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The temperature evolution of fuel cladding during a reactivity-initiated accident
(RIA) involves rapid changes in the mechanical properties of the cladding tube and is
believed to play the primary role in fuel behaviors such as deformation and failure.
Cladding-temperature behavior accompanied by boiling of coolant water, which is the case
of an RIA in light-water reactors, is influenced by cooling conditions such as subcooling,
pressure, and flow velocity. In order to study the effects of cooling conditions on the
boiling heat transfer from the fuel rod surface to the coolant water, RIA-simulating
experiments with fresh fuels had been conducted in the nuclear safety research reactor
(NSRR) under cooling conditions with subcoolings of ~10 to 80 K, flow velocities of 0 to ~3 m/s,
pressures of 0.1 to ~16 MPa. In addition, pre-irradiated fuels had been subjected to the
NSRR experiments under cooling conditions with subcoolings of ~80 K, stagnant water,
and atmospheric pressure. Out of the NSRR experiments, this report presents the fuel
specifications, the test conditions, and the transient records during the pulse operations for
the cases that the cladding temperature had been successfully measured. Characteristic
parameters such as cladding peak temperatures were extracted from the transient records
for summarizing the effects of cooling conditions and pre-irradiation on the heat transfer

from the cladding surface.
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1. Introduction

The temperature evolution of fuel cladding during a reactivity-initiated accident
(RIA) involves rapid changes in the mechanical properties of the cladding tube and is
believed to play the primary role in fuel behaviors such as deformation and failure.
Cladding-temperature behavior accompanied by boiling of coolant water, which is the case
of an RIA in light-water reactors and known as “Departure from Nucleate Boiling (DNB)”,
is influenced by coolant conditions such as subcooling, pressure, and flow velocity.

To study the effects of the coolant conditions on the boiling heat transfer from the
fuel rod surface to the coolant water has been therefore one of the main purposes of RIA
research programs of Japan Atomic Energy Agency (JAEA), and so RIA-simulating
experiments with fresh fuels had been conducted in the nuclear safety research reactor
(NSRR) under a wide range of coolant conditions: subcoolings of ~10 to 80 K, flow velocities
of 0 to ~3 m/s, and pressures of 0.1 to ~16 MPa. Also pre-irradiated fuels had been
subjected to the NSRR experiments under coolant conditions with subcoolings of ~10 to 80
K, stagnant water, and pressures of 0.1 to ~7 MPa.

Ohnishi et al. proposed an empirical model for the boiling heat transfer during an
RIA on the basis of their investigation on a part of the results of the NSRR experiments.?
But their model was not well validated for the forced flow coolant conditions, since the
corresponding data from the NSRR experiments were not fully available at that time. Up to
the present time none of existing computer codes for transient fuel behavior has not been
verified with temperature data measured under the varied conditions of coolant and fuel
rods, to our knowledge.

The purpose of the present publication is to provide an open access to the
forementioned NSRR-experiment data, which are useful for the model validation, since a
considerable part of the data have remained undisclosed. Out of the experiments, this
report presents the fuel specifications, the test conditions, and the transient records during
the pulse operations for the cases that the cladding temperature had been successfully
measured. Characteristic parameters such as cladding peak temperatures were extracted
from the transient records for summarizing the effects of coolant conditions and

pre-irradiation on the heat transfer from the fuel-rod surface to the coolant water.
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2. Experimental

2.1 NSRR Facility

The NSRR is a modified TRIGA Annular Core Pulse Reactor (ACPR). The TRIGA
type reactor is known for the unique nature of a negative reactivity coefficient provided by
the uranium zirconium hydride (UZrH) fuel. The NSRR is a modified type with an
enhanced negative feedback nature which enables the reactor to produce a high power
pulse reaching approximately 23 GW. Fig.2.1 shows typical histories of the power and
time-integrated power of the NSRR. RIA-simulation tests have been performed by
using this pulse-operation capability since the construction in 1975. Another main
feature of the NSRR is the large experimental cavity at the core center as shown in Fig.2.2,
which enables loading of a test capsule with a diameter up to 200 mm. This permits flexible
design of the test capsule and simulation of broad range of accident conditions.

Details of the NSRR facility and early results are described in references. 2 3

2.2 Test Capsules

Atmospheric pressure capsule for fresh fuel test

Fig.2.3 shows the NSRR atmospheric pressure capsule for fresh fuel tests. The
capsule is made of the stainless steel and has air- and pressure-tightness enough to confine
radioactive materials which can be released in case of fuel rod failure during the test. The
coolant water condition is normally stagnant at room temperature (approximately 293 K)
and atmospheric pressure (0.1 MPa). The water temperature can be raised up to ~363 K
(~10 K below the boiling temperature at 0.1 MPa) by using an electric heater. Flow

condition can be achieved by using a capsule internal pump and fuel shroud.

High temperature and high pressure capsules for fresh fuel test

Fig.2.4 shows the high temperature and high pressure (HTHP) capsules. The left
one in the figure is the stagnant coolant type with a capsule internal heater. ¥ The right
one is the loop type capsule which is connected with an external coolant loop system with a

heater, pressurizer and pump. 9

Atmospheric pressure capsule for JMTR pre-irradiated fuel test

Fig.2.5 shows the atmospheric pressure capsule for the pre-irradiated fuels ¢ in
the Japan Materials Testing Reactor (JMTR). Functions are the same as those of the
atmospheric capsule for fresh fuel test, but this capsule consists of double containers to
enhance confinement performance for the fuel and fission products with high radioactivity.

The capsule internal pump is not available because of the spatial limit.
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2.3 Test Fuel Rod

The NSRR test fuel rod is normally about 300 mm in total length. Fig.2.6 shows
the design of NSRR standard test fuel rod for fresh fuel test. The specifications of pellet
and cladding are those of the PWR 14x14 fuel rod. The cladding material is Zircaloy-4. The
U-235 enrichment of fuel pellets are 10%, and typically lower enriched pellets are placed at
the top and bottom ends of the pellet stack to avoid the end power peaking. The fuel rod
design can vary with the test objectives; the U-235 enrichment, length of pellet stack,
cladding material, cladding geometry, pellet-cladding gap, fill-gas composition and
pressure, cladding surface pre-oxidation, and so on.

Fig.2.7 shows the design of JMTR pre-irradiated fuel rod which is similar to the
design of fresh fuel test rod.

2.4 Instrumentation and Data Acquisition

This report focuses on the cladding surface heat transfer. Therefore, the most
important instrumentation is the cladding surface thermocouples (TCs). Normally, bare
wires of the type R (Pt-13%Rh vs. Pt) TC are directly welded on the cladding surface to
form intrinsic junctions as illustrated in Fig.2.8. The TC wire diameter is 0.2 or 0.3 mm,
depending on the tests. As the cladding surface TC is not connected to the compensation
wire, it measures the temperature difference between the cladding surface and the junction
between the TC wire and lead wire, which is ~30mm away from the cladding surface in the
coolant water. Therefore, the measured temperature must be corrected by considering the
coolant temperature. In some tests, pellet center temperature was measured with the
sheathed tungsten-rhenium (W-5%Re vs. W-26%Re) TC. In addition to TCs, strain gauge
type pressure sensors, LVDT (linear variable differential transformer) elongation sensors
for pellet stack and cladding, and other sensors are used depending on the test objective.

In order to minimize the possible delay in TC response, TC wires with small
diameters were used for the cladding surface temperature measurement. On the other
hand, there could be discernible delay in the output from the sheathed TCs. In addition,
there are other factors reducing the temperature measurement accuracy, such as the fin
effect by TCs and the gamma-heating in the attached materials and in the TC element
itself. As for the pressure measurement, since the strain gauge nature is strongly affected
by the gamma field, the pressure measurement accuracy during the pulse power is
degraded. It must be noted that the transient records provided in the appendices of this
report are raw data without any correction, because of the difficulty of reliable correction.
However, discussions on the cladding surface temperature during the stable film boiling
are based on the corrected temperature considering the TC fin effect (to be discussed in
chapter 3).
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The signals from all sensors in the test capsule are amplified and sent to the data
acquisition system. The acquisition system used high-speed analog recorder using a
multitrack magnetic tape, and the analog-to-digital conversion was performed after the
tests. Most of the transient records presented in the appendices of this report were
acquired with this system. The recorder was replaced with a digital recorder with real-time
A/D conversion capability in 1999. In this report, only the data of 562 test series were
acquired with the digital system.

2.5 Data List for Analysis
The identification numbers of the NSRR tests, for which data analysis will be
performed in the chapter 3, are listed below. All the transient records in these tests are

provided in the appendices.

Fresh fuel tests:

Tests with atmospheric pressure capsule

Test 103-2 Test 240-2 Test 240-17-2 Test 562-1
Test 103-7 Test 240-3 Test 241-1 Test 562-2
Test 103-23 Test 240-4 Test 241-3 Test 562-3
Test 103-24 Test 240-5 Test 241-5 Test 562-4
Test 103-31-1 Test 240-6 Test 241-5B Test 562-5
Test 103-31-2 Test 240-7 Test 242-1 Test 562-6
Test 103-31-3 Test 240-8 Test 242-2 Test 562-7
Test 103-32 Test 240-9 Test 242-3 Test 562-8
Test 105-2-1 Test 240-10 Test 242-4 Test 562-9
Test 206-14 Test 240-12 Test 252-5 Test 562-10
Test 206-34 Test 240-13-1 Test 252-8 Test 562-11
Test 206-39 Test 240-13-2 Test 253-3 Test 562-12
Test 206-40 Test 240-13-3 Test 253-6 Test 562-13
Test 234-7 Test 240-14-1 Test 253-10 Test 562-14
Test 240-1 Test 240-14-2 Test 253-11 Test 562-15
Tests with high temperature and high pressure capsules (stagnant)

Test 1111-2 Test 1111-9-2 Test 1202 Test 1211
Test 1111-3 Test 1111-9-3 Test 1203 Test 1212
Test 1111-5 Test 1111-9-4 Test 1204 Test 1213
Test 1111-6 Test 1111-9-5 Test 1209 Test 1214
Test 1111-7 Test 1201 Test 1210 Test 1217
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Tests with high temperature and high pressure capsules (loop)

Test 2111-6-1
Test 2111-6-2
Test 2111-6-3
Test 2211-1-1
Test 2211-1-2
Test 2211-2-1

Irradiated fuel tests:

Test 2211-2-2
Test 2211-2-3
Test 2211-2-4
Test 2211-3-1
Test 2211-3-2
Test 2211-4

JMTR pre-irradiated fuel tests:

Test JM-1
Test JM-2
Test JM-3
Test JM-4
Test JM-5
Test JM-6

Test JM-7
Test JM-8
Test JM-9
Test JM-10
Test JM-11
Test JM-12

Test 2211-5
Test 2311-1
Test 2311-2
Test 2311-3
Test 2311-4
Test 2311-5

Test JM-13
Test JM-14
Test JM-15
Test JM-16
Test JMN-1
Test JMH-1

Test 2411-1
Test 2411-2
Test 2411-3

Test JMH-2
Test JMH-3
Test JMH-4
Test JMH-5
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3. Analysis of Experimental Results

3.1 Characteristic Parameters for Cladding Temperature Behavior

In this section, three kinds of characteristic parameters were extracted from the
temperature data measured by the cladding surface TCs for summarizing the effects of
cooling conditions and cladding pre-irradiation on film-boiling heat transfer from the
cladding surface: cladding peak temperature, film boiling time, and cladding-surface
superheat at quench. The peak temperature is defined as the maximum value of cladding
surface temperature 7T in the transient record. The film boiling time is defined as the
duration that Tc> Tsae + 300 K, where Tsac is the saturation temperature of coolant water at
a given coolant pressure. The surface superheat at quench is defined as T. — Tsar at the
onset of the discontinuous drop in T¢ observed at the end of film boiling.

It should be noted that 7¢ in the foregoing definitions is not from the direct
temperature reading of cladding surface TCs. The TC reading of cladding surface
temperature does not show the actual cladding temperature. In the case of film boiling
duration, the TC temperature is lower than the actual cladding surface temperature. This
underestimation is due to the fin-cooling effect of the T'Cs: temperature drop caused by the
TC wires attached to cladding surface 7. Hence, T. was determined by Te = Trc — AT, where
Trc s the direct temperature reading and AT is the temperature drop by the fin effect. The
value of AT was estimated in conformity with the Tsuruta’s model, which had been
validated against cladding temperatures determined by metallographic examination of the
cladding and ZrOz2 layer thickness ®. The temperature drop AT was estimated to range from
~0 to 250 K, depending on the cladding surface temperature, coolant subcooling, coolant

pressure, and diameter of the TC wire.

3.2 Evaluation of Fuel Enthalpy

The characteristic parameters defined in the previous section were plotted against
the peak fuel enthalpies in Figs 3.1-52. The peak fuel enthalpy was evaluated based on the
total amount of fissile materials (U-235, Pu-239 and Pu-241) in the test fuel rod as follows.
First, a coupling factor, corresponding to fission number density in the test fuel per unit
integrated NSRR power, was evaluated from neutron transport calculations with the
TWODANT code, 9 which considers the configurations of the NSRR core, test capsule,
coolant, test fuel rod and so on. Second, the fuel energy deposition was calculated by
multiplying this coupling factor to the integrated NSRR power during the pulse-irradiation.
Finally, the peak fuel enthalpy, which corresponds to the maximum increase of fuel
enthalpy brought by the pulse-irradiation, was evaluated from the fuel energy deposition
using an empirical correlation obtained from the NSRR experiments. 10

In the case of the pre-irradiated-fuel test rod, the total amount of fissile materials



JAEA-Data/Code 2013-021

was evaluated from mass analyses on the test fuel. Elemental and isotopic compositions of
the test fuel are evaluated from burnup calculations with the SWAT code 1. The neutron
spectrum used in the burnup calculations were adjusted so that the results of mass
analyses would be reproduced by the SWAT calculation. The fuel composition obtained in
the final calculation was used for the forementioned TWODANT calculation. The results
will be summarized and published.

In the case of the tests with high coolant pressure and forced flow condition, the
TWODANT calculation was not employed for evaluating the coupling factor, since the
calculation model for the high pressure loop system had not been validated. Instead, the
coupling factor was determined so that the calculated fuel energy deposition agreed with
the experimental value which was evaluated by the procedure based on the short-life

fission-product measurement 12,

3.3 Treatment of Iterative Pulse-irradiation Experiment Results

The results of iterative pulse-irradiation experiments were treated separately in
Figs.3.1-52, since significant difference in cladding surface temperature had been observed
in some cases between the 1st pulse-irradiation and the latter pulse irradiations when a
series of pulse-irradiations had been conducted on an identical test fuel rod. In the figures,
a legend with an asterisk like “Fresh*” denotes the result of the 2rd, 3rd, or the latter pulse
irradiation in an iterative pulse-irradiation experiment. A legend “Fresh” without an
asterisk denotes the result of a non-iterative pulse-irradiation experiment or the result of
the 1st pulse-irradiation in an iterative pulse-irradiation experiment. A legend “Irrad.”

denotes the result of a pulse-irradiation experiment on a fuel rod irradiated in the JMTR.

3.4 Effect of Coolant Subcooling

Figs.3.1-6 compare the cladding peak temperatures between the test groups with
fresh fuel, different coolant subcoolings, and similar coolant pressures and flow velocities.
It can be seen that the peak temperature decreases with increasing coolant subcooling. The
degree of temperature decrease seems not significantly influenced by coolant pressure or
flow velocity.

Figs.3.7-12 compare the film boiling times between the test groups with fresh fuel,
different coolant subcoolings, and similar coolant pressures and flow velocities. The effect
of coolant subcooling is more clearly seen in the film boiling time than in the peak
temperature; the film boiling time significantly decreases with increasing coolant
subcooling. The degree of film-boiling-time decrease is larger at atmospheric pressure
coolant condition than at high pressure conditions, while it seems not influenced by coolant
flow velocity.

Figs.3.13-17 compare the surface superheats at quench between the test groups



JAEA-Data/Code 2013-021

with fresh fuel, different coolant subcoolings, and similar coolant pressures and flow
velocities. It can be seen that the surface superheat at quench increases with coolant
subcooling except the test groups with high coolant pressure and forced flow conditions (see
Fig.3.17).

The surface superheat at quench tends to increase with also peak fuel enthalpy in
the test group with stagnant coolant, atmospheric coolant pressure, and coolant subcooling
of ~80 K (see Fig.3.13). Such a dependency on peak fuel enthalpy could be attributed to
some changes in cladding surface conditions due to high-temperature oxidation during film
boiling. For example, the effect of surface-wettability increase on the quench behavior was
pointed by Sugiyama et al.1® On the other hand, the surface superheat at quench seems not
dependent on peak fuel enthalpy in the test group with stagnant coolant, atmospheric
coolant pressure, and coolant subcooling of ~10 K (see Fig.3.13) and in the test group with
flow velocity of ~1.8 m/s, atmospheric coolant pressure, and coolant subcoolings of ~80K
(see Fig.3.15).

3.5 Effect of Coolant Pressure

Figs.3.18-23 compares the cladding peak temperatures between the test groups
with fresh fuel, different coolant pressures, and similar coolant subcoolings and flow
velocities. It can be seen that the peak temperature decreases with increasing coolant
pressure except the test groups with stagnant coolant and coolant subcoolings more than
~20 K (see Figs.3.19 and 20). The coolant subcoolings of the test groups compared in
Fig.3-23 are different each other to some degree, but the separate effect of coolant pressure
on the peak temperatures can be clearly seen in the figure; the test group with atmospheric
pressure gives higher peak temperature than the other test groups with coolant pressures
of ~7 MPa and ~16 MPa irrespective of its high subcooling (~80 K). On the whole, the effect
of coolant pressure seems to become more important at lower pressure or higher coolant
flow conditions.

Figs.3.24-29 compare the film boiling times between the test groups with fresh fuel,
different coolant pressures, and similar coolant subcoolings and flow velocities. The effect
of coolant pressure is seen in the test groups with stagnant coolant and coolant subcooling
of ~10 K, coolant flow velocity of ~0.6—0.7 m/s and coolant subcoolings of ~20 K, and coolant
flow velocity of ~1.0 m/s and coolant subcoolings of ~20 K (see Figs.3.24, 27, and 28); the
film boiling time significantly decreases with increasing coolant pressure. The film boiling
time seems not dependent on coolant pressure in the other test groups as shown in Fig.3.25,
26, and 29. These results suggest that the effect of coolant pressure is suppressed under
high coolant subcooling conditions, while it seems not influenced by coolant flow velocity.

Figs.3.30-35 compare the surface superheats at quench between the test groups

with fresh fuel, different coolant pressures, and similar coolant subcoolings and flow
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velocities. The surface superheat decreases with increasing coolant pressure in all the test
groups with forced flow conditions, and in the test group with stagnant coolant and coolant
subcooling of ~20-30 K (see Figs 3.31, 33-35). The pressure effect is not clear in the test
groups with stagnant coolant and coolant subcoolings of ~10 K and ~80 K (see Figs 3.30
and 32).

3.6 Effect of Coolant Flow Velocity

Figs.3.36-40 compare the cladding peak temperatures between the test groups
with fresh fuel, different coolant flow velocities, and similar coolant subcoolings and
pressures. The effect of coolant flow velocity is not clearly seen in the test groups with
coolant subcoolings of ~10 K regardless of coolant pressure (see Fig.3.36-38). In the case of
the test groups with high coolant pressure and coolant subcoolings more than ~20 K, the
effect of coolant flow velocity can be seen (see Figs.3.39 and 40); the peak temperature
decreases with increasing coolant flow velocity.

Figs.3.41-45 compare the film boiling times between the test groups with fresh fuel,
different coolant flow velocities, and similar coolant subcoolings and pressures. The film
boiling time decreases with increasing coolant flow velocity in the test groups with
atmospheric coolant pressure and coolant subcooling of ~80 K (see Fig.3.42). The effect of
coolant flow velocity is not clear in the rest cases for which film boiling times are compared.

Figs.3.46-49 compare the surface superheats at quench between the test groups
with fresh fuel, different coolant flow velocities, and similar coolant subcoolings and
pressures. At atmospheric pressure, the surface superheat at quench seems to decrease
with increasing coolant flow velocity under the low coolant subcooling of ~20 K (see
Fig.3.46), while the effect of coolant flow velocity is not clearly seen under the high coolant
subcooling of ~80 K (see Fig.3.47). At high pressure of ~7 MPa, the surface superheat at
quench seems to decrease with increasing coolant flow velocity under the coolant
subcooling of ~20-30 K (see Fig.3.49), while the effect of coolant flow velocity is not clearly
seen under the coolant subcooling of ~10 K (see Fig.3.48).

3.7 Effect of Cladding Pre-irradiation

Fig.3.50 compares the cladding peak temperatures between the fresh fuel and the
pre-irradiated fuel test groups with similar cooling conditions. A remarkable effect of
pre-irradiation is seen in the test group with atmospheric coolant pressure, stagnant
coolant, and coolant subcooling of ~80 K (see Fig.3.50); the peak temperatures in the
pre-irradiated fuel tests are significantly lower than those in the fresh fuel tests.

Fig.3.51 compares the film boiling times between the fresh fuel and the
pre-irradiated fuel test groups with similar coolant conditions. The film boiling times in the

pre-irradiated fuel tests are much shorter than those in the fresh fuel tests in the case of
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the test groups with atmospheric coolant pressure and coolant subcooling of ~80 K (see
Fig.3.51).

Fig.3.52 compares the surface superheats at quench between the fresh fuel and the
pre-irradiated fuel test groups with similar cooling conditions. The effect of pre-irradiation

on surface superheat at quench is not clearly seen.

,10,
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4. Summary

The NSRR-experiment results have indicated that the heat transfer from the fuel
rod surface to the coolant water is enhanced, on the whole, with increasing the coolant
subcooling, the coolant pressure, and the coolant flow velocity, and with the pre-irradiation
of the fuel rod. The coolant subcooling is an effective parameter on the heat transfer
regardless of the other cooling conditions: coolant pressure and the flow velocity. The
effectiveness of the coolant pressure seems dependent on the other coolant conditions, and
so does the coolant flow velocity. The effect of pre-irradiation is remarkable, though the
corresponding experiments cover the coolant condition with atmospheric pressure,
stagnant water, and subcooling of ~80 K alone. The present NSRR-experiment data will be
used for the validation of the new heat transfer model for the RANNS code, which is now

under development.
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Fig.2.6 Design of NSRR standard test fuel rod for fresh fuel test
Cladding outer / inner diameter: 10.72/ 9.48 (mm)
Pellet diameter / height: 9.29 / 10.0 (mm)
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Fig.2.7 Design of JMTR pre-irradiated fuel rod
Cladding outer / inner diameter: 10.72/ 9.48 (mm)
Pellet diameter / height: 9.29 / 10.0 (mm)
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Thermocouple wires

Cladding

(a) Welding of cladding surface thermocouple (horizontal cross-section)

(b) Appearance of cladding surface thermocouples

| 0.5 mm |

(c) Cladding cross-section at the thermocouple welding elevation

(#4 TC in Test 562-10, after pulse-irradiation)

Fig.2.8 Thermocouple attachment on the cladding surface
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O  Fresh* V:i~0.0m/s P:~0.1MPa dT,:~10K
O  Fresh V:~0.0m/s P:~0.1MPa dT,,:~80K
® Fresh V:~0.0m/s P:~0.1MPa dT,,:~10K
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Fig.3.1 Peak temperatures for test cases with fresh fuel, stagnant coolant, atmospheric
coolant pressure, and coolant subcoolings of ~10—80 K (* : iterative pulse-irradiation

experiment)
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Fig.3.2 Peak temperatures for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,
atmospheric coolant pressure, and coolant subcoolings of ~20-80 K (* : iterative

pulse-irradiation experiment)
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Fresh* V:~1.8m/s P:~0.1MPa dT,,:~80K
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Fig.3.3 Peak temperatures for test cases with fresh fuel, coolant flow velocity of ~1.8 m/s,
atmospheric coolant pressure, and coolant subcoolings of ~20-80 K (* : iterative

pulse-irradiation experiment)

O  Fresh* V:~0.0m/s P:~7TMPa dT,,:~80K
®  Fresh* V:~0.0m/s P:~7MPa dT,,:~20-30K
© Fresh* V:~0.0m/s P:~7MPa dT,,,:~10K
O  Fresh V:~0.0m/s P:~7MPa dT,,:~230K
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Fig.3.4 Peak temperatures for test cases with fresh fuel, stagnant coolant, coolant
pressure of ~7 MPa, and coolant subcoolings of ~10-230 K (* : iterative pulse-irradiation

experiment)
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O  Fresh V:~0.0m/s P:~16MPa dT, ,:~50K
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Fig.3.5 Peak temperatures for test cases with fresh fuel, stagnant coolant, coolant

pressures of ~13—16 MPa, and coolant subcoolings of ~20-50 K
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Fig.3.6 Peak temperatures for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,
coolant pressure of ~7 MPa, and coolant subcoolings of ~10—60 K (* : iterative

pulse-irradiation experiment)
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O  Fresh* V:~0.0m/s P:~0.1MPa d T, ,:~10K
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Fig.3.7 Film boiling times for test cases with fresh fuel, stagnant coolant, atmospheric
coolant pressure, and coolant subcoolings of ~10—80 K (* : iterative pulse-irradiation

experiment)
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Fig.3.8 Film boiling times for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,

atmospheric coolant pressure, and coolant subcoolings of ~20-80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.9 Film boiling times for test cases with fresh fuel, coolant flow velocity of ~1.8 m/s,
atmospheric coolant pressure, and coolant subcoolings of ~20-80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.10 Film boiling times for test cases with fresh fuel, stagnant coolant, coolant
pressure of ~7 MPa, and coolant subcoolings of ~10-230 K (* : iterative pulse-irradiation

experiment)
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Fig.3.11 Film boiling times for test cases with fresh fuel, stagnant coolant, coolant

pressures of ~13—16 MPa, and coolant subcoolings of ~20-50 K
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Fig.3.12 Film boiling times for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,
coolant pressure of ~7 MPa, and coolant subcoolings of ~10—60 K (* : iterative

pulse-irradiation experiment)
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Fig.3.13 Surface superheats at quench for test cases with fresh fuel, stagnant coolant,
atmospheric coolant pressure, and coolant subcoolings of ~10-80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.14 Surface superheats at quench for test cases with fresh fuel, coolant flow velocity
of ~1.0 m/s, atmospheric coolant pressure, and coolant subcoolings of ~20—-80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.15 Surface superheats at quench for test cases with fresh fuel, coolant flow velocity
of ~1.8 m/s, atmospheric coolant pressure, and coolant subcoolings of ~20—-80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.16 Surface superheats at quench for test cases with fresh fuel, stagnant coolant,
coolant pressure of ~7 MPa, and coolant subcoolings of ~10-230 K (* : iterative

pulse-irradiation experiment)
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Fig.3.17 Surface superheats at quench for test cases with fresh fuel, coolant flow velocity
of ~1.0 m/s, coolant pressure of ~7 MPa, and coolant subcoolings of ~10—60 K (* : iterative

pulse-irradiation experiment)
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Fig.3.18 Peak temperatures for test cases with fresh fuel, stagnant coolant, coolant
pressures of ~0.1-7 MPa, and coolant subcooling of ~10 K (* : iterative pulse-irradiation

experiment)
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Fig.3.19 Peak temperatures for test cases with fresh fuel, stagnant coolant, coolant
pressures of ~7—15 MPa, and coolant subcoolings of ~20—30 K (* : iterative

pulse-irradiation experiment)

O  Fresh* V:~0.0m/s P:~7MPa dT,,;~80K
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Fig.3.20 Peak temperatures for test cases with fresh fuel, stagnant coolant, coolant
pressures of ~0.1-7 MPa, and coolant subcooling of ~80 K (* : iterative pulse-irradiation

experiment)
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Fig.3.21 Peak temperatures for test cases with fresh fuel, coolant flow velocities of ~0.6—
0.7 m/s, coolant pressures of ~0.1-7 MPa, and coolant subcooling of ~20 K (* : iterative

pulse-irradiation experiment)
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Fig.3.22 Peak temperatures for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,

coolant pressures of ~0.1-16 MPa, and coolant subcooling of ~40 K
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Fig.3.23 Peak temperatures for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,
coolant pressures of ~0.1-16 MPa, and coolant subcoolings of ~50—-80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.24 Film boiling times for test cases with fresh fuel, stagnant coolant, coolant
pressures of ~0.1-7 MPa, and coolant subcoolings of ~10 K (* : iterative pulse-irradiation

experiment)
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Fig.3.25 Film boiling times for test cases with fresh fuel, stagnant coolant, coolant
pressures of ~7—15 MPa, and coolant subcoolings of ~20—30 K (* : iterative

pulse-irradiation experiment)
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Fig.3.26 Film boiling times for test cases with fresh fuel, stagnant coolant, coolant
pressures of ~0.1-7 MPa, and coolant subcooling of ~80 K (* : iterative pulse-irradiation

experiment)
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Fig.3.27 Film boiling times for test cases with fresh fuel, coolant flow velocities of ~0.6—
0.7 m/s, coolant pressures of ~0.1-7 MPa, and coolant subcooling of ~20 K (* : iterative

pulse-irradiation experiment)
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Fig.3.28 Film boiling times for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,

coolant pressures of ~0.1-16 MPa, and coolant subcooling of ~40 K
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Fig.3.29 Film boiling times for test cases with fresh fuel, coolant flow velocity of ~1.0 m/s,
coolant pressures of ~0.1-16 MPa, and coolant subcoolings of ~50—-80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.30 Surface superheats at quench for test cases with fresh fuel, stagnant coolant,
coolant pressures of ~0.1-7 MPa, and coolant subcoolings of ~10 K (* : iterative

pulse-irradiation experiment)
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Fig.3.31 Film boiling times for test cases with fresh fuel, stagnant coolant, coolant
pressures of ~7—15 MPa, and coolant subcoolings of ~20—30 K (* : iterative

pulse-irradiation experiment)
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Fig.3.32 Surface superheats at quench for test cases with fresh fuel, stagnant coolant,
coolant pressures of ~0.1-7 MPa, and coolant subcooling of ~80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.33 Surface superheats at quench for test cases with fresh fuel, coolant flow
velocities of ~0.6—-0.7 m/s, coolant pressures of ~0.1-7 MPa, and coolant subcooling of ~20 K

(* : iterative pulse-irradiation experiment)
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Fig.3.34 Surface superheats at quench for test cases with fresh fuel, coolant flow velocity

of ~1.0 m/s, coolant pressures of ~0.1-16 MPa, and coolant subcooling of ~40 K
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Fig.3.35 Surface superheats at quench for test cases with fresh fuel, coolant flow velocity
of ~1.0 m/s, coolant pressures of ~0.1-16 MPa, and coolant subcoolings of ~50-80 K

(* : iterative pulse-irradiation experiment)
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Fig.3.36 Peak temperatures for test cases with fresh fuel, coolant flow velocities of ~0.6—
1.8 m/s, atmospheric coolant pressure, and coolant subcooling of ~20 K (* : iterative

pulse-irradiation experiment)
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Fig.3.37 Peak temperatures for test cases with fresh fuel, coolant flow velocities of ~0.0—
3.2 m/s, atmospheric coolant pressure, and coolant subcooling of ~80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.38 Peak temperatures for test cases with fresh fuel, coolant flow velocities of ~0.0—

3.0 m/s, coolant pressure of ~7 MPa, and coolant subcooling of ~10 K (* : iterative

pulse-irradiation experiment)
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Fig.3.39 Peak temperatures for test cases with fresh fuel, coolant flow velocities of ~0.0—
3.0 m/s, coolant pressure of ~7 MPa, and coolant subcoolings of ~10—-30 K (* : iterative

pulse-irradiation experiment)

©  Fresh V:~1.0m/s P:~12-16MPa dT,,,:~40K
® Fresh V:~0.0m/s P:~16MPa dT,,,:~50K

2000} |
X ¢ o9
o o %
2 1500¢ . o -
: X
E (@)
S 1000} |
'
(]
(]
(a
500} |
400 800

Peak enthalpy [J/g]

Fig.3.40 Peak temperatures for test cases with fresh fuel, coolant flow velocities of ~0.0—

1.0 m/s, coolant pressures of ~12—16 MPa, and coolant subcoolings of ~40-50 K
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Fig.3.41 Film boiling times for test cases with fresh fuel, coolant flow velocities of ~0.6—
1.8 m/s, atmospheric coolant pressure, and coolant subcooling of ~20 K (* : iterative

pulse-irradiation experiment)
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Fig.3.42 Film boiling times for test cases with fresh fuel, coolant flow velocities of ~0.0—
3.2 m/s, atmospheric coolant pressure, and coolant subcooling of ~80 K (* : iterative

pulse-irradiation experiment)
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Fig.3.43 Film boiling times for test cases with fresh fuel, coolant flow velocities of ~0.0—
3.0 m/s, coolant pressure of ~7 MPa, and coolant subcooling of ~10 K (* : iterative

pulse-irradiation experiment)
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Fig.3.44 Film boiling times for test cases with fresh fuel, coolant flow velocities of ~0.0—
3.0 m/s, coolant pressure of ~7 MPa, and coolant subcoolings of ~10—-30 K (* : iterative

pulse-irradiation experiment)
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Fig.3.45 Film boiling times for test cases with fresh fuel, coolant flow velocities of ~0.0—

1.0 m/s, coolant pressures of ~12—-16 MPa, and coolant subcoolings of ~40-50 K
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Fig.3.46 Surface superheats at quench for test cases with fresh fuel, coolant flow
velocities of ~0.6—1.8 m/s, atmospheric coolant pressure, and coolant subcooling of ~20 K

(* : iterative pulse-irradiation experiment)
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Fig.3.47 Surface superheats at quench for test cases with fresh fuel, coolant flow
velocities of ~0.0—3.2 m/s, atmospheric coolant pressure, and coolant subcooling of ~80 K

(* : iterative pulse-irradiation experiment)

Fresh* V:~3.0m/s P:~7MPa dT,,:~10K
Fresh* V:~1.0m/s P:~7TMPa dT,,:~10K
Fresh* V:~0.6m/s P:~7TMPa dT, ,:~10K
Fresh* V:~0.0m/s P:~7TMPa d T, ,:~10K
Fresh V:~3.0m/s P:~7TMPa dT,,:~10K
Fresh V:~1.0m/s P:~7TMPa dT,,:~10K
Fresh V:~0.0m/s P:~7TMPa dT,,:~10K

o

(o)

®

®

o}

o}

[ )

z F T T T T :
c E E
S g ]
S 1200 g 3
o- iy 3
©
© E E
()] F 3
= £ E
S 600F . ;
R . :
g g ° ;
(0] E [ ] =
= g o 3
U) 0 C 1 1 -

400 800
Peak enthalpy [J/g]
Fig.3.48 Surface superheats at quench for test cases with fresh fuel, coolant flow
velocities of ~0.0-3.0 m/s, coolant pressure of ~7 MPa, and coolant subcooling of ~10 K

(* : iterative pulse-irradiation experiment)
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Fig.3.49 Surface superheats at quench for test cases with fresh fuel, coolant flow
velocities of ~0.0—3.0 m/s, coolant pressure of ~7 MPa, and coolant subcoolings of ~10-30 K

(* : iterative pulse-irradiation experiment)
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Fig.3.50 Peak temperatures for test cases with fresh and irradiated fuels, stagnant

coolant, atmospheric coolant pressure, and coolant subcooling of ~80 K
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Fig.3.51 Film boiling times for test cases with fresh and irradiated fuels, stagnant coolant,

atmospheric coolant pressure, and coolant subcooling of ~80 K
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Fig.3.52 Surface superheats at quench for test cases with fresh and irradiated fuels,

stagnant coolant, atmospheric coolant pressure, and coolant subcooling of ~80 K

,43,



This is a blank page.




EBREALR (SI)

F 1. ST HEAHL # 2. FARWALZ VTR SN S ST HALOF] # 5. SI H:0HGE
e ST HAHAL S SI EAH AL _ B BEUHRE | i | B BRUERE | 5
P am [es — e e w* [ 2 ¥ [0t [F ] d
= s[x—r 4 m L ! o w0 e x| oz | 102 |y A e
" 1% BSzig A — b m i s
H ¥ T4 kg WX, | A— bR - 10" [= 7 ¥| E 107 |3 Ul m
53 m ow s n b | A — SRR m/s’ 10° [~ ¥ P 10° [vA7m| p
& w7 v <7l A i3 HlmA— v m’ 1027 7 T | 10° |5 /| =n
BmAERE S v E ] K WL, WREEXRST ARG A— M| kgm® 100 | # o |12l = p
BB = | mol HoOB E EFe/IAETlA— | kem® 108 |2 # M | 10 |7=sk f
bia il v 7 5| ed e % B3y A= brf®a s b | mike 100 [ = k | w0®[r K a
B W B ETATEPEA-MV Am 102 |~2 K h | 107 |8 7 K 2
W R oo B I|TUXTHEA— MV A/m 0 |= S 0% |2 ¢
B EY, B EleAmA— by mol/m? 2 il
"R ¥ ExarsmsiEi— i | kgm®
i | F IR A= | edim? .
o o o i #6. SICEEZRVA, SIE RSB HifE
oE B ok Y GrFo) 1 1 45 ) ST Hifiziz L % i
(a) 2 (amount concentration) (TERIAAL D7 EF Tl ETR L Gy min |1 min=60s
(substance concentration) & & LiFh 5, - P
®) nb Tekin B UVEKIE 1 & bORTHHMN, TOTE & b [1h =60 min=3600 s
B FT WA T B FO 1 IRiEE 3R L7, ] d |1d=24h=86400s
i > |1°=(/180) rad
3. [T D4 B & LT SN D STHL I - ©|i=wis0ra
SIHLS 53 1'=(1/60)°=(11/10800) rad
$ANT B e g MOSIEALIC L 5 | STEARALC L 5 » ” |17=(1/60)=(n/648000) rad
i #L) #LH ~7 B = ha |1ha=1hm?®=10'm?
e ?; 2 So7 P o ™4 EZ) m/m Uy b L, 1 [1L=11=1dm’=10%m*=10"*m?
ST AT TIT ¢ 1 53 —10"
Al W oy (9 He g b t [16=10"kg
7 Sa=|p¥ N mkg s?
E 5 , S| A Y2 Pa N/m?* m’ kg s?
T RAX—, ftH, ARV J Nm m’kg s KT, SICE SRV, SIEOFA S B BALT, SIHALT
HEE, TE. BNk W e kg o FEN D HIEA TR B OND O
B B & Er—nv C sA B %2 SI {7 TR I N5 5E
AL E (BIE) , K E AL v WIA m?’kg s?A? B T A A b eV [1eV=1.602 176 53(14)x107°J
%% & P ®B77o K F (A% m2kg!s A % v kb | Da |1Da=1.660 538 86(28)x10*'kg
& £ FiiS A —2 Q VIA m’kg s?A? R EREEAM u |1u=1Da
ERIN S A S DA 7S S ANV mZkg' s A? KX H ] ua [1ua=1.495 978 706 91(6)x10"'m
I3 H 7= — Wb Vs m’kg s?A?
23 R # i1 raba T Wh/m? kg s?A?
A4 v Xy F v X~ U— H Wh/A m?kg s2A?
L v oy 2 R EerswzEe| C K #8. SUTE 7w A3, STE P S22 Offhod Hifir
b/ F— R Im cd sr© cd Ei) A ST HfZ CH S 25 Hifil
i o fl)ﬁ /371 o Ix 1m/m* nfcd 2 — V| bar |1bar=0.1MPa=100kPa=10"Pa
TS R 0D J A RE 7L Bq s KEUEI U A — FblmmHg 1mmHg=133.322Pa
TR, b= x ¥ —0 5. |, . .
— Az Gy Jikg m?s? Arv 7 A brv—24 A [1A=0.1nm=100pm=10""m
AL RS 7| | g " ) i gl M |1M=1852m
My, mARRYR | v g e ~ = > b |1b=100fm’=(10"%cm)2=10"m?
i3 # i e[ & — kat s mol J 2 M kn |1kn=(1852/3600)m/s
() SIS A [EA D4 Pl & 5 % B M B L M A E T IR 5, L LBSHAES LI AT b 1550 * = 4 Np o
aE—L hTRAN, . STHANL & OBAEHI 22 BALR 1T,
®)F VT > ERT T VT VHEMED 1K B B ORRIZRAFT, ROV T oA S 2 B DI, ~ 2 SR D E IR
FEBRIE, AT SRHCITRE Srad X CsrV AV 5523, B L L THIZE(L L L TORES THHHFT0 1138 = v =< | daB
RERL,
@FHFETIIAT FTVT v VI AL i Fsr2 PLOE LT OHIC, TOEEHREL TS,
DY BEBEHRIC SN T DR, 7 LT HH ORI BRI SV T O A S5,
(/N T ABEI T N E Y DRRIZRATIT, AV AREEZRTOICERSND, BT REL S LEYD - g g
HROKE SR~ Thd, LEs->T, BIEECRENIEZTRIGEE S 5 OHA R LT bR L Th s, £9. Wif ”jﬁmm‘?ﬁ}ﬁfﬁﬂﬁ“ —_
ORSFHERZREDHUAHE (activity referred to a radionuclide) (%, LiE LiEif - 7= 7k Tradioactivity” & it S5, GEL AL SI HAL TR S %l
(QHAL S —~L b (PV,2002,70,205) (22 TiXCIPMAIE2 (CI-2002) %# &M, e v 7| erg |1 erg:10'7J
4 A | dyn |1 dyn=10°N
=X (VA Z LEEETe IRYA: XA ° ] 5
L £ S (St L # 7 x| P |1Pe1dynsem®0.1Pas
i — _ 2 A_qn4. 2 1
HELNL AR . e ST EABRIC L 5 Ak 7 A St |1St=lem®s'=10"m"s
. il #1LJ 2 F A 7| sb |1sb=lcdcm?=10%d m?
i A A I % Pas m'kgs’ 7 *+ M ph |1 ph=lcd srem™ 10%x
oo — A v KMMea—trx—tn Nm m?kg s 7 /U Gal |1 Gal =lcm s°=10%ms?
# i) i Sl=a2—hrmA—FL  |Nm kg s> ~ 7/ A U z )| Mx |1Mx=1Gcm?=10°Wb
1 W BT T R rad/s mm'sl=s? B 7 A G |1G=1Mxcem?=10"T
£ n i |7 T v mibEl rad/s? mm’s?=g? zazFy R | Oe |10es (10¥4m)A m™
gz +BR S 72 — 2 -3 =
it 5 B B BEL 9T ists= b i lger © 3 EADCGSIR & STCHIIK CE A, 55 [ & |
ARE, = he v —|Ya—rmrrEey JIK m?kg s2K! FEHISBIRE TS b O ThH B,
EK R, Ty ho B —|va—nmxonssamrrey [JikeK)  [m2s?K!
K = % A ¥ —|Ya—AEEFusIAa Jikg m®s?
#h & i H| o MEA— EZAEY (W/(mK)  |mkgs?K?! #10. SR S 72\ Z Ofth o> BAL OB
B T % L X —|Va—nmiHA— L |Jm® m’kgs? EAa Eviea SI HLAZLTH S5 HiE
E R 0 B S[EAMEA—bA Vim mkgs?® AT * = U —| Ci |1Ci=8.7x10"Bq
G i # BE| 7 —wa S A— RV |C/m® m”® sA L v + % | R |1R=258x10"C/kg
# i} B |7 —a L A— RV |Cm? m” sA S F| rad |1 rad=1cGy=102Gy
R EE, BRAEMI—urmEmEFA—Y (C/m? m?sA v 2 _ 102
i & |7 7T REgEA— LV F/m m™® kg’l st A2 . e ||il meml @10y
% [ #~Y—mA—bAr  |Hm  |mkgs?A? 77] TN 1;:1}222_110;9:0_15
£ L T X U F —|TVa—iEEL J/mol m*kg s mol _ }\1]/ BS A B \7_ ,m_ _ o _
E)VT Y b a B VAR Y 2= BEAES A E Y (I mol K) |m?kg s2K ! mol® 4 ART b v I‘il/;ﬁjj 7 ¢~ 200 me =20k
AR (XEE Oy 8) |7—ndrnssa Clkg kel oA k \ Jv| Torr |1 Torr = (101 325/760) Pa
7 I @ B |7 LA 155D Gyls m2s? Bo# K & JE[ atm |1 atm =101 325 Pa
T 5f 5 E\D Y MEATTVT Y |Wisr m*m*kg s’=m’kg s 2 om oy | cal [leal=41858) (T5C;H=Y ), 41868
b 7e it i JE|7 s M A= b2 7797 |Wim? st) |m?m? ke s=ke s (MM e Y —) 4.184d (MBE IR Y —)
B # Om M B EIZ—AEHA— L |kat/m® m® s mol I 7 = S 1p=1pm=10"m

(358, 20064E8ET)



ZOERIIESBEREERLTVEY



