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ABSTRACT

A series of in-reactor experiments were conducted by Pacific Northwest
Laboratory using full-length 32-rod pressurized water reactor (PWR) fuel bun-
dles as part of the Loss-of-Coolant Accident (LOCA) Simulation Program. The
third materials experiment (MT-3) was the sixth in the series of thermal-
hydraulic and materials deformation/rupture experiments conducted in the
National Research Universal (NRU) reactor, Chalk River, Ontario, Canrada. The
MT-3 experiment was jointly funded by the U.S. Nuclear Regulatory Commission
(NRC) and the United Kingdom Atomic Energy Authority (UKAEA)., The main object-
ive of the experiment was to evaluate ballooning and rupture during active two-
phase cooling in the temperature range from 1400 to 1500°F (1030 to 1090K).

The 12 test rods in the center of the 32-rod bundle were initially pressurized
to 550 psi (3.8 MPa) to insure rupture in the correct temperature range. All
12 of the rods ruptured, with an average peak bundle strain of ~55%,

The UKAEA also funded destructive postirradiation examination (PIE) of
several of the ruptured rods from the MT-3 experiment. This report describes
the work performed and presents the PIE results. Information obtained during
the PIE included cladding thickness measurements, metallography, and particle
size analysis of the cracked and broken fuel petlets.






SUMMARY

The Loss-of-Coolant Accident (LOCA) Simulation Program was conducted by
Pacific Northwest Laboratory to evaluate the thermal-hydraulic and mechanical
deformation behavior of full-length 1ight-water reactor (LWR) fuel bundles
under LOCA conditions., The tests were designed to simulate the heatup, reflood,
and quench phases of a large-break LOCA; and were performed in the National
Research Universal (NRU) reactor using nuclear fission to simulate the low-
1evel decay power typical of these conditions.

The sixth experiment in the program--Materials Test 3 (MT-3)--was jointly
funded by the U.S. Nuclear Regulatory Commission (NRC} and the United Kingdom
Atomic Energy Authority (UKAEA). The main objective of the MT-3 experiment was
to obtain data pertinent to the licensing requirements for ballooning and
blockage of fuel rod cladding. By agreement with the NRC, the test conditions
were identified and selected by the UKAEA,

This document presents the postirradiation examination (PIE) results for
several of the ruptured rods from the MT-3 experiment. Particle size analyses
of the fuel from various rod sections were conducted, and metallographic speci-
mens of the Zircaloy c¢ladding from these sections were prepared and examined.
Rod sections were chosen to include the most severely deformed and ruptured
locations in the test rods.

Metallographic examination of the Zircaloy cladding revealed that tempera-
tures were not sufficient to cause any alpha-beta transformation, but that some
grain growth had occurred. Evidence of cold work {twinning) was prevalent in
areas where the ciadding was deformed.

Oxidation occurred on both the inner and outer surfaces of the c¢ladding.
The oxide thickness on the inside surface never averaged more than 2 um and was
usually between 0.5 pm and 1 wm. The average oxide thickness on the outer sur-
face of the cladding was greater {~4 um), especially at the elevations where
the axial temperature profile peaked, i.e., around the failure sites,

Circumferential cladding thickness measurements were made to determine
whether there was a "spiraling" of cladding wall thickness. Lengths of clad-
ding varying from 12 to 18 in. (300 to 450 mm) were sectioned at 1.00-in.
(25.4 mm) intervals. No spiraling trend was evident,

The size analysis of the fuel particies revealed that two pellets from one
of the rod sections were still intact. The rest of the pellets cracked into
particles, 96% of which were 0,111 in., (2.8 mm} and larger.
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INTRODUCTION

A series of 1? reactor experiments were conducted by Pacific Northwest
Laboratory (PNL) 2) using full-length 32-rod pressurized water reactor (PWR)
fuel bundles as part of the Loss-of-Coolant Accident (LOCA) Simulation Program
(Hann 1979). The third materials experiment (MT-3) was the sixth in the series
of thermal-hydraulic and materials deformation/rupture experiments conducted in
the Nat}onal Research Universal {NRU) reactor at Chalk River Nuclear Laboratory
(CRNL), b) chalk River, Ontario, Canada. The experiment was jointly funded by
the U,S. Nuclear Regulatory Commission (NRC) and the United Kingdom Atomic
Energy Authority (UKAEA).

The main objective of MT-3 was to evaluate the ballooning and rupture
behavior of the cladding during active two-phase cooling in the temperature
range from 1400 to 1500°F (1030 to 1090K). The 12 test rods in the center of
the 32-rod bundie were initially pressurized to 550 psi (3.8 MPa) to simulate a
PWR rod at beginning-of-1ife {Table 1). The MT-3 experiment consisted of a
preconditioning phase, a pretransient test phase, and a single transient test
(peak cladding temperature ~1050K) (Table 2) in which all 12 test rods bal-
looned and ruptured. A plot of the peak cladding temperature versus time
during the transient test is shown in Figure 1,

After the experiment, the test rods were examined and measured under water
using the disassembly, examination, and reassembly machine (DERM) (Mohr et al.

TABLE 1. MWT-3 Test Fuel Rod Parameters

Cl adding material Zircaloy-4

Cladding outside diameter {QOD) 0.379 in. {0,963 cm)
Cladding inside diameter (ID) 0.331 in. (0.841 cm)
Pitch {rod to rod) 0.502 in. (1.275 c¢m)
Fuel pellet (OD) 0.325 in, {0.825 cm)
Fuel pellet length 0.375 in, (0.953 cm)
Active fueled 1ength 144 in, (365.75 cm)
Total shroud length 1709,125 in. (423.1 cm)
Helium pressurization 550 psig (3.8 MPa)

Fuel enrichment 2.93% 235

(a) Operated for the U.S. Department of Energy (00E) by Battelle Memorial
Institute.

(b) Operated by Atomic Energy of Canada, Ltd. {AECL).



TABLE 2. Measured Experiment Operation Conditions

Steady-State

Reactor Cladding
Power, Temperature, Start Delta Time
MW Cool ant °F Time {min:sec)
Preconditioning 127 Water - 11/12/81 04:35
06:30

Reflood 0 Steam/reflood - 11/12/81 00:15
calibration water 19:15
MT-3.01 6.7 Steam 810 11/12/81 Q1:02
adiabatic 20:47
MT-3.02 DACS 0 - - - -
scram abort
MT-3.03 abort 1.8 Steam 500 11/12/81 00:22
Tevel check 22:31
MT-3,04 7.2 Steam 835 11/12/81 Q0:26
adiabatic 23:06
MT-3.056 1.8 Steam/reflood 500 11/12/81 00:19
flow rate check water 23:35
MT-3.06 7.2 Reflood water 835 11/13/81 0Q0:32
transient 00:14 (00:18 to

bundl e quench)

1983). Seven rods were then selected for destructive examination in the CRNL
hot cells. These rods and their selection criteria are listed in Table 3, A
detailed metallographic examination of the cladding was performed around the
ruptured region of each rod. C(ladding thickness measurements were made from
photographs of the fuel rod cross sections. For several of the rods, addi-
tional cross sections were measured at distances up to 21 in. {530 mm) from the
rupture site. A particle size analysis of the fuel was also performed on a
section of each rod.

















































































































































































