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Abstract: During an accident, hydrogen distribution in a containment building of a nuclear power
plant (NPP) and characteristics of hydrogen depletion by passive autocatalytic recombiners (PARs)
differ depending on the thermal-hydraulic behaviors occurring in the containment. A spray system
installed in the NPP containment to control the pressure in accident conditions may interact with PAR
operations. This study intended to experimentally evaluate the hydrogen removal characteristics of a
grid-type PAR when a spray was operating. For the experimental simulation of hydrogen recombi-
nation characteristics of the PAR affected by a spray operation, we used the SPARC experimental
facility, which was equipped with a pressure vessel capable of controlling the wall temperature with
a volume of 82 m3. To measure gas species concentrations, 14 probes each for hydrogen, oxygen, and
water vapor were installed. Two tests were designed depending on the spray initiation time. The
SSP3 test was an experiment to simulate an accident in which the PAR operated as hydrogen was
released after the spray is activated, and the SSP4 test was an experiment to simulate an accident in
which the spray began after the operation of the PAR was initiated by the hydrogen release. In the
experiment, two contradictory results were obtained, which were an increased start-up delay time
of the PAR by early initiation of the spray and a negligible impact on the PAR’s performance by the
delayed initiation of the spray.

Keywords: hydrogen mitigation; passive autocatalytic recombiner; nuclear power plant; fuel
cladding oxidation; hydrogen generation; spray

1. Introduction

In a nuclear power plant (NPP), hydrogen is generated by oxidation of fuel cladding
during a severe accident accompanying core damage, and is released into the reactor
containment building together with water vapor. A nuclear power plant must have a
hydrogen-mitigation system (HMS) installed to protect the containment building from a
thermomechanical load caused by a hydrogen explosion [1,2]. In NPPs currently operating
worldwide, PARs or hydrogen igniters are mainly used as an HMS. Unlike a hydrogen
igniter, which is an active device, a PAR begins to remove hydrogen when hydrogen
contacts the catalyst without operator intervention and electric power supply, while the
hydrogen removal rate is low. Due to the passive nature of PARs, the hydrogen-removal
characteristics differ depending on the thermal-hydraulic behaviors in the containment
building developed by an accident progression.

A PAR is composed of a catalyst body and a chamber. As a catalytic material, platinum or
palladium is coated on the catalyst body for catalytic recombination of hydrogen and oxygen.
The catalyst body comes in various shapes, such as foil [3,4], pebble [4,5], plate [4,6,7], and
grid [8,9]. For maintenance of the catalyst body, it is generally in the form of a removable
cartridge, and it is contained in a vertical chamber with an inlet at the bottom and an outlet at

Hydrogen 2022, 3, 197-217. https:/ /doi.org/10.3390/hydrogen3020013 https://www.mdpi.com/journal /hydrogen


https://doi.org/10.3390/hydrogen3020013
https://doi.org/10.3390/hydrogen3020013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com
https://doi.org/10.3390/hydrogen3020013
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com/article/10.3390/hydrogen3020013?type=check_update&version=1

Hydrogen 2022, 3

198

the top to improve the inflow rate of the hydrogen mixture gas flowing into the catalyst body
and to protect the catalyst body from external contaminants.

While the passive character of the PAR is very attractive for accident management
compared to the hydrogen igniter, it has several disadvantages resulting from the pas-
sive characteristic, which raises issues related to containment hydrogen control [10,11].
Representative issues related to the PAR include start-up time delay [12,13], autoigni-
tion by a high-temperature catalyst [14-16], hydrogen stratification induced by the ex-
haust gas [10,17], performance deterioration by surrounding thermal-hydraulic conditions
(counter-current flow [18], the wall effect [19], CO poisoning [20], O2 starvation [21]), and
the like.

When a PAR is actively operating, the hydrogen concentration in the exhaust gas of
the PAR is below 1%. For a PAR to fully function, some period is required, which is called
the start-up time. The catalyst body is continuously heated by an exothermic reaction of
hydrogen and oxygen during the start-up time. The start-up delay time under normal
conditions of commercial PARs reaches several minutes. However, this start-up delay
time may be longer depending on the atmospheric composition and thermal-hydraulic
conditions where the PAR is installed. In addition, the condition of the catalyst surface
affects the start-up time, and the most representative substances that delay the start-up of a
PAR are carbon monoxide (CO), volatile organic compounds (VOC), soot, water (liquid
film formation), and the like. When these substances adhere to the surface of the catalyst,
they impede the diffusion of hydrogen molecules to the surface of the catalyst or delay the
catalytic reaction. It is known that when the temperature of the catalyst body is sufficiently
high, foreign substances attached to the surface of the catalyst body are volatilized or
disappear after that, so that the operation of the PAR is not affected anymore.

Autoignition by PARs is a phenomenon in which hydrogen is burned by a high-
temperature catalyst, which is related to the autoignition temperature of hydrogen and the
concentration of hydrogen. The spontaneous ignition temperature of hydrogen is known
to be around 800 K, and above this spontaneous ignition temperature, hydrogen can be
ignited and combusted without an additional energy supply. The spontaneous ignition
condition of a PAR is also related to the intrinsic characteristics of the PAR, but most com-
mercial PARs have a very high probability of spontaneous ignition in the atmosphere at a
hydrogen concentration of about 8% or more. In the THAI international joint project [22,23],
spontaneous ignition experiments using various types of PARs were conducted. Currently,
spontaneous ignition of PARs is recognized as an unavoidable phenomenon when a PAR is
installed in a high-concentration hydrogen atmosphere.

Hydrogen stratification by PARs is a phenomenon in which hydrogen stagnates at the
lower area of the compartment with a PAR installed due to high-temperature exhaust gas,
and it was recently re-evaluated through SPARC experiments [17]. The high-temperature
exhaust gas emitted from a PAR may have a relatively low density compared to the hydro-
gen mixture gas. The formation of a positive temperature gradient (a higher temperature
at the top) and a negative hydrogen concentration gradient (a higher concentration at
the bottom) inside the compartment by the high-temperature exhaust gas from a PAR is
called hydrogen stratification induced by PAR. In this case, natural convection by a PAR
may be disturbed. Through the SPARC experiment, it was confirmed that the hydrogen-
stratification phenomenon induced by a PAR could occur. It was also confirmed that the
heat capacity of the catalyst could alleviate the hydrogen stratification by a PAR.

Various pressure control systems are installed in NPP containment buildings to pre-
vent overpressure in accident conditions. Representative systems include a containment
spray system (CSS), a fan cooler (reactor containment fan cooler (RCFC)), a filtered contain-
ment venting system (FCVS), and a passive containment cooling system (PCCS). Such a
containment pressure control system makes it possible to secure the integrity of the con-
tainment building by maintaining a containment pressure lower than the design pressure
in an accident condition. However, during the operation of this pressure-control system,
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the effectiveness of the hydrogen-control system and hydrogen safety in the containment
building must be ensured [24].

The reactor containment spray system, which is an important means of preventing
overpressure due to released steam, is used for accident management in case of design-
based and beyond-design accidents. Sprays can enhance steam condensation and hydrogen
mixing through the exchange of mass, momentum, and energy between the spray droplets
and the atmosphere. This greatly affects the distribution of hydrogen in the containment.
On the other hand, it is expected that PARs, which are used for hydrogen mitigation under
design-based accidents as well as severe accident conditions, will continuously remove
hydrogen even in an atmosphere with spraying in operation.

A spray system installed in a containment building of a pressurized light-water reactor,
such as the APR1400 [25], can be operated automatically by a containment spray activation
signal (CSAS) according to a pressure increase in the event of a design-based accident,
or it can be operated manually after a decision by an accident manager. In this way,
the spray system can be operated under various conditions of temperature and pressure
in the containment to control the pressure in the event of an accident, and even under
such conditions, when hydrogen is distributed in the containment building, the PAR is
operating. Therefore, it is very important in accident management to understand the
hydrogen-removal characteristics of a PAR during a spray operation.

The purpose of this study was to evaluate the effect of spray on the hydrogen recombi-
nation of a PAR using a SPARC test facility.

2. SPARC Test Facility
2.1. SPARC Pressure Vessel

The Spray-Aerosol-Recombiner-Combustion (SPARC) test facility was built in 2016
with an aim toward the experimental simulation of hydrogen behaviors in a containment
such as a jet flow and mixing of hydrogen, a PAR and spray effects on the hydrogen
behaviors, and flame propagation in a containment-type geometry [26]. It is composed
of a large pressure vessel and temperature control, gas injection, measurement, and data-
acquisition systems. The main component of the facility is the pressure vessel, which has a
volume of 82 m3. Figure 1 shows the shape of the SPARC pressure vessel and the typical
specifications of the vessel. The temperature of the SPARC pressure vessel is controlled
using an oil jacket installed on the outer wall of the vessel, an oil heater, and an oil pump.

Property Data

Thickness: 25 mm

system

Temp. Design 15 bar (at 180 °C)
control pressure
system
’ Height 9.76 m
Diameter 34 m
Free 82 m?
i volume
: (il Gas supply system Wall Qil heating
\ ] Py, heating (partly elec. heating)
’ Calibration k&( i | Vessel wall = Material: SAE 316L
J vessel 8L Gas analysis

Figure 1. SPARC test facility and the vessel specifications.
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2.2. SPARC Measurement System

To experimentally simulate hydrogen behaviors in accident conditions, it is necessary
to measure gas species concentrations such as those of hydrogen, oxygen, and water vapor,
as well as thermal-hydraulic properties such as pressure, temperature, and velocity.

For temperature measurement of gas and the vessel wall, K-type thermocouples of
OMEGA (CO3-K, inner diameter 0.25 mm bead, reaction speed 300 ms) are used. The
current measurement system of the SAPRC test facility can measure concentrations of
hydrogen, oxygen, and water vapor at 14 probing locations at the same time. The humidity
of water vapor is measured by probe-type hygrometers (E+E Elektronik, EE33) that can
measure directly inside the SPARC vessel. The concentration of water vapor can be obtained
from the measured humidity and temperature. For the measurement of the hydrogen
concentration, thermal-conductivity sensors (FTC300, Messkonzept, maximum pressure of
20 bar) with a gas-sampling system are used. Since a cooling channel is installed in front of
the hydrogen sensors, the temperature of the hot gas sampled from the vessel decreases
during the sampling process. A condensation trap and a filter are installed in each sampling
line to remove the water vapor contained in the sampled gas. Oxygen sensors (PMA 1000,
M&C, Germany, principle paramagnetic, reaction time less than 1 s, sampling range: 25 to
60 L/h, temperature range: —10 to 50 °C, maximum pressure: 1.6 bar) are attached after
the hydrogen sensors along the sampling lines. In each sampling line, a pump controls
the sampling flow rate (NMP 830 KNDC DC motor: 24 V, flow rate: 3.1 1/m, maximum
measuring pressure: 1 bar, KNF). Figure 2 contains a schematic that shows the locations of
probes, the PAR, and the spray nozzles used in this experimental study.
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Figure 2. Measurement points of hydrogen and oxygen concentrations, vapor humidity, and temper-
ature for SPARC tests.

2.3. Spray System

For the SPARC spray experiment, we referred to the specifications of the spray system
installed in the APR1400. The average flow rate of the spray nozzle installed in the APR1400
containment was 1 kg/s, and the volume average droplet diameter was about 300 pm. In
the SPARC spray experiment, the spray angle was designed to be 60° so that some part
of the spray droplets could enter the outlet of the PAR installed on the lower wall of the
SPARC vessel. A spray-nozzle test was performed to verify the designed mean droplet
diameter and spreading angle. Figure 3 shows the results of the test, which confirmed that
the spray angle and volume-mean droplet diameter were satisfied.
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Figure 3. Spray-nozzle test to verify spray angle and droplet-size distribution.

2.4. Test PAR and Measurement

In this study, a passive autocatalytic recombiner KPAR-40 [8] designed and manu-
factured by KNT Co. was used. The basic size of the PAR was 340 x 335 x 1400 mm;
4 grid-type catalysts (150 x 150 x 50 mm) were placed in the cartridge, and the cartridge
was mounted in the PAR chamber. The catalyst used in the experiment had a platinum
catalyst material and ceramic (2MgOe2Al,0355i0;) as a base material. To evaluate the
hydrogen-recombination rates of the PAR, a skirt was additionally manufactured and
installed at the bottom of the PAR chamber, as shown in Figure 4, to measure the hydrogen
and oxygen concentrations, humidity, temperature, gas inflow velocity, etc. at the entrance
of the PAR.

Sampling tube
Thermocouple

Vane wheel
velocimeter

e

Figure 4. Construction of test PAR using a KPAR-40 PAR.

The temperature of the gas flowing into the PAR chamber was one of the parameters
used for the evaluation of hydrogen depletion by the PAR. During the operation of a PAR,
the temperature of the catalyst body rises to 800 K or above, up to 1000 K. A sensor to
measure the gas temperature, such as a thermocouple at the PAR inlet, may be influenced
by thermal radiation from the heated catalyst body. The gas temperature measured by
the thermally influenced thermocouple can be higher than the real gas temperature. If
this augmented gas temperature at the PAR inlet is used for converting humidity to
vapor concentration, the hydrogen concentration at the PAR inlet can be changed, and the
depletion rate of the PAR can be also changed. To minimize the radiative effect from the



Hydrogen 2022, 3

202

catalyst body on the gas temperature measurement, a T-type connector was designed to
couple the humidity and temperature sensors with the gas-sampling line intruded into the
PAR chamber, as shown in Figure 5, which compares the normal and modified installations
for the measurements.

PAR chamber inlet PAR chamber inlet Temperature/

Flow direction S ling tub Flow direction
ampling tube > |,

Humidity

-i/ —
HI3 2 ¢\I<J

o ' ‘ ~ » T
Humidity [
ISampIing tube —
T/C ]
(a) (b)

Figure 5. Schematics for measurement-system installations at PAR inlet: (a) generic installation;
(b) revised installation to minimize thermal radiation effect.

In Figure 6, the gas temperature measured by a thermocouple intruded into the PAR
chamber is compared with the sampled gas temperature and gas temperatures surrounding
the PAR inlet. It depicts that the thermocouple installed below the catalyst body was
thermally affected by the heated catalyst body when the PAR was actively operating.

80 4 — SPT13
—— JAT-C-2.0
—— JAT-E-2.0
78 | —— |AT-W-2.0
) —— |AT-S-2.0
= —— |AT-N-2.0
L 761 N 4] HMT13
-
-t -
©
—
g 741
E =
(D)
'—
72
70 1
0 1000 2000 3000 4000 5000 6000 7000 8000

Time [s]

Figure 6. Comparison of gas temperatures. SPT13: PAR inlet; IAT-C-2.0: center of the vessel at 2 m
height; IAT-E-2.0, IAT-W-2.0, IAT-5-2.0, and IAT-N-2.0: east, west, south, and north from the center of
the vessel at 2 m height, respectively; HMT13: inside of the T-type connector (see Figure 5).

3. Postprocessing of Experimental Data
3.1. Gas Species Concentrations

Since the hydrogen-concentration measurement system implemented in the SPARC
experiment used the thermal conductivity of hydrogen, water vapor had to be removed
from the gas mixture, and thus the hydrogen concentration in the dry condition excluding
water vapor was obtained. A hygrometer was used to convert the measured hydrogen
concentration to a real hydrogen concentration in a wet condition. From the relative
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humidity (RH) obtained from the humidity sensor, the water vapor concentration (x5,)
was obtained using Equation (1) with the measured pressure (p) and gas temperature (T):

Ph2o Psat(T)
Xy, = —— = RH———~= @)
h20 p p

where psqt is a saturation pressure at the gas temperature T.

As noted above, the measured hydrogen and oxygen concentrations were in a dry
condition, so the real concentrations were calculated by Equations (2) and (3) using the
vapor concentration calculated by Equation (1):

Ny,

Xpp = 7N2 = Xn2dry(1 — Xn20) 2)
Np2

Xo2 = T\OI = Xo2dry (1 — Xn20) ®3)

3.2. PAR Recombination Rate

To evaluate the PAR’s performance in factors such as the hydrogen-recombination rate,
recombination efficiency, and delay time of the PAR start-up through the PAR experiment,
as much thermal-hydraulic data as possible needed to be collected. Two methods were
available for evaluating the hydrogen-recombination rate of the PAR using experimental
data [18,22,23]: a method using the hydrogen mass-flow difference at the inlet and outlet
of the PAR chamber (Method-1); and a method using the hydrogen mass inventory that
remained in the test vessel (Method-2).

The PAR hydrogen-recombination rate in Method-1 was derived from a hydrogen
mass-conservation equation with a quasi-steady-state assumption. If a hydrogen mass
conservation equation is integrated over the PAR chamber, Equation (4) is obtained:

Ryp = titngin — tt,out = (pYipUA)y, — (0YipUA), (4)

Equation (4) is a formula to calculate the hydrogen-recombination rate depending
on the total six values, including gas densities, hydrogen mass fractions, and velocities at
the inlet and outlet. A continuity equation for a gas mixture can be used to remove the
outlet gas velocity in Equation (4). When an equation of state for an ideal gas is applied to
Equation (4), the following equation is obtained:

i = pinUin Ay (Vi i — P g (a2 (g2

ha = Pin ulnAm(Yh2,m YhZ,out) - Rm,inT‘n uznAzn |:<xh2 W, )in (xhz W, )out:| ’ (5)
where p, T, xj, are the pressure, temperature, and hydrogen mole fraction, respectively;
and W, and R, are the molecular weight and a gas constant divided by the molecular
weight of the gas mixture, respectively. The hydrogen-depletion rate of Equation (5)
requires hydrogen mole fractions at the inlet and outlet; these can be derived from the
measured vapor and hydrogen concentrations.

Equation (5) can be used for the evaluation of the hydrogen-recombination rate by a
PAR with an assumption of uniform inlet properties, such as the inlet velocity. However,
the velocity at the PAR inlet can be nonuniform due to a near-wall effect. Figure 7 shows the
results of a computational fluid dynamics (CFD) simulation to compare the nonuniformity
of the PAR inlet flow depending on the near-walls [24]. Equation (5) must to be multiplied
by a correction factor for a better prediction of the recombination rate. The recommended
value of the correction factor is between 0.8 and 0.9.
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Time: 1500 s

Time: 1000's

Figure 7. Profile of a PAR inlet velocity according to boundaries.

The second method to evaluate the hydrogen-removal rate of a PAR, using the hy-
drogen mass conservation in the vessel (Method-2), applies the mass conservation law of
hydrogen to the entire pressure vessel containing the PAR. If the equation of hydrogen
mass conservation is integrated over the entire pressure vessel, the following equation

is obtained:

ath vessel . . .
—ap = Mi2inj ~ Mh2sempt — R (6)

where 1,3 yesse1 is the amount of hydrogen remaining in the pressure vessel, 11y, is the

hydrogen mass flow rate injected into the pressure vessel, Ry is the hydrogen recombina-
tion rate of the PAR, and 711 s, is the sampling rate of hydrogen for the concentration

measurement. If 11,2 yessel, M12,inj, and My sap1 of Equation (6) are obtained, the hydrogen

removal rate Rh2 of a PAR can be obtained from the equation. However, Equation (6) is
not good to apply to experimental data because there is a large amount of noise, such as
oscillations in the hydrogen injection flow rate, sampling flow rate, and residual amount
of hydrogen in the pressure vessel, so differential errors may occur. Additional noise
filtering and large time-interval derivatives can be used to deal with this, but this can
distort the hydrogen-removal rate of the PAR. Instead, a time-integral form of the equation
was considered in this study. Integrating Equation (6) over time t with an initial condition
of My yessel = 0 gives Equation (7):

t t t .
Mp2 vessel :/O th,injdt_/O th,sampldt_/o hadt (7)

The last term of the right side of Equation (7) is a recombined mass of hydrogen
until time . When the recombined hydrogen mass is differentiated by time as shown in
Equation (8), the recombination rate of a PAR is obtained.

: d/ . d /ot t
Rh2 = a <‘/0 Rh2dt) = ﬁ <‘/0 th,injdt - /O th,sampldt - th,vessel) (8)

4. SPARC-SPRAY-PAR Experiment
4.1. Test Conditions

The purpose of this study was to evaluate the effect of a spray on the hydrogen removal
by a PAR using the SPARC test facility. For the SPARC-SPRAY-PAR(SSP) experiment, SSP3
and SSP4 tests were performed according to the start time of the spray activation based on
the PAR operation. The SSP3 test was an experiment to simulate an accident in which the
PAR operated as hydrogen was released after the spray was activated, and the SSP4 test
was an experiment to simulate an accident in which the spray began after the operation of
the PAR was initiated by a hydrogen release.

A requirement for the installation of spray nozzles on a containment ceiling is to cover
the whole area of the containment. Due to the large wetted area, the possibility that the
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droplet would flow into the top exit of the PAR was very high. In the SSP experiment, the
angle of the water spray nozzle and the arrangement of the PAR were designed so that part
of the water droplets could flow into the PAR through the PAR exit.

Figure 8 shows a schematic diagram of the SSP3 spray test. The SSP3 test proceeded
in the order of steam injection, spray start, stop of steam injection and spray, and initiation
of hydrogen injection. The main phenomenon of the SSP3 test was related to the start-
up characteristics of the hydrogen recombination of the PAR after exposure to a spray-
droplet field.

Spray start Spray stop
m atp=1.38bar after 500s p
20 g/s Steam Injection J, E
E P Pressure . — "
| P - 1.38 bar
P B e e R
- ' I
0.5 g/s - -~ H . Hydogen Injection
: e o 1
*EAAT" I+ .
o 500s . 2000s time

Figure 8. Schematic of the SSP3 test procedure.

In high-pressure accidents such as a station blackout accident (SBO), since a large
amount of reactor coolant can be discharged to a water storage tank through a pressure-
relief valve, the pressure in the containment building hardly rises. When a depressurization
system is activated, steam and hydrogen are released into the containment. Thereafter,
the pressure inside the containment rises, and the spray can be operated. In such a
high-pressure accident, there is a possibility that the PAR will be activated before the
spray activation due to the release of hydrogen. SSP4 was an experiment to evaluate the
hydrogen-recombination characteristics of a PAR when spraying was operated in a state in
which the PAR was operating according to released hydrogen. Figure 9 shows a schematic
diagram of the SSP4 test. The SSP4 test proceeded in the order of steam injection, hydrogen
injection, and spray start. In this test, it was expected that the spray would be operated
when the PAR was actively recombining the released hydrogen. The main purpose of the
SSP4 test was to evaluate the effect of spray activation on an operating PAR.

Steam injection stop Spray start Spray stop P

m at p=1.38 bar after 500s
20g/s Steam Injection j, l l
o _____; . _.—""|1.38bar
Pressure —~ "7 | P~

.~ P e z

0.5 g/s S - ) Hydogen Injection
—~ § i :

0 ) 25005 time

Figure 9. Schematic of the SSP4 test procedure.

4.2. SSP3 Test

Figure 10 shows the pressure change in the pressure vessel during the SSP3 test. The
pressure rose due to the injection of steam, and the pressure decreased as the spray operated.
Steam was injected from the start of the test to 1920 s, and the spray was operated from
1290 s to 1790 s.
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Figure 10. Time variation in the vessel pressure during the SSP3 test.

The steam injection and the spray were stopped, and the hydrogen injection was
started shortly thereafter. The hydrogen injection proceeded for 1600 s, from 1890 s to
3490 s. It can be seen in Figure 10 that the pressure gradually increased during this period.
The pressure seemed to rise rapidly starting at about 4000 s, and we supposed that the
operation of the PAR began from this point. In the SSP3 test, the spray was operated for
500 s at a flow rate of 1 kg/s. The spray water was preheated to a temperature of 50 °C in a
water tank and then sprayed using a pump.

In general, during spraying, the droplets and the atmosphere rapidly reached thermal
equilibrium, and the atmosphere remained saturated. Figure 11 shows the relative humidity
of the gas in the SSP3 test. It can be seen that the gas became saturated as the spray began.
After that, when the PAR began to operate, the temperature of the gas rose, and the relative
humidity decreased.

Spray  H2 injection

100 e \ﬂ
T 1T 1 — HMHol
80 “e — HMHO02
| |— HMHO3 /
*|— HMHo4
60 | e, |— HMHO5
< e, |— HMHO6 J
= o |— HMHO7 1
z P ®s %1 ymHos Y
40 i v
i ®i |~ HMHO9 /
e o |— HMH10
i o o/ HMHLL
20 1 o R STV P D)
° | — HMH13
— HMH14
0 I HE N -t = ! } '
0 2000 4000 6000 8000
Time [s]

Figure 11. Time variations in the relative humidity measured during the SSP3 test.

Figure 12 shows the progression in time of the gas-temperature distribution on the
vertical line at the center of the pressure vessel in the SSP3 test. At the beginning of the
experiment, while water vapor was injected, the temperature rose due to mixing with air.
For about 2000 s after the spray stopped, the gas-temperature distribution was uniform
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and almost constant. After that, the temperature rose again with a distribution, indicating
that the PAR was operating.

100

95 1
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70 4

65
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8000

9000

Figure 12. Time variations in the gas temperatures measured during the SSP3 test.

Figure 13 shows the hydrogen-injection flow rate and time-integrated mass of injected
hydrogen in the SSP3 test. The hydrogen injection was carried out for 1600 s (1890 s~3490 s)
at a mass flow rate of 0.2 g/s, and a total of 318 g of hydrogen was injected.

0.40

0.35 1

Mass flow [g/s]
© o o o
[ N N w
w o w (=]
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0.05 |

0.00 -

300
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4000 6000 8000
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Figure 13. Injection rate and integrated mass of hydrogen during SSP3 test.

The distribution of hydrogen concentration along the vertical line at the center of
the pressure vessel is depicted in Figure 14, which shows a rather high concentration of
hydrogen just above the hydrogen-injection nozzle (H2) while hydrogen was being injected.
At the H1 point below the nozzle, the concentration was very low compared to that in other
places. The decrease in hydrogen concentrations after 4000 s was mainly due to hydrogen
recombination by the PAR.
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Figure 14. Time variations in the hydrogen concentrations during the SSP3 test.

Figure 15 shows the gas velocity obtained from the vane wheel anemometer installed
at the PAR inlet. From the figure, it can be inferred that flow in the PAR chamber was
developed twice. The first flow development was due to the spray operation, because its
period coincided with the period of the spray operation. From 3890 s, the second flow
was observed at the PAR inlet, where hydrogen recombination by the PAR was thought to
be initiated.
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Figure 15. Time variation in the gas velocity measured at the PAR inlet during the SSP3 test.

There are some indications to predict the operation of a PAR. These are the develop-
ment of a PAR inlet velocity, as shown in Figure 15; a very low hydrogen concentration at
the PAR outlet (below 1 %); and a very high temperature of the PAR catalyst. Figure 16
shows the changes in hydrogen concentration at the PAR inlet and outlet. Between 2000
and 3500 s, the hydrogen concentration was higher at the outlet than at the PAR inlet, and
the inlet and outlet concentrations were reversed at about 3500 s, leading to a steep decrease
in the outlet concentration at 3890 s. That is, the period between 2000 s and 3890 s can be
viewed as a start-up delay time of the PAR.
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Figure 16. Time variations in the hydrogen concentrations at the PAR inlet and outlet during the
SSP3 test. H13: PAR inlet; H14: PAR outlet.

In Figure 17, the bottom and top temperatures of the PAR catalyst and the exhaust
gas temperature during the SSP3 test were compared. In the case of SSP3, the exhaust
gas temperature rises earlier than the catalyst body during the start-up period of the PAR
operation. This seems to be related to wetting by water droplets on the surface of the
catalyst body.
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Figure 17. Variations in the catalyst and exhaust gas temperatures during the SSP3 test.

Figure 18 shows a comparison of the values obtained using Method-1 and method-2
for the hydrogen-removal rate of the SSP3 test with the correlation equation of the KPAR-40
PAR. In the case of SSP3, when a PAR inlet-velocity correction factor of 0.8 was used, the
hydrogen-removal rates of Method-1 and Method-2 were well matched.
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Figure 19 shows a comparison of the hydrogen-injection timing and the PAR-operation
timing in the SSP3 test. In a typical PAR experiment, the operation of the PAR begins when
hydrogen is injected, because some hydrogen easily flows into the PAR inlet. However, in
the SSP3 test, at 400 s after the end of the hydrogen injection, hydrogenation recombination
by the PAR began. This amounted to 2000 s (33 min) after the start of hydrogen injection.
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Figure 19. Changes in hydrogen injection and recombination over time.

4.3. SSP4 Test

In the SSP4 test, the spray operated while the hydrogen injection continued. Figure 20
shows the pressure change in the test vessel during the SSP4 test. In the SSP4 test, the steam
injection was stopped and the hydrogen injection was started after a rest period of 100 s.
The hydrogen injection ran for 2500 s, from 1727 s to 4226 s. It can be seen that the pressure
rose due to the injection of steam, the operation of the PAR began at around 2500 s, and the
pressure rose again; however, it also can be seen that the pressure decreased sharply when
the spray started at 2732 s. After the spray was stopped, the pressure rose again due to the
operation of the PAR.
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Figure 20. Time variation of the vessel pressure during the SSP4 test.

Figure 21 shows progression in time of the gas-temperature distribution on the vertical
line at the center of the pressure vessel in the SSP4 test. Similar to the pressure behavior,
when the operation of the PAR began at around 2500 s, the temperature of the gas rose, and
the temperature decreased during the spray operation for 500 s starting at 2732 s, then the
temperature rose again due to the continuous operation of the PAR as the spray stopped.
In particular, it seemed that the temperature of the gas dropped rapidly because there was
no injection of steam during the spraying-operation period in the SSP4 test.
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Figure 21. Time variations of the gas temperatures measured during the SSP4 test.

Figure 22 shows the hydrogen-injection flow rate and time-integrated mass of the
injected hydrogen in the SSP4 test. The hydrogen injection was carried out for about 2500 s
(1727 s~4226 s) at a mass flow rate of 0.2 g/s, and a total of 496 g of hydrogen was injected.
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Figure 22. Injection rate and integrated mass of hydrogen during the SSP4 test.

Figure 23 shows the distribution of hydrogen concentrations on the vertical line at the
center of the pressure vessel. It shows a large concentration gradient during the hydrogen
injection (1727 s~4226 s). Hydrogen was well mixed by the spray droplets for 500 s, starting
at 2732 s when the spray operation was activated, so that the hydrogen concentration
was distributed almost uniformly. However, as the spray was stopped, the concentration
gradient of hydrogen increased again.
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Figure 23. Time variations in the hydrogen concentrations during the SSP4 test.

Figure 24 shows the gas velocities obtained from a vane wheel anemometer installed
at the PAR inlet. At 565 s after the start of the hydrogen injection, the gas inflow began
at the PAR inlet, and as the spray started, the gas velocity entering the PAR inlet rapidly
increased and then decreased. This appeared to be influenced by the gas flow induced by
the spray droplets. The PAR inflow rate appeared to be stabilized before the end of the

spray. That is, it was thought that the spray did not seriously affect the flow induced by
the PAR.
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Figure 24. Time variation of the gas velocity measured at the PAR inlet during the SSP4 test.

Figure 25 shows the changes in hydrogen concentration at the PAR inlet and outlet.
After 200 s of hydrogen injection, hydrogen at a concentration of about 0.1% was detected
at the PAR inlet, and 327 s after this point, the hydrogen concentration at the PAR outlet
dropped quickly, and an inlet flow was formed (Figure 24). In the SSP4 test, the period
of 327 s was regarded as the start-up delay time of the PAR. This was 1/6 of the 1890 s
found in the SSP3 test. It also can be seen in the figure that the hydrogen concentration
at the PAR outlet increased up to 0.5 % during the spray operation. This meant that the
spray droplets on the catalytic surface hindered the complete depletion of the hydrogen.
However, the effect was thought to be limited because the exit hydrogen concentration
began to be quickly reduced before the end of the spray operation.
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Figure 25. Time variations in the hydrogen concentrations at the PAR inlet and outlet during the
SSP4 test. H13: PAR inlet; H14: PAR outlet.

In Figure 26, the bottom and top temperatures of the PAR catalyst and the exhaust gas
temperature of the SSP4 test are compared. Unlike the SSP3 test, the bottom temperature
of the catalyst body rose first, and the exhaust gas temperature rose simultaneously with
the top temperature of the catalyst body. The temperatures were slightly lowered due
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to the start of the spray operation, but they continued to rise during the spray operation.
Therefore, we confirmed that after the hydrogen recombination of the PAR began, even
if the water droplets fell onto the catalyst, a serious quenching of the catalyst body did
not occur.
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Figure 26. Variations in the catalyst and exhaust gas temperatures during the SSP4 test.

Figure 27 compares the values obtained using Method-1 and Method-2 for the hydrogen-
removal rate in the SSP4 test using the KPAR-40 correlation equation. In the case of the
SSP4 test, as in SSP3, we used 0.8 as the PAR inlet-velocity correction factor. Until 4500 s,
the hydrogen removal rate using Method-2 showed a very irregular behavior, but after
that, it showed a value very similar to that of the correlation equation. The reason that the
hydrogen-removal rate obtained using Method-1 was lowered at around 3000 s seemed
to originate from the fluctuation in the inlet velocity created by the start of the spray
operation. After passing through this transient state, the inflow of PAR was restored, and
the hydrogen-removal rate was also restored.
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Figure 27. Comparison of the hydrogen recombination rates during the SSP4 test.

Figure 28 compares the hydrogen-injection timing and the PAR-operation timing in the
SSP4 test. The hydrogen-removal rate depicted in the figure was obtained using Method-
1, and it was confirmed that the PAR was operated a few minutes after the hydrogen
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injection began, which was similar to a typical start-up delay. The figure also shows that
the hydrogen-recombination rate of the PAR was decreased by the initiation of the spray,
but recovered rapidly despite the continuous operation of the spray.
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Figure 28. Changes in hydrogen injection and recombination during the SSP4 test.

5. Conclusions

A spray system is installed in a containment building of a pressurized-water reactor
to ensure the integrity of the containment building by maintaining a containment pressure
lower than the design pressure in accident conditions. However, during the operation
of this pressure-control system, the effectiveness of the hydrogen-control system and the
safety of hydrogen in the containment building must be ensured.

In this study, the hydrogen-removal characteristics of a grid-type PAR were experi-
mentally evaluated when the pressure-control system using a spray was operated, and the
conclusions were as follows.

In the case when the spray was operated before the hydrogen release, the PAR start-up
was significantly delayed by the spray droplets entering the PAR chamber. It is thought
that spray water on the surface of a catalyst body hinders the temperature rise of the
catalyst body, which is a major parameter of catalytic-surface reactions. On the contrary,
the hydrogen-removal rate of the PAR was hardly affected even though the spray droplets
entered the PAR chamber in the case where the spray was activated after the PAR opera-
tion began.

Regarding accident management for a nuclear power plant in operation, the spray
system may be activated before the release of hydrogen in the containment building, and
in this case, wetting of the PAR catalysts by the spray droplets may occur. Since wetting of
the PAR catalysts can increase the delay time of the start-up of the PARs, it is necessary to
review the effects of the PAR start-up delay using a spray operation in the containment for
hydrogen safety.
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Nomenclature

Area (m?)

Mass (kg)

Mass flow (kg/s)

Number of mole (kmole)

Pressure (Pa)

Universal gas constant (J/kmol-K)

»®T 2338 >

Hydrogen recombination rate (kg/s)
RH  Relative humidity (—)
Temperature (K)

Velocity (m/s)

Molecular weight (kg/kmole)
Mole fraction of a gas species (—)
Mass fraction of a gas species (—)
Density (kg/m?)

Subscripts

h2o0  Water vapor (Steam)

h2 Hydrogen

° <X zscH

02 Oxygen
in Inlet
out Outlet
m Mixture
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