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Quarterly Progress Report on the NSRR Experiments (1)

- Combined, October 1975 ~ March 1976 -

Reactivity Accident Lahoratory
and |
NSRR Operation Section
Division of Reactor Safety, Tokai, JAERI
(Compiled by M. Ishikawa and K. Tomii)

(Received June 28, 1976)

In-pile experiments related with nuclear fuel behavior during
reactivity-initiated accidents were started in the Nuclear Safety
Research Reactor (NSRR), a thermal pulsed reactor, in October 1975, sub-
sequent to the first criticality in June 1975.

A total of 29 tests were carried out during the two quarters from

October 1975 to March 1976. Experiments are in the three test series:

(1) Scoping tests to study behavior of the normal, unirradiated PWR type
fuel rods (standard test fuel rods) with change in the energy deposi-
tion, and to obtain the failure threshold,

(2} wide-gapped fuel tests to study influence of the difference in radial
gap width on cladding surface temperature and on the failure
threshold, and

(3) waterlogged fuel tests to study the relation between water volume in
fuel rods and falilure threshold.

From these tests, the failure threshold for the standard test fuel was

found to be in the energy deposition range of 214 cal/g-U0, to 232 cal/

g*U0,; at 232 cal/g-UO; a fuel rod failed with circumferential cracks
penetrating the cladding tube. At higher energy deposition of 292 cal/

"g+*U05, a fuel rod was broken into five large pieces with melting of UO

pellets. At 334 cal/g+UO, a fuel rod was broken into small particles with
water-column jumping.
The failure threshold for wide-gapped fuel rods was very close to

that for standard fuel rods, and was in the range between 229 cal/g+U0, to

(i)
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240 cal/g-U0,.
The waterlogged fuel rods with water filling all the space inside

the rods failed with large longitudinal breach at the energy deposition

of 101 cal/g+U0,.
Discribed are the results of the tests, test procedures, and present

status of analytical works.

(iii)
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Summary

The in-pile experiments on nuclear fuel behavior under reactivity-
initiated accident conditions were started in the Nuclear Safety Research
Reactor (NSRR) in October 1975. The NSRR is a modified TRIGA-Annulare
Core Pulse Reactor having a large central experimental cavity (22 em I.D.),
where a capsule or a loop containing test fuel elements, one to several
rods, and coolant is installed and exposed to a high pulse power. During
the period from October 1975 to March 1976, a total of 29 tests were
carried out using stainless steel capsule contianing single LWR test fuel
rod and water of room temperature and atmospheric pressure.

During the irradiation tests, the transient data such as fuel cladd-
ing surface temperature, water temperature, fuel internal pressure, water
column motion, capsule internal pressure and gapsule strain were measured
using the instrumentations fitted into the tast fuel rod and the capsule.
These data were recorded in the data acquisition and display system, and
in the visicorder.

In addition, in one to two weeks after the in-pile test, the capsules
were disassembled, and test fuel rods accepted visual and dimensional

inspections.

The experiments performed during the aforementioned period consist

of the following three test series.

(1) Scoping Tests and Detailed Tests:

In these test series, 12.23 mm 0.D. zircaloy-2 clad fuel rods containg

2.6 % enriched U0, pellets (JPDR-II fuel rods) and 10.72 mm O.D. Zzircaloy-4

clad fuel rods containing 10 % enriched U0» pellets (standard test fuel
rods) were used. The energy insertion into the test fuel given by a
single pulse was varied from approximately 40 cal/g-U0; to 330 cal/g-UO,

to get basic knowledge on fuel behavior.

(2) Wide~gapped Fuel Tests:

The fuel rods used in this test series were wide-gapped fuel rods
which were the variation of the standard test fuel rods, and had the radial
gas gap of 0.195 mm wide. In these fuel rods, UD, pellet diameter was a
little smaller so that the gas gap width was twice as much as in the

standard test fuel rods.

(Iv)
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The energy insertion into the test fuel was varied from approximately
160 cal/g*U0, to 290 cal/g*UOp, and the effect of gas gap width on the
transient behavior of cladding temperature and on the mode of fuel failure

was studied in comparison with the behavior of the standard test fuel rods.

{3) Waterlogged Fuel Tests

In this test series, two types of waterlogged JPDR-II fuel rods were
used.

In one type, the radial gap was filled with water, while in the other
type, the upper plenum portion as well as the radial gap was filled with
water. The energy insertion into the test fuel was varied from approxi-
mately 40 cal/g+UO, to 140 cal/g*U0, and the threshold enthalpy for, and
the mode of, fuel failure were studied.

As the result of these experiments, following features were observed.

A standard test fuel rod failed with circumferential cracks penetrat-
ing the cladding tube at the energy deposition of 232 cal/g+U0, (Test 200-5),
while at the energy deposition of 214 cal/g+U0, (Test 111-4) a fuel rod
did not suffer failure but slight bending. At the energy deposition of
292 cal/g-U0, (Test 111-6), a fuel rod was broken into several large
pieces with melting of fuel pellets.

At the maximum energy deposition attained in this experimental period,
334 cal/g+U0, (Test 111-7), a fuel rod was broken into small particles
inducing water-column jumping.

The data from the wide-gapped fuel tests indicate that the cladding
surface temperature of a wide-gapped fuel reduced greatly at the energy
deposition of -about 160 cal/g-U0, in comparison with the cladding tempera-
ture of a standard test fuel. But at the higher energy deposition, the
effect of the difference in initial gap width became negligibly small, and
cladding surface temperatures of wide-gapped fuel rods were very close to
those of standard test fuel rods. The failure threshold for wide-gapped
fuel fods was in the energy deposition range between 229 cal/g+U0, (Test
232-3) and 240 cal/g-U0, (Test 232-4). '

The result of the waterlogged fuel tests is that a fuel rod with
water filling all of the space inside the rod including upper plenum
failed with large longitudinal breach in the test that might have given
energy insertion of about 141 cal/g-U0, (Test 401-3).

The energy deposited at the time of failure was evaluated to be 101

cal/g-U0,.

o
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In this test, almost all of the fuel pellets were released into the
water and fractured into small particles. The water-column jumping was

observed as well.

The detailed results of these tests are described in Capter 2. 1In
addition, a consideration on the transient behavior of fuel internal pres-—
sure in the waterlogged fuel tests is discussed in Chapter 3. Chapter 4
describes the experimental rigs, such as capsules, test fuel rods and
instrumentations, used in these tests and being developed for future tests.
Chapter 5 introduces computer programs being used or being developed for
experimental analyses. The last chapter describes the test plans for
next peried from April to June 1976. The facilitiés, experimental
capability and performance data of the NSRR reactor are summarized in the

Appendices.

{vi)
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Table 2~1 Summary Data of the NSRR Experiments (October, 1975 ~ March, 1976)

B ) Destructive Force Visible Features
e e Nuclear -ro- . o Less of®
a) Deposition Surface Maximum Mechanical He Visible ! Oxidation Fuel Struct?ral
Test No. |[in Test Fuel Temperature Capsule Energy only on Integrity
(c81/5+U0y) f“C) iieisuge Conversion Change Cladding Failure ! of Fuel
] glem™) Ratio (%) Surface Element
111-1% 40 90 0 0 O
111-2% 102 140 0 0 O
111-3 159 %1000 0 0 o)
Scoping Tests 111-4 214 ' 1690 0 0 [+
111-5 237 . 1720 0 0 O
111-6 292 >1720 o 0 o)
111-7 334 »1720 10 6x10™4 o)
200-1-1 35 147 0 1] —
200-1-2 205 >1690 v 0 )
200-2-1 101 179 Q 0 —
200-2-2 238 »1720 o o 0 Fa)
Detailed Tests 200-3 156 1190 0 o A
: 200-5 204 1680 0 [ o
200~5 232 >1780 0 0 0
2006 278 >1780 0 0 fe)
200-7 257 »1750 0 0 e} A
232-1 159 126 0 0 A ‘
232-7 207 1680 0 0 c !
Wide-gapped 232-3 229 1745 0 0 le)
Fuel Tests 232-4 240 ; 1770 4] 0 o]
232-5 286 L »1720 ] 0 (@]
232-6 258 L 1720 0 0 0 X
6 ® 401-1% 48 | 180 "5 0 o)
e | 401-2% 97 270 nl0 0 o)
Waterlogged 401-3% 141 170 .55 0.015 Q
Fuel Tests . £) 402-1% 43 240 ~8 o O :
oper | 402-2% 95 540 15 o A
402-3% 141 560 - 0 A
Notes: a) * ghows that the test fuel is JPDR-I1 Ffuel.

b}

c)

d)

e)
£)

Maximum energy deposition in the test fuel rod was estimated as the average energy in the axial center pellet
based on the neutron transport calculation and calibration measurements.

Oxidaticn;

A partial oxidation

Partial breakaway

Loss of structural inteprity;

()Uniform oxidation over the fuel stack region

A Broken while disassembling the capsule

Broken Into fine particles

a1l of the gap and plenum in the test fuel element was filled with water.

All of the gap except plenum in the test fuel element was filled with water.

() Broken into several large pieces
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HEAT
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IN U0, TEST NO.
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C 214 111-4
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200 |
O 1 ] | ]

0] { e 3 4 5 6 7 8 S 10
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Fig.2-3 Transient behavior of cladding surface temperature with
various heat deposition in standard test fuels.
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place as a function of heat deposition in UO;.
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Table 2-2 Maximum Cladding Surface Temperatures in
Wide Gap Fuel Test Series

Maximum claddinga)
Test No. Energy deposition te;;;iziire
(cal/g*U0,) (°C)

232-1 159 136/88

232-2 207 1660/1490

232-3 . 229 l730/>1530b)

232-4 240 1705/1565

232-5 286 >1800°)/ - P

233-6 258 »1800°7 />1610"

Note: a) Measured at 0° and 180° directions at the
center of fuel .active region.

b) T/C Failed
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heat
deposition{calsglUC2) test no.

286

258
240 2324
229 232 -3
207 232 -2
159 232 -1

Fig. 2-9 Photographs of Post-Irradiated Fuels of 232-Series Tests
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%
TEST NO.  232-5
Fig. 2-10 Magnified Photographs of Cracks and Brokén Faces of Failed Fuel
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Gap Conductance (Cal/cm?.sec °C)
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Fig. 2-16
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20—

Gap Conductance (Standard Fuel)

o
T

Gap Width (Wide Gap Fuel )

05
Gap Conductance (Wide Gap Fuel)
/
Gap Width (Standard Fuel)
OO 1 L /1 ! | i L
0.0 (OR 0.2 0.3 0.4 0.5 0.6 0.7
Time (sec)

Calculated Gap Widths and Gap Conductances of Standard and Wide
Gap Fuel (Heat Deposition 150 cal/g-U0,)
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: Standard Fuel ( Failed )

®
O : Standard Fuel { Not Failed ) -
A : Wide Gap Fuel { Failed )
A : Wide Gap Fuel ( Not Failed )
-——: Calculated Value Using
EXCURS-FLUX2 Code
5
4 A .
31 Standard Fuel
2 A
Wide Gap Fuel a
- ;
o
Fa%
0 * 1 1
100 150 200 250

Heat Deposition ( ceﬂ/g.UO2 )

Fig. 2-18 Measured and Calculated Values of Radial Permanent Strain
of Cladding.
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Fig. 2-26 Transient Water Fuel in a Capsule after Fuel Rapture (Test No. 401-3)
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Fig. 2-27 Velocity of Water Surface after Fuel Rapture (Test No. 401-3)
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Fig. 2-28 Cladding tube of the JPOR-II type fuel (100% waterlogged)
' following Test 401-3 (150 cal/g-U03)

i Fig. 2-29 Fragments of U0y released after the fuel rupture following
Test 401-3
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Table 3—1 State of injected water when fuel
inner pressure reached its maximum value

Test No Prmax T v triae
401-1 320 ata 290TC 1.3 cm® /g ~8 m sec
4012 550 ata 700C 71cm®/ g ~10m sec
401-3 ' '

402-~1 53 ata 290C 41.8 cm®/ g ~40 m sec
402-2

402-3 500 ata 900T 9.4 cm®/ g ~10m sec
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Fig. 4-2 General Arrangement of Water Capsule Experiment.
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Fig. 4-5 Water Velocity Transducer
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Table A-1 Characteristics of NSRR

(1) Reactor Types Modified TRIGA-ACPR (Annular Core Pulse

Reactor)

ital

(2) Reactor Vessoel; 3.6 (wide, - £.5 (Llong) » 97 (deep) cpen pocl

(%) Tuel;

Lipe 12 wi s J-Zrh fusl
richment 20 whh U=255
i Stainliess steel
~te 3,56 cr
neter .76 om C.D.
of Tuel section 32 em
cf fuel rods 157 {inclading 3 fuel-feollo
control ro

slent core diameter 52 eom

(4) Control Rods;

Number 2 including 2 safety rods)
Tyre Fuel followered type

cison material Jdatural BuC
Rod drive Rack and pinion drive

(5) Transient Rods;

Number o Tast transient rods and
1 adjustable transient rod

Tyge Ailr Tollowered type

Poison material 927 enriched ByC

Rod drive Fast ¢ Pneumatic
4diustable: Rack and pinicn
& pneamatic

(6) Core Performance;

a) Steady state cperaticn
Steady cztate power 2U0 kW

b) Pulse operaticn

Max. peak power 21,100 MW

Max. burst energy 117 MW-sec

Max. reactivity insertion 3.4% sk (34.87)

Min. period 1.17 msec

Pulse width 1.4 msee (1/2 peak power)

Neutron iife time 23 psec

(7) Experiment Tube;

Ingide diameter Z2 oom
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Table B Summary of the NSRR Experiments (Oct., '75~ March, '76)

Test Fuel Test Results
Pulse | Period - _ Loss of
Test No. No. (msec) | Fuel Type Enrlfhment Single/ Fyel Structual
(%) Bundle | Failure Integrity
111-1 123 9.14 JP-11 2.6 S
111-2 126 2.29 " " "
111-3 127 3.29 | Standard 10.0 "
111-4 135 2.41 " " "
111-5 136 1.91 " " " O
111-6 140 1.61 " " " O
111~7 175 1.43 " " " O
200-1-1 | 182 |28.63 " " "
200-1-2 | 183 2.36 " " "
200-2-1| 179 5.96 " " "
200-2-2 | 180 2.04 " " " O
200-3 148 3.44 " " "
200-4 181 2.36 " " "
200-5 189 2.09 " " " O
200-6 187 2.00 " " " O
200-7 191 | 1.83 " " " O
232-1 155 3.46 Wide-Gap " "
232-2 186 2.50 " " "
232-3 188 2,22 ” " "
232-4 184 2.00 " " " @]
232-5 194 | 1.68 o " " O
232-6 195 1.83 " " " '®
311-1 197 5.37 JP-1T1 2.6 B(5)
401-1 159 5.24 " " S
401~2 160 2.32 " " "
401~3 171 1.56 " " " O
402-1 168 5.58 " " "
402-2 169 2.27 " " "
402-3 174 1.56 " " "

-4 -
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