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Abstract

A deformation model was developed to calculate the deformation of the uraniumssilicide disper-
sion fuel (UsSi-Al) elements for research reactors. The model was based on the elasto-plasticity the-
ory and power-law creep theory. Also, isotropic swelling was assumed for the fuel meat and iso-
tropic thermal expansion for the fuel meat and cladding. The new model calculated successfully the
deformation of the fuels of HANARO and NRU (in Canada). As the most important result, it was
shown that the primary deformation mechanism in the fuel meat was swelling and that in the clad-
ding was creep. For all cases simulated, the maximum hoop stress at cladding outer surface was
less than 5MPa, probably well below the yield stress of the cladding, and finally, the volume change
was predicted to be less than 10% in the whole burnup range.
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1. Introduction been developed and used in research reactors, and

one type of the fuel is being developed for the HAN-

Uranium-silicide dispersion fuel (UsS-Al) with ARO[1-3]. The meat (or core) of the fuel is a com-
low-enriched uranium of about 20wt% U-235 has posite of uranium-silicide(UsSi) particles and alumi-
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num(Al) matrix, and is metallurgically extrusion-bon-
ded with Al-1060 cladding. Spherical UsSi particles

of about 22% wolume fraction are dispersed in a con-

tinuous Al matrix[3].
In the uraniumssilicide dispersion fuel, the most
important driving force for deformation is believed to

be fuel meat swelling{4]. When compared to the com-

mercial UO; fuels, the discharge bumup is very high
(up to about 20000MWh/kgU), therefore, the fuel
swelling can also be high enough to cause large per-
manent plastic deformation. The fuel swelling occurs
due to formation of fission gas bubbles, accumulation

of solid fission products, and formation of an interfac-

ial layer {uranium-aluminides) having lower density.

Thermal calculations[3] showed that the fuel tem-
peratures were in the range of 400-500 K for a typi-
cal equilibrium core. Aluminum alloys have a rela-
tively Jow melting point of about 920 K[5], and the
creep deformation usually becomes important when
the temperature is above one half of the melting
point, so the creep rate, in the aluminum matrix as
well as in the Al-1060 cladding, will be very high in
the fuel operating temperature range. Creep defor-
mation can easily relax the stresses within the fuel el-
ement, and therefore the deformation of cladding
can be characterized by a ‘low-stress and creep-domi-
nant deformation’. A special deformation model is
needed to predict the characteristic deformation be-
haviour of the research reactor fuels.

The objective of this study is to develop a defor-
mation model to predict the distributions of strain
and stress within the UsS;-Al fuel element. In the
present study, the fuel element is modelled as a cir-
cular composite beam composed of fuel core(meat)
and cladding. The variations of strain and stress are
described by one dimensional (radial) finite differ-
ence method. Creep rates of fuel meat and cladding
are calculated on the basis of the dislocation creep
theory and experimental results[6, 7]. Other rela-
tionships and theories applied to this modelling are
[8-10] : the force equilibrium equation, compatibility
equation for strains (strain rates), stress-strain rela-
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tionships (constitutive equations) based on the total
strain theory, power-law strain hardening for plastic
deformation, and constant volume condition for pure
plastic deformation. Isotropic fuel swelling and ther-
mal expansion are also assumed.

The fuel element was regarded as a continuum,
thus no interfacial gap was modelled between fuel
meat and cladding. So the boundary conditions ap-
plied are[8] : {a) the radial stress is continuous at the
meat/cladding interface, {b) the hoop strain (or radial
displacement) and hoop strain rate are continuous at
the meat/cladding interface, (c) the radial stress at
cladding outer surface is the same as the value of
(—1)Xcoolant pressure, and (d) the gradients of
stresses and strains are zero at fuel center.

The deformation model newly developed was nam-
ed as STRESS and integrated into the DIFAIR code
[3, 4]. The DIFAIR code has been developed to anal-
yze research reactor fuel performance under normal
and off-normal operation conditions.

This paper describes the deformation model devel-
oped, and discusses the characteristic stress and
strain distributions in the uranium-silicide dispersion
fuels for research reactor. Additionally, the calcu-
lation results, volume changes, are compared with
the results of the FZZ-918 experiment done by
CRNL[1, 2].

2. Modelling of Fuel Element Deformation

The schematic cross-sectional view of fuel element
is shown in Fig. 1, and the system is assumed to be
axisymmetric. The cylindrical coordinate system (x, 6,
z), where 1, 0, z are radial, tangential, and axial direc-
tions, respectively, is used in this fuel modelling. How-
ever, since this model is an one-dimensional model,
no variable has tangential or axial variation. Also, sin-
ce the fuel meat-cladding composite is assumed to
be a continuum, the radial gap between fuel meat
and cladding is always closed, and no central void
can form during irradiation. The fuel meat and clad-
ding are divided into multiple annuli, typically 50 an-
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Fig. 1. Schematic Diagram of Uranium-Silicide Disper-
sion Fuel

nuli, to formulate the finite difference equations for
governing equations.

2.1. Strain Rate Distribution

Since the fuel element considered in this model-
ling is assumed as a continuum, the deformation
have to obey the compatibility equations. In the cylin-
drical coordinate system (r, 6, z), the compatibility
equation is given by(8, 10}

deg Eg — &,

=L o4 St g M
where & and & are hoop strain and radial strain, re-
spectively, and 7 is the radial position. Differentiating

the strain components with time(t), the strain rate

components labeled € and &, also satisfy the same
form of compatibility equation. That is

d 6 ] 6 e E., _

ar T r =0 2)

The two terms of this equation are, respectively, ap-

proximated as follows :

- - i+l -
deg ) — & (3a)
dr 7,x+l -
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where the superscripts i and i+1 mean the numbers
of ith and (i+1)th annuli of radially-segmented fuel.
Replacing the two terms in equation (2) with these
two equations, then the equation (2) becomes

p é0i+1 + q E-ri+1 hE (4)
where

_ 1 1

p rl+l _ 7’, + zrt+l
1

q = 2r1+1

3 | 6‘01 o E.gi _‘ e-rl
he - rt+l — 7’, 27"

Since isotropic fuel core swelling and isotropic ther-
mal expansion are assumed, the strain rate compon-
ents can be expressed as

- th

- s
e, = ¢

+ &€+ & (5a)

. th
Eg — &

+ &+ & (5b)
where £ is thermal expansion strain rate, ¢* swelling
strain rate, and & and ¢r creep strain rate compone-
nts.

Creep deformation and instantaneous plastic de-
formation occur under constant volume condition
{unlike elastic deformation, swelling, or thermal ex-
pansion). The present model assumes that creep
does not occur along the axis direction (z-direction) ;
£5=0. So the components of creep strain are related
by the constant volume condition : £ +¢5=0.

Using this constant wolume condition and equa-
tions (4), (5a), and (5b), the #—components of
creep strain rate at (i+1)th annulus can be expres-
sed as



A Deformation Mode! of Uranium-Silicide Dispersion Fuel for Research Reactor---T.S. Byun, et al 153

< th i+l 's.i+1)

e i+1 — hs - (D+G)( &, + &,

& (r—a ©)

With the constant volume condition, the radial com-
ponent of creep strain rate at (i+ 1)th annulus is giv-
en by

se i+l <o+l

g, = — & (7)

Each total strain rate component is the sum of
thermal sirain rate, swelling strain rate, and creep
strain rate. These strain rates have to be evaluated by
separate models. First, the thermal strain rate (¢") is
calculated under the assumption of isotropic thermal
expansions. Also, the thermal expansion coefficients
are assumed to be constant for the fuel temperature
range of research reactors. The thermal expansion
coefficients used are given by aw =24.6 X107 [1/K]
for Al, and ays=142x10"% [1/K] for UsSi[3].
Here, the thermal expansion coefficient of fuel meat
{UsSi-Al) with about 22 vol.% U,Si particles is calcul-
ated to be ausi-a=22.0x107¢ [1/K] by mixture
rule. Then, the thermal expansion strain rates at fuel
meat and cladding are, respectively, given by

€ = a Uan‘A/T at fuel meat (8a)

- th

e = aAIT at cladding - (8b)

where T is the temperature change rate at the pos-
ition.

Secondly, the swelling strain rate, £°, is evaluated
by a fuel swelling model{4], in which the swelling of
the silicide fuel comprises three major Components:
(a) volume change due to thermal-chemical reactions
at the interfaces of uranium-silicide fuel particles and
aluminum matrix, (b) volume change due to nu-
cleation and growth, and coalescence of fission gas
bubbles, and (c) volume change due to solid fission
products and due to phase change by depletion of
uranium in UsSi compound.

Thirdly, the creep strain rate components, &, &,
are evaluated on the basis of a dislocation creep
model and experimental data for aluminum[7]. In
the equilibrium core, the power and burnup would

vary at a low rate and fuel core swelling and thermal
expansion, which cause the creep deformation, occur
at nearly constant rate for a small burnup interval.
Consequently, the creep deformation occurs in the
regime of secondary creep in which the creep strain
rate is almost constant for given temperature and
stress. We determined the dislocation creep mechan-
ism {m=4.5 in the following equation) .as the major
mechanism of creep deformation for the stress level
of fuel element of research reactor (see Fig. 8 and
9). The equivalent strain rate is expressed as a pow-
erlaw creep equation[6, 9] :

+C

£ = Agme UFT 9
where A is a constant (=5.8x 10" for Al), R is the
gas constant (=1.98cal/mol. K), ¢ is equivalent stres-
s, m is the stress exponent in the power-law creep
(=45), and Qc activation energy for creep (=30
keal/mole at around 400K)[6].

With the constant volume condition (&5 + &§=0)
and with the assumption of £ =0, the equivalent

plastic strain rate is given by{8, 10]

£ = B (- 6944
9 = £ & (o
’ V3
2.2.. Stress Distribution

In the cylindrical coordinate system (x, 6, z), the for-
ce equilibrium conditions[8, 10] become a governing
equation for stress distribution by eliminating shear
stresses and 8- and z-derivatives :

do, o, — Og

& T " =0 (11)

For formulation of finite difference equation, the
first term and second term are approximated by

do o_i+l _ O_i
L = 4 z (12
dr 7,H'l _ 7: a)
0. =0 _ 1,9 & | o - %
¥ 2 7,iJrl ri
(12b)
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Regarding that the stress components of the ith
annulus, o} and o4, and radial position, 7 and »*!,
are known, the above equation can become a re-
i+1

lationship for ¢/*! and 65" :

patt + qoftt = h, (13)
where p and g are defined in equation (4), and
o o — a

h, = a - —
a 7,tl_r,x 2rt

Since two dimensional deformation in the r-8 plan-
e is assumed, the stress components are related by
Tresca equation[9, 10]; 6=0,—¢,, where ¢ is the
equivalent stress. At each annulus, the equivalent
stress can be evaluated by the creep rate equation
(9). Inserting the Tresca equation into equation (13),
the hoop stress at (i+ 1)th annulus can be expressed

by
i+l ho+p0i+l
Gy~ = (r+q (14)
From the Tresca equation, then, the radial stress
at (i+1)th annulus is given by

ot = gitl— gt (15)
2.3. Total Strain

Total strain components are obtained using the
constitutive equations. Each strain component com-
prises five strain terms. Letting ¢, and & be the total
strain components in the radial and hoop directions,
the constitutive equations are expressed by(8]

e, = Ao, — B(o, + a,)
+ e* + £ + £ (16a)

Ey = Adg - B(Oz + Or)
+ " + & + €5 (16b)

where ¢" is the strain due to isotropic thermal ex-.

pansion, £° the swelling strain component, and &;
and &5 the creep strain components. These three kin-
ds of strains are obtained by summation of the strain
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increments (¢ 4t) of respective time (burnup) interval-
s. Further, on the basis of general linear elasticity and
Hencky's total strain theory{10], the coefficient A and
B (and H) are given by

A= % + %H (17a)
B= 4 + %H (17b)
-3 _ 3 (gr)"

Here, E is the Young’s modulus (88.6 GPa for fuel
meat and 70 GPa for cladding), v is Poisson ratio
(0.3 for fuel meat and 0.33 for cladding). Powerlaw
hardening is assumed for stress-plastic strain relation-
ship ; 6 =K(¢*)", here ¢ is the instantaneous equiv-
alent plastic strain, K is the strength coefficient (100
for both fuel meat and cladding), and # is the strain
hardening coefficient (0.2 for both fuel meat and
cladding).

If using the strains calculated by above equations
(16a) and (16b), the radial displacement(U) at each
annulus and element volume change can be evaluat-
ed. The radial displacement and hoop strain are re-
lated by an equation of U=¢s/7. The element vol-
ume change, in %, is defined by 100X ({zo+ Uof—
75)/7%, where 7, is the outer radius of cladding be-
fore deformation, and U, is the displacement at clad-
ding outer surface.

2.4. Boundary Conditions

At the center of fuel element (r=0) no variable
can have radial gradient This condition can be ap-
plied to strain rate and stress distributions ; d £/dr
=0 and d o g/dr =0. Applying these conditions to
the compatibility equation (2) and force equilibrium
equation (11), and considering the fact that the sec-
ond terms of right hand side of these equations be-
come infinity when 7 goes to zero, the stress and
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strain components have to satisfy the following rela-

tionships :

€, = & (18a)

O = 0o (18b)
At the interface between fuel meat and cladding

the following conditions can be derived from the con-

tinuity condition of displacement and force :

e-emeal — éoclad (19a)

oret = gf¥ (19b)
At fuel element surface the boundary condition

applied is that the radial stress is balanced with the
coolant pressure (P. =0.3 MPa), that is

g, = —P, (20)
This boundary condition will be used as the criterion
for the convergence of solution in iterative calcu-
lation.

2.5. Numerical Scheme

The calculation procedure of the STRESS model
is illustrated as a flow chart in Fig. 2. Temperature
distribution, total swelling strain distribution, "radial
positions of nodes, etc are given from other subrout-
ines in DIFAIR code. From these input data the swel-

ling strain rate and thermal strain rate are calculated

for each node of annulus. The strain rates are assum-

ed to be constant for the time interval (given in
hour) that is calculated from the element power and
burnup increment.

The first step of iterative calculation is to assume a
value of radial stress at fuel center (i=1). Until the
radial stress at cladding surface converges to the val-
ue of —P. (P.=coolant pressure; 0.3MPa), re-as-
sumption of a radial stress value at fuel center and
subsequent calculations are repeated. Iterative calcu-
lation would be stopped if the calculated radial stress
at cladding surface satisfies the convergence criterion
; |radial stress at cladding surface +coolant pressure

o Input Data
- Temperature distribution
- Fuel swelling
- Node numbers and positions
- Material Properties

o Initialization Calculation
- Swelling strain rate

- Thermal strain rate

o Assuming a Radial Stress
at Center -

} 2
o Application of Boundary
Conditions at Fuel Center

o Calculations for Fuel Meat
- Strain rate distributions
- Stress distmibutions

o Application of Boundary
Conditions at Fuel
Meat-Cladding Interface

o Calculations for Cladding
- Strain rate distributions
- Stress distributions

o Acceptance of Convergence
Criterion for Stress at
Cladding Surface
- | Radial stress + Coolant

pressure | < 0.02 ?

o Reassuming a Radial Stress
at Center No

Yes

o Calculation of Total Strain
Distributions

(o)

Fig. 2. Calculational Procedure of STRESS Program

| <0.02MPa. Detailed calculation methods were
explained in the previous sections 2.1 to 2.4.

3. Application and Results
3.1. Input Data and Case Descriptions

Deformation behaviors of two uranium-silicide dis-
persion fuels were simulated with the newly-devel-
oped deformation model, STRESS. The two fuels
simulated are a HANARO fuel element and a NRU
fuel element. The input parameters of DIFAIR code
for the two uranium-silicide fuels are listed in Table
1(note that the effect of fins are not considered in
this model). As seen in this table, the most important
difference between these two fuels is on the radius of
fuel meat.

The present sample calculations use a typical el-
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ement burnup-power history given in Table 2. Total
8 cases (1 case for HANARO fuel and 7 cases for
NRU fuel) were simulated, as summarized in Table
3. The 7 cases for NRU fuel element are to simulate
the experiment done by CRNL, named as FZZ.918
[1, 2]

Deformation characteristics of the uranium-silicide
dispersion fuels will be discussed in detail by using
the results for HANARO fuel element. The calculated
results for the NRU fuel elements will be used to
compare with the volume changes measured in the
experiment FZZ918.
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3.2. Strain and Strain Rate Distribution

Fig. 3 illustrates the distributions of radial strain
{e,) and hoop strain (&) within the fuel element at the
burnup of 40at.% (about 9000 MWh/kgU), at which
the element power is peak power of 102kW/m.
Both strain components are almost constant in the
fuel meat (note that the radius of fuel meat 3.
18mm). The distribution: of hoop strain is continuous
at meat-cladding interface, but distribution of radial
strain is discontinuous. At cladding, the region that
the distance from center is from 3.18mm to 3.94mm,

Table 1. Input Data for HANARO Fuel Element (36-Element Fuel) and NRU Fuel Element (Experiment

FZZ2-918)
Fuel Meat Data
Diameter of fuel meat =635 (5.5) (mm)
Length of fuel element =700.0 (mm)
Enrichment of fuel =20. (%)
Density of meat =053x10* {(kg/m®)
Density of uranium =0.31x10* {kg/m®)
Weight fraction of UsSi =0.61
Weight fraction of Al =0.39
Density of UsSi =0.1558 x 10° (kg/m®)
UsS, particle size =130 (70, 130) (¢zam)
Surface tension =0.225x10"3 (kd/m?)
Young’s modulus of meat =0.886x 10° (MPa)
Poisson’s ratio of meat =03
Thermal expansion coe. of meat =0.22x10"* (1/K)
Thermal conductivity of meat =0.16284 (kW/m. K)
Fuel Cladding and Fin Data
Diameter of fuel cladding =7.87 (7.02) (mm)
Cladding thickness =076 {mm)
Density of aluminum =027 x10* (kg/m°)
Number of fins =8
Fin height =1.02 (mm)
Fin width =076 (mm)
Young’s modulus of cladding =0.7x10° {MPa)
Poisson’s ratio of cladding =033
Thermal expansion coefficient of cladding =0.246x107* (1/K)
Thermal conductivity of cladding =0.2168 {(kW/m. K)
Thermal conductivity of crud and oxide layer =0225x1072 (kW/m. K}

Note : The values in ( ) are the input data for NRU fuel element
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Table 2. Burnup-power History

Bumup (at. %) Power (kW/m)
250 95.2
40.0 102.0
582 83.0
60.0 82.7
79.0 82.7
82.0 347
94.0 347

Table 3. Case Descriptions

Case Fuel Type Final Bumup Element Diameter UsSi Particle

No. [at. %) [mm]} Size [ pam]
1 HANARO 94 787 130
Fuel

2 NRU Fuel 40 7.02 130
3 NRUFue 62 7.02 130
4 NRU Fuel 82 7.02 130
5 NRU Fuel A 7.02 130
6  NRU Fuel 40 7.02 70
7 NRU Fuel 60 7.02 70
8 NRUFuel 78 7.02 70

0.05

0.04 ooo 0000000000000 y

iy

0.03 }

0.02 |
£
(]
& 0.01 |

0}

-0.01 }

0.02 |

-0.03 | _,_Radial Strain /'f
.0.04 | —o—Hoop Strain

-0.05

o] 0.001 0.002 0.003 0.004

Distance from Center, m

Fig. 3. Strain Distributions at the Burnup of 40at.%

the hoop strain decreases with distance from center,
whereas the radial strain increases with distance from
center. Since plastic deformation at cladding would

be subjected to the constant volume condition, the
radial strain and hoop, strain have reversed sign, but
the absolute values of the two strain components are
almost the same with each other.

These strain distributions can be explained by Fig.
4, in which the distributions of swelling strain, ther-
mal strain, and creep strain are illustrated separately
(since the elastic strain and instantaneous plastic
strain are negligible, they are not treated in the pres-
ent discussion). Comparing the strain components in
Fig. 4, the deformation within the fuel meat is mainly
due to the swelling, but the major deformation mec-
hanism at cladding is the creep. The swelling strain is
almost constant within fue! meat, and zero in the
cladding made of aluminum alloy.

As seen in Fig. 4, the thermal strain is below 0.005
(0.5%) at fuel center and decreases with the distance
from center. As mentioned in the section 2-1, the
thermal expansion is proportional to the temperature
change from the room temperature (293K). Tem-
perature distribution is shown in Fig. 5. Although the
element linear power of 102kW/m is the highest
power in the power history given in Table 2, the tem-
peratures that are proportional to the element power
are only 410 K490 K. This means that the tempera-

0.08

0.07 ¢ —— Swelling Strain

—o— Thermal Strain

006 I o Creep Strain (Hoop)

0.05
0.04 |

0.03 | \\

0.02

Strain

0.01

0

-0.01 L =
o 0.001 0.002

0.003 0.004
Distance from Center, m

Fig. 4. The Distributions of Swelling, Thermal, and
Creep Strains at the Burnup of 40 at.%
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Temperature, K
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410 t

400

o] 0.001 0.002 0.003 0.004

Distance from Center, m

Fig. 5. Temperature Distribution at the Burmup of 40 at.%

ture change from the room temperature is less than
200K, which will produce about 0.5% strain. There-
fore, it can be concluded that the thermal expansion
is not major deformation mechanism in the
uranium-silicide dispersion fuel.

Since in the present deformation model the stres-
ses and strains are calculated based on the calcu-
lation of strain rates, a comparison of strain rates will
directly explain the deformation characteristi&s.’ Fig. 6
compares the most importaht strain rates such as
swelling strain rate and creep strain rate. Fig. 6
implies that almost uniform swelling occurs within the

fuel meat at the swelling strain rate of 0.29x107°

hr™!. Creep strain rate in the hoop direction is almos-

t zero at fuel meat, however, at meat-cladding inter-
face it jumps up to the same value with the swelling
strain of fuel meat, and then the creep strain rate
decreases with the distance from center. Since the
thermal strain rate is relatively small and the distri-
bution is continuous at fuel meat-cladding interface,
because the temperature distribution is continuous at
the interface as seen in Fig. 5, the sum of the swell-
ing strain rate and hoop creep strain rate have to be
subjected to the condition of continuity at interface,
as expressed by equation (19a).
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0.40
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4] 0.001 0.002 0.003 0.004

Distance from Center, m

Fig. 6. Strain Rate Distributions at the Bumup of 40 at.%

In conclusion, the major deformation mechanisms
of the uranium-sicilide dispersion fuel are the swell-
ing of fuel meat and the creep of cladding. Through
a mechanical interaction at fuel meat-cladding inter-
face, most of the swelling strain of fuel meat is tran-
sformed into creep strain of cladding.

On the other hand, dimensional change. is deter-
mined by the radial displacement(U). Fig. 7 shows
the radial displacement versus position. Within the
fuel meat the radial displacement almost linearly
increases with the distance from center. This fact is
coincided with the uniform swelling strain (or swell-
ing strain rate) distribution. As discussed above, the
cladding deformation is the creep deformation which
is subjected to constant volume condition. This mean-
s that the cladding thickness would decrease as the
meat swelling increases, although the radius of clad-
ding increases. Thus the radial displacement decreas-
es as the distance from center increases, and a peak
displacement is founded at fuel meat-cladding inter-
face. In Fig. 7 the radial displacement is about 0.
11mm at cladding outer surface. About 5.67% wol-
ume change {expansion) is calculated from this val-
ue.
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Fig. 7. Radial Displacement Versus the Distance From
Fuel Center at the Burnup of 40at.%

3.3. Stress Distribution

Fig. 8 illustrates the radial and hoop stress distribu-
tions. Both stress components increase with the dis-
tance from center, and have the same value at fuel
center (r=0). The hoop stress has a discontinuity at

fuel meat-cladding interface. However, the radial stres-

s is continuous through whole fuel element (the rad-
ial stress is subjected to the continuity condition at
interface ; see equation (19b)). The radial stress at

—e— Radial Stress

3 | —o-Hoop Stress

Stress, MPa

-5 " s —i.
(o] 0.001 0.002 0.003

0.004
Distance from Center, m

Fig. 8. Stress Distributions at the Burnup of 40at.%

cladding outer surface is the same with —P. (the
coolant pressure) because of the boundary condition
of equation (20).

As seen in Fig. 8, the hoop stress is maximum at
cladding outer surface and always positive (tensile) at
cladding, however, the radial stress is always com-
pressive at cladding. The maximum hoop stress pred-
icted is about 3.7 MPa (at 40 at.% bumup). Since the
vield stress of the cladding (Al-1060) is known as
about 28 MPa at room temperature[5], the hoop
stress of 3.7MPa seems to be well below the vield
stress, although the yield stress will decrease to a low-
er value in the temperature range of 410 K-440K.

3.4. Burnup Effect on Fuel Deformation

Fig. 9 shows the variation of the maximum hoop
stress with element bumup. The maximum hoop
stress is the hoop stress at cladding outer surface.
Fig. 9 illustrates that the maximum hoop stress at
each bumup is 3-5MPa in the whole burnup range.
As indicated in the power-law creep equation (9), the
stress at cladding is determined by the creep rate
and temperature. As discussed in the section 3.2, the
creep strain rate of cladding is almost determined by

Maximum Hoop Stress, MPa
S

20 40 60 80 100
Element Burnup, at.%

Fig. 9. Variation of the Maximurn Hoop Stress with El-
ement Burnup
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the swelling strain rate of fuel meat, therefore the
stress at cladding is determined by the swelling of
fuel meat and the temperature of cladding. From the
Fig. 9, we can also derive an important conclusion
that the maximum hoop stress (3-5MPa) in the clad-
ding of HANARO fuel is believed to be well below
the vield stress of cladding under normal operation
conditions.

The variations of hoop strain at cladding outer sur-

face and the element wolume change are illustrated
in Fig. 10, as the functions of the element burnup.
The hoop strain increases to about 0.045 (4.5%)
with increasing the burmup to about 80 at.%, and
after then it slightly decreases. The small decrease in
the hoop strain after 80at.% may be resulted from
the small swelling due to relatively low element pow-
er of 34.7kW/m (see Table 2). The volume expan-
sion of element also has similar trend, in which a
peak wolume change of about 9.2% is predicted for
this HANARO fuel at 80 at.% burnup.

3.5. Comparison of Element Volume Changes
Fig. 11 compares the calculated volume change

with the measured volume change of experiment
FZZ918(1, 2]. In this experiment the volume cHange

0.12
—+— Hoop Strain at
Clad Surface
0.1 | —o-Element Volume

’ Expansion
0.08
0.06 |
0.04 |
0.02 |

o]

20 30 40 50 60 70 80 90 100
Element Burnup, at.%

Fig. 10. Variations of Hoop Strain and Volume Expan-
sion of Element with Element Burnup
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o Exp.-F2Z2-918(130)
10 | , Calculated Data {130}

a Exp.-F2Z2-918 (70)
| Calculated Data (70)

Volume Change, %
[}

20 40 60 80 100
Element Burnup, at.%

Fig. 11. Comparison of Calculated Data with Measured
Data (FZZ-918) ; the Numbers in the Parenth-
esis (130 and 70) Mean Average Uranium-Sili-
cide Particle Size

of fuel (mini-elements) was measured on the cold
fuel, therefore, the present simulation also extracted
the portion of thermal expansion from the total vol-
ume change of hot fuel. In order to calculate the vol-
ume change of cold fuel, 7 cases (case 2 to case 8)
were simulated for NRU fuel.

Fig. 11 shows that both the calculated data and
the measured data increase with burmup in a similar
manner. However, the slopes of the curves are dif-
ferent from each other;the calculated data are lar-
ger than the measured data at small bumups, but
become smaller at large burnups. During defor-
mation the cladding’ does not change its volume be-
cause the constant wolume condition is applied, so
the volume change measured or calculated on the
fuel surface is totally caused by the swelling of fuel
meat. So it seems that the swelling modell4]
over-estimates the fuel swelling-at small burnups and
under-estimates it at large burnups.

4. Summary and Conclusions

A deformation model, STRESS, was developed to
simulate the deformation behaviour of uranium-sili-
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cide dispersion fuel during normal and off-normal
operation conditions. The STRESS model has a cap-
ability of calculating the stress distribution, strain dis-
tribution, strain rate distribution etc. Through the sam-
ple calculations, the STRESS model was judged to
calculate successfully deformation of the uranium- sil-
icide dispersion fuels.

For the calculation results for a HANARO fuel el-
ement, the important points are summarized as fol-
lows : The major deformation mechanisms of the
uranium-sicilide dispersion fuel are the swelling of
fuel meat and the creep of cladding. Most of the
swelling strain of fuel meat is transformed into the

creep strain of cladding at fuel meat-cladding interfac-

e. The maximum hoop stress predicted at cladding
outer surface is believed to be well below the vield
stress of the cladding;the maximum hoop stress
does not exceed about 5MPa in the whole burnup
range.

For both fuel designs considered, the predicted vol-
ume change of the element does not exceed 10% in
the whole burnup range up to 94 at%. Comparison
of the calculated volume change and the measured
wvolume change of experiment FZZ-918 showed that
the swelling model over-estimates the fuel swelling at
small bumups and under-estimates it at large burnups.
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