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The main purpose of the current study is to numerically investigate, through computational
fluid dynamics modeling, a water jet injected vertically downward through a straight circular
pipe into a water bath. The study also aims to obtain a better understanding of jet behavior, air
entrainment and the dispersion of bubbles in the developing flow region. For these purposes,
three dimensional air and water flows were modeled using the volume of fluid technique. The
equations in question were formulated using the density and viscosity of a “gas-liquid mix-
ture”, described in terms of the phase volume fraction.

Three turbulence models with a high Reynolds number have been considered :. . the standard
k-¢ model, realizable k-¢ model, and Reynolds stress model. The predicted flow patterns for
the realizable k- model match well with experimental measurements found in available litera-
ture. Nevertheless, some discrepancies regarding velocity relaxation and turbulent momen-
tum distribution in the pool are still observed for both the standard %-¢ and the Reynolds

stress model.

Key words: water jet, turbulence modeling, VOF model, realizable k-& model,
Reynolds stress model, standard k-& model

INTRODUCTION

Advanced computational methods, such as com-
putational fluid dynamics (CFD), have now been rec-
ognized as important tools that allow detailed model-
ing, under single and two-phase flows, of the velocity,
pressure and temperature fields with a high degree of
accuracy. An important and challenging aspect con-
cerns liquid injected into a gaseous medium. Such
phenomenon is a crucial matter in many industrial top-
ics ranging from ink-jet printing, direct fuel injection
in diesel engines, minerals-processing floatation cells,
to emergency core cooling of a pressurized water nu-
clear reactor.

CFD modeling is considered hereafter, since it
allows useful insight into highly complex flows in the
jetting system. Indeed, when a plunging jet impinges
into a liquid pool, air bubble entrainment will occur in
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the form ofa local, singular aeration [1, 2]. The mecha-
nisms of bubble entrainment depends upon jet velocity
at the impact, physical properties of the fluid, jet noz-
zle design, length of the free-falling jet and jet turbu-
lence [1]. For small jet velocities larger than the
threshold velocity, so called onset velocity, air is en-
trained in the form of individual air bubbles. At larger
jet velocities, large packets of air are entrained and
subsequently broken up in the shear flow.

Several researchers have shown interest in circu-
lar plunging jets [1, 3]. Numerous experiments were
performed with small circular jets (i. e. less than 5 mm
in diameter) for which mostly qualitative studies were
performed. Only a limited number of researchers stud-
ied the flow field below the impingement. McKeogh
and Ervine [4] and Van de Donk [5] recorded air con-
centration profiles and velocity distributions primarily
in the fully developed flow region, while Bonetto et al.
[6] presented results obtained in both developing and
fully developed flow regions. Bin[1] and Chanson [2],
highlighted the lack of information on air content dis-
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Figure 1. Three types of bubble dispersion patterns [8]

tributions in the vicinity of the impingement point and
entrained bubble size distributions. However, physical
modeling of plunging jet flows remains subject to
scaling effects which have not been properly ex-
plained as of yet [2, 7].

Shakouchi et al. [8] have investigated vertical
water jet plunging into a water pool and reported three
types of bubble dispersion patterns in cases where the
plunging water jet impacts the bath surface before its
breakup, as shown schematically in fig. 1. When the
distance from the pipe exit to the undisturbed bath sur-
face is short, and accordingly, the surface of the water
jetis smooth, a lot of small bubbles are generated and
they disperse throughout the bath (type 1).

On the other hand, when the distance is long and
the surface of the water rough, relatively large bubbles
are generated and the bubble dispersion region is lo-
calized beneath the pipe exit (type 3). Bubble disper-
sion patterns of type 1 and 3 appear simultaneously for
the intermediate distance (type 2). Exact knowledge of
the boundaries among these three regimes has, how-
ever, not been obtained. As opposed to this, turbulence
characteristics in bubbly flows induced by a plunging
water jet into a water bath are well documented.

Iguchi et al. [9] recaptured experiments with the
same flow field and deduced that bubble entrainment
is mainly related to shear flow instabilities on the
plunging jet surface. Additional turbulence produc-
tion in the wake of bubbles also affects the develop-
ment of the flow in the water bath. More information
on these characteristics would be useful for the pur-
pose of this study.

In fact, this work investigates appropriate turbu-
lence models for simulating a vertical water jet plung-
ing into a water pool. The assessment is performed us-
ing three turbulence models: the standard k-g,
realizable k-, and the Reynolds stress model. This is
followed by comparative studies of the simulation re-
sults and experimental measurements by Iguchi et al.
[9].

In the plunging jet configuration, gas has two
different morphologies (see fig. 2). The gas above the
water level is a continuous phase, whereas the gas be-
low the water level is the dispersed phase. In order to
model this flow, two approaches are possible. The one
using the Euler-Euler method with two phases: one for

r :
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pool

Figure 2. Morphologies of the phases near an impinging
jet [10]

water (continuous phase) and the other for the gas (dis-
persed phase). The different morphologies of the gas
then have to be reflected by different coefficients in
closures for the momentum transfer between the gas
and water phases. In the second approach, one can use
only one homogeneous phase with a surface recon-
struction. This model is recommended for stratified or
non-interpenetrating flows. In this approach, the
morphologies of the gas have to be reconstructed us-
ing the reconstitution of the interface algorithm which
represents the free surface (air water) as a sharp dis-
continuity. Since gas and liquid flows do not interpen-
etrate in the considered cases, a calculation with the
volume of fluid (VOF) approach has been chosen. The
VOF model enables the computation of two-phase
flows where the phases do not mix, so the gas-liquid
interface is clearly identified.

MAIN CONSERVATION EQUATIONS

In this simulation, the governing equations in the
three dimensional coordinate systems are solved using
the commercial CFD code FLUENT.

The jetting system considered herein is gov-
erned by gas and liquid flows and, as stated in the
aforementioned paragraph, can be modeled using the
VOF technique (Hirt ef al.) [11]. The latter is based
upon the fixed grid technique designed for two or
more immiscible fluids (or phases), where the position
of the interface is of the utmost interest.
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Mass equation

Inthe VOF model, the volume fraction of each of
the phases in each computational cell is tracked
throughout the computational domain. In addition to
the velocity and pressure, volume fraction is also a
variable of the flow field in the VOF technique and,
hence, contained in both mass and momentum equa-
tions.

The continuity equation for the liquid (primary
phase) with a volume fraction ¢, has the following
form o0

p +udive=0 (1)

where the secondary phase volume fraction is

¢, =1-¢ (2)
and the properties of these phases are defined as

p=p, (1-0)+p,¢ 3)

u=u, 1=@)+ e (4)

Momentum equation

The momentum equation for the computational
domain in its generalized form can be written as

opu .

= 4d =—grad

o Tdivpu=-gra (p)+ (5)
+div p[grad(u)]+ pg

where g is the acceleration due to gravity, p — the fluid
pressure, pand u are the density and viscosity based on
egs. (3) and (4), respectively.

Turbulent flow equations

Since the liquid and gas velocity exiting the noz-
zles is relatively high, it is appropriate to simulate the
flow in the jetting system using a turbulent flow
model. To do this, the flow variables, such as that of ¢,
and fluctuation ¢’, correspond in a standard way, so
that: ¢ = ¢ + ¢'. Inserting the decomposed variables to
the instantaneous equation and applying the Reynolds
averaging, yield a set of Reynolds averaged conserva-
tion equations for mass and momentum, as well as for
turbulence kinetic energy, &, and its dissipation rate .
For convenience, and in order to drop overbear on the
mean variables, the Reynolds averaged equation can
be written in the following generic transport equation
form

B B
L (pk)+—-2 (pku, )=
5 (pk) ox, (pku;)

0 KMMJg}FGkJFGb —pe-Y, +S, (6)

ox; o,

J

0 0 0 u, | oe
— +— =— || p+— | =+
ot (pe) ox; (pe) ox;, KH G,Jax}

J
2

+Cls%(Gk+C3£Gb) _CZSP%J'_Se (7)

where Gy is the generation of kinetic energy of the tur-
bulence due to mean velocity gradients, Gy, — the gener-
ation of kinetic energy of turbulence due to buoyancy,
Yy represents the contribution of the fluctuating dilata-
tion in compressible turbulence to the overall dissipa-
tionrate, Cy,, Cy, and Cs, are constants, o and o, are the
turbulent Prandtl numbers for k£ and o, respectively, and
Sy and S, are the user-defined source terms.

CLOSURE EQUATIONS

The solutions of conservation equations are ob-
tained through the following closure relations.

Standard energy dissipation model

Turbulent (or eddy) viscosity, u,, is computed by

combining k& and ¢ as follows
2
u =pC, " (®)

where C,, is a constant, while model constants C,, C,
C,, o1, and o, have the following default values: Cj,=
=1.44,C,=192,C,=0.09,0,=1.0,0,=1.3

These default values have been determined from
experiments with air and water for fundamental turbu-
lent shear flows, including homogeneous shear flows
and decaying isotropic grid turbulence. They have
been found to work fairly well for a wide range of
wall-bounded and free shear flows.

Realizable k-¢ turbulence model

The realizable k- model is a relatively recent de-
velopment, differing from the standard k-¢ model in
two crucial ways:

— the realizable k-¢ model contains a new formula-
tion of turbulent viscosity, and

— anew transport equation for the dissipation rate &
has been derived from an exact equation for the
transport of the mean-square vortices fluctuation.

The word “realizable” means that the model is
able to mathematically determine certain Reynolds
stress tensor components, in agreement with the phys-
ics of turbulent flows. An immediate benefit of the re-
alizable k- model is that it predicts more accurately
the spreading rate of both planar and round jets. It is
also likely to provide superior performance for flows
involving rotation, boundary layers under strong ad-
verse pressure gradients, separation, and recirculation,
all of which is important in our case.
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The s realizable k- model considers the combi-
nation of the Boussinesq relationship and the eddy vis-
cosity definition to obtain the following expression for
the normal Reynolds stress in an incompressible
strained mean flow

u’ :gk—ZUt u (9)

3 Ox

using eq. (8), for calculating v, = u; /p, it can be ob-

tained that the normal stress, 2 which by definition is

a positive quantity, becomes negative, i. e., “non-real-

izable®, when the strain is large enough to satisfy
kU 1 37 (10)
€ Ox 3C,

Similarly, it can also be shown that the Schwarz
inequality for shear stresses (ng U u; ) NO sum-
mation over  and 3) can be violated when the mean
strain rate is large.

The most straightforward way to ensure the
realizability (positivity of normal stresses and
Schwarz inequality for shear stresses) is to make C,
variable by sensitizing it to the mean flow (mean de-
formation) and the turbulence k—¢ as describe below

T
Ay + A, L
where &
_Q .Q 2g,jka)k U =
-Q -Qg Ep @y

where .(Ty is the mean rate-of-rotation tensor viewed in
a rotating reference frame with the angular velocity
oy. Model constants 4y and A, are given by

o =404 and A, =+/6cos¢
S8 .Sy ~
¢ =Lcos ew, =100k & 55
3 S3 y=y,
where | 8uj ou,
S, == +
72| ox, ox;

In CFD FLUENT computation, the term —2g;, Pk
is, by default, not included in the calculation of Q
This is an extra rotation term that is not compatlble
with cases involving sliding meshes or multiple refer-
ence frames.

Transport equations for the
realizable k-¢ model

The modeled transport equations for &k and & in
the realizable k-¢ model are

o o
—(pk)+—(pku.)=
at(p) o (pku;)

J

=i U+ ok +G, +G, —pe-Yy, +S, (11)
Ox, Gk ij

1

—(p8)+

(pgu )_BKIHMJ%}L
ox, o, ) ox,

+pC,S, —pC, C3SG +S. (12)

k+r

where C, =max [043,n/(n+5)], n =S (k/¢), and the
mean rate-of-strain tensor § =(25,5,)"?.

Model constants C,, 0;, and o, have been estab-
lished to ensure that the model performs well for cer-
tain canonical flows. The model constants are C,, =
=144,C,=19,0,=1.0,0,=

Reynolds stress turbulence model

In general, when the turbulence kinetic energy is
needed for modeling a specific term, it is obtained by
taking the trace of the Reynolds stress tensor

1
k==uu 13
2 1 1 ( )

The exact transport equations for the transport of
Reynolds stresses, puu/, may be written as follows

0 — 0 —
E(uiuj) + g(puku[ui) =
k

local time derivation

SR —

C . = convection
)

6 [ r ’
—E[pu[ujuk + p(ékjul_ + 5l_kuj)]+
k

D_ . = turbulent diffusion
Tij
6 ' au] ' au]
E3 “?( e i C e Dl
Xk Xk Xk
Dy ij = molecular diffusion P,vl- = stress production

_ _ ou Ou! ou' Ou;
—pB(gulo+ g ulq) + Ly —L|- A
PP up+ g;uq) p[ ax, ax,.] Zu[ ox, 8ka

Gj; = buoyaney production  —————"— Y

/lj = pressure strain  €jj = dissipation

_ngk(u u, ik + uzumgjkm) + Susel‘ (14:)
—

Fij =production by system rotation source term

Convection term Cy» molecular diffusion D,
stress production, P, and production by system rota-
tion term F7;, do not require modeling, but other terms
need modeling in order to close a system of differential

equations. The dissipation tensor, &;, is modeled as

, :§5U(p£+YM) (15)
where Y, =2peM is an additional “dilatation dissi-
pation”.

The turbulent Mach number in this term is de-
fined as: M, = (k/a®)"?
where a =(yRT)"? is the sound velocity. This com-
pressibility modification always takes effect when the
compressible form of the ideal gas law is used.
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The scalar dissipation rate € is computed with a
model transport equation similar to that used in the

standard k-& model
M| e |
o, ) ox,

(16)

;(p8)+ai(p8m )=£K#+

J

1 &

2

&
+C,, =[P, +C,G,]-——pC,—+S
2[ ii €3 u]k p €2 k &

el

where 6,=1.0, C\;,=1.44, C,,=1.92, C; isevaluated
as a function of the local flow direction relative to the
gravitational vector, and S; is a user-defined source
term, not considered in this study.

Turbulent viscosity, x4, is computed in the same
manner as in k- models, according to eq. (8) with
C,=0.09.

COMPUTATIONAL MODELING
PARAMETERS

Modeling parameters

Figure 3 provides a schema of the experimental
apparatus referring to Iguchi et al. [9] and McKeogh et
al. [4]. The vessel has an inner diameter (D) of 20.0
cm, while the vessel diameter is 20 cm with a height
(H) of 39.0 cm. The origin of the cylindrical coordi-
nate system is placed on the undisturbed bath surface.
Axial and radial coordinates are denoted by z and 7 re-
spectively. The corresponding velocity components
were designated by u and v. The water is injected
through a straight circular pipe (having an inner diam-
eter d of 0.5 cm and a length L of 60 cm) into a water

bath. The plunging water jet impinges perpendicularly
to the water surface.

The inlet conditions were also determined by
consulting the previous investigators [4, 9]. The
plunging water jet flow rate Q,,,is 50 cm?/s. The corre-
sponding mean pipe exit velocity at u, (=4 Qw/nd?) is
254 cm/s.

The pipe Reynolds number is higher than 10*
and the respective ratio L/d is 120. Accordingly, the
water flow in the pipe is turbulent and fully developed
atthe pipe exit. At the location, turbulence intensity in-
creased monotonically from approximately 5% in the
central part, to approximately 15% in the outer part of
the pipe. These turbulence intensities are described
here because they affect the behavior of the bubbles
significantly [1].

Geometry and grid arrangement

The geometry and computational domain used to
model the jetting system are shown in fig. 4. The sym-
metry of the configuration allowed us to consider a
quarter domain for the computation. A three-dimen-
sional computational domain is considered using a
non-uniform meshing grid by the tetrahedral scheme;
with this scheme, clustering is automatically made to-
wards the centerline of the water jet direction. Grid
contraction toward the free surface is required for cap-
turing the gas and liquid flows and the deformation of
the gas-liquid interface.

The uncertainty in numerical results is assessed
by checking the convergence through mesh refine-
ment calculations for simulations of two plunging wa-
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<« >
d=0.25¢cm
<+ D>
Free surface
n
r\
I\
! \‘ Q,, (water flow rate)
Il A
A}
|II \ 1‘
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Figure 3. Schematic of experimental apparatus, Iguchi ef al. [9]
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Figure 4. Computational grid arrangement

ter jet configurations. For this purpose, the following
cases were computed for: (a) ox; = 0.4 mm; (b) dx; =
=0.223 mm; (c) 6x; = 0.2 mm. The results are after-
wards compared for contours ¢ at various simulation
times in the center line velocity profile. Calculations
show that the mesh sizes used in case (b) were ade-
quate for this kind of jet simulations, since no differ-
ence was noted when compared with case (c). Further
mesh refinement and numerical tests were carried out
to check the stability of the plunging jet flow simula-
tion.

The position of the surface of the liquid is esti-
mated by plotting contours of equal value to the air
volume fraction ¢. The value of ¢ =107*is used to de-
termine the position of the jet interface. Time step &, is
set by considering the maximum attainable velocity v
of the fluid in one direction (x,). It is limited by the
Courant number, 6t/(0x/u) < 0.25. For most simula-
tions reported here, 5t is fixed at 1-1073 s.

The used spatial discretisation was performed by
the QUICK interpolation scheme, while the higher-or-
der differences scheme is used for time stepping. The
under-relaxation parameters for pressure and velocity
are usually set to a value of 0.2.

Boundary conditions

Four types of boundary conditions were used to
predict the flow field within the computational domain.

Water jet inlet

The condition of the nozzle is important in pre-
dicting center line velocity and shear stress. In this
work, a uniform velocity profile is considered. The
imposed inlet velocity boundary conditions at the noz-
zle are expressed by

inlet >
V=0 and W =0
k = kinlct = 1‘S(L]inlct])2
3/4 (kinlet )3/2

&= 8inlct = (Cy ) 7

where the turbulence length scale at the inlet is as-
sumed to be the nozzle opening. Turbulence intensity,
1,1s assumed to be 10% of the mean inlet velocity mag-
nitude.

Solid boundaries

Wall boundary conditions are used at the solid
boundary of the liquid pool where no slip boundary
conditions were imposed. For the evaluation of the
wall effect on turbulence, the logarithmic near wall
function approach [12] has been used to model the
wall bounded turbulent flows. The semi empirical for-
mula is used to bridge the velocity affected region (vis-
cous sub layer and buffer layer) between the wall and
the fully turbulent region.

Exit boundaries

The exit water boundary considers a non-fully
developed flow. In fact, it is found that reversed flows
can occur at this boundary, indicating that the fluid
motion is not fully developed. Consequently, the pres-
sure outlet boundary is assumed.

Symmetry

Symmetry boundaries are used to reduce the com-
putational domain to a symmetric subsection of the
overall physical system. The normal gradients of all
flow variables are thus zero at the symmetry plane. The
symmetry boundary condition can therefore be summa-
rized as:

— zero normal velocity at a symmetry plane, and
— zero normal gradients of all variables at a symme-

try plane.

RESULTS AND DISCUSSION

In general, after about 10 s of the simulated
physical time, the transient VOF-RANS calculations
become steady. For a good accuracy of the simulated
flow, the times step is relatively small (At = 1075).

Bubble behavior

Figure 5 describes bubble behavior in the vessel
for the two distances of the exit water jet. The Iguchi ex-
periments estimated the penetration depth H, of the
large bubbles with a diameter of around 0.4 cm to be
larger than 30 cm for #=0.2 cmand 23 cmfor 2z =1 cm.



F. Zidouni Kendil, ef al.: Assessment of Three Turbulence Model Performances...
Nuclear Technology & Radiation Protection: Year 2010, Vol. 25, No. 1, pp. 13-22

19

20

25

Realizable k-&

air fraction = 10°*
30

35

40 ] = ——

20

25

30

35

40

Realizable k-
air fraction volume 10~

Figure 5. Air bubbles behavior when jet impinges the vessel
(a) water jet configuration h = 1 cm; (b): water jet configuration h = 0.2 cm

The agreement between the experiment and the
simulation is quite good for configuration (b). For
configuration (a), the bubbles attain the bottom of the
wall. This discrepancy from the experimental observa-
tion can be explained as follows: when cells, mainly
large cells, contain more than one bubble, the
reconstitutive interf

ace method cannot reconstitute them individu-
ally, collapsing them instead in one larger bubble. The
possible solution is to adopt smaller cells in this re-
gion, but in this case, the computational time becomes
extremely large.

Distribution of the axial mean
velocity of the bubble dispersion region

Looking at the axial velocity profile in fig. 6(a) and
6(b) corresponding to configurations where 7 =1 cm
and /2 = 0.2 cm, respectively, it can be said that no stan-
dard k- model or Reynolds stress model matches accu-
rately the experimental data.

The realizable k-¢ turbulence model predicts the
velocity profile for the two configurations much
better. Some discrepancies appear at a deeper distance
(z>15cm) for the configuration where 2= 1cm. This is
explained as follows: the maximum bubble diameter
for #=1cmis much larger than that of 2 =0.2 cm,
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Figure 6. Axial mean velocity on the center line

(a) water jet configuration h = 1 cm;

(b) water jet configuration h = 0.2 cm
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thus the buoyancy forces play a more important role
for h=1 cmthan for #=0.2 cm. As aresult, the down-
ward water motion for #=1 cm (flow type 3 in fig. 3) is
highly suppressed for z> 15 cm. To eliminate such dis-
crepancies, an elaborated two-phase flow model can
be proposed with a realizable k- model.

Turbulence components on the
centerline of the bubble dispersion region

In figs. 7(a) and 7(b), the standard k-& model
slightly under-predicts the turbulence kinetic energy,
while the Reynolds stress model’s prediction is much
higher. The realizable k-¢ model is found to perform
and model this flow characteristic much better than the
standard k-¢.

Regarding the Reynolds stress model, the results
are fairly unexpected, because this model is designed
so as to predict more complex flows, such as
anisotropic flows with strong curvatures. This can be
attributed to the limitation of the homogenous-VOF
model. In fact, this model uses a lot of assumptions,
such as the one of a single velocity for air and water,
neglecting the buoyancy effect and the additional tur-
bulence added by the migration of bubbles. Neverthe-
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Figure 7. Velocity fluctuation on the center line
(a) water jet configuration h = 1 cm;
(b) water jet configuration h = 0.2 cm

less, further investigations using more elaborate and
sophisticated models are needed.

Turbulent kinetic energy contours

As stated in the experimental observations of
Iguchi et al. [9], the flow configuration for # =1 cm
(Q,, =50 cm¥/s) corresponds to flow type 3 and that of
h=0.2 cm (Q,, =50 cm?/s) corresponds to flow type 1
in fig. 3.

According to these experimental observations, we
can assume that the kinetic energy contours for these two
configurations (=1 cmand 2 =0.2 cm) are as expected.
The local maxima of kinetic energy corresponds, more or
less, to the two lateral eddies on each side of the jet.

For flow pattern type 3, relatively large bubbles
are generated and the bubble dispersion region is lo-
calized beneath the pipe exit; for this reason, the shear
layer is close to the jet axis as observed in fig. 8(a), cor-
responding to the maximum kinetic energy.

But, for the flow pattern type 1, a number of
small bubbles are generated and they disperse in the
bath, so the shear layer is slightly off the jet axis which
makes the maximum kinetic energy maximum located
around the jet axis (see fig. 8b), corresponding to the
configuration 7 = 0.2 cm.

CONCLUDING REMARKS

Nowadays, multi-dimensional modeling of
flows is being intensively investigated in order to ob-
tain more accurate simulations of complex phenom-
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Figure 8. Turbulence energy contours in the water bath
for the two flow configurations

(a) water jet configuration h = 1 cm;

(b) water jet configuration h = 0.2 cm
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ena encountered in the industry [13]. In this paper, a

particular phenomenon related to a vertical injection

of water downward onto a water bath through a circu-
lar pipe is simulated numerically using the commercial

CFD code FLUENT based on the VOF technique.

Three high Reynolds number turbulence models have

been considered: the standard k- model, realizable k-¢

model, and Reynolds Stress model.

The results can be summarized as follows.

e According to the experimental results of the flow
patterns observed by Shakouchi ef al. [4] and
Iguchi et al. [9], the kinetic energy contours for
these two configurations (#=1cm,and1==0.2
cm with Q,, = 50 cm’/s) are as expected.

® The realizable k-¢ model is found to be more ac-
curate than the standard k- and Reynolds Stress
model in predicting the center line velocity pro-
file. The discrepancies observed for # =1cm at
z > 15 cm are due to the buoyancy effect which is
not well captured in this simulation. So as to avoid
this problem, the other two phase models can be
proposed in further work.

The center line kinetic energy profile is over pre-
dicted by the Reynolds stress model and slightly under
predicted by both standard and realizable k- models.
Calculated flow patterns of the realizable k- model
match well with experimental measurements of Iguchi et
al. [9]. The inadequacy of the Reynold stress model to
describe the velocity and turbulent kinetic energy could
be due to the assumptions of the homogeneous two phase
model. Nevertheless, further investigations using more
elaborate and sophisticated models are needed.

NOMENCLATURE

— vessel diameter, [m]

— jet diameter, [m]

duct jet length, [m]

— acceleration due to gravity, [ms 2]

— distance from the jet exit to the
bath free surface, [m]

— axial mean velocity, [ms ']

— turbulent length scale, [m]

fluid pressure, [kgm's ']

— energy dissipation rate, [m2573]2

— turbulent kinetic energy, [m’s ]

— vessel depth coordinate, [m]

00~ Ay
|

NN~
I

Greek letters

— viscosity, [kgm's™]

u
p  — density, [kgm™]

o — interfacial tension, [kgm’s ]

@ — scalar variable, [—]

¢  — liquid primary-phase volume fraction, [—]
Subscripts

inlet — at the inlet of the jet

outlet — at the outlet flow

g — relative to the gas (air)

/ — relative to the liquid (water)
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®anza 3UNYHU KEHANJ, Aanc BYCBUJA CAJNIAX, Amuna MATAYH

INPOINEHA YYNMHAKA TPU MOJE/A TYPBYJIEHIMIE 3A INPEIBUGLAIBE TOKA
BOJEHOI MIIA3A KOJA YPAIbA Y BA3ZEH CA TEYHOIILY

OcHOBHa HaMmepa OBOI IIpOyuYaBama je fa pauyyHapCKUM MOJENOBalkeM AUHaMHKe (uyuaa
HYMEPHUYKH UCTIUTA BOJCHN MJ1a3 yOpHU3raH Kpo3 IPaBy LIeB BEpTUKAIHO HaHMXKe Y 6a3eH ca BogoM. Llusb je
Takobe, 60ibe pazyMeBame MOHAIIAkha MIIa3a, YHOIIICHA Ba3[[yXxa i AUCIEep3Hje MeXypama y 00J1acTi TOKa
KOjU ce pasBUja. Y OBY CBpXY, TEXHUKOM 3anpeMmuHe ¢iayuja, TPOAUMEH3HOHAIHO CY MOJEJIOBaHU
Ba3[yLIHU 1 BOfieH! TOKOBHU. [ToTpeOHe jefHaunHe (hopMynncaHe ¢y KopulthebeM I'YCTHHE U BUCKO3HOCTH
“TacHO-TeYHe MeIllaBMHE ', ONKCaHe MOjMOBUMA (Da3HO 3alpeMHUHCKe PpaKiyje.

3a gaTu TOK pa3MaTpaHa Cy Tpu Mojeiia TypOyleHnuje ca BelqukuM PejHomacoBuM Opojem:
CTaHJapAHU k-€ MOJIEN, OCTBApUBH k- Mojen u PejHoncos crpec mopen. Ilpensubenn obpacuu Toka 1o
OCTBapUBOM k- MOJIeTy JOOPO ce ClaxKy ca €KCIEpUMEHTAHIM MEPEHhUMa HABEJECHUM Y JIUTEpaTypHu.
Mnak, Heka Hecnarama Koja ce THUy ciaabibema Op3UHe U paclofiesie MOMEHTa TypOyJeHnuje y 6a3eny
MOpajy OUTH CIIOMEHYTa, ¥ 3a CTaHAAPAHHU k-¢ 1 32 PejHONACOB cTpec Mofent.

Kmwyune pequ: 800eHU MAA3, yparbarbe, MOOeA08AHe TUYPOYAeHUlU]e, MOOea 3aiipemuHe hayudd,
octtsapusu k- modea, Pejroadcos citipec modea, citianoaponu k- mooen




