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ABSTRACT 

A description of the general, approach used by the CEA to solve sodium 
boiling problems provides an understanding cf our philosophy for code 
development. From the review of the main results obtained in the out-of-
pile experiments,- CFNa and CESAR, we deduce the main hypothesis of our 
basic model of sodium boiling. Our- best estimate and simplified codes are 
briefly described and their results are compared with the experiments. 

INTRODUCTION 

At the CEA» three types of activities are direcvly related to the 
question of the influence of sodium boiling on the LMFBR safety analysis : 
- fundamental studies (out-of-pile experiments, development of best 

estimate codes) aimed at providing a good understanding of physical 
phenomena in order to define the. more important parameters and permit a 
good adjustment of correlations. 

- in-pile experiments (SCARABEE, CABRI) which give complementary results 
obtained with nuclear heating. 

- applied studies (development of simple codes, interpretation of 
experiments) which prepare the transposition of the results to the 
reactor case. Simplified models are used, their hypothesis being 
justified by comparison with the best estimate code and their parameters 
adjusted on out-of-pixe experiments. These codes are used to interpret 
in-pile experiments. So their validity is demonstrated for the range of 
conditions which have been encountered during these experiments. 

The research program has been developed in a coherent way by different 
teams working in close contact.[lj. The best estimate and simple codes have 
been developed in parallel using a homogeneous model for sodium boiling 
based on assumptions suggested by the experimental results described in the 
next chapter. These codes have to determine the more important parameters 
for reactor safety which are : 
- the increase in reactivity due to the positive void coefficient in the 
center of the core. 



— the clad dry-out which leads to clad melting. The subsequent behaviour of 
the subassembly depends on the position and the time of clad melting. We 
present here the state of the art with respect to the studies performed 
by the CEA, excluding in-pile results. In fact, details on the SCARA8EE 
experiments can be found in a paper published at the same conference and 
the first CABRI results under boiling conditions are not y*t available. 

Out of pile sodium boiling experiments 
Out-of-pile sodium boiling experiments have been performed at the 

CEA Center of Grenoble in order to obtain information about voiding rate 
and dry-out occurrence during a pump coast-down without scram in a LMFBR. 

Tests in steady state, slow and fast transients were first performed 
in single channel geometry in order to investigate stability problems of 
boiling and to determine t-iiai are the basic phenomena which govern the 
voiding, process. Bundle•effects were analysed in a second stage. 
Single channel experiments — 

The approach which was used was to consider the sodium boiling 
problem, after initiation, as an extended case of two-phase flow knowledge 
obtained from water studies for LWR's. An example of this method is given 
in the considerations of the stability limits problem of a two-phase flow 
in- a heating channel representing a reactor subassembly. From the physical 
properties of sodium, the shape of the pressure drop characteristics can 
be expected to be of an "S" shape (Figure 1) and thus a LEDINEGG 
instability can occur depending on the available pressure head. Stability 
exists when at the intersection of the "S'r curve (internal characteristic) 
and pressure- head curve (external characteristic) i 
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Steady state boiling runs were carried out in order to verify this poi.it 
and to establish those "S" curves which depend on two-phase flow pressure 
losses. 

The main results obtained in the test section represented in figure 2 
were : 
a) Stable boiling of sodium exists. When it boils in such a test section, 

it behaves like an ordinary fluid, with many bubbles observed. 
b) "S" curves could be established. 
e) Critical flow conditions could be reached at the outlet of the test 

section [2]. 
Slow flow transients [3] 

During the hypothetical pump run down there is a slow decrease of 
flow through the core and saturation conditions are reached during a very 
slow transient so that consideration of the stability of two phase flow, 
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according to the LEDINEGG criterion, becomes relevant. 

The shape of the pressure head curve is such that flow instability 
recurs» This phenomenon is called flow excursion. Experiments show that 
:-e flow excursion is characterized by two phases (Figure 2). 
- In the first phase, there is a progressive reduction of the mass flow and 

a. corresponding progressive voiding of the channel and the flow regime is 
of the bubbly type. The voiding is essentially governed by the thermal 
inertia, of the- test section and the t-*o phase flow pressure drop 
characteristic. 

- The second phase starts when the mass flow is low and when local dry-out 
occurs. There is a cnugging phenomenon which is governed by liquid 
columns inertia and pin to sodium hrat transfer. 

For these experiments a d^y-out correlation has been established. 

=ast overpower transients [4-] 

The- problem was to analyse the voicing rate of the channel during a 
fast overpower transient. In these tests, temperature ramp from 200°C/s to 
5CC°C/s were reached in the liquid sodium before boiling occurred. From a 
series of experiments it can be concluded that : 
a) Out of 10 runs, only 2 showed superheat (50 and 80°C), In only one of 

these tests superheaf governed the first ejection. 
b) In. the other cases, or after superheat resorption, the voiding of the 

channel, is controlled by thermal effects. A simplified model without 
hydrodynamic description gives accurate voiding front evolution 
predictions (Figure 3). 

c) Radial voiding times could be predicted very well by thermal analyses. 

Bundle experiments [5j 

Bundle experiments were performed in order to show 20 and 3D effects. 
Test sections of 7 an J 19 wire wrapped pins were used. Boiling was 
investigated in very slow flow transient conditions. It appeared that the 
boiling zone develops in three phases (Figure 4). 
a) Hot spot boiling with very tiny bubbles which appear in poorly cooled 

places and brake every superheat effect. 
b) Local boiling which spreads over hot zones such as the central part of 

the assembly. This boiling zone behaves like a local blockage and 
reduces considerably the mass flow through it. This internal flow 
diversion phenomenon is comparable to the flow excursion described 
»bove. "~"~"~""•""~~~~* 

c) Global boiling resulting in inter-assembly flow excursion occurs when 
saturation conditions are reached in the whole section. Destruction 
dry-out appears in the case of the 19 pin bundle during the second 
phase of the boiling process. 



THEORETICAL STUDIES 

Single channel codes - Reference code NATREX [6] 

The single channel code NATREX describes steady state, slow and fast 
transient; sodium boiling processes. The model is based-on : 
— An extension of the homogeneous model for two-phase fluid flow. 
— A very precise description of heat transfer in surrounding heating pin or 

test section walls. 

The fluid flow is described by the three conservation equations of the 
homogeneous model to which a non aquilibrium equation has been added acting 
on the fluid . density : 

* • do T dp p — p — 
dt * c £ dt " e 

* • p is the pressure, p the density a^ equilibrium conditions, C is a given 
"sonic velocity" and 8 a "relaxation time". Correlations are used for C 
and: 6-

It has been shown [4-] that a global lack of balance due to radial 
heterogeneity is a governing phenomenon in single channel sodium boiling. 
The relaxation time is defined as a radial heat transfer time in sodium 
which, under steady state conditions for instance,, is defined by : 

p Co S 
8' * h Ph 

Cp S : heat capacity of the fluid, h : heat exchange coefficient:, Ph : 
heating perimeter. 

Using this relation and a modified version of the Lockhard-Martinelli 
correlation for friction pressure losses, there is a fairly good agreement 
with experimental results in steady state, slow and also fast transients. 
An example of calculation results is given on figure 5. 

Simplified code PHYSURA 

PHYSURA is the general code used for preliminary calculations and 
interpretation of one pin experiments like CA8RI. We will discuss its 
boiling module. In reference 7 à description of the first version of this 
module which explains in-detail the basis of the model will be found. We 
present here the last version which is the more complete one, presently 
used. 

This code has been written to describe the thermohydraulic behaviour 
of a pin and its surrounding sodium channel during the first phase of a 
SUPER PHENIX pump failure without scram. So, the original aim was to 
calculate the mean parameters variations during the flow excursion 



initiated by a slow transient *nd before one can observe chugging or 
geometry changes. As a consequence the code assumes a constant geometry and 
excludes flow reversal. 

In a second step of the work ne have tried to improve the model in 
order to increase the scope of ure : calculation of other transients, 
determination of clad melting... The fundamental hypothesis of the model 
suggested by the interpretation of the CFNa and SCARABEE experiments and by 
considerations on the reactor situation concern r 
— the; absence of superheat» 
— the- large- influence of wall inertia, 
— the representation of a slow transient by a set of slowly varying steady 
states. 

PHYSURA'is written in cylindrical geometry neglecting axial 
conductivity. 

The sodium boiling module is based on a homogeneous model with three 
continuity equations for mass, energy, momenfim. It considers that vapor 
and liquid have different speeds. It assumes a thermal equilibrium between 
the two phases and a vapor always saturated. Due to the slowness of the 
transients sodium compressibility is neglected. This hypothesis excludes 
the possibility of following fast oscillations related to important 
expansion-condensation phenomena, such as those obtained in chugging. So, 
dry-out is predicted by the correlation established at Grenoble. For two-
phase flows, we use the Lockhart-Martinelli correlation. 

This, code has been adjusted at. a set of 8 CFNa experiments including 
various geometries and different operating conditions. One can see in 
figure 6 that a ^ood agreement is obtained until 25 s after boiling 
started. After that, there is a deviation due to the change in the heat 
transfers at dry-out; the dry-out itself is correctly predicted. To define 
the validity limits, PHYSURA has been applied to the SCARABEE experiments. 
As an example figure 5 points out the results obtained for SCARABEE IV. The 
flow excursion is well described but the flow stabilizes at a too high 
value and consequently dry-out is not well predicted. New calculations are 
necessary to determine the exact limits of validity of PHYSURA to describe 
a slow flow excursion. Improvements a»-» needed to obtain a good evaluation 
of clad melting. 

Simple code : CASPAR [8] 

CASPAR is a simple sing-3 channel code which describes very accurately 
only the heat transfer phenomena in the system walls coupled with 
convection in the fluid. The sodium mass flow rate has to be specified by 
an external law. Boiling is supposed to occur if saturation temperature is 
reached locally. Dry-out can be introduced and post dry-out wall 
temperature risfc is calculated. 

This very simple tool gives good results in the case of sodium boiling 
in overpower condition where it has oeen shown that hydraulic conditions 



have little influence on boiling zone development. Very accurate results 
have also been chained in the case of the description of a sodium boiling 
out-of-pilr experijnen-t with stainless steel clad melting -[al. 

Bundle codes — Reference code BACCHUS [9] 

In the BACCHUS code the assembly is described by the "macrochannel" 
approach. The control volume possesses axial symmetry and the resulting 
formulation is two dimensional. The reliability of this choice has been 
shown under different experimental conditions. An essential parameter 
appears in the energy equation. Namely a diffusivity coefficient which 
permits the mixing effects due to the spacing systems to be taken into 
account. Sodium boiling is described by a homogeneous model. In the 
present version the code only calculates steady state boiling behaviour in 
a bundle. Transient calculations are under development. 

Steady state, calculations are however sufficient to describe the 
internal flow diversion phenomenon in a bundle; this is due to the fact 
that the considered transient is very slow. Up to now experimental results 
could be recalculated with this code. Extrapolations to big bundles show : 
— Very little effect of friction pressure losses correlations on the 

internal boiling zone development. 
— A very important effect of clearance distribution. 

Simple code MULTTCANA 

A one channel code like PHYSUKA may calculate the mean thermohydraulic 
behaviour of a subassembly during the period of saturated boiling; this is 
not sufficient to determine clad melting which may depend on local effects. 

So we need a multichannel code able to describe also in a simple way 
the subcooled boiling period which may lead to an anticipated dry-out. 

This new tool called MULTICANA has been developed keeping in mind two 
basic ideas : 
- The necessity to insure coherence with the PHYSURA results for saturated 

boiling. This means that we have to use a model as similar as possible to 
PHYSURA. 

- The necessity to represent in a simple way the internal flow excursion 
resulting from the axial expansion of the boiling zone in the hottest 
subchannels of the bundle. 

MUL.TICANA can calculate the behaviour of 5 channels but is generally 
used with only 3 channels. 

For every channel we use a model which is basically the same as 
PHYSURA. In particular we have the same description of the pin and the same 
model for sodium boiling. To introduce exchanges between two channels we 
apply the following hypothesis : 



— There is no coupling in the momentum equation, 
— Heat exchanges arise by conduction 'and convection and the effect of wire 
wraps is simulated by a turbulent exchange, 

— Mass exchanges are not taken into account in single phase. When bo'iling 
starts in one channel, the boiling zone is considered as a Kind of local 
blockage. So, mass exchanges arise only in two zones axially situated on 
both sides of the boiling zone. These exchanges are calculated assuming a 
uniform pressure in the bundle cross section. Some calculations have been 
performed with MULTICANA specially for SCARABEE 7 pin experiments. One 
can- see in figure T an example of results obtained using- Z channels which 

- represent: respectively the central and external subchannels. As shown, it 
has been possible to recalculate the flow excursion with a good accuracy 
and to find a correct development of the boiling zone. Calculations of 
other experiments confirm these results which are very encouraging. 
However, it is not possible now to conclude on the question of code 
validity because the nunoer of tests is too small. Effectively calculated 
results- depend on several parameters, and to confirm the first adjustment 
we need new experimental, data and a comparison with the transient boiling 
version of BACCHUS. 

CONCLUSION 

Most of the studies on sodium boiling performed in the CEA concern 
SUPER PHENIX pump failure without scram. The aim is to predict the flow 
excursion and the subsequent clad melting and to. describe the subassembly 
behaviour in the case? of LOF driven TOP transient-

Ouring a slow transient the initial vciding rate of the core due to 
boiling should be a rather slow process, because it should not be governed 
by a high value of the initial superheat but by the thermal inertia of the 
materials of the core. 

Although very useful, the single channel approximation is a poor 
representacion of a real subassembly because local dry-out might be 
achieved while the subassembly is still under bundle-average subcooled 
conditions. We are aware of the fact, however, that a 19 pin bundle over 
estimates the bundle effect; therefore further studies are necessary in 
this field. 

Ouring a fast overpower transient, without geometry destruction, we 
have shown that vapor sxpansion is essentially controlled by the thermal 
inertia of the test section. It is interesting to note that a simple liquid 
phase calculation is able to answer the main questions posed by the channel 
voiding velocity and local voiding time. In the case of the reactor we 
expect that local boiling due to hot spots will suppress superheat effects. 

We are aware that an application of our result to a real subassembly 
has to take into account two dimensional effects such as initial radial 
temperature distribution; in this case we think that axial vapor expansion 
will also be governed by the thermal inertia of the different parts of the 
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subassembly. 
To interpret the experiments and to extrapolate the results to the 

reactor case we have developed "simple" codes and "reference" codes. 
At the *.*esent stage, the one-channel models represent the voiding 

phenomena both qualitatively and quantitatively with an acceptable 
precision but new improvements are necessary to predict clad melting 
correctly. 

As far as bundles are concerned, encouraging results have been 
obtained but new improvements and validation tests have to be done. Above 
all, we have to underline that there is a need of experimental results to 
obtain more precise information on the fundamental problem : is it possible 
and under what conditions to have clad melting before the total flow starts 
to decrease ? 
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Fig 1 : Pressure drop characteristic of a boiling fluid in a 
channel. 

Fig 2 •- Typical, result of- flow excursion 
Fig 3 s Voiding during power excursion 
Fig 4 t First stages of soiling in à 19 pin bundle during slow 

flow transients 
Fig S r Flow- excursion in SCARABEE IV experiment 
Fig 6 : CFNA 328 experiment 
Fig 7 • Interpretation SCARABEE 7/3 
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