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SYNTHESE :

Cette note se propose d'étudier les possibilités d'amélioration des prédictions
de flux critique à l'aide du code THYC. La base d'essais considérée correspond à la
campagne EPRI/Columbia E161.

Dans un premier temps, trois modèles thermohydrauliques de mélange ont été
implantés dans le code afin d'obtenir des déterminations plus précises du taux de vide
à la localisation de la crise d'ébullition.

Les trois modèles retenus (A, B et C) sont présentés par complexité croissante.
Le modèle A suppose que la viscosité turbulente est constante dans l'écoulement. Dans
le modèle B, une équation de turbulence k-L a été introduite afin de représenter la
production et la dissipation de turbulence dans l'écoulement. Le modèle C est obtenu
en modélisant les courants convectifs transverses générés par les ailettes de grilles et
en conservant la modélisation de la turbulence adoptée dans le modèle B.

Une étude paramétrique met en évidence les paramètres les plus significatifs
des trois modèles. La prédiction de la crise d'ébullition est obtenue à l'aide d'une
corrélation de flux critique. Des résultats similaires sont obtenus pour les trois modèles
à corrélation de flux critique inchangée.

Dans un second temps, l'approche classique à l'aide de corrélation de flux
critique a été substituée par l'emploi de la méthode des plaques (splines pseudo
cubiques de type plaque mince). La dispersion du rapport P/M (prédit sur mesuré) est
alors signifîcativement réduite.
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EXECUTIVE SUMMARY :

The objective of this paper is to point out how departure from nucleate boiling
(DNB) predictions can be improved by the THYC software. The EPRI/Columbia
University El61 data base has been used for this study.

In a first step, three thermal-hydraulic mixing models have been implemented
into the code in order to obtain more accurate calculations of local void fractions at the
DNB location.

The three investigated models (A, B and C) are presented by growing
complexity. Model A assumes a constant turbulent viscosity throughout the flow. In
model B, a k-L turbulence transport equation has been implemented to model
generation and decay of turbulence in the DNB test section. Model C is obtained by
representing oriented transverse flows due to mixing vanes in addition to the k-L
equation.

A parametric study carried out with the three mixing models exhibits the most
significant parameters. The occurrence of departure from nucleate boiling is then
predicted by using a DNB correlation. Similar results are obtained as long as the DNB
correlation is kept unchanged.

In a second step, an attempt to substitute correlations by another statistical
approach (pseudo-cubic thin-plate type spline method) has been done. It is then shown
that standard deviations of P/M (predicted to measured) ratios can be greatly improved
by advanced statistics.
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IMPACT ON DNB PREDICTIONS OF MIXING MODELS IMPLEMENTED
INTO THE THREE-DIMENSIONAL THERMAL-HYDRAULIC CODE THYC

D.BANNER, S.AUBRY
EDF/DER, département TTA
6 quai Watier
78401 CHATOU Cedex, FRANCE
E-Mail: Didier.Bannei@der.edf.fr

INTRODUCTION
Predicting the onset of critical heat flux in

reactor cores or DNB mock-ups requires a very
local approach to flow conditions near the heated
wall. Since no efficient model of DNB prediction
based on physical considerations exists, empirical
correlations are often used in tube bundles. These
correlations exhibit a great sensitivity to the local
void fraction. En particular, it is known that spacer
grids in fuel assemblies have a strong influence on
mixing that increases the DNB heat flux ratio.

In a previous paper [1], the ability of the code
to predict mixing effects has been presented by
comparing computed velocity fields (EDGAR
experiment, EDF) and concentration profiles
(HYDROMEL experiment, CEA) with experimental
data. This study has now been extended to DNB
predictions in a 5x5 rod bundle. The geometry and
flow conditions of the EPRI critical heat flux data
base (E161) have been studied to determine the
impact of mixing computations on local parameters
and DNB predictions.

This paper focuses on the application of
different mixing models and the use of an
alternative statistical method. Results presented here
have been obtained with the three-dimensional
thermal-hydraulic code THYC [2]. The two-phase
flow is treated by a homogeneous model and a
porous approach has been used to represent the
tube bundle. Moreover, statistical regressions have
been computed from thermalhydraulic data by using
the so-called pseudo-cubic spline method (PCSM)
developed by the French Atomic Energy
Commission (CEA)

1. INVESTIGATED MIXING MODELS
Three mixing models have been studied. Results

are presented by increasing complexity. Special
attention has been focused on spacer grids with
mixing vanes which cause flow redistribution by
diffusive and convective effects downstream of the
grid. Both effects have been taken into account by
using three models now briefly presented.

1.1 Model A
viscosity

Use of a constant turbulent

Using a constant turbulent viscosity and not
modelling convective effects is similar to the
approach followed by the COBRA code [3]. Here
the thermal diffusion coefficient (TDC) has been
adapted to THYC since the code does not use a
subchannel analysis but has a 3D porous approach
to thermalhydraulics.

In a bare bundle, the turbulent viscosity vt can be
written [4] as follows:

=Tl-V. D (1)

where V is the flow velocity, D the hydraulic
diameter and T] a dimensionless factor depending on
the geometry of the bundle. Using model A simply
implies that Vt in a rod bundle with mixing grids can
be expressed by



v t = gf . i l .V.D (2)

with gf being a grid factor
gf has been determined by equating energy transfer
terms in COBRA and THYC:the TDC factor for
standard assembly grids equals 0.059; according to
relationships (1-2), the gf equivalent value equals
•5.5

1.2 Model B - Turbulence equation k-L

Thorough examination of the action of mixing
grids on the fluid velocity reveals that turbulence
production and dissipation do not occur at the same
location in the bundle. The k-L model, a one-
equation approach to turbulence [5], has been used
to represent the transport of the turbulent kinetic
energy downstream of the bundle. The
implementation into the THYC software and
underlying hypotheses of the model have been
presented in [ I ] . The equation implemented into the
code is

devt

dt
V(V1V(EVt)) + e CKG V2

(3)-e C D ( ^ 2^

where D is a characteristic length, here the rod
diameter, e the porosity of the medium, V the flow
velocity. CKG is the turbulence production rate by
the grids, whereas C D characterises decay of
turbulence by the bundle.
The model includes two unknowns CKG and Cp •
CKG * 0 only if a grid is present in a discretization

, mesh.

ft
f Interpreting HYDROMEL [6] experiments with the

THYC software led to the determination of the two
following coefficients for standard assembly grids:

CKG = 0.9 and CD = 4

These two coefficients are intrinsically related to the
grid, so that they can be used for different grid
spacings as presented in [1]

1.3 Model C • diffusive and convective
effects

Mixing vanes do not only increase turbulence
downstream of a spacer grid. In addition to the k-L
equation presented in the previous section, oriented
transverse flows can be modelled according to the
vane layout. In order to model the impact of each
vane on the flow, discretization meshes equal to one

fourth of a subchannel have been used. The
procedure is defined as follows:

- in a first step, the pressure drop tensor of each
vane characterised by a pressure coefficient CVane
is written in its own co-ordinate system

- in a second step, each pressure drop tensor is
expressed in THYC co-ordinates.

In figure 1, a typical transverse velocity field
downstream of a grid is presented (EDGAR
experiments, EDF). It is shown how small eddies
can be modelled.

Figure 1: transverse velocity field (THYQ

downstream of a grid

2. IMPACT ON DNB PREDICTIONS
Before considering the influence of mixing

models on the entire EPRIE161 data base [7],
parametric studies have been carried out for die
n°1832 data point in order to evaluate the sensitivity
of non-conventional mixing models (B or C) to the
following parameters: CRG. C D and Cvane- The
occurrence of departure from nucleate boiling has
been predicted by using the W3 correlation [8]
extended to standard assembly grids. Results are
presented by using the P/M ratio with P being the
predicted heat flux and M the measured heat flux.
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2.1 Parametric studies

2.1.1 Influence of C K G
This parametric study has been carried out by

using model B and setting CD equal to 4. CKG is
proportional to the amount of turbulent kinetic
energy produced downstream of a grid.

The predicted flux increases with CRG because
higher (Fig. 2) CKG values enhance turbulence, so
that lower void fraction at the DNB location is
obtained. Moreover, P/M varies very slightly with
CKG beyond 0,5 indicatin? that C R G = 0,9 is a
relatively significant mixir, ™ parameter.

2.1.2 influence of C D

Figure 3 has been determined for CKG = 0.9.
Prediction decreases with CD because of higher
turbulence dissipation downstream of a grid causes
higher void fractions in the central subchannel,
hence lower DNB predictions. On the other hand, it
can be noticed that predictions strongly depend on
the C D value, especially around 4. It follows that
results will strongly depend on the accuracy of the
C D coefficient used to model the decay of
turbulence in a rod bundle.

2.1.3 influence of Cvane

Figure 4 has been determined by using model C
with C D = 4 and CRG =0.08. No significant
dependence on CVane can be observed, so that
predictions with model C will not be strongly
changed by a better determination of Cvanc-
Neglecting convective effects only reduces P/M by
5 percent, so that mixing is mainly modelled by
diffusion instead of convection in model C.

22 Application to the E161CHF database

This database has 71 experimental data points
[7 ] . The main features of the mock-up are: 5x5
rods, heated length 14ft, grid spacing 22", no guide-
tube and a uniform heat flux distribution.

k

2.2.1 Model A

It is assumed in this case that grids enhance
turbulent viscosity in a uniform way throughout aie
flow, an approach to mixing similar to that
expressed in the COBRA code. Results are
presented in the form of P/M ratios. Overall values
for the 71 data points are

P/M = 0,9544 =0,0667 (model A)

P/M and <Tp/M being the mean value and the
standard deviation of the P/M population,
respectively.

2.2.2 Model B

vt is modelled by a one-equation model (Eq. 3).
Two sets of (CD ICRG) parameters have been tested
in order to study the impact on CHF prediction. The
first set (CD =4, CKG=0-9) has been determined
from the HYDROMEL tracer injection experiment
[6], The second set ( C D = 1, CRG = 0.9) has been
tested because the CD parametric study (Fig. 3)
exhibits a strong dependence on CD • CD = 1 has
no physical meaning. This value has been chosen in
order to obtain another population of local
thermalhydraulic values. It must be pointed out that
a parametric study with the entire database has not
been carried out because of computation time.

Results for the first set are presented in figure 5 .
Mean values are shr'ar. The effect is lower than
half a percent on predictions. It can be said that this
approach to mixing does not interfere excessively
with DNB predictions

P/M = 0,9574 Op/M = 0,0663 (model B - C D = 4 )

In figure 6, it is shown how higher predictions
are obtained for this model when a higher
turbulence attenuation coefficient is used. This is
consistent with the parametric study presented in
figure 3. Anyhow, the standard deviation SP/M is
weakly affected by this new treatment of DNB

P/M » 0,9810 GP/M = 0,0659 (model B - C D = 1 )

2.2 J Model C

This represents a rather complex approach to
mixing since diffusive and convective effects are
taken into account simultaneously. The set of
parameters is

C D = 4 CKG=0,08 -vane' = 30

In order to implement this model into the THYC
software, each discretization mesh represents one
fourth of a subchannel.
In figure 7, results are compared with P/M ratios
obtained with model A. It appears that no general
trend exists. An overall characterisation of the E161
database treated with model C yields

P/M = 0,9599 0,0672 (model C )

A more rigorous or sophisticated description of
mixing in the tube bundle does not significantly
affect predictions as long as parameters determined
from the HYDROMEL experiment (models B and
C) are used Results are an indirect validation of
these models, since model A which uses a TDC-like
approach has been used to derive the DNB
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correlation. On the other hand, it has been shown
that using other coefficients would change DNB
predictions.

3 - Use of the pseudo cubic spline method
(PCSM)

THYC calculations have been used to correlate
the critical heat flux <I>C with boundary conditions or
local variables (pressure P, mass flow rate G and
quality X). The objective here is to determine if
progress in predictions can be achieved by using
other statistical tools.

The pseudo cubic spline method (PCSM) is a
smoothing statistical technique developed by the
French Atomic Energy Commission (CEA).
Detailed information on the method is in [9]. The
representation of the regression is obtained by
using pseudo-cubic thin plate type spline functions.
The method is different from parametric statistical

regressions which assume that the function should
follow a specific mathematical law (e. g. linear,
logarithmic..). It is said to be especially adapted to
non-linear phenomena such as departure from
nucleate boiling. One of the main assumptions of
the PCSM is to assert that the physical
phenomenon (here Oc ) can be written as a function
of explaining variables (e. g. pressure P, mass flow
rate G, quality X) as follows

where f is by definition the thin-plate function, a is
the residual standard deviation and N(0,1) is the
normal (Gaussian) distribution with mean and
standard deviation equal to O and 1 respectively.
This method has been tested for critical heat flux
applications and has proved to model DNB with
lower residual errors than polynomial correlations
[9].

Table 1: Thin-plate determined from boundary conditions

Data

boundary

conditions

correlation coeff.fr2)

linear

0,8490

thin plate

0,9975

ratio of residual

standard deviations
(linear/thin-plate)

5.87

mean

(*)\M/

1,0001

standard,
deviation

IM/
{%)

0.876

Table 2: Thin-plates obtained with three local explaining variables

Explaining

variables

3<P,G,3O

Data

k

A-standard

B-diffusive

C-diffuaveand
convecn've

correlation coeff^r2)

linear

0,8217

0.8233

0,8430

thin plate

0,9663

0,9671

0,9667

ratio of residual

standard deviations

(linear/thin-p!aie)

2,04

2,04

1,90

mean

IM/

1,0013

1,0013

1,0013

standard

deviation

\M/
(%)

3,20

3,17

3,19
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In this section, applications of the PCSM are
presented for the three mixing models studied
previously. THYC results have been tested by
correlating local thermal-hydraulic parameters to the
experimental heat flux. Two thin-plates have been
built by using two types of variables.

3.1 datai- boundary conditions as explaining
variables

The first set of variables has been chosen in
order to observe how predictions are affected by
using inlet conditions. Regressions obtained cannot
be applied to other geometries. Results are in table
1. The correlation coefficient r2 is presented for the
PCSM and the linear regression as well as the ratio
of residual errors. It is then clear that the accuracy
of the regression is improved compared with a
linear approach. Data are also presented in terms of
P/M ratios. By construction the mean value of the
P/M population is equal to unity. The standard
deviation of the P/M population is very low
(0.87%). Indeed, it is well known that correlating
the critical heat flux with inlet variables leads to
lower standard deviations.

3.2 data2 - three local variables

The following results have been obtained with
local parameters determined by the THYC software
at the DNB location for the three mixing models.
Results are presented in table 2.

Mixing models have no strong effect on
predictions. Moreover, it appears that thin plates
computed with these local explaining variables
produce higher P /M standard deviation than with
datai. Nevertheless, Op/M is lower by a factor 2
compared with correlations. It must be pointed out
that these regressions have a narrower validity range
than correlations, so that they cannot be directly
compared.

CONCLUSION

It has been shown that DNB can be predicted by
two means: THYC with a DNB correlation or
THYC with the pseudo cubic spline method
(PCSM). As far as the first approach is concerned it
has been shown that:

- Models B and C can be applied to DNB
predictions as long as coefficients determined from
the HYDROMEL experiment are used,

- Predictions arc very sensitive to the turbulence
attenuation coefficient Cr>

THYC and another statistical method have been
used for the first time. The main results are that
gains in P/M are encouraging. Nevertheless, only

71 data points have been used so that the range of
validity of the PCSM is smaller than for a standard
correlation.

In the future , we plan to extend this approach to
other data bases in order to obtain a statistics"
predictor with a wider range of validity.
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