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a b s t r a c t

Zircaloy cladding oxidation is an important phenomenon for both design basis accident and severe ac-
cidents, because it results in cladding embrittlement and rapid fuel temperature escalation. For this
reason during the last decade, many experts have been conducting experiments to identify the oxidation
phenomena that occur under design basis accidents and to develop mathematical analysis models.
However, since the study of design extension conditions (DEC) is relatively insufficient, it is essential to
develop and validate a physical and mathematical model simulating the oxidation of the cladding ma-
terial at high temperatures.

In this study, the QUENCH-05 and -06 experiments were utilized to develop the best-fitted oxidation
model and to validate the SPACE code modified with it under the design extension condition. It is found
out that the cladding temperature and oxidation thickness predicted by the Cathcart-Pawel oxidation
model at low temperature (T < 1853 K) and Urbanic-Heidrick at high temperature (T > 1853 K) were in
excellent agreement with the data of the QUENCH experiments.

For ‘LOCA without SI’ (Safety Injection) accidents, which should be considered in design extension
conditions, it has been performed the evaluation of the operator action time to prevent core melting for
the APR1400 plant using the modified SPACE. For the ‘LBLOCA without SI’ and ‘SBLOCA without SI’ ac-
cidents, it has been performed that sensitivity analysis for the operator action time in terms of the
number of SIT (Safety Injection Tank), the recovery number of the SIP (Safety Injection Pump), and the
break sizes for the SBLOCA. Also, with the extended acceptance criteria, it has been evaluated the
available operator action time margin and the power margin. It is confirmed that the power can be
enabled to uprate about 12% through best-estimate calculations.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zircaloy oxidation is a key cladding failure mechanism for both
design basis accidents and design extension condition (DEC). The
important consequences of oxidation are changes in the mechani-
cal properties of cladding, the formation and release of gaseous
hydrogen and the generation of additional heat since the reaction is
exothermic.

Previous researches concerning the zirconium oxidation have
been done extensively. Baker and Just (1962), Prater and Courtright
(1987), Urbanic and Heidrick (1978), Leistikow and Schanz (1987),
hcno@kaist.ac.kr (H.C. No),
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Cathcart et al. (1977), Pawel et al. (1979) etc. laid the foundation for
Zirconium oxidation kinetics [1].

Zirconium-water oxidation reaction kinetics were initially
investigated in the 1950s. The resulting reports were reviewed in
the Baker and Just which was published in 1962 and is generally
considered as reference [2]. Carthcart and Pawel did an extensive
study of the weight gain and oxidation kinetics of Zircaloy-4 in the
temperature range of 900e1500 �C [3]. A similar oxidation test
program, but the most extensive investigation of the kinetics of the
Zircaloy-steam reaction has been performed at Forschungszentrum
Karlsruhe, Germany: by Leistikow [4] it was initiated in 1973 and
continued up to 1987 (Leistikow and Schanz, 1987). Canadian tests
performed by Urbanic and Heidrick (AECL) [5] also contributed to
Zircaloy oxidation kinetics studies. More specifically, they explored
the temperature range leading up to the vicinity of the Zircaloy
melting point. In the middle of the 80s, additional contribution to
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Fig. 1. Test section of the QUENCH bundle [8].

Fig. 3. SPACE nodalization scheme of QUENCH facility.
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Zircaloy oxidation studies was provided by Prater & Courtright [6]
within the framework of the Severe Core Damage Materials Prop-
erty Tests Program. This program particularly covered the
1300e2400 �C high temperature range, thus considerably beyond
the metal melting temperature.

In this study, two major researches will be conducted. First, the
validation against the QUENCH-05 and -06 experimental data,
which are high temperature bundle experiments, was performed to
evaluate the oxidation model under design extension condition. It
will be verified the computational capability of the SPACE code in
the design extension condition and suggested an oxidation model
Fig. 2. Cross section of the
that can best produce the experimental results at high temperature
through this study. Secondly, LOCA without Safety Injection (SI)
accidents (including LBLOCA, SBLOCA) which is one of DEC sce-
narios will be conducted for the APR1400 power plant using the
suggested oxidation model. Through this analysis, It will be eval-
uated the difference between the widely-used oxidation model in
DBA and the newly-suggested oxidation model and also evaluate
the SI recovery time to prevent the spread into severe accident. An
assessment of the margin, that can be obtained assuming a change
in acceptance criteria, will also be performed.
2. Development of oxidation model for SPACE code and its
validation against QUENCH-05 and 06 DATA

2.1. The QUENCH facility

The QUENCH program at FZK was initiated in 1996 as the suc-
cessor of the CORA program in which materials interactions under
the conditions of a hypothetical severe nuclear accident were
QUENCH bundle [8].



Table 1
Parabolic constants for the applied oxidation models.

Constant Baker-Just [10] Cathcart-Pawel [3] Leistikow [4] Urbanic-Heidrick [5]
(not recommended) [11,12]

Prater-Courtright [6]

T < 1853 K T > 1853 K T < 1783 K T > 1783 K

A
ðkg2 =m4 $s)

3330 36.22 52.42 29.6 87.9 110 3300

E/R 22898 19970 20962 16820 16610 22480 26440

Fig. 4. Parabolic reaction rate constants for oxidation models.

Fig. 5. Bundle temperature at 750 mm of QUENCH-06 [13].

Fig. 6. Bundle temperature at 950 mm of QUENCH-06 [13].

Fig. 7. Axial temperature profile at 6000 s of QUENCH-06 [14].

Fig. 8. Axial temperature profile at 7170 s of QUENCH-06 [14].

Fig. 9. Oxide thickness at 8000 s of QUENCH-06.
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Fig. 10. Total hydrogen generation of QUENCH-06.

Fig. 11. Bundle temperature comparison at 950 mm of QUENCH-06.

Fig. 12. Bundle temperature comparison at 950 mm (enlarge) of QUENCH-06.

Fig. 13. Oxide thickness comparison of QUENCH-06.

Fig. 14. Axial temperature profile at 5950 s of QUENCH-05.

Fig. 15. Axial temperature profile at 6011 s of QUENCH-05.
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investigated [7e9]. The main objective of QUENCH-06 is to inves-
tigate fuel rod bundle behavior up to and during reflood/quench
conditions without severe fuel rod damage prior to reflood initia-
tion. In particular the conditions of a Design Basis Accident (DBA)
plus additional failure, leading to a delayed activation of ECC, were
investigated up to total reflood of the bundle, starting with condi-
tions representative for normal reactor operation. This experiment
was selected to be International Standard Problem No. 45 (ISP-45)
in 2000. It has been well known that the QUENCH-series
experiments were well suited for the purpose of preventing severe
accidents because it was quenched before the serious damage of
the nuclear fuel occurs.

The main component of the out-of-pile QUENCH test facility is
the test section with the test bundle as shown in Fig. 1. The bundle
is made up of 21 fuel rod simulators approximately 2.5 m long, of
which 20 fuel are heated over a length of 1024 mm as shown in
Fig. 2. Heating is with electricity by 6 mm diameter tungsten



Fig. 16. Bundle temperature at 750 mm of QUENCH-05 (enlarge).

Fig. 17. Total hydrogen generation of QUENCH-05.

Fig. 18. Peak cladding temperature for ‘LBLOCA without SI’ scenario.

Fig. 19. Oxide layer thickness for ‘LBLOCA without SI’ scenario.

Fig. 20. Operator action time for Baker-Just model.

Fig. 21. Operator action time for Cathcart-Pawel model.
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heaters installed in the rod center and surrounded by annular ZrO2
pellets to simulate fuel pellets. The central rod is unheated and is
used for instrumentation or as absorber rod. The heated rods are
filled with mixture of 95% argon and 5% krypton at a pressure of
approx. 0.22 Mpa to allow for test rod failure detection by the mass
spectrometer. The system pressure in the test section is around 0.2
Mpa. The test bundle is surrounded by a shroud of Zircaloy, a
37 mm thick ZrO2 fiber insulation, and a double-walled cooling
jacket of stainless steel.
2.2. Test description

The QUENCH-05 (with steam cooling) and QUENCH-06 (with
water cooling) experiments consisted of one preparatory and four
operational phases commonly. Before reaching the heat up phase,
the bundle was heated by a series of stepwise increases of electrical
power from room temperature to nearly 900 K in an atmosphere of
flowing argon (3 g/s) and steam (3 g/s). The bundlewas stabilized at
that temperature for about two hours, the electrical power being
about 4 kW. At the end of the stabilization period the heat-up phase
starts. The bundle was ramped up by stepwise increases in power
up to about 11 kW (QUENCH-05) and 10.5 kW (QUENCH-06) to
reach an appropriate temperature for pre-oxidation (~1400 K).



Fig. 23. Operator action time for Cathcart þ Urbanic model.

Fig. 24. 4 SITs operation and 2 SIPs recovery.

Fig. 25. 4 SITs operation and 1 SIPs recovery.

Fig. 22. Operator action time for Urbanic-Heidrick model.

Fig. 26. 3 SITs operation and 2 SIPs recovery.

Fig. 27. 3 SITs operation and 1 SIPs recovery.
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During the pre-oxidation phase that temperature was maintained
for about 3500 s (QUENCH-05) and 4000 s (QUENCH-06) by control
of the electrical power. At the end of the pre-oxidation phase the
bundle was ramped at 0.3 W/s per rod to start the transient phase.

In QUENCH-05, an oxidation excursion started in the rod bundle
at 5985 s at 850 mm when the temperature there reached 1870 K.
The pre-planned steam cooling sequence was initiated when two
rod thermocouples had exceeded 2000 K. For cooling the test
bundle, the flow of 3 g/s superheated steam (2.96 g/s) was turned
off and steam of ~500e600 K was injected at the bottom of the test
section at a nominal rate of 50 g/s. The argon gas supply remained
unchanged. 22 s after the start of the cooldown the electrical power
was reduced from ~17.95 kW to ~3.9 kW within 15 s, to simulate
decay heat levels. Cooling of the test section to below 700 K was
complete about 200 s later; the steam and electrical power were
shut off 309 s after its initiation, terminating the experiment.

In QUENCH-06, the quenching was initiated after long time pre-
oxidation phase and after transient phase when two rod thermo-
couples showed temperature higher than 2000 K. Quench phase
began at 7179 s by shutting down the steam supply and with
initiation of quench water injection. Within 5 s, 4 kg of water was



Fig. 28. 2 SITs operation and 2 SIPs recovery.

Fig. 29. 2 SITs operation and 1 SIPs recovery.

Fig. 30. Map of success/fail criteria.

Fig. 31. PCT behavior for ‘SBLOCA without SI’ with various break sizes.

Fig. 32. PCT behavior for ‘SBLOCA without SI’ with different oxidation models (2 in
break).

Fig. 33. SIP recovery time for 2 inch break.
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injected to fill the lower parts of the facility (fast water injection
system). At the same time, the quench pump started to inject water
from the bottom of the test section at a rate of approximately 42 g/s.
The water used for quenching was at room temperature. About 25 s
later, the electrical power was reduced from 18 kW to 4 kW within
17 s to simulate decay heat level. Quenching of the test section was
completed within 260 s. Quench water injection and electrical
power were then shut off, terminating the experiment.
2.3. Code validation

Code validation for QUENCH-05&06 experiments was per-
formed using SPACE. At first, a detailed SPACE nodalization scheme
of the QUENCH facility was developed and it is shown in Fig. 3. The
test section is axially divided into 20 nodes and its simulated range
lies from�0.475m to 1.5 m. The heating area of fuel rod is placed in
the 6th to 15th nodes (total length of heated area is 1.0 m).



Fig. 34. SIP recovery time for 5 inch break.

Fig. 35. SIP recovery time for 6 inch break.

Fig. 36. Temperature regime for acceptance criteria of the PWR fuel [19].

Fig. 37. Comparison of the results for SIP recovery time at 2 inch break size.

Fig. 38. Comparison of the results for SIP recovery time at 5 inch break size.

Fig. 39. Comparison of the results for SIP recovery time at 6 inch break size.
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The inner and outer rods, and the cooling jacket outer tube were
modelled as a SPACE heat structure and connected to hydrody-
namic structure of SPACE. Electrically heated fuel rod simulators
were modelled as electrically heated components. They were
divided into the 8 inner and 12 outer rods in accordance with the
power history.

Hydraulic volume arrangement was made in the way to obtain
coincidence between hydraulic volumes and heat structures axial
nodes. Three independent hydro-dynamic systems were modelled.



Fig. 40. PCT distribution in accordance with SIP recovery time.

Table 2
Core melting time predicted with SIP recovery fail.

Baker-Just Cathcart-Pawel Cathcart þ Urbanic

4SIT/2SIP 610 s 688 s 686 s
4SIT/1SIP 570 s 660 s 654 s
3SIT/2SIP 560 s 660 s 644 s
3SIT/1SIP 530 s 626 s 608 s
2SIT/2SIP All fail 556 s 542 s
2SIT/1SIP All fail 524 s 510 s
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The first one simulates argon cooling of the cooling jacket, the
second one indicates water cooling of the cooling jacket, and the
last one represents the bundle test section. The bundle section is
composed of three hydrodynamic components e Branch 022 rep-
resents the inlet section (from �0.475 m to �0.3 m), Pipe 024
represents the tube bundle (from�0.3 m to 1.3 m), and Branch 026
represents the outlet section (from 1.3 m to 1.5 m). Branch 022 is
the volume that receives the argon, steam and quench water flow.
Both argon and water cooling of the cooling jacket were modelled
as SPACE Pipe components. Volumes 022 and 026 are single vol-
umes while volume 024 is divided into 16 sub-volumes, each of
which is 0.1 m high. Volumes 034 and 040 are divided into 13 and 4
sub-volumes, respectively. While all volumes in component 034,
and first 3 vol in component 040 have the same height (0.1 m), the
last sub-volume in component 040 is 0.2 m high. Hydraulic volume
024 provides boundary conditions for all rods and inner Shroud
surface, while volumes 034 and 040 represent shroud outer surface
boundary conditions. Hence, volume 034 provides boundary con-
ditions for heat structure axial node 1e15, and volume 040 for the
upper 5 node.

Next, several additional oxidation models simulating at rela-
tively high temperature well (T > 1477 K) were added through
modification of the SPACE code because the SPACE code has only
two oxidation models: Baker-Just and Cathcart-Pawel. Therefore,
Urbanic-Heidrick and Prater-Courtright oxidation models, which
are mainly used in severe accident codes, were added into SPACE.
The combination oxidation models, which were derived in the high
temperature range (T > 1853 K) from experimental data of Urbanic-
Heidrick and in low temperature range (T < 1853) from Cathcart-
Pawel and derived in high temperature (T > 1783 K) from experi-
mental data of Prater-Courtright and in the low temperature range
(T < 1783 K) from Cathcart-Pawel were also inserted into the SPACE
code.

The applied constants for these oxidation models are shown in
Table 1 and Fig. 4.

The calculation of QUENCH-06 was performed by the SPACE
code and compared with the experimental data. RELAP/SCDAP
calculation results, which were performed by another participant,
also were included in this section.

Figs. 5 and 6 [13] show the rod bundle temperatures of the
QUENCH experiment for 750 mm and 950 mm height. The tem-
perature profiles of the SPACE code show good agreement with
those in QUENCH-06 over its temperature range. The hottest po-
sition of the fuel rod is 950 mm height and the bundle cladding
temperature of this height increases up to about 2030 K.

However, the results of SCDAP code calculation show that the
experimental results were overestimated. The reason for this
overestimation was not clear because there are a variety of phe-
nomena which impact the bundle behavior. But the report
concluded [14] that this is due to the inability of RELAP5 to model
correctly the noncondensable thermal-hydraulics and further
studies are needed to explain such temperature behavior of the
SCDAP code. Figs. 7 and 8 are the calculated results of the axial
temperature profile at 6000 s and 7170 s. 6000 s is the beginning
time of the transient phase and 7170 s is the end time of the
transient phase. These graphs also indicate good agreement be-
tween the SPACE results and experimental results. Fig. 9 shows the
oxidation thickness at 8000 s, which is the end time of QUENCH-06
experiment. The shape of SCDAP calculation is strange, because it
comes to the shattering of the ZrO2 layer on fuel rods due to
thermal shock caused by high cooling rate during the reflood.
However the shape of SPACE calculation is in good agreement with
experimental one than that of SCDAP. Fig. 10 shows the total
hydrogen generation in the experimental facility. The total
hydrogen mass of SPACE was overestimated slightly in comparison
with the experiment data. But the results were fairly well agreed
with experimental data. Figs. 11 and 12 show the results obtained
using the five correlations with the measured temperature at the
hottest elevation (950 mm) of the inner rod. There was an obvious
difference among the oxidation models from the pre-oxidation
phase. For the Urbanic-Heidrick and the Baker-Just models, which
are known as conservative oxidation models, temperature rapidly
increased to the core melt at 1500 s and 3500 s, respectively. The
Cathcart-Pawel, the Cathcart þ Urbanic and the Cathcart þ Prater
models exhibited similar behaviors except near the end of the
transient phase. As a result, the CathcartþUrbanic oxidationmodel
showed the best agreement with experimental data of QUENCH-06
as shown in Fig. 30. Fig. 13 shows the results of the oxidation
thickness obtained using several oxidation models with the
measured data. At the time of the peak temperature, 41.01% and
35.94% of fuel rod cladding were oxidized in the Cathcartþ Urbanic
and the Cathcart-Pawel, respectively. It was found out that the
Cathcart þ Urbanic model showed the best agreement with
experimental results among those oxidation models.

Additionally, the validation of QUENCH-05 experiment was
performed. Similar to QUENCH-06 experiment, cooling with steam
was initiated when two rod thermocouples showed temperature
higher than 2000 K [15]. The different conditions from QUENCH-06
were the power profile, experiment time and quenching source.

The calculation results of SPACE and QUENCH-05 experiment
data are compared in Fig. 14 through 17. Fig. 14 shows the axial
temperature profile at 5950 s, which is the time right before the
transient phases. Fig. 15 shows the axial temperature profile at
6011 s, which is the time that the cladding temperature reaches the
highest. It can be seen that the predictions by the suggested
Cathcart þ Urbanic oxidation model is closer to the QUENCH-05
data than those by the Cathcart-Pawel model. The comparison re-
sults of various oxidationmodels for bundle temperature at a height
of 750 mm are shown in Fig. 16. It can be seen that the temperature
predicted by the Baker-Just and the Cathcart þ Prater oxidation



Table 3
Fuel melting time by SIP recovery fail.

Baker-Just Cathcart þ Urbanic Time margin

2 inch 3402 s 3719 s 317 s
3 inch 1450 s 1634 s 184 s
5 inch 1200 s 1464 s 264 s
6 inch 1064 s 1242 s 178 s
7 inch 902 s 1000 s 98 s
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models increased rapidly before the quenching started. It was
perfectly the same situation as the QUENCH-06 experiment. Fig. 17
shows the total hydrogen generation in QUENCH-05. The total
hydrogen mass of SPACE was overestimated slightly in comparison
with the experiment at the end of the experiment. But the results
fairly well agreed with experimental data. Therefore, it is concluded
that the Cathcart þ Urbanic oxidation model is the most recom-
mendable oxidation model up to such high temperature of 2500C.

3. Thermal margin analysis by SPACE modified with the
proposed oxidation model for APR1400

The APR1400 is the Korean developed standard light water
reactor generating 1400 MWe (Mega-Watt) power. There are some
new design features installed in the APR1400. For example, the
Direct Vessel Injection (DVI) that puts coolant from the safety in-
jection system into a reactor, an In-containment Refueling Water
Storage Tank (IRWST) and the Pilot Operated Safety Relief Valve
(POSRV) that controls the primary pressure [16].

The APR1400 power plant has two reactor coolant loops, each
loop consists of two cold legs, one hot leg, one Steam Generator
(SG), two Reactor Coolant Pump (RCP) and a Pressurizer (PZR). The
pressurizer is connected to one of the hot legs. The two SGs and the
four RCPs are located symmetrically. Four DVI lines are connected
to the reactor pressure vessel to supply core cooling water from the
IRWST. In the secondary side, the Steam Generator has one main
steam relief valve, one main steam isolation valve and two main
steam lines with five safety valves. To simulate DEC calculation
using the SPACE code, the input nodalization for APR1400 has been
developed.

3.1. Initiating event scenarios

Among the DEC accidents, the ‘LBLOCA without SI’ and ‘SBLOCA
without SI’ accidents scenarios are assumed as initiating events in
this study. The Large Break Loss of Coolant Accident (LBLOCA) and
the Small Break Loss of Coolant Accident (SBLOCA) is typically
considered as a Design Basis Accident (DBA) for PWR. Modern re-
actors including APR1400 have to be designed to safely survive this
type of event without substantial core damage and without severe
impact onto the environment and the public. Essential safety sys-
tems designed to ensure this purpose (in case of LOCA) are Safety
Injection tank (SIT) and Safety Injection Pump (SIP) system.

However, DEC condition would be assumed that these safety
injection systems are not available. In this study, simulations for
LBLOCA without SI0 and ‘SBLOCA without SI’ cases will be per-
formed to know the thermal-hydraulic behavior of an APR1400
plant and the calculation ability of the SPACE code for the new
oxidation model. Some sensitivity calculation also will be con-
ducted to know the SI recovery time to prevent core melt.

‘LBLOCA without SI’ accidents for APR1400 was assumed that SI
pumps, which are active safety injection system, were not available
after Double Ended Guillotine Break in the cold leg of the primary
system. The inactivation of SIP can lead to premature core damage
with excessive generation of hydrogen, and the core melt debris
can break the reactor vessel. In this chapter, it will be examined that
how the occurrence of LBLOCA accident without safety injection
affects the core and investigate the effect of oxidation model.

The basic assumptions for the LBLOCA without SI’ accidents are
as follows:

▪ Double-ended guillotine break of cold leg (100% break)
▪ Reactor shutdown at time zero
▪ Safety Injection Tank (Passive safety system) are available
▪ Main pump coast down after reactor shutdown
▪ Safety injection pumps (Active safety system) are not available

According to the PSA report of APR1400, small break LOCA
contributes to 16.8% of the CDF (Core Damage Frequency), which is
the second largest contributor in the APR1400 [16].

It is indicated that the most severe scenario in SBLOCA is that
the reactor trip happens successfully with both safety injection and
turbine driven auxiliary pumps failed to start according to event
tree in the PSA report. Therefore in this part, ‘SBLOCA without SI’
accidents for APR1400 was assumed that SI pumps, which is active
safety injection system, was not available after the DVI line break of
the primary system, because the most limiting case in the SBLOCA
scenario of APR1400 is a DVI line break since this accident has the
least safety injection flow via DVI nozzles due to single failure
criteria.

For the break size, sensitivity analysis was conducted for six
different break sizes from 1.5 in to 6.0 in. The basic assumptions for
the ‘SBLOCA without SI’ accidents are as follows:

▪ Small break of DVI line break (1.5 i~n6.0 in)
▪ Reactor trip, RCP trip, main feed water (MFW) trip occur at time
zero

▪ Safety Injection Tank (Passive safety system) are available
▪ Auxiliary FeedWater System and Safety Injection Pumps are not
available
3.2. Calculation results for ‘LBLOCA without SI’ accident

The calculation of ‘LBLOCAwithout SI’ scenario applying various
oxidation models was performed. The Emergency Core Cooling
System (ECCS) of an APR1400 have four SIPs and four SIPs. SIT is a
passive system, it can inject automatically if RCS pressure drops
below the set-point. However SIP is an active system, it cannot be
injected if the electrical facility is damaged. For the most limiting
break size (100% cold leg guillotine break) in DBA accidents, it has
been performed that the calculation of scenario where SITs were
injected into reactor vessel normally but SIPs injection failed.

The Peak Cladding Temperature for ‘LBLOCAwithout SI’ scenario
is shown in Fig. 40. The quenching occurs due to SIT injection, but
the temperature of the core increases because of the failure of SIP
injection. The cladding temperature at the top position of the fuel
rods starts to rise when core uncovery occurs around at 400 s.
When the fuel cladding temperature rises up to approximately
1000 K, fuel cladding oxidation begins. Following this time, the fuel
rod cladding temperature rises abruptly due to oxidation heat
generation. Therefore, Fig.18 shows that the temperature continues
to increase up to themelting temperature of fuel if there are not any
core cooling devices.

SPACE is not a severe accident code: it could simulate only up to
fuel melting temperature as it can be seen in Fig. 18. The oxide layer
thickness for ‘LBLOCA without SI’ scenario is shown in Fig. 19. This
graph clearly shows the difference according to the used oxidation
model. To prevent the spread of severe accident, the restoration of
the SIP under the given accident condition is essential. The EOP also
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instructed that the operators continuously attempt to restore the
failed SIP [17].

In this section, the calculation by SPACE with the currently-
recommended oxidation model was performed to obtain the
timing of SIP recovery for preventing severe accidents.

Figs. 20e~23 show the recovery time of SIP for preventing se-
vere accidents. When using Baker-Just model, SIP should be
restored before 610 s as shown in Fig. 20. However, the recovery
time of SIP was delayed to 690 s in case of using the Cathcart-Pawel
oxidation model.

Calculations by SPACE with the Urbanic-Heidrick oxidation
model and the combined oxidation model with Cathcart-Pawel and
Urbanic-Heidrick have been performed. The calculation using the
Urbanic-Heidrick model showed the most conservative results as
can be seen Fig. 21. That graph indicates that the fuel has melted if
SIP could not be restoredwithin 590 s. The simulation for combined
oxidation model using the Cathcart-Pawel at low temperature and
the Urbanic-Heidrick at high temperature shows similar results to
the Cathcart-Pawel model alone as shown in Fig. 22 and 23 because
the transition temperature changing from Cathcart-Pawel to
Urbanic-Heidrick is so high (1853K).

The design extension condition considered not only single failure
condition but also multiple failures. Sensitivity calculations by SITs,
SIPs failure or restoration were performed. It was assumed that all
SITs, which are passive systems, are injected and all SIPs are failed
and sensitivity calculations were performed to obtain SIP recovery
time for preventing fuel melting. Figs. 24e30 show the results of SITs
and SIPs sensitivity calculation. The results of the first case, where
four SITs are injected into the vessel and two SIPs are restored, are
shown in Fig. 24. When the Baker-Just model, the Cathcart-Pawel
model, the Cathcart þ Urbanic model are applied, it can be shown
that core melt can be prevented when two SIPs are recovered within
600 s, 688 s, and 686 s, respectively. Since the oxidation reaction of
the Cathcartþ Urbanic model is more active at the high temperature
than that of the Cathcart-Pawel model, the time to recover the SIP
should be faster than that of the Cathcart-Pawelmodel with its small
difference. Fig. 25 shows that four SITs were activated, but only one
SIP was restored. Cooling was delayed due to low SIP capacity, and
SIP recovery time should be faster.

Fig. 26 shows the results of a calculation of the timing of the two
SIP restoration when one of the three SITs fails. The results of this
calculation are similar to those of Fig. 25. Likewise, Fig. 26e29 show
the results of calculations by reducing the number of SITs and the
number of SIPs recovered, one by one. Notably, when the Baker-Just
is applied, if the SIT is operated below the number of two, the core
will melt regardless of the number of SIP recovery. Table 2
Fig. 41. PCT behavior in accordance with power uprate.
summarizes the sensitivity calculation results, and based on the
results, the maximum SIP recovery time is shown according to the
number of SIT operation and the number of SIP recovery in Fig. 30.

3.3. Calculation results for ‘SBLOCA without SI’ accident

The calculations of ‘SBLOCA without SI’ accident for different
break sizes and for different oxidation models were performed.

When ‘SBLOCA without SI’ accident happens, the reactor trip,
RCP trip and main feed water (MFW) trip occur simultaneously at a
time of SBLOCA initiation. The auxiliary feed water system (AFWS)
and safety injection pumps are assumed to be unavailable [17]. Due
to the break in the DVI line, RCS pressure decreases continuously to
the set-point of SIT actuation. SITs will automatically inject water
into the vessel when the RCS pressure falls below SIT set-point.
However, if a break size is less than 5 inch, SITs are not capable of
injecting into the vessel because RCS pressure remains higher than
the SIT injection set-point. After the depletion of water in the SITs,
the core water inventory will be depleted due to the break flow and
boil-off process. Then fuel cladding temperature increases rapidly
due to oxidation heat generation in the core. Finally it causes fuel
failure.

Fig. 31 shows the behavior of fuel cladding temperature
depending on the break size. The time to reach the fuel melting
temperature shows a decrease in proportion to the break size.
Fig. 32 shows the PCT behavior for ‘SBLOCA without SI’ (2inch
break) with different oxidation models. From the results it can be
seen that the Baker-Just model shows the most conservative
behavior while the Cathcart-Pawel model and the
Cathcart þ Urbanic model show the same temperature behavior
because the temperature initiating the rapid temperature increases
is lower than the transition one (1853K).

Therefore, the difference between the Cathcart-Pawel model
and the suggested Cathcartþ Urbanic model in ‘SBLOCAwithout SI’
accident was found to be insignificant.

Next, the calculations by SPACE were performed to obtain the
timing of SIP recovery for preventing coremelting for 2 inch, 5 inch,
6 inch break sizes. To determine the proper SIP recovery time, the
latest time for restoring the safety injection system was calculated
by trial and error.

Figs. 33e~35 show the SIP recovery time for various break sizes.
If safety injection could start within 3402 s for the 2 inch break
applying the Baker-Just model and within 3640 s applying the
Cathcart þ Urbanic model, quenching occurs so that fuel melting
could be prevented as shown in Fig. 33. The Cathcart þ Urbanic
oxidation model could have about more 240 s time margin
compared to the Baker-Just oxidation model.

For the 5 inch break, the calculation results show that, if safety
injection system is restored and starts to inject into the vessel
before 1210 s when applying Baker-Just model, 1466 s when
applying the Cathcart þ Urbanic model, the PCT will be decreased
as depicted in Fig. 34.

For the 6 inch break, the calculation results show that if safety
injection system is restored and starts to inject into the vessel
before 1066 s when applying Baker-Just model, 1244 s when
applying the Cathcart þ Urbanic model, the PCT will be decreased
as depicted in Fig. 35. The Cathcart þ Urbanic oxidation model
could have about more 180 s time margin compared to the Baker-
Just oxidation model.

Table 3 briefly summarizes the optimal SIP recovery time for
each break size and oxidation model.

3.4. Thermal margin evaluation for ‘SBLOCA without SI’ accidents

The acceptance criteria for Design Basis Accidents (DBA) were
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well established through several experiment. For example, the
current LOCA cladding temperature limit is 1204 �C(1477K) and
oxidation limit is 17%, which are intended to ensure that cladding
maintains some ductility during and following quench. However,
the acceptance criteria for Design Extension Condition (DEC) were
not established clearly. Therefore, one of the issues to be addressed
is how to set the acceptance criteria for DEC accidents.

Several experiments have shown that cladding failure occurs for
temperature in the range 2300 Ke2500 K andmany severe accident
codes accepted the temperature of 2500 K as a cladding failure
criterion [18]. In this section, the temperature of 2500K, which is
used as a fuel cladding failure criteria in severe accident, is sug-
gested to be the acceptance criteria of DEC. Fig. 36 shows the
temperature regime for acceptance criteria of the PWR fuel.

The results of ‘SBLOCAwithout SI’ accident were compared with
the current DBA acceptance criteria. To evaluate the margin for two
acceptance criteria, several sensitivity calculations were performed
for SIP recovery time applying the Cathcart þ Urbanic oxidation
model. The results of comparison calculation for each break size are
shown in Figs. 37e39.

In case of a 2 inch break, injecting safety injection within 3717 s
can prevent core melt but does not meet current DBA acceptance
criteria because the PCT exceeds 1477K as shown in Fig. 37. SIP
should be restored earlier than 3619 s to satisfy DBA acceptance
criteria. Therefore, it is possible to obtain amargin for recovery time
of about 100 s when the acceptance criteria for DEC is set to 2500K.

Similarly, for 5 inch break, injecting safety injection within
1479 s can prevent core melt but does not meet current DBA
acceptance criteria as shown in Fig. 38. SIP should be restored
earlier than 1420 s to satisfy DBA acceptance criteria. Therefore, it is
possible to obtain a margin for recovery time of about 60 s. The
maximum recovery time to prevent core melt in the case of 6 inch
break was 1254 s, but the time to meet the DBA acceptance criteria
was evaluated within 1207 s as depicted in Fig. 39.

The peak cladding temperature in accordance with the SIP re-
covery time is summarized according to the break size in Fig. 40.

It has been confirmed that when the acceptance criteria is set by
fuel cladding failure criteria, it is possible to secure the operator
action time margin from several tens of seconds to a hundred
seconds compared with the current DBA acceptance criteria.

There are several designs or operational changes, for example
power uprates, changes of SIT, modifying core peaking factor,
modification of containment spray design etc. Some of these de-
signs and operational changes could increase plant safety because
the system could be modified to mitigate better for much smaller
break sizes of LOCA. In this assessment, based on the above
calculation results, the power margin can be obtained by power
uprate among operational changes. The reference break size was
decided as 6 inch break size, which leads to the earliest core melt
among above three break sizes as shown in Fig. 31. The operator
action time was assumed to be 1207 s, which is the maximum re-
covery time that meets the current DBA acceptance criteria.
Sensitivity calculations were performed for power uprating of 0%,
10%, 12%, or 14%. Fig. 41 shows the behavior of PCT for power
uprating. As shown in this figure, as the power is increased, the PCT
tends to increase. However, if the power is increased by more than
14%, where heating ability is stronger than the ability to cool the
core, the PCT reaches the core melt temperature. Therefore, it can
be found that the power uprate is possible up to 12%.

4. Conclusions

Analysis on the oxidation model in design extension conditions
at high temperature was performed for APR1400 using SPACE. It
has been investigated a best-fitted oxidationmodel that follows the
fuel behavior at high temperature through the QUENCH experi-
mental validation calculations using SPACE. Comparative validation
for the different oxidation models, the Baker-Just, Cathcart-Pawel,
Urbanic-Heidrick, Prater-Courtright and other combination oxida-
tion models has been performed. It was found out that the
Cathcart-Pawel model at low temperature (T < 1853 K) and the
Urbanic-Heidrick one at high temperature (T > 1853 K) were in
fairly good agreement with the data of QUENCH-05 and 06
experiments.

Calculations for SI recovery time to prevent core melt were
conducted by applying the different oxidation models when
‘LBLOCA’ accident occurs. It is confirmed that there are some de-
grees of differences in SIP recovery time among the oxidation
models. Through the calculation of ‘SBLOCA without SI’ accident,
proper operator action time for SI recovery was calculated to pre-
vent core melt with each oxidation models. However, it was found
out that the difference between the Cathcart-Pawel and the
CathcartþUrbanic oxidationmodels was not significant in ‘SBLOCA
without SI accident. The present results for operator action time
can provide guidelines in establishing detailed accident manage-
ment program (AMP) to prevent severe accident in ‘LOCA without
SI’ of APR1400.

It has been also investigated the impact of the acceptance
criteria of fuel degradation in DEC on thermal margin. When the
extended acceptance criteria of the fuel melting failure were
applied, the operator action time margin from several tens of sec-
onds to a hundred seconds and the power uprate margin of about
12% can be obtained compared with the current DBA criteria.

It is concluded that a significant margin could be obtained in
DEC by using the acceptance criteria and the oxidation model
appropriately.
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