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ABSTRACT
BR2 is a material test reactor sited in the Belgian Nuclear Research Centre in Mol. The main
research programs carried out in BR2 are related to the safety of nuclear reactor structural
materials and fuels, in normal and accidental conditions; plant lifetime evaluation and ageing
of components. In this framework, a computer program that allows the performance of
detailed, steady state analysis of several kinds of in-pile sections with _an axisymmetrical
geometry has been developed. Furthermore, comparing its results with those of the well
known, extensively used, Relap5/Mod 3.2 code on a test problem has validated this program.
This was performed in three steps:
1. Nodalisation development of a subsystem of a typical in-pile section.
2. Steady state analysis and comparison with the above-mentioned program.
3. A transient simulation of the same system; the considered transient consists of a loss of

coolant flow.

1. INTRODUCTION
The background of this work is a thesis, ref. [1], developed in the framework of the Socrates
European exchange program between the Universita degli Studi di Pisa (Italy) and the
Universite catholique de Louvain (Belgium) on a subject proposed by the Belgian Nuclear
Centre in Mol (SCK-CEN). A thermal-hydraulic, steady state, code able to model a wide
range of in-pile sections has been developed. This program has been further validated at the
Dipartimento di Costruzioni Meccaniche e Nucleari (DCMN) in Pisa (Italy) by comparing its
results on a simple test with those obtained by the Relap5/Mod2.3 code, ref. [2].
The main reason for the selection of this code are the dissemination of the code in the
international scientific community, the quality of the results produced as demonstrated by
various International Organisations and the experience in its use at University of Pisa (ref.
[3]), including the achievement of quality proofs, e.g. ref. [4].
In order to extend the use of the Relap code, initially developed for simulating the transient
behaviour of nuclear power plants to the field of project and safety studies in test reactor and
devices, this work has been completed with a transient simulation of the same simple system
submitted to a loss of coolant flow (LOCA).

2. REACTOR AND IN-PILE SECTION DESCRIPTION

2.1 Reactor description
The reference reactor (BR2, ref. [5]) is a high-flux engineering test reactor. The core, of height
and diameter about 1 metre, is composed of hexagonal beryllium blocks with central channels
in which it is possible to charge nuclear fuel, control rods or experimental devices. These
channels (fig. 1) form a twisted hyperboloidal bundle and hence are close to each one at the
midplane but farther apart at the lower and upper ends where the channels penetrate through
the covers of the reactor pressure vessel.
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2.2 In-pile section description
An in-pile section (IPS) is a device intended to reproduce controlled conditions of irradiation,
temperature and pressure on samples of nuclear fuel or structural material. Its geometry
depends on the reference reactor geometry: it is made of one or more concentric pipes of great
length (> 6 metres) and relatively small diameter (less than 200 mm). The irradiated part is
about one metre high. It is filled up with one or more fluids, either stagnant or flowing. Their
purpose is to insulate the device from the reactor primary water and/or to cool the test
samples. These fluids may be liquids, molten metals, gases or~two-phase systems. The
moving fluids are in forced convection and move upwards or downwards in the IPS.
Furthermore, inserting heating elements in contact with the fluids controls the temperature.
Divisions or mixing of two streams, or inversion of the fluid direction, may occur at some
points. A whole range of IPS exists. Depending on the objectives one wishes to attain, many
variations are possible. Their common denominator is an axisymmetrical geometry.
In particular:

the number of the channels is variable;
the channels may have circular or annular shape and be straight, divergent or convergent;
some channels may exist only over a part of the IPS;
a channel may be divided in two by the insertion of a screen over a given length.
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Fig. 1 General view of the BR2 reactor.
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Fig. 2 View of the testing device.

2.3 Test description
The device chosen is a subset of a typical in-pile section, fig.2. On the axis there are two
samples of UO2 separated by a stainless steel rod: both are exposed to the same
chemical ambient but only one is irradiated (the hot plane being exactly in the middle of
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this one). The system is vertical with the z-axis upwards. The EPS is surrounded by the
reactor primary water, at temperature of 320 K, the heat transfer coefficient being
10,000 W/(m2K). In most actual devices, there is also a helium screen to insulate the
inside from the reactor primary water. The cooling water goes down in the outermost
channel, reaches the bottom and then goes back up into the innermost channel. The steel
and the water are mainly heated by the gamma radiation whereas the UO2 sample is also
heated by the nuclear reactions set up~by the neutron flux. The curved part is a
simplified scheme for the bottom of the device.

3. CODE DESCRIPTION

3.1 Objectives of the software
The design of an EPS is an iterative process: once the basic geometry of the device and
the conditions of the fluids at some point have been chosen, a calculation of the
resulting pressure and temperature profiles is performed. These are then adjusted by
varying the fluid flows, by adding insulating layers and/or electric heaters until the
desired conditions of the fluids in contact with the samples are reached. The aim of this
computer program is to reduce the design time of such devices: all the parameters
(especially the geometrical ones) must be easy to enter and modify.
This information is then used to efficiently simulate the thermal-hydraulic behaviour of
the EPS, i.e. to calculate the:

temperature and pressure profiles in the flowing fluids;
- heat exchanges between the different parts of the system.
The code has been written in object-oriented C++ in order to simplify further
developments.

3.2 Simplifying hypothesis
We make the following hypothesis:

the system is in steady state;
- the system has axisymmetrical geometry;

the circulating fluids are liquids in turbulent flow (only liquid water so far).
We do not consider:
- the heat transfer by natural convection and thermal radiation;

in the flowing fluids, the thermal and hydraulic entry effect and the heat transfer by
conduction;
in the solids and the stagnant fluids, the axial heat transfer due to conduction.

Concerning the nuclear heating in the core, we assume that:
it has a sinusoidal shape;
the gamma radiation is constant on every section orthogonal to the IPS axis and the
resulting heat generated is proportional to the density of the materials (the heat
generated inside the gases is not considered);

- the heating due to the neutron flux is relevant only if the irradiated sample is fissile.

3.3 Solving method
Taking advantage of the hypothesis of negligible axial heat transfer, it is possible to
divide the whole system into sections of homogeneous shape. Instead of building a
library of sample sections, we decided to create a subprogram able to build the widest
range of sections starting from their composing elements: pipes, diffusers, hot wires and
fluids. Appropriate links handle the matter and energy exchanges between the sections,
starting from the bottom where the user must set the conditions of the fluids. This
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option, that avoids iterations, has been chosen because the bottom is generally very
close to the samples to be tested. The software is composed of two independent
programs. A first program analyses all the solid elements: for the moment they are
generated by the rotation, around the axis, of a rectangle or a triangle with two vertices
on the same level, the hot wires are simulated by the rotation around the axis of a line.
These elements can be introduced in any order: they will be sorted in order of increasing
height and, if equal, in order of increasing radius (with a simultaneous check for a
possible overlap between them). An AutoLisp file is then produced: run under
AutoCAD, it draws a simple scheme of the system that allows the user to easily check
the data. The program ends with the axial segmentation of the system, the break point
being the start and end levels of the above mentioned elements. The channels of each
section are made by the empty spaces between the solid elements. A continuity analysis
at the break points gives information about the transfer of the fluids from one section to
the next (starting from the bottom), and the possible need for insertion/removal of some
fluids. To simplify the introduction of the fluids a simple scheme is used indicating, for
each new fluid, the level and the average diameter of the inlet/outlet point. The actual
calculation takes place in the second program. The input data are:
- the geometrical analysis previously done by the first program;

the inclination of the device with respect to the vertical;
the nuclear heating and the conditions of heat exchange with the surrounding fluid;
the fluids present.

For each fluid, it is necessary to specify the kind of fluid (water, helium, ...), the
direction of the flow (upwards, downwards or stagnant) and their state: that is, if they
are moving, the mass flow rate, the temperature and the pressure; if they are stagnant
only the pressure is required. Based on the direction of the flow there is a first attempt
evaluating the head loss coefficients due to sudden enlargement or contraction or
division/mixing of two streams: turbulent flow and sharp angles are assumed, but the
user can further modify these values. This program starts by building each section.
Beginning from the outermost solid element, it proceeds towards the inside, gradually
adding the other solid elements, the hot wires and filling up the empty spaces with the
fluids. At the end, each section is an alternation of moving fluids and composite walls
(made of two or more adjacent walls and by the stagnant fluids confined in the various
channels). This section is further divided into segments of length Az where we can
consider the fluid properties, the nuclear and electric heating and the outside conditions
constant. Let us consider one of these segments at height z. The hypothesis of negligible
axial heat transfer in the composite walls makes it possible to calculate the fluid-wall
heat transfer coefficients and the radial heat flux in the composite walls (the heat
generated inside the walls is taken into account). The mass, energy and momentum
balances are used to determine the fluid conditions at z+Az from the conditions at z.
Two independent evolutions, an isothermal one and an isobaric one, simulate the actual
evolution of the fluid. In the isothermal evolution the new value of the pressure is
calculated by taking into account the elevation variation, the friction at the walls, and
the modification of the cross section area. In the isobaric one the new value of the
temperature is calculated by taking into account the heat transfer at the walls, the heat
generated by the resistors in contact with the fluid, and the gamma heating within the
fluid. These values are used as the starting point for the analysis of the next segment and
so on until the end of the section is reached.
The value of the height increment, Az, is chosen at each step as the minimum of:
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- the maximum increment (selected among two run time parameters, corresponding to
an irradiated or non-irradiated segment);
the increment corresponding to the maximum difference of fluid temperature
between two steps;
the difference between the end of the segment height and the actual height z.

At the section end, the program calculates the head losses due to sudden changes in the
cross section, then it starts another section and so on until the top of the device is
reached.

4. TEST MODELIZATION
After we made tests on the single components, and comparisons with other similar
problems already resolved, we decided to test a sample application and to compare the
results obtained by the program with a reference solution computed with Relap mod 3.2.
In the table 1, are the solid elements input. Each material is characterised by a code: in a
separate file there is a table with its physical properties for every material code (table 2).
Table 3 reports all the other data. We decide to test the system in two cases: without or
with nuclear heating (table 4).

type

P
P
P
P
P
P

Material

AISI316
AISI316

UO2
AISI316

UO2
AISI316

Start
Level
-1000
-1000
-500
500
1000
2000

Inner
Diam.
17.12

31
0
0
0
0

Outer
Diam.
21.34

34
12
8
12
8

End
Level
2500
2500
500
1000
2000
2500

Tab. 1 Solid elements data (in mm).

AISI316
Fissile

n
T[K]

273
300
350
400

Density
fkg/mA3]

7810
Conductivity
fW/(m*K)]

14.70
15.20
16.20
17.00

UO2
Fissile

y
T[K]

293
366
373
473

Density
[kg/mA3]

10900
Conductivity
[W/(m*K)l

8.36
7.27
7.18
6.10

PropertyName
Absolute roughness [mm]
AngleVerticalAxelPS [degrees]
HeightHotPlane [m]
ExtrapolatedHeightCore
GammaHeating [m]
ExtrapolatedHeightCore
NuclearHeating [m]
StartingHeight {>=(zh-He/2} [m]
EndingHeight (<=(zh+He/2)} [ml
MaxStepSizeOutsideCore [mm]
MaxStepSizelnsideCore [mm]
MaxJumpTemperatureStep [K]

Value
0.001

0
0
1

1

-0.5
0.5
50
20
0.1

Tab. 3 Data relative to the inclination, rough-
ness, shape of the heat generation cosine
and maximum calculation steps (in the
irradiated or non-irradiated parts).

Tab. 2 Physical properties of the materials.

PropertyName
GammaHeatingHotPlane [W/g]

NuclearHeatingHotPlane [W/cm]

NO
0
0

N2
10
25

Tab. 4 Nuclear heating
considered.

in the two cases

Fluid
N°

1
2

Level
(mm)
-1000
-1000

Diameter
(mm)
8.56

26.17

kind

water
water

Direction

+1
-1

Temperature
(K)

Pressure
(bar)

MassFlowRate
(kg/s)

0.4
0.4

Tab. 5 Fluid insertion scheme as resulting from the geometrical analysis (the elements added by the user
are in bold).

The geometrical analysis made by the first program indicates that there are two fluids,
confined in the two concentric stainless steel pipes (tab. 5). Once the fluids directions
have been set, a first estimate of the head loss coefficients (K) can also be computed:
the results are reported in table 6.
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These coefficients are based on the formula:

h = K ' u 2

f ~ 2-g
where hf is the head loss, u the mean fluid
velocity and g the gravity acceleration. Tab. 6 Level, kind and value of the head

loss coefficients.
5. RELAP NODALIZATION
Figure 3 reports the Relap nodalization: in 200 the coolant mass flow rate is set to 0.4
kg/s, the pressure to 10 bar, and the temperature to 283.15 K (table 7).

Level(m)
-0.5
0.5

1
2

Kind
CONTRACTION

EXPANSION

CONTRACTION

EXPANSION

K
0.246
0.122
0.175
0.122

external
annulus

internal
annulus

120

Item
Mass flow rate
Temperature inlet (200)
Pressure inlet (200)
Outside
conditions

Case
NO

Case
N2

Temperature
Heat transfer
coefficient

Power in solids

Power in liquids

Power in solids
Power in liquids

Value
0.4 kg/s
283.15 K

10 bar
320 K
10000

W/m2/K
0 W

0 W

2.34-104-W
3.2-103-W

Tab. 7 Main boundary conditions.

Event description
Calculation start
Fluid injection 0%
Fluid steady state
Power start
Power steady state
Start LOCA
End
Fluid
flow

Case A
CaseB
CaseC
CaseD

Time (sec)
0

100
101
150
151
400
500
450
410
401

Tab. 8 List of imposed main events.
Fig. 3 Relap nodalization.

Relap requests that the heat generated in the single nodes is expressed as a percentage of
the global heat generated in the solids. These percentages have been calculated with a
MathCad program.For the case NO, it is only necessary to put the global heat generated
equal to a very small quantity (not zero for stability reasons). In analogy with the
previous choices the node length are taken as:
- 0.05 m in the passive part;

0.02 m in the active part.
Table 8 describes the list of imposed main events (the transient analysis has been made
on case N2 for a LOCA in four cases: from A to D).

6. STEADY STATE RESULTS
The Relap results for the steady state (for both cases after about 200 s) have been
extrapolated to the bottom level to determine the input of our program. The comparison
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of the resulting pressure and temperature profiles, calculated by the two programs, gives
results almost identical in both cases, as reported in the following figures.
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7. TRANSIENT ANALYSIS
The following figures report, for all the four cases mentioned, the curves of the wall
temperature at the inner rod versus the time, at different levels.
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Fig. 6 Wall temperature vs. time at different level for the four cases examined.
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Case
A
B
C
D

Time (sec)
508
457
421
417

Level (m)
0.17-KJ.31

0.15
0.15

0.2R0.27

In all the figures the temperature curves start to
flatten as soon as the mass flow rate is stopped.
This is due to the vaporisation of the fluid and its
subsequent burnout. The next table reports the
time in which the mass flow rate cancels in the
four cases, and the time and position where T a b - 9 L i s t o f resulting burnout
burnout firstly occurs. t i m e a n d l e v e l-

8. CONCLUSIONS
The results obtained allow us to make the following conclusions.

The idea of the construction of the model by elementary solids with an analysis of
the empty spaces to fill up with fluids has given the program a simple and intuitive
use, that minimises the routine operations and does not require any mnemonic effort
by the user, and that performs a very accurate modelization of the system to be
analysed.
The results are directly obtained under the form of graphics and tables making the
comparison simple within different features.
The programs can be easily extended: the main objectives are, for the first
program,the definition of solids of more complex shape or the introduction of
geometrical data directly from an AutoCAD draw. For the second program, they are
the introduction of the physical properties of other fluids in addition to water, and
the extension of the analysis to a compressible or two-phase fluid.
An in-depth utilisation of the Relap code for these problems will resolve the
problems with water in compressible or two-phase flow and will allow detailed
transient analysis. A further development of the geometrical analysis program in
order to write the Relap input file will allow the user to quickly and simply define
this kind of problems.
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