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Gas-particle flow through bends
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ABSTRACT Gas-particle motion in 90 and 180-deg bends of circular cross-section is studied using a CFD
code. The effect of turbulent dispersion on the particle trajectories is taken into account using a stochastic
model. Results indicate that the curvature-induced secondary flow in the gas phase can have a significant
effect on the particle motion so that small particles may come out of the bend without depositing. The
effect of turbulent dispersion is mainly to increase the likelihood of deposition of small particles.
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1 INTRODUCTION

As a liquid droplet or a solid particle is carried
through a bend, there is a tendency for it to move
away from the centre of curvature because of the
centrifugal acceleration on it. Such a flow situa-
tion is of practical importance, and may have eit-
her beneficial or deleterious effect. For example,
in heat exchangers in the post-dryout region where
there is no liquid film on the wall, the deposition of
the liquid droplets in a bend will increase the heat
transfer coefficient, and reduce the wall tempera-
ture [1,2]. Such curvature-induced deposition can
also be used to separate liquid droplets in gas flow
which is desirable in turbines and some oil-industry
applications. A disadvantageous effect, in the form
of increased frictional losses, of particle deposition
arises in conveying a solid either by gas or liquid.
It can also lead to significant erosion locally. It is
clear from these examples that a clear understan-
ding of the particle motion in bends is necessary.
This can be done by simulating the trajectory of
the particle in the gas flow field. However, the flow
of gas through bends is quite complicated (see for
example, Ref. [3-5]), and it is necessary to resort
to computational fluid dynamics (CFD) techniques
to make a realistic estimate of the path of the par-
ticle. The present paper describes the results from
such a study. It is shown that particle motion can
be significantly affected by the secondary flow (i.e.,
flow in a plane perpendicular to axial direction) in
the gas phase as a result of which a particle may
not deposit even in a 180-deg hend. This and other
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aspects of particle motion are discussed below.

2 METHODOLOGY

CFD techniques for single phase flow have been
well-established for a number of years and normally
take the form of computer “codes” which can be
used to solve for the flow field and heat transfer
with appropriate grid, boundary conditions and any
other engineering information specific to the pro-
blem. The numerical simulations described in the
present study were carried out using the Harwell-
FLOW3D computer program [6] being developed
by the UKAEA. In order to calculate the two-phase
flow of gas and particles, the “particle source in cell”
method is used. In this method, the flow fields of
the two phases are not calculated simultaneously
but in alternate steps using source (sink) terms for
mass, momentum and energy exchange between the
phases. Details of these calculations are given be-
low,

2.1 Calculation of the Gas Flow Field

These calculations were performed using the Harwell-
FLOW3D computer program (Release 2.4), which
uses a finite difference (volume) method on a ge-
neral non-orthogonal body-fitted grid. In contrast
with most fluid flow algorithms, a non-staggered
grid is used in the code with velocity components
in fixed Cartesian directions. A modified and three-
dimensional version of the Rhie and Chow algorithm
[7} is used to overcome the problem of checkerbo-
ard oscillations usually associated with the use of
non-staggered grids. In the present calculations, the
SIMPLEC algorithm [8] is used for pressure-velocity
decoupling, and the hybrid differencing scheme is
used for the convective term. The standard k — ¢
turbulence model [9] is used, and the values for the
model constants c,, ¢1, ¢g, o'k, Were set to be equal
to 0.09, 1.44, 1.92, and 1.0 respectively. The bo-
undary conditions were as follows. Standard wall
functions (“log layers”) were used near the walls.
At the inlet, i.e., one interval upstream, the velo-
city field in fully developed flow in a straight tube
were specified. At the outlet, fully developed flow
was assumed. The effect of using longer upstream
and downstream lengths for flow development was
investigated [2], but was found to have little effect
on the flow field in the bend. Computations were
run on HP750/PVRX and SUNSPARC2 workstati-
ons and on CRAY-XMP/416. Other computational
details can be found in Wang [2].
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2.2 Calculation of Particle Trajectories

The particle trajectories are calculated by following
the particles in a Lagrangian frame of reference
through the flow domain. The path of the particle
is obtained by integrating, from given initial con-
ditions of size, position and velocity, an ordinary
differential equation representing a force balance on
the particle:

dv,

’mp-—ar = F (l)
and
d¢ _ .
zg - Vp (2)

Here my, is the mass of the particle, £ and V/ its
position and velocity, respectively, at any instant,
and F the sum of external forces acting on it. In
the present study, F' consists only of the drag force
due to the relative motion between the particle and
the fluid surrounding it, and is given by

1
F=Fp= gwdpggCD |V, |V, (3)

Here d,, is the particle diameter, C'p the drag coeffi-
cient, p, the density of the continuous fluid (gas)
and V, the relative velocity equal to V, — V.
There are several correlations for the drag coeffi-
cient in the literature, and the one employed here
[10] is as follows:

Cp = 24(1 + 0.15ReX%¥) [ Re, (4)

where the particle Reynolds number is defined as
Rep = gg | Vo | dp/pty where py is the dynamic vis-
cosity of the continuous fluid (gas).

The integration of the above equations is per-
formed until the particle either hits the wall or lea-
ves the flow domain. For ease of computation, these
calculations are done in the computational space,
and are converted finally into the physical space
using the coordinate transformation described in
Burns & Wilkes [11].

2.3 Particle Trajectories with Turbulent Dispersion

The effect of the continuous phase turbulence on the
motion of particles is taken into account through a
stochastic model of the type proposed by Hutchin-
son et al. [12] and Gosman & loannides [13]. Here it
is assumed that particle motion is governed mainly
by interaction with large, energy-containing eddies.
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Thus, the particle, in its motion through the flow
domain, is assumed to interact with a series of tur-
bulent eddies. In reality, the eddies change in their
size and direction during their life time. However,
in the model, it is assumed that an eddy does not
lose its identity during its lifetime but that it conti-
nues to act on the particle with a constant velocity
as long as the particle remains in the eddy. The
strength of the eddy is equal to the turbulent kine-
tic energy & and its lifetime 2, is given by

k
te = 1.5"-5.:3-75-6- (5)

in which ¢, is a turbulence model constant and ¢
is the energy dissipation rate. During the time the
particle stays in the eddy, the fluid velocity is com-
posed of the local mean fluid velocity and a fluctua-
ting velocity due to the eddy. The interaction ends
when either the particle leaves or the eddy suddenly
dies. The particle then begins to interact with a new
eddy.

Since the model is stochastic, a large number
of simulations of particle trajectories is necessary to
accurately represent the mean path taken by a par-
ticle, However, because of their inertia, particles of
all sizes do not respond in the same manner to tur-
bulent fluctuations in the gas phase, Thus, it should
be possible to neglect the effect of turbulent disper-
sion for some particles (thereby greatly simplifying
the calculation of particle trajectories) without any
loss of accuracy. This aspect of particle behaviour
is studied here by comparing the trajectories with
and without taking into account the turbulent di-
spersion eflects.

In the present study, the above method is used
to calculate the gas flow field and the trajectories
of particles of given size, spatial distribution and
velocity at the inlet in a range of flow conditions.
The effect of turbulence on the particle motion was
investigated by calculating the particle trajectories
with and without turbulent dispersion effect. The
results of these calculations are described below.

3 RESULTS AND DISCUSSION

The results of the calculations are discussed in three
parts. In Section 3.1, the nature and development of
the velocity field in a bend of circular cross-section
is described. Special emphasis is placed here on the
structure and development of secondary flow in the
bend. In Section 3.2, typical particle trajectories
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are shown, and the role played by secondary flow
and gas phase turbulence on the particle motion
are discussed. Section 3.3 addresses a question of
practical significance: given particle characteristics
at the inlet, what percentage of them come out of
the bend without depositing?

3.1 Nature of Axial and Secondary Flow in a Bend

With reference to the coordinate system depicted
in Figure 1, the development of the axial velocity
field in a 180-deg bend is illustrated in Figure 2a
at bend angles, 3, of 30, 60, 90 and 180 degrees
from the inlet. These results were obtained for a
Reymnolds number of 236000 in a 180 deg bend of a
bend-to-tube radius ratio of 24. Each cross-section
is divided into two parts, the right half showing the
experimental results of Rowe [3], and the left side
showing the results obtained in the present study.
It can be seen that the effect of the bend is already
quite evident in the velocity contours at a 8 of 30
deg. The contours have now become non-concentric
and the point of maximum velocity shifts towards
the outer side of the bend. This process continues
further, and by 60 deg, a significant radial gradient
develops in the core region along the inner-outer
diametrical plane. The distortion of the velocity
field continues right up to the bend exit, although
this is confined mainly to the inner side of the bend.
Another point to note is that there is good agree-
ment between the present predictions and the mea-
surements of velocity field.

The development of the secondary flow field
corresponding to this case is illustrated in Figure
2b. Here, the circumferential velocity, non-dimen-
sionalised by the mean axial flow velocity, is shown
at various bend angles. It can be seen that sig-
nificant secondary flow develops quite early in the
bend (within the first 15 deg), and that the shape of
the profile shows little change with bend angle. An
important point to note is that the circumferential
velocity is maximum very close to the wall, and is
more than 10% of the mean flow velocity for this
flow condition. Thus, as far as particle motion is
concerned, the circumferential flow is likely to have
a strong effect when the particle is close to the wall.

A vector plot of the secondary flow in a 90-
deg bend for the same conditions as above is shown
in Figure 3. As expected, a relatively weak, double-
vortex secondary flow is established very early in the
bend, and continues to grow stronger as the bend
angle increases. Such flow directs from the inner
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side to the outer side of the bend in major part of
the core, and reverses direction close to the wall.

3.2 Particle Trajectories

Particle motion in such three-dimensional flows as
in curved ducts will be affected not only by the cen-
trifugal force on the particle but also by the strong
secondary flow present in the gas phase. The tur-
bulence in the gas phase may also contribute to the
dispersion of the particles. These and other aspects
of particle motion in curved ducts are illustrated
here qualitatively with reference to specific exam-
ples.

Figure 4 shows typical trajectories of particles
in a 90 deg bend calculated using the FLOW3D
code. In this case, the radius ratio R./R; was 28
and the gas phase Reynolds number 1.07 x 108, A
total of eight trajectories are shown in the figure.
The four on the left half of the picture correspond to
a particle size of 30 microns, while those in the right
half are for a particle size of 300 microns. In each
case, the continuous line represents the trajectory
obtained without considering the turbulence disper-
sion effect. The other three trajectories, shown in
broken lines, for each particle size include particle-
turbulent eddy interaction. It should be noted that,
because of the symmetry of the flow field about the
inner-outer diametrical plane, all the eight particles
have the same inlet location.

The role of the secondary flow and turbulent
dispersion, and the effect of particle size on these
factors, are clearly evident in the figure. The trajec-
tory of the smaller particle is influenced strongly by
both the secondary flow (curve 1) as well as by the
turbulent dispersion (curves 2 to 4). The apparently
random nature of the turbulent dispersion can also
be seen in the entirely different paths followed by
particles having exactly identical characteristics at
the inlet, although even here there is evidence of the
effect of the secondary flow in the gas phase.

In comparison, the motion of the larger par-
ticle is nearly insensitive to either the secondary flow
(curve 5) or the turbulent dispersion effect (curves
6 to 8). It is entirely dominated by its inestia, and
hardly deviates from its almost a straight path to-
wards the outer wall. This behaviour of large par-
ticles is in accordance with the recent particle con-
centration measurements of Wang [2].

The effect (or its absence) of turbulent disper-
sion on the particle motion can also be seen in posi-
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tion and velocity of the particles at the point of their
first impact with the wall. These are listed for the
eight cases considered in Table 1. As in Figure 4,
cases 1 and 5 correspond to particle motion without
turbulent dispersion effect while in the other cases,
this is included. It can be seen that in the case of
the smaller particles both the point and velocity of
impact show considerable scatter (with the fourth
particle not hitting the wall at all) whereas all the
larger particles deposit in a small patch. Also, they
deposit very early into the bend (at a bend angle of
15 degrees) and have a much larger radial velocity
than the smaller particles. This demonstrates that
path of large particles is affected mainly by their
inertia.

3.3 Overall Deposition Characteristics

As seen above, the particle trajectories in the bend
are influenced mainly by their size, secondary flow
in the gas phase and turbulent dispersion. The ef-
fect of these variables on the particle (droplet) flow
through a bend can be illustrated in one parame-
ter, namely, the percentage of particles deposited.
This is shown in Figure 5 in which the overall per-
centage of particles (of uniform size and uniform
spatial distribution at the inlet) deposited in a 180
deg bend is plotted as a function of the particle size
with and without considering the effect of turbu-
lent dispersion. These results were obtained for an
air-droplet flow through a bend of R,/R; of 5 and
an air flow Reynolds number of 68000. A total of
108 particles (water droplets) were used for each
particle size. The graph shows that there appears
to be a minimum particle size, in this case about
25 microns, above which all the particles deposit in
the bend. As the particle size decreases below this
threshold, more and more of them escape without
deposition showing that their motion is strongly in-
fluenced by the secondary flow. For a particle size
of 1 micron, almost all the particles come out of the
bend indicating that these are completely entrained
by the secondary flow, and are deflected away from
the wall as they approach it.

The effect of turbulent dispersion on the per-
centage deposition is also summarized in Figure 5,
in which results are presented with and without
taking account of turbulent dispersion on the par-
ticles. For large particles, turbulent dispersion has
little effect on the percent deposited. However, for
smaller particles, the effect is significant in relative
terms. For example, the percentage of deposition
for 5 micron particles increases from 13% to 20%,
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i.e., a relative increase of 50%, when turbulent dj-
spersion effect is included. Another point to note is
that inclusion of turbulent dispersion effect appears
to increase the percentage deposited in all the ca-
ses considered. The reason for this is probably as
follows. A particle which is entrained by the secon-
dary flow spends quite a long time close to the wall.
It will therefore deposit if, during this time, it ac-
quires a sufficiently high radial velocity due to its
interaction with a turbulent eddy.

The above conclusions are based on a relatively
few number of calculations, and should therefore be
treated as tentative and illustrative of the various
effects rather definitive trends. More calculations,
and over a wider range of Reynolds numbers, bend
diameter ratios, particle characteristics and turbu-
lent dispersion simulations should be carried out ob-
tain a more complete picture of particle deposition
in bends. One would then be in a position to de-
velop an algebraic correlation for the percentage of
particles deposited as they go through a bend. Cal-
culations towards this end are in progress.

4 CONCLUSIONS

The simulation of the motion of particles through
90 and 180 deg bends of circular cross-section using
CFD techniques shows that the curvature-induced
secondary flow in the gas phase a strong effect on
the particle trajectories in the bend. It appears that
there is a threshold particle size below which par-
ticles may escape without depositing in a 180-deg
bend. Turbulent dispersion of particles may play
an important role in the motion of small particles.
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Table | Deposition of particles in the 90-deg bend

No. d, [um] B4 [deg] Vu/Va [-]

1 30 45.3 0.012

2 30 30.4 0.053

3 30 74.5 0.045

4 30 - -

5 300 15.2 0.129

6 300 15.7 0.128

7 300 15.5 0.132

8 3060 15.1 0.133

_Re
Lﬁ___' ) outer

inner wall
wall

Figure | Coordinate system

outer wall
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b) Secondary velocity profiles

Figure 2 Velocity fields in a 180 deg bend with
R./R; = 24 and Re = 2.36 x 10°
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Figure 3 Secondary flow in a 90 deg bend with
R./Ry = 28 and Re = 1.07 x 10°
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Figure 4 Particle trajectories in a 90 deg bend
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Figure 5 Behaviour of particle deposition in a 180
deg bend
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