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Abstract
SIMMER-III (SIII) is a two-dimensional, three-velocity-field, multiphase, multicomponent, Eulerian, fluid-dynamics code

coupied with a space- and energy- dependent neutron kinetics model, to investigate postulated core disruptive accidents in
LMFRs. It is developed by PNC, Japan. The paper makes the synthesis of the SIII assessment performed at CEA-Grenoble
since 1996, which covers a large variety of multiphase flows, from two-phase flow basic modelling to LMFR accident simula-
tion experiments with real materials. Single bubbles or droplets equilibrium radii and velocities, air/water experiments in
tubes, and comparisons with the literature, are used to qualify the interfacial area convection equation and the momentum
exchange functions. Using the second order differencing scheme of thejvfavier-Stokes equation, a turbulence model for two-
phase recirculating flows is implemented. It is successfully validated on an adiabatic air/water experiment, and on the Sebulon
boiling pool simulation experiment, which is a box of water internally heated, with a cover gas, and cooled at the walls. The
successful calculations of the SGI experiment and of a reactor scale case contribute to the code validation for LMFR expansion
phase. Besides, the large scale UO2/sodium interactions of the Termos Tl experiment, and the UO2 boiling pool laterally
cooled with sodium flow at the wall of the Scarabee BF2 experiment, is also studied with SIII. Lastly, satisfying results are
obtained with the calculation of the Scarabee APL3 slow pump run down without scram. It is shown that SIII is a state-of-the-
art tool to simulate transient multiphase phenomena. The paper also discusses those areas, identified through these assessment
calculations, which require further research and development.

1. INTRODUCTION

The advanced safety analysis computer code, SIMMER-III (SIII), has been developed to investigate postu-
lated core disruptive accidents (CDA) in liquid-metal fast reactors (LMFR). Sin is a two-dimensional, three-
velocity-field, multiphase, multicomponent, Eulerian, fluid-dynamics code coupled with a space- and energy-
dependent neutron kinetics model. It includes advanced features such as interfacial area convection and general-
ized heat and mass transfer. After an initiation at the Los Alamos National laboratory in 1988, the SHI program
has been conducted by the Power Reactor and Nuclear Development Corporation (PNC), at O-Arai, Japan, in col-
laboration for the assessment with the Commissariat a 1' Energie Atomique (CEA), France, and the Forschung-
szentrum Karlsruhe (FZK), Germany. The systematic assessment program is being conducted in two steps: phase
1 for fundamental assessment and phase 2 for integral code assessment. The phase 1 was dedicated to fundamen-
tal or separate-effect of individual code models. It was achieved and compiled in 1996 [1]. It consisted in 32 prob-
lems treating the fluid convection algorithm, the flow regimes, the momentum exchange and interfacial area
models, the heat and mass transfers. It demonstrated the code potential to simulate a variety of transient multi-
phase flows.

Many of the problems areas highlighted during the phase 1 have been partially solved since 1996. The SIM-
MER-III code has reached a stage which allows to study key phenomena in CD As [21. The CEA-Grenoble (CEA-
Gre) contribution is focused on the thermohydraulics and the study of multiphase flows. Since 1996 CEA-Gre
worked on basic problems related to two-phase flows, on boiling pools, and on phase 2 type integral experiments
calculations. The paper presents a synthesis of these studies.

It begins with phase 1 type basic problems. Most of them are related to the qualification of the interfacial area
(IFA) and momentum exchange functions (MXF) modelling, with the following calculations: academic cases of a
single water droplet falling in air or a single air bubble rising in water; two phase air/water flows in tubes, predic-
tion of the pressure drop and flow regimes.

As far as phase 2 assessment is concerned, the paper presents applications which are connected to phenomena
relevant to CDA issues. The focus is on boiling pool dynamics, and fuel removal and freezing. The SHI verifica-
tion on material expansion into pool was recently presented [3]. Fuel Coolant Interactions applications have been
studied and presented by Morita et Al [4][2] and Teyssier et Al [5]. So these two items will be just shortly evoked
in this paper.

As SIII applies to materials very different from water in a great variety of multiphase flow situations, it is not
interesting to adjust the code on a particular case. Therefore the presented results are not obtained by the tuning of
parameters. Most of the time only the default models and parameters are used.
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2. TWO-PHASE FLOW MODELLING ASSESSMENT

2.1. Basic SIMMER-III Fluid dynamics features

The conservation equations involving fluid mass, momentum and internal energy are solved, with an algorithm
based on a time-factorization approach developed for AFDM [6], with a higher order differencing scheme. The
prediction of the interfacial areas in multicomponent multiphase thermohydraulics transients is essential, because
the components exchange mass, momentum, and energy mutually through them. An interfacial area convection
equation is solved in a general form as proposed by Ishii [7]. The source terms of the equation deal with the
hydrodynamic break-up, the flashing, the turbulence-driven break-up, the nucleation, the bubbles and the droplets
coalescence, the interfacial area changes due to mass transfer or the change of microscopic densities [8].

Given the extreme complexity and the large spectrum of multicomponent multiphase flows that SHI is
designed to describe, it uses quite a simple flow regime map based on the volume fraction and on the entrainment
fraction Er (Fig. 1). Its equilibrium value Ee is derived from the Ishii and Mishima correlation [9]. Eu is the upper
limit of the entrainment. ocB (resp. an) is constant equal to 0.3 (resp. 0.7). SHI is able to distinguish seven types of
channel flow regimes. In ID and 2D: bubbly, transition, dispersed; only in ID: interpolated, annular dispersed,
slug, annular. In transition flows, the flow in a mesh is divided into two parts: a gas continuous and a liquid contin-
uous region.
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Fig. I; SHI flow regime map.

2.2. Verification of equilibrium EPA and MXF in simple cases

In the literature [10] is given reference values of the terminal speed and maximum radius of a single drop fall-
ing in air at 1 bar and 293K (9.2 m/s, r=5mm). A Sin calculation of drops falling in air until they reach their equi-
librium has been performed. The result is very close to the one given by Ishii's correlation [11] but in comparison
with the experimental values the drop radius is 2 times too big and the velocity 30% too low. The IFA source term
due to droplets coalescence seems gives the impression of a correct order of magnitude, no more can be said
because no data was referred to.

In the case of a single air bubble rising in water, the consistency with the Ishii's correlation [11] is also very
good, but the consistency with experiments looking for the maximum size of a single bubble rising in stagnant
water is not high because SHI does not take into account the Kelvin-Helmoltz instabilities which are the govern-
ing phenomena in this case [12].

2.3. Bubble coalescence and breakup

The Dedale experiment [ 13] was calculated with SIH. It consists in an experimental study of the axial develop-
ment of a two-phase air-water upward bubbly flow in a vertical cylindrical pipe, in which the bubble coalescence
is observed. The bubble coalescence modelling is necessary to simulate the tests. SIII coalescence term order of
magnitude seems correct, with an error estimated to be around a factor 2.

The Sin models of the bubbles coalescence due to turbulence and of the turbulent breakup maximum diameter
take into account the turbulence intensity uL. There are two contributions to uL: the liquid motion itself, some-
times called the 'true turbulence' [14], and the fluctuations velocity induced by the bubbles wakes. Both are evalu-
ated in SHI and the maximum of these two effects is chosen. The first one is evaluated as a function of the velocity
gradients, the second one is evaluated with the correlation from Theofanous and Sullivan [15]. Several bubble
maximum diameter, turbulence intensity, and bubble coalescence models from the bubbly flows literature were
compared with SIII. They were all published during the 90's, that is to say later than the related SHI code models
[8] which are mainly coming from the AFDM code [16]. The uL models were compared against the Serizawa et
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al. experiment [17] and on Dedale [13]. Theofanous and Sullivan [15] proposed two formulas for uL. The first one
is the current SIII model. The comparison with the Dedale data shows that it is too low. On the other hand the sec-
ond formula gives satisfying results. The taitel et al. [18] and the Kocamustafaogullari et al. [19] uL models
assume that uL increases with the wall friction. It is against the Dedale data. For void fractions over 0.1 the bubble
maximum diameter (dmax) in SHt is consistent with the Kocamustafaogullari et al. [19] model. For low void frac-
tions below 0.08, all the models agree quite well except the SIII dmax which increases due to a questionable
dependency on the inverse of the void fraction. If dmax is calculated with a turbulent break-up Weber number and
the second formula of Theofanous and Sullivan, this problem does not occur and a remarkable consistency with
the Blahak and Stadkte formulation [20] is obtained. The SIII current coalescence model is still up-to-date when
compared to other more recent models [20] [21] [22], even if it overestimates the coalescence up to a factor 5 with
our data deduced from the Prince and Blanch experiment [21]. Its results are improved by a factor two if the sec-
ond formula of Theofanous and Sullivan is used for the turbulence intensity and if the Prince and Blanch coales-
cence efficiency [21] is used instead of the SIII constant collision probability equal to unity.

As the code is designed to calculate extremely complex 2D multiphase flows in the whole range of volume
fractions, it can calculate situations which involve phenomena in which there remain many unknowns and limita-
tions in the state of the art knowledge. Therefore when the verification is focused on very isolated models as
described above, a high level of accuracy is not looked for, but only a consistency with all the other assumptions.
Consequently the above results of section 2.2. and section 2.3. were judged satisfactory in a first step, even if a lot
of work on the physics could be done to improve the models, providing that new data are available to separately
assess each interfacial area source term and momentum exchange function.

2.4. Prediction of flow regimes and pressure drop in ID two-phase flow

The LOTUS experiment [23] [24] was chosen to assess SHI on these items [25]. It gives fully developed flow
data under controlled conditions. This rig consists of a 31.8mm diameter vertical tube with the total length of
23m. With a constant outlet pressure of 2.39 105 Pa, a fixed liquid mass flow of 297 kg m 'V 1 , and gas mass
flowrates ranging from 2.96 to 162 kg m'V1 , the following classical two-phase flow regimes are covered: bubbly,
slug, slug/churn, churn, churn/annular, annular. The apparatus is especially dedicated to the study of the annular
flow, with the measurements of the film flowrates which are used for the code entrainment model assessment.

In the bubbly, slug and churn flows, it was shown [26] that the interfacial friction can be directly expressed in
terms of the drift flux model [27] coefficients. This model is commonly used for the bubbly, slug and churn flow
in the LOTUS range of flowrates, pressure and diameter. A good agreement was found between the SHI gas veloc-
ity and the gas velocity predicted by the above drift flux correlation with classical correlations for the drift veloc-
ity [27] and the distribution parameter [28], as a function of J, the total superficial velocity.

The discrepancy in the liquid film flowrate prediction can be explained by the known uncertainties [24] of the
Ishii and Mishima correlation for the entrainment rate [9] used in the code. The agreement with the pressure gra-
dient is good, within 12%, when the Ueda model [29] is used. This model was implemented to take into account
the turbulence effect in the liquid film for the liquid/structure friction. It improves significantly the calculation of
the pressure gradient at moderate gas flowrates in annular-dispersed flows, but it requires more validation, espe-
cially with reactor materials. The same is truefor the entrainment correlation which was shown to fit earlier data
with air-water only. With or without the Ueda model, the phenomenology of the flow regimes is quite well pre-
dicted. As for calculations, a «churn» case means oscillations, instabilities; a «slug» case, in a mesh with a lower
size than a typical taylor bubble length, means: oscillations between annular flow and a flow with more liquid
[25]. Therefore our slug flow calculations oscillate consistently with the observed phenomenology because it
reproduces the experimental fact that the liquid phase flow near the wall changes from upwards to downwards and
back to upwards as the Taylor bubble passes along the tube. The SIII Taylor bubble is represented as a SHI annu-
lar flow. The churny experimental runs give Sni chaotic and/or oscillatory calculations with reasonable average
results. The flow stabilizing corresponding to the occurrence of the annular-dispersed flow which goes together
with an increase of the pressure gradient with the gas flowrate is predicted, so that the annular dispersed flow cal-
culations are stable.

Last, one can mention that in this study the equilibrium value of the entrainment rate was evaluated, and not
the entrainment transient equation. It would be of interest to study it with a suitable experiment.

3. IMPROVEMENT OF THE BOILING POOL MODELLING

3.1. Modelling the momentum diffusion in the SIMMER-HI code

The SIMMER-HI code is expected to allow the correct representation of LMFBR severe accident situations, as
the transition phase one. According to Bohl [30], one significant difficulty in satisfying such an expectation is the
need for modelling the momentum diffusion in the direction perpendicular to the velocity. It can be represented by
modelling the diffusion of mass, momentum and energy through the transport of turbulent eddies. Because reactor
materials, as soon as they are in liquid form, have low viscosity, turbulence is the most important phenomenon in
diffusion transport. In the absence of general turbulent flow theory, practical approaches deal with methods that
are based upon simulation and modelling. The different approaches are characterized by different levels of accu-
racy to be reached, and by different levels of sophistication in computational models. In our approach, a statistical
model is considered, for which some averaging operations are required.
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3.2. Accuracy of the model and computational approach

Due to the computational approach, a certain roughness has to be expected in the modelling. Flow quantities
are locally estimated with uncertainties. Our purpose cannot consist in an accurate description of phenomena, for
two different reasons. First, in two phase flow computational modelling, and in view of the present day state of
computational resources, physical balances have to be locally written in numerical cells the size of which is far
larger than the space scale of many phenomena. Let us mention turbulent dissipation, or, in the frame of two phase
flow investigations, phenomena that are related to the dispersed phase. The physical quantities of the flow are
denned over each computational cell, in an averaged way, at each time step. They are reduced to discrete ones.
More over, the different physical and chemical species of the flow are schematically represented, in each cell, by
the mean of few volume fractions only. Some phenomena are therefore represented in an idealized way. This is
true especially for LMFBR severe accident studies, where motions in the domain are described by the mean of
three velocity fields only, in the present version (V2) of the SIMMER-III code.

3.3. Two dimensional calculations

Finally, an emphasis has to be lain on the fact that while turbulence phenomena are basically three dimen-
sional ones, a rough model remains of interest, in the present version of the SIMMER-III code, where the calcula-
tion domain is a two dimensional one. The physics of turbulence can correctly be modelled, in ID or 2D
computational investigations, in some particular situations only, where the ratio between the geometrical charac-
teristic lengths of the domain, in different space directions, keeps a value far from one. Let us mention one dimen-
sional calculations in pipe flows, or two dimensional ones, in meteorological forecasting. One can notice that in
these studies, the momentum transfer is the largest in the directions that are not directly represented in the compu-
tational investigations: the radial one, in pipe flows, due to the boundary layers close to the solid walls; the vertical
direction, in meteorology, due, among other phenomena, to boundary layer, upon the soil. Characteristic times for
mass, momentum and energy transfers in the ignored directions have much lower values than in the directions
directly represented in the approach.

Nevertheless, in the frame of our studies, we cannot consider that the geometrical dimensions of the system
are of different orders of magnitude, in the different space directions. The interest of full three dimensional calcu-
lations should be underlined. A two dimensional approach leads there to a basically rough modelling. The rough-
ness of the model has to be compared with the level of accuracy of the code calculations themselves.

3.4. Accuracy of experimental data

Finally, one can notice that, in the experiments, we consider for the assessment of the SIMMER-III code,
rarely detailed measurements are obtained, for example three dimensional ones. The level of accuracy of the tur-
bulence model has to be compared not only with the roughness of the computational approach, but with the infor-
mations available in the literature about experimental data.

3.5. Simplicity of the modelling

In qualification experiments, fluids in the domain generally are air, water and steam. More over, the geometri-
cal features of the domain are not time dependent. Thus experimental data or general considerations help to assess
the input data. In the reactor safety analysis, one can face the problem considering the uncertainties in the knowl-
edge of the accident scenario itself. In that case, basic calculations, with best estimated quantities, could be car-
ried out. A simple model is defined, in which the turbulent viscosity coefficient is locally determined. In each
region of the flow, it can be supposed either to keep a time constant and space uniform value, or to depend on the
local average velocity value.

No transport equation is solved, to estimate the local value of the turbulent viscosity coefficient. Firstly, the
approaches based upon transport equations lead to take into account local values of specific terms in the equa-
tions, the accurate determination of which would be a difficult task, for reason of roughness of the computational
approach. Secondly, the validation of such a model on the basis of some qualification experiments would be of
relatively low interest, in the frame of LMFBR severe accidents studies. Large uncertainties in the scenario are
there expected. The modelling would have no universal character. Thirdly, the turbulence model in which trans-
port equations are solved generally is the k-e one. Such an approach is basically very rough. The representation of
turbulent quantities is subject to important numerical damping. For example, pressure peaks are underestimated.
More over, the basic assumption of the k-£ model deals with the isotropic feature of turbulent structures. Wrong
results are obtained in the case where turbulence is an anisotropic phenomenon, as close to the solid walls. Let us
notice that generally turbulence level is the highest close to the walls. Lastly, the need for accuracy in turbulent
modelling in transition phase boiling pools of LMFBR severe accidents has to be related to other phenomena that
can take place in the flows, as, for instance, two phase ones.

3.6. Local approach

Some basic assumptions are deduced from the results of some analytic experiments as the Burty [31] or the
Sebulon one [32]. Above all, we consider the approach that consists in assuming that the domain is divided in
three different subregions, in each of which the physics of the flow has different features. The regions are defined
as follows.
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a- A quasi single phase one lies in the center of the bulk, where the volume fraction is less than the value of a
given parameter ag0. It is situated far from the solid walls. Although turbulence dissipation of momentum is less
important in that region than close to the vertical wall, it should be correctly modelled, because in that region tran-
sit phenomena take place: momentum is there transported from the two phase region to the boundary layer one. In
adiabatic situations, the characteristic length of the flow in the liquid bulk is generally given by the hydraulic
diameter of the pool. In natural convection ones, it is given by the height of the pool. The importance of that quan-
tity may be underlined, seeing the definition of the non dimensional Rayleigh number, which depends on the cor-
responding parameter by a power superior to one. In this region, the classical k-e model is valid. Thus developed
turbulence takes place. Turbulent quantities are there assumed to have isotropic and homogeneous properties. The
general expression of the turbulent viscosity is there:

Ht,BULK = P - < V H - V k (1)

where H is the height of the pool. It is supposed to be the characteristic length of the flow in that region. Gen-
erally, the value of C^ is 0.09. In the present version of the SIMMER-IH code, no transport equation is solved, to
determine the value of the turbulent kinetic energy k. It is deduced from the averaged local velocity value U,
assuming that the ratio between fluctuating and averaged velocity r keeps a constant and uniform value, that is
equal to 0.1. This assumption corresponds to a situation where turbulence is developed. Finally, in the quasi single
phase region, the turbulent viscosity coefficient expression yields:

I\BULK = P • <V H • r • U (2)

b- In the vicinity of the solid walls, the most important phenomena deal with the boundary layers. Since the
turbulent shear stress reaches its maximum level in that region, the viscous effects there dissipate a lot of kinetic
energy and tend to minimize the global kinetic energy of the liquid layer, in the domain. Locally the expression of
the stress in the motion yields:

Xiocal

Turbulent structures are there anisotropic, and turbulence statistical properties remain highly non homogene-
ous in space. The characteristic length of the flow is there given by the thickness of the boundary layer. On a com-
putational point of view, the boundary layer thickness is generally far less than the cell size of the mesh. This
involves the need for a particular approach to model it, above all in non adiabatic calculations. The boundary layer
region is considered to be included in the first vertical row of computational cells, in our calculations. In the frame
of our investigations, turbulent phenomena close to the solid wall are investigated via a global balance between
physical effects. One can consider that for a given particle of liquid, the main motion in the tank consists approxi-
mately in two stages. First it is upward driven, due to the drag between gas and liquid phase. Second it is down-
ward driven, in the regions that are close to the vertical walls. If turbulent phenomena reach a developed and
statistically steady state regime, the global kinetic energy in the liquid phase is assumed to be dissipated in the
second step of the motion, due to the shear stress in the vertical boundary layers. In most computational applica-
tions, the cell size is much larger than the boundary layer thickness. It has to be modelled with the help of the
quantities that stand for the numerical variables of the calculations. The turbulent viscosity coefficient can be
related to the horizontal dimension of the pool R and to the stress in the boundary layer as follows:

^BOUNDARY = ^.BOUNDARY ' R W

In the previous equation, the length scale is given by the horizontal dimension of the tank, instead of the hori-
zontal dimension of the cell. The kinetic energy is dissipated within the transit along the vertical wall, the length
scale of the phenomena is given by the height of the pool. In the case where a cylindrical tank is considered, the
turbulent viscosity coefficient should be written as follows:

_ 1 R 2 • p • U
H-t, BOUNDARY ~ 4 J | \P)

The present approach is of interest for the analysis of recirculating flows. It may be useful to investigate the
physics of boiling pools.

c- The bubbly region, is the region where the gas volume fraction is larger than a given value, generally 10'3.
The corresponding value represents the limit above which the two phase phenomena are of first importance in the
flow. In some adiabatic experiments, where air is injected in the central part of a tank, water is upward driven, by
the gas motion. It can therefore drive momentum to farther liquid, due to viscous effects in the continuous phase.
The viscous effects that take place there tend to increase the global kinetic energy of the liquid flow. If the gas vol-
ume fraction reaches a so high value as the liquid phase becomes the dispersed one, no momentum diffusion is
taken into account in the liquid in our calculations. In the bubbly region, the expression of the turbulent viscosity
coefficient is deduced from the one in the recirculating quasi single phase region. The characteristic length RBUBBLY
is there either the bubble diameter or the radial dimension in which the bubbly regions expanses. Let us consider
the equality of the shear stress between the two neighbouring regions. The expression of the turbulent viscosity in
the bubbly region is given by:
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3.7. Application of turbulent model to adiabatic experiments

The investigation of the Burty experiment [31] is now carried out, with the help of the previously defined tur-
bulence model. Air and water are considered there, in an adiabatic and recirculating flow. Motion is induced in the
continuous phase by the rising of bubbles in the central part of a tank of 0.25 meter in radius and 0.3 meter in
height. The air injection, at the lower part of the tank, deals with a mass flow rate of 6.6 10"4 kg.s"1. In the calcula-
tions, 25 cells are involved, in the horizontal direction, and 40 in the vertical one. At the upper part of the calcula-
tion domain, the pressure is supposed to keep atmospherical values. In Fig.2, one can see first the velocity field in
the liquid continuous phase, in the absence of turbulence modelling. The aspect of the velocities is not realistic:
the lack of momentum dissipation lets kinetic energy accumulate at the small scales of the flow. Secondary non
physical recirculations therefore take place, above all in the upper part of the flow. In figure Fig.2, too, one can see
the velocity field in the liquid continuous phase, in the presence of turbulence modelling. A single eddy takes
place in the liquid pool, as in the experiment. To investigate numerical results in a more accurate way, we focus at
the velocity modulus profile in the radial direction of tine tank, at half the height of the pool. Detailed measure-
ments have been obtained in the experiment, and one can see in Fig. 3 that numerical results are correct, at least for
the great tendencies of phenomena, and even for coarse meshing
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Fig.2: Velocity field in the water phase, in the absence of turbulent modelling (left), or in the presence of it (right),
in an adiabatic experiment. The central axe of the cylindrical tank, where the air injection takes place, is left in the
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3.8. Application of turbulent model to boiling pools experiments

Let us now focus on the Sebulon experiment [32], in which a slice of water is volume heated, till its boiling,
and laterally cooled. The experiment is dedicated to investigate flow phenomena in the boiling pools that can take
place in LMFBR severe accidents transition phase. Let us consider a case where a large volume of water and a low
heating power is considered, that is to say an electric power of 5500 W, whereas the water pool in the tank is 5 cm
in depth, 20 cm in width, 80 cm in height. The velocity field in each phase is numerically calculated, with the help
of the SIMMER-IH code, taking into account the previously defined turbulence model. The velocity field in the
liquid continuous phase is represented in Fig.4. The flow is a downward one, close to the cooled solid walls, and
an upward one, in the center of the pool. More over, due to turbulent effects, the geometrical features of the flow,
over the domain, are not symmetrical ones, at a given time. In fact, in a given point, the direction of the flow is a
perpetually changing one. In that case, numerical results look realistic, concerning the visual aspect of the flow.
We now investigate the lateral wall heat flux, as soon as the global thermal balance, over the domain, is reached.
Results look correct ones, at least for the great tendencies of phenomena. Nevertheless, one can see in figure Fig.4
that the experimental flux reaches its maximum value in the upper part of the liquid pool. It is due to the presence,
in the upper part of the tank, of a downward flow in a liquid film, close to the cooled walls. The corresponding
effect deals with condensation of vapour, not single phase natural convection. It cannot be investigated by the
mean of such tool as the present turbulent model. It requires a specific approach. More over, one should notice
that the physical properties of materials are different in qualification experiments, as the Sebulon one [32], and in
the reactor case, where metals are expected to boil. Above all density and surface tension are different. One can
expect the physics of condensation in the reactor case to have different features.

Wall Heat Flux 4-509 test

0.2 0.4 0.6 0.8

Fig.4: Heat flux distribution at the lateral vertical wall, in a rectangular boiling pool experiment (left), and veloc-
ity field in the liquid continuous phase (right). The previously defined turbulence model is taken into account.

4. SUBASSEMBLY MELTING AND PROPAGATION: CALCULATIONS OF SCARABEE EXPERIMENTS

In the present section, more attention will be paid on the calculations of reactor-like accident situations,
through the calculations of some SCARABEE experiments. These tests were summarized recently [33]. They
investigate: the degradation of a subassembly consecutively to a loss-of-flow situation (slow and partial to total
instantaneous blockage) with the APL and BE series; the radial propagation of melt to neighbouring subassem-
blies with the PIA and PV tests; the boiling pool mechanisms in a subassembly geometry with the BF tests.

In the first part, we will investigate a slow pump run down situation through the APL3 experiment and a total
instantaneous inlet blockage situation through the BE+3 experiment, and through pre-calculations of the TP-1
(also called BE+I) experiment. The second part of this section will deal with boiling pool calculations through the
calculation of the BF2 experiment.

4.1. SCARABEE loss-of-flow APL3, BE+3 and TP1 calculations

The objective of these calculations is to investigate the ability of SHI to describe such extremely complex situ-
ations as the degradation of an assembly. A characteristic transient includes the following phenomena: sodium
heat up and boiling; clad, fuel pellets and canwall (CW) melting; axial and radial melt propagation and relocation;
lower and upper plug formations due to the freezing of the molten materials; pressurization (or not) of the sub-
assembly consecutively to the fission product release.

The three tests under consideration involve a 37-pin bundle submitted to a nuclear power (at nominal level).
TP-1 is in fact an experimental project with irradiated fuel. Therefore calculations concerning TP-1 cannot be
confronted to an experimental support. BE+3 was an experiment rather similar to TP-1 (instantaneous blockage)
except that in BE+3 the fuel was unirradiated, and a small argon gap was embedded between two canwalls. This
particular geometry does not allow calculations after the first CW melting. Then the calculations consider the first
stages of the transient only. Finally, only APL3 gives an experimental support for the calculations of the complete
transient and will then receive more attention.
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4.2. APL3 calculations

a- Boiling and melting events.

In 1-D APL3 calculations, we consider only one radial mesh inside the wrapper. The events before the sodium
boiling are rather well represented. The boiling chart is represented in Fig.5 (left figure). The lines represent the
experimental boiling and drying front in the first, third and fourth channel at the top of the fissile zone level. The
empty and filled squares represent the level in the calculation were the boiling and the drying occurs. The boiling
occurs with a good timing, with regards to the strong temperature radial profile in the experiment. However the
incipient of boiling and the drying occur at nearly the same time in the calculation, whereas about 15 seconds sep-
arate these two phenomena in the experiment. Another problem lies in the overestimation of instabilities at the
upper boiling level, leading at 57 s to a large rewetting. It has a noticeable influence on the following part of the
transient. It seems to come from the modelling of the liquid-structure contact near the onset of dryout: it is no
more predicted with a rough model which reduces the liquid-structure interfacial area over a given wall tempera-
ture, as shown on the right figure of Fig.5. When the sodium level oscillations are avoided, the timing for structure
(clad + wall) melting is a correct one. The influence of the different criterion for breakup is rather small (~ 10 %)
for the time of beginning of material melting. As an example, the calculations give a first CW breakup at 75 s,
whereas it occurs at 72 s in the experiment.

In 2-D calculations (4 radial meshes, i.e. 1 mesh per sodium channel), the boiling is a bit better reproduced, as
is seen on Fig.6, where the boiling fronts are represented on the left in different channels, and on the right the
dryout fronts. The same conclusion holds for the structure breakup progression.

We conclude that the first events of the transient: boiling and melting of structures, are satisfactorily repro-
duced by SIII. However the SIII modelling of the boiling along heated walls seems to be a bit rough. The down-
ward and radial progression is too rapid and the dryout is almost instantaneous. Future work is planned at CEA
Grenoble to work on this point, in order to check if improvements of the boiling model are needed.
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Fig.5: Calculated and experimental boiling map (boiling and drying) in I-D APL3 calculation. Left: standard
boiling model, right: with inclusion of a maximum wall temperature for the presence of liquid-structure contacts
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Fig.6: Confrontation of experimental and calculated boiling fronts (left figure) and dryout fronts (right) in 2-D
APL3 calculation.
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b- Molten material relocation
The prediction of the following part of the transient is less satisfying. The material relocation is very sensitive

to a large number of parameters.

A first problem comes from the flowing of broken fuel pellets which are, for an important part, ejected out of
the bundle (whereas their diameter is larger than the length scale between the pins in the non molten zones). This
problem is very difficult to overcome due to the small number of velocity fields (2) allowed to reproduce the flow
of 5 phases (fuel and steel particles, fuel, steel and sodium liquids), the third one being for the gas. Several param-
eters and small coding modifications have been tested but no tight blockage (i.e. not porous) with frozen steel was
predicted. It is rather clear that in such extreme conditions, with all the materials included in a small volume, the
number of velocity fields is a too small one.

A second limitation comes from the too rough flow configurations (Fig.l) for such cases. For example, in
some calculations, a lower plug may be formed when the steel is forced to contact the structures, prior to other liq-
uids. The third limitation is the lack of fuel crust formation over the pins. 2-D calculations did not lead to a more
satisfying behaviour relatively to the material relocation problem.

We conclude that further studies are required to better simulate the tight blockages occurring during a com-
plete loss-of-flow in a subassembly transient. The limitations of SHI in this kind of application can be historically
explained by the fact that it was initially designed to describe the whole core transition phase of the accident, and
that it is here attempted to use it for the initiating phase within one subassembly only.

4.3. TP-1 pre-calculations

In the previous calculations, a particular attention was paid on the plug formation because in the irradiated
case, the eventual lower and upper plug might lead to an important pressurization through the fission product
release (~ 100 bar expected). The objective of the TP-1 project was to give some answers to the questions relative
to the pressurization of the bundle. As seen before, the SIII prediction of the molten material relocation and block-
age is subject to uncertainties. We will see however that, regarding to this point, the situation is less critical in
such cases with an instantaneous blockage. A supplementary important difficulty in the simulation of TP-1 comes
from the simulation of the foam that is expected to take place after the fission product release. This point will not
be discussed here and we will focus on events occurring prior to the eventual pressurization.

In order to check the code versus an experiment with an instantaneous inlet blockage, calculations with BE+3
were previously performed. The first events from boiling to structure melting were well reproduced in 1-D and 2-
D calculations. Unfortunately, the calculations could not be run further, due to the difficulty in representing the
following part of the transient with the BE+3 special geometry in which the pins were separated from the CW by
a small argon gap (to ensure flatness of the temperature radial profile). For the TP-1 test, this argon gap was
avoided because it might lead to unexpected effects. The cross section of TP-1 is given in Fig.7. On the contrary to
APL tests, the assembly is cooled by a sodium flow, simulating the interassembly (IA) flow. This leads to a strong
temperature radial profile.
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a- 1-D calculations

1-D pre-calculations were not satisfying regarding to the timing of the events. Due to the radially high temper-
ature gradient, the boiling, drying and melting events occur very late regarding to the BE+3 experiment. Neverthe-
less, probably due to the total inlet blockage, the molten material progression and relocation seems to give better
results than in APL3 calculations. A sketch of these events is given in Fig.8. A lower tight plug is obtained very
soon, but no upper plug is even initiated. The canwall is slightly molten only, protected by a fuel crust. However,
the delays calculated for these events are unacceptable since in BE+3 the fuel melting occurred at about 12 s. 1-D
calculations are then not appropriate for these situations.

b- 2-D calculations

2-D calculations showed good results for the boiling, drying and melting events, regarding to the comparison
with BE+3, as shown in Fig.9. One should notice that the boiling and drying occur firstly in the fertile zone, which
indicates that the cooling along the pins in unheated sections might be inefficient. Nevertheless his has no effect
on further events since the cladding breakup is evaluated in a very similar manner as reported for BE+3. A repre-
sentation of the transient is given in Fig. 10. It is seen that steel plugs are almost obtained at the bottom of the fis-
sile zone. No tight upper plug is calculated. The external fuel pellet row is seen to remain intact. The canwall
remains very thick and no wrapper failure by thermal attack is then predicted. In such a situation, since no upper
plug exists, no pressurization is obtained.

Fig.8: main event sequence in 1-D TP-1 pre-calculation. (green: Naftow, deep blue: clad or CW, light blue: mol-
ten steel, red: fuel pellets or fuel crust, orange: fuel particles, yellow: liquid fuel).
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Fig.9: Confrontation of experimental BE+3 results and TPJ calculated boiling fronts (left figure) anddryout
fronts (right) in 2-D TP-1 precalculation.
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Fig. 10: Representation of the transient in 2-D TP-1 pre-calculation.

4.4. Conclusions on APL3 and TP-1 calculations.

Regarding to SIMMER-II calculations [34], important improvements are reported with the SIII code. But
there are some more or less important difficulties left. The bouing and drying occur with a good timing but for
long transients (e.g. partial blockage), the incipient of boiling and the dryout might be too roughly estimated.
These points are not important for total instantaneous blockage situations. The structure breakup events are gener-
ally well represented. On the other hand, the relocation of molten materials and subsequent refreezing within a
subassembly needs further investigation. Concerning the plug formation, a crucial lack lies in the absence of fuel
crust formation along the pins. Specific models for these events are clearly required (with for example the possi-
bility of formation of non homogeneous plugs or crusts).

4.5. BF2 - Calculations.

The BF2 test is an experiment intended to study the boiling mechanisms of a liquid pool of fuel [33][36]. The
geometry is similar to the preceding SC ARABEE experiment, except that the subassembly is replaced by a closed
crucible filled with 6 kg of UO2. The ambient gas is mainly helium at the 0.035 bar (at 20 °C). The fuel is heated
at 93 W/g during 60 s. The crucible is cooled by a lateral flow of sodium. The average pressure is about 0.5 bar.
The pressure and temperature measurements showed large oscillations indicating a cyclic boiling mechanism with
average frequency of 0.8 Hz. Simulating such transient is a very difficult task, because it deals simultaneously
with: boiling / condensation and melting / freezing phenomena; important oscillations and cyclic liquid motion
(no steady-state reached); complex liquid/structure contacts; presence of non condensable gases. At the present
time, no code fully succeeded in this task, even if their use helped to understand the physics [35][36][37].

The present calculations show a moderate general agreement with the experiment. The good aspect concerns
the average pressure which is well calculated. The flow is quite turbulent and no steady state is reached. Important
pressure oscillations are reported, corresponding to a violent cyclic phenomena of boiling / condensation phases.
However, the cycles are not as regular ones as in the experiment. Averaging the flow over ten seconds leads to the
configuration depicted in Fig. 11. From an averaged point of view, a convection roll takes place in the liquid part of
the pool. The bottom of the pool is almost liquid over 100 mm. Over this single-phase layer lies a two-phase
region where most of boiling / condensation phenomena occur. A type of liquid film takes place along the cooled
wall. The crucible is seen to be protected by an important fuel crust which lies up to nearly 1 m. The average
thickness of the film is of the same order of magnitude but the thickness profile is not very representative of the
experimental one.

We also see in Fig. 11 that the removed heat flux profile is moderately satisfying. This point represents in gen-
eral (for other codes) the main discrepancy with the experiment. The maximum is rather well located, but the pro-
file is clearly too flat, and does not reproduce the sharp decrease obtained at approximately 300 mm. It is
expectable that most of the discrepancy concerning the heat flux profile comes from a too rough modelling of the
crust. In the present calculation, the heat removed over the liquid pool corresponds almost to the injected energy
in the crust. The profile of the heat transferred from the pool to the crust is rather good. Then a special attention
should be paid to the crust modelling. Given the supposed flow configuration which is characterised by an increas-
ing void fraction with the height, with a sloshing two-phase region at the pool surface, the porosity of the crust
may increase with the height and the contact between the crust and structure may decrease with the height. Then
this should reduce strongly the heat removed above the pool. The crust model available in SHI has to be further
validated in situations where the crust is partly formed by sloshing.
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Fig.l I: Average typical configuration of the flow and heat flux profile on sodium side.

5. INTEGRAL TESTS CALCULATIONS

5.1. Material expansion into pool

During the expansion phase of core disruptive accidents in LMFR, a large vapour bubble expands from the
core inside the sodium pool and may threaten containment limits. The prediction by SHI of the dynamics of a
large bubble expansion into a stagnant pool is assessed against the SGI experiments performed at FZK [38]. The
experiments consist in injecting high pressure gas at the bottom of a low pressure water pool. It is a small scale,
reactor like geometry. The SIII code proves to be able to calculate very well these experiments, without any
adjustment [3]. The need for proper initial conditions and for a droplet entrainment model from large bubble/pool
interface is outlined. An expansion phase test calculation at the reactor scale was also successfully conducted. In
terms of the timing of events and of the calculated energy distributions, the general trends of the SIII results were
found reasonable compared to the state of the art.

5.2. Fuel/Coolant interactions

Recently SIII was used by PNC and FZK to describe fuel/water or fuel/sodium interactions, with the calcula-
tions of the following experiments: THENA 564 and 562, FARO L06, KROTOS 28 [4]; QUEOS 08 and 12,
PREMIX 01, 02 and 03 [5]. Among the experiments, the only ones with sodium are THINA, for which good
results were obtained. None of them implied large amounts of fuel masses as it is the case in the TERMOS exper-
iments where 110 kg of molten UO2 were poured into 130 kg of liquid sodium, via the gravity driven fall of a
UO2 jet through the cover gas which is over the pool [39]. The interpretation of the results by people who carried
out the experiment was: first the melt heated the sodium up to the saturation, the kinetics of which is controlled by
by hydrodynamic fragmentation of the jet, followed by freezing driven fragmentation of the UO2 droplets; sec-
ond, as sodium reached the saturation, the conditions for the pre-mixing phase (by film boiling) were realized, and
they lead to the observed fuel/coolant interactions [40]. Three interactions occurred. The interpretation concerns
the first and the second one. The understanding of the third one is poor. Given the extreme conditions of the exper-
iment, few measurements are available. On the top of that the boundary conditions are unclear. On the other hand
such a complex problem would require many data to check isolated results. Therefore our work is only a first step
in the study with SIII of large scale fuel/sodium interactions.

SIII was found to be sufficiently robust to investigate such situations. A first calculation took into account the
modelling of the jet fall through the gas. In this case, with the default parameters of the code, an increase of the
interfacial area, and then a probably non-physical jet breakup (we can not check with data but only with orders of
magnitude given by correlations) lead us to give up this modelling to focus on the phenomena within the sodium
pool. Thus the jet was defined at the initial calculated time, just before its contact with the sodium pool, by a dis-
persed flow in which the UO2 droplets radius was set to the radius of the release tube. The result of this calcula-
tion is that the liquid UO2 penetration length in the pool and the kinetics of solidification are predicted within a
reasonable order of magnitude. On the other hand, the total amount of UO2 that penetrates the pool is underesti-
mated. Only one interaction is predicted, which is larger than the experimental first pressure peak. Despite the fact
that this result is sensitive to the unclear boundary conditions, further investigations should consider the possibil-
ity of an overestimation of the heat transfers, itself maybe due to an overestimation of the fragmentation. Indeed
the freezing-inhibited droplets fragmentation is not taken into account in SIII. The freezing-provoked droplets
fragmentation is somehow calculated with the solid particles formation when freezing of the droplets occurs.

Anyway these calculations confirmed the interest of SIII to study fuel/coolant interactions, consistently with
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6. CONCLUSION

The SIMMER-III (SHI) code is dedicated to the analysis of core disruptive accidents of liquid metal fast reac-
tors, which involves extremely complex multiphase multicomponent flows with heat and mass transfers. The CEA
contribution to this code developed by PNC assessment is included in an international joint program in collabora-
tion with PNC and FZK. The phase I of the assessment reached a milestone in 1996, showing that the multiphase
fluid-dynamics model was basically valid and identifying limitations which have been studied ever since. In the
present paper, a synthesis of the work performed at CEA/DRN/DTP in Grenoble since 1996 is presented. It deals
only with multiphase flows, from basic models such as turbulence in boiling pools, to more integral tests such as
SCARABEE. The reactor applications with neutronics are carried out at CEA/DRN/DER in Cadarache as far as
CEA is concerned.

The two-phase flow modelling assessment is intimately linked with the advanced feature of SHI which is the
interfacial area convection equation. The source terms of this equation due to bubble and droplets coalescence and
breakup were judged satisfactory in a first step, considering the unknowns and limitations remaining in the state
of the art. Anyway further data are required. Then it is shown that the code reasonably calculates the flow regimes,
the pressure drop, and the entrainment rate in a 1-D fully developed air/water two-phase flow.

The classical transition phase problem of an internally heated boiling pool with laterally cooled walls is inves-
tigated. The boiling pool modelling is improved by the implementation of a turbulence model, which is possible
because the Navier Stokes equation are solved by the code, and which is relevant because these equations are
solved by a second order spatial discretization: with a first order discretization of the Euler equations, it was
shown that the numerical diffusion effect overexceeds the real turbulence one. The model is based on a local
approach which leads to an expression which gives an order of magnitude of the turbulent viscosity specific in
each of the three parts of the two-phase re-circulating domain: a quasi single-phase one in the center of the bulk,
the boundary layers in the vicinity of the walls, the bubbly region.

Three SCARABEE experiments involving a 37-pin bundle submitted to a nuclear power at nominal level,
degraded consecutively to a loss of coolant, with the real reactor materials, were calculated. Large improvements
since the previous SIMMER-H calculations were noticed. The structure breakup events are generally well pre-
dicted by SHI. The boiling and drying are predicted with a good timing, albeit for long transients with partial
blockage the prediction of these events may require further studies. Further investigation may also concern the
relocation of molten materials and subsequent refreezing within a subassembly. Besides these three tests, material
expansion into pool with the SGI experiment and fuel/coolant interactions with the TERMOS experiment have
shown the SHI applicability to more integral calculations, and reliable robustness.
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