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ABSTRACT

Long-terr1 irradiations of instrumented fuel
assemblies at the Heavy Boiling Water Reactor in
Halden, !dorway are being managed by EG&G
Idaho, Inc., for the Nuclear Regulatory Commis-
sion, One of these instrumented fuel assemblies,
IFA-430, was used to study fuel cracking and
relocation during initial nuclear operation.

The threshold power at which pellet cracking
and relocation is complete during the first power
ramp and the effects of fabricated fuel-cladding
gap size and power ramp rate on the threshoid
power value were determined from fuel rod axial
gas flow data. No significant cracking or reloca-
tion was found to occur during the second, third,
or fourth power ramps.



SUMMARY

Cracking and relocation of light water reactor
(LWR) fuel pellets affect the axial gas flow path
within nuclear reactor fuel rods and the thermal
performance of the fuel. As part of the Nuclear
Regulatory Commission’s Water Reactor Safety
Research Fuel Behavior Program, the Thermal
Fuels Behavior Program of EG&G Idaho, Inc., is
conducting fuel rod behavior studies in the Heavy
Boiling Water Reactor in Halden, Norway. The
Instrumented Fuel Assembly-430 (IFA-430)
operated in that facility is a multipurpose
assembly designed to provide information on fuel
cracking and relocation, the long-term thermal
response of LWR fuel rods subjected to various
internal pressures and gas compositions, and the
release of fission gases.

This report presents the results of an analysis of
fuel cracking and relocatior phenomena as
deduced from fuel rod axial gas flow and fuel
temperature data from the first four power ramps
of the IFA-430 tests. Other axial gas flow
experime«ts performed to date have been out-of-
core tests on high burnup fuel rods and tests using
simulated fuel pellets in unirradiated rods; the
objective of th:s study is to investigate fuel crack-
ing and relocation using axial gas flow and fuel
temperature measurements acquired during
irradiation.

The IFA430 contains four, 1.28-m-long fuel
rods loaded with 10% enriched UOj pellet fuel
Two of the rods, termed thermocouple rods, are
each equipped with two centerline and three off-
center thermocouples. These rods are prepressur-
1zed to 0.48 MPa with helium and are equivalent
in design except for the fuel-cladding gap size; one
rod has a fabricated gap size ot 100 um and the
other 230 um. The remaining two rods, termed gas
flow rods, are each instrumented with a centerline
thermocouple and three axially spaced pressure
sensors and are equivalent in design except for gap
size (100 and 230 um).

The gas flow rods are connected, top and bot-
tom, to a system that allows gas to be forced
through the rods. The gas flow system and fuel
rod pressure sensors provide a means for deter-
mining the hydraulic diameter (for axial gas flow)
in the rods. Gas flow tes!s are conducted using two
different procedures; steady state and transient

i

gas flow. The steady state gas flow tests are per-
formed by establishing a steady flow of gas
through the gas flow rods; the transient gas flow
tests are performed by first pressurizing the gas
flow rods and then opening a fast-acting valve,
allowing the rod to depressurize. Both (ypes of gas
flow tests are performed during periods of con-
stant reactor power. The first two weeks of
nuclear operation of IFA-430 consisted of four,
staircase-type power ramps. Steady state and irai -
sient gas flow tests were performed at each of the
power levels during the power ramps to determine
the hydraulic dian  «er; fuel temperature measure-
ments were made at |15-minute intervals.

Changes in the hydraulic diameter during oper-
ation of the fuel are indications of cracking and
relocation of fuel pellets. The hydraulic diameter
is a measurement of the resistance to flow;
cracked and relocated fuel pellet fragments result
in a more tortuous flow path (hence, higher flow
resistance) than that associated with uncracked
pellets. The hydraulic diameter of the fuel rod is
determined by measuring the pressure drop along
the rod.

The temperature of the fuel, both at centerline
and off-center locations within the pellet, also
provides an indication of fuel pellet cracking and
relocation. Radial (diametral) cracks decrease the
fuel-cladding gap size and result in lower fuel
temperatures. Azim* . (circumferential) cracks
decrease the eff- ..ve fuel thermal conductivity,
resulting in increased fuel temperature.

Previously developed methods were used to
analyze the steady state gas flow test data, and
new analysis methods were developed for analyz-
ing the tran. 'nt gas flow data. The transient gas
flow analysis technique permits determination of
the fuel rod hydraulic diameter using only the fuel
rod plenum depressurization data.

The results of the gas flow and fuel temperature
analyses indicate that cracking and relocation
occur during the first power ramp up to a
threshold power level, above which further crack-
ing and relocation are insignificant. During the
remaining ramps, no further significant cracking
or relocation occur. The relocation threshold
exhibits a dependence on fabricated fuel-cladding



gap size and on ramp rate. Tne fuel cracking dur-
ing the lower power period of the first power ramp
confirms the theoretical hypothesis that the fuel
should crack at powers of WS kW/m during the

first power ramp, but the data also show that
cracking and relocatic.. continue to occur up to
powers of 20 kW/m,
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CRACKING AND RELOCATION OF UO2 FUEL
DURING INITIAL NUCLEAR OPERATION

1. INTRODUCTION

A major ot jective of the United States Nuclear
Regulatory Commission’s Reactor Safety
Research Program! is to establish analytical codes
capable of predicting commercial nuclear fuel per-
formance for a wide range of operating conditions
which could occur during the life of a light water
reactor (LWR) fuel rod. An extensive fuel
behavior research program has been implemented
in which in-pile and out-of-pile experiments are
conducted to study fuel rod responses to normal
and abnormal operating conditions.

Included in this program are studies of uranium
oxide and mixed oxide fuel behavior performed at
the Heavy Boiling Woter Reactor (HBWR) in
Halden, Norway. The HBWR was built by the
Norwegian Institutt for Atomenergi, and has been
operated by the Organization for Economic
Cooperation and Development (OECD) Halden
Reactor Project through an international agree-
ment between participating governments and
organizations. One of the assemblies being
irradiated in the HBWR is the Instrumented Fuel
Assembly-430 (IFA-430) managed by EG&G
Idaho, Inc., for the Nuclear Regulatory Commis-
sion. IFA430 was designed to provide fuel rod
axial gas flow, fuel temperature, and fission gas
release data for L WR fuel rods.

The purpose of this report is to present the
results of an analysis of fuel cracking and reloca-
tion phenomena using data from the first four
power ramps of the IFA-430. The cracking and
relocation of fuel pellets affects the thermal per-
formance of the fuel. Cracking of the fuel pellets
and relocation of the fuel into the fuel-cladding
gap alters the effective fuel thermal conductivity
(in the case of circumferential cracks) and the
pellet-to-cladding gap; both of these phenomeng
affect the stored energy in the fuel and, therefore,
the behavior of the fuel during operational
changes. The times at which the fuel cracks (at
what power) and at which cracking and relocation
are essentially complete are important in the
design of fuel behavior experiments.

The IFA-430 consists of four, LWR-type fuel
rods. Two rods (Rods 1 and 3), with diametral gap
sizes of 100 and 230 um, respectively, are
pressurized to 0.48 MPa with helium and instru-
mented with centerline and off-center fuel ther-
mocouples. These two rods are termed thermo-
couple rods Each of the other two rods (Rods 2
and 4), termed gas flow rods, has three axially
distributed pressure tranducers mounted directly
to the cladding, a centerline thermocouple, and
each is connected to an external gas supply system
that allows gas to be forced through the rod.
Rods 2 and 4 have the same diametral gap sizes as
Rods 1 and 3, respectively. The gas flow system
and axial pressure transducers provide a means for
quantifying the axial gas flow through the fuel
rods.

The 1FA-430 is unicue in that it provides the
opportunity to investigate the relationship of axial
gas flow and fuel ter.perature measurements per-
formed during nuclear operation to fuel peilet
cracking and relocation. Other axial gas flow
experiments have included out-of-core tests on
high burnup fuel rods? anc. on unirradiated fuel
rods with simulated fuel pcllels3. Axial gas flow
data from the initial operation of the IFA-430 fuel
provides insight into when the fuel pellets crack
and how the fuel behaves (relocates) after
cracking.

The temperature behavior of the fuel, both at
the centerline and off-center locations. also pro-
vides insight to the amount of cracking and reloca-
tion that kas occurred. In IFA-430 the fuel tem-
peratures are obtained by thermocouple con-
figurations similar to those used in the Gap Con-
ductance Test Series, 4 conducted in the Power
Burst Facility at the Idaho National Engineering
Laboratory, to allow comparison with the results
of that test series.

During initial operation of IFA-430, measure-
ment of the axial gas flow behavior of the gas flow
rods was performed at a variety of steady state



reactor powers using both the steady state and
transient gas flow methods. The steady state gas
flow tests are performed by establishing a steady
flow of gas through the gas flow rods, the tran-
sient gas flow 1iests are performed by first
pressurizing the gas flow rods and then operating
a fast-acting valve, allowing the rod to
depressurize. The gas flow measurements permit
calculation of the fuel rod hydraulic diameter,
which is an indicator of the extent of fuel pellet
cracking and relocation. The fuel temperature
measurements were performed at 15-minute inter-
vals during the initial operation of 1FA-430. The
gas flow measurement procedures and operation
of the 1FA-430 during the initial nuclear operating
period are described in Section 2.

Previously developed methods used to analyze
the steady state gas flow test data, and new
analysis methods developed for analyzing the

transient gas flow data are presented in Section 3.
The transient gas flow analysis technique permits
determination of the fuel hydraulic diameter using
only the fuel rod plenum depressurization data.

Selected experiment results are presented in Sec-
tion 4. Fuel cracking and relocation which occur
during the first power ramp of the fuel, the fuel
pehavior (with respect to cracking) during subsz2-
quent ramps, and the effect of fuel-cladding gap
size on fuel cracking are discussed in Section 5.
The conclusions are presented in Section 6.

Detailed discussions of the assembly power
calibration, the test conduct, the assembly
instrumentation, fuel fabrication and charac-
terization, and the fuel rod fabrication are
presented in the appendices. All of the appendices
to this report are provided on microfiche attached
to the inside of the back cover.



2. EXPERIMENT DESIGN AND CONDUCT

IFA-430 contains four fuel rods (1.28 m long)
with 10% enriched UOj fuel pellets. The assembly
is shown in Figure | and instrument locations are
identified in Figure 2. Two of the rods, termed
thermocouple rods, are each equipped with two
centerline thermocouples and three off-center
thermocouples, as shown in Figure 3. The other
two rods, termed gas flow rods, in addition to
having one centerline thermocouple each, have
three axially distributed pressure transducers
mounted directly to the cladding, as shown in
Figure 4, to measure internal gas pressure. In the
thermocouple rods, one centerline and the three
off-center thermocouples are located 72 mm
from the bottom of the fuel stack and the other
centerline thermocouple is located 132 mm from
the top of the fuel stack. The gas flow rods have
one centerline thermocouple located 72 mm from
the bottom of the fuel stack. The gas flow fuel
rods are connected, top and bottom, to the
system, shown in Figure 5, which can impose
pressures to force gas axially through the rod. The
system is capable of providing a wide range of
flow rates, as well as introducing new gases and
gas mixtures. Table 1 presents the 1IFA-430 fuel
rod instrumentation and design variables. A com-
plete description of the assembly and instrumenta-
tion is given in Appendix D (on microfiche
attached to back cover).

Irradiation of the assembly began in
November 1978. During the first four power
cycles, the fuel temperatures were monitored and
2 series of gas flow measurements was performed
at steady state rod powers. The fuel rod power
history for the initial irradiation period (four
power cycles) is shown in Figure 6.

Two different precedures are used in obtaining
the gas flow measurements; (a) steady siate gas
flow tests, and (b) transient gas flow tests. The
steady state and transient terminology is used only
in reference to the mode of gas flow; both types of
tests are performed at steady state reactor power
levels.

T'he steady state gas flow tests were conducted
by flowing helium gas through the gas flow rods
(one rod at a time), recording the pressure drop
along the rod at each of the tiiree axial pressure
sensors, and measuring the volumetric flow rate.
A series of tests, with flow rates varying from 2 to
120 L/min (STP) at inlet pressures from 0.1 to
7.6 MPa, was conducted at several steady state
power levels during each power ramp.

Transient gas flow tests were conducted by first
pressurizing the back pressure tank (not shown ia
Figure 1) to pressure Py and closing the outlet
valves at the bottom of the two fuel rods. The fuel
rod pressure was then increased to Py (P) > Py)
and the inlet valves at the top of the fuel rods were
closed. The fast-acting valve at the bottom of one
rod was then opened, allowing the rod to depres-
surize against the back pressure, Py. The other rod
was then depressurized in the same manner. The
pressure at each of the three axial pressure sensors
was recorded as each rod depressurized. Transient
tests were performed at several power levels dur-
ing each power ramp. Typical pressures were
P, = 4.0 MPa, with Py = 1.0 MPa; and
P} = 1.0 MPa, with Py = 0.1 MPa. Detailed
descriptions of the steady state and transient gas
flow test procedures and results are given in
Appendix B (on microfiche attached to back
cover).

The fuel and assembly thermocouples were
checked for consistency under isothermal condi-
tions during prenuclear heatup. During periods of
reactor operation, the fuel temperatures were
recorded at 15-minute intervals. The upper
centerline thermocouple in the large gap ther-
mocouple rod (Rod 1) failed early in the first
power ramp and the lower centerline thermo-
couple failed during the fourth power ramp. All
other fuel thermocouples performed
satisfactorily.
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Table 1. IFA-430 fuel rod instrumentation and design variables

Diametral
Rod Rod Type Gap (mm) Fill Gas Instrumentation
1 Thermocouple 0.23 0.48 MPa He Two centerling thermocouples,
three off-center thermocouples
2 Gas fiow 023 Vanabie One centerline thermocouple,
three pressure sensors
3 Thermocouple 0.10 0.48 MPa He Two centerline thermocouples,
three off-center thermocouples
“ Gas flow 0.10 Vanable One centerline thermocouple,
three pressure sensors
Fuel Form pressed and sintered UO; pellets
Enrichment 10 w9 235y
Density 10.412 gr‘cm3 (95% of theoretical)
Shape length, 12.7 mm
diameter,d 10 81 mm, 10.68 mm
ends, champherad 45° to an approximate depth of
D12 mm
Cladding Zircaloy-2
oD 12.79 mm
1D 10.91 mm

a The peliet outside diameters are fabncated 10 give the two desied fuel

Reactor power (MW)

addinig gap sizes of 0 23 ang O X
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3. ANALYTICAL TECHNIQUES

This section describes the analytical methods
used to evaluate the gas flow test data with respect
to cracking and relocation of the fuel.

The gas flow data are used to calculate an
hydraulic diameter for axial gas flow through the
fuel rod. The assumption is made for the analysis
vhat the flow path consists of a regular annular
gap between the fuel pellet column and the clad-
ding. Deviations from this type of flow path,
indicating fuel relocation, show up as a change 'n
the calculated hydraulic diameter, which, in the
case of an annular gap, is equivalent to the
diametral gap size. Analytical techniques used to
calculate the hydraulic diameter for the two gas
flow rods from measured steady state and tran-
sient gas flow data are discussed in Section 3.1
below. The results of application of the analytical
techniques to the data from IFA-430 are presented
in Section 4 and are discussed in Section 5.

Gas flow data were obtained in the steady state
and transient modes of operation as described in
Section 2. For the analysis of these data, the basic
gas flow equalion5 correlating the laminar mass
flow rate through an annular gap with measured
pressures Py and Pj along the flow path is used

™D Dy (P12 - Pyd)

m = (1)
Ha 2 RTnL
where
m =~ mass flow rate (mol/s)
D =~ mean diameter between fuel sur-
face and inside of cladding (m)
Dy =  hydraulic diameter (the diametral
gap size for an annular gapj (m)
n = gas viscosity (Pa:s)
R = universal gas constant (J/K-mol)
T =  gas temperature (K)
| 8 = flow path length (m)

Ha = +_agen number (a measure of the
£
friction between the gas and the

gas path).

This equation describes steady state incompressi-
ble flow, where momentum and acceleration terms
of the general momentum equation can be
neglected.

3.1 Steady State Gzas Flow

In the steady staic mode of operation, the mass
flow and the pressures Py and P, are measured.
The geometrical constants D and L are known and
the tempearature of the gas in the gap is estimated
from the cladding inside and the fuel surface
temperatures. The Hagen number for a regular
annular gap is used, along with its dependence on
the gap size as observed by Reimann.’ Conse-
quently, the only unknown in Equation (1) is the
hydraulic diameter. Rearranging Equation (1)
results in

[)3 _mHa 2 RTTL Q2

H " 1D )2 pPyd)

from which the hydraulic diameter, Dy, is
calculated.

3.2 Transient Gas Flow

The transient gas flow data consist of the rod
plenum pressure as a function of time while the
rod is allowed to depressurize against a back
pressure. A method was developed to calculate the
hydraulic diameter, Dy, using the plenum
pressure decay and back pressure measurements.

The ideal gas law, applied to the pressure decay
in the fuel rod upper plenum, resuits in

APy _ RT N 3)
dt vV dt
where

Py = plenum pressure (Pa)



NV = plenum volume (m3)

N = moles of gas in plenum.
Additionally, the decrease in the number of moies
in the plenum with time is equal to the mass flow
rate through the fuel rod [given by Equation (.1)].
Equating dN/dt with the right hand side of Equa-
tion (1) and rearranging, results in the differential
equation

4P
P2 - Pyl

.o
Dynp
Ha2nLV

dt. 4)

This differential equation, with the appropriate
initial conditions, has the analytical solution

ps 2D pd o
HanlLV

{[Py) + Pol/IPy() - Py |

(5)
s )IP,(O) + PaJ/[Py(0) - Pp)

When the measured pressures in the upper
plenum of the rod, Py(1), are used to calculate the
right hand side of Equation (5) and this quantity is
plotted versus time, the points should fall on a
straight line passing through the origin. Through
least sguares fit techniques this line can be
represented as

[Py + B1/[P1() - 23]
[Py + PRJl/[PG; - Pyl

at = lo (6)

where a now represents (ne slope of the best fit
straight line passing through the origin. A typica!

=3

plenum pressure decay curve and the correspond-
ing plot of Equation (6) are shown in Figure 7.
Combining Equation (6) with Equation (5) gives

azpz D}J“ __ﬂD___.

HanlLV )

which can be rearranged to give the hydraulic
diameter
Pz D

Thus, both the steady state and transie'it gas flow
data are used to calculate the hydraul.c diameter,
Dyy. The steady state analysis techn.que uses the
measured pressure drop along the. rod and the
mass flow rate, whereas the trzasient technique
uses the measured pressure Zecay in the fuel rod
plenum. The consistency of the two techiniques is
shown in Figure 8, in which the hydraulic
diameters calculated using the steady state and
transient gas flow data are compared. The
disagreement between the hydraulic diameters
determined by the *vo methods appears random
with respect to pow. level and gap size, and is
generally less than 15+ Part of the discrepancy
could be due tc the fact that the transient method
involves the pressure drop across the entire rod
length, whereas the steady state method involves
the pressure drop between the plenum and the bot-
tom pressure transducer, which is located 24 cm
above the bottom of the fuel stack. Thus, the
steady state method does not measure the
hydraulic diameter in the bottom 24 ¢m of the fuel
rod.
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4. EXPERIMENT RESULTS

Experiment data obtained during the startup
period of the IFA-430 include: (a) gas flow data
from which the hydraulic diameter of the fuel is
determined and (b) fuel pellet centerline and off-
center temperatures which provide an indication
of fuel pellet cracking and relocation. The data
were obtained during the first two weeks of
nuclear operation of the assembly; the assembly
experienced three up and down power ramps and a
fourth power ramp up during the period.

This section presents selected gas flow data
from steady state and transient gas flow tests, and
fuel temperature measurements. Detailed plots of
the individual fuel temperature measurements as a
function of power and time for each of the power
ramps are provided in Appendix C, and da ' for
the gas flow tests are presented in Apper .ix B
(both appendices are on microfiche attached to
back cover). Discussion of the data and their
application to fuel cracking and relocation is con-
tained in Section S,

4.1 Gas Flow Results

The hydraubc diameter of the fuel rods is
calculated using the pressure drop along the rod
and the mass flow rate data, and alternately with
the fuel rod plenum depressurization data. The
pressure drop and mass flow rate are measured at
steady state gas flow conditions (steady state gas
flow tests), and the fuel rod plenum depressuriza-
tion is measured during transient gas flow condi-
tions (transient gas flow tests). Typical examples
of the pressure drop along the fuel rod and
associated flow rate, along with the relative axial
power profile of the rod, are shown in Figures 9
and 1¢. Qualitatively, the pressure drop is highest
in the high power region of the rod (middle sec-
tion) where the fuel temperature is high. Addi-
tionally, at the same inlet pressure, the flow rate in
the large gap rod 1s significantly higher than in the
small gap rod. Botb of these effects were expected
and indicaie the instrumentation 1s operating
properly.

Typical examples of the plenum depressuriza-
tion data (transient gas flow tests) are shown in
Figures 11 and 12; also included are the data from
the fuel rod middle and bottom pressure sensors.
Qualitatively, the pressure decay is dependent on
the gap size and the average fuel rod power.

4.2 Fuel Temperature Results

The major characteristic of interest in the fuel
temperature data for the first power ramp up is
the behavior of the centerline temperatures in the
gas flow rods. As shown in Figures 13 and 14, the
fuel centerline temperature in the gas flow rods
dropped in the 15- to 20-kW/m power range. The
small gap thermocouple rod also showed a drop in
centerline temperature, though shghtly less than
the gas flow rods, at about 17 kW/m, as shown in
Figure 15,

The lower centerline and off-center temperature
instrumentation in the large gap thermocouple rod
appeared to malfunction during the first power
ramp up and, as a result, they have not been used
in the analysis and are not presented here. At pres-
ent, the anomalous behavior during the first ramp
has not been resolved, however, during the
remaining power ramps the fuel temperature data
(both off-center and centerline) for the large gap
thermocouple rod appear normal (that is, the fuel
temperatures are in the (ange expected and are
similar to data from other tests%).

Fuel centerline and off-center temperatures for
the fourth power ramp up are compared in Fig-
ures 16 and 17 with similar data collected during
the Gap Conductance Test Series.4 The centerline
temperatures measured in 1FA-430 are slightly
lower, for both the large gap and small gap rods,
than those measured during the gap conductance
tests. The off-center temperatures measured in
tFA-430 for the large gap rod are generally slightly
lower than those measured in the gap conductance
tests and show similar scatter. However, the
IFA-430 small gap rod off-center temperatures
show more scatter and are shightly higher than the
gap conductance test data.

A complete set of data for each thermocouple
and each power ramp is contained in Appendix C
(on microfiche attached to back cover). The
centerline thermocouple (TF-1) located in the bot-
tom of Rod | failed during the fourth power ramp
up and the upper centerline thermocouple (TF-2)
in Rod | failed during heatup prior to irradiation
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The theimal performance of UO; pellet fuel is
affected by the cracking of the fuel pellets and
relocati~% of the pellet fragments into the fuel-
cladding gap. The resultant fuel configuration
governs the heat transfer within the fuel rod and,
thus, the stored energy in the fuel. The stored
energy in the fuel determines the thermal behavior
of the fuel during reactor operatinnal changes and
significantly affects the fuel rod behavior during
off-normal reactor transients. For these reasons,
the fuel rod power at which the fuel cracks, the
extent of the cracking, how the fuel relocates, and
the power at which cracking and relocation are
complete are important in modeling the behavior
of the fuel, designing and conducting tests on the
fuel, and operating the fuel commercially.

Two means for determining fuel cracking and
relocation behavior are (a) using the axial gas flow
characteristics of the fuel rod to indicate chang s
in the flow path (fuel stack geometry), and
(b) using centerline and off-center fuel ther-
mocouples to indicate changes in the thermal
response of the fuel. In the following sections the
cracking and relocation of the fuel in IFA-430
during its initial nuclear operation are discussed,
using the results of axial gas flow and fuel tem-
perature data. The cracking and relocation that
occurred during the first power ramp are discussed
first, followed by discussions of the cracking and
relocation occurring during three subsequent
power ramps.

5.1 Cracking and Relocation
During the Initial Power
Ramp

Cracking and relocation are believed to occur at
low powers during the first power ramp the fuel is
exposed to. The results from the IFA-430 tests
show this to be the case; however, the results
indicate that cracking and relocation continue to
occur up to powers higher than theoretically
expected. In addition, the results indicate that the
ramp rate is a controlling factor in the cracking
behavior.

As described in Section 3, the hydraulic diam-
eter for the two gas flow rods is calculated using
steady state and transient gas flow data. The

19
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hydraulic diameter, Dy, calculated using steady
state gas flow data from the first power ramp and
the FRAP-TS® calculated gap size are shown in
Figure 18. Note the difference between the slopes
of the hydraulic diameter and FRAP calculated
gap size curves at powers below 15 ¥W/m during
the up ramp. The model used in FRAP was chosen
to calculate the gap size based only on fuel free
thermal expansion. If the hydraulic diameter
decrease (with power) was due solely to the expan-
sion of the fuel pellets as they increased in tem-
perature, the slopes of Dy versus power and
FRAP gap size versus power would be the same.
The difference in these two slopes, at powers
below 15 kW/m during the up ram), indicates
that the fuel is cracking and relocating during this
period. The agreement between the slopes of the
Dy and FRAP gap size curves at powers above
15 kW/m during the up ramp and at all powers
during the down ramp indicates that only very
minor cracking and relocation are occurring dur-
ing this period. The continued cracking up to
15 kW/m during the first ramp is not predicted
theoretically.

The theoretically based’ threshold for fuel
cra- .ng, that is, the power at which the fuel pellet
hoop stress exceeds the UO; fracture stress, is
calculated to be “S kW/m. The theoretical max-
imum hoop stress and UO; fracture stress are
plotted as a function of power in Figure 19. This
graph shows that the fuel is expected to crack well
before reaching a power level of 15 kW /m. Some
insight is gained by comparing the average Dy for
the combination of the top and middle sections
with the Dy of the top ana middle sections
individually. The gas flow rou and associated
power profile are shown in Figure 20.

T'he average Dy for the wop and middle sections
of the gas flow rods is shown in Figures 21 and 22,
respectively. The normalized average section
powers for the middle, top, and total (top plus
middle) sections of the rods are 1.2, 0.9, and 1.0,
respectively. The apparent threshold at which
cracking is completed for the small gap rod
appears to be ramp rate dependent. The threshold
in the high power section (high ramp rate) is
V20 kW m (Figure 22), and in the low power sec-
tion is U4 KW/m (Figure 21). The Dy of the two
sections combined is averaged in Figure 18, which
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“ows a threshold at 17 kW /m. Thus, it appears
that the ramp rate may be affecting the cracking
threshold. The average ramp rates during the first
power ramp up for the top and middle sections of
the small gap rod were 0.54 kW/m-h and
0.74 kW/m-h, respectively. In contrast to this
apparent dependence of the cracking threshold on
ramp rate is the effect of fabricated gap size.

The cracking threshold has a weak dependence
on fabricated gap size. The two gas flow rods were
fabricated with fuel-cladding diametral gap sizes
of 100 and 230 um. Comparison o' the hydraulic
diameter of the large and small gap rods for tke
top, middle, and total sections shows that the gap
size has a mivor effect on the fuel cracking. The
top (low power) section (Figure 21) of both rods
shows only a small change in Dyy, and the middle
(high power) section (Figure 22) shows significant
change in Dy for both large and small gap rods;
yet the cracking threshold (change in slope) 1s
essentially independent of the gap size, with only a
slight bias to lower threshold as gap size increases.

Thus, it appears that the fuel begins cracking
and relocating as power is increased during the
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first power ramp and continues cracking and
relocating, with the cracking rate depending on
the power ramp rate, up to a threshold power at
which cracking and relocation is essentially com-
plete. The cracking threshold shows only a weak
dependence on fuel-cladding gap size; a larger gap
size decreases slightly the power at which cracking
is essentially complete. At powers higher than the
cracking threshold, the hvdraulic diameter
changes agree well with those predicted by fuel
free thermal expansion, indicating that cracking
and relocation are essentially complete.

The fuel centerline temperatures in the (wo gas
flow rods during the tirsi power ramp up, shown

in Figurss 13, 14. 23 and 24, indicate that at the
thermocouple location soie relocation occurs at
V9 kW m. The relocaton appears (o occur
between 38 and 40 h (Figure 24) during the steady
power period. This corresponds approximately to
the power at which the gas flow data (Figures 21
and 18) indicate cracking and relocation are com-
plete. Thus, both the gas flow and fuei tempera-
ture data for the small gap gas flow rod indicate
that fuel cracking and relocation are occurring at
powers up to V9 kW/m.

5.2 Cracking and Relocation
Following the Initial
Power Ramp

The major cracking and relocation of UO;
pellet tuel (during early life) is shown to occur dur-
ing the first power ramp the fuel experiences. The
gas flow data and fuel temperature measurements
show that only minor additional cracking or
relocation, or both, occur during the second,
third, and fourth power ramps. Figure 25 presents
the hydraulic diameter at zero power for the first
tour power ramps. These data were calculated by
performing a least squares fit of the hvdraulic
diameter data from each of the power ramps and
using the fitting equations to calculate the zero
power Dy value. Figure 25 shows that for both
the large and small gap gas flow rods, the signifi-
cant change in the hydraulic diameter occurs dur-
ing the first power ramp and, as discussed in the
previous section, during the up ramp, with only
very minor relocation occurring during subse-
quent ramps. This trend is supported by the fuel
temperature data.

It is expected that as cracking and relocation
occur, the fuel centerline temperature will be
affected. For radial (dhametral) cracks, the fuel
centerline temperature is expected to decrease due
to the decreased gap width that results from the
fuel relocating into the gap. Circumterential
cracks decrease the fuel effective thermal conduc-
tivity and thus increase the fuel centerline
temperature. The IFA-430 data show decreasing
or unchanging fue! centerline temperatare with
subsequent power ramps, indicating that radial
cracking is occurring. In Figure 26, the fuel
centerline temperature of the upper section (no
off-center thermocouples) of the small gap ther-
mocouple rod at 10 and 20 kW /m is shown as a
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Figure 21 Average hydraulic diameter, Dy, of thetop section of Rods 2and 4asa function of section average power for
the first power ramp up and down
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Figure 22.  Average hydraulic diameter, Dy, of the middle section of Rods 2and 4 asa function of section average power
for the first power ramp up and down.
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Figure 24

Time (h) from Nov. 28, 1978 at 0000

Centerline temperature and local power of small gap gas flow rod (Rod 4) during first power ramp up.
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Figure 25, Hydraulic diameter extrapolated to zero
power for the first four power ramps and
prior to irradiation.

function of ramp number. Note that the signifi-
cant change in temperature occurs in the first
power ramp up between 10 and 20 kW ./ m, shown
in detail in Figure 27, and that during the follow-
mg ramps no significant change occurs. The data
shown in Figures 25 and 26 indicate that radial
cracking and relocation of the fuel are occurring
during the first ramp up, and that on subsequent
ramps very little, if any, further cracking occurs.

Cracking and relocation appear to occur
predominantly during the first power ramp
up,below a threshold power leve! that is strongly
dependent on ramp rate and weakly dependent on
fabricated fuel-cladding gap size. During subse-
quent power ramps, there is no indication from
the gas flow or fuel temperature data of further
cracking, crack healing, or relocation.
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Figure 26.  Upper centerline temperature of small gap
thermocouplerod (Rod 3)at 10and 20kW 'm
local power during each power ramp.
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Figure 27. Upper centerline temperature of small gap

thermocouple rod (Rod 3)during first power
ramp up.



6. CONCLUSIONS

Analysis of the fuel temperature and axial gas
flow data obtained during startup of the Halden
IFA-430 experiment supports the following con-
clusions regarding the cracking and relocation of
UO; peliet fuel during initial nuclear operation.

The fuel begins cracking as the power is
increased during the first power ramp and
continues cracking, with the cracking rate
depending on the power ramp rate, up 10
a threshold p.- :r at which cracking is
essentially complete. The cracking
threshold (power) shows a weak
dependence on fuel-cladding gap size; a
larger gap size decreases slightly the
power at which cracking is essentially
complete. At powers above the cracking
threshold power, the fuel mechanical
behavior agrees with that predicted by
free thermal expansion, indicating that no

further significant cracking and reloca-
tion are occurring.

The cracking and relocation during the
first ramp continue up ‘o powers higher
than theoretically predicted. For the
IFA-430 fuel design, cracking is
theoretically predicted to occur at powers
of v§ kW/m; the data show that signifi-
cant cracking continued to occur up to
powers of 15 to 20 kW/m.

The hydraulic diameter for axial gas flow,
which is an indicator of fuel cracking and
relocation changes, and the fuel centerline
and off-center temperatures show no
evidence of significant cracking and
relocation occurring during the second,
third, or fourth power ramp, nor is there
any indication of crack healing.
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