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Abstract

Sets of partial differential equations describing the motion of a dusty fluid in
porous media are developed in both cases of one-way and two—way interaction.
The governing equations are derived using intrinsic volume averaging and are
based on Saffman's dusty gas model. The effect of the porous microstructure on
the flowing mixture is analyzed via the concept of representative unit cell
(RUC) and distinction is made between flow in consolidated and granular
porous media.

The equations governing the flow of a dusty fluid through different types of
porous media, and the boundary conditions associated with each equation are
investigated. Numerical simulation is carried out for the flow of a dusty fluid
through naturally occurring porous media in a configuration of interest. Results
indicate that the value of the Forchheimer drag coefficient C,; should be less
than 0.75.
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Chapter one

Introduction

1.1 Importance of Gas — particle flow through porous media

Gas—particle flow, dusty fluid flow and the flow of suspension through porous
media have received considerable attention due to the importance of these types
of flow in studies associated with the design of industrial filters, liquid — dust
separators and water purification plants.

Applications of the above types of flow in the environment are exhibited in
solid — waste and pollutant dispersal and storage in the ground layers.

Fluid flow through porous media has become a topic of increasing importance
due to its direct applicability in many physical situations including the
prediction of oil reservoir behavior, groundwater flow, irrigation problems and
the biophysical sciences where the human lungs, for example, are modeled as
porous layers.

The above and many other applications emphasize two fundamental aspects of
the study of gas particulate flow in porous media:

1) Models describing gas—particulate flow through porous media must
accurately take into account the effect of the porous media quantities on the
flow constitute on each other. This necessitates developing models that take
into account the porous microstructure and its effects on the flowing phases.

11) Solution of boundary and initial value flow problems that should accurately
predict the flow patterns and the nature of the flow fields of the constituents

involved.



1.2 Problem formulation and derivation of field equations

In this section a general derivation of the dusty fluid flow equations is
presented, this developed general model which accounts for inertial effects and
two - way interaction between the phases present is cast in different forms that
take into account different porous media structures.

The model’s equations that developed are based on the following physical
assumptions on the porous medium and on the dusty fluid.

1. It is assumed that the dusty fluid flows through a porous matrix consisting

of a sparse distribution of particles fixed in space.

2. It is assumed that porosity change of the medium due to the retention of
dust particles on possible retention site are negligible and that clogging of

the pores does not occur and thus straining action is neglected.

3. The permeability to the fluid is assumed to be constant and the reduction in

permeability is therefor insignificant.

aY

. The distribution of the solid grains comprising the solid matrix is uniform.

Lh

. The suspended dust particles in the viscous fluid are uniform in shape and
size with particle diameter large enough so that diffusion by Brownian
motion can be neglected and small enough so that clogging of the pores can

also be neglected.

6. Flow redistribution in the porous medium is assumed to be unaltered by the

presence of captured particles.

~J

. It is assumed that the main mechanism of particles capture is the direct
interception on the surface of the grains of the porous matrix . The effect of

settling is ignored in this study by neglecting gravitational forces.



8. It is assumed that the dust behaves as a continuum and that the porous
structure and dimensions allow for this behavior and allow for the
possibility of volume averaging over a certain control volume.

9. The dust particles are assumed to be non - interacting chemically or
otherwise, and the dust concentration by volume is very small.

To this end we consider the fluid flow through a porous medium having a

constant porosity and a constant permeability to the fluid. The fluid saturating

the chosen medium is assumed to consist of two phases, the fluid - phase and
the dust-phase. When the fluid - phase and the porous medium compressibility

effects are neglected, the averaged Navier - Stokes equations averaged over a

control volume of the porous medium, take the following macroscopic form in

the absence of momentum transfer between the phases involved [5]
- az_;.J o — 2 — — 2 = -
¥ By F"’(”j-v)";‘ =—y; VB, +r;m,Vu, +f, . (1.1)

The macroscopic equation of continuity in the absence of sources and sinks is

given by

07,5, - .
—ZaftiJrv.yj,ajaj =0. (1.2)

Where 7,is the volume fraction of the ;" phase in the system, ;,- is the

intrinsic volume — averaged density of phase j, p ; s the intrinsic volume —

averaged pressure of phase j, 1, is the volume — averaged velocity vector of

phase j, 4, is the viscosity of phase j and Z is the sum of external forces

exerted on phase J.

The volume fraction ¥ , satisfies the relation

y
with y is defined as

y,=V,IV. (1.4)



Where V denotes the control volume and V , is the volume occupied by phase
J.

Since it is assumed that the dust-phase has a very small concentration by
volume, it is reasonable to take the volume fraction of each of the phases to be
constant so that the intrinsic volume - averaged quantities in equation (1.1) are

related to the volume — averaged quantities by

—_—

S (1.5)

Where I'; refers to a volume — averaged quantity and T, refers to an intrinsic

volume-averaged quantity.
In light of (1.5) equation (1.1) and (1.2) take the following forms respectively,

N AP = o

P,-[ 6; +(uj.V)u_,.:[=—ij +u, Vi, + F, (1.6)
65 "~ ~

6; +V.p,i, =0 . (L.7)
Where

Fj '—_fj/}’j i (1.8)

Dropping “” from equations (1.6) and (1.7)and expressing them for the first
and second phases we obtain
i) For the fluid — phase

The continuity equation is

op = —
a—t’+ V.pth, =0 . (1.9)

The momentum equation is

0 (179) |- T
p13+ u, .V u |=-Vp+u,Viu +F1 . (1.10)

11) For the dust - phase

The continuity equation is

B & .
%M?.pzuz:o . (1.11)



The momentum equation is

pzl:%-p(ﬁ2_6)52J=—€p2+p2V21}'2+F2 » (1.12)
14

Where i, is the fluid - phase velocity vector, #, is the dust - phase velocity
vector, p, is the fluid - phase partial pressure, p,is the dust - phase partial
pressure, g, is the fluid - phase viscosity, u, is the dust - phase viscosity,

Fy is the sum of external forces exerted on a unit volume of the fluid - phase
and F, represents the sum of external forces exerted on a unit volume of dust —
phase .Neglecting the dust—phase partial pressure and the dust —phase viscosity,
and expressing the dust—phase density p, in terms of the macroscopic particle
number density N, and the mass of a single dust particle m, then equation (1.12)
takes the form

mw[fg‘_u (#,.7) ﬁzJ = B - (1.13)
4

The dust - phase continuity equation (1.11) can then be written in the form

%+ V.Nu,=0 (1.14)

where N is the particle number density.

1.2.1Nature of forces acting on the fluid-phase and dust-phase
i) Forces acting on the fluid-phase:

When the flow considered is that of a dusty fluid, then there are two forces
acting on the fluid-phase, one of these is a frictional force due to the solid
matrix of the medium, and the other is due to the influence of dust on the clean
fluid.

Let 7, be the frictional force per unit volume on the fluid — phase. This friction
force has to balance Darcy’s pressure gradient in the medium. In the absence of

body forces, Darcy’s law is expressed in terms of the seepage type and takes

the form



Uy — i, = _if?}} . (1.15)

Fy=-£1@ -iy) . (1.16)

Let F,, denotes the force due to the influence of dust on the clean fluid. The
assumption of a small concentration of dust by volume leads to the following
expression for the effect of dust on the clean fluid

Fu=C,N(u,—u) . (1.17)
Where C, is the coefficient of resistance in the porous medium which is

considered here to be constant under the assumption of uniform size and

distribution of the dust particles and N is the macroscopic number density.

By substituting the contributions to Fi given by equation (1.16) and (1.17)
into Equ. (1.10), the fluid — phase momentum equation takes the form

p(%‘ft— +(ZV)Z} ==V m Vi + C N (i =) + 2 (@, = ). (118)
The fluid-phase continuity equation (1.9) is then expressed in the form

V.ii, =0 . (1.19)
i1) Forces acting on the dust—phase

The term F» in equation (1.13) represents the sum of external forces exerted on

a unit volume of the dust-phase. Although it might be possible to consider that
Fa is composed of two forces F,, and F,,, where the first force represents the
effect of the fluid—phase on the dust—phase and the other due to the solid matrix
which is smaller than the first and therefore F,, is negligible.

Hence the only contribution to the force 7, is due to the fluid—phase influence
on the dust, thus 7 is given by

F, =F, =C,N(ii, -i,) . (1.20)
Substituting equation (1.20) into (1.13), the dust-phase momentum equation

will always assume the form



mN{a”2 +(i,.V) a‘z}c,N(ﬁl-ﬂz) . (1.21)

0

While the dust—phase continuity equation is given by (1.14) .

The general equations governing the flow of an incompressible dusty fluid in a
homogeneous porous medium are given by equations (1.18) and (1.19) while
the fluid—phase coupled with the dust—phase equations are given in equations

(1.14) and (1.21) respectively.
1.3 Overview of previous work

A set of general averaged transport equations for a multiphase system
consisting of an arbitrary number of phases, interfaces and contact lines is
established. A structure for the system is proposed and hydrodynamic
interaction between the phases, interfaces and contact lines is also structured
[18].

The common features of dispersed two—phase flows from a continuum-—
mechanical approaches are examined [5].

In [21] currently used averaging theorems are extended to allow for averaging
volumes, which vary in space and time.

A model describing the flow of a dusty gas in porous media was developed
[12] and is based on the differential equations approach. It incorporates the
factors affecting the gas—particulate mixture in the type of porous media where
Brinkman’s equation is applicable and thus inertial effects were ignored under
the assumption of creeping motion in a high—porosity medium.

Dusty fluid flow through porous media with applications to deep filtration has
been widely studied [14] via the empirical and semi-empirical approach, and
takes into account the optimal design of filters, liquid-dust separation and
clogging mechanisms of the pores. In the case of flow of suspensions through a
deep porous bed [14] gave a review of the a available literature and outlined the
mechanisms of deposition and the possible capturing processes which include

sedimentation, inertial impacting, direct interception, hydrodynamic effects and
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diffusion by Brownian motion. In cases where the particle size is greater than
one micro-meter the particle diffusion is negligible [18] while the effect of
inertial impacting is negligible if the fluid—phase is liquid [21]. In addition, if
the particles are spherical in shape then the hydrodynamic effects can be
neglected [14]. This leaves the interception capture mechanism to be dominant
and the particles are captured mainly on the surfaces of the media grains.
Settling of particles by sedimentation is also possible due to the high density
associated with the dust particles.

Equations governing flow of a dusty fluid between tow porous flat plates with
suction and injection are developed and closed — form solutions for the velocity
profiles, displacement thickness and skin friction coefficients for both phases
are obtained. Graphical results of the exact solutions are presented and
discussed [3].

The problem of gas—particulate flow through a two — dimensional porous
channel bounded by curved boundaries is considered [13].

Entry conditions to a porous channel compatible with the equations governing
the flow of a dusty fluid in porous media are derived [10].

The equations governing the flow of a dusty fluid through isotropic, granular
porous media are developed [1]. A set of fluid—phase momentum equations,
and the boundary conditions associated with each equation are investigated
[10].

A derivation of time-dependent field equations that are postulated to govern the
flow of a two-phase fluid, with one of the phases being an oil phase, through

porous sediment are presented [22].



