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SYNTHESE :

La méthode des plaques est un outil statistique développé par le CEA. Il permet
l'obtention de prédicteurs de flux critique à l'aide de fonctions splines.

Dans cette note, des prédicteurs ont été construits à partir des mêmes
campagnes expérimentales de flux critique mais en utilisant deux codes différents pour
la détermination des conditions thermohydrauliques locales. FLICA traite l'écoulement
par une approche par sous-canaux alors que THYC développe une approche
tridimensionnelle de type milieu poreux.

Dans un premier temps, les deux codes sont brièvement présentés. Puis, on
s'intéresse à la méthodologie de comparaison des deux prédicteurs. Il est ainsi
démontré que la méthode des plaques permet une analyse statistique avancée de codes
de thermohydraulique.

by D. Banner (I), F. de Crécy (2)

(1) Electricité de France, Direction des Etudes et Recherches
6, quai Watier, 78401 Chatou Cedex, France
Tel : (1) - 30.87.77.51 ; Fax : (1) - 30.87.79.49
E-Mail : Didier.Banner@der.edf.fr
(2) DTP/STR, Centre d'Etudes Nucléaires de Grenoble (CENG)
85-X 38041 Grenoble Cedex, France
Tel : 76.88.32.18 ; Fax : 76.88.51.77



EXECUTIVE SUMMARY :

The pseudo cubic spline method (PCSM) is a statistical tool developed by the
CEA. It is designed to analyse experimental points and in particular thermalhydraulic
data. Predictors of the occurrence of critical heat flux are obtained by using spline
functions.

In this paper, predictors have been computed from the same CHF databases by
using two different flow analyses to derive local thermal-hydraulic variables at the
CHF location. In fact, CEA's FLICA-3M represents rod bundles by interconnected
subchannels whereas EDF's THYC code uses a porous 3D approach.

In a first step, the PCSM is briefly presented as well as the two codes studied
here. Then, the comparison methodology is explained in order to prove that advanced
analysis of thermalhydraulic codes can be achieved with the PCSM.
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1 - THE PSEUDO CUBIC SPLINE METHOD (PCSM)

This section will briefly present the PCSM that has been developed by
the French Atomic Commission (CEA). Detailed and theoretical
information can be found in ( 1 ). Attention is focused on the main features
of the method. Statistical terms used hereinafter are also presented.

Main assumptions

Let us consider I a vector containing all explaining variables (e. g.
t(P,G,X) with P pressure, G mass flow rate and X quality). It is assumed
that the physical phenomenon is smooth enough (e. g. critical heat flux) to
be written as follows

y = f(t) + e(t)

where f(T) is the most likely value at point 7 and e( T) is a random
function of mean and standard deviaton equal to O and <Jr respectively. CTr
is termed the residual error. Moreover, it is assumed that e( t ) follows a
normal (gaussian) distribution in order to apply statistical tests to the
results.

Scope of the PCSM

The method provides:

- f an estimate of the f function; f is called a predictor or
a "thin-plate",

- CTp the uncertainty on the predictor (f ),

- CT1. an estimate of the residual error CTr.

To do so, the f function is determined by using cubic spline functions and
minimizing a certain energy E(I). A smoothing parameter p is used, so
that f can continuously vary from a linear regression to a spline
interpolation function. An ideal compromise is found by using the so-
called generalized cross validation ( 1 ).

Comparison with least-square regression methods

- The PCSM does not require any a priori mathematical model. As
an example, when CHF correlations are determined by least-square
regression methods, it is often assumed that the CHF (<ï>) varies with
quality (X) as follows: O = A- BX. This kind of assumption is not
needed with the PCSM.

- Significantly lower residual errors are obtained with PCSM(I). It
is especially dedicated to physical phenomena that vary in a non-linear
manner with explaining variables such as CHF from burn-out to dry-out.



2 -THE FLICA AND THYC CODES

FLICA (2) and THYC (3) are two-phase flow codes that have been
developed by the French Atomic Commission (CEA) and Electricité de
France (EDF) respectively.

FLICA is dedicated to reactor core analysis and includes CHF
experiments interpretation and core design calculations.

THYC has been developed to model thermal-hydraulics in rod bundles
(fuel rods, steam generators and condensers).

Each code has its own approach to thermalhydraulics:

On the one hand, in FLICA the geometry is represented by
interconnected subchannels; an approach similar to that developed in the
COBRA-IIIC code. It follows that momentum, mass and energy
conservation equations are solved in the axial direction; transverse
transfer terms being computed by simplified equations.

On the other hand, THYC uses a three-dimensional representation
of the flow. This implies that no direction has a particular treatment, even
if the axial component prevails. The three conservation equations are
solved simultaneously in the three space directions.

In figure 1, it is shown how DNB test sections are represented by both
codes. Because of symmetry reasons, only one fourth of the cross section
is modelled by THYC, whereas one eighth is represented by the FLICA
code. It can be observed that meshes are significantly different in size and
shape.

In order to model two-phase cross flow in a CHF test section, energy and
momentum transfer coefficients are needed. These parameters play a key-
role in CHF computations, because of a direct impact on void fraction at
the CHF location.

In FLICA, energy and momentum transfer is very sensitive to the
transfer coefficient KT that is proportional to COBRA's thermal diffusion
coefficient (TDC) for a given rod layout.

In THYC, energy and momentum transfer is very dependent on a
viscosity coefficient Vt determined as follows Vt = gf.Tj.V. D where gf is
a grid factor (enhancement of turbulence by the mixing grid; gf = 1
implies that a bare bundle is being considered), T| depends on the rod
layout, V is the mean flow velocity and D a hydraulic parameter.



The aim of this study is to determine if a set of (KT, gf) coefficients can
be found, so that both codes behave in a similar way, though geometry
representation is different.

3- CODE COMPARISON METHODOLOGY WITH THE PCSM

In order to use the PCSM, independent and dependent variables have to
be defined. For each CHF database (E 160 or E161) and each
thermalhydraulic code (FLICA or THYC), a set of local variables is
obtained (Ploc: local pressure, Gloc local mass flowrate, Xloc local
quality and Oloc critical heat flux). The first three variables represent
code results whereas the last one is an experimental result. Two types of
thin plates have been built.

<I>-type thin-plates

In this case, the critical heat flux <I>loc is the dependent variable.
This means that thin-plates obtained are CHF predictors. Therefore, the
ability of both codes to predict the DNB is being investigated

X-type thin-plates

The dependent variable is the quality, a code result. Each code
result will be characterised by a thin-plate. This time, the two codes are
being directly compared.

It follows that the code comparison is carried out by studying two data
bases (E 160 and E161) and two thin-plate types (O or X type).

Let us now consider two thin-plates f& and f B obtained for a given CHF

database and for a given thin-plate type. The problem is: How can f A and

f B be compared?. This question is answered in three steps:

Stepl

Each thin-plate is characterized by

- a residual error ô r

- a correlation coefficient r^
- a number of used degrees of freedom which are an indication of
the surface complexity. This number is also necessary for statistical
tests



These three values can be compared for the two thin-plates f A and I B .
This provides overall information on the two thin-plates. No local
information on thin-plates can be obtained by such a method. Moreover,
the discrepancy between the thin-plates is not known.

Step 2

Two thin-plates f A and f B have been built. Independent variables from

database A can be used with thin-plate f B, SO that a predicted value PA/B
is obtained. Let us note M A a measured value from database A. We can
now study if the MA-PA/B population is significantly different from zero
from a statistical point of view. Conversely, tests can also be carried out
with the M B - P B / A population.

To do so, a Student-Fischer statistical test is applied to the data. Let us
note OA/B and mA/B the standard deviation and the mean of the M A -
PA/B population. The Student variable tA/B is defined as follows:

_ mA/B
I A 1X3 ^

where n is the number of data points in database A.
Let us consider the following assumption (Al): mA/B is significantly
different than 0. The probability ccA/B of being wrong by asserting
assumption Al is given by a Student statistical test as a function of
and n . Obviously, the test can also be applied with ÎB/A.

This second comparison step will also provide overall information on
discrepancies. Now statistical tests can be applied, so that statistical
information is obtained.

PA/B is relevant if the point considered from database A belongs to the
interpolation region of database B. Therefore, only interpolated points
will be considered here.

Step 3

Another way to determine if thin-plates are significantly different is to
A

build a new thin-plate f A+B by gathering the two databases and
introducing an additional binary independent variable C. (C=+1 if the
data point belongs to A, otherwise C=-1). For instance, if independent
variables are (P,G,X,C), a new variable S is determined as follows



S(P7G1X)-

where ôp is the uncertainty on the predictor. The S variable is very

useful to analyze if differences are really significant (use of a Student
test). Moreover, S is a local variable. Therefore, differences between
predictors can be tested on a local basis, so that advanced
thermalhydraulic analysis of code calculations can be achieved. On top of
that, the most relevant parameter ranges are pointed out

4- RESULTS

Application of the code comparison methodology is presented for the
E160 and E161 CHF databases (4). CHF experiments have been carried
out with a 5x5 rod layout. A cross section of the test section is presented
in figure 1. Rods are uniformly heated in the axial direction whereas a
radial heat flux profile is imposed to ensure that CHF is observed on the
central rods. Mixing grid spacing is equal to 22". E160 and E161 have
different heating length: 8ft and 14 ft respectively.

The objective of this study is to determine whether a set of (KT,gf)
coefficients can be found, so that predictions do not differ to great extent.
To do so, four comparisons have been carried out (two thin-plate types
and two databases). The methodology presented in the previous section
has been applied to FLICA and THYC with K T and gf equal to 0.04 and
5.5 respectively.

The main characteristics are in table 1.

Table 1

database

E160
(67 pts)
E161
(71 pts)

thin-plate
type

O
X
O
X

residuai errors
(kW/m2 for O-type
thin-plates)
FLICA THYC
90.6
0.0108
55.5
0.00978

88.4
0.0108
54.1
0.00983

correla. coeff.

FLICA THYC
0.974
0.983
0.964
0.979

0.975
0.984
0.966
0.979

available degrees
of freedom

FLICA THYC

47.9
38.2
52.8
53.3

47.3
36.7
52.6
53.9



It clearly apears in table 1 for the four cases studied that statistics can be
said identical for FLICA and THYC. Table 1 provides overall
information on the thin-plates. Therefore, the phenomenon studied (X or
O) is equally explained by both codes. Nevertheless, one does not know
how the two thin plates are located in the parameter space. This question
is answered by step 2.

Step 2

Table 2

CHF
database

E160
(67 pts)

£161
(71 pts)

thin-plate
type

4>

X

<D

X

datapoints thin-plate
from used
(A) (B)

Rica
Thyc
Rica
Thyc
Rica
Thyc
Rica
Thyc

Thyc
Rica
Thyc
Rica
Thyc
Rica

Thyc
Rica

Student
variable
tA/B

1.28
-1.29
1.93

-1.93
0.847

-0.875
0.472

-0.647

risk
probability

OCA/B (%)
>20
>20
>5
> 5

40
40
60

50

First of all, it appears that the probability of assumption Al (IHA/B is
significantly different than 0) to be wrong is always greater than 5%. It
can then be said that predictions are not significantly different with thin-
plates built from THYC or FLICA for the set of (KT,gf) coefficients
studied here.

The largest a values are obtained with the El 61 CHF database. The
average heat flux is lower for El61 than for E160. It may be thought that
the flow pattern is less three dimensional for E161 because of a lower
quality radial gradient. Therefore for the E161 database quality given by
FLICA and THYC may be closer to that given by a mere one-dimensional
thermal balance.

Now, we have been interested in analysing thermalhydraulic regions
where the largest discrepencies in predictions can be observed.

Step 3

In this section, the S values are represented for the O-type and X-type
thin-plates and for the two CHF databases. In the following plots,
pressure is taken equal to 150 bar.
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For the four plots presented, very low S-values are obtained. This is
consistent with table 2. A closer look at the plots indicates that

- In figures 2-3 (<3>-type thin-plates), the largest discrepancies are
obtained for low qualities in the interpolation diagram. One must be
reminded that CHF predictors are being compared. One may expect the
codes to be significantly different at high quality because of different
two-phase friction and slip velocity models. Nevertheless, the DNB
phenomenon is more sensicive to the computed quality at low X values for
the CHF databases considered here. It follows that in our case, the largest
discrepancies are observed for low qualities.

- In figures 4-5 (X-type thin-plates), Discrepancies are larger with the
E160 database because of a higher average heat flux as explained in
section 2. Qualities being directly compared, the two codes are then
directly compared. The largest values are observed for high thermal heat
flux and low mass flow rate. This can be understood as follows.
It has been shown in (5) that the FLICA quality in the central subchannel
can be approximated by

= Xa,flica + 7^—- fCK-r). T|
GHi,g

where Xc and Xa are the central subchannel and the average quality at
DNB location respectively, Hi,g the latent heat, T| a geometry-dependent
parameter and f(KT) a function of K T .
Let us assume that the same kind of relationship can be applied to the
THYC code:

Xc,thyc = Xa(thyC + - 7 — . f (gf). Tj '
GHi,g

It follows that Xc,thyc - Xc,flica equals

Xc,thyc - Xcnica = - j j U [ f (gf). Tl' - f(KT). T]J
GHi,g

The influence of G and <î> is then clearly explained.
It has been shown by the three previous steps that THYC and FLICA
could provide equivalent prediction of quality or CHF as long as an
adequate set of coefficients is used.

Now, in order to prove the relevance of the mixing coefficients, two non
equivalent coefficients have been used. To do so, the set of (gf,KT)
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coefficients is taken equal to (5.5;0.08) This study is limited to $-type
thin plates and the E161 database. In figure 6, the S-function exceeds 2,
so that differences are significant.

CONCLUSION

The PCSM has proved to be an efficient way to determine whether two
thermalhydraulic codes give the same estimates. It has been shown, that
the two codes could provide equivalent results as long as CHF databases
are concerned and an adequate set of (gf,KT) coefficients is chosen.

The PCSM initially designed to derive better fits of experimental data
has enabled us to obtain new insights into thermalhydraulic analysis of the
CHF phenomenon. Overall and local information on predictions can be
obtained by such a method. Statistical and graphic representations have
turned out to be good tools to study CHF databases
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RGURE1 : CHF TEST SECTIONS MODELLED
BY THE FLICA AND THYC CODES
5x5 rod experiment
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FIGURE 2: S-FUNCTION - DATABASE E160
0-TYPE THIN PLATE
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FIGURE 3: S-FUNCTION - DATABASE E161
(D-TYPE THIN PLATE
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FIGURE 4: S-FUNCTION - DATABASE E160
X-TYPE THIN PLATE
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FIGURE 5: S-FUNCTION - DATABASE E161
X-TYPE THIN PLATE
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