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INTRODUCTION 

In case of severe accident, a molten pool may form at the bottom of the lower head, and 
some pessimistic scenarios estimate that heat fluxes up to 1.5 MW/m

2 
should be transferred 

through the vessel wall. An efficient, though completely passive, removal of heat flux during 
a long time is necessary to prevent total wall ablation, and a possible solution is to flood the 
cavity with water and establish boiling in natural convection. High heat exchanges are 
expected, especially if the system design (deflector along the vessel, riser ... ) emphasize 
water natural circulation, but are unfortunately limited by the critical heat flux 
phenomena(CHF). 

CHF Data are very scarce in the adequate range of hydraulic and geometric parameters and 
are clearly dependent of the system effect in natural convection. The system effect can both 
modify flow velocity and two phase flow regimes, counter-current phenomena and flow static 
or dynamic instabilities. 

SULTAN purpose was of two kinds, increasing CHF Data for realistic situations, and 
improving the modeling of large 3D two phase flow circuits in natural convection. 

The CATHARE thermal hydraulic code is used for interpreting the data and for extrapolation 
to real geometry. As a first step, a one-dimensional model is used. It is shown that some 
closure laws have to be improved. Reasonable predictions may be obtained but, for some 
test conditions, multi-dimensional effects such as recirculation appear to be dominant. 
Therefore the 3-dimensional module of CATHARE is also used to investigate these effects. 
This model well predicts qualitatively the existence and the development of a 2-phase layer 
along the heated wall as well as the existence of a recirculation zone. But modelling 
problems still require further development as part of a long term program for a better 
prediction of multi-dimensional two-phase flows. 

SULTAN TEST FACILITY 

SULTAN Program is supported by CEA, EdF and FRAMATOME. The SULTAN facility (figure 
1) was designed as a full scale analytical forced convection experiment, on a wide range of 
parameters covering most of the situations involved in a slow transitory situation after a 
severe accident (mass velocity: 10 => 5000 k9js/m2, pressure: 0.1 => .5 MPa, inlet 
subcooling : 50 => 0 °C, heat flux: 0.1 => 1 MW/m (with some data up to 2 MW/m2». Fluid 
'is demineralized and degassed water. 
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The Test section itself (figure 2) is simplified regarding reality, the purpose being to validate 

codes and calculate as many different realistic situations as desired. It is a flat plate, 1.5 mm 

thick, 4 m long and 15 cm wide, uniformly electrically heated, in a rectangular channel. 

Channel width (gap) can be enlarged from 3 to 15 cm, and the test section can be inclined 

from vertical to horizontal position. It is highly instrumented: mass velocity, electric power, 

absolute and differential pressures, wall temperatures, fluid temperatures, local void fraction, 

large windows for video films and high speed films. Precision of measurement is between 1 

and 3 % of the measures. 

TEST PROCEDURES 

Eight campaigns of tests have been performed, each campaign involving one inclination and 

one gap of the test section, with the following range of parameters : 

Campaign W: 1 2 3 4 5 6 7 8 

Inclination (0) : 90° 10° 90° 45° 45° 10° 10° 90° 

Gap (cm): 3 15 15 15 3 3 6 15 

Heated length 4 4 4 4 4 4 4 2 

(m): 

Cover pressure 0.1-0.5 0.1-0.5 0.1-0.5 0.1-0.5 0.1 0.1 0.1' 0.1-0.5 

(MPa) : 

Inlet subcooling 0-50 0-50 0-50 0-50 0-50 0-50 0-50 0-50 

(0C) 

Heat ~-------------------------------------1 00 to 1000 step 100--------------------------------------+ 200 to 2000 

fluxes (kW/m') 

Mass velocity 20 to 5000 10 to 2000 10 to 2000 10 to 2000 20 to 5000 20 to 5000 10 to 4000 10 to 2000 

(kg/s/m') 

Two kind of tests were performed: 

Pressure drops and CHF limits tests: for a constant cover pressure, inlet subcooling and 

uniform heat flux, mass velocity is slowly reduced with a relative ratio of 2% per minute, 

pressure drops and fluid temperatures are measured every 10 s. Limit of boiling crisis may 

be obtained before minimal flow rate, and is determined by a sharp increase of one or more 

of the thermocouples welded on the heated plate above a level set at Saturation temperature 

+ 150°C. 

Spacial local characteristics of two phase flow: for constant cover pressure, inlet 

subcooling, heat flux and mass velocity, void fraction and water temperature are measured 

at 25 positions in the test section gap and for 4 elevations along the test section. Temporal 

convergence of measures is assured with 30 to 600 s of integration for one position. 
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EXPERIMENTAL RESULTS 

Two phase flow in SULTAN channel was thoroughly observed and measured, in order to 
better predict and calculate the behavior of a complete natural convecting system, with an 
emphasis on the evaluation of the recirculating mass flow rate and the static stability of the 
system based on the Internal and External Characteristics method [1],[2]. 

Experimental results: flow behavior 

A general description of the flow in the test section will first try to sum up all the information 
provided by local measurements and films (figure 3). 

First, a thermal layer develops near the heated plate, but never reaches the opposite side in 
large gaps or inclined positions of the test section. Thermal stratification is observed for 
inclined positions. Due to the low inlet flow velocities, mixed convection regimes are common 
in the test section, inducing internal recirculation cells which tend to homogenize 
temperatures, profiles of temperature become flatter, a secondary maximum can be 

. observed on the cold wall opposite to the heated wall. 

A two phase layer starts to develop in subcooled conditions. Subcooling is dependent of heat 
flux, flow velocity and test section inclination and· can be up to 50°C. Bubbles are first 
separate, with a oblong shape, about 3 or 4 cm long and 1 cm thick, which coalesce when 
they become numerous. 

Generation of vapor is poorly predicted by correlations like Saha-Zuber's [3], it is probably 
partly due to the fact that this correlation was established for smaller and uniform ally heated 
channels A new correlation will be optimized but is not yet available. 

The two phase layer thickens in a more or less wavy manner, its development is highly non 
linear and increases much faster when saturation is imminent. In subcooled conditions, it 
never invades the whole channel and the maximum void fraction, up to 40% is always 
located on the heated plate. 

When saturation is reached, the vapor invades the whole channel, even for large gaps and 
low inclinations. Stratification is important: for· inclined positions of test section, the 
maximum of void fraction remains on or very near the heated plate whereas, for vertical 
positions, it moves toward the center of the channel, and can reach 90%. 

Two different regimes may be observed : the first one corresponds to a rather steady two 
phase flow, with the· particularity of heterogeneous vapor inclusions in size, from a few mm 
to about 1 m. 

The second regime is pulsated flow with a period of 1 to 3 seconds, big pockets of vapor 
develop and are washed away periodically, count current water follows. CHF is avoided by a 
persisting thin film of liquid on the heated plate. Such a regime was described by 
Theofanous [4] and Chu [5] on the bottom of their hemispherical test sections. It was 
observed on SULTAN facility for inclinations of 10°, up to 1 MW/m

2 
for gap 3 cm, but only up 

to 500 kW/m
2 

for gap 15 cm. Though its erratic aspect, this regime does not modify the 
average pressure drops in the test section, nor the limits of CHF. 

A phenomena of reversal flow, with water flowing back from the pipe between the end of the 
test section and the condenser, was observed when outlet mean velocity was low enough, 
that is to say for any configurations at low heat fluxes, but only for vertical position, gap 15 
cm and pressure 0.5 MPa at 1 MW/m2. This phenomena improves considerably the limit of 
CHF, but is not easily predicted by the existing correlations of flow reversal, like Wallis' or 
Puskina and Solokin [6]. 
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Experimental results: Pressure drops 

The Internal Characteristics (IC) of the test section, i.e. the variation of pressure drop versus 

the mass velocity for constant thermohydraulic conditions of pressure, heat flux and inlet 

subcooling, were systematically investigated. 

For vertical position (figure 4), the IC shape is the same for any gap, pressure, inlet 

subcooling and heat flux: the slope of the IC is quite flat at high mass flow velocity and tend 

to gravity head value, then becomes steeper after average saturation is reached. CHF 

always occurs rather low on the steep slope, for saturation conditions. 

For that kind of IC curves, natural circulation should be efficient up to 1 MW/m
2 

and even 

more, provided that the rest of the circuit is designed for little friction pressure drops. A two 

phase adiabatic riser above the heated length could improve significantly the performance of 

the circuit. No static instabilities are expected as the IC curve is strictly monotonous. 

Dynamic instabilities should be of small amplitude thanks to the steeples of the slope. 

For inclined position of 10°, the behavior is more complex and of three kind: at low heat 

fluxes « 400 kW/m\ there is no difference with the vertical position. For large gap of 15 cm 

and high heat fluxes, CHF occur on the flat part of the IC, before average saturation is 

reached, there is no opportunity that steady natural convection should be established. For 

small gaps (figure 5) of 3 and 6 cm and high heat fluxes, boiling start at high mass velocity 

and the IC curves tend to the'S' shape measured in small channels. Static instability is there 

expected in natural convection, with a rapid reduction of flow rate and destruction of the 

heated plate. 

Experimental results: CHF Limits 
-

191 CHF Data have been obtained on SULTAN facility. Dry patches are generally rather 

small (2-6 cm
2

) and cannot expend much due to the thinness of the heated plate. Though 

CHF location is expected at the end of a uniformly heated test section, many dry patches 

have occurred at lower elevation, within the last meter and even the last two meters for 

inclined positions. In term of local quality, it still represent little difference, but was taken into 

account in the SULTAN CHF Correlation giving Heat Flux (F) in MW/m
2

, in term of Cover 

Pressure (P) in MPa, mass velocity (G) in kg/s/m
2

, local thermodynamic quality (X), gap (E) 

in m and inclination (0 = sin (I), I inclination above horizontal) : 

F = AO(E,P,G) + A1(E,G)*X + A2(E)* X2 + A3(E,P,G,X)*0 + A4(E,P,G,X)*02 

Standard deviation : 9.7% 

with G' = LN(G) 

AO = bO + b1* E*G' + b2/P2+ b3*G + b4*E/P + b5*E/P2+ b6*P*G,2 

A1 = b7*G'2 + b8*E*G' 

A2 = b9*E 

A3 = b1 0*G'2 + b11 *E*P + b12*X*G' 

A4 = b13*P + b14*G' + b15*X + b16*E 

bO = .65444 b4 = 1.36899 

b1 =-1.2018 b5 = -.077415 

b2 = -.008388 b6 = .024967 

b3 = .000179 b7 = -.086511 

b8 = -4.49425 b12 = .855759 

b9 = 9.28489 b13 = -1.74177 

b10 = -.0066169 b14 = .182895 

b11=11.62546 b15 = -1.8898 
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The term AD + A 1 *X represents the general behavior of CHF phenomena, extensively 
studied for PWR conditions [7], [8], [9] : heat flux decreases almost linearly with X, with a 
positive influence of G at low quality and a negative one at high quality. 

The term A2*X2 expresses the fact that, for high quality, the curves F versus X tend toward 
an asymptotic flat line: due to flooding phenomena, the heated plate is wetted by counter 
current water and boiling crisis is suppressed. In that particular case, boiling crisis does not 
depend any more of the conditions at the outlet of the test section, but of the amount of 
water stored above i.t and of the delay before uncovering. Flooding phenomena is correlated 
to low outlet velocities, it was then more or less observed on SULTAN for all campaigns at 
low heat fluxes, but only restricted to vertical position, gap 15 cm and pressure 0.5 MPa for 
heat fluxes up to 1 MW/m

2 
(campaign 3) and even 2 MW/m

2 
(campaign 8). This 

configuration was then maintained for more than 2 hours, until uncovering. 

The influence of inclination is expressed through the terms A3*E> + A4*E>2. As expected [10], 
[11],heat flux decreases when inclination increases. The expression is very similar to the 
correlation obtained on the ULPU experiment, though it is difficult to compare as ULPU 
correlation does not take into account the effect of gap, pressure, velocity and local 
subcooling or quality, this last parameter being predominant. 

The other parameters have a limited influence: F increases slightly when the pressure P 
increases. Gap seems to have no effect when CHF is reached for saturated conditions 
(generally in vertical position) and a limited positive effect in subcooled conditions 
(corresponding to inclined positions of test section). 

OBJECTIVES OF THE CATHARE STUDY - 2 APPROACHES 

The CAfHARE thermalhydraulic code is used for interpreting the data and for extrapolating 
to the real geometry. Two approaches are proposed: 

• 1-D approach based on the 1-0 modelling of the test section. The objective is then to 
handle a tool as simple and as fast as possible, assessed against the SULTAN 
experimental data. The objective is therefore to be able to recalculate the SULTAN 
experiment in order to predict, on one hand, the ~P's which control the natural circulation, 
and on the other hand, the heat transfer coefficient and the CHF limits. It will allow to 
extrapolate the SULTAN experimental results to predict the system efficiency in real 
geometry (figure 6). 

Anyhow this modelling has some limits which should be kept in mind, due to the 
characteristics of the test section (geometrical and range of parameters) and to the 
features of the flow: 

>%< assessment and improvment of certain correlations due to the SULTAN domain: low 
pressure (1 bar to 5 bar), large hydraulic diameter, small mass inlet velocity, inclined 
heated surface of large dimension. This will lead to improve the Net Vapor Generation 
Point, the CHF, the interfacial and the wall friction and the condensation in case of 
subcooling. At present, considering the modification of the NVG point correlation 
proposed by H. Nehme [12], the 1-0 approach gives satisfactory results (good 
qualitative description of the main phenomena occuring in the test section) as far as 
the flow is mainly one-dimensional [13]. 

>%< certain SULTAN observations have pointed out the presence of multi-dimensional 
effects, i.e. recirculation area as well as the simultaneous presence of 2 layers, a 
subcooled single-phase layer and a saturated 2-phase layer. The slip between the two 
layers can be taken into account by introducing a corrective factor in the interfacial 
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friction correlation, whereas the presence of a stagnation zone and a recirculation area 

will be drastic limits to the 1-D approach. 

• The 3-D approach is based on the 3-D modelling of the test section. The objectives is to 

handle a tool "as simple as possible", able to take into account the multi-dimensional 

effects of the flow. It will be used to confirm the 1-0 results or the presumptions 

questioning the presence of multi-dimensional effects. 

>I< the main phenomena to describe are the followings: 

• wall transfers, Le. wall friction and heat flux correlations 

• void fraction profile predictions, Le. the interfacial forces, the dispersion due to 

turbulence, the recondensation of saturated vapour in subcooled liquid 

• the turbulence transfer, of energy and of momentum type. They are modelled by 

means of a turbulent diffusivity, derived from a (kit) model type (monophasic model 

which can be applied on both phases) 

• prediction of the recirculation area 

>I< nevertheless some limits have to be considered : 

• the state of the art of turbulence modelling, taking into account the fact that the 

domain is 2-phase flow, 3-dimensional and that the whole range of void fraction 

must be covered (all types of flow). Therefore, at present; the (k,&) turbulence model 

is implemented, which can be activated for any phase. 

• a certain "industrial constraint" has to be taken into account, i.e. considering the 

CPU time constraints, the complex physical phenomena and the lack of very fine 

measurements in the test section (especially concerning the phase velocity), the 

calculations are carried out with a rather coarse meshing for the test section. 

PRESENTATION OF A SULTAN 3-D CALCULATION 

Test section modelling 

The 3-D calculation is carried out with the CA THARE 2 code version 1.4 E revision 5. 

As the flow is assumed to be mainly 2-dimensional, the test section meshing is limited to a 2-

D meshing, with only one mesh in the width. Taking into account the limits of the 3-D 

approach, it yields a 10 x 1 x 42 meshes, in cartesian coordinates (see fig.7), the mesh cell 

being very small close to both walls (heated and adiabatic) and expanding towards the 

centre-line of the test section. 

The (k,E) model is activated for the liquid phase. The imposed inlet turbulence level 

represents a slightly turbulent flow in a tube (v = 9.10-4
) where the turbulence level and the 

flow profiles are still not totally established. Indeed numerical tests have shown that the 

results of the simulation are only slightly dependant on the inlet imposed turbulence level. 

CATHARE 3-D module 

The CATHARE 3-D module [14] is based on a 2-fluid 6-equation model. 
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The discretization is based on a finite-volume method, structured mesh. It is of first order in 
space and time. It is based on the donor cell principle and staggered mesh grid. The 
numerical method is semi-implicit. 

The physical relationships are extrapolated from those of the CATHARE 1-0 module and 
extended in the three directions. 

Test conditions 

The selected test is a complex one which combines recirculation area, pre-heating of 
injected water to saturation and resulting evaporation process. 

The test condition are the followings 

• ~ertical configuration • cooling inlet temperature Til . = lOOoe (~T t == 50 K) q.ln so 

• gap width = 0.15 m • heat flux <PWOIi = 470 kW 1m2 

• outlet pressure P oul = 5 bar • inlet mass flow rate Gliq,ln = 42 kg/m2s 

CATHARE results 

All the CATHARE results, analysed and compared to experimental data, are steady-state 
data. The analysis is based on velocity fields (gas and liquid), void fraction and temperature 
fields and radial profiles, as well as axial profiles for the temperature. 

• liquid velocity field 

+ The results are drawn on figure 8. 

+ The flow is accelerated in the vicinity of the heated wall, whereas the liquid velocity 
is nearly null close to the adiabatic wall. 

+ In the lower part of the test section, the natural convection is the driving force. In the 
upper part of the test section, the water is even more accelerated which results in a 
recirculation region close to the upper part of the adiabatic wall. 

• gas velocity field 

+ The results are drawn on figure 9. 

+ As soon as the evaporation starts, the gas velocity is accelerated,mainly due to 
buoyancy forces 

+ Because of bubble diffusion by turbulence, an effective horizontal mixing is 
observed. Due to the convection process, vapour at saturation is transported into 
subcooled liquid region. This leads to vapour recondensation. 

+ It can be observed that the gas recirculation zone is less extended than the liquid 
one. 

• Void fraction field and radial profile 

+ The results are drawn on figures 10, 11. 

+ As subcooled liquid is injected,evaporation starts within a considerable margin from 
the heated wall leading edge. As soon a~ the onset of evaporation occurs, the void 
fraction increases strongly with a significant vertical gradient then tends to be 
homogeneous vertically as well as horizontally. 
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>1< The horizontal transport of gas bubble is mainly due to diffusion and recirculation. 

>1< Comparing the experimental and calculated radial profiles, it is observed that 

CA THARE does not perfectly predict the profiles but the main trends are correct. 

Indeed, at 2 meters high, a thin 2-phase layer is predicted as observed 

experimentally. At 4 meters high, the spreading of a with an asymmetrical profile is 

predicted but the average value is overestimated by CA THARE. 

• Liquid temperature field and profiles 

>1< The results are drawn on figures 12, 13. 

>1< The liquid temperature increases almost nearly till saturation is reached. 

>1< The CATHARE and experimental radial profiles show a very good agreement. In the 

liquid zone (at 1 and 2 meters high), the temperature profiles are well predicted. In 

the upper part (3 and 4 meters high), the liquid is nearly-saturated due to 

recirculation. 

CONCLUSIONS AND PERSPECTIVES 

SULTAN program supported by CEA, EdF and FRAMATOME, has provided a great amount 

of data concerning CHF, pressure drops and local measurements of 2-D two-phase flow on 

a large scale experiment. The main phenomena of flow have been analyzed, together with 

the influence of thermohydraulic and geometric parameters. A more complete interpretation 

is still under progress. 

Some SULTAN experiments have been calculated then analysed with the thermal hydraulic 

system code CATHARE. Two approaches have been followed simultaneously : a 1-0 and a 

3-D approach. 

The 1-0 approach provides a simple and efficient tool. It can be improved by adjusting the 

interfacial friction and the condensation. Nevertheless it will remain limited when multi

dimensional effects as recirculation are dominant. 

The 3-D modelling is already capable of revealing such multi-O effects. Nevertheless its 

application has to be extended to inclined and nearly-horizontal tests. The accuracy of its 

prediction might be improved by further modelling developments, as an improved formulation 

for the bubble diffusion based on the interfacial forces (drag, buoyancy, lift ... ). Also the 

addition of an interfacial area transport equation is discussed. 

The experimental results indicate favourable possibilities of the coolability of a reactor vessel 

under natural convection. But it will have to be confirmed by validated CATHARE code 

calculation applied on realistic geometrical configuration and boundary conditions. 
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FIGURE 10 : Void-fraction distribution 

FIGURE 12 : Liquidtemperature 
distribution 
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horizontal profiles, 2 m and 4 m 
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FIGURE 13 : Liquid temperature 
horizontal profiles, 1 m and ~ m 


