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Abstract. The primary objective of this work is to numerically study the effect of system pressure on the
occurrence of dryout phenomena in heap-shaped, heat-generating porous debris beds. This is achieved using a
multiphase computational ﬂuid dynamics (CFD) model that is implemented in the framework of the commercial
CFD platform ANSYS FLUENT. The model is extensively validated with available experimental data on two
different aspects: pressure drop in two-phase ﬂow through porous media and prediction of dryout in typical
porous debris beds. A wide range of system pressure, relevant to severe accident conditions, is considered in this
analysis in order to obtain a thorough understanding of its impact on multiphase ﬂow and dryout occurrence in
porous debris beds. This analysis is performed for different subcoolings of ﬂooding water, which gives additional knowledge on the effects of coolant subcooling on dryout occurrence. Results indicate that dryout in
debris beds occurs at progressively higher power densities as the system pressure is raised. Similar effects are
observed with increase in liquid subcooling as well.
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1. Introduction
Hypothetical severe accidents in nuclear reactors are
characterised by a lack of adequate heat removal from the
heat-generating reactor core. Such inadequacy in heat
removal may cause the reactor core meltdown in an
extreme situation. The molten material, thus formed, relocates to lower regions due to gravitational action, during
which it may come in contact with the residual coolant pool
within the reactor pressure vessel (RPV). This relocation
usually takes place in the form of molten jets, which disintegrate into smaller fragments on interacting with the
subcooled water pool. The fragmented material quenches
and ultimately settles down on the ﬂoor of the RPV as a
mass of heat-generating porous debris. It is of utmost
importance to ensure sufﬁcient cooling of the heat-generating debris, failing which the debris might undergo remelting, leading to further accident progression and possible release of radioactive materials to the environment [1].
In this regard, it becomes essential to have an estimate of
maximum limit up to which the heat generated can be
This paper is a revised and expanded version of an article presented in
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removed from the porous debris. This limit is characterised
by the occurrence of, i.e. accumulation of, water vapour
within the debris bed, and results in rapid temperature rise
within the heat-generating solid phase. Experimental
investigations have concluded that the principal cause of
dryout occurrence in heat-generating debris beds is establishment of counter-current liquid–vapour ﬂow within the
bed. Such a ﬂow situation resists the movement of vapour
out of the debris bed and leads to vapour accumulation, and
subsequently dryout of the bed, when the mass ﬂux of
vapour exceeds a critical value [2].
The ﬂow dynamics, and the associated heat and mass
transfer phenomena governing dryout occurrence, has been
observed to be inﬂuenced by different thermal hydraulic
parameters. Two of the most pertinent parameters among
these are system pressure and temperature of the ﬂooding
water. One of the earliest reported works on the impact of
pressure on debris dryout is by Squarer et al [3]. Reed et al
[4] studied the effect of pressure on dryout by varying the
system pressure in the range of 1–170 atmospheres for
various particle sizes. The dependence of dryout on system
pressure was also investigated by Miyazaki et al [5],
DEBRIS experiments [6] and STYX experiments [7].
Observations made in these investigations indicate that the
dryout limit increases substantially with increase in system
pressure. This trend continues up to approximately 10 bar
pressure, beyond which the dryout limit has been observed
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to decrease with further increase in system pressure [8]. In
contrast with these studies on system pressure, only limited
information is available in the existing literature on the
impact of ﬂooding water temperature on debris dryout
although this parameter is expected to have a signiﬁcant
effect on the dryout phenomena.
The experimental and numerical investigations carried
out on debris dryout to date have mostly focused on debris
bed conﬁgurations with one-dimensional ﬂuid ﬂow and as
such, have largely neglected the multidimensional effects
associated with a realistic heap-like debris bed [9]. This
article reports the results obtained from a numerical analysis on dryout occurrence considering heap-like debris beds
with respect to the effects of system pressure and temperature of ﬂooding water. The heap-like shape is approximated with a truncated conical shape of the porous debris
bed [10–12]. The numerical analysis is carried out using a
computational ﬂuid dynamics (CFD) model that is capable
of handling multiphase ﬂow, heat and mass transfer in
porous media as well as clear ﬂuids. This is implemented
within the framework of ANSYS FLUENT with necessary
modiﬁcations with respect to modelling of the various
closure relations and solid-phase energy transport equation
in porous media. The modiﬁcations are incorporated in
ANSYS FLUENT with the help of user-deﬁned functions.

2. Problem description
2.1 Physical geometry
A truncated conical, heat-generating debris bed is assumed
to be present at the bottom of a ﬂuid-ﬁlled cylindrical
cavity. This is schematically presented in ﬁgure 1. The
bottom and the side walls of the cavity are considered
impermeable as well as adiabatic. The top boundary of the
cavity is maintained at a constant pressure such that ﬂuid
movement takes place across this boundary. However, only
liquid water is allowed to ﬂow into the cavity while both
phases can exit. The debris bed is modelled as a porous
region that is homogeneous and isotropic in nature. The
solid particles comprising the porous matrix are assumed to
be perfectly spherical, and uniform heat generation is
assumed within these solid particles only. The thermophysical properties, except ﬂuid density, are assumed to be
constant in this study. Density of the ﬂuid phases is modelled using the Boussinesq approximation. Properties of the
solid phase assumed in the present study are listed in
Table 1. Symmetry is assumed to exist along the z-axis,
allowing axisymmetric modelling of the ﬂow domain.
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Figure 1. Schematic diagram of ﬂow geometry and boundary
conditions.

FLUENT. The Eulerian multiphase model and the porous
media model of ANSYS FLUENT are utilised in the present study to take into account the effects of multiphase
ﬂow and porous debris bed, respectively [13]. The governing transport equations are summarised here for the clear
ﬂuid region and the porous debris bed considering local
thermal non-equilibrium within the porous bed.
Clear ﬂuid region
Mass transport:

A CFD analysis of the problem detailed in section 2.1 is
carried out using the commercial CFD platform ANSYS

ð1Þ

oðal ql Þ
þ r  ðal ql V l Þ ¼ m_ 000
vl ;
ot

ð2Þ

_ 000
subject to the constraint m_ 000
lv ¼ m
vl .
Momentum transport:
oðav qv V v Þ
þ r  ðav qv V v V v Þ ¼ rðav pÞ
ot
2
þ lv r Vv þ m_ 000
lv V lv

ð3Þ

þ Rlv ðV l  V v Þ þ av qv g  r  ðqv V 0v V 0v Þ;

Table 1. Material properties assumed for the solid phase.
Property

2.2 Governing equations

oðav qv Þ
þ r  ðav qv V v Þ ¼ m_ 000
lv ;
ot

qs
ks
cp;s

Magnitude
4200 kg m3
2 W/m K
775 J/kg K
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oðal ql V l Þ
þ r  ðal ql V l V l Þ ¼ rðal pÞ
ot
þ ll r2 Vl þ m_ 000
vl V vl
þ Rvl ðV v  V l Þ þ al ql g  r  ðql V 0l V 0l Þ:

Energy transport:
oðav qv hv Þ
þ r  ðav qv V v hv Þ ¼ av ef kv r2 Tv
ot
000
_ 000
þ q000
sv  qvi þ m
lv hvi ;

ð11Þ

ð12Þ

ð5Þ

oðal ql hl Þ
þ r  ðal ql V l hl Þ ¼ av ef kl r2 Tl þ q000
sl
ot
000
 q000
li þ m_ vl hli ;

ð13Þ

ð6Þ

oðð1  ef Þqs cp;s Ts Þ
000
¼ ð1  ef Þks r2 Ts þ q000
s  qsl
ot
000
 q000
sv  qsi :

ð4Þ

Energy transport:
oðav qv hv Þ
þ r  ðav qv V v hv Þ ¼ av kv r2 Tv  q000
vi
ot
000
þ m_ lv hvi ;
oðal ql hl Þ
þ r  ðal ql V l hl Þ ¼ al kl r2 Tl  q000
li
ot
000
þ m_ vl hli :
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Porous debris bed
Mass transport:
oðef av qv Þ
þ r  ðav qv V v Þ ¼ m_ 000
lv ;
ot

ð7Þ

oðef al ql Þ
þ r  ðal ql V l Þ ¼ m_ 000
vl ;
ot

ð8Þ

_ 000
subject to the constraint m_ 000
lv ¼ m
vl .
Momentum transport:
oðav qv V v Þ
ðav qv V v V v Þ
þr
¼ rðef av pÞ þ lv r2 Vv
ot
ef
1
þ ðm_ 000
V lv þ Rlv ðV l  V v ÞÞ þ ef av qv g þ Fsv ;
ef lv
ð9Þ
oðal ql V l Þ
ðal ql V l V l Þ
þr
¼ rðef al pÞ þ ll r2 Vl
ot
ef
ð10Þ
1
þ ðm_ 000
V
þ
R
ðV

V
ÞÞ
þ
e
a
q
g
þ
F
:
vl
vl
v
l
f l l
sl
ef vl

Energy transport in the solid phase comprising the porous
debris bed is accounted for by Eq. (13), while that in the
ﬂuid phases saturating the porous medium is taken into
account in Eqs. (11) and (12). The term q000
s in Eq. (13)
represents the internal volumetric heat generation within
000
the solid particles. Terms q000
sl and qsv represent heat transfer
from the solid particles to the liquid and vapour phases,
respectively, and q000
si represents the contribution from
boiling heat transfer. Interfacial heat transfers between
liquid and vapour phases are taken into account by the
000
terms q000
li and qvi .

2.3 Closure relations
Appropriate closure relations need to be considered for
proper accounting of the momentum exchange terms (Rvl ,
000
000
000
Rlv , Fsl , Fsv ) and thermal exchange terms (q000
vi , qli , qsl , qsi ,
000
qsv ) in the momentum and energy transport equations,
respectively. The closure relations utilised in the present
analysis are listed in Table 2. They are not detailed in this
article for conciseness. Implementation of these closure
relations requires additional information regarding the

Table 2. Closure relations utilised in the analysis.
Closure term

Correlation

Momentum transfer

Interfacial drag in clear ﬂuid region (Rvl , Rlv )
Interfacial drag in porous debris bed (Rvl , Rlv , Fsl , Fsv )

Heat transfer

Convection to liquid (q000
sl )
Boiling (q000
si )
Convection to vapour (q000
sv )
000
Interfacial liquid–vapour heat transfer (q000
vi ), qli )

Schiller and Naumann [14]
Reed [15]
Schulenberg and Muller [16]
Rahman [17]
Ranz and Marshall [18]
Rhosenow [19] (nucleate boiling)
Bromley [20] (ﬁlm boiling)
Ranz and Marshall [18]
Ranz and Marshall [18]
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Figure 2. Heat transfer mechanisms considered among the heat-generating solid particles, liquid and vapour for different ﬂuid ﬂow
regimes.

existing ﬂuid ﬂow regime. Fluid ﬂow is considered to be
demarcated into three different regimes based on volume
fraction of the ﬂuid phases. This demarcation is schematically presented in ﬁgure 2 along with the prevalent heat
transfer mechanisms in each ﬂow regime.
Liquid is considered to be the continuous phase, with
vapour bubbles dispersed in it, when al  0:7 (or av  0:3).
A reversed situation of liquid droplets dispersed in the
continuous vapour phase is considered when al  0:01 (or
av  0:99); they are referred to as the liquid continuous and
vapour continuous ﬂow regimes, respectively. Diameter of
vapour bubbles (Dv ) in the liquid continuous regime and of
liquid droplets (Dl ) in the vapour continuous regime is
assumed to be 0.1 mm [21]. The interfacial exchange terms
in these two ﬂow regimes are determined with appropriate
assumption of the continuous and dispersed phase parameters. A transition ﬂow regime is considered between the
liquid and vapour continuous regimes depending on the

phasic volume fractions (0:01\al \0:7 or 0:3\al \0:99).
The interfacial exchange terms in the transition regime are
determined as a weighted average of the terms obtained in
the liquid continuous and vapour continuous regimes. The
regime weighing parameter (W) is deﬁned for the transition
regime as
W¼

al  al;VC
al;LC  al;VC

ð14Þ

where al;LC and al;VC refer to the limits of al for the liquid
continuous and vapour continuous regimes, i.e. 0.7 and
0.01, respectively. Interfacial mass transfer between the
liquid and vapour phases (m_ 000
lv ) is determined using the
000
boiling heat ﬂux (q000
)
and
interfacial
heat ﬂuxes (q000
si
vi , qli ) as
follows:
m_ 000
lv ¼

000
000
q000
si þ qvi þ qli
:
hv;sat  hl;sat

ð15Þ
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Table 3. Numerical schemes adopted for simulation.
Parameter

Scheme

Pressure–velocity coupling
Gradient
Volume fraction
Momentum, turbulent kinetic
energy, turbulent dissipation rate,
energy, UDS
Transient formulation

Phase-coupled SIMPLE
Least squares cell-based
QUICK
Second-order upwind

Bounded second-order implicit

Table 4. Grid-independence study in terms of minimum dryout
power density.
Nominal cell size
(mm)
5
4
3
2

Number of
cells
3658
5771
9560
22723

Dryout power density
(kW m3 )
2088.772 (17.94%)
2349.869 (7.69%)
2545.692 (0.0%)
2545.692

Figure 3. Comparison of pressure drop predicted by different
drag models to experimental data of Li et al [23].

Table 5. Comparison of dryout prediction against experimental
data using different interfacial drag models.

2.4 Turbulence modelling

Dryout assessment method

Flow within the porous debris bed remains largely laminar
(Re  1 and 10 for the vapour and liquid phases, respectively) due to large resistance offered by the solid phase
against ﬂuid ﬂow. In the clear ﬂuid region, however, the
effects of turbulence need to be considered since Re 
5000 and 3,00,000 for the vapour and liquid phases,
respectively. A comparison of the phase velocities for the
porous debris and the clear ﬂuid region adequately highlights this aspect (see ﬁgure 8). The k  e mixture turbulence model in ANSYS FLUENT [13], with default
parameters, is therefore utilised to account for the effects of
turbulence in the present study.

Experiment [24]
Present study with Reed
model
Present study with
Schulenberg & Muller model
Present study with Rahman
model

3. Numerical procedure
The afore-described computational model is implemented
in ANSYS FLUENT using the Eulerian multiphase model
in conjunction with the porous media model [13]. The
solid-phase energy transport equation for the porous bed is
solved and the various interfacial exchange terms in the
governing equations are implemented in ANSYS FLUENT
with the help of various user-deﬁned functions [22]. The
numerical schemes utilised for obtaining solution of the
governing equations are listed in Table 3. Table 4 summarises the ﬁndings of the grid-independence study carried
out for the problem.

Dryout
power (kW)

Dryout power
density (kW m–3)

39.2
40.0

2602
2655.16 (2.04%)

39.0

2588.78 (0.508%)

45.0

2987.05 (14.79%)

3.1 Validation of the model
The implemented computational model is assessed against
available experimental data for comparative purposes.
Figure 3 compares the numerically predicted pressure drop
to experimentally obtained data [23] for an isothermal air–
water ﬂow through a porous bed. It is evident that all the
interfacial drag models can appreciably predict the experimentally obtained pressure drop in a two-phase ﬂow situation through a porous bed.
Table 5 gives a comparison of the numerically predicted
and experimentally determined dryout power density [24]
for a truncated conical debris bed at an operating pressure
of 1.25 bar. It can be seen that a very close prediction of the
dryout power density is achieved using the Schulenberg and
Muller Model. However, the model of Reed and Rahman
over-predicts the dryout power density.
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Figure 4. Temporal change of (a) al;min and (b)Ts;max with Schulenberg and Muller drag model at two different heating powers.

Figure 5. Variation in dryout power density with change in
system pressure at three different subcooled conditions of ﬂooding
water.

3.2 Dryout determination
Dryout power density in Tables 4 and 5 refers to the minimum power density at which dryout is observed within the
porous debris bed. This is identiﬁed by initially carrying out
simulations at a low heating power and gradually increasing
it in steps of 1 kW until dryout is achieved. In this respect,
the following two necessary criteria are set for determining
dryout occurrence numerically:
a. a region of the debris bed must become dry, i.e. devoid
of liquid (al ¼ 0; av ¼ 1);
b. a sustained temperature rise should occur in the solid
phase at that location of the bed.
They are numerically identiﬁed by determining the minimum magnitude of liquid saturation (al;min ) and the

maximum magnitude of solid temperature (Ts;max ) within
the debris bed at each time instant. It is concluded that the
bed is in a dryout state if al;min attains a zero magnitude and
this condition is maintained for the rest of the time period,
and the corresponding magnitude of Ts;max also indicates a
substantial rise (of at least 5 K) above the steady-state
temperature obtained using the immediately lower power
level. Although this approach identiﬁes a dryout situation, it
does not provide adequate information about the region of
dryout within the bed. This is instead identiﬁed with the
help of al and Ts distributions at different time instances.
Figure 4 shows the transient variation of al;min and Ts;max
at two different heating powers using the Schulenberg and
Muller drag model. It can be observed that the magnitude of
al;min decreases to a low value and ﬂuctuates thereafter in
case of 38 kW power, and the magnitude of Ts;max ﬂuctuates
about a steady-state value near the corresponding saturation
temperature (Tsat ¼ 380.259 K). Increasing the heating
power to 39 kW, however, further reduces the magnitude of
al;min such that it becomes zero and this situation is sustained throughout the rest of the time period. The corresponding transient history of Ts;max shows that the solidphase temperature continues to increase with time for this
heating power. Thus, it can be concluded that dryout has
occurred and the minimum dryout power obtained is 39
kW.

4. Results and discussion
The impact of system pressure on the occurrence of dryout
in a heat-generating porous debris bed is studied by varying
the system pressure in the range of 1–10 bar, which is
relevant to severe accident situations in nuclear reactors [8].
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Figure 6. Temporal change in minimum liquid fraction at dryout
condition for different system pressures, considering saturated
liquid.
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The analysis is carried out considering different subcooled
states of the ﬂooding water in order to additionally highlight the impact of water subcooling on the heat transfer
dynamics and dryout occurrence.
The impact of system pressure on dryout in heat-generating porous debris is governed by the interplay of two
parameters, namely vapour density and latent heat of
evaporation. A higher system pressure results in a signiﬁcant rise in vapour density. Vapour density increases
approximately 10-fold over the pressure range considered
in the present study from 0.59 kg m–3 at 1 bar to 5.14 kg
m–3 at 10 bar. This effectively means that, for the same
mass transfer rate, the volume occupied by the vapour
phase is signiﬁcantly less at higher system pressures. As
such, a greater mass transfer is required from the liquid to
the vapour phase for the requisite vapour accumulation
necessary for dryout occurrence. The reduced vapour volume also allows a greater ﬂow area for the liquid phase,
which further enhances heat removal from the heat-

Figure 7. Liquid saturation and solid temperature distributions within the domain in a dryout situation at different system pressures,
considering saturated conditions (Tsub ¼ 0 K): 1 bar (200 s), 6 bar (200 s) and 10 bar (240 s).
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Figure 8. Axial velocity proﬁles of (a) liquid and (b) vapour at dryout conditions along the radial direction at z ¼ 0:1 for different
pressures, considering saturated liquid.

Figure 9. Temporal variation of (a) minimum liquid fraction and (b) maximum solid temperature at dryout conditions for different
liquid subcoolings.

generating debris bed. An increase in vapour density,
therefore, leads to a much higher requirement of heating
power for dryout occurrence. In contrast, the latent heat of
evaporation decreases with increase in system pressure.
This results in enhanced mass transfer for a given heat
generation rate (see Eq. (15)) and hence, leads to a lower
power requirement for dryout occurrence. The net effect of
system pressure on dryout occurrence in debris beds is, as
such, determined by the combined impact of vapour density
and latent heat of evaporation.
Figure 5 presents the change in minimum dryout power
density with system pressure at different subcooled states of

ﬂooding water. It can be observed that dryout power density increases substantially with progressive rise in system
pressure, irrespective of water subcooling. This indicates
dominance of the impact of vapour density on dryout
occurrence. However, as the system pressure is progressively raised, the relative increase in dryout power density
reduces, indicating an increasing impact of latent heat of
evaporation on dryout occurrence.
Figure 6 compares the temporal variation of minimum
liquid fraction within the bed at dryout condition for different pressures, considering saturated liquid. It can be
observed that a faster vapour accumulation occurs within
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Figure 10. Axial velocity proﬁles of (a) liquid and (b) vapour at dryout conditions along the radial direction at z ¼ 0:1 for different
pressures, considering saturated liquid.

the bed as the system pressure is progressively raised due to
the associated rise in dryout power density. Increase in
pressure beyond 4 bar, however, does not result in any
further appreciable change in the time taken for vapour
accumulation. Vapour accumulation and, as such, dryout
are observed to occur in the upper region of the debris bed
near its interface with the clear ﬂuid region. This is shown
using liquid saturation and solid temperature distributions
within the domain in ﬁgure 7. Interestingly, no major
qualitative change is observed in the region where dryout
occurs within the bed with change in system pressure (see
ﬁgure 7). A comparison of axial velocity proﬁles for liquid
as well as vapour phases at different system pressures (see
ﬁgure 8) corroborates this observation.
It is also evident from ﬁgure 5 that if water subcooling is
considered, the dryout power density increases signiﬁcantly
over that obtained with saturated water (i.e., no subcooling)
and continues to rise with increase in subcooling. This is
due to the simultaneous occurrence of boiling and condensation when subcooled water is considered. Vapour

generated, due to phase change of liquid water, comes into
contact with subcooled water, leading to condensation of
the vapour. The required vapour accumulation for dryout,
as such, becomes possible only at a very high heating
power when the rate of vapour generation exceeds the
condensation rate.
Figure 9 presents the transient history of minimum liquid
fraction and maximum solid-phase temperature within the
bed at different water subcoolings. It can be observed that a
progressively greater time is required for vapour accumulation to start within the bed as subcooling is increased.
This happens due to initial heat transfer from the heatgenerating solid phase to the subcooled liquid phase,
causing the solid-phase temperature to drop below the
saturation value. Continuous heat generation, however,
pushes up the solid-phase temperature beyond saturation
after a certain time interval, resulting in boiling and subsequently, vapour accumulation within the bed. The regions
where dryout occurs within the bed are shown in ﬁgure 10
in terms of liquid saturation and solid temperature
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distributions for different water subcoolings. A marginal
shift, inwards into the debris bed, is observed in location of
the dryout zone as subcooling is gradually increased.

5. Conclusion
The present study uses a CFD model to numerically predict
the occurrence of dryout and other associated phenomena in
a heat-generating porous debris bed. The effect of system
pressure on the occurrence of dryout within the porous
debris bed is primarily analysed in this study. Analysis is
carried out in the range of 1–10 bar, which is relevant to
severe accident situations in nuclear reactors at different
subcoolings of ﬂooding water.
It is observed that the dryout power density progressively
increases with rise in system pressure. Results indicate that
the impact of system pressure on dryout phenomena is
mainly governed by the dominance of two parameters:
vapour density and latent heat of evaporation. Vapour
density is observed to have a dominant effect at low system
pressures while latent heat of evaporation is observed to
have a greater contribution as the system pressure is raised.
Subcooling of ﬂooding water is also observed to increase
the dryout power density substantially irrespective of the
system pressure.
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List
cp
Dl
Dp
Dv
F
g
h
m_ 000
p
q000
R
T
V

of symbols
Speciﬁc heat capacity, J/kg K
Liquid droplet diameter, m
Solid particle diameter, m
Vapour bubble diameter, m
Solid–ﬂuid drag force, kg m2 s2
Acceleration due to gravity, m/s2
Enthalpy, J/kg
Mass transfer rate, kg s1
Pressure, Pa
Volumetric heat transfer rate, W m3
Interfacial momentum exchange coefﬁcient, kg
m3 s1
Temperature, K
Velocity, m/s
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W

Weighing function

Greek letters
a Volume fraction
ef Porosity
k Thermal conductivity, W/m K
l Viscosity, kg/m s
q Density, kg m3
Supercripts and subscripts
f
Fluid phases
i
Liquid–vapour interface
l
Liquid phase
LC Liquid continuous ﬂow regime
s
Solid phase
sat Saturation value
sub Subcooling
v
Vapour phase
VC Vapour continuous ﬂow regime
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