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Highlights

e  CeO2 material properties are investigated to be able to utilized in tests and experiments instead of UO2.

e Research shows CeO2 has lower fuel temperatures in VVVER-1200 nominal operation and transient conditions which allows
performing experiments over UO2 melting limits.

e The higher thermal conductivity and lower specific heat capacity of CeO,, together with its material characteristic similarity to
UO,, make it a suitable surrogate fuel material in nuclear fuel experiments. Its use enables experimental investigations under non-
irradiated conditions and allows the creation of test systems operating at elevated temperature regimes without the safeguards
associated with UOs.

You can cite this article as: Mercan AK, Eskikdy F. Evaluation of a CeO2 candidate material for nuclear experimental applications
through thermal-hydraulic analysis with COBRA-TF in VVVER-1200 reactor. Int J Energy Studies 2026; 11(1): 777-800.

ABSTRACT

Uranium dioxide (UO:) has long been used as the standard fuel in pressurized water reactors (PWRs) such as the VVER-
1200. However, its radioactive nature, high fabrication cost, and regulatory constraints present significant challenges for
experimental studies. In this work, cerium dioxide (CeQ-), a non-fissile and chemically stable ceramic, is investigated
as a potential surrogate for UO: in thermal-hydraulic experiments. Using the COBRA-TF (CTF) subchannel analysis
code, a VVER-1200 fuel assembly was modeled to simulate the thermal behavior of both UO2 and CeO- under steady-
state and transient conditions, including reactivity insertion and loss-of-flow accidents.

Simulation results indicate that CeO.’s lower thermal conductivity and specific heat capacity lead to higher fuel
centerline temperatures—up to 200 °C higher during normal operation and approximately 120 °C during transient events.
While these elevated temperatures reflect conservative predictions, the fuel surface and cladding temperatures remain
comparable to UO:, supporting CeO-'s suitability for experimental investigations such as cladding oxidation or material
testing. Additionally, similar Critical Heat Flux Ratio (CHFR) values in both materials confirm CeO:'s applicability in
replicating coolant thermal conditions. These findings suggest that CeO: can serve as a viable experimental substitute to
study key fuel and cladding behaviors without the complexities of handling radioactive UQs..
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1. INTRODUCTION

In pressurized water reactors (PWRs) such as the VVER-1200, uranium dioxide (UO2) has long
been the standard nuclear fuel. However, UO: is a radioactive material, poses challenges related
to radiation hazards and handling safety, which complicates its use and management in nuclear
applications. Therefore, extensive safety measures are required to control and prevent radiation
emissions. Also, mining, fabrication and testing by using UO; fuel can be extremely expensive
and many legal processes should be involved for nuclear security. Considering thermal-hydraulic
experiments using fuel alternative can also lead to melting of the material and investigation of
cladding like structures in high temperature environment, using cheaper and safer alternative will
be beneficial for continous investigation and research. All activities involving the use of nuclear
fuel fall under the scope of nuclear safeguards administered by the International Atomic Energy
Agency (IAEA). Accordingly, experimental tests and research activities utilizing nuclear fuels are
subject to rigorous regulatory controls and intensive oversight, including inspection, verification,
and compliance mechanisms, in order to ensure adherence to international nuclear safety, security,

and non-proliferation frameworks [1].

Alternatively, a rare earth element of Cerium Dioxide (CeO:), also known as cerium(IV) oxide, is
a chemically stable, non-fissile ceramic compound that has gained attention as a potential surrogate
or alternative fuel material in nuclear thermal-hydraulic studies [2]. Detailed characterization of
the CeO- analogue ceramics, detailed morphology, crystallography and chemistry are investigated
to be able to use material is geological disposal together within spent nuclear fuel [3]. CeO: is a
yellow-white powder and a common oxide of the rare earth element cerium, typically encountered
as an intermediate during the purification of cerium from its ores. While its primary industrial
applications include use as a high-precision glass polishing agent, with a density of 7215 kg/m?,
CeO:: is notably less dense than UO-, which may have implications for heat transfer characteristics
and structural considerations [4]. Notably, its high melting point of approximately 2600°C makes
it particularly attractive for high-temperature reactor applications [4], as it can withstand severe
thermal conditions without undergoing phase changes or degradation. Although CeO: is not a
fissile material and therefore cannot be used to generate nuclear energy through fission, this
material can be utilized instead of UO: in experimental works to be able to represent characteristics
of nuclear fuel under major pressure and temperature conditions. The key advantage of using
surrogate material like CeO: instead of UO is safer than using radioactive material and

inexpensive compared to the traditional fuel rods.
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COBRA-TF (Coolant Boiling in Rod Arrays — Two Fluid) is a subchannel thermal-hydraulic code
actively utilized for investigating the thermal hydraulic behavior of nuclear fuel system during
both normal operation and transients in Pressurized Water Reactors (PWRs) and Boiling Water
Reactors (BWRs) [5]. The COBRA-TF (CTF) allows modelling of both pin-by-pin and assembly-
by-assembly structures and is able to calculate how core thermal hydraulic parameters change
during both steady-state and transient conditions. Different fuel, clad and structural models can be
modelled on the code and temperatures of selected materials, heat transfer between structures, flow
condition change can be evaluated. The code is well-validated for VVVER based structures and
actively used in worldwide. [6] [7]

In this study, thermal properties of CeO> material were investigated using CTF sub-channel
accident code and its usability in experiments in the operating and accident scenario environment
of the VVER-1200 reactor. After development of VVER-1200 assembly model on COBRA-TF,
investigated thermal properties of CeO2 is modelled on CTF and the results of both steady-state
and accident conditions are compared. Performed simulations are conducted on average fuel
channel to investigate key parameters such as fuel centerline and surface temperatures, cladding

surface temperature, local heat flux, and departure from nucleate boiling ratio (DNBR).

2. METHODOLOGY

2.1. Investigation of Thermal Conductivity Models

The thermal conductivity equation developed by Harding and Martin for fully dense solid UO: is
based on a detailed theoretical analysis and is applicable over the temperature range from 773 K
up to the melting point at 3120 K [8]. This model was chosen due to its strong theoretical
foundation, good agreement with earlier empirical correlations derived from experimental data,
and consistency with in-reactor integral measurements up to the melting point. Although the
recommended temperature range is 773-3120 K, the equation also aligns well with other models
that fit the data at lower temperatures. Therefore, the Harding and Martin equation is considered
the most reliable. representation of the thermal conductivity k (in Wm'K™) for fully dense UO:
within the specified temperature range. The equations for thermal conductivity are expressed in
Wm K™ is given below where T is temperature in K and k; is the Boltzmann constant
8.6144 x 10 °eVK™1,

Harding _ 1 4.715%10° -16361
kyoz (D = 0.037542165x10-4xT T ( T2 ) X exp( T ) (1)
Brandt _ 1 118\ 5 -3.29
KBERAE(T) = — 4+ 0.112 X T x exp (kbe) 4.18 X 105 X exp (—kbe) @)
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The first term represents the phonon contribution. The second term accounts for electronic
conduction, while the third term describes the decrease in conduction attributed to dislocations at
high temperatures. [9]

This study uses the thermal conductivity of stoichiometric CeO>. This was achieved by
measuring thermal expansion (from 313 to 1723 K), thermal diffusivity (from 298 to 1473 K),
and specific heat capacity (from 313 to 1373 K). The thermal conductivity was subsequently
calculated as the product of the measured density, thermal diffusivity, and specific heat capacity

[10]. The equation 3 is given below for calculation of thermal conductivity of CeO,.

1

Kceo,(T) = 5= (3) [10]
where A= 6.776x1072 m-K-W ! and B=2.793 x 10~ m-W! Thermal conductivity values of
UO:> with both two equation and CeO; is W/m-K.

Figure 1 presents thermal conductivity value change of UO2 and thermal conductivity values for
CeO2 for input of CTF simulation [10]. CeO: exhibits lower thermal conductivity than UO-
across all temperature ranges, starting from 5.82 W/m-K compared to UO-'s W/m-K at room
temperature and decreasing to 1.97 W/m-K and 2.64 W/m-K respectively at 1589 K, with this
difference narrowing at higher temperatures. As seen, the use of CeO2 will probably result in
higher temperatures being obtained in experiments due to its higher conductivity value, but this
may provide more conservative results in the calculations and evaluation of safe operating limits
of Critical Heat Flux Ratio of 1.3 for pressurized light water reactor, fuel and cladding melting
temperature which are 2600°C and 1200°C respectively, stress and strain of the fuel in the

experiments performed.
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Figure 1: The calculated temperature dependant conductivity values of UO2 and CeO2

2.2. Investigation of Specific Heat Capacity

The specific heat capacity of solid UO2 was modelled using the equation recommended by Fink

et al., which is based on an extensive assessment of experimental data over the temperature range

of 298.15 K and 3120K. For solid UOg, its heat capacity is reliably derived as the temperature

derivative of its enthalpy increment equations, as other thermodynamic contributions to heat

capacity are considered negligible. The equations established by Fink et al. for the heat capacity

of UO- are then detailed below.

C,62 exp(%)

-E, Ea 100
¢(T) = Tz(exp(%)_l)z + 26T+ Caky exp (ka) (1 + kb_T) T
where
0=516.12 K,

C, =78.215J-mol ""K,

C, =3.8609 x 1073 J-mol *-K2,

C3 =3.4250 x 10® J'mol '-eV 1,

E, =1.9105eV,

Kk, =8.6144 x 107° eV-KL,is the Boltzmann constant [9],

781

(4) [9]



Int J Energy Studies 2026; 11(1): 777-800

In this study, the specific heat capacity values of CeO: were obtained from the thermophysical
property data reported by Nelson et al. (2014) [10]. The data were incorporated into the
COBRA-TF simulation environment to accurately model the thermal response of CeO: under
conditions representative of reactor operation. Leveraging this experimentally evaluated dataset
enabled a reliable comparison between CeO. and UO: with regard to temperature distribution,

heat removal efficiency, and overall thermal performance.

Table 1: The specific heat data of CeO2 taken from [9]

Temperature(K) Specific Heat (J/kg-K)
211 386.41
391 405.12
571 425.20
751 435.43
931 437.19
1111 442.23
1201 448.76
1471 456.99
1651 461.76
2011 469.94
2371 479.97

Conversely to the conductivity, Figure 2 shows that CeO. demonstrates significantly higher
specific heat capacity, starting from 385.18 J/kg-K compared to UO:'s 259.58 J/kg-K at room
temperature and increasing to 481.48 J/kg-K and 334.94 J/kg-K respectively at 1584.3 K. These
results, together with the conductivity data, may cause the fuel centerline temperature to be higher

than expected.
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Figure 2: The comparison of specific heat capacity of UO2 and CeO

3. VVER-1200 CORE CTF MODEL

In this study, an assembly channel of VVER-1200 is modelled on CTF code to calculate

temperature distribution of the fuel structures as well as clad temperature. The core structure of

the VVER-1200 type reactor, which is under construction in various countries, is similar to

previous designs [11].

The plant overview of VVER-1200 is shared in Table 2. The CTF model data used for modelling
of VVER-1200 is given in Table 3. The implemented power profile is given in Figure 3. The

relative power is defined to the each node to be able represent reactor power distribution as

boundary condition.

Table 2: The plant overview of VVER-1200 [12]

Parameter Value
Net Electrical Output 1200 MWe
Thermal Power Rating 3200 MWt

Gross Electrical Output

~1250 MWe (depends on turbine-generator
configuration)

Plant Thermal Efficiency

~34.8-35.9 %%
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Number Of Power Generation Units

Upto 12

Nominal Plant Capacity Factor

= 90%

Total Plant Protected Area

~80 acres (varies by site)

Total Owner-Controlled Area

~200-250 acres (varies by site)

Steam Generator Number

Four horizontal steam generators

Steam Generator Type

Horizontal tube-and-shell type

Steam Cycle

Superheated steam, saturated cycle with

moisture separator-reheater

Turbine Throttle Conditions

~6.0 MPa & ~270°C (varies by turbine

supplier)
Steam Flow ~4800 t/h
Feedwater Temperature ~220°C
Saturation Temperature ~275-280°C
Operating Pressure 15.7 MPa
Fuel Type UO:
Fuel Design 18x18 or 17x17 lattice
~312 fuel assemblies
Fuel Cladding Zirconium alloy (Zr+Nb)

Refueling Interval

18 months (with flexible core design

allowing extended cycles)
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Table 3: The VVER-1200 core specification used in CTF
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Parameter Value Parameter Value
Fuel Pellet | 7.6 Initial Operating Pressure | 16.2 [14]
Diameter(mm) [13] (MPa)
Rod diameter(mm) [13] | 9.1 Inlet Coolant | 594 [14]
Temperature(K)
Clad thickness(mm) | 0.685 Inlet Enthalpy (MJ/kg) 1327
[13]
Rod Pitch(mm) [13] 12.75 Total Coolant mass flow | 23889 [14]
rate(kg/s)
Central Hole Diameter | 0.25 Average linear heat | 16.78 [14]
(mm) generation rate(k\W/m)
Number of fuel | 163 Constant gap | 28400
assemblies in core conductance(kW/mz-K)
[13]
Number of fuel rod per | 312 Channel Length(m) 4.0767
fuel assembly [13]
Number of Total rods 50856 Fuel Density 10.78 g/cmq[taken
from [15]]

Primarily, the temperature distribution in fuel, cladding and coolant is compared in nominal reactor
condition at steady conditions. This will help identifying potential differences on time-depended
transient calculations. The time-depended calculations for reactivity insertion and loss-of-flow

conditions are employed to investigate behaviour during transient conditions.
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Relative Power Factor vs Axial Location
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Figure 3: The employed power distribution over vertical location for VVVER-1200 reactor core
modified from [16]

To be able to investigate the behaviour during a hypothetical accident scenario, the reactivity
insertion accident (RIA) as well as loss of flow accident (LOFA) cases are investigated. The
following point-kinetics equations is solved for 20$ of reactivity insertion which is the highest

worth for control rods [17] and time depended power response of the core is given in Figure 4.

DO 2Oy (1) + E6A,Gi(D +5() (5) [18]
dc;(t) Bi
Cdtt = Xn(t) -G (t) (6) [18]

Where n is atom number, p is reactivity in pcm , f is delayed neutron fractions, A generation time

in ps, C is number of delayed neutrons and A is decay rate of delayed neutrons in 1/s.
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Time vs Power Factor at RIA
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Figure 4: Time depended power response of the core for 20$ of reactivity insertion

For the assessment of potential impact of LOFA case, the flow rate is decreased to 75% on its

nominal value and 25% of its nominal value, respectively.

Mass Flow Rate vs Time during LOFA (Average Channel)
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Figure 5: The flow rate change in time to model LOFA case

Finally, the nonuniform model of minimum heat flux model is used for evaluating Critical Heat
Flux (CHF) and Critical Heat Flux Ratio (CHFR) [19]
787



Int J Energy Studies 2026; 11(1): 777-800

4, THE DISCUSSION OF THE CTF SIMULATION RESULTS OF VVER-1200 WITH
UO2 AND CEO2 MATERIALS

4.1. The Comparison of UO2 and CeO2 Materials in Nominal Operation Conditions

Fuel Centerline Temperature vs Axial Location: CeO2 and UO2
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Figure 6: The comparison of calculated fuel centerline temperature for both UO, and CeO; by
using CTF

Figure 6 illustrates the axial temperature change for given power information for investigated
materials. As expected, higher specific heat capacity and lower conductivity of the CeO: results
with higher fuel centerline temperature results. The highest temperature difference is about 250K.
CeO:'s approximately 40-50% higher specific heat capacity would provide high thermal inertia

during transient conditions due to storing large amounts of heat without changing the temperature
drastically. [20]
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Fuel Surface Temperature vs Axial Location: CeO2 and UO2
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Figure 7: The comparison of calculated fuel surface temperature for both by using CTF
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Figure 8: The comparison of calculated clad outside temperature for both by using CTF

The Figure 7 and Figure 8 show the comparison of the nominal operation temperatures of fuel

surface and clad outside for two selected materials. Even though higher temperatures are obtained
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in calculation of fuel centerline temperature, this difference is not visible on the results of fuel
surface and clad outside temperatures. Since CTF calculates from starting fuel itself, the impact of
fuel change represents itself in smaller order compared to the fuel. It can be stated that CeO> can
be useful candidate for testing new cladding materials in reactor operation conditions.

CHFR vs Axial Distance for Ce02 and UO2
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Figure 9: The comparison of calculated Critical Heat Flux Ratio (CHFR) values for both UO-
and CeOzusing CTF

Lastly, the critical heat flux ratio change along with the axial distance is given in Figure 9. The
minimum value of CHFR is 7.3176 for UO. whereas this value is 7.3177 in case of CeO: is used.
It indicates that this material can be used for evaluation of the safe operation limits during both
normal operation and transient cases. CHF parameter is a function of mass flow rate and
thermodynamic parameters of the coolant as well as heat flux, therefore, it is expected that CHFR

change would be minimal since CTF calculation starts from the fuel.

4.2. The Comparison of UO2 and CeO2 Materials in RIA Conditions

After the initiation of the reactivity insertion, the maximum fuel centerline temperature change is
shown in Figure 10. UO: is able to capture the power change trend in transient whereas CeO>
temperature profile cannot capture decreasing trend after the initiation of reactivity. The main
reason of the difference on the trend can be difference between thermal properties of CeO, and
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UO:2. Higher specific heat and lower conductivity of CeO reaches higher temperatures during
steady-state part of the transient and it might result with the increase of temperature difference of

used parameters during immense power rise due the reactivity.

Fuel Centerline Temperature vs Time during RIA (CeQO2 vs UO2)
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Figure 10: The calculated maximum fuel centerline temperature change due to reactivity

insertion and feedback in time for both materials
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Figure 11: The comparison of calculated fuel centerline temperature change during RIA at the
end of simulation for both UO> and CeOz using CTF
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Figure 11 demonstrates the fuel centerline temperature change due to power response to the 20$
reactivity insertion for both CeO2 and UO; fuels. Despite having same trend in both cases, CeO>
has significantly higher temperature rise during the transient. The temperature of the centerline
rises approximately 300 °C when CeO: is used, yet, UO> fuel centerline temperature increase is
only about 200 °C. Since CeO: has lower conductivity and higher specific heat leads to higher
temperature rise during RIA. Hence, the results indicate that the transients in high temperatures
might be more conservative than the one with UO> which might create margin when data is used

in real life.
CHFR vs Axial Distance for CeO: (with and without Reactivity Insertion)
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Figure 12: The calculated CHFR values during RIA transient at the end of simulation with CeO;

792



Int J Energy Studies 2026; 11(1): 777-800

UO: - CHFR (Non-uniform) vs. Axial Distance
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Figure 13: The calculated CHFR values during RIA transient at the end of simulation with UO>

Figure 12 and Figure 13 show CHFR change along with the rod axial distance during RIA
transient for CeO2 and UO3, respectively. As expected, RIA profile can be captured in both cases.
Similar, minimum CHFR values are obtained for both fuels, slightly lower in UO> case, which can
indicate usability for estimating on safe operation condition. However, slightly lower values of

CeO2 might require additional attention in limiting cases of operation.

4.3. The Comparison of UO2 and CeO2 Materials in LOFA Conditions

For the LOFA transient, the flow is decreased 25% and 75% of its normal value to assess
temperature change of fuel structure which corresponds to loss of one and three main coolant pump
during operation, respectively. The maximum fuel centerline temperature change in time is shown
in Figure 14. As expected, the maximum temperature increases due to loss of flow, however, CeO-
temperature rises significantly larger than the one with UO2. The main reason of this 200 K
difference occurs from lower conductivity and higher specific heat of CeO». Hence, it should be
noted that thermal response of experimental CeO2 can be stronger than the one with UO2 which
might reach melting temperatures early but create margin when developing related safety
approaches. Since CTF uses embedded UO: libraries, the calculation with UO> and consequently
results fluctuate until the steady-state case is achieved. However, the results are more stable when

external library is implemented like CeO> case.
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Fuel Centerline Temperature vs Time during LOFA (CeO2 vs UQO3)
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Figure 14: The calculated maximum fuel centerline temperature change due to loss of flow

accident in time for both materials
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Figure 15: The comparison of calculated fuel centerline temperature at the end of simulation

during LOFA case for both UO> and CeOz using CTF

The loss of flow accident as expected results with higher fuel centerline temperatures which can

be seen in Figure 15. The CeO: case results with increase of the temperature to the about 1450K

794



Int J Energy Studies 2026; 11(1): 777-800

and to the 1600K, respectively, when the flow decreases 25% and 75% of its normal value. This

rise is significantly lower in the one with UO,. It is direct result of thermal properties of CeO>

CeO: - CHFR (Non-uniform) vs. Axial Distance
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Figure 16: The calculated axial change of CHFR ratio at the end of simulation during LOFA

case for CeO
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Figure 17: The calculated axial change of CHFR ratio at the end of simulation during LOFA
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Figure 16 and Figure 17 demonstrate the axial change of CHFR in loss-of-flow accident for CeO-
and UOy, respectively. It is evident that both materials show similar trend for same LOFA case.
Indeed, safe operation limit of 1.30 is achieved when the main coolant flow decreases up to 25%
of its original value for both fuel case. This situation indicates that material testing such as newer
cladding, coated clads can be performed by using CeO> and results would be conservative and

safer compared to the UO..

5. CONCLUSION

In this work, CeO, ceramic material thermal properties are investigated and compared with
traditional fuel of UO> to be able to use in experimental environment to avoid extreme UO> fuel
costs, to overcome potential nuclear security issues arising from the procurement of nuclear fuel
to be used in experiments and radiation safety. The thermal properties of both CeO and UO> are
used in VVER-1200 reactor environment to investigate fuel thermal behaviour during both normal

operation and transients by using CTF subchannel analysis code.

After the investigation performed on both materials using CTF in VVER-1200 geometry,
following outcomes can be reached:

e Lower thermal conductivity and higher specific heat capacity of CeO2 might result in
obtaining higher fuel centerline temperatures. This situation might help to conservative
approach on evaluating experimental results. However, experimental evaluation for
thermal properties of CeO> can further upgrade the results.

e In VVER-1200 normal operation conditions, the temperature difference on both materials
can reach up to 478 K. As mentioned before, thermal property difference shows itself in
the calculations. Yet, the difference on temperature of fuel surface and clad outside is
almost similar which shows CeO> can be utilized in certain experiments like testing new
cladding materials or oxidation. Similar approach is used in experiments such as QUENCH
[21] [22].

e The 20$ reactivity insertion and following power response results in similar responses on
the fuel, yet, CeO> fuel centerline temperature rise is approximately 390 K higher than the
one with UO,. Considering that these materials have similar fuel melting temperatures,
more conservative and rapid results can be obtained in experiments in RIA cases.

o Similar fuel behaviour is observed during RIA and LOFA cases. The CeO. material might

be utilized to investigate clad behaviour, gap heat transfer change due to burn-up, chemical
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and physical processes seen during severe accident conditions such as oxidation,
breakaway phenomena or reflooding without damaging expensive UO: fuels.

e Almost the same CHFR values are obtained in both normal operation and accident cases
indicating this material can also be used for predicting coolant conditions during both
nominal and hypothetical accident conditions.

The main conclusion drawn from the analyses indicates that CeO: can replicate the thermal profile
of UO: in certain experimental studies and research applications. This correspondence is observed
under both steady-state conditions and selected transient scenarios. Therefore, CeO. may be
utilized as a substitute for UO: in experiments that would otherwise require costly handling
procedures, radioactive material management, and compliance with strict nuclear regulatory
standards. Furthermore, since the thermophysical properties of CeO: tend to result in higher
temperature predictions compared to UO-, the outcomes of such studies may be inherently more
conservative. This characteristic aligns well with the principles of nuclear safety culture.

In future, assembly by assembly model of CTF will be generated for VVVER-1200 reactor core to
simulate thermal-hydraulic behaviour of the subchannel realistically. Also, TRANURANUS
model will be coupled with CTF to represent fuel properties in accurate manner, especially
required for rapid transients. TRANSURANUS calculates material behaviour such as impact of
cracking of fuel and thermophysical property change under irradiation which can enlighten
potential difference between CeO. and UO- in high burnup conditions [23].

NOMENCLATURE

PWR — Pressurized Water Reactors

IAEA — International Atomic Energy Agency
COBRA-TF - Coolant Boiling in Rod Arrays — Two Fluid
CTF - COBRA-TF

DNBR — Departure from Nucleate Boiling

RIA — Reactivity Insertion Accident

LOFA — Loss of Flow Accident

CHFR- Critical Heat Flux Ratio
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