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Abstract This contribution deals with fluid flow-particle interactions in fluid dom-
inated two phase flows. Spherical as well as non-spherical particles in form of pro-
late ellipsoids are considered. In the case of ellipsoids, the hydrodynamic drag force
model based on the Brenner-type resistance tensor is applied. As high shear flow
regions are frequently encountered in complex flow patterns, special attention is
devoted to the extension of established shear lift models, that are only valid for spe-
cial cases of shear flows, to a general shear lift model based on permutations of
the lift tensor, originally derived by Harper and Chang. A generalized lift vector,
valid for ellipsoidal particles, is derived and implemented for the computation of
the lift force in general shear flows. The derived generalized shear lift force model
is validated against other numerical models for ellipsoids in Couette flow, and its
influence on the translational motion of ellipsoidal particles in a three-dimensional
lid-driven cavity flow is studied. The computational results confirm the correctness
of the proposed generalized shear lift model.
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1 Introduction

Fluid flows with dispersed solid particles are increasingly important in several fields
of sciences, e.g. life sciences, natural sciences, medical sciences and engineering
sciences. Processing of suspensions with fibres in the pulp industry [18], regulating
heat transfer by use of particles with favorable thermal properties [15], magnetic
separation of particles from the matrix fluid [21], [31], and waste water treatment
[14] are only a few of many applications. Dispersed flows consist of particles (drops,
bubbles, solids) that move in a continuous phase (air, water). Particles interact with
the fluid flow, i.e. in general, they exchange mass, linear and angular momentum,
and energy. Among the interactions that predominantly influence a particle trajec-
tory, the linear momentum exchange is typically the most important one. However,
in cases of high shear flow fields and/or rotating particles, angular momentum can
also play an important role and can in general not be neglected.

The influence of the particles on the fluid flow and the collisions between parti-
cles cannot be ignored. However, in the case of dilute suspensions we may reason-
ably ignore particle-particle interactions and limit our considerations to the particle-
fluid system. This leads to the fundamental theory of non-colloidal suspensions,
which aims to provide reduced scale models for the two-way coupling between par-
ticles and the fluid flows [4]. Also, in cases of small particles (micro and nano sized)
modelling of particle-fluid interactions is unavoidable, as one can not afford to fully
resolve flow structures in the vicinity of the particles. In order to develop accurate
computational tools for the particle-fluid interaction, one needs to implement the
appropriate constitutive models for the interaction of the two phases.

2 Particle-fluid interaction in fluid dominated flows

In the case of solid particles or micro sized bubbles and drops the shape of a particle
is not affected by the flow field, therefore the particles can be considered to be rigid
particles, immersed in the fluid phase. As the flow field is typically described in the
Eulerian frame of reference, the relative motion of the particulate phase with respect
to the fluid phase favours the implementation of the Lagrangian frame of reference
for the computation of the particle dynamics. In this case, the action of the fluid
flow on the dispersed phase can be accounted for by the well established Lagrangian
particle tracking method. Here the particle position is obtained by solving additional
equations for the particle kinematics (relation between the configurational variables
and their velocities) and the particle dynamics (balances of momenta) [20].

In the case of dilute suspensions, the effect of the dispersed phase on the fluid
phase is weak, establishing conditions where only the influence of the fluid flow on
the dispersed particles needs to be accounted for, i.e. the one-way coupling interac-
tion is governing the motion of particles. In this case, the computational framework
for the particle-fluid interaction can be split subsequently into the computation of
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the viscous fluid flow field, and the computation of the fluid flow’s momentum ex-
change with the particles.

2.1 Viscous fluid flow

The computation of the numerical solution is predominantly performed in the Eu-
lerian framework, where the flow field is typically described in terms of velocity
and pressure fields. For fluid flow, the total change of a flow quantity in the control
volume is due to the interaction with the surroundings of the control volume, i.e.
due to surface and volumetric effects. Considering the net mass balance in a control
volume leads to the continuity equation

%0,

where py is the fluid density and u is the fluid velocity. The continuity equation
simplifies to V -u = 0 for incompressible fluids.

Considering transport of momentum in a incompressible Newtonian fluid leads
to the following momentum conservation equation

aal;Jr[u'V]uffplprJerZu, (2)

where V is the fluid kinematic viscosity, p is the fluid pressure and f; are volumetric
source terms and fluid-particle interaction momentum exchange terms.

The evaluation of the translational momentum exchange between particles and
fluid depends mainly on the data of the velocity field, whereas in the case of rota-
tional momentum exchange (angular momentum, moment of momentum) it is es-
sentially based on the vorticity field. As in the case of high shear flows there is also
a strong influence of the vorticity field on the translational momentum exchange,
the detailed information on the vorticity field,

w=Vxu 3)

being the curl of the velocity field, is also needed. The accuracy of the particle track-
ing scheme thus depends on the accurate calculation of velocity and vorticity fields.
In the case of fluid dominated two-phase flows the contribution of the momentum
exchange term £ due to particle-fluid interactions is zero.
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2.2 Particle dynamics

The trajectory of a particle is a result of its interaction with the fluid flow, which in
fluid dominated flows determines its translational and angular velocity. In the case
of small particles, typically in the micro and sub-micro range, the particles behave
like rigid bodies, i.e. the deformation of a particle can be neglected. In order to
determine the trajectory, particle transport is computed in the Lagrangian framework
by particle tracking. Local values of velocity, vorticity and pressure in the fluid
phase and their difference to the state of the particle determine transport phenomena
between the dispersed and the fluid phase.
The particle linear momentum conservation equation is

%(mpv):mp% =mpg+F 4)
where m,, is the mass of the particle, v is the particle velocity, g is the gravity acceler-
ation and F is the fluid force acting on the particle. The particle angular momentum
conservation is p 4

o) =1, P oxl, 0] =T 5)
where I, is the particle moment of inertia tensor, @ is the particle angular velocity
and T is the torque acting on the particle. Equations (4) and (5) enable determination
of the change of velocities, which can then be applied to determine the new trans-
lational and angular positions of the particle by solving the kinematics equations.
Translational kinematics is expressed using the particle barycentre position vector r

as: 4
r
el 6
7= (6)

In order to avoid singularity issues associated with the use of Euler angles rotational
kinematics is usually expressed in terms of the time evolution of the Euler param-
eters [eq, ey, €2, e3]. The time evolution of the Euler parameters is connected to
particle angular velocity expressed in the particle frame of reference.

2.3 Momentum transfer in particle-fluid interaction

The differences in velocity of the particle and the fluid velocity in the vicinity of
the particle give rise to linear momentum exchange and in the case of angular ve-
locity to angular momentum exchange. In fluid dominated flows,the fluid affects the
trajectory of the particle but the particle doesn’t influence the fluid flow, i.e. one-
way coupling. In the ideal case, the resolved stresses on the surface of the particle
are the only information needed to determine the impact of the flow on the particle
dynamics.
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2.3.1 Direct coupling

In fluid dominated flows, correct and accurate determination of the transfer of linear
and angular momentum from the fluid to the rigid body presents the main mod-
elling task. For direct coupling, one simultaneously integrates the Navier-Stokes
equations, governing the fluid motion, and the equations of the rigid body motion,
governing the motion of particles.

The linear momentum transfer from the fluid to the particle is encapsulated in the
fluid force F, acting on the particle. It is the integral over the particle surface of the
traction o - n exerted from the fluid onto the particle surface I,

F:/ o-ndF,,:/ [—pn+psv [Vu+Vu!] -n]dI; %)
I I

with n the normal particle surface vector.

The angular momentum transfer from the fluid to the particle is encapsulated in
the torque T, acting on the particle. The torque is the integral of the moment of the
traction vector. As the particle is embedded in the fluid, at the surface of the particle
no-slip conditions are applied, i.e. the fluid velocity is the same as the velocity at
the particle surface,

U=v+oXry,, (8)

where r), is a vector originating at the particle barycentre and pointing towards parti-
cle surface. In the above equations, the body can have an arbitrary shape, discretized
by a suitable surface mesh.

Although the direct coupling eliminates the need to introduce specific models
for different phenomena in momentum transfer, it is extremely expensive in terms
of computational cost, when particle sizes are very small or when there are large
numbers of particles to be tracked. The flow domain in the vicinity of the particle,
as well as the particle surface, need to be correctly discretized, and the movement of
the particles requires changes to the computational grid to be made during compu-
tations. In order to avoid this problem dedicated interaction models are developed
and predominantly used in numerical simulations.

2.3.2 Coupling by dedicated interaction models

As already stated, in the case of small particles (micro, nano-sized particles) a direct
computation of fluid-particle interaction is practically not feasible, as flow and par-
ticle surface resolution demands would be computationally extremely expensive.
In order to overcome this problem, simplified models for the computation of the
particle dynamics in fluid flow have to be implemented.

If particles are considered with diameters much smaller than the length scales of
the smallest flow structures, there is no need to directly resolve the particle surface,
and the point particle approximation can be implemented. In this case, the flow do-
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main does not include particles, the interaction with the particulate phase is merely
included in the source term f; in equation (2).

Since the particle is considered as a point particle, the physical models for the
evaluation of forces (and torques) on the particle rely on the velocity and vorticity
fields evaluated at the position of the particle. The overall action of the fluid flow
on the particle, in direct coupling evaluated by solving equation (7), is now decom-
posed into specific phenomena described by different models. In the translational
momentum balance for the dispersed phase this means that each specific phenom-
ena is described by a force model, and all the forces are assumed to be linearly
additive. In general, particles move due to the additive action of gravity, buoyancy,
drag, pressure gradient and added mass forces.

In a shear flow, an additional force, the so-called Saffman lift force [23, 24, 28, 5],
occurs, which acts perpendicular to the flow direction. Its magnitude and direction
are related directly to the local value of the vorticity of the fluid, and it acts on
both non-rotating and rotating particles. Moreover, particle rotation gives rise to
additional forces, most notably the Magnus lift force, influencing the translational
motion of a particle. When the particle is also rotating, the angular momentum equa-
tion must therefore additionally be solved in order to capture the effect of particle
orientation and particle rotation.

In order to track the particle’s translational and rotational motion the particle
position, the particle velocity, the particle orientation and the angular velocity of the
particle have to be advanced in time in each computational step.

Dynamics of translational motion

Maxey and Riley [19] considered the forces on a small rigid sphere in a nonuniform
flow and derived a consistent approximation for the equation of motion. They treated
forces in the undisturbed flow and the flow disturbance caused by the presence of the
sphere, separately. Brenner [1] developed the drag expression for arbitrary particles.
Neglecting the aerodynamic lift, time history effects, second-order terms and due to
the small particle size, we may write

where a is the semi-minor axis of ellipsoidal particles. The terms included in the
equation are gravity, buoyancy, pressure gradient term, added mass term and drag
(skin friction and form drag). Here, d/dt = d/dt + [v- V]| stands for the time
derivative following the particle, i.e. the material time derivative of the particle and
D/Dt = d/dt + [u- V] denotes the time derivative following the fluid element, i.e.
the material time derivative of the fluid. K is the resistance tensor in direct notation,
its coefficient are typically expressed with respect to the Eulerian (inertial) frame
of reference, and F now stands for additional forces, acting on a particle (e.g. lift
force).
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Let us now consider prolate ellipsoidal particles with semi-minor axis a and semi-
major axis b. The aspect ratio of the ellipsoid is A = b/a. The density of the particle
is p, and the mass of fluid occupying the same volume as the particle is denoted by
my. The volume of the particle is V, = $7a’b = $ma*A and its mass is related to its
density as m, = 37a>Ap,.

Equation (9) is rewritten in non-dimensional form with u( and L being the charac-
teristic fluid velocity scale and the characteristic problem length scale, respectively.
With u — w/ug, v — v/ug and t — tug/L this eventually leads to

dv A

1
S PR 61 SR TR {[IH_ZV]'V] utf  (10)

where a is the particle acceleration and the Stokes number St is defined as

2 2
Sp= ZPp @M (11)
9pfs VL
the sedimentation velocity is
24 [pp
— 1] g, 12
Vs vy [ or g (12)
and the parameters R and A are
R— 7pr . Aa=—Pr_ (13)
Pp+3Pf Pp+ 3Py

The ellipsoidal particle response time was introduced by Shapiro and Goldenberg
[26] as

. _2ppd® An(A+VA2-1) (14)
" 9ppv 22-1

Since the characteristic fluid time scale is Ty = L/ug, we may write the ellipsoid
particle Stokes number as

/12 _
Srezsﬂln(l;; A] D, (15)

The hydrodynamic drag force, i.e. the term wap VK- [u—v] in equation (9), act-
ing on an ellipsoidal particle under Stokes flow conditions was derived by Brenner
[2]. Tt introduces the resistance tensor, which may be evaluated in the particle frame
of reference [x',y,7']. In the particle frame of reference, only diagonal components
of the resistance tensor K are non-zero. They are a function of the particle aspect
ratio and may be written as:

1 2_ 3/2
K,L’x/ = K// /= 6[2/ }

16
T RA2=3]In(A+ VAT 1)+ AVAZ -1 (10
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2 3/2
K, = 8A% 1P (17
2A2—1]In(A +VA%2—1)—AVA2 -1
In the spherical particle limit lim; _,; [K]', one has 6[I], where I is the identity tensor.
In order to express the coefficients of the resistance tensor in terms of the inertial
reference frame, they must be rotated with respect to the current orientation of the
particle. The rotation matrix, V, is used in the following way:

K] = [V'][K]'[V], (18)

where V7 is the transpose (inverse) of the rotation matrix, and [K], [K]’ denote the
coefficients of K in the inertial and the particle rotational frame of reference.
Orientation in space may be parameterized by the Euler angles [¢, 6, y]. How-
ever, when kinematic relations between the angles and angular velocity are set up,
we observe (Fantoni [7]) that a singularity exists for 8 = 0 and 68 = &. To avoid this
problem, we express the orientation and the kinematic relations in terms of the Euler
parameters instead. The Euler parameters (Goldstein [11]) are linked by a constraint

eg+el+ei+el=1. (19)

In the inertia frame the rotation matrix written in terms of the Euler parameters reads

e(z) + e% — e% — e% 2[erex +epe3]  2leres —eper)
[VI=| 2leies —epes) e% — e% + e% — e% 2[ezes +epey] (20)

2[e1e3 +epea]  2[ere; —epeq] e(z) — e% — e% —|—e§

Subjecting spherical particles to high shear velocity the transverse lift force has
to be accounted for [5, 23, 24, 28]

Fsp, = 6.46ppa*\/v [[u—v] x w] Q1)

1
Vvl
Equation (21) is the well known Saffman lift force, and was further extended by
Harper and Chang [12], Hogg [13] and Fan and Ahmadi [6] for non-spherical parti-
cles.

In a general shear flow, there exist six shear flows in the non-diagonal com-
ponents of the velocity gradient tensor G with coefficients du;/dj (i,] € {x,y,z},
i # j):

Ju, Ju, Jdu,
dx dy Jz
duy duy Jduy
dx dy Jz
du, du, du,
dx dy 09z
In the case of linear shear flow, only one non-diagonal component of the velocity
gradient tensor has a non-zero value. Harper and Chang [12] derived a lift force for
arbitrary three-dimensional rigid bodies moving in a linear shear flow du, /dz at low

G] = (22)
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Reynolds numbers as:

1 duy/dz

= DLy, -D-[uf— 23

where ul = [y, 0, 0] is the reference flow for the lift, and the Stokes drag Fp. Stokes =
D - [ul —v]. The lift tensor, calculated by asymptotic methods, in a linear shear flow
du,/dz is found to be [12]

0.0501 0 0.0329
[Lxz]) = 0 00373 0 (24)
0.0182 0 0.0173

In the case of spherical particles D = 67pval, equation (23) can be written as:

du,/0dz

B TRAI P L
|Quy /92|

Fg = 367°ppa’\/v [u" —v] (25)

In the case of ellipsoidal particles D = wap VK, one can then write the shear lift
force found by Harper and Chang [12] for an ellipsoidal particle in the linear shear
flow du,/dz as

du,/dz

T KLy, K-[uf—v (26)
|Quy/dz|'/? | ]

Fs, = npra®/v

Fan and Ahmadi [6] proposed an expression for the lift force acting on an ellip-
soid in a different linear shear flow du,/dy, which can be expressed as:

duy/dy

M KLy K-[uf—v 27)
dugjay? e KA

F. = npga®\/v

where the lift tensor Lyy, is a permuted version of Ly,, is given by

0.0501 0.0329 0
[Ly] = | 0.01820.0173 0 (28)
0 0 0.0373

However, the above models of shear lift force of non-spherical particles are only
applicable to linear shear flows. In the following, we propose a new lift force model
for arbitrary shear flow. This model was originally developed by Ravnik et al. [22]
and is further extended on by the present study. A similar model has been presented
by Feng and Kleinstreuer [8]. In case of arbitrary shear flow, six equations like (26)
and (27) are needed to describe a general shear flow and six permutations of lift
tensors exist as well,
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[ABO] [A 0 B]
Lyl=|DEO Ly ]=10CO (29)
10 0C| | DO E |
[ED O] [C00]
[Lyx] =|BAO [Lyz] =|0AB (30)
10 0C| |ODE |
[EO0D] [C00]
[Lal={0C0 [Lyl=|0ED @1)
| BO A | |0 B A |
where
A =0.0501,B=0.0329,C =0.0373, D = 0.0182, E = 0.0173. (32)
In the following we propose a generalized lift vector 1, defined as
du/dy du,/dz I
l|=| ——F5K Ly K+ —————- K- Ly, K| - —vy
Al [FPUF e e S PR E A S B
L < -
[ Juy/dx duy/dz ] G
= K- Ly K+ ———-K-Ly, K| - | uy—v,
T il B
du,/dx du,/dy T G
w7 K Ly K+ ———7 K L - K| - —v (33)
9ucfoxl 7 R oyt R, T
The lift force on a particle in a general shear flow can then be expressed by
Fs, = n’pra*y/vl (34)

The underlying idea is quite simple, i.e. sum of six shear lift forces. For the
limiting case of a spherical particle with 4 — 1 one can obtain K- Ljj - K = 36 L.
It should be noted that the j-component lift force induced by the velocity difference
in the i-direction as evaluated from equations (33) and (34) agrees with the result
of Saffman (Eq. 21), i.e. 3622D = 6.46, which corresponds to the finding of Harper
and Chang [12] and Fan and Ahmadi [6]. In order to prevent numerical errors under
the condition that du;/d j = 0, it is suggested adding a small value, i.e. 1.0e-13, to
the root of the equation (33).

The lift tensor Lj; is applicable for any arbitrarily shaped 3D body [12] and is
used to determine the shear lift force for an ellipsoidal particle by applying K- L;- K.
The orientation of the ellipsoid is taken into account by equation (18). Therefore,
the generalized shear lift force is applicable for particles with ellipsoidal and fibre
shapes at low Reynolds numbers.
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Dynamics of rotational motion

The rotational motion of a nonspherical particle moving in a flow field is governed
by

dwy

Ly dlx — Oy 0y [[y’ —L) =Ty (35)
dwy

Iy/ ((Z) — Oy Oy [Iz’ — Ix’] = Ty’ (36)
dwy

k dtZ —oyoylly—Iy] =T, (37

where @y, @y, @, are the particle angular velocities with respect to the principal
axes, Iy, Iy, I, are the particle moments of inertia about the principal axes I, y,
7], i.e. the principal components of the particle’s inertia tensor, and T}, Ty, T, are
the hydrodynamic torques acting on the particle with respect to the principal axes.
The rotational motion of the particle in equations (35) - (37) is stated in the particle
reference frame.

The moments of inertia for an ellipsoid are

1+ 21242 Ax
Lo=1y= Qm,, — E’WLZ +1]d°p, (38)
2a° 8w, 5
IZI = ?mp = Ela pp (39)

The flow near a small particle may be approximated as a linear shear flow. The
hydrodynamic torque acting on an ellipsoidal particle suspended in a linear shear
flow was derived by Jeffery [16]. In the particle reference frame, we have

167psva’ A 20 o 21/
T, =21 = 71— 1+ — 0y 40
_ J6mpvah ra 2’
¥ = 30 1 7] [~ U+ (1427 - @) 41
32mprvaid
T, = 2B 2 42

where f, g’ are elements of the deformation rate tensor D := G®™ and &', n’ and
x' are elements of the spin tensor W := G**" with w the axial vector of W, defined

as
’ 1 8uz/ 8My/ o 1 8ux/ 8uZ/
! 2{3y’ 8z’]’ 8 2[31’ 8x’] (“43)
. 1 auz/ 8uy/ ’ 1 aux/ auz/ ;. 1 auxl 8uy/
5_2{@/‘&/}’ W[az‘ay}’ x_2[3y/_8x’} “@4)
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In order to evaluate these terms, the velocity gradient tensor G must be rotated into
the particle frame of reference using the rotation matrix as

[G]' = [V][G][V'] 45)

The nondimensional coefficients o, By and Y were defined by Gallily and Cohen

[10] as
A2 A A—VAZT-1
O‘O_B"_ﬂ—ﬁz[ﬂ—l]w n<x+m> @0
7 S A—VA2—1
A= A2 132 " avao “n

Inserting moments of inertia (38) - (39) and torques (40) - (42) into the equations
of motion (35) - (37) and nondimensionalizing we obtain the governing equations
for the rotational motion of ellipsoidal particles:

dwy Ar—1 200y ppL[1-A%, .,
o i 17 T 0] @
doy 1—A2 20v pr LA =1,

= / / _—— — / 4
ar T T Pt Aty Pp o {1+/12g *n wy]] @
d(x)zr . 20v pf£

X' — ] (50)

<

dt @[+ Bo] pp uo

Kinematics

The translational displacement of the particle is linked to its velocity,

dr

=V (51)

In the rotational part of the kinematics, the time evolution of the Euler parameters is
related to the angular velocity of the particle in the particle frame of reference, @y,
and is given by

% = %[—el Wy — 20y — e30/] (52)
%gg[%wfgw+qw] (53)
% - %[ e300y +eoy — 1 0y] G4
% = %[—ezwxr +e10y +eow] 55
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Numerical solution of the momentum equations (9), (34), (48) - (50) and kine-
matics equations (51)-(55) is needed in order to obtain the time evolution of the
particle trajectories, and the backward Euler method is applied for numerical inte-
gration of equations.

3 Validation - particle transport in Couette and lid-driven cavity
flows

The developed Lagrangian particle tracking model is validated for two well-known
fluid benchmark test cases in order to understand the reliability and accuracy of the
above models for ellipsoidal particles. The first numerical validation is performed
for the case of Couette flow by comparing the present model results with results for
spheres as well as Harper and Chang’s lift model [12] results. Moreover, in order
to validate the developed models for the case of a complex fluid flow, the results
are compared to the experimental results by Tsorng et al. [29], who studied particle
motion in a lid-driven cavity flow.

3.1 Simulation setup

All fluid flows in this numerical simulations are assumed to be stationary, and the
particle influence on the fluid flow is neglected, leading to a one-way coupling of
the fluid and particles. Due to low Reynolds number values the flow is considered
laminar. The models considered for the kinematics and dynamics of the motion of
ellipsoidal particles as summarized in section 2.3.2 are also used for the case of a
spherical particle by setting the aspect ratio to one. Additional numerical models
for spherical particles used for the numerical validation are introduced later in this
section.

As the fluid-particle coupling is considered as a one-way coupling, prior to the
Lagrangian particle tracking, numerical computation of the stationary flow fields
(see Figure 1), i.e. Couette and lid-driven cavity flow, is conducted using the open-
source code OpenFOAM® [30]. The cubic domain for both flow conditions is iden-
tical with the same edge length: L = 0.1 m. For the lid-driven cavity case, the flow
conditions are the same as used in the experimental study of Tsorng et al. [29]. The
upper wall is moving with a constant velocity of Uy = 0.0813m/s in order to in-
duce the shear flow in the cavity, with the resulting value of the Reynolds number
Re = nUy/L = 470. For lid-driven cavity flow at all other faces the non-slip bound-
ary conditions are applied; for the Couette flow case, the zero gradient boundary
conditions are assigned at the inlet and outlet boundaries whereas at the front and
the back faces the symmetry boundary conditions are prescribed. For convenience,
all boundary conditions are summarized in Table 1. The domain discretization con-
sists of 40 x 40 x 40 cells as shown in Figure 2, and several prism layers are adapted
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in the near wall regions. The fluid flow regime in both cases is laminar, so no turbu-
lence model is included in the computation. The specific fluid flow solver within the
OpenFOAM® distribution used is the icoFoam, which solves the incompressible
laminar Navier-Stokes equations using the PISO (pressure implicit with splitting of
the operator) algorithm (Ferziger and Peric [9]). The particle Stokes number con-
sidered in the present study is 0.023, and the kinematic viscosity of the fluid is
17.3mm? /s.

Boundaries Left & Right | Top & Bottom | Front & Back
Couette Flow Zero Gradient Non-slip Full-slip
Lid-driven Cavity Flow Non-slip Non-slip Non-slip

Table 1 Boundary conditions for Couette and lid-driven cavity flows.

(0.467L, 0.4L, 0.983L)

— —

U
0.0813-g-0.08
5
A E
b= —0.06
0 E
I'q -
o Eo.m
-
3 E
s Eo.oz
ol
F"4
Yo X

Fig. 1 Lagrangian particle tracking in Couette flow (left) and lid-driven cavity flow (right). Only
one particle (black sphere) is placed in a predefined position: x = 0.1L, y = 0.5L, z = 0.5L for
Couette flow; x = 0.467L, y = 0.4L, z = 0.983L for lid-driven cavity flow. For all cases: Re = 470,
Dyotume = 3mm, [pr — ppl/ps = 0.05% or —0.07%, St = 0.023.

The spherical macro-particles used in Tsorng et al. [29] were plastic beads of
diameter D, = 3mm and density p, = 1210kg/ m?3. For ellipsoidal particles, the
volume equivalent diameter D, is considered. The relative density difference
between the fluid and the particle, i.e. [py — p,]/py, is very small, i.e. about 0.05%
or —0.07%, indicating slightly positive or negative buoyancy conditions. The rela-
tive density difference cannot be set too large, otherwise, a particle does not pre-
dominantly follow the flow and can easily hit the wall, thus creating an additional
problem in specifying correct experimental data. In the numerical simulation, only
a single particle is placed in the fluid domain with applied rotation of the major axis
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i

Fig. 2 Computational grid for the fluid domain; resolution: 40 x 40 x 40 grid cells.

b in the direction perpendicular to the stream-wise direction (i.e. x-direction). As
illustrated in Figure 1, the initial position of the particle in lid-driven cavity flow is
at [0.467L,0.4L,0.983L], and at [0.1L,0.5L,0.5L] in the case of Couette flow.

The verification of drag and lift forces in linear shear flow and torques acting on
non-spherical particles by the developed models was already demonstrated by Bren-
ner [2], Fan and Ahmadi [6], Harper and Chang [12], Hogg [13] and Jeffery [16]. In
order to demonstrate the accuracy of the new model for the shear lift force (Eq. 34),
several models for spheres were chosen to compare with (Sommerfeld and Schmal-
fuss [27]). These models are widely used for Lagrangian particle tracking at higher
particle Reynolds numbers including the drag force, the transverse lift force due to
shear flow and particle rotation, as well as in particle rotation models, with more
details in Sommerfeld and Schmalfuss [27]. Finally, all developed particle models
are implemented into the Lagrangian solver icoUncoupledKinematicParcelFoam, a
transient solver for the passive transport of a single kinematic particle cloud, in-
cluded in the OpenFOAM®, which is finally used for Lagrangian particle tracking
computations.

3.2 Couette flow

The numerical accuracy of the proposed model for ellipsoidal particles is studied in
this section by comparing them with other numerical models for spherical particles
[27] as well as ellipsoidal particles [12]. In Couette flow a particle moves due to
the drag force in the stream-wise direction, and is lifted by the linear shear du,/dz.
In the following results, we use Sommerfeld et al. to denote numerical models for
spherical particles [27]. The effect of gravity was neglected in the simulation, while
drag and shear lift force were calculated either jointly or separately.

The time evolution of a sphere, with its initial relative velocity between the fluid
and the particle equal to zero, i.e. ug — vo = 0m/s, under the action of different drag
forces, is indicated by black and red lines and is plotted in Figure 3. It should be
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noted that the initial relative velocity in the stream-wise direction is not exactly zero
due to numerical errors. Therefore a small drag force, about 2.66 1N, is observed
at the beginning and is reduced afterwards as the particle approaches the veloc-
ity of the flow. After 0.2 seconds a quasi-steady state is reached since the particle
is accelerated and decelerated by the flow due to the small density difference, i.e.
[or —ppl/pr = —0.07%. The overlapping of the results shows that our drag model
demonstrates good agreement with the results of Sommerfeld et al. for the case of
spherical particles. When the initial relative velocity is increased to match the ve-
locity of the fluid (i.e. vo = 0m/s), the difference in the results between the present
work and Sommerfeld et al. (i.e. blue and magenta lines in Figure 3) becomes evi-
dent. The reason for the difference in the results is due to the fact that in the case of
larger relative velocities the Stokes flow conditions in the vicinity of the particle (i.e.
creeping flow, relative velocity close to zero) are no longer satisfied. Sommerfeld et
al. [27] accounted for this effect by implementing an additional term solving the
drag problem at high relative velocities and high Stokes numbers, where particles
do not predominantly follow the fluid streamlines. Therefore, the simulations con-
sidering the influence of the drag force on ellipsoidal particles are performed only
with small relative velocity.

10° (|
10° Present Work, u-v =0
10ty T T T — —Sommerfeld etal., ugv,=0
10° '“‘ — - = Present Work, v,=0
— 102 \_ - = =-Sommerfeld et al., v,=0
pd
£ 10 L)
o )
L10° .
10™ ‘
107
10°®
10* .
1E-4 0.001 0.01 0.1 1

Time [s]

Fig. 3 Time evolution of the drag force on a spherical particle in Couette flow in comparison
to alternative drag force models and initial relative velocities (Time = 1s, A = 1, D, = 3mm,
Re =470, L=0.1m, [ps—pp]/ps = —0.07%).

The Couette flow considered here (i.e. linear shear flow, Figure 1) with shear rate
du,/dz shares the same characteristics of the shear lift force of Harper and Chang
(Eq. 26), so the new shear lift force (Eq. 34) can be compared to the results of Harper
and Chang for different aspect ratios, as shown in Figure 4. These simulations are
only performed for test purposes by switching on the shear lift force and turning off
the drag force, in order to eliminate the influence of the drag on the translational
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movement of the particle. Moreover, the initial velocity of the particle is set to zero
for the purpose of increasing the shear lift force in the vertical direction. The el-
lipsoid is initially placed with its major axis b perpendicular to the flow direction.
The new model results are in good agreement with the results of Harper and Chang
for all aspect ratios. This is obvious since the new model is identical to Harper and
Chang’s model in a linear shear flow (Eq. 26 and 34). Furthermore, the particle trav-
els a shorter distance in the vertical direction (z-direction) at larger aspect ratios,
since the cross-sectional area of the minor axis a is reduced at the same volume
equivalent diameter D,,,,me, Which leads to a decrease of the shear lift force in the
vertical direction.

0.058
0.056
E0.054
N O Present Work, F_,A=2
0.052 O Haper & Chang, F_ ,A =2
Vv PresentWork, F_,A=5
0.050 - A Haper & Chang, F,A =5
I |

I I
001 002 003 004 005
x[m]

Fig. 4 Translational motion of an ellipsoidal particle in Couette flow for different aspect ratios; a
comparison of various shear lift forces; the initial velocity of the particle is set to zero (vo = 0m/s,
Time=1s,A=1,D,=3mm,Re =470, L=0.1m, [py —p,|/ps = —0.07%).

After the validation of the new lift force, a parameter study is performed. In this
study, both the drag and the generalized shear lift forces are incorporated in the sim-
ulation. The initial velocity of the particle relative to the fluid is set to zero. Figure
Sa plots the time evolution of the drag force in the stream-line and vertical direc-
tions (i.e. x and z-directions) for different aspect ratio values. The component of the
drag force in the stream-line direction is largest at the beginning of the simulation,
about 2.9nN to 4.7 nN, and increases with increasing the aspect ratio A from 2 to 10.
Although the initial condition of zero relative velocity between the particle and the
fluid (Eq. 33) was chosen, due to numerical errors in computing the x-component
of the relative velocity, a non-zero drag force is computed. As a consequence of
the decrease in relative velocity and the rotation of the particle, the drag force de-
creases significantly after only 0.1 s. The ellipsoidal particle tends to align its major
axis b with the direction in which it is subject to a minimum torque, i.e. the mean
flow direction in the linear shear flow, resulting in a decrease of the exposed cross-
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sectional area and hence reduction of the drag. Figure 5Sb shows a close-up of the
drag force components in the time period from 0.2s to 1.0s. The vertical component
of the drag force assumes negative values, as the particle moves in the upward di-
rection due to the shear lift, resulting in negative relative velocity in the z-direction
and hence negative drag force. When the flow resistance stabilizes i.e. after 0.6s,
the x-component of the drag force fluctuates only slightly due to the creeping flow
condition. The magnitude of the z-component of the drag increases with increasing
aspect ratios since the exposed cross-sectional area of the ellipsoidal particle in the
z direction becomes larger, which is a consequence of the geometry of the particle.
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Fig. 5 Time evolution of x and z-components of the drag force acting on an ellipsoidal particle
in Couette flow for different aspect ratios; simulation with drag and shear lift force for ellipsoidal
particles; the initial velocity of the particle relative to the fluid is set to zero; a) whole time period;
b) time period between 0.2s and 1s (ug — vo = 0m/s, Time = 1s, Dyoiyme = 3mm, Re = 470,
L=0.1m,[ps—ppl/pr = —0.07%).

The corresponding generalized shear lift force in the stream-line and vertical di-
rections are presented in Figure 6. The largest shear lift force of the ellipsoid in the
range of 1.0nN to 2.7nN is observed at the beginning of the simulation. Afterwards,
the shear lift force decreases as the particle is accelerated or decelerated by the drag
and more closely follows the flow. This leads to a decrease in relative velocity be-
tween the particle and the fluid. After 0.2, the x-components of the shear lift force
for different aspect ratios become very small, in the range 0.038nN — 0.04nN at
1.0s, whereas the z-components are relatively large, in the range 0.13nN —0.21 nN
at 1.0s, and increase with increasing aspect ratios. The difference between the x
and z-components of the drag and shear lift forces are mainly a consequence of the
difference in relative velocity between the particle and the fluid. When the particle
becomes more or less stable, i.e. after 0.6, the magnitude of the relative velocity in
the stream-line direction becomes very small as the velocities in the flow direction
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Fig. 6 Time evolution of x and z-components of the shear lift force on an ellipsoidal particle in
Couette flow for different aspect ratios; simulation with drag and shear lift force for ellipsoidal
particles; the initial velocity of the particle relative to the fluid is set to zero; a) whole time period;
b) time period between 0.2s and 1s (ug — vo = 0m/s, Time = 1, Dyopyme = 3mm, Re = 470,
L=0.1m, [pr—ppl/pyr = —0.07%).

are constant, while in the vertical direction it is much larger due to the existence of
the shear rate du,/dz. Therefore, both the drag and the shear lift forces in the flow
direction are smaller than force magnitudes observed in the vertical direction.

3.3 Lid-driven cavity flow

The lid-driven cavity is a well-known benchmark problem for viscous incom-
pressible fluid flows and has been studied extensively using analytical approaches
(Shankar and Deshpande [25]), in laboratory experiments (Koseff and Street [17],
Tsorng et al. [29]) and through numerical investigations (Chiang and Sheu [3]).
However, research on the motion of particles in lid-driven cavity flows is relatively
sparse. Tsorng et al. [29] investigated the behaviour of macroscopic rigid parti-
cles suspended in a fully three-dimensional viscous flow in a closed cubic cavity.
The motion of macro sized spherical particles in the approximate plane y/L ~ 0.4
near the upper downstream corner of the cavity was determined based on data from
video images. The fluid streamlines computed from the numerical simulation are
presented in Figure 7. At Re = 470, the flow pattern is driven by the moving top lid,
generating a large primary eddy which occupies most of the cavity (Figure 7a), and
two secondary eddies form at the lower downstream corner in the transverse plane
(Figure 7b). The longitudinal plane y/L =~ 0.4 (red line in Figure 7b) was chosen
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for the particle tracking because it features at its upper downstream corner an open
pathway linking the primary eddy to the downstream secondary eddy [29].

a)_ ) y/L =04

Fig. 7 Numerically calculated fluid streamlines in a lid-driven cavity flow; a) the central longitu-
dinal plane y/L = 0.4; b) the central transverse plane x/L = 0.5; the red line indicate the plane of
particle tracking y/L = 0.4; U is the magnitude of the fluid velocity (ug — vo = 0m/s, Time = 5,
A=1,D,=3mm,Re=470,L=0.1m, [ps—pp]/pr = 0.05%).

The trajectories of the tracked spherical particle from experimental measure-
ments (square symbols) and numerical calculations (colour lines) are presented in
Figure 8. The forces considered in the simulations are drag, gravity, lift force due to
the shear flow and due to relative rotation. The Brenner’s drag force is applicable to
both spheres and ellipsoids whereas the generalized shear lift force is used for the
calculation of ellipsoidal particles. Hence only the Brenner’s drag is compared to
other models for spheres [27]. As shown in Figure 8, the results of different combi-
nations of forces are nearly the same, which implies that the influence of the drag
force is much larger than the lift force and dominates the translational motion of
spherical particles. When the relative density difference increases, the sphere travels
a shorter distance due to the change from negative to positive buoyancy conditions.
Moreover, a slight difference is found between the present work and Sommerfeld
et al. under the condition of Fp + G. The reason is that the Stokes flow condition is
not satisfied in the upper downstream corner of the cavity since the particle changes
its direction and moves downward. Additionally, the numerical results also show a
good agreement with experimental data of Tsorng et al. [29], with a minor difference
arising from the finite size effect of the macro-sized particles, i.e. 3mm, whereas in
our Lagrangian particle tracking the point particle assumption was adopted.

Figure 9a plots the trajectories of the tracked ellipsoidal particles over a time
period of 55 under the condition of Fp + G. With increasing aspect ratios, the ellip-
soidal particle tends to move away from the right side wall. This can be explained
by Figure 9b, which shows the drag force as a function of time for a period of 5 at
different aspect ratios. The drag forces initially decrease since the particle tends to



On Constitutive Models for the Momentum Transfer 21

10 = - - - = Present Work, F_+G, -0.07%
Present Work, F_+G, 0.05%
0.81 =+ = Sommerfeld et al., F +G, 0.05%
= = Sommerfeld et al., F j+F  +G, 0.05%
T 0.6 qreeeees Sommerfeld et al., F +Fg +F  +G, 0.05%
ﬁ' Tsorng et al., experiment, 0.05%
0.4 ; 1
0.2 & 1
”~
0.0 T T
0.4 0.6 0.8 1.0

xIL []

Fig. 8 Translational motion of a spherical particle in a lid-driven cavity flow obtained from both
numerical and experimental studies (ug — vo = 0m/s, Time =5s, D p =3mm, Re =470, L=0.1m,
o —ppl/ps =0.05% or —0.07%).

align its major axis b with the direction which subjects the particle to the minimum
torque (i.e. mean flow direction before entering the upper downstream corner). Sub-
sequently, the drag force increases significantly as the particle approaches the upper
downstream corner where the ellipsoidal particle rotates and the relative velocity
increases. After that, the particle aligns its major axis with the mean flow direction
again, and hence the drag force is drastically reduced. At higher aspect ratio, i.e.
A = 53, the particle experiences smaller drag force after escaping from the upper
downstream corner (see Figure 9b time period 3.5 s to 5.0s), therefore the direction
of the particle is slightly changed and as a result the particle moves away from the
right side wall.

The existence of the shear lift force has a significant influence on the translational
motion of ellipsoidal particles in cavity flows as illustrated in Figure 10a. The lid is
the moving wall and the fluid nearby has the highest velocity. Therefore, the particle
is lifted by the shear and moves closer to the top wall. Eventually, the particle enters
the upper downstream region where the fluid vorticity is very large. The particle
picks up spin due to higher vorticity of the fluid flow and becomes almost stationary.
It remains in the upper right corner of the cavity for an extended duration of time.
This phenomenon is also captured by the time evolution of the drag and lift forces
as shown in Figure 10b. In the beginning, i.e. 0s to 0.7 s, the drag force rises due to
the increase in fluid velocity, as the particle is moving upwards due to the lift force.
The lift force decreases because the cross-sectional area exposed to the fluid flow
is smaller. After some time in the downstream region, due to the particle rotation,
the particle eventually becomes increasingly unstable which results in higher drag
and lift forces. After having found a new stable position at 3.9, the reorientation
dynamics of the particle are reduced leading to a decrease in drag and shear lift
forces. This is followed by a subsequent increase in drag and shear lift force due
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Fig. 9 The influence of the drag force on the translational motion of an ellipsoidal particle in
a lid-driven cavity flow for different aspect ratios; a) translational motion of the ellipsoid in the
cavity; b) time evolution of the drag force on the ellipsoid; for all cases only the drag force and the
gravity were take into account (ug — vo = 0m/s, Time =55, Dyopyme = 3mm, Re =470, L =0.1m,
[Ps — Pyl/ Py = 0.05%).

to the particle changing the spin direction from clock-wise to counter clock-wise.
Eventually, the ellipsoidal particle moves out of the top right corner and aligns its
major axis b with the mean flow direction, hence reducing the drag force.

4 Conclusions

Numerical simulation of non-spherical particle transport in complex fluid dominated
flows still presents a research challenge, as the established models of fluid-particle
interaction are predominantly valid only for spherical particles. In the case of mo-
mentum transport from fluid flow to non-spherical solid particles, the effect of the
orientation of a particle must not be neglected. An ellipsoidal particle is a good
example of a non-spherical particle, that is frequently encountered in technical or
biological systems.

In the present paper, a Lagrangian particle tracking algorithm for simulating
the motion of particles of ellipsoid shape was developed within the open-source
code OpenFOAM®. The main objective of the present study is the evaluation of
the drag and the lift forces with respect to the orientation of ellipsoidal particles.
Instead of the Euler angles parametrization of the rotation tensor in Euler param-
eters/quaternions is used in order to avoid singularity issues. The rotation tensor
provides the essential connection between the inertial frame and the particle rota-
tional frame of reference. The time evolution of the Euler parameters is related to
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Fig. 10 The influence of the generalized shear lift force on the translational motion of an ellip-
soidal particle in a lid-driven cavity flow; a) translational motion of the ellipsoid in the cavity in
comparison to two different force combinations, i.e. Fp + G and Fp + Fs; + G; b) time evolution of
the drag force and generalized shear lift forces on the ellipsoid under the condition of Fp + Fs; + G;
(wp—vo=0m/s, Time =55, A =2, Dyojyme = 3mm, Re =470, L=0.1m, [pf — p,]/ps = 0.05%).

the orientation angular velocity of ellipsoidal particles, resulting from rotational dy-
namics, whereas for the resistance to rotational motion the linear Jeffery torque [16]
was adopted. In order to account for the effect of the particle shape, in modeling the
drag force and the shear lift force exerted on an ellipsoidal particle the resistance
tensor and the lift tensor, had to be implemented. The resistance tensor was used
in the form developed by Brenner [1], who introduced a resistance tensor based on
the aspect ratio of the ellipsoid and implemented it for computation of the hydrody-
namic drag force acting on an ellipsoidal particle under Stokes flow conditions. The
main achievement of the present paper is the derivation of a general lift vector, based
on permutations of the linear shear lift tensor, that can be used in the computation
of the shear lift force for a general shear flow.

In order to understand the accuracy and reliability of the overall model for La-
grangian tracking of ellipsoidal particles, numerical and experimental validations
were performed for Couette and lid-driven cavity flows. First, the drag force was
validated with numerical models for spheres (Sommerfeld et al. [27]) and the new
shear lift forces was validated with a numerical model for ellipsoids (Harper and
Chang [12]) in Couette flow, showing good agreement of the results under Stokes
flow conditions. Secondly, the influence of drag and shear lift forces with respect
to the particle orientation was studied for various ellipsoid aspect ratio values. With
the main axis perpendicular to the incoming flow direction, the ellipsoidal particle
starts to rotate due to the shear and tends to align its major axis with the mean flow
direction, resulting in a decrease of the drag and shear lift forces in the mean flow di-
rection and an increase of both forces in the vertical direction. As a second test case,
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results of numerical models were compared with experimental investigations of par-
ticle transport in a lid-driven cavity flow (Tsorng et al. [29]). In general, the present
model for ellipsoidal particles shows good agreement with the numerical and ex-
perimental results. In the case of an ellipsoidal particle, the shear lift force plays an
important role in the translational motion of the particle. The ellipsoid moves closer
to the lid and enters the upper downstream corner of the cavity, where its residence
time is larger than in the case of the spherical particle.

The presented contribution to the further development of the classical Lagrangian
particle tracking model was focused on the generalization of the shear lift force
model for ellipsoids to a general shear flow. The model gives accurate results under
the conditions of Stokes flow around the particle and can, therefore, be used in the
numerical computation of fluid dominated particle transport problems. In order to
extend the applicability of the derived model, the future work will focus on the
dynamics of particle rotation by developing models taking into account the finite-
size effect of the particles.
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