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Abstract:

A k-e-k, multi-fluid model was used to simulate confined swirling gas-solid two phase jet

comprised of particle-laden flow from a center tube and a swirling air stream entering the test section

from the coaxial annular. After considering the drag force between the two phases and gravity, a series

of numerical simulations of the two-phase flow of 30pm, 45um, 60pm diameter particles were per-
formed on a x x r =50 x 50 mesh grid respectively. The results showed that the k-e-k, multi-fluid mod-

el can be applied to predict moderate swirling multi-phase flow. When the particle diameter is larges the

collision of the particles with the wall will influence the prediction accuracy. The bigger the diameter of

the particles, the stronger the collision with the wall, and the more obvious the difference between mea-

sured and calculated results.
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INTRODUCTION

Confined swirling two phase flows are
widely utilized in engineering applications,
such as combustion systems, cyclone separa-
tors, etc. They are used to enhance the flame
stability and to mix properly the fuel and oxi-
dizer in combustion systems. In cyclone sepa-
rators they are used to separate particles by
centrifugal force. In all of those engineering
systems, the behavior of both the particles
and the air is of great importance.

Studies were carried out to find the flow
characteristics of the particles and the air
through experiment and numerical simulation
(Sommerfeld et al.> 1993; Zha, 2000; He,
2000). In their numerical studies, the flow
characteristics of the particles were investigat-
ed by using the Lagrangian approach, which
showed that interaction between the particle
phase and the air phase mainly depended on
the local eddy lifetime and the stokesian re-
sponse time of the particles. More than
100 000 particles were needed to describe the
flow characteristics of the particle phase
(Crowes> 1985). This paper presents numeri-
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cal simulation by using the k—e—kp multi-fluid
model with the particle phase considered as

pseudo-fluid phase( Spalding, 1981 ).

MATHEMATICAL MODEL

The schematic diagram of the flow config-
uration is shown in Fig.1. The central prima-
ry jet is loaded with particles and the annular
jet provides swirling air stream. The 2-D gas-
solid two phase flow model can be obtained on
the basis of the standard k-e model of gas
phase. The conservation equations of this
model in cylindrical coordinates can be written
as following (Huang et al., 1991).

Gas phase:
I

S Cougd 4+ 3 Crpup) =

L an ) eses, o
Particle phase:

%( nyu,s,) +% aa—r Crn,v,0,) =
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D=32mm
D=38mm
D=64mm

1. Gas-particle flow D,;=70mm

2. Annular swirling flow D=19%mm

Fig.1 Flow configuration of swirling gas-solid

two phase flow

The expressions of the different variables

#> ¢, of the equations above, their corre-
sponding effective viscosity I',» I', and
source terms (S, + S¢p), are given in
Table 1, where S, stands for the source term
of the fluid phase acting on the particle phase.

Since the kinetic energy of the particle
phase is mainly decided by the local kinetic
energy of the gas phase, dimension analysis

can be used to describe the particle phase tur-

bulent viscosity Y,as ¥, = ,jpkglﬁ/e The
turbulent diffusion of the particle phase is ex-
pressed by the Fick Law, the product of the
particle turbulent viscosity and the gradient of
the particle mean density.

Table 1 Expressions of @, I'> S in Egs.(1) and (2)
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Where u

p
locity: v,» v = particle and gas radial mean ve-

» u = particle and gas axial mean ve-
locitys w, w = particle and gas tangential
mean velocity; kp, k = particle and gas turbu-
lent energy; Voo the = particle and gas turbulent
viscositys r,, = particle stokesian response

time; x, r = coordinates; n, = particle mean

p
number density; subscript p = particle.

C,=0.09, C,=1.44, C,=1.92, o, =
1, o, = 1.33, O‘p =0.7, Cl; =0.75, C[lp =
0.0064, 1 =18.08 x 107%(Pa-s).

Since the density ratio e,/ e > 1000, the
Basset force, the added force, can be neglect-
ed. And the collisions between the particles
can be ignored because of low particle load-
ing. Since the gradient of the velocity is not
very big, the Magnus force is neglected. It
was concluded that the Saffman force should
be considered only when the particle rotation

is very high (Elghobashi et al., 1992, Shi,
et al.» 1989), so it was neglected too.

As conclued above, the reactions between
the two phases considered in the equations are
the drag force and the gravity. The drag force
between the two phases and the gravity are
added to the source term of the both phases’
momentum equations ( Mclaughlin, 1994,
Stock, 1995). The drag force can be ex-
pressed as Fp, = p( u, = u)/‘rrp.

The flow parameters of different cases are
shown in Table 2. The boundary conditions
are specified as follows. The inlet conditions
are specified according to the experimental
conditions (Sommerfeld et al.>» 1993). Sym-
metrical condition at the axis, fully developed
conditions at the outlet and no slip conditions
at the wall are taken for both phases. And the
wall function approximations are adopted for
near-wall grid nodes.

Table 2 Flow parameters of both phases

Flow parameter

Phase Flow condition
Case 1 Case 2 Case 3
Air flow Mass flow rate of the primary jet (g/s) 6.0
Mass flow rate of the secondary flow (g/s) 44 .6
Swirl number 0.49
Particle phase Particle loading in the primary jet 0.17
Particle mean diameter (jxm) 30 45 60
Particle material density (kg/m®) 2500

RESULTS AND DISCUSSIONS

The computational results were obtained
ona x X r =50 x50 mesh grid. The span of
the computational domain in the streamwise
direction was 1.0 m so that the outflow con-
ditions could be taken as fully developed.

The results were compared with published
experimental data ( Sommerfeld et. al,
1993). Figs.2 to 5 show the measured and
calculated profiles of the gas phase when the
particle mean diameter was 30pm. The a-
greement for velocity in the three directions
was very good, except for the axial velocity
fluctuation between x = 52 mm and x = 85
mm. The agreement for velocity fluctuation
was reasonably good. The disagreement be-
and calculations

tween the measurements

could be due to the fact that the turbulence
anisotropic characteristic becomes most inten-
sive at those cross sections. And the standard
k- model based on the isotropic hypothesis
could not predict it exactly. Simulations using
models based on anisotropic hypothesis or us-
ing LES (large eddy simulation) and DNS
(direct numerical simulation) may yield more
precise result.

Figs. 6 to 9 show the measurements and
calculations when the particle mean diameter
was 30um. The agreement was fairly good
too. The lines of the experimental data col-
lapsed in the axial region at the last cross sec-
tion. It was because there were too few parti-
cles to be detected by LDV (laser Doppler ve-
locimeter) . A gas bubble was observed in the
experiment in this region. For the same rea-
son as that for the gas phase, the predictions
of the axial velocity fluctuation at the core re-
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gion near the cross section x =85 mm were a
little lower than the experiments. In some ar-
eas, the radial velocity in the experiments was
negative but positive in the predictions. It can
be explained that the particles near the wall
region show particle characteristics more in-
tensively when colliding with the wall. After
collision with the wall the particles’ radial ve-
locity became negative. The collision was not

Fig.5 Measured and calculated tangential gas
velocity
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Fig.7 Measured and calculated axial particle veloci-
ty fluctuation (30pm>

Fig.9 Measured and calculated tangential particle
velocity (30pm)

very strong ( which could be concluded from
the low negative radial Velocity), and would
not affect the result very much.

The effect of the collision with the wall
could also be seen when the mean diameter
was 45pum (Fig. 100 and 60 pm (Fig. 11).
The bigger the mean diameter, the stronger
the collisions of the particles with the wall
were. As a result, the difference between
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measured and calculated radial velocity in
those regions was more obvious.
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Fig.10 Measured and calculated radial particle velocity
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Fig.11 Measured and calculated radial particle velocity
(60pm)>

As shown in Figs. 10 and 11 when particle
mean diameters were 45 pm and 60 pm, al-
though the particles’ collisions with the wall
were not considered, the calculated results
still agree well with the experimental results.
It shows that the pseudo-fluid characteristic of
the particle phase is the leading characteristic
in the particles’ movement. If the mean di-
ameter of the particles is not very big and the
collisions of the particles with the wall are not
very strong, the multi-fluid model can work

fairly well.

CONCLUSIONS

A multi-fluid model was derived based on
the standard simple phase model. The behav-
ior of both phases in a confined swirling two-
phase jet was simulated detailedly. The fol-
lowing conclusions:

1. The numerical simulations for different
particle diameter showed good agreement
with the experimental results for both phases.
It shows the k-e—kp model can be applied to
predict moderate swirling multi-phase flow .

2. The differences between calculation
and experimental show there are some limits

to using the model due to the isotropic hy-
pothesis. Further studies should concentrate
which the
anisotropic characteristic of turbulence is con-
sidered. LES or DNS can be the appropriate
way to solve this problem.

on establishing a model in

3. The differences between measurements
and calculations of the particle radial velocity
show the particle phase has its own particle
characteristic besides pseudo-fluid characteris-
The pseudo-fluid model of the particle
phase can also be improved by considering the

tic.

particle characteristics during collision with a

wall.
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