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A kind of annular uranium nitride (UN) fuel suitable for lead-cooled fast reactor applications
has been designed in this study. The design is directly targeting twomain issues of UN fuel:
severe swelling and thermal decomposition of UN fuel at high temperatures. A
performance analysis program based on FORTRAN programming language has been
developed for UN fuel in fast reactors. The program contains heat transfer, fuel stress-
strain analysis, cladding stress-strain analysis, fission gas release and fuel-cladding
mechanical interaction (FCMI) modules, etc. Extensive code verification has been
performed by comparing simulation results obtained with the code and those obtained
via the COMSOL Multiphysics platform. Preliminary code validation has been conducted
as well by comparing code simulation results with experimental data. The results showed
that this program could predict the fuel temperature, stress-strain, and displacement of UN
fuel during reactor operation with a reasonable accuracy.
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INTRODUCTION

With the rapid development of the fast reactor technology, nitride fuel applied in lead-cooled fast
reactors has attracted much attention, and nitride fuel is considered as one of the advanced fast
reactor fuels (Yun et al., 2021; Glazov et al., 2007). Uranium nitride, as the main form of nitride
nuclear fuel, is superior to conventional oxide fuels (MOX, UO2) in multiple ways (see Table 1): it
possesses higher heavy metal density as compared to oxide fuels, increasing the conversion ratio
(CR); it has better thermal conductivity; the thermal conductivity increases as the temperature
increases, which provides the fuel with better performance under transient conditions; and the fissile
inventory ratio of UN is 10% higher than that of MOX fuel (Bo et al., 2013). However, the
performance of UN fuels also suffers from two important drawbacks: severe fuel swelling and
thermal decomposition at high temperature, which tend to limit the development of UN fuel
applications in fast reactors (Bauer et al., 1979; Lunev et al., 2016). In order to achieve better
performance of UN fuel in fast reactors, this paper is targeting to resolve the above issues by carrying
out a new kind of annular fuel design. In addition, it was found that there are very few performance
analysis programs for UN fuel in fast reactors at present, among which there is basically none for
annular UN fuel. For the development and application of UN fuel, it is necessary to have a set of
performance analysis programs to be capable of analyzing and predicting the fuel behaviors under
normal and transient operations.
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FUEL DESIGN

The fuel design described in this paper targets to resolve the
inherent deficiencies of the fuel and enable the fuel to operate over
an extensive fuel life. Although the UN fuel has a very high
melting point, it will start to decompose at about 2000 K due to
low partial pressure of nitrogen (Bo et al., 2012; Lunev et al.,
2016). Therefore, the fuel pellet temperature should be kept
strictly below 2000 K when the reactor is in operation. Fuel
swelling can be categorized into solid fission product (FP)
swelling and gaseous FP swelling. In order to prevent
extensive solid FP swelling, the designers usually allocate
enough space in the fuel (usually by porosity introduced in
the manufacturing process) to accommodate swelling by solid
FPs; gaseous FP swelling, on the other hand, is greatly affected by
temperature. According to Colin (Colin et al., 1983), the fuel will
be in a state with little fission gas release and minimal swelling at
temperatures less than 1423 K. This is commonly referred to as
the “cold fuel” concept. Therefore, one of the purposes of the fuel
design in this work is to ensure that the pellet temperature is kept
below 1423 K under normal operation conditions.

In this paper, a kind of single-clad annular fuel design (as
opposed to annular fuel design for PWRwith inner and outer clad)
is introduced. Shown in Figure 1 are comparative analyses of the

temperature distributions were conducted with the aid of the finite-
element platform, COMSOLMultiphysics, for three sets of rod fuel
designs and two sets of annular fuel designs with different fuel-
cladding gap sizes while maintaining the same operating
conditions. For the rod fuel design with a gap of 0.2 mm (the
maximum gap size allowed in the annular fuel design standard)
(Arai, 2012), there is more space to accommodate FP swelling
compared to other rod fuel designs, but the fuel maximum
temperature (at the inner most location of the fuel) is already
much higher than 1423 K. Although the maximum temperature of
the rod fuel design with the gap of 0.08 mm does not exceed the
limiting value of 1423 K, there is a very high risk that the fuel
maximum temperature exceeds the threshold temperature when
the reactor power increases under transient conditions, and
therefore this kind of design is not considered to be optimal.
For the annular fuel design with a gap of 0.08 mm, although the
central temperature of 1340 K can meet the temperature threshold
value requirements, the annular fuel design with the gap of
0.04mm obviously has larger safety margin, which is more in
line with the reactor design criteria; For the rod fuel design with a
gap of 0.04mm, although the central temperature is significantly
lower than the threshold value, FCMI may emerge as a more
serious problem due to the small gap size. On the one hand, the
annular design, which can move the heat source of fuel more
outward and reduce the fuel-cladding gap size, can help enhance
the heat transfer to achieve lower fuel maximum temperature; on
the other hand, because of the central hole structure, if the fission
products cause excessive swelling strain under high burnup, the
pellet may swell inward to partially relieve the stress between fuel
and cladding and hence to help maintain the structural integrity of
the fuel-clad system.

With the above stated rationale, a novel design of single-clad
annular UN fuel suitable for fast reactor applications is proposed

TABLE 1 | Comparison of basic performance of MOX, UO2 and UN (Arai, 2012; Bo et al., 2013).

MOX UO2 UN

Theoretical density (g/cm3) 11.1 10.96 14.32
Heavy metal density (g/cm3) 9.75 9.67 13.52
Thermal conductivity (W/m·k) 2.9 (1,273°C) 7.19 (200°C) 12 (200°C)

3.35 (1,000°C) 20 (1,000°C)
Fissile inventory ratio (in 40 MW·d/kg M) 1.04 — 1.14
Melting point (K) 3083 3073 3053

FIGURE 1 | Steady-state operating temperature of five different designs
of fuel in 45 kW/m.

FIGURE 2 | The annular UN fuel design.
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(as schematically shown in Figure 2, where the structural
components of the fuel-cladding system are labeled from the
outside to the inside in the following order: cladding, helium gap,
UN fuel, and central hole).

FUEL DESIGN ADVANTAGES

Annular fuel design can reduce the maximum temperature to the
range that is ideal for well restrained fission gas swelling (< 1423 K).
This relatively low temperature for fast spectrum reactors may be
achieved not only because of the annular geometry design but also
because of the inherent excellent thermal conductivity of UN fuel.
The UN fuel temperature distribution is hereby compared with the
most widely usedMOX fuel in fast reactors with the same geometry
design and volumetric heat rate and the results are demonstrated in
Figure 3. It can be seen that the central temperature of MOX fuel is
about 500 K higher than that of UN fuel and the MOX fuel average
temperature is also much higher than that of UN fuel (Figure 3A).
From Figure 3B, the reason for this temperature distribution
comparison may easily be identified to be the rather ideal
thermal conductivity of UN fuel.

Reactivity Initiated Accidents (RIA) events would cause a
rapid increase in power in a short time, and affect the safety of

fuel elements. To demonstrate the transient behaviors of the UN
fuel design, the power was increased to 200% of the normal
operation power at 55 s and then restored to the normal
operation power within 0.5 s. The changes in the maximum
temperature of the fuel and the cladding are calculated and
shown in Figure 4. The pellet central temperature reached a
maximum of 1181 K in 55.5 s, which is only 50 K higher than its
steady state counterpart. The cladding inner temperature is only
10 K higher than its steady state counterpart. Reasons for such
small temperature changes are the followings: on the one hand,
in comparison with the rod type fuel, the design of the annular
pellet moves the heat source towards the outer side, and heat is
more easily carried away by the coolant; on the other hand, UN
fuel has better thermal conductivity, and the thermal
conductivity increases as the temperature increases, which
provides the fuel with better performance under transient
conditions.

FUEL BEHAVIORS MODELING

Fuel Heat Transfer Module
The temperatures of the pellet and cladding during reactor
operation are very important parameters that directly affect

FIGURE 3 | Comparison of MOX and UN. (A) temperature distribution. (B) thermal conductivity (Hales et al., 2013).

FIGURE 4 | Reactivity Initiated Accidents events. (A) the change of linear heated power. (B) the change of the maximum temperature of pellet and cladding.
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the fuel swelling, fission gas release and FCMI, etc. Thus, fuel
temperature is the most fundamental part of fuel performance
analysis. The heat transfer process inside the pellet and the
cladding is described by the following heat transfer equation:

z(ρcpT)
zt

� 1
r
z

zr
(k · r zT

zr
) + Q(r, t) (1)

where ρ is the material density (kg/m3), cp is the specific heat
capacity of materials [J/(kg K)], T is the temperature [K], t is time
(s), r is radial distance (m), k is the material thermal conductivity,
and Q is volumetric heat source (W/m3).

For the steady-state case, the time differential term on the left-
hand side of the equation is zero.

The relation given by Rogozkin (Yun et al., 2021) has been
adopted for the UN fuel thermal conductivity in this work:

k � 1.37T0.41 · 1 − P
1 + P

(2)

where p is the porosity (%), and this correlation is suitable for fuel
temperature in the range 298 K < T < 1923 K.

Pellet Mechanical Analysis Module
In modeling the mechanical behaviors of the fuel, the following
assumptions were made for the mechanical analysis module.

1) Continuity assumption, where the pellets remain close to each
other at adjacent mesh points before and after deformation,
and neither pores nor overlaps are created;

2) The axisymmetric assumption;
3) The generalized plane strain assumption;
4) The isotropic assumption;
5) The quasi-static assumption, ignoring the inertia effect of the

structure.

The generalized Hooke’s law was used to describe the stress-
strain relationship (Karahan, 2010). The total strain is comprised
of thermal expansion, swelling, creep strain, and the elastic term,
which takes the form of:

εr � 1
E
[σr − v(σθ + σz)] + α(T − T0) + εs + εcr (3)

εθ � 1
E
[σθ − v(σr + σz)] + α(T − T0) + εs + εcθ (4)

εz � 1
E
[σz − v(σr + σθ)] + α(T − T0) + εs + εcz (5)

where E is Young’s modulus (Hayes et al., 1990a) [Pa],
E � 0.258D3.002(1 − 2.375 × 10−5T); v is the Poisson’s ratio
(Hayes et al., 1990a), v � 1.26 × 10−3D1.174, D is the actual fuel
density [% TD], α is the coefficient of thermal expansion [1/K],
α(T) � 7.096 × 10−6 + 1.409 × 10−9 · T . εs is fuel swelling strain.
εcr , εcθ , εcz is radial, circumferential and axial creep strain,
respectively.

An empirical formula by Ross (El-Genk et al., 1987) was
adopted as the swelling strain model for UN fuel from fuel
irradiation data of the U.S. space reactor project, and it is as follows:

ΔV
V

� 4.7 × 10−11 · T3.12
av Bu0.83D0.5 (6)

Where Tav is the average fuel temperature (K), Bu is the fuel
burnup (%), and D is the actual fuel density (% TD).

Fuel creep is specifically divided into two parts: irradiation
creep and thermal creep, with irradiation creep playing a
dominant role at low temperatures and thermal creep playing
a dominant role at high temperatures.

The irradiation creep model is as follows (Billone et al., 1977):

_εI � 1.81 × 10−26(1 + 1250P2)f σ (7)

where f is fission rate (fission/cm3/s).
The thermal creep model is as follows (Hayes et al., 1990b):

_εT � 2.054 × 10−3σ4.5e(− 39369.5
T ) · 0.987e

(−8.65P)

(1 − P)27.6 (8)

Cladding Mechanical Module
The material selected for cladding is HT-9 steel, whose stress-
strain constitutional equations are consistent with those of the
pellet as has been described in the above.

The thermal creep model for HT-9 steel consists of primary
creep, secondary creep and tertiary creep, and it is as follows (Ryu
et al., 2006):

εT � εTP + εTS + εTT (9)

εTP � [C1 exp(− Q1

RT
)σ + C2 exp(− Q2

RT
)σ4

+ C3 exp(− Q3

RT
)σ0.5]C3 exp(− Q3

RT
)C4 exp(−C4T) (10)

εTS � C5 exp(− Q4

RT
)σ2 + C6 exp(− Q5

RT
)σ5 (11)

εTT � 4C7 exp(− Q6

RT
)σ10t3 (12)

C1 � 13.4; C2 � 8.43 × 10−3; C3 � 4.08 × 1018; C4 � 1.6 × 10−6;
C5 � 1.17 × 109; C6 � 8.33 × 109; C7 � 9.53 × 1021; Q1 � 15027;
Q2 � 26451; Q3 � 89167; Q4 � 83142; Q5 � 108276;
Q6 � 282700.
εT , εTP , εTS, εTT is effective total thermal creep, primary creep
component, secondary creep component, and tertiary creep
component, respectively; R � 1.987; and σ is the effective
stress (MPa).

The irradiation creep correlation is as follows (Toloczko and
Garner, 1999):

εI � 3.2 × 10−24E∅σ (13)

where εI is the irradiation creep rate (%/h); E is the average
neutron energy (MeV); and ∅ is neutron flux [n/(cm2 s)].

Fission Gas Release Module
Fission gas release is affected by fuel burnup, pellet porosity and
temperature, but there is no complete and accurate mechanistic
models to describe the fission gas release in UN fuel. The
empirical relationship proposed by Storms (Storms, 1988)
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through summarizing 134 sets of nitride fuel rod data is used
here:

R � 100/{exp[0.0025 · (90D0.77

Bu0.09
− T)] + 1} (14)

whereR is the FP gas release rate (%),D is the actual fuel density (%
TD), Bu is the fuel burnup (%), andT is the temperature of fuel [K].

CODE VERIFICATION AND VALIDATION

Verification on Heat Transfer Analysis
As the temperature distribution profile across the pellet and
cladding strongly affects the fuel swelling and fission gas
release rate, the heat transfer model needs to be verified in the
first place. Figure 5 shows the temperature profile calculated by
the code developed in this work and that calculated by COMSOL
Multiphysics at steady-state operation condition of 30 kW/m
with a coolant temperature of 873 K. According to the
comparison, the temperature profiles calculated by our code
and by the COMSOL platform are nearly the same, and the
maximum difference at any radial location is about 3 K, which
proves that the calculated temperature result of our code is
accurate. The maximum temperature of the fuel is kept
around 1130 K, which is far below the threshold value of
1423 K providing an adequate safety margin.

Verification on Pellet Mechanical Analysis
The strain components of the pellet include elastic strain, thermal
expansion strain, swelling strain, thermal creep and irradiation
creep strains, and the stress component is divided into three
principal directions: radial, circumferential and axial. The
accuracy of the stress-strain calculation of the pellet directly
affects the analysis of FCMI, where the calculation of swelling

is the central concern. Figure 6 shows the variation of volumetric
swelling versus burnup with an average fuel temperature of
1087 K for rod type fuel. The results of the code calculation
are relatively close to the empirical correlation, and there are still
numerical differences because the empirical correlation is a
correlation for UN fuels with a gross fuel temperature range
below 1400 K (Bauer et al., 1971); Thus, calculation by our code is
done with a temperature that is somewhat different from those at
which the correlation was obtained; Similarly, the temperatures at
which the experimental data were measured were also in a gross
range near 1100 K (El-Genk et al., 1987; Bo et al., 2013), leading to
the difference between the experimental values and the code
calculation results.

Another very important parameter to gauge the accuracy of
the code calculation is the fuel and cladding displacement, which
is a most intuitive reflection of the mechanical state of the pellet.
Figure 7 compares the displacements of the pellet within
1,000 days by our code and by COMSOL calculation.

Since the fuel design is a new kind of design, no experimental
data on the mechanical state of the fuel-clad system can be found.
To verify the accuracy of the calculation results, the results by our
code and by COMSOL at 1, 100, 500 and 1,000 days were
compared. The trends of displacement matched each other
reasonably well, and the size deviations are in an acceptable
range as shown in Figure 8. The results of both calculations are
basically the same at 1 day, and the deviation increases with time.
The reason for this deviation is that our code calculation was
carried out under the generalized plane strain condition, while the
COMSOL calculation was carried out under the plane strain
condition. Because the amount of swelling increases versus time,
the difference between the calculated displacement results
become larger versus time. Overall, the code calculation results
should be more accurate than the COMSOL calculation results.
As the generalized plane strain assumption was adopted in the

FIGURE 5 | The comparison of temperature between the calculation
results of code and COMSOL.

FIGURE 6 | Fuel volume swelling versus burnup.
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code, while the plane strain assumption was adopted in
COMSOL, the initial axial pre-strain had to be set in
COMSOL in order for the calculation results by the two
different methods to be comparable. The axial strain in the
code, however, was updated iteratively, rendering such
calculation to be closer to the reality.

Verification on Cladding Mechanical
Analysis
The strain components of the cladding mainly include elastic
strain, thermal expansion strain and creep strain, and the swelling
of the cladding material is almost negligible. Like the pellet stress-

strain model, the cladding stress-strain model directly affects
FCMI, which has very important implications for reactor fuel
safety. Figure 9 shows the comparison between our code
calculation and COMSOL calculation results at 1 and
1,000 days. The calculation results of Figure 9A and
Figure 9B are almost the same because the cladding
displacement is mainly caused by thermal expansion, but
thermal expansion strain is only related to temperature, not time.

Comparison of Fission Gas Release
At temperatures below 1423 K, the fission gas release rate is
relatively low, which is one of the key features of our fuel design
concept. Figure 10 shows the fractional fission gas release results

FIGURE 7 | Pellet displacement calculation results. (A) the code calculation result. (B) COMSOL calculation result.

FIGURE 8 | (A) (B) (C) (D) are the displacement comparison results of the fuel at 1, 100, 500, and 1,000 days.
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for our UN fuel design operating at 30 kW/m up to 8%
(75 MW d/kg U) burnup. It is demonstrated that the code
calculations results are in good accordance with experimental
data (Storms, 1988).

FUEL BEHAVIORS ASSESSMENTS

To determine the effect of porosity on the heat transfer of fuel
pellets, the code was used to simulate the effects of 25 and 15%
porosity (Arai, 2012), respectively. From Figure 11, it can be seen
that the maximum fuel temperatures for both cases are well below
1423 K. The fuel maximum temperature with 25% porosity is
about 25 K higher than that of fuel with 15% porosity. On the
other hand, if the fuel porosity increases, the increased open
volume can help accommodate the fission products, delay the
fuel-cladding contact time, and reduce FCMI. Therefore, from the

perspective of reducing FCMI while not increasing fuel
temperature to an unacceptable extent, 25% fuel porosity is
better than 15% fuel porosity. However, increased fuel porosity
tends to bring about more issues in fuel cracking and mechanical
behaviors. Thus, the choice of a proper porosity level highly
depends on the achievable fuel plasticity when such porosity is
realized in the actual manufacturing process.

The evolution of contact pressure and gap size, with a constant
30 kW/m linear heat rate for 5 years of continuous operation, was
calculated by our code and is shown in Figure 12. The contact of
pellet and cladding starts at about 1,500 days. Before contact, the
contact pressure is always equal to the gap pressure, which is
affected by fission gas released, and the gap size is gradually
reduced. After contact, the contact pressure starts to increase and
the gap size is equal to zero.

In a ceramic fuel that is usually stiff, the swelling of fuel that
leads to significant FCMI is often a severe issue. In our fuel design,
the central hole not only serves a purpose of lowering the fuel

FIGURE 9 | Comparison of displacement results of the cladding, (A) at 1 day, (B) at 1,000 days

FIGURE 10 | Fractional fission gas release versus burnup.

FIGURE 11 | The influence of 25 and 15% porosity in heat transfer
results.
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temperature but also provides a means to relieve FCMI. In order
to demonstrate this aspect of the fuel design, the evolution of
displacement of the inner surface of the pellet was calculated for a
total length of 6.5 years. Figure 13 shows that the inner surface
displaces outward at first, and the speed of this outward
displacement slows down at 4.1 years (1,500 days). Then the
fuel pellet displaces inward at 5.7 years (2,100 days). It is
perceivable that the pellet and cladding are in contact at
4.1 years, and the contact pressure reaches the maximum of
about 30 MPa at 5.7 years before the pellet inner surface starts

to move inward and the contact pressure does not further
increase thereafter. It is thus demonstrated that the annular
design component is effective in mitigating the FCMI issue in
the long run.

CONCLUSION AND PROSPECTS

In this work, a kind of annular UN fuel for a lead-cooled fast
reactor was designed with considerations of the two main
drawbacks of UN fuel (thermal decomposition and severe
swelling at high temperatures). This design targets to
resolve these issues by a single-clad annular design that
reduces the fuel central temperature to about 1130 K. In
addition, a fuel performance analysis code was developed
for lead-cooled fast reactor annular UN fuel, which can be
used to analyze fuel temperature distribution, pellet stress-
strain, cladding stress-strain, fission gas release, FCMI and gap
size. Preliminary assessments demonstrated that the code
could analyze UN fuel performance with reasonable
accuracy. Through calculation results of the code, the
behaviors of the annular UN fuel design were assessed
which further validated the design concept. This work, thus,
provides some fundamental data to assist the development and
applications of UN fuel.
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