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a b s t r a c t

The feasibility of cooling in a pressurized heavy water reactor after a large break loss-of-coolant accident
has been analyzed using Multidimensional Analysis of Reactor Safety-KINS Standard code during the
recirculation phase. Through evaluation of sensitivity of the fuel channel temperature to various effective
recirculation flow areas, it is determined that proper cooling of the fuel channels in the broken loop is
feasible if the effective flow area remains above approximately 70% of the nominal flow area. When the
flow area is reduced by more than approximately 25% of the nominal value, however, incipience of
boiling is expected, after which the thermal integrity of the fuel channel can be threatened. In addition, if
a dramatic reduction of the recirculation flow occurs, excursions and frequent fluctuations of temper-
ature in the fuel channels are likely to be unavoidable, and thus damage to the fuel channels would be
anticipated. To resolve this, emergency coolant supply through the newly installed external injection
path can be used as one alternative means of cooling, enabling fuel channel integrity to be maintained
and permanently preventing severe accident conditions. Thus, the external injection flow required to
guarantee fuel channel coolability has been estimated.
© 2017 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

Safe operation of nuclear power plants (NPPs) is assured by
maintaining basic safety functions such as reactivity control, fuel
cooling, and confinement. Among these functions, fuel cooling is
the chief function that can maintain the thermal integrity of fuel
channels in a pressurized heavy water reactor (PHWR) during event
progression of a large break loss-of-coolant accident (LBLOCA). Af-
ter an LBLOCA occurrence, various materials in the vicinity of the
break (e.g., thermal insulation, coatings, and concrete) can be
damaged and dislodged. A substantial amount of material produced
during the blowdown phase is likely to be transported into the
recirculation sump and accumulate on the strainer, forming a debris
bed, which can be an important cause of increased pressure head
loss across the strainer and can affect the emergency core cooling
system (ECCS) performance. Consequently, excessive increase of
pressure difference across the strainer can restrict the emergency
).

by Elsevier Korea LLC. This is an
coolant flow during the recirculation phase and thus lead to thermal
damage of the fuel channels owing to insufficient cooling.

In 1992, there was an actual such event at the Barseb€ack-2 NPP
in Sweden [1]. During the course of the startup procedure, the
reactor power had been less than 1.0% at 30 bar system pressure
and corresponding saturation temperature. Prior to the testing of
the safety relief valves, on July 28, a safety relief valve on a main
steam pipe in the reactor containment dry well opened inadver-
tently. From equipment nearby, the steam blow ripped off about
200 kg of the surrounding thermal isolation material. About 100 kg
of this material was then flushed down into the suppression pool in
the wet well. The reactor automatically scrammed, and the core
spray and containment spray pumps were initiated, taking suction
from the water pool in the wet well. There were five strainers
available at the inlet pipes in the pool. However, two of them
became clogged by the loose thermal isolation material, and thus
the flow decreased. After an hour, the operating personnel
observed the high-pressure (HP) difference across the strainers and
noticed that one of the pumps showed signs of cavitation. There-
fore, they forced a reverse flow through the strainers (back flush
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operation), hence making them usable again. However, during the
entire transient, normal water level had been maintained in the
reactor pressure vessel and adequate core cooling had been assured
continuously, and the final International Nuclear and Radiological
Event Scale rating was 2 (incident). This incident revealed a
weakness in the defense-in-depth concept, which under other
circumstances could have led to ECCS failure to provide recircula-
tion coolant to the core. Since the above incident, a substantial
amount of international cooperative activities has focused on
identifying essential parameters and physical phenomena and
seeking consensus regarding technical issues considered important
for safety and possible paths for their resolution [2e5].

In the event of an LBLOCA, the substantial amount of debris
transported to the sump strainer has a tendency to form a bed,
which, much like a filter, can increase pressure difference across the
strainer. Fig.1 shows the patterns of debris accumulation on amesh
screen observed in a linear flume experiment [2]. Relatively fine
debris accumulated uniformly on the screen is likely to cause a
significant pressure head loss across the screen, hindering the
establishment of smooth coolant flow. Consequently, the flow re-
striction caused by the pressure head loss can threaten the safety
margin required to assure the successful cooling operation of ECCS
after an LBLOCA.

The U.S. Nuclear Regulatory Commission conducted research to
estimate the likelihood of the loss of net positive suction head in
NPPs. NUREG/CR-6224 [6] documented the results of the U.S. Nu-
clear Regulatory Commission research and estimated the head loss
across the debris bed formed on the strainer according to a semi-
theoretical head loss model. Although the head loss correlation of
NUREG/CR-6224 has been widely used to estimate debris-induced
head loss across strainers, it has been recommended for use only
for debris thicknesses less than 10 cm. In order to extend this limit,
head loss data were obtained over a wider range of bed thicknesses
[7]. Experimental results showed that the correlation of NUREG/CR-
6224 conservatively predicted the head loss across debris beds with
theoretical thicknesses up to 6 in. A joint research project on debris
transport in the sumpwater flow and particle load on strainers was
performed to experimentally investigate the particle transport
phenomena in the coolant flow and to develop computational fluid
dynamics (CFD) models for simulation of this flow [8]. Lee et al. [9]
designed an experimental facility to generate fibrous insulation
beds on a strainer and to measure the head loss through the beds.
Fig. 1. Photographs of debris accumulation on a mesh screen. (A) Gross fib
They analyzed the measured data of head loss, considering the
porosity and the fibrous bed thickness, and suggested a head loss
correlation that showed good agreement with the experimental
data.

In addition, chemical precipitates, which are solid particles
formed by chemical reactions among the chemical species dis-
solved in solution, can form, interact with the fibrous debris bed,
and aggravate strainer clogging possibly to an extreme condition,
i.e., no coolant flow through the fibrous debris. This phenomenon,
known as “chemical effects,” is concerned with the safety issue of
long-term cooling. Rouaix et al. [10] have performed studies on the
chemical effects that can occur during an LOCA owing to precipitate
formation leading to an increase of head loss across strainers and
consequently causing loss of safety systems such as ECCS and the
containment spray system. Chemical precipitate formation was
studied as a function of several physical parameters such as tem-
perature, pH, nature of debris, and debris concentration. It was
found that for potential chemical effects, the most important factor
is the mass of debris generated; pH and temperature are influential
factors on formation of precipitates. Bahn [11] also reviewed
research efforts in the USA to resolve the GSI-191 chemical effects
and summarized the experimental work of small-scale bench tests,
integrated chemical effects tests, and vertical loop head loss tests
considering potential chemical effects on the head loss across a
debris-loaded strainer under a postaccident condition. Song et al.
[12] investigated the chemical and physical effects of containment
materials that are used in most Korean NPPs on the mechanism of
strainer clogging, such as coating, insulating, and pipe material.
They concluded that the silicon fibers deployed as insulating ma-
terial should be replaced with an alternative material that gener-
ates no needle-shaped debris after breakage, and that the gypsum
component in the coating should be reduced as much as possible.
Considering previous research efforts and the real event, ECCS
coolant flow during the recirculation phase is therefore likely to be
reduced because of the potentially significant pressure head loss
due to inflow and the accumulation of a substantial amount of
debris, and its chemical effect, leading to additional increase of
pressure head loss across the strainer.

During normal power operation of NPPs, if an unplanned reactor
trip or abnormal power cutback occurs, operating personnel are
required to maintain the reactor in a stable state according to the
emergency operating procedure (EOP), and to take diagnostic and
er blockage (B) Fragmental metal blockage (C) Uniform fiber blockage.
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appropriate mitigation actions if necessary. For example, under the
EOP for Wolsong unit 1 (the first Korean PHWR plant) in the case of
an LBLOCA, intact and broken loops are diagnosed using available
plant information such as the pressure and temperature of the
reactor outlet headers. For an intact loop, effective cooling is sup-
plied through the operation of the shutdown cooling system, as
specified in the EOP. However, for a broken loop, viable cooling can
be maintained only by via low-pressure (LP) emergency coolant
injection (ECI) through the flow path from the recirculation sump.
This may reduce the effective flow area through the strainer
equipped in the sump. Eventually, the coolant flow diminishes in
the broken loop because of the aforementioned mechanisms. If the
pressure head loss across the strainer is detected reliably and found
to be within the operational range, sustainable cooling of the
broken loop can be expected to be maintained in a more stable
manner during the recirculation phase, mitigating the possible
adverse consequences. However, when an LBLOCA occurs and is
followed by loss of the ECCS during the recirculation phase, the fuel
channels may experience severe conditionsdnamely, if the recir-
culation pump cannot provide sufficient cooling water to the fuel
channels because of the significant pressure head loss caused by
the debris accumulation on the strainers and the chemical effects
caused by the formation of the chemical precipitates during the
recirculation phase, this can lead to serious consequences such as
core damage. Thus, a means of alternative cooling, such as external
injection, needs to be considered in a timely fashion to prevent
severe core damage.

Therefore, a major objective of this study is to use the Multidi-
mensional Analysis of Reactor Safety-KINS Standard (MARS-KS)
code to evaluate the effect of the reduced ECCS flow on the ade-
quacy of cooling in a broken loop under a postulated LBLOCA at
Wolsong unit 1, one of the CANada Deuterium Uranium (CANDU-6)
plants in Korea, during the recirculation phase. Also, feasibility
evaluation of the emergency coolant supply through the external
injection is conducted to prevent a progression to severe accident
conditions.

2. Description of CANDU-6

Fig. 2 schematically illustrates the primary heat transport sys-
tem (PHTS) of a CANDU-6, a PHWR-type plant. The CANDU-6 is a
Canadian-developed nuclear reactor that uses natural uranium for
its fuel and heavy water (D2O) to moderate fast neutrons. A total of
380 fuel channels span the calandria vessel horizontally between
the two end shields and are located within two equal figure-of-
eight loops that can be isolated from each other under accident
conditions. Each fuel channel consists of a pressure tube sur-
rounded by a calandria tube (CT) with a CO2 annulus gap in be-
tween. Each fuel channel contains 12 fuel bundles, which in turn
each comprise 37 tubes containing natural UO2 pellets. Because the
fuel channels are located horizontally in the calandria vessel, their
failure mode differs from that of the vertical fuel assemblies in
pressurized water reactors. Long fuel channels will sag when
overheated, dislocating to the lower rows and thus deforming the
channel configuration, causing severe core damage. The calandria
vessel holds the heavy water moderator (about 200 Mg of D2O)
used to thermalize the fast neutrons produced by fission, and
houses reactivity mechanisms that span it vertically in addition to
the horizontal fuel channels.

The PHTS is composed of two loops, each serving 190 of the 380
horizontal fuel channels. Each loop contains two pumps, two steam
generators, two reactor inlet headers, and two reactor outlet headers
inafigure-of-eight arrangement. Feeders connect the inlet andoutlet
ends of the fuel channels to the inlet andoutlet headers, respectively.
The two closed loops are generally interconnected with isolation
valves,whichare automaticallyclosedwhen thepressureof thePHTS
drops below a set point. Automatic loop isolation reduces the rate of
reactor coolant loss in the event of an LBLOCA.

The function of the ECCS is to provide alternative means of
cooling the fuel channels in the event of an LBLOCA, in which the
normal coolant inventory in the PHTS is depleted enough that fuel
cooling is no longer assured. There are three stages of ECCS actu-
ation according to the operating pressure: HP, medium pressure
(MP), and LP. As soon as the PHTS header pressure drops below the
set point, coolant flows from the HP ECCS tanks into the headers,
with the flow depending on the break size. HP ECCS tanks contain
sufficient coolant to provide flow for at least 2.5 minutes for all
break sizes [13]. The HP injection valves close when a signal in-
dicates a low level in the HP ECCS tanks. The trip valve of the
dousing tank opens for MP injection 90 seconds after HP injection
starts. The ECCS pump injects the coolant from the dousing tank to
the headers when the pump discharge pressure is higher than the
reactor header pressure. According to the final safety analysis
report (FSAR) ofWolsong unit 1 [13], for example, at least 500m3 of
the coolant inventory would be needed for MP ECI; however, less is
used in conservative accident analyses in general. As the coolant in
the dousing tank depletes, the MP ECI is automatically terminated
and LP ECI starts. During the recirculation phase, LP ECI is provided
by collecting the coolant from the sump and recirculating it into the
PHTS via the ECCS heat exchangers; this coolant contains H2O and
D2O mixed with a substantial amount of debris.

In order to check whether the safety standards in place when
the plant obtained its operating license are sufficient to cover hy-
pothetical unexpected extreme events, a stress test of the Wolsong
unit 1 was performed following the severe accident at the
Fukushima Daiichi NPPs [14]. As a result, to alleviate the effects of
loss of cooling caused by hypothetical failure of ECCS operation, it
was decided to install external injection paths for emergency
coolant supply in all Korean NPPs. The installation purpose of the
external injection path is to provide an alternative safety function
for system cooling when normal ECCS operation becomes unavai-
lable during the progression of a severe accident. The major design
criteria are to prevent propagation of core melt, maintain the
integrity of the calandria vessel, and restore the PHTS coolant in-
ventory. Also included in the criteria are recovering and main-
taining the coolant level of the steam generator to allow decay heat
removal, andmitigating the release of radioactivematerials into the
secondary system. The emergency coolant source for external in-
jection is the emergency water system reservoir, with about 4,550
tons of water in each unit; this reservoir supplies the emergency
coolant to the PHTS through the ECCS path after topping up the
dousing tank via the emergency coolant pump. In addition, the
external injection path is designed to supply the PHTS with emer-
gency coolant via a fire truck pump car if emergency coolant pump
becomes unavailable because of station blackout.

3. Modeling for evaluation

This study used as a computational tool, the MARS-KS code,
which was developed for realistic multidimensional thermal-
ehydraulic system analyses [15]. The backbones of the MARS-KS
code are the RELAP5/MOD3 and the COBRA-TF codes; the former
is a system analysis code based on a one-dimensional two-fluid
model for two-phase flows, whereas the latter is based on a three-
dimensional, two-fluid, three-field model. The MARS-KS code also
uses models of PHWR-oriented features, including a fuel channel
model (CANCHAN) and component models (Wolsong pumpmodel,
header-feeder model, etc.) [16]. The transient responses of the
CANDU-6 reactor have also been assessed using the code to eval-
uate their suitability for modeling the plant and to investigate the



Fig. 2. Schematic primary heat transport system of CANDU-6. Legend: 1, steam line leading to turbines; 2, pressurizer; 3, steam generators; 4, PHTS pumps; 5, inlet/outlet
headers; 6, Calandria vessel; 7, fuel channels; 8, moderator circulation pump; 9, moderator heat exchanger; 10, online refueling machines). CANDU, CANada Deuterium Uranium;
PHTS, primary heat transport system.
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individual effects of the models during LBLOCA progression [17]. In
addition, through comparison and validation of the computer
codes, which was an International Atomic Energy Agency activity
designed to facilitate international cooperative research and to
promote information exchange regarding computer codes for
thermal hydraulic system analyses, the capabilities of the MARS-KS
code have been evaluated via simulation of SBLOCA tests of an RD-
14M facility, a full-elevation model of a typical PHTS of CANDU-6,
which was built to provide improved understanding of CANDU
and to generate integrated experimental data on the thermal hy-
draulic phenomena in a figure-of-eight test facility under postu-
lated accident conditions [18]. The evaluation included analyses of
the code's capability to predict important thermal hydraulic phe-
nomena and comparison with calculated results of other system
analysis codes. Consistent with the calculation for the accident
analysis, in this study, the standard input deck, which has been
validated through audit calculation for LBLOCA analyses [19], is
used with slight modifications including simulation modeling of
the reduction of LP ECI flow.

Fig. 3 shows the nodalization of the CANDU-6, with 2,064MWth.
The 380 horizontal fuel channels are modeled in a lumped manner
by four multiaveraged CANCHAN components (100, 200, 300, and
400) having 12 axial volumes per channel. To represent more
specifically the fuel channels considering different relative eleva-
tions, flows, and power, one of the average channels in the broken
loop (400), in particular, is modeled by seven subchannels
(025e085). The reactor core consists of four multiaveraged chan-
nels (95 fuel channels in each pass) circulating through two closed
loops. Passes 1 and 2 are in the intact loop, which is modeled to be
isolated from the broken one (passes 3 and 4) by closing the loop
isolation valve as actuated by the LOCA signal.

Steam generators, each consisting of the major components of
steam drum, separator, U-tubes, and downcomer, are modeled to
be operated according to the level control logic and the assumptive
manual actions for avoiding undesired flooding by continuous
auxiliary feedwater supply during the recirculation phase. The
main steam safety valves are also modeled to simulate the crash
cooling down of the system by means of opening at 30 seconds
after the occurrence of a LOCA signal, as designed; this aids heat
transport system depressurization, increasing the injected flow.

The HP and MP/LP ECIs of the ECCS are modeled to supply the
coolant to eight reactor headers using an accumulator component
and time-dependent volume components of the code, respectively.
The coolant injected into the PHTS via the ECCS heat exchangers
during the recirculation phase is assumed to be at a temperature of
328 K.

Previous assessment of the effect of the critical flow models
showed that the total accumulation of the break flow does not
differ significantly between the HenryeFauske and Moody models
[15]. Thus, the HenryeFauske model is used to simulate the break
flow with the default value for the discharge coefficient, as shown
Eq. (1), which is the same model used in the RELAP5 code.
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Fig. 3. Nodalization of Wolsong unit 1 for MARS-KS simulation. MARS-KS, Multidimensional Analysis of Reactor Safety-KINS Standard.
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Fig. 4. Trends of reactor power in channels after a 35% reactor inlet header break
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where Gc is the critical mass flux, and Cp, P, s, y, x, g, and h are the
specific heat, the pressure, the specific entropy, the specific volume,
the quality, the isentropic constant, and the critical pressure ratio
(Pt=P0), respectively. Subscripts o, eq, l, v, and t represent stagnant,
equilibrium, vapor phase, liquid phase, and state at throat,
respectively. If the thermal nonequilibrium factor, N defined as
xeq;t=0:14, is taken to be unity, Eq. (1) becomes close to the equation
of the homogeneous equilibrium model. If N equals zero, the so-
lution is approximated to the homogeneous frozen model.

The PHWR has been known to have a positive void coefficient of
reactivity for coolant loss, resulting in reactor power rise until
reactor shutdown by the overpower signal. However, because of
the code limitation in that the reactivity model of the point kinetics
is unavailable for simulating instantaneous power pulse by coolant
loss from horizontal fuel channels causing a regional overpower
signal and thus a reactor trip, the transient reactor power [19] after
the LBLOCA occurrence, as shown in Fig. 4, is used in the input deck.

4. Results and discussion

4.1. Steady-state and transient calculations under normal ECCS
operation

A steady-state calculation is first performed given 103% reactor
power; all major parameters are found to reach steady values
successfully. Table 1 shows a comparison of the calculation results
with the FSAR values for Wolsong unit 1 [13,19]. Major parametric
values predicted by the code are observed to be in good agreement
with the FSAR values.

LBLOCA transient is then initiated with the postulated 35%
reactor inlet header break; this is simulated by quick opening of the



Table 1
Values of major parameters in the steady-state calculation.

Parameter (unit) FSAR MARS-KS Difference (%)

Reactor inlet header pressure (MPa) 11.2 11.26 e0.54
Reactor inlet header temperature (K) 540.0 538.50 0.28
Reactor outlet header pressure (MPa) 10.0 10.01 e0.10
Reactor outlet header temperature (K) 584.0 583.72 0.05
Channel flow (kg/s) 2,062.0 2,100.85 e1.88
Averaged power for each channel (MW) 527.9 527.88 0.00
Total feedwater flow (kg/s) 1,061.0 1,062.88 e0.18
SG drum pressure (MPa) 4.7 4.77 e1.49
SG drum temperature (K) 533.0 534.14 e0.21
Steam flow (kg/s) 1,076.0 1,060.16 1.47

FSAR, final safety analysis report; MARS-KS, Multidimensional Analysis of Reactor
Safety-KINS Standard.

Table 3
Calculation matrix used for sensitivity evaluation.

1. LP ECI flow conditions 2. Flow area (m2) 3. Area ratio (%)
4. Normal operation 5. 0.044 6. 100
7. Partial reduction 8. 0.01e0.040 9. 22.8e91.1
10. Complete reduction 11. 0 12. 0

LP ECI, low-pressure emergency coolant injection.

Fig. 5. Modeled ECCS flows versus time, including various scenarios during recir-
culation phase. ECCSemergency core cooling system, ECCS, emergency core cooling
system; ECI, emergency coolant injection; HP, high pressure; LP, low pressure; MP,
medium pressure.
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break valve (v960 in Fig. 3) connecting the reactor inlet header of
channel 400 and the containment under atmospheric pressure and
is modeled using the time-dependent volume (965 in Fig. 3)
component. The break size is obtained by adjusting the cross-
sectional area of the broken reactor inlet header. The simulated
break leads to substantial discharge of coolant at high temperature
and high pressure from the PHTS, resulting in depressurization and
possible core voiding. This can deteriorate the cooling conditions in
the fuel channels and abruptly increase the power, leading to
higher fuel temperature. However, the PHTS pressure continually
decreases because of the reactivity control by reactor trip and the
crash cooling provided through the main steam safety valves of the
secondary system, as designed. In addition, the system pressure is
kept stable under normal operation of the ECCS. So, it is estimated
that in the normal ECCS condition, the major equipment is properly
operated according to the designed control logic, as shown in
Table 2, after the transient starts.

4.2. Effect of LP ECI flow reduction on fuel channel integrity

Table 3 shows the calculation matrix used for evaluation of the
effect of the sensitivity of LP ECI flow reduction, which is modeled
by varying the flow area of the LP ECI valve. To provide a conser-
vative calculation, flow reduction is assumed to be initiated with
the LP ECI signal. Fig. 5 shows the decreasing patterns of LP ECI flow
rate according to the reduced flow area of the valve, indicating that
the coolant inventory necessary for cooling the PHTS is decreasing,
which implies that reasonable modeling has been achieved.
Table 2
Major sequences of LBLOCA in Wolsong unit 1.

Time (s) Major sequence Control logic

0.00 35% inlet header break Break valve opens
Reactor trip LOCA þ 0.0 s

9.05 LOCA signal Max [min(outlet headers),
min(inlet headers)] � 5.25 MPa

Loop isolation LOCA signal þ 0.0 s
14.06 Turbine governor trip LOCA signal þ 5.0 s

PHT pump trip
29.64 HP ECI signal (open) Max[min(outlet headers),

min(inlet headers)] � 3.62 MPa
39.05 SG crash cooling

down (MSSV open)
LOCA signal þ 30.0 s

119.64 MP ECI signal (open) HP ECI start þ 90 s
194.06 AFWP operation LOCA signal þ 185 s
313.96 HP ECI signal (close) Accumulator inventory � 5.47 m3

638.32 MP ECI signal (close) MP ECI stop
(amount of MP ECI > 200 m3)LP ECI signal (open)

AFWP, auxiliary feedwater pump; ECI, emergency coolant injection; LBLOCA, large
break loss-of-coolant accident; HP, high pressure; LP, low pressure; MP, medium
pressure; MSSV, main steam safety valves; PHT, primary heat transport.
A sensitivity evaluation is performed to assess whether the
thermal integrity of the fuel channel can be threatened by varying
the flow area of the LP ECI valve, which simulates the reduction of
flow area by the inflow of debris into the strainer. In this study, it is
assumed that sufficient LP ECI flow and thus appropriate cooling
can be achieved when the void fraction is held at zero in the fuel
channels; however, when the void fraction is greater than zero,
corresponding to incipience of boiling in the fuel channels, unde-
sirable effects on the thermal integrity of the fuel channels can be
anticipated, such as pressure tube/CT contact leading to CT dryout,
sag and collapse of fuel channels, and consequent fuel melting after
it reaches high and severely fluctuating temperatures.

Fig. 6A shows the predicted temperature of the fuel channel in
the midplane of channel 200, located in the intact loop. In the case
in which the flow area has been reduced to 0.02 m2 (45.5% of
nominal flow area) after an LBLOCA occurs, a slight temperature
increase of approximately 35 K is observed at 1,250 seconds;
thereafter, however, virtually no further temperature rise occurs. In
the more severe case in which the flow area is completely blocked,
corresponding to the LP ECI flow rate of 0.0 kg/s, irregular fluctu-
ations of temperature are observed starting at 1,500 seconds. In this
period of sporadic fluctuation, a maximum temperature rise of
approximately 80 K is observed to occur at 1,600 seconds, a rise
sufficient to cause incipience of boiling unless external intervention
is taken. During practical operationwith operator actions guided by
the EOP, however, cooling and depressurization of the intact loop
can be effectively maintained by the operation of the shutdown
cooling system after the intact loop is successfully isolated from the
broken loop. Thus, it is expected that proper cooling can be ach-
ieved in the intact loop during the recirculation phase.

A different tendency is shown in the predicted temperature of
the fuel channel in the midplane of channel 300, located in the
broken loop as shown in Fig. 6B. When the flow area is reduced to
0.03 m2 (68.3% of nominal flow area), neither a dramatic
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temperature rise nor irregular temperature fluctuation is observed.
Likewise, no incipience of boiling is observed. Unlike the temper-
ature behavior in the intact loop, however, when the flow area is
further reduced to 0.02 m2, boiling is predicted to occur in the fuel
channel. In addition, the beginning of irregular temperature fluc-
tuation is predicted to occur much earlier when the flow area is
further reduced. In the case inwhich a substantial amount of debris
is assumed to induce a dramatic reduction of the flow area to less
than or equal to 0.01 m2 (22.8% of the nominal flow area),
Fig. 6. Effects of various levels of reduced flow area during the recirculation phase.
(A) Channel 200 in the intact loop. (B) Channel 300 in the broken loop. (C) Channel 045
in the broken loop.
insufficient LP ECI flow leads to significant temperature rise in the
fuel channel, followed by termination of the MP ECI. Subsequently,
large-amplitude temperature fluctuations occur, which may lead to
conspicuous deficiency of the subcooling margin. Thus, the dryout
of the fuel channel may be expected, with undesirable effects on
the thermal integrity of the fuel channel.

Fig. 6C shows the predicted temperature of the fuel channel in
the midplane of channel 045 (one of the subchannels of channel
400) under various conditions of reduced LP ECI flow rate. Ac-
cording to the assumption that the break is located at the reactor
inlet header of channel 400, the decrease in coolant density due to
depressurization and boiling, followed by the increase in power
owing to the positive void coefficient, is most pronounced in the
fuel channels of the broken loop downstream of the break. Thus,
significant temperature rise can be expected to occur in channel
400 soon after the break. However, under the normal operation of
the ECCS, following the reactor trip and crash cooling, the tem-
perature of channel 400 decreases. A similar trend can be observed
for channel 300, with a difference in degree. When the flow area is
reduced to 0.03 m2, no fluctuations or dramatic rises in tempera-
ture are observed, similar to the results for channel 300. In the case
inwhich the flow area is further reduced to 0.02m2, however, some
temperature fluctuation is observed to occur during the period of
900e1,500 seconds after the reactor trip, during which a maximum
temperature rise of approximately 120 K is estimated to occur at
about 1,400 seconds. In addition, no substantial temperature fluc-
tuation is observed after 1,500 seconds. For a worse case of
reducing the flow area to less than half its nominal value, however,
disturbances and irregular increases in temperature are observed.
Under the LP ECI flow rate of zero, relatively frequent temperature
fluctuations are observed, and the temperature rapidly increases
starting at about 1,300 seconds. It should be noted that the simu-
lation continues until a point 2,000 seconds after the reactor trip.
Thus, if the operators take no additional actions to mitigate the
event, the temperature of the fuel channel is likely to increase
continuously and lead to severe damage of the fuel channels.

Through the results discussed so far, it has been found that
during the recirculation phase, cooling of the fuel channel in the
broken loop is feasible if the flow area remains above approxi-
mately 70% (corresponding to flow of 90%), which facilitates suffi-
cient LP ECI, as shown in Fig. 7. If the flow area is reduced further,
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however, incipience of boiling is expected, which would impair the
thermal integrity of the fuel channels. In addition, if the LP ECI flow
area is further reduced, to below approximately 25% (correspond-
ing to the flow of 45%), excursions and frequent fluctuation of
temperature in the fuel channels are likely unavoidable, and
impairment of the fuel channels can be anticipated. Also, there can
be the severe fluctuations in differential pressure between the
upstream and downstream of the strainers because of the greatly
reduced flowarea, causing drastic fluctuation and then reduction of
LP ECI flow during event progress.

Therefore, based on the above results regarding the detailed
analysis of reasonable operating ranges of the major system pa-
rameters that facilitate sufficient and stable cooling in the broken
loop, the degree of reduction of ECCS flow can be monitored by
measuring the pressure drops along the ECCS paths and the vi-
brations of the ECCS pumps. Correspondingly appropriate correc-
tive measures can be taken to avoid deviation of the preset
operating ranges and thus to avoid progress to more severe states.
4.3. Evaluation of feasibility of cooling through the external
injection path

Additional transient calculations are carried out to evaluate the
feasibility of coolant supply through the newly installed external
Fig. 8. Effects of various external emergency coolant flows on fuel channel temperat
unavailable. (A) 2,400 seconds (B) 3,300 seconds (C) 4,200 seconds (D) 4,800 seconds. LP
injection path. It is assumed that prior to entering into severe ac-
cident conditions, normal recirculation operation via ECCS is un-
available because of the serious pressure head loss caused by the
potential accumulation of a substantial amount of debris on the
strainers following the LBLOCA. In several scenarios with differing
LP ECI failure times, sensitivity analyses are performed to confirm
whether appropriate cooling of fuel channels can be achieved given
the emergency coolant flow. The LP ECI is conservatively assumed
to completely fail, and the failure of the LP ECI is modeled by
completely closing the LP ECI valve. Additionally, the supply of
emergency coolant through the external injection path is modeled
via a time-dependent volume component simulating the emer-
gency water system reservoir; the coolant supply is achieved by
opening the valve connected to the reservoir when the LP ECI fails.
In practice, this measure is hypothesized to be feasible by means of
operating the valve arrangement for external injection of the
emergency coolant after the operators notice that the ECCS has
entered an abnormal state.

Fig. 8 shows the temperature variations of the fuel channels in
the broken loop for various types of emergency coolant flow
through the external injection path. When the LP ECI fails entirely,
the fuel channels experience sharp increases and severe fluctua-
tions in temperature because of the still-high decay heat. However,
it is observed that the fuel channel can be cooled by the external
ure in the broken loop, modeled for various times at which the LP ECI becomes
ECI, low-pressure emergency coolant injection.
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emergency coolant supply, given sufficient flow. Also, because the
time at which the LP ECI becomes unavailable has been modeled
and found to be earlier, proportionally more emergency coolant is
necessary for sustainable cooling owing to the much larger decay
heat generated in the fuel channel.

Based on sensitivity analyses for various assumed times of total
failure of the LP ECI, a flow of emergency coolant supply sufficient
to maintain fuel channel integrity is determined, as shown in Fig. 9.
Under the most severe condition, for example, when LP ECI fails
2,400 seconds after the LOCA signal, it is predicted that an emer-
gency coolant supply of more than approximately 300 kg/s is
required to completely suppress the incipience of boiling in the fuel
channel, a condition corresponding to appropriate cooling by the
external injection path. However, when the emergency coolant
flow ranges from 100 to 300 kg/s, the void fraction in the fuel
channels is estimated to be greater than zero, indicating incipience
of boiling in the fuel channels. If the external coolant flow is
dramatically reduced to below approximately 100 kg/s, sharp in-
creases and severe fluctuations of temperature in the fuel channels
can be anticipated, with subsequent fuel melting. For later LP ECI
failures, less external flow is required to maintain the coolability of
the fuel channel. It should be emphasized that these analyses as-
sume the complete failure of the LP ECI; if the LP ECI were instead
partially available, the emergency coolant flow required for feasible
cooling of the fuel channels and maintenance of fuel channel
integrity is reduced accordingly.

In summary, emergency coolant supply through the external
injection path can be considered one means of alternative cooling
that can maintain fuel channel integrity and thus prevent or delay
progress to severe damage conditions. Because this measure is an
emergency procedure, timely action needs to be taken to utilize it.
The present study is expected to provide an important technical
basis regarding pressure head loss and alternative cooling under
reduction condition of ECCS flow during the recirculation phase of
LBLOCA.

5. Conclusions

In this study, using the MARS-KS code, adequacy of cooling in
fuel channels at the Wolsong unit 1 has been evaluated under the
postulated conditions of reduced flow of ECCS during the recir-
culation phase of an LBLOCA. The reduction of the ECCS flow can
be caused by the significant pressure head loss arising from the
inflow of a substantial amount of debris released by the high-
energy break flow and its chemical effects. In the intact loop,
although incipience of boiling is expected to occur in the fuel
channel, effective cooling can be achieved by operating the
shutdown cooling system according to the EOP. In the broken loop,
however, if the flow area for LP ECI is reduced to below approxi-
mately 70% of its nominal value, incipience of boiling is expected.
Additionally, if the flow area is dramatically reduced to below
approximately 25%, impairment of the fuel channels is antici-
pated, with frequent fluctuations and sharp increases in the fuel
channel temperature.

Additional transient calculations have been performed to eval-
uate the feasibility of emergency coolant supply through the
external injection path under the condition in which the LP ECI is
entirely unavailable for cooling because of a postulated significant
pressure head loss. Provided that this measure is used in a timely
manner and that the available flow is sufficient, it should be
possible to maintain fuel channel integrity and thus to prevent or
delay entry into severe accident conditions.

It is expected that sustainable cooling of the broken loop can be
maintained at a more stable level by taking appropriate corrective
actions reflecting the results of the present study.
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