E3S Web of Conferences 549, 05003 (2024) https://doi.org/10.1051/e3sconf/202454905003
TransSiberia 2024

Movement of particles in shear flows
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Abstract. Some studies on the dynamics of particles in a
are presented. The influence of the effect of added ma;
moves in the Poiseuille and Couette flow field is sho
particle is studied based on the description of the L
assumed that the presence of a particle does not ha
the flow. An analytical expression is obtaine
of the particle. The behavior of the particl
transverse force in the Poiseuille flow
numerical method.

1 Introduction

Problems of particle motion o i ral phenomena and in production. Examples
include pneumatic transpozfo ials, oil and gas industry, water erosion, etc.
Detection of patterns ip i ne of the main tasks of the mechanics of

c the motion of two-phase media, two approaches of Euler
and Lagrange ixture approaches consider interpenetrating continua. For
each phase,

interactio

e carrier flow. Then the carrier flow is described by the Navier-Stokes equation.
The behavior of the particle is described using the Lagrange approach. Calculation of the
jectory of an individual particle in a fluid flow is carried out as a result of various forces
adting on the particle (gravitational, drag, lifting, attached, etc.). Using different initial
positions of particles and following their trajectories, it is possible to simulate the flow of a
solid particle in a liquid [1-5].

Analysis of the patterns of motion of individual particles in a known velocity field of a
carrier medium is of independent interest, since in many cases the approximation of a single
particle is sufficient to describe the evolution of the state of the mixture [6-23].
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2 Modeling the behavior of particles in a flow

Let us consider a two-phase flow (liquid and particles), in which the fraction of particles and
its size are relatively small. Under this assumption, the influence of the particle on the flow
is neglected. In this case, by studying the movements of a single particle in a fluid flow, one
can identify the main patterns of an ensemble of particles [5].

Modeling the flow while ignoring the influence of particles on the parameters q
carrier flow corresponds to the Lagrange approach. The Maxey—Riley equation videly
used to describe the particle flow [3]. The equation of particle motion descgicd in the
Lagrangian frame of reference is expressed by the following equations [3,5,81:

1
dau, r
P = F
P - >
dt
. . . u,. .
In equation (1) mp is the particle mass; ? iz particle speed; total force acting on
the particle:
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where # is the particle mass and & is the free fall acceleration vector.
In a gradient (uneven) flow, the Safman force takes place
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where CS is Safman’s constant; dp is particle diameter.

The Saffman force [9] is due to the uneven profile of the surrounding fluid, whi
leads to an uneven pressure distribution around the particle.

The force associated with the pressure gradient is defined as follows:

derivative for the fluid. If Vi = 0, then we have the well-
at rest.
The so-called added mass force [3] has the fo

T T
r m
S
iy “
The Basse force is negligible for pa ensity significantly higher than the
density of the liquid [1].
The Mlagnus force, whidh It of the rotation of a particle with angular
velocity @5 due to a prl ol dmlisssted perpendicular to the flow,
Lr
Cwmp |:V ,a)], 7

ille’s law. We neglect the influence of the particle on the flow.

1 Motion of a particle in an upward flow

Let us introduce the notation: let x(t), y(t) represent the coordinates of the particle trajectory
at time t, u(t), v(t) be the components of particle velocity at time t, the fluid velocity obeying
Poiseuille’s law. Then the system of equations of particle motion in dimensionless variables
takes the form;

dx dy du dv
Eou, Loy, Z=Du,—u)-DW, E=-Dv. 8
% u v y (u, —u) ” v ®
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Choice of coordinate system: the x axis is directed against gravity and is located in the middle
of the channel, the y axis is particular to it. The relationship between the coefficients in
equation (1) and the flow parameters is as follows:

9 2r%(p, - p1)g
__4 L A= =, W= 2 e S
p+0,5 2¢°R uU
In these relationships, r is-particle size, R is Reynolds number (6‘ =r/L, R=U;

U is characteristic speed, L is characteristic size, v is kinematic viscosity, of

12 3, + Vo Lz_ texp(=Dr) exp(=Dr)
D) D D

v 6v;
u,—1.5+6y, B"} exp(—Dr) + D—g exp(—2Dt).
The resulting analytical ain some details of the influence of the added
mass effect.
In particular

—exp| 2p+1 n—-r )
2p p((p : p+0-5j‘

ngt velocities, respectively, taking into account without it.
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Fig.1. Influence of the added mass effect in the updraft

The maximum difference for longitudinal and trafi§verse speed gccurs at
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From this relationship it follows that, at § he effect of the added mass is significant,

and at p >>1, i.e. when the carrier flow edium, the effect of the added mass

can be neglected.

ression for the ratio of the force of the added
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It follows from this that, when taking into account the effect of the added mass, the range of
changes in the initial transverse velocity narrows, and the degree of compression is more

noticeable, the smaller .
Figure 1 shows changes in the difference in longitudinal velocities related to

uy—1.5+6ys +W: Ur=|R,/(uy—1.5+6y; +W)

correspond to the values p=0.5, p =1, and, p = 2, respectively,at A =1. This
that an increase in particle density reduces the influence of the effect of added ma

, curves numbered 1, 2, 3

3.2 Particle in Couette flow

One of the simplest cooling flows is the Couette flow. It is known th:
in gradient defects. Let us consider the motion of a single particle, in ows taking
into account the Saffman forces. Such a system in dimensionles

u-u(m)

Fig.2. Influen€y of the'"@illed mass eftdéCt in the Couette flow

du dv
—=D(y—u), —=-Dv+a(y—u). 10
r (y—u) r (y—u) (10)

1,615
similar to that in equation (1), and 4 = a*\/z (a* =22 )
p+0.5 T

to systems of equations (3) under initial conditions similar to (1) for the case
has the form::

v=Crexp((—D+a)) +Cy exp((-D—a)),

__ G _ 6 _D—
y=—pmep(-D+Jay) - —E=exp(-D-Jay) +Cs,

u=y —%[cl exp(~D + Ja)) - C, exp(~D —Ja))

Based on the initial condition, the coefficients C|,C, and C; are determined as follows:
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G = O-S[Vo _\/Z(“o _J’o)] G = O-S[Vo +\/g(u0 _yo)J ,
G + G
D-vJa D++a’

In the case D? > a under the asymptotic condition y(¢) , the solution at £ —> 00 becomes

Cy=y, +

finite and calculating the difference of the asymptotic solution gives:

0.54"
Ryw :|:v0\/2—a*(u0 _yo):| (AI.S —a*(p+0.5))(A1'5 _

the asymptotic level is significantly different when takifig i unt the added mass;

especially for small values of the difference A" -

provided a,p < A" < a,(p+0.5) value Y moo

For this problem, the question of the condition

d y,, will be infinite.

be in layers is defined as

follows:
excluding added mass
asxU A ax (VO - 1)
—Yo— <V - = >
J4 J4
ax(vy —1)

0 establish the expression (at W =0)
Ful 1 Jo-w’+e-2)7

Bl 2p+1 o —w)? v
ere 1=a, /A .

When 4 >>1 the influence of the added mass effect is commensurate with the Stokes forces.
Calculation of the ratio of the Safman force to the Stokes force gives:
max @ =A.
N
Hence it can be argued that at large values of the Reynolds number the Safman force prevails
over the Stokes force
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3.3 Particle in Poiseuille flow taking into account the Saffman force

Let us consider the flow of a particle in an upward flow taking into account the Saffman
force. Fluid flow obeys Poiseuille's law. Then the system of dimensionless equations has the

form.
QZM d—y—v du _ D(u; —u)—DW, dv
7 I = —pDv+a12y|@ —w).

dt
an

Equations (11), under initial conditions similar to previous problems, are ed numer
In equation (11) ¢ =1+0.15Re”® | Re is the particle Reynolds nyfftber

0.457

0.4

Fig.3. The influenc dded mass on the trajectory of a particle
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Fig.4. The influence of coefficient A on the particle trajectory (ug =1, vy =0, £=0,01)- Solid lines

A=10, dotted lines — A=0.1; dashed — A=0.001
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Figure 3 shows the particle trajectories at various positions; the dotted lines correspond
without taking into account (4 =0.01; p=0.5, W =0) the effect of added mass. Taking

into account the added mass stimulates the Segre-Silberberg effect.
The influence of the coefficient 4 on the particle trajectory is presented in Fig. 4

( p=,W=0,¢ =0.01). An increase in the Reynolds number will stimulate the Segre-

Silberberg effect. The oscillatory nature of the behavior of the particle trajectory at the i
stage of the process is typical for small values of the parameter A, because A chaj
the inertia of the particle, which occurs at large values of the Reynolds number.
It is easy to establish that the ratio of the forces due to the added mass to theydre
force is(w =0)

Fol 1 N -0+ - 212y )
IF,| 2p+1

(uy —u)2 +v

This shows that, for 4 >>1, but finite, the force ratio is d:

4 Conclusion
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