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a b s t r a c t

Hydrogen-steam gas mixture may be injected into containment with flow regime varying both spatially
and transiently due to wall effect and pressure difference between primary loop and containment in
severe accidents induced by loss of coolant accident. Preliminary CFD analysis is conducted to gain in-
formation about the helium flow regime transition process from jet to buoyancy plume for forthcoming
experimental study. Physical models of impinging jet and wall condensation are validated using sepa-
rated effect experimental data, firstly. Then helium transportation is analyzed with the effect of jet
momentum, buoyancy and wall cooling discussed. Result shows that helium distribution is totally
dominated by impinging jet in the beginning, high concentration appears near gas source and wall
where jet momentum is strong. With the jet weakening, stable light gas layer without recirculating eddy
is established by buoyancy. Transient reversed helium distribution appears due to natural convection
resulted from wall cooling, which delays the stratification. It is necessary to concern about hydrogen
accumulation in lower space under the containment external cooling strategy. From the perspective of
experiment design, measurement point should be set at the height of connecting pipe and near the wall
for stratification stability criterion and impinging jet modelling validation.
© 2019 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

In the process of hypothetic severe accidents in nuclear power
plants (NPP), large amounts of high temperature steammixed with
hydrogen will be released into containments through breaks,
valves, vent pipelines or even leakage, resulting in hydrogen risk in
the containments. The gaseous jet is possible to impinge obstruc-
tions like structure or equipment in the containment, leading to
transforms of the flow regime. On the other side, the flow regime
(turbulent jet or plume) of the released gas also varies transiently
with the instantaneous pressure change due to various accident
scenarios. The prediction of the flow behavior during the in a
complex flow regime transition process, both transient and spatial,
is crucial to the hydrogen distribution characteristics, and further to
the assessment of hydrogen risk in containment.

For light gas transportation and distribution behavior in limited
space, existing research can be broadly divided into three types.
Some experiments are conducted in real-scale compartment facil-
ities, for instance, the HDR facility [1,2] and the BMC [3] facility. The
real coolant discharge characteristics in LOCA and structural effect
can be reproduced in these facilities. Nevertheless, the state of
development of experimental methods at the time make it difficult
to observe experimentally a non-homogeneous atmosphere in a
single compartment [4]. Another type of experiment is carried out
in simplified facility focusing on only one or some screened phe-
nomena that is relevant for the containment safety issues.
Comparing with large containment facilities, local fine measure-
ment is set in them to provide deep understanding of these phe-
nomena, as well as database for code validation, such as the THAI
[5e7] facility, PANDA [8] and MISTRA [9]. However, former
research shows that the questionwith impinging plume/plume jets
on walls still needs further experimental study [10], because gas
injection is mainly limited to through pipes or nozzles in design of* Corresponding author.
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experimental condition, which ignores possible gas transportation
under wall or compartment influence in reactor application. The
third type experiment focuses on separated phenomenon. For
example, many experiments have been carried out to study
impinging jet flow characteristics under various factors, such as gas
species, flow rate, nozzle shape, distance between nozzle and
impinging plate, jet direction and so on. However, existing studies
mainly concern about high heat transfer efficiency at impinging
location due to thin thermal boundary layer, in the review work
conducted by Webb and Ma [11], several recommendations aimed
at heat transfer characteristics study are identified. While the main
purpose of these experiments are aiming at the heat transfer
enhancement rather than gas species distribution in jet flow
regime.

To sum up, although there are plenty researches regarding
separated basic mechanisms such as buoyancy/momentum driven
flow, natural convention and gas stratifications [12], there is lack of
study on hydrogen distribution characteristics in a complex flow
regime transition process. We should identify the relative impor-
tance of each mechanism at different accident stages and parts of
containment. Therefore, a test scheme that a transient jet driven by
initial pressure difference between two connected vessels is
designed to try to produce jet-plume transition flow transient. In
addition, if two connected vessels are regarded as containment and
spent fuel pool respectively, pressure driven test scheme can be
extended to containment venting strategy research. Under this
background, it is possible to analysis hydrogen distribution and risk
in spent fuel pool during venting process.

In this paper, a preliminary analysis for a transient jet driven by
initial pressure difference between two connected vessels is con-
ducted with three-dimensional CFD code GASFLOW for contain-
ment thermal-hydraulics in order to study the flow behavior in
both of the vessels, as well as its influence on hydrogen distribu-
tion. Different factors are discussed to explain the influence of each
mechanism for the flow behavior. Firstly, the key physical models
adopted to simulate impinging jet and wall condensation are vali-
dated respectively with two separated effect experiments. On this
basis, hydrogen transportation with the transient jet driven by the
initial pressure difference injected through a horizontal pipe
located at bottom space is analyzed from phenomenological
perspective. Typical phases can be divided by jet momentum and
buoyancy plume dominant. Then the effect of natural convection
from external cooling on hydrogen distribution in each typical
phase is studied. The location of high concentration appearing is
identified from the perspective of hydrogen risk control. Besides,
this study is also a preliminary numerical experiment for a forth-
coming experiment, not only to verify the feasibility of the design
scheme, but to give a prediction of the flow field for the experi-
mental design. This is the reason why the hydrogen is replaced by
helium for safety reason in this study. Finally, a recommendations
for measurement layout in test are developed.

2. Method

2.1. k-ε turbulence model

The turbulent viscosity can be written as eq. (1) in the k-ε tur-
bulence model,

mt ¼
Cmrk2

ε

(1)

Where k is the turbulent kinetic energy, ε is the rate of dissipation
of turbulent kinetic energy, the k and ε are calculated by solve their
transport equation eq. (2) and eq. (3).
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The parameters cm, c1, c2, sk,sε in equations are 0.09, 1.44, 1.92, 1,
1.3. The terms are diffusional transport, production by viscous
stresses, production by buoyancy, viscous dissipation, generation
from other sources on the right hand side in order.

2.2. Convective heat transfer and condensation model

As for heat transfer between gas and solid structure, the heat
transfer coefficient hs is calculated by Reynolds analogy method
with Colburn correction shown in eq. (4).

hs ¼ rCpu*

uþ
Pr�2=3 (4)

Where r is fluid density, Cp is specific heat at constant pressure, u* is
wall shear speed u* ¼ (ts/r)1/2, ts is wall shear stress, uþ ¼ u/u* is
dimensionless velocity, Pr is Prandtl number.

When the steam mass fraction becomes a relatively large frac-
tion of the mass of gas mixture, the heat transfer rate increases. A
correction factor QT is used to determine the increase in heat
transfer coefficient.

h*s ¼QThs QT ¼ fT

efT�1 (5)

Where fT is fT ¼ � _msCp

hsAs
. _ms is condensation rate, As is surface area.

In wall condensation model, the mass transfer coefficient hd is
obtained by Chilton-Colburn empirical analogy between heat and
mass transfer, as shown in eq. (6).

hd ¼ hs
rCp

Sc�2=3

Pr�2=3 (6)

Where Sc is Schmidt number.
A correction factor Qm is also used for relatively large steam

mass fraction.

h*d¼Qmhd; Qm ¼ 1þ R
R

; R ¼ ns;h2o � nh2o
1� ns;h2o

(7)

Where ns,h2o and nh2o are steam mole fraction at the wall and main
fluid.

Besides, other two heat transfer models, Von Karman analogy
and the analogy based on similar velocity-temperature profiles are
also analyzed in validation for comparison. The calculation of hs are
shown in eqs. (8) and (9) respectively.

hs ¼ rCpu*

yþPr
(8)

hs ¼ rCpu* (9)

3. Physical model validation

Existing research [13] shows that k-ε turbulencemodel has been
proved to be reasonable for free jet and buoyancy plume behavior
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prediction. Therefore, a separate effect experiment on impinging
flow is analyzed in this section to evaluate code performance. As for
wall condensation, a series of condensation experiment conducted
in separated effect facility COPAIN is chosen to cover the rage of
following analysis for heat transfer and condensation model
validation.

3.1. Validation on impinging jet

Ashforth-Frost et al. [14] reported measurements of velocity and
turbulence characteristics for a impinging jet with a Reynolds
number of 20,000 and two aspect ratios of 4 and 9.2. Also, Zhe and
Modi [15] examined the velocity field for several Reynolds numbers
and aspect ratios. Dimensionless data from both tests are chosen for
validation. In this experiment, air (0.1 MPa, 300K) is injected from a
flat wind tunnel (thewidth is B) into a slot which is confined by two
parallel surfaces (the width is H). A two-dimensional 1/2 sym-
metrical computational domain (50B � H) is built with the sym-
metry axis at the centerline of jet (X ¼ 0), as shown in Fig. 1.
Specified pressure (0.1 MPa) boundary condition is set on the right
side (X ¼ 50B). The confinement and impingement surface are
treated as no slip boundary. Two different aspect ratio (H/B ¼ 4 and
9.2) experiments are studied. The samemesh size is adopted for the
two cases with different computational region. Hence we develop
two mesh division scheme accordingly, cell numbers of which are
75X � 61Y ¼ 4575 and 75X � 139Y ¼ 10425. Hypothetical uniform
velocity distribution is set to be the inlet boundary condition,
where the Reynolds number (B is characteristic length) is 20,000.
Base on the literature [16], the inlet turbulent kinetic energy k is
calculated as k ¼ (IVinlet)2, where I ¼ 0.02. Turbulent kinetic energy
dissipation rate ε is calculated as Cm(k)1.5/l, where Cm ¼ 0.09 and
l ¼ 0.015B.

Fig. 2 shows normalized velocity profiles along X direction in
free jet region, comparing with experimental data from Zhe &
Modi, the variation tendency of velocity profiles can be predicted
reasonably in the simulation. The intersection of two curves locates
at X/B ¼ 0.5 indicating the momentum and mass transfer at the jet
boundary due to gas entrainment. In free jet region, simulation
result over-predicts velocity magnitude slightly, the tendency is
more obvious when the distance between inlet and measurement
location (HeY) is smaller. It should be attributed to the uniform
inlet velocity distribution boundary, which over-predicts the ve-
locity at X ¼ B/2 while comparing to real velocity distribution in
fully developed turbulent flow.

Fig. 3 gives the X direction velocity component profiles along Y
direction, mainly for the flow after impinging. The figure shows
that the k-εmodel predicts the flow behavior of near the stagnation
point appropriately by comparing with the experimental data from
Ashforth-Frost. Besides, the simulation of the velocity distribution
near impinging surface (Y/B < 0.1 in Fig. 3) consists well with the
experimental data. While, the velocity decay after the jet impinging
is under predicted, for instinct, the simulation result is higher than
experiment at X/B ¼ 4 for the case H/B ¼ 9.2.

In general, the predicted velocity profiles consists with the
experimental data, indicating that the k-ε model adopted in this
analysis is able to obtain reasonable prediction for the flow field
characteristic of impinging jet.

3.2. Validation of convective heat transfer and condensation model

The general aim of the COPAIN work package is to investigate
steam condensation on vertical walls in the presence of non-
condensable gases [17]. The main test section is a rectangular
channel (4.0 m high, 0.5 m long and 0.6 mwide), as shown in Fig. 4.
The condensing plate is 0.6 m wide and 2.0 m long, which is
controlled by cooling system to achieve uniform temperature dis-
tribution on the plate surface. Three cases are selected for the
validation of heat transfer, wall condensation during free convec-
tion and forced convection, as shown in Table 1 to cover the situ-
ation for the following analysis.

A Quasi-2D CFD analysis model (The distance between surface
No. 3 and 4 is simplified to only one cell) is built to simulate this
process. The computational domain is divided into 200 cells uni-
formly along Z and 50 cells scaling along X direction. The first mesh
width near the condensation wall is refined to be 0.5 cm, with yþ

about 36. The left and right boundary (surface No.1&2 in Fig. 5) are
set to be no-slip. Constant temperature boundary is set from the
height of 0.5 me2.5 m to simulate condensation plate, other
boundary parts of computational domain are adiabatic. The front

Fig. 1. Analysis model of impinging jet flow experiment.

Fig. 2. Free jet velocity profiles.
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and back boundary (surface No. 3 & 4) are free-slip. On the top
surface (surface No. 6), constant velocity is defined as inlet, the
outlet (surface No. 5) is set to be continuative (where gradient is
zero).

Fig. 5 shows that heat flux with height of three heat transfer
models comparing with experiment result. Heat flux obtained by
Reynolds analogy model and Von Karman analogy model is
consistent with experimental data. Although same distribution
trend is found in the result, the heat flux is over predicted by similar
v-t profile model. In P0443 case, heat flux calculated by Von Kar-
man analogy model is lower than experimental data. Among three
analogy models, the simulation result obtained by Reynolds model
gives the best prediction comparing with the experimental results,
hence is adequate for the next analysis.

4. Flow regime transition process

4.1. Geometrical model and initial & boundary conditions

Considering the subsequent experiments, helium is used as an
inert replacement of hydrogen. The facility design scheme consists

of two cylindrical vessels with semi-ellipsoidal heads with inner
diameter of 1.8 m and total height of 5.0 m, which are connected by
a horizontal pipe (Length is 1.5m, diameter is 150mm). Two vessels
are named as source compartment (left, SC) and receiving
compartment (right, RC). The jet is produced by initial pressure
difference between two compartments, so the SC can be regarded
as a pre-mixed vessel, the RC is object of study.

The 3D CFD model includes the gas space and solid wall of
vessels and the connecting pipe, and is built in a rectangular
computational domain under Cartesian coordinates. with size of
5.2 m, 0.95 m, 5.1 m in x, y, z direction respectively, as shown in
Fig. 6. The computational domain is divided into 87,18 and 90 nodes
along X, Y and Z direction, with the total structured hexahedral
mesh of 140,940, as shown in Fig. 7. The mesh along X direction is
divided uniformly, the size of each mesh is 6 cm. Along Y and Z
direction, mesh near the symmetry plane and at the height of
connecting pipe is refined, the minimum size of which are 2.5 cm
and 3 cm. Besides, five concentration monitor points (P1~P5) are
set along the vertical centerline of RC, as shown in Fig. 6.

For the initial condition, the SC is filledwith gasmixture consists
of helium (20%, volume fraction, the same below), air (36%) and
saturated steam (44%), the temperature and pressure are 453K and
1.0 MPa, while the RC is filled with air at temperature of 303K, and
pressure of 0.1 MPa. No-slip boundary condition is set on the solid
wall of compartment. On the symmetry plane (Y ¼ 0), free slip
boundary condition is adopted for simulation.

4.2. Case selection

Three cases are set in simulation, as shown in Table 2. In stan-
dard case (case 1), heat and mass transfer between gas and solid
wall are ignored by setting an adiabatic wall boundary condition to
focus on the flow behavior driven by the initial pressure difference.
Case 2 is set to be an influence discussion of for the location of
connecting pipe to further evaluate the importance of jet mo-
mentum. In case 3, the temperature of the exterior wall surface of
RC is set to be 298K constantly to study hydrogen transportation
under natural convection from external containment cooling
adopted in advanced passive PWR.

4.3. Result and discussion

4.3.1. Flow behavior analysis
Fig. 8 shows pressure history in source compartment and

receiving compartment from t ¼ 0e500s. At t ¼ 0s, steam-helium-
air mixture with high pressure is injected into receivingFig. 4. The diagram of COPAIN test section and near wall mesh division.

Fig. 3. X-direction velocity profiles along Y/B at each X/B location.
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compartment through connecting pipe driven by the pressure
difference. It shows that the pressure difference between two
compartments drops to zero in the first 1.5 s. Balanced pressure is
0.5 MPa, which is lower than the arithmetic mean value of pressure
in both compartments (1/2� (1.0 MPaþ 0.1MPa)) due to the steam
bulk condensation.

In Fig. 9, two peaks of bulk condensation rate can be observed at
t ¼ 0.4s and t ¼ 1.3s. The first peak results from the mixing of hot
gas mixture jet and cold air in RC, the second peak reaches to 220 g/
s, which is resulted from fast cooling due to unsteady adiabatic
expansion. Meanwhile, the steam concentration starts to decrease.
Adiabatic expansion leads to bulk condensation in SC, so helium
concentration in SC increases a bit, as shown in the small picture of
Fig. 10(a). The transient process is divided into two phases based on
the pressure difference to be easier to discuss: Pressure difference
dominant phase and Buoyancy dominant phase.

4.3.1.1. Pressure difference dominant phase/impinging jet dominant
phase. From 0 to 1s. Helium-steam-air mixture jet impinges on the
wall driven by the pressure difference, then disperses along the

Table 1
Case selection of COPAIN test.

Case No. Pressure(kPa) Air fraction Vinlet (m/s) Re number Convective Heat transfer Tinlet (K) Twall (K)

P029 417 0.993 2.01 3.48Eþ05 Forced 381.20 298.68
P0443 102 0.773 0.50 3.44Eþ04 Free 352.33 300.06
P0441 102 0.767 3.00 1.03Eþ05 Forced 353.23 306.40

Fig. 5. Heat flux on the condensation surface.

Fig. 6. Schematic View of geometric model (Initial and boundary conditions).
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vessel wall. At t¼ 0.1s, the upper part of the jet flows along the right
side wall, and then moves downward against the left side wall,
meanwhile the lower part enters the lower head then flows upward
along the left side wall surface. To t ¼ 1.0s, different transient he-
lium distribution characteristics in top and bottom of RC formed, as
shown in Fig. 11(a). Streams from top and bottom meet at near the
left side wall slightly below the 1/2 height of compartment and
then transport horizontally together according to the velocity
vector profile shown in Fig. 11(b). To t ¼ 2.0s, this stratification
diminishes with the initial jet momentum decaying, as the pressure
balanced between two vessels.

Low temperature due to adiabatic expansion of jet occurs in RC
at the height of connecting pipe from t ¼ 0.01se1.0s, as shown in
Fig. 12. In upper space, local high temperature appears in the center
of upper space (z ¼ 3.4 m). From 0.1s to 1s, global temperature rise

Fig. 7. The mesh division of computational domain.

Table 2
Simulation case selection.

Case No. SC RC pipe position structure

1/2 20% Heþ36% air
þ44% steam,
453K, 1 MPa

100% air,
303K, 0.1 MPa

Bottom/Top adiabatic
3 bottom Tout ¼ 298K

Fig. 8. Pressure in source compartment and receiving compartment (0e500s).

Fig. 9. Bulk condensation rate in SC&RC and Steam concentration in SC.

Fig. 10. Helium distribution in RC at t ¼ 0.1s (t ¼ 2.0s in small picture).

Fig. 11. Helium and velocity distribution in RC (t ¼ 1.0s).
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in RC is caused by venting. Gas in RC is compressed and heated due
to doing work. On the other hand, fast cooling due to unsteady
adiabatic expansion appears in SC, which results gas temperature in
SC is lower than it in RC. When cold gas is injected into RC, it flows
along the wall, i.e. the atmosphere near the wall is cooled by
injected flow in RC. So gas temperature in center of upper space is
relatively higher. Besides, at t ¼ 1.0s, temperature in SC is lower
than 390K(blue line) and saturation temperature under current
steam partial pressure is 398K. Therefore, it further confirms the
presence of the bulk condensation in SC mentioned above. To
t ¼ 2.0s, the temperature in RC increases higher than it in SC with
the increase of internal energy due to pressure rise. At the same
time, the density in RC is higher than it in SC, which means after
pressure difference diminishing, gas transportation between two
vessels will be driven by buoyancy (see Fig. 13).

4.3.1.2. Buoyancy dominate phase. After 2s, although pressure dif-
ference decreasing to zero and impinging jet disappears, anti-
clockwise circulation flow can still be observed due to inertia.
Therefore, at t¼ 3.0s, helium distribution in RC is low in the middle
(14%) and high near the wall, as shown in Fig. 14(a). With the
decaying of the injected momentum, the anticlockwise circulation
transforms to clockwise, as shown in Fig. 15, the velocity direction
near the left wall (in red circle) changes to be upward. To t ¼ 100s,
Helium gathers in the dome and a light gas layer is built. Similar
stratification phenomenon has shown in the study from Liu [18].
Fig. 16 shows the helium concentration time history of 5 measure
points. The concentration starts to build up from the highest point
P5 in dome after 100s, forming a stratification with light gas at the
top without recirculating eddy during the buoyancy dominant
phase. We can preliminarily referring to the light gas layer stability
criterion presented by Jirka [12] in simplified upward buoyancy jet
flow, a judging map about Froude number (Fr) and height-diameter
ratio (Hj/Dj) of jet can be obtained as shown in Fig. 17. The Froude
number is calculated as following equation.

Fr ¼ raU
2
j

gDjðra � rjÞ
(10)

Where ra and rj are the density of ambient air and jet, Uj is jet
velocity, all of them can be obtained from analysis results.

Fig. 12. 1-D Temperature distribution along the centerline of compartment.

Fig. 13. Density distribution along the centerline of compartment.

Fig. 14. Helium distribution in RC after 2s.
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In this case, the height, Hj, is the distance from pipe to the dome,
with the value of 4.0 m. As for the Dj, is defined by the vertical
velocity component near the outlet of pipe, with the value of 25 cm,

as shown in Fig. 17, making the Hj/Dj with the value of 16. At
t ¼ 500s, when velocity profile tends to be stable, the transient
Froude number calculated is 0.12, the square root of which is 0.346.
It is located in stable region shown in Fig. 18, which means a stable
stratification can be built with the given injection. From the
perspective of experiment design, velocity measurement should be
set near the wall to obtain the velocity profile for further validation
of stability criterion and impinging jet modelling.

4.3.1.3. The effect of pipe location. In case 2, the connecting pipe is
moved up to the height of þ1.5 m to study the effect of gravity on
helium transportation. Fig. 19 shows helium concentration in RC at
t ¼ 1.0s, The helium distribution in case 2 is almost mirror sym-
metric to the standard case along the horizontal plane. This further
illustrates that it is the jet momentum that dominants the flow
behavior at the first few seconds, and the influence of buoyancy is
negligible. In this phase, local high concentration occurs because of
the location of the pipe. The helium accumulate above the injection
during the buoyancy dominant phase in case 2, as shown in Fig. 20,
because it is difficult for the helium to diffuse below the injection, a
“sharper” stable helium stratification formed. Although Hj/Dj

Fig. 15. Velocity vector near the right wall of RC.

Fig. 16. Helium concentration time history of 5 points.

Fig. 17. Standard case compared to the stability criteria.

Fig. 18. Z-Velocity magnitude at the height of connecting pipe.

Fig. 19. Helium distribution at t ¼ 1.0s.
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decreases to 4 due to higher injection position in this case, the
stratification stability is further verified according to the judging
map in Fig. 17. From the perspective of experiment design, gas
concentration measurement point should be set at the height of
connecting pipe where high concentration gradient appears to
capture light gas layer thickness to further verify the stability. From
the perspective of hydrogen combustion risk, higher pipe location
leads to a local “dead end” where light combustible gas accumu-
lation. It increases the possibility of deflagration or detonation.

4.3.2. Natural convection from wall condensation
Fig. 21 gives condensation rate and pressure time history in case

3, with continuous wall cooling, the time that pressure balance
achieves is delayed to t ¼ 2.0s. The balanced pressure is 0.43 MPa,
which is lower than it in standard case. Wall condensation mainly
appears within the first second due to intense heat transfer at the
impinging point and fast flow near the wall driven by pressure
difference. Transient peak of wall condensation rate reaches to
2200 g/s, which is about 10 times more than bulk condensation.

Although up to 30% of steam mass reduces because of wall
condensation, helium still shows the same transient stratification
in RC as standard case in impinging jet dominant phase, as shown
in Fig. 22 (a). It shows impinging jet induced by pressure difference
plays dominance role in helium distribution in this phase. From
t ¼ 100se1500s, instead of forming a stratification of light gas, a
transient reversed helium stratification is observed. Steam distri-
bution in Fig. 23 shows that stratification appears to t ¼ 100s
because most steam condensed on the bottomwall of RC due to jet
flow. After 100s, steam flow near the wall is driven by buoyancy,
meanwhile, natural convection from wall cooling promotes steam
mixing to diminish the stratification. Therefore, the helium fraction
difference between upper space and bottom reduces gradually, at
t ¼ 100s, it is 1.5% and decreases to 0.3% at t ¼ 1500s, as shown in
Fig. 24. Similar result has also been captured in Li's study [19], after
passive containment cooling recovery, high helium fraction appears
at the bottom of containment, which can be interpreted as the
heavy condensed gas flows downward, pushing steam-rich gas at
the bottom upwards. In addition, in this simulation, more helium is
suctioned into RC due to pressure reduction resulted from
condensation, which is another reason for local high helium con-
centration in lower space of RC.

Fig. 20. Helium concentration along the centerline of compartment.

Fig. 21. Condensation rate and pressure time history in case 2.

Fig. 22. Helium distribution in receiving compartment.
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5. Conclusions and prospects

Aiming at forthcoming experimental study on hydrogen distri-
bution characteristics in flow regime transition process, a pre-
liminary analysis is carried out in this paper. The facility design
scheme is modelled with CFD method. Based on validated physical
model, a rapid transition process from impinging jet to buoyancy
plume realized by pressure difference between two vessels is
simulated. By phenomenological analysis of standard case and the
effect of pipe location, the typical phase can be identified. Then the
relative importance of wall condensation is analyzed. Several main
conclusions can be drawn as following perspectives.

(1) From the perspective of light gas transportation phenomena,
in the beginning, helium distribution is totally dominated by
impinging jet, so high concentration appears near gas source
and wall where jet momentum is strong. With jet weak-
ening, stable light gas layer without recirculating eddy can be
established with buoyancy. Transient reversed helium dis-
tribution appears due to natural convection resulted from
wall cooling, which delays the stratification.

(2) From the perspective of hydrogen risk control, in addition to
the area near hydrogen source and local “dead end”, it is
necessary to concern about possible hydrogen accumulation
in lower space under external cooling strategy in
containment.

(3) From the perspective of experiment design, it is proved to be
available in current design scheme that gas injection driven
by varying pressure difference to capture flow regime tran-
sition process of jet to buoyancy plume in time and space.
Gas concentration and temperature measurement point
should be set at the height of connecting pipe where high
concentration gradient appears to capture light gas layer
thickness and state of gas jet. Velocity measurement should
be set near the wall to obtain the velocity profile for stability
criterion and impinging jet modelling validation.

In future, more practical boundary condition can be realized by
setting heat flux from inside to outside of vessel wall. We will
measure the heat flux in forthcoming experiment and get an
appropriate input for simulation. On this basis, the effect of external
cooling (such as flow rate of cooling water) on helium distribution
in RC will be further investigated. Besides, this analysis can
contribute to the investigation on containment venting strategy.
Hydrogen distribution in SC can be further concerned in simulation
to analyze the effect of venting on gas flow in containment. In RC,
spent fuel pool model can be also developed for hydrogen risk
evaluation.
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Fig. 23. Steam distribution in receiving compartment.

Fig. 24. Helium distribution along the centerline of RC.
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