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Introduction: During severe accidents, the interaction of hot melt with coolant
forms porous debris beds in the reactor lower head or cavity. The long-term
coolability of these beds is critical for accident mitigation and reactor safety
enhancement, primarily determined by the dryout heat flux (DHF). Despite
existing models, gaps persist in accounting for two-phase flow dynamics and
interfacial shear effects.

Methods: This study develops high-fidelity mechanistic models to address these
limitations. First, classical DHF models are reviewed, identifying key assumptions
requiring refinement. New models are derived by incorporating: (1) two-phase
flow characteristics (e.g., relative permeability, capillary pressure) and (2) gas-
liquid interfacial shear stress. These models are extended to stratified debris bed
configurations. Validation is performed using experimental data from KTH’s
POMECO-HT (top-injection) and VTT’s STYX-3.1 tests.

Results: The two-phase flow model achieved a 20% DHF prediction error, while
the interfacial shear model reduced errors to 8.9%. For stratified beds, the error
further decreased to 4.5%, demonstrating superior accuracy.

Discussion: The results highlight the necessity of interfacial shear effects and
stratification in DHF predictions. The proposed models offer a robust foundation
for debris bed cooling analysis codes, significantly improving safety assessments.
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1 Introduction

Safety margin of the light water reactor under degraded core accidents should be
carefully ensured in terms of nuclear reactor designs and safety analysis (Amidu et al., 2022).
When a core melts down during one postulated accident, particulate debris beds with some
certain structures can be largely formed as the melt develops various kinds of break-up
(Peng, 2021) and fine-fragmentation (Xiang et al., 2023) within the water pool after it
interacts with the cooling water, as in the case of the Three Mile Island nuclear accident
(Garbrah and Nitheanandan, 2022). Once the debris beds in the lower plenum are
sufficiently cooled down over a long period of time, severe accidents can be terminated
within the reactor vessel. The coolability of the debris bed in the lower plenum is primarily
evaluated and analyzed by conducting dryout experiments with a particulate debris bed
submerged in a water pool (Lindholm et al., 2006). One parameter, named dryout heat flux
(DHF) is valuable, which magnitude reflects the coolability of the debris beds.
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Large numbers of factors affect the DHF, which can be divided into
two main categories related to the structure of the debris beds (particle
size distribution, porosity, geometry, etc.) and to the form of cooling
characteristics (size of water pool, water injection pattern, etc.) (Ahmed
et al., 2022). The complexity of the debris bed structure essentially
determines its cooling performance, in particular the porosity,
geometry, and the height of debris beds have a large impact on the
DHF, andmoreover, the heterogeneity of the real debris bed structure is
even more pronounced (e.g., cake-like lumpy layers may locate at the
bottom and the clogged blocks bonded together in the middle, which
may deteriorate the heat transfer (Park et al., 2019)), which is largely
dependent on debris transfer to the lower head. Magallon (2006)
performed extensive comparisons between FARO and KROTOS test
groups to confirm that at high pressure condition, except for the test
with Zr metal in the melt, the debris was made of a cake in contact with
the bottom and overlaying fragments, as in TMI. The cake-like
configuration, as a result of the jet break-up length being larger than
the water pool depth, shows a rather compact structure with vertical
cracks. In addition, almost in all the tests, the tiny powders with the
particle size in the range of 3.0–4.8 mm were quantified where no
special event took place. In many cases, agglomeration will occur in the
upper portion of the debris as this is the interaction area of hot debris.
Debris at the bottom near the vessel wall may be cooled due to heat
transfer through the vessel and potentially solidify in different
configurations.

The form of cooling characteristics mainly affects the relative flow
direction between the vapor and liquid phases within the debris bed and
the capacity that the two-phase flow removes heat from the bed. A one-
dimensional cylindrical debris bed may experience “vapor-liquid
countercurrent flow” during the dryout process under the water
ingress from the top, where the floating vapor prevents the injection
of cooling water into the porous media, reducing the DHF, whereas the
“vapor-liquid co-current flow” during water injection from the bottom
(in the case with the introduction of external reactor vessel cooling from
IRWST to the reactor pit where the debris may relocate) increases
capacity of the two-phase flow for removing heat from the debris bed,
upgrading the DHF. In contrast, the three-dimensional heap-shaped
debris bed may present not quite the same phenomenon as previous.
Due to the accumulation of vapor in the central part of the heap, the
pressure difference along the side in the water-vapor mixing zone may
lead to a natural convection in the water, which drives water around
into the porous bed, forming a “vapor-liquid co-current flow” in the
granular bed (Yang et al., 2023).

In addition to light water reactors, sodium-cooled fast reactors
are designed with an In-vessel retention (IVR) strategy for
hypothetical core disruptive accidents (HCDAs). If the fuel in the
damaged core can be well cooled, the cooling margin of the core will
be greatly strengthened and the probability of the success to IVR will
be largely increased. Therefore, the cooling of the debris bed in a
sodium-cooled fast reactor is also one of the major concerns (Ding
et al., 2023). A full understanding of the two-phase flow in the
liquid-sodium system is of vital importance in order to study the
coolability of the debris bed, as the evaporation of liquid sodium and
the solidification of the fuel pellets also result in a gas-liquid flow in a
porous media. Earlier studies on the self-levelling characteristic of
debris beds have elucidated its contribution to the debris beds’
coolability (Cheng et al., 2013) and, in addition, relevant cooling
models for sodium-cooled fast reactors have been validated (Matsuo

et al., 2008). However, both for experiments and analytical models,
further consideration of the contribution of each characteristic
parameter in two-phase flow is needed to improve the original
cooling model for debris beds. The debris beds formed after a CDA
in a sodium-cooled fast reactor contains not only tiny powders but
also large fuel particles up to 10 mm in diameter. However, the
particle size and porosity may be largely influenced by the likelihood
of steam explosion. FARO and KROTOS experiments (Magallon,
2006) showed that very fine debris may remain longer in suspension
in the water before settling and forming a sort of mud on the top of
the quenched part, which may influence (compromise?) cooling. In
order to construct a cooling model within a debris bed, it is quite
essential to evaluate the particle size and porosity.

A number of mechanistic or empirical models have been
developed based on different assumptions or simplifications
(Chang and Kim, 1985). 0-dimensional POBEDA model is
derived from the two-phase flow equations, which assumes that
the vapor and water within a debris bed flow through separate
channels, and that the interaction between the two phases occurs
only at the intersection of both flow channels. This assumption is
usually treated to be acceptable when the lateral dimensions of the
flow channel are of the same order of magnitude as the particle size.
For instance, in the STYX test (Lindholm et al., 2006), this size is less
than 0.8 mm and it can be assumed that there is no countercurrent
flow of vapor and water within a single flow channel. In this case, as
in the Lipinski’s model in general (Yeo and No, 2019), the
gravitational forces for each phase, the frictional forces on the
flow in a porous medium, and the capillary pressure drop due to
surface tension are taken into account.

The basic equations are as follows Equations 1, 2.

dp
l

dz
� −ρlg − dpl

dz
( )

F

(1)

dpg

dz
� −ρgg − dpg

dz
( )

F

(2)

where p is the pressure, ρ is the density, g is the acceleration of
gravity, z is the axial coordinate and the subscripts g and l represent
vapor and water, respectively. The friction term follows the Ergun
single-phase flow pressure drop equation, as in Equation 3, where w
is the mean flow velocity in the flow channel and EL and ET are semi-
empirical coefficients related to the porosity of the debris beds ε and
the effective particle diameter D (also including fluid viscosity and
density), which can be expressed as Equations 4, 5.

dp

dz
( )

F

� ELw + ET w| |w (3)

EL � 150
1 − ε( )2
ε3

μ

D2
(4)

ET � 1.75
1 − ε( )
ε3

ρ

D
(5)

The capillary pressure difference within a same flow channel can
be expressed as in Equation 6.

pl − pg � ΔpI (6)

By differentiating Equation 6 along the axial direction z of the
debris bed and substituting it into Equations 2, 3, the mean flow
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velocitywg of the vapor phase can be quickly solved under neglecting
the frictional pressure drop of the liquid phase in the flow channel
(this assumption generally agrees well when the void fraction is less
than 0.9), as shown in Equation 7, which demonstrates that the flow
velocity of the vapor depends not only on the characteristic
parameters of the debris bed, but also on the nature of the fluid.

wg � EL,g

2ET,g

���������������������
1 + 4ET,g

EL,g
2 Δρg + dΔpI

dz
( )√

− 1⎡⎢⎣ ⎤⎥⎦ (7)

Moreover, neglecting the effect of capillary pressure drop on the
flow within the debris bed (which corresponds to almost zero near
the top of the debris bed), the dryout heat flux can be expressed as
Equation 8, where the volume fraction can be treated as a function of
the debris bed height.

q
DHF

� ρgα H( )hfg · wg

� ρgα H( )hfg EL,g

2ET,g

�������������
1 + 4ET,g

EL,g
2 Δρg( )√

− 1⎡⎣ ⎤⎦ (8)

Theofanous and Saito (Theofanous and Saito, 1981) established
an empirical expression for the dryout heat flux of a 0-dimensional
debris bed, as in Equation 9, where the subscriptw indicates the state
of water at 25°C, l is the liquid phase and g is the gas phase. F is the
particle shape factor, and for aqueous media with a debris bed at
1 bar, d/F ~ 2 cm.When the bed’s porosity is 40%, Equation 9 can be
further turned into Equation 10.

q
DHF

� 0.0707hfgρl
gdε3

F 1 − ε( )[ ]1/2 ρg
ρl

( )3/8
μw
μl

( )0.1

(9)

q
DHF

� 5106
ρg
ρl

( )1/2

W/cm2 (10)

Schrock et al. (1984) developed a 0-dimensional debris bed
cooling model, based on the work by Theofanous et al. as in
Equation 11, where the empirical coefficient C can be taken from
0.775 to 1.075.

q
DHF

� C2hfgρl
gdε3

6 1 − ε( )[ ]1/2

2.18 + ρl
ρg

⎛⎝ ⎞⎠1/4⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦−2 1 − ρg
ρl

( )0.5

(11)

Chang and Kim (1985) proposed a dryout heat flux model for a
0-dimensional debris bed based on a drift flow model, with the drift
flow control Equations 12, 13, where v denotes the drift flow velocity,
Fg and Fl can be expressed as Equations 14, 15, respectively under the
condition of annular flow with vertically symmetrical distribution.

ρg
∂vg
∂t

+ ρgvg
∂vg
∂z

� −dp
dz

− ρgg − Fg

α
(12)

ρl
∂vl
∂t

+ ρlvl
∂vl
∂z

� −dp
dz

− ρlg + Fl

1 − α
(13)

Fg � 4
D
τ i

��
α

√
(14)

Fl � 4
D

τi
��
α

√ − τwf( ) (15)

Ignoring the terms of dP/dz in Equations 12, 13 and substituting
Equations 14, 15 under quasi-steady-state process, one can obtained
as Equation 16. The shear stress along the vertical wall can be

approximated by Equation 17, and for the wall friction factor Cwf

under turbulent flow, it can be approximated by 0.005. The
tangential stress at the intersection can be expressed as Equation
18. The friction factorCi depends on the state of the intersection, and
its value can be determined by the roughness of the disturbance wave
under two-phase annular flow, as in Equation 19, while the
relationship between the roughness and void fraction can be
determined by Equation 20.

τi − ��
α

√
τwf � D

4
ρl − ρg( )g 1 − α( )α1/2 (16)

τwf � Cwf · ρlvl vl| |
2

(17)

τ i � Ci ·
ρg · vgl2

2
(18)

Ci � 0.005 1 + ξ( ) (19)
ξ � 300δ/D � 75 1 − α( ) (20)

Neglecting the effect of the wall (Cwf = 0), based on the drift flow
model, the drift flow rate jgl can be calculated, as shown in Equation
21, where K is represented by Equation 22.

jgl � K · α5/4 1 − α( )3/2 1 + 75 1 − α( )[ ]−1/2 (21)

K ≡
200
3

( )1/2 Δρ · g
ρg

· ε3

1 − ε
dp

⎛⎝ ⎞⎠1/2

(22)

When the mean velocity of the gas phase is given, the dryout
heat flux of the debris bed can be determined by Equation 23. For the
case with the void fraction is taken as 0.8 (Chang and Kim, 1985), the
corresponding dryout heat flux can be simplified into Equation 24.

q
DHF

� 200
3 × 16

( )1/2

hfg Δρ · ρg · g( )1/2 ε3

1 − ε
dp( )1/2

· α5/4 1 − α( )1/2 76 − 75α( )−3/2 · −76 + 457α − 375α2( )
(23)

q
DHF

� 0.535hfg Δρ · ρg · g( )1/2 ε3

1 − ε
dp( )1/2

W/m2 (24)

In this paper, a new debris bed cooling model that takes into
account the characteristics of two-phase flow and interface
interactions under homogeneous configuration will be firstly
derived based on fast iteration method. Then, a DHF model for
vertically stratified debris bed will be proposed. These mathematical
models then will be validated against several typical international
experimental results, in order to provide a theoretical basis for the
development of a debris bed cooling mechanistic code for sodium-
cooled fast reactors.

2 Build-up of dryout models for
homogeneous debris bed

Most of the relative models above are simplified and ignore the
effect of void fraction in the debris bed, except for the Chang model,
however, it is somehow improper, under some certain
circumstances, such as the case with high drift flow rate. In
addition, mechanistic models should be adopted instead of
empirical engineering models to reflect the dominant factors in
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DHF. Therefore, we start with the derivation of the most primitive
governing equation.

The basic governing equations developed for the cooling of
debris beds are such models referring to the gas-liquid phase
pressure gradient in a porous medium proposed by Ergun (Park
et al., 2018), as shown in Equations 25, 26, where κr,l, κr,g, and ηr,l, ηr,g
are the relative permeabilities and passabilities of liquid and gas,
respectively; Fi is the interfacial drag between liquid and gas.

−dpl

dz
� ρlg + μl

κ · κr,l Jl +
ρl

η · ηr,l
Jl| | · Jl − Fi

1 − α
(25)

−dpg

dz
� ρgg + μg

κ · κr,g Jg +
ρg

η · ηr,g
Jg
∣∣∣∣ ∣∣∣∣ · Jg + Fi

α
(26)

Noting p
i
� p

l
− pg, which is the capillary pressure difference.

By substituting the Equations 25, 26, it can be obtained the
following equation.

dp
i

dz
� dp

l

dz
− dpg

dz

� − ρl − ρg( )g − EL,lJl − ET,lJl
2 + Fi

1 − α
+ EL,gJg + ET,gJg

2 + Fi

α
(27)

2.1 DHF model concerning the two-phase
flow characteristics

Equation 27 can be transformed into the most simplified result
(Equation 28), where ET,g and EL,g are listed as in Equations 29, 30.

ET,gJg
2 + EL,gJg − Δρg � 0 (28)
ET,g � ρg

η · ηr,g
(29)

EL,g � μg
κ · κr,g (30)

For κ, η, κr,g and ηr,g, they can be solved by Equations 31–34,
respectively. For spherical particles, Ck is taken to be 150; Cη is taken
to be 1.75;m is taken to be 3 (as Lipinski and Reed suggested); and n
can be taken to be 3 (as suggested by Lipinski) or 5 (as suggested by
Reed) (Lindholm et al., 2006).

κ � d2ε3

Ck 1 − ε( )2 (31)

η � ε3d

Cη 1 − ε( ) (32)

κr,g � αm (33)
ηr,g � αn (34)

Then, the dryout heat flux qDHF is represented by
Equation 35 and it can be found that the model can reflect
the influence of different void fraction, porosity, particle
diameter and particle shape factor on the dryout heat flux
for homogeneous geometry.

q
DHF

� ρgαJghfg � ρgαhfg
EL,g

2ET,g

�����������
1 + 4ET,g

EL,g
2Δρg

√
− 1⎡⎣ ⎤⎦ (35)

2.2 DHF model concerning the interfacial
shear stress

The shear force on the gas phase at the gas-liquid interface can
be expressed as Equation 14, with the neglection of the shear force
on the wall. For the Ci in Equation 18 of tangential stress at the
interface, it can be assumed to be formula 36 by Chang et al.,
as follows.

Ci � 0.005 76 − 75α( ) (36)

For the relative velocity between the gas and liquid phases, Vgl,
on the other hand, it can be estimated from the drift flow model, as
in Equations 37, 38, and the drift flow rate expression Equation 21
obtained by Chang and Kim, 1985, where the parameter K can be
written as Equation 22.

Vgj � 1 − α( )vgl (37)
Jgl � αVgj (38)

Ultimately, Vgl can be expressed as Equation 39.

vgl
2 � K2α1/2 1 − α( ) 1 + 75 1 − α( )[ ]−1 (39)

Substituting Equation 39 into Equation 14, the shear force on the
gas phase at the gas-liquid interface can be expressed as Equation 40.
Then, Equation 41 can be derived by substituting Equation 40 into
Equation 27.

Fi � 4
d

0.19 − 0.1875α( )ρgK2α 1 − α( ) 1 + 75 1 − α( )[ ]−1 (40)
α 1 − α( )ET,gJg

2 + α 1 − α( )EL,gJg + Fi − α 1 − α( )Δρg � 0 (41)

The mean velocity of the gas phase, Jg, can be quickly solved by
Equation 41, as Equation 42, and the dryout heat flux considering
the effect of interfacial shear stress can be formularized as
Equation 43.

Jg � EL,g

2ET,g

�������������������������
1 + 4ET,g

EL,g
2Δρg − 4Fi · ET,g

α 1 − α( ) · EL,g
2

√
− 1⎡⎣ ⎤⎦ (42)

q
DHF

� ρgαJghfg

� ρgαhfg
EL,g

2ET,g

�������������������������
1 + 4ET,g

EL,g
2Δρg − 4Fi · ET,g

α 1 − α( ) · EL,g
2

√
− 1⎡⎣ ⎤⎦ (43)

2.3 Void fraction model

The previous two DHF models are both closely related to the
void fraction within the debris bed. Therefore, empirical correlation
related to the void fraction needs to be introduced to quantify the
mean void fraction for different geometries of debris beds and the
thermal-hydraulic parameters. The relationship between the void
fraction and the gas-phase Reynolds number for different particle
diameters has been investigated by IRSN in France based on the
CALIDE experimental setup (Chikhi et al., 2016) and can be
described in Figures 1, 2 for 4 mm and 8 mm in particle
diameter, respectively. This phenomenon was also found in a
horizontal two-phase flow experiment conducted at Oklahoma
State University in 2011 (Godbole et al., 2011), as shown in
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Figure 3, which shows that there is a consistent trend between the
void fraction and the superficial mean velocity of the gas phase,
regardless of whether the flow pattern in the pipe belongs to the
bubbly flow, slug flow, annular flow, churning flow or froth flow.

In this case, IRSN obtained fitting results as in Equation 44 for a
particle debris bed with the mean particle diameter of 4 mm, and as
in Equation 45 with the mean particle diameter of 8 mm. Moreover,
they suggested an analytical result that can be further extended to
other debris bed structures (Equation 46), where it can be seen that
the void fraction is no longer influenced by parameters such as the
particle size, but mainly by the superficial velocity of the gas phase.
This implies that the DHF models concerning the void fraction can
be iteratively calculated with the aid of the Equation 46 to obtain a
convergible superficial velocity of vapor phase, thus determining the
corresponding mean void fraction.

α � 0.11Re1/3g (44)
α � 0.085Re1/3g (45)
α � 0.83J1/3g (46)

Besides, it can be clearly found that the two mechanistic models
developed can be applied to any type of debris bed cooling system,
for example, the water ingress in a classic LWR debris bed and
cooling by sodium of an SFR debris bed, just by simply adjusting the
corresponding coolant thermophysical parameters and the debris
bed geometry, if there is no more new phenomenon figured out in
liquid metal cooled debris bed scenarios.

The iterative process will be debugged below using the initial
conditions and experimental results from a test at POMECO carried
out at KTH in Sweden (Huang and Ma, 2018; Li et al., 2012).

3 The iterative process of the
DHF models

The iterative process in homogeneous bed configuration can be
shown in Figure 4. The POMECO-HT experimental system from
KTH in Sweden can be found from their public papers (Huang and
Ma, 2018). In addition to the experimental study of top water
injection, this set-up can also be adopted for bottom and
downward water injection studies to assess the effectiveness of
the debris cooling enhancement measures. In view of the above
model assumptions of cooling water passing down through the
channels from the top, and the steam rising up through the channels
from the bottom, leading to the possible formation of CCFL, only the
top water injection conditions and results were selected.

The test section is made out of stainless steel with a cross-
sectional area of 200 mm × 200 mm and a height of 620 mm to hold
up the debris bed and electric heater, which can be shown in
Figure 5. A stainless steel water tank (200 mm × 200 mm) with a
height of 1,000 mm is mounted on top of it and the two are linked by
flanges, with a water level gauge installed in the tank to measure the
water level during the experiment. The test section and the water
tank are wrapped with an insulation layer. 120 resistance
temperature detector (RTD) heaters are evenly arranged inside
the debris bed in 15 layers in the axial direction, with eight
heaters per layer. An average distance of 38 mm in the axial
direction and 25 mm in the horizontal direction between two
adjacent layers of heaters are maintained. In addition to the
electric heating equipment, there are 96 thermocouples evenly
arranged in 16 layers in the axial direction within the debris bed,
and the distance between the thermocouples and the electric heating
rods is 19 mm. Besides, in order to measure the surface temperature
of the electric heating rods, there are six thermocouples arranged in
close proximity (about 2 mm spacing) on the surface of the heating
rods, as well.

The selected condition was a homogeneous debris bed geometry
with a particle diameter of 3 mm and a porosity of 0.367. The bed
height was initialized at 610 mm. This type of homogeneous debris
bed has been employed for the validation of MEWA code (Li et al.,
2012) as well. DHF model concerning the two-phase flow
characteristics, which has been proposed in Section 2.1, was used

FIGURE 1
Void fraction in a debris bed comprised of particles with diameter
of 4 mm as a function of mean flow velocity in the gas phase (Air-
water) (Chikhi et al., 2016).

FIGURE 2
Void fraction in a debris bed comprised of particles with diameter
of 8 mm as a function of mean flow velocity in the gas phase (Air-
water) (Chikhi et al., 2016).
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as an example for iterative testing, coupled with Equation 46. The
iterative process is shown in Table 1.

It can be seen that the superficial velocity of the vapor phase
can be controlled at around 0.04%, when iterating about 10 times,
at which the mean void fraction within the debris bed is
approximately 0.7785, corresponding to a dryout heat flux of
approximately 957.158 kW/m2 calculated by Equation (35).
However, the dryout heat flux obtained for this test condition
is approximately 790 kW/m2, which illustrates that the prediction

error from this mechanistic model by using the present iterative
algorithm is approximately 20%.

4 Build-up of dryout model for
stratified debris bed

In real severe accident scenerios, stratified debris bed
can be developed as a result of various molten materials

FIGURE 3
Void fraction in a horizontal pipe as a function of superficial gas velocity corresponding to different flow patterns (Godbole et al., 2011).

FIGURE 4
The flowchart of the iteration in homogeneous bed configuration.
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involved being solidified. The heat transfer from such
configuration can be much distinct from the homogeneous
one. Therefore, the dryout model for stratified debris bed is
going to be built based on the interfacial shear stress, as well,as
shown in Figure 6.

With ignorance of the capillary pressure difference,
the momentum equation for the gas-liquid two-phase flow
can be transformed from Equation 27 into 47. The heat
transfer rate at a certain elevation, z, can be estimated by the
heat yield from the region below z, which can be demonstrated

FIGURE 5
The distribution of heaters and thermocouples within the test section (Huang and Ma, 2018).

TABLE 1 Iterative process for all involved parameters.

Iteration Jg α κ κr,g η ηr,g ET,g EL,g Jg*

1 1 0.83 7.4E-9 0.572 1.3E-4 0.572 7,838.61 2,965.29 0.92

2 0.92 0.808 7.4E-9 0.5275 1.3E-4 0.5275 8,496.49 3,214.16 0.88

3 0.88 0.796 7.4E-9 0.5044 1.3E-4 0.5044 8,886.57 3,361.73 0.858

4 0.858 0.789 7.4E-9 0.4912 1.3E-4 0.4912 9,125.2 3452 0.845

5 0.845 0.785 7.4E-9 0.4837 1.3E-4 0.4837 9,265.41 3,505.04 0.837

6 0.837 0.782 7.4E-9 0.478 1.3E-4 0.478 9,372.45 3,545.53 0.832

7 0.832 0.780 7.4E-9 0.4745 1.3E-4 0.4745 9,444.73 3,572.88 0.828

8 0.828 0.779 7.4E-9 0.4727 1.3E-4 0.4727 9,481.15 3,586.65 0.8259

9 0.8259 0.7787 7.4E-9 0.4722 1.3E-4 0.4722 9,492.12 3,590.8 0.8253

10 0.8253 0.7785 7.4E-9 0.4718 1.3E-4 0.4718 9,499.43 3,593.57 0.825

Frontiers in Nuclear Engineering frontiersin.org07

Peng et al. 10.3389/fnuen.2025.1551626

https://www.frontiersin.org/journals/nuclear-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fnuen.2025.1551626


in Equation 48. In this equation, q’’’ refers to the mean
volumetric heating rate.

ET,gJg
2 + EL,gJg − ET,lJl

2 − EL,lJl − ρl − ρg( )g + Fi

α 1 − α( ) � 0 (47)
ρgJghfg � q″ � q‴z (48)

Inserting Equation 48 into Equation 47, one can be obtained as
Equation 49. Therefore, z can be determined by Equation 50.

A q‴z( )2 + B q‴z( ) + C � 0, A � 1

ηhfg
2

1
ηr,gρg

− 1
ηr,lρl

⎛⎝ ⎞⎠, B

� 1
κhfg

μg
κr,gρg

− μl
κr,lρl

⎛⎝ ⎞⎠, C

� Fi

α 1 − α( ) + g ρg − ρl( ) (49)

z � −B + ��������
B2 − 4AC

√
2Aq‴ (50)

Lindholm et al. (2006) introduced the relative permeabilities and
passabilities for the liquid and steam under the laminar and turbulent
flow through, as shown in Equations 51-54, in which the symbol s refers
to the local saturation:

κl � sm (51)
κg � 1 − s( )m (52)

ηl � sn (53)
ηg � 1 − s( )n (54)

The critical void fraction, αcr can be determined by the following
Equation 55.

∂z

∂s
� 1
q‴

∂A

∂α

B − ��������
B2 − 4AC

√
2A2

− C

A
��������
B2 − 4AC

√( )[
+∂B
∂α

−1
2A

+ B

2A
��������
B2 − 4AC

√( )⎤⎦ � 0 (55)

The terms ∂A∂α and
∂B
∂α can be formularized as Equations 56, 57, and

finally, the dryout heat flux can be quantified by the Equation 58.

∂A

∂α
� 1

ηhfg
2

1
ρg

−n( )α−n−1 − 1
ρl

−n( ) 1 − α( )−n−1⎛⎝ ⎞⎠ (56)

∂B

∂α
� 1
κhfg

μg
ρg

−m( )α−m−1 − μl
ρl

−m( ) 1 − α( )−m−1⎛⎝ ⎞⎠ (57)

q
cr
� q‴ · zmax (58)

In summary, the critical void fraction, αcr calculated by coupling
Equations 55–57 can be inserted into Equation 50, and the
maximum elevation for the onset of dryout can be estimated.
Then, the corresponding dryout heat flux can be derived, based
on Equation 58.

5 Validations against various debris
cooling experiments

5.1 POMECO-HT test-steel sphere

In addition to the model verification in chapter three used for
the iterative testing, the mechanistic model in Section 2.2, which
takes into account the interfacial shear stress, is used for further
validation.

The selected condition is identical to the homogeneous debris
bed condition with the particle diameter of 3 mm and a porosity of
0.367. The iterative process is shown in Table 2.

It can be seen that the superficial velocity of the vapor phase can
be controlled to about 0.13% when it is iterated about 10 times, at
which the mean void fraction within the debris bed is about 0.758,
corresponding to a dryout heat flux of about 860.63 kW/m2

calculated by Equation 43. Compared to the experimental results
addressed in chapter three, the relative prediction error is reduced to
approximately 8.9%, which supports the hypothesis that taking into
account the effect of interfacial shear stress generated by the gas
phase motion greatly improves the prediction reliability of the
model for this test condition.

5.2 POMECO-HT test-sand sphere

In addition to the debris bed cooling experiments conducted on
the POMECO-HT setup with steel sphere as particles, uniformly
and non-uniformly arranged sand-made debris bed experiments
(Konovalikhin et al., 2001) were also performed. In this section,
DHF experiments based on the uniformly arranged sand debris bed
as the validation object are selected to compare the prediction errors
of various DHF models presented in this paper. For the test
condition, the mean porosity of the debris bed is 0.26 with the
fragment diameter of 0.8 mm, and the hydraulic diameter of the test

FIGURE 6
The flowchart of the iteration in stratified bed configuration.
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vessel is 0.35 m. The calculated results for each mechanistic model
are shown in Figure 7.

As seen in Figure 6, the solid black line represents the
experimental data from POMECO, while the solid black dots
represent the calculation results by POBEDA model, the
Theofanous and Saito (T&S) model, the Schrock model, the
Chang model, the Lipinski model, and the DHF models
proposed in this article. The prediction errors of the POBEDA
model, and the Lipinski 0-dimensional model are relatively small
and can be limited to within 16%, while the other models from the
previous literature may overestimate the dryout situation to
varying degrees. In particular, the model based on the two-
phase flow characteristics developed in this paper may have
difficulty in predicting the DHF for conditions with small
particles. Alternatively, the other DHF model developed in
this study and based on the interfacial shear stress can show a
better result more in line with the POMECO data for this small

debris particle (0.8 mm) test. This is probably due to the relatively
more important role of interfacial shear stress during gas-liquid
flow when the debris particles are small, which may have a critical
role in enhancing the DHF.

5.3 STYX test-stratified configuration

VTT in Finland had conducted an experimental study on the
cooling characteristics of an axial stratified debris bed, known as the
STYX-3.1 experiment, and measured its dryout heat flux. The sketch
of the geometry is shown in Figure 8, and the main experimental
parameters are shown in Table 3 as follows.

TABLE 2 Iterative process for all involved parameters.

Iteraction Jg α Fi κr,g η ηr,g ET,g EL,g Jg*

1 1 0.83 69.258 0.5179 1.3E-4 0.572 7,838.61 2,965.29 0.895

2 0.895 0.799 78.829 0.51 1.3E-4 0.51 8,786.85 3,324 0.837

3 0.837 0.7822 83.622 0.479 1.3E-4 0.479 9,365.27 3,542.81 0.806

4 0.806 0.772 86.396 0.46 1.3E-4 0.46 9,741.41 3,685.1 0.787

5 0.787 0.766 87.9808 0.45 1.3E-4 0.45 9,972.11 3,772.38 0.776

6 0.776 0.763 88.8089 0.44 1.3E-4 0.44 10,097.7 3,819.91 0.77

7 0.77 0.76 89.53 0.44 1.3E-4 0.44 10,210.2 3,862.43 0.765

8 0.765 0.759 89.78 0.437 1.3E-4 0.437 10,250.6 3,877.72 0.764

9 0.764 0.7586 89.89 0.4365 1.3E-4 0.4365 10,266.8 3,883.86 0.763

10 0.763 0.758 90.04 0.436 1.3E-4 0.436 10,291.2 3,893.09 0.762

FIGURE 7
Comparison of variousmodels for prediction of DHF in the sand-
made debris bed.

FIGURE 8
The sketch of geometry of the debris bed in STYX-3.1.
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Validation is conducted for the proposed theoretical model
for stratified debris bed. The selected empirical coefficients of m =
3 and n = 3 are recommended by Lindholm et al. (2006). For the
lower part of the debris bed (i.e., composition 1) in the STYX-
3.1 experiment, the relationship between the void fraction and
the height of the debris bed is severely affected by the volumetric
heating rate, as shown in Figure 9. It can be observed that when
the postulated volumetric heating rate is only 103 W/m3, the
height of the debris bed required to reach dryout conditions is
nearly 230 m. As the volumetric heating rate gradually increases,
the height of the debris bed corresponding to dryout condition
decreases sharply. When the volumetric heating rate reaches
104 W/m3, the debris bed should be as high as about 23 m to
undergo dryout, and moreover, when the volumetric heating rate
further increases to 105 W/m3, the corresponding height is
approximately 2.3 m. This conclusion manifests that there is a
negative relation between the volumetric heating rate and the
elevation corresponding to dryout condition. For this
composition 1, the relationship between the ∂z/∂α of the
debris bed and the void fraction is shown in Figure 10. It can

be seen that the value of the point corresponding to ∂z/∂α � 0
does not vary with the change in volumetric heating rate. For this
configuration, the critical void fraction is approximately 0.73,
which means that dryout of this type of debris bed can only occur
when the void fraction reaches 0.73. For the upper part of the
debris bed in the STYX-3.1 experiment (i.e., composition 2), the
relationship between the void fraction and the height of the
debris bed, as well as the critical void fraction are obtained, as
shown in Figures 11, 12. It can be observed that in terms of the
height at which dryout occurs, for such a debris bed with smaller
particle, the corresponding bed height for dryout at the same
volumetric heating rate is even lower, showing a characteristic of
being more prone to dryout. Additionally, the critical void
fraction for onset of dryout is approximately 0.73, as well.

Figures 13, 14 illustrate the heat flux varied with the elevation
of the debris bed for each composition. It can be observed that, at

TABLE 3 Key parameters from the dryout heat flux experiments of STYX-3.1.

Parameter Value

System pressure/MPa 0.2

Height of the composition 1/cm (to the bottom) 60

Particle diameter of composition 1/mm 0.8

Bed porosity of composition 1 0.37

Height of the composition 2/cm (to the top) 6.5

Particle diameter of composition 2/mm 0.3

Bed porosity of composition 2 0.41

Measured dryout heat flux/kW/m2 221

Hydraulic diameter of the container/mm 300

FIGURE 9
The relationship between the void fraction and the height of the
debris bed (Composition 1/STYX-3.1).

FIGURE 10
The relationship between the void fraction and ∂z/∂α of the
debris bed (Composition 1/STYX-3.1).

FIGURE 11
The relationship between the void fraction and the height of the
debris bed (Composition 2/STYX-3.1).
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any given volumetric heating rate, the heat flux gradually
increases with the height of the debris bed. However, for
different volumetric heating rates, the product of the height of
the debris bed and the volumetric heating rate (i.e., the heat flux)
at the same void fraction is kept constant. Therefore, by
identifying the critical void fraction for any condition, one can
determine the corresponding height of the debris bed for this
void fraction, and subsequently estimate the DHF. Considering
that the critical void fraction for dryout in this test is
approximately 0.73, for composition 1 with volumetric heating
rates of 103, 104, and 105 W/m3, the corresponding maximum
elevations zmax are 230.9 m, 23.09 m, and 2.309 m, respectively,
with DHF values all being 230.92 kW/m2. For composition 2, the
corresponding maximum elevations zmax are 52.7 m, 5.27 m, and
0.527 m, with DHF values all being 52.77 kW/m2. The measured
dryout heat flux in the experiment is 221 kW/m2, which is closer
to the predicted DHF in composition 1, with a prediction error of
around 4.5%, which demonstrates that the dryout may take place
in the lower part of the debris bed with less porosity. The

prediction result based on the POBEDA model (Lindholm
et al., 2006) is 198 kW/m2, with an error of about 10.4%.
Thus, it can be verified that the debris bed cooling model for
stratified configuration, which takes the interfacial shear stress
into account, improves the accuracy of the prediction results.

6 Conclusion

In this paper, two dryout heat flux models for homogeneous
debris bed concerning the two-phase flow characteristic and the
interfacial shear stress, respectively and one for stratified
configuration are theoretically proposed, coupled with
empirical coefficients. In collaboration with the void fraction
model, the DHF models for homogenous debris bed can be
calculated iteratively with convergent superficial gas velocity
and the mean void fraction. Three concluding remarks are
highlighted here.

1) By validating against the POMECO tests (steel sphere, 3 mm in
particle diameter) conducted by KTH, the simulation results
show that the prediction error of the two-phase flow
characteristics DHF model is around 20%, while the
prediction error of the interfacial shear stress DHF model is
significantly reduced at 8.9%.

2) By validating against the POMECO tests (sand sphere, 0.8 mm
in particle diameter) conducted by KTH, the interfacial shear
stress DHF model is shown to be favorable for predicting such
debris conditions when compared to various mechanistic or
classical models from literature. This is likely due to the vital
role interfacial shear stress plays in enhancing the DHF of
debris beds.

3) By validating against the STYX-3.1 test conducted by VTT, it
shows a negative relation between the volumetric heating rate
and the elevation corresponding to dryout condition, and
moreover, the critical void fraction is independent of the
volumetric heating rate. The present semi-empirical model

FIGURE 12
The relationship between the void fraction and ∂z/∂α of the
debris bed (Composition 2/STYX-3.1).

FIGURE 13
The relationship between the height of the debris bed and the
heat flux (Composition 1/STYX-3.1).

FIGURE 14
The relationship between the height of the debris bed and the
heat flux (Composition 2/STYX-3.1).
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can better predict the dryout condition of stratified debris beds
with a prediction error of around 4.5%.
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