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a b s t r a c t

Comparing with the large containment, the gas can not flow freely within the local compartment due to
the small volume of the compartment in case of serious accident, which affects the hydrogen flow
distribution, and it will determines the location where high concentration occurs in compartment. In this
paper, hydrogen distribution and possible hydrogen risk in the vessel under the different conditions are
investigated. The results show that when the initial gas momentum is increased, the ability of gas enters
into the upper region of the vessel will be strengthened, and the hydrogen volume fraction in the upper
region of the vessel is higher. Comparing with horizontal source direction, when source direction is
vertically towards upper space, hydrogen is more likely to accumulate in the upper region of the vessel.
With the increasing of steam mass flow, the dilution effect of steam on the hydrogen volume fraction will
be strengthened, while the pressure in the vessel is also increased. When steam flow is decreased, the
hydrogen explosion risk is higher in the vessel. The experiment data can provide technical support for
the validation of the CFD software and the mitigation of hydrogen risk in the containment compartment.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

After the Fukushima nuclear accident in 2011, hydrogen risk and
control issues in severe accidents of Nuclear Power Plants (NPPs)
become the key problem of the industry. During the evolution of a
postulated severe accident in NPPs, hydrogen is generated in pri-
mary loop through the reaction of steam and fuel-cladding and
accumulated in the containment and compartments [1e4].
Through the accumulation of hydrogen gas, concentration of
hydrogen can rise to a detonation level which could cause potential
damage to the containment.

Thermal-hydraulic processes governing the containment
response of Advanced Pressurized Water Reactor (PWR) to various
accident scenarios, especially the mixing and distribution of
hydrogen, are identified as relevant issues for research on reactor
safety by several international expert groups [5,6]. Thermal-
hydraulic analysis of containment response for such accident sce-
narios requires the evaluation of multi-dimensional effects, there-
fore, the use of accurate simulation methods [7]. This need has
motivated a worldwide effort for developing and accessing
by Elsevier Korea LLC. This is an
sophisticated containment thermal-hydraulic computational tools
with 3D capabilities [8e10], including the use of commercial
Computational Fluid Dynamics (CFD) codes for containment anal-
ysis [11].

During the past decade, many research institutes around
the world have developed a series of three-dimensional
calculation programs that are specifically designed to simu-
late complex physical phenomena in containment, such as
GASFLOW, TONUS-3D, and NEPTUNE-CFD. Many countries have
also established experimental devices to verify the accuracy of
the codes.

Japan's Tadotsu Engineering Laboratory uses NUPEC experi-
mental device, which has 1300 m3, to study the phenomenon of
hydrogen distribution within the containment and provide the
basis for the verification of the analysis codes [12]. Canada's Chan
and Jones [13] used the LSGMF experimental device, which has
1000 m3, to examine the effects of jet velocity and an obstruction
placed in front of jet on the subsequent hydrogen distribution.
German's Becker and AREVA use the THAI facility, which has
60 m3, to study the hydrogen distribution in large space and
hydrogen stratification break-up induced by natural convection,
to validate lumped parameter and CFD codes to improve and
develop physical models for different phenomena relevant to
severe accident conditions [14]. PSI Institute in Switzerland used
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PANDA experimental device with 515 m3 volume to study
hydrogen stratification break-up induced by heat and mass
sources, or by the activation of a system such as a containment
spray, cooler or heat source simulating a recombiner at large scale
[15]. French CEA uses MISTRA experimental device, which has
99.5 m3, located at Saclay Nuclear Energy Research Center to
study the effects of the injection location, spray and natural
convection on hydrogen distribution in PWR containment [16].
The experiments introduced above were conducted for hydrogen
behavior in large space of the containment, and the volume of the
main experimental container ranges from 60 cubic meters to
several thousand cubic meters, and the research content is mainly
concentrated on hydrogen distribution in large space of the
containment. Previous research shows that the test gas can flow
freely within the large scale space.

The previous research shows that the source gas was effected by
the wall in local compartment due to the small volume of the
compartment in case of serious accident, which affects the flow
distribution of the gas. The volume of the HMD and TOSQAN
experimental devices are only a few cubic meters. Korea's Seoul
National University used HMD experimental device with 1.34 m3 to
study hydrogen behavior in the Safety Injection tank due to the
change of the injection location [17]. The Institute de Radiopro-
tection et de Sûret�e Nucl�eaire (IRSN) used the TOSQAN experi-
mental device, which has 7 m3, to study the interaction of a water
spray injection used as a mitigation means in order to reduce
containment pressure and to produce a mixing of air, steam and
hydrogen induced by spray entrainment and condensation on
droplet [18].

Up to now, from the public literatures, some information about
the effects on hydrogen distribution by injection position andwater
spray in containment can be obtained. However, there is no specific
experimental data to quantify the effects of initial momentum,
injection direction, and steam content on hydrogen flow distribu-
tion in small-scale spaces. This paper mainly conducts relevant
experimental research on the hydrogen distribution in local
compartment with different conditions, such as momentum, in-
jection direction and different steam flowrates, to provide data for
code verification.
Fig. 1. Configuration of the
2. Experimental facility and its instruction

2.1. Facility description

The experimental facility is a thermal-hydraulic test facility
originally designed and used for investigating containment
compartment behavior and phenomena for advanced Pressure
Water Reactor (PWR) designs and separate-effect tests. The
experimental device system is shown in Fig. 1. It mainly includes
experimental vessel, measurement system, gas supply system,
heating and insulation system, power supply and control system,
and data acquisition system. The experimental study is conducted
in a small scale, one compartment facility with a total volume of
approximately 11.5 m3 and a height of 5 m, with an inner diameter
of 1.8 m, operating range is 0e1.0 MPa and up to 180 �C. The vessel
walls aremade of stainless steel with an outer thermal insulation of
150 mm-thick layer of insulation rock-wool to minimize heat
losses.
2.2. Instrumentation

The measurement system consists of pressure sensors, ther-
mocouples, gas concentration mass spectrometer, and flowmeters.
The temperature measurement is performed with thermal resis-
tance (3 mm in diameter) for measuring gas temperature in the
main gaseous volume in this study. The accuracy is ±0.5 �C in the
temperature range of 0e250 �C. The temperature measurement
point distribution inside the vessel is shown in Fig. 3. It contains a
total of 18 temperature measuring points and is divided into four
layers. Each layer of temperature measurement points is arranged
in three directions. This can detect the temperature of the gas at
different heights and directions in the vessel. For pressure mea-
surement, one pressure sensor is used to monitor the pressure of
the vessel. Injection flow rate is measured by mass flow meters
with an accuracy of ±1%. The model and manufacturer of the
thermal resistance, pressure sensor and the mass flow meters are
shown in Table 1.

The Quadruple Mass Spectrometer (QMS) is adopted to measure
gas concentrations (mole fraction in the gas sample), providing a
experimental facility.



Table 1
Model and manufacturer of the commercial measurement devices.

Product name Model Manufacturer

Thermal resistance WZPK291 Xi'an Meice Electronic
Technology Co., Ltd.

Pressure sensor KZY-KO-HAG Beijing Kunlun Zhongda
Sensor Technology Co., Ltd.

Mass flow meters DMF-1-1B/DX Beijing Sincerity Automatic
Equipment Co., Ltd

Quadruple Mass
Spectrometer

HRDYA-40 Hiden Analytical Ltd.
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time history of the gas concentration at each measurement loca-
tion. The model of the mass spectrometer is shown in Table 1. The
concentration measurement system is shown in Fig. 2. This kind of
analyzer consists in an inlet system, an ion source, an analyzer and
a detector. The inlet system converts the sample pressure to a
vacuum level acceptable for ionization and directs the sample to-
wards the ion source. Electron impact is the most widely used
method for ion generation: in this source, a filament is heated to a
temperature high enough for thermo-ionic emission. The emitted
electrons, after acceleration, are able to form ions from neutral
species present so that they can be separated by electric or mag-
netic fields. The analyzer, which is a quadruple mass filter, sepa-
rates the ions according to their mass-to-charge ratio. A spatial
separation occurs, ions created at the same time being made to
travel on various trajectories according tomass-to charge ratio. Ions
with trajectories leading to the detector provide an ion signal,
others are lost. After electrical amplification, the measurement
signal appears as a current I. QMS calculates gas concentrations
from these measured ion currents.

The gas concentration measurement system samples the gas
from the vessel through long heated capillaries in order to avoid the
condensation in case of tests with steam. The sampling line was
wrapped by an electric heating wire and it was wrapped by
insulting asbestos which thickness is 50 mm. Asbestos is an insu-
lating material which has the properties of heat retention, chemical
resistance, heat erosion and electrical insulation. The heating
Fig. 2. Overview of the gas concentration
temperature of the sampling line is controlled according to the
experimental conditions, and the heating and insulation system
can heat the sampling line up to 180�. The capillaries are connected
to a multiport valve that selects one capillary and send the sample
to the analyzer. The absolute measurement accuracy for Steam-air-
heliummixture, measured on gas molar fraction (expressed in %) is
of the order of ±0.05%. The inner diameter of the capillaries is
1 mm.The length of the capillaries is 18 m. The flow rate from the
sampling point in the test vessel to the mass spectrometer is 50 ml/
min. A gas sample of a single port is typically analyzed for 12 s. The
total delay time from the sampling point in the test vessel to the
mass spectrometer is about 25s. The delay time will be compen-
sated during the experimental data processing.

Hydrogen concentrations at seventeen sampling points (sixteen
points are located at above the nozzle and one point is located at
below the nozzle) in each test were detected to scan the local
transport phenomena in the gas flow field, but in this article, only
four sampling points in the vessel will be discussed for both ex-
periments. The four concentration measurement points are P01eB,
P02eB, P02eO and P03eC, as shown in Fig. 4. According to the
preliminary experiment results, it is found that the hydrogen
concentration in the area above the nozzle of the vessel and the
area below the nozzle is quite different. The hydrogen concentra-
tion gradient in the area above the nozzle of the vessel is small.
Selecting these four points to detect the hydrogen concentration
can not only compare the difference in hydrogen concentration at
different heights under different cases, but also the difference in
hydrogen concentration at different positions at the same height.

3. Test conditions and test procedures

3.1. Selection of experimental gas

The majority of the available hydrogen distribution experiments
have been performed using helium as a substitute for hydrogen in
order to avoid safety problems. In the frame of the OECD-THAI
project [19,20], an experimental investigation has been carried
out with the aim to identify any potential effect of the different
measurement system in test facility.



Fig. 3. Temperature point location.

Fig. 4. Sampling points of tests A, B and C.
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properties of helium and hydrogen on gas transport and mixing,
HM-1 and HM-2, in which the test HM-1 was performed with inert
helium gas and the test HM-2 with hydrogen gas. In accordance
with the objectives of the HM-tests, test parameters and test con-
ditions like pressure, temperature, light gas concentration (end
value and volumetric injection rate) and steam injection rate are
kept the same as close as possible within the experiment-typical
deviations in both tests in order to elaborate the behavior differ-
ences due to the different material properties. The experimental
result shows that helium can replace hydrogen for gas transport
and mixing phenomena [19]. Moreover, in most experimental tests
to study hydrogen transport and distribution behavior, such as
PANDA [21], MISTRA [22], HMD [23], helium is also adopted as the
test gas instead of hydrogen. Therefore, in this paper helium is used
to conduct experiments on hydrogen flow distribution in local
compartments.
3.2. Test conditions

In this study, experiment studies were conducted under many
conditions, which included the effects of different momentums,
different injection directions and different steam flowrates. The
following sections describe the detailed experimental parameters.
Froude number is the most important dimensionless number

for measuring turbulent buoyancy jets. In pure jets (Fr[1), flow is
governed by momentum. In pure plumes (Fr � 1), flow is domi-
nated by buoyancy.

The Froude number (Fr0) at the injection is defined as:

Fr20 ¼
U2
0

gððra � r0Þ=r0ÞD
(3-1)

Where D is the injection pipe diameter, U0 is the average injection
velocity, r0 and ra are the densities of the injected and ambient gas,
respectively. The gas Froude number at the injection under
different experimental conditions is shown in Table 2.

Before the experiment, the vessel had been heated up ~145 �C to
prevent the condensation of steam in the gas mixture. Then we
used an air compressor to blow clean air into the experimental
vessel and purged the remaining hydrogen gas from the previous
experiment to ensure the accuracy of the experiment. After the
scavenging is completed, we allowed the experimental vessel to
stand for about 1 h, and the gas in the vessel reaches a stationary
state. Then we started the formal experiment. Therefore, the effect
of the natural convection generated by the preheating of the test
vessel on the hydrogen distribution can be ignored.

In the frame of test project, the current test series feature



Table 2
Main parameters for the tests.

Test condition Test A Test B Test C

A1 A2 B1 C1 C2

hydrogen (g/s) 0.3 0.3 0.3 0.3 0.3
Steam (g/s) 3 3 3 1.8 0.5
Injection duration (s) 0~1200 0~1200 0~1200 0~1200 0~1200
stationary duration (s) 1200~7200 1200~7200 1200~7200 1200~7200 1200~7200
Injection pipe diameter (mm) 30 50 30 30 30
Gas injection temp (�C) 151 151 151 151 151
Initial gas composition Air (%) ~60 ~60 ~60 ~60 ~60

Steam (%) ~40 ~40 ~40 ~40 ~40
Initial gas temperature in the vessel (�C) ~145 ~145 ~145 ~145 ~145
Ambient temperature (�C) ~25 ~25 ~25 ~25 ~25
Initial gas pressure in the vessel (atm) 1.0 1.0 1.0 1.0 1.0
Inlet velocity (m/s) 11.8 3.4 11.8 8.6 5.0
Fr02 633.4 49.2 633.4 251.3 41.6
Injection location Center on the vessel
Injection direction Along the line of OD in Fig. 5 Along the line of OE in Fig. 6 Along the line of OD in Fig. 5
Injection height/mm 1000 1000 1000
Note Reference test Different

momentums
Different injection directions Different steam flows

Fig. 5. Gas injection direction of tests A1, A2, C1 and C2
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injection of gas through an injection pipe (see Fig. 5 and Fig. 6). Test
A primarily investigates the effect of gas inlet momentum on
hydrogen flow distribution, which gas inlet locates at the center
point of the vessel and its direction is along the center axis of vessel,
as shown in Fig. 5 (the gas injection direction is alone the line of
OD). Test B primarily investigates the effect of gas inlet direction on
hydrogen flow distribution, which gas inlet locates at the center
point of the vessel and its direction is vertical to the center axis of
the vessel, as shown in Fig. 6 (the gas injection direction is alone the
line of OE). Test C primarily investigates the effect of steam flow on
hydrogen flow distribution, which gas inlet locates at the center
point of the vessel and its direction is along the center axis of vessel,
as shown in Fig. 5 (the gas injection direction is alone the line of
OD). In all experiments, the experiment was divided into two
phases. The first stage is the gas injection stage (0e1200s), and the
second stage is the stationary stage (1200e7200s). The initial and
boundary conditions for the whole series are summarized in
Table 2.

4. Test results and discussion

4.1. Different momentums

To investigate the effect of momentum of gas source on
hydrogen distribution, two cases are designed. In case A1, gas is
injected vertically from the center of the vessel with pipe diameter
30 mm. In case A2, the injection location and direction are kept
unchanging but injection pipe diameter is 50 mm. As shown in
Fig. 5. In two cases, hydrogen and steam are injected into the facility
with a same flowrate.

The distribution of hydrogen volume fraction is shown in Fig. 7.
It can be found from Fig. 7 that the hydrogen volume fraction in the
upper region of the vessel is larger in case A1 (Fr0 ¼ 663.4) than in
case A2 (Fr0 ¼ 49.2), while the hydrogen volume fraction in the
lower region of the vessel is lower in case A1 (Fr0 ¼ 663.4) than in
case A2 (Fr0 ¼ 49.2). At t ¼ 1200s, the hydrogen volume fraction in
the upper region of the vessel is 12.5% in case A1, while the
hydrogen volume fraction in the upper region of the vessel is 11.2%
in case A2. In addition, the hydrogen volume fraction in the lower
region of the vessel is 7.0% in case A1, and the hydrogen volume
fraction in the lower region of the vessel is 8.1% in case A2. As time
goes on, the upper gas gradually diffuses into the lower space, and
the hydrogen volume fraction in the vessel tends to be uniform.



Fig. 6. Gas injection direction of tests B1.
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The distribution of steam volume fraction (at P-02-B) is shown
in Fig. 8. It can be found from Fig. 8 that the steam volume fraction
in the upper region of the vessel is larger in case A1 (Fr0 ¼ 663.4)
than in case A2 (Fr0 ¼ 49.2). This phenomenon is similar with the
hydrogen volume fraction distribution.

Therefore, a preliminary conclusion can be drawn that the initial
gas momentum can effect the hydrogen distribution. With the
increasing of the initial gas momentum, the ability of gas enter into
the upper region of the vessel will be strengthened.

The installed instrumentation thermocouples enable tracking
the trajectory of the jet over the course of the whole test. The flow
pattern in the vessel could be inferred from the measured tem-
perature (see Fig. 9). The flow pattern clearly appears in the tem-
perature fields (obtained by interpolation of measured values in the
vertical plane) for reference test. The injection gas flows upward
along the center line from the injection and transport into the
upper space. When the upper stream is resisted by the doom, gas
flow direction will be changed, starting to flow around along the
wall of the doom and then fill with the whole upper space
gradually.
The jet flow characteristics of space gas are affected by the initial
shape (jet/plum) and the volume and height limitation of the vessel
space. The combination of the two factors determines the gas flow
at different locations within the space, which in turn affects the gas
distribution within the space. Different buoyant jet forms in space
can result in different gas stratification forms. If the buoyancy is
dominate when the airflow rises to the top of the vessel, a linear
density gradient will be generated from the top down in the vessel
[24]. Otherwise, if the inertial force still dominates when the
airflow rises to the upper region of the vessel, a uniform mixing
zone will be formed in the upper region of the vessel and a linear
density gradient of the gas will be formed in the lower region of the
vessel. The formation of gas stratification in space is related to gas
flow parameters. This can be quantified by the dimensionless
number Fr.

If the inertia of the rising plume is small when the flow hits the
top of the vessel, Fr < 1, a linear density gradient is obtained from
the top to the bottom. Otherwise, Fr > 1, a well-mixed region is
created at the top with a linear density gradient below.

Based on the theoretical research of Fischer and Turner et al., the
equations of gas velocity (Ucl) and gas concentration (Ccl) at the
centerline of the vessel were obtained [25,26].

UclðzÞ¼
BDU0

z� z0
¼ 4BQ

pDðz� z0Þ
(4-1)

Q ¼p

4
D2U0 (4-2)

Ccl ¼
5:6

ffiffiffi
p

p
DC0

2ðz� z0Þ
(4-3)

Where D is the diameter of the gas inlet pipe, C0 is the gas con-
centration at the inlet, Cm (0.103) is the gas momentum propaga-
tion rate, U0 is the gas inlet velocity, Q is the gas volume flow rate,
and B is a constant (value range is 5e7).

Put Equations (4-1), (4-2) and (4-3) into Equations (3-1) to
obtain the equation for calculating the Fr number of the source
term gas at different height positions in the vertical direction of the
center line of the vessel, as shown in formula (4-4).

Frzcl ¼
16Q2B2

�
5:6

ffiffiffi
p

p
DC0

2ðz�z0Þ ðr0 � raÞ þ ra

�

p2D2ðz� z0Þ3g2cm5:6
ffiffiffi
p

p
DC0

2ðz�z0Þ ðra � r0Þ
(4-4)

Based on Equations (4-4), the gas Fr in the top area of the vessel
centerline in case A1 and A2 is shown in Table 3. In the two
experimental conditions, the Fr numbers when the gas reached the
top of the vessel were 20.5 and 4.4, respectively. At this time, the
inertial force still dominates the gas upward movement. This re-
sults in a more uniform hydrogen concentration distribution in the
upper region of the vessel, and no obvious hydrogen concentration
stratification is formed. A linear density gradient of the gas is
formed in the lower space of the compartment.

The distribution of hydrogen volume fraction at different
heights in local compartment is shown in Fig. 10. It can be found
from Fig. 10 that the difference between the hydrogen concentra-
tion value at the first layer measurement point and the second layer
measurement point in the vessel in the two experimental condi-
tions is very small, and it is significantly higher than the hydrogen
concentration value at the third layer measurement point. It shows
that the hydrogen concentration distribution in the upper region of
the vessel is relatively uniform, and the hydrogen concentration
stratification mainly occurs in the lower part of the vessel. The



Fig. 7. Hydrogen distribution in local compartment.

Fig. 8. Steam volume fraction at P-02-B in case A1 and A2.

Fig. 9. The diagram of the temperature distribution at t ¼ 10s in case A1.
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phenomenon of hydrogen concentration distribution in the vessel
is consistent with the theoretical analysis.
4.2. Different injection directions

To investigate the effect of injection direction of gas source on
hydrogen distribution, two cases are designed. In case A1, gas is
injected vertically from the center of the vessel. In case B1, the in-
jection location is kept unchanging but injection direction is hori-
zontal. As shown in Fig. 6. In two cases, hydrogen and steam are
injected into the facility with a same flowrate.

The distribution of hydrogen volume fraction is shown in
Fig. 11. It can be found from Fig. 11 that the hydrogen volume
fraction in the upper region of the vessel is higher in case A1
than in case B1. The hydrogen volume fraction in the below
nozzle space of the vessel is lower in case A1 than in case B1. At
t ¼ 1200s, the hydrogen volume fraction in the upper region of
the vessel in two cases was 13.1% and 9.7%, respectively. In the
lower region of the vessel, the hydrogen volume fraction in two
cases was 7.0% and 8.8%, respectively.

After the injection, hydrogen volume fraction in the upper re-
gion of the vessel is decreased, while hydrogen volume fraction in
the lower region of the vessel is still increased. During this time
period, the hydrogen volume in the upper region of the vessel is
higher than in the lower region of the vessel. Hydrogen gas
continuously spread downward. It can be found from Fig. 11 that
the difference of the hydrogen volume fraction between upper and
lower region of the vessel is lager in case A1 than in case B1. Where
there is a large difference of the hydrogen volume fraction, there is
a stronger diffusion. Hydrogen gas downward diffusion is faster in



Table 3
Froude number calculation parameter at the top of the vessel.

Name A1 A2

Hydrogen flowrate (g/s) 0.3 0.3
Steam flowrate (g/s) 3.0 3.0
Injection pipe diameter (mm) 30 50
Injection gas temperature (�C) 151 151
Initial gas composition in the vessel Air ~60 ~60

Steam ~40 ~40
Initial temperature inside the vessel (�C) ~145 ~145
Initial Fr0 number 633.4 49.2
Fr number at the top of the vessel 20.5 4.4
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case A1 than in case B1. The difference of the hydrogen volume
fraction in two cases is decreased. At 7200s, the hydrogen volume
fraction in the lower region of the vessel in two cases was about
11.8% and 12.3%, respectively. The hydrogen volume fraction in the
upper region of the vessel in two cases was about 12.1% and 11.0%,
respectively.

The distribution of steam volume fraction (at P-02-B) is shown
in Fig.12. It can be found from Fig.12 that the steamvolume fraction
in the upper region of the vessel is larger in case A1 than in case B1.
This indicates that more steam enters the upper space during
vertical injection conditions.

The schematic of jet geometry in case A1 and case B1 are
analyzed, as shown in Fig. 13. It can be found from Fig. 13 that
the gas enters the vessel from the inlet pipe in case A1, the
inertial force and buoyancy in the vertical direction promotes
the gas to rise. However, in case B1, the buoyancy is perpen-
dicular to the inertial force and only the buoyancy driving gas
flows upward. The velocity of the gas flow upward is higher in
case A1 than in case B1. According to theoretical calculations,
the gas initial velocity in the vertical direction is 8.6 m/s in case
A1, and the gas initial velocity in the vertical direction is 0 in
case B1. The gas flows in the vertical direction in case A1 is in
the pure jet state, while the gas flows in the vertical direction in
case B1 is in the pure plume state. Therefore, the ability of the
gas in case A1 to penetrate the surrounding air into the upper
space is stronger. At the same time, gas entering the upper re-
gion of the vessel is more in case A1 than in case B1. The
hydrogen volume fraction in the upper region of the vessel is
higher in case A1 than in case B1. The hydrogen volume fraction
in the lower region of the vessel is higher in case B1 than in
case A1.
Fig. 10. Hydrogen distribution at differ
4.3. Different steam flows

To investigate the effect of steam flows of gas source on
hydrogen distribution, three cases are designed. In case A1, C1 and
C2, the injection location and the direction are kept unchanging but
the steam flows is changed. As shown in Fig. 5. In three cases,
hydrogen is injected into the facility at a constant rate of 0.3 g/s
through a 30-mm-diameter tube. In case A1, steam is injected into
the facility at a constant rate of 3.0 g/s. In case C1, steam is injected
into the facility at a constant rate of 1.8 g/s. In case C2, steam is
injected into the facility at a constant rate of 0.5 g/s.

The distribution of hydrogen volume fraction is shown in Fig. 14.
It can be found from Fig. 14 that the hydrogen volume fraction in
the upper region of the vessel is higher in case C2 than in case C1,
and the hydrogen volume fraction in the upper region of the vessel
is higher in case C1 than in case A1. The hydrogen volume fraction
in the below nozzle space of the vessel is lower in case A1 than in
case C1, and the hydrogen volume fraction in the below nozzle
space of the vessel is lower in case C1 than in case C2. At t ¼ 1200s,
the hydrogen volume fraction in the upper region of the vessel in
three cases was 13.1%, 16.0% and 20.7%, respectively. In the lower
region of the vessel, the hydrogen volume fraction in two cases was
7.0%, 7.5% and 10.0%, respectively.

After the injection, the upper gas gradually diffuses into the
lower space. Hydrogen volume fraction in the upper region of the
vessel is decreased, while hydrogen volume fraction in the lower
region of the vessel is still increased. At t ¼ 7200s, the hydrogen
volume fraction in the upper region of the vessel in three cases was
12.1%, 14.1% and 19.8%, respectively. In the lower region of the
vessel, the hydrogen volume fraction in two cases was 12.1%, 14.0%
and 18.3%, respectively.

The distribution of steam volume fraction (at P-02-B) is shown
in Fig.15. It can be found from Fig.15 that the steamvolume fraction
in the upper region of the vessel is higher in case A1 than in case C1,
and the steam fraction in the upper region of the vessel is higher in
case C1 than in case C2. Therefore, hydrogen is more effectively
diluted by steam in case A1 than in case C1, and hydrogen is more
effectively diluted by steam in case C1 than in case C2.

The pressure in the vessel is shown in Fig. 16. It can be found
from Fig. 16 that the pressure in the vessel is higher in case A1 than
in case C1 and C2 during the experimental period. During the
process of gas injection, the pressure in the vessel increases line-
arly. At 1200s, the pressure in the vessel is 76.8 kPa, 63.1 kPa and
43.2 kPa, respectively. After the gas injection, the pressure inside
the vessel is essentially constant.
ent heights in local compartment.



Fig. 11. Hydrogen distribution in local compartment.
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Therefore, a preliminary conclusion can be drawn that with the
increasing of steam mass flowrate, the dilution effect of steam on
the hydrogen volume fraction will be strengthened, while the
pressure in the vessel is also increased.
4.4. Hydrogen risk analysis in local compartment

As stated in previous section, the hydrogen volume fraction in
the vessel has changed due to the change of entrance conditions. To
study possible risk in local compartment, Shapiro diagram [27,28]
analysis is used. As shown in Fig. 17 to 19, point 02-B is regarded as
representative point for hydrogen risk investigation. It can be found
from Figs.16e18 that in case A1, A2, B1, C1 and C2 some state points
Fig. 12. Steam volume fraction at P-02-B in case A1 and B1.
fall into combustion zone. There is no point fall into explosion zone.
The change of the gas initial momentum and the change of the gas
Fig. 13. Schematic of jet geometry.



Fig. 14. Hydrogen distribution in local compartment.

Fig. 15. Steam volume fraction at P-02-B in case A1, C1 and C2

Fig. 16. Gage pressure in the vessel.

Fig. 17. Hydrogen risk analysis in case A1 and A2.
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injection direction have less effect on the hydrogen risk in the
vessel, as shown in Figs. 17 and 18. It can be found from Fig. 19 that
the state points of the mixed gases are nearer the boundary of the
hydrogen explosion zone with the decreasing of the steam content.
This indicates that decreasing the content of the steam in the
source gas will increase the risk where hydrogen combustion risk
occurs. On the contrary, increasing the steam content, the mitiga-
tion effect of steam on hydrogen risk will be further improved.
5. Conclusion

In this paper, the hydrogen distribution in local compartment
with different conditions, such as momentum, injection direction



Fig. 18. Hydrogen risk analysis in case A1 and B1.

Fig. 19. Hydrogen risk analysis in case A1, C1 and C2
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and steam flows is studied. Then, based on experimental result,
hydrogen distribution and possible hydrogen risk in the vessel
under the different conditions are investigated, and the results are
follows:

(1) When the initial gas momentum is increased, the ability of
gas enters into the upper region of the vessel will be
strengthened.

(2) In the small space vessel, the flow of the source term gas
cannot be fully developed due to the limitation of the space
height, and the inertia force of the source term gas in the
upper region of the space still plays a dominant role. As a
result, the hydrogen distribution in the upper region of the
vessel is uniform.

(3) Comparing with horizontal source direction, hydrogen is
more likely to accumulate in the upper region of the vessel
with the vertical injection.

(4) When the mass flow ratio of hydrogen to water vapor
changed from 1:1.7 to 1:6.0, the slope of the hydrogen con-
centration in the upper region of the vessel decreased with
time by 25%. When the mass flow ratio of hydrogen to water
vapor changed from 1:1.7 to 1:10, the slope of the hydrogen
concentration in the upper region of the vessel decreased
with time by 40%. With the increasing of steam mass flow-
rate, the dilution effect of steam on the hydrogen volume
fraction will be strengthened and the hydrogen explosion
risk is lower in the vessel.
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