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Abstract

With the renewal of interest for sodium-cooled fast reactors, looking at what is known from the past,
it appears — in the frame of severe accident studies in general and FCl in particular, that very few is
known about sodium film boiling around hot fuel droplets which is a condition allowing premixing.
The past Farahat experiment [8], performed in 1971, in which hot solid spheres were transferred into
sodium has been revisited. Looking in the detailed results, it appears that a phenomena has been
ignored, i.e. the existence of two film boiling regimes as observed in similar experiments with water
[5, 6]. These two film boiling regimes have been analyzed since the transition between these regimes
could lead to the onset of spontaneous explosions if the melt is still liquid at this transition. A simple
model has been built for the estimation of this transition point. As this model is able to describe the
transition observed in Sn-H,0 experiments [7], it has been used for UO,-Na systems.

1. INTRODUCTION

With the renewal of interest for sodium-cooled fast reactors (Generation 1V), it is interesting to look
at what knowledge is missing or has to be improved in that area. In the frame of severe accident
studies, one point of importance is the consequences of large scale Fuel Coolant Interactions (FCl)
which may occur after core melting. From the 1990’s, it is recognized that large scale FCls are
possible with sodium as coolant [1]. The main difference with FCls with water lies in the difficulty to
mix large masses of fuel with sodium due to the difficulty to get very stable film boiling with
subcooled sodium. In fact, in most of the tests, multiple interactions were observed while fuel was
introduced into the coolant. However, with sodium close to saturation, the FCl behavior looks very
similar with both coolants. This can occur with sodium initially close to saturation during the accident
sequence or sodium being progressively heated during successive FCls [1].

It is then interesting to study the film boiling stability of heated spheres plunged into sodium. In fact,
in similar experiments with water, see [2] for example, under certain circumstances, during
guenching in the film boiling regime, there is first a low cooling rate regime (see for example the red
curve in Figure 1: for point D, the superheat is greater than 750°C and the cooling rate is about
2.6 MW/m?), followed by a rapid increase towards a large heat flux (~ 8 MW/m? after point E on the
red curve) then followed by a small decrease of the flux (point E to point F) as in usual boiling curved.

! Corresponding Author
> Now: EDF Lab Paris-Saclay 7, Blvd Gaspard Monge 91120 Palaiseau



4 lllllll

. L (el IRl &

0 500 1000 1500 -
ATsat K

Figure 1: Boiling curves according to coolant temperature in Honda et al. [2]

It was reported that such a behavior was favored by high superheats, low subcoolings, small
diameters and low relative velocities. In [3], it was added that it was also favored by high pressures.

In [3], it was also proposed that this type of behavior, i.e. transition from a low heat flux boiling
regime towards a higher heat flux film boiling regime, was associated with the appearance of
instabilities at the vapor liquid interface during quenching leading to transient liquid-solid contacts
and/or small droplet entrainment towards the rear region, both mechanisms increasing heat
transfer. In fact, these local and intermittent liquid-solid contacts have been "measured" in
references [4] and [5].

More recently, these two regimes have also been observed in some experiments in which hot (600°C)
solid spheres are dipped into water [5]. From the temperature evolution of the spheres, the heat flux
curves are deduced. Results for two diameter sizes (16 and 32 mm) show very different behaviors as
shown in Figure 2:
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Figure 2: Sphere heat flux versus sphere temperature during quenching for different water subcoolings
(Figures 6 and 7 from [6])



In Figure 2a, for the 16 mm diameter sphere, are found classical boiling curves with an abrupt
transition towards transition boiling at the usual minimum film boiling temperature. While for the 32
mm diameter sphere (Figure 2b), it is observed that above a certain subcooling, film collapsing noise
and higher heat transfer rates are observed after some period of low heat fluxes.

This explanation is also supported by the single droplet FCl experiments of Reynolds [7] exploring the
Temperature Interaction Zone (TIZ), the domain in the plane "initial droplet temperature - initial

coolant temperature" where spontaneous (i.e. without trigger) interactions were observed. Such a
TIZ is reported in Figure 3.
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Figure 3: Fuel-coolant interaction zone for 1.2 102 kg of tin dropped into water (0 indicates interaction, X
indicates no interaction) (Figure 5 from [7])
For Reynolds et al., the diagonal boundary of the measured TIZ is associated to the transition
between a "thick film regime" and a "thin film regime" during which some coolant comes into
contact with the liquid fuel, contacts leading to the explosion.

If we apply these ideas to FCl studies for nuclear reactors, it appears that a thermal destabilization of
the vapor film would appear at a fuel temperature such that the fuel has been solidified for a long
time for water-cooled reactors. However, it appears to be desirable to study this for sodium-cooled
nuclear reactors. It is the reason why we have revisited the only sodium film boiling experiment
around a sphere i.e. the Farahat one [8], performed in 1971.

2. The Farahat natural convection film boiling experiment in sodium [8]

2.1 Experimental set-up
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Figure 4: Farahat experimental set-up

In this experiment, a tantalum sphere (diameter Dy from 12.7 mm to 25.4 mm) is heated in an
induction oven up to 2334 K and plunged into a subcooled sodium pool (subcooling from 4.1K to
29.1K). A thermocouple located close to the bottom surface of the sphere allows, through
conduction calculations, the evaluation of the heat flux lost by the sphere.

Unfortunately, the presence of the support rod with a diameter d,,q, not negligible according to the
sphere diameter, disturbs the flow at the rear part of the sphere, increasing heat transfer. To take
this into account, it is possible to use the correction proposed by Hassler [9], based on natural

convection film boiling experiments in water around a heated sphere, who proposed a corrected
Nusselt number according to :

Nu g = Nuexverimental

correcte! 1432 drod

s

Which leads, for the Farahat results, to:
Ds (mm) drod/Ds NuexperimentaI/Nucorrected

12.7 0.38 2.22
19.1 0.25 1.80
254 0.19 1.61

This correction has then to be compared to the 10% experimental error given by Farahat. The
correction may even be larger if we take into account the presence of the tantalum cylinder
(diameter 4.83 mm, height 12.7 mm) located at the top of the sphere.

2.2 Experimental results and analysis

In the following table are presented the experimental conditions and results of the 16 tests in which
film boiling has been observed, i.e. for sphere temperatures higher than 1802 K and sodium
temperatures higher than 1123 K (subcooling AT, < 29.1 K).



Test Ds Tso DTsa0 T AT, hs Teb tiim OTga 1 COmax,exp Pmax,exp
(cm) (K) (K) (K) (K) (cm) (s) (s) (K) | (10°w/m’) | (W.m”.K")

28 2.54 | 1802.6 | 650.3 | 1148.2 | 4.1 11.4 | 16.8 1.5 567.6 4,53 798.3
27 254 | 2179.3 | 1027.0 | 1148.2 | 4.1 11.4 | 404 | 216 | 979.8 4.50 459.7
26 2,54 | 2259.3 | 1107.0 | 1148.2 | 4.1 11.4 | 43.6 | 25.05 | 1002.8 5.05 503.3
25 254 | 24187 | 1266.4 | 1148.2 | 4.1 11.4 53 36.25 | 1188.5 6.82 573.7
41 1.27 | 2522.0 | 1369.8 | 1148.2 | 4.1 11.4 | 228 15.6 | 1234.0 7.61 616.6
36 2,54 | 2474.8 | 13225 | 1138.2 | 14.1 7.6 53.3 36.9 | 1263.5 6.70 530.2
42 1.27 | 2587.0 | 1434.8 | 1138.2 | 14.1 11.4 | 179 13.1 | 1280.5 8.77 684.5
35 2.54 | 24665 | 1314.2 | 1138.2 | 14.1 11.4 | 476 32 1292.5 7.14 552.6
38 1.91 | 25265 | 1374.2 | 11482 | 4.1 11.4 | 412 27.6 | 1293.8 8.13 628.2
32 254 | 24737 | 13214 | 11432 | 9.1 11.4 | 546 37 1299.4 7.74 596.0
29 2,54 | 25859 | 1433.7 | 1148.2 | 4.1 11.4 | 57.4 | 40.15 | 1371.9 10.4 757.5
33 2,54 | 24943 | 1342.0 | 1133.2 | 19.1 11.4 | 449 27.7 | 13741 8.39 610.8
24 2,54 | 25859 | 1433.7 | 1148.2 | 4.1 11.4 | 613 43 1394.7 9.77 700.7
39 191 | 2577.6 | 1425.3 | 1143.2 | 9.1 11.4 | 36.4 | 24.25 | 1399.9 14.1 1006.8
43 1.27 | 2633.7 | 1481.4 | 1123.2 | 29.1 11.4 | 11.8 7.9 | 14195 78.5 5526.7
30 2.54 | 2607.6 | 1455.3 | 1123.2 | 29.1 114 | 215 18 1458.5 12.2 837.5

Table 1: Experimental conditions and results of the film boiling tests of Farahat

(D = sphere diameter, T, = Initial sphere temperature, AT, 0 = Ts 0 — Tsar ; T, = initial sodium temperature ;
ATgyp = Tear — Ti 5 Hg = immersion height ; to, : boiling time ; tg, = duration of the film boiling regime ; AT, ; =
sphere superheat at the time of the observed maximum heal flux guay, exp associated with the maximum heat
transfer coefficient hpay exp)

Analyzing in details the results reported in Farahat thesis, it appears that the raw experimental

curves have been smoothed as shown in Figure 5:
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Figure 5: Boiling curves for Farahat tests 38 and 39 before and after being smoothed

Zooming on the results of Farahat test 39 (Figure 6), something appears which looks similar to the

two film boiling regimes observed in the Honda et al. experiments.
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Figure 6 : Observation of two film boiling regimes in Farahat test 39

These two film boiling regimes are not observed for the low superheat tests (27 and 28) and high

subcooling tests (30 and 43). But, for the other tests, two minimum are observed in the boiling

curves during the sphere cooling:

the first one (point M, Figure 6) could correspond to the appearance of liquid-solid contacts,

then increasing the heat flux in solid-liquid systems, but that can lead to spontaneous FCl in

the case of liquid-liquid systems as observed, for example, in the tin-water experiments of

Reynolds et al. [7];

the second one (point M,, Figure 6) corresponds to the onset of transition boiling (the usual

minimum film boiling point of the literature).

From the Farahat raw data, these two minima are given in Table 2 :

Test ATwirs 1 quFB,l 5 ATwirs quFB,Z 5 AT(My,) nglz),z a(Myy) ATwveg (Farahat)
(K) (10" W.m") (K) (10° W.m™) (K) (10°W.m") /Amrs,1 (K)
28 500 4.00 489.2
27 435 3.29 489.2
26 680 3.00 420 3.20 500 4.40 1.5 489.2
25 660 3.00 450 3.30 600 4.50 1.5 489.2
41 670 3.65 435 4.33 520 4.60 13 489.2
36 650 3.00 445 3.35 560 4.40 1.5 611.2
42 680 5.40 470 6.30 575 7.20 13 611.2
35 735 3.45 410 3.85 590 5.40 1.6 611.2
38 720 3.05 440 3.50 560 4.70 1.5 489.2
32 650 3.10 470 3.15 600 4.60 1.5 550.2
29 650 3.10 420 3.70 620 4.60 1.5 489.2
33 790 3.55 440 4.35 630 6.00 1.7 672.2
24 600 2.90 430 3.50 530 4.40 1.5 489.2
39 680 3.70 485 4.15 570 5.50 1.5 550.2

Table 2: The two minimum points in the Farahat boiling curves

In the frame of FCl studies for sodium-cooled reactors, it is important to precise the boiling curves

around a liquid UO, droplet moving into liquid sodium as a function of the fuel superheat AT, =

Ts — Tsqr (where Ts is the sphere temperature), the coolant subcooling AT, = Tsqt — Teo, the
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sphere diameter Ds, the relative velocity U, and the pressure P.. In particular, it is desirable to
specify:

- the "stable" film boiling regime, i.e. to give the relation between the heat flux g and the main
governing parameters AT, ATqw, Ds, U, P,, Which can be modelled by a classical film
boiling model with the hypothesis of smooth liquid vapor interface, as it has been done for
the TREPAM water tests [10];

- the transition point to the "unstable" film boiling regime as a function of the same governing
parameters. We recall that this point should be the one for the onset of thermally induced
spontaneous FCl (no need of external trigger), that is the point at which premixing turns into
explosion. This can be analyzed through a linear stability analysis of the above mentioned
model. At the present time, such a model is not available so we propose a simplified analysis
in which this transition will be determined by the transition from a "thick film regime" to a
"thin film regime" as proposed by Reynolds et al. [7] for their tin-water experiments.

To do so:

- we draw the evolution of the vapor film thickness o, as a function of the subcooling, AT,
for different sphere temperatures, which requires a model;

- we determine the transition from the "thick film region" (associated to stable film boiling) to
the "thin film region" (associated with the unstable film boiling regime) by the intersection of
the tangents of the J, curves drawn at the two extremities of the film boiling domain (dotted
line in Figure 7);

- then during the cooling of a sphere in a given subcooled coolant, we reach the transition
between the "stable" and "unstable" regimes at the intersection of the line ATy, =
constant and the transition line, which gives the sphere temperature at this transition.
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Figure 7: Simplified determination of the transition between the "stable" and "unstable" film boiling regimes

Before using such a modeling for UO,-Na systems, for which no FCl zone (as the Reynolds et al. one)
is available, we will apply it to the Reynolds experiment.



3. Validation of the simplified determination of the transition between stable and unstable

film boiling regimes on the Reynolds et al. tin-water experiment

A film boiling model is first needed to estimate the vapor film thickness with respect to the liquid

coolant subcooling.

3.1 Simplified stable film boiling around a sphere in the vicinity of the stagnation point

This model is built with the following hypothesis:

H1
H2
H3
H4

H5

H6

H7

H8

Potential liquid flow;

Constant vapor film thickness, small relatively to the sphere radius;
Laminar vapor flow;

Smooth interface at T, (P);

The inertial terms in the momentum equations as well as convective terms in the energy
equations are negligible;

The heat flux transmitted to the liquid is described by a classical forced convection correlation
around a solid sphere at T, i.e. the Boussinesq one:

1/2
P
NUgoq =2 (iz—ej with Pe=

2U_R

o0

Vi

where V| is the viscosity of the liquid.

Radiation is neglected;

Constant physical properties are taken at (Ts + Ts.:)/2.

We consider the following coordinates system:

Liquid

Vapor

X Components of the
vapor velocity

Figure 8: Coordinates system of the simplified film boiling model

The thickness 9, of the vapor film is obtained from the interfacial energy balance:

ds =G =Myhy  where:

q is the heat transferred from the sphere to the interface, given by: g, = EV(TS —Tsat)



;. is the heat transferred to the liquid from the interface:

k,Nu k (6U RY '
Qi :%(Tsm _Tw):?[ﬁJ (TSat _Too)

m, = VW, W, being the vapor radial velocity component at the interface that will be obtained

solving the vapor flow from the x momentum equation which is written (using the coordinates
system defined in Figure 8):

e, du
8x ;UV ayz

Where the pressure gradient is such that:

0= (with H2, H5 and considering a quasi-permanent regime)

2
dd'j\(/ _ ddF:(L _ _9ZL;’200X (with H1)

The x momentum equation is then solved using the two following boundary conditions:

3U_x

uy (0)=0 and uv(év)zuL(a‘V)zE -

(with H1 and considering no slip at interface)

It is then obtained :

uy (y)=—

g&% 2+§wa 1+§&Uw5\/2
8 pv WR 26,R 2p, WR

And the radial velocity is obtained from the vapor continuity equation:

3 u?z 3U, 9 u?
W (y) =SB e y3 2 e g2 2P

_ S5, v2
8o wR2® 46,R°  8p, wR? vy

3U, 1p, U8
Then. ¥ =% (5V):_Z?[5V *z%V—RVJ
\

Introducing Vv,; in the interfacial energy balance leads to:

12 3
T T T2 | ()= S AR g, 4 AT
oy R 7o 4 R 4 p, wWR

which is an equation with &, as the only unknown.
3.2 Application of the simplified model to the Reynolds et al. experiment

In this experiment, 12 g tin droplets at different temperatures were dropped into water with
different subcoolings to determine the region where spontaneous explosions occur. The above film
boiling model is then applied to tin droplets of 7.3 mm diameter with a fall velocity U,, = 0.8 m.s™* and
the "transition" is drawn. Results are provided in Figure 9.
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Figure 9: Variation of the vapor film thickness J, as a function of the subcooling for different droplet
temperatures (Ds=14.6mm, U, = 0.8 m.s) - "Thick film"/"thin film" transition line
The "thick film"/"thin film" transition points determine by the model are then drawn on the TiIZ

reported by Reynolds et al., showing a good agreement with the experimental TIZ diagonal boundary
(Figure 10):
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Figure 10: Comparison of the transition "thick film"/"thin film" determined by the simplified model with the
experimental diagonal TIZ boundary obtained by Reynolds et al.

4. Application of the simplified approach to the UO,-Na system

The validation of the simplified model against the Sn-H,0 system of Reynolds et al. allows us to apply
it to the UO,-Na couple in the absence of experimental results or theoretical models. The estimation
of the transition "thick film" (stable)/"thin film" (unstable) will provide us with the fuel temperature
at which spontaneous explosions would occur (if the melt was still sufficiently liquid at this
temperature) indicating the end of the premixing sequence.

Here again, a vapor film model is needed. The model developed by Le Belguet [11] is applied. It is an
integral model using the method developed by de Malmazet [12] which allows to use the same
model for natural and forced convection, from saturation to large subcooling conditions (the model

10



can be used with very small relative velocities U,, and/or very small subcoolings). The de Malmazet
model is validated against the TREPAM experiment [10] and against many other experiments around
spheres and cylinders in which stable film boiling is observed [12].

To verify the validity of the Le Belguet stable film boiling model, it has been compared with the only
sodium film boiling experiment known at the present time, i.e. the Farahat natural convection one.
Looking at Figure 11, a good agreement is found between the model and the experimental results
corrected by the rod effect (dotted line) in what is called the "stable film boiling regime". In this
figure are shown the "raw" Farahat data (qes), the corrected ones (Qexproq) @and the mean heat flux
lost by the sphere (gwm) Which is the total lost heat flux, integrated along the sphere and divided by
the sphere surface.
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Figure 11: Comparison between the Farahat data corrected by the "rod effect" and the Le Belguet integral
model
In this figure, the agreement between the corrected experimental flux (rod effect) and the calculated
one is acceptable. During the early part of the cooling (high AT..), part of the difference may be
explained by the plunging motion of the sphere, inducing relative motions which increase heat
transfer while the calculated flux used a very small relative velocity (U,, = 10* m.s™).

So this model will be applied to calculate the vapor film thickness at the stagnation point on the
sphere for different sphere temperatures, as a function of the sodium subcooling, from saturation to
the maximum subcooling allowing the film boiling regime i.e. ATy max-

This maximum subcooling is obtained from correlations giving the classical minimum film boiling
temperature Ty (M, point on Figure 6). Very few is known about this minimum film boiling
temperature. A review of what is known can be found in Le Belguet thesis [11]. Two correlations
have been selected here:

- the semi empirical correlation provided by Henry [13];

- the one implemented in the SIMMER code by Kondo et al. [14].

Details about these correlations can also be found in [11]. However it has to be mentioned that these
correlations do not take into account the effect of the sphere diameter which was clearly shown for
example by Gunnerson [15] and Hendricks [16]. When the diameter increases, the minimum film
boiling temperature decreases first and then jumps to a higher, about constant, value. This is
consistent with the fact that, with large diameters, instabilities can grow at the vapor-liquid interface
leading to liquid-solid contacts so that a higher sphere temperature is needed to sustain stable film
boiling. Results given by the Le Belguet model with these two evaluations of Ty are shown in Figure
12.
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Figure 12: Evolution of vapor film thickness as function subcooling for different sphere temperatures with
two different estimations of the minimum film boiling temperature.

Drawing the transition "thick film"/"thin film" line, it is then possible to derive the fuel temperature
at which stable to unstable film boiling regime occurs (the M; point corresponding to Tys; in Figure
6). Results are shown in Figure 13.
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Figure 13: Results of the determination of the fuel temperature at which stable/unstable film boiling
transition occurs for the tantalum sphere of Farahat in natural convection. Comparison with the transition

points observed on Farahat results (M1 in Figure 6)

As the results obtained with the simplified model give a pretty good agreement with the Farahat
results, the same method has been applied to the UO,-Na system. In Table 3, the fuel temperature

transitions are presented in the case of a 5 mm diameter sphere of UO, in sodium flow, with U,, = 2

m.s ! according to the choice of the minimum film boiling temperature correlation:

ATsub =10K ATsub =15K
Twvrs Henry Twvrs SIMMER Twrs Henry Twrs SIMMER
Fuel temperature at the
stable/unstable film boiling 2110K 2680K 3060K 3260K
transition

Table 3: Results of the simplified model for UO,-Na system in forced convection

This type of calculations clearly shows the important effect of the pressure on this transition
temperature. The stabilizing effect of the pressure on the film is observed as the transition

temperature decreases when the pressure increases, as shown in table 4.

AToup (K)
Pressure 10 20 40
{
P=1 bar 2100 4060 7980
P=2 bar 1908 3170 5696
P=5 bar 1581 2435 4144
P=10 bar 1470 2096 3350

Table 4: Transition temperature (with Henry correlation) for different subcoolings and pressures for a UO,
sphere of 5mm diameter in a relative flow of sodium at U=2m.s™
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Such a sphere would be in stable film boiling - then allowing mixing - for a subcooling smaller than
17K at 1 bar, 23K at 2 bar, 32K at 5 bar and 42K at 10 bar.

5. Conclusions

Cooling experiments of spheres and cylinders in the film boiling regime have shown the existence of
two film boiling regimes:

- one with low heat fluxes; this regime is favored by high superheat, small subcooling, low
diameter, low relative velocity and high pressure;

- itis followed, during the cooling, by a higher heat flux regime in which contacts between the
coolant and the hot material are observed.

If these contacts occur when the hot material is still liquid, they are likely to trigger a steam explosion
as these observed when they are induced by the film destabilization by a pressure wave. This idea
has been validated on the tin-water droplet experiments of Reynolds et al. [7].

With sodium as a coolant, revisiting the natural convection film boiling experiment of Farahat has
provided evidence of the occurrence of these two film boiling regimes (they were not mentioned by
Farahat, see Figure 5). Unfortunately, the results of this experiment are questionable. At least the
influence of the sustaining rod is not evoked and according to Hassler [9], it could be of importance.

It would then be desirable to perform quenching experiments starting in the film boiling with sodium
as the coolant. These experiments should be performed in forced convection with superheat,
subcooling, sphere diameter, relative velocity and pressure as the governing parameters. In order to
observe the two film boiling regimes, the hot material should be chosen to remain solid during the
guenching to allow the high heat flux regime without explosions occurring after the transition. Heat
fluxes measured in the "stable" regime should be compared to models similar to the one developed
by Le Belguet in order to provide better correlations to describe the cooling of such spheres in a
premixing sequence of a FCl. At this time, we can mention that for the UO,-H,0 systems the well-
known Esptein-Hauser correlation [17], which is often used in FCI codes, overestimates up to factor
of 3 the measured Nusselt number in the TREPAM experiments [18], all performed in the stable film
boiling regime. The measured transition temperature - the one at which a spontaneous explosion
could be triggered - should be compared to a model including the development of instabilities at the
vapor-liquid interface. This could be performed by the mean of a linear stability analysis of a stable
film boiling model.
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