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A system-level model combining heat and mass transport and chemical reaction is developed to study silicon-
carbide-based uranium ceramic material processing. This process is based on pyrolysis and synthesis of a mixture of
preceramic polymers and uranium oxide particles. Three key steps for polymer pyrolysis and one key reaction for
uranium oxide and silicon carbide interaction are established for the processing. The mechanism of vapor species
transport is described by introducing a driving force induced by both natural and forced convection. The effects of
geometry of sample, driving force, and particle size and volume fraction of filler, uranium oxide, on the porosity
evolution, species uniformity, and reaction rate of the sample are investigated.

Nomenclature

= specific heat at constant pressure, J/kg - K
equivalent average particle diameter, m
particle diameter, m

activation energy, J/mol

volume fraction

permeability, m?

thermal conductivity, W/m - K

mass, kg

ratio of diameter of large particles and small particles
pressure, Pa

heat flux, W/m?

reaction rate

universal gas constant, 8.314 J/mol - K
radial coordinate

temperature, K

tortuosity

time, s

velocity vector

radial velocity, m/s

axial velocity, m/s

volume, m?

species mass fraction

preexponential

heat of reaction, J/mol

driving force induced by natural convection, Pa
driving force induced by forced convection, Pa
elevation difference, m

emissivity

porosity

viscosity, kg/m - s

= density, kg/m?
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Subscripts

eff = effective

8 = gas

r = radial direction

K = mixed solid

side = side surface

top = top surface

total = total

00 = surrounding

0 = reference

1 = first reaction, uranium oxide
2 = second reaction, polymer
3 = third reaction

L

MONG the various advanced ceramics, silicon carbide (SiC)

displays a number of superior characteristics as a structural
material, such as its thermal and mechanical properties, chemical
stability, and low radioactivation. Moreover, irradiation effects on
swelling and mechanical properties of high-purity SiC have been
evaluated, and excellent high-temperature irradiation resistance has
been reported by several researchers [1,2]. SiC matrix composites
have been widely developed for use in advanced energy systems [3—
5]. These properties make SiC a promising candidate for use in
nuclear applications as inert-matrix material. In addition, 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. Therefore, ceramic composite
pellets consisting of UC particles in a SiC matrix can be used as high-
temperature refractory ceramic fuels due to excellent characteristics
of both UC and SiC.

SiC-based uranium ceramic materials can be obtained through
reaction of a preceramic polymer and U;Og particles. The processing
cycle involves curing of a polymer precursor at 150-250°C, in which
the polymer undergoes crosslinking to form a green body, followed
by a pyrolysis stage that involves the formation of amorphous SiC at
400-900°C and crystallization of SiC and formation of UC at 1000—
1500°C. This technique allows for the fabrication of SiC-based
uranium ceramic materials at a lower temperature compared to a
sintering technique. In addition, it offers fabricating net-shape
components without suffering from maximum components size
limitations such as that of chemical vapor deposition or ultrasonic

Introduction


http://dx.doi.org/10.2514/1.38865

WANG ET AL. 287

machining [6]. Moreover, it provides better geometrical accuracy
compared to conventional ceramics at significantly lower
manufacturing temperatures [7,8] and offers flexibility of fabricating
refractory ceramic composites and novel mixed-metal carbide
systems with controlled microstructure (at submicron and nano
levels), graded and fiber reinforced configurations, and a wide range
of compositional control.

It has been found that, for the pyrolysis of polymer mixed with
filler particles, particle size and volume fraction of the filler
significantly influence the porosity evolution and reaction rate [4,9].
In addition, the operating conditions, such as the heating rate and
operating pressure, strongly affect the material property and long-
term stability. Because of the long duration of the fabrication process
and the difficulties in the in situ measurements, it is important to build
a system-level model for process simulation and key control
parameters identification. The model should be capable of describing
heat and mass transfer, chemical reaction, and porosity evolution of
U;0; mixed polymer. A series of concurrent and consecutive
chemical reactions are involved in U3;Og mixed polymer pyrolysis
and synthesis. However, the nature and extent of these reactions are
not sufficiently defined. Therefore, it is useful to consider key
reactions and controlling parameters to understand the fabrication
process [10].

Numerical simulations have been widely used to study pyrolysis
kinetics of different materials, such as source material decomposition
in sublimation system [11], cigarette smoldering [12], biomass
pyrolysis [13], and food pyrolysis [14]. In these applications, all
materials are treated as porous media. However, only limited
literature is available for metal mixed polymer pyrolysis and
synthesis, mostly experimental efforts. Staggs presented a thermal
degradation model for polymer pyrolysis using one-step first-order
kinetics [10]. The model solves single component polymer pyrolysis.
However, polymer pyrolysis is usually a multistep reaction, resulting
in a set of kinetic equations.

The goal of this work is to develop an integrated model to predict
pyrolysis and synthesis of U;Og mixed polymer. It needs to consider
polymer pyrolysis and interaction between two different
components. Three key reactions for polymer pyrolysis and one
key reaction between U;Og and SiC are presented. The mechanism
of vapor species transport and a set of conservation equations for the
entire process are developed. Effects of transport processes such as
heat up, polymer decomposition, and vapor species transport are
included. Pyrolysis and sintering of a sample with different
geometries are simulated to study the effects of the sample geometry
on the uniformity of the final product. In addition, effects of driving
force, particle size, and volume fraction of filler on the porosity
evolution and reaction rate are studied.

II. Experiments and Results

Allylhydridopolycarbosilane (AHPCS), acquired from Starfire
Systems, Inc., Malta, New York (SMP-10), is an olefin-modified
polymer that undergoes pyrolysis when heated under inert
atmosphere and yields near stoichiometric SiC. Carefully weighed
quantities of liquid AHPCS were heated, under argon atmosphere,
from room temperature up to 300, 500, 700, and 900°C, respectively,
to establish the kinetics of the AHPCS pyrolysis. Samples were held
at final temperatures for 30 min to ensure thermal equilibrium. Upon
heating, the polymer precursor yields a dry and partially crosslinked
solid, for example, a green body, at 300°C; this step is called curing.
A box furnace was fitted with a retort and modified for the inert gas
pyrolysis up to 900°C, and pyrolysis beyond 900°C was performed
in a specially modified high-temperature furnace (model no. F46248,
Barnstead International, Dubuque, lowa). In addition, small
quantities of amorphous SiC derived from AHPCS pyrolyzed at
900°C were heated to different temperatures of 1150, 1400, and
1650°C under a constant flow of argon.

Figure 1 shows the ceramic yield as a function of decomposition
temperature. The experimental data were measured immediately
after the temperature of the samples reached certain temperatures
(300, 500, 700, 900, and 1150°C). The loss in weight is attributed to
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Fig. 1 Mass loss variation as a function of temperature for AHPCS.

the loss of low-molecular weight oligomers and hydrogen gas [15].
About 72-74% ceramic yield in the form of amorphous SiC was
obtained in the range of 900-1650°C. The material processed to
1150°C is stoichiometric SiC, as discussed in [16].

Fourier transform infrared (IR) spectroscopy analysis was
performed to study the polymer-ceramic conversion. Figure 2 shows
the IR spectra obtained for the products at temperatures of 300, 500,
700, 900, and 1150°C. Peaks attributed to C-H (stretching), Si-H
(stretching), and Si-C (rocking) bonds were clearly observed in the
range of 2800-3000 cm~!, 2000-2140 cm~!, and 870-1070 cm™!,
respectively [15,17,18]. It can be seen that relative intensity of all the
peaks initially increases with increasing temperature, which is a
result of increase in crosslink density as the polymer cures, forming a
network structure. A gradual shift in the Si-H peak toward higher
frequencies, with increasing temperatures, suggests conversion of
silicon—hydrogen bonding from Si-H; to Si-H, to Si-H, as hydrogen
is released. The broad peak attributed to several C-H bonds reduces,
and eventually disappears, along with the Si-H peak at 1150°C as
hydrogen is completely removed. Small peaks resulting from the
presence of monosubstituted alkenes in the polymer appear around
900 cm~! (d on the figure) at 300°C and 500°C and soon disappear at
higher temperatures. Peaks attributed to CH; (bending) (a and b on
the figure) and SiCH,Si bonding (c on the figure) are also identified
in the IR spectra. A small amount of hydrogen appears to be present
in the system even at 900°C, whereas at 1150°C only a SiC peak
shows complete conversion of polymer into SiC.
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Fig. 2 Infrared spectra for AHPCS heated to 300, 500, 700, 900, and
1150°C.
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A ceramic composite consisting of an amorphous silicon carbide
(a-SiC) matrix that contained U;Oy particles (International Bio-
Analytical Industries, Boca Raton, Florida) was fabricated using
AHPCS. The resulting sample had a good dispersion of uranium
oxide particles in an a-SiC matrix. However, it contains numerous
pores as a result of the release of hydrogen and other vapor species
during the polymer pyrolysis.

The reaction kinetics of SiC and U;Og particles are yet to be
established. Nevertheless, this paper provides the framework to
model the fabrication process. Once this chemistry is established
experimentally, the relevant parameters will serve as input into the
process model presented.

III. Reaction Kinetics

Polymer pyrolysis process is characterized by three key steps. The
first step is volatilization (polymer, denoted as A — intermediate
product, denoted as B) and occurs at 300-500°C, in which H, is
generated and released. The second step is the crosslink process
(intermediate product, B — amorphous SiC, denoted as C) at 500—
900°C, in which amorphous SiC is formed. The third step is
crystallization of SiC (amorphous SiC, C — crystallized SiC,
denoted as D) and occurs when temperature is above 1000°C. It
should be noted that curing of the polymer precursor is not
considered in our model. A, B, C, and D are all in the solid phase.

These three key reactions are incorporated into the polymer
pyrolysis model, as well as a single reaction for the interaction
between SiC and U;Og. The reactions are expressed as follows:

1 kgA — o, kgB + (1 —a)kg P, (1
1 kgB —> a,kgC+ (1 —aykg P, 2
1kgC— 1kgD 3)

1 kg SiC + a3 kg U305 — o4 kg UC + a5 kg products
+ (1 + a3 —ay —as)kg Ps )

where P, P,, and P; represent vapor species produced. It should be
noted that reaction (3) is a phase transformation process (amorphous
SiC — crystallized SiC), and U;Og remains chemically unchanged
when the temperature is below 1200°C. In addition, the reaction
between SiC and U;Og is not known yet, but UC is assumed to be
produced.

The first-order reaction kinetics is assumed for simplicity in this
work, and the parameters are obtained by fitting the experimental
data (see Sec. V). The rates of the preceding reactions are given by the
Arrhenius relation [19]:

R, =(—¢8)p,YaZ, exp(—E,/RT) 5)
Ry = (1—¢)p,YpZ, exp(—E,/RT) (6)
R 3= —e)pYcZ, exp(—E3/RT) 7

Ry=(1—-2)pYsic(1 —&)p,Yy,0,Zsexp(—E4/RT)  (8)

where Y; with i = A, B, C is the mass fraction of species i in the
mixture, thatis, Y; = M;/M,, where M, is the mass of species i in the
mixture, and M is the mass of the mixed solid. Z; with j = 1,2, 3,4
is the preexponential of the jth reaction rate, E; is the activation
energy of the jth reaction, and R is the universal gas constant. The
mass change rates of A, B, C, and D and the mixed solid are defined

by
M,=-R, ©)
Mg=0o,R —R, (10)
Mc:azkz—ks an
Mp =R, (12)

M,=—-(1—a)R —(1—)R — (1 + 03 —ay—a5)R, (13)

The three terms on the right-hand side of Eq. (13) are the mass
production rates of vapor species P, P,, and P;, respectively.

IV. Mathematical Models

The following assumptions are made in developing the
computational equations:

1) The vapor species flow is transient and laminar.

2) The vapor species and solid phases are at the same temperature
locally.

3) The densities of two different particles (polymer and U;Oyg)
remain constant during decomposition.

A. Mass Conservation for Source Components

Figure 3 shows the schematic of the model. The crucible is a
cylinder. The computational domain consists of gases, the filler
particles, and the polymer matrix. This domain is considered a
porous medium. The yield of both components, for example, the
polymer and the filler, is a key issue in the model. Therefore, for
numerical convenience, it is desirable to introduce the void fractions
for both components. We define ¢, as the specific void fraction of
U;0q and its yield in the total volume of the mixture, and ¢, as the
specific void fraction of polymer and its yield in the remaining void
volume of the mixture:

Vi — V
g = total 1 (1 4)
Vlotal
Viota — V1 = V.
& = total 1 2 (15)
Vlotal - Vl

Gases flow

Reaction Zone I .
Conduction/

7 Reaction heat
Crucible / 3
1 %
1 {
1 i
Reaction p Gas diffusion
Zone 11 ; - through porous
i : media
r a3
owde R i V) Permeability/
/ : porosity variation
L
0 )

i
Fig. 3 Schematic of the computational domain in the process model.
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where V|, V,, and V,, are volumes of U;Og, polymer, and total
volume. Thus, the porosity of the porous medium ¢ is defined as

Vien — V1 —V
e:elxszz% (16)
total

The volume fractions of U;Og and polymer, f; and f,, can be
calculated as
RS
V4V, l-—c¢

S a7

fr=1-f (18)

The density of the mixed solid is expressed as follows:

ps = pifi+ paf2 (19)

where p; and p, are densities of U3;Og and polymer, respectively.
Based on the preceding assumptions and definitions, the
conservation of U;Og and polymer is given by

L= — @, - a, 20)

W =—(1- al)Rl —(1- az)Rz — (4 — a3)R4

@n

Yields of both components can be obtained based on Eqs. (20) and
@),

B. Mass Conservation for Mixed Vapor Species

The equation of continuity in the cylindrical coordinate is ([20],
p- 276)

a 10 ad
&[px(l —&) + p.e] + T (repgu,) + a—z(s,oguz) =0 (2

where p, is the mass density of vapor species, and u, and u, are the
velocity component of vapor species in the radial and axial
directions, respectively.

It is assumed that the diffusive transport of vapor species is
comparatively smaller than the convective transport; therefore, the
diffusion in the gas mixture phase is neglected. Gas pressure in the
porous medium can be derived from the Darcy’s law:

ve=_Fyu 23)
K
where K is the local permeability of the porous medium. To calculate
the permeability, we assume that the polymer matrix is composed of
very compacted microparticles (10 um in diameter). The
permeability of the porous media is assumed to be

_ [dp (.]“1)]2‘(/‘3
KO =36Ky(1 - P T T

(24)

where d,(f/) and T'(¢) are the equivalent average particle diameter
and tortuosity, respectively [19]. The details of d,(f,) and T'(¢) can
be found in [19].

Reaction starts from both side and top surfaces of the porous
medium, and two reaction zones (reaction zones [ and Il in Fig. 3) are
formed. It is assumed that vapor species produced in reaction zone I
escape from the top surface of the porous medium with u, only, and
u, is negligible in Eq. (22). Therefore, in reaction zone I, the
momentum equation can be simplified as

o
K(r,2)

P(r,z) = Py,(r) + / " u,(r,z)dz (25)

where H is the height of the porous medium, and P,,,(r) is the gas

pressure at the top surface of the porous medium. We define AP(r, z)
as the pressure difference between the location (r, z) and the top
surface

AP(I‘, Z) = P(rv Z) - Ptup(r) (26)

Similarly, vapor species produced in reaction zone II escape from
the side surface of the porous medium with u, only. In reaction
zone II, the momentum equation can be simplified as

"
K(r,z)

P(r.2) = Pyae(2) + [ L dr @)

where R is the height of the porous medium, P4 (z) is the gas
pressure at the side surface of the porous medium, and AP(r, z) is the
pressure difference between the location (r, z) and the side surface:

AP(r,z) = P(r,z) — Pg4(2) (28)

Polymer pyrolysis is related to both porous medium temperature
and vapor species transport. Vapor species can escape from the
porous medium by the driving force induced by both natural and
forced convection.

The driving force, designated by Py, is a product of both natural
and forced convection. The forced convection leads to the pressure
difference AP, between the furnace and outside environment; it can
be adjusted in experiments. If the furnace is open, then AP, = 0. The
driving force induced by natural convection AP, is due to the density
difference between vapor species at the top or side surface of the
porous medium and that at the environment. AP, can be expressed as
a function of temperature difference. It should be noted that there
exists the buoyant force due to the density difference between vapor
species and air even if the temperature is the same. For simplicity, it
has been neglected. Therefore,

AP, = Pugon8 PATAZ (30)

where f is the thermal expansion coefficient for the argon gas, AZ is
the elevation difference, and AT in reaction zones I and II are
expressed as follows:

AT =T(r,H)—T,, 31)

AT =T(R,z) — T, (32)

This model assumes that the vapor species can escape from the
porous medium only when the driving force is greater than AP(r, z),
the pressure barrier for the vapor species to escape from the porous
medium. Because the pressure increases from the outer surface
toward the center of the porous medium, polymer near the side and
top of the porous medium decomposes first. Reaction zones I and II,
therefore, propagate from the outer surface of the porous medium to
the center (see Fig. 3).

C. Energy Conservation Equation

The heat transfer model determines the temperature distribution
that serves as input to the kinetics model. The conservation of energy
is expressed as [8,21,22]

OT 10T _ 9 (, T\ 10 T
(Pcp)eff[g“‘; or ]—a(keffa) +;$ (rkeffw)

4
+ Z AHR, (33)
i=1

where k. is the effective thermal conductivity, and AH; is the ith
reaction heat. It should be noted that, in the experiments, the reaction
heat is provided from the furnace, that is, from the external source.
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The reaction heats do not seem high. In addition, the reaction heats
cannot be obtained experimentally or analytically. Therefore, the
reaction heats are assumed as zero in the computation. In addition,
(oc,)efe 1s the effective heat capacity, which can be expressed as

(locp)eff = (1 - 8)(pcp)s + E(pcpg) (34)
where (oc,), consists of two components
(pcy)s = (pcy)sifi + (pcy)snf> (35)

where (oc,),; and (pc,),, are the heat capacities of U;Oq4 and
polymer, respectively, and f, and f, are the volume fractions of
U;0g4 and polymer, respectively.

Radiation heat transfer in the porous medium can be incorporated
into the effective thermal conductivity. The effective thermal
conductivity k¢ can be estimated as [22]

32
ko = s(kg —+ ?SEUT3d],) + (1 — &)k, (36)

where k, and k; are effective thermal conductivities of gases and
solids in the porous medium, respectively. Emissivity is ¢,, 0 =
5.67 x 1078 W/m? - K* is the Stefan-Boltzmann constant, and d,, is
the equivalent average pore diameter. The thermal conductivity can
be taken as the volume-weighted average, formulated as

kg = fiksi + fokso 37

where k, ; and k, , are effective thermal conductivities of U;Og and
polymer, respectively.

The model equations are solved using the finite difference method
[11,23]. The computational code is modified from an original code
for simulating cigarette smoldering process [12]. The original code is
capable of simulating the pyrolysis (one-step reaction) of a single
component, such as evolution of porosity and yield of a single
component [12]. Our code can simulate several reactions for
multicomponents, such as evolution of porosity and yield of all the
components. Moreover, the driving force for volatiles escape and the
developed mechanism of volatiles escape is included in the code. The
solution strategy can be expressed as in the following scheme:

1) Assume the initial state distribution includes the porosities,
temperature, and velocity.

2) According to reaction kinetics equations, calculate reaction
rates.

3) Calculate velocity component of vapor species u, and u._.

4) Calculate pressure P(r, z) and driving force P 4. Determine the
volatiles transport, and calculate porosities, mass and mass fractions
of all the solid species.

1.00 -
3 * m  Experimental result ]
0.95 - \ = == Numerical simulation i

0.90 |-

0.85 -

Mass fraction (mass/initial mass)

PR R RV IS RAU R RS S B
0 200 400 600 800 1000 1200 1400 1600 1800

Temperature (°C)

Fig. 4 Comparison of numerical and experimental mass variation as a
function of processing temperature for AHPCS.

Table 1 Thermophysical properties
used in the calculations

Parameter Value used in program
CperI/kg K 1600
Cps1» I/kg- K 1080
Cpsa:I/kg K 1080
ki1, W/m-K 100
kn, W/m-K 100

ko, W/m-K 0.1859
Ps1> kg/m? 8600
Dy, kg/m? 2500

Pgr kg/m? 0.15

u, kg/ms 2.149 x 1073
E;/R,K 2 x 10*

€ 0.8

e

5) Find new temperature distribution according to the energy
balance on the new time-step explicitly.
6) Repeat steps 2-5.

V. Results and Discussion

The preexponential constants Z; and Z, and the activation
energies E, and E, are obtained by modeling the pyrolysis of a small
polymer sample using the lump analysis. Simulation is performed
assuming thermal equilibrium condition. The sample was held at
given temperatures for 30 min to ensure thermal equilibrium in the
experiments (see Sec. II). Figure 4 shows the comparison of
numerical and experimental mass variation (see Fig. 1) as a function
of temperature. Z, and Z, are calculated to be 1 x 10* and 2 x 10*,
respectively. E; and E, are calculated to be 8.3 x 10* J/mol and
1.5 x 10° J/mol, respectively.

Basic thermal and physical properties used in the simulation are
listed in Table 1. Constant heat flux ¢” is applied to the boundaries.
The polymer yield is defined as the mass ratio between the remaining
polymer and initial polymer. Moreover, the polymer matrix is
assumed to be compacted microparticles (d, = 10 wm). It is noted
that the results shown in this paper consider only polymer pyrolysis.
U0y is assumed to be passive due to the unknown kinetics of the
reaction between SiC and U;Og. Furthermore, U;Og remains
unchanged when the temperature is below 1200°C.
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2
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< |2 _ s 2 z
fE‘ 0.3 S E S g
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2 g
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0 \ \ A 0 \ .
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0.04 \ Se l 3
.04 S 0.04F
—_ s 1 3 ﬁ_‘ — S D u‘S
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r(m)
c) d)

Fig. 5 Comparison of porosity distributions for different sample size
after 40 h reaction. Heat flux ¢” = 0.9 W/m?,d, = 200 xm, and initial
porosities are ¢=0.2 and &, =0.3, respectively: a) sample
radius = 6.2 mm, b) sample radius=9.3 mm, c¢) sample
radius = 12.4 mm, and d) sample radius = 18.6 mm.
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Fig. 6 Comparison of polymer yields for different sample size. Heat
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Fig. 7 Comparison of porosity distributions for different driving force
after 40 h reaction. Heat flux ¢” = 0.9 W/m?, d; = 40 um, and initial
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Fig. 8 Comparison of polymer yields for different driving force. Heat
flux ¢” = 0.9 W/m?,d, = 40 um, and initial porosities are ¢ = 0.2 and
&, = 0.3, respectively.
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Fig. 9 Comparison of porosity distributions for different uranium
oxide diameters d; after 25 h reaction. Heat flux ¢” = 0.9 W/m?, and
initial porosities are ¢ = 0.2 and &, = 0.3, respectively: a) d; = 40 pum,
b)d, =100 pm, ¢)d; =200 pm, and d) d; = 400 pm.

The transport phenomena are studied. First, the effect of sample
geometry on the uniformity of product and the reaction rate is
presented. The radius of the sample is 6.2, 9.3, 12.4, and 18.6 mm,
respectively. The height of the sample is 62 mm for all the cases. The
heat flux is ¢” = 0.9 W/m?, reaction time is 40 h, diameter of the
filleris d; = 100 pm, and initial porosities are ¢ = 0.2 and g, = 0.3,
respectively. Figures 5 and 6 show the comparison of the porosity
distribution and polymer yield. It is shown that polymer pyrolysis
starts from the side and top surfaces of the porous medium. The
porosity gradient, which can reflect the uniformity of the product, is
higher for the sample with a larger radius, indicating that the product
uniformity is lower. Moreover, the reaction zone and rate decrease as
the sample radius increases, because the pressure barrier AP(r, z)
increases as the sample radius increases, making it more difficult for
the vapor species to escape. At a certain temperature range (reaction
time around 15-25 h), a plateau is formed because reactions at lower
temperatures are completed and reactions at higher temperatures are
very slow. In the experimental data, a linear temperature distribution
is observed, as shown in Fig. 4. This is due to many concurrent and
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Fig. 10 Comparison of polymer yields for different uranium oxide

diametersd,. Heat flux ¢” = 0.9 W/m?, and initial porosities are ¢ = 0.2
and &, = 0.3, respectively.
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Fig. 11 Comparison of porosity distributions for different volume ratios V;/V, after 10 h reaction. Heat flux ¢” = 0.9 W/m?,d, = 100 wm, and initial

porosity e = 0.2.

consecutive reaction steps involved in the experiments. Never-
theless, because only four reactions and simplified reaction kinetics
are considered in our simulation, a plateau is expected.

Second, the effect of driving force from forced convection AP, on
the growth rate is investigated. It plays an important role in the
reaction rate because it helps vapor species to escape, leading to the
increase of the reaction zone size and reaction rate. Figure 7 shows a
comparison of porosity distribution for AP, = 0, 500, 1000, and
1500 Pa. The heat flux is ¢” = 0.9 W/m?, reaction time is 40 h,
diameter of filler particles is d; = 40 um, and initial porosities are
¢ = 0.2 and &, = 0.3, respectively. It can be concluded that reaction
zone size is increased by increasing the forced convection. Also, the
porosity gradient decreases as AP increases, which indicates the
uniformity of the product is enhanced. Figure 8 shows comparison of
polymer yield. It can be concluded that the reaction rate increases as
the driving force increases. In both Figs. 7 and 8, it is shown that the
reaction zone stops propagating after a certain time when AP, is
lower than 1500 Pa. In other words, the polymer in the central region
cannot be decomposed, even if the temperature further increases,
because the driving force is not strong enough to drive out the vapor
generated in that region. Therefore, AP, should be equal or higher
than a critical value APy . (in this example, AP, = 1500 Pa) to
ensure polymer in the entire porous medium can be decomposed.

Third, the effect of filler particle size d; on the process is studied.
Particle size of the filler has a strong influence on permeability of the
porous medium, thus the vapor transport and reaction rate are
influenced as well. Figure 9 shows the porosity comparison for
d, =400, 200, 100, and 40 um. The initial porosities are ¢ = 0.2
and &, = 0.3. It is shown that the reaction zone size increases as the
U; Oy size increases. In addition, porosity gradient reduces as U;Og
size increases; therefore, uniformity of the product is enhanced.
Figure 10 shows the comparison of polymer yield. Itis shown that the
reaction rate enhances as the U;Og particle size increases, because
the vapor can escape more easily as permeability increases.
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30

Fig. 12 Comparison of polymer yields for different volume ratios
V,/V,. Heat flux ¢” = 0.9 W/m?2, d; = 100 xm, and initial porosity
e=0.2.

Finally, the influence of initial volume ratio of two different
components is studied. The diameter of U;Oy is set as 100 um; the
initial porosity is € = 0.2. Figure 11 shows the porosity comparison
and Fig. 12 shows the comparison of polymer yield. It is shown that
the porosity gradient decreases as the U;Og volume increases,
indicating that the product uniformity enhances. Moreover, the
reaction rate is increased (Fig. 12) because the permeability of the
porous medium increases as U;Og volume increases. It can be
concluded that the polymer pyrolysis rate and the product uniformity
increases as U;Og volume increases.

V1. Conclusions

An advanced process model for polymer pyrolysis and uranium
ceramic material processing is developed. The model is based on heat
and mass transfer and reactions in a porous medium. The chemical
reactions and their kinetics are established. The effect of sample
geometry on the uniformity of product is studied. The results show
that the reaction rate for polymer pyrolysis decreases and product
uniformity reduces as the sample radius increases. The effect of
different convection rates on the growth rate is shown. The reaction
zone and rate increase, as well as the uniformity of product, as the
driving force increases. There is a critical forced driving force, above
which the polymer can decompose in the entire porous medium. The
influence of the particle sizes on the reaction rate and product
uniformity is presented. The results indicate that the polymer
pyrolysis rate and product uniformity increase as the size of U;Og
increases. Finally, the effects of initial volume fraction of the filler
U304 on the reaction rate and uniformity are studied. Those results
clearly show that polymer pyrolysis rate and product uniformity
increase when U;Og volume increases.
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