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GRAPHICAL ABSTRACT

Numerical investigation of light gas release, stratification and dissolution
in TH22 test facility using 3-D CFD code GASFLOW-MPI
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ABSTRACT

An accurate prediction of the hydrogen behaviors in the accident and management process
is a crucial topic for both the hydrogen safety assessment and safety analysis in the
confined enclosure like the containment of the nuclear power plant (NPP). Hence, the
hydrogen behaviors including the transient light gas release, stratification and dissolution
in the TH22 test facility for the NPP containment are analyzed and compared using the 3-D
CFD code GASFLOW-MPI in this study. In this paper, the light gas helium is adopted as a
substitute for the hydrogen in the calculations in accordance with the experiment. Firstly,
the detached eddy simulation (DES) turbulence model, 3-D numerical model and experi-
ment setup are introduced. Then, the hydrogen behaviors with the GASFLOW-MPI
including the light gas release, stratification and dissolution are analyzed and validated
with the experiment data. In addition, the velocity profiles, light gas concentrations,
dimensionless numbers and temperature distributions are evaluated for the characteris-
tics of the hydrogen behaviors. The results indicate that the calculation results agree well
with the experiment data. Foremostly, the relative errors between the calculation results
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and experiment data during the phase of the dissolution of the light gas cloud are within
11.9%. Meanwhile, the relative errors of the time for the complete dissolution during the
phase of the dissolution of the light gas cloud are within 5.0%. For the light gas release and
stratification phase, the jet flow dominates as the Froude (Fr) number exceeds 10 during the
time t = 600 s—800 s. Additionally, the time averaged centerline velocity and light gas
concentration after the potential core region decay with a slop of 1/z which coincide with
the theoretical jet limit. Lastly, the light gas concentrations and temperature distributions
in all three phases are captured clearly with the GAFLOW-MPI. It demonstrates that the
GASFLOW-MPI can accurately described the details of the related hydrogen behaviors in
the accident and management process in the confined enclosure like the NPP. This paper
can provide guidance for the numerical computation of the hydrogen safety issues in the

confined space.

Introduction
Hydrogen behaviors in confined enclosure

Hydrogen plays a key role as an environment friendly and
promising energy carrier in the near future energy systems
[2,6,26]. Currently, much attention has been attached to the
practical applications and scenarios with the confined enclo-
sure such as the hydrogen fuel cell vehicles [5,13], refueling
station [12,27], containment of the nuclear power plant (NPP)
[7,15], and so on [18]. However, the hydrogen release in the
confined enclosure is of great concern due to its easy leakage,
high buoyancy, diffusion, low-energy ignition and a wide
range of combustible hydrogen-air mixtures [21]. Especially,
the hydrogen behaviors in the confined enclosure like the NPP
containment are of enormous interest as they contribute to
the early containment failure in the Fukushima NPP accident
[7,15].

Therefore, an accurate prediction of these hydrogen be-
haviors in the accident and management process is a crucial
topic for both the hydrogen safety assessment and contain-
ment safety analysis in the confined enclosure [15]. In the
accident and management process, the hydrogen release,
stratification and dissolution consequently occur. Meanwhile,
the major safety issues are the distribution and mixing of the
hydrogen in the containment atmosphere. It can present a
risk for a fast deflagration and associated high pressure loads
on the structures of the containment.

On the one hand, the experiments in the real-world ap-
plications are rather costing and time-consuming [3,10]. On
the other hand, the supplementation or even the replacement
of experiments by the CFD is of promising direction in in-
dustrial fields. Hence, the computational fluid dynamic (CFD)
is gradually gaining acceptance as a power tool to analyze the
hydrogen behaviors in the confined enclosure.

Helium adopted for hydrogen
Confidence in the calculation of the CFD depends on the

validation of their results against the relevant experiment
data. Due to safety issues, the majority of the hydrogen

experiments are limited to small sizes or physical-scaled an-
alogues [23,27]. In order to eliminate the accidental hydrogen
combustion in the large-size experiment facilities especially
in the confined space, the light gas helium is commonly
adopted as a substitute due to the similar densities of two
gases [3,9,22,23,32].

To ensure the similarity of two gases, the correlation of the
equivalent volume flow rate between the helium and
hydrogen is presented in Eq. (1) [14]. In Eq. (1), the parameter n
is determined with the equal concentration (n = 0.5), equal
volume flow rate (n = 0) and equal buoyancy (n = 1) respec-
tively. It is suggested that the equal volume flow rate (n = 0)
condition generally illustrates a reasonable similarity over the
gas release and at various regions [14]. Therefore, the helium
can be also adopted as a surrogate gas to conduct the research
of the hydrogen behavior like the above recent studies.
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where Qy. is the volume flow rate of the helium, m®/s; Qu, is

the volume flow rate of the hydrogen, m?/s; p,;, pue and Py, are

the air density, helium density and hydrogen density

respectively.

Germany THAI test

The Germany thermal-hydraulics, hydrogen, aerosols and
iodine project (THAI) conducts a series of experiments like the
TH21, TH22 and TH24 to predict the phenomena which may
occur in a NPP containment in case of the accident scenario
[7,10,11,15,17]. In which, the hydrogen behaviors like the
hydrogen transportation and mixing in the confined enclosure
is one of the main concerned safety issues.

Among them, the particular objective of the TH22 test fa-
cility is to study the hydrogen release, stratification and
dissolution in the accident scenario [10,15] in the NPP. It is to
investigate conditions about the dissolution of a light gas
cloud in the upper plenum of the vessel by the natural
convective flow. Consequently, the experiments performed in
the THAI test series including the TH22 provide a unique data
pool for the assessment and validation of both the lumped



parameter code and CFD codes with 3-D capabilities. In the
TH22 test facility, the light gas helium is adopted as a substi-
tute for hydrogen.

GASFLOW-MPI CFD code

Initially, lumped parameter codes have been used for the
hydrogen behaviors in the confined enclosure [16,17]. How-
ever, it can hardly describe the detail information of both the
thermal hydraulics and hydrogen behaviors in the hydrogen
accident scenario. Hence, a CFD code with 3-D capabilities is
necessary to capture the hydrogen behaviors in the NPP
containment.

In the past decades, the 3-D parallel CFD code GASFLOW-
MPI has been well behaved for the prediction in the large-
scale test facilities like the HDR (T31.5, E11.2) [24], THAI
(HM-1, HM-2, TH20) [24,41], MISTRA (ISP47) [1], TOSQAN
(ISP47) [1], etc. It relies on the compressible Navier-Stokes
equations and all-speed Arbitrary-Lagrangian-Eulerian (ALE)
method. Hence, it can cover many scientific issues and en-
gineering applications [18,19,34,37,42] related to the hydrogen
behaviors.

Especially, GASFLOW-MPI is a well validated parallel CFD
code which focuses on the thermal hydraulics and hydrogen
behaviors (hydrogen release, dispersion, transportation,
mixing, combustion, etc.) of the confined space [17,33,38—41].
Therefore, the hydrogen behaviors including the transient
light gas release, stratification and dissolution in the TH22 test
facility for the confined space like the NPP containment are
analyzed and compared using the 3-D parallel CFD code
GASFLOW-MPL. It should be noted that the light gas helium is
adopted as a substitute for the hydrogen in the calculations in
accordance with the experiment [10].

Scope of this paper

An accurate prediction related to the hydrogen behaviors in
the accident and management process is indispensable for the
hydrogen safety assessment in the confined enclosure.
Therefore, the hydrogen behaviors including the transient
light gas release, stratification and dissolution in the TH22 test
facility for the confined enclosure like the NPP containment
are analyzed and compared using the 3-D CFD code
GASFLOW-MPI in this paper. In particular, the light gas helium
is adopted as a substitute for the hydrogen in accordance with
the experiment. In Section Model and setup, firstly, the de-
tached eddy simulation (DES) turbulence model in the
GASFLOW-MPI is introduced; then, the numerical model and
experiment setup of the TH22 test facility are illustrated,
including the geometry model, the initial and boundary con-
ditions, the experiment setup and measurement. In Section
Results and discussion, the hydrogen behaviors including the
light gas release, stratification and dissolution are analyzed
and validated with the experiment data. In addition, the ve-
locity profiles, light gas concentrations, dimensionless
numbers and temperature distributions are evaluated for the
characteristics of the hydrogen behaviors. Section Conclu-
sions comes to the conclusions and remarks on the numerical
simulation in the TH22 test facility.

Model and setup
DES turbulence model

For the accurate prediction on the hydrogen behaviors in the
confined space, the turbulence model is a critical model in the
3-D CFD code. However, the commonly adopted Reynolds-
averaged Navier—Stokes (RANS) model for the thermal hy-
draulics in the confined space only describe the average
physical parameters and the unsteady turbulence fluctuations
are hence ignored [36].

Additionally, the DES model is a hybrid turbulence model
which makes a tradeoff between the large eddy simulation
(LES) model and RANS model [39]. It can capture the details for
the thermal hydraulics in the confined space with a suitable
computation amount [20]. It was first proposed in 1997 [28]. In
this paper, the Reynolds stress term is calculated with the DES
model as shown in Eq. (2). Then, the turbulence kinetic energy
k and turbulent dispassion rate are calculated with Egs. (3) and
(4). Especially, the turbulence length scale lses in the DES
model can switch from the standard k-¢ RANS model to the
LES model automatically with Egs. (5) and (6). Moreover, the
DES model attempts to treat the near-wall regions with the
RANS method, and treat the rest flow areas with the LES
manner. The parameters used in the DES model are shown in
Table 1.
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where S is the strain rate tensor, pu, is the turbulent viscosity
coefficient.
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where Iy and lLes are the turbulence length scale of the
standard k-¢ model and LES model respectively; G, is the
buoyancy effect term.

Furthermore, the helium concentration with the LES, DES
and RANS model in the GASFLOW-MPI during the time t = 600
s—1400 s are compared with the experiment data in the po-
sition of the sensor 207 (x =y = 0 m, z = 7.7 m) in Fig. 1.

Table 1 — Parameters used in the DES model.

C1 C2 Cy Ces Ik Oe

1.44 1.92 0.09 0.65 1.0 1.3
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Fig. 1 — Model comparison of the light gas concentrations
vf in the vessel with the experiment and calculation data in
the position of sensor 207 during the time t = 600s—1400s.

Although the relative error is large due to the small value of
the light gas concentration in the gas release and stratification
period (the relative error will be discussed in Section Valida-
tion of GASFLOW-MPI with experiment data), the calculation
results with the DES model are almost in the range of that with
the LES and RANS model. It is relatively closer to the experi-
ment data especially during the time t > 900s. This demon-
strates that the DES model could has better performance in
the confined space like the NPP containment.

In addition, the DES model has been better validated than
the RANS model against the experiment data in the field of the
thermal hydraulics and hydrogen behaviors in the confined
enclosure like the NPP containment [4]. Both the term in the
DES model and the DES model itself have been widely vali-
dated by the international benchmarks using the GASFLOW-
MPI [35,39—41]. Consequently, the numerical calculations are
carried out with the DES model in the GASFLOW-MPI CFD
code.

Numerical model and boundary conditions

In this part, a Cartesian 3-D geometry model for the TH22 test
facility was constructed with the GASFLOW-MPI code as
shown in Fig. 2. In order to obtain the detail hydrogen be-
haviors of the TH22 test facility with an acceptable compu-
tational resource especially in the upper part of the vessel, the
mesh size should be proper.

For the grid independence issue, three mesh sizes with
34x34x258, 68x68x258 and 68x68x516 are analyzed for the
light gas concentration in the position of sensor 207 at the
time t = 800 s. According to the calculation result, the light gas
concentration vf are 35.2%, 36.8% and 37.1% respectively. The
relative errors are 4.3% and 0.7%. In order to obtain both
the nice accuracy and efficiency, the mesh size of 68x68x258
is selected in the calculation. In Fig. 2(a), the total mesh
size in the GASFLOW-MPI for the TH22 test facility is
68x68x258=1,200,000. In this geometry model, a variable
mesh size method is applied. It was nearly uniform in the x, y

axis direction while the variable mesh size was adopted in the
z axis direction. Additionally, the minimum mesh size in the x,
y and z axis direction of the geometry model is 5.83 cm,
5.83 cm and 3.05 cm respectively. From Fig. 2(b), the mesh
difference between the adjacent cell in the variable mesh area
is within 15% to ensure the high-quality mesh.

In particular, the inlet velocity magnitudes vy, at the nozzle
is around 3.20 m/s (see Fig. 9(a) in Section Phase II: light gas
release and stratification), which agrees well with the theo-
retical inlet velocity 3.21 m/s at the nozzle. This consistency
between the calculated velocity and theoretical value also
indicates that mesh resolution and time step size is also fine
enough to meet the requirements for the DES model.

The test conditions and parameters in the TH22 test facility
are given in Table 2 [10,15]. In Table 2, the fluid temperature in
the vessel is 363.15 K. In addition, the wall temperature of the
cold walls and hot walls are constant 313.15 K and 393.15 K
respectively. Furthermore, the light gas helium is injected
during time t = 600 s—800 s with a mass flowrate of 8 g/s. The
gas pressure is 1.22 bar in both the vessel and the nozzle.

In according to the experiment, the simulation procedures
can be classified into three phases [10,15]: (1) Phase I: estab-
lishment of the natural convection (t = 0—600 s); (2) Phase II:
light gas release and stratification (t = 600 s—800 s); (3) Phase
III: dissolution of the light gas cloud (t = 800 s—4000 s).

TH22 test facility setup

The TH22 test investigates the hydrogen release, stratification
and dissolution of the THAI test vessel [10,15]. In Fig. 3, the
TH22 test facility is a cylindrical vessel with 9.2 m in heigh and
3.2 m in diameter. Its volume is 60 m®.

For the hydrogen behaviors experiment, the inner cylinder
is installed in the TH22 test facility as shown in Fig. 3(a). For
the light gas helium injection, a vertical injection nozzle of
138 mm (0.138 m) in diameter was implemented at the posi-
tion of the height zjne: = 6.8 m, radius r = 1.14 m and angle
¢ = 70°. The research objective of the TH22 test facility is to
mainly investigate the dissolution of a light gas cloud in the
upper plenum of the vessel by the natural convective flow. In
the TH22 test facility, the lower and middle vessel mantles are
heated to a constant temperature 393.15 K, while the upper
mantel is cooled with a constant temperature 313.15 K.

Measurement

Test instrumentation and accompanying data acquisition
systems are used in test TH22 for the online control of vessel
conditioning (wall heating/cooling). The thermal hydraulic
conditions in the vessel and measurement sensors for the
light gas injection, evolution of the light gas concentration
during the test as shown in Fig. 3(b) [10,15].

Firstly, the volumetric flow rate of the light gas is measured
with a rotameter type transducer originally designed for
steam. Secondly, the calibrated 1.5-mm thermocouples for the
temperature measurement (accuracy +0.3 K) are positioned at
the specified locations inside the test vessel. Thirdly, two
strain-gauge type pressure transducers are installed to mea-
sure the quasi-steady vessel pressure during the experiment
(accuracy +4 mbar or +6 mbar). Fourthly, the local light gas
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Fig. 2 — Illustration of numerical mode with GASFLOW-MPI. (a) x-zsection view (b) partial enlarged view.

concentrations of 15 locations in the vessel are measured by a
continuous sampling system (thermal conductivity sensors).
In order to improve the concentration measurement of gas
mixtures in the vessel, a mass spectrometer is installed for the
current and further research that allows on-line measuring of
the air, light gas and steam concentrations via 40 sampling
channels. Fifthly, five vane-wheel sensors in Fig. 3(b) are
installed in the THAI vessel to measure gas velocity at the
selected locations. At the same time, a particle-image velo-
cimeter is applied to monitor the flow field prior to and during
the erosion of the light gas cloud. The details of the mea-
surement instruments are shown in Fig. 3.

Results and discussion

In the TH22 test facility, there are three phases of the
hydrogen behaviors in the accident and management process:
(1) Phase I: establishment of the natural convection (t =
0—600 s); (2) Phase II: light gas release and stratification (t = 600
s—800 s); (3) Phase III: dissolution of the light gas cloud (t = 800
s—4000 s). From the definition of validation, it is the process of
obtaining the degree to which a model is accurately consistent
with the real world [25]. Before analysis on the three phases in
the light gas release, stratification and dissolution process, the

validation of GASFLOW-MPI with the experiment data is
hence illustrated.

Validation of GASFLOW-MPI with experiment data

Comprehensive comparisons of the light gas concentrations
vf between the experiment data and calculation results in all
three phases are shown in Fig. 4. From Fig. 4, the light gas
concentration in the sensor 205, sensor 207, sensor 202 and
sensor 201 are in the z position of 6.3 m, 7.7 m, 84 mand 9min
the vessel centerline respectively. Especially, the sensor 209 is
in the same x = 0.55 m plane of the injection nozzle while the
opposite direction in the y axis of the injection nozzle with
y = 0.98 m and z = 7.7 m. Moreover, the error analysis be-
tween the experiment and simulation data in the positions of
five sensors are presented in Fig. 5.

In Fig. 5, the calculated light gas volume fraction vf in the
position of the sensor 205 (x =y = 0 m, z = 6.3 m) agrees well
with the experimental data during the light gas release and
stratification period (t = 600 s—800 s). Meanwhile, the calcu-
lated light gas concentrations vf are mostly slightly higher
than that of the experiment data. It should be noted that there
is a time delay between the calculation result and the exper-
iment data (See Fig. 1 in Section DES turbulence model) during
this period. This will lead to a large relative error due to the
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Fig. 3 — Configuration and instrumentation of the TH22 test facility [10,15]. (a) configuration (b) instrumentation.

small value of the light gas concentration in the initial injec-
tion of this phase. At the same time, a small measurement
fluctuation would lead to large error in this period. Hence, it is
reasonable to consider the relative error after the Phase II.
For the relative error in the phase III, it reaches the
maximum relative error around the time t = 3370s. At the time
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Fig. 4 — Comparison of the light gas concentrations vf in
the vessel with the experiment and calculation data in five
sensors with Phase I (establishment of the natural
convection, t = 0—600 s), Phase II (light gas release and
stratification, t = 600 s—800 s), Phase III (dissolution of the
light gas cloud, t = 800 s—4000 s).

t = 3370s, the calculated and experimental light gas concen-
trations vuf are 12.62%, 14.11% respectively. Hence, the relative
error during this period is within 11.9% in Fig. 5(a). Due to the
small experimental value at the position of the sensor 205, the
maximum relative error is large in some degree. In fact, the
maximum absolute error is 1.5% of the light gas
concentration.

As the light gas release at the position of height z = 6.8 m,
the sensor 207 (x=y =0m, z=7.7 m), sensor 202 (x=y =0m,
z = 8.4 m) and sensor 201 (x =y = 0 m, z = 9.0 m) are in the
upper space from the injection nozzle. In Fig. 5(b), the calcu-
lated light gas concentrations vf in the position of the sensor
207, sensor 202 and sensor 201 are consistent with the
experimental data during the light gas release and stratifica-
tion period (t = 600 s—800 s). Similarly, the calculated light gas
concentrations vf are a little larger than that of the experiment
data in this phase. Therefore, the relative error in the light gas
dissolution phase (t > 800 s) is less than 4.2% in Fig. 5(b).

Furthermore, the sensor 209 are in the position of
x=0.55m,y= 0.98mandz=7.7m.InFig. 5(c), the calculated
light gas concentration uf in the position of the sensor 209
coincides with the experimental data during the dissolution of
the light gas cloud period (t > 800 s). Additionally, the calcu-
lated light gas concentrations uf slightly overestimate than
that of the experiment in this phase. Moreover, the relative
error during this period is within 3.6%.

As the time for the complete dissolution, it coincides with
the experiment data from Figs. 4 and 5. Then, the relative
errors of the time for the complete dissolution between the
calculation results and experiment data are within 5.0%.
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Fig. 6 — Variation of the Ar number with the time t before
the light gas injection.

Among them, GASFLOW-MPI CFD code shows good agree-
ments with the experiment data in the light gas release,
stratification and dissolution process. It should be noted that
the tendencies of the calculation results are slightly ahead of
the experimental result in the light gas dissolution phase in
Figs. 4 and 5. This may due to the slightly large value of the
heat-transfer coefficient that applied to the convection [31].
Therefore, the relative errors in all sensor positions during
the phase of the dissolution of the light gas cloud are within
11.9%. Except that in the position of the sensor 205, the rela-
tive errors in the positions of other four sensors (sensor 207,
sensor 202, sensor 201, sensor 209) are both within 4.2%. At the
same time, the relative errors of the time for the complete
dissolution between the calculation results and experiment
data are within 5.0%. Generally, the calculation results agree
well with the experiment data. Hence, it fully illustrates that
the GASFLOW-MPI can accurately predict the details of the
hydrogen behaviors in the TH22 test vessel for the NPP.

Phase I: establishment of the natural convection

In this phase, it consists of the establishment of the natural
convection by the temperature difference with the cold walls
and hot walls. As the heated mantles of the vessel has been
keep at 393.15 K for a long time before the start of the exper-
iment, it may exist the initial velocity at the beginning of the
experiment. Hence, the mixed convection of the fluid may
exist.

In particular, the Archimedes number (Ar) in Eq. (7) is
adopted to determine whether the natural convection domi-
nates (Ar»1) or not (Ar«1) [30].

Ar = )6gh (Tfh ch)/uiznlet (7)

where § is the surface thermal expansion coefficient, 1/K; gis
the gravity acceleration constant, 9.8 m/s%; T, and Ty are the
average fluid temperature near the hot and cold mantles
respectively, K; Uinlet is the inlet fluid velocity, m/s.
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t=200 s (b)t=400s (c)t=600s.
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During the phase I, the relative error between the calcula-
tion result and experiment data is quite small. Taken the
sensor 60 with a position of z = 3.5 m for example, the
calculation temperature ranges from 363.01 K to 363.02 K
while the experiment data is from 363.00 K to 363.77 K at the
time t = 0—600s. Its maximum relative error is within 0.3%.
Hence, the accuracy of GASFLOW-MPI CFD code has been
verified to a certain extent.

From Eq. (7), the Ar number is related with Tg, and T.
Nevertheless, the values of Ty, and Ty in the confined space
change with time. Based on the calculation result with the
GASFLOW-MPI, the variation of the Ar number with the time t
is presented in Fig. 6. From Fig. 6, the Ar number is always

greater than 4 during the time t = 200 s—600 s in the phase I. At
t = 600 s, the Ar numbers even exceed 100 in all three sensor
positions. This fully proves that it is already dominated by the
natural convection in the TH22 test vessel when t exceeds
200 s in the phase I. Moreover, the profiles of the velocity
magnitude vy, in the TH22 test vessel are also shown in Fig. 7
at t = 200 s—600 s at the x = 0 cross section. Especially, the
establishment of the natural convection by the temperature
difference can be seen clearly in Fig. 7(a) and (b).

Phase II: light gas release and stratification

Helium is released upward in the TH22 test vessel and accu-
mulates within the vessel due to the density difference be-
tween the light gas and air. Meanwhile, the motion of the
inject light gas is determined by the inlet momentum and
buoyancy force in the phase of the light gas release and
stratification. Under these circumstances, the Froude number
(Fr) in Eq. (8) is adopted to evaluate whether the jet flow
(Fr > 10) or plume flow dominates (Fr < 10) [29].

Pinlet ) /pinlet ) V2 (8)

where D is the inject nozzle diameter, m; Uiniet is the inject
velocity, m/s; p,, is the far field ambient density, kg/m?; piye; is
the inlet or inject light gas density, kg/m®.

Similarly in Eq. (8), the Fr number varies with the far field
ambient density p,, while the p_, also change with the time tin
the confined enclosure. Consequently, the variation of the Fr
number with the time t should be presented as shown in Fig. 8.
From Fig. 8, the Fr number exceeds 10 in the light gas release
and stratification phase. Therefore, it belongs to the jet flow.

In addition, the calculated instantaneous light gas volume
fraction distribution and velocity profile of a x = 0.55 m plane

Fr = Uinlet/(gD(peo
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Table 2 — Initial and boundary conditions for the TH22 test facility.

Initial conditions

Boundary conditions

Vessel fluid condition Temperature Temperature

Duration of Helium Mass Nozzle helium

of cold wall (K) of hot wall (K) Helium injection (s) flow rate (g/s) condition
363.15 K, 1.22 bar 313.15 (constant) 393.15 (constant) 200 (t 600 s—800 s) 8 363.15 K, 1.22 bar
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Fig. 10 — Averaged centerline velocity profile of the
x = 0.55 m plane at t = 620 s.

att=620s are shown in Fig. 9. Furthermore, the time averaged
centerline velocity profile of the jet flow of the x = 0.55 m plane
is shown in Fig. 10. In Fig. 10, the length of the potential core
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inlet.

Fig. 11 — Averaged centerline light gas volume fraction
distribution of the x = 0.55 m plane at t = 620 s.

region is around 20 D. Afterwards, the velocity and light gas
concentration decay with a slop of 1/z as shown. It coincides
with the theoretical jet limit [39].



Similarly, the time averaged centerline light gas concen-
tration distribution of a x = 0.55 m plane of the jet flow is
presented in Fig. 11. In Fig. 11, the light gas volume fraction vf
slightly decreases near the injection nozzle. Then, it descends
with a certain slope of 1/z. which also matches the theoretical
jet limit. Therefore, the time averaged centerline velocity and
light gas concentration after the potential core region agrees
well with the theoretical jet limit [29].

For the formation of the light gas stratification, there are
four typical regions in the upward jet flow in the light gas
release process, namely the core potential region, transition
region, fully turbulence development region and impinging
region. In the core potential region, it is the laminar flow near
the injection nozzle. At this region, the time averaged
centerline velocity and light gas concentration almost keep
constant as shown in Figs. 10 and 11. Then, the transition
region occurs at the end of the core potential region. It is the
transition from the laminar flow to the turbulence flow with
the shear force between the injection light gas and the air.
Afterwards, the jet flow enters the fully development turbu-
lence region. In the fully development turbulence region, the
time averaged centerline velocity and light gas concentration
decay with the lope of 1/z which are consistent with the
theoretical jet limit.

Moreover, the jet flow impinges the top wall of the confined
enclosure and spreads in radius directions as presented in
Fig. 9(a). Its velocity component in the z axis decreases and is
transformed into the radial horizontal component. Hence,
many eddies with different scales generate and the light gas is
strongly mixed with the surrounding air in this region. Lastly,
the light gas stratification forms due to the buoyancy and
turbulence.

The evolution of the light gas concentration and velocity
are presented in Figs. 12 and 13. At the end of the phase ], a

light gas cloud stratification is formed in Fig. 12(c). From Figs.
12(a) and 13(a), the light gas beings to accumulate and tem-
perature difference is small at t = 620 s. In Figs. 12(b) and 13(b),
a light gas layer forms and the temperature increases in the
vessel at t = 700 s. This means that the light gas in the upper
space like the positions of the sensor 202 and sensor 201 will
be accumulated soon. As the jet flow dominates, the light gas
concentration increases sharply. This is consistent with the
experiment data in Fig. 4 in SectionValidation of GASFLOW-
MPI with experiment data.

From Figs. 12(c) and 13(c), the light gas concentration dis-
tribution is obvious while the temperature difference between
the lower and upper space in the vessel increases att = 800 s.
In Figs. 12 and 13, the light gas concentrations and tempera-
ture distributions in the phase of light gas release and strati-
fication are described clearly with the GAFLOW-MPI.

Phase III: dissolution of the light gas cloud

For the light gas dissolution phase (t > 800 s), the light gas
concentration uf in the positions of the sensor 205, sensor 207,
sensor 202 and sensor 201 decrease slowly, then drop sharply,
and finally reach a stable value as shown in Figs. 4 and 5.

Most importantly, the time for complete dissolution of
each sensor coincides with the experiment data. In addition,
the relative error of the time for complete dissolution at the
corresponding each sensor position between the calculation
results and experiment data is within 5%.

Moreover, the light gas volume fractions vf before, during
the dissolution and after the complete dissolution of the light
gas cloud are given in Fig. 14(a)—(c). Correspondingly, the
temperature T distributions before, during the dissolution and
after the complete dissolution of the light gas cloud are pre-
sented in Fig. 15(a)—(c).
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Fig. 12 — Calculated light gas concentration profiles of the x = 0.55 m plane at t = 620 s, 700 s and 800 s.
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Fig. 14 — Calculated light gas concentration of the x = 0.55 m plane at t = 820 s, 2700 s and 3900 s.

Additionally, the Ar number in Eq. (7) is also adopted to
determine whether the natural convection dominates (Ar»1)
or not (Ar«1) [30]. For instance, the local Ar numbers in the
position of the sensor 60 (z = 3.5 m), sensor 233 (z = 4.2 m) are
170 and 84 respectively at t = 2700 s with a reference position
of the sensor 225 (z = 7.35 m). These Ar numbers far beyond 1
which means the natural convection already dominates at
this time. From Figs. 4 and 5 in Section Validation of

GASFLOW-MPI with experiment data, the light gas concen-
trations in the position of the sensor 207, sensor 209 had
already decreased rapidly at t = 2700 s.

From Figs. 14(a) and 15(a), the dissolution of the light gas
begins at t = 820 s. In Figs. 14(b) and 15(b), an obvious light gas
layer is observed and the large temperature difference exists
between the light gas cloud and lower space in the vessel at
t=2700s. This means that the light gas in the upper space like
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Fig. 15 — Calculated temperature distributions of the x = 0.55 m plane at t = 820 s, 2700 s and 3900 s.

the positions of the sensor 202 and sensor 201 will be diluted
soon. Once the natural convection establishes and dominates,
the light gas concentration decreases sharply. This is also
consistent with the experiment data in Fig. 4 in Section Vali-
dation of GASFLOW-MPI with experiment data. From Figs. 14
(c) and 15(c), the light gas concentration distribution is rela-
tively uniform while the temperature variation is small. In
Figs. 14 and 15, the light gas concentrations and temperature
distributions in the phase of the dissolution of the light gas
cloud are illustrated clearly with the GAFLOW-MPI. It proves
that the GASFLOW-MPI can detailly capture the dissolution of
the light gas cloud with the natural convection in the vessel.

Conclusions

In this work, the hydrogen behaviors including the transient
light gas release, stratification and dissolution in the TH22 test
facility for the confined space like the NPP containment is
analyzed and evaluated using the 3-D CFD code GASFLOW-
MPI. Additionally, the light gas helium is adopted as a sub-
stitute for the hydrogen in the calculations in accordance with
the experiment. Main conclusions are as below:

(1) Firstly, the calculation results are compared and vali-
dated with the experiment data. The relative errors
between the calculation results and experiment data in
all sensor positions during the phase III (the phase of
the dissolution of the light gas cloud) are within 11.9%.
Except that in the position of the sensor 205, the relative
errors in the positions of other four sensors (sensor 207,
sensor 202, sensor 201, sensor 209) in the phase III are

both within 4.2%. In addition, the relative errors of the
time for the complete dissolution between the calcula-
tion results and experiment data in the phase of the
dissolution of the light gas cloud are within 5.0%.
(2) Then, the time averaged centerline velocity and light
gas concentration after the potential core region decay
with a slop of 1/z which agree well with the theoretical
jet limit. The jet flow dominates as the Fr number ex-
ceeds 10 in the light gas release and stratification phase
during the time t = 600 s—800 s.
In addition, there are four typical regions in the upward
jet flow in the light gas release process, namely the core
potential region, transition region, fully turbulence
development region and impinging region for the for-
mation of the light gas stratification.
Furthermore, the light gas concentrations and temper-
ature distributions in the phase of the dissolution of the
light gas cloud are captured clearly with the GAFLOW-
MPI. As soon as the natural convection establishes and
dominates, the light gas concentration decreases
sharply.
Lastly, this study demonstrates that the GASFLOW-MPI
can accurately described the details of the related
hydrogen behaviors in the accident and management
process in the NPP.

,\
Ul
-

An accurate prediction of these hydrogen behaviors in the
accident and management process is a crucial topic for both
the hydrogen safety assessment and safety analysis in the
confined enclosure like the NPP containment. These findings
can provide the guidance for researchers who aim to foster
more research efforts in it.
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Nomenclature
Ar The Archimedes number

CFD The computational fluid dynamic
DES The detached eddy simulation

Fr The Froude number

LES The large eddy simulation

NPP The nuclear power plant

PIV The particle-image velocimeter

RANS  The Reynolds-averaged Navier—Stokes
THAI The thermal-hydraulics, hydrogen, aerosols and
iodine project

D The diameter of the injection nozzle, m or cm

Gp The buoyancy effect term

g The gravity acceleration constant, 9.8 m/s?

k The turbulent kinetic energy, m?/s?

Lies The turbulence length scale of the standard LES
model, m

like The turbulence length scale of the standard k-¢
model, m

Qe The volume flow rate of the helium, m3/s

Qu, The volume flow rate of the hydrogen, m%/s

r The radius, m

S The strain rate tensor

T The temperature in the test vessel, K

Tt The average fluid temperature near the cold walls, K

T The average fluid temperature near the hot walls, K

t The time, s

uf The light gas concentration, %

Um The velocity magnitude, m/s

Vinlet The inlet fluid velocity, m/s
x,y,z The spatial coordinates, m

Zinlet The height of the injection nozzle in the z
coordinate, m

e The turbulent viscosity coefficient, Pa s

€ The turbulent energy dissipation rate, m%/s>

Poo The ambient density, kg/m?

Pair The air density, kg/m?

PH, The hydrogen density, kg/m?

Pinlet The inlet or inject gas density, kg/m?

I The surface thermal expansion coefficient, 1/K

¢ The angle, rad or °
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