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ABSTRACT
Following a long-lasting failure in the cooling system of a

pressurized water reactor (PWR), the superheated core can be ef-
ficiently cooled down by reflooding. The macroscopic model used
at the French Institute of Radioprotection and Nuclear Safety
(IRSN) to simulate this process is based on strong assumptions
on the microscopic flow patterns. This paper describes the exper-
imental setup designed for the study of boiling in porous media
with the emphasis on various pore-scale boiling regimes. The
final experimental setup is a two-dimensional porous medium
made of 392 cylinders randomly placed between two ceramic
plates. Each heating cylinder is a RTD probe (Resistance Tem-
perature Detector), that can give thermal measurements in every
point of the test section as well as heat generation. This paper
presents preliminary results: pool boiling is characterized for a
single cylinder mounted in the test section and reflooding of a
line of 9 cylinders is observed.

∗Address all correspondence to this author.

NOMENCLATURE
g Standard gravity, m2 /s
h Volumetric heat transfer coefficient, W/m3 /K
hβ Averaged specific enthalpy of the β phase, J/kg
hsat

β
Specific enthalpy of saturated β phase, J/kg

I Electric intensity, A
J Leverett function
K Macroscopic permeability , m2

krβ Relative permeability of the β phase
K∗

β
Effective thermal dispersion tensor, W/m/K

Lcap Capillary length, m
ṁ Evaporation rate, kg/m3 /s
pβ Averaged pressure of the β phase, Pa
Q Volumetric heat flux , W/m3

R Electric resistance, Ω

T Temperature, K
Tβ Averaged temperature of the β phase, K
∆Tsat Wall superheat: Tw−Tsat , K
vβ Averaged speed in the β phase, m/s



Greek symbols
α Void fraction or gas saturation
ε Porosity
η Macroscopic passability, m
ηrβ Relative passability of the β phase
µβ Viscosity of the β phase, Pa · s
ρ Density, kg/m3

σ Surface tension, N/m
θ Contact angle
ϖs Volumetric thermal source, W/m3

Subscripts
cv Convective exchange
g Gas phase
i Interface
l Liquid phase
nb Nucleate boiling
s Solid phase
sat Saturation
w Wall
β Phase index: β = g, l,s

INTRODUCTION
In a pressurized water reactor (PWR) in nominal operating

range, the thermal energy generated by the fission of atoms is
transferred to the flowing water. Following a long-lasting fail-
ure in the cooling system and despite the lowering of the con-
trol rods, the residual power induces water evaporation, which
leads to the drying and the degradation of the fuel rods. The nu-
clear accidents which occurred in one reactor at the Three Mile
Island nuclear power plant in 1979 and more recently in three
reactors at the Fukushima Daiichi power station have shown that
this cooling malfunction can lead to the melting of the core mate-
rials. The fragmentation of the resulting molten corium forms a
hot debris bed, comparable to a heat-generating porous medium.
The successive stages of a LOCA (Loss of Coolant Accident)
scenario and the resulting debris bed have been characterized ex-
perimentally thanks to the Phebus PF setup (1:5000 scale) [1]
and to the observations on the TMI-2 reactor. Provided a wa-
ter source is available, the particle bed can efficiently be cooled
down by reflooding. This will in general involve intense boiling
mechanisms that must be modeled properly in order to evaluate
the coolability of a degraded core. The coolability of debris bed
has been studied experimentally and theoretically in the last 35
years, notably at the IRSN, so as to estimate the increase of pres-
sure in the primary cooling circuit, the hydrogen production and
the release of fission products.

The PRELUDE experimental setup (Fig. 1(a)) has been de-
veloped at the IRSN to study the reflooding of a bed of steel balls,
heated by induction. The size of these steel particles (from 2 to

8mm diameter) has been chosen in agreement with the observa-
tions of the TMI-2 reactor. The tests performed on this exper-
imental device allowed a local thermal non-equilibrium macro-
scopic model to be validated. Many theoretical works [2] and
experimental observations (PRELUDE experiments) suggest that
several boiling and evaporation regimes at the pore scale may im-
pact the macroscopic properties of the model required to simulate
properly the available experiments.

(a) (b)

FIGURE 1. (a) PRELUDE EXPERIMENTAL SETUP; (b) TWO-
DIMENSIONAL MODEL POROUS MEDIUM.

This paper describes preliminary experimental results for
boiling in porous media with the emphasis on various pore-scale
boiling regimes. The experimental setup (Fig. 1(b)) is a two-
dimensional porous medium made of cylinders randomly placed
between two ceramic plates. The heat is generated by the Joule
effect, each of the cylinders being a heating element controlled
individually. This allows us not to heat up all the cylinders, which
reproduces more faithfully the situation in a reactor core where
only the fuel fragments release thermal energy.

PREVIOUS STUDIES
Flows and heat transfer with phase-change in porous media

are studied for various application domains: drying problems [3],
heat exchangers [4], geothermal energy systems [5] and nuclear
safety [6] [7]. For the latter, understanding of the reflood of a
heat-generating debris bed is crucial. Different kinds of mod-
elization able to describe this phenomenon are present in the
literature : models based on entropy balance [8], pore network
models [9] and macroscopic models using the method of volume
averaging [10].



A macroscopic model [2, 7, 11] has been developed for
the ICARE/CATHARE code of the IRSN for safety analysis of
PWRs, using the method of volume averaging. In this model, lo-
cal thermal non-equilibrium between the three phases (solid, liq-
uid, gas) is considered. The macroscopic equations are derived
for each phase from the microscopic problems. With the quasi-
static hypothesis, which means that the impact of the gas-liquid
interface speed in the up-scaling problem is neglected, the mo-
mentum balance equations are equivalent to generalized Darcy’s
laws for each fluid phase, with Forchheimer terms accounting for
inertial effects (Eqn. (1) and (2)) :
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In these equations, pβ , ρβ and vβ are respectively the macro-
scopic pressure, density and velocity of the β -phase (β=g,l for
gas and liquid). For spherical particle beds, as used in the
PRELUDE experimental setup, the intrinsic permeability K and
passability η are respectively calculated thanks to the Carman-
Kozeny relation [12] and the Ergun law [13]. The relative per-
meability krβ and passability ηrβ are obtained with the Brooks-
Corey relations [14]. The capillary pressure, modeled as a func-
tion of saturation, is introduced in the equations to account for
the effects of pressure between the wetting and the non-wetting
phases :

pc = pg− pl = σ cosθ

√
ε

K
J(S) (3)

where J is the Leverett function, expressed as a function of sat-
uration in the macroscopic model according to Turland-Moore
relation [15].

As for the heat transfer problem, the up-scaling of the micro-
scale mass and energy balance equations leads to the establish-
ment of the macro-scale energy balance equations relative to
each phase (Eqn. (4),(5),(6)):
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where hβ and Tβ represent respectively the macro-scale enthalpy
and temperature of the β -phase (β=g,l,s for gas, liquid and
solid). The macroscopic coefficients involved in these equations
are the effective thermal dispersion tensors K∗

β
and the thermal

coefficients hsβ and hβ i used in the definitions of thermal ex-
changes between phases Qsβ and Qβ i (Eqn. (7) and (8)) :

Qβ i = hβ i
(
Tβ −Tsat

)
(7)

Qsβ = hsβ

(
Ts−Tβ

)
(8)

These macroscopic coefficients may be calculated by solv-
ing the closure problems provided by averaging processes. They
have been determined analytically for simple configurations [16]
(stratified and Chang cells), still under the quasi-static hypothe-
sis. The gas-liquid interface being considered stationary, these
models allow the heat exchanges to be described properly only
for evaporation or condensation of a fluid film without nucle-
ation. As a result, the heat exchanges are underestimated in the
nucleate, transition and film boiling regimes, encountered during
a core reactor reflood.

Bachrata et al. [17] propose an improvement of this model.
For the film boiling regime, a modified version of the Berenson’s
correlation [18] is used to estimate local heat transfer. In the
transition boiling region, the local wall-to-fluid heat flux is esti-
mated as a function of the critical heat flux (CHF), itself calcu-
lated with the CATHARE correlation [19] based on Groeneveld
table [20]. As for the nucleate boiling regime, the local heat
transfer coefficient h is computed by adding the nucleate boiling
hnb (obtained with Thom’s correlation [21]) and forced convec-
tion hcv (obtained with Dittus-Boelter correlation [22]) contribu-
tions, weighted by a factor depending on void fraction:

h = (1−α
n)hnb +((1−α)hcv,l +αhcv,g) (9)

where the coefficient n is determined thanks to the experimental
results from PRELUDE.

The correlations for boiling in convective flows heat transfer
coefficient proposed in the literature can be classified in three cat-
egories [23] : the summation models [24], the asymptotic mod-
els [25] and models based on flow patterns [26]. The heuristic
model proposed by Bachrata et al. [17] is similar to Chen’s sum-
mation model [24]. No correlation being available for boiling
in porous media, and in the light of the comparison with experi-
mental results, this modeling seems to be on the right track.



However, this kind of correlation has been developed for
macroscopic boiling while microscopic boiling can be encoun-
tered in the considered porous media, regardless of the cho-
sen macro-to-micro criterion [23]. Besides, the interaction be-
tween heating elements in a porous medium makes the coales-
cence of bubbles easier, which might in particular influence the
CHF value. Liter and Kaviany [4] have indeed shown the im-
provement of porous-layer coatings on the predicted CHF value,
both theoretically and experimentally ; Chai and Wen [27] have
conducted a theoretical analysis on boiling peak heat flux with
porous media, showing the influence of porous coatings thick-
ness and porosity on the CHF.

It is then essential to obtain pore-scale visualizations and lo-
cal thermal measurements (heat flux/ temperature) for boiling in
porous media, in order to identify the flow patterns and the heat
transfer processes (nucleation, convection, film evaporation. . . ).
From there, it will be possible to propose macroscopic correla-
tions incorporating more precisely the physics at the pore scale.

EXPERIMENTAL SETUP
The experimental setup designed for the study of boiling in

porous medium (test section) is a closed loop circuit (Fig. 2).

A gear pump (flow rate from 2 to 100mL/min) circulates
the fluid, the temperature of which is brought close to the satura-
tion temperature before the test section inlet. The vapor created
by the boiling processes is then condensed. A tank is used as a
plenum chamber to trap non condensed vapor and the remaining
non condensible gases (air principally). The operating fluid is a
fluorinert : the 3MTM NovecTM Engineered Fluid HFE-7000. It
is indeed convenient for our study for many reasons: its low sat-
uration temperature (Tsat= 34◦C at a pressure of 1atm) allows
all the boiling regimes to be observed with moderate thermal
constraints; and it is a low-toxicity, non-flammable and dielec-
tric fluid, which ensures safety during the manipulations. It is
nonetheless important to avoid prolonged contact with air since
the HFE-7000 is highly volatile and has a non-negligible global
warming potential (370 for a 100-year integrated time horizon).
For that reason and in order to avoid the presence of air within
the circuit (which would significantly reduce the saturation tem-
perature of the fluid), the filling process is handled by vacuum.
The HFE-7000 fluid is highly hydrophilic, as is water. Its con-
tact angle with ceramics is thus close to 0◦, as it is theoreti-
cally the case for water in contact with bare metal or ceramic
surfaces. As regards the capillary effects, the water surface ten-
sion (58.8mN/m at 100◦C) is approximately 4.7 times higher
than the HFE-7000 surface tension at the saturation temperature
(12.4mN/m at 34◦C). So, the capillary length Lcap, defined in
the equation (10), is 2.6 times higher for water than for the fluo-
rinert.

FIGURE 2. EXPERIMENTAL SETUP: CLOSED FLUID CIRCUIT.

Lcap =

√
σ

ρg
(10)

The test section is a two-dimensional porous medium made
of 392 cylinders randomly placed between two ceramic plates,
one of which is transparent (Fig. 3). The PRELUDE experi-
ments aim to study the reflooding of particle beds made of steel
balls, the diameters of which range between 2 and 8mm. Given
the difference between the capillary lengths, the diameter of the
heating cylinders has been chosen to be 2mm, so that the capil-
lary effects in this experimental setup are representative of those
obtained with the previous experiments.

Each cylinder is a Resistance Temperature Detector (RTD),
not only used as a heating element but also as a local temperature
and heat flux sensor. A RTD element (Fig. 4) consists of a length
of fine coiled wire wrapped around an insulating core, sealed
in a ceramic coating. Since the platine resistance changes with
temperature (100Ω at 0◦C for the used PT100 probes), one can
easily measure the temperature.

It is then also necessary to provide a heat flux control mod-
ule for the heating cylinders because of this change in resistance



FIGURE 3. EXPERIMENTAL SETUP: TEST SECTION (DIMEN-
SIONS IN mm).

FIGURE 4. RTD ELEMENT

(Joule effect depending on R(T )). So each probe is linked to
a microelectronic servo-control system, able to control and mea-
sure in real time the heat flux transmitted to the element as well as
its temperature. This allows precise measurements near the CHF
or near the Leidenfrost temperature, with the aim in mind to pro-
vide new Nukiyama’s curves. Thanks to a simple heat conduc-
tion analysis of the ceramic coating, the response time of these
probes is evaluated to be 1s. This time delay is non-negligible
in comparison to the timing of transition between film and nucle-
ate boiling regimes observed in the reflooding example presented
later in this paper (from 4 to 12s). However, in order to provide
Nukiyama’s curves in the porous medium, established boiling
regimes are considered, so the impact of this time delay is much
less problematic for these measurements.

The upper plate being transparent, visualization provides the
phase distribution within the porous medium. Camera acquisi-
tion together with the thermal measurements allow us to describe
the effective heat exchange according to the observed boiling
regime.

The heat flux or temperature control command is given to
each module via a computer. The servo-control systems are then
autonomous. In this way, only the desired probes are linked to the
computer to acquire thermal measurements in real-time (Fig. 5).

FIGURE 5. DATA ACQUISITION

RESULTS
A preliminary test section with one isolated heating element

as wells as 9 cylinders in line has been designed for studying
boiling on a unique horizontal cylinder and the reflood process
of a heated row. As a first step, the thermal resistance of the
probe ceramic coating has to be determined (Fig. 4). For the
temperature measurement with RTD probes, an usual problem
is to avoid self-heating (low current is used), because this leads
to a temperature difference between the cylinder wall tempera-
ture and the platine wire temperature effectively measured. Since
self-heating is used in our experiment as the power source, this
temperature difference must be known at every time. That is
why ceramic coating resistances have been measured thanks to
infrared thermography for different thermal equilibriums (around
30K/W).

Subcooled Pool Boiling on a horizontal cylinder
Once this correction is applied, pool boiling around a cylin-

der has been studied. By controlling the imposed heat flux, the
main boiling regimes have been observed. A Nukiyama’s curve
(Fig. 6) has been obtained to characterize pool boiling on the
used RTD elements horizontally placed in the test section in a
HFE-7000 bath at 20◦C. The assembly of the heating element
between the two ceramic plates has been modelized in COM-
SOL Multiphysics. Thanks to a heat conduction model, with
natural convection in air on external boundaries and convective
heat exchange on internal boundaries, and thanks to the thermal
measurements, the heat loss and the effectively transmitted heat
fluxes have been obtained by iteration, playing with the value of
the internal convective heat transfer coefficient.

During the increase in heat flux, nucleate boiling with iso-
lated vapor bubbles (Fig. 8(a)) and then with the formation of
vapor pockets (Fig. 8(b)) are observed on the element. Below



FIGURE 6. NUKIYAMA’S CURVE FOR HFE-7000 BOILING ON
A HORIZONTAL CYLINDER

the critical heat flux (QCHF = 9.5W/cm2), the liquid remains
in contact with the heating cylinder wall despite the coalescence
of bubbles. The heat exchange reaches a maximum just before
the burnout point, at which a vapor film is formed at the heater
surface. The so-called boiling crisis is violent and leads to an in-
crease in wall superheat (of approximately 160K) and an impor-
tant reduction in the heat transfer rate. The film boiling regime
(Fig. 8(c)) is maintained while decreasing the heat flux: the vapor
film thickness decreases until the heat flux reaches a minimum
at the so-called Leidenfrost point, for which ∆Tsat = 162K and
QMIN = 8W/cm2.

The official CHF given by 3MTM society is however
18W/cm2 from a horizontal 0.5mm diameter platinum wire in
a quiescent pool of saturated fluid. The difference with the value
found here can be explained in part by the scaling effects. In-
deed, using the Lienhard’s correlations for pool boiling on finite
bodies [28], and taking into account the effects of subcooling, the
theoretical CHF for a 2mm diameter horizontal cylinder is found
to be 14.3W/cm2. The remaining difference is therefore due to
a confinement effect: the cylinder is indeed placed between two
plates spaced of 3mm, which facilitates the coalescence of gas
bubbles.

The heat transfer coefficients for both the nucleate and the
film boiling regimes have been computed. Their evolutions as a
function of the transfered heat flux is shown in Fig. 7.

Figure 8(c) shows a film boiling regime on a 2mm diame-
ter horizontal cylinder. This picture is less sharp than the images
in Fig. 8(a) and Fig. 8(b) because of the difficulty to capture the
gas-liquid interface. The generation of vapor slugs in this regime
is however well brought into focus. The behavior of these slugs
in a heated porous medium is hardly predictable (coalescence
with other slugs or vapor films, simple Taylor bubbles. . . ) for
a large number of pores. It will thus be very instructive to ob-
serve how the confinement affects the boiling and convective heat
exchanges. This is why we had to study boiling on a cylinder

FIGURE 7. HEAT TRANSFER COEFFICIENT VS HEAT FLUX
FOR HFE-7000 BOILING ON A HORIZONTAL CYLINDER

(a) (b) (c)

FIGURE 8. (a) Partial nucleate boiling; (b) Intense nucleate boiling;
(c) Film boiling.

mounted in the test section: the aim was not the study of boiling
on horizontal cylinders, but rather to characterize precisely the
behavior of an isolated heating element.

Reflooding of a superheated line of cylinders
The second preliminary experiment is the observation of the

reflood of 9 horizontal cylinders in line, superheated at a temper-
ature of approximately 200◦C, obtained with an effective heat
flux of 4W/cm2 that will be maintained constant for the nine
heaters during the reflooding, regardless of the temperature. The
HFE-7000 liquid is injected at 20◦C and 0.2cm/s. The thermal
measurements during the reflood process are presented in Figure
9. The indexes on the curves refer to Figure 10.

The initial wall temperature of the probes is superior to the
obtained Leidenfrost temperature, the first observed regime is
therefore the film boiling regime. But the effective heat flux
transferred to each cylinder is inferior to the minimum heat flux,
so the vapor films cannot be maintained, especially with the in-



FIGURE 9. EVOLUTION OF THE SUPERHEATED CYLINDERS
TEMPERATURES DURING THE REFLOOD

fluence of superposed flow. The steady-state regime is thus the
nucleate boiling regime. The transition between the two regimes
is observed by a slope break in the cool-down curve for each
cylinder. The study of the transition boiling regime will be un-
dertaken later with temperature control.

One can notice differences between the cool-down curves.
Indeed the film-to-nucleate boiling regime transition happens at
various times for the cylinders. This can be due to the high turbu-
lence taking place after the boiling front: the dynamics of bubble
detachment is highly influenced by the recirculation. However,
by repeating the operation, it has been observed that the cool-
ing of probes 5,7,8 and 9 is always delayed in comparison to the
others, even after changing the probes. This lets us think of a
problem in the horizontality of the test section. This problem
will not occur with the final experimental setup since the cylin-
ders are randomly placed. Figure 10 shows the generated gas
bubbles during the reflooding, 6.4s after the liquid front contact
with superheated cylinders. Only the ninth probe remains in film
boiling at that time, which is in accordance with the correspond-
ing thermal measurements.

By increasing the rod spacing, the results would be inap-
preciably affected because the current spacing (5mm) is already
significantly higher than the typical bubble departure diameter.
However, by decreasing this spacing, coalescence of bubbles
from different cylinders may happen more frequently, which
would help the film boiling regime to be maintained. This is
what we expect to observe in the final experimental setup.

CONCLUSION
These preliminary experiments have validated many experi-

mental settings and have shown the feasibility of the project. The
results already obtained give us precious informations for boiling
of HFE-7000 in our specific configuration. This will help us for
the interpretation of results in porous media. The experiments
with the two-dimensional porous medium will be conducted, so

FIGURE 10. Intense nucleate boiling for cylinders 1 to 8 and film
boiling for cylinder 9.

“Nukiyama’s curves for porous medium” will be presented at the
HT2013 conference. Many questions still need to be answered,
for example the impact of a partial heating (one out of two cylin-
ders heated) on the heat exchange.

Parallel to the experimental work, a stability analysis is also
carried out to assess the potential destabilization of the vaporiza-
tion front.
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