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ABSTRACT

Experiment L2-5, simulating a quillotine (complete offset) shear of &
main coolant pipe in a four-loop commercial pressurized water reactor (PWR)
operating at nominal conditions, was completed on June 16, 1982, in the
Loss-of-Fluid Test (LUFT) PWR. Assumptions of loss of offsite power and
atypical primary coolant pump coastdown were incoerporated into the simula-
tion in an attempt to create core flow stagnation which would prevent the
early core-wide quench phenomena observed in earlier accident simulations.
The Experiment L2-5 accident simulation was successful in preventing the
early core-wige quench phenomena. The fuel cladding reached a maximum
temperature of 1077 K (1479°F) at 28.5 s into the transient. The emergency
core cooling system (ECCS) began operation at 17 s into the transient and
ref looded the core and quenched the fuel claoding by 65 s. The Experi-
ment LZ-5 simulation showed that the ECCS, as scaled in LOFT, returned the
reactor cecolant system to a stable condition in a situation wherein the
peak claoding temperature occurred during the reflood phise of the tran-
sient. The Experiment L2-5 simulation also showed that this highly
improbable scenario of accident events leading to the worst case large
break condition (core flow stagnation), although causing a more severe core
thermal transient than that resulting from a main coolant pipe shear only,
dig nct result in fuel rod rupture. buring plant recovery, utilization of
core exit ana upper plenum temperature measurements was shown to be
inadequate as a means of reactor vessel liguid level control.

NRC FIN No. A6048--LOFT Experimental Program




SUMMARY

Loss-of-Fluig Test (LOFT) Experiment LZ-5, which was completed on
June 16, 1982, simulated a gquillotine (complete offset) rupture of an inlet
pipe in a pressurized water reactor (PWR) and was the third loss-of-coolant
experiment (LOCE) in the LOFT Power Ascension Experiment Series LZ2. Experi-
ment LZ-5 differed principally from the previous large-break experiments,
Experiments LZ-2 anc LZ-3, in that the primary coolant pumps were turned
otf and were decoupled from their tlywheels within 1 s after rupture ini-
tiation in Experiment L2-5 (resulting in an atypically fast coastdown),
whereas pump operation continued throughout Experiments L2-2 and L2-3.

Experiment L2-5 was initiated from nominal PWR operating conditions by
opening the two quick-opening blowdown valves. Within the first 1 s,
primary coolant pumps were tripped, the system depressurized to upper
plenum fluid saturation conditions, and the core cladding temperature
started to deviate from saturation. The early tottom-up quench that occur-
red in Experiment LZ-3 did not cccur in Experiment L2-5, as intended by
experiment design. A top-cown quench which affected the top half of the
central tuel assembly occurred between 12 to 23 s in the transient. The
peripheral fuel assembly temperature remained saturated, except for some
isolated short intervals in some measurements, until approximately 23 s
when they ceparted from saturation. Accumulator injection initiated at
17 s, refilled the lower plenum by 31 s, and, combined with high- and
low-pressure injection, reflooded the core by 55 s. The core was fully
quenched by 65 s.

Core thermal behavior can be characterized by three different cladding
temperature scenarios, each occurring in a different region of the core:

1. An immediate and sustained deviation from saturation lasting
until final core quench in the lower half of the central fuel
assembly

2. An immediate deviation from saturation followed by & top-down
guench and a second temperature excursion in the top half of the
central tuel assembly and the high-power locations in the
peripheral tuel assemblies
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QUICK-LOOK REPORT ON LOFT NUCLEAR EXPERIMENT L2-5

1. INTRODUCTION

Experiment L2-5 was successfully completed on June 16, 1982, in the
Loss-of-Fluid Test (LOFT) facility. This experiment simulated a guillotine
(complete offset) rupture of an inlet pipe in a pressurized water reactor
(PWR) and was the third experiment in the LOFT Power Ascension Experiment
Series L2. Experiment L2-f giffered from the previous large-break Loss-
of-Coolant Experiments (LCCEs) L2-2l’2 and L2-33’4 in that the primary
coolant pumps were turned off within 1 s of experiment initiation and were
simultaneously decoupled from their external flywheels. In Experiments LZ2-2
ana Lé-3, primary coolant pump operation was continued throughout. Figure 1
shows the pump speed for Experiments L2-5 and L2-3. Table 1 summarizes the
three large-break experiments. The atypical primary coolant pump operation
in Experiment LZ-5 [approximating a loss-of-coolant accident (LOCA) simul-
tanecus with a loss of site power and atypically fast pump coastdown] was
specified5 in an attempt to cause early flow stagnation in the core and
prec lude the early bottom-up core-wide rewet which occurred in
Experiments Le-2 and LZ2-3.

Experiment LZ2-5 was initiated, after operating the reactor at

36.0 MW for 40 effective tull power hours (EFPH) to build up a fission
wecay product inventory, by opening the two quick-opening blowdown valves
(QUEVs). The primary coolant pumps were turned off within 1 s, High-
pressure injection system (HPIS) and low-pressure injection system (LPIS)
injections were delayed to 24 ana 37 s, respectively, to simulate the delay
expected for a PWR emergency diesel to begin delivering power (in response
to the loss of site power). For the purpose of this report, the experiment
was completed when core reflood and fuel cladding guench were achieved.

The programmatic objectives for Experiment L2-5 were to:

1. Provide experimental data to demonstrate that Appendix K6
assumptions result in a conservative prediction of peak cladding












TABLE 2.

INITIAL CONDITIONS FOR

EXPERIMENT L2-5

Parameter

Specified Value®

Measured Value

Primary Coolant System

Core AT (K)
(°F)

Hot leg pressure (MPa)
(psia)

Core outlet temperature (K)

(°F)

Celd leg temperature (K)
(°F)

Mass flow rate (kg/s)
(1bm/hr x 109)

Boron concentration (ppm)

Keactour Vessel

Power level (M)

Maximum linear heat
generation rate (kw/m)
(kWw/ft)

Control roa position
(above full-in position) (m)
{in.)

Steam Generator Secondary Side

Water level (m)
{in.)

Water temperature (K)
(°F)

Pressure (MPa)
(psia)

; Mass flow rate (kg/s)
i (1bm/s)

Saturation temperature (K)

(°F)

35.8
64.5

14.95
2168

592
605

I+ i+

i+ i+

I i+

As required to maintain
reactor critical

37.5

i+

r I+

I+ I+

1.0

33.1
59.6

14.94
2167

589.7
601.8

£56.6
542.2

192.4

I+

i+ I+

+ I+

i+

1.53 ¢

668

i+

I+

+ i+

I+ I+ i+ I+

+ I+

i+ i+

i* I+

i+ i+



TABLE 2. (continued)

e Parameter

Pressurizer

Liquid volume (m3)

(ft9)
Steam volume (m3)
(ft7)
Ligquia level (m)
(in.)
Saturation temperature (K)

(°F)
broken Loop

Cold 1eqg temperature (K)
(°F)

Hot leg temperature (K)
{°F)

Suppression Tank

Ligquid level (m)
(in.)

Gas volume (m3}

(ft9)

water temperature (K)
(°F)

Pressure (gas space) (MPa)
(psia)

Boron concentration (ppm)

tCC Accumulator A

Gas volume (m3§
(ft)

Liguic volume (m3§
(ft7)

Fooo ,ure (MPa)
(psia)

__Specified Value®

As close as practical to

intact loop temperature

As close as practical to

intact loop temperature

1.27 + 0.127
-0
50.0 + 5
-0

356 ¢+ §

181 ¢+ §
0.08 = 0.005%
12.5 % 0.7

>3000

4,2 £ 0.2

6le £ 25

Measured Value

0.61
21.5

0.32
11.3

1.14
44.8

615.0
647.3

554.3
538.3

563
562

1.4]
55.5
51.7
1825

358.4
185.4

0.097
14.1

3687

-+

+ i+

i+ I+

i+ I*

.

I+ i+

i+ =+

+

i+ i+

*

i+
~ O OP oo

i+

w o
-
.

g we



TABLE 2. (continued)

Parameter Specified Value® Measured Value

ECL Accumulator A (continued)

Liquid temperature (K) 306 ¢ 3 303 £ 3
(°F) 0 ¢ § 8€.4 + 5
Liguid level (m) ¢.045 * 0,025 2.04 ¢ 0.01
(in.) 80.5 ¢ 1.0 80.3 + 0.4
Standpipe
position (m) 1.245% ¢ 0.025% 1.24 + 0.03
(in.) 49 ¢+ ) 49 + ]
High-Pressure Injection System
Flow rate (cm3/s) 760 + 63 740 + 20
(gpm) 12 ¢+ 1 1.7 2 0.3
Liguid temperature (K) 303 ¢+ 3 302 £
(°F) 85 ¢ 5 84.2 + 1.8
Low-Pressure Injection System
Liguid temperature (K) 303 £ 3 302 £ 1
(°F) 85+ 5 83.8 ¢+ 1.8
Flow rate (&/¢) -- 5.5 ¢ 0.5
(gpm) .- 73 ¢+ 7
Borated Water Storage Tank
Liguia volume (m3)‘ >83.3 92.7 + 0.2
(ft¥) >29%40 3274 + 7
Liguig temperature (K) 305 ¢ 3 302 £+ 1
(°F) 85 ¢ 5 83.9 ¢+ 1.8

a. Listed values are specified in the Experiment Operating Specification
(EOS). If no value is listed, that parameter is not specified by the EOS.

b. These values are outside the band specitied by the EOS. The out-
of-specification conditions are considered to not have adversely affected the
experimental results.







TABLE 3. (continued)

Time after Experiment Initiation

(s)

Event Prediction Experiment L2-5 Experiment LZ2-3

LPIS injection manually --C 107.1 £ 0.7 --€
stoppea

HPIS injection manually 144 + 2
stopped

HPIS injection reinitiated 274 ¢ 2

LPIS injection reinitiated --C 347 + 2

a. Experiment initiation cefined to be when the QUBVs are opened.

b. Primary coolant pumps were operated by intent throughout Experi-
ment LZ-3.

c. Not calculated.

d. based on liguid level conductivity probe data which define liquid to
cover the voio fraction range from 0 to 0.2.

€. Event did not occur during Experiment L2-3.

two QUBVs. The primary coolant pumps were turned off and the primary
coolant system depressurized to saturation, both within 1 s. The core
claoding temperatures in the central fuel assembly departed from saturation
within ¢ s. A top-down partial gquench of the central fuel assembly began

at 12 s. Accumulator injection began at 17 s. The maximum c¢ladding
temperature of 1077 K (1479°F) was reached at 26.5 s, just prior to the

completion of lower plenum refill at 31 s. LPIS flow initiated at 37 s,
and combined with accumulator flow to reflood the core by 55 s.

2.3 Instrumentation Performance

The instrumentation used for Experiment L2-5 was similar to that used
for Experiments L2-2 and L2-3 with the following changes:




The instrumented central fuel assembly was replaced. The new
fuel assembly had fuel surface and centerline thermocoup les,
embedded clagding thermocouples, an axial string of self-powered
neutron vetectors, core inlet drag disc-turbine transducers, and
core inlet and exit ultrasonic censitometers in addition to the
instrumentation which existed in the previous fuel assembly.

Break flow was measured in the broken loop using a two-range drag
disk assembly in conjunction with a gamma densitometer. In
Experiments L2-2 and L2-3, break flow was measured using a
single-range drag disk, a turbine meter, and a densitometer.

During the experiment, several perameters were monitored in real time
on cathode ray tubes in the control room, visitor display room, and techni-
cal support center to determine the thermal and hydraulic state of the
plant. The monitor systems include:

l.  Safety parameter display system (SPUS) (15 primary and secondary
system parameters): The primary coolant system parameters
monitorea by the SPDS were displayed and available for diagnosis
pricor to initiation of the transient if desired. All aspects of
this portion of the SPUS worked as expected except for periodic
display problems. There were some calibration difficulties with
secondary system parameters.

2. Automated data qualification (ADQ) (a subset of cladding tempera-
tures): The AUQ display did not activate until 1-1/2 min after
experiment initiation. When the display was activated, however,
it functioned properly.

There were 616 instruments recorded for evaluation of the experimental
results., Of the number examined at this time, 95% performed satisfactprily.



3. KESULTS FROM EXPERIMENT L¢-%

The preliminary analysis presented in this section is based on data
processed end available within the first 2 weeks following Experiment L2-5.
In certain instances, the results discussed reflect the degree of incom-
pleteness of the analysis this soon after the experiment. Analysis of the
data will continue, and complete analysis results of the experiment will be
reprrted in future documents.

3.1 Core Thermal Response

The core thermal response during Experiment L2-% varied as a function
of location within the core. This response can best be characterized by
examining three core regions:

L The lower half of the central fuel assembly

¢+ Tre upper half of the central fuel assembly plus the high-power
regions in the peripheral fuel assemblies (that is, those portions
of the peripheral fuel assemblies adjacent to the central fuel
assemtly anc that are near the peak power elevation of 0.66 m,
26 in.)

3. The lower-power regions ot the peripheral fuel assemblies.

(ladaing temperatures in the first reqion departed from saturation
within the first 2 s after experiment initiation. Cladding temperatures
initially rose quickly in response to degraded cooling, reached a plateau
within 10 s, and then remained at approximately those levels for an addi-
tional 20 s (see Figure 3). The maximum measured cladding temperature of
1077 K (147%°F) occurred during this time. At approximately 30 s, a
gradual cooling trenc initiated as emergency core cooling system (ECCS)
water fillec the lower plenum. The gradual cocoling trend continued until
all tuel rods were guenched by 65 s. This thermal behavior differed from
that which occurrec curing Experiment LZ-3 in that the early rewet in
Experiment L2-3 did not occur in Experiment L2-5 (see Figure 3). Figure 3

11



compares méximum ¢ ladding temperatures which occurred at different eleva-

tions. The apparent difference in quench resulted from this difference in
elevation.

A markealy different thermal response was measured in the second
region. As shown in Figure 4, the cladding temperatures were similar to
those in the first region for nearly 15 s. At this time, there was a
top-down quench, which lasted for up *2 5 s, followed by a second cladding
temperature excursion with a generally lower peak value. Final quench
occurred during core reflood as in the first region. The top-down quench
In this region is similar to the top-down quench which occurred somewhat
later in Experiment L2-3, as shown in Figure 4.

In the third region there was s general cooling which was sufficient
to maintain the cladding quenched until after 20 s, as shown in Figure 5.
some cladaing temperatures in this region departed from saturation momen-
tarily as shown in Figure 6, but followed the general trend, and underwent
a sustained departure from saturation only after 20 s. The thermal behavior
In this region was very similar to that which occurred in Experiment L2-3,
as shown in Figure 5.

Irn summary, the core thermal behavior in Experiment L2-5 was very
similar tc that which occurred in Experiment L2-3 except for those phe-
nomena which can be uniquely linked to aifferences in primary coolant pump
operation during the experiments; that is, the early bottom-up core-wide
rewet which occurred in Experiment L2-3 but not in Experiment L2-5, and the
top-down quench which occurred earlier in Experiment L2-5 than in L2-3.
(ladding temperature time histories are shown as a function of axial and
radial core locations in Figures 7 and 8, respectively.

The etfect of the cladaing thermocouples on the thermal behavior of
the core during Experiment L2-5 was small. Figure 9 is a comparison of
fuel centerline temperatures in fuel rods with and without cladding thermo-

couples. As shown in the fioure, the fuel rods with cladding thermocouples
quenched approximately 5 s prior to the rods with no claddina thermocouples.




Figure 10 compares five fuel pellet offset temperatures from rods with and
without cladding thermocouples. The times at which these fuel rods gquenched
differed by less than 5 s due to the presence or absence of cladding thermo-
couples. Measurements from the axial motion detectors also support this
conclusion. The transitory temperature decrease for one measurement noted
on the figure occurred simultanecusly with a momentary cladding quench on
the same fuel rod down to the peak power axial location of 0.66 m (26 in).
In summary, the eftects of cladding thermocouples on core thermal response
aguring Experiment LZ-5 was small, and this is consistent with previously

reported results from other experiments.9

A fluid sample was taken from the BST subsequent to Experiment LZ2-5,
anc analyzed for fission products. The results indicate that no fuel clad-
ding rupture occurred. Figure 11 shows measured fuel roa cladding tempera-
ture plotted versus pressure differential across the cladding. Differential
pressure is the difference between fuel roa internal pressure, calculated
using FRAP-Tba’]O and measured cladding temperatures, and measured
reactor vessel pressure. Also included, for reference, are fuel rod clad-
ding rupture data from separate effects testing.]] As shown in the
figure, a possibility exists that some cladding deformation occurred.
Theretore, it is concluded that, although no fuel rod rupture occurred
during Experiment LZ-5, some cladding deformation may have occurred. This
conclusion will be confirmed when the fuel module is subsequently removed
ana visually inspected.

3.2 Hydraulic Response

Figure 12 shows the upper plenum pressure response from Experi-
ments LZ-5 and LZ-3. As shown, the pressure responses for these two
experiments are very similar. This similarity in pressure response

a. The version of the FRAP-T6 computer code used is filed under ldaho
National Engineering Laboratory Computer Code Configuration Management
Archival Number FO0GY00.
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resulted in similar times for initiation of accumulator injection, as shown
in Teble 3. Thus, pump operation had little effect on primary system
depressurization.

The core tluid density variations during Experiment L2-5 can be
inferred from measurements taken by seven in-core self-powered neutron
detuoctors (SPNDs). Figure 13 shows the response of one SPND in a peri-
pheral fuel assembly. As shown, the coolant density increased suddenly in
this fuel assembly at approximately 10 s. This density increase was also
measured by all other peripheral SPNDs. In addition, smaller density
increases were measured at this time in the central fuel assembly. At
approximately 15 s, the density decreased, which was a precurser to the
general cladding temperature excursion at approximately 20 s. Starting at
approximately 40 s, the SPNDs measured a cyclic core fluid density which

has been described elsewhere as gravity ref lood oscillations.‘g. These

oscillations were also measured during Experiment L2-3.

Adagitional hydraulic information is shown in Figures 14, 15, and 16,
which show the core liguia level in the central assembly, a peripheral fuel
assembly, and the downcomer and lower plenum. As shown, refill of the
lower plenum startea at 22 s ano was completed by 31 s. 1In this and cther
ligquid level measurements made using conductivity probes, liquid is con-
sidered to be present at a given elevation when the void fraction is less
than 0.20, ana 1s inoicaied on the figures by an "X". In Experiment L2-5,
reflood of the core was initiated at 37 s and was completed by 55 s, a
retlood rate of 0.093 m/s (2.7 in./s). This, again, is very close to the
times and rate measured in Experiment L2-3 (see Table 3). Uuring reflooa,
preliminary examination of hot leg densities in the broken and intact loops
indicates very high void fractions. The upper head could be causing
significant deentrainment.

In summary, the primary coolant hydraulics were consistent with the
core thermal response. These hydraulics in Experiment L2-5 were similar to
those measured during Experiment L2-3 with the exception of the core-wide
bottom-up density surge in Experiment L2-3 (wherein the primary coolant
pump operation was different) which did not occur during Experiment L2-5.

14



3.3 Comparison of Experimental Data with Experiment Prediction

In this section, the measured experimental data are compared with
preexperiment calculations,7 including core thermal and primary coclant
system hydraulic response. Event time comparisons are shown in Table 3.

Figure 17 shows a comparison of measured and calculated cladding
temperatures for the hottest core location. The calculated maximum peak
cladding temperature was 1082 K (1488°F) compared to the measured maximum
peak claoding temperature of 1077 K (1479°F), or a difference of 5 K
(9°F). As also shown, both measured and calculated temperatures exhibited
a cooling trend prior to quench due to ECCS injection. The calculated time
of claduing quench was also very close (within 3 s) of measured. However,
the top-cown guench, which was measured in parts of the core, was not cal-
culated. Also, the delayed (beyond 20 s) departure from saturation
(measured in the peripheral fuel assemblies) was not calculated. The
calculation of the maximum peak temperature is the most importent calcula-
tion trom a fuel rod damege viewpoint, and in this regard the calculation
is gooa though the peak was calculated to occur 22 s earlier than in the
measured data.

Figure 1& shows the measured and calculated upper plenum pressure.
The calculatea pressure was within 1 MPa of the measured pressure. The
calculatea pressure, lower than measured, resulted in a calculated time for
accumulator injection of 14 s, compared to 17 s measured.

The calculatea reflood rate was approximately 0.04 m/s (1.5 in./s),
compared to the measured reflood rate of 0.083 m/s (3.7 in./s). This dif-
ference, which may be caused by incorrect celculation of emergency core
coclant (ECC) bypass and/or entrainment, will be investigated during
postexperiment analysis.

in summary, the preexperiment calculation of Experiment L2-5 correctly
predicted the peak cladding temperature and primary system pressure. The
analysis of the oifferences between calculated and measured system
hydraulic phenomena and the effects on core thermal response, as discussea
above, is preliminary.

15






4. CONCLUSIONS

The conduct of Experiment LZ2-5 and the data acquirec concerning inte-
gral system response to the experiment are considered to have met the
specitic objectives as defined by Reference 5 and listed in Section 1.

Cladding thermal response varied within the core with three general
scenarios: (a) immediate and sustained departure from saturation which
occurred in the lower half of the central fuel assembly, (b) immediate
cdeparture from saturation followed by top-down quench (14 to 17 s), and a
second departure from saturetion occurring in the upper half of the central
fuel assembly and high-power regions of the peripheral fuel assemblies, and
(c) delayed departure (20 s) from saturation in the rest of the peripheral
fuel assemblies.

The effect of the external cladding thermocouples on the core thermal
behavior was small and was consistant with previously reported results from
separate effects tests. No evidence of fuel rupture was detected, though
some claading deformation may have occurred. This will be confirmed by
visual inspection after the fuel assembly is removed.

The measured primary coolant hydraulics were consistant with the core
thermal behavior and were similar to the hydraulics measurea during Experi-
ment LZ-3 excepting those directly related to primary coolant pump
operation. Preexperiment calculations correctly predicted the peak
cladding temperature and primary system pressure during Experiment LZ2-5.
Aaditional efforts will be required to correctly calculate detailed core
thermal behavior ang core reflood.

The Experiment L2-5 simulation also showed that this highly improbable
scenario of accident events leading to the worst case large-break conditions
(core flow stagnation), although causing a more severe core transient than
that resulting from a main coolant pipe shear only, did not result in fuel
rod rupture.

During plant recovery, utilization of core exit and upper plenum
temperature measurements was shown to be inadequate as a means of reactor
vessel liquid level contraol.
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the downcomer and lower plenum for

iguia level in
Experiment L2-5.

L

Figure 16.
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APPENDIX A
LOFT SYSTEM GEOMETRY

The Loss-of-Fluid Test (LOFT) system geometry is shown in Figure A-1.
Figure A-Z shows the LUFT pressurizer and instrumentation. Figure A-3
shows the location of all LUFT cladoing surface thermocouples, and

Figure A-4 is a map ot the central fuel assembly showing the location of
all instrumentation.
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