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SUMMAR Y

A pressurized water reactor loss-of-coolant accident (LOCA) simulation
test program is being conducted in the National Research Universal (NRU)
Re .t r to evaluate the thermal-hydraulic and mechanizal deformation behavior
¢ a full-length fue’ rod purdle. The last three phases of a LOCA--heatup,
reflood, and quench--are performed in situ using nuclear fissioning to
simulate the low-level decay power during a LOCA.

This document reports the data and initial results from the second experi-
ment of the LOCA program. The first experiment was a prototypic thermal-
hydraulic (PTH) test series using parametric combinations of reflooding delay
times and reflooding rates to evaluate the thermal-hydraulic characteristics of
simulated LOCA's. The first materials test experiment (MT-1) used a selected
set of LOCA test parameters taken from PTH-110 to produce a peak fuel cladding
temperature of 1148K (1607°F), and to rupture test fuel rods. Although co-
planar ballooning, fuel rupture, and fuel dispersal were evident after the
test, the reflood coolant quenched the test fuel bunale somewhat faster than
the companion PTH-110 test fuel, which did not deform or rupture.

Graphical data and photographic information present the preliminary
thermal-hydraulic, mechanical, and neutronic results of the MT-1 experiment.
These results are compared to measured data from the .urlier PTH-110 test and
to analytic predictions from several computer codes designed to modei nuclear
fuel rods under tran-ient LOCA conditions. Fuel rod mechanical deformati-n
and rupture effect< are summarized, but data will be reported in a subsequent
document.
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ABSTRACT

A simulated loss-of-coolant accident was performed with a full-length test
bundle of pressurized water reactor fuel rods. This second experiment of the
program prodiced peak fuel cladding temperatures of 1148K (1607°F) and resul-
ted in six ruptured fuel rods. Test data and initial results from the experi-
ment are presented here in the form of photographs and graphical summaries.
These results are also compared with the preceding prototypic thermal-hydraulic
test results and with computer model test predictions.
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1.0 INTRODUCTICN

A loss-of-coolant accident (LOCA) simulation test program is being con-
ducted in the National Research Universal (NRU) reactor at Chalk River Nuclear
Laboratories(‘) by Pacific Northwest Laboratory (PNL).(b) The program is
sponsored by the Fuel Behavior Research Branch of the U.S. Nuclear Regulatory
Commission (NRC) to evaluate the thermal-hydraulic and mechanical deformation
behavior of a full-length, 3% enriched pressurized water reactor (PWR) fuel
rod bundle during heatup, reflood and quench phases of a LOCA. The t-sts are
driven by low-level fission heat anc simulate the decay heat temper?.ure gradi-
ents in the fuel and cladding typical of a LOCA (Hann 1979).

The test program is composed of 1) a series of prototypic thermal-
hydraulic (PTH) tests using a single test assembly, and 2) five subsequent
cladding material tests (MT) using different test assemblies for each test.
The results of the thermal-hydraulic test series have been reported (Mohr et
al, 1981). The series consisted of 28 tests using unpressurized fuel rods
that deformed but did not dilate or rupture during the tests. The results of
that test series provided a reference for evaluating the quenching character-
istics of Zircaloy-clad fuel rods.

This report provides the results of the first of several planned cladding
material tests (MT-1). The MT-1 test uses pressurized test fuel rods and con-
centrates on evaluating not only fuel cladding ballooning and rupture due to a
LOCA, but also the thermal-hydraulic effects of resultant flow blockage. The
MT-1 test duplicated the reflood rate and delay time used in test PTH-110 of
the thermal-hydraulic test series. The comparison of MT-1 and PTH-110 data
shows the relative effects of rupture and blockage on bundle heat transfer
characteristics.

(a) Operated by Atomic Energy of Canada, Ltd. (AECL).
(b) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
Institute.



1.1 TEST OBJECTIVES AND SCOPE

The primary objective of the MT-1 test was to determine the effects of
fuel cladding dilatation and rupture on heat transfer within a fu 1-length LWR
fuel bundle during a LOCA, as compared to the PTH-110 test series. The test
conditions were selected to provide peak cladding temperatures of wp to 1172
(1650°F) with a temperature time history that would permit the cladding to
fail by a creep/creep-rupture failure process.

A secondary objective was to determine the fuel rod rupture time during
the simulated LOCA experiment. Current fuel rod rupture computer wedels were
used to predict fuel cladding rupture. Test results are compared here with
predictions based on >omputer modeling of fuel behavior during the measured
test operating conditions.

The 11 pressurized test fuel rods expected to rupture were assembled in
the cross-sectional configuration of a cruciform, shown in Figure 1.1. Twenty
outer guard fuel rods provided an adiabatic thermal boundary and were designed
not to fail but to be reused with the test train in subsequent materials tests.
Preliminary LOCA and fue)l failure test results are summarized here; detailed
postirradiation examination data will be provided in the test program final
report or possibly subsequent topical reports.

1.2 APPLICABILITY OF RESULTS

The MT-1 test results provide the first full-length nuclear heated clad-
ding rupture data. The test conditions are the most prototypic of any test
performed to date with the power levels, temperature distributions, and heat
fluxes similar to current PWR conditions. The postirradiation observations
of the fuel bundle have shown that the fuel cracking and fuel relocation are
probably typical of commercial light water reactor (LWR) fuel. This means
that the resulting azimuthal cladding temperature variations and the resulting
failure strains and blockage zones are also typical of LWR LOCA conditions.
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The data will be used to assess various calculational models for reactor
safety analyses and conclusions derived from the large series of electrically
heated tests and smaller scale in-pile tests being conducted elsewhere, The
experimental results of the program address 17 specific items outlined in the
Code of Federal Regulations 10 CFR 50.46 and 10 CFR 50, Appendix K. These
17 areas are generally characterized by the following 7 more general groups:

e Peak Cladding Terperature 50.46(b)(1)

e Evaluation Model Assessment 50.46(b)(5)(2)

e Swelling and Rupture Appendix (K)(1)(8B)

e Flow Blockage Appendix (K)(I1)(C)(2)

e Droplet Entrainment Appendix (K)(I)(C)(1)(C)(2)
e Reflood Rate Appendix (K)(I)(D)(3)

e Refill and Reflood Heat Transfer Appendix (K)(I)(D)(5)

The results of this LOCA simulation program wil! be used to provide data ‘or
mode] caiibration and to help define the primary heat transfer mechanisms for
new analytical models. The geometry, mass flux, heat capacity, and materials
are all prototypic, which eliminates much of the uncertainty of prior test
results from other programs. Major concerns of other programs, such as the
effects of length of fuel bundle or type of heating (nuclear versus elec-
trical), should be answzrable with these test results. The major LWR tech-
nology contribution of these tests is to reduce the uncertainty on licensing
criteria and offer the potential for raising the operating limits on certa’in
commercial LWRs.



2.0 TEST DESCRIPTION

The MT-1 experiment was designed to evaluate the effects of deformation
and rupture of the fuel cladding on the cooling characteristics of PWR fuel
during a LOCA, The test parameters were selected to provide peak fuel clad-
ding temperaturcs of up to 1172K (1650°F) with sufficient time at tempera-
ture to allow swelling and rupture of the cladding in the high a/a+g micro-
structure range. The test operating variables of reflood rate and delay time
were selected to duplicate PTH-110. Because PTH-110 used unpressurized rods
and thus the rods did not dilate or rupture, the comparison of MT-1 test data
with PTH-110 test data shows the incremental effects of dilatation and rupture
on bundle heat transfer. The MT-1 experiment was composed of 3 test phases:
preconditioning, pretransient, and the simulated LOCA transient. These three
test phases all utilized position L-24 of the NRU reactor (Figure 2.1).

The preconditioning test phase was conducted at an average fuel rod power
of about 18.7 kW/m (5.7 kW/ft), with the U-2 loop providing water cooling.
Three short runs at full power were made to permit the fuel to crack and
re’2cate within the fuel cladding in a prototypic manner, System pressure
was held at 8.62 MPa (1250 psi).

The pretransient phase was conducted with steam cooling (provided by the
U-1 loop) at a mass flow rate of about 0.378 kg/s (3000 1bm/hr) and an average
fuel rod power of 1.23 kW/m (0.38 kW/ft). This operation brought the test
assembly up to the final pretransient power with a cladding temperature of
727k (850°F) and a system back pressure controlled at 0.276 MPa (40 psia).

In the transient phase, the test assembly (and fuel cladding) wis permit-
ted to lieat up in stagnant steam. At a preselected delay time (32s), reflood
water was introduced at a preselected rate [0.051 m/s (2 in/s)]. At the time
when either the tcst section was reflooded or all of the test assembly thermo-
couples (TCs) were quenched, the test was terminated and the NRU reactor was
tripped. The system back pressure was controlled at 0.276 MPa (40 psia) dur-
ing this portion of the test also.
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2.1 TEST TRAIN ASSEMBLY

A schematic of the overall test train is depicted in Figure 2.2. ~ -
total length of the test train, including the head closure, hanger tube, and
the test assembly, was 9.18 m (30 ft, 1.5 in.). The closure region provided
the primary pressure boundary and included penetrations for 183 instrumenta-
tion leads. The hanger tube was used to suspend the test bundle and shroud
from the head closure plug, and instrument leads were attached to the hanger
to protect them during transport and testing. The shroud supported the fuel
bundle; it served as a protective liner during the experiment and transfer
operations and provided proper flow distribution during various stages of the
experiment. The stainless steel (SS) shroud consisted of two halves clamped
together at 17.78-cm (7-in.) intervals and attached at the end fittings. The
split shroud design made it possible to remotely disassemble, examine, and
reassemble the test train underwater. The shroud and test assembliies were
approximately 4.27 m (14 ft) long and were highly instrumented. The Experi-
ment Operations Plan (Russcher et al. 1981) contains a detailed instrumentation
listing.

The fuel bundle consisted of a 6x6 segment of a 17x17 PWR design with the
four corner rods removed (Figure 1.1). This provided a basic test array of
6x6-4 or 32 rods. The outer row of 20 rods, including the corner rods of the
next inner ring, were not pressurized and served as guard fuel rods (heaters)
during the test. The test section consisted of 11 pressurized fuel rods
(Table 2.1) and 1 instrument tube arranged in a cruciform pattern. The 11 test
fuel rods were pressurized with helium to 3.2 MPa (465 psia) to provide the
internal cladding stress condition thit simulated a PWR rod at beginning-of-
life. This pressurization caused simulated LOCA fuel rod rupture while mini-
mizing the released radioactive fission product inventory.

The test train instrumentation included self-powered neutron detectors
(SPND) (24), thermocouples (TC)(114), steam probes (SP)(20), pressure trans-
ducers (PT)(2), pressure switches (PS)(9), and for this test, a liquid level
detector (LLD) float tube with a linear variable differential transformer
(LVDT) sensor in the instrument tube '~ ‘i:ion 4D. The LLD design was based
on the buoyant principle, with 3 ¢ .4+ s.. orted by a spring and an LVDT to
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TABLE 2.1. Test Fuel Design Variables

Cladding Material Specification

Cladding Qutside Diameter (0OD)

Cladding Inside Diameter (ID)

Pitch (rod to rod)

Fuel Pellet Diameter

Fuel Pellet Length 0.953 cm (0.3 ]
Active Fueled Length 365.76 cm (144 in.)
Total Shroud Length 423.1 cm (170.125 in.)

Helium Pressurization 3.2 MPa (465 psia)

measure the relative displacement. These instruments were monitored on a

real-time basis with the Data Acquisition and Control System (DACS). The

recorded data characterized the temperature, power, and operating history of
ing

the MT-1 test train and provided a recorc of when claddi rupture occurred

and its thermmal-hydraulic effects.
TC measurements provided the mair source of the thermal-hydraulic data.
Local coolant temperatures were determined from the steam probe (SP) thermo-

T
|

couples. TCs were also attached to the inside of the cladding surface to mea-
sure azimuthal temperature variations. These cladding TCs were spot welded to
the interior cladding surface and permitted the monitoring of the cladding

temperature without interference from fuel pellet chips or unintentional TC

relocation.

SPNDs provided relative neutron power measurements within the fuel bundle
during steady-state operation. These neutron detectors also
density variations associated with the reflooding coolant front that was pr

ent during the reflood phase of the transient.

Each test fuel rod had a pressure transducer or a pressure switch attached

to the top end cap. Pressure transducers monitored the internal pressure for

test fuel rods 3C and 5C, and pressure switches identified the depressurization

L

time for the plenums of other test fuel rods.




Instrumentation was located at 22 elevations along the axial length of
the test train assembly. Figure 2.3 defines the axial elevation of each of
these levels and Figures 2.3, 2.4, and 2.5 show the associated instruments at
each level. Additional detail is provided on the blue prints referenced on

Figure 2.3, and the nomenclature used to identify the instrumentation channels
is also noted in Figure 2.3.

-1 OPERATION

The materials test was performed to match as nearly as possible the proto-
typic thermal-hydraulics test PTH-110. The boundary conditions that were most
closely matched were steam flow rate, reflood rate, reflood temperature, ref lood
delay time, and average linear rod power. In addition, the initial fuel cladding
temperature (at the beginning of the transient) and the temperature difference
between inlet and outlet steam flow were adjusted to match PTH-110. Table 2.2
lists the test data measured in PTH-110 and predicted for MT-1.

TABLE 2.2. Test Parameters
Predicted for Test Data
Test Parameter MT-1 PTH-110

Reflood Rate, 0.048 0.053
m/s (in./s) (1.9) (2.1)

Delay Time, s 30.0 30.0

Peak Cladding Temperature, 1172 1163
K (9F) (1650) (1633)

Initial Cladding Temperature, 728 727
K (9F) (850) (848)

Reflood Coolant Temperature, 305 to 322 305 to 322

K (o) (90 to 120) (90 to 120)
(70 to 130)

Average Linear Rod Power, -—— 1.23
kW/m (kW/ft) (C.375)
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A summary of the tes diti predicted for the MT-1 experiment is

2 T |

listed in Table est conditions achieved described in Table 3.1,
including reflood rate, reflood delay time, and peak cladding temperatures
measured during the test. The peak cladding temperatures reported are thuse
at the start of the transient (at the start of the adiabatic heatup), and the
m: imum temperatures measured during the transient. The peak cladding
temperatures were measured by TCs on the inside surface of the fuel rods.
Quench times for both the peak temperature fuel rod and the hindle are also

summarized in Table 3.1.

This section consists of summaries of the data resulting from the MT-1
experiment. In order to facilitate the usc an comparison of the graphic data
presented here, they are collected in the 2nrendices. Computer-generated
plots for each general section of the MT-1 dat an be found in Appendix A.
Comparable data plots from the PTH-110 test are peated in Apgoendix B for
comparison to MT-1. These graphic datz e presented in similar numerical

A 1 ] 1)\ s
|

. ~ { o 1 ol P 1 \
sequence (e.g., Figure A .l Figure B.1.1.1.1 he base data for

the PTH test series are reported (Mohr et al. 1980).

- -2

3.1 TEST ASSEMBLY TEMPERATURES

The test assembly temperatures were measured on the following components:
test fuel rods, inner and outer gquard fuel rods, shroud, &and the instrument
lead carrier. The temperature of the coolant in 5 subchannels was also mea-
sured. Temperature data for each of these locations can be found in Part 1 of
Appendix A. The data for preconditioning operation are contained in Part Sody
and the data for pretransient and transient test operations are contained in
Part 1.2. The locations of the thermocouples and other instruments of the

S

est train are shown in Figure 3.1.

3.1.1 Preconditioning Test Assembly Temperatures

MT-1 data were recorded during the power ascension

power, steady-state preconditioning phase of NRU reactc . The average




TABLE 3.1.

MT-1 Test Results

Test Parameter Measured Predicted
Reflood Delay Time, 3 32.0 30.0
Reflood Coolant Flow Rate, m/s (in./s) 0.053 (2.1) 0.048 (1.9)
Reflcod Temperature Range, K (°F) 294 to 328 305 t~ .22
(70 to 130) (90 to 120)
Initial Cladding Temperature, K (°F) 734 (861) 728 (850)

Peak Cladding Temperature, K (°F)

1148 (1607)

1172 (1650)

Average Linear Rod Power, KW/m (kW/ft)
Fuel Rod Plenum Depressurization, s
Earliest Fuel Rod Failure, s

Peak Cladding Quench Time, s

Fuel Bundle Quench Time, s

Fuel Rod Rupture Elevation, m (in.)

1.24 (0.38; --
60 to 95'2 =
<60(a) -
~155(3) e
*187(3) -
2.0 (81)®) .

(a) Time after beginning of transient, t = 10 sec on historical
plots in Appendix A.
(b) Above bottom of fuel column; top of the tie plate = 0.L

axial temperature profile for the shroud is shown (see Figure A.1.1.1.1 of
Appendix A) as are the individual corner channel axi21 temperature profiles
(see Figure A.1.1.1.2). Negligible [ +4K (18°F)] coolant temperature gradi-
ents across the test assembly are evident from this comparison of individual
corner channel temperatures. Inlet piping temperature 27.43 m (1080 in.)
upsiream from the test assembly, the outlet region coolant temperature
(Level 20), the coolant temperature at the hanger tube (Level 21), and the
outlet piping temperature 8.23 m (324 in.) downstream from the test assembly
are provided in Figure A.1.1.1.3. Intervening data (Levels 1 through 18)
represent average shroud temperatures in the test assembly.

The average cladding temperatures of the guard fuel rods during precondi-
tioning xre shown in Figure A.1.1.2.1. TCs were located on both the interior
(IR) and exterior (OR) of the guard fuel rod cladding, and axial temperature
distributions are provided by both types of sensor. For comparison, the
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Guard fuel rod temperatures recorded during the transient test are pre-
sented in Figure A.1.2.2 as averaged values at each of the sensor levels
(13, 15, and 17). These data are from TCs located on the cladding interior.
Typical temperature differences between these guard fuel rods can be seen in
the preconditioning data summary (Figure A.1.1.2.2),

Figure A.1.2.3 contains temperature histories for the test fuel rods
at the same sensor levels (13, 15, and 17) used for guard fuel rods in Fig-
ure A.1.2.2. These data are from interior TCs with the addition of a central
TC at Level 17 for comparison. The data collected for all other fuel rod TCs
on Levels 13, 15, and 17 are provided in Figures A.1.2.4.1 through A.1.2.4.10.
Obviously, some of them failed during the MT-1 transient test, but some eariy
data are probably valid. They are noted as failed, both here and in
Section 3.6 below.

3.2 TEST COOLANT TEMPERATURES

A special section of coolant temperature data is not provided graphically
in Appendix \. Rather, this information is included in the following subsec-
tions that present temperature cdata for the test assembly shroud and test
train,

3.2.1 Precond’‘‘oning Outlet Temperatures

During water-cooied preconditioning operation, the .e;t assembly cutlet
region, hanger tube, and cutlet piping operated at less tr.n 547K (525°F) as
shown in Figure A.1.1.1.3.

3.2.2 Pretransient and Transient Outlet Temperatures

The axial temperature profile of the shroud during pretransient operation
is shown in Figure A.1.2.1.2; the outlet region temperatures did not exceed
589K (600°F). During the transient, the test train axial temperature pro-
files (see Figure A.1.2.1.3) show that the maximum temperatures of the test
assembly outlet region (Level 20) and hanger tube (Level 21) were about 644K
(700%F).
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3.2.3 Steam Probe Temperatures

Steam probes, or bare thermocouples projecting into the coolant channel,
were located at 5 levels in the inst assembly. Figure A.3.1.1 shows the axial
temperature profile measured during preconditioning wvater-cooled operation.
The steam-cooled pretransient temperature profile is shown in Figure A.3.2.1.
The outlet region temperatures are also shown for comparison.

3.3 POWER COUPLING

The MU reactor power was recorded by the NRU reactor RED’": computer as
a percentage of full reactor power and as megawatts. The reactor pnwers pre-
sented here are based on the percentage of full-power values.

3.3.1 Test Assembly Precornditi 1

The test assembly power during preconditioning was determined by calori-
metric methods at several power levels during the first of the 3 rises o full
reactor power. Data used were the flow rate. provided by the loop instrumenta-
tion, and inlet and outlet temperatures obtained by averaging 2 of the 3 test
assembly inlet region (Level 1) temperatures and 3 outlet region (Level 20)
temperatures. Using the test assembly temperatures rather than the lovp tem-
peratures eliminated the effect of heat losses in the loop piping. The power
coupling calculated in this manner is shown in Table 3.2.

TABLE 3.2. Power Coupling

Reactor Power, ¥ Test "-:ambly Power, kW Cog]ing(a)

0.0 11.4 -
2.0 448.0 22.4
50.0 1059.0 2l.2

100.0 2465.0 24.6

Average = 22.7

(a) Coupling is defined as Test Assembly Power
divided by percent of full reactor power.



The non-zero value of calculated test assembly power at zerc reactor power
is a measure of the accuracy of the inlet and outlet temperature difference.
[t is small, and it is also due to residual (shutdown) gamma heating.

1

The average coupling of 22.7 is slightly larger than 21.1 determined dur-
ing preconditioning for the prototypic thermal-hydraulic (PTH) test series and
probably represents a slight difference in the reactor loading between the two

2SLS.

T Aceco 1 Dw
est Assembly Pretraisient

The test assembly power was also determined during the steady-state pre-
transient operation in the same manner as for preconditioning operation. The
test assembly power obtained vas 141.1 kW. The reactor power was 5.8%, which

ives a coupling value of 24,3, This value is also slightly higher than 22.8

9
found during the PTH te-<* series.

3.4 LIQUID LEVEL MFASUREMENT

The 1i3guid level during the transient was measured with o .1 uid displace-
ment device positioned inside an open-ended cladding tube at rod location 4D
g

(See Figure 1.1). This device replaced the tharmocouples and SPNUs positioned

in the instrument tube 4D during the PTH tes. series.

The upper end of the liqui. icplacement float was connected to the core
of a linear variable differential transformer (LVDT) to measure the axial
movement of the float. The liquid level detector (LLD) was designed so that
a 12-ft change in fluid elevation inside the tube would produce a 1-in. change
in movement of the float and LVDT core. The response of the LLD during the

transient is shown in Figure 3.2.

The LLD responded in a questionable manner to reflood coolant injection;
its short-term reaction is not fully explained. It responds to changes in
liquid level, changes in fluid density, and hydrodynamic pressure of the
reflood coolant flow. Perhaps its initia! (€0 to 80 s) response was due to
the hydraulic effects of reflood water 21d steam generation on the hot test
assembly surfaces. After saturated steam flow was established (>120 s), the

LLD response was more realistic.
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3.5 NEUTRON FLUX DISTRIBUTIONS

The neutron flux is measured by SPNDs mounted on the test assembly shroud
at several locations, and by NRU flux detectors in neighboring reactor cell
locations. Typical MT-1 locations are shown in Figure 3.1. MT-1 neutron flux
data are provided in Section A.2 for comparison among preconditioning (water-
cooled), pretransient, and transient (steam-cooled) operations. NRU REDACE
data ar+ provided in Figure 3.3 to illustrate the comparable axial flux pro-
files inside the MT-1 test train (averaged) and in nearby locations of the NRU
reactor.

3.5.1 Preconditioninc Neutron Flux

The axial neutron flux distributions at full reactor power operation are
shown n Figure A.2.1.1. When the SPND showing the greatest variance from the
other sensors is discarded (SPND-.6-1F-S-C), the resultant preconditioning
axial flux profile (Figure A.2.1.1) conforms with the neutronic test design
distribution (Heaberlin et al. 1979) and that measured in the PTH experiments
(Mohr et al. 1981). The peak-to-average power profile calculated (Heaber 1in
et al. 1979) for the NRU experiment. had an axial peak-to-average ratio of
1.56. The MT-1 neutron flux data, averaged at each shroud instrument level,
were used to construct an axial flux profile in Figure 3.3. It has a peak-to-
average ratio of 1.57. The diagonal flux profile across the MT-1 test assembly
at full reactor power is shown in Figure A.2.1.2.

Neutron flux is measured both inside the MT-1 shroud and in flux detector
rods (FDk) of the MRU reactor. The FDR core position closest to the test lat-
tice position is M-23 (see Figure 2.1). The flux measured at position P-18
was also chosen for comparison because vanadium detectors in it had been cor-
rected for burnup and calibrated for neutron flux. Other platinum detectors
in both M-23 and P-18 provided a relative axial neutron flux profile (see
Figure 3.3) near the L-24 position (where MT-1 was located). In the NRU, the
true flux is more peaked than evident from these flux profiles, due to the
fact that flux detector burnout (degradation) occurs more rapidly in higher
flux regions. These neutron flux profiles are compared in Figure 3.3 with
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& .cage neutron flux measured inside the MT-1 shroud. Midplane nonsymmetry is
due to the fact that the NU reactor midplane is about 0.30 m (12 in.) above
the midplane of the MT-1 fuel column. An axial flux skew results.

3.5.2 Pretransient and Transient Neutron Flux

MU reactor operacion at nominally 6% of full power provided the steady-
state heat source for both the pretransient and transient operation. The neutron
fluxes during pretransient and transient operation are suwmarized in Appendix A,
Part 2.2. For a comparison between water- and steam-cooled neutron flux distri-
butions, the diagonal neutron flux profiles across the test assembly are shown
in Figure A.2.1.2 for preconditioning operation, and in Figure A.2.2.1 for pre-
transient operation, respectively.

The preconditioning axial neutron flux profile is provided in Figure A.2.1.1
for each corner of the shroud for comparison with the pretransient data provided
in Figure A.2.2.2.

Subtle changes in the neutron flux we e caused by the neutron absorption
of the reflood water. To evaluate the changing density of the coolant, the
changing neutron flux in selected shroud channels at various levels is pre-
sent” 4 in Figure A.2.2.3 for the transient operation. The plotted differen-
t"al flux is the difference between the neutron flux at any time during the
test and the average flux calculated for 10 s before reflooding began. The
data presented probably include the effects of the NRU reactor control system
response to the reflood water neutron absorption and the temperature sensi-
tivity of SPND instrument leads.

3.6 INSTRUMENT FAILURE

Despite conservative design practices and careful fabrication, shipping,
and asserbly procedures, some instrumentation did not pass the installation
and final checkout inspections and others failed during the experiment. The
following describes problems, anomalies, and the final repairs or condition of
the instrumentation at the beginning of the MT-1 experiment. A final tally of
failed instrumentation at the end of the experiment is also provided.
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3.6.1 Final Test Assembly Pretest Instrument Conditions

e Steam probe. Steam probe brackets, that were spot-welded to the
spacer grid at location 58 and Level 12, broke away. However,
because the bracket is notched into the grid (captured), the steam
probe was just wired to fuel rod 58 (0.020 in. SS lockwire), to
prevent tlow-induced vibration.

e Thermocouples. All TCs were checked for operability, location, and
lead connections with the reference drawing(a). Five failed TCs
were identified: TC-10-1A-S-C, TC-13-3B-IR-2, TC-15-1F-S-C,
TC-16-5E-SP-4, TC-17-2D-IR-2. The probable cause of failure was
shipping/hand 1ing.

e High pressure connectors. Three high pressure connectors (#3, #4,
and #5) were instalied on the MT-1 hangar tube. Connector #4 was
installed as designed(b). The 3 torque-seals in connectors #3
and #5 were eliminated and were brazed(c). A1l of the sensors(d)
are suspected to have failed due to improper sealing (see Table 3.3).

e Deleted thermocouples. Sensor TC-17-ZD—IR-2(e) was deleted from
the instrument array due to the substitution of a duplicate of fuel
rod 48 for the faulty fuel rod 20. Thermocouples associated with
rod 4D(f), were also deleted from the test assembly (TC-3-4D-SP-4,
TC-6-4D-SP-4, TC-12-4D-SP-4, and TC-18-4D-SP-4) because rod 4D was
replaced by the liquid level detector.

o General notes on “inal assembly.

(a) Stainless steel lockwire (.040 in. dia.) was used (4 places)
to restrain all leads associated with the test fuel rod bundle
(including the liquid level detector at position 4D).

(a) Drawing H3-41804, sheets 1 (rev 5), 2 (rev 4), and 3 (rev 1).
(b) Drawing H3-41778, sheets 1 through 4 (all rev 0).

(c) Brazed seal.

(d) Drawing H3-41803, sheet 6 (rev 0).

(e) Drawing H3-41804, sheet 2 (rev 4).

(f) Drawing H3-41804, sheet 1 (rev 5) and sheet 3 (rev 1).
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TABLE 3.3. High Pressure Connector Instrumentation(2)

Sensors

Connector

TC-13-38-1R-2
TC-15-3B-1IR-4
TC-18-3E-1R-1

TC-17-3D-IR-5
TC-17-30-1R-3
TC-17-3D-1R-4

TC-15-2C-1R-1
TC-15-3C-IR-2

TC-18-2C-1IR-2
TC-18-3E-0R-4
TC-18-2C-0R-1

TC-17-3D-1R-C
TC-17-20-0R-1
PS-19-3E-C

TC-15-3C-IR-7
TC-15-3C-IR-C

High pressure connector #3

High pressure connector #4

High pressure connector #5

(2) Drawing H3-41778, sheets 1 through 4 (all rev 0).

(b) A1l TC leads associated with the head seal “C",(a) but not

part of the cruciform test fuel rod bundle, were separately
bundled up to a level about 5 ft below the feed-through plug.

(c) Guard fuel rod bundle leads and shroud leads were attached to
the hanger tube over the full lenyth, but the rest of the leads
that must be fanned out at this hinge, ar lockwired to the
hanger tube, beginning about 4 ft above the shroud.

3.6.2 Instrument Failures

A total of 41 instruments probably failed sometime during various opera-
tions before and during the MT-1 experimen*. However, some “recovered" during
MT-1 operation and at least 100 remained uperational throughout the experiment.

e Five TCs failed during shipment and final assembly (see Section 3.6.1
for listing).
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e Nineteen sensors failed during the high pressure seal leak test--
all instrument leads using the 3 high pressure connectors (see
Table 3.3 for listing) plus the following: TC-8-6F-S-C,
TC-18-4E-0OR-4, and SPND-17-1F-54,

e Two TCs failed during preconditioning: 7C-2-6F-S-C and TC-6-6A-S-C.

o Two TCs failed during reflood tests 1 and 2: TC-13-1F-S-C and
TC-6-1A-S-C.

e The final tally of failed ~r “suspicious" instrumentation is given
in Table 3.4.

3.7 REFLOOD FLOW MEASUREMENTS

Prior to the pretransient test phase, 2 reflood flow tests were performed
at 0.010 m/s (0.4 in./s) and 0.051 m/s (2.0 in./s) to calibrate the reflood
loop and monitor shroud leakage. See Figures A.4.1.1.1 and A.4.1.1.2 for the
turbine meter flow rate recordings.

After the MT-1 transient test was completed, 3 more reflood tests were
performed. They were run at 0.051 m/s (2.0 in./s), 0.098 m/s (3.7 in./s),
and 0.013 m/s (0.5 in./s). The turbine meter flow rates are shown in Fig-
ures A.4.1.1.3 through A.4.1.1.5.

The reflood flow system included series-connected Barton and Fisher-
Porter turbine flow meters in a nigh flow rate line, and series-connected
Barton and Fisher-Porter turbine flow meters in a paraliel low flow rate
line. In addition, a parallel standby reflood line provided emergency reflood
coolant if needed; none was required during the MT-1 experiment.

At the start of the reflood flow test, a fast reflood rate was used to
bring the reflood coolant level up to the bottom of the fuel rods. The demand
control valve in the high flow rate reflood line is preset fully open for
2 sec. After 2 sec, solenoid valves switch flow through the low flow line
where the flow control valve was preset [e.g., 0.051 m/s (2.0 in./s)].



TABLE 3.4.

Failed Instrument Final Tally

TC-2-6F-S-C TC-18-1F-S-C
TC-6-1A-S-C TC-18-2C-IR-2
TC-6-6A-S-C TC-18-2C-0R-1
TC-7-4F-0R-1 TC-18-3E-IR-1
TC-8-58-0R-1 TC-18-3E-0R-4
TC-8-6F-5-C

TC-10-1A-S-C SPND-6-1F -S4
TC-10-1A-S-C SPND-12-1F-C
TC-13-1F-S-C SPND-13-6A-S2
TC-13-3B-1R-2 SPND-13-1A-S1
TC-13-3C-IR-C SPND-15-1A-51
TC-15-2C-1R-1 SPND-16-1F-C
TC-15-3B-1R-4 SPND-17-6A-S2
TC-15-3C-IR-7 SPND-17-1F -S54
TC-15-3C-1R-1

TC-15-3C-IR-2 PS-19-4C-C1
TC-15-1F-S-C PS-19-4C-C
TC-16-5E-SP-4 PS-19-50-C1
TC-17-2D-1R-2 PS-19-5D-C
TC-17-2D0-MR-1

TC-17-3D-IR-3 PTS-19-4C-C
TC-17-3D-1R-4

TC-17-3D-IR-5

TC-17-3D-IR-C

TC-17-5D0-0R-3

Steam probe temperature histories were used to provide an independent
measurement of the reflood coolant level (and reflood flow rate) in the test
assembly. Figures A.4.2.1.1 and A.4.2.1.2 provide the data for pretest
reflood rate calibration (measuring the time required between subsequent level
quenches) and Figures A.4.2.2.1 through A.4.2.2.3 provide the data for post-
test reflood rate calibrations.
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Similar information is presented in Section 5 of Appendix A for the
MT-1 transient. Figures A.5.1.1 and A.5.1.2 show the test assembly transient
reflooding rate as measured by the turbine flow meters and Figure A.5.2.1 shows
the average temperature history of steam probes at various levels in the test
assembly to independently calibrate the reflood flow rate. The reflooding in-
let coolant temperature history is shown on Figure A.5.2.2.

3.8 FUEL ROD PRESSURE

Changes in the gas pressure in the plenums of the test rods were deter-
mined using pressure switches attached to the upper end of nine of the test
fuel rods and pressure transducers attached to two of the test fuel rods
(3¢ and 5C). See Figures A.6.1.1 and A.6.1.2. Eleven test fuel rods were
pressurized with helium to 3.21 MPa (465 psia) at room temperature. These
test fuel rods are located in the bundle as shown in Figure 3.1.

3.8.1 Pressure Switches

The pressure switch was an electrical device that indicates a change in
output when the pressure in the fuel rod plenum drops below a cutoff pressure
level. However, it does not necessarily indicate the time of fuel rod rupture
unless good pneumatic communication between the rupture site and the fuel rod
plenum is maintained. The switch consisted of a bare thermocouple junction
that was grounded when the plenum pressure exceeded the cutoff pressure level
and switched to an ungrounded mode (open position) when the pressure dropped
below the cutoff level. The temperature of the bare thermocouple junction,
as well as the electrical output of the grounded circuit, are plotted in Fig-
ures A.6.2.1, A.6.2.2, and A.6.2.3. The upper grow of curves on each figure
shows the temperature of the bare thermocouple junction as a function of time.
The lower group of curves represents the output of the thermocouple junction
to a grounded circuit and is plotted as relative output. The latter curves
show a stable output as long as the plenum pressure is above the cutoff pres-
sure which, for the operating temperature of the MT-1 test, is about ~2.07 MPa
(300 psia). When the pressure drops below the cutoff pressure, the grounded
circuit TC response either disappears or its behavior radically rhanges.
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If rupture of the cladding occurs, the change in output of the switch
does not necessarily indicate the time of fuel rod rupture. The helium com-
munication delay due to the tortuous path through the pellet stack between
the location of the fue! rod rupture site and the fuel rod plenum mus*® be
considered.

Pressure switches on six fuel rods--3B, 4B, 2C, 2D, 3E, and 4E--indicated
that plenum pressures dropped below the cutoff pressure of ~2.07 MPa (300 psia)
between 60 and 90 s into the transient. The pressure switches on rods 4C and
30 indicated (Figure A.6.2.1) that their plenum pressure did not drop below
2.07 MPa (300 psia) during the transient (360 s). The output from the rod 50
pressure switch circuit was out of range (failed) during the transient; how-
ever, the output from its thermocouple circuit was recorded (Figure A.6.2.2)
even though it does not indicate when depressurization occurred.

3.8.2 Pressure Transducers

Two test fuel rods (positions 3C and 5C) were each fitted with a pres-
sure transducer to measure the changing fuel rod plenum pressure during the
transient. One transducer operated on the eddy current principle (identified
on Figure 2.1 as PTK) and the other utilized a linear variable differential
transformer (LVDT) (identified on Figure 3.1 as PTS).

Figure A.6.1.1 is a plot of the PTS transducer output from the test fuel
rod in the 5C location. It shows a modest increase in plenum pressure and sub-
sequently, a decrease just prior to 65 s into the transient. This is followed
by a rapid increase and slower decrease in pressure, reaching a peak pressure
at about 100 s into the transient. The thermal sensitivity of this LVDT neces-
sitated a pressure correction after 70 s because the temperature at the loca-
tion of the transducer decreased. Figure A.6.1.2 shows that the corrected peak
plenum pressure was 9.66 MPa (1400 psia). After reaching the peak fuel plenum
pressure, it gradually decreased to a corrected value of 3.10 MPa (450 psia)
at 360 s.

The plot of the PTK eddy current tranducer (Figure A.6.1.1) shows a con-
stant pressure from 0 to 60 s into the transient. A printout of the data dur-
ing this period indicates that possibly the PTK transducer was stuck.
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Subsequently, the plenum pressure dropped rapidly to a minimum of 4.24 MPa
(615 psia) at 90 s, then rapidly increased to 6.34 MPa (920 psia) at 100 s,
and then decreased to 2.62 MPa (380 psia) at 360 s. Because the thermal sen-
sitivity of the eddy current transducer was minimal, its pressure history data
did not reguire a temperature correction. However, these results are not par-
ticularly meaningful.

3.8.3 Summary of Pressure Switch and Pressure Transducer Data

The pressure switch and pressure transducer data are summarized in
Table 3.5.

Three inner test rods (3C, 4C and 3D) remained above 2.07 MPa (300 psia)
along with one corner test fuel rod (5C). A comparison of the times of pres-
sure switch opening with the configuration of thermocouples in the fuel rods
suggests a possible correlation between the thermocouple configuration and gas
communication between the rupture location and fuel rod plenum,
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TABLE 3.5.

Summary of Pressure Switch and Pressure
Transducer Data

Fuel Rod  Rupture Time(a) Type of Instrument

38
48
2C
3C
4c
5C
20
30

50
3t
4E

60
80
95
(e)
(e)
(e)
75
(e)
failed
85
75

ps (D)

PS
PS
prs(c)
PS
prk (4)
PS
PS
PS
PS
PS

(a) Time into transient when plenum pressure
dropped below ~2.07 MPa (300 psia)

(b) PS = Pressure switch

(c) PTS = Pressure transducer, LVDT hellows type

e
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4.0 ANALYSIS AND COMPARISON OF TEST DATA

The test data were given a preliminary analysis to confirm that the test
conditions were close to those of PTH-110. The results of this preliminary
analysis are presented in this section. The imposed test conditions very
closely duplicated PTH-110 test conditions.

Although it would be ideal to compare temperatures measured by TCs on fuel
rods at the came locations in both PTH-110 and MT-1, it was not possible to do
so for test fuel rods in the central core region. High instrument failure
rates in the severe test environment precluded this direct comparison of data.

4.1 COMPARISON OF THE PTH-110 TEST AND THE MT-1 TEST

Tes MT-1 was designed to match the prototypic thermal-hydraulics test
PTH-110. PTH-110 was selected as a reference test because it provided tem-
peratures in the high range, 1093 to 1143K (1520 to 1600°F), with a time-
at-temperature Tong enough to cause the pressurized test fuel rods to rupture.

Tables 2.2 and 3.1 comnare the predicted test conditions and test results,
respectively. The differences between the peak cladding temperatures measured
in tests PTH-110 and MT-1 (Figure 4.1) are due, in part, to the fact that
these are temperatures measured by different positioned thermocouples in dif-
ferent fuel rods operating at different power. The MT-1 transient started out
slightly hotter, 8K (13%F), and at a higher power, about 1%.

Another contributor to the temperature differences between the two tests
is that the inside cladding thermozouples (e.g., TC-15-4F-IR2) for test PTH-110
were not spot-welded to the cladding as they were for test MT-1. Calculations
show that this should cause the temperatures measured in the PTH-110 test to be
11 to 22K (20 to 40°F) higher than the corresponding temperatures measured in
test MT-1.

Figure 4.1 compares the peak temperature of a rTH-110 guard fuel rod with
the peak test fuel rod cladding temperature history of the MT-1 test. The
therriocouple in the MT-1 test fuel rod (TC-15-3B-IR4) failed sometime between
120 and 140 s, so the hottest fuel rod cladding behavior out to the quench
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FIGURE 4.1. Comparison of Peak Fuel Rod Cladding Temperatures
at Level 15 for Tests MT-1 and PTH-110

point cannot be defined. Consequently, Figure 4.2 uses the same data from

test PTH-110 (TC-15-4F-IR2) for comparison with the temperature of a sinilar
guard fuel rod (TC-15-5B-IR3) from test MT-1. They exhibit the second highest
peak cladding temperatures. In Figure 4.2, the guard fuel red temperature com-
parison out to the quench point is shown.
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Agreement between the test results from the MT-1 and PTH-110 tests is
good until the time when cladding temperature decreases. After that time, the
thermocoup les in the MT-1 test indicate that the cladding cools faster and




quenches earlier than the cladding in the PTH-110 test. This is probabl, due
to the fact that cladding deformation and liftoff from uv.. fuel has isolated
the cladding from the fuel to some degree in MT-1 but not in PTH-110.

4.2 COMPARISON OF DATA WITH COMPUTER CODE PREDICTIONS

Two fuel rod ccdes, FRAP-T5(8) and GT3-FLECHT,!”) were used to pre-
dict the results of the MT-1 LOCA simulation test. These codes each predict
the temperature history of representative guard fuel rods. It must be noted,
however, that the guard fuel rods chosen for temperature comparison are non-
rressurized fuel rods that do not deform or rupture. The fuel cladding tem-
perature pred’ tions are compared to measured temperatures in Figures 4.3,
4.4, and 4.5, Figure 4.3 compares predictions with the MT-1 results for the
guard fuel rod cladding temperature at axial Level 13 [1.94 m (7C.4 in ) above
the bottom of the fuel column]; Figure 4.4 compares predictions with the
results for the guard fuel rod cladding temperature at axial Level 15 [2.47 m
(97.2 in.)); and Figure 4.5 compares predictions with results for axial
Level 17 [3.01 m (118.5 in.)].

The FRAP-T5 code underpredicted the fue! cladding temperature at Levels 13
and 15, and overpredicted the Level 17 temperatures. No expianation is offered
for the irregularities of the curves of predicted temperature versus time.

The fuel cladding temperature history at Level 13 was predicted quite
well by the GT3-FLECHT code. At Level 15, the temperatures w're predicted
adequately during the rise to peak temperature, but the predictions did not
follow the measured cladding temperature when decreasing from the peak tem-
perature very well. The Level 17 prediction of GT3-FLEC’ ~ was even more
conservative than the prediction at Level 15.

Cladding deformation predictions for test fuel rods by the two codes are
fairly consistent with each other. Beth codes predict very little cladding
dilatation taking place until the onset of cladding instability, approximately
35 s after the start of the transient (or 3 s after reflooding begins). The
FRAP-T5 code predicted the eventual cladding »allooning and failure to occur
at an axial elevation of approximately 2.45 m (96.4 in.). The GT3-FLECHT
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code predicted the failure to occur at an axial elevation of approximately
1.95 m (76.8 in.). The measured locations of test fuel rod ruptures were
about 2.0 m (8] in.) above the bottom of the fuel column.

The TRAP-TS codz predicted fuel rod rupture time at approximately 45 s
after the start of the transient. The GT3-FLECHT code predicted test fuel
rod :ladding rupture to occur about 50 s into the transient. Estimates of
measured fuel rod ruptures range from less thzn 60 s to about 90 s. See
Section 3.8 for 2 discuss®on of the data and results.

Pretest calculations were alc made vsing heat trans ar coefficients
determined from the FLECHT correlation(®) as input to the TRUMP heat con-
duction code. The FLECHT correlation used in these calculations was outside
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of the range of conditions for which it is valid.
in predicting the fuel cladding time-temperature relationship. The results
are shown in Figures 4.6 and A.7 together with measured peak cladding tem-
Figures of this type were plotted prior
to the test to provide guidance for the selection of the appropriate reflood

perature for MT-1 guard fuel rods.

delay and flow rate test conditions.
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side (1) of the test fuel rod bundie. Both photographic and television exami-
nations were made with the fuel rod bundles released from the tie plate on the
disassembly station. Axial references on the test fuel bundle are approximate.
Consequently, in the following photographs showing the rupture zone, the Z-axis
dimension is located at 2.06 to 2.08 m (81 to 82 in.). Precise measurements
were made later with fuel rods mounted on the DERM examination station.

Figure 5.8 (CRNL) shows an overview of the lower end of the test fuel rod
bundle. Figure 5.9 shows the test fuel rod bundle between spacer #4 and spa-
cer #5 (Level 13). Test fuel rod ruptures can be seen.

Side photographs of the bundle were made using the DERM periscope. With
the Z axis reference at 0.0, Figure 5.10 shows the top of the lower tie plate
[0.018 m (0.7 in.) below the bottom of the fuel column]. Figure 5.11 shows
fragments of fuel pellets with the Z-axis reference at 1.78 m (70 in.). Fig-
ure 5.12 shows the fuel rod rupture zone with the Z-axis reference at 2.13 m
(84 in.).

Photographs were alsc made looking down (side 1 - see Figure 1.1) on the
test train using the DERM periscope. Figure 5.13(3) shows the reference at
the tie plate (0.0) and Figure 5.14(a) uses a reference at 2.13 m (84 in.)
to show the fuel rod rupture zone from the top (side 1). Figure 5.15 and 5.16
are enlarged views of the fuel rud rupture area.

Dimensional results from the DERM measurements are summarized graphically
in Appendix C. The system is now being qualified and calibrated. Data will
be provided in a subsequent topical report.

(a) Fiaures 5.13 and 5.14 are mirror image photographs.
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APPENCIX A

MT-1 GRAPHICAL DATA

Temperature
1 Preconditioning
.2 Pretransient and Transient

Neutron Flux
1 Preconditioning
.2 Pretransient and Transient

Steam Probe Temperatures
1 Preconditioning
.2 Pretransient and Transient

Flow Test Reflood
.1 Flow Rate
.2 Steam Probe Temperatures

MT-1 Transient Reflood
.1 Flow Rate
.2 Steam Probe Temperatures
(See Section 3.2)

Fuel Rod Pressure
.1 Pressure Transducers
.2 Pressure Switches



SECTION 1

TEMPERATURE DATA
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SECTION 3

STEAM PROBE TEMPERATURE DATA
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FLOW TEST REFLOOD DATA
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MT-1 TRANSIENT R.*' 0D DATA
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SECTION 6

FUEL ROD PRESSURE DATA
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MT-1 DIMENSIONAL DERM RESULTS
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