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ABSTRACT

The applicability of utilizing electric heater rods to duplicate

duc lear iuel rod behavior during a large break loss-of-cooiant accident
(LOCA) is reviewed, and the conservative nature and limiting aspects of the
electric rod tnermal response ar. established. Nuclear rod response data
are presented from experimental programs being conducted in the Loss-of-
Fluia Test (LOFT) facility, Power Burst Facility (PBF), ana the Halden

2search reactor in Norway. The nuclear rod data are compared to nonnuclear
electric fuel rod simulator data from the Semiscale, LOFT Test Support
Facility (LTSF), and Halden [FA-511 programs. The data comparisons show
significant differences between nuclear and electric rod thermal responses
during both the blowdown and reflood phases of a large break LUCA. However,
the electric and nuclear rod experiments are not yet completed; therefore,
the comparison results and conclusions presented here should be interpreted
to be preliminary in nature.

NRC FIN No. A6053 - LOFT Fuel
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SUMMAKRY

' The applicability »f utilizing eleciric heater rods to duplicate
nuclear fuel rod behavior during a large break loss-of-coolant accident
(LOCA) 1s reviewed, and the conservative nature and limiting aspects of the
electric rod thermal response are establishea. Nuclear rod recponse data
are presented from experimental programs being conducted in the Loss-of -
Fluid Test (LOFT) faciliiy, Power Burst Facility (PBF), and the Halden
- research reactor in Norway. The nuc lear rod data are comparea to nonnuclear |
electric fuel rod simulator data froo the Semiscale, LOFT Test Support
Facility (LTSF), and Halden IFA-511 prograns.

General conclusions regarding electric heater rod capability to simulate
nuclear fuel rod response based on the analvsis of available experimental
data are:

. The electric heater rou response showed conservatively high rod
cladding temperatures and lower ccoling rates compared with a
nuclear rod for both the blowdown and reflood phases of a large
. break LOCA.
2. A solia internal heater rod cannot simulate (a) the initial stored
energy of a nuclear rod, (b) the transient energy equilibration

of the nuclear rod during the first 10 to 15 s of the LOCA, and
(c) the rapid quench that is possible on a nuclear rod.

;. Small-scale electric rod experiments are generally adequate for
separate effects studies; however, because electric heater rods
cannot simulate the nuclear rod initial stored energy or the
transient thermal and nechanical responses during the first 10 to
20 s of the LOCA, small-scale electrically neated experiments
cannot provide the necessary data for assessing the thermal and
hydraulic response of a nuclear core. Nuciear experiments are
necessary to confirm the important phenomena that control the
nuclear rod thermal and mechanical responses.



EGGLOF~-5529

4, Additional experiments are necessary to better represent film-to-

nuc leate transition heat transfer and quench behavior,

The data comparisons show significant differences between nuclear and
electric rod thermal responses during both the blowdown and ref lood phases
ot a large break LOCA. However, the electric and nuclear rod experiments
are not yet completed; therefore, the comparison results and conclusions

presented here should be interpreted to be preliminary in nature

"ertinent nuclear experiments which will provide necessary data to
quaniify important nuclear rod response phenomena are LOFT large break LOCEs
Lé=5 and LZ-6, PBF Experiment Series 1C-4, and NRU cladding deformation
experiments. These experimental results will provide a wide range of model
assessment data, and efforts will be specifically directed at evaluating

model capabilities to predict the important nuclear response.
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2. LIMITATIONS OF ELECTRIC FUEL ROD SIMULATORS

fo assure that the coupling between the rod heat transfer and local
hydraulics for an electric heater rod is identical to the nuclear fuel rod,
It 1s necessary for the heater rod response to exactly duplicate the nuclear
fuel rod cladding temperature, surface heat flux, and cladding deformation
along the entire length of the rod. There is no heater rod capable of
exactly simulating these parameters during all phases of a LOCA, and in
general, heater rod designs differ for blowdown and reflood heat transfer
experiments. The sirulation limitations related to each of these experiment
categories are discussed in the following subsections.

2.1 Blowdown Heat Transfer

Electric heater rods used for blowdown heat transfer experiments do
not achieve the initial steady state stored enerqy typical of nuc'cas rods,
because electric heater elements cannot operate at the high temperatures
Characteristic of the nuclear fuel. To compensate for the lower initial
stored energy, the electric power to the rods during the blowdown transient
must be specified to produce the nuclear rod cladding temperature and sur-
face heat transfer. In order to specify the electric power to the heater
rods, either of two methods are used: (a) the preprogrammed-power method
requiring the nuclear rod response to be estimated prior to the experiment,
and (b) the online-power contrnl method requiring real-time modeling of both
the electric and nuclear rod thermal response during the transient with an
automatic feedback control on the electric rod power. In either method,
the simulation of the nuclear rod is dependent on a priori knowledge of the
nuclear fuel rod response. Thus, the electric rod simulation using either
method simulates only the cladaing temperature response of the calculated

nuclear rod response.

Another important limitation related to blowdown heat transfer simula-
tion is tne cladding quenching characteristics of a nuclear rod. It is
shown in this report that solid heater rods of the Semiscale and FLECHT
types cannot physically duplicate the rapid cladding guenches that have been
observed on nuclear rods in both LUFT and the PBF experiments. In order
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for an electric heater rod to duplicate quench characteristics of a nuclear
rod, it would require power densities and thermal properties much closer to
Lthose or a nuclear rod.

2.2 KReflood Heat Transfer

The ability of electric heate:r rods to duplicate nuclear rod thermal
response during reflood has been questioned because of the large difterences
in electric and nuclear rod thermal properties. The rod thermal diffusivity
controls the rod heat release rate which, in turn, influences the hydraulic
conditions and heat transfer environment along the rod. Furthermore, elec-
tric rods do not exactly simulate the nuclear rod stored energy because of
differences in heat capacity between electric and nuclear rod materials.
Ancther limitation of most electric rod designs for reflood experiments 1s
the inability of the electric rods to simulate clagding deformation and
resulting flow channel blockage. These limitations are all coupled in their
affect on the system hydraulics and rod thermal-mechanical response.

2.3 Reactor System Simulation Experiments

Reactor system simulation experiments are intended to provide thermal-
hydraulic response data representative of a reactor system ¢nd to quantify
the cladding temperature response during the complete LOLA sequence, that
is, blowdown, refill, and reflood. The limitations of the electric heater
rods for these experiments are as discussed in the previous sections for
blowdown and reflood heat transfer. However, the limitations of the
electric heater rods are even more important for the system simulation
experiments because they may atypically affect the reactor vessel hydraulics
and rod cooling. Thus, both rod simulation limitations and resulting
atypical hydraulic response could obscure the true cladding temperature
response for a nuclear rod. Another important factor related to the system
simulation experiments is the ability to properly duplicate nuclear system
hydraulic response in the smalier scale experiments. As is shown in Sec-
tion 3, these limitations in simulating rod behavior and differences 1n
system hydraulic response can result in large differences in peak rod
cladding temperature.
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3. EXPERIMENT COMPARISONS

The first data comparisons discussed herein focus on the importance of
blowdown heat transfer and the differences observed between nuclear and
electric rod experiments. Comparisons are presented for the LOFT and Semi-
scale large break loss-of-coolant experiment: (LOCEs), which utilize nearly
identical system configurations to simulate a four-loop PWR. These experi-
ment comparisons show large differences in the peak cladding temperatures
that are attributed, at least in part, t) the different behavior of electric
and nuclear rods. Supporting analysis i< presented to more fully understand
tnese important experiments.

Results of separate effects experiments to study the querch behavior
of electric and nuclear rods are 21so presented. These experiments have
shown large differences in rod cooling and quench characteristics. Sup-
porting analysis results are presented which yield additional insight into
the quench oehavior of nuclear and electric rods and the capability of
analytica’ models to predict the observed differences.

Preliminary comparisons between reflood experiments performed in the
Halden reactor on identical bundles of nuclear ana electric rods are pre-
'sonted and discussed. These experiments indicate that the nuciear rods cool
faster than the solid electric heater rods.

3.1 Blowdown Heat Transfer for Reactor System Simulation

txperiments--LOFT Versus Semiscale

Experiments to simulate the large break LOCA response of a PWR have
been conducted in the LOFT and Semiscale facilities. The experiments used
for this comparison are LOFT LOCEs LP-Z‘ and L2-32 and LOFT counterpart
Tests 5-06-2.3 5-06-3,4 and 8—06-45 conducted in the Semiscale facility.
Conflicting results have been obtained from these experiments regarding the
important mode of fuel rod energy removal during the LOCE. The LOFT nuclear
experiments suggest that the important energy removal mechanism is related
to blowdown heat transfer during the first 0 to 15 s, as indicated by the
measured core-wide quench during this period. Details of the core thermal

response during the LOFT experiments are summarized in Appendix A, and the

4
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measured LOFT system response data are presented i1 References 1 and 2.
Semiscale experiments, intended to duplicate the LOFT experiments, did not
show the early core quenches and indicate that the important heat transfer
takes place during final core reflood between 8C and 180 s. The Semiscale
data are presented in References 3 through 5 for the LOFT counterpart
experiments. An example of the differences in cladding temperacure for
experiments initiated at peak rod powers of 39.4 kW/m are shown in Figure 1.
Note in Figure 1 that the LUFT cladding temperatures are represented as an
uncertainty enveiope due to the potential perturbation influences of the
LOFT surface thermccouples. The cooling influences of the LOFT surface
thermocouples have been extensively evaluated experimentally, and the
results show that during a high-pressure cooling transient, the cladding
surface thermocouples experience some selective cooling, but do not signi-
ficantly affect the thermal response of a nuclear rod. The separate effects
experiments to investigate the influence of LOFT thermocouples are docu-
mented in Reference 6, and a summary of this work is presented in

Appendix A,

1900 p—rre 1 B st i | B
Semiscale Test S-063 (Rod £4.27)
\ 3
\
\
N - ~
< .
~
g — .
i <
\
b T
o . Uncertainty envelope
£ for LOFT LOCE L23
3 (Rod 50630) -
o

L\ L . "‘ld

TR i A . o— —
0 40 80 120 160 200
INEL A 17 860

Time after rupture (e)

Figure 1. Comparison of peak cladding temperatures for LOFT LOCE L2-3 and
Semiscale Test S-06-3 (39 kW/m).
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As discussed in Section 2.1, two important limiting aspects of electric
heater rods during blowdown are (a) inability to simulate the initial steady
state stored energy of the nuclear fuel, and (b) inability to simulate the .
rod thermal response during a rapid cladding quench. The fuel rod cladding
temperature during the first 10 to 20 s of a large break LOCA is driven by
the initial steady state stored energy in the rod prior to the transient.
The inability of the Semiscale heater rod to simulate the nuclear rod stored -
energy is shown graphically in Figure 2, which compares the temperature pro-
files of a LOFT and Semiscale rod at steady state conditions of 36 kW/m.
because of *he deficient steady state stored energy, power must be delivered
to the Semiscale rods during the first few seconds of the transient so that
the resulting cladding temperature and heati flux for the Semiscale and LOFT
rods are identical. Since the Semiscale experiments were performed prior
to the LOFT experiments, the rod power was estimated based on pretest cal-
culations using the RELAP4/MOD5 computer code.7 The calculated LOFT peak
¢ ladding temperature and the resulting heater rod power history necessary
to simulate the pretest LOCE L2-3 tran:.ent (39 kW/m) are shown in Figure 3.
Because the pretest predicted cladding temperature was much different from
the actual LOFT experimental results (covwcare Figures 1 and 3), the transient
Semiscale power history resulted in a larger energy delivery to the cladding .
than required to simulate the LUFT nuclear response. Note also, that the
heater rod power increase occurred during the same time that LOFT experi-
enced the initial cladding quench (5 to 6 s). The higher rod power is
hypothesized to have caused the differences between LOFT and Semiscale
cladding temperatures. The increased power between 3 and 10 s would have
resulted 1n a near impossible cladding quench condition on the Semiscale
heater rod. Appendix B discusses the capability of a Semiscale-type heater
rod to duplicate the nuclear rod quench characteristics and shows that, for
the Semiscale rod to simulate a rap:< cladding quench, negative power must

be applied to the rod during the quench period.

Although the Semiscale rod transient power would have precluded the
rod quench, it is evident from the Semiscale cladding temperature of Fig-
ure 3 that no significant cooling occurred in Semiscale over the first 20 s
(the change in cladding temperature slope is largely a result of the
decreasing rod power). Tihis suggests a significant difference in core flows
(during blowdown) between Semiscale and LOFT, .

6
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Figure 2. Comparison of radial temperatures for LOFT and Semiscale rods at
a steady state power of 39 kW/m.

Comparisons of the measured hydraulic responses for LOFT and Semiscale
are shown in Appendix C and indicate that the volumetrically scaled flows
are similar in both systems, except in the intact and broken loop hot legs.
Figure 4 compares the measured Semiscale core inlet mass flux with the best-
estimate prediztion for LOFT LOCE L?-BG'8 using the RELAP4/MOD6 computer
code.”’ Figure 4 indicates the positive core flows in LOFT to be initiated
sooner than in Semiscale and to extend longer. These relative core flows
are consistent with the measured cladding temperatures from the two systems.

The core flows are a result of small pressure differences across the core

a. The core inlet flow measurement for LOFT was not made. Thus, the only
way to estimate the LOFT core flow was to normalize RELAP4/MOD6 with the
measured reactor vessel inlet and outlet flows and utilize the resulting
calculated core flow. The reactor vessel inlet and outlet flows were well
predicted, giving confidence in the estimated core flow. See Appendix C
for additional details.



EGGLOFT-557¥

o 4 EEENEE Snoeceacy s

| __ 1 o 7; 1200
1300 | .
1100 |
{ 800
® 1000 - | 1800
2 | 2 %
[\ | x
2 900 1 \ Predictea LOFT LOCE L2-3 %
g \ peak cladding temperature -, 800 §
o 800K \ ——— - Required Semiscale o ~
g core power 5
g ,w - - ‘w U
S \
600 + \
e
- ~{ 200
0 Y
7 1
400 }- T = i
40
300 L L s | : " ! S . TR R T
10 0 10 20 30 40 50
Time after rupture (s) INEL-A-17 883

Flgure 3. Predicted LOFT LOCE LZ2-3 peak cladding temperature and Semiscale
core power required to simulate the LOFT response (prior to con-
ducting the LOFT experiment).

and 1t 1s conceilvable that differences in heat transfer between electric
and nuclear rods could influence pressure differentials in the reactor

vessel and produce differing core flows.

fhe LOFT and Semiscale experiments clearly show that the electric rods
yield higher peak cladding temperatures and are thus conservative. It is
not certain from the measurements 1f differences in Lhe system hydraulics
or differences beiween nuclear and electric rods cause the observed aiffe--
ences 1n measured cladding temperature. It 1s likely that both of these
effects could be ‘mportant, and calculations are be:ng performed to deter- .
mine 1t either 1s a controlling influence. The differences between the two
systems, however, confirm the need for nuclear system data to jgentify the

linportant phenomena that influence the nuclear fuel rod response.

&)
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Figure 4. Comparison of core mass fluxes near core inlet as calculated for
LOFT and measured (based on mass flow measured at core inlet)
for Semiscale.

3.2 Blowdown Heat Transfer for LTSF and PBF Quench Experiments

After the LOFT experiments showed a major cladding quench, experiments
were conducted in the LISF to study the influence of cladding surface
thermocouples on cladding quench benavior of a single Semiscale heater rod
over a wide range of inlet hydraulic conditions. Quench experiments in the
PBF using LOFT nuclear rods were also performed. Initial test results from
these programs have provided insight into the effects of external cladding
thermocouples on cladding quench behavior, the important characteristics of
cladding cooldown and quench on both electric and nuclear rods, and the
ability of best-estimate thermal-kydraulic mcdels to predict the cladding
quench characteristics of both electric and nuclear rods. The LTSF experi-
ments, PBF experiments, and the capability of analytical models to predict

these experiments are discussed in the following subsections.
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Figure 5. OJemiscale electric rod geometry and LTSF flow shroud configura-
tion for LTSF quench experiments.

11
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Figure 6. C(ladding temperature for LTSF quench experiments.

rods were instrumented with both cladding surface and internal thermocouples
and internal fuel pellet thermocouples, while the other two fuel rods were
instrumented with only the internal cladding and fuel pellet thermocouples.
Figure 8 gives the details for tvpe and placement of these thermocouples.

In this manner, hoth the influence of cladding surface thermocouples and

the cladding quench characteristics were determined.

Hydraulic conditions simulating the LUFT blowdown core flow were
achieved by cycling the blowdown system isolation valves and the hot and
cold leg blowdown valves which produced a rapid, low-quality flow through
the test section. After simulating the early (5 to 10 s) cladding quench,
the rods were powered for approximately 100 s to increase the cladding
temperature to approximately 1200 K. The test section was then reflooded
at a flow rate =imilar to that (10 cm/s) experienced for LOFT experiments.

Thie first PBF thermocouple evaluation experiment series, designated

TC-1, was completed during 1980; however, during these initial experiments,
the blowdown system isolation valves were not cycled to allow low-quality

13

EGGALOF7-5529

»



E6QLOFT-5829

Expenment pressure tube '

Fuel penphena!
thermocouple

Inside cladding
thermocouple

- Hardware
supoort rod

. indwiduaily shrouded
test rods

Cladding surface
thermocouple
(LOFT type)

= Flow shroud

Cladding

“Fuel pellet

INELAS T

Figure 7. PBF test fuel rod configuration for Experiment
Series TC-1.

fluid into the test section, and the desired hydraulic conditions for clad-
ding quench were not at,hiuvm).” Subsequeni ly, the blowdown system valve ‘
sequence was changed to result in more low-quality cooling of the rods, and

Experiment Series TC-3 was conducted. One of these experiments produced

nuc lear cladding quenches with coolant flow velocity and quality similar to

that experienced in LUPI.!” Figure 9 shows the measured response from

interna’! thermocouples for a bare rod (no surface thermocouples). The

c ladding cooling rates (inferred from the measured fue i temperatures) are

shown to be greater than 100 K/s (see Appendix D for additional details)

which 15 much higher than observed on the single-rod quench tests in the

LTSF. Thus, the PBF TC-3 experiments show that nuclear fuel rods can be »
cooled rapidly which is consistant with the early core-wide quench measured

during the LOFT experiments.
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External cladding thermocouple Int " e A
. ~ Internal cladding thermocouple;
4 places on Rods 02 and 03; " 2pieces on Rode 01 and 02.

LOFT Tyoe k L , Type K, 0.51-mm OD
1.17-mm OD titanium sheat () &KL inconel sheath, junction

welded to cladding

Internal fuel
thermocouple;
1 place on Rods
01and 02, 3 places
on Rods 03 and 04;
Type K, 0.51-mm OD
inconel sheath;
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dia. hole on a 3.63-mm radius

Fuel, 9.29-mm
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93% theoretical density —_ _ar
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10.72-mm OD,
0.62-mm thick
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Figure 8. r8F test fuel rod dimensions for Experiment Series TC-1,
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3.2.3 Analytical Capability to Predict Cladding Quench

Because of the large differences in quench cooling rates between the
LT5F-Semiscale electric heater rod and the PBF nuclear rods, a study was
undertaken to investigate the current modeling capability of the RELAP4/MOD6
computer code to predict cladding cooling rates and quench times. The LTSF
experiments were modeled, since these experiments offer a simsle geometry

and the flow shroud inlet hydraulic conditions are accurately measured.

The Groenveld 5.9 film boiling correlation was used in conjunction with the
RELAP4/MOD6 standard blowdown heat transfer package. The calculational
results are compared to the experimental data in Figure 10 for the L75F test
which best simulated the LOFT LOCE L2-3 quench conditions. The calculated
data show a reasonable comparison with the data for this test. Similar com-
parisons were achieved for experiments with inlet flow rates ranging from
0.4 to 7 m/s.

700
— | TSF experimental data

= RELAP4/MOD6E

Cladcing temperature (K)
T

Inlet fiow velocity = 35 m/e \

Inlet flow quality = Q \
400 . -

System pressure = 70 MPa \

Initial cladding temperature = 775 K \

\
N
~
300 - -
200 : S L i 1 l L l
0 2 a 6 8 10 12 14 16
Time after rupture (s) e S

Figure 10. Comparison of quench data measured in LTSF and calculated by
RELAP4/MOD6,

17
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A nuclear rod was substituted in the RELAP4/MOD6 LTSF moael, and

several calculations were performed for comparison with the Semiscale rod

¢ ladding temperature response,

Calculations were performed for the nuclear

rod with stainless steel and zircaloy cladding and assuming very large and

very small fuel-claading gap conductance values.

The results of these cal-

culations (see Figure 11) show (a) the important influence of the UOZ

thermal conductivaty in limiting neat flow to the claoding, (b) a zircaloy-

clad nuclear rod (no gap resistance) cools more rapidly tnhan a similar

stainless-steel-clad rod, and (c) the zircaloy-clad fuel rod with a fuel-

cladding gap conductance (0,31 w/cmZ K) has an initial cooiing rate

approximately five times faster and quenches nearly 8 s earlier than the

Semiscale rod.

1100 T b LN ISR B, T
Calculated nuciear rod
(zircaloy cladding with
fuel-cladding gap)
1000 e Calculated nuclear rod
(zircaloy cladding with
\ no fuel-cladding gap)
{ \ \\ — — Calculated nuclear rod
\ i (stainless stee! cladding
< 900 + \\ \\ with no fuel-cladding gap)
® | N \ \\ — e Calculated LTSF resporse
- ‘ -, \\ w— e w | TSF data
g
@
a
£ 800 L
* |
o |
L.'
Q
o
®
O 700 1
|
600 t
500 L L 1 i L il R
. 7 A 6 8 10 12 14
Time a‘ter rupture (s) INEL AT 874
Figure 11. RELAP4/MOLG calculations snowing sensitivity of

fuel rod thermal parameters.

Calculations were also made for nuclear rods at different

conditions tested in the LTSF.

inlet flow

The results of these predictions comparing

the initial cooling rates for nuclear and electric rods are summarized in

Figure 12, Also shown in Figure 12 is the initial cladding cooling rate as

measured from the PBF TC-3 experiment.

These results suggest that current

18
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thermal-hydraulic models can predict the reiative differences observed
experimentally between the initial cooling rates of electric heater rods
and nuc lear fuel rods; however, these results are based upon data from only
one nuclear experiment. More nuclear data are required over a wider range

of hydraulic conditions for assessment of computer models.

it 15 noted that sclid, internally-heated, electric rods cannot dupli-
cate nuclear rod response during rapid cooling transients because of the
relative high thermal diffusivity of the electri: heaters., Because the
U02 conductivity and fuel-cladding gap limit the energy delivery to the
cladding, the nuclear rod cladding can be quenched by rewoving only the
energy 1n the cladding, for the sc'id, electric heater rod, not cnly tne
cladding energy but also a significant portion of tne rod internal energy
must be transferred before cladding quench car occur. This basic lwmitation
of a solid, electric heater rod was identified shortly after LOFT LOCE

l/-?Ij and 1§ ¢:scussed in detail in Appendix B8,

3.3 Refiuo ] Heat Transfer for Halden IFA-511 Experiments

The [FA-511 experlmvnts.'4 performed in the Halden research reactor
in Norway, exposed nuclear- and electric-heater-rod bundles to nearly iden-
tical nheatup and reflood conditions. The experiments consisted of 4 series
with nuclear rode (IFA-511.2) and a series with electric heater rods
(IFA<511.3). The experiments for each series were performed with a seven-
rod bundle consisting of six peripheral rods symmetrically surrounding the
center rod, as shown in Figure 13, The heated length was 1.5 m. both the
nuclear- and electric-rod bundles were instrumented identically with both
external and internal cladding thermccouples. Five of the rods were
mstrumented with internal cladding thermocouples, and one peripheral rod
was instrumented with LOFT-type external thermocouples. The cladding
thermocoup les were positioned at various azimuthal orientations ana at tive

different axial elevations,

Parameters varied during each test series included rod power, peak
claading temperature prior to reflood initiation, and reflocd rate., The
rod average linear heat generation rate ranged from about 1.0 to 3.0 KW/m.

Measured peak cladding temperatures ranged from 580 to 1100 K, and the

4y
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Figure 13. Schematics of electric and nuclear rod test bundles for

Halden [FA-511 experiments.
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ref lood rate was systematically varied from approximately 2 to 10 cm/s.

The peak cladding temperature, just prior to refiood, was varied by con-

trolling the time to reflood. The wesi conditions for the 1FA-511.2 ang .
=511.3 experiment series are summarized in Table 2.

The experiments were initiated by first i1solating the primary coolant
system, then activating ihe test section blowdown valves to deplete the test *
section coolant, The rods were allowed to heat up in a nearly adiabatic
environment until the desired cladding temperatures were achieved, after
which reflood was initiated. Appendix £ reviews the experiment sequence
and summarizes the data trends from the nuclear and initial electric rod
experiments. Several nuclear- and electric-rod bundle experiments were

replicated, showing excellent experiment repeatability.

Ihe data from the nuclear experiments are documented and discussed in
Reference 15, In general, there was no well dufined cladding quench, but
rather, the cooling rates continually increased after reflcod initiation
until the claduing was cooled to the fluid saturation temperature. Fig-
ure 14 shows the center rod cladding temperatures for an experiment with
high initial cladding temperatures. The nuclear experiments indicated that ‘
increasing the rod power and increasing the initial cladding temperature
had little inf luence on the peak cladding temperatures and quench times,
Ihis behavior suggests that the thermal properties of the U0, and fuel-
cladding gap effectively decouple the cooling and quench oen;v10r of the
cladding from the tuel pellet, UDecreasing the reflood rates resulted in
higher cladding temperatures and decreased the measured rod cooling rates.
Ihese trends are consistent with experiments performed in bem1scale|° and

FLECHT. /018

The Halden electric-rod bundle experiments (irA-511.3) were performed
using a Semiscale-type heater rod. Ltleven experiments were conducted to
duplicate the previous nuclear-rod bundle experiments. However, during the
electric rod experiments, three of the seven electric neater rods failed
{produced no power ), therefore, direct comparison between the nuclear and
electric rods cannot be used to quantify differences between rod responses
or experiment hydraulic behavior. Nevertheless, comparison of the eiectric
and nuc lear rod responses are qualitative, and as shown in Figure 15, the ‘

22
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Figure 14, Thermal response of a center nuclear rod during Halden
Experiment [FA-511.2, Run 5246.
nuc lear rod cools approximately four times faster than the electric rod.
Also, 1t is otserved that the electric rod, unlike the nuclear rod, is

characterized by a well defined quench.

If the three electric heater rods had not failed, the electric rod
power generation would have been greater, resulting in more liquid entrain-
ment and enhanced cooling above the quench front than was observed. There-
tre, if the electric rods had not failed, the heater rod cooling rates,
prior to quench, may have been higher and in closer agreement with the
nuc lear data. In Appendix £, the experiments are compared in such a manner
as to estimate the influence that the failed rods may have had on the heater
rod responsce, These comparisons suggest, as do the data in Figure 15, that
significant differences in the cooldown rates of nuclear and electric rods

may be experienced.

Additional experiments will confirm this trend and provide data for

assessing code capability to model the important surface heat transfer and
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Figure 15, Comparison of nuclear and electric rod thermal responses for

similar Halden reflood experiments.

25






EQG-LOFT.8829

4. UBSERVATIONS AND CONCLUSLONS

. Significant differences between nuclear and electric rod thermal
responses were observed during both the blowdown and ref lood phases of the

LOCA experiments and are summarized as follows:

1 ¥ o lowdown heat transfer:

The hydraulic system responses of comparable LOFT and Semi-
scale experiments were similar during the first 10 to 15 s,
although differences in the core flows were observed which
contributed to the 100 to 200 K higher cladding temperature
observed 1n Semiscale.

The LOFT experiments indicate that most of the nuclear stored
energy was removed as a result of a cladding guench during
the first 10 s (blowdown). In contrast, the Semiscale
experiments show that most of the heater rod energy was
removed during the final core reflood (after 50 s).

Separate effects quench experiments in the PBF using LOUFT
nuclear rods also show that nuclear rods can be quenched in
the same time period as measured in LUFT () to 3 s). How-
ever, separate effects quench experiments in the LTSF using
a Semiscale heater rod shows that the electric heater rod is
much more difficult to quench than a nuclear rod under the

same cooling inf luence.

= Ref lood heat transfer: Halden Experiments [FA-511.2 and IFA-511.3

showed large uifferences in nuclear and eleciric rod cooling

rates; however, quantification of the aifferences between the roa

responses was not possible because of electric rod failures which

precluded direct comparison.

General conclusions regarding electric heater rod capability to simu-

late nuclear rod response tased on analysis of the available experimental
. data are:

27
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6. FUTURE EXPERIMENTS FOR EVALUATION

Pertinent nuclear experiments which will provide necessary data to

quartifty important differences between electric and nuclear rods are:
b LOFT large break LOCEs L2-5 and L2-6
Lo PBF Experiment Series T(C-4
i, NRU cladding deformation experiments.

(oordination and completion of the Halden IFA-511 experiments are also

anticipated in the future.

Ihe experimental results will provide a wide range of model assessment
data, and efforts will be specifically directed at evaluating model capa-

bilities to predict the important nuclear response.
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APPENDIX A
SUMMARY OF MEASURED CORE THERMAL RESPONSF
DURING LOFT EXPERIMENTS L2-2 AND L2-3 AND

ACCURACY OF CLADDING SURFACE THERMOCOUPLES

1. SUMMARY OF MEASURED CORE THERMAL RESPONSE DURING
LOFT EXPERIMENTS L2-2 AND L2-3

Large-break nuclear loss-of-coolant experiments (LOCEs) L2-2 and L2-3
have been completed in the Loss-of-Fluid Test (LOFT) facility. The only
operating condition specified to be different for these experiments was the
Iinear fuel rod power generation rate. The initial conditions for these

experiments are summarized in Table A-].

The measured transient cladding temperature response of the fuel rods,
near the axial peak power zone for the two experiments are compared in Fig-
ure A-1. Initial departure from nucleate boiling (UNB) occurred between |
and 2 s and coincided with a general flow stagnation; after which, the meas-
ured cladding temperature rapidiy increased for 1 to 2 s. At approximately
3 s, however, measured upward core flow was established which cooled the
core and reduced the rate of cladding temperature increase. At about 4
the flow into the reactor vessel increased as a result of the flow reduction
(choking) in the cold leg break. This flow redistribution resulted in peak
flow velocities through the reactor core from 150 to 200 cm/s and caused a
core-wide quench from approximately 5.5 to 7.5 s. The cladding quench was
maintained for several seconds, but eventually, as the reactor vessel
coolant was depleted, a second DNB or dryout occurred at about 10 to 18 s.
After this time, the cladding temperatures in the peak power location
increased slowly until emergency core coolant (ECC) rapidly reflooded the
core. Details of the measured cladding temperature response for LOCEs L2-2

and L2-3 are presented in References A-1 and A-2, respectively.

In LOCEs L2-2 and L2-3, the peak cladding temperatures were achieved
during the first 6 s, just prior to the measured cladding quench. The
cladding temperatures measured in the center fuel module on several instru-
mented fuel rods were consistent at each axial location, but varied axially
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Figure A-1, Peak cladding temperatures for LOFT LOCEs L2-2 and L2-3.

as a result of the axial power distribution and changing coolant conditions.
The measured cladding temperatures versus time at the 8-in. axial elevation
during the first 10 s of LOCE L2-3 are shown in Figure A-2. Notice the
uniformity in response from the three separate fuel rods, the very sharp
initiation of the cooling transient at about 6.0 s, and the rapid quench to

the saturation temperature.

Figure A-3 shows the center fuel assembly temperature response at the
I5-in. axial elevation during LOCE L2-3. The initial time-to-DNB varied by
approximately 0.75 s, but the post-DNB temperature was similar for all rods
and the peak cludding temperatures correlated to the time-to-0ONB. The ini-
tiation of the quench cooling is well defined, occurring at about 6.0 s on

all rods at the 15-in, axial elevstion. The cladding quench at this axi¢'
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Figure A-7. Center fuel module cladding temperature response at 8-in.
axial elevation for LOFT LOCE L2-2.
location occurred rapidly, in less than 0.3 s for most thermocouples; how-
ever, two of the five thermocouples showed small temperature oscillations
for approximately 1 s before reaching the coolant saturation temperature.
The final quench is defined as the point at which the thermocouples indica-

ted stable coolant saturation conditions, as shown in Figure A-3.
Figure A-4 shows the measured cladding temperature at the peak power

axial position (26-in. axial elevation), which was similar to the lower
axial eievation response up to the time of the cladding quench. The cuench
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Figure A-3. Center fuel module cladding temperature response at 15-in.

axial elevation for LOFT LOCE L2-3.

initiation times measured by all five thermocouples were identical; however,
the time of measured cooldown to coolant saturation differed, ranging from
0.8 to 1.4 s.

Figure A-5 shows the measured thermocouple response at the 32-in. axial
elevation which is similar to the response at the 26-in. elevation. How-
ever, notice that even longer times (~1.0 to 2.5 s) were required to quench
the cladding. Figure A-6 shows a similar unstable cooling period at the

45-in. axial elevation, even though the local power at this location was a
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Figure A-4,
factor of two

character tics at the

lower than the peak

same power

Lenter fuel module cladding temperature response at 26-in.
axial elevation for

LUFT LOCE L2-3.

rod power. The difference

at

In quench

z2ones the bottom and top of the core

(rapid versus unstable quench) suggests changing local hydraulic conditions
along the axial length of the rod.

Figure A-7 summarizes the measured cl

iding quench characteristic for

LOCE L2-3, showing the times for the initiation and completion of quench as

a tunction of rod axial elevation.

rod as a function of axial position was nearly linear with time.

Notice that the initial cooling of the

The final

cladding quench was clearly a function of the axial power profile and was
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Figure A-5. Center fuel module cladding temperature response at 32-1in.
axial elevation for LOFT LOCE L2-3.
significantly influenced by the fuel rod grid spacers, suggesting that

changing coolant conditions along the rod affected the rod heat transfer

and cladding quench characteristics.,

The measured cladding quench characteristic during LOCE L2-2 are shown
in Figure A-8 and are much the same as for LOCE L2-3; although, in general
the cladding gu»nch required less time--1.0 to 1.5 s compared to 2.0 to
2.5 s for LOCE L2-3. The more rapid cladding quench for LOCE L2-2 was a

result of lower initial fuel rod power and resulting transient cladding

temperatures.
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Figure A-6. Center fuel module cladding temperature response at 45-in.

axial elevation for LOFT LOCE LZ2-3.

fwo additional measurements indicated a changing coolant flow through
the core that was coincident with the cladding temperature quenches. The

first is the self-powered neutron detector (SPND) located at the 24-in.
axial position and which is sensitive to coolant quality changes. Fig-
ure A-9 compares the response of the SPND and the cladding thermocouples
located at the 24-in. axial elevation. The rapid cooling of the thermo-
couples and the noticeable change in the SPND response from 6.2 to 6.6 s
indicate a low quality coolant influence during this period. The second

indication of low quality flow upward through the core was obtained from
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Figure A-8. (uench characteristics versus axial elevation for LOFT ‘
LOCE LZ-2.
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Figure A-9. C(ladding temperature and SPND response at 24-in. axiali
elevation for LOFT LOCE L2-3.

the upper plenum thermocouples which measure coolant temperatures directly
above the core. Figure A-10 shows that from approximately 3 to 6 s, the
coolant in the upper plenum nearest the core was sdperheated vapor. How-
ever, at approximately 6 s, the upper plenum coolant temperature was rapidly
reduced to the saturation temperature. The time of coolant temperature
reduction is consistent with the axial position versus time for initial
cladding cooling, as shown in f igure A-11. The upper plenum coolant thermo-
couple quench occurred just after the hishest elevation cladding thermo-
couples began to quench. Assuming the n.tial, rapid cladding cooling
versus axial position represents the coclint velocity through the core, flow

velocities of 150 to 200 cm/s were achieved.

Figure A-12 shows the peak cladding temperatures for each of the axial
cladding measurement locations compared to the fuel rod axial power profile.
Notice the peak claddiiqg temperatures do not reflect the axial power pro-

file, being relatively higher at ine higher axial elevations. This behavior
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Figure A-10, Coolant temperature in reactor vessel upper plenum for LOFT
LOCE L2-3.
15 consistent with the measured low upward core flow for 1 to 2 s prior to
guench and the increased coolant quality and degraded rod cooling at higher

e levations.

The fuel rod stored energy during LOCE L2-3 was estimated from FRAP-TS
calculations. The initial, steady state fuel rod thermal conditions just
prior to the transient were obtained from FRAPCON-1 calculations and are
summarized in Table A-2. Estimates of the initial, steady state fuel rod
stored energy can only be made from calculaticns, since no direct UU2

peilet temperatures were measured during the LUFT experiments,

The calculated transient fuel rod power utilized in the "RAP-TS calcu-
lations was obtained from RELAP4/MOD6 predictions which model tne effects
of the rapidly changing coolant conditions on the core neutronics; the
American Nuclear Society standard decay power was utilized. The measured
transient cladding surface temperature was input to the code as a cladding

temperature boundary condition.
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Figure A-11. Comparison of initial quench cooling of fuel rod cladding and
upper plenum fluid thermocouples showing the quench front
movement through the core region.

The calculated fuel pellet energy versus time (volumetric average) is
shown in Figure A-13. In general, the response can be classified into three
time pzriods--prequench, quench, and postquench. During the prequench
period (0 to 5.5 s), approximately 20 to 25% of the initial fuel rod energy
1s transferred from the rod. During the quench period (5.5 to 12 s),
approximately 30 to 40% of the rod energy is lost. The postquench period
i1s characterized by very low heat transfer, and during LOCE L2-3, the clad-
ding temperature increased slowly until just before final core reflood (38
to 55 s). The cladding surface heat transfer coefficients for LOCEs L2-2
and L2-3 are shown in Figure A-14 based on the fuel rod thermocouple meas-
urements and best estimate FRAPCON-1 calculation of the initial fuel rod

energy.
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4, The early part of the secondary heat-up phase of the experiment
was also assumed to be characterized by thermocouple selective
cooling. Therefore, the heat transfer from the time of secondary
ONB initiation to the onset of final core flocding was represented
by the average heat transfer during the 25- to 35-s time interval
which is characterized by nearly adiabatic heat transfer.

5. During final reflood cooling, the measured LOFT precursory cooling
rates (5.5 K/s) were assumed to represent the cooling rate of the
uninstrumented rods, based on the data from Test Series TC-1 per-
formed in the Power Burst Facility.A°6 The upper bound cladcing
temperature was assumed to cool at this rate until a cladding tem-
perature of 750 K was reached, after which a rapid quench was
assumed.

The estimated upper bound temperature response calculated under these
assumptions is compared to the measured data in Figure A-15. An uncertainty
in peak cladding temperature of 100 K exists, as reflected by the estimated
upper bound temperature enveiope. Also a difference of approximately 25 s
exists in the final reflood temperature guench. The upper bound estimate
is compared to the RELAP4/MOD6 pretest predictions in Figure A-16 and shows
the calculated cladding temperature cooldown during the period from 6 to
12 s is sinilar to the estimated upper bound. The fuel rod stored energy
for the v>.nding cases are shown in Figure A-17, which shows the importance
of the heat transfer during the first 1C s of the transient.

Further resolution of the peak cladding teaperatures from the LOFT
experiments will not lTikely be achieved from ~.etallographic examination of
the fuel rods, since for a peak claading te perature of less than 1160 K,
accurate determination of cladding temperatures from zircaloy microstruc-
tures or oxidation characteristics ‘. not possible. Evaluation of the
cladding temperature from posttest cladding deformation will also be mar-
ginal, since, for the LOCE L2-3 bounding cladding temperatures, little or
no cladding deformation is expected, based on cut-of-reactor claddirg defor-
mation emperimentsA'8 as shown in Figure A-18.
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