WSEAS TRANSACTIONS on FLUID MECHANICS Altyn Makasheva, Altynshash Naimanova

Numerical simulation of particle dispersion in the developing
supersonic mixing layer
ALTYN MAKASHEVA!, ALTYNSHASH NAIMANOVA 2
1. Institute of Mathematics and Mathematical Modeling, Almaty, Kazakhstan
(e-mail: altyn-mak@mail.ru )
2. Institute of Mathematics and Mathematical Modeling, Almaty, Kazakhstan
(e-mail: alt_naimanova@yahoo.com).

Abstract— The work is devoted to the numerical simulation of a supersonic planar mixing layer of multispecies
gases with the particles injection at the interface of flows. It is assumed that the turbulent flow is quasi-two-
dimensional, and the solution of the Navier-Stokes equations for multispecies gaseous phase is performed with
the 2D-DNS (Direct Numerical Simulations) approach, and the system of ordinary differential equations for
solid particles is used. The supersonic multispecies gases effect to the dispersion of particles in the range of
20< dp <200 is studied in detail. The obtained results show the small particles are captured by the vortices

homogeneously while the large particles are accumulated in the periphery of the vortices and along the braid of
two adjacent vortices. The dispersion of the particles in supersonic multispecies mixture layer is similar to the
trajectory of the particles in subsonic flow: the large particles reacted to the centrifugal action, while the small
particles are in a quasi-equilibrium status with the gases. And the number of the particles is larger in the high
speed hydrogen than in the air flow.

Keywords — mixing layer, particle dispersion, multispecies gases, Lagrangian approach, large and small
particles.

1 Introduction second methodology (Eulerian-Eulerian approach),
The problem of the spatial supersonic mixing both phases are considered_ as two cqntinuums_ and
layer is important both theoretically and practically are governed by the fluid dynamics equations.
in  connection with its wide engineering Comparing these two approaches, it should be
applications. Many experiments have been noted, th_at the numerical models based on the Euler-
conducted [1, 2] in area of compressible free shear Lagrangian approach of the two-phase flow allow
layers, where it was demonstrated that the growth performing detailed study of the flow physics of
rate of mixing layer decreases with increase of the gases as well as particles and their interaction.
convective Mach number. Numerically, turbulent Euler-Lagrangian method has been used in [9]
mixing layers have been successfully studied for the for simulation of a small spherical solid particles in
wide range of the convective Mach numbers for the shear turbulent flows and it was found that
subsonic [3, 4] and supersonic [5, 6] flows. particles mainly disperse in the streamwise direction
Many efficient technologies of the industry deal due to the shear effect. _ _
with mixing layers in presence of particles. Review of numerical studies of the influence of
Nowadays, the dispersed phase with particles in a vortex structures in the spatially-developed shear
two-phase  flow (solid, droplet or bubble layer on th_e pa_lrtic_le dynamics for thg low Mach
suspensions) is studied as experimentally [7-9] as number regime is given in [10], and the influence on
numerically [10-13]. An influence of the large-scale Fhe particle digpersion for different size of particles
turbulent structures of the planar mixing layer to the is represented in [11]. _ _
particle dispersion and its correlation has been A limited number of studies on the dynamics of
studied in [7-9]. the large number of particles in the supersonic flows
There are two approaches in numerical study of a has been performed [14, 15]. Usually, these flows
two-phase flow. In the first method, discrete have complicated flow structures, such as
elements are tracked through a continuous fluid by compression waves and expansion waves, which
solving the system of ordinary equations for each can affect the particle dispersion (the dispersion of
element (Eulerian-Lagrangian approach). In the emissions from jet engines). In addition, for such

flows the influence of the gas compressibility on
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particles is also important. For example, the
numerical simulation of the supersonic flows
considering compressibility effects was carried out
in [14], where an injection of droplets with the
transverse-jet was investigated.

In accordance with the above, the study of the
supersonic multispecies mixing layers flow models
will be developed to obtain a field of the gas (carrier
fluid) and its influence on the dispersion of both
small and large particles of range 20£dp <200.

The inflow profile of physical parameters across the
hydrogen-nitrogen and air flows is assumed to vary
smoothly according to a hyperbolic-tangent function
(Fig. 1). At the entrance, the solid particles with
random size are injected to the mixing layer. The
investigation focuses on the influence of a spatially
developing vortex structures on a particle dispersion
in a transitional free shear layer depending on the
particle size.
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Fig. 1 illustration the flow configuration

2 The mathematical model and
governing equations

2.1 Governing equations for continuous
phase

The carrier gas is considered in the Navier-
Stokes equations for multi-species gas which are
written in the conservation vector form as:

o0 oE-E) olF-7)

v

ot OX 0z

=0, 1)

Vectors U, E,F are defined by
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p pu pw
pu pu2 +p puw

U= pwW , E= PUuw , F= pw2+p )
E, (E+pl (Ec+pw
P pulty pwY

and vectors Ev,ﬁv are associated with viscous
stress

0 0
Tyx Tys
E,=| 1, v R, =) 1,
Uz, +Wr,, - Oy ur,, +Wr,, —qQ,
J kx ‘]kz

The components of the viscous stress tensor are
given as

Tyx :L[Zux '%(ux W, )]r T ﬁ(zwz -%(UX +W, )}

Re - Re

T =Tnxx = %(uz +Wx);

The heat flux is defined by

q = 1 +i ﬂ q = 1 ﬂ+i g
““prrel” "o Jax' ¢ PrRe oA

and the diffusion flux is determined by

—_ M OY

- , M OYy
" ScRe ox e

ScRe o0z

The pressure, the total energy are given by

T N Y ’
p=—L" ZW—"
700Moo k=1 k
oA ew?)
E, = 5 p+2p(u +W)

7y M

The specific enthalpy and the specific heat at
constant pressure of the k™ species are

N T
h=> Yoo by =h +[c,dT
k=1

To
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5
i=1
alk = ajkij_l

where the molar specific heat C o is given in terms
of the fourth degree polynomial with respect to the

temperature,  consistent  with the JANAF
Thermochemical Tables [13].
In the system (1) u,w,p,T represent the

components of the velocity vector, the density and
the temperature, respectively. vy, and , are the

mass fraction and the molecular weight of the k™
species,k =1..N, where N is the number of
components in a gas mixture. 7, q and J, are the

viscous stress tensor, the heat flux and the diffusion
flux, respectively. Re is the Reynolds number, Pr
is the Prandtl number, Sc is the Schmidt number,
, 15 the molecular viscosity calculated by Wilke

formula [16].

The system of equations (1) is written in the
conservative, dimensionless form. The air flow
parameters are , y w, 7T, the hydrogen jet

parameters are  , y w,T,- In terms of
dimensionless variables , ,2 is the scale, r;T, /W,

0

is the enthalpy scale, R, is the molar specific heat

scale and & (the thickness of the splitter plate) is
the spatial distance.

2.2 Governing equations of discrete phase

The small sphere particles are tracked
individually in the Lagrangian manner. It is assumed
that the density of particles is much larger than that
of the continuous phase so only the drag force is
significant. The particle collision is neglected.

The Lagrangian particle equations for position
and velocity are given by

i)? =0

dt p—"p

| )
Eup - Dp(U_Gp)

Here, X, is the particle position vector, a, is

the particle velocity vector; D, is the drag force

with the particle radius r IS given by
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The drag coefficient Co is taken in accordance
with the solid sphere drag correlation [17]:

ﬁ(ulRef/e’} Re, <1000
Cp=1Re, 6
0,424, Re, >1000
2l —tip|-r, .
and Re =—1— Pl P js the particle Reynolds

M
number, 4 is the gas viscosity.

3 Initial and boundary conditions
At the entrance:
- for multi-species gas:
bottom flow:

u =M, /—yOROTO ., w =0,
WO

upper flow:

u :Mw 7/00R0T00,W :0’
\ W,

Yo=Y, at x=0, H; +5<z<H,.

At the point of transition of two gas flows, the
above physical variables are determined by the
function of the hyperbolic tangent

p=p,, T=T,,

#(z) = 0.5(¢, + 4,, )+ 0.5(¢, - ¢, )tanh(0.52/5,)

at x=0, 0<z<H, ¢=(Uu,w)Y,,T)

where
H,/2

5,(x)= I(p(ﬁ—uw)(uo—G)/(pruz)dz) is the

H,/2
momentum thickness, U =(U—u,)/AU is the

average of gas velocity.

On the lower and upper boundaries, the condition
of symmetry is imposed. At the outflow, the non-
reflecting boundary condition is used [18].

In order to produce the roll-up and pairing of
vortex rings, an unsteady boundary condition for
velocity field is used at the inlet plane [19], i.e.
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9= ¢(Z)+ ¢distr 1
A-AU -cos(ot+a )

o 3
¢dlstl’ A-AU- GaUSSian(Z) . ZS"‘](Z;Z’ fm T+ a)

m=0
where ¢(z) is the hyperbolic-tangent velocity
profile defined by (3). Coefficient A =0.001 is the
forcing amplitude. AU = (u,, ~U,) is the difference
between the two stream velocities, which measures

the strength of shearing. @ = (ao +a, )/(259) is
the disturbance frequency,
Gaussian(z) =exp(-z®/2c%) is the Gaussian
function which has a peak value of a unity at z=0
and the width +25 is matched to the vorticity

layer thickness at the entrance. The Aw,,, IS taken
as in [18]. The w is the excitation frequency,

W:M is the vorticity thickness, a, a,
(aUIﬁz)maX

are the sound velocities, « is the random phase.

4 Method of solution

The numerical solution of quasi-2D equations is
performed in two steps. Where, in the first-step the
gas dynamic parameters (o, u,w, E,) and species
(Yk 'k =1,...,7) with mass source terms are solved.

In the second-step, the system of ordinary equation
for particles is calculated.

The system of equations (1)
coordinate system is written as

in the new

U O0E oOF O0E, +aévm N oF,

o of  of  on

oF
—+— +
ot o on

vm 4
o (4)

where  U=U/3, E=£F/J, F=n,F/J,

Ev2 :ngvz/‘J ! E'vm = gxévm/J ! I:v2 = UZFVZ/J !
Fon =1,Fn/3: J=0(&n)/o(xz) s the
Jacobian transformation.

The system (4) is solved with semi-implicit
method, numerical algorithm is given in detail in

[20,21]. In accordance with the principle of the
ENO scheme, the system (4) is written formally as

(Z—L:+(A+ + A‘)%Jr(? + B‘)a(;m -
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— a(Evl + Ewn)+ a(sz + va
o0& on

) =0 (5

Here EMand F™ are the modified fluxes at node
points (i, j) which consist of the original advection

(E F ) and additional terms of third-order accuracy

EDEDP ) c =il (FE R T

(E..D..E,.D, ) E"=E"+(E,+D.), and

A +A =1, A" =A"AT,

At = RA*R 1= R[ALWJR% | is the identity
2

matrix. A=0E/aU is the Jacobi matrix, R and

R are the left and the right eigenvectors, A is the
matrix of eigenvalues.

The system (5) is transformed into one -
dimensional operators after factorization:
1st step:

o n, r— n
{I +At{(Ai _1/2A_A§ + Ai +1/2A+A§j+

2
IR

altox n L Lg% Z s 4 RHSD
ReJ Uln 4 n

2nd step: (6)

ll + At{(éjtl,zAfB,'; + éj’+1,2A+ B,’;)+

2 *
Al L UGy
ReJ U/

RHs =Ai11/zj[ (E§+5§)i+lj_(éé+6§)i J I

A l (E§+5§)ij‘(E§+D§)i—1jr

ﬁﬁl/zj{ (Eeﬁf’ﬁjij T -

P i __ _

m(A-A§i+1/2j' Ay 6§i+1/2j) if ‘A-Jij g A+Jij
m(A-Bgi—llzj’ A Sefi—l/ij if ‘A_ljij < A+Gij ﬂ
A o n
Af_uzj{ (Engjij } -

=RA" Ri_—11/2j[( minmod (E§i+1/2j Egi—l/zj)‘
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_{m (A,[A)fi,l,zj v AL 6&1/2;')

m (A.Sfi—lmj VA 55i—1/2j)

E45&1/2] = (RSign(A)R_l)iﬂ/Zj ‘
1 At _ ~
E[ I _A_§ (R |A| R 1)&1/2} AiEij

5§ii1/2j = (R Sign(A)R_l)lilIZj .

1| At? g ~
'E{A_fz(R A R 1)Z+—|} A,

Dtis1/2j = Esivar2j + Deisa;

where
minmod(a,b) = {5' min(d|4), if 5/'.0_/7(a): sign(b)=s
0, otherwise
, a if |a|<]b|
m(a,b) = )
b if |a|>|b|

The second item RHS",, is written similarly.

The system (6) is solved with respect to the
vector of thermodynamic parameters by the matrix
sweep method, and the vector of mass fractions of
the mixture is computed with tridiagonal inversion.

5 Result and discussion
The parameters of coordinate transformation are
as follows:

E(x)=K + % arshHXL —leh(r K)

n

1@ =] (p+0)-(5-1 55 ° |+

+ (MJ R +1
p-1

K =2—1T|nK1+(eX —1)’&)/(1—(@ —1)XL°H Y

are the clustering coefficients with g, r>1, a is
the computational region height in the new
coordinate system, and x, is the point with respect

to which the clustering is done.
The free shear layer of a hydrogen-air flows

mixing with injection of a solid particles is
numerically studied. The initial momentum
E-ISSN: 2224-347X
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thickness is 5H=9_35x10—5m. The algorithm of

method and the sensitivity of convergence of
solutions to the grid characteristics were studied in
detail in [20, 21]. The dimensionless length and
height of area under consideration are LxH =
600x80. Here the 526x201 nodes grid with the
stretching at the entrance and the mixing layer is
used.

Numerical simulationis performed the initial
parameters on the bottom and upper flow: M, =2.1,

M, =20 T,=T,=2000K, p,=p, =101325Pa.

At the same time, the convective Mach number is

M, =0.38, where M, =(u, -u,)/a,,

u, =(a,u, +a,u, )/(a, +a,)- At the inflow plane, the

hydrogen-nitrogen mixture enters from the upper

half: v, =05, Y, =0.5 and the air vy, =0.2,
2 2 2

Y,. =0.8 enters from the lower half of the domain.
2

The particles are injected into the flow
uniformly, one by one after the period of time
At=5. The particle density and diameter are

Proo = P = 2560kg/m’® 20 um,
respectively. The aluminum particles are injected
from four input points x =0, z=20,30,40,50.

The formation of vortex structures is shown on
example of vortices isolines at different times t
=200, 1000, 1500 (Fig. 2). From the Figure follows
that to the time t = 200 isolines are starting to curve
significantly and roll-up into vortices (Fig. 2a) and
they are pairing with adjacent vortices to form larger
ones downstream. As result of which, relatively
stable turbulent vorticity fields are formed (Fig. 2c.)

The isolines of the hydrogen (Fig. 3) well
demonstrate both, the dynamic of the formation and
growth of a system of vortices, and the gases
mixing. In accordance with the picture of vortices
(Fig. 3a, to the time t=200), it can be seen that as a
result of the rotation of a pair of vortices, both, the
air flow and the hydrogen-nitrogen mixture are
trapped by this pair. From numerical experiment
follows that in result of increasing of twisting of
vortices, as well as their pairing, in the centers of
their rotation the closed zones of hydrogen are
formed (Fig. 3b and 3c). It follows from the figure
that the mixing layer expands towards the slow air
flow.

and
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Fig. 2 The formation of vortex structures at time:
2) t =200, b) t=1000. €) t =1500 ford =20
mkm
My=21, M_ =2

Below represented the dynamics of particles and
their entrapping with multispecies gases (Figure 4,
t=200, 1000, 1500). From the graphs is visible that
the particles injected into the faster flow (z=40, 50)
of mixing layer move much faster compared to
those injected into the slower flow (z =20, 30). For
example, particles injected into the upper stream to
the time (Fig. 4a) extend up to x=200. At the same
time t=200, some of them get into vortex zone, and
as result their trajectories are curved significantly.
Whereas the particles injected from a lower stream
are not captured by the vortices yet, they continue to
move along their own trajectories and by the time
they reach the position of x=90.
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Fig. 3 Isolines of hydrogen at time:
a) t=200,b) t=1000, €) t=1500 for d =20 mkm

Mo=21, M =2

From graph 4b and 4c it can be seen in spite of
that the particles are homogeneously entrapped by
the vortices including vortex core, the dispersion of
particles injected into a slower flow is much smaller
compared to particles which move in a faster flow.

Numerical experiments performed with particles
of the large particle diameter d, =200 um show

another picture of particles distribution in the
mixing layer.
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Fig. 4 Distribution of particles at time:
a) t =200, b) t =1000, €) t =1500
for d =20 mkm

My=21, M =2

As it can be seen from Figure 5 in this case, a
few particles reach the vortex core. Mainly, they are
accumulated in the periphery of the vortices and
along the braid of two adjacent vortices.
Consequently, large particles are reacted to the
centrifugal action, while small particles are in a
quasi-equilibrium status with the gases.

Numerical experiments show that the behavior
of the dispersion of large particles in a supersonic
mixing layer are in qualitative agreement with the
observed behavior of particles in a subsonic mixing
layer [13, 22].

Figure 6 shows the quantitative distribution of
the numbers of small particles in the upper
(z [40,80], Fig. 6a) and the lower (z < [0,40), Fig.
6b) part of the mixing layer along the streamwise
direction to the time t=1500, which is defined as
follows:

Ncp 2 %
N; (x)
N rms (X) = Z;\l—
i=1 cp
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Fig. 5 Distribution of particles at time:
a) t =200, b) t =1000, €) t =1500
for d, =200 mkm

Mg=21, M =2

here NCp is the total number of computational cells,

and Ni(x) is the number of particles in the i cell. As

can be seen from the figure in accordance with the
pattern of expansion of the mixing layer the number
of small particles in the lower air flow (Fig. 6a) is
larger compared to the upper hydrogen-nitrogen
mixture (Fig. 6b).

The picture of the distribution of the large
particles show that in main, the total number of
them coincide with small particles, exclude the
region of large vortex structures (X =450+500,
Fig. 7).
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Fig. 6 Quantitative distribution of the number of
particles in the upper (a) and lower (b) of mixing
layers

at t=1500 for d, =20 mkm
Mo=21, M, =2
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Fig. 7 Quantitative distribution of the number
of particles in the upper (a) and lower (b) of mixing

layer at t =1500 for d, =200 mkm
My=21 M_ =2
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