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Abstract: - Mixing processes in the turbulent two-phase jet confined at some distance from the nozzle are
modeled and examined. Many natural and technical phenomena deal with the turbulent mixing and heat
transfer in the jet of mutually immiscible liquids, which represent an important class of the modern multiphase
systems dynamics. The differential equations for axially symmetrical two-dimensional stationary flow and the
integral correlations in a cylindrical coordinate system are considered for the free heterogeneous jet confined at
its initial or ground part in the cylindrical channel. Algorithm and the results obtained may be of interest for the
research and industrial tasks, where the calculations of the turbulent mixing and heat transfer in multiphase jet

devices are of importance.
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1 Development of the Mathematical
Model for Confined Two-Phase Jet

1.1 Introduction to the Model of Turbulent
Two-Phase Confined Jet
The free jet can be confined at its initial or ground
part like it is done in a number of the jet devices for
different thermal hydraulic applications, depending
on the physical situation [1-9].
Let us start description of the physical situation
and mathematical model developed with the general

view of the turbulent two-phase jet flow shown in
Fig. 1 [1]:

Fig. 1 General view of the multiphase turbulent jet
in the pool of other immiscible liquid
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and schematic representation for the two-phase
turbulent jet confined by cylindrical channel at the
distance Xq on its initial part (Fig. 2) or its ground
part (Fig. 3) [5]:

phase 2
o §
phase 1 )
o
? L
Y —
| [ —

Fig. 2 Turbulent two-phase jet confined in
cylindrical channel on its initial part

The structural scheme for the mixing process in
Figs 2,3 is simplified: the initial part of the length x;
with the approximately linear boundaries for the
conical surface (in cylindrical coordinate system) of
the internal core of a first phase and mixing zone
between internal and external boundaries of the jet.
The turbulent zone contains fragments of the phases
as far as immiscible liquids have behaviors like the
separate phases, with their interfacial multiple
surfaces. The first phase in a potential core is totally
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spent in an initial part of the mixing zone. Then a
short transit area follows. Afterwards the ground
part of the two-phase jet begins, with the two phases
well mixed across the entire layer of a jet.

¥y free jet restricted jet (in a charmel)

nozzle; .

Fig. 3 Turbulent two-phase jet confined in
cylindrical channel on its ground part, at the
distance Xx=Xg [1, 5]

The external boundary of a mixing zone in a free
jet [1-3, 6, 7], before its confining by cylindrical
channel, is determined by zero longitudinal velocity
of the second phase and zero transversal velocity of
the first phase (the second phase is sucked from an
immovable surrounding into a mixing zone). The
function-indicator of the first phase Bi(t) is zero at
the external interface because it is absent in
surrounding medium. Similar, the function-indicator
B.(t) is zero on the boundary of the potential core,
the interface of the first phase flowing from the
nozzle. In a first approach, an influence of the mass,
viscous and capillary forces are neglected.

Modeling and numerical simulation for the free
turbulent two-phase flow was considered in [1, 2],
for the confined jets - in [4, 5]. The equation array
for two-phase flow is used according to the method
of Prof. Nakorchevskii [1] for multiphase flows
based on introduction of the function-indicator.

The function-indicator B (t) is introduced for
the phases in multiphase flow by the next rule:

1,
Bi (t) = {O

all parameters

i —phase occupies elementary volume oV

i — phase outside elementary volume &V

a'(t) (density of liquid, flow
velocity, temperature, etc.) of a mixture in the
turbulent multiphase flow are considered as follows:

a't)=3 B a0, 2B =1,
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The analog of the Navier-Stokes equations in a
boundary layer approach is done in the form [1]:

| 0 |
;{a (yp.B.U.)+ay(yp.B.V.)J (D

u ou. dp 10 u
; +v% :—d—§+——[yZBiri} ,

where the stationary equations (1) for the flow of
incompressible liquids are written in a cylindrical
coordinate system. Here are: p- pressure, p- density,
u, v - the longitudinal and transversal velocity

components by X and Y, respectively, 7, - turbulent

stress in an i-phase.

The mathematical modeling and computer
numerical simulation for the free two-phase jet were
considered in [6, 7]. This paper is continuing them
for the case of the jet confined by cylindrical
channel.

1.2 Mathematical Model for the Turbulent
Two-Phase Confined Jet

1.2.1 Basic Equations for the Confined Jet Flow
For the jet confined at its initial part (Fig. 2), in its
potential core, the Bernoulli equation is satisfied

2

where Ui is velocity of the i-th phase in a jet’s core,
X~ initial cross-section of the confining channel, po -
pressure in a free jet. From the (2) follows

Ugy =Uyy/1-P ﬁ:2(p— pO)/(plugl)'

Using the transversal velocities of the phases
from the first two equations (1), with account of the
zero transversal velocities at the axis due to
symmetry of a flow and at the wall of a channel due
to its impermeability, we can get

p+0.50U = P, +0.50Ug, ,

3)

R
=pU.,Y; +2J' pBuU (Y, +Y)dy:

Yo

Pilo T

Re R

j pZB2cu2c(yOc +y dy: Isz u, yo"'Y)dy’
Yoc

2

. d
s—(puiy;) &”Ip. (Yo+y)dy=
2
d
=R BT — SREZR
x ©
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™ plucl(

yo+22fp.

IIYO

(yo+y)dy |+

jA (vo+y)dy =

=z(y0+y*)zsrr:
i=1

where R(X) is the radius of the confining channel,
equal to the radius of a free jet at the cross section
X=X.. Indexes ¢ and w belong to X=X, and to the wall
of a channel, respectively. Star assigns the values at
y=y'<d, e.g. y"=0.59. The third integral correlation
in (4) was derived with account of the following two
equations got from the first two equations of (4):

2dp

(Yo+y') v

d d
&J‘plBlul(YO"'y)dy 2d P clyO
Yo
q R
d_J.szzuz(yo"'y)dy:O' )
XYo

The equation array (4) contains two equations of
the mass conservation for the first and second phase
and the integral correlations of momentum — by total
cross-section and by part of it. Thus, two algebraic
and two ordinary differential equations represent the

model of the confined two-phase jet for X=X,

where by X2 X;, Yo=0, and the function-indicator of

the first phase is not constant at the axis of a jet
(channel): Bmni=B mi(X).

If similarly to the free jet, an assumption is
accepted about the correlation

Uze /U1c = Umz / Um1= So= const, (6)

then the system (4) is reduced to the following
dimensionless form:

1
F—ﬂv&uﬁj Blm(wsn)dn}
0

d N _
o2 |01(1—p)£3,u,2(y0+577)5d77+
d . _ ‘dp &
05—y’ (1-p)=———+R> BT,
d7y°( ) a ,le I ™
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dx i=1
+0 5(1—u1*)iy§(1—5)+
dx
2 P - d n =
-0 i s —\1-7 [ BT (5, +5n)5dy =
i dx 0
_ e _ 2 dp
=(v,+on") Y87 —0.25(5,+ 57" =
i=1
where:
— 0 — X=X
52_577=y y037= 057():&5
I'O o ro ro
- R u. _ T
Rz_anZ&al'Ti: Ii,]az—i I ,IOZHSS
Iy Py UgS AU 01

The correlation (6) means that slip of the two phases
is constant at least at the axis of the axially
symmetrical flow, which may be rough for the big
density ratio of liquid phases.

1.2.2 The Boundary Conditions for Confined Jet
The equations (4) satisfy the following boundary
conditions

X=X.> Yo=VYoc» P=Po, Ui=Uic, B1=Bac. (8)

At the x>xi, U; =UU;

is. Then the boundary

conditions are:
Yo, 0 =0,,0=0.(9)

But at the initial confined part of a jet, when
(X X) there is also added

X=0,0;=U,B =B.Y, =

c2>

n=0, T=1, B, =1, (10)

1.2.3 The Jet Confined at Its Initial Part

After the end of the potential core (or in case a jet is
confined at its initial part), X>X;, the regularities of a
jet’s spreading are described by the system of mixed
algebraic-differential equations:

1 — —
2§2\}1_ﬁjBlul77d77:19 §:Ra 70=0’
0
1 D2

BN i _R_@
R guo ! T ndn = R;BWI W o

1
§2xl1_ ﬁj.(l_ Bl)UzndU =
0
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\II_EJ. BT, ndn +

2

g d =
=J1-pDiG &Rz

i=l

1.2.4 The Jet Confined at Its Ground Part

If a jet is confined at its ground part, the basic
equations are derived similarly to the above. In a
dimension form:

R(x) R
I B,u;ydy = I Boucydy, (i=12),
0

0
2

i =2 iZ:Biz'i _d_p’

oy o m dx

du_.

B . mi

2 PBu—
y'(x)

=1
I piBu; ydy =
0
T «\2 d
;Biri ~0.5(y )2d—z

(12)

d 2 y*(x) 5 2 . d
&IZ J- piBY; ydy—gui ™

-1
=Yy

R*(x) dp

2
2 ] f—
[ pBUydy =R(OD By, e

0 i=l

o
><|Q-

2 R(X)
i=1

Further investigation of the stationary 2-D
axially symmetrical heterogeneous two-phase
turbulent jets in a confined domain is reasonable to
conduct on some simplified models to reveal the
basic features of such flows. The main problem with
multiphase flows consists in closeness of the
equation array.

The “new Prandtl formula” is used as before for
the free jet flows. Peculiarity of the confined jet is
an appearance of the boundary layer near the wall of
a channel [8], which complicates the structure of a
flow substantially. If a character of a jet flow is
assumed inside a channel up to the wall, the both
phases have slip on the wall. Then the structural
scheme is considered similar to the proposed in [§]
for the homogeneous jet, and 7" is chosen the one
corresponding to a developed jet flow.

Then the profiles of the parameters are

i :(umi_uwi)l'Tic+uwi’ (i=1,2), (13)

u
Bl =(BmI_BW1)§I+BW1’ BZZI_BI’
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where U, ,

above-considered method of two-phase flow.

The mathematical model developed allows
considering the mutual interaction of the two-phase
turbulent jet with the confining cylindrical channel.
The main parameters are: Umi(X), Uwi(X), Bmi(X),
Bwi(X), p(x) and R(x), one of which can be stated as
the optimal in a desired way. For example, for the
grading of a smooth stabilization channel, in case of
jet’s confining at its ground part, dp/dx=0 is put in
(12). Then the functions Uma(X), Uw1(X), Bm1(X), Bw1(X)
and R(X) are determined according to the task stated.

For the stabilized flow, when Um1=Uw1=U1c, Bm1=
Buw1= Bi., the mathematical model yields:

Uy, I§1 are determined according to the

1
RzBlooUm = Zj B,.U,nd7n, (14)
0
1
X RT,, ZJ.URndr]
RzBlw_loo = 2J. Blcu2c77d77 + L 5
0 mlc

From (2) follows that F?Ulw independently on

R,B,, is determined by

(15)

|

1
C, = R7T,,, =2[U,ndn +
0

1 1
+2 Bmlc [J. ElcU1c77d77 _I EmﬁzcﬂdU]
0 0

And the pressure correlation with a form of the
confining channel is as follows

_ = , i, [Co
p+B. . Blw(1_|0)+B gzconst

mlc

., (16)

Where R = ﬁRC 2 uloc = uloo mlc >
value of a parameter for the totally stabilized flow,

index oo means a

7, =0 according to the accepted scheme.

1.3 Equations for Jet Confined at Initial Part
If a jet is confined at its initial part, with a
simplification h=hc=const, it is described by the
following equations.

For a jet’s initial part (Bm=1, U =U_S; ):
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1

Z\ﬁ—_ﬁ(ﬁ—yo)jli(l_Bwl)gm + Bwl [le +
T (1—UW1)][(F_<—70)77+70](177=1—7§ﬁ’
ﬁ(ﬁ_yo):[[(l_Bwl)"'(Bwl _l)glc]'

1-p
[(ﬁc—_OC)n+y0c:|dn+7°° ﬁzg}
)
1 d
“[(-3,)+(@, 1)u,c]E[(1—ﬁ)75]+

0

[(1-8,)0, +T, T [(R-¥o) 7+, |dn+
-

+y (R=9,) [[(1-B)+ (B - 1) B |

0

[(1-0) T+ 0 T [(R-70) 7+, Jdn} +

_/1— [1 Uy ) U, + T,y ddg(ﬁ_yo)'
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p)[ (R-%)n" +Y, |-
da.

(1-0,) {[(1-B,) B, + BWI][ s j '
-8+ (e -] % |

2 dp
dg

[(R=%)n+Y¥, Jdn=(1-

—025[ R Yo 77+yO]

1.3.1 The Boundary Conditions
Boundary conditions for the equation array (17) are
stated as follows:

¢=0,y=Y,, h=h, Bu=0, B, =B,

el

=R,, T, =0, p=0. (18)

Here are: { =x,X, &, =k, / k.

The conditions (18) mean that at the beginning of
the confined jet its radius afterwards is constant and
equal to the radius of the channel. The function h is
assumed constant in the channel, Function-indicator
of the first phase equal to zero (absence of the first
phase at the external boundary of the mixing layer).
Velocity at the wall is zero due to nonslip at it.

1.3.2 The Momentum Equation Added by X > x;

By X=X, when the initial part of a jet ends, also
the momentum equation at the axis is added:

2J1-pR j[ (B —Bu ) By + By
'I:(l_uwl)ulc+uW1]77d77:15

1
1- ﬁ§2j[(Bwl - Bml)
0

1
'I:(I_le)ﬁzc +UW1:|77d77 = Iilzj(l_ Bli)Uzcndn’
0

§li +1_BW1

_ 2
+qu] ndn +

zi:[(Bml - Bwl)gli + Bm][(l—ﬁwl)t_llc
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1 the immiscible liquids confined by the cylindrical

+ioj[(1—le. )0y + 0 | [(1-By)+ channel.
0 In assumption of a slip on the wall of channel,
_ [ R2 the profiles of the main parameters in the form (14)
+( B 1) B, ]Udﬂ _ i } (1 ﬁl) R’ are adopted with the following assignments:
19 _ _
d n* ( ) U umlumlc > uW| l"IW|um|c > B Bmchml >
_, v _
ER (l_p){_ O.E[(Bml_BWl)Bli-{_BWl . B Bmchwl’ B :Bmlcglc‘
. The pressure in a free jet is Po.
[(I—le)ﬁlc+UWI:|277d77+|0H:(1—BW1)+ 0
0
+(B B ])E‘;l,][(l_g 1)Uz +00, ? 77d77}+ 1.4 The Jet Confined at its Ground Part
" mo noe Then assuming similar to a free jet Um2=UmaiSo,
d * Uw2=Uw1S0, the next dimensionless equation array for
—J1- P [(1 U, )LTIZ +U,, ]— R?, fl -p [BW1 + the jet confined at its ground part yields:
dg 0 1 1
- N B, | (T, -0, )| B.b.nd d
+(Bm1 - Bwl)Bli:IL(l_uwl)ulc +leJ77d77+ " |:(Um1 um)}[ e }[ < 77}
x 1 1
. = _ .+ _d — B (o —T T o
—ly/1— pl:(l—uwl)u20+uwl}§ 1- pR2£[1+ By, (uml uwl)(!ulcﬂdﬂ !Blculcndn]'i_
B 1 L B L B
_Bwl +(Bml - Bwl ) Bli ]L(l_uwl )UZC + leJUdU = + E_J. Blcndnjuwl:l = I Blculcndn >
0 0
=(1-p)R*" (1-5,,)" {[ (B, — B, )B; +B,, | _ L L
( p) * n ( le) {I:( m1 Wl) i + B B, {(Uml —le)J. Blcuzcﬁdﬂ-i-ﬁwl.[ Blcﬂdﬂ:| +
0 0

{(Uml—ﬁwl— I L 7dn +0.5U,, } (21)
0

1
B
d’m, ) 0, 1 dp me
. Bml[—;j +I0K21(—§] (1-By) |-—— L R
dn”* ), dn” ), 2dg P =4B,. 4 [ B.Gondn+i, | 5~ Bi [Tondy+
0 mlc

1.3.3 Boundary quditions by x> X +(Bm1 _B,, )|:(Um1 -, )2 j[ B, (iou22c 1c)77d77 "
The boundary conditions are: 0
¢ =0, Bm=1, Bin=Bwi, U, =U,;, +20,, (4, —le)j By, (i,05, — 0, ) ndn + (i, 1),
Uy =Ty =P (20) 1 N
where B, = |§1(Xi) , B, =B,(X), P = ﬁ(xi ), }[ 1077d77}+ B [ =) [lo_([ukndn—.([ulcndnj+

é’:KI(X_Xi)/rO’ Uml :uml/uOI’ Ucli :‘\ll_ﬁi : +2UW1(U 1~ (IOIUZCUdU ju1cﬂdﬂj+05 o — wl:|+

The derived systems (17)-(20) of the mixed type i 2 b,
equations and boundary conditions represent the - |:(U I—le) IUQCUdUJr
mathematical model for two-phase turbulent jet of

mlc 0
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_els (dim, ) . _ \[d’T,
—le)z{Bml( dn; j +igk, (1—Bml)[—§
0

The boundary conditions are:

X=0,0,=0,B,=0,0,=1,B

ml

=1. (22)

The mathematical models developed for the
confined jets have been implemented for computer
simulation.

2 Numerical Simulation of Turbulent
Two-Phase Confined Jet

Numerical solution of the boundary-value problem

(21), (22) has been done for a wide range of the

varying parameters. The results are given in Fig. 4.
From the algebraic subsystem of the equation

B
expressed as functions of the velocity components at

array (21), the parameters B P were

ml > wl >

the axis and at the wall: U

mi> Uy, - Then the system

of two ordinary differential equations for the

functions U, (7), Uy, (7) was solved numerically.

E-ISSN: 2224-3461

157

lvan V. Kazachkov

uwu,,,,
08t
04 r 3
ES
Q 2 4 6 X
F -
008+
3
004 2
0 2 4 6 X
Em’gmwz
0.8t |
o4 r
0 2 4 X

Fig. 4 Velocities, pressure and functions-
indicators for the axis and wall of the channel:

10=0.3, Bm1c=0.6, Umc=0.8, x,, =3.6,
two variants: 2- x,=0.006, 3- x,=0.008.

2.1 Analysis of Peculiarities of the Confined

Two-Phase Jet
Velocity of the confined jet at the axis of channel is
slightly falling down (approximately 0.4-0.6) and
growing at the wall (up to 0.08-0.12). Pressure in a
channel is growing intensively at the entrance and
slowly afterwards, nearly linearly. The most
interesting is peculiarity of the functions-indicators
at the axis and at the wall.

As clearly seen from the Fig. 4, the turbulent
mixing in a first phase determines a length of the
function variation with the longitudinal coordinate
but not the function’s character.

The higher is a turbulent mixing, the shorter is a
distance of the varying process but the character and
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even the value is the same. The first phase at the
axis is decreasing shortly at the entrance of the
channel approximately 20%, but then it recovers to
the previous level (100% first phase at the axis).
Correspondingly, the first phase at the wall is
growing on the same distance from 0 up to 10% and
then falls down below 5%.

This calculation was done for the case of lower
density of a second phase. Thus, the heavier first
phase at the beginning of the channel is distributed a
little across the channel. But then it is nearly totally
collected around the axis in the center of channel,
which an interesting feature for the practice.

Numerical simulation revealed peculiarities
different from the earlier considered free two-phase

jet flow [1-3, 6, 7]. The functions U, U,,
strong influence on the B, B,

ml >
. This causes fast growing of the

ml > have

w1 » especially strong

as concern to B,

calculations’ inaccuracy because the values U,

U, by small errors in numerical solution lead to the
B,

increased errors in B, Wl >

which are strongly

ml >
inside the interval from O to 1. Such peculiarities of
the interconnection of the computed parameters
cause serious impediments in computer simulations.

2.2 The Equilibrium Two-Phase Flow
Confined in Cyndrical Channel
It is interesting to consider the equilibrium flow in a

channel. As far as the inverse influence of B B,

ml > wl

to the values U, U,, is small, we can write:

ml >

X —> o0, B —>B —>B

loo »

Upy = Uy > U, - (23)

The condition (11) is about total uniform
distribution of the phases and their parameters in a
cross-section of a chamber, which may be not
achievable. But we can study this question. The
following piecewise-linear approximations satisfy
the following conditions:

-1
m,
xk(anﬂi') ,
p— mz A
=B, ) t,;X {1+Zt2,x] , (24)
j=1

1=1

where b, ba, tij, t are constants computed from
the equations (21). In general, their number is 2(m;+
my). As far as the above task of finding the
coefficients is very cumbersome already in a first
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approach, it was proposed accounting a weak

influence of the B,,, B, on T,,, U,,, adopt for
the functions B_,, B, the following simple
approximations:
_ — bx S = tX
B, =1+(B,-1)——, B,, =B . (25)
m =1+(B, )1+b2>z R BRS
We stated the following conditions:
%=1, B, =B, =B, (26)

£=0.5, B =1.01B,

ml

where X=X, ;(=;(( 0> %, X) is some empirical
function, e.g. y = ;(( 0> c) const, in particular.

Then the following assignments were introduced:

>
[
W
I
ol
[
o
=
o
=
>
L
o0
[ S———

1
Ondn , AlL1= [G2ndy
0

2pdn , All6=
1 [—

[ B, AEP—juZCndn, 27)
0 0

1 1
BT=[T,dn . PL=[B,ndy.
0 0

Now from the first 3 equations (21), the
following expressions yield for the introduced
parameters:

U, =2[BT+Bmc(AI5-Al16)], B, =2AI5/T, T

ml

—(1 -F> le) (F]F5 F3)/( F]F4—F2F3)
{AIl4+| (AEP/B  —AllS)+
( Wl)[ —Wl (io AI15—AI14) +

+2(Uyy =Ty ) Ty (| AI16 - AI15)+(i, —1)PLT,,

+B,, | (T — T, ) (iy AEP—AT11) +

(28)
~0,,) (i, BT- AI8)+0.5(i, 1)y, |+

- =2
_BL|:% +(Um1 _le)z AEP+ 2Uwl (Uml _UWI )BT:|}

where are:

= AIl6-BT/B,,,, Fs=B,, (PL-Al16)+

mlc °
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B, (0.5-PL-BT+AIl6)+(BT-0.5)/B
F;=B,, All6+B,, (BT-AI16)-BTB,,
Fi=B,, +B,, (AI8/AI5-1), F;=8_-
((PL/AIS—1)+B,, [ 1+(0.5-PL- AI8)/AI5 .

mlc >

2.3 Empirical Constants in the Solution

The obtained numerical solution of the boundary
problem (21), (22) depends only on one empirical
constant or function y, which is multiplayer in the

variable X=X and does not depend on the
constants of turbulent mixing in the phases k;.

Therefore, it does not require introduction of any
hypotheses concerning the turbulent shear stress.
The correlation of y with empirical constants of

the turbulent mixing «; is easily computed from the
solution of the two last equations (21).

2.4 Parameters of Totally Stabilized Flow
The parameters of the totally stabilized flow of
confined two-phase turbulent jet of two immiscible

liquids (e.g. E,m and the others) computed from the

first three equations (21) are shown in Figs 5-7.
Constants tj, bi determined from substitution of (25)
into (26), are given in the Table 1.

The three cases i0=0.3, Bmic=0.6, Um1c=0.8, were
analyzed as previously. Dimensionless velocity of
the totally stabilized flow independently of io and
other parameters is close to 0.2, while the function-
indicator of the phase is substantially depending on
the parameter ip (density ratio multiplied by square
of the slip ratio for the phases).

Table 1. Parameters of the stabilized confined jet

bo 0,3 1,0 8,0
Boe Il 1,0 0,8 0,6 | 1,0 0,8 0,6 | 1,0 0,8 08
Upee || 10 0,92 0,8 | 1,0 0,84 0,66 | 1,0 0,58 0,2
R 3,48 4,11 5,0 | 2,75 3,35 4,38 | 2,09 3,18 5,0
U o 0,21 0,22 0,27 0,25 0,24
B Il 0,3 0, 0,4 | 0,58 0,60 0,67 | 0,87 0,91 1,0
P || 0,31 0,12 0,14 | 0,16 0,16 0,35 | 0,19 0,34 0,53
b, || 166 153 10 |70 60 62 |14 85 0
6, | 15 1 M0 | ® & |18 7,5 0
t % 9 99

ty 98 98 98
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Fig. 5 Jet flow velocity in channel at axis U,,, and at
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wall U, against axial coordinate X = yX for ic=0.3
and |0:80' 1- Bm10=1.0, 2- Bmlc:0.8, 3- Bmlc:0.6
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Fig. 6 Velocity of jet flow in channel at axis U,

and at wall U, against axial coordinate X = yX for
io=1.0: I-Bmlczl.o, 2' Bmlc:0.8, 3' Bmlc:O.6
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Fig. 7 Pressure of a jet flow in the cylindrical
channel against axial coordinate for i¢=0.3, 1.0, 8.0
and: l-Bm]_czl.O, 2- Bmlc:O.S, 3' Bmlc:O.6

The velocities of flow and pressure are presented
in Figs 5-7 against axis of the channel. It is clearly
observed that the most intensive mixing 1is
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performed in the region by X<0.1. Afterwards it is
going slower and slower, especially concerning the
pressure. Maximum of the recoverable pressure by a
high density ratio allows deciding, in a frame of the
model, in a first approach, about the rational length
of the stabilizing channel.

Dimensionless pressure depends a little on a
density ratio, which abruptly increases only by big
density ratio and a small velocity of the jet’s
entrainment into a channel. The last case may
evidence a possibility for the jamming a jet in a
confining channel.

3 Validation of the results obtained

The results obtained by numerical solution of the
boundary problem (21), (22) and its approximate
solution was done with the known experimental
data. By two-phase flows such data are absent;
therefore, a comparison of the experiments by a
turbulent mixing in the jet devices working on
homogeneous flows of incompressible liquids is
presented in Fig. 8:

1 ‘O}—‘.ie&éér}ment
® iz

\ — — —numerical solution

08

¥

\Vios SR 2
@8*""3 1.0;36, =0 0{05 , %570 of

061 -

o4t

0 0.2

04

O k3 - S

Fig. 6 Comparison of the solutions obtained
against experimental data

For »=0.005, the correspondence of the results
obtained with experimental data [9] is quite good.
And it might be even slightly improved with
choosing the function y (7) for the best correlation

in each specific case.

The method was successfully applied to
modeling and simulation of the complex two-phase
flows for the corium cooling during severe accidents
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at NPP [7] and to calculation of the parameters for
the new jet type machines for steel melting [10].

4 Short review of recent papers

As far as this is the third paper in our series on the
heterogeneous jets of mutually immiscible liquids,
which we did not find analogues in the literature, we
have to conclude with a short review of recent
papers, which may be of interest to some partial
phenomena considered by us and to further study.

The detailed measurements in confined coaxial
turbulent jets were performed in [11] with a laser
Doppler anemometer, especially in the initial
mixing region, in order to study the physical
phenomena and the existence of organized flow
structures. The performance of the two-equation
turbulence model was tested for selected previous
experimental data.

The induced flow in a long cylinder by the axial
round turbulent jet was investigated experimentally
with applications to crude oil storage [12]. It was
found that the flow does not reach a true steady state
but vacillates periodically. Digital video recordings
and particle image velocimetry were used, and the
frequency of jet switching, jet stopping distance,
turbulence characteristics, and the influence of end-
wall boundary conditions were inferred.

A systematic search for combined axial and
helical forcing of a round jet that maximize mixing
was described in [13], which concentrated on
optimization of jets at higher Reynolds numbers
using large eddy simulation.

The paper [15] presented study of the stochastic
Lagrangian agglomeration model applied in the
classical Euler-Lagrange approach. The main focus
was on a modelling of the turbulent particle
transport and particle collision and agglomeration.
The dynamic equation of the individual particle
motion was solved in the Lagrangian approach,
while the particulate phase properties were given by
the ensemble average in a number of particles.

Then the paper [16] identifies the mechanisms in
the wall region and particle segregation in the
viscous sublayer in the regions with streamwise
fluid velocity lower than the mean ones, which is of
paramount importance for many technological and
environmental problems. The results from a direct
numerical simulation of the passive transport of
solid particles by a fully developed turbulent
channel flow with a Reynolds number of 180 based
on the friction velocity and the channel half-width
has been presented in [17].

The mathematical model for the phenomenon of
preferential concentration of inertial particles in a
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turbulent field was done in [18]. Various scaling
limits of interest have been studied together with the
effect of particle collisions. The effect of collisions
was estimated negligible but in some cases particles
may decrease diffusion.

The effect of spatial correlation between the
particle velocities was investigated in two-phase
turbulent flows [19] using the statistical model built
on the joint probability distribution of the fluid and
particles. Some singularities of utilization of LDA
for study a structure of the gas-solid particles
heterogeneous flows were considered [20], where
revealed the behaviours of particles moving in a gas
flow and their effect on the parameters of the carrier
flow.

5 Conclusion

The results obtained may be useful in a number of
chemical technology and other engineering fields,
where the jet hydraulic machines are applied.
Mathematical model developed for the free and
confined jets of two-phase flows and the
approximate correlations proposed from analysis are
available for implementation into the research and
engineering calculations.

Account of the phase spatial and temporal
distribution in the mixing multiphase flows is
important for deep understanding and optimization
of the mixing processes. The model and
experimental technique for the investigation of the
multiphase turbulent jet of mutually immiscible
liquids (metal melt-slag, oil-water, etc.), when two
or more liquids in a mixed flow have their own
dynamically changing interfaces, is unique and may
be of interest in the mentioned cases.

The application of the method has some
limitations in touch with approximations of the
function-indicator and numerical solution of the
boundary problems, which were detail investigated
and the advices to fight them were developed.
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