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Abstract

The transient multiphysics models were updated in CAMPUS to evaluate the accident-tolerant fuel performance under acci-
dent conditions. CAMPUS is a fuel performance code developed based on COMSOL. The simulated results of the UO,—Zir-
caloy fuel performance under accident conditions were compared with those of the FRAPTRAN code and the experimental
data to verify the correctness of the updated CAMPUS. Subsequently, multiphysics models of the UO,~BeO fuel and com-
posite SiC coated with Cr (SiC¢/SiC-Cr) cladding were implemented in CAMPUS. Finally, the fuel performance of the three
types of fuel cladding systems under Loss of Coolant Accident (LOCA) and Reactivity Insertion Accident (RIA) conditions
was evaluated and compared, including the temperature distribution, stress distribution, pressure evolution, and cladding
failure time. The results showed that the fuel temperature of the UO, fuel under accident conditions without pre-irradiation
was lower after being combined with SiCy/SiC-Cr cladding. Moreover, the centerline and outer surface temperatures of the
UO,—BeO fuel combined with SiCy/SiC-Cr cladding reduced further under accident conditions. The cladding temperature
increased after the combination with the SiC;/SiC-Cr cladding under accident conditions with pre-irradiation. In addition,
the use of SiC/SiC-Cr cladding significantly reduced the cladding hoop strain and plenum pressure.

Keywords Accident condition - Fuel performance - UO,—BeO fuel - SiC{/SiC-Cr cladding

1 Introduction

Since the Fukushima nuclear accident in 2011, efforts have
been undertaken to evaluate accident-tolerant fuel perfor-
mances. Numerical analysis is an effective and economi-
cal method to study the fuel performance. Applying this
method, basic data can be provided to guide nuclear reactor
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design. To precisely predict the fuel performance, many
computer codes/programs have been developed recently.
Herein, fuel behavior models have been developed based
on experimental data. The FAST code is used to analyze
the fuel performance in CANDU reactors. It was developed
based on the COMSOL platform by Prudil [1] at the Royal
Military College. The FAST code was validated in their
work. Additionally, the CANDU reactor fuel performance
was analyzed under normal operating conditions. FRAP-
CON and FRAPTRAN are commercial licensed codes
developed by Geelhood and Luscher [2]. These are used
to investigate the fuel performance under normal operating
and accident conditions, respectively. Thermodynamics, heat
transfer, burnup, mechanics, and neutron calculations are
considered in the FRAPCON and FRAPTRAN codes. Then,
anew code called CAMPUS, developed based on COMSOL
by Liu et al. [3], was used to investigate the fuel perfor-
mance in pressurized water reactors (PWRs). The combina-
tion of thorium-based fuel with two-layered SiC claddings
was studied using CAMPUS under normal operating condi-
tions [4]. Furthermore, thorium-based fuel combined with
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SiCy¢/SiC-Cr cladding was studied using CAMPUS under
both normal operation and accident conditions. The results
demonstrated that the combination of thorium-based fuel
with Cr-coated SiC fuel cladding can effectively improve
the safety margin of fuel rods under accident conditions.
Subsequently, Liao et al. [5] improved the steady-state fuel
rod performance analysis code FROBA-ROD to predict the
fuel rod behavior under the condition of a reactivity-initiated
accident (RIA). FROBA-ROD was verified by comparing it
with FALCON simulation data under RIA conditions. More-
over, codes were developed for various fuel structures. Yang
et al. [6] developed a new program called DUO-THERM
to analyze the heat flux and fuel temperature of an annular
fuel rod. They determined that the heat flux of an annular
fuel is significantly affected by the variations in the inner
and outer gaps. The VVER-1200 reactor was investigated
using the COMSOL platform to study the fuel performance
under normal operating conditions [7]. This is important for
analyzing the fuel performance under off-normal operating
conditions. In addition to the fuel behavior analysis of con-
ventional light water reactors (LWRs), other types of reac-
tors such as small reactors and molten salt reactors have been
studied [8, 9]. The design in terms of the neutronic aspect
has been researched by developing a code named SDIC1.0,
to achieve an optimized lightweight shielding design for
small reactors [8]. Compared with the RMC code, the cal-
culation time was shortened by 6.3 times. The CORE3D
code was developed to investigate the coupled performance.
It contains neutronic, thermohydraulic, and molten salt loop
system of a molten salt reactor [9]. The results provided
certain essential indications for more improved design opti-
mization and safety analysis.

Currently, a considerable number of codes/programs
have been developed to analyze the fuel behavior. However,
to evaluate fuel performance more accurately, the material
property models of fuel and cladding are also being devel-
oped continuously. SiC is reported to have high-temperature
strength, creep resistance, low thermal expansion, and good
radiation resistance [10]. It is considered to be a good sub-
stitute for Zircaloy cladding. Therefore, substantial research
has been conducted on the SiC material. CVD-SiC and SiC/
SiC composites are recommended to be applied as fuel rod
cladding in PWRs [11]. The two-layered cladding consist-
ing of an internal fiber-reinforced SiC/SiC composite layer
and external integral CVD-SiC layer substantially reduces
the likelihood of cladding failure under steady-state condi-
tions [12]. Meanwhile, the MOOSE/BISON multi-physical
fuel performance analysis tool was developed by Wagih
et al. [13] to study the fuel performance of multilayered
zirconium/silicon carbide cladding under steady-state and
transient accident conditions in PWRs. However, after
being irradiated, the thermal conductivity of SiC decreases
dramatically. Therefore, it is necessary to apply a cladding
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material with a high thermal conductivity to mitigate or even
eliminate the increase in fuel temperature caused by the
use of SiC cladding. Furthermore, the performance of SiC
composite cladding was studied in our previous work [14,
15]. Therein, the models of swelling, thermal conductivity,
creep, etc., were implemented based on certain assumptions
to analysis the behavior of SiC cladding [14]. The result
indicated that the gap closure can be delayed and the stress
status released using SiC cladding [15]. The failure prob-
ability of SiC cladding was evaluated by Deng et al. [16]
using the Monte Carlo method. The research revealed a mar-
ginal likelihood of failure when two-layer SiC cladding is
used. Meanwhile, the UO,—BeO composite fuel is reported
as one of the alternative potential accident-tolerant fuels
for PWRs [17]. This is because the thermal conductivity
of UO, fuel can be improved by mixing a small amount of
BeO [18]. The common additives to the UO, matrix includ-
ing Cr,03, Al,O;, and TiO, were reported to be the most
effective means to achieve long-term heat preservation [19].
Chandramouli [20] updated the UO,-BeO attribute mod-
els in the FRAPTRAN code. He determined that the use
of UO,-BeO fuel pellets could reduce the fuel tempera-
ture under accident conditions. Kim et al. [21] from Korea
Atomic Energy Research Institute performed a cost—benefit
analysis of the UO,—BeO fuel. The advantages of this fuel
are maximized when the BeO content is 4.8%. However, the
likelihood of cladding corrosion increases as the fuel burnup
increases. Therefore, the SiC;/SiC-Cr cladding is proposed
to be combined with the UO,—BeO fuel under accident con-
ditions. This is because the Cr coating displays good corro-
sion and oxidation resistance, whereas its oxidation process
accelerates above 1200 °C [22]. A neutronics analysis of
the UO,—BeO fuel was conducted by Zhang et al. [23]. The
research result revealed that the fuel temperature coefficient
remained nearly constant notwithstanding a variation in the
fraction of BeO in the UO,—BeO. The crud of the cladding
surface and coating has been widely considered to have a
certain impact on the heat transfer in the fuel rod. Efforts
have been undertaken to reduce the amount of crud on the
cladding surface by injecting zinc in the coolant [24, 25].
Therefore, in this study, the relevant physics models for
the simulations under accident conditions were updated
based on CAMPUS [3]. It has been applied to analyze the
fuel performance of different types of fuel rods under dif-
ferent operating conditions [4, 26]. The feasibility of the
updated code used in this study was investigated further.
The remainder of this paper is organized as follows: First,
the thermodynamic properties and related physical models
of UO,—BeO fuel and SiC/SiC-Cr cladding are introduced.
Subsequently, based on the fuel performance code CAM-
PUS, transient multiphysics models are introduced to more
precisely evaluate the fuel performance under accident
conditions. The multiphysics models of the UO,—BeO fuel
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and SiC/SiC-Cr cladding were implemented in CAMPUS,
and the fuel performance under LOCA and RIA conditions
was compared with the simulated results of FRAPTRAN to
verify the updated code. Finally, the performances of the two
fuel cladding combinations were investigated and compared
with that of the UO,—Zircaloy system under LOCA and RIA
conditions.

2 Material properties
2.1 UO,-BeO fuel

As alikely candidate for ATF materials, the UO,—BeO fuel
has a high melting point, low neutron absorption, low ther-
mal expansion coefficient, and good chemical compatibility.
Moreover, BeO is suitable for increasing the thermal con-
ductivity because its thermal conductivity is significantly
higher than that of the UO, fuel [27]. In this section, the
properties of the UO,—BeO fuel are introduced.

2.1.1 Thermal conductivity

The thermal conductivity of UO,—BeO was calculated using
the following formula recommended by Chandramouli et al.
[20]:

k = kyo,-peo X FD X FP X FM X FR )
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where kos o, -peo 1S the thermal conductivity of the unirradi-
ated and fully dense UO,—BeO fuel; FD, FP, FM, and FR
are factors for the dissolved fission products, precipitated fis-
sion products, Maxwell porosity effect, and radiation effect,
respectively; f, is the burnup of the UO,-BeO fuel; o is the
shape factor (1.5 for spherical pores); and p is the porosity.

2.1.2 Thermal capacity
The thermal capacity of the UO,—BeO fuel was calculated

using a mass-weighted interpolation calculation as follows
[20]:

Cp,Oz—BeO = VVUO2 X Cp,U02 + WBeO X Cp,BeO (8)

T - 650

3
C, e = 1000 X <0.036><( ) ~0.12

p
9
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360 . 360 .

W = VBeo X PBeo (10)
BeO =
e Vo, X Puo, + Veeo X Peo

where Wy, and Wy, are the weight fractions of UO, and
BeO, respectively; T'is the temperature in K; Vo, and Vi
are the volume fractions of UO, and BeO, respectively; and
Puo, and pgq are the densities of UO, and BeO, respectively.

According to Carbajo’s [28] recommendation, the heat
capacity of UO, was calculated using the MATPRO-11
correlation:

296.762 exp (€>
T
o (UO,) = ) o
T (exp (}) - 1>

8.75 x 107 YEy, -E,
—_—— Xexp | —
2RT RT

(11)

where T is the temperature in K, Y is the oxygen-to-metal

ratio, R is the universal gas constant=_8.315 J/mol/K, 0 is the

Einstein temperature for UO, and is set to 535.285 K, and

E, is the activation energy for Frenkel defects and is set to
1.577x 10° J/mol for UO, fuel.

+0.0243T +
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2.1.3 Density and thermal expansion

The density and thermal expansion of the UO,—BeO fuel were
calculated by interpolation based on the volume fraction:

PUO,-BeO = VU0, X Puo, T UBeo X PBeo (12)

where py, is as recommended by Fink [29]:
2 3\ 73
puo, = 10970 X (a + bT + ¢T* +dT°) (13)

The parameters in Eq. (13) are listed in Table 1:
The BeO fuel density was introduced by Liu et al. [18].
The formula is as follows:
p(BeO) =0.21 x ((T — 1200)/530)*
+2.6 X (T — 1200)/530)°
— 3% ((T - 1200)/530)* — 63x
((T —1200)/530) + 2900

(14)

where T is the temperature in K.
The thermal expansion of UO,—BeO fuel was calculated
by the following equation:

AL AL
= Vo X (—) + Vo X (—)
vo, L Jvo,  Be© L /Beo

s)

where p is the density of the fuel and % is its thermal
expansion.

()
L /v0,-Beo

2.1.4 Young’s modulus and Poisson’s ratio

The volume fraction was used to calculate the Young’s mod-
ulus and Poisson’s ratio of the fuel:

Eyo,-8c0 = Vuo, X Evo, + Veeo + Epeo (16)
Epeo =3.5x 10" Pa A7)
Upeo = 0.229 (18)

where V is the volume fraction of the material, E is the
Young’s modulus of the fuel, and v is the Poisson’s ratio.

2.2 SiC material properties

The related material properties of SiC implemented in
CAMPUS are summarized in this section.

2.2.1 Thermal conductivity

The thermal conductivity of the SiC composite was calcu-
lated by the thermal resistance model proposed by Snead
et al. and Stone et al. [30, 31]. The relevant formula is as
follows:

ke 1
SiC—CMC = Ry +R.. 19)
0 kSiC ( )
kge = —1.71 x 107117* +7.35 x 107873 on
—1.10x 10772 + 0.0617 + 7.97
R, =6.08xS (22)

S=35,X

1_exp<1_l>r (23)
Ye

S, = 5.8366 x 10° — 1.0089 x 1074T
—6.9368 x 107872 — 1.8152 x 107173

(24)

¥e = —0.57533 +3.3342 x 107°T - 5.3970

(25)
X 10772 +2.9754 x 107°T3

where R, is the thermal resistance of the SiC composite
cladding without irradiation, S is the irradiation expansion
strain, y is the displacement per atom (DPA) of SiC, S, is the
saturation expansion rate, and 7 is the cladding temperature.

2.2.2 Heat capacity

The following model proposed by Snead et al. [30] was

Table 1 Parameter of formula

Temperature a b c d

(13)
T<923K 0.99734 9.802x107° —2.705% 10710 4391x10713
T>923K 0.99672 —1.179% 107 —2.429%107° —1.2195x10712
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adopted to calculate the heat capacity of the SiC composite
cladding:
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3.195 x 107

C, =925.65+0.377T —7.926 X 107°T° — T2

(26)

2.2.3 Young's modulus

The Young’s modulus of the SiC composite material was
calculated using the following equation. The unirradiated
Young’s modulus was calculated using the value 230 GPa
measured by Koyanagi and Katoh [32]. The influence of
irradiation on Young’s modulus was calculated according
to the formula recommended by Mieloszyk [33].

ESiC,non—irr = 230 GPa (27)
Em=E><(1—O.15<A—VV)> 28)

2.2.4 Poisson’s ratio

The Poisson’s ratio of the SiC composite material was also
based on Mieloszyk’s [33] work. A fixed value of 0.13 was
adopted:

vgic = 0.13 (29)

2.2.5 Thermal expansion

According to Katoh et al. [34], the thermal expansion coeffi-
cient of the SiC composite cladding is calculated as follows:
a(T) = 107°(-0.7765 + 1.435 X 10T — 1.2209

30
x107°7T7 + 3.8289 x 107°77) G0

where a(T) denotes the thermal expansion coefficient in 1/K,
the reference temperature is 293 K, and 7' denotes the clad-
ding temperature in K.

2.3 Material properties of pure Cr

The material properties of pure Cr used in the Cr-coated
Zircaloy cladding models are summarized below.

2.3.1 Thermal conductivity

According to Holzwarthand et al. [35], the thermal conduc-
tivity of pure Cr between 300 and 1300 K can be calculated
using the following formula:

MT) = =2.07x 107873 + 4.85 x 10757% — 0.06T + 101.75
(31

where T is the temperature in K and A(T) is the thermal
conductivity in W/m/K.

2.3.2 Heat capacity

The heat capacity was calculated as follows [35]:

C,(T) = =128 X 10777° +3.39 x 107*T? — 0.097 + 483.2
(32)

where 7'is the temperature in K and C(T') is the heat capac-
ity in J/mol/K.

2.3.3 Young modulus

The Young’s modulus of pure Cr was calculated according
to the method proposed by Armstrong [36] as follows:

E(T) = =250 x 107°7% — 0.01T + 264.11 (33)

where T is the temperature in K and E(7T') is Young’s modu-
lus in GPa.

2.3.4 Thermal expansion coefficient

The formula recommended by Holzwarthand et al. [35] was
used to calculate the thermal expansion coefficient of pure
Cr.

a(T) = (1.27 % 107'°7° + 5.41 x 1077 + 0.0015T + 7.87) x 107
(34

where T is the Cr temperature with a reference temperature
of 293 K.

2.3.5 Thermal creep rate

The Norton creep law was used to calculate the thermal
creep rate of Cr according to Stephens and Klopp [37]:

(35)

€ =3.2555 % 107 x exp ( M)a“

8.3145T

2.3.6 Poisson’s ratio

The Poisson’s ratio can be approximated as a constant [38]:

v =022 (36)
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Fig. 1 (Color online) a Mod-
eling geometry and computa-
tional mesh of UO,~BeO fuel
with the SiC¢/SiC-Cr cladding;
b Information flowchart of
multiphysics models
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3 Multiphysics model development
and verification
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Fig.2 (Color online) a CAMPUS-calculated results of cladding outer
temperature under LOCA condition; b Comparison of cladding node
temperature simulation results of CAMPUS and FRAPTRAN under
LOCA condition (the node with the symbol * is the simulation results
of FRAPTRAN)

The specific modeling geometry and computational mesh
in this study are shown in Fig. la. These are consistent
with those in our previous work [3]. The two-dimensional
axisymmetric geometry and SiCy/SiC-Cr cladding were
adopted in this work. Ten fuel rod pellet lengths were simu-
lated by setting periodic boundary conditions along the axial
direction of a fuel pellet. An information flowchart of the
multiphysics models is shown in Fig. 1b.

3.1 Physics models under accident condition
3.1.1 Coolant model

Based on the COMSOL platform, a simplified coolant
model was developed to simulate the coolant loss and
provide an approximate evaluation of the heat flux on the
outer surface of the cladding. In this model, the coolant
is divided into water and steam states based on the input
parameters of the subchannel radius and cooling water
mass flow. Subsequently, 13 points are set on the fuel rods
to extract the corresponding data for the axial position
of the cladding outer surface temperature under LOCA
conditions.

To verify the correctness of this model, the variations in
the outer surface temperature of the cladding under the acci-
dent condition (LOCA MT-1) were simulated and compared
with the simulated results of the FRAPTRAN code. This is
depicted in Fig. 2a and b. As shown in Fig. 2b, the tempera-
ture difference between nodes 7 and 9 was caused by the
difference in coolant conditions between these two codes.
In CAMPUS, a simplified coolant condition was adopted
that divided the coolant into two states (liquid and vapor).
Therefore, the temperature of a certain point on the outside
of the cladding increased continuously when the correspond-
ing coolant state was vapor and decreased dramatically when
the corresponding coolant state was liquid. This was differ-
ent from the coolant conditions set in the FRAPTRAN code.
However, the overall temperature trends of these two codes
were similar. Therefore, the analysis and conclusions were
not affected by this factor.

Table 2 Parameters of creep

Phase state g (571 AMPa™s™!) Q (J/mol) n
model
« Any 8737 321x10"0424.69%(7-923.15)  5.89
50%a 50%p <3%x1073 0.24 102,366 2.33
>3x1073 In(A) linear interpolation Linear interpolation Linear

interpo-
lation

B any 7.9 141,919 3.78

@ Springer



188 Page8of 16 C-Y.Yinetal.
3.1.2 High-temperature creep model Table 3 Parameters of MT-4 case
Parameter Value
Under accident conditions, a large creep deformation and
thermal expansion of the cladding were observed in high- ~ Fuel pellet height (mm) 11.90
temperature conditions. For the accident analysis, a strain- ~ Fuel pellet radius (mm) 4.1
rate model was adopted to simulate the large creep deforma- ~ Cladding inner radius (mm) 8.36
tion of the cladding [39]. Cladding outer radius (mm) 9.5
Ratio of cavity height to fuel rod height 0.045
Fuel concentration 5%

Eop = A X eEXp (—%) X o5 (37)

where £ is the effective cladding creep rate in 1/s, A is
the strength coefficient in MPa™"s~!, Q is the creep activa-
tion energy in J/mol, o, is the cladding effective stress in
MPa, and 7 is the stress exponent. The parameters adopted
(summarized in Table 2) were obtained by tensile tests on
a Zircaloy cladding [40]. In the mixed phase (a+ ) region,
the Norton parameters were interpolated between the param-
eters of the pure a and pure f§ phases. These are summarized
in Table 2 [40]:

The creep in the SiC composite layer was evaluated using
the creep model proposed by Snead [30].

c )2'3x (174000

'=2><103><<— _ 174000
¢ 191 x 103 KP\"831ar

) +27x1056¢
(38)

where o denotes the effective stress in MPa, ¢ denotes the
neutron flux in n/m?, and T denotes the temperature in K.

3.1.3 Cladding failure model

The ultimate strain model in FRAPTRAN [41] was used
to predict the cladding failure:

£ = 1.587979 x 107°T* - 6.92798 x 1077 + 1.053049 x 107272
—7.331051T + 1906.22(940 K < T < 1200 K)
(39)
£ = —1.67939 x 107873 4+ 6.23050 x 107°T% — 7.360497 x 1072
+28.1199(1200 K < T < 1700 K)
(40)

€5 = 0.544589(T > 1700 K), 41)

where &g, is the ultimate strain of the Zircaloy cladding
(m/m) and T is the cladding temperature (K). As recom-
mended by Lamon et al. [42], when the hoop strain of a SiCy/
SiC-Cr cladding exceeds 0.6%, the cladding fails.

3.1.4 Swelling and fission gas release model

The models recommended by Liu et al. [18] were used to
simulate the swelling and fission gas release processes.

@ Springer

Initial fuel density
Linear power density (kW/m)
Coolant pressure (MPa)
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1.24
0.28

Coolant water (K) 530
Initial burnup (MWd/kgU) 40
Initial pressure (MPa) 9.3
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Fig.3 Coolant mass flux data for MT-4 case

3.2 Code verification under LOCA accident

The flexibility and accuracy of CAMPUS have been dem-
onstrated and verified [43]. To further verify the correct-
ness of CAMPUS under accident condition, in this work,
the LOCA MT-4 case reported in the Pacific Northwest
Laboratory (PNL) LOCA simulation program was selected
for the model verification. The experiment funded by the
US Nuclear Regulatory Commission (NRC) aims to evalu-
ate fuel behavior under LOCA conditions in the temper-
ature range of 1033-1200 K (1400-1700 °F) [44]. The
experimental parameters are listed in Table 3. The LOCA
condition was simulated primarily by setting the boundary
condition of the heat transfer coefficient on the cladding
outer surface. A simplified coolant model was adopted to
calculate the heat transfer coefficient of the cladding outer
surface under LOCA conditions.
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Fig.4 (Color online) a Fuel centerline temperature comparisons
of FRAPTRAN and CAMPUS under LOCA condition; b Cladding
inner surface temperature comparisons of FRAPTRAN and CAM-
PUS under LOCA condition

The variation in the coolant mass flow rate evolution
for the MT-4 case is shown in Fig. 3. The relevant param-
eters were implemented in the CAMPUS coolant model
to set appropriate boundary conditions at the outer sur-
face of the cladding. As shown in Figs. 2 and 3, the heat
transfer process of the outer surface of the cladding was
calculated correctly under the LOCA condition using the
coolant model introduced in this study.

The simulated results of the updated CAMPUS were
compared with those of the FRAPTRAN code and the
measured data from the MT-4 experimental report to ver-
ify the correctness of the updated CAMPUS. The compari-
sons are shown in Fig. 4a and b.

15.0
1550 —a— FRAPTRAN[41]
- —e— CAMPUS
;_«? —— Data for rod 3B[44]
S 10.0 A Data for rod 3C[44]
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Fig.5 (Color online) The experimentally measured results [44] and
calculated results of fuel rod internal gap gas pressure simulated by
updated CAMPUS and FRAPTRAN codes under LOCA condition

Table 4 Predicted results of cladding failure time

Data sources  Updated CAMPUS FRAPTRAN Experiment [44]

LOCA case (s) 39.897 27 52-58
RIA case Not failed Not failed Not failed
250 4

%3

=

=4
1

S
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e
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Fig.6 Von Mises stress evolutions calculated by three codes under
LOCA condition

As presented in Fig. 4a and b, the fuel central tem-
perature increased gradually under LOCA condition (10 s),
the heating process continued until the reflooding process
occurred, and the fuel temperature decreased rapidly
because of the reflooding process. The updated CAMPUS
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displayed a temperature variation consistent with that of = Table5 Input parameters of NA3 case
FRAPTRAN. Input parameters Value
As shown in Fig. 4b, the decrease in the cladding tem-
perature simulated by the updated CAMPUS was observed ~ Fuel pellet height (mm) 11.90
to occur after that of FRAPTRAN because the reflooding ~ Fuel pellet radius (mm) 4.1
process was considered in the updated CAMPUS. As the  Cladding inner radius (mm) 8.36
phase of the coolant water (water and steam) changed, the  Cladding outer radius (mm) 9.5
heat transfer coefficient varied, and the temperature of the  Ratio of cavity height to fuel rod height 0.045
corresponding part of the cladding reduced dramatically. ~ Fuel concentration 5%

The cladding temperature started to decrease as reflooding
began. This was also consistent with the results calculated
using FRAPTRAN.

Figure 5 shows the experimental data and calculated gas
pressure. The gas pressure in the fuel gap increased gradu-
ally with respect to the temperature under LOCA conditions.
After cladding failure, the gas pressure was set equal to the
external coolant pressure owing to leakage of the internal
gas. The updated CAMPUS accurately predicted the vari-
ation in plenum pressure under LOCA conditions, because
the calculated results were closer to the experimental results
than those simulated by the FRAPTRAN code. In addi-
tion, based on the simulated cladding failure times listed
in Table 4, the updated CAMPUS predicted the cladding
failure time more accurately.

Figure 6 compares the Von Mises stress calculated by
the three codes. Because of the deficiency of stress-related
experimental data for MT-4, the simulated results calcu-
lated by the FRAPTRAN and BISON codes were selected
for comparison. It should be noted that in the case simulated
by BISON, a Cr layer was coated on the Zircaloy cladding.
However, according to Malik, Cr-coated Zircaloy claddings
and Zircaloy claddings are reported to have nearly identical
thermal and mechanical properties [13]. Therefore, the result
for the MT-4 case calculated by BISON where the Cr-coated

200000
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Fig.7 Linear power of NA3 case
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Fig.8 (Color online) a Fuel centerline temperature evolutions calcu-
lated by the three codes under RIA condition; b Cladding inner sur-
face temperature evolutions calculated by the three codes under RIA
condition
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Fig.9 (Color online) Gap gas pressure evolutions calculated by
FRAPTRAN and CAMPUS under RIA condition

Zircaloy cladding was installed was adopted for comparison.
As shown in Fig. 6, the cladding Von Mises stress calculated
by the updated CAMPUS displayed an evolution trend simi-
lar to those of the FRAPTRAN and BISON codes. Mean-
while, the value of the Von Mises stress was between those
of the BISON and FRAPTRAN codes because different
mechanical models are used in different codes. Therefore,
the mechanical behaviors of the fuel and cladding simulated
by the updated CAMPUS under LOCA conditions had a
certain degree of feasibility and accuracy.

3.3 Code verifications under RIA condition

The RIA-NA3 case from the CABRI tests was selected as
the simulation case under the RIA condition in this work
[2]. The power history during the RIA-NA3 case is shown
in Fig. 7, and the input parameters adopted from the FRAP-
TRAN input card are shown in Table 5. As shown in Fig. 10,
the fuel power increased to approximately 200,000 kW/m
within 0.02 s. This resulted in the generation of a large
amount of heat by the fuel pellet. The response of the fuel
temperature should be evaluated.

The fuel centerline and cladding inner surface tempera-
tures under the RIA condition simulated by the three types of
codes are depicted in Fig. 8a and b, respectively. In Fig. 8a,
the temperature evolutions simulated by the three codes are
essentially identical. Meanwhile, the fuel centerline temper-
ature simulated by BISON is approximately 800 K higher
than those of FRAPTRAN and the updated CAMPUS.

With regard to the cladding inner surface temperature, the
results calculated by FRAPTRAN show that it fluctuates sig-
nificantly relative to the variation in the power. The results
simulated by the updated CAMPUS have similar but more
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Fig. 10 (Color online) Cladding hoop strain experimental data and
simulated results of different codes under RIA condition

conservative cladding inner surface temperature evolution.
Nevertheless, the variations in the cladding inner surface
temperature simulated by the three types of codes are rela-
tively consistent. Therefore, the reliability and accuracy of
the updated CAMPUS could be demonstrated under RIA
conditions.

The internal gap gas pressure under the RIA condition
is depicted in Fig. 9. The predicted results of the updated
CAMPUS and FRAPTRAN codes for the gap gas pres-
sure display a similar trend, although a marginal difference
between the two codes is observed.

As shown in Fig. 10, the evolution of the cladding hoop
strain simulated using the CAMPUS, FALCON, and FRAP-
TRAN codes was compared with the experimental meas-
urement data. The variation trends of hoop strains in the
cladding simulated by these three codes were essentially
identical, whereas the result simulated by the updated CAM-
PUS was closer to the experimental measurement data than
those obtained by the FALCON and FRAPCON codes. This
indicated that the updated CAMPUS can precisely predict
the fuel performance under RIA conditions.

4 Results and discussions

In this study, the MT-4 case was selected to assess the fuel
behavior of the three types of fuel cladding systems under
LOCA conditions. First, the outer temperature of the SiC,/
SiC-Cr cladding was calculated using the CAMPUS cool-
ant model. The corresponding heat flux was observed at
selected nodes of the SiC;/SiC-Cr cladding. The SiC/SiC-
Cr cladding combined with UO,—BeO fuel and UO, fuel was
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Fig. 11 (Color online) a Fuel centerline temperature evolutions of
three types of fuel cladding systems under LOCA condition; b Clad-
ding inner surface temperature evolutions of three types of fuel clad-
ding systems under LOCA condition; ¢ Thermal conductivity of SiCy/
SiC-Cr cladding under different irradiation levels
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conductivity for the SiCy/SiC-Cr cladding was larger than
that for Zircaloy cladding. As shown in Fig. 11c, the thermal
conductivity of the SiC/SiC-Cr cladding decreased rapidly
after irradiation. Therefore, in a pre-irradiation accident, the
temperature of the fuel cladding system equipped with the
SiCy/SiC-Cr cladding is likely to increase because of the
abrupt decrease in the thermal conductivity of the irradi-
ated SiC cladding. Therefore, the UO,—BeO fuel combined
with SiC,/SiC-Cr cladding exhibited a better temperature
performance than the same fuel combined with Zircaloy
cladding. The overall fuel temperature reduced by approxi-
mately 100 K. This is favorable for achieving a higher fuel
burnup and effectively improving the cladding stress and
strain performance.

The cladding hoop strains of the three types of fuel clad-
ding systems under LOCA conditions are shown in Fig. 12.
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Table 6 Predicted failure time

. Fuel uo, uo, UO,-BeO
of three types of fuel cladding
systems Cladding Zircaloy cladding SiCy/SiC-Cr cladding SiCy/SiC-Cr cladding
LOCA case (s) 39.897 75.968 81.949
RIA case Not failed Not failed Not failed
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caloy cladding.

The safety margin is enhanced further using the
UO,-BeO fuel. This is because it has a larger thermal con-
ductivity, which results in a uniform overall stress distribu-
tion of the fuel and cladding. Thus, the fuel performance
is likely to improve, and the cladding failure time can be
delayed significantly. The failure times of the three types
of fuel-cladding combination systems are listed in Table 6.
Compared with the Zircaloy cladding, the failure time was
delayed by approximately 30 s using the SiC;/SiC-Cr clad-
ding. This substantially enhanced the safety of the reactor.

The variation in the gap gas pressure for the three types
of fuel cladding systems under LOCA conditions is shown
in Fig. 13. The evolution of the gap gas pressure for these
fuel cladding systems followed an essentially identical trend.

(b)

Fig. 14 (Color online) a Fuel centerline temperature evolutions of
three types of fuel cladding systems; b Fuel inner surface temperature
evolutions of three types of fuel cladding systems

The gap gas pressure was set equal to the coolant pressure
when the cladding failed because the internal gas leaked
rapidly. In addition, the fuel equipped with the SiC¢/SiC-Cr
cladding was simulated to fail after the same fuel equipped
with the Zircaloy cladding. This resulted in the pressure drop
occurring after that of the Zircaloy cladding. Overall, the
fuel cladding system equipped with the SiC;/SiC-Cr clad-
ding and UO,-BeO fuel performed essentially similar to

@ Springer



188 Page 140f 16

1.0

0.9 1 f\\s\_‘

)
o
g C:‘\\“*:
o 0.8 4
2
g
0.7
<
50
g
© 06
—=—UO, fuel-Zircalloy cladding
—4+—UO, fuel-SiC with Cr coating
0.5+ . . .
—e— UO,-BeO fuel-SiC with Cr coating
0.0 0.1 0.2 0.3 0.4
Time (s)

Fig. 15 (Color online) Gap gas pressure evolutions of three types of
fuel cladding systems

that with Zircaloy in terms of gas pressure under LOCA
conditions. No significant improvement in fuel performance
was observed.

The NA3 case was selected for the simulation under the
RIA condition. The fuel central temperature evolutions of the
different fuel systems under the RIA condition are compared
in Fig. 14a. The central temperatures of the three fuel clad-
ding systems increased rapidly after the power pulse occurred
(0.08 s). The UO, fuel with the Zircaloy and SiCy/SiC-Cr clad-
dings was observed to have an almost equal fuel central tem-
perature. The temperature of the UO,—BeO fuel-SiC¢/SiC-Cr
cladding was approximately 200 K lower than that of UO,
because of the higher thermal conductivity of the UO,—BeO
fuel. Nevertheless, the use of SiC¢/SiC-Cr cladding also did
not have a positive impact on the temperature under the RIA
conditions. Figure 14b shows the evolution of the cladding
inner surface temperature for the three types of fuel cladding
systems. The SiCy/SiC-Cr cladding temperature was observed
to be approximately 200-300 K higher than that of the Zir-
caloy cladding because the fuel was irradiated before the RIA
condition. This resulted in a severe decrease in the thermal
conductivity of the SiCy/SiC-Cr cladding. This variation hin-
dered the heat generated by the pellets from being transferred
from the cladding to the coolant. Although the time for the
RIA case was significantly short, it produced a large amount
of heat within 0.2 s as the power attained a significantly high
value during this period. The two factors mentioned above
contributed to the difference in the cladding temperature. How-
ever, the temperature increase of the Cr-coated cladding was
reasonable. This was because this cladding did not react with
the coolant and exhibited better mechanical properties.

As depicted in Fig. 15, the gap gas pressure varia-
tions of the three types of fuel cladding systems were
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Fig. 16 (Color online) Cladding hoop strain evolutions of three types
of fuel cladding systems under RIA condition

evaluated under the RIA conditions. The variation trends
were observed to be identical. However, the gap gas pressure
of the UO, fuel-SiCy/SiC-Cr cladding was the lowest at the
beginning and increased as the power increased. Owing to
the inconsistent mechanical properties of the two types of
claddings, the gap width was set to be different. This resulted
in different plenum volumes and pressures. After the power
pulse, the fuel cladding system with SiC;/SiC-Cr cladding
had a higher gap gas pressure than the Zircaloy cladding
based on the ideal gas law.

The hoop strains in the cladding for the three types of fuel
cladding systems under the RIA conditions are compared in
Fig. 16. The hoop strain of the Zircaloy cladding increased
significantly when the power pulse began. Moreover, the
hoop strain in the cladding was reduced dramatically by
applying the UO,—BeO fuel because the temperature in the
cladding was reduced effectively by applying the UO,—BeO
fuel. Thus, the SiC¢/SiC-Cr cladding was demonstrated to
marginally enhance the fuel performance under the RIA con-
ditions. Furthermore, the fuel performance was improved
significantly by applying the UO,-BeO fuel under the RIA
conditions.

5 Conclusion

In this study, the simplified coolant model, fuel creep model
under high-temperature conditions, bursting criterion, and
other relevant thermodynamic models were implemented
in CAMPUS to emulate the fuel behavior under accident
conditions. The reliability of the updated CAMPUS was
verified by comparing the fuel performance simulated by
CAMPUS with that simulated by other codes (e.g., BISON
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and FRAPTRAN) and experimentally reported data under
LOCA and RIA conditions. In addition, the material prop-
erty models of the UO,—BeO fuel and SiC¢/SiC-Cr cladding
were collected and introduced. Finally, the fuel performance
of the UO, fuel combined with Zircaloy cladding, UO, fuel
with the SiC¢/SiC-Cr cladding, and UO,-BeO fuel with the
SiC¢/SiC-Cr cladding was comprehensively calculated and
analyzed under both LOCA and RIA conditions. The main
conclusions are summarized below:

1. Under the LOCA conditions, the SiC/SiC-Cr cladding
improved the safety margin because it was inert to the
coolant at high temperatures. Moreover, the mechanical
properties of the cladding were improved significantly
using the SiCy¢/SiC-Cr cladding. Furthermore, no tem-
perature increase was observed when the unirradiated
SiC4/SiC-Cr cladding was applied. This was owing to
its high thermal conductivity. The cladding failure time
could be delayed significantly.

2. Pre-irradiation was considered under the RIA accident
conditions. Heat accumulation on the inner surface of
the cladding was caused by the use of the SiCy/SiC-Cr
cladding. It was difficult to conduct heat from the clad-
ding to the coolant. This resulted in an increase in the
inner surface temperature of the cladding.

3. The addition of BeO to the UO, fuel effectively
increased the fuel thermal conductivity and thus reduced
the fuel centerline temperature and cladding outer sur-
face temperature. Therefore, the temperature increase
caused by the SiC¢/SiC-Cr cladding could be mitigated.
The combination of UO,—BeO fuel and SiC¢/SiC-Cr
cladding displayed a smaller cladding hoop strain than
the UO,—Zircaloy fuel cladding systems under accident
conditions.

To summarize, the UO,—BeO composite fuel combined
with SiCy/SiC-Cr cladding can provide a better fuel perfor-
mance and higher safety margin in unirradiated LOCA con-
ditions. Under the RIA conditions, a smaller cladding hoop
strain was observed for the combination of UO,-BeO fuels
and the SiCy/SiC-Cr cladding.

It should also be noted that the feasibility of reducing the
fuel temperature by adding BeO to the fuel was a prelimi-
nary investigation. In addition, the cooling effect caused by
different amounts of BeO, the trade-off between the amount
of BeO and thermodynamic performance, and the neutron
economy of the fuel should be evaluated further.
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