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a b s t r a c t

A new methodology, the crackespallation model, has been developed to analyze gasesolid reactions
dominated by crack growth inside of the solid reactant and spallation phenomena. The new model
physically represents three processes of the reaction progress: (1) diffusion of gas reactant through
pores; (2) growth of product particle in pores; and (3) crack and spallation of solid reactant. The vali-
dation of this method has been conducted by comparison of results obtained in an experiment for
oxidation of UO2 and the shrinking core model. The reaction progress evaluated by the crackespallation
model shows better agreement with the experimental data than that evaluated by the shrinking core
model. To understand the trigger point during the reaction progress, a detailed analysis has been con-
ducted. A parametric study also has been performed to determine mass diffusivities of the gas reactant
and volume increase constants of the product particles. This method can be appropriately applied to the
gasesolid reaction based on the crack and spallation phenomena such as the voloxidation process.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

One well-known methodology to analyze gasesolid reactions is
the shrinking core model (SCM) [1]. An approximated solution of
this model is widely explained in standard textbooks [2,3], as fol-
lows. In the SCM, the gas reacts with the reactant material at the
surface, and the reaction zone moves inward of the reactant, as
shown in Fig. 1. In other words, the unreacted solid sequentially
shrinks. The completely reacted solid remains at its original loca-
tions, and is called “ash.” It is assumed that (1) all particles are
identical and do not vary during the reaction and (2) the densities
of particles and solid reactant are similar. Then, for a simple
gasesolid reaction defined as

AðgasÞ þ bBðsolidÞ/cCðsolidÞ; (1)

where A is the gas reactant, B is the solid reactant, C is the solid
product, and b and c are stoichiometric coefficients, the governing
equation for the one-dimensional diffusion of the gas reactant into
the solid reactant is

vCA
vt

¼ De

 
v2CA
vr2

þ N
r
vCA
vr

!
; (2)

where CA is the molar concentration of A, t is the time, De is the
effective mass diffusivity, N is the geometry factor (N ¼ 0, rectan-
gular coordinate; N ¼ 1, cylindrical coordinate; and N ¼ 2, spherical
coordinate), and r is the spatial coordinate (r should be replaced by
x for the rectangular coordinate). The governing equation can be
solved by applying the quasi-steady-state approximation. To show
how much the reactant material has been reacted, a parameter, XB,
is defined as

XBðtÞ ¼ 1�
�
RðtÞ
R0

�Nþ1

; (3)

where R is the radius of unreacted solid material and R0 is the initial
radius of the solid reactant. With appropriate boundary and initial
conditions for a cylindrical solid reactant, the analytical solution
can be derived as

* Corresponding author.
E-mail address: woosm@berkeley.edu (S.M. Woo).

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net

https://doi.org/10.1016/j.net.2017.11.005
1738-5733/© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Nuclear Engineering and Technology xxx (2017) 1e6

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

NET460_proof ■ 27 December 2017 ■ 1/6

Please cite this article in press as: J.I. Ryu, S.M. Woo, A NEW GASeSOLID REACTION MODEL FOR VOLOXIDATION PROCESS WITH SPALLATION,
Nuclear Engineering and Technology (2017), https://doi.org/10.1016/j.net.2017.11.005

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:woosm@berkeley.edu
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2017.11.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2017.11.005
https://doi.org/10.1016/j.net.2017.11.005


t ¼rBmR0
bCAg

"
1

2kAg
XB þ

R0
4De

fXB þ ð1� XBÞlnð1� XBÞg

þ 1
kAs

n
1� ð1� XBÞ1=2

o#
;

(4)

where rBm is themolar density of the solid reactant, CAg is the molar
concentration of the gas reactant in the bulk gas, kAg is the mass
transfer coefficient of the gas reactant between the gas film and the
ash layer, and kAs is the rate constant for a first-order surface re-
action at the solid reactant surface.

Many researchers have attempted further expansion and
modification of the SCM. The JohnsoneMehl equation has been
applied to the chemical reaction resistance term in Eq. (4) [4]. The
particle size distribution of the solid material has been coupled
with the SCM [5]. The varying of the ash zone size during the re-
action time has beenmathematically applied bymodifying the SCM
[6]. Shi et al. [7] modified the SCM to study methane hydrates in a
dry-water droplet. Comparisons of the SCM applying the assump-
tion of quasi-static diffusion against without that also have been
conducted [8]. These SCM-based methods basically assume that
chemical reaction and loss of solid reactant occur on the solid
surface.

However, according to experimental studies, for example,
considering the oxidation behavior of UO2 pellets [9], a gasesolid
reaction can progress mainly by cracks growing and spallation of a
solid reactant because of volume changes from the transformation
of reactants into product in pores and grain boundaries of the solid
reactant. Therefore, the SCM method, based on the demonstration
of a gas filmwithin the bulk gas, the diffusion of the gas through the
ash layer, and shrinking of the reactant material by the surface
chemical reaction, cannot physically describe the crack and spall-
ation mechanism for this type of gasesolid reaction. In this study, a
new kinetic model for gasesolid reactions has been proposed to
demonstrate reactions dominated by crack and spallation rather
than surface chemistry.

2. Kinetic model

2.1. Crackespallation model

To begin with, let us consider a simple gasesolid reaction as
described in Eq. (1). If the reaction progress is dominated by cracks
and spallation from the growth of the product particle in the pores,
the reaction process can be illustrated as shown in Fig. 2. In this
model, we assume that (1) the spherical pores are uniformly
distributed in the media with identical physical features, for
example, the physical shape and size; (2) cracks and spallation
occur at pore locations when the product particle size is larger than
the pores; (3) pores have enough space to generate and grow
particles; (4) product particles are spherical and grow one-
dimensionally; (5) the reaction progress by surface chemistry is

much slower than that by cracks and spallation; (6) the chemical
reaction time for spalled solid reactants is not considered, because
it could be negligible compared with the whole reaction progress
time because of the dramatic increase of the surface area; (7) the
diffusion process is one-dimensional; (8) the diffusivity is constant
in the solid reactant during the entire reacting time; (9) there is a
sufficient amount of gas reactant around the solid reactant; and
(10) the spalled reactant does not affect the diffusion of the gas
reactant into the solid reactant.

There are three main processes for this model. The first process
is the diffusion of gas reactant through pores, which are assumed
to include all kinds of porous spaces such as cracks, fractures, grain
boundaries, and porous vacancies in the solid reactant. Then, the
diffused gas in the solid reactant starts to react with the solid
reactant, as shown in Fig. 2b. This is the second process, which is
the growth of product particles in pores. Because the amount of
solid reactant is sufficient to react with the gas reactant, the
dominant factor for the control of the gasesolid reaction in the
pores is the concentration of diffused gas reactant in those
pores. Finally, as illustrated in Fig. 2d, when the size of the
product particles becomes greater than the size of the pores, the
part of the solid reactant including that pores starts to crack and
spall out.

2.2. Computation methodology

First, the diffusion process is solved by numerical calculation of
the diffusion equation shown in Eq. (2). At the beginning of this
process, there are no products, C (solid), inside of the solid reactant
because of the lack of diffusing gases at this point. This initial
condition is represented as

CAðr<R0; t ¼ 0Þ ¼ 0: (5)

The boundary condition shown in Eq. (6) is that the molar
concentration of gas reactant, CA, at the surface of the solid reactant
at a certain time, t, is equal to that in the air, CAg;

CAðr ¼ R; tÞ ¼ CAg: (6)

The growth process is governed by the concentration of gas
reactant in the pores, as explained in the previous section. After the
diffusing of the gas reactant into the solid reactant, the generation
of solid product particles begins. The produced solid particles inside
the pores sequentially grow by continuous gasesolid chemical re-
action. For this growth model, it is assumed that the volumetric
growth rate of the product is modeled as a linear function of the gas
concentration in the pores:

dV
dt

¼ kCA; (7)

where V is the volume of the product in each pore and k is a con-
stant. Then, the equation can be rewritten as

Fig. 1. Configuration of the SCM for an isothermal spherical reactant [3].
SCM, shrinking core model.
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