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L'ENERGIE ATOMIQUE DU CANADA, LIMITEE

Emanations transitoires de produits de fission
dans des éléments combustibles à base d'UO

astreints en service à des cycles de puissance

par

J.J. Lipsett, C.E.L. Hunt et I.J. Hastings

Réunion de spécialistes, parrainée par l'AIEA, l'OCDE
et. d'autres agences sur le thème de la sûreté du com-
bustible et de l'émanation de produits de fission sous
conditions anormales et accidentelles dans les réacteurs
à eau légère; cette réunion a eu lieu à Riso, Danemark
du 16 au 20 mai 1983.

Résumé

On a mesuré les émanations de produits de fission à courte vie durant des
srrêts et des démarrages transitoires en se servant d'éléments combustibles
intacts, à base d'UO-, fonctionnant normalement à une puissance linéaire
'ariant entre 45 et 52 kW/m. L'ampleur des émanations transitoires dépend
de la puissance du fonctionnement en régime stable et de la sévérité du
phénomène transitoire. On a établi, par déduction, que l'inventaire des
espèces à courte vie dans l'espace situé entre le combustible et la gaine,
et donc la durée accidentelle de la source pourrait, être accru par une
série de phénomènes transitoires en fonctionnement normal.
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A B S T R A C T

We have measured short-lived fission product release during
shutdown and startup transients for intact UO2 fuel elements
normally operating at linear powers of 45-62 kW/m. The
magnitudes of the transient releases are dependent on the
steady state operating power and severity of the transient.
It is inferred that the inventory of short-lived species at
the fuel-to-sheath gap, and thus the accident source term,
could be augmented by a series of normal operation transients,
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1. INTRODUCTION

Most data in the literature on fission product release from
oxide fuel refer to stable species under normal operating
conditions [1]. However, there is a growing body of infor-
mation on short-lived species, arising from the study of
reactor accident conditions [2-8]. Recent experiments
[9,10] at Chalk River Nuclear Laboratories (CRNL) have
examined directly the short-lived fission product release
from operating, full length (500 mm) CANDU-type elements at
linear powers of 45 and 62 kW/m.

Transient and accident fission product releases have usually
been studied by out-reactor simulated transients on irradi-
ated UO fuel (for example, [11-13]) as well as simulated
and in-reactor work on mixed-oxide LMFBR fuel (for example
[14-16]). Recent work at CRNL examined short-lived fission
product release during thermalhydraulic transients [17],

At CRNL there was some early work on transient release of
stable fission product gases under normal operating con-
ditions [18] . In this paper we report the release of short-
lived fission products during reactor shutdown and startup
transients, and show how this contributes, with steady state
release, to the accident condition source term.

2. EXPERIMENTAL

In a continuing program to study short-lived fission product
behaviour, we have irradiated a series of U02 fuel elements
with upper and lower gas lines attached, in the experimental
loops of the NRX reactor at CRNL. Volatile fission products
were swept from the fuel-to-sheath gap of an operating
element using a He-2% H2 carrier gas. On leaving the
element, the carrier ("sweep") gas passed two radiation
monitors. One continuously measured the radiation field at
the outlet from the reactor and the other, a germanium
spectrometer, measured the concentrations of the individual
fission products in the sweep gas [10].

Two types of fuel elements were irradiated, details of which
are given in Table 1 along with the loop operating con-
ditions. Dimensions of, and fuel used in, these elements
were similar to CANDU reactor fuels.
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Differences were:

a) the fuel pellets had axial grooves to assist in the
passage of the sweep gas;

b) the sheath material for the later experiments was
changed from Zircaloy-4 to stainless steel;

c) later elements were instrumented with internal fuel
thermocouples, one central and three on the periphery
of the element about 1 mm from the fuel surface,

A schematic of the sweep gas system is shown in Figure 1.
It is a once through system with bottled He-2% H2 gas as the
supply. Delay tanks give a 15 day decay period before the
gas is exhausted to the atmosphere. This system has given
good service; full details are given elsewhere [10]. Gas
velocities between the fuel and the spectrometery system
have been difficult to assess because of changing tempera-
ture profiles. This introduces uncertainty in correlating
fission product transients with reactor power changes and in
determining precise timing of events.

The radiation field monitor viewed a 30 cm section of 0.18 cm
bore tubing. With a gas velocity of 5.4 cra/s, any activity
pulse was in view for 5.6 seconds.

The germanium spectrometry counting station was eight minutes
downstream. A rectangular detector viewed a calibrated
sample chamber through a slit collimator arranged perpen-
dicular to the axis of the chamber. Figure 2 shows the
normal configuration.

The operating range of count rate of the system was preset
by selecting the width o" the colliraator. During activity
transients the dynamic range could be extended automatically
by a factor of seven by switching off 85% of the detector [20]

During these experiments, it was difficult to select a
single collimator width that would give statistically
reliable results under steady state conditions and simul-
taneously give adequate dynamic range to measure transients.
As the fuel power increased, the magnitude of the count rate
during the pulse transient releases exceeded the dynamic
range and the transient peak data became unreliable at the
maximum values. However, the true fission product release
rates, Ri(t), are' convolved with the characteristics of the
sample chamber to give the measured release rates Rn(t).
Since we know the sample chamber characteristics, we have
been able to calculate the transient release, T, from the
available data.
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The transient release is defined as the integral of the
release rate over the transient period, or

T = lRi(t)dt = /Rn(t)dt (1)

"t=0 •'0

To determine the time dependent characteristics of the true
release rate, Ri(t), without the distortion of the sample
chamber, a special observation point was established
upstream of the sample chamber where a portable germanium
spectrometry system viewed the 5 mm bore sample line through
a narrow (1 mm) slit colliraator. This reduced the sensi-
tivity of the spectrometry system to allow the measurement
of the peak values and gave a transit time as defined by
width of the collimator w divided by the gas velocity u,
w/u = 0.15 s.

3. RESULTS AND DISCUSSION

3.1 Experiment FIO-122

The first experiment in the series, code named FIO-122, was
designed to measure the steady state release rates of short-
lived fission products at a linear power of 45 kW/m. These
results have been reported [9,10,19], On two occasions
during the test, data collection times were shortened during
a planned reactor power cycle to observe the release rates
generated by power changes.

The results for one of these power cycles are given in Figure 3
and they show a qualitative picture of the sequence of events:

a) A short pulse release was initiated by the power reduction,
as can be seen by Xe-133. The intensity of the pulse
release varied for different fission product isotopes
and when corrected for fission yield, y,

Ri/y« A"1'5 (2)
where

X is the decay constant of the fission product;

b) Another pulse release accompanied the reactor startup
and again

Ri/y« X" 1'5

c) Once full power had been resumed, the steady power
release was higher than before the power cycle. This
enhanced release decreased uniformly for all of the
fission products back to the initial steady power release
rates over a period of about four hours.

These features are consistent with a mechanism where, at
steady power, the fission products migrate to sites
distributed throughout the fuel, i.e. grain boundary
bubbles, tunnels, and internal fuel surfaces. In those
sites that are normally isolated from the sweep gas, the
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fission products are stored and build up to an equilibrium
inventory. These stored fission products are released
suddenly when UO2 cracks, formed due to thermal shock
accompanying a transient, intersect some of these sites,
venting them to the sweep gas.

A transient release fraction, T/Q, can be defined as the
ratio of the integral of the fission product release, T, to
the total inventory in the fuel Q= This ratio is comparable
to R/B, the steady state release to birth rate ratio, and
permits analysis of the characteristics of the transient
release similar to previous steady state analyses. The
method is appropriate to transients whose duration is short
compared to the half life of the fission product.

For U02 the dominant transport function is diffusion that
results in

R R JL_ (3)
B <* Y

 a \0. 5

If the transient release, T, is the sum of equilibrium
inventories, q, atoms, from isolated sites; Tsq, and

dq _ k (4)
d7 ~ • X^-5 A q

where the term k/X0*5 represents diffusion into the site.

At equilibrium, dq/dt = 0 and

k
q = ^iTT <* T, (5)

which corresponds to the observed behaviour.

3.2 Experiment FIO-133

The objectives of the FIO-133 test were to measure the
steady state R/B of fission products at high linear heat
ratings and to measure release during thermal hydraulic
transients [17]. These latter transient tests required that
the loop operating conditions be changed from pressurized
water (PW) to fog cooling mode. The two operating modes
resulted in two different steady state linear fuel powers,
55 kW/m in PW and 62 kW/m in fog, and also two different
peripheral fuel temperatures.

During this test, the transient release of short-lived
fission products during power cycles accompanying shutdown
and startup was also examined in detail. The experiment
operated for 108 days, from 1981 August to December, and
experienced 38 reactor power cycles of which 25 were
scheduled.

Six power cycles were selected for detailed examination.
They were selected both to cover a range of operating
situations and for the quality of the data. Table 2
outlines -he conditions. These shutdowns were schcd-il<.;d for
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reasons unrelated to the test itself, but were long enough
for transient releases to approach the zero power steady
state. One data gap resulted from operating requirements.

Most shutdowns were done using the reactor control system at
a low rate of 1%/s. We requested that one of the shutdowns
be a fast safety system shutdown which has an initial rate
of 700%/s.

The isotopic release rates of the gaseous fission products
have been plotted in Figures 4 to 7 for two of the shut-
downs. Figures 4 and 5 are from the safety system shutdown
on 1981 October 18 in the P.W. mode and Figures 6 and 7 are
from the control system shutdown on 1981 November 15 in the
fog mode. These power cycles were selected for illustra-
tions because the magnitude of the transient releases were
large.

From these figures and Figure 3, two of the three features
of the sequence of events discussed for FIO-122 were common
to all three power cycles.

a) A pulse release occurred promptly with the shutdown and
then the fission products relaxed from the maximum with
a common rate constant until the continous release due
to long-lived precursors became important.

b) Startup transient releases occurred that had charac-
teristics approximating those of the shutdown pulse.

There were also important differences:

a) The magnitudes of both the shutdown and startup transient
release rates covered a wide range particularly in com-
parison to the initial steady state release rate.

b) The decrease in release rates from the enhanced rate
after the power cycle back, to normal steady state was
uniform for those fission products without a long lived
precursor, as seen by the kryptons and Xe-138. This was
not always true for Xe-133, Xe-135 and Xe-135m as can
be seen on Figure 7 where, by 2400 h, Xe-138 had
returned to normal while the other xenons were 4 to 10
times the normal release rate. Since iodine behaviour
is inferred from the xenon data, a change in iodine
behaviour is indicated.

These differences are addressed separately below.

3.3 Shutdown Transient Releases

Six of the shutdowns were selected for isotopic analysis
based on the germanium spectrometry but all of the shutdowns
were monitored for radiation field strength from the sweep
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gas at the reactor outlet. Examples of these radiation
fields are given on Figure 8. Note that:

a) The shutdown transients were an order of magnitude
higher in fog that in PW (first order effect);

b) In the same operating mode (PW) a safety system shut-
down caused a larger radiation field transient than a
control system shutdown (second order effect); and

c) The startup transients were prominent in fog.

The effect of peripheral fuel temperature on the peak
radiation field strengths of the shutdown transient is shown
on Figure 9. These different temperatures result from the
PW and fog operation mentioned above. Although the data
were scattered, a strong temperature dependence was
indicated.

The curves connecting the data points have no analytical
significance but have been added to draw attention to
possible second order effects. The two main curves illu-
strate that the differences between safety system shutdown
and a control system shutdown may be reduced at the higher
temperature. Below 750°C the curves suggest that the
magnitude of the transient release was independent of tem-
perature, a perception drawn from our analysis of steady
state release rates [9,17], and was being controlled only by
the shutdown rate and prior time of operation, if less than
2 4 hours.

The integral of the release rate, T atoms, has been calcu-
lated for individual fission products for the transient
period along with the transient release fraction, T*/Q; and a
parameter (T/Q)/(R/B), the ratio of the transient release
fraction to the pre-shutdown steady power release fraction.
The latter provides a measure of the increase in exposed
fuel surface over the steady state, and the notation is
simplified to T/R.

These results have been listed on Table 3 for the three PW
shutdown transients and the transient release fraction, T*/Q,
has been plotted on Figure 10. For these conditions, i.e.
linear heat rating 55 kW/m and peripheral temperatures
between 740 and 76O°C, T*/Q *\-°•"" which is close to A~° * 5 ,
indicating diffusion as the primary transport mechanism in
the fuel.

We inferred the change in exposed iodine from the Xe-135m
release rate during shutdown. This "apparent" transient
release fraction was in close agreement with the gases,

The release of a gaseous fission product can have a
component that is due to precursor diffusion. A correc-
tion for this precursor contribution is free, UGH t Ly used
in assessing results. In this paper an asterisk is used
to indicate that the correction has been made.
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indicating that gas and iodine diffusion are approximately
equal, as we have previously reported for steady state
operation [9,10,19] .

The magnitude of T*/Q was substantially larger for a safety
system shutdown than for the controlled shutdown. This
could be due to differences in the response of the fuel to
the shutdown rate. We were interested in seeing whether the
release transients were different but the time response of
our normal spectrometry site was incapable of resolving the
real transient Ri(t).

It was obtained by measuring transient release rates at our
special purpose observation point during the current experi-
ment FIO-134 that is similar to FIO-133. Results of Ri(t)
for both a safety system shutdown and a control system
shutdown are shown on Figure 11. In each case two releases
with different rate constants, a, and a , were observed, but
the integrated transient release for the second was less
than 10% of the initial pulse. The safety system shutdown
transient had a relaxation rate constant twice that of the
control system shutdown.

The ratio T/R may be used to judge the severity of the
transient effect in causing exposure of new fuel to the
sweep gas. At these linear powers a control system shutdown
had a very small effect. The effect was significant for a
safety system shutdown where the exposed fuel surface was
approximately doubled.

In the fog cooling mode, the 10% increase in fuel linear
power and peripheral temperature caused substantial
increases in transient release. This is given on Table 4
and can be seen by comparing Figure 12 with Figure 10. The
release fractions T*/Q increased by about two orders of
magnitude. Also the "apparent" iodine transient release was
about twice that of the fission gases, which could indicate
greater iodine diffusion. The factor of 100 increase
between operating modes is large compared to the radiation
field results and is being investigated.

The relationship of T*/Q a^-0-1*3 remains close to diffusion
and the differences appear to be consistently low values for
Xe-133. More important was the ratios of T/R which ranged
from 2 to 20. This shows that at these conditions the
fuel-to-sheath gap source term due to shutdown exceeds that
during steady state.

The series of four power cycles over November 15 to 17
provided an opportunity to examine the effect of prior
operation on transient release. In chis series any previous
fuel cracks would have been healed before the next power
cycle, but, some of the gaseous fission products would not
have had an opportunity to reach equilibrium inventory at
newly isolated sites. Therefore, if there was a tendency



for cracks to form repetitively in the same place rather
than randomly, the Xe-133 release should be depleted
progressively (to less than 10% for a 24 h period between
power cycles) through the series of power cycles. Compari-
son of T*/Q for Xe-133 with that for the other fission gases
on Figure 12 shows that preferential depletion did not
occur. This indicates that most of the transient releases
were originating from fresh fuel surfaces.

3.4 Return to Power and Steady State Release Rates

This discussion applies to the kryptons and Xe-138. The
other xenons will be discussed in the next section. The
release during the power increases during the startup is
more complex than the shutdown transients. Three processes
can be acting simultaneously to affect the release rate:

a) startup transients can occur both giving pulse releases
and exposing new fuel surfaces;

b) release due to the resumption of operation will
occur and the magnitude of the release rate will depend
on the exposed fuel surfaces, (i.e. that present during
sffcady operation plus the new surfaces exposed by the
power cycle), the fission rate and the diffusion rates
(which are in turn temperature dependent);

c) crack healing will be in progress to reduce the exposed
fuel surfaces.

All three processes will be functions of time and probably
temperature. For the startups we investigated, our time
resolution was too poor to separate the transient releases
from those associated with power operation. Therefore,
qualitatively we note the following:

a) The large pulse releases have the characteristics of
releases from isolated sites so the peak values were
used to estimate typical startup transient releases (Ts)
to obtain values of Ts/R. These have been listed on
column 2 of Table 5 and can be compared to the shutdown
values for T/R in column 3. From the comparison, it
appears that the conditions leading to a large shut-
down transient or cracking of the fuel by the shutdown
affects the startup transient during the stepped startup,

b) There was never a large steady release during the
resumption of power yet the newly exposed fuel surfaces,
as expressed by Ts/R + T/R (see Table 5, column 4 ) , were
as large as 28 times the pre-shutdown surfaces.

This must have been compensated by a strong recovery or
healing function, m(t), so that crack healing had
largely been completed during the power increases. If
one assumes an exponential relationship where

m = Ts /R + T/R i -'• '•
max
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is the sum of the shutdown and startup transient crack-
ing, then

t

and assuming that £ is a single valued recovery rate
constant, then e must vary as the square of linear
power to provide complete crack healing in the observed
times.

c) It is unlikely that £ is single valued as assumed above
and is more likely to be temperature controlled so that
crack healing progresses from the inside of the element
outwards to a limiting isotherm.

3.5 Transient Radioiodine Release

The radioiodine fission products have never been directly
observed in the flowing gas spectrum under normal operating
or transient conditions [9,17,19]. However, radioiodine
behaviour can be inferred from the release rates of the
fission gas daughters during shutdown. Specifically, the
continuing release of Xe-133, Xe-135 and Xe-135m during zero
power operation has been used to measure, the inventory of
exposed radioiodine. Increases in this inventory attributable
to the shutdown have been considered as an "apparent"
transient release. It is also important to determine if the
release is real, i.e. whether the radioiodines have moved
from the surfaces of the isolated sites to the swept region
of the fuel.

The mechanism of crack healing that was discussed in Section
3.4 above proposed rapid healing of cracks to re-isolate the
sites that provided the fission products for the transient
releases. Two situations can apply for the radioiodines:

a) They remain at the original sites and are isolated by
crack healing. In this case the recovery rate constant
£ should be observed for the fission gas daughters of
the radioiodines;

b) They are released from the original sites and are
absorbed onto cool surfaces in the swept region, i.e.
a real release. In this case crack healing would not
affect the radioiodine inventory and the release rate
of the fission gas daughter would return to the normal
steady state value with the decay rate of the radio-
iodine .

In the low power test the xenons did not show a radioiodine
decay constant. At high power, FIO-133 in the fog mode,
they do show the radioiodine decay constant as seen in
Figure 13. This is the period where the series of four shut-
downs occurred in three days.
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At 55 kW/m, there was no evidence of radioiodine movement
except during the safety system shutdown where the opera-
ting period before the next shutdown is very short. In this
case it appears that part of the iodine inventory moved into
the swept region.

4. SUMMARY

The results show that shutdown and startup transient
releases occur at all fuel powers but that at a linear heat
rating of 45 kW/m they are a minor effect compared to that
for steady state release. However, as the linear power
rises, the transient releases increase significantly but
vary in magnitude depending on conditions. Under some
conditions the effect of the power cycle can be 30 times
that found during steady state. Campbell et al. showed
quantitatively similar results for release of stable
fission gas in an earlier instrumented fuel test [18].

The release behaviour is probably due to the mode of fuel
cracking. For example, a more severe thermal shock produces
more cracks and more penetration toward the centre of the
fuel. As the cracks penetrate further, they open isolated
sites that are in higher temperature fuel where the diffu-
sion rates will be greater. The resulting release is the
combination of these two strong effects.

If true, then it follows that the release of radioiodines
is a release from the centre to the cooler outer region of
the fuel. Note from Table 5 that there is a linkage between
the magnitudes of the startup transient release Ts/R and the
associated shutdown release T/R since they tend to be of
similar magnitude. This implies additional microcracking
during startup. The reason for this is inconclusive since
the fuel temperatures are probably different at the instant
of release during shutdown and startup.

The series of power cycles (separated such that crack heal-
ing occurred) indicated that the fuel does not crack repeti-
tively along the same lines. Therefore it is possible that
at high linear powers, the gap inventory of radioiodine
could be augmented in steps by a series of power cycles.
This is an inference that should be tested by controlled
experiments .

5. CONCLUSIONS

A. For linear powers of 45 kW/m, release during shutdown
and startup transients is insignificant.

B. For linear powers of 50 to 56 kW/m, release can be
significant depending on the conditions c •': in- r h e
transient. Also radioiodine release to tin.- fui .-Lo-sheath
gap may occur, again depending on conditions.
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C. At linear powers greater than 60 kW/m, transient releases
are more important than steady state releases. Also,
iodine transient release to the fuel-to-sheath gap
always accompanies fission gas release. The severity
of release depends on the conditions initiating the
trans ient.

D. Understanding the transient release requires detailed
knowledge of crack formation and healing as well as
diffusion kinetics across the fuel temperature
gradient.

E. It is inferred that the fuel-to-sheath gap inventories
of short-lived radioiodines in high power fuel may be
augmented by a series of power cycles.
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TABLE 1: EXPERIMENTAL CONDITIONS

a) EXPERIMENT CODE NUMBER
b) FUEL DESCRIPTION

Sintered UO density (Mg/m3)
Enrichment, U-235 in U(wt%)
Pellet diameter (mm)
Pellet length (mm)
Pellet grooves

Number
Depth (mm)
Width (mm)

Stack length (mm)
End Discs

FIO-122

10.71
5.02

12.15
11.9

six
1.15
1.15

475.0

Material Sintered stain..
Thickness (mm)
Diameter (mm)

c) SHEATH DESCRIPTION
Material
Outside diameter (mm)
Wall thickness (mm)

d) IRRADIATION CONDITIONS
NRX Test Loop
Coolant Condition
Coolant Pressure (MPa)
Coolant Flow (kg/s)
Inlet Temperature (°C)

e) ELEMENT OPERATION
Linear heat output (kW/m-Av.
/Xd0 (kW/m)
Heat output (kW)
Surface heat flux (kW/m2)
Discharge burnup (MWh/kgU)

TABLE 2: SUMMARY

Date Coolant Initial

1.01
12.05

Zircaloy-4
13.11
0.43

XI
PW
8.5
1.1
240

.) 45.0
3.1

20.5
1093.0
70.0

FIO-133

10
1
18
19

.64

.38

.06

.05

three
1
1

378

.3

.0

.0

.ess steel
1,
18.

.09

.06

304L Stainless steel
19.
0.

>
PW
8.5
0.24
260

54.0
4.1
20.4

.81
,81

&-
FOG
8.5

275

62.0
4.9
23.4

870.0 1000.0
80.

OF SELECTED SHUTDOWNS

Prior
1981 Mode Peripheral Operation*

Temp. °C

Sept. 14 PW 750
Oct. 4 PW 760
Oct. 18 PW 740
Nov. 15 Fog 795
Nov. 16 Fog 800
Nov. 17 Fog 790

h

154.8
130.7
263.9
193.0
19.2
7.4

0

Shutdown
System

Control
Control
Safety
Control
Control
Control

The term "prior operation" identifies the time since the last
reactor startup.



TABLE 3: SHUTDOWN TRANSIENT RELEASES IN P.W. MODE

S.D. Method
Prior Operation

1981 September 14
Control System

155 h

1981 October 8
Control System

131 h

1981 October 18
Safety System

264 h

1 1*
_Q 0 T/R

I I * 1 It
T Q Q T/R T Q Q T/R

Xe-133

430x10 330x10' 340x10 l 2

14x10" 11x10 11x10 '
11x10' 8.2x10' 8.2x10'

0.046 0.062 0.72

Kr-85m

1.6x10' 0.9x10
7.7x10

12

4.2x10"
6.51x10

2.9x10
4.4x10 2.4x10 1.7x10

0.065 0.071 0.64

Kr-88

1.6x10X 2 0.67x10
4.4x10

3.5x10 - 6

12

1.8X10"1
6.3x10

1.7xlO"5

1.4x10" 1.3x10
_ 5

0.158 0.088 1.27

Kr-87

Xe-138

1.0x10 0.18x10
8.7x10

5.2xlO"6
1.5x10 6

0.9x10"
0.170 0.057

O.lxlO12

2.2xlO12

O.3xlO12

1.9xlO~5

l . l x lO" 5

0.64

1.9xl(T6 0.6x10
1.84x10 0.6x10

1-135 1.9x10



TABLE 4: SHUTDOWN TRANSIENT RELEASES IN FOG MODE

Date
S.D. Method
Prior Operation

1981 November 15
Control System
193 h

1981 November 16
Control System

19.2 h

1981 November 17
Control System

7.4 h
1 1*

T Q Q T/R
T T*
Q Q T/R

Xe-133
3.9x10 4.1x1016 4.6xlO16

11x10" 1.2xlO~3 1.3x10-
8.3x10 0.89x10" l.OxlO

O.i 0.5

Kr-85m
1.9x1Oi*

8.1xlO"3
3.4x1011

1.4xlO~3
3.1x101"

1.3xl0"3

4.0x10" 0.71x10 ~ 0.64x10 "3

17

Kr-88
l . lx lO 1 5

2.6xlO"3
1.9x10'" 2.3x101"

2.0xl0"
0.44xl0"3

0.34x10 ~3
0.54x10 -3

0.41x10 "3

13

Kr-87

4.3x10™
3.3xl0"3

1.7xlO"

.96x101 *
0.72xl0"3

0.39xl0"

l. lxlQi"
0.82x10 ~3

0.44x10 "3

Xe-133
4.6X101"

O.7xlO"3

O.7xlO, - 3

11

.10x101"
0.16x10"3

0.16x10"3

0.12x101"
O.19xlO"3

0.18x10

1-133 15xlO~3

23
3.1xlO" 2.6xl0"3

I-135(Xe-135m)
(Xe-135)

6.2x10"
8.1x10 3 25

32 1.6xlO"3 6
9.2xlO~" 4
8.7x10" 4



Date

1979 Oct

1981 Sept

1981 Oct

1981 Oct

1981 Nov

1981 Nov

1981 Nov

15

14

14

18

15

16

17

Ts/R

0.3

0.02

0.007

1.0

17.0

2.0

1.7

T/R

0.1

0.1

0.07

0.68

11.0

4.0

2.1

TABLE 5:

Ts/R+T/R

0.4

0.12

0.08

1.68

28.0

6.0

3.8

STARTUP TRANSIENT RESULTS

Steady
State
Power

45 kW/m

53.8

54.5

56.4

62.6

62.6

62.6

Startup Power
Steps

1st Step 2nd Step

26

24

35

21

27

28

32

35

37

44

40

40

49

51

S.S.
Peripheral

Temp.

NA

750

760

740

795

800

790

Healing
Time

h

6

-

-

2.5

4

2.5

3
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Release of Gaseous Fission Products During a Safety System

Power Cycle from 55 kW/m in the Pressurized Mode.



Release of Gaseous Fission Products During a Control System Power

Cycle from 62 kW/m in the Fog Mode.
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