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Abstract

The fission gas release model used in the SPEAR-BETA fuel performance code was
modified by use of effective thermal conductivity for cracked fuel and by taking into account
axial fission-gas mixing between the fuel-clad gap and the plenum. With use of this modified
model the fission gas release was analyzed under various power ramping conditions of Pux
and AP. Effective fuel thermal conductivity that accounts for the effect of fuel cracking was
used in calculation of the fuel temperature distribution and the internal gas pressure under
power ramping conditions. Mixing and dilution effects due to axial gas flow were also
considered in computing the width and the thermal conductivity of the gap. The effect of axial
gas flow was solved by the Crank-Nicholson method.

The finite difference method was used to save running time in the calculation. The present
modified fission-gas release model was validated by comparing its predicted results with
experimental data from various ramping tests in the literature and calculated results with use of
the models used in the SPEAR-BETA and FEMAXI-IV codes. Results obtained with use of the
present modified model showed better agreement with experimental data reported in the
literature than those results with use of the latter codes. The fuel centerline temperature
calculated with in troduction of effective thermal conductivity for centerline temperature
calculated with introduction of effective thermal conductivity for cracked fuel was 200 higher
fission gas release predicted with use of the modified model was nearly 6% larger on the
average than that calculated by use of the unmodified model used in the SPEAR-BETA code.
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1. Introduction

Fission gases are produced within UQO: pellets in
LWR and released to the fuel-cladding gap by
thermal diffusion due to temperature and concen-
tration gradient. Since the thermal conductivities
of fission gases are lower than that of helium filled
initially in the gap, the release of fission gases
results in a reduction of the thermal conductivity
of the fuel-cladding gap and an increase of fuel
temperature. The fission gas release also results in
an increase of inner gas pressure and thus circum-
ferential stress of the cladding.” The release of
fission gases, however, depends on reactor’s oper-
ating conditions such as power history including
the power ramping rate. It has been reported that
the release of fission gases under power ramping
conditions is higher than that under normal
steady-state operating conditions.”

There are many models proposed for the re-
lease of fission gases in LWR fuels. The fission gas
release model used in the SPEAR-BETA fuel per-
formance analysis code® consists of direct and in-
direct releases. The direct release is due to recoils
of fission gases and sweeping of fission gases by

grain-growth, while the indirect release is due to

A 2 A A AEL A $E AFL o

_J?r.
ol
b

(=4 =

g 25 2o} WY 7l ofE & A
& &3 (mixing) 7+ 3] 4 (dilution) T3+ 7] 2] &3t
714 f% E»PE Al Absh] ol 4 AR E

g shedeh.
l‘P SPEAR-BETA<} FEMAXI-IV

o A 5ch. A Bae) sk

iz
Fagsh 2 Qdalatedeh TA Admel aldl F

FAE R g ol 52| H ol wlaH 200C

1 714 A B2 B85 SPEAR-BETAT =l 4] ¢

the thermal diffusion of fission gases to grain-
boundaries and through open pores and fuel
cracking. In both cases the fraction of fission gas
release depends on fuel temperature and porosity.

For the SPEAR-BETA's fission gas release mod-
el it was assumed that a pressure equilibrium be-
tween pressures of the fuel-cladding gap and the
fuel element’s plenum occurs instantaneously.
Under a transient condition or rapid power ramp-
ing conditions, however, the pressure equilibrium
cannot be achieved instantaneously, although the
amount of fission gas release into the fuel-
For the SPEAR-BETA’s

fuel temperature distribution model, the effect on

cladding gap increases.”

thermal conductivity of fuel cracking was not
taken into account. The SPEAR-BETA fuel per-
formance analysis code developed for the Electric
Power Research Institute (EPRI) comprises models
for mechanistic fuel and cladding behaviors, their
interaction, and mechanistic and statistical fuel fai-
lure. In the SPEAR-BETA code both meéchanistic
and statistical models for fuel failure are used in
combination to improve the reliability of predict-
ing fuel failure. Since the SPEAR-BETA is a com-
prehensive and useful code for analysis of light

water reactors(LWR) fuel performance and predic-
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tion of fuel failure probability, an attempt was
made in the present study to improve the SPEAR-
BETA’s thermal conductivity and fission gas re-
lease models by taking into account effects of fuel
cracking, and axial gas flow and mixing in the
fuel-cladding gap under power ramping condi-
tions.

To validate the present fission gas release mod-
el, the fraction of fission gas release was calcu-
lated for power ramping conditions and its results
were compared with empirical data reported in
the literature and with resuits obtained by use of
the SPEAR-BETA code and the FEMAXI-IV code
developed by the Japan Atomic Energy Research
Institute (JAERI). The FEMAXI-IV is a computer
code based on the finite element method for
analysis of partial and comprehensive fuel ele-

ment’s behavior under steady or transient condi-
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Table.2 Reactor Operating Conditions

2~-31 GWD/MTU
80~250 W/cm
100 W/cm/min
395~525 W/cm

Duration of power ramping 24 hr

Fuel burnup
Average linear heat rate
Power increasing rate

Maximum power level

tions.
Table.1 Fuel Element Properties
Fuel pellet
pellet type PWR 16X16
pellet radius(OD) 0.4579 cm
grain size 6 um
theorical density 94%
roughness 1m
Cladding
cladding material Zircaloy-4
cladding radius(OD) 0.5374 cm
cladding radius(ID)  0.46475 cm
roughness 1 m
Gap width 68.5 ym
Plenum volume 22 cm?’
Fuel stack height 031 m
Fuel enrichment 3.1%

2. Effect of axial gas flow

Fission gases released to the fuel-cladding gap

mix with the helium gas filled in the gap. Since

the mole faction of fission gases becomes higher
in the gap than in the plenum. gas flow through
the gap to the plenum due to gradient in the axial
direction occurs until an equilibrium between the
pressures of the gap and the plenum is reached.”
The time required to reach the pressure equilib-
rium between the gap and plenum depends on
the gap width. For power ramping conditions,
however, the gap width is narrowed due to pellet
relocation, its difference in the thermal expansion
of the fuel and cladding and fuel swelling on rapid
power ramping. Because of this narrowed gap
width the resistance to axial gas flow in the fuel-
cladding gap increases and it requires a.longer
time to reach an equilibrium between the press-
ures of the gap and the plenum.” Until the press-
ure equilibrium in the gap and in the plenum is
reached, the thermal conductivity of the gap in
the case of slow gas flow model considered is

lower than that of the plenum.

2.1 Derivation of equations for axial gas flow

equilibrium in the gap

Fig.1 shows a schematic diagram of a fuel ele-
ment and its subdivision axial zones for analysis of
axial gas flow equilibrium in the fuel-cladding gap.

The mass balance equation at axial node j can
be written” as

o

@ pA)Aat (@ puAl—(a pud) =0 (1)
where j =number of axial nodes,

a; =gas volume fraction at node j.
A, =cross-sectional area at node j,

u, =axial gas flow velocity at node j,
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#; =gas density at node j, and
Az =distance along node j.
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Fig.1 Fuel Rod Segmentation

The axial gas momentum balance equation pro-
vides the relationship that enables coupling of
computational nodes. Hence a relationship be-
tween flow across a node boundary and pressure
difference between node centers is derived. In the
following it is assumed that the flow between
nodes is friction-dominated. Momentum flux and
density difference at different elevations, therefore,
are neglected. For each half-node the momentum

balance equation for the gas is expressed as:

(a5 2Lt ppe (e AP

Az

=—K(pu) (¢A)— (2)

and

Az a(/)u)/+1

(aA)ﬁl 2 ot (a A)i+1P+1 z+(aA),ﬂP,+1

AZ+1 2
—K. (P @A) S 3)

where Ki=flow resistance factor at node j,

and Young Ku Yoon 119

P,:press:n'e at node j and

P+1 »=common interface pressure between

half nodes.
The interface pressure P;+1 2 can be eliminated by
dividing each equation by its respective gas flow
area and then by adding to give

20+ (e S PP
Az
=~ [Kipu 52+ Kol pu 5] @

At the node interface, ( pu)- =( p u}+, however, {
@ pu)-=(a pu)-. Multiplying the top and bottom
of each flow term by the appropriate @, Equation

(4} can be written as

a Az a; AZi+1 a1
P S ey
+(P-1—P)
Az a; AZi+1 Qj41
[K(/’u); 5 a, +Kl+1(pm——ﬁ] (5)
o 1 AZ,+1 1
Ofte pu (@ e S5
+ (PHI_ i)
Az Az 1
:_|:Kz(a pu), 2 +K;*1(af ’ou)"ia)”]( )
and then
o 1, Az Az«
S g (St ) F PP
o Kaz KAz
——(a pu [+ Ty A0 @)
The final equation is expressed as follows :
o Pa—P. 5
;@ puh === —R(= pu) ®)
where K=frictional flow resistance factor
_[K,Az, KisiAz+ 'l ~
- 2&, 20(1‘1 J/AZ]
and Az=ceffective axial node distance
_l Az Azt
- 2( a, a;a )

Assuming at this stage that a and Az along node

are uniform, the axial gas momentum balance
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equation can be written as

i(a P— P’
ot @ PTG

1
where K,-+x,z=7(K,+Km)

=—K+.o{a pu) ©)

Az

!

and AzZ=

The flow resistance factor is obtained below on
the basis of the Hagen-Poiseuille flow pattren for
viscous flow in the thin hollow gap.?

Ho
K="26" (10
where H.=Hagen number

=22.0+0.24558/(40G-0.0007874),
G=gap width and
H# =gas viscosity.
Gas pressure is calculated from the ideal gas law
equation
P=°PRT (11)
From Eq.(9) the change of axial gas velocity at
each node in time dt is calculated by use of the
flow resistance factor of the gap in pressure gra-
dient between each adjacent node as follows :
ou 1 (aP “
TR EY 26t

The rate of the change of gas concentration at

—H. (12)

each node depends on gas diffusion due to axial
concentration gradient and gas flow, and rate of

fission — gas release from the UO: pellet. This can
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be expressed as

9P
<= +—( (D R (13)
where —{ }—concentratlon change due

to gas diffusion,

—zlpu! =concentration change due to press-
ure gradient,

g=rate of fission gas release from the UO:
pellet,

D=gas diffusion coefficient,

Pew=0L M and

M=molecular weight of gas.

2.2 Evaluation of axial gas flow by the finite
difference method

It is assumed that once fission gases are re-
leased into the gap, fission gas flow occurs in the
axial direction only. Egs.(11), (12) and (13) for gas
pressure, change of axial gas velocity and gas
concentration at each node, respectively, are
further expressed by the Crank-Nicholson
method.”o

For node 1 Eg(14) is obtained :

1 rsar 4 (4112 - LAY (pLeMi2_ p a2 O.5H, ol it u ™" :
ma —u1>=—{(pgm>,,,+v,} {(f,m YL (PP Y ¢ Gy } (14)
_517{('3)’“&— (p)ll}Hll+AlGll+At + { ()7 + (1—91)(p)“‘A"2} LA a2
{6 (P)412 & (l_eﬁ(p)]{‘f-_\l/ﬁ}"12'4»;\1.'26111}:12 g LG a2
—*E,?,;””‘z {( a2 - (p)“““}cr“”’ - ——;f,i;;i {< T~ <P>i“‘”2}053"4’” (13)

where H=height,
G=gap width, and

# =gas viscosity for each node.

For node 2 to node N-1,
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-1
0.5 HAr/zuum/zulj}:rz
(+A0 _ l = — M\I-GAIIZ HHNIZ -] PI:AHZ _ P: )= ] ] 16
(u u}) {(p, } {( {ighes R RV (16)

Xll_{(p)nm (p);}H;M'G;M‘ {9 (p);+AH2 + (1 el)(p)u-m/z} 1+Al/261+Au2

{9 (p):muz + (I ez)(p)lrﬁwz} m\uzcum/z qt+A{/2H{+AlIZGI+Al/2

(D)H-All2 (D)H»Auz
W ( )f+Al/2 (p)1+A:/2 Gr+Ar/2 (II)!+A(/2 (p)l+AII'Z (p)}r:i:ln }1:%1/2 (17)
i~
where
1,ifuf*? >0 1, if ufif? >0
8, = O,ifu;ﬂsllzso, 8, = 0,1fu’+A”2 <0.
For node N,
{(p)l+Al_ (P)N}H”A' G 4 {e(p HA:I‘Z + (1—9)(9)”’“’2}11”’“/26H'A'Iz
O
(_H_)_‘T/:z (p)l{'tA‘lﬂ - (p)”'AHZ G,‘,‘L‘}”z + q,(/+A'/2H&+A‘DGﬁ+A”2 (18)
where

5 1 , i +&l/2>0
10, if u:v””ZSO

For the gas plenum,

_{(p)um (p)pl} 1+A:/2 {e(p)l+Al/2+(1 e)(p)r+m/2} r+Ar/2le+A1/2

(D )’::322 1+4A112 1+A112 1+AL72
= (H)1+A:/2 ( )P (P) G (19)
pl +A
where where € =limit value of the relative -error
1, if u,**2>0 (= 0.005
6= l : :l+m’2> t+a )
0, if uy***=0 (P)74=gas concentration computed at
The convergence is checked node j
( p»(_p()i 3,+A) <. 20) (.P ¥ =gas concentration supposed at node
0, j
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2.3 Numerical calculation procedure for axial

gas flow

The procedure for numerical calculation of axial
gas flow is as follows:

(1) input the values of fuel stack height, gap
width, plenum volume and gas density(Table 1),
{2) supposition of the gas density at each node
and time t+ At,

(3) calculation of the gas flow velocity u; at each
node and time t+ At,

(4) calculation of the gas density at each node
and time t+ At with use of Egs.(15), (17), (18)
and Eq.(19),

(5)  convergence check in the gas density cal-
culation with use of Eq.(ZO) and iteration of step
(3) until the calculated gas density is converged.
(6) calculated results of the gas density and the
gas pressure are used for calculation of the fuel-
cladding gap conductance.
3. Effect of fuel cracking on thermal
conductivity

The heat conduction equation appropriate for
fuel pellets under power ramping is given by the
following equation'® :

1 9 aT

r ar(’K or

where T(r,t)=fuel temperature(C),

)+H= PCs gf (21)
Hr,t) =volumetric heat generation rate(W/cm?),
K(r,t)=fuel’s thermal conductivity(W/cm?. C),
C.lr,t)=fuel’s heat capacity(kd/kg.C),

P =fuel density(kg/m?),

r=pellet radius(m) and

t=time(sec).
1) Thermal conductivity of uncracked fuel™
The thermal conductivity of UO: fuel depends

on fuel temperature and its porosity. An empirical
correlation used for the thermal conductivity of
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UO: fuel that varies with temperature and porosity
factor is given as

Ki=K; 16.43—4.93X107°T+1.455 X 107°T* (22)
where K,=porosity form factor

=1-0.971p+6.06p* and

p=porosity fraction.

2) Thermal conductivity of cracked fuel

Since the thermal conductivity of fuel with
cracks is lower than that of uncracked fuel, the
thermal conductivity of cracked fuel was calcu-
lated with use of a correction factor(K.) for which
the effect of fuel cracking is taken into account,
modifying the thermal conductivity of uncracked
fuel.

The correction factor(K.) is computed by the
empirical correlation'

K=1—C-Cu ]1—%} (23)

where C=correlation constant,

Ca=increased rate of pellet radius due to fuel
cracking

_ Vc * R/
3.2x10~* >

V.=fraction of volume inrcement due to fuel
cracking(AV/V),

Ry=as-fabricated pellet radius and

Ki=gas conductivity in the fuel-cladding gap.
Then the thermal conductivity of cracked fuel is

Ka=K;- K- (24)

4. Results and Discussion

A procedure is required to confirm the validity
of the present modified fission gas release model.
The model’s validation is accomplished by com-
parison of the results obtained by use of the pre-
sent modified code with experimental data re-
ported previoulsy™ and also with results obtained
by use of the JAERI's FEMAXI-IV code'” and

EPRI's SPEAR-BETA Code. Fig.2 shows the com-
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Fig.2 The Fractions of Fission Gas Release Computed with Use of Modified SPEAR-

Model and Unmodified FEMAXI-IV Model :

[J:results from the modified SPEAR-BETA model

A :results from the unmodified FEMAXI-IV

model.

The numbers denote cases for power-ramping conditions.

parison of the above-mentioned calculated results
and experimental data under conditions of Puma
and AP. The relative error of the results obtained
by use of the modified code and the FEMAXI-IV
code was 6.8% and 11.4%, respectively, from the
experimental values of fission gas release.

Fig.3 shows the comparison of the fractions of
fission gas release calculated with use of the pre-
sent modified model with the unmodified SPEAR-
BETA’s fision gas release model and ex-
perimentally observed values under various power
ramping conditions. The fractions of fission gas
release calculated with use of the present modified
model were 10% higher on the average in com-
parison with those calculated with use of the un-
modified model, and the former agree with ex-
perimental results better than the latter.
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Fig.3 The Fractions of Fission- Gas Release Com
puted with Use of the Modified and Unmod
ified SPEAR-BETA’s Model :

[ : results from the modified model

A :results from the unmodified model.
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Fig.4 shows the centerline temperatures of the
fuel calculated with use of the heat conduction
model for uncracked fuel and the modified heat-
conduction model for cracked fuel when the linear
heat rate of 490 W/cm/min. Fig.5 whows the
radial temperature distribution within the fuel
calculated with use of the unmodified model for

)

2500.00
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uncracked and the modified model for cracked
fuel when the above-mentioned linear heat rate
was maintained. Fuel thermal conductivity at cer-
tain radial position depends on fuel temperature
and its porosity factor. Since fuel cracking and
relocation of fuel pellet fragments occur under
power ramping conditions, the open space in the

N ]
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FUEL CENTERLINE TEMPERATURE (°C

max. power level : 490 W/cm
power ramping rate : 100 W/cm/min

TIME AFTER POWER RAMP ( hrs )

Fig.4 Fuel Centerline Temperatures vs Holding Time after Power Ramping

Calculated with and without Use of An Effective Thermal Conductivity for

Cracked Fuel :

[]:results from use of thermal conductivity for uncracked fuel

A :results from use of effective thermal conductivity for cracked fuel.

cracked fuel and the volume of the fuel pellet
increase on power rise. Consequently, the effect
on thermal conductivity of fuel cracking is taken
into account and this results in lowering the ther-
mal conductivity of the fuel pellet according to
Eq.(16). When cracking of fuel occurs under pow-
er ramping conditions, fuel thermal conductivity
decreases because gaps between cracks are wider
due to smaller fuel thermal expansion for a
lower temperature distribution. As can be seen in
Fig.4, the fuel centerline temperature calculated

with use of the modified heat conduction model
for cracked fuel was approximately 200C higher
than that calculated with use of the modified heat
conduction model for uncracked fuel.

Fission gases are released to the gap between
the fuel pellets and cladding due to thermal diffu-
sion at a high linear heat rate after a power ramp-
ing, and this results in an increase of the fraction
of fission gas release in the gap. When fission
gases are released, axial yas flow from the
gap to the plenum occurs due to increasing gas
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Fig.5 Radial Fuel Temperature Distributions Calculated with Use of Effective
Therma! Conductivity for Cracked Fuel and Thermal Conductivity for
Uncracked. Fuel :

[]: results from use of effective thermal conductivity-

A :results from use of thermal conductivity.
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pressure gradient until an equilibrium pressure is
reached. Two fission-gas release models with and
without axial gas flow under the same power
ramping condition were compared to analyze its
effects on fission gas release. It was assumed for
the unmodified fission gas model without axial gas
flow that an equilibrium between the pressures of
the gap and the plenum occurs instantaneously.
Fig.6 shows the fractions of fission gas release
calculated with use of the two models. The frac-
tions of fission gas release calculated with use of
the modified model with axial gas flow was 6%
higher than that calculated with use of the unmod-
ified model. The gap width of the fuel rods on
rapid power rise decreases due to the difference
in thermal expansion of the fuel and claddding,
fuel swelling, and relocation of cracked fuels. As
the gap width decreases, the resistance to axial
gas flow in the gap becomes greater, and this
results in a higher gas pressure in the gap than in
the plenum until an equilibrium is reached be-
tween the pressures of the gap and the plenum.
Hence the thermal conductivity of the gap de-
creases, and the fuel temperature increases. This

results in an increase of fission gas release.

5. Conclusions

1) It was possible to modify the fission gas release
model used in the EPRI's SPEAR-BETA Fuel
Performance Code by taking into account the
effect of axial gas flow and mixing in the fuel-

cladding gap under power ramping conditions.

N

Effective thermal conductivity that accounts for
the effect of fuel cracking under power ramp-
ing was used for the heat conduction model to
determine the fuel temperature distribution.

3) The fuel-temperature distribution determined
by use of the effective thermal conductivity
vielded the fuel centerline temperature that is
2007C higher than that calculated with use of

J. Korean Nuclear Society, Vol. 22, No. 2, June, 1990

the unmodifided thermal conductivity for un-

cracked-fuel.
4

The fraction of fission-gas release computed
with use of the present modified model was
about 6% greater than that computed with use
of the unmodified SPEAR-BETA fission gas re-

lease model.
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