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Abstract: A series of experiments were performed in the SPARC (spray-aerosol-recombiner-combustion)
test facility to simulate a hydrogen mitigation system with the actuation of a PAR (passive auto-catalytic
re-combiner) and spray system. In this study, the SPARC-SPRAY-PAR (SSP1) experiment is chosen
to benchmark the MELCOR (a lumped-parameter code for severe accident analysis) predictions
against test data. For this purpose, firstly we prepared the base input model of the SPARC test
vessel, and tested it by a simple verification problem with well-defined boundary conditions.
The implementation of a currently used PAR correlation in MELCOR is shown to be appropriate
for the simulation of a PAR actuation experiment. In an SSP1 experiment, the PAR is reacting with
hydrogen, and the spray actuation starts as soon as hydrogen injection is complete. The MELCOR
simulation well predicts the pressure behavior and the gas flow affected by operating both a PAR
and spray system. However, the local hydrogen concentration measurement near the inlet nozzle
is much higher than the volume average-value by MELCOR, since high jet flow from the nozzle
is dispersed in the corresponding cell volume. The experimental reproduction of the phenomena
we expect, or, conversely, the identification of phenomena we do not understand, will continue to
support the verification of analytical models using experimental data and to analyze the impact of
spray on PAR operations in severe accident conditions.

Keywords: severe accident; containment; hydrogen behavior; spray; PAR; SPARC test facility;
MELCOR code

1. Introduction

In order to remove a hazard of hydrogen explosion in a nuclear power plant (NPP) containment
during a severe accident, it is necessary to have a hydrogen mitigation system (HMS) installed in the
containment [1]. Among hydrogen mitigation devices, passive auto-catalytic re-combiners (PAR) [2]
are commonly used in nuclear reactor containments because of their passive hydrogen depletion
characteristic. Addition to PARs, the spray system can be utilized to manage the hydrogen safety and
prevention of over-pressurization of the containment. The spray operation in containment building
may affect the behavior of hydrogen removed by PAR at the same time as the inherent goal of hydrogen
removal and pressure control in the containment building [3].

The Korea Atomic Energy Research Institute (KAERI) has built a large-sized test facility,
called SPARC (spray-aerosol-recombiner-combustion) [4] for an experimental simulation of HMS in the
containment building. A series of experiments were performed in the SPARC test facility to simulate a
PAR actuation [5] in the release of hydrogen under the steam-air mixing condition and the operation of
spray system with PARs for evaluation of the effect of spray to hydrogen removal characteristics of
a PAR [4].

Energies 2020, 13, 5696; doi:10.3390/en13215696 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-7378-2080
http://dx.doi.org/10.3390/en13215696
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/21/5696?type=check_update&version=2


Energies 2020, 13, 5696 2 of 21

In parallel to the experimental study, an analytical study for numerical simulations of the SPARC
experiments with a PAR and spray system are performed in the present study. For this purpose, we are
using a lumped-parameter (LP) analysis code, MELCOR [6,7].

In the preliminary work [8], as part of our efforts to establish a confident analysis environment,
we prepared the input models of MELCOR for PAR and spray experiments which have been conducted
in the SPARC test facility. For this purpose, modelling of the control volumes and flow paths for
SPARC test vessel was automated by an Excel sheet to avoid user mistakes and to save time for simple
recurring tasks. The base input of MELCOR was also tested by a simple verification problem with
well-defined boundary conditions.

The MELCOR ESF Package models [6] the phenomena for the various engineered safety features
(ESFs) in a nuclear power plant. The PAR package constitutes a sub-package within the ESF package,
and calculates the removal of hydrogen from the atmosphere due to the operation of passive hydrogen
reaction devises. The MELCOR code adopts the basic Fischer NIS equation form [9] as a default model
and its PAR package can handle total gas volumetric flow rate and the efficiency of the PAR unit.

In the present work, five PAR correlations from each different manufacturer were identified and
the parameters in each PAR correlations were captured by various control functions of the MELCOR
code. Finally, a simple verification test for PAR actuation in the single volume of the MELCOR was
performed. The hydrogen removal results of MELCOR code with these five PAR correlations were
compared with each other.

The containment spray system is an important means of preventing overpressure through
depressurization of the containment atmosphere, and is used to manage both design basis accidents
and severe accidents [10].

The spray system controls the pressure by reducing the temperature and inducing condensation of
water vapors through heat transfer with the atmosphere in the containment building [11]. At this time,
the concentration of hydrogen may increase relatively as the concentration of water vapor decreases
due to condensation. Conversely, the behavior of the spray droplet is caused by the friction at the
liquid interface, which results in the exchange of momentum between the droplet and surrounding
atmosphere, thereby increasing the stratified mixture of hydrogen. Therefore, the spray operation in
the containment building has a significant impact on the distribution and behavior of hydrogen, so it is
important to evaluate the spray operation in terms of hydrogen control in severe accidents.

Experimental and analytical studies have been conducted or in progress on the effects of spray on
condensation of water vapor, hydrogen mixing, hydrogen combustion, etc. [12–18]. The purpose of the
spray test is to investigate the thermal hydraulic behavior of the containment atmosphere with spray
operation, especially the behavior of hydrogen and fission product aerosols in the event of severe
accidents. The safety issues of spray experiments related to the behavior of hydrogen are various,
including the mixing characteristics of hydrogen by the spray liquid, the distribution of hydrogen by
the condensation of water vapor, and the propagation characteristics of hydrogen flame by the spray.

The SPARC spray experiments [4,10] were performed to simulate two main phenomena.
The SPARC-SPRAY (SS) experiment is to assess the effect of spray on the distribution of hydrogen
with spray actuation while hydrogen is released, and the SPARC-SPRAY-PAR (SSP) experiment is to
investigate the effect of spray on the operation of PARs.

In the SPARC spray experiment, the size of the spray droplet (300 µm in diameter) and average
nozzle flow rate (1 kg/s) are chosen as the equivalent factors for actual plant (APR1400 [16]). However,
the free volume of SPARC is not so enough to maintain the spray injection angle of 60◦ for APR1400.
Instead, the spray injection angle of 30◦ is selected to prevent spray fluid from falling onto the upper
outlet surface of the PAR installed in the SPARC test vessel. Thus, it may simulate only a well-defined
condition for specified issue phenomenon. However, SPARC spray experiments can contribute to
providing experimental data for understanding the hydrogen issue phenomena and the verification of
analytical models associated with the operation of pressure control devices in the containment building.
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The SPARC-SPRAY-PAR (SSP1) experiment is simulated by MELCOR 1.8.6 in the present study.
The MELCOR Containment Sprays (SPR) package [7], which calculates the thermal-hydraulic behavior
associated with spray systems, models the mass and heat transfer rates between spray droplets and
control volumes. With the MELCOR analysis of a spray experiment, the containment analysis code can
be assessed to remove the uncertainties of the code models regarding spray actuation phenomena in
the containment.

2. Facility and Test Description

2.1. SPARC Test Facility

2.1.1. Test Vessel

SPARC (spray-aerosol-recombiner-combiner-combination), a scaled-down test facility of a
simulated containment building, has a pressure vessel capable of controlling the temperature of
82 m3 volume. Figure 1 shows the configuration of the SPARC test facility and its geometric size.
The pressure vessel is 3.4 m in diameter and 9.76 m in height. Table 1 lists the design specifications of
the test vessel.

Figure 1. Configuration of the SPARC test facility: (a) Overall view of test apparatus; (b) Geometric
dimension of the SARC test vessel.

Table 1. Design specifications of the test vessel.

Design Parameter Value, Specification

Pressure 15 bar (at 180 ◦C)
Height 9.76 m

Diameter 3.4 m
Free volume 82 m3

Wall heating Oil heating (partly electrical heating)
No. of measurements 14 (H2), 4 (O2), 4 (H2O), 112 (wall temperature)

The temperature of the SPARC pressure vessel is basically controlled by an oil jacket installed on
the outer wall of the pressure vessel, an oil heater, and an oil pump. There are several view ports for
experimental measurement and visualization of the pressure vessel, which prevents the outer wall of
the pressure vessel from being completely covered with an oil jacket. Therefore, additional electric
heaters are installed for some parts of outer walls without an oil jacket.
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2.1.2. Steam Supply System

The amount of steam supplied to the SPARC experimental vessel was estimated based on the
vertical jets of steam in the helium-air stratification and mixing experiments. The Reynolds number of
20,000 is assumed from the steam injection conditions of the conventional large scale hydrogen test
facility, which requires an internal diameter of 100 mm of steam jet nozzles and a steam flow rate of
68 kg/h with velocity of 4.04 m/s.

To prevent condensation in the steam injection pipe, heating tape is attached to the outer wall of
the pipe so that the temperature can be kept above 100 ◦C.

A mass flow meter and motor-driven valve are installed to control the steam flow rate. The mass
flow control is performed by the DAS program.

2.1.3. Non Condensable Gas Supply System

Non condensable gases used in the SPARC experiment are air and hydrogen gases.

• Air

Compressed air of 6–7 bar is supplied to the test building where the pressure vessel is installed.
The compressed air was connected to the inlet nozzle of the vessel through a 3/4 inch stainless steel
pipe. In addition, the air compressor and receiver tank are installed to provide a stable air supply.
The air supply piping is equipped with a vortex flowmeter to measure the flow rate. The time required
to fill the pressure vessel (82 m3) up to 5 bar is calculated to be approximately 3 h

• Hydrogen

Since hydrogen is a combustible gas, it is built so that it can be stored and supplied independently
of other gases (air). Piping for hydrogen supply is connected by welding with minimal fitting to prevent
possible gas leakage at the connecting part. VCR (Vacuum Coupling Radiation) fitting is used for parts
that need to be replaced, such as flowmeter installed in piping. The hydrogen pressure is adjusted by a
regulator at the hydrogen Bombay reservoir installed outside the test building. Flame Arrestor and a
flow meter (VAF-M3, Swagelok), and explosion proof solenoid valves were installed inside the test
building. The flow meter measures 0–100 L/min.

2.2. Measurements

2.2.1. Temperature

In the SPARC experiment, wall temperature control and gas temperature measurement are very
important factors. The thermocouples are installed at various locations on the wall of the experimental
vessel to measure the temperature distribution of the wall and evaluate the heat loss outside the wall.
It used a thermocouple (CO3-K, OMEGA, K-type, internal diameter of 0.25 mm bead, 300 ms) that
is easy to attach to the curved walls of the vessel with an epoxy of high thermal conductivity and
operating temperature (OB-200-2, OMEGA, 1.38 W/m-K, operating temperature 260 ◦C).

The thermocouple installed on the inner wall of the vessel is connected to the data acquisition
system outside the vessel through feed-through (PFTFS-8K, OMEGA, leakage rate of 1 × 10−7 cc air/s
at maximum pressure of 138 bar, and connection line diameter of 0.812 mm).

For gas temperature measurements to be compared with MELCOR simulation, in this study,
the thermocouples are located at the same points for the hydrogen concentration measurement as
shown in Figure 2.
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Figure 2. Arrangement of gas temperature, hydrogen, and humidity sensors for SPARC spray test [10].

2.2.2. Gas Concentration

The distribution of hydrogen concentrations inside the test vessel can be selected from various
methods. The SPARC and THAI [15] test apparatus use a thermal conductivity sensor, while the PANDA,
MISTRA, and CIGMA test apparatus [12] measure the concentration of hydrogen by sampling gas at a
specific location inside the vessel using a mass spectrometer. There are 14 hydrogen concentration
sensors as shown in Figure 2.

2.2.3. Humidity

Since steam is a condensed gas, a probe-type humidity meter is installed so that humidity can be
measured directly inside the SPARC test vessel rather than by sampling method.

There are 6 relative humidity sensors installed in the SPARC test facility. The detail specifications
of the sensors are described in the reference [4]. The locations of the sensors can be changed for
difference test cases. The arrangement of the concentration measurement sensors for the SPARC spray
test are shown in Figure 2.

2.3. PAR

In the SPARC-PAR experiment, two small size model of PARs, KPAR-40 from Korea Nuclear
Technology, Inc. (KNT) [19], are installed at an elevation of 6 m from the bottom of the SPARC vessel.
Figure 3 shows the configuration of the KPAR-40 installed in the SPARC test facility.

The KNT PAR [20] has a structure of box made of a stainless steel, and the catalysts are installed at
the bottom of the box. Air is taken in from the entrance at the bottom of the PAR. The upper part of box
is open in three directions for exit flow and the heat generated in the lower part by the catalytic reaction
can drive a natural circulation flow due to the chimney effects. The cross sectional area at the PAR
exit is larger than that of catalysts. The catalyst of KNT PAR is the honeycomb type, and the support
structure is made of a Cordierite (2MgO·2Al2O3·5SiO2) ceramic material. It is coated with Aluminium
oxide (Al2O3) sol and chloroplatinic acid (H2PtCl6·nH2O). The dimensions of the honeycomb type
catalyst support are 15 × 15 cm with the height of 5 cm.
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Figure 3. PARs installed in the SPARC test vessel (for the PAR experiment: SP1).

2.4. Spray System

The spray of SPARC test facility is designed in accordance with the specifications of the spray
system installed in APR1400 [16,21]. The spray nozzle of APR1400 is the hollow cone type, with an
average flow rate of 1 kg/s per nozzle and a volume-average droplet size is approximately 300 µm in
diameter. In the APR1400 containment building, about 300 main spray nozzles per train are installed
and the height of the dome to the work deck is more than 40 m. Therefore, the spray droplets from the
hallow cone type nozzles are impinging on the bottom surface with an almost a packed circle, which is
simulated by a full cone type spray nozzle in the SPARC spray tests. The spray injection angle of 30◦ is
selected to prevent spray fluid from falling onto the upper outlet surface of the PAR installed in the
SPARC test vessel.

To evaluate the performance of the spray nozzle with the current design, droplet size distribution,
droplet ejection angle, and impinging area on the bottom surface, performance tests with specified
operation conditions are performed. Figure 4 shows the droplet size distribution measured in the
performance tests, where we can confirm that a volume-average droplet size is approximately 300 µm
in diameter.

Figure 4. Size distribution of spray droplets from performance tests [4].
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3. MELCOR Input Model

3.1. Preparation of Base Input Model

MELCOR 1.8.6 was used for the analysis of SPARC tests. The geometry of test facility was
modeled with 82 control volumes (CVs). Figure 5 shows the conceptual diagram for structure of CVs
in this work.

Figure 5. MELCOR nodalization scheme for base input of SPARC test vessel.

Since most of measurement devices within test vessel are arranged with 8 circumferential segments,
we divided 8 circumferential segments with one core volume in the center for each axial position.
The test vessel was divided into 9 levels by elevation, which can be adjusted for cases of the simulations.
The change of nodalization can be efficiently performed by an automation process using Excel sheet.

In the SPARC-PAR experiment, two small size model PARs of KNT are installed at an elevation
of 6 m from the bottom of the SPARC vessel, so two PARs will be located at the CV703 and CV707,
respectively. These two control volumes can be subdivided according to the detailed configuration of
the PARs in the sensitivity studies.

The open boundaries of each CV were modeled with 219 flow paths to the adjacent CVs along
radial, circumferential, and axial (vertical) directions.

3.2. Verification Test for Base Input

To verify the suitability of the current MELCOR input, a test calculation with well-defined
steady-state conditions is performed. The minimum and the maximum time step used are 0.001 s and
0.3 s, respectively. Non-equilibrium option was used for the control volumes. A PAR package model
of MELCOR is not used in this test calculation.

As a test condition, hydrogen is released for 4000 s at a rate of 0.296 g/s through a CV100. From a
conventional test conditions of SPARC-PAR experiment, atmospheric air with temperature of 80 ◦C is
initially filled in the test vessel. After stopping a cold hydrogen (30 ◦C) injection, it is expected that the
stratification of hydrogen in the test vessel and thermal hydraulic properties of hydrogen gas will be in
the steady-state.
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Figure 6a shows the distribution of hydrogen mass concentration along the elevation. As we
expected the hydrogen is vertically stratified above more heavy gas of air. It is also shown that this
distribution of mass concentrations becomes stabilized after 4000 s when injection stops.

Figure 6. Verification test results by base MELCOR input: (a) H2 mass concentration; (b) Gas pressure;
(c) Gas temperature.
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Since the venting system from the test vessel is closed during the simulation, the gas pressure in
the test vessel is increased as the gas is injected. Figure 6b shows the pressure increase during hydrogen
injection and approach to the steady-state condition after injection stops. The gas temperature was
also predicted as shown in Figure 6c. The compression of the gas in the closed volume results in an
increase of the temperature following the ideal gas law.

3.3. Implementation of PAR Correlations

Present commercially available PARs which provide the different hydrogen depletion correlations
are implemented to an input of the MELCOR PAR package. The domestic and foreign vendors of PAR
are as follows:

• Korean vendors: a KNT PAR [19,20] with honeycomb shape and a CERACOM PAR [22]
• Other vendors [23,24]: a box-type PAR of AREVA (France) [25] and Atomic Energy Canady

Limited (AECL, Canada) [26], and a porous bed type PAR of NIS Company (Germany)

In the present work 5 PAR correlations for each manufacturer are identified and the parameters in
each PAR correlations could be captured by various control functions of the MELCOR code. Finally,
a simple verification test for PAR actuation in the single volume of the MELCORE is performed.
The hydrogen removal results of MELCOR code with these 5 PAR correlations are compared with
each other.

3.3.1. KNT PAR

KNT PAR adopts the shape of a honeycomb to create a greater catalyst surface area and an
enhancement of the buoyancy-induced convective flow. The generic form of the hydrogen depletion
rate, R (kg/s) by a KNT PAR is as follows:

R = 0.66× n×
(
a1 + a2 + xh2 + a3 × x2

h2

)
×

(P
T

)
× 10−3

[
kg
s

]
, (1)

where:

n: multification factor for the size of PAR in Table 2
Values of constant parameters:
a1 = 2.9193, a2 = 9.0852, a3 = 2.3392
xh2: hydrogen concentration (vol. %)
p: pressure (bar)
T: temperature (K)

Table 2. Multification factor for different size of KNT PAR.

KNT Model n Value

KPAR-40 1
KPAR-80 2

KPAR-160 4

3.3.2. CERACOM PAR

The generic form of the correlation for CERACOM PAR is as follows:

R = k× x1.1
h2 × P1.2

(273
T

)1.5
× 10−3

[
kg
s

]
, (2)

where:
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k: multification factor for the size of PAR in Table 3
xh2: hydrogen concentration (vol. %)
p: pressure (bar)

Table 3. Multification factor for different size of CERACOM PAR.

CERACOM Model k Value

NP400 (small) 0.05
NP800 (medium) 0.106

NP1600 (large) 0.255

3.3.3. AECL PAR

The generic form of the correlation for AECL PAR is as follows:

R = 0.2778× 10−3
×

(
0.15196× xh2 + 0.0126× x2

h2

)
×

(298
T

)1.10974
× P0.57769

[
kg
s

]
, (3)

where:

xh2: hydrogen concentration (vol. %)
p: pressure (bar)
T: temperature (K)

3.3.4. AREVA PAR

The generic form of the correlation for AREVA PAR is as follows:

R = n xmin(A × P + B)tan h
(
100 xmin,lim

)
× 10−3

[
kg
s

]
, (4)

where

n =

{
1, xh2 ≤ xO2

0.6, xh2 > xO2

xh2: hydrogen concentration (–)
xo2: oxygen concentration (–)
xmin: min (xh2, 2.0× xo2, 0.08) xmin,lim: max (xmin − 0.005, 0.0)
p: pressure (bar)
A, B: constant parameters for PAR models in Table 4

Table 4. Values of constant parameters for AREVA PAR.

AREVA Model A B

FR1-380T 3.1 3.7
FR1-750T 6.1 7.4
FR1-1500T 13.7 16.7

3.3.5. NIS PAR

The generic form of the correlation for NIS PAR [8] is as follows:

R = 0.85 ρh2 × 0.67x0.307
h2 = 1.134× x1.307

h2
p

RuT

[
kg
s

]
, (5)

where:



Energies 2020, 13, 5696 11 of 21

ρh2: hydrogen density (kg/m3)
xh2: hydrogen volume concentration (–)
p: pressure (kg/m2-s2)
Ru: universal gas constant = 8314 (J/kmol-K)

3.4. Verification Tests for Implementation of PAR Correlations

The MELCOR code adopts the basic Fischer NIS equation form [9] as a default model and its PAR
package can handle total gas volumetric flow rate (m3/s) and the efficiency of the PAR unit. Therefore,
the final output of control function should be the PAR correlation values divided by the hydrogen
density (kg/m3) in the specified volume occupied by the PAR devices.

The single volume is defined and a constant flow rate of H2, 0.262 g/s is maintained for 1000 s.
Two PARs are assigned to the single volume for each simulation.

The pressure and temperature of injection flow is 1 bar and 30 ◦C, respectively.
For the type of the PARs, the small size is selected as: KNT (KPAR-40), CERACOM (NP400),

and AREVA (FR1-380T).
Figure 7 shows the amount of the hydrogen in the volume of MELCOR when different PAR

models are applied to the code. As we assumed the flow boundary condition, the cumulative mass of
hydrogen for 1000 s is 0.26 kg. Since the hydrogen injection flow rate is higher than the depletion rate
by PARs, it shows the peak value of the hydrogen inventory when the injection flow ends at 1000 s.
NIS PAR has the highest performance for hydrogen depletion and the second performance by AREVA
PAR. The other three PARs, namely KNT, AECL, and CERACOM, show similar performance.

Figure 7. Comparison of the PAR performances (hydrogen inventory) by different
manufacturer’s correlations.

From verification test of the implementation of PAR correlations, it is shown that each PAR
correlations are well implemented to the MELCOR and the characteristics of each PARs can be
compared with each other. The removal of hydrogen by the KNT PAR correlation is implemented the
MELCOR input to simulate the SSP1 experiment in the following section.

4. MELCOR Analysis of a SPARC-SPRAY-PAR Experiment

4.1. SPARC-SPRAY-PAR Experiments

The SPARC spray experiments were performed to simulate two main phenomena.
The SPARC-SPRAY (SS) experiment is to assess the effect of spray on the distribution of hydrogen
with spray actuation while hydrogen is released, and the SPARC-SPRAY-PAR (SSP) experiment is to
investigate the effect of spray on the operation of PAR.
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In the SS experiment with the spray actuation under water vapor conditions, the distribution
and behavior of helium were investigated by injecting water vapor and helium (hydrogen substitute
gas) into the test vessel. Although the spray can increase the concentration of helium by inducing
condensation of water vapor, it was observed that the distribution of helium becomes almost uniform
by mixing of helium due to strong turbulence flow induced by the behavior of the spray liquid.

The SSP experiment is supposed to investigate how spray affects the operation of PARs.
Various factors can affect the influence of the spray and PAR. Among a series of SSP experiments,
the SSP1 and SSP2 experiments are distinguished by the actuation time of the spray.

The experiments are carried out step by step as shown in Figure 8. In phase 0 (initial step), the
air temperature in the test vessel is raised up to 120 ◦C under atmospheric pressure condition and
in phase 1 the water vapor is injected into the test vessel to build up the inner pressure to about 2.0
bar. In phase 2, the spray is activated at the same time (SSP2) or after (SSP1) hydrogen is injected into
the vessel.

Figure 8. SPARC-SPRAY-PAR (SSP1) experiment: (a) Configuration of flows inside vessel; (b) Test
conditions step by step.

4.2. MELCOR Modeling of SSP1 Test

In the MELCOR spray simulation, the droplets heated up and cooled down by MELCOR spray
system model are circulated by forced convection flow. Therefore, heat and mass transfer rates are
calculated by forced convective heat transfer coefficient. The final droplet mass and temperature are
calculated numerically using the Runge–Kutta method by integrating heat and mass transfer rates
over the fall height of the spray droplet. Total heat and mass transfer rates are obtained by multiplying
the rates for one droplet by the total number of droplets with the same size and summing over all
droplet sizes. The droplet size is calculated by its temperature and height on each occasion as shown
in Equations (6)–(8). Also, these droplets are assumed to be spherical and isothermal.

dm
dt

= −2πρgD
(
1 + 0.25 Re

1
2 SC

1
3

)
Dc ln(1 + B) (6)

dT
dt

=
1

mCpl

 Cpv(T − Tcv)

(1 + B)1/Le
− 1

+ h f g

dm
dt

(7)
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dz
dt

=

4
(
ρd − ρg

)
gD

3ρgCd


1/2

(8)

where:

m = droplet mass (kg),
T, Tcv = droplet, control volume atmosphere temperatures (K),
z = droplet fall height (m),
ρd, ρg = droplet, atmosphere densities (kg/m3),
cpl = droplet specific heat capacity (J/kg-K),
cpv = control volume atmosphere specific heat capacity (J/kg-K),
hfg = latent heat of vaporization (J/kg),
D = droplet diameter (m),
Re = Reynolds number,
Sc = Schmidt number,
Le = Lewis number,
Dc = diffusion coefficient (m2/s),
Cd = drag coefficient, and
B = the mass transfer driving force (n)

In this study SSP1 test is chosen for simulation by the MELCOR 1.8.6 to compare the code
results with experimental data. In SSP1 test, as the injection of hydrogen initiates the PAR actuation,
the exhaust gas including hot water vapor is released at exit of PAR. The PAR chamber produces a
flow that is raised by the chimney effect and the incoming flow is created at the entrance of the PAR.
Operation of the spray may interfere with the flow induced by the PAR by lowering the temperature of
the exhaust gas and condensing the water vapor contained in the exhaust gas. Conversely, a downward
flow driven by a spray droplet may produce a positive effect on the gas flow inside the PAR by raising
the gas flow surrounding the PAR.

MELCOR input nodalization for the SSP1 test is adjusted to account for installation of the spray
system, a PAR, hydrogen concentration, gas in flow rate at inlet of PAR, temperature, and pressure
measurement sensor. MELCOR spray model package [27] suitable to the experimental conditions are
adopted. Experimental procedures and test conditions are summarized according to time history of
the spray test, and based on it, the basic boundary conditions of the MELCOR input are set as follows
in Table 5.

Table 5. Test procedures and boundary conditions applied to MELCOR input.

Time (s) Test Procedures Test Conditions/MECOR Input

1420 Steam injection starts pressure: 1.0 bar temperature: 126 ◦C mass flow: 0.0264 kg/s
3130 End of steam injection

- Steady conditions
5675 H2 injection starts temperature: 27 ◦C flow: ~60 LPM
6680 End of H2 injection
6709 Spray starts temperature: 52.7 ◦C flow: 0.197 × 10−3 m3/s

11,609 End of spray actuation

Heat structures capable of simulating heat losses on the outer walls of the test vessel are modeled.
In particular, the temperature boundary condition is properly given to the outer wall and the heat
transfer coefficient boundary condition is set on the inner wall to compensate for the pressurization
and temperature rise conditions of the internal vessel due to the injection of steam and hydrogen.
Heat structure boundary conditions for the MELCOR simulation, which can control the heat loss,
are shown in Table 6.



Energies 2020, 13, 5696 14 of 21

Table 6. Heat structure boundary conditions (for heat loss of outer wall of the test vessel).

Parameter Value

Thickness (mm) 25

Cp (heat capacity of wall, J/Kg/K) 510

ρ (wall density, J/kg/K) 7970

k (conductivity, W/m/K) 15

Heat transfer rate on the inner surface (W/m2/K)

1. Steam injection: 8.0
2. H2 injection: 100.0
3. Steady state: 20.0

4. Spray actuation: 100.0

Outer wall temperature (K) 399.15

For comparison of code predictions with measurement data, 14 measurement points (see Figure 2)
in accordance with MELCOR node are identified as shown in Figure 9a.

Figure 9. Preparations for comparison of code predictions with test data: (a) Measurement locations in
accordance with MELCOR node; (b) Hydrogen injection flow data applied to MELCOR input.

The change in hydrogen flow rate injected into the SPARC vessel is sensitive to pressure changes
and, in order to accurately reflect this, the measured hydrogen flow data are fitted and reflected in the
MELCOR flow boundary conditions as shown in the Figure 9b.

4.3. MELCOR Analysis Results of SSP1 Test

Following the procedures in the SSP1 experiment, the steam is injected approximately for 1600 s,
the pressure rises from 1.0 bar to 2.0 bar. After about 3000 s of stabilization, hydrogen is injected
for about 1000 s, which causes the SPARC vessel to be pressurized. The spray system is actuated
to de-pressurize the vessel as soon as hydrogen injection is completed. The results of the MELCOR
analysis are compared with the test results in the Figure 10.
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Figure 10. Comparison of gas pressure inside the test vessel between SSP1 test data and
MELCOR prediction.

The results of the MELCOR analysis reflected the following characteristics of the test results.

• Linear pressure increase due to constant water vapor injection (1.0 bar→ 2.0 bar)
• Variation of pressure increase due to hydrogen injection (with an appropriate heat loss and

accurate data fitting for injection flow rate)
• Rapid de-pressurization as soon as spray injection starts, and subsequent re-rising and moderate

decrease of pressure.

The test result shows that the hydrogen removal rate of PAR is affected by the operation of spray.
By mixing the released hydrogen quickly, the spray reduces the concentration of hydrogen flowing into
the inlet of the PAR, resulting in a relatively low hydrogen recombination rate. A temporary increase
of pressure (re-rising of pressure in Figure 10) after spray actuation is due to decrease of hydrogen
recombination rate.

During the hydrogen injection period, natural circulation flow of the mixture of hydrogen and
steam is formed due to the operation of the PAR. The Figure 11 compares the vane flow meter reading
at the PAR inlet with the MELCOR prediction at the flow path of corresponding cell connections.
Since measurement of the vane flow meter has the low limit of velocity value of 0.4 m/s, the MELCOR
prediction value is very similar to the experimental result except the velocity perturbation measurement
of 0.4 m/s or less, which is observed prior to the start of hydrogen injection (5.75 s).

Figure 11. Comparison of PAR inlet flow between SSP1 test data and MELCOR prediction.
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MELCOR analysis results are in well agreement with maximum velocity of hydrogen mixture gas,
approximately 0.8 m/s, and also the behavior of velocity change as follows:

• Characteristic of rapid increase in inflow velocity following the start of the PAR operation after
hydrogen injection.

• Temporal increase of the natural circulation flow due to rapid cooling of upper gas field at the
beginning of spray injection.

• Gradual reduction of PAR inlet flow rate due to reduction of hydrogen/PAR reaction and internal
temperature differences during the spray injection.

Figure 12 compares the behavior of the temperature change in the test results with that of the
MELCOR analysis. The predictions of MELCOR are well in agreement with the following characteristics
of the test results.

• Increase of gas temperature in the SPARC vessel by injection of steam and recover of temperature
(126 ◦C) during stabilization period.

• Rapid increase of gas temperature inside of the vessel due to PAR operation with hydrogen
injection started.

• Rapid temperature decrease immediately after spraying and subsequent behavior of mild
temperature decrease.

Figure 12. Comparison of MELCOR predictions with measurement data for SSP1 test: (a) Gas
temperature; (b) Measurement locations.

Figure 13 shows the behavior of relative humidity, which is defined as the ratio of water vapor
partial pressure present in a gas to the saturation vapor pressure of water at that temperature.
Comparing the relative humidity measurement values with the MELCOR predictions, the trend of
relative humidity change is generally well simulated. However, the MELCOR predictions are different
from the experimental results in the following:

• Due to the presence of spraying droplet, local humidity measurements are higher than the
MELCOR predictions (especially in areas where the liquid droplet falling down).

• As spraying droplet is accumulated at low bottom elevation (CV100) of the SPARC vessel after
about 10,000 s, MELCOR code predicts that water vapor partial pressure is decreasing, while the
saturation vapor temperature rarely changes. Therefore, humidity calculation values drop,
although the humidity measurement (HM1) is still 100%.
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Figure 13. Comparison of MELCOR predictions with measurement data for SSP1 test: (a) Relative
humidity; (b) Measurement locations.

The rapid decrease and increase of humidity around 7000 s in Figure 13 is due to variation of
saturation vapor pressure, which can be inferred from gas temperature in Figure 12.

If we see the changes in hydrogen concentration in the SPARC vessel due to the operation of the
hydrogen control system, PAR and the spray injection system, as shown in Figure 14, the MELCOR
prediction follows the overall trend of increase and decrease of hydrogen concentration, but the
following differences can be found:

• The measurement of high hydrogen concentration due to the presence of strong hydrogen jets at
the elevation near the hydrogen injection tube (H2) is under-predicted by the volume-averaged
values of MELCOR prediction as shown in Figure 14a.

• From the test results the hydrogen concentration measurement (H1) at the bottom of the SPARC
container (CV 200 area) begins to increase later than other areas because hydrogen fills the upper
space first at the time of hydrogen injection. It is approximately after 7400 s that all hydrogen
concentrations are uniformly distributed throughout the internal region of the vessel. However,
the lumped approach by MELCOR cannot resolve the local distributions in detail.

• The distribution of maximum hydrogen concentration values at each measurement position is not
accurately predicted, as shown in Figure 14b,c.
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Figure 14. Comparison of H2 concentration for SSP1 test: (a) At locations of H1 and H2; (b) At locations
of H4 and H12; (c) At locations of H3 and H5.
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5. Conclusions

MELCOR simulations of hydrogen mitigation systems in the SPARC test facility operating a PAR
and spray system are performed in the present study. For this purpose, a SPARC-SPRAY-PAR (SSP1)
experiment is chosen to benchmark the MELCOR predictions against test data.

As part of our efforts to establish a confident environment for MELCOR analysis of the SPARC
experiments, we prepared and tested the base input model of the SPARC test vessel by a simple
verification problem with well-defined boundary conditions. Furthermore, the implementation of a
KNT PAR correlation to the present MELCOR input model is shown to be appropriate.

From the simulation of the experiment, SSP1, the following characteristics of pressure behavior
observed from the experiment are well regenerated by MELCOR:

• The linearly increasing rate of pressure by compressing the vessel with steam injection.
• Variation of pressure increase due to hydrogen injection and a PAR actuation.
• Rapid de-pressurization as soon as spray injection starts, and subsequent re-rising and moderate

decrease of pressure.

The MELCOR prediction follows the overall trend of an increase and decrease of hydrogen
concentration, but the following differences can be found:

• The locally high steam jet cannot be captured by the volume-average calculation of MELCOR.
• Resolution of the hydrogen concentration along different elevations.
• Early prediction of uniform gas mixing.

Since the flow is very complex inside the very large space of actual containment, there is a
limitation to simulate effects of spray on the PAR in the small scale of the test facility. However,
considering the purpose of the SPARC experiments to more efficiently manage the operation and
hydrogen control of PARs through the experimental reproduction of the phenomena we expect,
or conversely, the identification of phenomena we do not understand, it will continue to support the
verification of analytical models using experimental data and to analyze the impact of spray on PAR
operations in severe accident conditions.
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