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The purpose o the first unirradiat-d rc2 in each set was to provide
coolant conditions for the second irradiated test fuel rod which were
typical of the coolant conditions existing near the axial flux peak region
of a commercial BWR core. Following an extensive fuel conditioning
operation, a single power transient was performed that simulated a main
steam line isolation vaive closure ATWS at near-typical BWR coolant
pressure, quality, and flow rate conditions calculated to exist during such
an ATWS.

A peak test rod power of 300 kw/m, a radially averaged peak fuel
enthalpy of 95 cal/g UOZ' and « maximum measured cladding surface
temperature of ~1U70 K were reached during the 20 minute transient. The
fission proauct detection system and the loop radiation monitor both
indicated that one or more of the four fuel rods was leaking after the
transient. Since a leak had developed in either one of the two heater rods
or one of the irradiated test rods during the fuel conditioning operation
prior to the power transient it was not possible to determine from the
on-line data if either of the test rods failed as a resuit of the
transient. Post-test metallurgical examination will be performed to
determine which rod failed prior to the transient and the extent of test
rod ciadding damage caused by the transient.
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ticipatled nuclear power reactor transients are deviations from
plairt operating conditions that result from system component
which may occur one or more times during the service life of
i are normally accompanied by a control rod scram. They are
nguished from "accidents" which have a much lower probability of
rence, Frequently the effect of the malfunctior wiich initiates the
sient results ‘n a 19ss of seconcary heat sink and a subseguent
i1se in system pressure which causes a positive reactivity feedback and

c1ated power 1ncrease,

Many of the operational transients may be postulated to occur with a
failure of the automatic scram system and are then termed anticipated
ients without scram (ATWS). The probabiity of failure of a 1ight

scram system per demand is in dispute, but the likely range
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events were elevated in status wit! publication of NUREG-0460,
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and 11 in 1978."' This report reviewed available information on

t and incorporated analyses performed by the vendors. A later
f the report suggested that resolution of the ATWS concern should
n engineering evaluation and judgement of the appropriateness of
1lternative plant modifications, rather than quantitative risk analyses.
pressurized water reactors (PWR) the reactivity feedback due to collapse
compared to BWR's. [herefore, the power increas
PWR anticipated transients witli and without scran
BWR's. Departure from nucleate boiling (DNB)

to occur for any PWR ATWS event,

potential for fuel rod damage may be higher for BWR ATWS events

BWR anticipated transients with scram, The most severe BWR ATWS,

vendor safety analyses™ would result in reactor power
increases up to 745% of the rated power for a short period of time followed

)y low magnitude power oscillations for 20 minutes before the reactor is




made subcritical by boron injection. Peak cledding temperatures up to
=]1ubSU K for about B0 s are also predicted. This scenario suggests

several fuel rod damage mechanisms: (a) pellet cladding mechanical
interaction (PCI), (b) boiling transition causing cladding oxidation and

embrittlement; and (c) cladding collapse and waisting, (collapse of the
cladding into the space between pellets).

At cladding temperatures in excess of the recrystallization
temperature (~920 K), cladding collapse onto the fuel stack and into fuel
pellet interfaces has been observed in previous ?BF tests, but cladding
collapse has not caused fzilure. At higher temperatures, cladding
oxidation of the outer surface due to zircaloy-water reaction and of the
inner surface due to zircaloy-uo2 reaction becomes appreciable. As
oxygen diffuses into the inner and outer cladding surface, the zircaloy
undergoes a metallurgical phase transformation from the beta phase to
ZrO2 and oxygen-stabilized alpha phase. Only the central beta phase
retains the integrity and strength of the cladding wall due to the brittle
nature of the ZrO? and oxygen-stabilized alpha zircaloy layers.
Significant zircaloy oxidation would not be expected to occur at the
cladding temperatures and aurations in boiling transition calculated to

occur for even the most severe BWR ATWS.

The first indication that zircaloy-clad UO2 fuel rods might be
susceptible to failure due to a pellet-cladding interaction (PCI) mechanism
inherent to the fuel and cladding materials was obtained in 1964 by General
Electric in the "High Performance UO2 Program" jointly sponsored by the
United States Atomic Energy Commission and EUKATOM.3 Since that time the
phenomena of pellet-cladcing interaction induced cladding failure has
received considerable attention throughout the world. PCI failures during
slow power increases are apparently induced after sufficiently high burnup
is attained to allow fission pnroduct release. Experiments involving near
normal operation power ramp rates have been performed in the Halden,
Studsvik, NRU, SETR, RISO RCN-Petten, BR-2 and BR-3 reactors.?™ Most
investigators now accept the view that both the presence of agaressive
chemical species and high localized stresses are prerequisites for normal
operaiion, power ramp induced pellet-cladding interaction failures.






Test OPT 1-2 was conducted with two previously irraaiateda BWR 8 x 8
fuel rods fabricated by the General Electric Company and two unirradiated
8 x 8 fuel rods fabricated by EG&G Idaho, Inc. The two irradiated fuel
rods were of typical GE 8 x 8 design, except for fuel length (0.75 m). The
two urirradiated heater fuel rods were enriched to 10 wt% 235U to provide
sufficient power to produce the required coolant conditions,

Each fuel rod was surrounded by a coolant flow shroud. The outlets of
the neater rod flow shrouds were connected by tubing to the inlets of the
irradiated test rod flow shrouds. A schematic of a pair of fue'! rods and
the coolant flow path is shown in Figure 1, Remotely operated orifices,
installed at the heater rod shroud outlets provided a means ¢f reducing the
coolant flow for the test rods by about 55% prior to the power transient.
The variable orifice design was necessary to obtain the required low flow
rates for the test fuel rods without causing severe failure of the much
higher power heater rods prior to the transient. A cross section of the
fuel rods, flow shrouds and the test train is shown in Figure 2. The two
irradiated test rods were each instrumented with three thermocouples
(0.7 mm diameter, zircaloy sheathed, tungsten-rhenium) resistance welded to
the outer cladding sirface. A linear variable differential transformer
(LVDT) measured the axial elongation of each fuel rod. Additional
instrumentation was provided to measure coolant conditions, fuel rod power,
and fission product relea.e characteristics.

The overall experiment requirements and objectives for the OPTRAN Test
Series are described in the Experiment Requirements Document,]] while the
experiment specifications for Test OPT 1-2 are described in References 12
and 13, pretest predictions are described in Reference 14, and experimen.
operating specifications are described in Reference 15,

a. The two GE fuel rods were irradiated in the Menticello BWk which is
owned and operated by Northern States Power Company.
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results of the OPT 1-2 Test Series are discussed in

ST conduct 1s described 1n Section 2 and the individual

are presented in Section 3., Conclusions based on the
results are provided in Section 4. Further details of

test instrumentation are provided in Appendix A.




2. TEST CONDUCT

The nuclear operation for Test OPT 1-2 consisted of an extensive fuel
rod conditioning phase and a single power transient, A ~l hour power
ramp and a ~3 hour hold at steady reactor power preceded the transient,
The non-nuclear operation consisted of two loop heatups and a radionuclide
tracer injection in the loop to characterize fission product transport
behavior. The test operation 15 shown schematically in Figure 3, The
following subsections describe the test conduct in more detail.

.1 Heatup Phase

System conditions and experimental measurements were monitored to
evaluate instrument performance during the hcatup phase. The loop pump was
turned off for a few minutes to normalize the coulant pressure transducers
to the loop pressure indicated by the Heise gauge. The coolant volumetric
flow rate that bypasses the fuel rod shrouds was measured by closing the
inpile tube bypass line valves so that all of the loop flow entered the
inpile tube. A flow bypass ratio (bypass flow/tota! neater rod shroud
flow) varying from ~14.4 to 1 at low flow rates (0.3 1/s) to 5.25 to 1 at
high flow rates (0.95 1/s) was measured. The maximum loop temperature
achievable with the loop electrical heaters was ~490 K due to heat losses
in the loop piping. Nuclear heating during the fuel conditioning phase of
the test was required to reach the specified loop temperature of 550 K.

2.2 Samarium Sample Injection

A nine curie sample of ]53Sm was injected into the PBF loop prior to
final preconditioning of the OPT 1-2 test rods. The objective of the
injectior was to measure the mixing characteristics of the PBF loop for use
in assessing fission product release data. The fission product detection
system (FPDS) was used to monitor the samarium during injection and for
several hours foilowing injection. Preliminary data accumulated from a

153

single Sm photopeak channel are illustrated in Figure 4,
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Within 80 s after initiation of the injection, '535m dppeared at the
FPDS. The measured activity peaked during the next spectrum accumulated
and rapidly diminished in the following spectra, A second peak of
activity, 1/5 the magnitude of the first, was measured at 300 s. The
samarium concentration in the loop rapidly attained equilibrium. The
photopeak count rate (proportional to concentration) fluctuated less than
+12% from 450 to 700 s. This very short time required to attain
concentration equilibrium of a spike release will be useful for reducing
the uncertainty in the estimated release rates of fission products during
previous PBF tests. The release fraction of an isotope during fuel damage
tests in PBF would be expected to quickly (~7 min) reach a constant value
if release from the fuel was short lived. If the release fraction
histories (corrected for parent behavior) show a long time (~15 min) to
reach equilibrium, the release from damaged fuel would have to persist for
several minutes,

Prior toc the sample injection experiment the duration of fission
product releases could not be accurately determined, because recirculation
and equilibrium mixing times were not known, and long duration releases
could not be distinguished from recirculating releases. With the smaller
uncertainty on the duration of release, the magnitude ot the isotopic
release rates can now be more accurately determined. A means to
Guantitatively assess the durations of fission product releases during
previous tests will be developed during the detailed invest :;ziion of the

l535m injection data.

2.3 Fuel Conditioning

The purpeose of this test phase was to measure rod powers and to
carefully condition the irradiated fuel rods to a peak rod power of
29 kW/m since the test rods had been irradiated in the Monticello BWR at
a power of only ~13 kW/m at the edge of the BWR .ore and a sudden
increase in power above 13 kW/m was apt to cause PCI cracking of the
cladding. Maximum test rod power ramp rates were held to 0.5 kW/m per
minute up to 26 kW/m and 0.35 kW/m per hour for rod powers in excess of
26 kW/m. The iuel conditioning phase was performed with single-phase
coolant cunditions to measure the rod power,

1



Three separate periods of nuclear operation as shown in Figure 3 were
required to complete the fuel conditioning. The first nuclear operation
consisted of a slow power vamp to a test rod peak power of 223 kW/m. The
reactor was sout down to correct calibration constants for the differential
thermocoupies and a small leak in the inpile tube head braze plugs. The
second nuclear operation consisted of a slow power ramp to a test rod peak
power of 2/ kW/m. A loop pump trip and reactor scram occurred during the
second power remp a4t a rod power ot 27 kW/m.

The third nuclear uperation consistes of a 2 hour power ramp to
2/ xW/m and a 5 hour power ramp to 28.5 kW/m. The rod power was then held
constant at ~Z28.5 kW/m (26.5 MW core power) for the next eight hours,
About five hours into the power hold, the plant radiation monitor indicated
a factor of ten increase in the radiation level near the loop pressurizer.
The reactor power was decreased from 26,5 to 15 MW for 1500 s to
determine if the indicated raciation level would decrease with reactor
power. The radiation level remained the same after the reactor power was
decreased and then increased back to 26.5 MW, The reactor power was then
held constant at 26.5 MW for the next three hours to complete the planned
twelve hour power hold, The test rod peak power had decreased to about
26 kW/m at the end of the 12 hour fuel conditioning due to decreased
figure-of -merit (ratio of test rod power to reactor power) caused by
control rod withdrawal to compensate for xenon poisoning. Detailed fission
product spectum measurements performed the following day confirmed that one
of the fuel rods had developed a leak about the time the plant radiation
monitor detected an increased radiation level near (he pressurizer, [t is
not known at this time whether one of the previously irradiated test rods
or one of the fresh healer rods developed a leak. It was noted that the
elongation sensor on previously irradiated test Rod 902-? decreased about
2 mi during the same time span the radiation monitor increased. A plot of
the radiation level and the Rod 902-2 elongation is shown in Figure 5.
Reactor power is constant at 26.5 MW during the entire time. Failure of
irradiated test Rod Y02-2 is suspected but detailed examination will be
required to determine which rod was leaking prior to the power transient.

12
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A plot of the measured figure-of-merit for the test rods as a tunction
of control rod position is shown in Figure 6, The figure-of-merit
decreases as the control rods are withdrawn from the core due to a
reduction in the core radial power peaking (radial leakage of the
neutrons). The transient rods (TR) were pusitioned at 0.86 m during the
power transient to provide sufficient reactivity to perform the power
transient (1.32 m full out position). The figure-of-merit decreased about
8% when the transient rods were inserted into the core and the control rods
were withdrawn te maintain a constant indicated reactor power. The
decrease in figure-of-merit upon transient rod insertion is due to the
decreased relative power peaking at the inpile tube when the transient rods

are inserted into the core and the control rods are withdrawn,

The average figure-of -merit for the heater rods was about 2.5 times as
large as the average figure-of-merit for the test rod (2.49 as compared
with 0.96 kW/m per MW, respectively).

2.4 Power Transient

The power transient simulated a BWR main steam isolation valve closure
ATWS for irradiated fuel rods operating slightly above BWR core average rod
powers. Prior to the power transient, the test rod peak powers were
increased to 2/ kW/m during a 1-1/2 hr ramp and held constant for about
2 hours., The test rod shroud outlet coolant conditions were initially
maintained below saturation temperature to obtain a thermal-Yydraulic power
calibration of the heater rod and test rod powers.

Saturated water conditions at the inlet of the test rods were then
obtained by decreasing the coolant flow rate while keeping the variable
orifices closed. Heater rod inlet coolant conditions were 550 K inlet
temperature, 500 cm3s shroud flow rate, and 7.93 MPa coolant pressure.
Prior to the power transient, the variable orifices were fully opened to
reduce the test rod inlet coolant flows by about 55%.

During an actual BWR main steam isolation valve closure ATWS the
recirculation pumps would trip off and the core inlet flow rate would
decrease by ~60% over a ~16 s time span. The flow was reduced prior to

14
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3. TEST RESULTS

The preliminary resu ts of the ui'T -2 power transient are discussed
In this section, The on-line data are also comparead with pretest
FRAP-To‘ﬁ ~alculations.® The FRAPCON-217 codeb was used to

calculate the characteristics of the test rods after irradiation in the
Monticello BWR. The output of FRAPCON-2 was manudally input into FRAP-T6.

3.1 Test Rod Power and Enthalpy

As show: ‘n Figure 7, the peak test rod power increased from 27 to
300 kW/m in about 1.5 s at a maximum ramp rate of 300 kW/m per second, The
transient test rod power has been reduced by 3% since the test rod energy
per fission was about 3% lower on the average during the transient than the
test rod energy per fission during steady-state operation., Based on
FRAP-T6 calculations, the radially averaged peak fuel enthalpy increased
from 48 to 95 cal/g UO2 at 2.4 s after the time of peak power. The
maximum calculated fuel centerline temperature increased from 1360 to
22100 K during the transient,

3.2 Test Pod Cladaing Surface Temperature

Comparisons of the measured and calculated c'adding surface
temperatures at 270 mm" on Rod 902-2 and at 70 mm" on Rods 902-2
and 902-4 are shown with the test rod powrr in Figures 8, 9, and 10,
respectively. The two thermocouples at 170 mm on Rods 902-2 and 902-4 and
the thermocouple at 770 wm on Rod 902-4 did not indicate boiiing transition

Occurrence. The thermocouple at 270 mm on Rod 902-2 (Figure 8) indicated a

a. FKAP-Tb, Idaho National Engineering Laboratory Code Configuration
Control Number FO0404,

b. FRAPCON-2, idaho National Engineering Laboratory Code Configuration
Control Number HO198&2B.

€. Thermocouple locations are relative to the axial midplane of the test
rod fuel stack (376 mm).

16
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The maximum calculaced hoop strain and hoop stress were 0.61% and
120 MPa, respectively., FRAP-T6 calcuiated a cladding failure probability
of 2.5% due to cladding overstress.

3.4 onlant Flow Rate

- e e . <t

Figure 12 illustrates t.= inlet coolant flow and fue' rod power for
Rud 902-3, one of the heater ods. Note that as the rod power increased
during the power transient, the inlet coolant flow decreased briefly by
about 50%. The flow decrease is caused by the prompt heating of the water
from the high gamme and neutron flux during the transient and the increased
heat flux from the heater rod, As shown in Figure 13, the rapid in.rease
in the heater rod power resulted in about a 60% increase in the iniet flow
for Test Rod 902-2 due to the formation of higher quality coolaut and
momentary expulsion of the coolant nut of the heater rod flow shroud. The
outlet flow meter for Rod 902-2 was inoperable during the test, The inlet
and outlet flow rates for Test Rod 902-4 are shown in Fiqure 14, The inlet
flow increased about 45%, while the outlet flow increased about 70% during
the transient. The higher outlet flow increase is due to the larger steam
fraction at the shroud outlet at higher powers,

3.5 Heater Rod Transient Data

The heater rods' initial power was ~/0 kW/m which increased to
~830 kW/m at the time of peak power. The FRAP-T6 caiculation predicted a
radially-averaged peak fuel enthalpy of 26/ cal/g UOZ' About 65% of the
heater rod fuel pellet radius at the axial power peak was predicted to
become molten during the transient. A maximum cladding surface temperature
of 1955 K was predicted and essentially the whole cladding length was
expected to reach temperatures in excess of 1150 K, The code predicted a
66.6% failure probability due to overstress (maximum hoop stress of
320 MPa).

A comparison of the measured and :ladding axial <longation for Heater
Rod 902-1 is vhown in Figure 15, The measured elongation change 1S about
50% larger than that calculated (5.4 versus 3.5 wm), The momentary dip in
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scram the activity level again increased another 10% indicaling increased

Jamage to the fuel rod, probably an enlargement of the preexisting defect.

As i1llustrated by the gross gamma activity shown in Figure 17, a spike
release of activity appeared at the detector station ~60 s after
initiation of the large power pulse in the OPT 1-2 transient. This is
consistent with the 65 s delay time measured by the FPDS during the ]53Sm
sample injection. A second but smaller spike of activity appeared at the
detector station about 40 s later. The first spike is believed to be
indicative of a puff release of fission products from a failed rod during
the large power pulse., The second, smaller spike is believed to be a
similar response to the small power pulse that was generated in OPT 1-2
between 20 to 35 s after the first pulse. The second power pulse was
smaller in peak power, but longer in duration, producing a second fission

product puff release nearly as large as the first,

Following the puff releases of activity, fission products continued to
circulate around the PBF loop becoming more evenly distributed in the
coolant. The second pass of the activity by the FPDS can be seen in
Figure 16 at about 350 s. The equilibrium concentration attained 900 s
after the transient was ~20% higher than the pre-transient
concentration. Reactor scram occurred 1200 s after the transient, and the
concentration of fission product activity increased another 10% beginning
60 s after scram. Fission product release following scram has been seen
in other PBF tests with failed fuel. The release is believed to be due to
the change in fuel rod and defect geomelry as power is removed, and the

greater propensity for coolant exchange with the damaged rod interior.

ihe fission product concentrations in the loop coolant were monitored
continuously by the FPDS for several hours following the transient. This
information shoulc provide a new lower bound for fuel damage with fission
product release measurements, and fuel condition monitoring techniques will
be enhanced by this enlarged data base.
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4. LONCLUSIONS

The objective of Test OPT 1-2 was to evaluate the probabilty and
extent of fuel rod damage during a severe anticipated BWR transient without
scram that results in boiling transition. A power transient representative
of the od power anu coolant conditions calculated to occur during a BWR
main steam isolation valve closure without scram was successfully
performed. Maximum cladding surface temperatures of ~1070 and 950 K,
which were within the temperature range sought, were measured on the two
test rods. Based on the data from the cladding elongation sensors, it is
éxpected that the cladding collapsed onto the fuel pellets and pellet
interfaces over the region of the fuel rod reaching eievated temperatures
The fission product detection system indicated that one or more of the fuel
rods was leaking after tne transient. Since a leak had developed in either
one of the two heater rods or one of the irradiated test rods during the
fuel conditioning operation prior to the power transient, it is not
possible to determine from the on-1ine data if tihe test fuel rods failed as
a result of the transient. Metallurgical examination will be performed to
identify which rod failed prior to the transient and the extent of claading
damage and determination of the damage mechanisms incurred during the
transient,
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APPENDIX A
EXPERIMENT DESIGN FOR TEST OPT 1-2

A summary description of the fuel rod, test train, and instrumentation
for Test OPT 1-2 is provided in this section,

A~1 Fuel Rods and Shrouds

Two preirradiated BWR 8 x 8 segmented test rods, provided by the
General Electric Co., and two unirradiated 10% enriched fuel rods used to
heat the coolant for the test rods were tested. The two unirradiated
heater rods were designated 902-1 and 902-3 and the two preirradiated test
rods were designated 902-2 and 902-4. The fuel rod designation and burnups
are given in Table A-1. The nominal design characte-istics for the OPT 1-2
fuel rods are given in Table A-2,

Each test fuel rod was surrounded by a coulant flow shroud. The
shrouds were fabricated from zircaloy-4 tubing with a circular cross
section with an inner diameter of 19.05 mm and an outer diameter of
22.05 mm, The outlets of the flow shrouds for Rods 902-1 and 902-3 are
connected by 14.3 mm inner diameter tubing to the shroud inlets of
Rods 902-2 and 902-4, respectively.

Remotely operated orifices, installed at the shroud outlets for
Rods 902-1 and 902-3, provided a bypass for the coolant exiting the heater
rods. The test rod inlet flow was reduced by ~55% when the orifices were

fully opened.
A-2 Test Train

A Batte.le Northwest Laboratory four rod test train was modified and
used for OPT 1-2. The test train positions and supports the four fuel rods
in the inpile tube (IPT). The IPT flow tube directed the coolant from the
IPT inlet down to the lower plenum and up into the heater rod flow
shrouds. Each fuel rod was fixed rigidly to the shroud at the top of the
fuel rod and was free to expand axially downward against a linear variable

A-2



*
ret

egrence




v-v

TABLE A-2. TEST T 1-2 FUEL ROD DESTGN CHARACTERISTICS

Characterisucsa

Fuel

Material

Enriched pellet stack length (mm)
Pellet outside diameter (mm)
Pellet length (mm)

End configuration

UDensity (%7D)

Initial enrichment (wtx'

Clddding

Material

Tube outside diameter (mm)
Tube inside diameter (mm)
Cladding thickness (mm)

Fue! Rod

Overall length (mn)

Gas plenum length (mm)

Flux depressor pellets

Diametral gas gap (mm)

Fill gas composition

Fill gas pressure

Gelter assembly outside diameter (mm)
Getter assembly length (mm)

Shrouds

Material
Tube outside diameter (mm)
Tube inside diameter (nwm)

Connecting line outside diameter (mm)
Connecting line inside diameter (mm)

a. Data are preirragiation values.

GE 8 x 8 Rods

gg;.sb

10.57/10.62¢
10.66
chamfer

95 to 96
2.87

r-2
12.52
10.80
0.86

1133.35
‘g9'7 £0,-7.7%
92.3% Hf0,-7.7% Y
0.2290.198¢ 1203
As received

As received

6.10

50.8

Ir-4
22.225
19.05
15.88
13.89

Heater Rods

7<8.6

10.57
10.66
chamfer
95 to 96

10

Ir-2
12.52
10.80

0.86

b. Pellet stack also contains 12.7 mm of hafnium-yttrium oxide pellets at each end of fuel column. Total

length 778 mm,

c. 0D07-4/0A06-4

d. Theoretical density (T0) of U, is 10.97 g/emd.







10.

1.

12.

13.

A 69 MPa pressure transducer located near the upper particle
screen to measure coolant pressure pulses,

A 13.8 MPa pressure transducer located outside the [PT head
connected by tubing to the midplane of flow shioud 902-2 to
measure normal system pressure.

A 13.8 MPa pressure transducer located outside the IPT head
connected by tubing to tke midplane of flow shroud 902-4 to
measure normal system pressure,

A 13.8 MPa pressure transducer located outside the IPT head
connected by tubing to sense the pressure just above the shroud
outlet of Rod Y02-4.

A turbine flow meter located at the inlet of each flow shroud of
Rods 902-1 and 902-3 to measure experiment coolant flow.

A turbine flow meter located in the cross-over tube of Rods 902-2
and 902-4 to measure inlet flow.

A turbine flow meter located at the outlet of flow shrouds 902-2
and 902-4 to measure coolant flow. The flowmeter on shroud 902-2
was inoperable during the test.

A Chromel-Alumel (type K) thermocouple mounted at the i lets of
each flow snroud to measure inlet coolant temperature

A Chromel-Alumel (type K) thermocouple mounted near the outlets
of each flow shrouad (o measure outlet coolant temperature.

A Chromel-Alumel (type K) thermocouple mounted above the variable

orifice outlet of Rods 902-1 and 902-3 to measure outlet coolant
temperature.

A-6



latinum resistance thermometer (KRID), located i

gion of the test train, to measure coolant inlet temperature.

ur pairs of Chromel-Alumel (type K) thermocouples cennected

differentially, one junction located at the inlet and one
junction at the outlet of each flow shroud, to measure

*

temperature rise in the coolant.

Two | of copper-constantan (t » T) thermocouples connected
jifferent y one Jjunction l!ocated <t the inlet of the flow
hroud and one junction at Lhe outlet ¢f the variable orifice of
f low shrouds 902-1 and 902-3, to n wre temperature rise in the
(0] id'vf,.

o~

|t powered neutron detectors (SPNDs), one each ir

’

and 4, and 2 strings of 5 SPNDs located in

»S10Nn chambers and two detectors for gamma

ated 1n Quadrant 2 and 4 to measure relative

elf-powered gamma detectors (SPGD) located in
to measure relative yamma f lux.
position (Z).

line pressure (:




