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ABSTRACT

|

This report includes results of the examination of the in-pile pressure
'

| data from instrumented test assemblies IFA-431 and 432. The pressure data have
,

been used to estimate the fission gas release fraction as a function of fuel
.

burnup. Included are comparisons of the estimated release functions and those [
predicted by three fission gas release models using the experimental tempera- '

ture histories of the fuel rods. These comparisons show that fuel temperature
is the primary factor in determining fission gas release and that burnup-

,

enhanced fission gas release is not important in U0 fuels irradiated to
2

1700 GJ/kgU (20,000 mwd /MTM).
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SUMMARY AND CONCLUSIONS

This report includes the internal pressure data from fuel rods in two of
~

the Nuclear Regulatory Commission / Pacific Northwest Laboratory's instrumented

fuel assemblies. Three rods in each assembly were equipped with pressure
'

transducers for monitoring fission gas release during irradiation. The exper-

imental parameters were consistent with current light water reactor fuel and
include fuel temperature, fuel density, fuel stability with respect to densi-
fication, and burnup. Instrumented fuel assembly 431 (IFA-431) was discharged
after achieving burnups in excess of 350 GJ/kgu (4 GWd/MTM). Assembly 432 is
still being irradiated, but current exposures in the IFA-432 rods are in excess
of 1700 GJ/kgU (20 GWd/MTM).

Meaningful pressure data was obtained from five of the six nressure
.

transducers. Data from all five shows a pressure decrease during the initial
stages of irradiation, which is due to the combined effects of fuel densifica-
tion and helium loss from the fuel rod system. The relative contribution from
each of these could not be established and, thus, a range of gas release frac-
tions was calculated from the pressure data. In all cases, the estimated gas
release was less than 15%.

The estimated release fractions were compared to the predictions from gas
release models currently being used in the GAPCON and FRAPCON series of steady-
state fuel performance computer codes. Specifically, the GASREL (Beyer, et al.

;

1975), FGASRL (Reymann, ed.,1978), and ANS54 (Rausch and Panisko,1979), sub-
routines for fission gas release were used in conjunction with the measured
temperature / power histories of each rod. From these comparisons, the following
has been concluded regarding fission gas release from 00 fuels.

2

Fuel temperature is the predominant factor in fission gas release..

Fuel density has only a minor influence on fission gas release..

Burnup-enhanced fission gas release is not significant for exposures.

up to 1700 GJ/kgU (20 GWd/MTM).
.

O
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INTRODUCTION

The stored energy and gap conductance in a fuel rod during steady-state ,

' ' operation are important input parameters used to analyze postulated nuclear
reactor accidents. A great deal of effort has been devoted to the development

*

of steady-state fuel performance codes used to estimate the stored energy and
gap conductance. Despite this level of effort, these codes contain some calcu-
lational uncertainties that are due to the difficulty involved in accurately
modeling some of the complex phenomena that occur in a fuel rod. Specifically,

it is difficult to model the effects of fission gas release, fuel densitifica-

tion, and fuel relocation on the fuel-to-cladding gap conductance, and this
difficulty is compounded by a lack of well-characterized data from fuel rods
operating in the power ranges of commercial nuclear power plants.

In 1975, Pacific Northwest Laboratory (PNL) began a U.S. Nuclear Regula-'

tory Commission (NRC)-sponsored program to provide well-characterized fuel rod
data under normal operating conditions to assist the verification and develop-
ment of steady-state fuel codes. Under this program, four instrumented fuel
assemblies are being irradiated at the Halden Boiling Water Reactor in Norway. '

The pressure data from the first two of these assemblies are discussed in this
report. Instrumented Fuel Assembly (IFA) 431 had a design power of 33 kW/m;

its goal burnup of 37 GJ/kgU (4.3 GWd/MTM) was reached in February 1976. The

second of these assemblies, IFA-432, has a design power of 49 kW/m; it has
currently reached average rod burnups greater than 1700 GJ/kgU (20 GWd/MTM).

Three of the six fuel rods in each assembly were equipped with pressure
transducers to monitor the internal fuel pressures that occur during irradia-
tion. These data provide an excellent means for determining tne time-dependent
release of fission gases, which is an important concern in modeling fuel rod
steady-state behavior. However, because both the internal void volume and
temperature may also change with irrdiation, the absolute release fractions can
be determined more accurately by direct measurement following irradiation.
Thus, the purpose of this report is to provide an interim assessment of burnup-

'

dependent fission gas release from UO fuels to 1700 GJ/kgU (20 GWd/MTM). A
2

final assessment must await the results of the postirradiation examination,
'

which may not be available for several years.

1
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A brief description of the experimental parameters and instrumentation is
given in the next section. This is followed by graphics and written descrip-
tions of the pressure data. The pressure data that have been obtained from

'

both assemblies are tabulated in Appendix A. Finally, the data are discussed
with emphasis on estimating fission gas release functions from the pressure

,

measurements and comparing these results to the prediction from current fission
gas release models. Appendix B contains the estimated changes in void volume
and helium content which provide the bases for evaluating the initial pressure
drops observed in the experimental data. The temperature histories used for
calculating the fission gas release are given in Appendix C.

,

i
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IRRADIATION TEST PARAMETERS AND INSTRUMENTATION

-

REACTOR OPERATION
.

Test assemblies IFA-431 and IFA-432 were irradiated in different channels
of the Halden Heavy Boiling Water Reactor (HBWR). The reactor is cooled by-

natural circulation of heavy water. It currently operates at a power level of

12 MW. The reactor operating data is shown in Table 1.

TABLE 1. Halden Boiling Water Reactor Operating Data

Power Level 12 MW -

Reactor Pressure 3.45 MPa (500 psi)

Heavy Water Saturation Temperature 513K

Plenum Inlet Temperature 510K
17 2

Thermal Flux ~3 x 10 n/m -sec
15 2

Fast Flux (>l MeV) ~5 x 10 n/m -sec

Average Fuel Power Density 14.8 kW/kg

ASSEMBLY DESCRIPTION ,

The two instrumented nuclear fuel assemblies, IFA-431 and IFA-432, are

essentially identical in design and each contain a cluster of six instrumented
fuel rods. The experimental parameters include gap size fuel density, fuel
type (i.e., stable and unstable with respect to densification), and fill gas
composi tion. The experimental parameters for the six fuel rods are listed in

Table 2. Instrumentation for measuring neutron flux, fuel centerline tempera-
tures at two locations, and cladding elongation was included in all rods; pres-
sure transducers were included in rods 1, 5 and 6. A detailed description of

the test design, precharacterization and f abrication of the assembly was
reported by Hann et al., (1977).

.
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TABLE 2. Design Parameters and Instrumentation for IFA-431 and IFA-432
Cold Fuel Instrumentation

Rod Diametrical Gap Fill Density Fuel Temperature Cladding -g an mils Gas _1 TD _ Type (a) Upper Lower Pressure Length

1 0.229 9 He 95 Steble TC(b) TC PT ICI Id)ES

2 0.381 15 He 95 Stable TC or UT 'I TCI *

ES--

3 0.076 3 He 95 Stable TC TC ES--

4 0.229 9 Xe 95 Stable TC TC ES--

5 0.229 9 He 92 Stable TC TC PT ES

6 0.229 9 He 92 Unstable TC TC PT ES

(a) with respect to densification
(b) thermocouple
(c) pressure transducer
(d) elongation sensor
(e) ultrasonic thermometer in IFA-432

The rods that were instrumented with the pressure transducers (1, 5, and
6) had a cold diametrical gap of 0.229 m and were backfilled with helium gas

1

at atmospheric pressure. These rods were designed to evaluate the effects of
fuel density and stability. Rod 1 contained a stable fuel with 95% theoreti-
cal density (TO). Both of the other rods contained 92% TD fuel; but the fuel
in rod 6 was unstable (i.e., susceptible to densification). Thus, the effects

of fuel density and fuel stability can be evaluated by comparing the data from
rods 1 and 5 and rods 5 and 6, respectively.

Figure 1 is a schematic of the fuel rod design. Each fuel rod contains
45 fuel pellets with a nominal diameter of 10.7 mm and a nominal length of
12.7 m. The pellets have flat ends and were fabricated by compacting and

sintering U02 powder to the required density. All fuel pellets were
235enriched to 10 wt% 0. Dysprosium oxide pellets were located at each end

of the fuel column and a helical spring was used to keep the fuel stack com-
pact. The pellets at each end of the fuel stack were drilled to accommodate
the centerline thermocouples. All rods were clad with annealed, seamless Zir-
caloy-2 that had an outer diameter of 12.789 m and an inner diameter of
10.909 m.

The fuel rods were designed to minimize the internal free volume and
thereby maximize the response to variations in the pressure. The as- -

fabricated free volumes for the six rods containing pressure transducers are
.

4
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,

listed in Table 3. These volumes were calculated from geometrical measurements
of the individual fuel pellets and the assembled fuel rods. The plenum and

total volumes include the estimated volume of the pressure transducers.
.

TABLE 3. Free Volumes (a) of Rods Containing Pressure Transducers
.

Plenum (b) Free Volume Total Free Volume
Volume, Around Fuel of Fuel Rods,

Rod Number cm3 Column, cm3 cm3

IFA-431-1 2.5 2.6 5.1

IFA-431-5 1.9 2.3 4.2

IFA-431-6 1.6 2.5 4.1

IFA-432-1 2.0 2.5 4.5

IFA-432-5 2.0 2.5 4.5

IFA-432-6 2.2 2.5 4.7

(a) As fabricated.
(b) Includes estimated volume of pressure transducer, ~0.4 cm3,

PRESSURE INSTRUMENTATION

Rods 1, 5, and 6 in both assemblies were instrumented with null-balance
type pressure transducers. A schematic of the transducer and the pressure
measuring system is shown in Figure 2. The sensing mechanism in the pressure

i

transducer is a thin platinum membrane that is exposed to the internal rod gas
on one side and the externally controlled helium gas on the other. The pres-

sure balance across the membrane is indicated when an electrical circuit is
closed between the membrane and a contact point.

Pressure measurements are made by manually pressurizing the controlled

helium gas to about 0.1 MPa (1 atm) above the highest pressure of the rods
that are connected to the manifold and thereby opens the electrical circuit.
The external pressure is then slowly released until the electrical circuit
closes. This external pressure is used to determine the internal pressure.
The pressure balance can be determined automatically by the computer or manu- ,

ally by an operator. The accuracy of the system is reported to be + 0.02 MPa.
.

I

.
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EXPERIMENTAL RESULTS

The pressure measurements were taken manually at intervals varying from a
.

few hours to several days. All of the pressure data from the two assemblies
is tabulated in Appendix A, Tables A-1 and A-2. The moderator temperatures

.

and the assembly and reactor power levels at the time of the measurements are

also included in the tables.
.

Prior to the initial startup of the assemblies, the moderator was heated
externally. The pressure data during these periods as a function of the mod-
erator temperature is shown in Figure 3. The solid line represents the cal-
culated temperature dependence at constant volume and gas content.

0.6 ,

o ROD l'

MW
O.5 -

00 5 -

7
o R00 6, /
o R0D l' /g o
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TEMPER ATURE. K

FIGURE 3. Pressure Data from IFA-431/432 as a Function of the
Moderator Temperature Prior to Initial Startup
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.

With the exception of Rod 431-6, all of the pressure data is in reasonable
agreement with the calculated temperature dependence. There are some indica-
tions in the other five rods of sorbed gas being released during the heatup but

~

the measured pressures do not greatly exceed the expected uncertainty in the
measurements. In contrast, the pressure measurements from Rod 431-6 are higher

,

than expected at all temperatures. The ratio of the measured to the expected
pressures range from ~1.5 at low temperatures (<373K) to ~3 at 498K. These

ratios greatly exceed the estimated uncertainty in the measurements and suggest
either a faulty pressure transducer or a large sorbed gas release in this rod.

The pressure data as a function of burnup will be presented separately
for the two assemblies in the following sections.

PRESSURE DATA FROM IFA-431

The internal gas pressures for the three IFA-431 rods as a function of |

burnup at full (95110 kW) and low assembly power are shown in Figure 4. At the
low power level, the moderator temperature was 49915K for all of the measure-
ments and about 10K higher at full power. The vertical line at ~215 GJ/kgM
(2.5 GWd/MTM) in Figure 4 indicates the position of a scheduled reactor shut-
down (~2 months) for refueling and maintenance.

The data from Rods 431-1 and 431-5 show similar behaviors. This is espe- ,

cially true at low power levels where the pressure decreases rapidly during the
first 17 GJ/kgu (0.2 GWd/MTM) and remains relatively constant thereafter. The

magnitude of the pressure drop is greater in Rod 431-1 than in Rod 431-5 and
the stable pressure in Rod 431-1 approaches the minimum measurable pressure,
i.e., 0.1 MPa.

1

At full reactor power, the pressure decreases continuously with burnup !

until the long reactor shutdown occurs. The magnitude of the dacrease is
greater in Rod 431-1 than in Rod 431-5. An increase in pressure is observed
in both rods imediately following the long outage. The pressures then rapidly
decrease to values consistent with the previous pressure measurements. The

pressure transducer in Rod 431-1 failed shortly thereafter. -

.

10
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.

The measured gas pressures in Rod 431-6 are significantly different than
in Rods 431-1 and 431-5 with respect to both the magnitude of the pressure (up
to 7 times greater) and the variation of pressure with burnup as illustrated in .

Figure 4. A large pressure increase is observed during and after the initial
rise to power. This is followed by a rapid pressure decrease at ~8 GJ/kgU -

(0.1 GWd/MTM) and a more gradual decrease in pressure until the lung reactor
outage. Following the outage, the pressures measured at low power dropped to
the minimum pressure that could be measured experimentally and the pressures
measured at full reactor power were only slightly above this minimum.

There is greater scatter in the pressure measurements from Rod 431-6 than
in measurements from either Rod 431-1 or 431-5. This is especially evident at
~190 GJ/kgU (2.2 GWd/MTM) where a difference of 0.4 MPa exists in the pressures
measured at full reactor power. Another unique feature of the data from
Rod 431-6 is that in many cases there is no significant difference between
pressures measured at low power and full reactor power.

PRESSURE DATA FROM IFA-432

The burnup dependence of the internal rod pressures is shown in Figures 5,
6, and 7, for Rods 432-1, 432-5, and 432-6, respectively. The pressure data

was taken 6t zero or low reactor power levels to minimize the effects of large
temperature gradients; the moderator temperature was 510 + SK. The average

steady-state centerline temperatures and linear heat generation rates at the '

upper and lower thermocouple locations during full power reactor operation are ;

also included in the figures. t

The data from all three rods shows a pressure decrease with burnup until
200 to 300 GJ/kgU (2.3 to 3.5 GWd/MTM) is reached, which represents an incuba-

;

tion period for fission gas release. The end of the incubation period is
,

'

characterized by an increase in lower thermocouple temperatures and internal
pressures. The fuel temperature at the lower thermocouple position continues t

to rise for a period and then stabilizes. The temperature h.c a se at the
;

upper thermocouple position is delayed with respect to the ~.or position and *'
,

each upper thermocouple failed shortly after the temperatures began to increase
.

F
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at its location. During the period of increasing fuel temperatures, the inter-
nal pressures increased at a fairly constant rate until about 1000 to
1200 GJ/kgU (12 to 14 GWd/MTM) where lower fuel temperatures resulted in lower

.

fission gas release. At higher burnups, the pressure changes generally corre-
spond to the respective changes in the fuel temperatures.

.

The temperatures in Rod 432-1 were about 100K lower than Rod 432-5 until

~1100 GJ/kgU (13 GWd/MTM) and about 50K higher thereafter. These temperature
differences are also reflected in the pressure data where Rod 432-1 shows a
longer incubation period and a lower gas release rate up to 1100 GJ/kgU and a
higher gas release rate thereafter. Consequently, the same internal pressure
(0.95 MPa) at low reactor power existed in both rods at 1700 GJ/kgU (20 GWd/MTM).

By comparison, Rod 432-6 operated at higher temperatures throughout the irradia-
tion period and the internal pressure at low reactor power was 1.2 MPa at
1700 GJ/kgU.

The pressure data obtained at full reactor power shows the same general
trends as the low power data but with somewhat more scatter. The maximum pres-

sures thus far recorded are 1.32, 1.66, and 2.01 MPa, respectively, for Rods 1,
5 and 6, IFA-432.

'
, ,
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DISCUSSION

Features regarding the pressure data that are particularly important
.

include the abnormally high pressures observed in Rod 431-6, the initial pres-
sure drop in the remaining five rods, and fission gas release as estimated from

.

the internal pressure data. Each of these will be discussed individually in
the following sections. ,

PRESSURE DATA FROM IFA-431, R0D 6

The abnormally high pressures measured for Rod 431-6 could be due to
either sorbed gas release or a faulty pressure transducer. The gas necessary

to achieve the pressures indicated after the first rise to power is about'four
times the amount released during analysis of the fuel following fabrication at
1873K (Hann et al., 1977). This, and the fact that Rod 432-6, which contained
the same type of fuel, did not exhibit large sorbed gas releases indicates the
fuel type was not responsible for the abnormal behavior.

The fuel pellets from all IFA-431 rods were outgassed in air at 398K for
20 hours just prior to loading and could have adsorbed some gases during this
treatment. However, moisture analysis after outgassing showed only 0.3 ppm
H 0 for the Rod 431-6 fuel, which is inconsistent with large gas pickups.

2
Furthermore, the fuels in Rods 431-1 and 431-5 showed no significant sorbed
gas releases even though they had received the same outgassing treatment.
Consequently, it appears a faulty pressure transducer is responsible for the
high pressure readings in Rod 431-6.

The characteristics of the pressure data give additional support for a
faulty pressure transducer. First, there was a large amount of scatter in the
data that was not observed in the other rods. Also, for many of the measure-
ments, there was no difference between the pressures measured at low reactor

i power and those measured at full power. The pressure at full power should have

been greater than 50 percent higher due to the increased temperature and ther-
! mal expansion of the fuel, which reduces the available free volume. Finall,*,.

no other mechanism could easily be linked to the large pressure drop following
.
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the long reactor shutdown. The low pressures measured during the second
reactor cycle concur with the measured gas content in Rod 431-6 following
irradiation (Hann et al., 1979). This suggests that the transducer may have
been operating correctly during the second cycle; however, we can offer no

'

explanation for its original perforriance. In any event, we have co':luded
,

that the high pressures in Rod 431-6 were due to a faulty pressure transducer;
this data warrants no futher discussion.

INITIAL PRESSURE DROPS IN REMAINING RODS

The magnitude of the pressure drops during the initial stages of irradia-
tion was 0.06 MPa for all rods except 431-5; during the initial stages, its
pressure decreased ~0.03 MPa. These pressure decreases ceuld be due to an
increase in the free volume within the fuel rod and/or a decrease in the gase-
ous helium content. There are mechanisms that could be responsible for these
changes: 1) fuel dens 1fication, 2) fuel cracking to expose internal porosity,

,

3) helium absorption by the U0 , 4) irradiation-induced entrapment and 5)
2

helium leakage from the fuel rod, The observed pressure drops could be caused
by one of these mechanisms or several acting simultaneously. Therefore, we

have estimated the maximum expected contribution from each in an attempt to
identify the appropriate mechanisms. The results are summarized in Table 4,
and the basis for the estimates is given in Appendix B.

Fuel densification is the predominant mechanism for increasing the free
volume and, for the unstable fuel type in Rod 432-6, its expected contribution
approximates the observed pressure drop. For the other four rods, which con-

tain stable fuel types, densification accounts for only 10 to 27 percent of
the observed pressure drops. The estimated densification in these rods was
based on resintering results (Hann et al., 1977) and has not been experiment-
ally verified under irradiation conditions. Thus, the effects of densifica-

|
tion in these rods may be underestimated. However, since the final density

for the 95% TD fuels in Rods 431-1 and 432-1 would exceed the theoretical den-
sity if densification were the sole contributor to the initial pressure drops,

"

fuel densification can not be totally responsible.

.
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TABLE 4. Summary of the Estimated Pressure Drops

Estimated Pressure Drops (MPa,

Irradiation-

Rod Fuel Fuel Helium Induced Total Estimated Measured
I

Number Densi.*ication Cracking Absorption Entrapment Pressure Drop Pressure Drop

431-1 0.008 <0.001 0.011 0.002 0.022 0.060
.

431-5 0.009 0.003 0.013 0.002 0.027 0.030

432-1 0.009 <0.001 0.012 0.022 0.044 0.060

432-5 0.009 0.003 0.012 0.022 0.046 0.060

432-6 0.058 <0.001 0.012 0.022 0.093 0.060

The part fuel cracking plays in increasing the internal free volumes is
small and is not considered to be an important factor in changing the internal
pressures. This is especially true if the internal pores contain gases.
Under these conditions, the contributions from cracking would be less than
those given in Table 4, and if the internal gas pressures exceed 0.1 MPa, a
pressure increase rather than a decrease would result from fuel cracking.

Because increases in the free volumes cannot account for the observed
pressure drops, consideration must also be given to the mechanisms for helium
losses from the internal rod gas. The absorption of helium into the fuel ,

potentially can cause the removal of helium from the gas phase. Corresponding
,

estimated pressure drops account for 18% to 43% of the observed pressure drops.
The estimates shown in Table 4 were based on experimental data obtained from

fine powders heated to 1473K. Solid fuel pellets would be expected to absorb
less gas. Thus, the pressure drops given in Table 4 represent an upper limit

.

of helium that could be absorbed and, even so, cannot account for the observed

pressure drops.
1

The irradiation-induced entrapment of xenon in UO fuels has been
2

observed experimentally, and helium is expected to behave similarly. Because

no experimental data regarding the entrapment of helium could be located, the
estimated pressure drops in Table 4 were based on data fc xenon entrapment.
Thus, the estimated pressure drops may not be directly applicable. However,

D the linear decrease in pressure with increasing burnup that would be expected
,

.

!
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for irradiation-induced entrapment was not observed experimentally. The mini-
mum pressures occurred at ~17 GJ/kgU (0.2 GWd/MTM) for the rods in IFA-431,
whereas exposures of ~170 GJ/kgU (2.0 GWd/MTM) were required to achieve the

minimum pressure in the IFA-432 rods. Also, the largest fraction of the pres-
,

sure drop in each of the IFA-431 rods occurred during the first irradiation
day, which is inconsistent with the expected behavior for irradiation entrap-
ment. Therefore, irradiation-induced entrapment does not appear to be the
mechanism responsible for the pressure drops.

Except for Rod 432-6, the above mechanisms cannot account for the observed

pressure drops, even when their combined contributions are considered. This

implies that densification is greater than expected in the stable fuel types
and/or helium is being lost by some other mechanism. The amount of helium lost
can be estimated from the results of the postirradiation examination conducted
on Rod 431-6. This rod was found to contain 3.33 ml NDT of gas: 85% of it
being helium. This amounts to less than 70% of the helium calculated to be
present initially in the fuel rod. The corresponding pressure drop caused by
this loss of helium is from 0.046 to 0.052 MPa for the IFA 431 and 432 fuel rod
designs. This is greater than 75% of the observed pressure drops, suggesting
that helium loss is the predominant cause of the initial pressure drops.

Neither helium absorption or entrapment can account for the observed
pressure drops; therefore, it is essential to consider helium leakage from the
fuel rods. Because all fuel rods showed the initial pressure drops, helium
loss caused by leakage must be associated with the rod design rather than a
defective weld or manufacturing defect. The fuel rods all contained two
centerline thermocouples and the junctions between the thermocouples and lead
wires are the most logical sites for helium leaks. They consist of a glass
bead at the end of the lead wire and a sauereisen(a) plug between the lead

wire and the thermocouple. Thus, helium leakage requires diffusion or effusion
through the sauereisen plug and a poor glass-to-metal seal at the end of the
lead wire. Under these conditions, helium would leak into the lead wire until
th( wailable volume was consumed. This type of behavior has been observed .

(a) An inorganic cement used for insulating thermocouples. .
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experimentally in out-of-reactor tests at Halden, but only when the glass beads
at the end of the lead wires were cracked. Thus, although it is difficult to

determine whether cracks exist in these thermocouple junctions, cracking would
'

be necessary in at least one of the junctions for this to be a viable mechanism
for the pressure drops.

,

In summary, none of the mechanisms examined give a completely satisfactory
explanation for the pressure drops observed during the initial stages of irra-
diation. Helium loss is believed to be the predominant factor for the fuel
rods with stable fuel types, and the postirradition examination of IFA-432
should provide a check for this. The mechanisms for the helium loss are diffi-
cult to assess, but based on the available information we feel that helium

leakage into the thermocouple lead wires provides the best explanation.

FISSION GAS RELEASE

The internal pressure measurements from IFA-431, rods 1 and 5, show no
evidence of fission gas release. The pressures at low reactor power decrease
initially and then remain constant throughout the remainder of the irradiation
life. We can estimate an upper boundary for fission gas release by calculating
the gas release necessary to obtain a measurable pressure increase, 0.02 MPa

(0.2 atm). For the fuel rods used in these tests, the required release frac-
tion at end of life is estimated to be 0.8% and represents an upper limit for
the fission gas release since pressure increases were not observed.

The peak centerline fuel temperatures were approximately 1473K and 1523K,
respectively, for Rods 431-1 and 431-5. These temperatures are sufficiently
low that the estimated upper limit for gas release is reasonable. The gas

content of these two rods was not measured following irradiation; fission gas
release for Rod 431-6, however, was found to be ~0.25% (Hann et al., 1979).
Since all three rods had similar temperature histories, it is reasonable to
assume similar release fractions for Rods 431-1 and 431-5.

\

.
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In contrast to IFA-431, the pressure data from IFA-432 shows fission gas
release beyond about 250 GJ/kgU (3 GWd/MTM). Fuel temperature is the predomi-
nant factor influencing gas release, and the difference in the gas release
characteristics of the two assemblies can be attributed to the higher fuel tem-

~

peratures (>1773K peak centerline) in the fuel rods from IFA-432. The impor-

tance of temperature on gas release is also indicated by the lower temperatures
and pressure increases in Rod 432-1 than in Rods 432-5 and 432-6 during the
initial 1000 GJ/kgU (17 GWd/MTM) exposure. Also, the direct correlation

between the pressure and temperature changes suggests a strong connection
,

between temperatures and gas release.

Calculating the fission gas release fractions from the pressure data
requires the following: gas temperature, internal volume of the fuel rod, and
helium content. All of these variables could change with irradiation. Thus, !

rather large uncertainties exist in the absolute value of the calculated
release fractions. Some of these uncertainties can be minimized by consider-
ing the conditions that exist at the time measurements are taken and by making
assumptions regarding the changes in the fuel during irradiation. However,

the effects of the assumptions on the calculated release fractions must also
be considered and will be briefly discussed below.

The uncertainty due to temperature can be minimized by using the pressure
data taken at zero or low reactor power. Under these conditions, the large

; temperature gradients along the fuel column are minimized and therefore the
gas temperature can be assumed equal to the moderator temperature. This

assumption underestimates the actual gas temperature and, therefore, the cal-
culated release fractions would be higher than the true value. The error
introduced by this assumption would be less than 10%.

As discussed previously, the . initial drop in pressure could be due to
either an increase in free volume or a decrease in the helium content. Also,
relative contributions of these factors cannot be determined with the avail-
able information. However, we can calculate a range of gas release fractions

,

by assuming the pressure drop is totally due to either one or the other. For
,

'

<
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the stable fuel ;ypes, the actual release fractions are expected to be closer
to the calculation for helium loss while for the unstable fuel, Rod 432-6, the

,

calculation based on a volume increase is more appropriate.
.

Additional assumptions regarding the internal volume and helium content
are as fol!ows:-

the internal free volume remains constant after 250 GJ/kgU,.

the helium content remains constant after 250 GJ/kgu,.

the fission gas release fraction at 250 GJ/kgU equals 0.01.e

The first assumption requires densification to be complete at 250 GJ/kgU and
neglects the effects of irradiation-induced swelling on the internal volume.
Densification has been reported to be completed at burnup levels <100 Gi/kgU
(1.2 GWd/MTM) (Freshley et al.,1976) and the postirradiation examinatiori of -

Rod 431-6 (Hann et al., 1979) shows densification was completed before

350 GJ/kgU (4 GWd/MTM). Therefore, this assumption primarily affects the
calculated release fraction by neglecting fuel swelling and its effect on the
internal free volumes. Fuel swelling would decrease the internal free volume
and, therefore, the fission gas release fraction is overestimated as a result
of this assumption. The effect would increase with burnup, and at 1700 GJ/kgU
(20 GWd/MTM) the error could range from 5% to 20% depending on the swelling

model used and the initial free volume of the fuel rod.

The remaining two assumptions deal with the helium content in the gas
phase. The effects of these assumptions on the calculated release fractions
are predominant during the early stages of irradiation. Additional loss of
helium from the gas after 250 GJ/kgU (3 GWd/MTM) or a higher release fraction
at 250 GJ/kgU would cause the release fractions to be underestimated. The

magnitude of the error decreases as burnup increases. For example, a 100%

error in the assumed release fraction at 250 GJ/kgU'would produce less than a
2% error in the calculated release fractions at 1700 GJ/kgU. Also, the maxi-

1 mum error in the calculated release fractions would occur if all of the helium
Was lost from the system and even for this unlikely condition, the error would

|, be less than 10% at 1700 GJ/kgU.

There was no significant evidence in the pressure data of helium loss
following 250 GJ/kgU. Also, the fairly constant fuel temperatures during the

23
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.

initial irradiation are in accordance with the assumed gas release fraction.
Therefore, we feel that calculations based on the above assumptions would lead
to reasonable, but somewhat high, estimates of the actual fission gas release

,

fractions.

Figure 8 shows the calculated gas release ranges as a function of burnup -

for Rods 432-1, 432-5, and 432-6. The calculations were based on the above
assumptions and a fission gas production rate of 0.3 atoms / fission. The lower
boundaries are calculated by assuming that helium loss is responsible for the
initial pressure drops while the assumption of a volume increase produces the
upper boundaries. Therefore, the actual release fractions for Rods 432-1 and
432-5 are expected to be near the lower boundary; whereas the release frac-
tions for Rod 432-6 are more appropriately near the upper boundary because of
the expected densification in this fuel type.

The gas release fractions from all three rods show three distinct regions:
the first extends to %250 GJ/kgU (3 GWd/MTM) and shows little evidence of fis-
sion gas release; the second extends to about 1100 GJ/kgU (13 GWd/MTM) and its
gas release fractions increase rapidly with exposure; the release fractions of
the last region decrease in Rods 432-5 and 432-6 but continually increase in
Rod 432-1, although at a slower rate than those in the second region.

'

As stated previously and shown in Figures 5, 6 and 7, a direct correlation
exists between fuel temperatures ano fission gas release. Additional insight
into the gas release characteristics can be obtained by considering the thermal
resistance of the fuel rod, which is defined as:

Tcl - Tcool 1R=
q .g

where: R = thermal resistance, (K-m/W)

Tcl = 1 cal centerline temperature (K)
Tcool = coolant temperature (K)

q = local linear heat generation rate (kW/m). *

The concept of thermal resistance previously has been described in detail
(Lanning et al., 1979); thus, only a brief summary will be given here. '

24
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The total local resistance of the fuel rod is the sum of the thermal
resistance across the cladding, the resistance across the fuel-to-cladding
gap, and the resistance through the fuel. Because the cladding resistance
changes little as irradiation conditions change, most of the observed changes
in resistance reflect either changes in the thermal conductance across the .

fuel-to-cladding gap or the thermal conductivity of the fuel. Gap size and
gas composition are the primary factors influencing the gap conductance, while
fuel cracking, gas composition, and fuel microstructures determine the effec-
tive thermal conductivity of the fuel.

.

Fuel cracking, fuel densification, and fuel relocation are the primary
mechanisms that alter the resistance during the initial stages of irradiation
in which gas release is minimal. Fuel cracking is expected to increase the
resistance by decreasing the effective thermal conductivity of the fuel. How-

ever, fuel relocation and densification have opposite effects on the gap
resistance depending upon their contribution to the gap size. Fuel relocation
will decrease the gap size and thereby decrease the gap resistance while den-
sification causes an increase in gap size and, thus, gap resistance. The
microstructural changes that accompany densification could increase the ther-
mal conductivity of the fuel but the change in gap size is expected to
dominate.

The thermal resistance curves for assembly 432, rods 1, 5 and 6,. all
showed the same general trends as a function of burnup. These trends are
illustrated in Figure 9 where the thermal resistance from Rod 432-6 at the
upper and lower thermocouple positions is shown as a function of burnup. The

curves were produced from data taken at full reactor power where differences
in resistance at the two locations are minimized.

Figure 9 shows that the resistance at the upper position decreases during
the initial 100 GJ/kgU (1.2 GWd/MTM) exposure while it increases at the lower
position. The difference between the two locations is thought to be due to
greater fuel relocation at the upper location, which overcones the effects of
fuel cracking and densification and results in a decreasing resistance. The -

|

.
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lower power level and increased axial constraint at the lower position reduces
relocation so that the resistance increases in response to the effects of fuel

cracking and densification.

Following the initial changes, the resistance for both the upper and
lower positions increases gradually with exposure to 250 GJ/kgU (3 GWd/MTM)
where a rapid increase in resistance is observed at the lower location. The
gradual increase in resistance could be due to additional fuel cracking or to
the release of fission gas. It is not possible to completely identify the
responsible mechanism, but a similar gradual increase in resistance was.

.
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observed in Rod 432-3, which operated at lower fuel temperatures (1473K peak
centerline). Therefore, if fission gas release is responsible for the gradual
resistance increase, the release rates are low and suggest a low-temperature

,

(i.e., knock-out) mechanism for fission gas release during this period.

The rapid increase in the resistance at the lower position is definitely -

associated with fission gas release as evidenced by the concurrent increase in
rod pressure. The resistance continues to increase with increasing gas
release until a balance between the effects of gas composition, fuel-to-
cladding gap size, and the effective fuel conductivity results in constant
fuel rod resistances. The saturation of the gas thermal conductivity at high
xenon concentrations is thought to be primarily responsible for the constant
resistances.

The resistance response at the upper thermocouple position is not com-
pletely understood, The smaller gap size at the upper location caused by the
higher power levels and greater initial relocation would be expected to reduce
the effects of gas composition on the resistance. This is in agreement with
the experimental results, but the rapid increase in resistance just prior to
the thermocouple failure is difficult to explain. One possible explanation is
for gas segregation to occur. Commonly, this is defined as having the heavy
fission gases congregate in the lower portion of the fuel rod and thereby
increase the degradation of the gas thermal conductivity at this position rel-
ative to the upper level. However, the fission gases are primarily being
released at the upper level due to the higher temperatures. Thus, one would
expect high concentrations of fission gases in this region. In addition, the

frequent power changes occuring during the irradiation should provide adequate
mixing, especially along the fuel column and, thus, gas segregation of this
type does not appear to be a viable mechanism.

Although the differences between the upper and lower positions are not
fully understood, the data from this and other experiments (Cunningham et al.,
1979) suggest that the resistance at both locations approaches a limiting value
of 0.036 to 0.040 m-K/W at higher burnups. This limiting value for the -

thermal resistance permits estimation of the temperature at the upper position
.
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after the thermocouples fail. The estimated temperatures will be used later
to calculate fission gas release with computer models.

Based on the preceeding discussion, gas release can be considered to con-,

sist of an incubation period where low temperature release mechanisms dominate
followed by gas releases that are characteristic of the high temperature proc-.

esses. The existance of an incubation period for gas release is commonly
observed experimentally (Vitanza et al., 1979) and is predicted by models '

based on mechanistic processes (Hargreaves and Collins, 1976 and Rest, 1978).
According to the models, the incubation period represents the time required to
establish the diffusion pathways from the fuel interior to the surfaces for
subsequent release. Grain boundaries are often considered as the predominant
diffusion paths and the models require saturation of grain boundaries before
significant diffusional release can be obtained.

The time required to saturate the boundaries, i.e., the incubation per-

iod, should decrease with increasing temperatures because diffusion is
strongly temperature dependent. The fuel resistance data at the lower thermo-
couple position shows a rapid increase at the end of the incubation period and
thereby provides a sensitive measure of the incubation period. For Rods 432-5
and 432-6, the incubation period was %250 GJ/kgU (3 GWd/MTM); Rod 432-1 showed

an incubation period of 4300 GJ/kgu (3.5 GWd/MTM), which is in accordance with
the difference in the peak centerline temperatures.

Futher evidence that the incubation period is temperature dependent is
obtained from the resistance data from Rods 432-2 and 432-3. Rod 432-2 con-
tained a large as-fabricated gap and ran hotter than the remaining helium-
filled rods, while Rod 432-3 contained a small gap and peak centerline temper-
atures were generally below 1573K. Accordingly, the incubation period for Rod
432-2 was less than 90 GJ/kgU (1.0 GWd/MTM), while a sharp increase in resis-
tance has not yet been observed in Rod 432-3. However, because of the small

gap size in 432-3, the effects of gas composition may not be as easily detec-
ted in the thermal resistance data.

.
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Following the incubation period, the gas release fractions increase as a
result of both the onset of high temperature gas release and thermal feed-
back. This increases the fuel temperatures and ccncurrently increases the gas .

release rates. The release fractions continue to increase until the thermal
resistance stabilizes and steady-state conditions are a:hieved. Thereafter, .|

the gas release rates and the release fractions are d:rectly associated with
the local power levels and the corresponding fuel temperatures.

The differences in the gas release characteristics of the three rods
could be due to differences in their temperature histories, fuel densities,

fuel stability, or burnup-enhanced fission gas release. Direct comparisons

between the estimated release fractions are not adequate to differentiate bet-
ween the various possibilities because of the different temperature histories
involved. Consequently, we must rely on fission gas release models with dif-
ferent functional dependencies to attempt an assessment of the effect of the
experimental parameters.

For this purpose, the fission gas release fractions, as a function of
burnup from the three rods, have been compared with the predictions from the
gas release models currently being used in the GAPCON and FRAPCON series of

3teady-state computer codes. Specifically, the GASREL (Beyer et al.,1975), ,

FGASRL (Reymann, ed.1978), and ANS54 (Rausch and Panisko,1979) subroutines

for fission gas release were used in conjunction with a small computer code
for calculating the axial and radial temperature distributions. The results
are shown in Figures 10, 11, and 12 for Rods 432-1, 432-5, and 432-6,
respectively.
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The calculations were based on the measured temperature / power histories of

the fuel _ rods. Burnup increments of either 86 or 172 GJ/kgU (1 or 2 GWd/MTM)
were used and the fuel column was divided into four axial segments, each about .

150 nn long. The measured centerline temperatures were used for the end seg-
ments, and the axial power distribution was used to estimate the temperatures ,

at the inner segments. After the upper thermocouples failed, the temperature
difference between end segments was estimated from the difference in local
power levels assuming a constant thermal resistance of 0.036 m-k/W. The radial
temperature distributions were calculated from the centerline temperatures with
a small computer code that uses the integral conductivity equation. Two sepa-
rate sets of calculations were made for each fuel rod and gas release model.
The first set used the conductivities for each fuel type that were experi-
mentally measured prior to irradiation (Hann et al.1977). For the second set
of calculations, the preirradiated thermal conductivities were decreased by 25%
to simulate the effects of fuel cracking. Decreasing the fuel conductivity
reduced the inferred fuel surface temperatures and produced the range of calcu-
lated gas release fractions shown in the above figures. Details of the tem-
perature calculations are provided in Appendix C.

Figures 10, 11, and 12 show that differences exist between the models with
regard to both the magnitude and burnup dependence of fission gas release In
general, the subroutine GASREL calculates lower release fractions than FGASRL L

at all burnups. The release fractions from the ANS model tend to approach the
values from GASREL at low burnups [<400 GJ/kgU (5.0 GWd/MTM)] and approach or

exceed the FGASRL values at higher burnups because of the imposed burnup depen-

dence. Also, the range of calculated gas release fractions is less for GASREL
Ithan for either FGASRL or ANS54, which shows a stronger dependence on the

radial temperature distribution for the latter models.

As discussed previously, there are uncertainties associated with the
release fractions estimated from the pressure data. As such, comparison of
the absolute magnitudes of the predicted and measured release fractions should
await results from the postirradiation examination. However, the effects of

.
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burnup enhancement, fuel density, and fuel stability can be examined by
comparing the differences between the predict;d and the estimated release

- fractions. A constant difference is expected if the model is correctly
predicting fission gas relase as a function of burnup.

'

To compare the three models, it is convenient to plot the difference bet-
ween the predicted and measured gas release as a function of burnup as shown
in Figure 13. The measured release fractions for Rods 432-1 and 432-5 cor-
respond to the assumption that helium loss is responsible for the initial
pressure drop, and for Rod 432-6, a volume increase was assumed in calculating
the release fractions. Using specific values rather than a range of values
for the estimated release fractions clarifies the plots by reducing the over-
lapping regions but does not change the analysis. However, it should be
remembered that a wider range of values exists so that the general trends in
the data, rather than specific details, are most important.

The curves derived from GASREL and FGASRL are relatively flat, especially ;

for the rods containing stable fuel (432-1 and 432-5), which indicates that
these models are correctly predicting the experimental burnup dependence.
Neither of these models contain strong burnup enhancement factors and, there-
fore, it appears that burnup-enhanced gas release is not significant for burn- '

ups to 1700 GJ/kgU (20 GWd/MTM). In contrast, the strong positive slopes for
the data from the ANS 5.4 model can be directly attributed to the model's
exponential burnup enhancement factor. In fact, when the burnup-dependent
term is removed from the model, the calculated release fractions are very
similar in both magnitude and burnup dependence to those predicted by GASREL.

The effects of fuel density on fission gas release can be examined by
comparing the results for Rods 432-1 and 432-5 that are obtained from GASREL

and FGASRL. Both of these models have a strong dependence on fuel tempera-
tures but GASREL contains a weak dependence on fuel density through its low
temperature release model; whereas FGASRL incorporates a strong dependence of

; fuel density on gas release. Since Rods 432-1 and 432-5 contain different
*

density fuels, it is possible to determine the relative importance of fuel
density on gas release by comparing the differences between the predicted and
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i

measured gas release for these rods. Similar differences between the
predicted and measured gas release for both rods are expected if the models
temperature and density dependences are correct.,

Figure 13 shows that GASREL predicts similar difference; whereas, for
| FGASRL, the difference between the predicted and measured gas release for*

1

Rod 432-5 is about a factor of two higher than for Rod 432-1. These dif-
ferences between the predicted and measured gas release for both models sug-
gest a weak dependence of fuel density on gas release. However, since the
calculated release fractions depend on both the fuel temperature and density,
a final assessment of the effects of fuel density on gas release cannot be
made until these variables are separated.

To separate them, we have recalculated the release fractions for Rod 432-5
with FGASRL using the same fuel density as Rod 432-1, i.e. 95% TD. Thus, fuel

density is no longer a variable and the effect of thermal history can be
examined. Under these conditions, the difference between the predicted and
measured gas release fractions is similar for both rods. Therefore, we can

'

conclude that fuel density is not a significant factor in gas release for
typical LWR fuels.

The curves for Rod 432-6 in Figure 13 are somewhat different than those
for Rods 432-1 and 432-5 and the differences may be associated with the

unstable fuel in Rod 432-6. The curves for both GASREL and FGASRL show a
decrease with exposure to s1100 GJ/kgU (13 GWd/MTM), which indicates that the
models are underpredicting the burnup-dependent gas release in this rod. This

,

behavior is likely related to differences in the thermal characteristics of

Rod 432-6 associated with the structural changes that occur during
densification.

The expected densification in the unstable fuel would increase the avail-

able free volume across the diameter of the fuel rod. This increased free
volume would lead to either an increase in the fuel-to-cladding gap size or to
more frequent and larger cracks within the fuel. Both of these conditions

'

would tend to increase the total thermal resistance of the rod relative to one
that had less available free volume.
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Therefore, since we previously assumed the same thermal resistance for

all three rods, the temperature difference between the upper and lower posi-
tions may have been underestimated for Rod 432-6. However, the magnitude of -

the effect densification has on the thermal resistance is very sensitive to
the actual distribution of the free volume across the diameter and, therefore, '

difficult to quantify.

In addition to increasing the thermal resistance, extensive fuel cracking
could alter the radial temperature distributions and thereby influence fission -

gas release. As before, the actual crack distributions and crack sizes would

dominate the radial temperature distribution, the magnitude of this effect on
,

'gas release has not been established.

In summary, comparison of the estimated gas release fractions to the
predictions from GASREL, FGASRL, and ANS54 has shown that:

Fuel temperature is the predominant factor influencing fission gas.

release.

Fuel density has, at most, a minor influence on fission gas release. !.

,

Burnup enhancement of fission gas release is not significant toe

%1700 GJ/kgU (20 GWd/MTM).

,

f

.

I
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TABLE A-1. Pressure Data From IFA-431

- Reactor Assembly Mod.
Power Power Temp. Pressures (MPa)

Date Time (MW) (kW) (C) Rod 1 Rod 5 Rod 6
,

5 06 75 1727 0.00 0.0 76.0 0.102 0.140 0.196
5 06 75 2225 0.00 0.0 95.3 0.110 0.110 0.182
50675 2324 0.00 0.0 107.8 0.118 0.118 0.189
6 06 75 848 0.00 0.0 157.0 0.122 0.140 0.236
60675 1811 0.00 0.0 175.1 0.132 0.132 0.305

"

7 06 75 1010 0.00 0.0 230.1 0.186 0.196 0.523
70675 2146 0.00 0.0 228.0 0.174 0.175 0.415
8 06 75 1643 2.47 15.5 239.3 0.167 0.183 0.955
80675 1941 5.21 32.3 239.4 0.176 0.191 1.112
80675 2200 7.80 40.3 239.8 0.182 0.211 1.086
90675 4 9.55 47.7 240.3 0.185 0.205 1.107
9 06 75 209 10.74 54.5 240.4 0.194 0.210 1.509
90675 301 11.02 55.1 240.5 0.201 0.218 1.431

'9 06 75 445 10.73 53.6 240.3 0.192 0.200 1.333
90675 707 10.73 53.6 240.5 0.193 0.207 ' 396 i

.

9 06 75 1038 10.69 96.0 240.4 0.192 0.211 1.401
14 06 75 958 1.00 0.4 227.5 0.128 0.140 1.338
20 06 75 223 0.00 0.0 229.2 0.136 0.141 1.274
20 06 75 1140 5.88 55.4 239.7 0.181 0.204 1.279
20 06 75 1547 8.20 82.3 240.2 0.194 0.221 1.298
22 06 75 1146 8.00 71.7 236.7 0.166 0.208 1.098
22 06 75 1553 10.22 98.4 236.3 0.200 0.228 1.171
22 06 75 1925 10.18 99.0 236.3 0.205 0.234 1.166
24 06 75 1447 5.90 61.5 240.7 0.160 0.194 0.857
24 06 75 1608 6.01 60.8 240.9 0.179 0.201 1.009
24 06 75 1743 6.23 61.1 240.4 0.181 0.201 0.921
24 06 75 2119 8.01 79.2 240.4 0.194 0.213 0.906
25 06 75 708 8.18 74.3 240.3 0.192 0.213 0.970
26 06 75 338 7.43 70.7 240.1 0.175 0.208 0.911
26 06 75 414 7.58 64.6 240.1 0.178 0.200 0.828
26 06 75 1740 8.93 87.6 240.5 0.175 0.222 0.897
26 06 75 2304 9.89 90.4 240.5 0.195 0.216 0.897
27 06 75 1725 0.00 0.0 229.1 0.117 0.126 0.857
28 06 75 1713 10.46 102.4 236.4 0.193 0.225 0.828
1 07 75 1353 10.44 97.4 236.7 0.186 0.220 0.853
2 07 75 1451 10.98 98.0 236.4 0.177 0.209 0.838
3 07 75 1448 9.88 81.0 236.3 0.168 0.205 0.764
7 07 75 1531 10.73 95.9 236.4 0.171 0.213 0.823
8 07 75 2014 0.93 ~10.9 233.6 0.133 0.159 0.704

' - 10 07 75 1716 11.15 103.9 236.9 0.178 0.220 0.784
14 07 75 1532 10.81 106.9 236.4 0.168 0.217 0.745
16 07 75 1625 10.96 106.5 236.1 0.171 0.217 0.764

"

18 07 75 1719 10.86 102.2 236.2 0.155 0.214 0.706
21 07 75 1508 0.00 0.0 213.2 0.101 0.137 0.529

(
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TABLE A-1. (Continued)

Reactor Assembly Mod. .

Power Power Temp. Pressures (MPa)
Date Time (MW) (kW) (C) Rod 1 Rod 5 Rod 6

.

22 07 75 1141 10.35 101.2 236.9 0.142 0.217 0.769
25 07 75 1530 10.49 96.8 237.1 0.154 0.211 0.715
29 07 75 1500 10.45 99.1 237.0 0.152 0.208 0.745
1 08 75 2033 0.00 0.0 225.2 0.106 0.139 0.736

19 08 75 2017 11.39 99.5 235.6 0.122 0.211 0.652
20 08 75 1122 0.00 0.0 224.1 0.103 0.141 0.623
22 08 75 1805 11.22 97.5 235.7 0.153 0.210 0.588
28 08 75 855 0.00 0.0 227.7 0.102 0.137 0.564
29 08 75 1350 11.01 69.4 235.8 0.121 0.194 0.730
4 09 75 1010 11.47 98.8 235.5 0.132 0.205 0.735

10 09 75 2159 11.31 101.5 235.9 0.126 0.212 0.632
11 09 75 941 0.00 0.0 229.4 0.098 0.146 0.623
12 09 75 911 6.05 51.9 235.9 0.111 0.165 0.681
12 09 75 1112 9.02 76.1 236.0 0.119 0.187 1.225
12 09 75 1159 10.47 85.6 236.0 0.122 0.200 0.843
12 09 75 1311 11.35 91.8 235.7 0.122 0.208 1.122
17 09 75 1518 11.30 96.6 235.8 0.133 0.214 0.853
20 09 75 1051 0.00 0.0 231.8 0.102 0.138 0.656
1 12 75 0 0.00 0.0 76.0 0.098 0.098 0.098
1 12 75 750 0.00 0.0 151.0 0.098 0.098 0.098
1 12 75 1940 0.00 0.0 154.0 0.098 0.118 0.098 i

2 12 75 900 1.00 9.0 208.0 0.098 0.118 0.098
7 12 75 1320 0.10 5.5 241.0 0.098 0.147 0.098
7 12 75 1555 0.00 0.0 236.0 0.098 0.127 0.098
8 12 75 325 0.20 5.0 240.0 0.098 0.157 0.098
8 12 75 1120 3.80 35.0 241.0 0.147 0.176 0.098
8 12 75 1500 7.90 70.0 238.0 0.167 0.196 0.118
8 12 75 1650 8.80 81.0 231.0 0.206 0.235 0.118
9 12 75 235 0.00 0.0 221.0 0.118 0.137 0.098 ,

13 12 75 1440 0.00 0.0 231.0 0.098 0.137 0.098
15 12 75 355 11.10 83.0 237.0 0.167 0.216 0.127
15 12 75 1005 11.50 82.0 237.0 0.167 0.196- 0.127 t

15 12 75 1400 11.10 80.0 237.0 0.176 0.176 0.118
16 12 75 220 11.40 100.0 237.0 0.176 0.196 0.137
16 12 75 915 11.40 105.0 237.0 0.176 0.186 0.127
16 12 75 1610 11.40 103.0 237.0 0.176 0.186 0.127
16 12 75 2000 11.40 95.0 237.0 0.176 0.196 0.127
16 12 75 2050 11.40 97.0 237.0 0.176 0.186 0.137

- 16 12 75 2340 11.80 98.0 236.0 0.167 0.186 0.137
'

17 12 75 850 9.00 72.0 236.0 0.157 0.167 0.127 .

17 12 75 1325 7.10 54.0 237.0 0.147 0.157 0.108
18 12 75 730 0.00 0.0 229.0 0.108 0.118 0.098
30 12 75 1216 0.00 0.0 221.9 0.098 0.137 0.098 .

2 01 76 1424 11.70 103.6 236.2 0.098 0.216 0.118
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TABLE A-1. (Continued) f
! Reactor Assembly Mod.-

Power Power Temp. Pressures (MPa) i*

Date Time (MW) (kW) (C) Rod 1 Rod 5 Rod 6
.

| , 01 76 958 0.00 0.0 222.3 0.098 0.127 0.098 i
1 23 01 /C 2131 0.00 0.0 226.3 0.098 0.127 0.098 i

! 24 01 76 1528 11.30 95.1 235.7 0.098 0.196 0.108 |

24 01 76 1647 11.20 95.1 235.7 0.098 0.196 0.108 ,

5 02 76 1556 0.00 0.0 231.1 0.098 0.118 0.098 :

6 02 76 1443 9.30 75.2 235.2 0.098 0.196 0.108
'

13 02 76 557 7.20 56 .7 234.7 0.098 0.196 0.118 ;

13 02 76 1556 0.00 0.0 229.1 0.098 0.127 0.098 r

13 02 76 1625 0.00 0.0 228.0 0.098 0.127 0.098
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TABLE A-2. Pressure Data From IFA-432

Reactor Assembly Mod. -

Power Power Temp. Pressures (MPa)
Date Time (MW) (kW) (C) Rod 1 Rod 5 Rod 6

.

1 12 75 745 0.00 0.0 150.0 0.144 0.150 0.175
1 12 75 1930 0.00 0.0 153.6 0.142 0.155 0.188
2 12 75 845 1.00 11.4 108.0 0.148 0.192 0.192 '

7 12 75 1315 0.15 7.0 240.0 0.138 0.193 0.211
7 12 75 1545 0.00 0.0 235.0 0.164 0.173 0.171
8 12 75 815 0.17 6.3 240.0 0.178 0.184 0.193

'

8 12 75 1115 4.10 50.0 238.0 0.213 0.234 0.235
8 12 75 1500 7.90 99.0 238.0 0.248 0.276 0.265
8 12 75 1630 8.80 113.0 232.0 0.252 0.278 0.253,

. 9 12 75 215 0.00 0.0 221.0 0.182 0.168 0.182' .

13 12 75 1430 0.00 0.0 231.0 0.162 0.164 0.174
1

15 12 75 400 11.10 133.0 237.0 0.265 0.291 0.291
'

15 12 75 1000 11.50 133.0 237.0 0.271 0.272 0.291
15 12 75 1330 11.05 128.0 237.0 0.270 0.270 0.271
15 12 75 1445 11.42 135.0 237.0 0.279 0.271 0.271
16 12 75 215 11.42 138.0 237.0 0.277 0.271 0.271
16 12 75 900 11.43 140.0 237.0 0.275 0.269 0.276
16 12 75 1600 11.43 141.0 237.0 0.263 0.265 0.265
16 12 75 2045 11.43 142.0 237.0 0.271 0.270 0.257

',

16 12 75 2330 11.80 142.0 236.0 0.270 0.269 0.253
17 12 75 845. 8.99 106.0 236.0 0.236 0.230 0.230
17 12 75 1315 7.13 80.5 237.0 0.217 0.216 0.216
18 12 75 715 0.00 0.0 229.0 0.158 0.147 0.159
19 12 75 730 11.15 132.3 237.0 0.266 0.266 0.266 |

19 12 75 1415 11.78 136.0 236.0 0.265 0.250 0.265
30 12 75 1215 0.00 0.0 222.0 0.149 0.138 0.108
30 12 75 1230 0.00 0.0 222.0 0.146 0.144 0.115
2 01 76 1424 11.70 138.0 236.0 0.240 0.240 0.220
2 01 76 1446 11.78 138.0 236.0 0.245 0.241 0.218

,

7 01 76 1000 0.00 0.0 222.0 0.138 0.128 0.138 '

7 01 76 1015 0.00 0.0 220.0 0.142 0.136 0.142
*

23 01 76 2130 0.00 1.1 226.0 0.128 0.119 0.108 '

24 01 76 1630 11.30 138.0 236.0 0.210 0.210 0.210
24 01 76 1645 11.20 138.0 236.0 0.210 0.210 0.210
5 02 76 1600 0.00 0.0 232.0 0.108 0.108 0.108
6 02 76 1440 9.30 113.0 235.0 0.179 0.189 0.199

13 02 76 530 7.20 84.0 235.0 0.179 0.189 0.189
15 02 76 1500 0.00 0.0 232.0 0.119 0.119 0.119

.,

.
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TABLE A-2. (Continued)

Reactor Assembly Mod.-

Power Power Temp. Pressures (MPa)
Date Time (MW) (kW) (C) Rod 1 Rod 5 Rod 6

.

25 06 76 730 0.00 0.0 227.0 0.131 0.125 -- i

28 06 76 1500 12.21 140.0 240.0 0.157 0.185 0.190
6 08 76 1340 11.82 140.0 231.0 0.169 0.270 0.231

10 08 76 1615 11.50 139.0 230.0 0.199 0.311 0.271
18 08 76 730 0.00 0.0 225.0 0.128 0.210 0.199
18 08 76 800 0.00 0.0 225.0 0.103 0.180 0.172
22 04 ~~ 1915 0.00 0.0 234.0 0.128 0.270 0.229
7 10 /d 1300 0.00 0.0 227.0 0.138 0.280 0.240

21 10 76 1300 12.30 140.0 238.0 0.280 0.695 0.523 '

29 10 76 1015 11.82 128.0 239.0 0.237 0.688 0.517
29 10 76 1930 0.00 0.0 233.0 0.138 0.356 0.311
7 12 76 505 2.90 9.3 238.7 0.167 0.412 0.343

'

7 12 76 1005 4.70 41.6 240.0 0.206 0.519 0.441
7 12 76 1333 9.20 109.2 240.1 0.265 0.686 0.510
8 12 76 2004 3.00 13.1 239.5 0.147 0.451 0.353

,

9 12 76 1938 11.60 123.5 240.4 0.274 0.715 0.539
10 12 76 1933 12.50 146.4 239.9 0.274 0.735 0.559
3 01 77 1434 12.40 144.0 240.1 0.304 0.843 0.706
4 01 77 626 0.00 0.0 222.7 0.157 0.402 0.372

17 01 77 1033 11.80 135.9 239.7 0.314 0.862 0.755
19 01 77 1038 3.00 33.9 237.0 0.186 0.637 0.578
19 01 77 1511 8.50 96.3 240.4 0.216 0.823 0.735
27 01 77 930 11.90 144.1 239.3 0.333 0.921 0.843
4 02 77 1324 4.10 66.3 235.0 0.284 0.794 0.735
9 02 77 1023 11.10 139.9 239.9 0.363 0.804 0.892

25 03 77 1628 1.50 4.0 203.1 0.216 0.500 0.480
26 03 77 1233 6.50 54.8 239.3 0.314 0.784 0.715
26 03 77 1728 12.00 116.6 239.7 0.314 0.951 0.862
10 04 77 1034 11.70 136.6 239.4 0.392 0.862 0.970
14 04 77 1458 11.50 118.6 239.2 0.382 0.892 0.970
18 04 77 1437 12.20 143.2 239.0 0.421 0.931 0.882
3 05 77 1313 6.20 85.8 238.7 0.441 0.931 0.902

11 05 77 1331 12.00 138.3 238.9 0.568 1.205 1.117
16 05 77 1354 5.30 77.8 239.1 0.529 1.107 1.058
19 05 77 2308 12.50 143.1 -239.3 0.627 1.313 1.245 s

19 05 77 2334 12.40 143.2 239.3 0.637 1.303 1.254
20 05 77 1300 12.40 143.0 239.5 0.627 1.303 1.245
20 05 77 1500 12.30 144.0 239.4 0.637 1.303 1.235
21 05 77 28 0.00 0.0 199.6 0.314 0.637 0.657
21 05 77 218 0.00 0.0 198.9 0.294 0.647 0.657
21 05 77 1840 0.00 0.0 68.8 0.186 0.441 0.421

.

A-5

|



TABLE A-2. (Continued)

Reactor Assembly Mod. -

Power Power Temp. Pressures (MPa)
Date Time (MW) (kW) (C) Rod 1 Rod 5 Rod 6

.

21 05 77 2056 0.00 0.0 70.4 0.176 0.431 0.392
22 05 77 1950 0.00 0.0 70.6 0.245 0.461 0.500
16 06 77 1931 0.00 0.0 79.0 0.245 0.421 0.441
19 06 77 2250 0.00 0.0 183.3 0.255 0.568 0.588
22 06 77 1556 0.00 0.0 73.0 0.235 0.421 0.421
23 06 77 555 0.00 0.0 153.1 0.284 0.519 0.519
24 06 77 921 2.90 2.1 215.7 0.412 0.862 0.853
24 06 77 1543 0.00 0.0 213.5 0.333 0.637 0.647
28 06 77 2234 2.50 21.5 200.2 0.372 0.853 0.833
29 06 77 953 3.50 21.8 238.6 0.451 0.951 0.941
29 06 77 1510 6.00 91.6 238.5 0.559 1.088 1.019
7 07 77 1209 0.00 0.0 145.2 0.274 0.529 0.549
8 07 77 1954 4.60 46.0 225.2 0.480 0.882 0.862
9 07 77 54 11.20 127.2 235.6 0.647 1.186 1.156
9 07 77 1543 11.50 139.7 237.7 0.627 1.235 1.196

'

11 07 77 1151 12.10 138.0 238.4 0.647 1.245 1.225
13 07 77 1204 12.40 159.6 234.8 0.627 1.245 1.225
15 07 77 1309 0.00 0.0 206.5 0.265 0.627 0.657.

10877 1046 12.00 160.1 234.6 0.745 1.303 1.372
3 08 77 1020 12.30 162.8 233.9 0.774 1.343 1.421
30877 1420 0.00 0.0 216.1 0.392 0.706 0.784
3 08 77 1816 1.60 9.1 211.6 0.431 0.804 0.872
5 08 77 1428 0.00 0.0 215.1 0.392 0.696 0.794

17 08 77 1415 12.10 158.6 234.0 0.872 1.382 1.509
10 08 77 1026 12.00 161.3 233.9 0.882 1.352 1.490 t

22 08 77 1200 12.00 160.4 234.0 0.892 1.372 1.568 ;

22 08 77 1314 11.90 161.0 233.8 0.902 1.362 1.548
'

22 08 77 1410 11.90 160.8 234.0 0.902 1.382 1.539
26 08 77 954 12.00 164.2 234.0 0.931 1.392 1.588
26 08 77 1607 2.50 42.9 220.6 0.706 0.970 1.147
26 08 77 1659 1.80 15.7 220.1 0.598 0.951 0.960
14 10 77 1622 9.20 106.7 238.4 0.862 1.352 1.568
15 10 77 1434 10.00 128.7 238.4 0.911 1.441 1.646
16 10 77 1443 11.80 138.4 238.2 0.921 1.460 1.676
16 10 77 1508 11.90 133.8 238.1 0.666 1.156 1.480
17 10 77 752 12.00 131.6 238.5 0.911 1.421 1.646
17 10 77 1449 4.00 25.0 233.4 0.617 0.941 1.127
18 10 77 1208 12.70 0.7 234.3 0.549 0.833 0.990
19 10 77 2038 3.90 16.6 237.8 0.598 0.931 1.098
19 10 77 2101 0.00 6.3 236.8 0.480 0.725 0.911 -

24 10 77 937 11.40 109.2 238.6 0.882 1.372 1.597
29 10 77 13 10.70 118.8 239.0 0.902 1.392 1.646
31 10 77 808 15.20 170.5 238.6 0.941 1.519 1.784 -

31 10 77 2028 15 'O 174.4 238.8 0.960 1.529 1.803
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TABLE A-2. (Continued)

Reactor Assembly Mod.
Power Power Temp. Pressures (MPa)-

Date T ;me (MW) (kW) (C) Rod 1 Rod 5 Rod 6

1 11 77 745 1.70 4.3 238.0 0.559 0.794 1.000-

1 11 77 832 1.70 0.6 236.0 0.500 0.715 0.941
41177 853 1.60 3.0 237.5 0.529 0.764 0.970
4 11 77 902 1.70 3.2 237.7 0.529 0.784 0.970
4 11 77 911 1.70 3.3 237.3 0.529 0.794 0.970
4 11 77 919 1.60 3.6 237.1 0.539 0.784 0.980
4 11 77 926 1.60 3.7 237.2 0.529 0.794 0.980 -

4 11 77 934 1.70 3.7 237.2 0.539 0.784 0.980
7 12 77 1312 0.00 0.1 159.4 0.431 0.588 0.745
7 12 77 2224 0.00 0.2 180.8 0.421 0.627 0.804

10 12 77 831 2.40 5.7 238.7 0.559 0.804 0.911
10 12 77 916 2.20 13.6 206.2 0.559 0.823 0.872
10 12 77 924 2.20 14.2 207.5 0.559 0.853 0.872
11 12 77 2105 12.40 152.4 239.2 0.862 1.411 1.666
13 12 77 2033 2.60 8.1 238.7 0.568 0.833 0.941
13 12 77 2044 2.60 7.9 238.9 0.559 0.843 0.951
13 12 77 2056 2.60 7.5 238.8 0.568 0.823 0.951
16 12 77 904 2.50 5.9 238.2 0.549 0.794 0.921
17 12 77 859 11.60 137.8 238.7 0.960 1.382 1.646
21 12 77 1022 11.90 137.4 238.6 0.941 1.333 1.646 !

21 12 77 1220 11.90 137.4 238.6 0.960 1.372 1.646
4 01 78 1013 11.30 156.3 238.9 0.951 1.372 1.735

'

50178 935 11.20 155.8 238.7 0.882 1.372 1.715
5 01 78 954 11.30 155.8 238.8 0.970 1.382 1.735
5 01 78 1050 11.30 153.8 238.8 0.970 1.372 1.725
5 01 78 1117 11.40 153.5 230.0 0.970 1.382 1.725 ,

5 01 78 1151 11.40 153.7 239.0 0.970 1.392 1.725
5 01 78 1211 11.30 153.7 238.9 0.872 1.382 1.725
5 01 78 1224 11.20 153.5 238.7 0.970 1.382 1.735
7 01 78 931 11.60 155.6 239.0 0.872 1.372 1.725 '

11 01 78 848 1.50 7.3 238.5 0.578 0.823 0.970
12 01 78 1313 11.60 158.0 239.4 0.882 1.372 1.754

'

12 01 78 1331 11.40 154.6 239.2 0.882 1.382 1.744
- 13 01 78 1452 1.70 8.5 238.6 0.568 0.861 1.000
! 13 01 78 1507 1.70 8.5 238.6 0.568 0.843 1.000
| 7 07 78 1630 0.00 0.4 72.4 0.402 0.490 0.608

7 07 78 1638 0.00 0.3 72.4 0.372 0.490 0.588
7 07 78 1644 0.00 0.3 72.2 0.372 0.470 0.598
70778 1651 0.00 0.3 72.4 0.372 0.470 0.617

10 07 78 911 0.00 0.2 200.2 0.557 0.706 0.931
10 07 78 918 0.00 0.1 200.3 0.578 0.706 0.931-

10 07 78 924 0.00 0.2 200.1 0.578 0.725 0.931
10 07 78 931 0.00 0.1 200.3 0.568 0.813 0.902

.
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TABLE A-2. (Continued)

Reactor Assembly Mod. -

Power Power Temp. Pressures (MPa)
Date Time (MW) (kW) (C) Rod 1 Rod 5 Rod 6

.

10 07 78 938 0.00 0.2 200.1 0.568 0.706 0.931
10 07 78 2032 2.10 5.0 239.9 0.647 0.853 1.117
10 07 78 2030 2.10 4.8 239.5 0.617 0.843 1.049
10 07 78 2039 2.10 5.2 239.4 0.608 0.833 1.049
10 07 78 2050 2.00 5.1 239.1 0.617 0.872 1.049
13 07 78 1250 3.30 11.8 239.9 0.706 0.960 1.235
13 07 78 1324 4.30 22.2 238.4 0.784 1. 068 1.372
13 07 78 1407 6.20 36.2 239.4 0.892 1.205 1.529
13 07 78 1430 7.20 43.0 239.2 0.960 1.254 1.588
13 07 78 1457 8.20 49.6 238.5 0.951 1.294 1.637
13 07 78 1511 8.70 52.3 238.9 0.970 1.313 1.676
13 07 78 1531 9.40 56.9 239.0 0.970 1.382 1.695 '

13 07 78 1558 10.30 63.7 238.9 1.000 1.372 1.754
13 07 78 1619 11.00 71.1 239.4 1.029 1.421 1.793
13 07 78 1640 11.90 78.1 239.5 1.049 1.460 1.842
24 07 78 945 12.30 83.1 239.9 1.049 1.490 1.852
10878 1355 12.50 87.4 235.5 1.058 1.509 1.891
4 08 78 1450 12.70 88.8 235.7 0.980 1.519 1.891
4 08 78 1505 12.70 88.5 235.8 1.078 1.519 1.911
4 08 78 1512 12.70 88.3 235.8 1.058 1.529 1.911
70878 1822 12.30 97.0 235.7 1.088 1.519 1.950
7 08 78 1629 12.40 96.8 235.9 1.078 1.539 --

90878 747 2.00 5.5 239.7 0.598 0.833 1.186
9 08 78 755 2.00 4.5 239.5 0.627 0.833 1.127
90878 1059 1.50 0.2 229.9 0.559 0.745 1.098

14 08 78 1107 12.60 100.9 235.0 1.117 1.597 1.999
14 08 78 1115 12.60 100.6 235.0 1.156 1.588 1.989
15 08 78 1440 5.20 44.7 235.3 0.921 1.294 1.666
22 08 78 1634 3.90 48.7 234.9 0.951 1.303 1.686

'
22 08 78 1650 4.70 50.3 235.2 0.960 1.333 1.715.

22 08 78 1706 6.30 56.2 235.3 1.019 1.372 1.784
28 08 78 746 12.30 101.7 233.7 1.254 1.539 2.019
28 08 78 758 12.40 101.6 233.5 1.147 1.578 2.019
31 08 78 751 12.60 100.3 235.1 1.176 1.568 2.038
3 09 78 2119 12.20 99.7 235.1 1.186 1.568 2.048
3 09 78 2138 12.10 99.7 235.3 1.186 1.558 2.048
3 90 78 214d 12.20 99.8 235.3 1.176 1.539 2.019
4 09 78 743 1.70 4.1 234.6 0.676 0.843 1.147
4 09 78 750 1.70 3.1 234.6 0.696 0.853 1.147
8 09 78 1048 12.40 96.8 235.5 1.186 1.558 1.999 -

13 09 78 759 11.20 98.3 235.0 1.196 1.548 1.989
13 09 78 808 11.60 98.3 234.9 1.196 1.558 2.009
15 09 78 753 11.90 99.7 235.1 1.196 1.558 1.999
20 09 78 758 11.80 100.9 235.2 1.196 1.519 1.999

|

|
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TABLE A-2. (Continued)

Reactor Assembly Mod..

Power Power Temp. Pressures (MPa)
Date Time (MW) __1kW) (C) Rod 1 Rod 5 Rod 6

20 09 78 808 11.80 100.9 234.9 1.205 1.539 1.999
25 09 78 755 11.70 101.0 235.0 1.215 1.539 1.960
26 09 78 923 1.30 0.4 227.4 0.676 0.784 1.039
26 09 78 930 1.30 0.4 227.8 0.666 0.833 1.039
3 10 78 749 11.90 90.0 235.2 1.225 1.539 2.058
3 10 78 756 11.90 90.0 235.3 1.235 1.548 2.038
5 10 78 803 10.50 96.5 235.1 1.254 1.597 2.058

23 11 78 1636 0.00 0.0 71.7 0.529 0.598 0.725
23 11 78 1649 0.00 0.0 72.1 0.529 0.627 0.725
27 11 78 838 2.70 7.1 239.5 0.637 0.755 0.784
27 11 78 1244 2.80 7.0 238.7 0.794 0.715 0.921
28 11 78 745 2.60 6.0 238.8 0.902 0.833 1.117
28 11 78 2056 8.90 65.9 239.9 1.186 1.480 1.891
30 11 78 1027 13.10 89.0 240.2 1.264 1.597 1.960
30 11 78 1115 13.30 90.8 240.3 1.313 1.656 2.038
30 11 78 1404 13.00 89.6 240.4 1.264 1.646 2.029
31278 1020 6.10 37.8 238.1 1.009 1.254 1.578
4 12 78 1029 13.60 96.1 240.3 1.284 1.656 2.078
7 12 78 745 2.20 5.7 239.9 0.872 0.833 1.117
9 12 78 1719 13.00 90.5 239.9 1.264 1.607 2.019

14 12 78 754 1.70 4.4 239.5 0.862 0.833 1.127
18 12 78 750 1.60 4.3 239.2 0.882 0.843 1.147
20 12 78 745 1.60 4.8 238.9 0.882 0.960 1.147
21 12 78 805 12.20 78.4 240.3 1.264 1.607 2.038
2 01 79 810 12.30 80.4 239.6 1.548 1.960--

,

3 01 79 920 11.90 89.5 240.1 1.264 1.607 2.097
3 01 79 939 12.10 89.6 240.3 1.264 1.607 2.097
3 01 79 953 12.00 89.4 240.3 1.284 1.617 2.107
3 01 79 1008 12.00 89.5 240.3 1.274 1.607 2.097
3 01 79 1021 11.90 89.4 240.0 1.284 1.627 2.097
3 01 79 1049 12.00 89.6 240.0 1.284 1.617 2.087
3 01 79 1131 12.10 89.5 240.3 1.284 1.627 2.097
3 01 79 1203 11.90 89.6 239.9 1.284 1.607 2.097
3 01 79 1247 12.00 89.8 240.3 1.284 1.627 2.087
3 01 79 1308 12.00 89.7 239.9 1.284 1.617 2.097
3 01 79 1318 12.00 89.7 240.0 1.294 1.637 2.097
3 01 79 1418 12.00 89.6 240.3 . 1.274 1.617 2.097 .

3 01 79 1436 12.00 89.7 240.3 1.284 1.617 2.097'

4 01 79 845 1.60 4.9 239.1 0.862 0.804 1.166
4 01 79 944 1.50 4.0 238.6 0.882 0.833 1.205.,

5 01 79 1647 9.50 74.4 239.5 1.205 1.519 1.999
5 01 79 1647 9.50 74.4 239.5 1.205 1.519 1.999

- 15 01 79 755 1.30 6.0 239.4 0.902 0.804 0.794 7

16 01 79 2015 7.50 57.6 240.1 1.098 1.372 --
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TABLE A-2. (Continued) |
Reactor Assembly Mod. :

Power Power Temp. Pressures (MPa)
'

Date Time -(MW) (kW) (C) Rod 1 Rod 5 Rod 6 ;

19 01 79 755 11.90 93.9 239.5 1.264 1.607 --

22 01 79 755 1.50 6.1 239.2 0.902 0.853 -- ;

25 01 79 756 12.00 92.9 240.1 1.284 1.607 i
--
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APPENDIX B I

ESTIMATED CHANGES IN R0D INTERNAL VOLUME OR GAS CONTENT

.

All pressure data shows a decrease during the initial stages of irradia-
tion that could be due to an increase in the internal free volume and/or a.

decrease in the helium content of the gas. The estimated pressure decreases
due to fuel densification, fuel cracking, helium absorption, and irradiation-
induced entrapment are in Table 4. This appendix includes the procedures and
assumptions used to estimate the pressure drops for each of these potential
mechanisms.

FUEL DENSIFICATION

Fuel densification provides a logical mechanism for increasing the free
volume of a fuel rod. For the fuel rods in IFA-431 and IFA-432, a 1.0% T0

3increase corresponds approximately to a 0.5 cm increase in the free volume.
The fuels in rods 1 and 5 of both assemblies were fabricated to be stable dur-
ing irradiation, and densification is expected to be less than 0.5 %TD based
on the results of resintering tests (Hann et al., 1977). Therefore, the maxi-

3mum increase in the free volume is expected to be 0.25 cm . The estimated

pressure drops for rods 1 and 5 for each assembly were calculated using this
value.

The fuel in Rods 431-6 and 432-6 was fabricated to be unstable with res-
pect to densification, and larger volume increases are expected in these rods.
Postirradiation examination of Rod 431-6 showed that the density of this fuel
type increased about 5.0% TD during irradiation to %350 GJ/kgU (4 GWd/MTM).

3This density increase corresponds to a free volume increase of 2.5 cm ,
which was used to estimate the pressure drop due to densification in Rod

| 432-6.
|

FUEL CRACKING

' Fuel cracking could increase the free volume of the fuel rod by inter-
secting aad, thus, exposing some of the internal porosity of the fuel.

.
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An estimate of the amount of porosity exposed by this mechanism can be made by
calculating the volume of material affected by the cracks and comparing this
to the total volume of the fuel. Multiplying this ratio by the amount of por- -

osity available yields the estimated volume increase. For the calculation, it

was assumed that the porosity was uniformly distributed and that the pores
contained no gas. The width of the crack-affected zone was taken as twice the
median pore diameter of the respective fuel types (Hann et al., 1977).

The calculated volume increases depend directly on the amount of fuel
cracking. In the present calculations, one circumferential crack, located at
midradius, and four radial cracks were assumed as a reasonable crack distribu-

tion. The corresponding free volume increases due to this crack distribution
3 3are 0.01 cm for Rods 431-1 and 432-1, 0.07 cm for Rods 431-5 and 432-5,

3and 0.007 cm for Rod 432-6. Accordingly, an appreciable increase in the
free volumes would require an extremely large amount of cracking. Also, the
internal porosity is expected to contain some gases, which reduces the effect
of the volume increase. Therefore, the estimated pressure drops listed in

Table 4 are believed to represent a maximum pressure drop for this mechanism.

HELIUM ABSORPTION

A decrease in the amount of heluim present in the fuel rod could result
from helium absorption by the U0 . Rufeh et al. (1965) have measured the

2

solubility of helium in U02 powders (4-um particle size) to be
6.7 x 10-4 cc He/atm-g 00 at 1473K. Belle (1958) measured the solubility

2
at 1073K and found it to be 2.5 x 10-4 cc He/atm-g U0 . Using this data,

2

the amount of helium that could be absorbed in the IFA-431/432 fuels is cal-
culated to be 1.3 x 10-5 and 5.1 x 10-6 moles for 1473K and 1073K,

respectively.

The calculated pressure drops given in Table 4 for helium absorption were
obtained from the 1473K estimate. These values should represent maximum pres-
sure drops because most of the fuel was below 1473K and fine powders are

'

expected to absorb more helium than solid pellets.

.
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IRRADIATION-INDUCED ENTRAPMENT

irradiation-induced entrapment (by knock-on) provides another possible !
means for reducing the helium content of the fuel rod. Experimental studies ;*

on xenon entrapment have shown that the number of xenon atoms entrapped is a

linear function of burnup and fill gas pressure (Lewis et al., 1964). The i

linear dependence on these variables is in agreement with the theory developed ,

'

by Lewis (1960) for the knock-on process.

Experimental data for helium entrapment during neutron irradiation could >

not be found and, thus, the data for xenon entrapment (Lewis et al., 1964) was
used to estimate the pressure decreases. There is a large amont of scatter in ,

the xenon entrapment data and fuel density appears to be the primary variable.
Therefore, the data from fuels with densities greater than 90% TD was used to
estimate the amount of helium that would be entrapped.

IIn making the estimates, the burnup was taken as 17 GJ/kgU (0.2 GWd/MTM)

for Rods 431-1 and 431-5 and 170 GJ/kgU (2 GWd/MTM) for the three rods from

IFA-432. These values correspond to the exposure required to achieve the
minimum pressure in the respective assemblies and thereby represent the poten- |

tial helium loss during this period. The estimated helium losses are 2.1 x
10-6 moles for Rods 431-1 and 431-5, and 2.1 x 10-5 moles for the three

rods in IFA-432. The uncertainty in these estimates is quite large because of
the big difference in tne atomic masses of xenon and helium. However, as

discussed in the main report, the pressure data does not show the proper burn-
up dependency and therefore entrapment does not appear to be a primary mech-
anism for the initial pressure decreases.

<

I

.
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APPENDIX C

TEMPERATURE INPUT FOR GAS RELEASE CALCULATIONS

.

Since fuel temperature is the predominant factor inft.encing gas release,
it is the critical input parameter for gas release calculations. The fuel -

temperature histories used to compare the three gas release models In the main
report were based on the measured temperature / power histories at the lower
thermocouple position for each rod. The procedures used to estimate the temp-
eratures at the other axial locations are presented in this appendix.

For the gas release calculations, the fuel column was divided into four
equal segments. The temperature of each segment was obtained from the rela-
tion:

AT (C-1)T =TLTC + B$j

where T = centerline temperature of segment i' j
TLTC = centerline temperature at lower themocouple position, axial

segment 1

AT = difference in centerline temperature between upper and lower ,

thermocouples, axial segments 4 and 1

Bj = 0.0, 0.48, 0.79, and 1.0 for axial segments 1, 2, 3, and 4,
respectively.

The specific values for B were obtained from the axial power distribution
curve provided by the Halden Reactor Project (Hann et al., 1977).

.

Plots of fuel temperature vs burnup for each rod were used to determine
the average centerline temperature during exposure increments of either
86 GJ/kgU (1.0 GWd/MTM) or 172 GJ/kgU (2.0 GWd/MTM). Temperature data from

the upper and lower themocouple positions was used until the upper thermo-
couple failed. Thereafter, equation C-1 was still used to calculate the

t

temperature for each axial segment, but the temperature difference between the
upper and lower locations, AT, was estimated by the relation:.

.

!

C-1

,



-

AT = R A q (C-2)

.

where R is the fuel rod thermal resistance and Aq is the difference in local
power between the upper and lower segments. .

Using equation C-2 is advantageous because the estimated temperature dif-
ference between the upper and lower segments is directly related to the mea-
sured difference in local power levels. As discussed in the main report, the
measured thermal resistances at the lower thermocouple position saturated in
the range of 0.036 to 0.040 m-K/W at full power and the resistances at the

,

upper position appeared to be approaching the same range when the thermo-
couples failed. There is not enough data available to accurately estimate any
differences in thermal resistance that are due to the local power levels in
xenon-filled rods at the upper and lower post ions. Therefore, a constant

value of 0.036 m-K/W was used for both locations in calculating AT. Fig-
ure C-1 shows the temperature histories at the upper and lower positions that
were used in the gas release calculations.

The radial temperature distribution for each axial location and burnup '

increment was calculated with a small computer code. The calculations were

based on the fuel centerline temperatures and used the integral conductivity
equation. Two separate sets of calculations were made for each fuel rod and
gas release model. The first set used the conductivities for each fuel type
that were experimentally measured prior to irradiation (Hann, et al. 1977).
For the second set of calculations, the preirradiated thermal conductivities
were decreased by 25% to simulate the effects of fuel cracking. This reduced
the radial fuel temperatures beyond the centerline position and led to lower
gas releases.

The radial temperature distribution is directly used in calculating gas
release in all three models. GASREL is a four-temperature-zone model and uses
the radial temperature distribution to establish ~the radial boundaries for
each temperature zone. For both the FGASRL and ANS54 models, the fuel is -

divided into annular rings and the average temperature of each ring is used to
.

C-2

,

_ _ _ _ _ _ _ _ _
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'

i

calculate gas release. Ten annular rings were used in the FGASRL calcula- '

,

tions; while twenty rings were used in the ANS54 calculations. The number of ;

annular fuel rings used in the two calculations is in accordance with common f.

practice. Finally, the time-dependent form of the three models was used in !

order to utilize the experimental temperature / power histories.-

The same temperature histories and radial temperature distributions were
supplied to each of the gas release subroutines. Hence, even though
uncertainties exist in the absolute fuel temperatures, the resulting calcula- !

tions are directly comparable.

.

.

b

!
-

r

r

i

I

e

a

C-3

.



;

2000 -
ROD 432-1

* ' UPPER

SEGMENT
-

1800 -

.

1600 -

|
1 I

LOWER SEGMENT
_

t t i

R0D 432-5
x # ,

2000 -

g - .

$_ 1800 -
!

-
,

y UPPER SEGMENT

~

LOWER
5 I I SEGMENT

~

1400 ' ' '

# I
R0D 432-6

2000 -

'

1800 . UPPER SEGMENT

W
-

1600 - 1 {
I

LOWER SEGMENT

1400 ' ' '

500 1000 1500 2000

AVERAGE BURrJUP, GJ/kgU
.

FIGURE C-1. Centerline Temperature Histories for Rods 432-1, 432-5, and
432-6 that were Used for Calculating Fission Gas Release
(* denotes point at which the thermocouple failed) '
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