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Abstracts

The current rod internal pressure criterion permits fuel rods to operate with internal press-

ures in excess of system pressure only if internal overpressure does not cause the diametral
gap enlargement. In this study, the generic allowable internal gas pressure not violating this
criterion is estimated as a function of rod power. The results show that the generic allowable
internal gas pressure decreases linearly with the increase of rod power. Application of the
generic allowable internal gas pressure for the rod internal pressure design criterion will result
in the simplication of the current design procedure for checking the diametral gap enlargement
caused by internal overpressure because according to the current design procedure the
cladding creepout rate should be compared with the fuel swelling rate at each axial node at

each time step whenever intemal pressure exceeds the system pressure.
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1. Introduction

One of the aims of the fuel rod design is the
assurance of the fuel rod integrity under the ANS
conditions I and II. In order to ensure the fuel rod
integrity, the limiting fuel rod performance with
appropriate allowance for uncertainties is shown
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to be within the limits specified by each fuel rod
design criterion. However, it is generally under-
stood that one of the key design criteria with
regard to high burnup fuel is the fuel rod internal
pressure. The current design criterion for the inter-
nal pressure is described as follows : The internal
pressure of the limiting rod will be limited to a
value below that which could cause the diametral
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gap to increase [1]. This criterion allows the
steady—state rod internal pressure to exceed the
system pressure to a certain pressure which de-
pends on the in—pile characteristics of the fuel and
cladding, physics data and thermal hydraulic data.
The current procedure for checking the rod in-
ternal pressure criterion is to compare the clad
creepout rate with the fuel swelling rate computed
by the fuel rod design code at each axial node at
each time step whenever the internal pressure ex-
ceeds the system pressure. However, this proce-
dure is found to be time—consuming and very
inconvenient to be employed. In this study, there-
fore, the generic allowable rod internal pressures
not causing the diametral gap enlargement are
estimated as a function of rod power with the use
of each fuel vendor's clad creepout and fuel
swelling rate and they can be used directly as the
quantitative rod internal pressure criterion.

2. Description of Model

In order to calculate the generic allowable inter-
nal pressure not causing the diametral gap en-
largement, the parameters affecting the diametral
gap size are to be considered conservatively. The

parameters considered are :

— fuel swelling rate
— cladding tube creep rate

— dimensions

2.1 Fuel Swelling Rate

The pellet diameter change is the result of the
superposition of a densification and a swelling
mechanism. Whereas the first process decreases
the pellet diameter by porosity reduction [2] but
does not affect the matrix density, the second one
increases the pellet diameter by decreasing the
matrix density [3]. Those two processes are
thought to work simultaneously. Therefore, the
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overall in-reactor volume change of fuel is given
by

AV(B) AV AV
=~ +

Vo - Vo dens

where B=Burnup

As shown in Fig. 1 [3], however, a densifica-
tion mechanism is active only in the low burnup
range. Since the internal overpressurization can
not occur in the low burup range, only fuel swell-
ing rate is taken into account to estimate the fuel
diametral change rate.

According to KWU tests, unrestrained fuel swell-
ing rate is 1 % /(10 MWD/kg(U)) [3] with a
scatter of + 15 % in the burup range from 12 to
45 MWD /kg(U). This swelling rate represents
solid swelling rate since the effect of gaseous
swelling is negligible. Fig. 2 shows a comparison
of the published data [3] with the swelling rate
established by KWU. There is a high degree of
accordance and the published data indicates
slightly increased swelling rate at high burnups.
Therefore, the smallest swelling rate of 0.85
% /(10 MWD /kg(U)) is employed to calculate the
fuel diametral strain rate conservatively. Note that
the smaller swelling rate generates the lower inter-
nal overpressure for the diametral gap enlarge-
ment.

Fuel swelling rate proposed by KWU and CE is:

AV v Fy(At)
Vio ©10%°/cm?®

(2.1)
where AV=absolute pellet volume increase
during the time interval At

Vro=as—fabricated pellet volume

Vs=relative volume expansion due to
solid swelling per 10%° fissions/cm?

=0.85% /(10MWD /kg(U)) =

0.34% / (10%° fissions/cmd)
Fy(At)=number of fissions/cm> during
the time interval At
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Fy(4t) can be written as:

E A F'(At) At
_ . Gn At qw At
T /4D’ LE 7 /4 Dpo’E
F'(At ’
Foag= 2 de 2.2)

Y 7 /4 Dpo® E
where F’(at)=fission rate during the time inter-
val At
F’y{Mt)=fission rate per unit volume dur-
ing the time interval 4t
qw = heat generation rate in the volume V
in the time interval #t

Gih =qm/L

E =thermally effective energy per
fission=3.708 X1071°W day

\Y =as—fabricated pellet volume=
7 /4 Deo® L

Dro =pellet diameter

L =pellet length

Combining Eq.(2.1) and Eq.(2.2), pellet diametral
strain rate may be represented as follows, assum-
ing the pellet diametral change to be one—third
of the pellet volume change :

AD AV D
Fo1/31%F 2
DCO

Veo Dco
Vs q'th X 10—20
7 /4 Dpo E Do
39%x107°8 q'y
Dro Do

=1/3

2.3)
where Dep=cladding outside diameter

Note that the reference dimension for strain is the

cladding outside diameter. From Eq. (2.3), it can

be seen that the pellet diametral strain depends
on a rod power, the pellet and clad diameters.

2.2 Cladding Tube Creep Rate.

According to Ref.[d], the true creep rate under
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reactor conditions is composed of a thermally acti-
vated and a radiation—induced contribution. In
addition, the cladding tube creep is usually di-
vided into primary and secondary creep. The ther-
mal creep and the irradiation—induced creep
strains depend on the cladding manufacturing pro-
cess. KWU [5] recommends the following creep
formula for the cladding tube manufactured by the
KWU specification.

Co=€1mt Eo2nt E1inT Eoin

where € ,/=total hoop creep strain
€1.m=primary thermal hoop creep strain
€2 m=secondary thermal hoop creep
strain
€1ir=primary irradiation—-induced hoop
creep strain
€ 2.y =secondary irradiation—induced
hoop creep strain

etotz € 1,th+ E2,th+ € 1,in'+ e2,in
= {1 [1—exp(-kv/D)] +tl (ep+ €1 (2.9)

€n=b exp(—6,/T) 6,7/ | 7 |
Ep=c $°8r/| ¢ |

k =aexp(—6,/T)

a, b, c, cl, 8, &,=constants

where

$ = fast neutron flux(10'3n/cm?—
sec)

T  =cladding average temperature (°
K)

0 =v31] 7]

T =0,—0

t =elapsed time after interval gas

pressure exceeds the system pressure

= PGDC‘i_B“Pm
- Dma_ D, ci

PGDciz—wama2
T Dma _Dci”

Ps=internal gas pressure

tg

Pyw=system pressure
D, =inner diameter of cladding
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D,,a=outer diameter of metallic clad-
ding
Differentiating €, with respect to t gives €, as :
. Clk
ST [‘é:/*t“exp(“kx/f)‘f 1] (enteEm (25
CE[6] recommends the following creep rate for-
mula for the tubes manufactured by the CE speci-

fication :

Eir= é2,th+ € et € 2,ir
Ewt=Alsinh(B o) exp[(-C+D 0 ,)/RT]
+ [Eexp(—Ft)+G] ¢ °% ¢ 5
exp(— 8 3/RT) (2.6)
where A, B, C, D, E, F, G, 6 ;=constants

In this study, the maximum cladding creep model
constants proposed by KWU and CE are taken
into account to estimate the maximum cladding
creepout at the same power.

2.3 Dimensions

Pellet and clad dimensions can be varied within
the tolerance limits. In the fuel rod design codes,
usually the upper tolerance limit of clad and the
lower tolerance limit of pellet are utilized in order

Table 1. Dimensions and Cladding Average Temperatures vs. FA Type

to consider larger fission gas release caused by
high fuel temperature. The cladding creepout rate
will be accelerated with an increase of the clad-
ding temperature which depends strongly on the
axial position and the oxide layer thickness. It is
found that the maximum cladding temperature
occurs at about three quarters of active fuel
length. In order to estimate the conservative
creepout rate, therefore, it is assumed that the
maximum oxide layer thickness of 100 #m [1]
allowed by the oxide thickness criterion exists at
the outer surface of the cladding the axial position
of which lies at the three quarters of the active
fuel length. Note that oxide layer thickness de-
pends strongly on power hisory and burnup.
Since the maximum allowable oxide layer thick-
ness of 100#m is employed for the calculation of
the cladding temperature, the cladding tempera-
ture used in this study covers all power histories
and burnups. Also the conservative thermal hyd-
raulic data with respect to cladding temperature
are employed. Table 1 summarizes the pellet and
clad dimensions, the clad average temperatures
and the fast neutron fluxes which are relevant to
the Korean nuclear power plants. The calculation
procedure for the allowable rod intemal pressures

Dimensions Clad Average Temp.(C)/Fast Neutron Flux(x10'3n/cm? S)
FA Type Pellet Clad Clad * Linear Heat Generation Rate(W/cm)
O.D(mm) | ILD.{mm) [O.D.(mm}{ 160 180 200 210 220 230 240 250
14x14 392 400 404 408 412
9.100 9.230 10.670
(Kori-1) 10.45 11.50 12.02 1254 13.07
16X16 386 395 403 408 412
8.255 8.433 9.573
(Yonggwang 3&4) 1114 | 1255 | 1394 | 1463 | 1523
17%17 391 400 408 413 417
8.040 8.260 9.420
(Yonggwang 1&2) 10.80 12.15 13.50 14.18 14.85

* Clad O.D. represents the outer diameter of metallic cladding with 100 #m oxide layer thickness at the outer surface.
* % Max. clad. average temperature is obtained considering the conservative thermal hydraulic data of each fuel assembly type, the axial
position of the cladding, and the maximum allowable oxide layer thickness of 100 #m.
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Fig. 3 Schematic Diagram for the Allowable Allowable Internal Overpressure Calculation
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not causing the diametral gap enlargement is lated as a function of a rod power. The ratios of
given in Fig. 3. cladding creepout to fuel swelling rate are plotted
in Figs. 4 and 5 for Kori-2(16X16 FA, KWU

3. Results and Discussion cladding tube) and Yonggwang-3&4(16X16 FA,

CE cladding tube), respectively. These figures

The allowable rod internal overpressure not show that the gradient of the curve becomes lar-
causing the diametral gap enlargement is calcu- ger with an increase of a rod power and/ or inter-
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Fig. 5 Ratio of the Cladding Creepout Rate to the Fuel Swelling Rate versus Internal Gas
Overpressure [Yonggwang—3&4(16 X 16 FA)~CE Cladding Tube]

nal overpressure. In addition, the cladding creep-
out for the KWU cladding tube occurs when inter-
nal gas pressure exceeds system pressure, as
shown in Fig. 4, while the cladding creepout for
the CE cladding tube appears to occur when in-
ternal pressure is approximately 13 % greater
tinan the system pressure,as shown in Fig.5. This
can be explained by the cladding stress used in
the creep formulas: The maximum shear stress( T

=d,,— 9, is employed in the KWU creep formu-
la(see Eq.{2.4)) while the tangential stress (7 ;) in
the CE creep formula (see Eq.(2.6)). Considering
that the ratio of greater than or equal to 1 means
the diametral gap enlargement appearance, the
internal gas overpressures at the ratio of 1 are
plotted for each fuel assembly in Fig. 6. From this
figure, it can be seen that the allowable internal
overpressure is approximated to decrease linearly
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with an increase of a rod power. The relationships q"=local linear heat generation rate
for each fuel assembly are represented as follows : Comparison of the above relationships shows that
the slope for Yonggwang-3&4 (CE cladding tube)

A =-0.540 q" W/cm)+177.0
P (bar) 0q" W/em) is much different since the thermal creep activa-

for Kori-1 (14X14 FA)
AP (bar)=—0.583 q" (W/cm)+170.3

for Kori-2 (16 X16 FA)
AP (bar)=-0.517 @ (W/cm)+153.7

for Yonggwang-1&2 (17X 17 FA)
AP (bar)=-0.142 q" (W/cm)+87.2

for Yonggwang-3&4 (16X16 FA)

where AP=allowable intemal gas overpressure

tion energy used in the CE thermal creep formula
is much smaller than that used in the KWU one,
as given in Egs.(2.4) and (2.6). In addition, the
allowable gas overpressures for Yonggwang—-3&4
are larger in the relatively high power range than
those for Kori—2 since the former uses the tangen-
tial stress and the lower thermal activation energy,
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as explained above. For the KWU cladding tube,
on the other hand, 14X 14 FA, 16X 16 FA and 17
X17 FA are ordered in the magnitude of gas
pressure. This is because the higher cladding
temperature and the larger fast neutron flux give
the larger creepout rate at the same power. Table
1 shows that 14X 14 FA and 17X 17 FA have the
lowest and the highest temperatures, respectively,

at the same rod power. In addition, 14X14 FA
has the smallest fast neutron flux, and 16 X16 FA

and 17X17 FA have about the same fast neutron

flux.
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For the fuel rods loaded in Yonggwang-2, the
diametral gap variations at each axial node at
each time step are calculated as a function of a
rod power with an aid of the fuel rod design code
to check the applicability of the allowable
internal overpressure determined in this study for
the quantitative rod internal pressure criterion. In
Fig. 7, the allowable internal ovenpressures are
compared with the minimum internal overpress-
ures which are obtained by examining the diamet-
ral gap size variation at each axial node at each
time step. This figure shows that the allowable

100
90 Minimum Gas Overpressure
-~ N ohtained from the Fuel
0 N Rod design Code
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Fig. 7 Comparison of the Generic Allowable Internal Gas Overpressure and the Minimum Internal

Gas Overpressure obtained from the Fuel Rod Design Code
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internal overpressures are approximately 15 bar
smaller than the minimum internal overpressures
in the rod power range considered. This difference
can be explained by comparing the cladding
creepout rate and the cladding temperature. In the
fuel rod design code, the same creep mode!l con-
stants are to be employed regardless of the condi-
tion of cladding creepdown or cpeepout due to
the design code calculation structure. The design
code employs the minimum cladding creep for the
rod internal pressure calculation in order to gener-
ate the largest diametral gap which causes the
maximum fission gas release during the cladding
creepdown condition. However, the maximum
cladding creep and the higher cladding tempera-
ture which are employed for the allowable internal
gas pressures determined in this study will acceler-
ate the diametral gap enlargement appearance
during the cladding creepout condition. Therefore,
the allowable overpressure is lower than the mini-
mum overpressure calculated with the use of the
minimum creep and the former can be employed
as the quantitative rod internal pressure design
criterion which is to be compared with the rod
internal pressure calculated by the fuel rod design

code.
4. Summary

In this study, the generic allowable internal gas
pressures not violating the diametral gap enlarge-
ment are determined as a function of a rod power
with the use of the conservative inpile fuel and
clad performance characteristics, the physics and
thermal hydraulic data which are relevant to the
Korean nuclear plants. The results indicate that
the allowable internal overpressure can be
approximated to decrease linearly with an increase

of a rod power as follows :

AP (bar)=-0.540 q" (W/cm)+177.0
for Kori-1 (14X 14 FA)
AP (bar)=-0.583 q° (W/cm)+170.3
for Kori-2 (16X 16 FA)
AP (bar)=-0.517 q" (W/cm)+153.7
for Yonggwang-1&2 (17X17 FA)
AP (bar)=-0.142 q° (W/cm)+87.2
for Yonggwang-3&4 (16 X16 FA)

The relationships for the allowable internal gas
overpressure can be employed as the quantitative
internal pressure design criterion with reasonably
sufficient conservatism. The application of this
quantitative rod internal pressure criterion will eli-
minate a time—consuming procedure for checking
the cladding creepout rate and the fuel swelling
rate at each axial node at each time step whenev-

er intemal pressure exceeds system pressure.
References

1. D. S. Sohn, Reschabek, Heins, “Fuel Rod De-
sign Manual,” KAERI/KWU Report

2. H. Assmann and H. Stehle, “Thermal and In-
—reactor Densification of UO2 : Mechanics and
Experimental Results,” 4th SMIRT Conf.
SF(1977)

3. H. Assmann and R. Manzel, “The Matrix Swell-
ing Rate of UO2,” J. Nuclear Mater. 68,
360(1977)

4. G. Senski and A. Kunick, “A Phenomenologic-
al Thermal and Irradiation Creep Model for
Zircaloy,” 5th SMIRT Conf. Berlin(1979)

5. “Fuel Rod Design Report for 14 X14 Assem-
bly,” Nov. 1987 KAERI/KWU Report

6. Combustion Engineering Inc., “CEPAN :
Method of Analyzing Creep Collapse of Qval
Cladding,” CENPD-187-P-A(1976)



