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ABSTRACT

For the existing French Magnox type reactors, two computer codes have been developed to
analyze the transient after reactor shutdown :

- The first one, "GITA", is representative of the short term evolution (less than 2 days)
and it includes a refined representation of all the reactor components.

- The second one, "LOTE", has been developed to represent the long term evolution
(from 2 days to several months) with a simplified representation of the main
components of the reactor.

One example of accident simulation is presented for existing Magnox reactor.

Moreover, as a part of the French program on the future reactors, an analysis of the modular
high temperature has been initiated.
2D and 3D general flow and conduction codes are used for this analysis :

- DELFINE is a 2D conduction code including a 1D thermosyphon model. It has been
used for decay heat removal analysis.

- TRIO is a 3D flow code including 3D radiation, conduction and convection heat transfer.
It is used for detailed thermal analysis during accidental conditions.
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1. INTRODUCTION

The development of graphite gas reactors started in France by the end of 1950s.
Eight reactors have been built; only one of them is still in operation (BUGEY 1) [1].

Such a type of reactor is characterized :
- by a natural uranium metal fuel, magnesium-zirconium cladded, whose operating

temperature limits are respectively 65O0C and 5150C,
- by a graphite moderator giving to the reactor a large thermal inertia,
- by a working fluid which is generally a pressurized gas (CO2 at 25 or 40 bars).
Different architectures have been proposed for these reactors (loop reactors or integrated

reactors), but in this presentation, only the so called "integrated" concept will be considered,
for instance the "ST LAURENT A" one.

The reactor vessel is in prestressed concrete, it contains the whole components of the
primary circuit (i.e. core, steam generators, and circulators).

The circulation inside the core is descending, and the gas, driven by the circulators,
passes through the exchangers before going up towards the core by the annular space.

Concerning the decay heat removal, some fundamental characteristics of this type
of reactor have to be noted (2] :

. The relative position of the core above the steam generators does not allow the
starting up of a natural circulation by thermosyphon inside the reactor between the core
(hot source) and the steam generators (cold source).

. The use of prestressed concrete for the vessel prevents any decay heat removal through
the primary vessel towards outside.

. The use of a shutdown heat exchanger, located in the upper part of the reactor, was
proved indispensable in order to remove the decay heat.

This exchanger induces a thermosyphon opposite to the normal circulation direction, and
the study of this transition led to an important R & D program [3] about :

- on one hand, the instability threshold characterization, which may lead to a local
inversion of the flow in some channels of the reactor,

- on the other hand, the determination of the influence of volume forces (Grashof's
number) on the heat transfer coefficients, for small Reynolds's numbers.

For this type of reactors, it is shown that the modelling of the decay heat removal implies :
. the development of a thermohydraulic model representing the whole reactor,
. a detailed modelling of the phenomena induced by the presence of important local

volume forces (local inversion of the flow, etc.).
Two codes, subjected to a validation program, have been developed by EDF and CEA :
- The "GITA" code for short term evolutions (less than 2 days),
- The "LOTE" code (with more simplified modelling) for long term evolutions (> 2 days).

The current studies at CEA on high temperature reactors are performed in a very different
context. CEA has carried out, since two years, evaluation studies about "innovating reactors";
the MHTGR [4] has been chosen, among others, for this evaluation.

In their modular version, the high temperature reactors have ultimate decay heat removal
systems through the primary vessel, which essentially implement the heat transfer by radiation
and conduction, convection excluded.

Building dispositions have even been adopted in order to limit the convection in accidental
situation (to avoid air and water ingress effects) and the use of codes as GITA and LOTE
was therefore improper to represent such a situation.

As this evaluation effort could not justify new developments, the general codes, developed
by CEA for nuclear application, have been used :

- the OELFINE code, 2D code for conduction and radiation, in finite elements,
- the TRIO-EF code, general thermohydraulic 3D code, for conduction and radiation.
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2. COOES USED FOR GRAPHITE GAS REACTORS

2.1. General

Three different situations for decay heat removal are taken into account [2] :
. evacuation by forced convection driven by the circulators towards the steam generators,
. evacuation by natural circulation towards the shutdown heat exchangers,
. evacuation (in filtered open circuit) by a forced air circulation, for long shutdown regime.

2.2. The "GITA" code

The GlTA code has been developed by EOF to calculate the short term evolution
in shutdown transients of the reactor.

- The reactor is discretized according to a monodimensionai diagram shown on figure 1.
- The reactor core is subject to a more detailed modelling; it is divided into 5 radial

zones, each radial zone being represented by a mean channel of the zone, each mean
channel being constituted by :

. the fuel,

. the cladding,

. the graphite sleeve,

. the moderator,
discretized by 2D finite differences (radial and longitudinal).
The modelling integrates the whole results of R & D programs, for instance the influence
of volume forces on heat transfer coefficients (figure 2).

- The set of non linear differential equations is solved by a predictive - corrective method,
with the usual criteria of time step (Couranfs and Fourier's meshing numbers) used for
explicit method.

2.3. The "LOTE- code

It has been developed by CEA to describe the reactor evolution and decay heat removal
for long term scenarios (post accidental situation, maintenance, final unloading of the reactor,
etc.).

The particular nature of gas reactors (low density of residual power, no risk of phase
change of the coolant fluid, large thermal inertia) leads in fact to slow and monotonie
temperature evolutions, without important discontinuities : that allows simplified modellings
of some reactor parts.

The justification of this simplified modelling relies on validations carried out by GITA code.
It only involves some reactor components, and the core will be represented by only one radial
zone of mean power, whose components (uranium, clad, sleeve and brick) are supposed to be
at same temperature. That may not allow a correct representation of local flow inversions.

A detailed presentation of "LOTE" code, whose simplified modelling leads to strong
reductions of computation costs, has been done in [5].

2.4. Example

The presented example concerns an hypothetical accident scenario on SLA reactor.
Initially, the reactor operates at 85 % of its nominal power, with a CO pressure of

28.9 bars and a CO2 output temperature of 4100C for an input temperature of 240*C.
- The sequence is initiated by a complete loss of the circulators, which stop in 150 sees.
• The shutdown heat exchangers cannot be put in service.
- The water supply of the steam generators is lost at 60 seconds.
- The scram occurs 7 seconds after the sequence initiation.
The scenario is fully computed over 10 hours with the GlTA code. The results are shown

on figure 3.
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. During the first hour, some flow oscillations are recorded in the reactor, as the shutdown

heat exchanger lack does not allow a thermosyphon to be correctly established.
. The thermosyphon flow rate remains low, and a recirculation is observed in the core

peripheral channels, where both temperatures and residual power are lower.
. The low thermosyphon flow rate causes a high thermal stratification inside the reactor :

from 23O0C in the lower part up to 6500C in the upper part.
. Due to the reactor thermal inertia, the affordable temperature of 65O0C on the cladding

is only reached after 9:30 hours. That allows to implement the solutions in order to re-
establish the failing functions.

3. CODES USED FOR MHTGR EVALUATION

3.1. General

The modular high temperature reactor, as well as other innovative concepts, is the subject
of evaluation studies by CEA. A particular attention is focussed on :

- the decay heat removal (residual power evacuation),
- the air or water ingress,

which are the determining points for the reactor, as its promoters have founded the complete
safety philosophy on the integrity keeping of the first barrier.

These reactors (MHTGR or Modular HTR) use a decay heat removal by conduction •
radiation through the primary vessel towards an external system (thermosyphon or water
circulation). In the choice of means to implement for evaluation studies, three elements have
been determining :

. The decay heat removal system needs neither system modelling nor complex
functionalities.

. The evaluation work follows budget contingencies, which prohibit any development
of new codes.

. An important effort was made by CEA, during the last decade, to give to general codes
an operating and modelling versatility allowing them to cover a wide application field.

Therefore, it is with "DELFINE" and "TRIO" general purpose codes that the evaluation of
modular high temperature reactor (the american MHTGR [4]) was tackled.

3.2. The "DELFINE" code

The DELFINE code is a 2D conduction - radiation code, developed in the last 70s. It is part of
the first generation of finite element codes developed by CEA [6]. Its main characteristics are :

- 2D conduction with variable properties and phase change,
- face to face or closed cavity radiation (with external computation of form factors),
- internal coupling with one or several flows represented by an unidirectional circulation

(forced convection circulation or natural circulation, either open or closed).

3.3. The'TRIO-EF" code

It is a 3D thermohydraulic and thermal code, whose development started in about 1980
[7, 8, 9]. It integrates in an unique set :

. the Navier - Stokes 3D equations in laminar and turbulent flows, with closure models
of K - L and K - e types,

. the 3D conduction with phase change,

. the 3D radiation with integrated computation of the view factors with hidden parts.
The code uses a method of finite element type. It integrates all the possibilities offered by

"object" oriented structures arid takes advantage of a data language allowing the engineer to
simply program the partial derivative equation system and the chosen algorithm (for example to
realize magnetism - flow or chemistry - flow couplings).
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Of course, such characteristics offer wide range of applications fcr this code which, in the

nuclear domain, is used for the whole fuel cycle and the reactors.
Let's mention, for instance :
- the laser enrichment (AVLIS process),
- the transport and the geochemistry of radionuclides, in the underground storaqes of

radioactive wastes,
- the water reactors, fast neutron reactors, high temperature reactors.
The fission, the environment, the car industry, are also application domains for the code.
Since some years, the code was the subject of a vast validation program, particularly in

the natural convection, mixed convection, stratification domains.

3.4. Examples

Three application examples are presented :
. the decay heat removal of MHTGR (DELFINE code),
. the evaluation of the air flow passing through the core if depressurization occurs due to

a failure of the hot duct (OELFINE code),
. the flow in the upper plenum during the previous accident (TRIO code).

3.4.1 Decay heat removal (Residual power evacuation)

We remind the MHTGR takes advantage of a fully passive ultimate removal of decay heat :
- by radiation, conduction, and natural convection inside the vessel,
- by natural circulation in the air evacuation circuit (RCCS).
The used model is a bi-dimensional axisymmetrical representation of the core zone, up to

the boundary condition of natural convection and of radiation towards the RCCS system.
Blocks are represented by equivalent circular rings, and their equivalent thermal

conductivity is determined by a conduction calculation on one cell, taking into account the
cooling holes, the moderator and the fuel.

In the gas spaces, between blocks, or between core and primary vessel, the heat transfer
is considered to be done by conduction, natural convection (according to Grashof's number)
and radiation. A temporal evolution of the maximum temperature, and an isotherm cartography
at 80 hours, are given in figure 4. Numerous sensitivity studies have been carried out.
Some results are presented in the following table :

Studied parameter*

Graphite conductivity
decreased by 20 %

Residual power
increased by 20 %

Cooling circuit
decreased by 20 %

Air (instead of helium)

Initial temperatures
increased by 20 %

Tref
0C

1663

1663

1663

1663

1663

T max
0C

1780

1888

1668

1709

1746

Reached after :

80 hours

80 hours

80 hours

70 hours

50 hours

We note, particularly, the important role played by the precise knowledge of the residual
power (decay heat).
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3.4.2 Air ingress due to a hot duct failure

The failure of a hot duct provokes an instantaneous depressurization of the reactor,
with an air ingress which can cause the oxidation of the core graphite. The model shown
on figure 5 uses the coupling between thermosyphon and conduction of DELFINE cod**

The whole core channels are represented by an equivalent channel with adapted
characteristics (for pressure drops and heat exchanges).

The different time constants between natural convection and conduction lead to process :
- the decay heat removal in transient regime,
- the thermosyphon by successive permanent states.
The results (figure 5) highlight :
. the air flow passing through the core (in such a configuration) is limited by the

important pressure drop of the core; the oxidation, in this scenario, will be low,
. the thermal power extracted by the thermosyphon is negligible compared to decay heat.
These two studies roughly confirm the results already got on the MHTGR behaviour [4].

3.4.3 Flow in the upper plenum

One of the characteristics of the decay heat removal is that it leads to high rises of the
core temperature (600 to 8000C) and of internal structures.

This characteristics results from the ceramic fuel choice, working, in normal operation,
very far from its technological limits.

To be exhaustive, it is necessary to examine carefully if these temperature rises are not
detrimental to correct resistance of metallic structures of the reactor (primary vessel, control
rods, thermal insulation).

Such analysises require the use of modellings more detailed than the ones previously
used, and an example of this type of computation has been carried out with the TRIO code.

It deals with the flow in the upper plenum of the reactor, following the previously
processed air ingress.

The meshing represents the upper part of the reactor, and the boundary conditions
(gas velocity, temperatures) come from the previous computation.

We note (figure 6) that the volume forces create a convection loop in the upper plenum
driving to an impringement of the hot gas on the upper shroud. For this example, the air flowing
through the core seems to have a minor effect on the flow patterns inside the upper plenum.

This computation integrates :
- the radiation between core and thermal protection,
- the conduction in the different media,
- the convection in the upper plenum.
Such calculations, presented here as example, may allow a finer analysis of thermal and

mechanical behaviour of the internal components of the reactor.

CONCLUSIONS

Important advances have been realized during the last 25 years regarding tne computation
codes and the thermohydraulic general codes, which were at their early development when the
graphite gas reactors were launched. They have now reach a maturity stage (as well for the
modelling as for the ease of use), that allows their use by the engineer for his analysis works.

For modular high temperature reactors, this use is all the more facilitated as the dominant
mechanisms of decay heat removal (conduction and radiation) are easy to modelize, provided
that the engineer has a good knowledge of input data for the used codes.
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REPRESENTATION OF SAINT-LAURENT A2 REACTOR
(computer codes GITA & LOTE)
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EFFECT OF BUOYANCY FORCES ON CLAD

HEAT TRANSFER
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GITA CODE RESULTS

COMPLETE FAILURE OF THE COOUNG SYSTEMS

EVOLUTION OF MAXIMUM CLAD TEMPERATURE (C02)
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RESULTS

EVOLUTION OF THE MAXIMAL FUEL TEMPERATURE VERSUS TIME
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AIR INGRESS IN THE MHTGR

AIR MASS FLOW THROUGH THE CORE
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EXAMPLE OF VELOCITY FIELD
IN THE UPPER PLENUM

EXAMPLE OF ISOTHERMS
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