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ABSTRACT tendedto the case of a lattice of non-spherical particles to mea
The paper deals with gas-solid turbulent flows carrying non- sure the pressure drop and to connect it with the drag coefficien
spherical particles. The main objective of the present paper is to
compute the hydrodynamics forces on non-spherical particles as
a function of the particle orientation, for different particle shapes |NTRODUCTION
and a large range of particle Reynolds number. Two Direct Nu- Gas-solid turbulent flows carrying non-spherical particles
merical Simulations at the scale of the particle are used, i.e. a gre found in many practical applications such as pneumatic cor
body-fitted approach and a viscous penalty approach, in the caseyeying, paper manufacturers, or biomass combustion. The nt
of a uniform flow with a single ellipsoidal particle. Results are  merical simulations of such applications are usually performec
compared with several correlations from the literature and a new using an Euler-Euler approach requiring constitutive relation:
proposal for the drag coefficient is given. The study is then ex- ghips for the particle-fluid momentum transfer. An Eulerian-
Lagrangian formulation can also be used where the carrier phas
flow is obtained from the Navier-Stokes equations while the mo.



tion of each particle is modelled from the particle equation mo- NUMERICAL METHODS

tion. Whatever the modeling point of view, the knowledge of The Direct Numerical Simulation (DNS) of a particulate
the forces acting on particles is necessary to model the momen-flow transported by turbulent flows is challenging because o
tum transfer at the solid/fluid interface in Eulerian approach and the motion of the particles. The most direct approach is the
for having a correct description of particle trajectories in the La- implementation of an unstructured body-fitted grid to simulate
grangian approach. Many studies were devoted to the modelling the fluid in the two-phase particle flow [8,9]. Building such a
of these forces when the particles are spherical and then an openhree-dimensional mesh is not easy and requires automatic me
issue is the forces acting on non-spherical particles. generators as the solid particles move according to time an
space. The remeshing process at each calculation step can
Since 1920, many theoretical and experimental work on the very difficult to manage automatically when global shape of the
hydrodynamic forces on non-spherical particles in the literature fluid-solid interface is complex. The second solution consist:
have been published. For instance, Jeffery (1922) [1] and Bren- in the use of the fictitious domain approach where the mesh i
ner (1963) [2] theoretically derived the forces acting on parti- not adapted to the fluid-solid interfaces. There are several mett
cles of different shapes in Stokes regime and for different flow ods based on this approach: the Mirroring Immersed Boundar
conditions. Their results are often used to model the motion Method [7, 10], the Lattice Boltzmann Method [6] and Viscous
of non-spherical particles. Unfortunately, these studies have to penalty Method [11, 12] which is used in this study, to name &
be restricted to the Stokes regime [3]. The use of these low- few. The difficulty lies in taking the presence of particles in the
Reynolds number models for the forces acting on non-spherical fluid into account whose interfaces are not explicitly tracked by
particles is almost unavoidable since there are few available pro- the non conforming mesh. In the present work, two approache
posals which predict all the coefficients (drag, lift, and torque are used for the numerical simulation of a single particle and o
coefficients) as a function of the particle orientation, for differ- multiple particles. The choice of the development of the ficti-
ent particle shapes and a large range of particle Reynolds num-tious domain approach is that the next step of the project will be
ber. In addition, Chhabra et al. (1999) [4] showed that some to perform DNS of particle-laden flows.
discrepancies exist between the correlations found in the litera-
ture. They were the first to compile and classify the most used
correlations before 1999. Recently, a comparison of two recent Body-fitted approach
correlations with data given by a body-fitted computation was In the present study, it is assumed that the flow is isotherma
conducted by Ouame et al.(2013) [S]. These correlations were  jncompressible, and the fluid is Newtonian. This flow is thus

developed by ilzer and Sommerfeld (2008) [6] and Zastawny  governed by the continuity and Navier-Stokes equations:
et al. (2011) [7] from DNS data (obtained using an immersed
boundary method). Ouehme et al.(2013) [5] showed that the
correlations do not predict accurately the drag coefficient for the O-u=0, (1)
considered range of aspect ratio and particle Reynolds number. du 1
E+(U-D)u:—EDp+vAu, 2

In order to examine more thoroughly the accuracy of these
correlations, Direct Numerical Simulations of the flow around
non-spherical particles were conducted using two different nu- whereu(x,t) represents the fluid velocity is the pressureps
merical methods (body-fitted and fictitious domain). Firstly, the is the fluid density,v the kinematic viscosity. As mentioned
two numerical techniques are validated by comparison of the before, for the range of particle Reynolds numbers studied, th
DNS results with the theoretical results given by Brenner (1963) flow remains in steady-state, therefore, the unsteady term in tf
[2]. The DNS results, obtained from body-fitted simulations, are Navier-Stokes equations is neglected. The steady-state simul
then compared with the correlations from the literature ([6], [7]). tions are performed using the CFD code Ansys Fluent. Centere
The effect of the aspect ratio, the attack angle, and the particle scheme are used for discretizing all the numerical fluxes in th
Reynolds number on the hydrodynamics coefficients will be ex- Navier-Stokes equations. The problem of the coupling betwee
amined. In a second part, the interaction of a uniform flow with velocity and pressure is tackled with a Semi-Implicit Method for
a lattice of non-spherical particles (with different solid volume Pressure-Linked Equations (SIMPLE) [13]. In the body-fitted
fractions) is studied. approach, the fluid volume is discretized into unstructured tetra

hedral control volumes while a triangular surface mesh is use

The present paper is organized as follow. The first section for the surface of the particle immersed in the fluid. The mest
is devoted to the description of the numerical methods. Sec- surface of the particle is sufficiently fine to give an accurate inte:
tions two and three present the flow around a single particle and gration of the forces acting on the particle surface. An example
through multiple particles, respectively. of the volume and surface meshes is presented in Fig. 1.



and the fluid-solid interface modulations are taken into accoun
in an Eulerian manner by the advection equatiorCorFinally,
the set of equations writes

O-u=0 3)
7
pHHuﬂ)U} = —0Op+pg (4)
+ 0 [u(Ou+0Tu)] +Fs
oC
S tuoc=o0 (5)

FIGURE 1. COMPUTATIONAL MESH FOR FLOW PAST AN EL-

whereu is the velocity, p the pressuret, the time,g the grav-
LIPSOIDAL PARTICLE

ity vector, p and u respectively the density and the viscosity of

the equivalent fluid. The two-way coupling between particle anc

fluid is ensured in the momentum equations by using a decon

position of the viscous stress tensor and by playing on the orde

H ] of magnitude of the viscosity in the solid phase. Typically, the

i i i 9:[1 | & viscosity coefficients are 2 to 3 orders of magnitude larger in the

solid than in the surrounding fluid. The interaction foFegis a

Cc=1 T 1 four-way coupling term that accounts for particle-particle inter-

5 iy actions (collision, lubrication). It is discarded here as the parti-

cles are static. The incompressibility condition is ensured by :

C= augmented Lagrangian method. For more details on this tect
nique please refer to [11, 12].

Cc=1 Computation of the forces acting on the particles
Basically, the forces acting on the particle are evaluated witt

F:-/pnds+/r-nds ©)
S S

FIGURE 2. FICTITIOUSDOMAIN where T is the viscous stress tensor. Assuming that the mair
flow is directed along thex-axis, the drag force is then given
Viscous penalty method by Fp = F - x and the lift force byl = F-y. These two forces
The fictitious domain method consists in introducing a phase have two contributions: first a component due to the effect of the
function C to locate each medium and to formulate a global pressure and second due to the friction of the gas on the partic
model valid in the fluid and in the solid parts of the flow. Accord-  surface.

ing to the local value o€, the physical characteristics and the As in body-fitted approach the fluid-particle interface is ex-
conservation equations are adapted to fulfill the correct physical plicitly defined, it is possible to compute the fluid stress tensor a
behaviour. By definitionC = 1 in the solidC = 0 in the fluid and the particle surface. In contrast, when using immersed boundat

the interface between the fluid and solid phases is associated to approach the properties of the fluid are not defined at the su
C =0.5(see Fig. 2). The Viscous Penalty Method consists in pe- face of the particle. A straightforward manner to compute force:
nalizing the viscosity in the meshes contained in the solid to have in fictitious domain approach consists in associating a triangula
the rigid behaviour. Incompressible two-phase flows is modelled surface grid to the barycenter and orientation of the particle an
by solving the incompressible Navier-Stokes equations with a extrapolating the fluid variables (pressure, viscous stress tensc
phase functiorC describing the particle phase shape evolutions from the neighboring cells to the surface elements describing th
through an advection equation on the corresponding phase func-particle surface. This particle grid is also used to define the eu
tion. As explained by Kataoka [14], the resulting set of equations lerian Navier-Stokes cells belonging to the particle (solid phase
takes implicitly into account the jump relations at the interface of to the fluid phase. This surface particle mesh is superimpose



to the mass and momentum structured solving mesh. It allows to
defineC accuratelyaccording to ray casting procedures [11]. It
is also used to integrate the interaction forces between the fluid
and the patrticles.

The drag and lift forces are expressed in terms of drag and
lift coefficients,Cp andC respectively. Using such coefficients,
the forces writeFp = 1/2p1U2S,Cp and A = 1/2p1U2S,CL
whereS, is the surface of the particle facing the flow. In case
of spheres such a surface is well-definedsgs- md3 /4. How-

ever, when non-spherical particles are considered the uniqueness

of such a surface is no longer valid and the choice of the surface
is still an open issue. Here, the surface is defined as in previous
studies [6,7], itis based on the surface of spherical particle facing
the flow but having a diametetyq defined such as the equivalent
spherical particle has the same volume than the non-spherical
particle. Then the drag and lift forces write:

1 2

Fo = Epfugé; ( f‘) Co @)
1o

FL = Epfuoo 4 CL . (8)

As only ellipsoidal particles are investigated the connexion of
Jeq With the two axis the ellipsoid isleq = 2v/al? (see Fig. 3).

In DNS the drag and lift forces are both computed accordingly
to the numerical approach (body-fitted or fictitious domain) and
the drag and lift coefficients are calculated with Egn. 7 & Eqn. 8.

FLOW ARROUND A SINGLE PARTICLE
Geometry and boundary conditions

The particle shapes are given by Fig. 3. Several aspect ratios
(w = 8) areinvestigated in this study. This is the typical range
encountered in many practical processes such as coal combus
tion.

FIGURE 3. PARTICLE SHAPES. ELLIPSOIDS WITH DIFFER-
ENT ASPECT RATIOS, RESPECTIVELY FROM LEFT TO RIGHT
w=1.25,2.5 AND 5.

Besides, even if the flow remains in steady-state, the wake

No slip Dirichlet
condition
Pressure
outlet

\

Velocity
inlet

FIGURE 4. GEOMETRCAL CONFIGURATION AND BOUND-
ARY CONDITIONS.

starts to become asymmetricRé,~ 200 [6, 7, 15]). Hence, for

a better estimation of the hydrodynamic forces, it was require
to consider simulation in a complete 3D configuration. Thus, in
the considered simulations the particle is supposed fixed and in
mersed in a tridimensional uniform flow. The geometrical con-
figuration (Fig. 4) is a parallelepiped box. The size of the box
has been determined to prevent any disturbance of the flow du
to boundary conditions, especially in the boundary layer. Fromn
a practical point of view, these dimensions were imposed by
the caseRg, = 0.1 resulting in a greater boundary layer where
the particle is located transversely to the flow. In addition, the
length of the computational box was set to leave an adequate di
tance for the development of the wake. The boundary condition
are presented in Fig. 4. A constant velocity inflow condition is
imposed at the inlet boundary whereas homogeneous Neumal
conditions are chosen at the outlet. On lateral boundaries, n
slip Dirichlet conditions are specified. Three different volume
meshes (500 000, 1 million, 2 millions) were tested, in the body-
fitted approach, in order to ensure that the results are mesh i
dependent foReg,= 290. Similar results of drag, lift and torque
coefficients are obtained whatever the mesh used. Thus, the nui
ber of cells chosen for all the simulation is about 500 000. It has
to be noted that the boundary layer is always represented by
least 20 nodes.

In case of spherical particles, the fictitious domain approacl
requires up to 12 cells in a particle diameter for predicting accu
rately the flow at low Reynolds number. Up to now the sensitivity
of the method with respect to the mesh has not been establish
for non-spherical particle. Then the mesh is based on the criteri
defined for spherical particle. This restriction on the mesh size
leads to use a small domain for performing the numerical simu
lation with fictitious approach. The Table 1 gives the size of the
domain used for both the body-fitted and the fictitious domair



approaches. Kg—g0° :gwfl/S

-1
TABLE 1. SIZE OF THE DOMAIN USED IN DNS FORw = 2.5 % ZW i 2w — 3 5In (W+1 /W2 — 1)
AND Reg, =01 wa—1 " w2—1)¥
(14)
Body-fitted | Fictitious domain
Lx/deq 75.6 20
Ly/deq 50.4 20 350 \\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\
- ——— Theory 1
Lz/deq 50.4 20 i O Body-fitted ]
Lx/2b 205.2 20 i & Zastawny et al. ]
300 - O Fictitious domain -
Ly/2b 136.8 20 : .
Lz/2b 136.8 20 )

Validation for Rg, — 0

R < ]
Figure5 shows the drag and lift coefficients extracted from 200 P OO |

the present DNS computations (body-fitted and fictitious domain - g
approaches) as well as the DNS results obtained by Zastawny et

al. [7] using an Immersed Boundary approach. As the Reynolds so bty
number is quite low (approximately 0.1 in all numerical simula- 0O 10 20 30 40 50 60 70 80 90
tions), the analytical solution proposed by Brenner [2] is valid. Incidence ()

Indeed, forRe, — O Brenner [2] proposed expressions for the
drag and lift coefficients for any angle of attack. These coeffi-

cients are written in terms of the values for= 0° anda = 90° o ————
as i o & i
Cb = Cp.a—0°+ (Cp.a—90° — Cp,a—0°) Sin(@)?, (9) 20 L © i
CL = (Cp,a=90°—Cp.a=0°) sin(a) cos@). (10) [ ]
The asymptotic values far = 0° anda = 90° are written as a 15 | a
deviation from the coefficient of a sphere: L 1
@) i i
Cpa=0° = CD,spheré<or:0" ) (11) 10 | -
Cb,a=90° = Cp,spherda=90° - (12) i Theory i
i 0 Body-fitted i
The drag coefficient for a sphere at low Reynolds number is 51 & Zastawny et al. .
Cb,sphere= 24/Rg and the coefficientsy—o andKy—go Was an- : O Fictitious domain i
alytical computed by Brenner [2], it takes the following form: ’ \
OL\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\

8 1 0 10 20 30 40 5 60 70 80 90
Kao- =W Incidence (a)
-1
_ VAT
X | — 22W + 2w 1’/2 In <W+ w 1)] FIGURE 5. DRAG AND LIFT COEFFICIENTS MEASURED FOR
we—1 (WZ— 1) w—vVw?—1 AN ELLIPSOID WITH AN ASPECT RATIOw=2.5 AND FOR A

(13) LOW REYNOLDS NUMBERRg, = 0.1



Figure 5 shows that the drag and lift coefficients obtained from
the present DNS (body-fitted and fictitious domain approaches)
are in good accordance with the theoretical expression whatever
the incidence angle. The body-fitted approach slightly overesti-
mates the drag coefficient over the incidence angle range while
the fictitious domain approach overestimates this coefficient for
low incidence angle and then gives results almost identical to the 1
theory. Concerning the lift coefficient, the body-fitted approach T
also slightly overestimates the theoretical results. The fictitious Od i
1

Ellipsoid w=1.25

O Body-fitted
- — A — — Holzer&Sommerfeld
— —<& — — Zastawny et al i

domain approach generally underestimates slightly the lift coef- Brenner

ficient. The drag and lift coefficients provided by Zastawny et
al. [7] are also plotted on this figure. It can be observed that their
DNS results for the drag coefficient are far from the theory while

the evolution of the lift coefficient as a function of the incidence 100;‘

angle is almost identical to the one given by the body-fitted ap- L

proach. The deviations from the computational results and theory 100 1

are shown in Tab. 2. As previously observed, the mean deviation Re,

from theory is of the order of 2% for the present body-fitted and

- ) . S : 10°
fictitious domain approaches. This deviation is 7 times higher for ] U Hiosoi !
. . I ipsoid w=2.5
the results provided by Zastawny et al. (2012). The maximum
deviations for the three computations are close to the mean devi- o Body-fitted
ations. The present computations being validated against Bren- 3;02; - — A~ - Holzer&SommerfeTd
ner's theoretical results, we present in the next section the drag I C o - zastawnyetal |
coefficient at higher Reynolds number. These results were ob- g |
. . . Brenner
tained using the body-fitted approach. 10t
10°
TABLE 2. DEVIATIONS FROM THE THEORICAL RESULTS OF F
BRENNER FOR AN ELLIPSOID WITH AN ASPECT RATIQv=2.5 Y Y B
AT Rg=0.1 10" 10° %201
e
P
Mean relative de- g{ltiil/)smu:jnevia:ieolr-w 10° AN IR B |
viation (%) (%) Ellipsoid w=5
L O Body-fitted
Fictitious method 1.53 3.02 2
:I;OO ? --A-- HoIzer&Sommerfe@
Body-fitted 2.62 2.85 I Brenner ]
Zastawny et al. 14.0 195 © A
(2012) 10 E
(0] I A
10°F D% -
10" 10° 10* 10° 10°
Rep
Effect of the particle Reynolds number FIGURE 6. DRAG COEFFICIENT WITH RESPECT TO THE
Figures6 & 7 show the effect of the particle Reynolds num- REYNOLDS NUMBER FORa = 0°. COMPARISON WITH EXIST-
ber on the drag coefficient far = 0° anda = 90°. Two correla- ING CORRELATIONS.

tions are reported. First,dizer & Sommerfeld [6] proposed the
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F Ellipsoid w=1.25
O Body-fitted
2
1000 2 - — & - — Holzer&Sommerfeld
@ [ 1
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[a]
O ) i AN Brenner
10°F N =
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I Ellipsoid w=2.5
O Body-fitted
2
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@ [ 1
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[a]
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107 =
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¥
10 E
A | Y BT, M,
10" 10° 10 10 10°
Re
P
3
10° —
b Ellipsoid w=5

O Body-fitted

J;OO2 - ——A— - HoIzer&Sommerfe@

c';':_ Brenner 1
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FIGURE 7. DRAG COEFFICIENT WITH RESPECT TO THE
REYNOLDS NUMBER FORa = 90°. COMPARISON WITH EX-
ISTING CORRELATIONS.

following correlation

8 1 16 1
Chb=—""”"nrnsct+——F5 15
° R& Vo Re Vo 13)
3 1 02 1
+ ——— = +0.42 141099 —
/Rq) q]075 (pl

whereg is the lengthwise sphericity argl crosswise sphericity.
This correlation has been established from the analysis of mar
experiments. The second correlation has been proposed by Z
stawny et al. [7] from the analysis of their results with Immersed
Boundary method. They proposed

a1 as

Cpa=0° = @ + F\’q.j ) (16)
as a

CD,a:90° = @ + quaﬂ . (17)

(18)

For the intermediate value of the drag coefficient they write:
Cp = Cp,a=0° + (Cp,a=90° — Cp.a=0°) sin(a)® . (19)

whereag, a1, ap, ag, a4, as, ag, a7, andag are coefficients fitted
from the DNS performed with Immersed Boundary method. Za-
stawny et al. [7] proposed also the following correlation for the
lift force

by b3

— i b5+b6RQ3b7 bg+b9Rq)b10
R R S cos(@) (20)

CL

wherebg to byg are model coefficients.

As expected, Figs. 6 & 7 show that the drag coefficient is
decreasing for increasing Reynolds particle number. For sma
particle Reynolds number, the body-fitted DNS and the corre
lations tend towards the solution proposed by Brenner [2]. Fo
w = 1.25, the correlation proposed byker & Sommerfeld [6]
is in accordance with the body-fitted DNS even for large par-
ticle Reynolds number. In contrast, for larger aspect ratio, the
correlation overestimates the drag coefficient doe= 0°. For
o = 90°, the two correlations are in accordance with the body-
fitted results. Mean and maximum relative deviati@rs =
[|Cp(simulation)— Cp(correlation)| Cp(simulation)]x 100 are
gathered in Tab. 3. A significant deviation from the present nu:
merical results is noted, especially for elongated particles (higl
aspect ratio). The mean relative deviation is generally over 109
while the maximum relative deviation is over 20% in most cases
Based on these results, we decided to propose a new correl
tion in order to more accurately predict the drag coefficient of
ellipsoidal particles. The new correlation is presented in the nex
section.



TABLE 3. DEVIATIONS OF THE LITERATURE CORRELATION
FROM THE RESULTS OF THE PRESENT SIMULATIONS

Deviations & Aspect ratiog Holzer & S Zastawny

Deviations w a=0? a=90° | a=07 a=90°
w=1.25 75| 213 | 86| 16.9

Mean relative

deviation (%) w=2.5 32,5 19.0 | 18.2] 11.9
w=5 46.7) 114 | - -

Maximum w=1.25 16.1] 39.8 | 20.8] 21.2

relatve w=2.5 63.5 39.9 | 19.2| 22.0

1ati 0,
deviation (%) 5 835 229 |- -

New correlation

The approach used to determine the new correlation of the
drag coefficient is based on the four following points:

1. Whatever the particle Reynolds number, the drag coefficient
evolves between = 0° anda = 90° as a sine function [2].

2. The drag coefficienter = 0° and a = 90° evolve as a
function of the particle Reynolds number.

3. As Loth (2008) [16], the aspect ratid is taken to be the
main shape parameter of the ellipsoids.

4. The correlation has to degenerate to the Schiller & Naumann
[17] correlation forw = 1 (sphere).

From these considerations, the proposed correlation for the
drag coefficient has the following form:

Coa-0'= oo [Fo-o (W) +0.15G, o (WRE™. (21)
24
Cp,a=90°= =—[Fa=00°(W) +0.15Gy—g0°(W)R&®¥] | (22)

Re

whereFy_go(W), Gg—0°(W), Fg—g0°(W), Gg—go+(W) are correc-

tion factors. For spherical particles, there is no dependence on
the orientation, theR = G =1 in order to recover the Schiller &
Naumann correlation. For non-spherical particles, the correction
factors,Fq—o°(W) andFy—go°(W), are taken from Brenner [2] so
that Fy—ge(W) = Kg—o° and Fy—go°(W) = Kg—g0° both given by
Egn. 13 & Eqn. 14. The two functionSq_o°(W), Gg—go°(W)

are approximated from the present body-fitted DNS. The fitting

procedure leads to the following functions:

Ga=0° (W) — W70.57’

Gg:90°(W) = WO'2 .

(23)
(24)

The new correlations of the drag coefficient at the both incidenc
anglesa = 0° anda = 90° are:

24

Cp,a=0° = @[Kazoo +0.15w *5'Rg,2587 | (25)
24 \l\? 2 0.687
Cp,a=90° = @[Ka=90°+0-15 “Re "% (26)

Figures 8 & 9 compare the proposed correlation with the body
fitted DNS results for the three aspect ratios. A good accordanc
is noted. In order to examine the accuracy of the proposed col
relation, the mean and maximum deviations of this formula from
the body-fitted DNS results are given in Tab. 4.

TABLE 4. DEVIATIONS OF THE PRESENT CORRELATION
FROM THE RESULTS OF SIMULATIONS

Deviations & Aspect ratiog Present correlation Eqn. 25
Deviations W a=0 a=90°

w=1.25 9.3 10.8
Mean relative
deviation (%) w=2.5 4.4 5.4

w=5 2.6 8.8
Maximum w=1.25 13.2 17.7
relative w=2.5 5.5 11.3
deviation (%

O s 5.0 13.51

For a better representation of the effect of the orientation fo
different particle Reynolds numbers, the computed drag coeffi
cient is normalized by the drag coefficient obtained at the inci:
dence angle = 90°. The results are presented in Fig. 10 where

the ratioo%':;"" is plotted as a function o for different as-
pect ratio, respectively. For each aspect ratio, we propose to te
the extension of Brenner’s formula at higher Reynolds number

Based on Brenner's methodology, it yields (Eqn. 27):

CD,simulation CD,simulation

D,a=90°simulation CD,or:90°,simulation

+(1-

Cosi i .
D,simulation ) S|n(a)2. (27)

CD,01=90°,simulatti0n
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FIGURE 10. COMPARISON BETWEEN THE NORMALIZED
DRAG COEFFICIENT AND THE NORMALIZED BRENNER’S
FORMULA. [0: Reg=1.21; A: Reg=10; O: Reg=60,<: Re=240.
CONTINOUS LINES: Eqn. 27.

Figure 10 shows the predictions of the correlation normalizec
by DNS measurements as defined by Eqn. 27 for several value
of Reynolds number and for the three aspect ratios. Figure 1
shows that whatever the value of the particle Reynolds number,
similar trend with normalized Brenner’s formula is retrievied,

a monotonic increase as incidence angle increases. However, t
influence of the incidence angle is seen to be less important whe
the particle Reynolds number decreases. The dependence to |
aspect ratio is also observed. As the aspect ratio increases, t
normalized drag coefficient decreases. The incidence angle h.
less influence on the normalized drag coefficient for the lowes
aspect ratio (w=1.25) in comparison with the other ones. Quar
titatively, the mean relative deviation is less than 1% for most
cases. Hence, we confirm that Brenner’s formula are still valic
over the Stokes regime flow.

FLOW THROUGH MULTIPLE PARTICLES
Configuration overview

The domain is a box of length 4@gx 50eq x 5deq and the
flow is directed to the axig. The particles are located at the
centre of the domain as shown in Fig. 11.

FIGURE 11. CONFIGURATION FOR MULTIPLE PARTICLES.

A uniform flow is imposed at the inlet located»t= 0 and
a free outlet condition is considered @at= 2Ly. In y— and
z— direction symmetry conditions are assumed at the bound
aries. The gas is air under standard thermodynamic conditior
so that the density ip = 1.2kg/n? and the dynamic viscos-
ity 4 = 1.8x 10°Pa.s The fictitious domain DNS has been
performed for two different aspect ratios @al.25 and 2.50),
three different solid volume fractionsr=5%, 10% and 15%)
and three Reynolds number (4.0, 10.0 and 100.0). The cen-
tre of mass and the orientation of the particles are both randoml
defined in order to prevent particle overlapping.



Topology of the flow _A, =]

FIGURE 13. EFFECTOF THE SOLID VOLUME FRACTION ON
THE NORMALIZED (BY INLET VELOCITY) VELOCITY MAGNI-
TUDE. NON-SPHERICAL PARTICLE ARRAY FORwv = 1.25 AND

FIGURE 12. STREAMTRACE OF FLUID VELOCITY THROUGH Rg = 1000. FROM TOP TO BOTTOMunp=5%, 10% AND 15%.

A NON-SPHERICAL PARTICLE FORw = 1.25 AND Rg, = 1000.

FROM TOP TO BOTTOM:ap=5%, 10% AND 15%.

Ergun [18] who extracted the pressure drop from experiment
and did the connection between the pressure drop and the dr:
coefficient. Such a methodology allows an indirect computatior
of the drag coefficient.

As expected the pressure drop increases for increasing sol
volume fraction. The two low aspect ratios fnl andw = 1.25)
give nearly the same pressure drop for all investigated particl
Reynolds number. In contrast, far= 2.5 the pressure drop is
found lower than the case of spheres or with a small aspect rati
This trend comes probably from the orientation of the ellipsoida
particles that could be not strictly uniform.

The structure of the flow is shown in Figs. 12, 13 & 14. As
expected when increasing the solid volume fraction the distor-
tion of the streamtrace is increasing. The contour of the velocity
magnitude normalized by the inlet velocity is shown in Fig. 13.
As also expected low-velocity regions are observed behind the
particles as interaction between the particles.

The normalized vorticity magnitude shown in Fig. 14 ex-
hibits the formation of wakes. The formation of wakes is re-
lated to the particle Reynolds number. The effecRef on the
case where the solid volume fractiondig =15% and for the as-
pect ratiow = 1.25 is shown by Fig. 15. Obviously, for small
Reynolds number the vorticity is very small and located very
close to the particle. In contrast for a Reynolds number of 100
long-range wakes appears and the Fig. 14 clearly shows the inter-
action of the particles with the wake due to the presence of neigh-
bouring particles. The effect of the aspect ratio on the formation
of vorticity is presented in Fig. 16 fdRg, = 100 andap =5%.
Even if the maximum of vorticity is found for the largest aspect
ratio, the role of the aspect ratio is not clear on the mechanism of
production of wake. More investigations are required.

CONCLUSIONS

The main aim of this study has been to assess the relic
bility of different numerical methods to compute the hydrody-
namic coefficients linked to non-spherical particles as ellipsoids
The effect of the aspect ratio, the attack angle, and the part
cle Reynolds number on such hydrodynamic coefficients hav
been examined. Both methods have been compared in the Stok
regime for which a theoretical solution exists ( [2]). Drag and
lift coefficients have been compared to theoretical results bu
also compared to recent DNS computations [7]. Results sho
a very good accordance between Brenner’s results and those
Pressure drop sued from the body-fitted and fictitious domain approaches.

In this section the pressure drop measured in fictitious do- For higher Reynolds number, the results extracted from the bod
main DNS are shown. The aim is to do the same procedure thanfitted approach for a single particle have been used to propos



FIGURE 14. EFFECT OF THE SOLID VOLUME FRACTION
ON THE NORMALIZED VORTICITY MAGNITUDE. NON-
SPHERICAL PARTICLES ARRAY FORwv = 1.25 AND Rg, = 1000.
FROM TOP TO BOTTOM:ap=5%, 10% AND 15%.

a new law for the drag coefficient. It has been shown that the
present proposal is more accurate than the correlation recently
proposed by [7]. The next step of this study would be to confirm
the body-fitted results obtained outside the Stokes regime using

the fictitious domain approach.

This study has been then extended to the flow through multiple
ellipsoidal particles. Direct Numerical Simulations have been
carried out for several solid volume fraction, several particle
Reynolds number and several aspect ratios. Through these pre-
liminary results, the formation of wakes taking the neighboring
particles into account can be showed. Nevertheless, more inves-
tigations are necessary to really understand the role of the aspect
ratio on the wake production mechanism. The pressure drop has
been measured and the results show a decrease when the aspec
ratio of the particles is increasing. These preliminary measures
of the pressure drop through this lattice of non spherical parti-
cles and its connection with the drag coefficient should be more

thoroughly analyzed in a further study.
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FIGURE 15. EFFECT OF THE PARTICLE REYNOLDS NUM-
BER ON THE NORMALIZED VORTICITY MAGNITUDE. NON-
SPHERICAL PARTICLE FORv = 1.25 AND ap = 15%. FROM TOP
TO BOTTOM: Regy=1, 10 AND 100.
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