 3D thermalhydraulics computer codes are
based on strongly different approaches (mixing against two-fluid representation for the
two-phase flow, and porous media against subchannel approach for the rod bundle
geometry description). In order to assess their efficiencies, they were both used to
compute the two-phase flow behavior in an EDF experimental set-up, VATICAN. This
set-up consisted of a 2.10 m high vertically oriented rod bundle of 40 heated rods in a
10 by 4 matrix (9.5 mm 0 and 12.6 mm square pitch). Refrigerant-114 was introduced
through the bottom left and right sides of the bundle and exited at the top. The lower
1.6 m height of the bundle was separated into two symmetric halves by a vertical wall.
Desequilibrium in flow and quality between the two halves could be set, so that strong
lateral mixing occurred above the divider wall. Comparison of codes computing and
experimental data showed to some extent the superiority of a 6-equations model, but
also highlighted the dramatic need for good constitutive relations concerning for
instance the turbulent mixing. Some systematic deviations from experimental data
were detected, linked to poor accuracy of some chosen closure laws.
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COMPARISON OF THE TWO THERMAL-HYDRAULIC CODES THYC AND
VIPRE-02 ON VATICAN EXPERIMENT

D. MONTAT, F. MAUREL, J. OLIVE
EDF/DER, département TTA
6 quai Warier
78401 CHATOU Cedex, FRANCE

G. SRIKANTIAH
EPRI, Nuclear Power Division
3412 Hill view Avenue
Palo Alto, Ca 94304, USA

INTRODUCTION
PWR core or fuel assembly are components of a

nuclear power plant involving single and two-phase
flows in rod bundles. Knowledge of the detailed
flow patterns is necessary to evaluate the Departure
from Nucleate Boiling (DNB) in reactor cores
during incidental transients. Particularly,
singularity effects (grids, baffles) and bypass
effects must be correctly taken into account. For
that purpose, since 1989, VATICAN experiment
has been performed at EDF as a particular
validation on a PWR fuel assembly model of
THYC thermal-hydraulic computer code,
developed by EDF. A cooperation between EDF
and EPRI has been set up in 1990 to validate
VIPRE-02 code, developed by EPRI and similar to
THYC in its goals and range of application, on this
experiment. This analytical work has been mainly
performed at EPRI and has been followed by a
comparison of the efficiencies of the codes to
accurately predict the flow behavior experimentally
observed. This paper sums up the outcome of this
work.

1. Vatican experiment
EDF's VATICAN program provides thermal-

hydraulic measurements on a mock-up of a pan of
a 900 MWe PWR core fuel assembly in single and
two-phase flows, with power and quality
gradients. It was especially developed to be used as
a benchmark for testing the description of mixing

phenomena by thermal-hydraulic computer codes
like EPRI's VIPRE-02 or EDFs THYC codes.

VATICAN test section consists of a 2.10 m
high vertically oriented rod bundle of 40 electrically
heated rods in a 10 by 4 matrix. The scale is 1:1 in
relation to a 900 MWe PWR core : 9.5 mm outer
diameter rods arranged according to a 1.33 square
pitch to diameter ratio. The distance to the casing
walls keeps the same subchannel hydraulic
diameter throughout the mock-up. Coolant
(Refrigerant-114) is introduced to the bundle via
two side-entry orifices on the left and right sides of
the bundle at the bottom. The lower part of the
bundle is separated into two halves (right and left)
by a vertical divider plate. Above the plate, the two
parts of the bundle communicate freely, and see the
same uniform exit pressure (see figure 1). Three
separated heating zones of 50 kW maximum power
generate fluid boiling. Detailed descriptions of this
experiment can be found in Duval-Niedergang [I].
Desequilibria in flow, power and quality between
the two halves can be set in order to study the
mixing phenomena, enhanced by five mixing grids.
The first configuration VATICAN-I includes
simple spacer grids without mixing vanes.

In addition to global model boundary
measurements (flow rate, inlet temperature, outlet
pressure and power), VATICAN instrumentation
consists of static pressure transmitters along the
casing wall, platinum resistance sensor for fluid
temperature and y-ray densitometer for horizontal
line-integrated void fraction (see location of the
probes on figure 1). Measurement uncertainty was
assessed to be of ±0.04 for the void, and of
± 0.5 % of the value for the pressure.
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Figure 1 : VATICAN experiment with horizontal and axial meshes for THYC and VIPRE codes

The void fractions necessary for comparison
with calculation results should be cross-sectional
average values over bundle subchannels. These
values are obtained either from a series of parallel
beams y-measurements or from a single beam y-
measurement associated with calibration curves
(see Guichard [2]).

VATICAN-I experimental program is based on
three test grids according to different pressure
values (0.6, 0.9, 1.1 MPa) and different mass
flowrates and powers in each heating zone,
corresponding to three kind of conditions : without
any disequilibrium, with only a power
desequilibrium, and with power and mass flowrate
desequilibria. VIPRE-02 and THYC have been
used to perform calculations on three tests
(numbered 3,6 and 11, see table 1 for a description
of the test sets of conditions). They all have

Test number
Power (kW) :

Left heating zone
First heating zone
Right heating zone

Inlet flow (kg/s) :
Left
Right

Inlet temperature (K)

Outlet pressure (bar)

3

30.8
30.4
29.7

4.95
5.03

332.5

5.57

6

45.7
40.3
30.3

9.89
4.97

332.7

5.49

11

33.7
29.7
27.1

9.89
5.06

347.3

8.53

Table 1 : Test set of conditions description



VIPRE-02 THYC
•Drag:

Axial friction loss
Associated two-phase multiplier

Lateral loss coefficient

Associated two-phase multiplier
Oblique friction loss
Grid-induced drag

Turbulent viscosity

Blasius smooth tube correlation
Armand correlation

Blasius smooth tube correlation
'HTFS' multiplier (developed
byP.B:Whalleyinl981)
Idel'cik correlationChosen as constant, equal to 0.5

in all gaps
Homogeneous model
Kazakevic angular factor

Modeled by local loss coefficients varying from one subchannel to
the other, derived from the volume proportion of the grid in each
subchannel

Proportional to the mass flux.
The turbulence is only taken
into account in the axial
momentum equation as a lateral
mixing.

Grids turbulent effect

Thermal properties :
Single-phase forced convection
Subcooled nucleate boiling
Saturated nucleate boiling
Thermal diffusivity

Local thermal resistivity

Dittus-Boelter correlation
Thom (Dittus-Boelter)
Thom (Dittus-Boelter)

Deduced from the resolution of
the turbulent kinetic energy
equation, in which the bundle
term is given by the Todreas
correlation for square bundles
and the dissipation term is
constant.

A source term is introduced for
each grid.

Dittus-Boelter correlation
Chen correlation
Chen correlation

The Prandtl number is equal to unity so that the turbulent thermal
diffusivity is deduced from the turbulent viscosity

The divider plate is modeled by
a thermal resistivity given as a
constant.

Interfacial momentum transfer (VIPRE-02) : The interfacial drag is calculated according to flow regime-
dependent equations (the different regimes discriminated are : small bubble, large bubble, annular flow
and chum/turbulent flow).

Interfacial heat transfer (VIPRE-02) : The interfacial heat transfer rates (vapor to interface and liquid to
interface) are calculated according to flow regime-dependent equations.

Interfacial mass transfer (VIPRE-02) : The interfacial mass transfer rate is calculated through a heat
balance equation at the interface. The vapor generation at the heated surfaces is given by EPRI void
model

Void drift (THYC) : The axial and lateral void drifts are given by the Armand-Massena drift flux model.
A diffusion term on the void fraction is introduced ; the diffusion coefficient is similar to the turbulent
viscosity, assuming a Schmidt number equal to unity.

Table 2 : constitutive relations adopted

desequilibrium in power, and tests 6 and 11
perform desequilibrium in mass flowrate. These
desequilibrium brings about strong lateral mixing
above the divider plate. The correct prediction of
the flow behavior in this region will be a good
criterion of the codes efficiency.

2. Physical principles of the two codes
THYC and VIPRE-02 are two 3-dimensional

thermal-hydraulic codes based on strongly different
approaches for two-phase flow modeling :

On one hand, VIPRE-02 has a subchannel
approach for the rod bundle geomeuy description.
Moreover, it uses a two-fluid representation of
two-phase flow : six equations are solved, the
three conservative equations (mass, momentum,
energy) for each phase (gas and liquid). See
Srikantiah [3] and Kelly [4] for detailed description
of the code.

On the other hand, THYC has a porous media
approach for the geometry description. Besides, it
uses an improved mixing representation of two-



phase flow : four equations are solved, the three
conservative equations for the two-phase mixture
and the conservation of mass for the gas.
However, in this study, the fourth equation
(conservation of the mass of the gas) was not
solved. See Petit [5] for detailed description of the
code.

Along with the fluid conservation equations,
closure laws are needed. Since the two codes are
not based on the same models (the equations solved
are not identical and not in a same amount), they do
not need the same closure laws. Particularly,
closure laws giving interfacial transfers (of mass,
momentum, and energy) are not needed by THYC,
while this code needs the computation of the
relative velocity between phases. The other closure
laws are the following : the thermal properties,
wall-induced and grid-induced drag, turbulent
mixing and vapor generation at the walls.
Moreover, VIPRE-02 takes into account the flow
behavior modification linked to a change of flow
regime. The flow regime is predicted according to a
flow regime map that has to be chosen.

The version of VIPRE-02 code used was a
development version available at EPRI in June
1991. Since the code was still being improved, this
version could be slightly different from the final
release version of VIPRE-02 code (Kelly [4]). The
version of THYC code was THYC V2.1, released
in 1990.

3. Modélisation and assumptions

Thanks to lateral symmetry, only one half of the
mock-up was modeled. Horizontal mesh layouts
were roughly similar for both codes. VIPRE-02
subchannels overlapped THYC horizontal cells,
except for the very left and right part of the mock-
up, where only one subchannel was defined for
three cells (see figure 1). Hence, 32 subchannels
were defined for VDPRE, while a 3 by 12 mesh
were implemented in THYC. Axial layout consisted
of 60 axial nodes for THYC and 25 for VIPRE (see
nodes locations on figure 1). This number was
sufficient to ensure convergence of the code.
Moreover, local refinements in VIPRE mesh were
shown not to improve the results at measuring
locations.

Boundary conditions were defined in the same
way for both codes. They are : the outlet pressure,
lateral inlet flows, inlet enthalpy and heated zone
heat fluxes.

The models chosen for each closure law are
given in table 2. As far as possible, these models
were chosen similar for THYC and VIPRE -02.
However, the list of models available in the codes
for some closure laws do not overlap, hence
different correlations or physical models were
chosen. In so far as these correlations generally
yield satisfactory results, the effect of these
differences between the two codes closure law

models can be considered not to severely affect the
comparison of the computations. Still, some strong
discrepancies between the two models cannot be
ignored ; they are :
- The lateral drag : constant arbitrarily chosen in
VIPRE ; given by a correlation in THYC.
- The turbulent mixing : coarser model in VIPRE,
no model for turbulent effect of the grids.
- The effects of subcooled nucleate boiling heat and
mass transfer, which are taken into account in
VIPRE, not in THYC.

The effect of these discrepancies on the accuracy
of the results will be discussed in this paper.

4. Results and data comparison
4.1 Pressure profile

The main feature of experimental pressure
profiles is the discrepancy between the left and
right side of the bundle : below the end of the
divider plate (below z = 1.348), difference in void
fraction, due to power desequilibrium, and in flow
between each side brings about discrepancy
between the hydrostatic pressures. This feature is
correctly predicted by both codes. Quantitatively
speaking, they compare well with the experimental
data, except for the bottom of the test section (see
figure 2), where the pressure is overpredicted by
both codes. In this region, the flow pattern is
probably a strong lateral jet coming from the side-
entry orifices, which rapidly dissipates to relatively
uniform axial flow as it proceeds up the bundle.
Both codes show the same difficulties in predicting
the pressure in conditions of strong lateral flow.

4.2 Void fraction axial distribution

Void fraction profiles for test 11 are given in
figures 3 to 4. Due to desequilibrium in power,
start for nucleate boiling occurs in the left and right
sides below the divider plate at different levels, and
for the same levels, the two sides do not see the
same void fraction (see for example void fraction
profiles for lateral locations 1 = 9 and I = 6 on
figure 3). As a result a strong void lateral gradient
occurs above the divider plate (1 .4<z< 1.6)
and, combined with a high flow discrepancy
between the two halves, brings about a strong
lateral mixing of both liquid and gas that is
enhanced by the spacer grids. In this area,
measurements show a flattening of the void axial
profile in the right side and a steep increase of the
void in the left side, highlighting the migration of
void from the left to the right side. Above the
power zones (z>1.6m) , the mixing process
continues, causing a decrease of void in the high
void region (right part, 1 = 9 to 13) and an
increase of void in the low void region (left part,
I = 2 to 6). The central pan (lateral indexes 1 = 7
and 1 = 8) is of particular interest, since it is a
region of transition between the two sides. Above
the divider plate, the zone of high void indexed
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Figure 2 : pressure axial profile on the left and right side for test 11 (pressure in Pa, axial position z in m)
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Figure. 3 : Void axial profile for test 11 (void in %, axial position z in m)

I = 8 is directly in contact to a zone of low void
(I = 7), with a large contact surface. This area is
then subjected to a strong «equilibrium, bringing
about a sharp decrease of void for 1 = 8 (see
figure 4).

The computed void profile for each axial
location and radial void distributions are compared
to the experimental data on figures 3 and 4.

Quantitatively speaking, some discrepancies are
detected. VIPRE systematically overpredicts by 10
to 15 percent the void fraction in the regions, of
high void fraction (typically for a void over 50%).
For the regions of low void fraction (especially the
lower left part of the bundle), the agreement is

good (see figure 3). THYC results show better
agreement, except for die regions of low void
fraction where the void is underpredictcd, due to
the lack of a subcooled boiling model. This can be
seen in the lower left part of the test section (figure
3, 1 = 6).

Qualitatively speaking, the void behavior as
described previously is correctly assessed by both
codes, which show similar trends, except for the
central part (lateral location 1-7 and I = 8), and
for some very local behavior.

The central part (1 = 7 and 1 = 8) is subjected
to high lateral flow, condition that impede the
accuracy of both codes. Moreover, the definition of



two zones (1 = 7 and 1 = 8) rather than one over
the divider plate has no physical justification,
though it is needed to preserve continuity in the
mesh below and above the end cf the divider plate.
For these two reasons, we cannot expect highly
accurate results in this region. It is however
possible to note that VIPRE is closer to the
experiment than THYC (see figure 4, I = 8) :
VBPRE predicts a strong then smoother decrease in
void fraction above the divider plate, a trend similar
to the measurements. THYC predicts a really sharp
decrease in void, and then a fast flattening of the
value of the void. The analysis of the lateral void
fraction results will highlight this last point.

80%

60%

40%

THYC, 1=7
vipre, 1=7 |

* Experiment, 1=8 .
" " " THYC, 1=8 '

vipre, 1=8

20%

0.0 0.5 1.0 1.5 2.0
Figure 4 : Void axial profile for test number 11,

I = 8 and I = 7 (% against m)

Some local behavior of the void fraction
measured in the experiment are not assessed by
either codes : a slight decrease in the void fraction
just above the grid situated over the divider plate on
the right side of the bundle, systematically detected
for all tests (and therefore for different conditions)
and at different lateral locations, is not predicted by
either THYC or VIPRE (see for example figure 3,
1 = 9).

This would mean that the code predictions of the
mixing over the divider plate, in a region of strong
variation of void and flow, and hence of strong
lateral transfer, locally is not totally correct. Both
codes, even if strongly different in their equations
and models chosen, show the same limitations.

4.3 Void fraction lateral distribution
Some experimental void fraction radial profiles

at different axial locations (z= 1.41, z = 1.56,
z = 1.88) are given in figures 5a and 5b. They
give some indications about the mixing process
above the divider wall. Along the axial direction,
the void lateral gradient in the central region is
decreasing, due to both lateral flow and lateral
turbulent mixing caused by the grids. For all tests,

the void lateral profiles in the left and right region
just above the divider wall (1.4 < z < 1.6) have
the same shape, with a void fraction decreasing
towards the central region. This feature is
systematic and reproductible, and so cannot be
caused by measurements uncertainty, though the
left part of the profile is quite surprising
considering void migration.

60%

50%

Experiment, z=1.41
Vipre, z= 1.41
Thyc, z=l.41

12 144 6 8 10
Lateral index (I)

B Experiment, z= 1.56
° Experiment, z=1.88
"*"" Vipre, z=l.88
*"" Vipre, z= 1.56
" • Thyc, z=1.88

Thyc, z=1.56

4 6 8 10
Lateral index (I)

Figure 5 : void lateral profile for three axial
locations for test number 11

VIPRE and THYC results are given on the same
figure (figure 5). They compare well to the
experimental data, apart from the dichotomies
already noticed (underprediction of void by THYC
in the low void region , overprediction of void by
VIPRE in the high void region) and the inability of
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rhe codes to predict the shape of the lateral void
profile in the left part (the decrease of void towards
the central part). In this region, the flow behavior
and associated void mixing are strongly 3-
dimensional. A good prediction of the void and of
the flow needs the treatment of the lateral relative
velocity between phases as well as the axial relative
velocity ; this is done by VIPRE, which includes a
separate treatment of the 3-D gas and liquid
momentum equations, while THYC does not treat
separately the axial and radial relative velocity,
between the liquid and the gas, which impedes on
its results in strongly 3-D flows. However, VIPRE
does not treat the turbulence in the lateral
momentum equation, which impede on its results.

In the upper part of the bundle (z > 1.6 m), the
lateral flow due to the difference in mass flux is
decreasing, and as a result the relative effect of
turbulent mixing becomes more important. The
void lateral profile is getting smoother. THYC
correctly assesses this profile ; VIPRE predictions
are worse in this case. This is probably due to the
coarser model of turbulent viscosity implemented in
VPRE.

4.4 Overall comparison of predicted and
measured void fraction

Overall comparison of THYC and VIPRE
computed void fraction with data measurements
and with one another is shown in figures 6a, 6b,
and 6c. Statistical values for these comparisons are
summarised in table 3. If considering the mean
discrepancy, THYC predictions seem better.
However, VlPRE gets a better standard deviation
of the mean discrepancy, showing a somehow
better agreement, qualitatively speaking, especially
on the right side of the bundle (region of high void
fraction).
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Figure 6a : comparison between VIPRE-2 void

prediction and experimental data
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Figure 6b : comparison between THYC void

prediction and experimental data
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Figure 6c : comparison between THYC and VIPRE

void predictions

Tne comparison between THYC and VEPRE-02
is interesting (see figure 6c and table 3) : it shows
that, even if strongly different, and apart from their
two most noticeable problems, the code results are
more in agreement with one another than they are
with the experimental data (by considering the
standard deviation).

4.5 Results and analysis summary

• Comparison with the experimental data shows
a correct overall prediction of the pressure and the
void fraction in the whole bundle for both codes.

• Both codes show some weakness in predicting
the pressure in the regions of high lateral flow.
Their predictions are however similar.

11



Comparison of
measured and

computed void
fraction (in %)

IHYC/experiment
Left
Right

VIPRE/experiment
Left
Right

VTPRE/THYC
Left
Right

Mean
discre-
pancy

-0.41
-1.46
1.00

3.42
3.87
9.23

5.39
5.33
8.24

Standard
deviation of

mean
discrepancy

4.71
4.41
3.41

5.18
4.30
2.59

3.33
3.06
1.65

Number
of

points

182
80
80

182
80
80

182
80
80

Table 3 : Statistical values for the comparison of the
codes and the measurements

• Some systematic problems concerning the void
fraction prediction have been observed :

- VIPRE-02 overpredicts the void fraction
by an amount of 10 % to 15 % for regions of high
void fraction. This defect is likely to be improved
by replacing the model for phase interaction terms
based on flow regime mapping by a new model
based on the resolution of an interfacial area
transport equation, called dynamic flow regime
model.

- The lack of a subcooled boiling model in
THYC affects the accuracy of the predictions of
void fraction in the regions of low void fraction.
Simulations including a subcooled boiling model
will bring significant improvements.

• Both codes fail to predict some very local
behavior of void distribution in the region of strong
lateral mixing ( 1 . 4 < z < 1 . 6 , 1 = 6 to 1 = 9).
The following trends in the experimental data are
not predicted by either code. (1) Slight axial
decrease in void in the right side of the bundle.
(2) Slight lateral decrease in void in the left part
towards the central part VIPRE-02 results in this
region are qualitatively slightly better than THYC
results, perhaps showing die superiority of the 6-
equation model. However, its poor treatment of the
turbulence has been shown to be a handicap,
especially in the upper part of the bundle (z > 1.6)
where THYC gives better results.

This analysis highlights some weaknesses of the
two codes, most of them linked to poor models or a
lack of model for some closure laws :

- lack of a subcooled boiling model in THYC,
- bad treatment of the lateral relative velocity in

THYC,
- poor treatment of the turbulence in VIPRE,
- replacement of the flow regime mapping

needed in VIPRE.

5. Conclusion

Two 3-D thermal-hydraulics computer codes,
THYC and VIPRE-02, have been used to predict
the two-phase flow behavior in a mock-up,
VATICAN, for different conditions. Analysis of
computed results and their deviations from data
measurements have been carried out. Though
strongly different in their principles, the two codes
showed similar results and limitations. Indeed, it is
significant to note that the codes' predictions were
closer to each other's prediction than to the
experimental data. These results highlight the
dramatic importance of the efficiency of constitutive
relations used by the codes. Slight differences
brought about by the different models on which the
codes are based were also detected.

REFERENCES

[1] C. Duval-Niedergang and J. Guichard "An
experimental program for fuel assembly code
validation. First results and THYC
qualification on low pressure tests". European
Two Phase Flow Group Meeting, Rome,
Italy, 27-29 May 1991.

[2] J. Guichard, B. Mezoul, P. Péturaud and B.
Thomas "Determination of a cross-sectional
void fraction in a tube bundle using a single
beam gamma densitometer". European Two
Phase Flow Group Meeting, Rome, Italy, 27-
29 May 1991.

[3] G. S. Srikantiah "VIPRE - A Reactor Core
Thermal-Hydraulics Analysis Code for Utility
Applications". Nuclear Technology, Vol.
100, Nov. 1992, pp. 216-227.

[4] J. M. Kelly, C. W. Stewart and J. M. Cuta
"VIPRE-02 - A Two-fluid Thermal-
Hydraulics Code for Reactor Core and Vessel
Analysis : Mathematical modeling and
Solution Methods". Nuclear Technology,
Vol. 100, Nov. 1992, pp. 246-259.

[5] G. Petit, J. Olive and E. Brière "THYC, a
Thermal HYdraulic Code for 3D two-phase
flows in tube bundles". 7th Int. Conf. on
Num. Meth. in Thermal Problems, Stanford
University, USA, 8-12/07/91.

12


