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a b s t r a c t

Hydrogen risk in the containment filtered venting system (CFVS) vessel was analyzed, considering
operation pressure and modes with the effect of PAR and accident scenarios. The CFVS is to depressurize
the containment by venting the containment atmosphere through the filtering system. The CFVS could
be subject to hydrogen risk due to the change of atmospheric conditions while the containment at-
mosphere passes through the CFVS. It was found that hydrogen risk increased as the CFVS opening
pressure was set higher because more combustible gases generated by Molten Core Concrete Interaction
flowed into the CFVS. Hydrogen risk was independent of operation modes and found only at the early
phase of venting both for continuous and cyclic operation modes. With PAR, hydrogen risk appeared only
at the 0.9 MPa opening pressure for Station Black-Out accidents. Without PAR, however, hydrogen risk
appeared even with the CFVS opening set-point of 0.5 MPa. In a slow accident like SBO, hydrogen risk
was more threatening than a fast accident like Large Break Loss-of-Coolant Accident. Through this study,
it is recommended to set the CFVS opening pressure lower than 0.9 MPa and to operate it in the cyclic
mode to keep the CFVS available as long as possible.
© 2021 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

The containment filtered venting system (CFVS) is a passive
safety system. The CFVS filters the radioactive material in the
containment atmosphere and vents the gas to maintain the integ-
rity of the containment building [1]. There were installed in Euro-
pean nuclear power plants (NPPs) after the Chernobyl NPP
accident. After the Fukushima Daiichi NPP accident, The CFVS
installation was considered worldwide [2]. In Korea, a high speed
sliding pressure venturi (HSSPV) scrubber system developed by
Arevawas once installed inWolsong NPP unit 1 [3]. This system is a
wet-type CFVS that consists of two pipes and a vessel, as shown in
Fig. 1. When the pressure in the containment building reaches a set
point, a valve in the front pipe is opened and the containment
building atmosphere flows into the CFVS. A scrubbing pool and
metal fiber filter prevent the emission of radioactive materials, and
the gas mixture is discharged into the environment [4]. Studies
have demonstrated the utility of the CFVS for depressurizing the
containment building and filtering radioactive materials [5e7].
by Elsevier Korea LLC. This is an
In an accident, combustible gases such as hydrogen and carbon
monoxide (CO) are generated by cladding oxidation and molten
corium concrete interaction (MCCI) [8,9]. The combustible gases
can explode and damage the containment building. A hydrogen
explosion at the Fukushima Daiichi NPP breached the containment
building [10]. Such explosions must be avoided when operating
NPPs. To prevent hydrogen explosions, passive autocatalytic
recombiners (PARs), which reduce the hydrogen content via
recombination, and hydrogen igniters have been introduced [11].

The CFVS could be also subject to hydrogen risk. The CFVS re-
leases the containment atmosphere into the environment; thus, the
gas mixture, including combustible gases, flows into the CFVS
before exiting to the environment. When the containment atmo-
sphere passes the CFVS vessel, the steam condenses; this increases
the fraction of combustible gas, can give rise to hydrogen risk in the
CFVS vessel. This hydrogen risk is obviously dependent on the
containment atmosphere conditions which are affected by the
CFVS operating strategy. For example, if the CFVS is set to open at a
higher pressure, the containment atmosphere may accumulate
more combustible gas before the initiation of the CFVS operation,
resulting in a higher hydrogen risk not only in the containment but
also in the CFVS vessel.
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Fig. 1. Schematic diagram of a high-speed sliding pressure venting.
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Y. S. Na et al. demonstrated that hydrogen risk could exist in the
CFVS vessel during an early phase of its operation [12]. However,
their analysis did not consider the effects of the CFVS opening
pressure, operation mode, PAR, or CO generation due to MCCI. M.
L€offler andM. Braun found that the early venting of the CFVS would
pose hydrogen risk, but they did not consider late venting cases
[13]. Z. Ma et al. studied a horizontal type CFVS using a CFD code
and they found that there would be hydrogen risk [14]. They sug-
gested nitrogen injection to inert the CFVS vessel atmosphere to
avoid hydrogen risk. There has been, however, little study regarding
the effects of the CFVS operating strategy, PAR, and accident sce-
narios on hydrogen risk in detail. As aforementioned, the
combustible gas concentration in the containment atmosphere is
dependent on the CFVS operating strategy, i.e., the delayed opening
of the CFVS will result in a higher concentration of combustible gas
in the containment atmosphere vented to the CFVS vessel. And also,
a cyclic and continuous operating strategy may affect hydrogen risk
in the CFVS vessel. PAR reduces the hydrogen concentration,
thereby lowering the probability of hydrogen explosion in the CFVS
vessel as well as in the containment building. In addition, CO should
be considered as it is combustible like hydrogen. Therefore,
hydrogen risk in the CFVS vessel is comprehensibly addressed in
this paper with regard to the CFVS operating strategies, considering
PAR and the effect of CO.

The contents of the paper are as follows. Section 2 presents the
analysis model, accident scenario, CFVS operating strategy, and
hydrogen risk estimating method. Section 3 presents the results of
the hydrogen risk analyses. And in Section 4, finally, conclusions are
summarized.
2. Analysis methods

2.1. Model description

In this study, MELCOR 1.8.6 was used to analyze the hydrogen
risk in the CFVS vessel in various accident scenarios [15]. A 1000-
MWe two-loop pressurized light water reactor, OPR-1000, was
modeled for the analyses. The reactor coolant system (RCS) in the
model consists of a reactor, a pressurizer, two steam generators,
178
two hot legs, four reactor coolant pumps, and four cold legs. A
safety injection tank (SIT) connected to each cold leg [16]. Fig. 2 is a
schematic diagram of the RCS model. Table 1 summarizes the
design parameters for OPR-1000 and the normal operating condi-
tions of the model [17]. Fig. 3 shows the nodalization of the
containment building and the CFVS. Nodalization sensitivity was
also carried out with a more detailed containment nodalization
with 10 nodes in the upper compartment region of the contain-
ment instead of three nodes as shown in Fig. 3. No difference in
hydrogen concentration was observed. Therefore, we used the
model shown in Fig. 3 for the analyses presented here. It should be
noted that the hydrogen distribution was found uniform in the
containment except during the early phase of the accident when
hydrogen is ejected into the containment together with molten
core debris. Thus, hydrogen distribution in the containment was
not an issue for the CFVS hydrogen risk analysis as the CFVS begins
its operation at least 24 h after the accidents when the containment
pressure reaches an opening set-point which is shown in Figs. 4 and
5. This observation of nodalization sensitivity and uniformity of
hydrogen was also reported in Ref. [18] in which A. Sartmadjiev
reported that the hydrogen distribution was not affected by a node
size and became almost uniform within the containment. PARs
were modeled inside the containment building. The CFVS was
modeled with a pipe connecting to the upper compartment of the
containment, outlet pipe to the external environment, and two
volumes; upper and lower regions of the CFVS vessel which was
6.5 m in height and 3m in diameter. The CFVS vessel was filled with
water up to 3 m from the bottom for the scrubbing purpose. The
sparger model provided in theMELCOR codewas applied at the end
of the inlet pipe submerged in the CFVS pool.
2.2. Description of accident scenarios

In this paper, a large break loss of coolant accident (LBLOCA) and
station blackout (SBO) were selected as the relatively fast and slow
accident conditions, respectively. For conservative analyses, we
assumed that only SIT could be used for accident mitigation, i.e., all
active emergency core cooling systems, such as the containment
spray system and safety injection system, were not available.



Fig. 2. MELCOR nodalization for reactor coolant system model.

Table 1
Comparison of the OPR-1000 FSAR data and normal operating conditions of the MELCOR model.

Parameter Unit FSAR data MELCOR normal operating conditions

Thermal output MWth 2825 2825
Temperature Cold leg �C 295.8 303.44

Hot leg �C 327.3 333.26
RCS average �C 311.6 318.35
SIT �C 48.9 59.99

Pressure MPa 15.82 14.91
Mass flow rate kg/s 15,306 15,370
Coolant volume RCS m3 287.4 281.56

Pressurizer m3 25.63 27.69
SIT m3 For each 52.6 For each 52.60

FSAR, final safety analysis report; RCS, reactor coolant system; SIT, safety injection tanks.
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Table 2 summarizes the sequence of the major events in the two
accident scenarios.

In the SBO, the RCS pressure was appropriately maintained for
1.0 h by the SG cooling. As the SG inventory was depleted, the RCS
pressure rapidly increased, and eventually, the pressurizer safety
valve (PSV) opened at 1.4 h. The RCS coolant was, then, discharged
to the containment atmosphere through PSV, resulting in the
containment pressure increase. The cladding oxidation occurred at
2.38 h due to the RCS inventory depletion. Thereafter, the reactor
vessel failed at 4.44 h due to themolten corium. Themolten corium
fell into the reactor cavity filled with coolant and this led to the
release of hydrogen and CO via MCCI. The reactor cavity dried-out
at 44.9 h due to the decay heat of the molten corium and there-
after MCCI was accelerated. At 72 h, the containment pressure
reached 1.01 MPa which was the containment failure condition.

On the other hand, in the LBLOCA, a large amount of the RCS
coolant was discharged to the containment through the broken
loop, which rapidly increased the containment pressure. Due to the
rapid loss of RCS inventory, the cladding oxidation occurred at
179
0.39 h. Later, the reactor vessel failed at 2.19 h, and the molten
corium was injected into the reactor cavity, which triggered the
MCCI. The cavity dried-out at 36.31 h. At 55.1 h, the containment
pressure reached 1.01 MPa at which the containment failure was
assumed to occur. This difference in accident sequences between
SBO and LBLOCA could affect the conditions of the containment
atmosphere flowing into the CFVS.
2.3. Description of the CFVS operating strategies

The CFVS has two operating modes: continuous and cyclic. In
the continuous operationmode, The CFVS operates without closing,
i.e., the CFVS remains open once operation commences. In the cy-
clic operation mode, The CFVS repeatedly opens and closes ac-
cording to set points. The cyclic operation is known to have
advantages with respect to decontamination performance, espe-
cially in view of scrubbing pool depletion [19] and noble gas
emission [20].

In this study, we considered both operating modes, and CFVS



Fig. 3. MELCOR nodalization for containment and containment filtered venting system model.

Fig. 4. Pressure behavior in containment building according to the CFVS operation
strategies under the SBO scenario.

Fig. 5. Pressure behavior in containment building according to the CFVS operation
strategies under the LBLOCA scenario.
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Table 2
Comparison of the accident sequence for station blackout and large break loss of
coolant accident.

Event Time

SBO LBLOCA

Accident occurrence 0 0
Reactor shutdown 0 0
Fuel uncovery 1.69 h 0.03 s
Cladding oxidation 2.38 h 0.39 h
SIT operation 4.55 h 14.4 s
Reactor vessel failure 4.44 h 2.19 h
Cavity dry out 44.90 h 36.31 h
MCCI acceleration 49.33 h 41.00 h
Containment building failure without the CFVSa 70.92 h 55.14 h

a The containment failure was assumed to occur at 1.01 MPa that S.-W. Lee et al.
suggested with 5 % probability and 95 % confidence level [20].

G.H. Choi, D.-W. Jerng and T.W. Kim Nuclear Engineering and Technology 54 (2022) 177e185
opening pressures set to range from 0.5 to 0.9 MPa, which are the
design pressure and the pressure 10% less than the failure pressure
of the containment building, respectively. Three different pressures
were chosen as opening set-points: 0.5, 0.7, and 0.9 MPa. In cyclic
operating mode, the CFVS closed at 0.5 MPa and opened at the
predetermined set-point. Table 3 summarizes the operating stra-
tegies of the CFVS analyzed. Fig. 4 shows the pressure in the
containment building according to the operating strategies under
the SBO scenario. The pressure inside the containment building
reached 0.5, 0.7, and 0.9MPa at 30.1, 43.1, and 57.9 h, respectively. In
the studies of T. W. Kim et al. [21] and Y. S. Na et al. [22], a similar
trend of the containment pressure was observed. In the cyclic
operating mode, the CFVS operated 4 times and 2 times for 0.7 and
0.9 MPa set-points, respectively. Fig. 5 shows the containment
pressure during LBLOCA. At 21.4, 32.7, and 45.7 h after LBLOCA, the
pressure inside the containment building reached 0.5, 0.7, and
0.9 MPa, respectively. For the cyclic operating mode, the CFVS
operated 4 times and 2 times for 0.7 and 0.9 MPa set-points,
respectively as well. Table 4 summarizes the sequence of events.

To determine the effective time of the CFVS operation, the
scrubbing pool inventory was analyzed, as shown in Figs. 6 and 7.
Fig. 6 shows the CFVS scrubbing pool inventory under SBO sce-
narios. The pool inventory increased due to the steam condensation
at the opening of the CFVS and then decreased due to the decay
heat of radioactive materials. In the continuous operating mode,
the scrubbing pool dried out at 58.8, 67.1, and 83.2 h after the ac-
cident for the CFVS opening pressure of 0.5, 0.7, and 0.9 MPa,
respectively. In the cyclic operating mode, the scrubbing pool in-
ventory lasted longer. For the CFVS opening pressure of 0.7 and
0.9 MPa with a closing pressure of 0.5 MPa, the scrubbing pool
dried out at 128.3 and 119.3 h after the accident, respectively. Fig. 7
shows the CFVS scrubbing pool inventory under LBLOCA scenarios.
In the continuous operating mode, the scrubbing pool dried out at
48.0, 60.1, and 77.0 h after the accident for the CFVS opening
pressure of 0.5, 0.7, and 0.9 MPa, respectively. In the cyclic oper-
ating mode, the scrubbing pool dried out at 113.6 and 143.4 h for
the CFVS opening pressure of 0.7 and 0.9 MPa, respectively. Table 5
summarizes the scrubbing pool depletion time analysis.
Table 3
Summary of the CFVS operation strategies to be considered for comparison analyses.

Operation strategy Opening pressure (MPa) Closing pressure (MPa)

Continuous venting 0.5 N/A
0.7 N/A
0.9 N/A

Cyclic venting 0.7 0.5
0.9 0.5
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2.4. Assessment of the hydrogen risk

For a hydrogen explosion to occur, the concentration of
hydrogenmust be within a specific range [23]. The Shapiro diagram
is a popular method to assess the hydrogen-burning and detona-
tion conditions. It shows the flammability limits of hydrogen-
burning and explosion in the mixtures of air, steam, and
hydrogen [24]. When an accident occurs, the atmosphere of the
containment building contains CO, carbon dioxide (CO2), air, steam,
and hydrogen. Among them, combustible gases are hydrogen and
CO. To draw a Shapiro diagram, the total volume fraction of
combustible gases is obtained by combining the volume fractions of
hydrogen and CO. However, CO has a lower flammability limit
approximately twice that of hydrogen. It is known that the
contribution of CO on flammability is about half of hydrogen
[15,23]. Therefore, the volume fraction of the combustible gases is
calculated as a sum of hydrogen and 0.5 times CO. If PAR is in use,
the volume fraction of air is changed as PAR removes hydrogen
together with oxygen in the air. To calculate the effect of PAR
operation on air fraction, the air is considered to be decomposed as
21 % oxygen and 79 % nitrogen. The change of the air volume
fraction in the containment is calculated by subtracting the volume
fraction of oxygen combined with hydrogen from the initial
amount of air [24]. The amount of hydrogen removed by PAR is
calculated by a correlation embedded in MELCOR. For example, if
1 mol of hydrogen is removed by PAR, then, 0.5 mol of oxygen is
removed from the air. Thus, the air mass is decreased as the oxygen
mass is decreased because air is composed of oxygen and nitrogen.
And then, there is nitrogen left-over due to the reduction of the air
mass. This nitrogen surplus is added to the inert gases. The inert
gases in the Shapiro diagram, therefore, consist of steam, and CO2,
As the inerting effectiveness of nitrogen is approximately 80% of
that of other inert gases, e.g., CO2 and steam [15,25]. Therefore, the
contribution of the nitrogen is reduced by 20%, considering this
inerting effectiveness. Table 6 summarizes the formulas to calculate
the volume fractions of air, inert and combustible gases in the
Shapiro diagram.

3. Results and discussions

To analyze the hydrogen risk associated with the CFVS opera-
tion, the Shapiro diagram is utilized which is a ternary plot
composed of 3 axes; air, inert gas, and combustible gas. The base-
line of the Shapiro diagram represents the volume fraction of
combustible gas, left and right hypotenuses represent the volume
fractions of air and inert gas, respectively. To read the Shapiro-
diagram, draw lines parallel to each hypotenuse at a given point
and check the intersection of the drawn lines with the each hy-
potenuse of the triangle; the air portion is at the intersection be-
tween the left hypotenuse and a line parallel to the base of the
triangle, the steam portion is at the intersection between the right
hypotenuse and a line parallel to the left hypotenuse, and the
hydrogen portion is at the intersection between the base line and a
line parallel to the right hypotenuse. The flammability limits of a
combustible gas mixed in the air and inert gas are easily identified
by the Shapiro diagram [24].

The Shapiro diagram shown in Fig. 8 indicates the change of air,
combustible, and inert gas volume fractions in the CFVS vessel
according to the CFVS operating modes for SBO scenarios. For the
CFVS opening pressure of 0.5 or 0.7 MPa, the combustible gas
volume fraction never exceeds 5% which is the burnable limit until
the inert gas volume fraction exceeds 60%, resulting in no hydrogen
risk, regardless of a continuous or cyclic operation mode. For both
cyclic and continuous operation modes with the CFVS opening
pressure of 0.9 MPa, the combustible gas volume fraction exceeds



Table 4
CFVS operation sequence of events.

Accident scenario Opening pressure (MPa) Continuous operation Cyclic operation

Opening time (h) Opening time (h) Closing time (h)

SBO 0.5 30.1
0.7 43.1 43.1 46.2

58.2 60.9
79.3 81.1
115.6 117.6

0.9 57.9 57.9 62.1
103.0 106.8

LBLOCA 0.5 21.4
0.7 32.7 32.7 36.1

47.4 50.1
66.1 68.4
103.3 105.3

0.9 45.7 45.7 50.7
88.3 92.1

Fig. 6. CFVS scrubbing pool inventory behavior according to the CFVS operation
strategies under the SBO scenario.

Fig. 7. CFVS scrubbing pool inventory behavior according to the CFVS operation
strategies under the LBLOCA scenario.
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5% at the beginning of the CFVS operation, and the CFVS atmo-
sphere condition enters the burnable region but escapes out of the
burnable limit as the inert gas concentration increases while the
combustible gas and air concentration decrease. Fig. 9 shows the
change of gas and air volume fractions alone the time from the
initiation of the CFVS operation. In the beginning, the CFVS atmo-
sphere condition is at Point A in Figs. 8 and 9. Note that the hu-
midity of the CFVS vessel atmosphere on standby condition was
assumed to be 90% at 34 �C. For the 0.9 MPa opening pressure case,
the CFVS atmosphere condition passes the burnable limit line
which is marked as Point B in Figs. 8 and 11, 11 s after the CFVS
operation as the combustible gas concentration increases from 0 to
5.0%. And the maximum combustible gas concentration reaches
5.9% at 28 s. At 96 s, the CFVS vessel atmosphere condition exits
from the burnable region which is marked as Point C in Figs. 8 and
9, because the combustible gas and air concentration decrease
while the inert gas, which is mostly steam, continuously increases.
The reason that the CFVS vessel atmosphere condition with the
opening set-point of 0.9 MPa was more shifted to the left than that
of 0.5 or 0.7 MPa is that the combustible gas concentration in the
containment is higher due to MCCI for the 0.9 MPa opening pres-
sure case. After Point C, in the continuous operating mode, the
combustible gas concentration was increased a little at the end of
operation as indicated by Point D in Fig. 8 due to the generation of
combustible gas by MCCI. In the cyclic operation mode, the CFVS
vessel atmosphere condition moved toward the burnable limit line
momentarily as indicated by Point E in Fig. 8, but did not reach the
burnable limit line. This is because the CFVS vessel atmosphere is in
highly inert conditions due to high steam concentration at the
second and successive openings. It can be, therefore, concluded
that the hydrogen risk would exist only briefly on the initiation of
venting from 11 s to 96 s after the opening of the CFVS only if the
CFVS opening pressure was set as 0.9 MPa.

For the LBLOCA cases, no hydrogen risk was found according to
the Shapiro diagram analysis shown in Fig. 10. Regardless of
opening pressures and operation modes the hydrogen concentra-
tion in the CFVS vessel never exceeded the burnable limit of 5%
hydrogen concentration. As it was found in the SBO analysis,
however, the 0.9 MPa opening case was closer to the burnable limit
than the other cases because of the MCCI effect. Compared with the
SBO cases, LBLOCAwas found to have a lower hydrogen risk. This is
because the time for the CFVS opening is faster for the LBLOCA
cases due to the more rapid pressurization as seen in Figs. 4 and 5,
thus, resulting in the smaller effect of MCCI at the time of the CFVS
opening. The total combustible gas concentrations in the contain-
ment atmosphere at the initiation of the CFVS operation were 1.1%



Table 5
Comparison of the CFVS scrubbing pool depletion time according to the CFVS operating strategies for SBO and LBLOCA.

Accident scenario Opening pressure (MPa) CFVS scrubbing pool depletion time (h)

Continuous operation Cyclic operation

SBO 0.5 58.83
0.7 67.14 128.31
0.9 83.19 119.25

LBLOCA 0.5 48.00
0.7 60.17 113.58
0.9 76.97 143.39

Table 6
Formula to calculate gas fractions in the Shapiro diagram.

Gas Formula

Aira NO2

0:21NT
Inert gasb

NCO2
þ NH2O þ 0:8

�
NN2

� 0:79
0:21

NO2

�

NT
Combustible gasc NH2

þ 0:5NCO

NT

Ni : volume fraction of gas component i.

NT ¼ NO2

0:21
þ

�
NCO2

þNH2O þ0:8
�
NN2

� 0:79
0:21

NO2

��
þ ðNH2

þ0:5NCOÞ
a Air is composed of 21 % oxygen and 79 % nitrogen and air volume fraction de-

pends only on the oxygen volume fraction.
b Inert gases are composed of steam, CO2, and excessive nitrogen with a 20%

reduction in inerting effectiveness.
c The effectiveness of CO as a combustible gas is assumed to be a half of hydrogen.

Fig. 8. Gas composition behavior in the CFVS vessel according to the CFVS operation
strategies under SBO.

Fig. 9. Gas concentration behavior in the CFVS vessel after the CFVS operation under
the SBO scenario with an opening pressure of 0.9 MPa.

Fig. 10. Gas composition behavior in the CFVS vessel according to the CFVS operation
strategies under LBLOCA.
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and 0.90% for SBO and LBLOCA, respectively. Among them, the
concentration of combustible gas due to MCCI was 0.91% and 0.64%
for SBO and LBLOCA cases, respectively. As the combustible gas
passed to the CFVS, the combustible gas concentration was
increased, and then reached 5.8% and 4.3%, respectively, at the
initiation of the CFVS operation.

The effect of PAR on the hydrogen risk in the CFVS vessel was
analyzed with SBO and LBLOCA scenarios for continuous operation
cases. Figs. 11 and 12 show the resulting Shapiro diagrams. It is
clearly seen that the CFVS vessel atmosphere conditions shifted to
183
the left compared to cases with PAR shown in Figs. 8 and 10.
Without PAR, therefore, even 0.5 MPa opening pressure resulted in
the hydrogen risk by making the CFVS vessel atmosphere condition
trespass on the burnable limit for both SBO and LBLOCA, although
there would be no hydrogen risk in the containment as seen in
Fig. 13.



Fig. 11. Gas composition behavior in the CFVS vessel according to the CFVS operation
pressure under SBO without PAR.

Fig. 12. Gas composition behavior in the CFVS vessel according to the CFVS operation
pressure under LBLOCA without PAR.

Fig. 13. Gas composition behavior in the containment for the case of 0.5 MPa opening
pressure without PAR.
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4. Conclusion

In this study, the hydrogen risk in the CFVS vessel during SBO
and LBLOCA was analyzed with regard to the operating pressure
and mode, accident scenarios, and the installation of PAR.

Through this study, the main conclusions are as follows:

(1) The hydrogen risk depends on the CFVS opening pressure.
For the CFVS opening pressure of 0.5 or 0.7 MPawith PARs in
the containment, hydrogen risk did not appear for either SBO
or LBLOCA, regardless of operation modes. For the CFVS
opening pressure of 0.9 MPa, the combustible gas volume
fraction in the CFVS vessel increased due to the combustible
gas generated byMCCI, resulting in hydrogen risk. Therefore,
it can be concluded that a higher CFVS opening pressure may
184
result in a higher hydrogen risk. Therefore, it is recom-
mended that the opening pressure of the CFVS should be set
lower than 0.9 MPa.

(2) The hydrogen risk was not affected by operation modes,
whether to be continuous or cyclic operation. Only the first
time when the CFVS opened there was a chance of hydrogen
risk both for the cyclic and continuous operation modes.
However, the cyclic operation enabled the CFVS availability
longer. Therefore, it is better to operate CFVS in the cyclic
mode for prolonged operation. Furthermore, according to the
research of Lee et al. [19], the filtering performance decreases
when the scrubbing pool is depleted. The pool can remain
longer in the cyclic operating mode. Therefore, the cyclic
operating mode is more effective than continuous operating
mode from the viewpoint of reduction of release of radio-
active materials as well.

(3) The effect of PAR was found significant. Without PAR,
hydrogen risk appeared even when the CFVS operation
pressure was set to be 0.5 MPa for which no hydrogen risk
was found with PAR. Note that there was no hydrogen risk in
the containment until the containment pressure went up to
0.5 MPa even without PAR. Therefore, the installation of PAR
is crucial to reduce the hydrogen risk in the CFVS vessel prior
to the containment.

The conclusions elucidated above were drawn from the two
extreme accident scenarios; SBO and LBLOCA. SBO represents a
slow progression case while LBLOCA does a fast progression one.
Therefore, it could be said that the CFVS operation strategy sug-
gested through this work would be applicable to a set of accidents
between these two extreme cases. To develop a more detailed
specific procedure for the CFVS operation, however, wide case
studies with various accident scenarios are recommended.
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