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A novel technique has been developed to fabricate uranium-ceramic nuclear fuel using the depleted ura-
nium (DU), U3O8 powder, and allylhydridopolycarbosilane (AHPCS) polymer precursor. This process
involves a continuous change of the composition, porosity, and material properties. To fabricate nuclear
fuel with a uniform structure/volume ratio, it is important to understand the transport phenomena dur-
ing high temperature processing and at different length scales. In our prior work, a system-level model
based on the reactive porous medium theory was developed to account for pyrolysis process during
the uranium-ceramic fuel fabrication. In this paper, a mesoscopic model based on the smoothed particle
hydrodynamics (SPH) is developed to simulate the synthesis of filler U3O8 particles and SiC matrix. The
system-level model provides the necessary thermal boundary conditions for the mesoscopic simulation.
The evolution of the particle concentration and the structure as well as the composition of the composite
produced is investigated. Since the process heat flux plays an important role in the material quality and
uniformity, the effect of the heating rate, filler particle size and distribution on the uniformity and the
structure of the final product are investigated. The uncertainty issue is also discussed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A novel preparation technique for the nuclear fuels starting from
the depleted uranium (DU), U3O8 powder, and allylhydridopolycar-
bosilane (AHPCS) polymer precursor has been developed in our
prior study [1]. This processing cycle involves the curing of the poly-
mer precursor mixed with the U3O8 particles at 150–250 �C, in
which the polymer undergoes cross-linking to form a green body,
followed by a pyrolysis stage which involves the formation of the
amorphous SiC between 400 �C and 900 �C, the crystallization of
SiC and the synthesis of SiC and U3O8 at 1000–1500 �C, UC can be
produced in the synthesis. This processing technique allows the uni-
form distribution of the uranium fuel source along with a high cera-
mic yield of the parent matrix. The processing technique offers an
inexpensive method to obtain a dense nuclear fuel. The resulting
ceramic composite has the uranium oxide well dispersed in a-SiC
matrix. The thermal conductivity of the composite can be improved
through the crystallization owing to the high conductivity of SiC [2].
Further mechanical consolidation was achieved using the polymer
infiltration process (PIP). Among various advanced ceramics, the sil-
icon carbide has been proven to be a promising candidate for use in
ll rights reserved.
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the nuclear applications as an inert-matrix material due to its char-
acteristics in the following aspects. First, SiC displays a number of
superior characteristics as a structural material, such as its thermal
and mechanical properties, chemical stability and low radioactiva-
tion. Second, the irradiation effects on swelling and mechanical
properties of high purity SiC have been evaluated, and the excellent
high temperature irradiation resistance was revealed by several
researchers [3,4]. Third, the SiC matrix composites have been widely
developed for use in the advanced energy systems [5–7]. It has also
been recognized that the uranium carbide (UC) is an attractive fuel
for certain generation IV reactors such as the gas-cooled fast reactor
due to its high thermal conductivity and high melting point. There-
fore, the ceramic composite pellets consisting of the UC particles in
the SiC matrix can be used as a high-temperature refractory ceramic
fuel due to the superior characteristics of UC and SiC.

The pyrolysis and synthesis processing technique allows the
fabrication of various ceramic materials at a relative low tempera-
ture. Also, it allows the fabrication of the net-shape components
without suffering from the size limitation [8]. During the powder
synthesis, the powder binding mechanism strongly depends on
the local temperature and heat flux. Meanwhile, the morphological
changes at the particle scale will influence the thermal transport
and in turn, affect the local temperature. Several numerical models
have been developed, which can be generally categorized into two
approaches: the porous media based approach and the particle
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Nomenclature

Cp Specific heat at constant pressure (J/Kg K)
D Diffusivity (m2/s)
D Particle diameter (m)
F Volume ratio
ks Thermal conductivity (W/m K)
rij Distance between particle i and j (m)
m Mass (kg)
_m Mass generation rate (kg/s)

N Number of particles at the neighboring
P Gases products
q00 Heat flux (W/m2)
_Q Reaction heat (kg/s)
T Temperature (K)
t Time (s)
~u Velocity vector (m/s)
W Smoothing function
Y Mass fraction
_Y Generation rate of mass fraction

Greek symbols
a Coefficient
q Density (kg/m3)
l Viscosity (kg/m s)
m Kinematics viscosity (m2/s)

Subscripts
1 SiC
2 Filler particles
g Gas phase
i Particle i
j Particle j
s Solid phase
b Coordinate direction
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based approach. The porous media based approach is based on the
porous media theory to describe the macroscopic property evalua-
tion during the synthesis or sintering process. Tarafdar and Berg-
man [9] developed a sintering model to investigate the variations
of the local morphologies on the effective transport properties.
They found that the penetration depth of the sintering was
strongly related to the thermal penetration depth and boundary
temperatures. Chen and Zhang [10] developed a partial shrinkage
model for the selective laser sintering (SLS) of two-component me-
tal powder and they discovered that the sintering depth and vol-
ume of the HAZ was significantly increased with the decrease of
the gas volume fraction. Xiao and Zhang [11] studied the melting
of an alloy powder bed. It was concluded that the increase of the
initial porosity of the powder bed can shorten the duration of the
preheating and increase the surface temperature and interfacial
velocity. He et al. [12] presented a model to study the effects of
the particle convection, gas convection and radiation. They con-
cluded that the radiative heat transfer provided a significant con-
tribution to the total heat transfer, and the particle and gas
convections show an opposite tendency to the total heat transfer.
Kaushal et al. [13] developed a model for the biomass char com-
bustion in a fluidized bed. It is shown that a smaller size of wood
or char benefits the overall performance of the gasifier.

Several particle based models are developed for mesoscopic
phenomena in the materials processing or underground water flow
focusing on the local behaviors around the particles and studying
the evolution of the structure and the heat and mass transfer on
the particle level. Jagota and Dawson [14] and Martinez-Herrera
and Derby [15] used the finite element methods (FEM) to study
the shape evolution of the adjacent sintering particles. The effect
of particle geometry on the sintering rate is also investigated. It
was concluded that the assumption of spherical particle shape is
reasonable to predict sintering dynamics for many different parti-
cle geometries. He et al. [12] proposed a one dimensional char
combustion model considering the pore structure to investigate
the effect of the particle size on the transport phenomena in the
single char combustion. The simulation results show that the lar-
ger particles generally have higher temperatures at the exterior
surface, and the smaller particles have the better combustion effi-
ciency in a limited period. Gao et al. [16] presented a double parti-
cle-layer and porous medium model to simulate the gas flow and
the heat transfer near the surface of an immersed object in a fluid-
ized bed. They concluded that the heat transfer rate is determined
by the gas velocity. The heat transfer is conduction dominated in
the stifling region since the gas is almost stagnant there. Tartakov-
sky and Meakin developed a numerical model to simulate the mul-
tiphase flows and the miscible flows in the fractured porous media
using the meshless particle SPH method [17]. The effects of the
pore level heterogeneity and anisotropy on the immiscible and
miscible flows were studied [17]. Tartakovsky et al. [18] further
improved their model to study the reactive transport and the min-
eral precipitation in the porous media. They concluded that the ini-
tial perturbation of the solid surface leaded to the unstable growth
and the increase of the reaction length parameter can stabilize the
non-uniform surface growth.

A macroscopic model for the pyrolysis processing was devel-
oped in our prior work [19] in which the Darcy’s law and the con-
vection–diffusion equations were used to model the volatile flow
in the porous media. The system-level or global model describes
the polymer pyrolysis processing, including heat transfer, polymer
pyrolysis, SiC crystallization, chemical reactions, and volatiles
transport. However, the modeling the particle level structure evo-
lution of the composite produced during synthesis of the uranium
oxide and SiC is needed for the process optimization. In this paper,
a mesoscopic model is developed based on the meshless particle
method to study the structure and species evolution at the meso-
scopic or local level. The mesoscopic model is applied to a repeti-
tive unit cell and describes the mass transport, the composition
change and the movement of the particles. The unit cell represents
a unit of the source material that consists of several U3O8 particles,
the SiC matrix and other components produced from synthesis. The
smoothed particle hydrodynamics (SPH) technique is employed to
solve the solid–solid reaction between the SiC matrix and the filler
particles, the composition changes, the uniformity of the resulting
products, and the shrinkage and the motion of the U3O8 particles in
the SiC matrix. The results from the macroscale simulation are
used to provide the necessary thermal boundary conditions for
the particle level simulations. The evolution of the structure and
the composition of the produced composite due to the heat fluxes
are monitored. The effects of the heating rate and the U3O8 particle
size and volume on the species uniformity and the structure for-
mation are investigated. The uncertainty due to the random distri-
bution of the filler particles is also investigated.

2. Physical and mathematical model

Fig. 1 shows the key elements of the SPH local model within a
macro computation domain that is constituted by many



Fig. 1. The schematic of the SPH local model and its interaction with the global porous medium model.

X. Wang et al. / International Journal of Heat and Mass Transfer 52 (2009) 5141–5151 5143
macrocells. Each macrocell is a representative unit of the source
material, and it consists of several U3O8 particles, SiC matrix and
other components produced from the synthesis process. The mes-
oscopic particle-level model applies to a repetitive macrocell unit
for the microstructure evolution calculation. The temperature
boundary condition for the chosen marcocell can be obtained from
its neighbor cells by interpolating the nearest neighbor macrocell
temperature to the boundary. In the current system, the governing
equations at the particle level can be described as follows,

The continuity equation :
oq
ot
þr� ðq~uÞ ¼ _m ð1Þ

The energy equation :
o

ot
ðqcpTÞþr � ðqcp~uTÞ ¼r � ðkrTÞþ _Q ð2Þ

The species equation :
oY
ot
þr� ð~uYÞ ¼ 1

q
r� ðDrYÞþ _Y ; ð3Þ

where q, cp and j are the density, specific heat and thermal conduc-
tivity, respectively; _Y is the mass fraction, and D is the diffusion
coefficient. In the local model, the matrix SiC is stationary and the
filler particles move due to the generated gas pressure, and _m, _Q
and _Y are the source terms due to the chemical reactions. The tran-
sient heat fluxes obtained from the global model are applied as the
thermal boundary conditions.

In the current model, the SiC particles are assumed to be sta-
tionary since SiC forms a matrix. Due to the elevation in density
and the reduced mass of the filler particles (U3O8 or other compo-
nents produced) during synthesis process, the shrinkage of the fil-
ler particles needs to be considered. In our model, it is assumed
that the U3O8/UO2 particles shrink once they are converted to the
UO2/UC particles. The gaps between the filler particles and
the SiC matrix are thus formed. The filler particle can move in the
gap as the result of the pressure change caused by generated gases.
The total pressure on each filler particle is related to the gas produc-
tion rate determined from the reaction rate. The structure of the SiC
matrix forms a force to impede the motion of the filler particles. It is
assumed that the impedance of the motion is induced by the springs
or forces from the neighboring structure. In other words, the filler
particle is assumed to sit at the center initially (Fig. 2), and the total
force on the filler particle is the summation of all the forces from the
neighboring matrix. Without reaction, the forces surrounding the
filler particle are at equilibrium.

Two key reactions are considered for the synthesis process. It is
assumed that the reaction 1 (R4) occurs when the temperature is
above 1200 �C and the reaction 2 (R5) occurs when the tempera-
ture is higher than 1400 �C.

U3O8 ! a1UO2 þ ð1� a1ÞP1 ðR4Þ
SiCþ a2UO2 ! a3UCþ a4Productsþ ð1þ a2 � a3 � a4ÞP2; ðR5Þ

where a1, a2, a3 and a4 are the mass (kg) based stoichmetry con-
stants; P1 and P2 represent the volatiles produced from reactions
1 and 2, respectively. It should be noted that the reactions between
SiC and U3O8 are not known yet, but UC is the product. The detailed
reaction kinetics and mechanisms are yet to be established.



Fig. 2. Models of the shrinkage and movement. kfiller, keff and kSiC are the thermal conductivity of the filler particles, gap and SiC matrix, respectively.
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Nevertheless, this paper employs two global reaction steps. Once
the detailed reaction kinetics and mechanisms are established in
the experiments, the model can be improved.
3. Numerical method

The meshless particle method of SPH was first introduced by
Lucy [20] and Gingold and Monaghan [21] to simulate fluid
dynamics. Since then, it has been used to model the solidification
[22], low Reynolds number flow [23], flow through the porous
media [24], immiscible and miscible flows [17,25], etc. In the re-
cent years, the SPH method is applied to study the transport phe-
nomena at the mesoscale, such as the hydrodynamic dispersion
[24], the melt flow in the porous structure [27], etc. The SPH meth-
od has the advantages in solving the mesoscopic phenomena due
to the following reasons. Firstly, it offers a particular suitability
to tackle the problems dealing with multi-physics. This is not typ-
ically the case with the grid methods. Secondly, it is easy to handle
the complex free surface and the material interface. For instance,
the particle equivalent of the heat conduction and concentration
diffusion equations can be designed so that the discontinuities in
the material properties can be handled easily without an explicit
reference to the interface between phases [26,28]. The SPH method
is thus used here to solve the heat and mass transfer at the particle
level [29–31].

3.1. Basic concept of SPH method

In SPH, the entire system is represented by a finite number of
particles that carry individual mass and occupy individual space.
The governing equations for the fluid flow are written as a set of
partial differential equations in the Lagrangian form. The set of
the partial differential equations include the mass, momentum, en-
ergy, and species conservation. Using the particles as the interpo-
lation points, the Navier–Stokes equations in the Lagrangian form
can be discretized into a system of the ordinary differential equa-
tions using the kernel and particle approximations [26], which in-
volves approximating the values of functions and derivatives at a
particle using the information from all the neighboring particles.
With an explicit integration algorithm, the ODEs are solved and
the time history of all the field variables is obtained.

3.2. Assumptions

The U3O8 filler particles are assumed to disperse in the SiC ma-
trix and both are represented by the SPH particles, as shown in
Fig. 1. These SPH particles are assigned a mass, position, density,
temperature and concentration of the SiC or filler particles. The
SiC particles are assumed to be stationary due to the matrix struc-
ture. The U3O8 filler particles are allowed to move and also react
with the SiC SPH particles. If the temperature of a U3O8 SPH parti-
cle is above 1200 �C, it will be converted into the UO2. If the SiC vol-
ume ratio in a UO2 SPH particle is above a critical value and the
temperature of the UO2 SPH particle is above 1400 �C, the UO2

SPH particle will be converted into the UC particle. The critical con-
centration value ensures the enough SiC particles being present to
synthesize with the UO2 SPH particles. The governing equations of
the mass, heat and concentration are described next.

3.3. SPH equations

The mass conservation equation in the Lagrangian form is writ-
ten as

Dq
Dt
þ qr � v ¼ _m: ð6Þ

The SPH form of the mass conservation equation is

Dqi

Dt
¼ �qi

XN

j¼1

mj

qj
vb

ij �
oWij

oxb
i

þ _mi; ð7Þ

where mi and qi are the mass and density of the particle i, respec-
tively; Wij is called the kernel function in SPH; b is the coordinate
direction; vb

ij ¼ ðv
b
i � vb

j Þ.
The energy equation in the Lagrangian form is as follows:

qcP
DT
Dt
¼ rðkrTÞ þ _Q : ð8Þ

The particle approximation of the energy equation is expressed as:

qcp
DT
Dt

� �
i
¼

X
j

mj

qj
ðkj � kiÞ

oWij

oxb
i

 ! X
j

mj

qj
ðTj � TiÞ

oWij

oxb
i

 !

þ ki

X
j

mj

qj
ðTj � TiÞ

o2Wij

oxb
i oxb

i

þ _Qi: ð9Þ

The mass fraction of the SiC is Y and thus the mass of the SiC in a
mass M of the medium is YM. The diffusion and reaction of the
SiC is given by the following equation [22]:

DY
Dt
¼ 1

q
rðDrYÞ þ _Y; ð10Þ

where D is the diffusion coefficient. The rate of change of the mass
fraction Yi is given by

DY
Dt

� �
i

¼
X

j

mj

qj
ðDj � DiÞ

oWij

oxb
i

 ! X
j

mj

qj
ðYj � YiÞ

oWij

oxb
i

 !

þ Di

X
j

mj

qj
ðYj � YiÞ

o2Wij

oxb
i oxb

i

þ _Yi ð11Þ



Table 1
Thermophysical properties used in the analysis and modeling.

Parameters Value used in the model

cpg (J/kg K) 1600
cps (J/kg K) 1080
ks1 (W/m K) 100
ks2 (W/m K) 100
kgas (W/m K) 0.1859
q1 (kg/m3) 8600
q2 (kg/m3) 2500
qg (kg/m3) 0.15
D (m2/s) 4.5 � 10�8
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Note that the diffusion is very weak in this process comparing with
reaction.

It is assumed that the heat content of the system only changes
because the particles lose or gain heat through the boundary,
although it would be possible to include the heat sources such as
reaction heating. For the problem considered here, the heat fluxes
are obtained from the global model and are applied to the SiC par-
ticles at the four boundaries.

Using the standard techniques such as the leapfrog (LF), predic-
tor–corrector and Runge–Kutta (RK) schemes can numerically inte-
grate the ordinary differential equations for the physical variables
for every particle. In this paper, the LF method is employed for its
low memory storage and efficiency. The particle density, velocity,
internal energy and position can be updated with the LF method [26].

3.4. Shrinkage and particle movement

At the beginning, a filler particle generated by many SPH parti-
cles is set in the middle of the SiC matrix. As the forces are bal-
Fig. 3. The structure evolutions of the filler particles for the baseline case. The volume r
Reaction time is (a) 5.5, (b) 7.0, (c) 8.5, (d) 10, (e) 11.5 and (f) 13 h, respectively. The bla
U3O8, UO2 and UC, respectively.
anced, the pressure forces acted on the filler particle are
calculated from the forces on all SPH filler particles. Due to the heat
flux and temperature change during process, the temperature of
some portion of the particles will increase, and the SPH particles
will react and shrink locally. The pressure forces resulted from
the gas products will generate larger forces on the SPH filler parti-
cles near the reaction region. The filler particles will then be
pushed to move due to the imbalance of the total forces. The move-
ment will continue until reactions are completed. There are two
ways to handle the gap. The first method assumes that a small
gap exists between the filler particle and the surrounding SiC ma-
trix and the gap contains no material. The SPH particles are pushed
away by the gap. The overall density, thermal conductivity and dif-
fusivity will be reduced slightly due to the position changes of the
SPH particles. The second method is more complicated. The gas
SPH particles are generated and filled into the gap. The gas SPH
particles will have their own properties such as mass, thermal con-
ductivity, etc. Both methods are here tested. Since the gap between
the filler particles and SiC matrix is usually very small in our cases,
e.g., less than 25% of the smoothing length, the results obtained by
two methods are almost the same. Using the SPH method, the
shrinkage and the movement of the filler particles can be treated
straightforward. This is one of the advantages of this method com-
paring with the grid methods.

4. Results and discussion

The basic thermal and physical properties used in the simula-
tion are listed in Table 1. The dimension of the unit is identical
to the macrocell size in the global model (Fig. 1): 0.62 mm �
0.62 mm. The black and grey solid circles represent the SiC and
atio of the filler particles is 20% and the diameter of the filler particles is 0.062 mm.
ck solid circle, grey solid circle, black hollow circle and black triangle represent SiC,
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U3O8 SPH particles, respectively. Four heat fluxes, qi}(i = 1, 2, 3 and
4) are computed from the macroscale model and applied to four
boundaries. The directions of the heat fluxes are also illustrated.
It is noted that the heat fluxes in the x-direction is higher than that
in the y-direction. We study the effect of the heating rate, qi}, ap-
plied to the macro computational domain, filler particle volume
and size on the evolution of the species and the structures.

4.1. Baseline case study

A baseline case is selected as follows: the volume ratio of the fil-
ler particles is 20%, and the filler particle diameter is 0.062 mm.
The heating flux applied to the macro computational domain is
0.05 W/m2. The evolutions of the structure and the composition
are presented first. Fig. 3 shows the structure evolution of the filler
particles. The black solid circle, grey solid circle, black hollow circle
and black triangle represent SiC, U3O8, UO2 and UC, respectively. It
is seen that the SPH U3O8 particles close to the right and lower
boundaries are converted to UO2 first (Fig. 3a and b), this is where
the highest temperature resided as the heat fluxes flow into the do-
main from the right and lower boundaries. The same reason ex-
plains why the UO2 SPH particles close to the right and lower
boundaries are converted to UC first (Fig. 3c–f). Meanwhile, the
UO2 SPH particles close the SiC matrix are converted to UC earlier.
It is interesting to notice that some UO2 SPH particles very close to
the right boundary remain unchanged (Fig. 3d and e). This might
be due to the fact that less SiC is available there. To quantify the
composition evolution of the filler, we plot the ratio of the SPH par-
ticles of U3O8, UO2, and UC to all the SPH filler particles (the total
number of U3O8, UO2, and UC SPH particles) in Fig. 4. The total
Fig. 5. The velocity vectors of filler particles for the baselin
number of the UO2 SPH particles increases first, and then decreases
after they react with the SiC. It is illustrated that the UC production
rate remains very high from 10 h to 18 h, and decreases drastically
after 18 h when less UO2 is available. Furthermore, the filler parti-
cles shrink after all the U3O8 SPH particles are converted to UO2 as
shown in Fig. 3b–f. The gap forms between the filler particles and
the SiC matrix.

4.2. The motion of filler particle

The filler particles move in the gap and all the SPH particles
composing a filler particle move at the same velocity. The motion
of the filler particles is driven by the total gas pressure acted on
the filler particles from the neighboring SPH particles. We charac-
terize this motion by plotting the position of the center of a filler
particle. Fig. 5 shows the velocity vectors of the filler particles in
the baseline case. By choosing the initial position of the filler par-
ticle as the reference, we compute the relative position of the filler
particle. In addition, the relative position is normalized to the
dimension of the unit cell, which is 0.62 mm. Fig. 6 shows the nor-
malized relative position of a filler particle with its diameter of
0.062 mm and 0.056 mm, respectively. The filler volume ratio is
set to be 20%. The initial position of the filler particle center is
(0.27 mm, 0.34 mm). It is seen that the translational velocity in
the x-direction is higher than that in the y-direction. This is be-
cause the heat flux along the x-direction (0.1 w/m2) is higher than
that along the y-direction (0.025 w/m2). Thus, the conversion of
UO2 to UC is faster in the x-direction, and more gases are produced,
causing the filler particles moving with higher speed in the x-direc-
tion. It is also seen that the filler particles with larger radius move
slower due to their greater mass compared with small filler
particles.

4.3. The effect of heat flux

The effect of the heat flux q}applied to the macro computational
domain on the composition evolution is studied. Fig. 7 shows the
history of the ratio of the UO2 to UC SPH particles for the heat
fluxes of 0.025 w/m2, 0.05 w/m2 (baseline case) and 0.1 w/m2.
The filler particle diameter is 0.062 mm for all three cases. The fil-
ler particles have the same initial distribution as in the baseline
case. It is indicated that the production rates of both UO2 and UC
increases as the heat flux increases.

4.4. The effect of filler particle size

The effect of the filler particle size on the composition evolution
is studied. Fig. 8 shows the initial distribution of the filler particles
e case. The reaction times are (a) 10 h and (b) 11.5 h.
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with their initial diameters of 0.056, 0.062 (baseline case) and
0.069 mm. The filler volume ratio is assumed to be 20% for all three
cases. Fig. 9 shows the history of the ratio of UO2 to UC SPH parti-
cles of three cases. It is indicated that the production rate of the UC
increases as the filler particle size increases. This might be ex-
plained by the heat flux directions. Another possible reason is that
the total gap area associated with the shrinkage of smaller filler
particle is larger, making the production rate of UC lower.
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Fig. 9. The composition evolution of filler particles with their sizes: (a) UO2 and (b) UC.
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4.5. The effect of filler particle volume

The effect of filler particle volume on the composition evolution
is studied. Fig. 10 shows the initial distribution of the filler parti-
cles with three different volume ratios: 10%, 15% and 20% (baseline
Fig. 10. The initial distribution of filler particles with the volume ratios of (a) f = 0.1, (b)
respectively.
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of three cases. It is indicated that the production rates of both
UO2 and UC increases slightly as the filler particle ratio increases.
This might be explained by the heat flux directions. The influence
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Fig. 12. The structure evolution of filler particles at 10 h for five different distributions, volume ratio of filler particles is 10%: (a) distribution 1, (b) distribution 2,
(c) distribution 3, (d) distribution 4 and (e) distribution 5.
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of the filler particle volume on the UC production rate is, however,
weaker than that of filler particle size when comparing Figs. 9 and
11b. It is interesting to observe that it takes the same reaction time
for all SPH filler particles to be converted into the UC particles.

4.6. The effect of particle distribution

With the same particle volume fraction, the material properties
will be different if the particle distribution is different. The uncer-
tainty associated with the random distribution of filler particles is
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Fig. 13. The composition evolution of filler particles with different distribu
studied next. It is characterized by comparing the composition
change of filler particles with the same particle size and volume ra-
tio, but different distributions. Five distributions are generated and
used to study the uncertainty, as shown in Fig. 12.

Figs. 12–14 show the history of the ratio of UO2 to UC SPH par-
ticles with the given five random distributions of filler particles.
The volume ratio of the filler is 10% and 20% in Figs. 13 and 14,
respectively. It is found that the distribution of the filler particles
will influence the reaction and the composition change of filler
particles is more significant if the filler volume ratio is 10%
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Fig. 14. The composition evolution of filler particles with different distributions for the volume ratio of filler particles 20%: (a) UO2 and (b) UC.
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(Fig. 13). However, this influence becomes weak as the volume ra-
tio reaches 20%. The total reaction time for all SPH filler particles to
be converted into UC is about the same for five random distribu-
tions when the volume ratio is 20% (Fig. 14).

5. Conclusions

A mesoscopic model based on the smoothed particle hydrody-
namics (SPH) method is developed to describe the synthesis of
the SiC matrix and uranium oxide particles in a macro-unit. It is
the first model, which is capable of considering the synthesis of
two different components with solid phases and involving the gen-
eration of volatiles at the particle level. Moreover, it can easily han-
dle the geometry changes and shrinkage phenomena. The current
work lays the foundation of the application of SPH technique to
the solid–solid reaction, in particular, to the problems involved in
the synthesis of two components, mass loss, composition change,
uniformity of the product and shrinkage, and bulk motion of filler
particles in the SiC matrix.

The effects of the filler particle size and volume on species uni-
formity and structure are investigated using the particle based
mesoscopic model. It is concluded that the production rates of both
UO2 and UC increase as the size of the filler particle increases. Fur-
thermore, the production rates of both UO2 and UC increase as the
volume ratio of filler particles increases. The motion of filler parti-
cles is also investigated. It is concluded that the particles move
with a higher speed in the direction with a higher heat flux and
the velocity of the filler particles with a smaller radius is higher.
In the future, the mesoscopic model will be integrated with the
porous media based macroscopic model so that the material pro-
cessing can be optimized.
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