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Abstract

This article investigates the near-field dynamics in a particle-laden round turbulent jet in a large-eddy simulation (LES). A
point-force two-way coupling model is adopted in the simulation to reveal the particle modulation of turbulence. The particles
mainly excite the initial instability of the jet and bring about the earlier breakup of vortex rings in the near-field. The flow fluc-
tuating intensity either in the axial or in the radial directions is hence increased by particles. The article also describes the mean
velocity modulated by particles. The changing statistical velocity induced by particle modulation implies the effects of modula-
tion of the local flow structures. This study is expected to be useful to the control of two-phase turbulent jets.
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1. Introduction

As a basic type of flow, the two-phase round turbu-
lent jet has found broad application in the aerospace
power and propulsion techniques. The dynamics of
large-eddy structures and particle dispersion in turbu-
lence are the fundamental factors exerting influences
upon the mixing and the combustion efficiency. The
flow evolution of the jet, especially the far-field pro-
perties, is commonly determined by the near-field vor-
tical dynamics close to the nozzle exit. This induces
the necessity of studying the flow properties in the
near-field and the particle dispersion in the jet.

The single-phase jet has long been numerically in-
vestigated by researchers. R. Verzicco, et al., who
studied the vortex dynamics in the jets with low Rey-
nolds numbers of 500 and 1 000, disclosed the statis-
tical features of time-averaged velocities and the varia-
tions of momentum layer thickness. Y. Dai, et al.l’)
numerically studied a jet in a large-eddy simulation
(LES). M. Olsson, et al.*! pointed out that the statisti-
cal data of root mean square fluctuating velocity in the
section at z/D =6.5 are smaller than those at z/D =
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7.75. Q. L. Fan, et al.”**! simulated a round turbulent
jet in LES, presented the unsteady evolution of the
coherent structures and predicted the averaged jet core.
However, these investigations are limited to supplying
the information about the particle-free turbulent jet
only.

S. Yuu, et al.[ used the direct numerical simulation
(DNS) to study a gas-solid jet with a Reynolds number
Re =1 700, which was laden with 58 um particles and
assumed the particle mass loading ratio to be 0.6. The
results they obtained in terms of mean velocity,
turbulence intensity as well as Reynolds stress were in
good agreement with the measured data by the laser
Doppler analyzer (LDA). They unveiled that the
on-going turbulence is suppressed by the additional
dissipation of turbulence induced by particles. Further,
they studied a planar turbulent jet with Re =10 000
laden with 65 and 310 um particles in an LES coupled
with a particle trajectory model'”’. They found that the
turbulence is checked by particles except in the initial
and transition regions, where, in contrast, it is en-
hanced by larger particles due to large slips between
two phases and larger local gradient of particle con-
centration. K. Luo, et al’®. studied the effects of parti-
cles on two-phase planar jets and found that particles
with different Stokes numbers have different influ-
ences on the jet. The particles of Stokes numbers 0.01
and 50 accelerate the evolution of flow field and make
the curves of gas-phase intensity flatter and wider at
different flow sections; but with the particles of Stokes
number 1, the exact reverse is the case. Y. Rong!™ es-
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pecially studied the far-field turbulence modulation in
a two-way coupling LES with a spatially developed
gas-particle round jet. The predicted data on the turbu-
lence modulated by large and small particles quite
agree with the results from the experiments.
Nevertheless, little information has been acquired on
the near-field behavior of particle dispersion in the
flow structures and the modulation with help of parti-
cles.

This article mimics a round turbulent particle-laden
jet flow by means of an LES associated with a La-
grangian particle trajectory model in cylindrical coor-
dinates. To study the particle dispersion in turbulent
structures, a particle is regarded as a mass point and
the two-way coupling terms are added into the
gas-phase governing equations with the classic
point-force model. Particles’s inter-collisions are not
taken into account under the assumption of the dilute
flow. A comparison is made between two-phase in-
stantaneous flow fields together with two-phase statis-
tical results so as to show the effects of particles on the
evolution of near-field flows laden with particles.

2. Computation Methods
2.1. Gas-phase equations and discretization methods

The calculation of a round jet flow is performed in
cylindrical coordinates. For the convenience of treat-
ing the singularity at the axis, variables are trans-
formed into the primitive variables through

qr:rvr’qﬁzvﬁiqz:vz'

where r is the radius and v the velocity.

Applying the box filter to the Navier-Stokes equa-
tions and non-dimensioning it by using the nozzle di-
ameter D and the central axial line velocity at the noz-
zle exit Uj. as the reference variables, are obtained the
governing equations in an LES as follows:
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where p is the pressure.

Eq.(1) is the continuity equation, Eqs.(2)-(4) are the
momentum equations and Re the flow Reynolds num-
ber defined as Re = Uj.D/y, where yis the kinematic
viscosity.

The sub-grid scale stress tensor is approximately

equal to7,; =(y+ )2S_ whereS_—l %4_8& %
q ARE ij28xj axi’
is the gas-phase velocity and the turbulent viscosity .
can be modeled with the standard Smagorinsky sub-
grid scale model:

71 2(CA)’ | S |=(Co4)* 2555y Q)

In which, 7, j=r, 6, z in this article; the sub-grid scale
A= (rArAGAz)"® and C, the model coefficient. The
isotropic turbulence theory points out that C; should be
assumed to be 0.18, which is too high for the shear
flow. After several trials, C; is reduced to 0.1 in the
final simulations, which offers satisfied outcomes.

The governing equations are discretized into a stag-
gered-grid system with the finite difference method.
The nonlinear convective terms are divided into two
parts:
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and discretized with the skew-symmetric scheme in
order to reduce the aliasing errors, suggested by A. G.
Kravchenko, et al.l'%. In the scheme, the conservative
parts are discretized with the second-order central dif-
ference scheme and the non-conservative parts with
the second-order three-point-upwind scheme. The liner
diffusion terms are discretized with the second-order
central difference scheme. The third-order explicit
Runge-Kutta algorithm is adopted for the time march-
ing.

The governing equations are solved with the frac-
tional step projection method improved by X. Wu, et
al.l"!!. The Poisson equation for the pressure correction
is solved with fast standard Fourier transforms in the
periodic (circumferential) direction, fast cosine Fourier
transforms (cosFFT) in the axial direction (see
Ref.[12]) and then cyclic reduction in the radial direc-
tion, usually called Fourier analysis cyclic reduction
(FACR) direction method originally proposed by R. W.
Hockney!"?!. The cosFFT routines can be used to solve
equations with Neumann conditions at the boundaries.
In the present numerical strategy, the pressure Poisson
equation is specified with Neumann boundary condi-
tions in the axial direction.

2.2. Particle-phase equations

Particles are tracked by the Lagrangian trajectory
method. All particles are regarded as point-particles
with the same material density p,and the same diame-
ter d,,. The interactions among particles are neglected
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due to the assumption of dilute flow in the present
study. If only drag forces are considered, the equations
describing particles’ motion in cylindrical coordinates
can be written for the velocity in three directions:

2
dv,,  f(v,—v,,) N Voo

dr 7 r
dvpg _ f(vg—vpg)_vp,,vpg ™
dr Ty r
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where v, is the velocity of particle and g the accelera-
tion of gravity. The second terms in the right are cen-
trifugal forces and

K ®

for the displacements, where f is the drag correction
coefficient and according to Ref. [14], it equals
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where the particle Reynolds number is defined as
pd, |v - vp|
U

where p is the gas density and # the dynamic viscosity.
7,y 1s the particle relaxation time expressed by
_ Py’
B 18u

In addition, the particle motions do not take the
sub-grid scale fluctuations into account because the

particles under study are heavy with material density
three orders of magnitude larger than the air.

Rep =

p

2.3. Boundary conditions for two phases

The jet inlet conditions are defined by
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where Ry is the computation domain in the radial di-
rection. Hereinafter, the dash denoting the filtering
operation is omitted.

To simulate the shear instability in jet, the distur-

bances are supposed to obey the Gaussian distribution
on the axial components of the gas-phase velocity.

To the exit boundary, are applied the non-reflection
conditions!?, which are defined by the following equa-
tions in the radial, circumferential and axial directions:
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where ¢.co, 1S the averaged transport velocity of large
scale eddies, assumably 0.3 of the averaged axial ve-
locity and C; a relative viscosity coefficient, assumed
to be 0.8.

In the radial direction, the following open outflow

boundary conditions are specified to match the pres-
sure gradient in that direction:
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In the circumferential direction, the periodic bound-

ary condition is adopted and the velocity transform
variables are

(14)
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2.4. Two-way coupling model

As presented in Section 2.3, the continuous phase
carries particles with the help of the drag force mainly
in the ith direction:

Smy (Vi —vpi)

Tip

Fy =

where my, is the particle mass and m, = 4p, © d; /3.

Assuming that there are totally n, particles in one of
the cells to be computed, the reaction between the par-
ticle-phase and the fluid-phase is then embodied in the
source terms added to the following fluid-phase mo-
mentum equation'

Z "= mep(vl th) (16)
pAV pAV =1 Tip
where AV is the Volume of the cell to be computed.
The source terms represent the reaction of all particles
to the fluid phase in that cell.
By applying the filtering function to Eq.(16), the
source terms become

F o _ 7 7 7 7
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where F'=3mnud,flp,npis the mean number of parti-
cles, ny the fluctuating particle number and v/ and
vpiare the sub-grid scale fluctuating velocity of the
fluid-phase and that of the particle-phase. Therefore,
npvi and njv, are correlation terms of the particle

number and the fluctuating velocity.
Now a gradient analogy model is applied to each of
the terms:

- on

npv; = _7TS a_xp (1 8)
— on,
NpVpi = _7TP a_xp (19)

where y. is the scalar diffusivity coefficient in terms
of the Schmidt number Sc and the turbulent viscosity
7+ which is defined as

Vi
== 20
Vs Sc (20)
In which y,, is the particle-phase turbulent diffusivity
coefficient defined by!”
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where T1; is the Lagrangian relaxation time, assumed
to be

o
= 22
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where o= 0.165, C,= 0.05 and C.= 1.0.
3. Results

A jet with a flow Reynolds number of 2400 is
simulated in the present study. Table 1 lists the particle
parameters selected in studying the particles’ backward
modulation of the near-field dynamics.

Table 1 Simulation parameters

Parameter Value
Fluid density/(kg'm™) 1.19
Particle density/(kg'm™) 2500
Nozzle diameter/(kg'm™) 0.04
Particle diameter/um 110
Jet velocity/(m's™) 0.88
Particle inlet velocity/(m's™) 0.73
Particle Stokes number 2.11
Mass loading ratio/% <5

Dynamics viscosity/(kgm™s™) 1.75x107°

3.1.  Effects of near-field vortex dynamics—two-way
coupling between particles

Fig.1 shows the contour of €, at an instant in the
near-fields of jets. The circumferential component of
vorticity is defined as

_ 1o, 10u,
7 r or roe

(23)

Flow
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/

(b) With particles backward reverse modulation considered

Fig.1 A contour of vorticity components in circumferential
direction in near-fields.

It is observed that the vortex rings are the main flow
structures in the near-fields. The breakup of vortex
rings to form streamwise vortices leads to conversion
into far-field turbulence. The numerical simulation
results are in agreement with the experimental obser-
vation!"*!,

In the case of the single-phase flow without parti-
cles, the vortex rings appear at the position z/D=2.
However, when laden with particles, the jet instability
earlier excited by the particles makes the vortex rings
appear closer to the jet nozzle exit as a result of the
laden particles accelerating the transition in the near-
fields.

Fig.2 shows the particle dispersion in the near-field
vortex represented by the vorticity contour, where the
black dots indicate the particles.
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(b) With particles reverse backward modulation considered

Fig.2 Particles dispersion in near-field vortex.

From Fig.2, it can be seen that particles almost
move downwards in their initial momentum direction
until z/D=2. The particles downstream in the shear
layer between the jet’s core fluid and the ambient fluid
move in spiral trajectories; by contrast, the particles in
the jet’s core still move along nearly straight paths.
There seems to be hardly any distinct difference be-
tween the cases with and without particle coupling
modulation at z/D=0-5, just meaning at the jet’s core.

The particles under study belong to those having
moderate inertia. Therefore, their dispersion is
determined by both the flow structures and their own
inertia. In the near-fields, the initial streamwise vor-
tices are not strong enough to disperse the particles to
the outer edges. Compared with the particles scattering
pattern in the far-fields in Fig.3, where the particles
having moderate inertia are more dispersed, it can be
discovered that the turbulent diffusion or the extension
of turbulent coherent structures results in wider parti-
cle dispersion. The spiral paths of the particles outside
the jet’s core also reflect the instability of jet flow.

_|0.

0.6 706

(b) Particles scattering pattern

Fig.3 Turbulence and particles dispersion in far-fields.

The development of two-phase jet is determined by
the formation of flow structure and particle’s reverse
backward modulation in the near-fields. To further
demonstrate modification of the initial jet structure by
particles, Fig.4 shows the isosurfaces of the vorticity in
the circumferential direction at an instant. With the
particle reverse backward modulation, the vortex rings
appear closer to the jet nozzle exit than the case with-
out particle modulation. It can thus be concluded that it
is the laden particles that excite the instability of jet.
This accords with the experimental observations and
measured datal'™'”. The earlier breakup of vortex
rings is observed at the downstream of the parti-
cle-laden jets. Because of the earlier breakup of vortex
rings caused by the jet laden with particles having in-
ertia, the streamwise structures would appear (see
Figs.4(b), (d), (f), (g)). This is helpful to explain why
particles in the near-fields increase the flow fluctuating
intensity of flows observed in the earlier experi-
ments!"*!7,
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(c) 2, =—0.25 without particles two-way coupling
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Fig.4 Isosurface of vorticity component in circumferential
(d) , =—0.25 with particles two-way coupling direction in near-fields.
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3.2, Near-field statistical properties—two-way cou-
pling effects of particles

Fig.5 shows the two-phase mean velocity compo-
nents without particle reverse backward modulation.
From Fig.5, the abscissa denotes non-dimensional ve-
locity similarity variables 77=r/(z—z,), where z is the
axial displacement from the nozzle exit and z, the vir-
tual original point, taken as 4.4 in the present study. It
can be seen that in the near-fields, the profiles of
two-phase velocity components in different sections do
not have the self-similarity and the axial velocity
strongly diffuses. This is quite different from the
far-fields of the jet which possesses the property of
holding self-similarity.

— Fluid-phase —s— Particle-phase 2/D=4
vvvvvv Fluid-phase -s- Particle-phase 2/D=6
< o Fluid-phase .- Particle-phase 2/D=8

0 0.25 0.50

Fig.5 Two-phase mean velocity components in axial direc-
tion in near-fields.

Figs.6-7 show the two-way coupling effects of
particles on the near-field statistical properties. In
them, the abscissa is defined by

§=rlrys
where rg s is the half width of the jet.

One-way coupling

— 2ID=2, —s—2/D=4,
e 2/D=6, —— z/D=8
0.8 Two-way coupling
/D=2, ——2/D=4,
E 06
=
D 04t
02+
0 0.5 1.0 1.5 2.0

Fig.6 Gas-phase mean velocity components in axial direc-
tion.

Particles change the diffusion of the mean axial ve-
locity in the radial direction. The particles decrease the
mean velocity when ¢<1, while increase when &>1.
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One-way coupling
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(b) Radial component

Fig.7 Gas-phase root mean square velocities.

It is discovered that the turbulence intensity inc-
reases as the flow develops. When the jet is laden with
particles, the turbulence intensity in different sections
is larger than that when not laden with particles. From
Fig.4, the jet instability has been induced by particles
earlier and hence the initial vortex rings are broken up.
Therefore, particles strengthen the turbulence intensity.

Fig.8 shows the increase in axial components of
turbulence fluctuation along the axial central line. It is
shown that in the initial state of the jet, the axial flow
fluctuating intensity increases; whereas in the
far-fields (commonly in the fields at z/D>8-10 in the
present study) the axial turbulence along the central
line decreases. The modulation of flow by particles
depends on the jet location.

0.10

0.08 1 —— One-way coupling

- Two-way coupling

2/D

Fig.8 Increase in gas-phase axial turbulence fluctuation
along axial central line.
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The different states of development generate the dif-
ferent flow structures thereby changing the mode of
particles’ interaction with the structures. In the initial
state, particles mainly excite the flow instability, acting
as significant disturbances in the flow fields. In the far-
fields, they mainly function as energy sinks to filter the
high frequency turbulence fluctuation thus depressing
the turbulence intensity.

Due to their own inertia, particles are in position to
respond to the turbulence eddies only when their
characteristic time is longer than the particle relaxation
time. The turbulence fluctuations with the characteris-
tic time shorter than particles’ relaxation time are then
screened. Consequently, the gas-phase flow intensity
slims down in the fully developed two-phase turbu-
lence. For more information about the mechanism of
particle modulation of turbulence, refer to Ref.[18].

4. Conclusions

This article has studied the near-field dynamics in a
particle-laden round turbulent jet. The gas-phase tur-
bulent flow is modeled in a large-eddy simulation in
cylindrical coordinates. The discrete particles are
tracked by the Lagrangian trajectory model. The
point-force model adopted as a two-way coupling
model is employed in the simulation.

The simulation results of statistical velocities and
flow structures reveal the effects of particle
modulation. The changes in mean and r.m.s velocity
are evidenced to be caused by the flow structures
modulated by particles. Particles mainly excite the
initial instability of the jet and bring about the earlier
breakup of vortex rings in the near-fields, resulting in
increases in flow fluctuating intensity in the axial and
radial directions. The mean velocity modulated by par-
ticles is different from each other according to where it
is; for instance, in the jet core, it decreases while out-
side it increases.
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