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Abstract

This report is a summary of an experimental investigation which is a part of
the German LWR safety program. The aim of the SEFLEX program has been to
quantify the influence of the design and the physical properties of different
fuel rod simulators on heat transfer and quench front progression in un-
blocked and blocked rod bundles during the reflood phase of a LOCA in a PWR.
Fuel rod simulators with Zircaloy claddings and a gas—filled gap between
claddings and pellets exhibit lower peak cladding temperatures and shorter
quench times than gapless heater rods with stainless steel c¢laddings. Grid
spacers cause significant cooling enhancement downstream during the time span
at which maximum cladding temperatures ocecur. Ballooned Zircaloy c¢laddings,
forming e.g. a 90 percent blockage, are quenched substantially earlier than
thickwall stainless steel blockage sleeves attached to the rods, and even
earlier than undeformed rod claddings. A comparison of test data with results
of the "Best Estimate'" computer program COBRA-TF shows a good agreement with

unblocked bundle data including grid spacer effects.

This report 1is accompanlied by a unblocked bundle data report (KfK 4025) and
a blocked bundle data report (KfK 4026). These three reports conclude the
SEFLEX program,
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SEFLEX-Brennstab-Simulator—-Effekte in Flutexperimenten

Teil 1: Auswertebericht

Kurzfassung

Dieser Bericht ist eine Zusammenfassung einer experimentellen Untersuchung,
die ein Teil des deutschen LWR Sicherheitsprogramms ist. Das Ziel des SEFLEX-
Programms war die Quantifizierung des Einflusses von Aufbau und physikali-
schen Stoffdaten von verschiedenen Brennstabsimulatoren auf den Widrmelibergang
und das Fortschreiten der Benetzungsfront in unblockierten und blockierten
Stabblindeln wdhrend der Flutphase eines Kiihlmittelverluststérfalles in elnem
LWR. Brennstabsimulatoren mit Zircaloy-Hlillrohren und einem gasgeflillten
Spalt zwischen Hiillrohren und Pellets flihren zu niedereren Maximaltempera—
turen der Hlillrohre und zu klirzeren Wiederbenetzungszeiten als spaltlose
Heizstdbe mit Edelstahlhiillrohren. Abstandshalter verursachen elne bedeutende
Verbesserung der Klihlung in der Nachlaufstrdmung wihrend der Zeitspanne, in
der die Hiillrohre das Temperaturmaximum erreichen. Aufgeblihte Zircaloy-Hiill-
rohre, die z.B. eine Kiihlkanalversperrung von 90 % darstellen, werden erheb-
lich frlher benetzt als dickwandige, an den Stidben angebrachte Blockadehiilsen
aus Edelstahl, und sogar frither als unverformte Hillrohre. Ein Verglelich der
Versuchsdaten mit Ergebnissen des "Best Estimate" Rechenprogramms COBRA-TF
zeigt eine gute Ubereinstimmung mit den MeRdaten der unblockierten Blindel
einschlieBlich der Abstandshaltereffekte.

Zu diesem Bericht gehdren zwel getrennte Berichte, MeRdaten von Experimenten
mit unblockierten Biindeln (KfK 4025) und mit blockierten Blndeln (KfK 4026).
Mit diesen drei Berichten ist das SEFLEX-Programm abgeschlossen.
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PREAMBLE

This report is an overall summary of an experimental investigation which is a
part of the German LWR safety program. Within the framework of this program
the Kernforschungszentrum Karlsruhe (XfK) started the Project Nuclear Safety
(PNS) in 1973 to investigate the fuel rod behavior of light water reactors
(LWR) under loss—of-coolant accident (LOCA) conditions. Subjects of special
importance were: The extent of core damage during a LOCA, the consequences of
fuel rod failure on core coolability and fission product release, and the

quantification of safety margins.

Two experimental programs of the PNS, performed in the Institut filr Reaktor-
bauelemente (IRB) of the KfK, contributed to: (1) Zircaloy deformation be-
havior including interaction between fuel clad ballooning and thermal-hydrau-
lies in a LOCA (REBEKA) and (2) Coolability of blocked rod bundles (FEBA).
Comparison and analysis of the results of both programs indicated, that the
two different types of rods used for simulation of nuclear fuel rods showed
different behavior which needed to be quantified. Furthermore, the question
arose how far the FEBA results concerning the coolability of severe

blockages were applicable to baltlooned fuel rod clusters.

The experience obtained from both programs was used for defining a new in-

vestigation in 1983:

"Fuel Rod Simulator Effects in Flooding Experiments (SEFLEX)

The publication of this report as well as two complementing data reports (KfK

4025, KfK 4026) marks the completion of this program.

Although many individuals have contributed to thls program, we wish particu-

larly to acknowledge the following:

Mr. H. Schneider Modifications of the FEBA facility and of the REBEKA fuel
rod simulators, management of rod bundle and test section

assemblies, instrumentation and rig operations.

Mr. S. Barth Data acquisition systems, instrumentation, data pro-

cessing.
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Mr. F. Erbacher Consulting and technical support.
Mr. A, Fiege General consulting and financial support by the PNS,

The main workshop VBW/HW of the KfK and the W. Bergmailer Co. at
D-7520 Bruchsal 5 mailnly for construction and instrumentation of the

fuel rod simulators.

The authors gratefully acknowledge the support from the Nuclear Power Di-
vigion of the Electric Power Research Institute (EPRI), USA, especially the
efforts of Dr. W. B. Loewenstein, Dr. R. B. Duffey and Dr. A. Singh, for
providing the opportunity to simulate selected FEBA and SEFLEX tests by using
the COBRA-TF computer code. This analysis was sponsored by EPRI and carried
out in cooperation with EPRI staff of the Safety Technology Department at the
Palo Alto offices.




1. INTRODUCTION

The thermohydraulics in a nuclear reactor core during a loss—of-coolant acci-
dent (LOCA) of a pressurized water reactor (PWR) depends mainly on the loca-
tion and the size of the break in the primary coolant system. However, the
conditions of the plant at initiation of a LOCA as well as the design and the
operation of the emergency core cooling system influence time dependent core

cooling conditions as well.

During a large break in the cold leg, the water within the primary coolant
circuit rapidly depressurizes leading to a flow reversal in the core. The
flow direction from top to bottom of the core prevails at least towards the
end of the blowdown phase, i.e. when the system pressure corresponds to the
pressure in the containment. The upper part of Fig. 1 shows a simplified
scheme of a 4~loop steam generator system of a PWR. The lower part of Fig. 1

shows the reactor pressure vessel and the installations.

During blowdown emergency core cooling systems (ECCS) are initiated following
the transient of the system pressure. However, 1t is assumed that the reactor
presssure vessel 1s empty at the end of the blowdown phase. The low pressure
emergency core cooling system already operating is assumed to need some time
to fi11ll up the pressure vessel until the lower end of the core is beginning
to be submerged In the rising water column {refill phase). At that moment the
main flow direction through the core again is reversed to from bottom to top,

prevailing during the reflood phase.

The nuclear decay of the fisslion products heats up the pellets and the clad-
dings of the fuel rods until the ECCS becomes effective. Some of the fuel
rods may reach temperatures which cause clad ballooning and burst. At be-
ginning of the reflood phase the cladding temperatures are assumed to be
above the Leildenfrost temperature. As the liquid level reaches the bottom end
of the core and starts to rise around the fuel rods, complex transient heat
transfer and two-phase flow processes occur. Ahead of the quench front the
cladding temperatures are affected by the rate of steam generated upstreanm
and the thermal—-hydraulic behavior of entrained liquid droplets. The effect
of thils precursory cooling prevailing until quenching is characterized by a
heat transfer coefficient decreasing with distance from the quench front. The

local cladding temperature starts dropping when the precursory cooling ex-



— o —

ceeds the heat generated in the rods. The reflood phase is terminated when

all rods are quenched over the whole length. Flgure 2 shows schematically the
pressure difference across the cladding and a range of temperature transients
for different fuel rods in a 2F-cold leg break LOCA predicted by a conserva-

tive evaluation model.

The investigation presented contributes to answering the quest{ions:

How fast are fuel rods cooled down realistically under given reflood condi-
tions compared to swaged heater rods?

How and to what extend do coolant channel blockages (due to ballooned fuel
rod claddings) influence the effectiveness of the reflood core cooling com-—

pared to blockages simulated by stainless steel sleeves?

A number of out-of-pile experiments were conducted in order to generate heat
transfer and fluid flow data needed for the safety analysis of nuclear reac-
tors. The thermal-hydraulic phenomena in unblocked as well as blocked rod
bundle geometries were examined in reflood experiments such as FEBA [1l],
FLECHT-SEASET [2], THETIS [3], CEGB blockage tests [4], SCTF [5], CCTF [6]
etc. The objectives of all these bundle tests have been to provide experimen-—
tal reflood heat transfer and two—-phase flow data 1n simulated PWR geometries
for postulated LOCA conditions. The measured data were used to develop and
validate physical models for computer codes providing qualified analytical
tools for calculating realistic peak cladding temperatures and safety margins

for unblocked and blocked bundle configurations.

Most of the experiments performed so far to understand the quench front pro-
gression and heat transfer in rod bundles were carried out using "solid-type"
electrically heated rods for simulation of nuclear fuel rods. Such rods are
characterized by a stainless steel cladding and a close thermal contact bet-
ween cladding and the electric insulation filler material containing the

embedded heating element.

However, during in pile tests such as the OECD Halden Reactor Project, it was
observed that nuctear fuel rods, which are characterized by heat generating
fuel pellets stacked in a Zircaloy tube with a radial gap between pellets and
cladding, were quenched substantially earlier than electrically heated rods
with a close contact between filler material and stalnless steel cladding [7,

8, 9]. In the same project, REBEKA fuel rod simulators with a gas filled gap




—3—

between alumina pellets and Zircaloy claddings were observed to simulate
closely the actual fuel rod behavior during a LOCA [10]}. Similar results were
obtained from NRU in pile tests [11],

Figure 3 shows a comparison of the transient cladding temperatures measured
during four different tests carried out in the Halden Bolling Water Reactor
(HBWR) under nearly identical test conditions. The temperatures were measured
at an axial level of about 600 mm from the bottom end of the heated rod
length of the nuclear rods and the SEMISCALE heater rods. Although limited in
their validity, since three SEMISCALE heater rods of the seven rod bundle
failed, the comparison indicates that during the blowdown and heatup phases
the temperatures of the nuclear and the electrically heated rods essentially
overlap each other. However, quenching of the SEMISCALE rods was slgnificant-
ly delayed compared to the nuclear rods. This behavior was confirmed when the

SEMISCALE rod bundle was rebuilt and the test series was repeated.

Figure 4 shows a comparison of the transient cladding temperatures as mea—
sured at the peak power level of the nuclear fuel rods and the electrically
heated REBEKA fuel rod simulators. Plotted are the envelopes of all tempera-
ture readings measured at the axial level mentioned. The REBEKA fuel rod
slnulators duplicate the temperature and quenching behavior of nuclear rods,
as can be seen. The REBEKA fuel rod simulators have been developed for inves-
tigation of the plastic deformation behavior of pressurized Zircaloy—4 clad-
ded fuel rod simulators under LOCA conditions. Results of single rod, full

length 5 x 5 rod bundle and 7 x 7 rod bundle tests are summarized in Ref. 12.

Investigating the effects of cladding surface thermocouples and electrical
heater rod design on quench behavior using REBEKA fuel rod simulators and
FEBA heater rods, the different behavior of both the types of rods during

simulated reflood conditions, known qualitatively, had been confirmed [13).

Furthermore, the influence of thermal properties of different cladding mate-
rials on the heat transfer and rewetting behavior was observed in experiments
using single rods or tubes of stainless steel or Zircaloy, respectlvely,
under falling film and bottom reflood conditions [1l4]. Similar bench-type
reflood experiments were carried out with a 4-rod bundle to study the quench
behavior of stainless steel and Zircaloy claddings 115, 16]. In the frame of

the "Indirect Action Research Programme" of the Commission of the European
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Communities upon "Safety of Thermal Water Reactors" the effects of cladding
material and pin composition upon rewetting and quench phenomena were 1nves-—
tigated [17, 18, 19].

The results of the different experiments confirmed qualitatively that the

safety analysis based on reflood tests performed with conventional gapless
heater rods overpredicts the extent of core damage. Approaching the safety
margin quantitatively, computer code models for description of the thermal
response of different fuel rod simulators need to be improved and tested. The
validation of such models implemented in reflood codes needs experimental
data obtalned from different experiments. For a strict comparison of the
effects of the design and the composition of different rods, such experiments
should be performed under identical conditions varying only the composition

of the fuel rod simulators.

Therefore the purpose of this investigation is to address the following open

questions concerning bottom reflooding:
- Reflood timing and resultant peak cladding temperatures in fuel rod bundles
under given reflood conditions in comparison to bundles of electrically

heated rods, mostly used for out-of-pile experiments.

— Coolability of flow blockages caused by ballooned fuel rod claddings in

comparison to blockages simulated by sleeves fixed on the outer surface of

conventional heater rods.



2., SEFLEX REFLOOD PROGRAM

The aim of the SEFLEX (Fuel Rod Simulator Effects in Flooding Experiments)
program has been to quantify the influence of the design and the physical
material properties of different fuel rod simulators on quench front progres-
sion and heat transfer in unblocked as well as blocked red bundles during the
reflood phase of a LOCA in a PWR.

Forced feed bottom injection reflood tests have been performed using bundles
of 5 x 5 REBEKA fuel rod simulators characterized by Zircaloy claddings,
alumina pellets and a gas filled gap between c¢ladding and pellets. For the
tests the FEBA test facility has been used. These tests performed under va-
rious reflood conditions and the comparison of the results with corresponding

tests of the FEBA program represent the SEFLEX program.

The FEBA tests were performed with swaged, solid type heater rods without gap
between stainless steel cladding and filler material. Separate effect tests
were carrled out in eight test series with the objective to measure and to
evaluate thermal-hydraulic behavior of grid spacers and of unblocked versus
blocked rod bundle geometries with and without bypass. Flow blockages simula-
ting ballooned fuel rod claddings were achieved with sleeves of stainless
steel attached to the rods. The initial and reflood conditions varied were
repeated systematically from series to series as close as experimentally
possible to 1soclate the different geometrical effects. The bundle confi-
gurations tested are listed in Table 1.

For the conduction of the subsequent SEFLEX tests the main reflood parameters
of the FEBA test program have been malntained; only the bundle of 5 x 5
conventional heater rods had been replaced by a bundle of 5 x 5 REBEKA rods
which more closely represented the features that exist in the actual fuel rod
design. The influence of the conductivity of the gap between Zircaloy
cladding and pellet has been investigated replacing the helium gas filling by
argon gas filling. Helium is the filling gas of nuclear fuel rods at be-
ginning of life time. The heat conductivity of argon corresponds to that of
the fission gas mixed with the helium after high fuel burnup. As for the

FEBA program unblocked bundle tests served as base line tests. For blocked
bundle tests a 90 percent flow blockage at 3 x 3 rods of the 5 x 5 rod bundle

was applied having identical location and outer shape as that of the FEBA



Table 1

FEBA-program: Bundle geometry of test series I through VIII.
Axial arrangement of grid spacers and flow blockages.

- Grid Spacer
v p

II .62"/ ’/Blockage

S
=g ._ ~HHA aihid- - - s — (- i Bundle
EE %ﬁ:%; _Eﬁﬁ]r 'E 90°/EIIIIB_{ Akf Midplane
& c ) c
U m
"
L1
r I= Y
Blockage Ratio 90% 62% 90%  F0%+62% 62% 90%
Test Series ! I ] v v Vi Vil VIl

Series I: Baseline tests with undisturbed bundle geometry; seven grid spacers.

Series II: Investigation of the effects of a grid spacer; without grid spacer
at the bundle midplane.

Series III: Investigation of the effects of a 90% flow blockage with bypass;
blockage at the bundie midplane of 3 x 3 rods placed in the corner
of the 5 x 5 rod bundle; without grid spacer at the bundle midplane.

Series IV: Investigation of the effects of a 62% flow blockage with bypass;
blockage at the bundle midplane of 3 x 3 rods placed in the corner
of the 5 x 5 rod bundle; without grid spacer at the bundle midplane.

Series V: Investigation of the effects of a 90% flow blockage with bypass com-
bined with grid spacer effects; blockage immediately upstream of the
bundle midplane at 3 x 3 rods placed in the corner of the 5 x 5 rod
bundle; grid spacer at the bundle midplane.

Series VI: Investigation of the effects of 90% and 62% flow blockages with by-
pass combined grid spacer effects; 90% flow blockage immediately up-
stream of the bundle midplane; 62% flow blockage immediately down-
stream of the bundle midplane; both blockages at the same 3 x 3 rods
placed in the corner of the 5 x 5 rod bundle; grid spacer at the
bundle midplane.

Series VII: Investigation of the effects of a 62% flow blockage without bypass;
blockage at the bundle midplane of all rods of the 5 x 5 rod bundle.

Series VIII: Investigation of the effects of a 90% flow blockage without bypass;

blockage at the bundle midplane of all rods of the 5 x 5 rod bundle.
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Series
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Table 2

SEFLEX-program: Bundle geometry of test series 1 through 4.
Axial arrangement of grid spacers and flow blockages.

— Grid Spacer
B ™ Blockage
5 L s
SHE - (B - ]  Bundle
@ UTU Midplane
-
L]
oo +H ]
Q™
o
a
=
Oas Filting Helium Argon Helium Argon
Blockage Ratio 90% 90%
Test Series 1 2 3 4

Rods with helium-filled gaps between Zircaloy claddings and
alumina pellets; undisturbed bundle geonetry with seven grid
spacers.

Investigation of the effects of rod clad properties, conduc-
tivity of gas filled gaps, and grid spacers.

Comparison with FEBA test series I and SEFLEX test series 2.

Rods with argon-filled gaps between Zircaloy claddings and
alumina pellets; undisturbed bundle geometry with seven grid
spacers.

Investigation of the effects of rod clad properties, conduc-
tivity of gas filled gaps, and grid spacers,

Comparison with FEBA test series I and SEFLEX test series 1.

Rods with helium-filled gaps between Zircaloy claddings and
alumina pellets; 90% flow blockage with bypass; blockage at
the bundle midplane of 3 x 3 rods placed in the corner of the
5 x 5 rod bundle; without grid spacer at the bundle midplane.
Investigation of the effects of rod clad properties, conduc-
tivity of gas filled gaps, grid spacers, and flow blockage.
Comparison with FEBA test series III and SEFLEX test series 4,

Rods with argon-filled gaps between Zircaloy claddings and
alumina pellets; 90% flow blockage with bypass; blockage at
the bundle midplane of 3 x 3 rods placed in the corner of the
5 x 5 rod bundle; without grid spacer at the bundle midplane.
Investigation of the effects of rod clad properties, conduc-
tivity of gas filled gaps, grid spacers, and flow blockage.
Comparison with FEBA test series III and SEFLEX test series 3.
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tests. However, the flow blockages were realized by artificially ballooned

Zircaloy claddings surrounding the pellet column.

The separate effect tests were carrled out in four test series to measure and
to evaluate the influence of four major factors on the reflood heat transfer

and rod quenching:

Rod clad properties

1

conductivity of the gap between pellets and cladding

- grid spacers

flow blockages.

The bundle configurations tested are listed in Table 2. The SEFLEX tests were
conducted using REBEKA rod bundles in the FEBA test facility to minimize the
influence of the boundary conditions of different test rigs. The initial and
reflood conditions selected for the FEBA program were repeated as close as
experimentally possible for the comparison of the difference in the behavior
of the two rod designs on the basis of two-phasze flow heat transfer phenomena
of SEFLEX test series 1 through 4 and FEBA test serifes I and IIlL.



3. TEST FACILITY

The FEBA test facllity was designed for a separate effect test reflood pro-
gram Involving a constant flooding rate and a constant back pressure to allow
investigation of the influence of grid spacers and coolant channel blockages
independently of system effects. Since, the design of fuel rod simulators
represents an experimental parameter similar to that of design and location
of grid spacers or coolant channel blockages, the FEBA test facility as well
as the operational procedure and the measurement technique of the FEBA tests
have been maintained for the SEFLEX tests. Modifications necessary for re-
placing the 5 x 5 FEBA rod bundle by bundles of 5 x 5 REBEKA rods are
described in Section 3.1.

3.1 Test Loop and Bundle Housing

Figure 5 shows schematically the FEBA test loop with its main components.

It is8 a forced flow bottom injection reflood facility with a back pressure
control system. Coolant water is stored in a tank (3). During operation,
coolant is pumped (4) through a throttle valve (7) and a turbine meter (8)
into the lower plenum region (10) of the test section (11). The coolant flow
may be directed either upwards through the test assembly, or through the
lower plenum (10) and water level regulation valve (9) back into the water
supply. When reflood is initiated, coolant water rises in the test assembly
and two-phase flow results when water reaches the hot zone of the fuel rod
gimulators. Entrained water droplets are transported upwards by the steam
flow and may impinge on the steam water separator (13) placed above the test
assembly. The liquild separated from the steam then drains into a collecting
tank (17), where the water content is continuously measured. Steam passes
around the droplet deflector and is then flowing through a buffer tank (19)
and the back pressure control valve (10) to the atmosphere. A large external
steam supply 1s connected to the buffer to heat up the total system and the

buffer contents, and to maintain the system pressure.

For the performance of the FEBA test series [1], the heater rod instrumenta-
tion, which was completely embedded in the rod claddings, did exit from the
lower end of the rod assembly as did the elecktric power connections for the
heater rods. However, the instrumentation of the sleeve blockages was led to

the top end of the housing such that the lead outs attached to the rod sur-~-
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faces did not influence the two—phase mixture rising from the bottom.

For the performance of the SEFLEX test series, the heater rod instrumentation
(15) and the electric power connections (14) for the heater rods were led out
from the upper plenum (12). Therefore, the upper plenum (12) and the steam
water separator (13) were modified as well as the lower plenum (10) where the
REBEKA fuel rod simulators were filled with helium or argon gas, respective-
1y, (21).

Figure 6 shows a photography of the FEBA test rig with {ts main components
modified for the conduction of the SEFLEX tests.

Figure 7 shows a cross sectional view of the FEBA and the REBERA rod bundie,
respectively, placed in a square stainless steel (Standard No. 1.4571, ASTM
410) housing having an inner edge length of 78.5 mm and a wall thickness of

6.5 mm. The reasons for the use of a thick-walled housing were:

—~ To simulate surrounding heat generating hot rods by having sufficient heat
storage in the wall prior to the individual tests (see Section 3.6).

- To facllitate assembling of the test rig.

~ To allow easy penetration of the wall for instrumentation of the bundle

with fluid thermocouples (see Section 3.4).

The dimensions of the housing inner cross section had been so chosen that the
5 x 5 rod bundle array and an infinite bundle were to have the same subchannel
hydraulic diameter dy:

dy = 2 = 13.47 mm

where A: flow area; C: wetted perimeter.

The outer diameter of the rods was 10.75 mm and the rod pitch 14.3 mm for
both, the FEBA heater rods as well as the REBEKA fuel rod simulators. Further
dimensions of the rods and the bundles, respectively, are described in Section
3.2. Original PWR grid spacers were attached to the rods by friction. They
were sliding in the bundle housing in axial direction when relative motion
between rod bundle and housing occurred. The rods were bolted to the top of

the test section. The lower ends of the rods were allowed to hang free for
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FEBA as well as SEFLEX tests. For replacing the FEBA rod bundle by the REBEKA
rod bundle the upper as well as the lower plenum were modified. The bundle
housing was identical for both the bundles. Figure 8 shows a cross sectional
view of the test section with the insulation at the housing outside for

reduction of the heat losses to the environment.

The modification of the upper plenum 1s shown in Fig. 9. Whilst the FEBA rods
were bolted to the top grid plate, the REBEKA rods were bolted to the top of
the upper plenum, and penetrated the top grid plate through square holes
which provided the same total cross section for coolant through flow as the
circular holes between the FEBA rods for the FEBA grid plate. The two-phase
flow leaving the rod bundles had to cross the REBEKA rods in radial direc-
tion., The cross flow in that portion of the plenum has probably led to
slightly increased droplet evaporation compared with the FEBA flow condi-
tions, i.e. without rods at that place. However, any effect of additional
evaporation was rather small because of the short flow path along and across
that - unheated - portion of the REBEKA rod bundle. After separation of the
water from the steam, the flow path of the water to the water collecting tank
was ldentlical for both designs. The conditions for the steam flow, after
separation from the water, did not affect the flow conditions upstream, since

the pressure drop between bundle exit and buffer was very small.

Figure 10 shows the modification of the lower plenum. The FEBA rods penetrated
the bottom of the plenum which was covered by a water film controlling the
temperature of the lower plenum including the O-ring sealings to the tempera-
ture of the feedwater during heat up of the bundle. The REBEKA rods were
hanging in a water—filled plenum. The water level was at the same elevation
for both designs, and the water temperature was controlled to that of the

feed water during the test. Therefore, no influence of the modification of

the plenum on the reflood conditions was observed.

3.2 REBEKA Fuel Rod Simulator and FEBA Heater Rod

Fuel rod simulators of PWR dimensions were used to simulate the nuclear fuel
rods. Figure 11 shows the cross section of a gapless FEBA heater rod which has
an outer diameter of 10.75 mm. A spiral wound heating element of NiCr 80 20
(ASTM B 344-60) is embedded in the electrical Iinsulator (magnesium oxide),

and then encapsulated in the elad of NiCr 80 20 which has a wall thickness of



1.0 mm. In contrast to a nuclear fuel rod with a Zircaloy cladding and a gas
filled gap, this heater rod is a sclid type widely used for thermal-hydraulic
tests. A close thermal contact between cladding and filler material results
from swaging of the rods. More details including a working drawing are con-
tained in Ref. [1].

Figure 12 shows the cross section of a REBEKA fuel rod simulator. This fuel
rod simulator consists of an elecktrically heated rod of 6.02 mm outer diameter
placed in the center of annular alumina pellets simulating fuel pellets. As
for a nuclear rod, the pellets are encapsulated in the Zircaloy tube with a
wall thickness of 0.725 mm. By pressurization of the rod with filling gas the
gap between pellets and cladding is filled with helium or argon, respective-
ly, to study the influence of the gap conductivity on the reflood behavior.
The thickness of the Zircaloy cladding, the helium filling and the nominal
gap width of 0.05 mm of a REBEKA rod are identical to a nuclear fuel rod at
the beginning of life time. Heater rod and alumina pellets represent about
110 percent of the heat capacity of fuel pellets. The heat conductivity of
argon corresponds roughly to that of the fission gas mixed with the helium
after high fuel burnup. Figure 13 shows a working drawing of a REBEKA fuel
rod simulator of nominal geometry modified for the SEFLEX tests.

The remaining characteristics of both types of fuel rod simulators, FEBA rod
as well as REBEKA rod, were the same., Figure l4 represents an axial layout of
the fuel rod simulators. The cosine power profile of the rods with a heated
length of 3900 mm were approximated by seven steps of speclfic power. The
axial power profile was flat with a peak-to-average ratio of 1l.19. Seven grid
spacers without mixing vanes (height 38 min) were installed a 545 mm axial
intervals throughout the bundles.

3.3 Blockage Design

The influence of the size and the shape of varilous coplanar blockages on
local reflood heat transfer was already examined as part of the FEBA program.
For most of the geometries, improved cooling was found downstream of such
uniform blockages compared with base line tests without blockages conducted
under the same flooding conditicens. Only a 90 percent blockage with bypass
led to about the same peak cladding temperatures downstream of the blockage

compared with unblocked bundle data [1]. The most significant difference



between the temperatures so compared occurred after turnaround. Downstream

of the blockage the temperatures decreased more slowly than in the unblocked
portion of the bundles and a delayed quenching was observbed. However, the
FEBA blockage configuration using sleeves was a compromise between flow
channel constriction caused by ballooned claddings and the technical feasibi-
lity of such a simulation having sufficient life time for repeated tests. To
examine and to isolate properly the blockage effects of FEBA and REBEKA rod
bundles with 90 percent flow blockage with bypass, identical outer dimensions
of the blockage geometries had ko be selected.

The coplanar 90 percent blockage configuration with bypass used for the FEBA
tests is shown in Fig. 15. Hollow sleeves of stainless steel were used to
simulate ballooned claddings. The sleeves were attached to the rods. For the
simulation of the heat resistance between pellets and lifted cladding a gap
of 0.8 mm width filled with stagnant steam was provided between the outer
surface of the FEBA rod and the inner surface of the sleeve. In addition,
side plate devices were placed between the sleeves of the peripheral rods and
the housing walls for constriction of the coolant subchannels between the

3 x 3 rod cluster and the housing.

Figure 16 shows a sectional view of the rod bundle with coplanar 90 percent
flow blockage and bypass investigated in SEFLEX test series 3 and 4. The flow
blockage was placed symmetrically to the bundle midplane {axial level

2025 mm) generating a local coolant channel constriction of nine subchannels
of the 3 x 3 rod cluster. The balloons had an axlal extension of 180 mm
including the conical ends. The length of the 90 percent flow channel con-

striction amouted to 65 mm.

The outer shape and size of the blockages, i. e. the geometries and the
surfaces exposed to the coolant, were the same for both, the SEFLEX and FEBA
arrays. However, the heat capacities and the radial compositions underneath

the cooled surfaces were different from each other.

Figure 17 shows a working drawing of REBEKA fuel rod simulators with artifi-
cally ballooned claddings as well as the instrumentation of the individual

simulator types with thermocouples in axial and eircumferential directions.
The instrumention is described in detail in Section 3.4. To model a 90 per-—
cent flow blockage with bypass accordingly to the corresponding FEBA blocked
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bundle configuration of test series III, three types of artificially
ballooned Zircaloy claddings with different outer shape were produced. This
was necessary to avoid side wall blockages as used for the FEBA tests. The
cross sections of simulator type a and f, shown in Fig. 17, indicate the
geometries of regular ballooned rods and ballooned rods placed at the housing
wall of the 3 x 3 rod cluster, respectively. A third type of simulator was
used to constriet the coolant subchannel in the corner of the housing (see
ecross section of rod No. 21 shown in Fig. 21). The required outer shape of
the ballooned Zircaloy claddings was produced in a furnace by heating up the
pressurized cylindrical tubes placed 1n correspondingly shaped molds. Subse-—
quently, the ballooned claddings were cooled down very slowly to avoid any
bursting or collapsing. During the reflood test series no deformation of the
ballons took place. The blockage array after performance of the test series

is shown in Fig. 18.

3.4 Instrumentation

Most part of the SEFLEX instrumentation consisted of thermocouples (Chromel-
Alumel), since cladding (TS), heater sheath (TZ), grid spacer (TA), fluid

(TF) and housing (TK) temperatures were to be measured at various positions.
Figure 19 shows a schematic diagram of the axial levels of the thermocouples,
the pressure and the differential pressure measuring positions. This diagram
enables to relate the measuring positlons to the blockage and the grid spacer

positions as well as to the different specific power zZones.

The cladding temperatures were measured with 0.36 mm sheath outer diameter
thermocouples having insulated junctions. For test series 1 and 2 these ther-
mocouples were embedded in grooves from the individual measurement position
up to the top end of the rods. The grooves were milled into the outer surface
of the Zircaloy claddings. The grooves were closed by peening over to aveid
any disturbance of the coolant flow. For test series 3 and 4 these thermo-
couples were embedded in grooves of 20 mm length, which were milled into the
outer surface of the Zircaloy claddings. The short grooves were closed by
peening over as well, The remaining lead outs were attached to the outer
surface of the Zircaloy claddings by very small and thin straps of Zircaloy
which were spot welded to the claddings. For the instrumentation of the
ballooned portion of the claddings the same method was applied with the dif-

ference that the thermocouple tips were not embedded in grooves but also were



attached to the rods by using straps (see Fig. 18). This external instrumen-—
tation was necessary with respect to the reduced wall thickness of the bal-
loons. A separate effects experiment program [13] conducted in the LOFT Test
Support Faciltity (LTSF) at the Idaho National Engineering Laboratory (INEL)
with REBEKA fuel rod simulators to evaluate the effect of cladding external
thermocouples on the quench behavior indicated: "Cladding external thermo-
couples have a negligible effect on the cooldown rate and quench behavior of
a REBEKA fuel rod simulator over the range of LOCA-type, high pressure ther-

mal-hydraulic reflood conditions examined."

As indicated in Figs. 12 and 21, some of the heater rods placed in the center
of the alumina pellets were instrumented for the conduction of SEFLEX test
series 3 and 4. The temperatures of the heater rod sheaths with an outer
diameter of 6.02 mm were measured with 0.25 mm sheath outer diameter thermo-
couples having insulated junctlons. These thermocouples were embedded in
grooves which were milled into the outer surface of the Inconel rod sheath.
The grooves were closed by peening over to keep the thermocouples at the
provided measuring positions and to maintain the geometry of the alumina
pellets. The leads were led out to the top end of the rod bundle close to the

insulated connections of the electrical rod power supply.

The grid spacer temperatures were measured with 0.5 mm outer sheath diameter
thermocouples having insulated junctions. The tips of these thermocouples
(see indication TA on Figs. 20 and 21) were placed each at about 2 mm from
the leading and the traliling edges, respectively, of the grid spacers. The
thermocouples were attached to the grid spacers by very small and thin straps
of stainless steel which were spot welded to the surface of the 0.4 mm thin
grid spacer sheetings. The leads were led from the subchannels surrounding
the central rod via trailing edge to the peripheral subchannels to avoid as

far as possible any disturbance of the coolant flow.

The fluid temperatures were measured with unshielded thermocouples of (.25 mm
outer sheath diameter (see indication TF on Figs. 20 and 21). The junctions
protruded into the center of the individual bundle subchannels. The ability
of such fluid thermocouples for measuring steam temperature is demonstrated

in Ref. 1.



The housing temperatures were measured with 0.5 mm outer sheath diameter
thermocouples (see indication TK on Figs. 20 and 21) placed from the outside

close to the inner surface of the 6.5 mm thick housing wall.

Pressures and pressure differences were measured with pressure transducers.
In addition to the inlet and outlet pressure, the pressure differences were
measured along the entire bundle length, along both the lower and upper por-
tion of the bundle as well as along a short section at the bundle midplane.
The flooding rate was measured with a turbo-flowmeter. The amount of water

carried over was measured continuously by a pressure transducer at the water

collecting tank.

All data were recorded with a scan frequency of 10 cycles per second using

NEFF amplifiers, a PDP-11 mini-computer and disks for fast data recording.

3.5 Operational Procedure

The investigation of separate effects of core reflood during a PWR LOCA re-
quires well defined system parameters for each test. The quality of the com-
parison among the tests depends mainly on the repeatability of the individual
tests. Therefore, with respect to the real sequence of events during a LOCA,
the following modification of the heat up period during refill of a reactor
vessel had been made for the FEBA tests and maintained for the SEFLEX tests:

For about two hours priocr to reflood, the fuel rod simulators were heated in
stagnant steam to the described initial cladding temperature, using a low rod
power. In the mean time the test housing was being heated up passively to the
desired initial temperature by radlation from the rods. This led to a wall
(6.5 mm thick) heat content of approximately the same as that of half a row
of heater rods including the heat input during a test (rod power). The aim of
choosing the "active wall" was to prevent premature quenching of the wall
relative to the bundle quench front progression. The hot steam film at the
surface of the wall acts somewhat like a layer of insulation for the two-
phase flow in the bundle subchannels. The ''passive wall" design using a thin
wall of low heat capacity is an alternative method which allows fast heat up
of the bundle and the housing. However, premature quenching may occur influ-
encing the bundle heat transfer conditions. Furthermore, it complicates

instrumentation and assembling.
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Reflood was initiated by closing the water exit and the steam inlet valve at
the lower bundle plenum and the drain valve of the water collecting tank (see
Fig. 5)s The bundle power was stepped up to the controlled decay heat tran-
slent, i.e. 120 percent ANS-Standard 40 seconds after shut down of a reactor
for most of the tests. About 30 seconds prior to reflood the data recording

system was started.



4., TEST MATRIX

The main test parameters varied are shown in Table 3:
- Bundle geometry

- Gap gas filling

Flooding rate given as flooding velocity, i.e. the velocity of the rising
water level in the cold bundle

— System pressure.

For the comparison of the reflood behavior of the two rod bundles consisting
of elther 5 x 5 FEBA or 5 x 5 REBEKA fuel rod simulators, the SEFLEX tests
were carried out for flooding velocities of 3.8 cm/s and 5.8 cm/s {(in the
cold bundle) and system pressures of 2.1 and 4.1 bar. The test operational
procedures were also similar (see Section 3.5). The power input was stepped
up, when the rising water level reached the bottom end of the heated bundle
length, to about 200 kW and decreased corresponding to the 120 percent ANS
decay heat transient. Flooding velocity, system pressure, and feedwater tem-—
perature were kept constant during each test. The internal gas pressure was

controlled to about 1 bar overpressure with respect to the system pressure.



Table 3

Test matrix of the SEFLEX-program
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Program Test Test-No. Rod Design Cladding Gap Gas Flooding System Feedwater Reference Tests
Series Material Filling velocity Pressure Temperature FEBA-Test SEFLEX=Test
cm/s bar °C

SEFLEX 1 05 REBEKA Zircaloy Hel ium 3.8 2.1 40 No. 223 No. 07

SEFLEX 1 03 REBEKA Zircaloy Hel ium 3.8 4.1 Lo No. 216

SEFLEX 1 06 REBEKA Zircaloy Helium 5.8 2.1 40 No. 218

SEFLEX 1 ou4 REBEKA Zircaloy Hel ium 5.8 4.1 LO No. 214

SEFLEX 2 07 REBEKA Zircaloy Argon 3.8 2.1 40 No. 223 No. 035

FEBA | 223 FEBA ss gapless 3.8 2.1 40 No. 05 and 07
FEBA | 216 FEBA sS gapless 3.8 4.1 40 Ne. 03

FEBA i 218 FEBA 5S gapless 5.3 2.1 Lo No. (€6

FEBA 1 214 FEBA 8S gapless 5.8 41 Lo No. O4

SEFLEX 3 32 REBEKA Zircaloy Hel ium 3.8 2.1 4o No. 241

SEFLEX 3 35 REBEKA, Zircaloy Helium 3.8 4.1 40 No. 239

SEFLEX 4 33 REBEKA Zircaloy Argon 3.8 2.1 Lo No. 241

SEFLEX 4 34 REBEKA Zircaloy Argon 3.8 4.1 L0 No. 239

FEBA RN 2h1 FEBA sSs gapless 3.8 2.1 Lo Ne. 32 and 33
FEBA I 239 FEBA Ss gapless 3.8 4.1 40 Ne. 34 and 35
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5. SEFLEX REFLOOD TEST RESULTS AND COMPARISON WITH FEBA DATA

The results of the SEFLEX test series 1 through 4 obtained with 5 x 5 REBEKA
rod bundles [20, 21] are summarized and compared with results of correspond-
ing FEBA tests [l]. This comparison, comprised within the SEFLEX program,

deals with the overall bundle behavior, the grid spacer effects, the blockage

effects and quench phenomena discussing data measured and evaluated.

Performing the SEFLEX program most of the individual results have been pub-
lished successively [22 through 36}.

5.1 Bundle Behavior

At initiation of the reflood phase the cladding temperatures of the rods are
highly above the Leldenfrost temperature. As the liquid level reaches the
bottom end of the bundle and starts to rise around the rods, complex heat
transfer and two-phase flow processes occur. Ahead of the quench front the
cladding temperatures are affected by the rate of steam generated upstream
and the thermal-hydraulic behavior of entrained liquid droplets. The effect
of this precursory cooling prevailing until quenching 1s characterized by a
heat transfer coefficient decreasing with axial distance from the quench
front. The local cladding temperature starts to decrease when the precursory

cooling exceeds the heat generated in the rods.

For a proper comparison, the test conditions overtaken from the FEBA tests
were systematically repeated for the individual tests of the SEFLEX series,
e.g. initial ecladding temperatures, power input, flooding rate, system pres-—

sure, Inlet water subcooling etec.

The reflooding behavior of the two bundles consisting of either 5 x 5 FEBA or
5 x 5 REBERA rods is significantly different. Figure 22 shows cladding tempe-
ratures versus time of three test runs performed with a flooding velocity of
3.8 cm/s and a system pressure of 2.1 bar in a FEBA rod bundle (square sym-
bols), in a REBEKA rod bundle with helium-filled gaps (circular symbols), and
in a REBEKA rod bundle with argon-filled gaps (triangular symbols). The tem-
perature transients were measured at four different axial levels, in each
case at about the half way between two grid spacer positions. Upstream of the

bundle midplane (Plot A: axial level 2225 mm), the influence of the different



rod design on the peak cladding temperature is not yet pronounced, but the
quench times of the REBEKA rods are almost 100 s, 1l.e. about 30 percent,
shorter than that of the FEBA rods. Downstream of the bundle midplane (Plot
B: axial level 1680 mm; Plot C: axial level 1135 mm; Plot D: axial level 590

mm), these differences become more pronounced towards the top end of the

bundles.

The reasons for the lower cladding temperatures and the faster quench front
progression of the REBEKA rod bundles are the lower heat capacity of the
Zircaloy claddings and the more pronounced thermal decoupling of the cladding

from the heat source, compared with the thick stainless steel claddings of

the swaged FEBA rods.

For a temperature of 500 °C the products of specific weight and thermal

capacity of Zircaloy-4 and NiCr 80 20 amount to [42]:

NiCr 80 20 p-cp = 4.17 Wes/(cm®*K)
Zircaloy-4 p'cp = 2.15 W*s/(cm’*K)
and the heat conductivities amout to [42]:

NiCr 80 20 o= 0.21 W/ (cm*K)
Zircaloy-4 A = 0.19 W/ (cm*K)

Taking into account the following cladding dimensions

FEBA (NiCr 80 20) do = 10.75 mm

di = 8.65 mm
REBEKA (Zircaloy-4) do = 10.75 mm

d, = 9.30 mm

i

the internal energies per unit length are given by
FEBA cladding E = 1.33 Wes/X
REBEKA cladding E = 0.49 Wes/K

A comparison of the internal energies stored in FEBA and REBEKA rod claddings

leads to & ratio of about 2.7.

The assumptions of a heat transfer coefficient of 3.0 W/ (cm?*K) between filler
material and FEBA rod cladding, a gap width of 0.05 mm between alumina pellets
and REBEKA rod cladding, and a filling gas temperature of 500 °C in REBEKA rods

result in the following ratios of the thermal conductances at the interfaces:
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FEBA/REBEKA (He-filling) 5
FEBA/REBEKA (Ar-filling) 40
REBEKA (He-filling)/REBEKA (Ar-filling) 8
This comparison does not include the heat transfer by radiation between the

ceramic and the cladding.

The comparison between a nuclear fuel rod and a SEMISCALE heater rod (see
Fig. 4), shows the same trend concerning shorter quench time for Zircaloy
cladded rods with gap. However, the SEMISCALE heater rod having a similar
design as a FEBA rod did not lead to significantly higher peak cladding
temperatures than the nuclear fuel rods. This finding only is consistent with
the temperature transients measured in the lower portions of the FEBA and the
REBEKA rod bundles, respectively (see Fig. 17, Plot A). It has to be men-
tioned that the heated length of the rods used in the OECD Halden experiments
was only 1500 mm and the data shown were measured 600 mm from the bottom end
of the heated length. For the FEBA and REBEKA rods in the SEFLEX tests the
heated length amounted to 3900 mm. Since in the upper bundle portions the
peak cladding temperatures are substantially lower for REBEKA rods than for
FEBA rods, it can be assumed that the heated length of the rods used in the
OECD Halden experiments was too short for promoting 2 similar behavior lead-
ing to lower peak cladding temperatures for e.g. the fuel rods in the OECD

Halden experiment.

Analyzing the reasons for the lower peak cladding temperatures in the REBEKA
rod bundle the question arises whether the precursory cooling is really bet-
ter or the about 10 percent lower amount of heat stored in the REBEKA rods

leads to lower peak cladding temperatures during precursory cooling.

The first indication for the differences bhetween the transient heat transfer
coefficients prevailing in the individual rod bundles can be found qualita-
tively reading the temperature transients of the bundle housing. Figure 23
shows the housing temperatures measured at the axial level 1680 mm durlng the
tests discussed above. The housing, which is identical for the total of the
tests, is cooled faster using the REBEKA rod bundles than using the FEBA rod
bundle. Therefore, there is an increased reflood heat transfer for rods with
Zircaloy claddings and helium gas filled gaps, e.g. SEFLEX test No. 03, comn-
pared with gapless heater rods with stalnless steel claddings, e.g. FEBA test

No. 223. The heat transfer again inereases for increased heat resistance



across the gap, e.g. for the argon gas filled REBEKA rods, e.g. SEFLEX test
No. 07.

The heat transfer analysis quantifies the cooling conditions for the dif-
ferent rod bundles. Heat transfer coefficients, rod surface heat flux, tem-
perature distribution in a cross section of a rod and stored heat per unit of
length of a rod have been calculated for various locatlons within the bundle.
Input data for the one-dimensional inverse heat conduction calculation using
the modified and supplemented HETRAP-computer code [41] are the measured
local cladding temperature, the corresponding specific rod power, the satura-
tion temperature related to the system pressure, the temperature-dependent
material properties [42, 43] as well as the individual rod geometry. The FEBA
rod cross section was defined by 11 radlial nodes and the REBEKA rods by 14
radial nodes to obtain the transient temperature distributions in the rod

cross sections.

The FEBA heater rod consists of four concentric rings of different material
regions. Contact resistances between material regions were specified by con-

stant uniform input data.

The REBEKA fuel rod simulator required to describe eight concentric rings of
different materials. Again, contact resistances between two material regions
were defined by constant uniform input data. The heat conductance of the gas
filled gaps between heater rod and pellets as well as pellets and cladding
was assumed to consist of two components: (1) Heat transfer due to thermal
radiation and (2) Heat transfer due to conduction in the filling gas. Since
the conduction model does not calculate the effects of power history of the
rods, the gap width specified by input includes any changes from the as-built
conditions. Therefore, it was assumed that the gap between heater rod and
pellet was reduced from a nominal width of 0.04 mm to an effective width of

0.01 mm due to thermal expansion of the heater rod in radial direction.

The numerical procedure used in the conduction solution is based on a finite-

difference resistance network approach.

The rod surface heat flux transients, evaluated for the tests discussed
above, for the axial level 1680 mm, confirm increased precursory cooling in

the REBEKA rod bundles as shown in Fig. 24. For the early portion of the



reflood phase the heat flux at the surface of the gapless heater rods of the
FEBA tests is lower than that of the helium filled REBEKA rods of the corres-
ponding SEFLEX tests, The highest heat flux density is evaluated for REBEKA
rods with argon fi1lling. The individual transients are approaching each other
with increasing reflood time and reach about the same values after approxi-
mately 200 seconds. However, at that time the cladding temperatures are de-—
creasing for all the cases shown, l.e. after the time of peak cladding tempe-
ratures. Cladding temperatures and corresponding surface heat fluxes are
compared in Fig. 25 using an enlarged time scale for the first 140 seconds of
the reflood phase. The transients are the same as plotted in Fig. 22 (Plot B)
and Fig. 24,

The heat stored in a FEBA rod compared with that stored in REBEKA rods with
either helium or argon filling 1s shown 1n Fig. 26 for axial level 1680 mm.
It has to be mentioned that for the same initial cladding temperatures at
beginning of the reflood phase the amount of heat stored in a FEBA rod is
about 10 percent larger than that of the REBEKA rods (see values at t =0
seconds in Fig. 26). However, for identical power input applied for the dif-
ferent bundles, a larger amount of heat remains in a FEBA rod than in the
REBEKA rods during the early portion of the reflood phase as indicated al-
ready by the surface heat flux transients, plotted in Fig. 24. After the
turnaround points, i.e. when the heat removal exceeds the heat input, again
the stored heat transients decrease faster for the REBEKA rods than for the
FEBA rods. Therefore, later quenching of the FEBA rod bundle is mainly due to

the lower reflood heat transfer to the coolant.

As soon as the rod claddings are quenching the heat stored in the rods drops
suddenly. The transients are similar for the FEBA rod and the REBEKA rod with
helium gas filled gap. Later in time after quenching, the amount of stored
heat remaining in both rods 1is about the same. The behavior is different for
REBEKA rods with argon gas fllled gap: The decrease of the stored heat is
slower during quenching and, late after quenching, the amount of stored heat
remaining in the rod is significantly higher than for both types of rods
mentlioned before. The increased heat resistance across the argon—-filled gap
is responsible for this phenomenon. It could be drawn a preliminary con-
clusion, that the higher amount of stored heat remaining after quenching in
rods with argon-filled gaps 1s the reason for the faster quench front pro-

gression compared with rods with helium—filled gaps. However, this explana-



tion 18 not sufficient, because the surface heat flux transients are diffe-
rent for both cases. For most part of the reflood period the surface heat
flux of the REBEKA rod with argon-filling is substantially higher than that
of the REBEKA rod with helium-filled gap (see Fig. 24), and consequently, the
heat removal is increased for increased heat resistance across the gap (com-—
pare Fig. 26, circular and triangular symbols). The effect of cladding mate-
rial is excluded in this comparison, since cladding thickness and material
are identical for both tests. Comparing the behavior of FEBA rod bundles with
that of REBEKA rod bundles the effect of radial heat resistance as well as
the effects of the physical properties and the dimensions of the rod cladd-
ings have to be considered. The quantitative separation of these effects
seems not to be possible using the FEBA and SEFLEX results only. But, it can
be concluded qualitatively, that both, cladding and gap effects are respon—
sible for increased reflood heat transfer of REBEKA rod bundles compared with
that of FEBA rod bundles. There 1s a limited number of experiments [17, 18]
to examine these effects. However, for a quantitative analysis of the
question whether the cladding material or the gas-filled gap 1s the main
parameter of influence, additional experimental and analytical investigations

are needed.

Further informations about the heat transfer and quench behavior of the 1indi-
vidual rods used for the FEBA and SEFLEX tests give the following diagrams:
The heat transfer coefficlents evaluated for axlal level 1680 from FEBA test
No. 223 and SEFLEX tests No. 05 and 07 are plotted in Fig. 27. Emphasils is
placed on the conditions at the time of quenching of the individual rods at
the elevation indicated. Besides the fact that the quench times are differ-
ent, the slopes of the transient heat transfer coefficients are different as
well, For the following representations the quench times of the individual
rod sections are set t = 0 obtaining a new time scale allowing a better
comparison of the different transients. A recording window of 40 seconds, 1.
e. 20 seconds before through 20 seconds after the quench fronts passed the
axial level 1680 mm, is used for the data plotted versus an enlarged time
scale. Figure 28 shows cladding temperatures (Plot A), surface heat fluxes
(Plot B), heat transfer coefficients (Plot C) and stored heat quantities
(Plot D) for FEBA test No. 223 and SEFLEX test No. 05 with helium-filled gaps
of the REBERA rods. Before quenching (t € 0) the temperature of the REBEKA
rod cladding decreases faster than that of the FEBA rod, and 1t drops sudden-

ly down to saturation temperature at the moment of quenching. However, the



"quench temperatures" of both the types of rods are almost the same (see Plot
A)., The surface heat flux at the REBEKA rod is somewhat higher than that of
the FEBA rod prior to quenching as discussed already. At the moment of quen-
ching this trend i1s reversed: The peak surface heat flux at the FEBA rod then
is about twice as high as that of the REBEKA rod (see Plot B), A comparison
of the heat transfer coefficients (Plot C, logarithmic scale!) shows again
for the REBEKA rod a somewhat higher mean value prior to quenching, signifi-
cantly higher maximum at the moment of quenching and slower decrease after
quenching than that of the FEBA rod. Finally, Plot D of the Fig. 28 shows
that the removal of the heat stored in a REBEKA rod is increased prior to
quneching and slightly delayed immediately after quenching compared with the
heat release of a FEBA rod.

The conditions for a FEBA rod already shown are compared with those of a
REBEKA rod with argon gas—filled gap in Fig. 29. Due to the increased gap
heat resistance for the REBEKA rod in this case, the effects discussed before
are somewhat more pronounced. Especially, the heat release is delayed signi-
ficantly after quenching of a REBEKA rod with argon gas—filled gap (see Plot
D of Fig. 29).

For different reflood conditlons, e. g. different system pressures and flood-
ing velocities, the trends of the quenching behavior remain the same as shown

in Figs. 30, 31 and 32. The individual gquantities only are different.

Analyzing the azimuthal temperatures of a REBEKA rod cladding for different
reflood conditions some information 1s obtainable concerning the quality of
the quench front progression. The transient cladding temperatures measured at
bundle midplane and at four circumferential positions of a rod are plotted in
Fig. 33. The data are plotted again in Fig. 34 versus an enlarged time scale

for the recording windows in which quenching of the individual rods occurs.

The different times, at which the four considered positions of the rod cir-
cumference are quenching, indicate that the quench front is not strictly
circular. This finding 1is consistent with optical observations. In some cases
dryout oceurs for a short period after the whole circumference was quenched

already as shown in Fig. 34, Plot B.




— 07 —

Radial temperature profiles in gapless FEBA rods and REBEKA rod with gaps
indicate the different mechanisms of heat release during the period of sur-
face rewetting. Figure 35 shows calculated radial temperature profiles as a
function of time for the axlal level 1680 mm. For the suddenly increasing
cooling conditions close to the quench front, the temperature of Zircaloy
claddings drops fast (Plot B and Plot C) and the heat stored in the remaining
portion of the rod 1s being removed with a certain delay after the tempera-
ture difference across the gap is established. A sudden increase of the cool-
ing conditions or the arrival of the quench front at a FEBA rod surface has to
remove more heat stored in the clad and in the filler material which are in
close contact (Plot A). Therefore, the cladding temperature does not drop as
fast as for a REBEKA rod or for a nuclear fuel rod. This mechanism delays the
quench front progression, reduces the amount of heat released from the rods

per unit of time, and lowers the effectiveness of precursory cooling.

Figure 36 shows that the quench front progression in the REBEKA rod bundle
with helium-filled gaps is faster than that in the FEBA rod bundle. The plot
shows also an increased quench front velocity for the upper bundle portion of
REBEKA rods with argon gas filling compared with the helium—-filled gaps. This
is apparently due to the fact that the thermal conductivity of argon is
nearly one order of magnitude lower than for helium. In both cases the inter-
nal gas pressure amounted to about 3 bar. Furthermore, it can be seen that in
the REBEKA rod bundles the quench front progression is influenced by the grid
spacers, especlally in the upper portion of the REBEKA rod bundle with argon-
gas filled gaps.

Figure 37 shows the water carry over collected downstream of the bundle exit
versus reflood time. A higher amount of water entrained by the steam is being
evaporated within the REBEKA rod bundle subchannels removing more heat per
unit of time. Less water is carried over for identical injection rate. Less
entrainment could not explain the higher rate of heat removed from the un-
wetted portion of the bundle (see stored heat as function of reflood time

plotted in Fig. 26).

5.2 Grid Spacer Effects

The grid spacer effects on local cooling conditions influence significantly

size and shape of cladding balloons. Experimental results make evident the



decrease of the cladding temperatures downstream of the individual grid spa-
cers as well as the interaction between thermal-hydraulics and fuel clad
ballooning {12, 27, 30, 31].

The transient axial profile of the cladding temperature during refill and
reflood of a LOCA determines the amount of local cladding deformation along
the rods. In general, clad ballooning occurs first at the axial rod section
where a c¢ritical temperature level is reached. That location and the axial
extension of ballooning is mainly the result of the axial cladding tempera-
ture profile between two grid spacer positions. This temperature profile is
determined by the thermodynamie non-equilibrium in the two-phase flow and its
interaction with the grid spacers. The presence of a grid spacer enhances

substantially the heat transfer downstream.

However, this significant effect decreases on the way to the next grid spacer
in flow direction and leads to the development of an axial temperature pro-
file with a local maximum immediately upstream of the individual grid spa-
cers. It has been found that Zircaloy claddings — separated by even a rather
small gas filled gap from the internal heat source — are more sensitive to
the grid spacer effects than swaged heater rods with stainless steel cladd-
ings. A typlcal example 18 shown in Fig. 38. The axial temperature profiles
are recorded 30, 90 and 150 seconds after initiation of reflood. After 30
seconds the cladding temperature at and downstream of the grid spacer drops
to about 30 K lower for REBEKA rods than for gapless FEBA rods. Upstream of
the grid spacer the cladding temperatures of both the bundles are still at
the same temperature level. After 90 and 150 seconds, respectively, the over-
all difference between both the temperature profiles increases. This is due
to the faster overall reflood transient during the SEFLEX test with REBEKA
rods. However, at and downstream of the grid spacer the differences are even
more pronounced indicating again enhanced grid spacer effects fn SEFLEX com—

pared with FEBA.

Adequate fuel rod simulation is obtained using REBEKA rod bundles with helium-
filled gaps. The results are still conservative concerning spent fuel rods
with fission gas mixed with the helium gas as shown by the results obtained
with REBEKA rods with argon-filling of the gaps. Therefore, the description

of the grid spacer effects is concentrated on results obtained from SEFLEX

test series 1 using undeformed REBEKA rods with helium-filled gaps.
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From the sample of te