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a b s t r a c t

The porous corrosion deposits (known as CRUD) adhered to the cladding have an important effect on the
heat transfer from fuel rods to coolant in PWRs. The vapor film is the main constituent in the two-phase
film boiling model. This paper presents a vapor film thickness correlation, associated with CRUD porosity,
CRUD chimney density, CRUD particle size, CRUD thickness and heat flux. The dependences of the vapor
film thickness on the various influential factors can be intuitively reflected from this vapor film thickness
correlation. The temperature, pressure, and boric acid concentration distributions in CRUD can be well
predicted using the two-phase film boiling model coupled with the vapor film thickness correlation. It
suggests that the vapor thickness correlation can estimate the vapor film thickness more conveniently
than the previously reported vapor thickness calculation methods.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The corrosion of structural materials is a challenging issue for
the aim of reactor life extension. Even though structural materials
in reactors are corrosion-resistant, the contact area of the structural
materials to the coolant is up to 25000 m2, and can lead to a large
number of corrosion products releasing into the primary coolant
[1,2]. Part of the corrosion products can deposit onto fuel cladding,
and the deposits is called CRUD. CRUD can impose some influences
on the safe and stable operation of reactors, including (1) CRUD
induced power shift (CIPS), which results from the concentrated
boron due to the sub-cooled nucleate boiling in CRUD [3]; (2) CRUD
induced localized corrosion (CILC), which is caused by the increase
of thermal resistance [4]; (3) CRUD induced irradiation field for-
mation, which brings a higher occupational exposure during
maintenance and reactor shutdown. The first two phenomena are
closely related to the heat transfer characteristic of CRUD, therefore,
modeling the heat transfer in CRUD has been the focus of attention.
ou), gaoyang@hrbeu.edu.cn

by Elsevier Korea LLC. This is an
Until now, various heat transfer models have been developed. In
1974, Cohen developed a 1D heat transfer model for the porous
deposit and it was assumed that liquid was drawn into CRUD from
small pores and vapor was ejected from large pores [5]. Subse-
quently, Pan et al. [6] proposed a 2D wick boiling model and pre-
dicted the maximum concentration factor in CRUD. Henshaw et al.
[7] coupled the various chemical reactions into the heat transfer
model, including the radiolysis of water, boric acid chemistry, the
precipitation of LiBO2. Haq et al. [8] further improved the two-
dimensional coupled wick boiling model and discussed the differ-
ences of the heat transfer performance by coupled and uncoupled
models. Short et al. [9] introduced fractal geometric parameters
into the 2D model to calculate the CRUD thermal conductivity and
permeability more precisely. Park et al. [10] fully coupled multi-
physics behaviors including heat transfer, fluid dynamics, mass
transport, chemical reactions, radiolysis, and surface reactions into
the heat transfer model.

The models mentioned above are mostly based on wick boiling,
in which porous solid medium was assumed to be full of liquid.
However, at the case of a high heat flux in PWR (the core average is
0.5MW/m2, the hottest-rod average is 1MW/m2, and the local peak
heat flux is 1.5 MW/m2), the predicted CRUD effective thermal
conductivity was higher than the experimental values, along with
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Fig. 1. The schematic of CRUD and the physical processes.
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unrealistically high predicted liquid superheat [9]. Therefore, other
heat transfer mechanisms were introduced into CRUD heat transfer
models together with wick boiling, especially film boiling. Wang
et al. [11] studied the CRUD thermal conductivity for different
CRUD-regimes at PWR operating conditions by experiments and
the results can be used to validate the various heat transfer models
including the film boiling model. Jin et al. [12] proposed a two-
phase film boiling model, in which the vapor thickness was
initially set as a certain value and then corrected. Collier et al. [8,13]
proposed a derived equation using the Clausius-Clapyeron relation
to calculate the vapor film thickness, in which a few CRUD prop-
erties were considered but no solute was assumed in the liquid.
However, it is a fact that the solute has a large concentration factor
due to the boiling regime, which affects both the surface tension
and the saturation temperature [8]. Recently, Yeo et al. [14] devel-
oped a method to calculate the vapor film thickness from the
perspective of hydrodynamic balance at the interface between the
vapor film and liquid region, which analyzed more physical
mechanisms to explain the formation of the vapor film than their
previous empirical formulation describing the heat-flux dependent
behavior of the driving force [14]. This calculation method can give
an accurate vapor film thickness by coupling with a film boiling
model. It is a fact that the vapor film thickness depends strongly on
the CRUD properties and operational conditions. However, it
cannot intuitively obtain the relationship between the vapor film
thickness and various factors according to this method. Addition-
ally, a large number of iterative computations was required during
the prediction of heat transfer in CRUD due to the coupling with the
film boiling model according to our study. Therefore, it is necessary
to develop an intuitive vapor film thickness correlation, in which
the effects of the CRUD properties and operational conditions on
vapor film thickness can be directly revealed.

In this paper, a vapor film thickness correlation is proposed based
on multivariate regression analysis after the sensitivity analysis of
the effects of various factors, such as CRUD chimney density, CRUD
porosity, CRUD particle size, CRUD thickness, CRUD pore size and
heat flux on the film thickness. This correlation can intuitively reflect
the effects of CRUD properties and operational conditions on the
vapor thickness. This model is then introduced into a two-phase film
boilingmodel to predict the heat transfer characteristics of CRUD and
the results are demonstrated to be reliable.
2. Modeling description and solution

2.1. Physical processes in CRUD

CRUD is the porous media within a number of the chimneys. It
adheres to the surface of the cladding and influences the heat
transfer between the cladding surface and coolant. The heat
transfer regime within CRUD in the present study is considered to
have an extra vapor-saturated region (the vapor film) than the
typical wick boiling model. The details of the CRUD structure and
the physical processes are shown schematically in Fig. 1. The heat
removal from the cladding to coolant depends on three processes,
including the conduction in CRUD, the evaporation on the chimney
wall or on the boundary of the vapor film and the liquid film, and
the convective heat transfer between the coolant and CRUD. The
evaporation of liquid within CRUD leads the coolant permeate into
the porous media, while the bubbles produced by the evaporation
can flow back into the bulk coolant through the steam chimney.
2.2. Estimation of vapor film thickness

Eq. (1) is the relation to estimate the vapor film thickness (dv)
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which was derived from the hydrodynamic balance equation pro-
posed by Yeo et al. [14]. It was assumed that the pressure from
vapor is equal to the pressure from liquid plus capillary force or
disjoining force on the menisci in pores near the interface. For the
case where capillary force is dominant, the vapor film thickness dc*
is smaller than dd* for disjoining force case, because the growth of
the vapor film is suppressed more largely by the capillary force.
Similarly, for the case where disjoining force is dominant, dd* is
smaller than dc* [14]. As a result, the vapor film thickness is equal to
the minimum film thickness between the two.

dv ¼ d�min
�
d*c ; d

*
d
�

(1)

where d is the CRUD thickness, and d*c is the vapor film thickness for
the capillary dominant case expressed in Eq. (2).
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1
2

2
4
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where the parametric expressions are r* ¼ l
d
, Da ¼ k

l
2, b ¼ yv

yl
, f * ¼

32kð1�fchÞ
fchd2

ch
, Ca ¼ ylq

slvhfgð1�fchÞ
, d* ¼ desc

d
, fch ¼ nch

pd2
ch
4 , desc ¼ 1ffiffiffiffiffiffiffi
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p . Con-

cerning the CRUD properties, it involves average pore size l, CRUD
thickness d, chimney density nch, porosity (reflected in perme-
ability k) and chimney diameter dch. The other parameters include
contact angle f, vapor kinematic viscosity yv, liquid kinematic vis-
cosity yl, heat flux q, the enthalpy of vaporization of the fluid hfg.

2.3. Two-phase film boiling model

2.3.1. Liquid-saturated CRUD region modeling

(1) Heat transfer modeling

The governing equation (3) for the temperature field in the
liquid-saturated CRUD region contains conduction term and con-
vection term.

�V:ðkslVTlÞ þ rcpt
� k

mε
VPl
�
VTl ¼ 0 (3)
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Where Tl is the temperature in Liquid-saturated CRUD region, r is
the fluid density, cp is the specific heat capacity of the fluid, m is the
fluid viscosity, and Pl is the pressure. ksl denotes the thermal con-
ductivity of the liquid region.

The boundary conditions are listed as follows:

�ksl
vTl
vn

¼ hcðTl � TcoolantÞ; at G ¼ Gcoolant

vTl
vn

¼0; at G ¼ Gsymmetric

Tl ¼ Tsat ; at G ¼ Ginterface

Tl ¼ Tsat ; at G ¼ Gchimney

where G with four different subscripts denotes the four specific
boundaries in the CRUD unit, n is a vector normal to a boundary, hc
is the coolant convection heat transfer coefficient, and Tcoolant is the
bulk coolant temperature.

(2) Coolant flow modeling

Fluid flow in CRUD follows Darcy's law and the effect of gravity
is negligible due to the much larger pressure difference driven by
the capillary force in CRUD. In Darcy's law, the velocity of the fluid
in the porous media is proportional to the pressure gradient as
follows:

�V
� k

mε
VPl
�
¼ 0 (4)

the true fluid velocity v is defined as follows:

v ¼ � k

mε
VPl (5)

The boundary conditions are listed as follows:

Pl ¼ Pcoolant ; at G ¼ Gcoolant

vPl
vn

¼ 0; at G ¼ Gsymmetric

k

m

vPl
vn

¼ 1
rhfg

:

�
� ksl

vTl
vn

þ ksv
vTv
vn

�
; at G ¼ Ginterface

k

m

vPl
vn

¼�ksl
rhfg

:
vTl
vn

; at G ¼ Gchimney

Where Pcoolant is the pressure of the primary coolant system, and Tv
is the temperature distribution in the vapor-saturated CRUD region.

(3) Solute transport modeling

The coolant solute transports into the CRUD, and it can also
affect the saturation temperature and the vapor formation in the
porousmedium. The boric acid is the only one considered species to
be coupled in the model since it is one of the most important
species in coolant to affect the saturation temperature [15]. The
governing equation of boric acid transport is expressed as follows:

�DV2C þ vVC ¼ 0 (6)

where D is the boric acid diffusion coefficient in water and C is the
4800
boric acid concentration distribution in liquid-saturated CRUD re-
gion in this study.

The boundary conditions are listed as follows:

C¼Cbulk; at G ¼ Gcoolant

D
vC
vn

¼0; at G ¼ Gsymmetric

�D
vC
vn

þ v:nC ¼ 0; at G ¼ Ginterface

�D
vC
vn

þ v:nC ¼ 0; at G ¼ Gchimney

where the concentration of boric acid in the bulk coolant Cbulk is set
to 80 mol/m3.
2.3.2. Vapor-saturated CRUD region modeling
The differential equations for the temperature and velocity

fields are similarly considered to those used in the liquid-saturated
CRUD region but solved for the different boundary conditions, and
vapor-based properties replace water-based liquid properties. So-
lute transport is neglected in this region.

(1) heat transfer modeling

For the temperature field, the boundary conditions are listed as
follows:

Tv ¼ Tsat ; at G ¼ Ginterface

vTv
vn

¼0 : at G ¼ Gsymmetric

�ksv
vTv
vn

¼ q; at G ¼ Gclad

�ksv
vTv
vn

¼ �rhg
k

m

vPv
vn

; at G ¼ Gchimney

where hg is the superheated vapor enthalpy.

(2) Coolant flow modeling

For the velocity field, the boundary conditions are listed as
follows:

Pv ¼ Pl þ Pcapillary; at G ¼ Ginterface

vPv
vn

¼0; at G ¼ Gsymmetric

vPv
vn

¼0; at G ¼ Gclad

ð
chimney

�
r

�
� k

mε

vP
vn

��
v

ds¼
ð

interface

�
r

�
� k

mε

vP
vn

��
l
ds :

at G ¼ Gchimney

where Pv is the pressure distribution in the Vapor-saturated CRUD
region. It was indicated that in the case of a thin vapor film, the
capillary force is dominant, and the disjointing force can be
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omitted. The disjointing force need to be considered in the case of
the CRUD nearly occupied by the vapor film [12,14]. In our study,
CRUD is partial dry-out and vapor film thickness is not very large.
Therefore, only the capillary pressure is added to the liquid pres-

sure, which is also reflected in Eq. (1), the vapor film thickness d*c for
the capillary dominant case is mainly considered. The capillary
pressure is calculated by Eq. (7)

Pcapillary ¼ 2sðTÞcos q
l

(7)

where the contact angle q is assumed to 0, and s is the surface
tension of water calculated by Eq. (8).

s¼B
	
Tc � T
Tc


1:256	
1þ b

�
Tc � T
Tc

�

(8)

where B ¼ 235.8 � 10�3N/m, b ¼ �0.625, Tc ¼ 647.15K.
2.3.3. Parametric equations in the model

(1) Saturation temperature

The saturation temperature of water with high amounts of boric
acid expressed by Eq. (9) is from Deshon [16]. A polynomial func-
tion was fit to the data, with boric acid concentrations scaled to
mole fractions in the fluid inside the CRUD.

Tsat¼618:09þ199:01ð1�awÞ�952:74ð1�awÞ2

þ26013:9ð1�awÞ3�262916:0ð1�awÞ4þ997166:1ð1�awÞ5

where aw is the activity of water, defined as follows:

aw ¼ mw

mw þ
X
all

mi (10)

where mw is molar concentration of water and mi is molar con-
centration of boric acid in this study.

(2) CRUD thermal conductivity

The calculation of CRUD thermal conductivity includes the
CRUD thermal conductivity of the vapor-saturated region and the
CRUD thermal conductivity of the liquid-saturated region. Eqs.
(11)e(13) are used to estimate the thermal conductivity of the
vapor-saturated CRUD (ksv) based on the parallel and series layer
models [9], which are widely used to predict the thermal conduc-
tivity of a two-phase system [17]:

ksv ¼ 2

k�1
parallel þ k�1

series
(11)

kparallel ¼

�
2�Df

�
εlDT�1

max

"
1�

�
lmin

lmax

�DT�Dfþ1
#

LDT�1
�
DT �Df þ1

�"
1�

�
lmin

lmax

�2�Df
#kvþð1�εÞksð12Þ

(12)
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kseries ¼
1

ε

kv
þ 1� ε

ks

(13)

where ε is the porosity, L is a characteristic length of the system, Df

is the pore free area dimension, and DT is the tortuous capillarity
dimension [9] as follows:

Df ¼ de � lnðεÞ
ln
�lmin

lmax

�
(14)

DT ¼ 1þ lnðtÞ
ln
� L
lmin

�
(15)

L ¼ lmax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p

4
Df

2� Df

ð1� εÞÞ
ε

s
(16)

where de is the simulating dimension (de is set to 2 for the present
2-D model). The minimum pore size lmin is assumed to be 0.25 mm,
which is the same as the previous value [10,12,18]. The maximum
pore size lmax is in the range of 0.4e0.8 mm and is set differently by
case. The maximum pore size is set to be 0.5 mm when the other
parameters vary. When the effect of the maximum pore size on the
vapor film thickness is studied, the maximum pore size is in the
range of 0.4e0.8 mm and is set to be 0.4, 0.5 mm and so on.

The thermal conductivity of the solid part of the CRUD (ks) is
assumed to be 4.5 W/(m K) [19], and the thermal conductivity of
vapor (kv) is taken from Ref. [20] as follows:

kv¼�7:21�10�3þP
�
8:309�10�8þ2:818�10�15P

�
þT
�
6:74�10�5þ3:895�10�8T

�
þTP

�
�2:854�10�10�4:067�10�18Pþ2:417�10�13T

�
ð17Þ

where P is the pressure in Pa and T is the temperature in degrees
Kelvin.

The thermal conductivity of the liquid-saturated CRUD (ksl) is
set to 0.706 W/(m K) for the CRUD with the porosity within the
range from 0.40 to 0.70, which is an average value of the two case
ends of the porosity range calculated by a generally used model
expressed as Eqs.(18)e(20) [7]. The thermal conductivity of the
liquid-saturated CRUD with the porosity of 0.40 is calculated for
0.5996 W/(m K) at 610 K (the temperature is the average value of
coolant temperature 600K and the saturated temperature about
619 K with the boric concentration in bulk coolant) and with the
porosity of 0.70 is calculated for 0.8121 W/(m K) at 610 K.

ksl ¼ kw
1� ð1� bksÞð1� εÞ
1þ ðb� 1Þð1� εÞ (18)

b ¼ 3kw
2kw þ 2ks

(19)

kw ¼ 0:616þ 9:46� 10�4T � 2:82� 10�6T2 � 3:61� 10�9T3

(20)
(3) Permeability
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The flow permeability is calculated by the Kozeny-Carmen
equation as expressed in Eq. (21), which has been used for CRUD
and the results have been suggested to be consistent with those by
the in-core or autoclave experiments [8,10]. Compared to the fractal
permeability formula in Ref. [14], the form of Eq. (21) is more
simplified.

k ¼ ε
3d2p

150ð1� εÞ2
(21)

where dP is the particle size of CRUD, which was assumed to
0.25 mm in the previous report [10], while the particle size of
0.20e0.40 mm in CRUD is considered in this study.

(4) Coolant properties

Eqs. (22)e(24) are used to calculate the water density, the
specific heat capacity of the water, the water viscosity, respectively.

rl ¼ 997þ 2:01� 10�1Tð�CÞ � 8:16� 10�3Tð�CÞ2 þ 2:91

�10�5Tð�CÞ3 � 4:44� 10�8Tð�CÞ4
(22)

cp ¼ 4028þ 128:8�
1� T

650
�þ 4:674�

1� T
650

�2 (23)

ml ¼
25:3

�85800þ 91T þ T2
(24)

Eqs. (25)e(27) are used to calculate the vapor density, the spe-
cific heat capacity of the vapor, the vapor viscosity, respectively.

rv ¼ 0:576þ P
�
2:483� 10�5 � 1:410� 10�12P

�

þP
T

�
� 2:616� 10�2 þ 1:016� 10�9P

�
þ 7:589

T

(25)
cp;v ¼ 2709þ P
T

�
� 8:594� 10�1 � 2:378� 10�7P þ 1:062� 10�3T þ 1:686� 10�4P

T

�
� 277:2

T2

P
(26)
mv ¼
11:4

1:37� 106 � 844T � T2
(27)
2.4. Coupling scheme and solution

The above analyzed physical processes of the film boiling model
including heat transfer, coolant flow, solute transport in the liquid-
saturated and vapor saturated regions are fully coupled. For the
liquid-saturated CRUD region, the heat transfer model calculates
the temperature distribution using saturation temperaturewhich is
obtained from the solute transport model, and provides evapora-
tive coolant flux to the coolant flowmodel. The coolant flow model
calculates the pressure distribution using the chimney coolant
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mass flux and provides convective mass flux to the solute transport
model. The solute transport equation is solved to derive the species
concentration at the chimneywall, then the saturation temperature
boundary condition can be modified. For the vapor-saturated CRUD
region, the coupling scheme is almost the same but without a so-
lute transport equation. The liquid-saturated and vapor-saturated
regions are connected by joint boundary conditions.

Due to the introduction of the vapor film thickness into the film
boiling model, the coupling of the vapor film thickness and the film
boiling model need to be realized besides the coupling of the
different physical processes considered in the film boiling model.
Therefore, the calculations are correspondingly divided into two
parts: one is realized by COMSOL Multiphysics to deal with the
coupling analyzed above and calculate the liquid temperature,
liquid pressure, dissolved species concentration, vapor tempera-
ture, and vapor pressure in CRUD; the other is realized by a self-
compiled program to deal with the coupling between the vapor
film thickness and the film boiling model.

Fig. 2 presents the process of the coupling between the film
boiling model and the vapor film thickness. The green rectangular
in Fig. 2 represents the film boiling model calculated by COMSOL,
and the blue rectangular in Fig. 2 shows the dealing of the coupling
between the vapor film thickness and the film boiling model real-
ized by the self-compiled program. An initial saturation tempera-
ture Tsat is set to calculate the corresponding vapor film thickness.
Then the boundary temperature Tinterface between the vapor-
saturated region and liquid-saturated region can be obtained by
the COMSOL Multiphysics. The above processes are repeated until
the difference between Tsat and Tinterface is less than 0.5. When the
whole calculation is accomplished, the distributions of tempera-
ture, pressure and boric acid concentration within the two regions
can be exported from COMSOL Multiphysics as well as the vapor
film thickness and the effective thermal conductivity in CRUD.
3. Results and discussion

3.1. Validation

The temperature, pressure, and boric acid concentration in
CRUD are calculated using the two-phase film boiling model
combined with the vapor film thickness method described in
section 2.1. The calculated CRUD/Clad mean temperature is
compared with the results reported by the WALT loop test [21] and
Jin's report [12], as shown in Fig. 3, and the input values of the
parameters are mainly taken from Jin's report [12]. It is found that
the relative errors between our model and the WALT test were
generally smaller than those between Jin's model and the WALT
test with the same input simulated parameters. It suggests that the
film boiling model coupled with the vapor film thickness equation
(described in section 2.2) can obtain a more realistic peak tem-
perature in CRUD than that of the previous study [12]. The vapor
film thicknesses are 0.66e5.7 mm here, and 7~8 mm in Jin's model
[12].

The effective thermal conductivity of the five rod cases is
calculated and compared with those obtained by the film boiling
model [12], as presented in Table 1. It can be seen that the results



Fig. 2. The solution flow chart of the model.

Fig. 3. Relative errors from the comparison of the CRUD/CLAD temperature between
models and the WALT loop experiment result.

Fig. 4. CRUD temperature distribution calculated by the present model and the wick
boiling model, the latter was performed by Pan et al. [6].
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are close to those reported by Jin [12] in general, and the maximum
difference between the effective thermal conductivity is 0.39 W/m
K, which is attributed to the different calculated vapor film thick-
ness. The vapor film thicknesses are 0.66e5.7 mm here, and 7~8 mm
in Jin's model [12]. In addition, the other experimental effective
thermal conductivity was in the range of 0.82e1.12W/m Kwith the
porosity of 0.46e0.6 [21,22], and the simulated results are obvi-
ously within this scope.

The temperature distribution in CRUD calculated by our model
and the wick boiling model is shown in Fig. 4. The two curves
approach each other, but there exists a sharp increase in the tem-
perature in the vicinity of the cladding in our results. In our study, a
Table 1
Comparison of the calculated effective thermal conductivity.

Model Calculated effective thermal conductivity (W/m K)

Rod80-TC4 Rod86-TC1

Present model 0.80 1.18
Jin 2016 [12] 1.01 0.84

4803
vapor film region in CRUD was assumed, while only wick boiling
regime was considered in Ref. [6]. Therefore, the change trend of
temperature in the CRUD adjacent to cladding is different. The
sharp increase of temperature at CRUD-to-cladding interface was
also reported by Yeo [14]. It implies that the heat removal decreases
due to the existence of vapor film, so the temperature elevates
dramatically, which will accelerate the cladding corrosion [23].
3.2. Sensitivity analysis of CRUD properties and heat flux

The effects of CRUD porosity, CRUD pore size, CRUD particle size,
CRUD chimney density, CRUD thickness on the CRUD/CLAD
Rod88-TC1 Rod-90-TC2 Rod116-TC4

1.05 0.74 0.61
1.07 1.08 1.00



Fig. 5. Effect of CRUD porosity on CRUD/CLAD temperature and vapor film thickness. Fig. 6. Effect of CRUD pore size on CRUD/CLAD temperature and vapor film thickness.

Fig. 7. Effect of CRUD chimney density on CRUD/CLAD temperature and vapor film
thickness.
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temperature and the vapor film thickness are shown in Fig. 5 to
Fig. 9. Both the cladding surface mean temperature and the vapor
film thickness decrease with the increase of the CRUD porosity,
which is attributed to more liquid in the CRUD with a larger
porosity [12]. According to the typical heat capacity formula (28),
the heat absorbed by the liquid per unit time is related to the mass
and the specific heat capacity of the liquid.

DQ ¼ mCDT (28)

When the heat flux is assumed to be equal in CRUD with
different porosities, the heat capacity formula (28) can be trans-
ferred to Eq. (29) as follows:

m1CðT1 � TsatÞ �m2CðT2 � TsatÞ ¼ 0 (29)

wherem is the liquid mass, C is the liquid heat capacity, and T is the
mean CRUD temperature, subscript 1 denotes the CRUD with a
larger porosity and subscript 2 is the CRUD with a smaller porosity.
CRUD with a larger porosity can hold more liquid which means to
expand the wick boiling region and then thin the vapor film
thickness. Therefore, T1 corresponding to the CRUD with a larger
wick boiling region is lower than T2 that within a smaller wick
boiling region, which results in the decrease of the CRUD/CLAD
temperature with the increase of the CRUD porosity. The vapor film
thickness positively correlated with the temperature, so it de-
creases with the increase of the porosity in Fig. 5. In addition, the
larger the porosity, the larger liquid mass in CRUD, then the larger
the heat capacity. Therefore, the increase of temperature in CRUD is
smaller in the case of large porosity than that in the case of small
porosity at the same heat flux and reduce the production of the
vapor.

The effect of the pore size on the CRUD/CLAD temperature and
vapor film thickness is plotted in Fig. 6. According to the relation of
CRUD pore size and porosity, the temperature and thickness seem
to decrease with the increase of the CRUD pore size. However, both
the CRUD/CLAD temperature and the vapor film thickness are
weakly dependent on the CRUD pore size, which is consistent with
the results from Ref. [12]. Here, the CRUD porosity ε is assumed to
be equal to the ratio of the pore volume Vpore to the solid shell
volume Vshell as shown in Eq. (30). The number of pores in CRUD
with different porosities is assumed to be a fixed value.
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ε ¼ Vpore

Vshell
¼

n
�4
3
prpo3

�
�
1� nchpr

2
ch

�
d

(30)

where n is the pore number in mm-2, rpo is the pore radius in mm,
and rch is the chimney radius in mm. Typically, ε ¼ 0.8,
rpo ¼ 2 � 10�4 mm, nch ¼ 2 � 103mm�2, rch ¼ 2.5 � 10�3 mm,
d ¼ 2.5 � 10�2mm, and the calculated n is nearly 5 � 108 mm�2,
thus the CRUD porosity can be expressed as:

ε ¼ 8:7� 1010r3 (31)

According to Eq. (31), the CRUD porosity changes little with the
pore size in the studied range of 0.4e0.8 mm. Therefore, the CRUD/
CLAD temperature and the vapor film thickness only fluctuate
slightly with the pore size as shown in Fig. 6. The dependence of the
CRUD/CLAD temperature and the vapor thickness on the chimney
density is illustrated in Fig. 7. With the increase of the CRUD
chimney density, the temperature and the thickness decrease,



Fig. 8. Effect of CRUD thickness on CRUD/CLAD CRUD/CLAD temperature and vapor
film thickness.

Fig. 10. Effect of heat flux on CRUD/CLAD temperature and vapor film thickness.
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which is consistent with Yeo's results [18]. The increase of the
chimney number means the expanding of the boiling heat removal
area, so the CRUD/CLAD temperature decreases while the vapor
thickness also decreases.

The impact of the CRUD thickness on the CRUD/CLAD temper-
ature and the vapor thickness is shown in Fig. 8. With the increase
of the CRUD thickness, the temperature and the vapor film thick-
ness increase. The increase of the CRUD thickness causes the in-
crease of the thermal resistance, and the flow route of both the
liquid phase and the vapor phase becomes longer and the flow
resistance strengthens. As a result, the CRUD/CLAD temperature
and vapor film thickness increase.

The effect of CRUD particle size on CRUD/CLAD temperature and
vapor film thickness is shown in Fig. 9. With the increase of the
particle size, the temperature and the thickness decrease. Since the
flow permeability increases with the increase of the particle size,
Fig. 9. Effect of CRUD particle size on CRUD/CLAD temperature and vapor film
thickness.
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more liquid penetrates into the CRUD.
The effect of the heat flux on the CRUD/CLAD temperature and

the vapor film thickness is plotted in Fig. 10. With the increase of
the heat flux, the CRUD/CLAD temperature monotonously in-
creases, and the vapor film thickness increases rapidly first and
then slowly when heat flux exceeds 0.7 MW/m2. As the heat flux
increases, the temperature increases, thus the vapor film thickness
increases. With the further increase of the heat flux, the vapor heat
thermal conductivity increases apparently, which can suppress the
rise of the average temperature in the vapor-saturated region in a
degree. Therefore, the increasing trend of the vapor film thickness
with the heat flux decreases in the case of high heat flux.
3.3. Vapor film thickness correlation

After the sensitivity analysis of dependences of the vapor film
thickness on the factors mentioned above, the multivariate linear
regression is applied to assess the effect of the main factors
(including the porosity, the chimney density, the CRUD thickness,
the particle size and the heat flux) on the vapor film thickness.
When each factor is concerned, the other factors are set to fixed
values. The vapor film thickness is calculated with different factors.
Through the multiple linear regression analysis of these factors, the
correlation of the vapor thickness can be carried out as expressed in
Eq. (32). Table 2 lists the details of the multivariate linear
regression.

The probability of the F-test of multivariate linear regression is
smaller than 0.05, indicating that the regression model is mean-
ingful. In addition, the P-value of the partial regression coefficient
by the t-test is smaller than 0.05, implying that each factor imposes
a significant impact on the vapor film thickness. The multiple cor-
relation coefficient R is equal to 0.98080. Therefore, the results of
multiple correlation coefficient testing (F-test and t-test) indicate
that the model meets the hypothesis testing of linearity and its
matching effect is preferable.

In contrast to Eq. (1) reported by Ref. [14], the relationship be-
tween the vapor film thickness and its influential factors such as
CRUD porosity, chimney density, CRUD thickness, particle size and



Table 2
The details of the multivariate linear regression.

I 1 2 3 4 5 Vapor film thickness (dv)

Simulated factors Porosity
ðεÞ

Chimney density
ðnchÞ

CRUD thickness (d) Particle size (dp) Heat flux (q)

Simulated range 0.40e0.70 1000e2000 mm�2 10e30 mm 0.20e0.40 mm 5e10 � 105W/m2 The calculated value range is 0.582e12.701 mm
Case step 0.05 200 mm�2 5 mm 0.05 mm 1 � 105W/m2

Default value 0.40 2000 mm�2 25 mm 0.25 mm 10 � 105 W/m2

Normalization (Fi) ε� 0:40
0:70� 0:40

nch � 1000
2000� 1000

106d� 10
30� 10

dp � 0:20
0:40� 0:20

q� 5
10� 5

dv � 0:582
12:701� 0:582

Regression coefficient (Ri) �0.89747 �0.19208 0.24163 0.46150 0.23123 ___

Fig. 11. Vapor film thickness calculated by the suggested correlation versus the data
from the film boiling model.
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heat flux can be reflected more intuitively in the obtained Eq. (32).

dv � 0:582
12:701� 0:582

¼
X

RiFi þ 0:67007þ
 þ0:11251

�0:10325

!
(32)

where Ri is the regression coefficient of the different factors, and Fi
represents the corresponding factor which are listed in Table 2. Eq.
(32) can be transformed to Eq. (33) after the reduction.
dvðmmÞ¼ �36:255ε�2:3278�10�3nch
�
mm2

�
þ1:4642dðmmÞ�27:965dPðmmÞþ0:56046q

 
105W
m2

!
þ 26:979þ

�þ1:251
�1:363

�
(33)
As shown in Fig. 11, the vapor film thickness obtained by the
correlation (32) is well consistent with that calculated by the film
boiling model coupled with Eq. (1). The correlation is valid to
predict the vapor film thickness in CRUD under the condition of
partial dry out, while the interaction of the disjointing force on the
4806
meniscus can be ignored. In our study, the range of various pa-
rameters are 0.40� ε �0.70, 1000� nch �2000 mm�2, 15� d
�30 mm, 0.20 �dp � 0.40 mm, and 0.5 � q � 1.0 MW/m2. In order to
validate the extrapolated data by Eq. (33), the calculated vapor film
thickness is 2.28 mm (i.e. the dry-out percentage is 3.8%), in the case
of d ¼ 60 mm, ε ¼ 0.50, nch ¼ 3700 mm�2, dp ¼ 0.40 mm and
q¼ 0.95MW/m2, and this thickness is close to that predicted by the
BOA codes(the dry-out percentage of 3.5%) [11].

The next step is introducing Eq. (33) into the film boiling model
described in section 2.1 to calculate the vapor film thickness. The
distributions of the temperature, pressure and boric acid concen-
tration in the CRUD recalculated by the film boiling model are
presented in Fig. 12. The corresponding input parameters in Fig. 12
are listed in Table 3. In each graph of Fig. 12, the upper part cor-
responds to the liquid-saturated region and the bottom represents
the vapor-saturated region, where the left boundary of each graph
is the steam chimney wall and the right boundary is the symmetric
line of a modeling unit of CRUD. The maximum temperature dif-
ference within the vapor-saturated region is 27 K, and 10 K in the
liquid-saturated region as shown in Fig. 12(a). It indicates that the
thermal resistance within the vapor-saturated region is signifi-
cantly higher than that within the liquid-saturated region in CRUD.
As shown in Fig. 12(b), the pressure difference along the chimney
side is larger than that along the symmetric boundary both in the
vapor-saturated region and in the liquid-saturated region. In
Fig. 12(c) the boric acid concentration near the interface of the
liquid and vapor region is significantly larger than that near the
bulk coolant side, and the concentration factor of H3BO3 (ratio of
maximum concentration to bulk concentration) in CRUD reaches
about 30. This concentration factor is larger than that without
consideration of the vapor film. In this case the CIPS risk increases
to some extent. The temperature, pressure and boric acid concen-
tration distributions in Fig. 12 are similar to the results obtained by
the two-phase film boiling model coupled with the method of the
vapor film thickness mentioned in section 2, and the latter results
are not presented here for brevity.



Fig. 12. Two-phase film boiling model results based on parameters from Table 3. Variable distributions in CRUD include: (a) temperature [K], (b) pressure [MPa] and (c) H3BO3

concentration [103 mol/m3].

Table 3
Typical input values for simulating the film boiling.

Parameters Value

Coolant Pressure(MPa) 15.5
Coolant Temperature(K) 600
Convective Heat Transfer Coefficient(W/m2) 4.52 � 104

CRUD Porosity 0.60
CRUD Chimney Diameter(mm) 5
CRUD Maximum Pore Diameter(mm) 0.5
CRUD Minimum Pore Diameter(mm) 0.25
CRUD Thickness(mm) 25
Chimney Density(m�2) 2 � 109

Clad Surface Heat Flux(MW/m2) 1.0
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4. Conclusion

In this paper, a vapor thickness correlation in CRUD is proposed
based on the sensitivity analysis and multivariate regression anal-
ysis, and the relationship between the vapor thickness and its
influential factors such as CRUD porosity, CRUD chimney density,
CRUD thickness, CRUD particle size and heat flux can be intuitively
reflected. The temperature, pressure and boric acid concentration
distributions in CRUD are calculated using the two-phase film
boiling model coupled with the vapor thickness correlation. The
cladding temperature and the CRUD dry-out percentage (which is
reflected by the vapor film thickness) for different characteristics of
the CRUD structure and different heat fluxes can be well predicted
with the coupling of the vapor thickness correlation into the two-
phase film boiling model. These results are helpful to reflect the
heat transfer characteristics within CRUD in the case of partial dry-
4807
out.
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