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Abstract

The in-reactor fuel rod support conditions against the fretting wear-induced damage can be eval-
uated by residual spacer grid spring deflection or rod-to-grid gap. In order to evaluate the impact of
fuel design parameters on the fretting wear-induced damage, a simulation methodology of the
in-reactor fuel rod supporting conditions as a function of burnup has been developed and imple-
mented in the GRIDFORCE program. The simulation methodology takes into account cladding
creep rate, initial spring deflection, initial spring force, and spring force relaxation rate as the key
fuel design parameters affecting the in-reactor fuel rod supporting conditions. Based on the para-
metric studies on these key parameters, it is found that the initial spring deflection, the spring force
relaxation rate and cladding creepdown rate are in the order of the impact on the in-reactor fuel
rod supporting conditions. Application of this simulation methodology to the fretting wear-induced
failure experienced in a commercial plant indicates that this methodology can be utilized as an ef-
fective tool in evaluating the capability of newly developed cladding materials and/or new spacer
grid designs against the fretting wear-induced damage.
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1. Introduction

One of the aims of fuel designs is the assurance of
the fuel rod and fuel assembly integrity under the
nomal operating conditions. Due to fuel design
and/or its specifications deficiency, manufacturing
fault, fuel handling or operational mistake, however,
fuel failures have occurred. In the 1970s, the main
failure mechanisms are identified as hydriding, PCI
and clad collapsing, which were eliminated by correc-
tive actions such as fuel design change and/or oper-

ational guideline improvement(1, 2, 3]. Recently, reas-

onably good fuel operating experience makes fuel
vendors move to employ high burnup fuel with much
confidence[4, 5, 6, 7). It is noteworthy that waterside
cladding corrosion and fuel rod internal overpressure
due to accumulated fission gas release are the two
limiting parameters for utilization of the fuel to high
burnup[8]. This is why the corrosion-resistant clad-
ding such as extra low tin Zry-4 [9] or new Zr base
alloy{10] and pellets with less fission gas release such
as ADS-doped pellet[11] have been developed. In
addition, some fuel vendors have changed spacer
grid design and/or material to optimize the perform-
ance of high burnup fuell9, 12].

Recently one of the Westinghouse improved fuel
assemblies of VANTAGESH has suffered fretting
wear induced fuel failure which may be caused by
the lack of the fuel rod support by the spacer grid
spring against the flowinduced vibration[13]. Re-
garding the fretting wear problems, key factors can
be divided into two groups such as fuel design par-
ameters and reactor hydraulic design parameters.
The fuel design parameter includes initial spring de-
flection, irradiation-induced spring force relaxation,
cladding creepdown and thermal expansion differ-
ence between spacer grid and rod. The reactor hy-
draulic design parameters are assemblywise flow dis-
tribution, axial flow rate fluctuation in the fuel as-
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sembly and cross flow rate at the interfaces of fuel
assembly/fuel assembly and fuel assembly/baffle. It is
well known that the probability of the fretting wear
damage may be reduced by smaller cladding creep-
down and spring force relaxation, larger initial spring
deflection and lower flow-induced vibration. It is rep-
orted that the comrosion-resistant cladding may gen-
erate higher cladding creep rate than the standard
Zry4 cladding[14]. And improved spacer grid design
with mixing vanes may cause unexpectedly large
flow-induced vibration. These design changes needed
for the high burmup fuel will deteriorate the capability
against the fretting wear-induced failure. With the in-
troduction of new cladding materials and new spacer
grid designs, this makes it necessary to develop a
model which can predict the fuel rod supporting con-
ditions versus burmnup.

In this work, a simulation methodology of the
rod-to-grid supporting conditions will be developed
and implemented in the GRIDFORCE program. With
the help of this program, the impact of the fuel de-
sign parameters on the grid-to-rod supporting condi-
tions will be evaluated, based on the parametric stud-
y. However, the impact of the reactor hydraulic de-
sign parameters on the fretting wear damage under
the given gridto-rod supporting conditions will not
be evaluated since up to now there have existed no
in-reactor vibration-related data of the fuel rod and
the fuel assembly needed for benchmarking it.

2. Description of Methodology

It is well known that the fuel rod supporting condi-
tions in a pressurized water reactor depend on the
various parameters such as the cladding creep rate,
the spacer grid design, and the coolant flow con-
dition. In this work, however, only the effects of the
cladding creep rate and the spacer grid design on
the fretting wear-induced failure are considered. The
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cladding creep rate depends on compressive stress of
the fuel rod, the amount of fast fluence and the fuel
rod temperature. The compressive stress is caused by
the coolant system overpressure. The higher com-
pressive stress, the larger fast fluence and the higher
temperature will generate the larger fuel rod creep-
down. The cladding creep rate can be predicted by a
tuel performance code with the consideration of the
fuel rod power histories and the thermal-hydraulic
conditions. The initial spring deflection and force are
determined by a spring force-deflection curve which
is governed by the spring design such as spring heig-
ht, spring width and spring shape. The spring force
relaxation depends on the residual stress in spring
and the amount of fast fluence. The higher residual
stress and the larger fast fluence will generate the lar-
ger spring force relaxation. It is noteworthy that the
cladding creepdown rate has a direct impact on the
spring relaxation rate since the former controls the
rod-to-grid gap size, i.e., the residual stress in spring.
The simulation methodology developed in this work,
which takes into account the cladding creep rate, the
spring stiffness, the initial spring deflection, the initial
spring force, and the spring force relaxation rate, can
be described as follows :

The residual spring force at t=t at the operating
temperature may be represented by the Hooke’s law :

Fres(t) = Cor O res(t) (1)

where Fres(t) =residual spring force at t =t
Cor =spring constant at operating tem-
perature
ores(t) =residual elastic spring deflection at
t=t
The spring constant at the operating temperature,
Cor, may be evaluated with the aid of the spring con-
stant at the room temperature and spring elastic
modulus when the spring constant at operating tem-
perature is not available.
Cor = (Eor 7/ Ert) CrT 2)
where Crr =spring constant at room temperature
Eor =spring elastic modulus at operating

temperature
Err =spring elastic modulus at room tem-
perature

As shown in Fig. 1, initial spring elastic deflection
at the room temperature, do, decreases due to the
cladding elastic deflection caused by the coolant over
pressure(dp} and the thermal expansion difference
between the spacer grid strip and the cladding(d'+). In
addition, do decreases with an increase of burnup
due to the cladding creepdown(d'cr), the spacer grid
strip irradiation growth(dwr), the spring force relax-
ation(drex). With the combination of all the paramet-
ers described above, the residual elastic spring deflec-
tion at t =t, dres{t), may be given in the followings :

Ores(t) = 8o - &p(t) - &r(t)
- fcr(t) - Sir(t) - Frex(t) (3)
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where dres{t) =residual elastic spring deflection at
t=t

do =initial elastic spring deflection at room temp.

St}  =accumulated elastic cladding deflection caused
by the coolant overpressure from t=0 to t=t

4t} =accumulated thermal expansion deflection be-
tween the spacer grid strip and the cladding
from t=0 to t=t

dcr(t) =accumulated cladding creepdown from t=0 to
t=t

owr(t) =accumulated spacer grid irradiation growth
from t=0 to t=t

Srex(t) =accumulated loss of elastic spring deflection due
to spring force relaxation from t=0 to t=t

Fig. 1. Schematic Diagram of Residual Elastic Spring
Deflection Versus Time.
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The value of o can be determined by an unstrain-
ed spring height, fuel rod pitch and initial cladding
diameter. delt), 1{t), derlt) and Srlt) can be calcul-
ated by the reactor operating conditions. Since the
total spring deflection is decreased due to cladding
creepdown and/or spacer grid imadiation growth,
however, the value of drex(t) for the spacer grid spr-
ing contacting on the cladding can not be deter-
mined directly by a burup-dependent relaxation cur-
ve which is derived from in-pile spring force relax-
ation tests performed under a constant total
(elastic + plastic) spring deflection. In order to evalu-
ate the impact of a burnup-dependent total spring
deflection on the amount of the spring force relax-
ation, a time-weighted spring force may be introd-
uced for the calculation of the residual spring force :

Fres(t) = Fo(t) - [1 - R(t)] F'err(t) 4)

where Fres(t) =residual spring force at t =t
Fot) =spring force calculated by the
geometrical configuration of clad-
ding and spacer grid at t=t with-
out considering spring force relax-
ation
Rt)  =fraction of residual spring force to

be relaxed from t=0 to t =t, whic-

h is derived under a constant total
{elastic + plastic) spring deflection
condition

F¥%rr(t) =time-weighted spring force from
t=0to t=t

Using the relationship of F=C d, equation (4) can
be rewritten as

Sres(t) = &c(t) - [1 - R(1)} & res(t) (5)

where dc(t)  =elastic spring deflection calculated
by the geometrical configuration
of cladding and spacer grid at t =t
without considering spring force
relaxation

= go—dplt) — d1(t) — ocrlt) — owlt)
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%res(t) =time-weighted elastic spring de-
flection calculated by the geo-
metrical configuration of cladding
and spacer grid from t=0 to t=t
without considering spring force

relaxation
Comparison of equation (3) and (5) shows

drex(t) = [1 - R(t)] 8 "res(t) (6)

With the introduction of time-weighted values of &5,

%1, s%¥r and ¥R, d¥Wres(t) can be given as:
5 'res(t) = do - 8% (t) - &"r(t)

- 8¥er(t) - 8%1r(1) (7)

&¥elt) =time-weighted elastic cladding de-
flection caused , by the coolant
overpressure from t=0 to t=t

6"{t) =time-weighted thermal expansion

difference between the spacer grid
and the cladding from t=0 to
t=t
oWerl(t) =time-weighted cladding creepdow-
n from t=0to t=t
6"r(t) =time-weighted
radiation growth from t=0to t=t
SYH(t), oWr{t), s¥r(t) and s%r(t) may be defined as
follows :

spacer grid ir-

t -1

1t
8¥e(t) = — J &% (1) Jdt (8)
t 0
1 t t - T.
8%r(t) = — [ 8™Vl 1dt (9
t 0
1 t t -1
8¥er(t) = — 1 8’cr(D) ] dt (10)
t 0
w 1ot t -1
é "ir(t) = T foé‘ r(T)[ 1 dt (11)
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where ¢*(7) =increment of the elastic cladding
deflection caused by the coolant
overpressure at t=t

6*(1) =increment of the thermal expan-
sion difference between cladding
and spacer grid at t=1

6*celt) =increment of the cladding creep-

down att=t
*w{t) =increment of the spacer grid ir-

radiation growth att=1

It is noted that in the above equations the weight-
ing factor of [t—1] is introduced to consider the im-
pact of &%(1), d*i1), d*xlt) and &*w(r) on the
amount of the spring force relaxation. This weighting
factor Vrepresents an elapsed time from t=t1 t=t
after the appearance of &*(1), d*{1), ¢*(t) and
¢*r(t) at t=1. In order to simplify the integration in
the above equations, the time of t is divided into N
time intervals and then the integral given in the abov-
e equations can be transformed into a summation :

N
s¥(t) = Z Lse(i) - 8p(i-D]
[ty - (t; - 172At5)]/ty (12)

N
8 ¥r(t) J}«;l[ar(.}') - &1(j-1)]

[ty - (t; - 1/72At5)1/ty (13)

N
8"cr(t) = X [dcr(y) - dcrli-1)]

[ty - (t; - 172At5)]1/ty  (14)

N
s Yir(t) = Z [em(i) - 8r(i-1)]

[ty - (t_j - l/ZAtj)]/t\ (15)

where At, =time interval at the (j}th time step =t —t-1
Then, substitution of equation (7) and equations
(12) through (15} into equation (5) gives

Sresl{t) = dalt) - [1-R(t)]1[ 8 o- &8 "p(t)
-8 ¥ ()-8 Yer(t)- 8 Y1r(1)] (16)

The above equations (1) through (16) have been
implemented into the GRIDFORCE computer prog-
ram. With the aid of this program, the fuel rod sup-
porting conditions as a function of burnup can be
easily predicted when the fuel assembly design par-

ameters are known.

3. Application

According to the fretting wear-induced damage
observed in a Korean nuclear power plant, some fuel
rods have experienced the rod-to-grid fretting
wear-induced failure during the second residence
time. The first symptom of the fuel failure due to the
rod-to-grid fretting wear occurred at 20-23 MWD
/kgU, which corresponds to about 100 days after the
startup of the second residence time. Due to the dif-
ferent flow-induced vibration in the core and in the
fuel assembly, however, some fuel rods even in the
failed fuel assemblies and some fuel assemblies loc-
ated at the symmetric positions of the failed fuel as-
semblies have remained intact. This indicates that the
flow conditions in the core and in the assembly has a
considerable impact on the fretting wear-induced
damage. With the assumption of the worst flow con-
ditions in the core and in the assembly, however, the
GRIDFORCE program developed in this work was
employed to simulate the fretting wear-induced dam-
age observed in the Korean nuclear power plant. Ac-
cording to the visual examination of the rod-to-grid
fretting wear profile versus spacer grid at 35
MWD/kgU, as shown in Fig. 2, the rod-to-grid fret-
ting wear appears to be the largest at the 4th and
the 5th grid positions and propagates in the lower
grid positions rather than in the upper grid positions.
With the aid of the GRIDFORCE program, the re-
sidual elastic spring deflections as a function of bur-
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nup were calculated at various grid positions, as
shown in Fig. 3. From this figure, it can be seen that
the rod-to-grid gap initiates at the 5Sth and the 6th
grid positions at the bumup of about 22 MWD/kgU.
Then, the rod-to-grid gap propagates in the direction
of the lower grid positions with an increase of bur-
nup. This may explain that the largest fretting wear
occurs at the 4th and the 5th grid positions even if
the largest rod-to-grid gap forms at the 5th and the
6th grid positions. The 1st grid position shows larger
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fretting wear than the 2nd grid position since the fuel
rod region at below the 1st grid position is
free-ended and experiences usually high cross flow
due to the entrance effect at the bottom end piece
region. On the other hand, the reason of the rod-to-
grid gap propagation in the direction of the lower
grid positions is that the 7th and the 8th grids locate
at the interface of the fuel/non-fuel region and in the
non-fuel(plenum) region, respectively, where relatively
very low are fast neutron fluence and cladding creep-
down which are key factors for generating the rod-to-
grid gap.

Considering that measured data of the rod-to-grid
gap at the onset of the fretting wear damage are not
available, an explicit guideline of the minimum
rod-to-grid gap against the fretting wear damage can
not be determined. For the Inconel spacer grid con-
sidered in this work, therefore, it is assurned that the
onset of the rod-to-grid gap formation will initiate the
fretting wear. With the use of this assumption, com-
parison of the rod-to-grid gap profile at about 35
MWD/kgU shown in Fig. 3 and the fretting wear dep
th profile shown in Fig. 2 indicates that the GRID-
FORCE program is considered to be a good tool in
evaluating the capability of a spacer grid design again-
st the fretting wear damage.

4. Parametric Study

With the aid of the GRIDFORCE program contain-
ing the simulation model developed in this work, the
parametric studies on the key parameters of the fuel
rod supporting conditions such as the cladding creep:
down, the initial spring deflection, the initial spring
force, and the spring force relaxation have been per-
formed. The spring characteristic curves of the typical
spring designs employed in this work are given in
Fig. 4. From this figure, it can be seen that depend-
ing on spring type the spring deflection varies from
0.3 to 1.0 mm and the initial spring force from 7 to
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27 N. The typical spring force relaxation rates are giv-
en in Fig. 5. Depending on the spring design, the re-
maining fractional spring force at 8 X 10 n/cm? var-
ies from 0.3 to 0.1. The typical creepdown behaviors
of the cladding tubes supplied to the Korean nuclear
plants are given in Fig. 6. These curves indicate that
the lower tin content generates the faster creepdown.
Based on the given data in Figs. 4 through 6, the
GRIDFORCE program can evaluate the effect of
each parameters on the fuel rod supporting condi-
tions. In this work, the fuel rod supporting conditions
at the middle spacer grid position have been investig-
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ated since the fretting wear-induced fuel damage star-
ted at the middle spacer grid position, as shown in
Fig. 2.

4.1. Initial Spring Deflection

Fig. 4 shows the spring deflection-force curves
emploved in this work [15). In order to evaluate the
effect of only the initial spring deflection on the fuel
rod supporting conditions, the spring type B was sel-
ected. From Fig. 4, it can be seen that the tolerance
range of spring deflection is from 0.3 to 1.0 mm. As
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Fig. 6. Cladding Creepdown Rates for Three Cladding
Tubes Used in This Work.
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an input datum in the GRIDFORCE program, three
initial spring deflections of 0.3, 0.6, 1.0 mm were sel-
ected from the tolerance range of the spring type B.
The results for the effect of the initial spring deflec-
tion is shown in Fig. 7. From this figure, it can be
seen that the larger spring deflection generates the
larger residual spring deflection, as expected. The in-
itial spring deflection of 0.3 mm generates gap from
fuel rod burnup of 32 MWD/kgU, whereas the initial
spring deflection of 1.0 mm does not generates gap
and residual spring deflection is saturated to be 0.1
mm from 38 MWD/kgU. Therefore, it is recommen-
ded that the lower tolerance range of spring deflec-
tion for new spring designs be checked whether or
not the rod-to-grid gap will form during the fuel life-
time, which can be easily checked by the GRIDFOR-
CE program.

4.2. Initial Spring Force

In order to evaluate the effect of only the initial
spring force on the fuel rod supporting conditions,
the same relaxation curve and cladding creepdown
were employed regardless of spring design. As an in-
put datum in the GRIDFORCE program, three initial
spring forces of 7, 10, 15 N with the same spring
deflection of 0.3 mm were selected from Fig. 4. The
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Fig. 8. Effect of Initial Spring Force on Residual Spring
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results for the effect of the initial spring force is show
n in Fig. 8. From this figure, it can be seen that there

is nearly no effect of the initial spring force on the

residual spring deflection behavior. According to the

results predicted by the GRIDFORCE program, it

can be said that, in order to improve the spacer grid -
design against the fretting wear-induced failure, one

should increase the initial spring deflection rather

than the initial spring force.

4.3. Spring Force Relaxation

Three kinds of spring force relaxation rate used in
this work [15] are given in Fig. 5. In order to evalu-
ate the effect of only the spring force relaxation on
the fuel rod supporting conditions, the same initial
spring deflection and cladding creepdown were
employed regardless of the spring force relaxation.
As an input datum in the GRIDFORCE program,
three spring force relaxation rates were selected from
Fig. 5. The results for the effect of the spring force
relaxation is shown in Fig. 9. From this figure, it can
be seen that the smaller spring force relaxation gen-
erates the larger residual spring deflection, as expec-
ted. The spring relaxation types B and C generate
gap from the fuel rod bumup of 33 and 26
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‘Sseg“sﬂ
e
\».._
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Fig. 9. Effect of Spring Force Relaxation Rate on Re-
sidual Spring Deflection.
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MWD/kgU, respectively, whereas the spring relax-
ation type A does not generate gap and residual
spring deflection is saturated to be 0.02 mm from 38
MWD/kgU. According to the results predicted by the
GRIDFORCE program, it can be said that, in order
to improve the spacer grid design against the fretting
wear-induced failure, one should reduce the spring
force relaxation as small as possible. Considering that
the higher local stress in the spring generates the fas-
ter spring force relaxation, it is recommended that lo-
cal stress in the spring be reduced by optimizing spr-
ing shape.

4.4. Cladding Creepdown

Three cladding creepdown curves used in this
work [16] are given in Fig. 6. In order to evaluate
the effect of only the cladding creepdown on the fuel
rod supporting conditions, the same initial spring de-
flection and spring force relaxation were employed.
As an input datum in the GRIDFORCE program,
three cladding creepdowns were selected from Fig. 6.
The results for the effect of the cladding creepdown
is shown in Fig. 10. From this figure, it can be seen
that the smaller cladding creepdown generates the
larger residual spring deflection, as expected. The ex-
tra low tin cladding generates gap from the fuel rod
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Fig. 10. Effect of Cladding Creepdown Rate on Residual
Spring Deflection.

burnup of 30 MWD/kgU, whereas the high tin clad-
ding generates gap from the fuel rod burnup of 35
MWD/kgU.

Comparison of the effect of each parameter on
the residual spring deflection indicates that the most
important parameter is the initial spring deflection
and the second one is the spring force relaxation. It
also indicates that the initial spring force does not af-
fect the residual spring deflection behavior if the
same initial spring deflection is used. In order to
optimize the spacer grid design against the fretting
wear-induced failure, therefore, one should have a
spacer grid design of relatively low spring force but
large spring deflection since it is generally known that
the larger initial spring force shows the faster spring
force relaxation due to higher local stress in the spr-
ing. In addition, one should use the cladding ma-
terial with small creepdown rate if the other perform-
ance parameters such as oxidation and irradiation
growth are not concerned.

5. Conclusions

A simulation methodology for the evaluation of
the impact of the fuel design on the fuel rod support
conditions has been developed and implemented in
the GRIDFORCE program. The GRIDFORCE prog-
ram has been considered to simulate well the fretting
wear profile versus spacer grid positions as a function
of bumup. Based on the parametri¢ studies, it is
found that the most dominant parameter for the re-
sidual spring deflection is the initial spring deflection
and the seconcl one is the spring force relaxation. It
is also found that the initial spring force does not af-
fect the residual spring deflection behavior. In order
to optimize the existing spacer grid designs and/or
develop new spacer grid designs, the GRIDFORCE
program can be employed as an effective tool since
it will check whether or not a proposed spacer grid
design can prevent the fretting wear-induced dam-
age.
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