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Abstract

In this work, we use large eddy simulations (LES) and Lagrangian tracking to study the influence of
gravity on particle statistics in a fully developed turbulent upward/downward flow in a vertical channel and
pipe at matched Karman number. Only drag and gravity are considered in the equation of motion for solid
particles, which are assumed to have no influence on the flow field. Particle interactions with the wall are
fully elastic. Our findings obtained from the particle statistics confirm that: (i) the gravity seems to modify
both the quantitative and qualitative behavior of the particle distribution and statistics of the particle veloc-
ity in wall normal direction; (ii) however, only the quantitative behavior of velocity particle in streamwise
direction and the root mean square of velocity components is modified; (iii) the statistics of fluid and
particles coincide very well near the wall in channel and pipe flow with equal Karman number; (iv) pipe
curvature seems to have quantitative and qualitative influence on the particle velocity and on the particle
concentration in wall normal direction.
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Influencia de la gravedad sobre las estadisticas
de velocidad de particulas soélidas inmersas en un flujo
turbulento a través de un canal
y una tuberia con igual namero de Karman

Resumen

En este trabajo se ha usado el modelo de simulacién de grandes escalas y un método de seguimiento
Lagrangiano, para estudiar la influencia de la gravedad sobre las estadisticas de velocidad de las particu-
las en un canal y una tuberia, ambos con el mismo numero de Karman. Sobre las particulas actian solo
las fuerzas de arrastre y gravedad y su influencia sobre el flujo no es considerada; el flujo de la fase de
transporte es turbulento y completamente desarrollado. Nuestros hallazgos confirman que: (i) la gravedad
parece modificar en forma cualitativa y cuantitativa la distribucién y velocidad promedio de las particulas
en direccién normal a la pared; (ii) solo se modifican cualitativamente las estadisticas velocidad de las
particulas en direccién axial; (iii) las estadisticas de velocidad del fluido y las particulas coinciden muy
cerca de la pared; (iv) la geometria cilindrica parece influenciar cualitativa y cuantitativamente la velocidad
y distribucién de particulas en direccién normal a la pared.

Palabras clave: simulacién de grandes escalas, particulas sélidas, flujo turbulento.
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Introduction

Transport of solids particles suspended in
turbulent gas flow occurs in many industrial de-
vices: filters, pneumatic conveying systems. In all
of these applications occur complex mechanisms
between turbulence and dispersed phase, there-
fore is very important to know particle velocity
statistics and particle distribution. According to
previous experimental and numerical studies, the
effect of gravity on the statistics of particle velocity
and on the behavior of the particle concentration
may become as important as the coupled action
of particle inertia and fluid turbulence, since par-
ticles under action of potential field (e.g., gravity)
are disengaged from fluid turbulence. Our refer-
ence work was a numerical experiment developed
by [1], where the effects of gravity on the statistics
of particle velocity and particle concentration, in
a turbulent channel flow, were analysed in a sys-
tematic way. From this background, we have de-
veloped a LES of a fully-developed turbulent flow
laden with solid particles in a vertical channel and
additionally, we have extended the study to a verti-
cal pipe with the same Karman number (or Reyn-
olds number based in friction velocity, Re ). Our
goals are to quantify and compare the statistics
of particle velocity, the evolution of particle con-
centration in time and particle concentration as
a function of wall normal distance, for both con-
figurations.

This paper is organized as follows: first, in
the methodology section we summarize the details
of the LES of the continuous phase and the La-
grangian tracking of solid particles in channel and
pipe at matched Karman number. Then, the most
important results obtained in our simulations are
shown, finally in the last section, conclusions will
be drawn.

Methodology

Simulation of continuous phase motion

The continuous phase is an incompress-
ible fully developed turbulent flow of air (kine-
matic viscosity v, = 1.57 x 10° m®s™, density
p = 1.3 kgm™3); it has been modelled by means
of space- filtering continuity and time-dependent
Navier-Stokes equations:

V.u=0. (1)
TN
oV (@@7)=-VP+VT. (2)

where the over-bar indicates a filtered quantity.
T is the viscous stress tensor defined as

T=(v,+v,)| (Vi) +(va) | 3)

where nt is the sub-grid scale eddy viscosity which
is calculated using the dynamic Smagorinky mod-
el. Computation of the Eulerian velocity field have
been made with Charles Pierce’s code [2] and in-
compressible Navier Stokes equations are solved
numerically using an implicit filtering. Time in-
tegration is based on the fractional step method
and a second-order Adams-Bashforth is used for
advancement of the convective terms while im-
plicit Crank-Nicholson method is applied for an
update of the viscous term. The Poisson equation
for pressure is solved using spectral techniques.
The time step in wall units imposed by numeri-
cal stability requirements (Courant-Friedrich-Levy
number: CFL<1) is Dt+ = 0.10.

For the case of channel, the fully developed
turbulent flow bounded by two infinite, vertical,
flat and parallel walls is simulated; the origin
of the coordinate system is located at the chan-
nel wall and the x, y and z axes pointing in the
streamwise, wall-normal and spanwise direc-
tions, respectively. The Reynolds number of flow
is Re, = 2100 based on average velocity (u, = 1.65
m.s!) and half-width channel (h = 0.02 m), the
Karman number of channel flow is equal to 150,
where friction velocity is u, = 0.11775 m.s™.

For the pipe flow, the origin of the coordinate
system is located at the pipe centerline and the co-
ordinates x, r and 6 correspond to the streamwise,
radial and azimuthal directions respectively, how-
ever the graphics results are represented with re-
spect toy = R —r (y is positive from the wall pipe
to the centerline). For vertical pipe flow simula-
tion, the Karman number match with the channel;
in pipe flow u, has been estimated by using the
Prandtl friction law for smooth pipes [3], resulting
a Reynolds number of 2152, which is based on
estimated average velocity (u, = 1.69 m.s™'), and
radius pipe (R = 0.02 m). Calculations have been
performed on a computational domain of 3770 X
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300 x 1885 wall units in x, y and z directions
for channel flow discretized with 192 x 128 X 96
nodes. For pipe flow, we have used a domain of
1885 x 300 X 942 wall units in x, r, 6 directions,
discretized with 96 X 96 X 64 nodes. A hexahedral
grid is used for both domains; points are equally
spaced in streamwise and spanwise/azimuthal di-
rections for both channel and pipe, while a non-
uniform discretization was used for the wall nor-
mal direction in order to obtain a finer grid next to
the wall. The grid spacing in wall units is Ax*=20
in the streamwise direction and the minimum grid
spacing in wall normal direction are Ay* = Ar* =
0.8 Periodic boundary conditions are imposed on
the fluid velocity field in the axial and spanwise
directions and non-slip boundary conditions are
enforced at the walls. Both the channel and pipe
flow were initialized with a power law profile at the
inlet plane respectively with random fluctuations
throughout the entire domain. The flow was en-
forced by a constant wall shear stress. The pres-
sure drop was equal for channel and pipe stream-
wise direction; therefore channel length should be
adjusted to obtain the same pressure drop pipe.

Simulation of discrete phase motion

For the simulation presented here, we have
injected the flow domain with O(10°) pointwise,
rigid and spherical particles, whose effect onto the
flow has been neglected (one-way coupling). The
non-dimensional particle response time is the ra-
tio between the relaxation particle time (z,) and
the characteristic flow time (7)) and it corresponds
to the particle Stokes number (St):
gi=lr Py (1) (4)

7, 18pv,| v,

In the present study, particles density (p,)
and diameters (d ) were set to 1000 kg.m™ and
228 um respectively, corresponding to Stokes
number equal to 125. Particle motion is described
by a set of ordinary differential equations for ve-
locity and position at each time step. We have con-
sidered: the density of particles is much larger
than the gas density therefore Basset forces and
virtual mass can be neglected; also, the influence
of fluid velocity fluctuations are not considered;
Brownian diffusion can be neglected too (it be-
comes important for particles smaller than those

considered in this paper), therefore, only the body
forces are taken into account and acts along the
(positive) streamwise direction corresponding to
the vertical channel or pipe. With this simplifica-
tion the following Lagrangian equations for the
particle velocity are obtained:

In Cartesian coordinates (channel flow case):

dx .

J:vi‘ (5)
dt r

dv . p3C 3 .

_rn__F Z*D _ _ _

dt — p,4d, ‘vP u‘(vpi ”i)+gi— Fy+g;.(6)

where: x, is the particle position, Vv, is the par-
ticle velocity, u is the filtered gas velocity at the
particle position, d, the particle diameter and F,
the drag force. The Stokes drag coefficient C, val-
id for particles Reynolds number Rep to about 40
is computed as:

zﬁ(

Rep

C, 1+0.15Re)*). (7)

In Cylindrical coordinates (pipe flow case)
the LHS of Eq. (6) can be rewritten as:

Dy d s .
d: =E(Upl+Vper+Wpeg)- (8)

In this coordinate system, the axial direction
is decoupled from the radial and azimuthal direc-
tion, therefore:

v dUu . dvV de,

i T 2.

dé,
= i+
1t dt

aw
e +—Le,+ W, —2.(9)
dt Pdt dt Pdt

where, ; é, are the unit vectors of the cylindrical
coordinate system attached to the particle, which
is non-inertial. Then, the time derivative of ¢ and
é, is not zero and its rotation velocity with respect
to the Cartesian reference system with the same
origin is o, = W/ T, The complete scalar equa-
tions of the particle dynamics in cylindrical coor-
dinates are:

a, . &, _, 49, W, (10)
dt Podr P dt r

v, v, . w;
=F +g ;—=-F, +g +—;
dt dx gx dt di g 3
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aw WV
—E=Fy, t g (11)
dt
P
where, F, F,, F,, are scalar components of drag

force. The solutions of equations in r and 6 have
a singularity in the center of the reference system
where the pipe radius goes to zero. In order to
avoid this problem, the calculation in this region
is conceptually done out of a circle of small but
finite radius around the centerline.

At the beginning of simulation, particles
were distributed randomly over the computation-
al domain and their initial velocity was set equal
to that of fluid in the particle initial position. Pe-
riodic boundary conditions were imposed on par-
ticles in both streamwise and spanwise directions.
The channel and pipe walls are perfectly smooth
and elastic collisions were assumed for particles
impacting the wall. To calculate particle trajecto-
ries in the flow field, we have coupled a Lagrang-
ian tracking routines with LES flow solver. The
routines use a tri-linear interpolation method to
determinate the fluid velocity at particle position;
with this velocity the equations of particle motion
are advanced in time using a fourth order Run-
ge-Kutta scheme. The time step used for particle
tracking was chosen to be equal to the time step
size used for the fluid, also two orders of magni-
tude less than relaxation time of particle.

Statistics calculation

For the channel, the initial field flow was
then run with an artificially high Reynolds num-
ber for a 5 flow through times (1 FTT is defined as

30

—Fluid Channel
25 | * Particles (upflow)
o Particles (downflow)
20 x Particles (no gravity)
15 -
310
5 H
0 4
5
-10 i i |
0,1 1 10 100

y+

the time for fluid particles in the middle channel
plane to sweep the domain along the streamwise
direction). After turbulent flow was established,
the Reynolds number was reset to the actual Re =
2100 and allowed to equilibrate for 9 FTT. For the
pipe case, the initial field flow was then run with
a Reynolds number of 6000 for 5 FTT before de-
creasing to the target Reynolds number of 2152.
When the statistically stationary conditions were
achieved statistics were collected for a total of 100
FTT for both configurations. After release parti-
cles into the channel and pipe flow, they require
a time (equivalent to Stokes number) to reach a
local equilibrium condition with the surround-
ing fluid, an additional time to forget their initial
condition and reach a statistically-steady state. In
this work, we have made a simulation using the
same time intervals reported in [1], we have gath-
ered statistics during a dimensionless time inter-
val At* = 450 starting at t* = 740. This time is
sufficient to compute steady-state values of mean
particle streamwise velocity and the particle root
mean square (rms) velocity components; however,
the wall normal particle velocity and concentra-
tion profiles presented are in transient state or
statistically-developing condition.

Results

Statistics of fluid and particles velocities

Here, we analyse the statistics of particle ve-
locity for each flow configuration. Figure 1 shows
the mean particle streamwise velocity, as a func-
tion of the wall normal coordinate y*, for particles

—Fluid

| > Particles (upflow)

o Particles (downflow)
20 1% Particles (no gravity)

y+

Figure 1. Mean streamwise velocity for fluid and particles.
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and each gravity setup. Also, it shows the mean
streamwise fluid velocity (solid line) for channel
and pipe flow which collapse very well in the re-
gion y* < 25, as expected [4]. In general, if gravity
is taken into account, the mean particle stream-
wise velocity profiles do not overlap with the fluid
streamwise velocity profiles; in upflow, particles
lag the fluid throughout the semi-width of channel
or radius pipe, the opposite occurs in downflow:
particles lead the fluid. Particle velocities are very
similar up to y* 10 for all configurations.

Profiles shown in Figure 2, correspond to
the mean wall normal particle velocity and they
were computed under statistically-developing
condition. Recall that the wall normal velocity is
directed toward the wall if negative and away if
positive.

For channel and pipe, all particle velocity
profiles coincide very well up to (y*<5). The re-
gions of velocity directed to the wall in the pipe
flow, are much larger than that in the channel flow
for the different gravity configurations; this could

occur due to the additional effect of the pipe cur-
vature on the particle motion equation, in which
the additional term appears corresponding to the
centrifugal force [5]. In upflow, the profiles are
wavy and remain negative. In the channel, devel-
ops a peak at the upper part of the buffer region
(y* =30, becoming zero from y*>90. In pipe, the
profile develops a value peak at the same dis-
tance from the channel wall; however this value
remains constant up to y*=<60 and then de-
creases without becoming equal to zero. In chan-
nel downward flow, the profile becomes positive
outside the buffer region (y*>80) while in pipe
downward flow the profile remains negative and
its value peak is twice that found in the channel.
When gravity is not applied, V* remains negative
throughout the channel height and pipe radius
and their values at the center are roughly equal,
however the value peak in the pipe is greater than
that in channel.

Figure 3 shows the root mean square of par-
ticle velocity along the streamwise direction.
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Figure 2. Mean wall normal velocity for fluid and particles.

0,02 Channel
pooo 00oggy
0 uunuB:AAAAAAAAAA
o A x
uuuuu" AAA xx" =
002 M ant e
. a; R 4 «x*
3 N A x*
% xx)o(ﬁxﬁﬁ:xﬂ"! *
-0,04 L
—Fluid
-0,06 3 Particles (upflow)
o Particles (downflow)
008 x Particles (no gravity)
0 20 40 60 80 100 120
y+
350 TChannel Fluid

Urms+

s Particles (upflow)
o Particles (downflow)
x Particles (no gravity)

y+

80 100 120

3,50

TPipe

3,00

Fluid
s Particles (upflow)
o Particles (downflow)
x Particles (no gravity)

2,50
+ 200 B
12}
£ i
= i
S5 150 4 =
i “Bay, <o
100 K
:: Bag XXX
0,50 4
0,00 | | | | |
0 20 40 60 80 100 120

y+

Figure 3. Root mean square of streamwise velocity for fluid and particles.
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Comparing both figures, we observe that the
peak value of fluid velocity fluctuations is higher in
pipe that in channel, though both values occur at
the same distance from the wall (y* = 16 roughly).
In upward channel flow, the velocity fluctuation is
always smaller and reach the peak value closer
to the wall than that in no-gravity and downward
flow. In the pipe, action of gravity on the fluctuat-
ing velocity is more pronounced than in channel,
since the corresponding profiles reach higher val-
ues throughout pipe radius.

The particle and fluid wall normal velocity
fluctuations are depicted in Figure 4. It can be ob-
served that turbulence intensity of the particles
is always lower than that corresponding to the
fluid for each configuration. The particle velocity
profiles coincide very well in the viscous sublayer
for channel and pipe. At the center of channel,
the effect of gravity direction becomes more pro-
nounced; the same happens at the pipe center.

Fluid — Pipe

0,70 { * Particles (upflow) |
o Particles (downflow)
0,60 1 x Particles (no gravity)

The behavior of instantaneous and dimen-
sionless particle number distributions (Np/Npo),
as a function of the wall-normal coordinate, y* at
t+=1190 are depicted in Figure 5. Starting from
the initial uniform distribution of particles, par-
ticle concentration has been computed under
statistically-developing condition, counting the
proportion of particles that fell within each slab
in channel and pipe, i.e., by averaging over the
streamwise and spanwise directions. For conve-
nience, particle number distribution is normal-
ized by its initial value (Npo).

In the channel, particle concentration pro-
files set peak at the wall and drop monotonically
up to y*~ 40 and then rise to their center values;
on the other hand, in pipe flow, particle concentra-
tion drops monotonically up to y+ = 16 and then
drop abruptly to the centerline.

0,80

o Fluid Channel
2 Particles (upflow) ot

o Particles (downflow)
x_Particles (no gravity)

0,70 4

0,60

ggguEQEEWEQEEEE‘EE"Q“Q“ 294

AMAAAAA
AAA““AAAAAA
4aaa
a4

0 20 40 60 80 100 120
y+

Figure 4. Root mean square of wall normal velocity for fluid and particles.
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Figure 5. Particle number distribution profiles at t+ = 1190.
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Conclusions

In this paper, we address the problem of
comparing the influence of gravity on particle sta-
tistics for turbulent flow in channel and pipe with
the same Karman number. The statistics of par-
ticle velocity were compared for both channel and
pipe; we observed that they were very similar in
channel and pipe flow near the wall so that cur-
vature does not affect the velocity statistics in that
region as referred. The behavior quantitative and
qualitative of wall-normal velocity was modified,
for both geometrical configurations studied. In
the straight pipe, that velocity was increased
for the action of the centrifugal force owing to
pipe curvature. The particle number distribu-
tion throughout the pipe radius or half width of
the channel does not seem to be strongly affected
by gravity. In the pipe and channel, important
qualitative differences were observed; the center
of the pipe is without particles, so that statistics
could not be taken.
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