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SYNTHESE :

La sécurité des centrales nucléaires impose de sévères limitations du temps de
chute maximum des grappes de commande. En février 1995, plusieurs grappes de la
centrale chinoise de Daya Bay se sont révélées non conformes à ces critères. Electricité
de France a entrepris un programme de recherche en vue d'étudier plus en détail ce
problème, étant donné que la centrale avait été construite par les Français et que le
nouveau réacteur français à quatre boucles N4 était équipé des mêmes tubes guides.
Cette note se limite à une étude numérique de l'influence des forces de pression
appliquées aux crayons de grappe, et dues aux écoulements dans les tubes guides.

Après une validation sur un cas, un premier calcul a été effectué sur un tube
guide de N4 simplifié. La sensibilité aux forces de pression dues à l'écoulement
transversal et aux modifications de la géométrie a été déterminée. Le programme a été
étendu aux tubes guides utilisés dans les réacteurs 1300 MW, et des calculs similaires
ont été effectués. Pour rendre les simulations plus représentatives, un calcul global de
l'écoulement dans le plenum supérieur sera effectué pour obtenir les conditions limites
précises pour une meilleure résolution des calculs locaux.

(HE-41/97/034/A)



EXECUTIVE SUMMARY:

Security in nuclear power plants demands severe limitations of the maximal
drop time of rod cluster control assemblies. In February 1995, several assemblies of
the Chinese plant in DAYA BAY failed to comply with these requirements. Electricite
de France undertook a research program to get a better insight of this problem since the
plant has been built by French and also because the French new 4 loops N4 reactor was
equipped with the same guide tubes. This paper is limited to a numerical study of the
influence of the pressure forces applied to control rods and due to flow circulation
through the guide tubes.

After a validation test-case, a first calculation has been carried out on a
simplified N4 guide tube. The sensitivity of the pressure forces to transverse flow and
to modifications of the geometry has been determined. The program has been extended
to guide tubes used in 1300 MW reactors and similar computations have been done. To
make simulations more representative, a global computation of the flow in the whole
upper internals plenum (UIP) will be achieved to provide accurate boundary conditions
for local calculations with better resolution.
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I. INTRODUCTION

A general deviation of rod cluster control assembly
(RCCA) drop time has been observed in DAYA-BAY
at GUANG DONG unit in February 1995. Among
the many reasons put forward, the pressure forces due
to flow circulation through continuous guidance of
the guide tubes seems to be determining. Electricite
De France decided to undertake a program of study
because the guide tubes of the 3 loops 1000 MW
GUANG DONG unit are similar to the ones used in
the new French 4 loops 1450 MW reactor N4. The
following communication deals with the first half of
the study and consists of 3 parts.

First, a validation test case is presented to assess the
CFD code N3S on a configuration close to those
encountered in nuclear plants. Calculations are
compared with experimental data (including both
pressure and velocity measurements).

After this necessary step, a first computation on a
simplified N4 guide tube with quite crude boundary
conditions has been carried out. The pressure forces
applied to the control rods have been determined. The
influence of the closure of 2 levels of openings and of
the presence of cross flow is underlined.

To comply with the constructor (FRAMATOME) last
choice (which is consistent with the conclusions
drawn from the calculation on the simplified N4
guide), a study on a 1300 MW guide in a N4 UIP has
been undertaken. Several computations will be
necessary. The first one, without cross flow, do not
need any particular boundary conditions as explained
below. On the contrary, with cross flow, precise
boundary conditions are required: a global simulation
of the UIP will provide the necessary velocity field.

II. METHOD
Although the numerical code used for the study has
already been widely validated on benchmarks and on a
number of industrial applications, it was necessary to
evaluate the method on a test case similar to the
actual reactor configuration : the scale model set up
by FRAMATOME has been used for this purpose.

Once the validation completed successfully, the flow
in a simplified N4 guide tube has been computed and
the pressure forces on the control rod estimated (these
forces increase the drop time): Four different
simulations have been done to determine the influence
of the reduction of the number of openings and of the
transverse flow rate entering the guide.

The drop time reduction could not be clearly
demonstrated. Moreover, on-site measurements also
reported too high drop times. Hence, the N4 guide
tubes were replaced by 1300 MW ones which are
known to induce low values of RCCA drop time.

Because of the difference between the diameter of the
UIP (4 m) and the diameter of the slit tubes (17 mm),
a global numerical simulation is unrealisable (Figure
9). Therefore, the study was divided into 2 parts
involving one global and several local calculations.

The global approach is by far the more expensive and
the more difficult because of the large number of
nodes (1.000.000) necessary to represent the quarter of
the domain with a sufficient precision. At the time of
writing this paper, this step is not sufficiently
advanced to present precise results.

The local part of the study, on the contrary, is closer
to what has already been done previously on the N4
geometry. The domain, extended all around the guide
tube, includes neighbouring guides and obstacles to



provide accurate boundary conditions at the central
guide openings (at least without cross flow).

III. THE N3S CODE

The finite element code N3S has been developed by
the Research Branch of EDF for thermohydraulics
studies in nuclear engineering design [1] since 1982
on unstructured meshes for complex geometry
modelling. Intensive testing under Quality Assurance
makes it available for laminar or turbulent flows with
heat transfer [1], [2], [3] and [4]. For the assessment
of every main release, results are compared with
analytical solutions or experiments.

Four steps are needed to perform a numerical study:
mesh generation (IDEAS™), boundary condition
prescription (PREN3S), solution of the equations
(N3S) and post-processing (EnSight).

N3S solves the Reynolds averaged Navier-Stokes
equations for unsteady incompressible flow with, as a
standard choice, k-e turbulence model [3], [5] and [6].
The time discretization, based on a fractional step
method, consists of:

. an advection step (characteristics method),

. a diffusion step for the remaining part of the k
and e equations ; linear systems are solved by a
preconditioned conjugated gradient algorithm,

. a generalised Stokes problem for the velocity and
the pressure, solved by a Chorin algorithm.

Table 1 gives the number of velocity nodes of the Pl-
isoP2 tetrahedra meshes for the 3D simulations.

Name
node number

Test Casel Guide N4
166.000 187.000

Guide 1300
310.000

UIP
1.000.000

Table 1 : Characteristics of the different numerical meshes.

IV. ASSESSMENT
MENTAL MODEL

ON AN EXPERI-

Experimental model description

The SOPHIE 1/5 scale model represents a guide tube
of the GUANG DONG unit with 4 levels of 4
openings. Each level has one opening on each side of
the guide tube casing, which is a polygonal cylinder.
A transverse channel allows to study the influence of
the cross flow Qcs, whereas the vertical flow rate Qv
enters the guide tube at its base (Figure 1).

The inside section is circular, contrary to that of the
actual guides, to make it easier to manufacture.
Similarly, flat plates are used to represent rod travel
housings and the slit tubes are simply not taken into
account. The plates maintaining the rod travel
housings are simulated by diaphragms.

Assessment configurations

Without cross flow, the vertical flow rate enters the
guide at its base, goes through the openings and exits
through the annular space located at the top, around
the guide tube, which top is closed.

With cross flow, a lateral inlet and a lateral exit are
added to the model. An adequately drilled plate is
placed in the cross flow to obtain a non uniform cross
velocity profile (See Figure 10).

J
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velocity
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Qcs

•D
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Top outlet

Vertical flow

Qcs ^

Cross flow

Transverse
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opening

guide tube

Transverse
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rod travel
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Figure I : Geometry of the SOPHIE 1/5 scale model

Results

Static and dynamic pressure have been measured by
FRAMATOME all along the guide tube allowing to
obtain the flow rate leaving the guide through each
level of openings. Laser Doppler Velocimetry
measurements have also been reported in front of the
upstream and downstream sides of the guide.

Figure 2 and Figure 3 compare the computed and
experimental dynamic pressure fields without and
with cross flow respectively. The agreement is very
good considering the number of experimental taps.

Table 2 shows the difference AFlowRate% of the
percentage of flow rate between measurements and
computational results for each level of openings. The
agreement is quite good without cross flow and very
acceptable with cross flow considering the precision
of the crude boundary conditions imposed at the inlet
of the computational domain and the uncertainty of
the experimental velocity measurements.

After this necessary step of validation, the code has
been used to study the pressure distribution inside a
simplified N4 guide tube.

AFlowRate%

4th opening level
3rd opening level
2nd opening level

1st opening level

Without cross flow

6,3 %
3,9%

8,3%
10,7 %

With cross flow

12%
2 5 %

9 %
4 %

Table 2 : Comparison of flowrate bv each opening level.



a) Case without cross flow b) Case with cross flow
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Figure 2 : Dynamic pressure without cross flow.

V. N4 GUIDE TUBE CONFIGURATION

Description of aN4 guide tube (Figure 4)

It consists of 4 levels of continuous guidance -
numbered 1 to 4 from the bottom to the top -
separated by guide plates and of several levels of
intermittent guidance. Each level of continuous
guidance has one opening on each side.

There are 4 rod travel housings perpendicular to the
faces of the guide and 4 on the diagonals of its
section. The 8 slit tubes are located in between.
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Figure 4 : Geometry of a N4 guide tube continuous guidance.

Computational model

Because of the symmetry of the geometry, only the
inner part of the half of a guide is represented.
Moreover, the rod travel housings only extend to the
top of the 4th level of continuous guidance. Hence,
internal pressure in the rod travel housings is
determined by the pressure field in the first level of
intermittent guidance only (Figure 9) and the other
levels of intermittent guidance are not represented.

Representing the rod travel housings by flat plates
and the slit tubes by filled cylinders also allows to
limit the number of nodes. But all percentages of
blocking have been preserved to guarantee an accurate
representation of the pressure drop.

The study was initiated in order to analyse the effect
of closing the 3rd and 4th levels of openings on the
pressure forces applied to the control rods. This
modification was suggested by FRAMATOME to try
and solve the drop time problem.

Moreover, it is important to quantify the effects of
the modification for guides subjected to cross flow.
Hence, 4 calculations have been carried out with :

a) all 4 levels of openings and no cross flow,

Figure 3 : Dynamic pressure with cross flow.

b) 2 levels of openings closed and no cross flow,
c) all 4 levels of openings and cross flow,
d) 2 levels of openings closed and cross flow,

A more detailed description of the 4 cases follows :
a) The fluid enters the guide at its base and exits

through the lateral openings. There is also an
exit at the top of the intermittent guidance for
which the pressure drop is prescribed so as to
enforce a very small exiting flow rate given by
measurements (FRAMATOME).

b) The same configuration as a) (same pressure
drop at the top) but 2 openings are closed.

c) The same as a) but, in order to simulate the
cross flow which is encountered in reactors, a
pressure difference is imposed between two
opposite sides of the guide.

d) This configuration is the same as c) (with the
same pressure drop at the top and the same
pressure difference between upstream and
downstream sides) but 2 openings are closed.

Computing the pressure forces

The rod travel housing guide 2 control rods. The one
near the centre of the guide is called the 'internal1 rod.
The other is the 'external' one (Figure 4). To
determine the pressure forces applied to each rod it is
necessary to compute the pressure profiles at
locations A, B and C :

A) The pressure distribution in a pipe with
boundary conditions at each end provides a good
approximation for this profile because of the
blocking effect of the rod. The latter isolates the
end of the housing - where the profile is taken -
from the rest of the domain. Therefore, the
pressure distribution is linear.

B) This one is similar to the A profile, but one
needs to consider that there are openings at the
base of the rod travel housing equilibrating
locally inner and outer pressure fields. These
openings are not represented here.

C) This one is given by N3S calculations since it
is the pressure at the nose of the rod travel
housing, in the computational domain.

The resulting profiles are given in the next part for
each case a) to d). The pressure force applied to
external rod (respectively internal) is then computed
by integrating the difference between pressure
distributions A and B (respectively B and C).

The method used to compute the force on the slit tube
is similar. The profile inside the tube is linear and
depends only on the boundary conditions. The profile
outside the tube is given by N3S computations.
Integrating the difference between those 2 curves
gives the pressure force. The case of slit tubes is



more simple since they have no additional openings,
contrary to rod travel housings.

Results and conclusion

Figure 5 to Figure 8 present pressure fields along the
2 control rods for the north-east rod travel housing of
the Figure 4. Those obtained for the others rod travel
housings and for slit tubes exhibit similar trends and
will hence not be shown here.

It can be seen by comparing Figure 5 and Figure 7
that closing 2 levels of openings reduces drastically
the pressure forces without cross flow.

On the contrary, the reduction of the pressure force is
much smaller with cross flow (there are even
configurations for which the force increases).

As a conclusion, closing 2 openings is not a fully
satisfying solution to reduce pressure forces on the
control rods.

Hence, on the French N4 nuclear power plants, the
N4 guide tubes have been replaced by guides tubes of
the 1300 MW type, for which the control rods are
subjected to very low or even vanishing pressure
forces. It then appeared important to determine the
hydraulic parameters in a N4 UIP equipped with
1300 MW guide tubes.

Figure 5 : a) 4 openings without cross flow Figure 7 : b) 2 openings without cross flow

M 0.0

E

5
I 0.2 0.4 0.6 0.8

Dimensionless height

Figure 6 : c) 4 openings with cross flow
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Figure 8 : d) 2 openings with cross flow
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Figure 5 to 8 : Pressure fields around the control rods of a travel housing.

VI. 1300 MW GUIDE TUBE

Outline of the study

The test case described Chapter IV and used to assess
the N3S code being quite similar to the present
configuration, no further validation is necessary.

The study consist of 3 calculations to determine the
pressure and velocity fields inside a 1300 MW guide
tube subjected to different cross flow rates:

a) without cross flow (guide located in the centre
of the UIP),

b) with severe cross flow, the guide being located
near to an outlet nozzle,

c) with moderate cross flow : intermediate position

Indeed, the UIP has 4 peripheral exits located at mid-
height through which the hot primary water is
extracted. The resulting velocity field creates a severe
cross flow interacting with the neighbouring guide
tubes (see Figure 9).

guide and of itsDescription of a 1300 MW
environment

The guide tube itself consists of 2 levels of
continuous guidance numbered 1 to 2 from the
bottom to the top. Each of them has one opening on
each side. Several levels of intermittent guidance are
situated on the top of the continuous guidance. There
are 8 rod travel housings in each guide tube, 4 are

perpendicular to the faces and 4 are on the diagonals
of the section. 8 slit tubes are distributed between the
rod travel housings. Hence, the only differences
between a 1300 MW and a N4 guide tube are the lack
of guide plates in the continuous guidance and the
smaller number of opening levels.

Around the guide tube, core support columns join the
upper core plate to the guide tubes support plate. One
hole is bored at the base of each column in the upper
core plate. Additional waterholes are drilled in the
upper core plate. Hence, primary water is coming up
from the core through the upper core plate and into
the UIP.

Computational model

The numerical mesh consists of 310.000 velocity
nodes to represent finely the important details of the
geometry (Figure 11). The rod travel housings are
represented by flat plates and the slit tubes by filled
cylinders. 2 levels of continuous guidance but only
one level of intermittent guidance are taken into
account. Indeed, the pressure field in the other levels
is useless with respect to the forces applied to the
control rods. Moreover, the interaction in terms of
pressure between two levels of intermittent guidance
is only marginal.

To make results less dependant on boundary
conditions, the domain is extended around the guide
tube and includes neighbouring obstacles and guides:



Case a

Three water holes, two core support columns with the
holes at their base and three guides are included in the
model. The peripheral guides and the columns extend
from the bottom to the top of the domain. The 3
additional guide tubes are over-simplified since the
aim is to obtain results on the guide located in the
centre of the domain. Hence, only the casing without
any opening is represented for these 3 guide tubes.

The border of the domain is constituted of:
• at the base : the upper core plate,
. at the top in the central guide : an exit with

prescribed pressure drop to obtain a mass flow
rate consistent with FRAMATOME measurements

• at the top outside the central guide : an exit for
which the total stress is zero,

• on the sides : the border is either an exit with
zero total stress, either a wall (the casing of one
of the peripheral guides).

The fluid enters the domain at the base by the water
holes, the guide tube inlet and the holes below the
core support columns. A small rate of the flow
internal to the guide exits at the top through the
intermittent guidance. The rest is extracted by the
openings into the computational domain, then
through the top and the lateral exits.

In this particular case, data is compulsory at the base
only. Experimental estimates provide velocity values.
At the lateral borders, neither velocity nor pressure
fields are required (exits or walls). Hence, this
calculation can be carried out without reference to any
other global simulation.

Case b and c
On the contrary, with cross flow, the lateral exits of
the domain are replaced by inlets with prescribed
velocity field. The latter shall be obtained from a
global approach where the whole UIP will be
considered.

VII. CONCLUSION AND FUTURE
PROSPECTS
A simulation of a quarter of the UIP will provide
velocity fields for the two positions considered above
(very close to an outlet nozzle and at mid plenum
radius). 2 calculations of a guide in its environment
and subjected to cross flow will then be done on the
mesh presented Chapter VI.

The positions for which the largest pressure forces are
applied to the control rods will be determined and the
data collected in this study will be used to elaborate a
RCCA drop time model.

The most unfavourable locations with respect to the
pressure forces will be estimated. Indeed, getting a
better insight of this phenomenon is necessary to
improve availability of nuclear plants.

ACKNOWLEDGEMENT
The authors are grateful to N3S team (EDF) and Mr
Vignat (FRAMATOME) for their fruitful help and
pertinent advice.

REFERENCES
[1] J.P. Chabard, B. Me'tivet, G. Pot, B. Thomas,

"An Efficient Finite Element Method for the
Computation of 3D Turbulent Incompressible
Flows", Finite Element in Fluids, vol 8
Hemisphere Publishing Corp. Ed, (1992).

[2] J.F. Combes, E. Rieutord, "Numerical and
experimental analysis of the flow in a centrifugal
pump at nominal and partial flow rate", Int.
ASME Gas Turbine and Aeroengine Congress
and Exposition. Cologne, Germany June 1-4
(1992).

[3] B. Delenne, D. Manzoni, G. Pot, "Modelling of
the turbulent boundary layer implemented in
CFD Code N3S and application to flows in
heated and cooled rooms", Int. J. Num. Met, in
Fluids. Vol 20, p 469-492 (95).

[4] F. Hofmann, O. Daubert, C. Bertrand, M.
Hecker, F. Arnoux-Guisse, O. Bonnin, "Some
thermohydraulics of closure head adapters in a 3
loops PWR". Proc. of the NURETH 7th.
Saratoga-Spring, U. S. (1995).

[5] J.P. Chabard, G. Pot, A. Martin, "Industrial
applications of N3S finite element code", ASME
Jour, of Mech. Eng (1993).

[6] G. Pot, O. Bonnin, V. Moulin, B. Thomas,
"Improvement of finite element algorithms
implemented in CFD code N3S for industrial
turbulent applications", Proc of 8th International
Conference on Numerical Methods in Laminar
and Turbulent Flow. Swansea, U. K. (1993).

Figure 9 : Geometry of the upper internals plenum
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Figure 10: Velocitv field of the numerical simulation Sonhie
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