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The  k-� based  DES  model  is  used  in  the  nuclear  containment  simulation.
The  comparison  of  results  between  different  turbulent  models  is  obtained.
The  superiority  of  DES  models  is analyzed.
The  computational  efficiency  with  the  DES  turbulence  models  is  explained.
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a  b  s  t  r  a  c  t

Different  species  of  gases  would  be released  into  the  containment  and  cause  unpredicted  disasters  during
the nuclear  severe  accidents.  It is  important  to accurately  predict  the  transportation  and  stratification
phenomena  of  these  gas  mixtures.  CFD  simulations  of  these  thermal  hydraulic  issues  in  nuclear  contain-
ment  are  investigated  in  this  paper.  The  main  work is  to  study the influence  of turbulence  model  on the

calculation  of  gas  transportation  and  heat  transfer.  The  k-�  based DES  and  other  frequently  used  turbu-
lence  models  are  used  in  the  steam  and  helium  release  simulation  in  THAI  series  experiment.  This paper
will  show  the superiority  of the  DES  turbulence  model  in  terms  of computational  efficiency  and  accu-
racy  with  the  experimental  results,  and  analyze  the  necessities  of  DES  model  to simulate  the  large-scale
containment  flows  with  both  laminar  and  turbulence  regions.
. Introduction

During severe nuclear core-melt accidents, large amount of
team and hydrogen can be released into the air filled contain-
ent of nuclear reactors. Flammable mixtures may  cause hydrogen

ombustion which threatens the integrity of Nuclear Power Plant
NPP) containments. In the most recent Fukushima Daiichi nuclear
isaster, hydrogen release and explosion are the major cause of the
ontainment breakdown. Therefore, an efficient and accurate pre-
iction of hydrogen distribution in the containment is completely
eaningful.

The ex-vessel thermal hydraulic phenomena in the severe acci-

ents have been investigated by the methods of both experiments
nd numerical calculations during the last several decades. This
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kind of phenomena contains mass and heat source, heat and mass
transfer, pressurization or depressurization, gas transportation and
phase transition (Agency, 2008). The steam and hydrogen release
that belongs to the multi-component flows contains jet flows
with high Reynolds number, plume flows with buoyancy effect
and laminar flows. In other words, the large spatial scale in the
containment would induce the intense flow close to the release
location and the nearly stagnant flow in the far-field (Heitsch
et al., 2010). Experiments are performed to study such complicated
flows. In early 1970s fuel rod melting experiments were investi-
gated in Soviet Union Kurcharov Institute leading severe accident
research. Besides, international standard problem (ISP) related to
the Nuclear Energy Agency (OECD/NEA) is made available to the
aim of better understanding of containment thermal-hydraulics
(Sonnenkalb and Poss, 2009). To demonstrate the actual capabil-
ity of numerical methods which are used to predict the hydrogen

distribution in nuclear containment under severe accident condi-
tion, ISP-47 performed a series of experiments, including TOSQAN
(7 m3), THAI (60 m3) and PANDA (200 m3) (Bury et al., 2012). In
particular, the experiments on German THAI facility addressed the
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alidation of computer code in a complex and more realistic multi-
ompartmented geometry. These experiments offer abundance of
aluable data for the validation of numerical simulations in NPP
ontainments.

The numerical tools for containment simulations have under-
one development for a few decades (Agency, 2008), e.g., US codes
AAP (Henry and Plys, 1990), MELCOR (Gauntt et al., 1998) and

OCOSYS (Allelein et al., 2008), European codes GASFLOW (Travis
t al., 1998) and ASTEC (Allelein and Jacq, 1999), Russian codes
ATEG/SVECHA (Bezlepkin et al., 2004). For computer simulation
o predict hydrogen release and distribution in nuclear engineering
eld, there are two popular methods, lumped-parameter (LP) and
FD codes. Houkema et al. (2008) illustrated that the CFD software
FX-4 was recommended to analyze the containment thermal-
ydraulic phenomenon after comparisons with ISP47 experimental
ata. Allelein et al. (2008) provided the validation of COCOSYS code
sing the THAI facility experiments which considered hydrogen
istributions, recombiner behaviors and aerosol and iodine issues.
oyl et al. (2006) calculated the steam and hydrogen distribution
ith the GASFLOW CFD code and showed very good agreement
ith experimental results.

When simulating injections in the containment using CFD code,
he turbulence model play an important role on the calculation of
as transportation, heat conductivity and diffusion. Some numer-
cal simulations about this phenomenon have been performed
mploying algebraic or two equation turbulence models. Sha et al.
2004) investigated large-scale containment cooling system test
ith the k-�  model and showed a good agreement with experimen-

al data. Andreani et al. (2008) drew some conclusions in the ECORA
roject for the basic assessment of CFD codes, one of which was
hat the two equation models for turbulence produced much bet-
er results than Prandtl’s mixing length model. The different flow
atterns existing in the steam and hydrogen release, such as jet flow
nd plume flow, are closely related to turbulence effect in consider-
ng the inertia and buoyancy force. Whereas Xiao and Travis (2013)
iscussed the impacts of different turbulent models on simulation
f injections, and showed that the k-�  model tended to over-predict
he mixing in the field far away from the jet flow source where the
aminar model was more accurate and time-saving. Different turbu-
ence models are required for different flow patterns, which brings
ifficulties in the calculations of containment flows.

Inside the large-scale containment, flows varying from laminar
o turbulence are all existing. The high-Reynolds number turbu-
ence model, e.g., k-�  model, has no mechanism to predict all
hese phenomena. The low-Reynolds number turbulence model
s reported to predict the transition in some degree (Biswas and
ukuyama, 1994), but very fine grids are needed in the boundary
ayer which is unaffordable for the large-scale spatial problem. The
ES approach is reported to be in better agreement with experi-
ental results than unsteady RANS model in predicting transient

ffects of turbulent separated flows (Benim et al., 2008; Tutar and
oldø, 2001). This paper tries to address the availability of k-�  based
ES turbulence models using a series of experiments at the THAI

acility. In the numerical simulation, the k-�  based DES model is
rovided to calculate the heat and mass transfer, gas transporta-
ion by updating the new viscosities and diffusion coefficients. This
aper will show the superiority of the DES model over other models

n computing complicated flows inside the large-scale contain-
ent.

. Computational model
The GASFLOW code (Travis et al., 1998) is a well-tested CFD code
or predicting gases transportation in nuclear reactor containment
nd provides the basis solver for implementing the DES turbulence
and Design 287 (2015) 1–10

model. The code employs a second order finite-volume scheme on
a structured 3D computational mesh. It solves the unsteady com-
pressible Reynolds averaged Navier–Stokes (RANS) equations using
the ICE’D ALE approach (Travis et al., 1998) that consists of three
operating steps. The first step is an explicit Lagrangian phase for
updating source terms and diffusion terms. The second step is an
implicit pressure iteration process to achieve convergence. The last
step is named by “Rezone phase” which uses an upwind scheme to
calculate the convective terms. There are two  coordinate systems
for the structured grids, i.e., rectangular system and cylindrical sys-
tem. The mass and heat transfer inside the boundary layer will be
considered using the empirical relations (Bird et al., 2007).

To calculate the turbulent flows in the nuclear containment,
the low-Reynolds turbulent model takes much more time than the
high-Reynolds one for the resolving of boundary layer on a large
area of wall boundary.

In fact, the turbulent boundary condition does not affect the
distributions of gas mixture much. Thus wall function is used as
the wall boundary treatment for the turbulent model. Besides the
already implemented zero equation algebraic and turbulence mod-
els in GASFLOW, a new turbulent model called k-�  based DES model
is described in the following subsections.

2.1. The standard k-�  turbulence model

As the most popular two-equation model, the k-�  model is
applied in the thermal-hydraulics simulation for the NPP con-
tainment by many nuclear researchers. The standard k-�  model
(Launder and Spalding, 1974) applies turbulent kinetic energy k and
dissipation rate ε equations to define turbulent kinematic viscosity
vt. The equations are given by

⎧⎪⎨
⎪⎩

∂(�k)
∂t

+ ∇ · (�kU) = ∇ ·
[(

�l + �t

�k

)
∇k

]
+ Pk + Pkb − �ε

∂(�ε)
∂t

+ ∇ · (�εU) = ∇ ·
[(

�l + �t

�ε

)
∇ε

]
+ Cε1

ε

k
(Pk + Pkb) − Cε2�

ε2

k

(1)

where �k, �k, Cε1, Cε2 are constants, � and U represent the fluid
density and velocity respectively. The kinetic source terms Pk and
Pkb represent turbulence generation due to the viscous forces and
the buoyancy respectively.

2.2. The k-�  based DES turbulence model

The first version of DES (Spalart, 1997, also called SA-DES)
combines the advantages of RANS in boundary layers and LES
elsewhere. By changing the length scale from the RANS scale
(the nearest distance to the wall) to the LES scale, the Spalart’s
SA-DES model changes from the Spalart–Allmarus model to the
Smogorisky-like DES model (Spalart, 2009). Since no boundary
layer is provided in high-Reynolds turbulence model, the length
scale is replaced by the turbulence scale and we  can write the k-�
based turbulence model as

lDES = min(lRANS, lLES), (2)

where lRANS and lDES are the RANS and LES filter length scales
respectively. The RANS length scale is evaluated using dimensional
analysis and the LES length scale is the maximum size in the local
grid, i.e.,
lRANS = k3/2

ε
,

lLES = CDES max(�x,  �y,  �z)

(3)
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here CDES is a constant value of 0.65 used in the DES model. Thus
he corresponding dissipative source term used for DES can be
ewritten as

k−ε
k

= �k3/2

lDES
(4)

Then the turbulent kinetic energy equation is given by

∂(�k)
∂t

+ ∇ · (�kU) = ∇ ·
[(

�l + �t

�k

)
∇k

]
+ Pk + Pkb − Dk−ε

k
, (5)

hile the equation for the dissipation rate remains the same as the
econd equation of (1). Comparing to the standard k-�  model, the
issipation rate of turbulence kinetic energy would be increased.
hus the growth of kinetic energy will be constrained and decrease
he viscosity of turbulence comparing to the standard k-� turbu-
ence model.

.3. Wall function

The shear stress �s on the wall boundary can be evaluated using
he wall friction velocity u*,

s = �u2
∗ . (6)

And the wall friction velocity can be calculated using the log-law
elocity profile (Travis et al., 1998) inside the boundary layer,

|uc |
u∗

= A · ln
(

ycu∗
	

)
+ B (7)

here uc is cell-centered average velocity, yc is the distance from
he wall to the cell-centered average tangential speed, v is the
as mixture molecular kinematic viscosity with A = 2.5 and B = 5.5.
hese values are all in the first cell on the wall boundary. Eq. (7)
eeds an iteration to solve u*, which is inefficient. An alternative
ay is to use the one-seventh-power law to approximate the log-

aw, i.e.,

ycu∗
	

= 0.15
(

yc |uc |
	

)7/8
(8)

Substitute Eq. (8) into right-hand-side of Eq. (7) and u* is solved
sing

|uc |
u∗

= 2.19 · ln
(

yc |uc |
	

)
+ 0.76. (9)

When local Reynolds number yc |uc | /	 is less than 130.7, it is
ndicated that the first cell near solid walls lies in the laminar sub-
ayer. In this case, Eq. (9) is replaced by the corresponding laminar
ormula,

|uc |
u∗

=
(

yc |uc |
	

)1/2
. (10)

.4. Effective viscosity, mass diffusion and heat conduction
oefficients

After the calculation for the turbulence kinetic energy and dis-
ipation rate, it is possible to consider the influence of turbulence
n stress, mass diffusion and heat conduction. The turbulence kine-
atic viscosity vt equations is written as

t = Cu
k2

ε
, �t = �	t (11)
here Cu = 0.09. The mass diffusion coefficient of turbulence effect
s calculated as

t = �tCp

Prt
(12)
Fig. 1. THAI test vessel and instrumentation (Travis et al., 1998).

The heat conduction considering turbulence is calculated as

Dt = �t

�Sct
(13)

The final effective kinematic viscosity, mass diffusion and heat
conduction coefficients are computed respectively as

	eff = 	l + 	t, Deff = Dl + Dt, keff = kl + kt

where vl, Dl and kl are the corresponding terms for the laminar case.

3. The THAI experiments and GASFLOW input

The THAI facility is a comprehensive multi-purpose experimen-
tal facility which is capable to test thermal hydraulic, aerosol and
iodine behavior in containment (Sonnenkalb and Poss, 2009). The
facility of volume 60 m3 has a cylindrical steel vessel with 3.2 m
diameter and 9.2 m height. As shown in the vertical cut in Fig. 1, the
vessel is divided by an open cylinder of 1.38 m diameter and a hori-
zontal separation plane in the annular region. The separation plane
consists of 4 condensate trays with 60◦ circumference that span
from the inner cylinder wall to the vessel wall. The outer cylindri-
cal wall contains three vertical sections with oil heating jackets to
maintain steady temperature. According to the built in structures,
the facility can be divided into various rooms, which are namely the
dome region, the two annular regions between the vessel, the inner
cylinder above and below the condensate trays, the central room
inside the inner cylinder and the lower plenum below the inner

cylinder. A vertical cut through the facility is depicted in Fig. 1. The
following subsections 3.2 and 3.3 describe two  typical tests in THAI
facility, while subsection 3.1 is a standard test case for jet flow.
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Fig. 3. Localization of nozzles and measuring points in TH-7 experiment.
Fig. 2. Problem definition and sketch of free turbulent jet (Aziz et al., 2008).

.1. Case1: circular jet

The circular turbulent jet case is used to check the capability of
he DES model. As shown in Fig. 2, the orifice is 5 mm in diameter
nd the jet flows from the orifice into the simulated tank of 580 cm
idth on a side. Tank boundaries are set as smooth and nonslip

oundaries and a continuative boundary condition which sets the
ormal derivatives of all the variables as zero is applied at the out-
ow section. Details of the circular jet are described by Aziz et al.
2008). The decay of the centerline velocity and the vertical velocity
rofile for the circular jet are given by following equations,

um

u0
= A1√

x/b0 + ˛1
u

um
= exp(−0.693
2)

(14)

here the value of 6.3 for A1 was found to fit the experimental data
ccurately (Rajaratnam, 1976) and � is given by r/b.  The value of
.5 cm for b0 represents half of the nozzle width and ˛1 is correction
or virtual origin.

.2. Case2: TH-7

Experiment TH-7 (Royl et al., 2006; Travis et al., 1998) is used
o benchmark the capabilities of LP and CFD containment codes
or simulating steam injection and distributions. This experiment
equentially performs two  steam injections, one from an eccen-
ric vertical nozzle in the upper part and the other from a sloped
ozzle in the lower part of the facility as shown in Fig. 3. The test
tarts from an air filled facility that is initially at room temperature
298 K). In the facility, the plane initial temperature is 298.15 K and
he initial pressure is 1.013 bar. Four experiment steps are included
n TH-7 test as shown in Fig. 4. Step 1 has an axially upward steam
njection in the upper annulus for 2000 s with a rate of 35 g/s from
oth Nozzle 1 and Nozzle 2. These nozzles locations are shown in
ig. 3. In step 2, the steam source switch to Nozzle 1 only which
as a steam rate of 35 g/s for another 2000 s. During step 3, the
team source rate is reduced to 5 g/s for another 2000 s at the same
ocation, namely Nozzle 1. From 6000 s to 8000 s step 4 covers the
quilibration phase to achieve some stationary conditions without
ny injections. It has a circular annulus that defined uniform out-
ow velocities on the circumference of 9 m/s  for the steam injection
ate of 35 g/s. As shown in Fig. 3, the pressure is recorded in P1 dur-
ng the experiment. Measured temperature points, T1 and T2, are

ocated in the middle of the facility.

According to the facility symmetry and the experimental pro-
ess, half section of the facility model is used for the TH-7 simulation
n the cylindrical coordinate. A slice of the three dimensional
Fig. 4. Steam injection rate for TH-7 experiment.

structured mesh is shown in Fig. 5. This model consists of 38,115
elements.

Also, the mesh spacing is approximately uniform in the bound-
ary layers of the viscous walls. The first cell spacing above the wall
is set 0.15 m to predict a logarithmic velocity profile and turbu-
lence quantities outside the viscous sublayer where y+ ranges from
1.0 to 50. The mass boundary conditions are used in the nozzles

with 0.1 m size elements and the nonslip solid wall conditions are
applied in this facility walls. Physical properties of the gas and
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Fig. 5. Mesh for THAI facility simulation.

Table 1
Gas physical properties in the facility and boundary for TH-7.

Properties Air Steam

Temperature (K) 298.15 442.11
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Fig. 6. Localization of nozzles and measuring points for TH-13 experiment.

Fig. 7. Helium and steam injection rate for TH-13 experiment.

Table 2
Gas physical properties in the facility and boundary for TH-13.

Properties Air Steam Helium

Temperature (K) 298.75 311.10 302.30
5 5 5
Pressure (Pa) 1.036 × 105 8.00 × 105

Mole weight 28.85 18.01

team in the TH-7 case are given in Table 1 with corresponding
randtl number Pr = 0.7 and Schmidt number Sc = 0.45.

.3. Case 3: TH-13

In the OECD International Standard Problem (ISP-47), experi-
ent TH-13 is also the benchmark of containment codes. With the

im at investigating thermos-hydraulics phenomena about helium
nd steam injection, four experimental processes are performed.
efore the injection, the atmospheric condition in test facility is
lled by air with 21 ◦C and 1.016 bar. As shown in Fig. 7, vertical
elium releases into the facility with about 1.625 mole/s injection
ate from Nozzle 1 for first 2700 s. Step 2 has an eccentric vertical
team release at about 1.8 mole/s for 2000 s from Nozzle 2. In the
hird step, a horizontal steam releases from the low location nozzle
hose rate is about 1.80 m/s  and step 4 is regarded as an equilibra-

ion phase without future injections. The locations of nozzles are
hown in Fig. 6 (left) and the injection sources are shown in Fig. 7
uring the TH-13 experiment. The measured points are identified in

ig. 6 (right). Points from T1 to T7 represent temperature measured
oints and points from H1 to H3 represent the helium concentra-
ion measured points. The measured point B2 is used for the steam
oncentration. The gas physical properties and boundary pressure
Pressure (Pa) 1.036 × 10 1.036 × 10 1.016 × 10
Mole weight (g/mol) 28.85 18.01 4.00

for different stages of injections can be seen in Table 2 with the
same Prandtl and Schmidt number in TH-7 experiment.

Like case TH-7, half segment of the facility is modeled in cylindri-
cal coordinates. This model contains 18,326 elements. All planes are
treated as walls in the simulation and the wall function is applied
to the boundary layers of the viscous flows. Approximately uniform
mesh size near the walls is 0.3 m and the element size of injection
boundary is about 0.1 m.  To obtain accurate convective terms, the
second order van Leer advection scheme is used. The adaptive time
stepping feature is used in this case with time step between 1.0e−4

and 0.1 s. This setting can ensure that the maximum residuals of
pressure value converged to 10−5.
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Fig. 8. Profile of centerline velocity decay and vertical velocity of circular jet.
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Fig. 9. Time history of pressure (P1) and temperatu

. Result and discussion

The numerical simulation presented in this section is used
or the evaluation of different turbulence models for injections
n the large-scale containment. These models are the k-�  based
ES model, the standard k-�  model, the zero-equation algebraic
odel (zero-equation-alg) and the laminar model. Details of zero-

quation-alg model can be seen in Xiao and Travis (2013). The
njection cases consist of turbulence flow region and laminar flow
egion in the large-scale computational domain. Large separation
egions or steam diffusion regions far away from nozzles is inap-
ropriate to apply RANS models. Here the DES model together with
he wall function described in Section 2 is adopted in this section
o switch between different turbulent models in different regions.
o satisfy the containment experimental demands in simulations,
eat and mass transfer models are added to consider the steam con-
ensation on the surface of slabs and walls. Before the discussion,
he global time step calculation should be given for transient flows,
.e.,

t  = CFL · min(�tconvection, �tdiffusion) (15)

here CFL is chosen to be 1 when not specified. In this equation,
he time step is constrained by both convective and diffusion time
teps which are defined by

tconvection = 1
4 · max{|ui|/�xi, |vi|/�yi, |wi|/�zi}

(16)

nd

tdiffusion = 1

4 · 
i · ((1/�x2
i
) + (1/�y2

i
) + (1/�z2

i
))

,

{ ( ) }


i = max Deff,i, 	eff,i,

keff

� · cp
i

(17)

espectively.
) for TH-7 with different meshes and CFL numbers.

4.1. Turbulent circular jet case

For the circular jet, decay of the centerline longitudinal velocity,
vertical velocity profiles across the jet are compared with experi-
mental data and accepted empirical equations. In jet flow, viscous
effect along the shared interface between the injection regions and
outer regions result in the formation of a shear layer that transfer
momentum between regions. The shear layer grows with distance
to the nozzle. As shown in Fig. 8, results with the DES97 model have
good agreement with the empirical Eq. (14), which illustrates that
the DES97 model is of accurate implementation.

4.2. TH-7 case

A grid and time convergence study on pressure and temperature
measure is performed firstly. The original mesh used for analysis
below is shown in Fig. 5, while a fine mesh with half the grid size on
every dimension is used for comparison. Three cases are calculated
with the DES model, the first one is original mesh with CFL number
of 1, the second is original mesh with CFL number of 0.5 and the
third is fine mesh with CFL number of 1. The measured pressure
and temperature with respect to time are shown in Fig. 9. The figure
shows that the measured results of all these three cases are very
close, which indicates that original mesh with CFL of 1 is sufficient
to compute the pressure and temperature.

For the pressure measured point (P1) above Nozzle 1 shown in
Fig. 3, the pressure comparison between calculations with various
turbulence models and experimental data is shown in Fig. 10. Due
to the faster injection rate from nozzles, pressure in point P1 is sig-
nificantly affected by the jet flow from Nozzle 1. Along the time
evolution shown in Fig. 10, the laminar model gives much lower

pressure and the zero-equation-alg model gives much higher one
comparing to experimental data for the four steps. The k-� model
fits much better with experiment, while DES series fits the best.
For the temperature measured results at points T1 and T2, the
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ig. 10. Time history of pressure for P1 in steam jet flow with different methods in
H-7 calculation.

omputational results are shown in Fig. 11. Comparing to exper-
mental results, the laminar models gives an oscillatory curve and
maller values especially on steps 2 and 3 where injections affect

hese two points strongly. The zero-equation-alg model gives larger
alues on step 2 and the k-�  model gives much larger values than
he experiment. The DES model comes much closer to experimental
ata for the four steps. The different behaviors of these models and

Fig. 11. Time history of temperature for T1 (left) and T2 (right) in st

Fig. 12. Comparison of XY-cut of viscosity w
and Design 287 (2015) 1–10 7

the more accurate results given by the DES model will be analyzed
below.

The laminar model will largely under-predict the effective
dynamics viscosity, heat and mass conduction coefficients with-
out considering the turbulence effect. The role of the shear stress
associated with the dynamics viscosity is to dissipate the kinetic
energy into internal energy. When the dynamics viscosity is low,
the energy will be accumulated and cause the oscillations as shown
in Fig. 11. On the other hand, the diffusion speed associated with
heat and mass transfer is low and results in a slower transfer of
hot steam coming out from the nozzles. Thus the temperature is
much lower than experimental data also shown in Fig. 11. The cor-
responding pressure is also lower according to the equation of state,
which is the facts shown in Fig. 10.

For the zero-equation-alg and k-�  models, a typical point-in-
time of 1000 s of step 1 is chosen to plot the viscosity contours using
different turbulence models, as shown in Fig. 10. One can find that
dynamics viscosity of k-�  models is the largest near the jet noz-
zle along the flow path, zero-equation-alg model comes second,
DES model comes third and laminar model comes last. Following
similar reasons in the above analysis, larger dynamics viscosity
would bring about larger heat and mass conduction coefficient,

thus more kinetic energy will be dissipated into internal energy
and heat and mass transfer is faster. Eventually the temperature
and pressure will be larger, which is exactly the case that temper-
ature and pressure of zero-equation-alg and k-�  models are larger

eam injection by the method of different turbulence models.

ith different models at time = 1000 s.
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Fig. 13. History of steam fraction at position B1 (left) and B2 (right) for different turbulence models.

re (T2) for TH-7 with different meshes and CFL numbers.
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Fig. 14. Time history of pressure (P1) and temperatu

han experimental ones. In other words, both the zero-equation-
lg and k-� models over-estimate the turbulent viscosity and heat
nd mass conduction coefficient.

The k-� based DES model is adopted here to overcome the
efects of both pure laminar and k-�  models. For the near jet nozzle
egions with coarse grids, the length scale is still the same as the
ANS scale and the DES model has the same ability as k-�  model in
redicting the viscosity, which reflects in Fig. 12 that the viscosity
ontour near jet nozzles is the same as k-�  model. For the places
way from the nozzle, the smaller DES length scale lDES comparing
o lRANS would increase the dissipation source term Dk−ε

k
in Eq. (4)

or the kinetic equation. Then kinetic energy would decrease faster
han k-�  model and it results in smaller viscosity away from the
et nozzle, which can be validated from Fig. 12 by comparing the
iscosity between DES and k-�  models.

The turbulence model not only affects the average pressure and
emperature, but also affects the concentration of every species
reatly according to the mass diffusion coefficient in Eq. (13). As
hown in Fig. 13, the concentration of k-�  based DES model lies
etween the laminar model and k-�  model at both T1 and T2 points,
hich agrees with that fact that mass conduction coefficients of DES

eries lies between the other two models. During the first two  steps,
team volume distribution increases because of the high steam
njection rate. Due to the higher steam temperature, steam frac-
ion is higher in the upper facility than the lower part. In the step

 and step 4, as shown in Fig. 12, steam fraction decreases because
f diffusion and wall condensation effect.

.3. TH-13 case
The grid and time convergence study is also performed firstly
ith three cases with the DES model, i.e., original mesh with CFL
umber of 1, original mesh with CFL number of 0.5 and fine mesh
Fig. 15. History of pressure for P1 in TH-13 simulation.

with CFL number of 1. The measured pressure and temperature
with respect to time history are shown in Fig. 14. Only slight dif-
ference is observed is observed for these three cases.

As shown on the left of Figs. 15 and 16, the pressure at point
P1 and the temperature at points T1 and T2 calculated with vari-
ous turbulent models all show the same trend with the experiment
and agree with experimental data quite well except the ones with
laminar model. Ignoring the turbulent effect increases the pres-
sure prediction at measured point P1 above Nozzle 1 during the
second experiment step. The history of temperature at points T1

and T2 is shown on the right of Fig. 16. In spite of the oscilla-
tions, the DES model match reasonably well with the experimental
measurements. The main reason of the curve oscillation is that the
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Fig. 16. History of temperature for T1 (left) and T2 (right) in TH-13 simulation.
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Fig. 17. Comparisons of steam and helium fracti

oarse grids could not resolve the small scale vortices to dissipate
urbulent kinetic energy into internal energy.

The comparison of the steam and Helium concentration with
ifferent turbulence models is observed in Fig. 17. The k-�  model
nd the k-�  based DES model have relatively better agreement with
xperimental measurements. Fig. 17 (left) shows the laminar model

nder-predicts the steam volume fraction in H1 above Nozzle 2.
his model without turbulent viscosity produces insufficient mass
iffusion and lower the steam concentration at point H1. As shown

n Fig. 17 (right), the calculations of the helium volume fraction

Fig. 18. Comparison of XY-cut of viscosity w
tory at B2 and H1 (right) with different models.

with various turbulent models have a perfection trend comparing
with experimental data. The result bias presented is related to some
sporadic deviations of initial condition in the case.

Like the case TH-7, the k-�  model and the zero-equation-
alg model can produce high turbulent viscosity in the injection
region for the case TH-13 as shown in Fig. 18. In the laminar

flow region, the k-� turbulent model would predict too much tur-
bulent viscosity which is inefficient for computational cost. The
laminar model ignoring turbulent effect is improperly used in tur-
bulent flow regions for the injection simulation. A clearer transition

ith different models at time = 3000 s.
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Table 3
Comparison of compute cost for TH-7 and TH-13 simulation between different models.

Model Laminar Zero-equation-alg k-�  model DES

H7

H13
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der  in sub-critical flow regime with various turbulence models. Int. J. Numer.
TH-7 case TTH7 0.74TT

TH-13 case TTH13 0.88TT

rocess with DES model can be observed near Nozzle 2 where vis-
osity is increased gradually. Also in regions away from Nozzle 2
he decrease of the viscosity with DES model shows a clearer and

ore stratified process comparing to other models.

.4. Discussion

This work investigates affections of the turbulent models on the
njection in a large-scale containment using cases TH-7 and TH-
3 in the THAI facility. The injection in these two cases induces a
ree shear driven flow in a large-scale facility, along with strong

ixing of multi-component gases. For the regions near the jet
ozzles, the injection produces separation induced turbulence
ows which is convection-dominated. Temperature and gas species
ransport are mainly determined by the mean velocity. Never-
heless, for the regions away from the jet nozzles or long after
he jet flows, the kinetic energy is dissipated into internal energy
nd the turbulence cannot be maintained. The flow will turn lam-
nar and is diffusion dominated. Thus, both the laminar model
nd the pure RANS turbulence model are not appropriate for
ll these regions, which is also concluded by Xiao and Travis
2013).

The laminar model is only beneficial to speed up computa-
ion in diffusion dominated regions by using smaller viscosity and
arger time step according to Eq. (17). In the convective dominated
egions, the velocity magnitude of laminar model is larger than
hat of turbulence model since turbulence model would allow more
inetic energy to dissipate into internal energy, which makes the
ime step of laminar case smaller than that of turbulence models
ccording to Eq. (16). The global time step in Eq. (15) is restricted
y both the convection and diffusion time step. As shown in Table 3
f the CPU time using different models for the two  cases, the k-�
odel takes more time because it largely overestimates the viscos-

ty and the diffusion time is too small. The zero-equation-alg model
osts less than laminar models for it does not give too large viscos-
ty. The DES model which gives the reasonable viscosity takes the
east time among all these models.

. Conclusion

This work investigated influence of different turbulence models
n the injection in nuclear containment during the severe accident.
hese models contained the k-�  based DES model, the standard k-�
odel, the zero-equation-alg model and the laminar model. CFD

imulations of the TH-7 and TH-13 test cases were performed with
arious turbulence models in this work. Numerical results in terms
f pressure, temperature and species concentration obtained by

hese turbulence models, are presented and compared with exper-
mental data. This paper shows that the k-�  based DES turbulence

odel combining both the merits of RANS and laminar models is
pplicable to the injection issue with coarse grids in a large-scale
1.51TTH7 0.56TTH7

1.79TTH13 0.79TTH13

containment. Comparing to other models, it is more accurate and
computationally efficient in the current cases. Also, the superiority
of the DES model is analyzed in the convection and diffusion dom-
inated regions. The future work will focus on the calculation on a
much finer mesh near the nozzle to study the transition process
using DES and its applications for more containment flow cases.
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