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The development of a computer code for predicting fast reactor oxide fuel
element thermal and mechanical behaviour (FIBER-Oxide)
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Abstract. The in-core behaviors of fast reactor oxide fuel element are highly complicated and coupled due to
the overall irradiation, thermal and mechanical effects. The structural integrity of fuel cladding in steady and
transient conditions is important for the safe operation of reactors. A computer code FIBER-Oxide is developed
to simulate fuel element behavior and further to predict life. First, based on international open literatures, the
main adopted material property models are presented. Second, according to solid heat transfer equation and
mechanical equilibrium equation, numerical resolving equations for fuel pellet and cladding are derived and
established. Finally, the general computation procedures are given and a sample is tested. The successful
operation demonstrates the feasibility of adopted modeling methods. The future further development priorities
for the code are also proposed. The development of FIBER-Oxide lays the foundation for the independent design
of China fast reactor fuel element.
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1. Introduction

FIBER-Oxide is developed to evaluate the mixed oxide (MOX) fuel performance under
steady, transient conditions of sodium fast reactors. The characteristics for fast reactor fuel are
fuel restructuring and high gas release ratio due to fuel use under high temperature. In order to
treat these phenomena, fuel restructuring models were developed to determine centre void
formation. For the gas release model, empirical relations are employed. This paper describes
the models in FIBER-Oxide and the results of fuel pin performance analysis under steady
state.

2. Physical models of FIBER-Oxide
2.1. Outline of FIBER-Oxide

The computer code for predicting fuel element thermal-mechanical behavior (FIBER) is a
first Chinese independent-developed code for predicting fast reactor fuel element
performance, which has thermal computation models for fuel and cladding, gap conductance
models for fuel-cladding gap, fission gas release models and mechanical models for fuel and
cladding. Main characteristics of FIBER are as follows: 6at.% burn-up, MOX fuel element
with PuO, content ranges from 10 to 30% or UO, fuel, and two cladding materials :
316(Ti)SS and 15-15Ti.

The computation model for fuel element is usually divided into several segments in the axial
direction. Each axial segment will be divided into some rings in radial direction. Axi-

symmetry is assumed for thermal and mechanical analysis. For the analysis flow at each time
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step, the fuel temperature calculation is conducted by considering heat generation, thermal
conductivity. Following the temperature calculation, fission products swelling, fission gas
release from pellet, the gas pressure in the fuel pin and fuel restructuring are evaluated. Figure
1 shows the analysis flow of the FIBER-Oxide code.
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Figure. 1. Analysis flow
2.2. Thermal analysis model
2.2.1. Fuel thermal conductance model

The fuel thermal conductivity depends on the fuel temperature, composition, porosity and
burnup''.
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K =4 0019Bu 1
P 73-0019Bu 4 exp(— L= 1200))
100
K3x == 1
0.2
Ker =1- T —900

1+ exp(T)
Where OM:oxygen to metal ratio, Bu: burnup, a,:porosity correction factor, P: porosity.
The modelling of oxygen radial redistribution and actinides radial redistribution is still in

development.

2.2.2 Gap conductance model

A model applied in IAMBUS code!? is adopted in FIBER-Oxide. This model consists of three
components: gas conductance; solid contact conduction through the cladding and pellet
surface; radiation between cladding and pellet surface. It can evaluate the gap conductance
under a gap width change with burnup during the steady state and with a contact force change
during a transient.

h = kmix
9 8 + Ly + FRR(Ra, + Ray)

-1
1 721 T* —T,*
vol L4 D (_ _ 1) I =T
& 1 \& Tr — T,
Where ky;y: thermal conductivity of a gas mixture; §: gap width; Ras, Ra.: fuel and

cladding surface roughness; FRR: correction factor for roughness values; P.: contact
pressure; o: Stephan-Bolzman constant; r:radius; &: emissivity; T: temperature.

P,
4 Cc
+ 0.85 X 10*tanh <—8.5 » 106)

The first term on the right of the equation is gas conductance in the gap, the second term is
solid contact conductivity and the third term is the radiation contribution.
15 2-0.827 X ay,;
Lie = — XL

; X
mix m
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Where L. mean free path of gas at 0 °C and 1 bar, F,: gas pressure, C: molar fraction of
gas.

. _ 2 (C) X a()///M(s)
" 2%1(6@)/\/1\4@))

Smix = ) C(5) X S(s)

Where «a: harmonic mean taken from the accommodation coefficients of both surfaces, S:
Sutherland's constant, M: molecular weight of gas.
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2.2.3 Fuel material migration model

A central hole is formed by pore migration and pores are transported by vapor transportation

from high temperature region to a cold region™.

0P _10 (4
ot _rorV P
P(r,0) = P,

pr+l_ pr _ l(rva)Hl_)i - (Tvpp)i_)i_l
At o T 2Ar

Where P: porosity; r: radius; vy: pore migration velocity;
2.2.4 Swelling models and Fission gas release models
As for gas swelling model and gas release models, the empirical correlations are adopted in
FIBER-OXIDE.
Fission product swelling:
S = 7.435 x 10~ 3fdens x ABu

Where fdens: fuel initial density; Bu:Burnup.
Fission gas swelling!™:

Sg =2617 X 10—39 x fdens X ABu X (2800 _ T)11.73e—0.0162(2800—T)—2.4-><10_1OBu><fdenS

.. .
Fission gas release ratio”!

VLA
—X—,bu =< Ug
FGR={ 2 Bug

1 Bug
kl—zxﬁ,Bu>Bu,{

1 1

8.0, T <1273

BuK =

Where Bug: burn-up at which the fission gas incorporated within the fuel is dynamically
saturated;

2.3. Mechanical model

2.3.1. Relocation

Fuel pellet cracking and relocation™ significantly influences the fuel pin performance

particularly at the beginning of life. The following empirical correlation is adopted in FIBER-
OXIDE.
A 0.444 x 103R;6 — 45 x 107°
a 2

Where R,;: the inner radius of cladding(m); &: gap width in hot state(m). A: relocation radial
displacement in considered slice(m).
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2.3.2. Cladding Swelling model

0, DPA < D(T)
AV °

AT)
V _X p—
[[PA DO(I)], OPA > DO(I)

Where DPA: neutron damage dpa; T: temperature; A(T) and Dy(T): swelling rate
(dpa~—1)and incubation dose for swelling (dpa ). A(T)=0.4, Dy(T) = 54. The swelling strain:

av

2.3.3. Creep model

Aelr
=1.1-10"¢-AD +1.2-1072-A&S
Oeq

Where o,,: equivalent stress(MPa); Asé{f: equivalent strain increment; AD: DPA

increment; AeS: swelling strain increment.

2.3.4. Cladding thermal expansion model

™ = (T —20)(1.68-107° +3.36 - 10~°(T — 20))

3 Numerical methods for thermal and mechanical analysis
3.1 Numerical methods for thermal module

Energy balance principle is used to contruct steady state equations. It’s also assumed that all
the fission heat is deposited in the fuel. Figure 2 shows the generic radial nodes for the fuel,

gap and cladding regions.

—
Figure. 2. Radial discretization nodes
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T;: Temperature of node-i

T;_,: Temperature of node-(i-1)
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k;_1 ;: Thermal conductivity between node-(i-1) and node-i

q;"": Heat generation rate

A : Cross-sectional area of the radial node-i

3.2 Numerical methods for mechanical module

The mehcanical analysis module of FIBER-Oxide adopts the LIFE algorithm with a 1.5D
models. It is assumed that the thermal, swelling and permanent strains are constant within
each ring . The radial displacement “u” is aquired by integrating from the inner boundary of
the i-th radial zone (r,) to radial position “r”” within the ring.

0= 4o [ T2 o) 1) )5

A2 e 55 - ]

Where C;; and C,; are constants of integration for the i-th ring which remain to be

determined, « the linear thermal-expansion coefficient, v Poisson’sratio, & the

. . C . .
swelling strainsand & creep/plastic strains.

The stresses are expressed in terms of the radial displacement,

ar:i d_u+ Y (d—u+g+gz—3a(T—To)—3gS)—(a(T—TO)+gS+ef)
1+v|dr 1-2v\dr r

o = E U, v (d—“+3+e —3a(T—T)—355j—(a(T—T)+gs+g°)

*“1+vir 1-2v\dr r 77 ° ° ‘

O'zzi £ +—o (d—u+g+52—Sa(T—TO)—SES)—(a(T—TO)JrgS+5f)}
1+v| ° 1-2v\dr r

Combining the boundary conditions and axial force balance, the displacement u(r) can be
determined.

3. Analysis results by FIBER-Oxide
3.1 Outline of CEFR MOX

The structure design of CEFR MOX element is showed in Table 1 and Figure 3.
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Figure. 3. CEFR MOX Assembly
Table. 1. structure design of MOX fuel element
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Design parameters Value
Outer and inner diameters of fuel pin DoxDi, mm 6.0x5.24
Diameter of spacer wire, mm 0.95
Outer diameter (Do) of fuel pellet, mm 4.86
Center hole diameter (Di) of fuel pellet, mm 1.6
Pellet diameter of blanket, mm 4.86
Gap between pellet and cladding, mm 0.190
Height of plenum (down), mm 450
Overall length of pin, mm 1345

3.2 Analysis conditions

We have used FIBER to do some analytical evaluations of MOX fuel elements. The input

parameters of other information are showed in Table 2.

Table. 2. Input parameters

Input parameters Value
Inlet temperature , 'C 360
Peak linear power , W/cm 430
Flow speed , m/s 4.3
Peak burnup 6at%
DPA 30dpa
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Figure. 4. Axial Power Distribution

3.3 Analysis of steady state performance
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Figure. 6. Low Breeder Zone Center Temperature
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Figure. 8. Upper Breeder Zone Gap

0.198

T T T

Gap(mm)

0197

1
1000

1
2000

L
3000
Time(h)

1
4000 5000 6000 0 1000

I
2000

3000 4000 5000 6000

2000

3000
Tine(h)

0.03 o

Gap(mm)

0.02 o

0.01

L
1000

2000

3000
Time(h)

Time(h)
Figure. 9. Low Breeder Zone Gap
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Figure. 10. Active Zone Gap

Figure 5 to 7 shows the history of center temperature during irradiation in upper breeder zone
low breeder zone and active zone. The pairs of curves in upper breeder zone and low breeder
zone correspond to the extremities of each zone. The four curves in active zone correspond to
the four axial sections near the center position. The maximum temperature occurred at the
center keep increasing as the burn-up rises in breeder zone. The center temperature in active
zone decreases with increasing burn-up. The evolutions of the center temperature in active
zone at the beginning are affected by the pore migration. The different temperature history of
breeder and active zone is due to the relocation and higher swelling ratio in active zone.

Figure 8 to 10 shows gap size(mm) during steady state. Gaps decrease with increasing burn-
up due to relocation, thermal expansion, swelling of pellet.

Center hole radius(m)

9.0E-4

8.8E-4

8.6E-4

B.4E-4

8.2E-4

8.0E-4

0.06

0.05

0.04 -

0.03

Porosity

0.02 -

0.01

1 1 I 1 1 L L

40

50 60 70 80 90 100

Time(h)

0.00
8.0E-4 1.0E-3 1.2E-3 1.4E-3 1.6E-3 1.8E-3 2.0E-3 2.2E-3 24E-3 26E-3

Radius(m)

Figure. 11. Central void radius

Figure. 12. Porosity

Figure 11 shows the evolution of central void radius near the center position in the first 100
hours irradiation. Figure 12 show the radial distribution of porosity after irradiation for one
hour. The correctness of pore migration still needs to be verified in the future work.
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4. Conclusion

FIBER-oxide has capabilities for evaluating the fuel performance under steady conditions.
FIBER-oxide can model the performances of central void formation, fuel restructuring caused
by the high temperature gradient, the stress-strain state for fuel and cladding.

For future development, further verification and test validation are needed to conduct to
improve the accuracy of FIBER-oxide.
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