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ABSTRACT

This thesis reports on an experimental investigation of flow through three - dimensional

model porous media adjacent to open flow in a two-dimensional channel. The models

consist of circular cylindrical rods installed vertically on the bottom wall of the channel

in regular square anays. The channel height was kept constant but the ratio ofrod height

to channel height was varied to simulate different filling fractions eg%o and, 56%).

various combinations of rod diameter and rod spacing were chosen to achieve solid

volume fractions (l) in the range 0.01 S ø S 0.50. A viscous fluid having a reÍiactive

index similar to that of the rods was selected as the working fluid. particle image

velocimetry was used to conduct detailed velocity measurements between the rods and in

the open flow between the top edges of the ¡ods and the top wall of the channel. F¡om

these measurements, values of the slip velocity at the interface between the rods and the

open flow were determined.

It is found that in general the mean velocity inside the porous medium and in the open

flow depends on filling fraction (fr), solid volume fraction (þ) and rod spacing (Z). Inside

the porous medium, the mean velocity increases with both L and h but decreases with

increasing þ. In the open flow, the mean velocity increases with å and / but decreases

with increasing z. The slip velocity normalized by the maximum velocity in the open

flow depends on þ, L and å. The slip velocity made dimensionless by the permeability

and the shear rate at the interface, was independent of / but higher for the larger å. The

Brinl<rnan's equation (withplp' = 1) was found to be a reasonable model for 2g%o frlling



íÌaction but not for 56%o fifiing fraction. The resurts also clearly show that the depth of

penetration dec¡eases with increasing / but increases with l.
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NOMENCLATURE

d Cylindrical rod diamter

h Brush height

H Height oftest charurel

k Darcy permeability constant

L Spacing between rods
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u Mean velocity in the st¡eamwise direction

us Slip velocity

Ururr Bulk velocity in the streamwise direction

U,n,* Maximum velocity in the streamwise direction

x Streamwise direction in the Cartesian coordinates axis

y wall normal direction in the cartesian coordinates axis from the surface of
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Y wall normal direction in the cartesian coordinates axis from the bottom

wall of channel

z Spanwise direction in the Cartesian coordinates axis

Greek Symbols

tt Dynamic viscosity of the working fluid

v Kinematic viscosity of the working fluid

þ Solid volume f¡action of the porous medium

x l



ð Penetration of the working fluid

i Shear rate at the interface
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CHAPTER 1 : TNTRODUCTTON

1,1 Background

A porous medium is any sorid which contains holes or pores dispersed within it. Typical

examples include filters, soil, brushes, and ¡eservoir rocks. A porous medium rnay be

bounded by an impermeable medium, another porous medium or an open flow. When

fluid flows through and over a porous medium a jacent to an open flow, the ratter

penetrates the porous medium, and the nature of this penetration will depend on the

specific geometry of the porous medium and the flow field in the open medium and at the

edge of the porous medium. The boundary layer region between the porous medium and

open flow is often refer¡ed to as the interfacial region. obviousry, knowledge of the

velocity and thermal fields in the interfacial region is necessary for accurate prediction of

flow rate, momentum and convective heat t¡ansfer in the porous medium. This finds

applications in petroleum reservoirs, for example, where the oil flow encounters different

layers of sand, rock, shale, or rimestone. similar situations are encountered in other a¡eas

ofinterest such as ground water hydrology and geothermal operations.

The interfacial region can also be considered a boundary layer region where the fluid

flow, heat and mass transfe¡ characteristics of a porous medium and the interface region

adjust to each other. various types of interfaciar regions are possible including the

interface regions between two different porous media; a porous medium and an open

medium; and a porous medium and an impermeable medium, (Vafai and Thiyaganja,

1987)' Fluid flow through and ove¡ a porous medium bounded by an open medium may



be driven by pressure or shear as in the case of plane walls moving relative to one

another. Figure l.l shows typical examples ofpressure and shear driven flows through a

porous medium adjacent to an open medium. As shown in Figure 1.1(a) when the flow is

driven by a pressure gradient, which is the case considered in this study, the velocity

profile is parabolic in the open medium and nearly constant inside the porous medium.

ln the case of a shear driven flow, Figure 1 .1(b), the velocity profile is nearly linear from

inside the porous medium to the open medium.

It should be noted that the classical no-slip condition is not applicable at the interface

between the porous and open media. This is because there is an effective .slip' velocity at

the interface and numerous studies (Brinkm an, 1947; Beave¡s and Joseph, 1967; Taylor,

1971; Jackson and James, 1986; Sangani and Acrivos, l9g2; Kim and Russel, l9g5;

Sahraoui and Kaviany, 199r; Gupte and Advani, 1997; Iames and Davis, 2001; Tachie,

James and currie, 2003, 2004; Shams, James and currie,2003; Davis and James,2003,

2004) have been made in the past to understand how the characteristics of both the

porous medium and open flow affect this slip velocity.

1.2 The Boundary Condition at the lnterface

The flow through porous media is generally analyzed using Darcy's empirical law

(Gupte and Adv ani, t997)

u.uvp=-', (1.1)

where vp is the applied pressure gradient, p is the fluid viscosity, ø is the local verocity

and /r is the specific Darcy permeability. For rong circular cylinders with uniform



diameter, È is given by the following relation (Jackson and James, 19g6; Sangani and

Acrivos, 1982).

k 1¡
l= *f^ø-1.476+2þ-t.77aþ'z+a.o76fl 0.2)

where r and þ arc, respectively, the radius of the cyrinder cross section and the solid

volume fraction' For a slow flow, the open flow is usualry described by stokes equation

given by

pY2u =Yp

On the other hand if the flow is fast, the Navier Stokes equation (Eqn 1.4)

applied

!+r.vu =-vP *rñrudtp

For a slow flow Eqn r.1 must be matched Eqn 1.3 to obtain continuity of fluid velocities

and stresses at the interface. Because Darcy's law is a first order pafial differential

equation and stokes equation is a second order partial differentiar equation, the two

equations can¡lot be matched,

(1.3)

is usually

(r.4)



Open flow -..¡.

(a)

_________+, 
Lto

Open flow 

-.

(b)

Figure 1. 1 : Velocity profile of flow in a channel and adjacent po¡ous medium

(a) pressure driven (b) shear d¡iven.



ln Figure 1' 1, z, is the slip or inte¡facial velocity, zo is the velocity of the outer wall and

,o = - 4.yO is the Darcy velocity in the porous medium.- p'

To circumvent this difficulty, Beavers and Joseph (i967) proposed the following slip

flow boundary condition at the nominal interface

#1"=".=ftr,-,,, (1.s)

where øis a slip coefficient. subsequently, Brinkman (1947) combined Darcy's law and

Stokes' equation to obtain the following second order partial differential equation

F.u =-Yp+ u'v'uk .r- t , ø (1.6)

where p'is an apparent viscosity that may depend on both the fluid and the geometry and

structure of the porous medium. Because the Brinkman equation (Eqn. r.6) is the same

order as stokes' equation, it enswes continuity in velocity and shear stresses at the

interface. The solution of Eqn.1.6, valid in the region y < 0, is given by

Gupte and Advani (1997)

u=uo+(u"-";"-1166] (1.7)

with the following boundary conditions: a -> a, as ), -) -æ aîd u=us at y =0.

If Eqn.1.7 is differentiated once with respect to y and evaluated aty = 0 we obtain

dult,
ø1" "=¡ç¡¡r(u"-'o) 

(18)

and it is seen from Eqn.l.8 and Eqn.1.5 that the slip coefficient øis equivalent to .[pl p, .



1 .3 Motivation

The Brinkman's equation and Beave¡s and Joseph formulation have been used to speciff

the boundary condition at the interface. However, past results we¡e mixed and therefore

the accuracy ofthese formulations has not been established.

while numerous numerical and anallicar works have been made in both pressure and

shear driven flows through different types ofporous media, detailed experimentar studies

in porous media are rimited to shear driven flows. To the best of author,s knowredge,

there have not been detailed velocity measurements in pressure driven flow over and

through a porous medium.

It was therefore believed that emproþg high resolution particre Image velocimetry

(Prv) to make detailed velocity measu¡ements for a pressure driven flow over a wide

range ofsolid volume fraction will provide broader insight to the flow phenomena at both

the interface and inside the porous medium. In paficular, better understanding of how

solid volume ÍÌaction and fraction of filling affect the mean velocity will be provided.



CHAPTER 2: LITERATURE REVIEW

2.1 lntroduction

This chapter summarizes some of the past ¡elevant studies on porous medium from

available literature. The account wilr be classified into experimental and

analyticaVnumerical work. The experimental studies will be reviewed first.

2.2 Experimental lnvestigation

Beavers and Joseph (1967) were among the first to perform experiments in paraller flow

in a channel adjacent to a porous medium. The goal was to understand the nafure of the

tangential flow in the boundary region of the permeable interface. The porous medium

consisted of a porous block inserted into an open rectangular chan¡er. The channer was

connected to an upstream reservoir to two downstream ¡eservoirs, The downstream end

of the block was positioned agaìnst an adjustable divider prate designed to separate the

flow in the gap from that through the porous block. The channer top was made of plate

glass and had pressure orifices at intervals of one inch along the centre rine.

Two permeable materials were used as the porous media. These were General Electric,s

low-density nickel foametar and aloxite manufactured by the carborumdum company.

The specimens we¡e 8 inches long with an effective flow area of 3.5 by 1.5 inches.

The worhng fluid used was demineralised water. A constant head was maintained in the

upsheam reservoir by means of an adjustable ove¡flow weir. Fluid flowed into the

stratified test section through a smooth convergìng entrance and exit into one of the two

down sheam ¡eservoirs. simultaneous measurements ofboth the flow through the porous



block and open charurel were made. Based on the measured flow rates and known values

for the Darcy constant they determined the slip coefficient a for the two natural porous

media. slip coefficient values of 0.78, 1.45 and 4.0 fo¡ foametals and a value of 0.1 for

aloxite we¡e obtained. From the results of their experiments, the authors speculated that

the effects of viscous shear appear to penetrate into the permeable material in the

boundary layer region producing a velocity distribution, which alte¡s the nature of the

tangential motion near the nominal boundary.

Taylor (1971) was one of the pioneers in the experimental study offlow at the interface

of a model porous medium. His model consisted of a rotating disk supported by a torsion

wire at a known distance above a stationary grooved disk that had a solid volume fraction

of about 0.33. He assumed constant stress across the gap and used the angle of twist of

the toßion wire to estimate the shear stress on the moving disk. He used the theoretical

analysis by Richardson (1971) to find the permeability Æ and obtained a slip coefficient

value ofabout 2.

Gupte and Advani (1997) performed experimental investigation of the fluid flow at the

interface of a porous medium and an open channel using Laser Doppler A¡emometer

(LDA)' They employed a Hele-shaw cell, which consisted of a pair of LEXAN plates

with compatible transmission characteristics for an argon ion lase¡ (wavelength 4gg nm).

These plates were separated by a metal gasket material and maintained a uniform depth.

The cell was pafially filled with a rectangular random glass fiber mat of nominal

thickness 3.175 mm to form a fibrous medium of solid volume fractions of 7%o, 74%o and



2l%o. The chan¡rel width was 10.0 mm and had a length of ig0.0 mm. satu¡ated and

steady flow through the cell was established by injecting a viscous fluid at a constant

flow rate through the system. They used a mixture ofglycerol and de-ionised water as the

working fluid and seeded it with 1 pm diameter ratex particles. The mixtures had

viscosities of 0.10, 0.20 and 0.27 kglm.s. steady state velocity profiles were accuratery

measured to study the effects offluid viscosity, flow rate, solid volume Íiaction and depth

ofthe Hele-Shaw cell on screening length inside fibrous material.

It was found that the coupling between the flow through the porous medium and the open

flow is governed by the microstructure of the porous medium and not the fluid viscosity

or the flow rates on either side of the permeable boundary. Also, the boundary layer

momentum transfer was mainly govemed by the solid volume fraction and the

mic¡ostructure of the porous medium. However no specifrc trend in the variation of solid

volume fíaction with the slip parameter of Beave¡s and Joseph was found. It was

discovered that, contrary to the Brinkman's solution, the boundary layer in the porous

medium was of the order of the thickness of the Hele-Shaw cell and not of the order of

the root of the permeability of the porous medium.

shams et a/ (2003) used Prv to investigate the flow field near the edge ofa model porous

medium' The flow field was created in the annulus between two concentric cylinders with

a fraction of the annulus filled with regular array of ¡ods. The cylinders and rods we¡e

constructed of transparent acrylic to provide optical access. The inner cylinder and rods

were made stationary while the outer one rotated at constant speed generating circular

couette flow between the outermost rods and the outer cylinder. The porous medium was



modeled by an annular anay of regularly spaced rods installed vertically onto an acrylic

disk. ci¡cular rods of radius 3.18mm were used to provide solid volume flactions of

0-025,0.052 and 0.10. The working fluid was silicone oil with kinematic viscosity of

about 1010 mm2/s at24oc and the Rel.nolds numbers based on the outer cylinder velocity

and rod diameter were less than 0.1. They illuminated the test section by 1 mm thick light

sheets fíom two continuous wave 50mw argon ion lasers (t" = 532 nm). A charge

coupled device (ccD) camera with resolution of 768 pixels x 4g4 pixels was used to

capture digital images at a sampling rate of 30 frames per second. The flow was seeded

with silver coated spherical hollow glass beads having mean diameters of 14 pm and

specific gravity of 1.65. The images were post-processed using commercial software

(vISIFLow). Secondary flow was found between the fi¡st and second rows of the rods

for solid volume llactions of0.052 and 0.10 but not for 0.025. This is a confirmation lhat

secondary motion may arise inside a porous medium for some solid volume fraction

modeled by a square array for shear flow.

using the same experimental setup and working fluid as Sham et al e003), but different

model porous medium, Tachie et al (2003) experimentally investigated simple shear flow

penetrating a model porous medium. The length of rods inside the working fluid was 110

mm and provided a clearance of 10 mm. circular rods of radius 3.lg mm, square rods of

side 3.18 mm and equilateral triangular rods of side 6.36 mm were arranged to provide

solid volume fractions from 0.01 to 0.16. The Rel,nolds numbe¡s based on the outer

cylinder velocity and rod diameters were 0.07 for both the circular and square rods and

0.15 for the triangular rods. Secondary flow was found to set in at higher solid volume

10



fractions; for circurar ¡ods, the minimum varue of / is 0.052, for square, f is 0.04 and fo¡

triangular rods, / is 0. r. It was found that the presence of the interior ¡ods did not affect

the flow at the interface but did affect the flow in, the interior. The dimensionless slip

velocity l""lyJ*l was nearly independent of the solid volume fraction; here ø, is the

slip velocity, 7is the local shear rate and È is the permeability constant.

In their subsequent study, Tachie et at (2004) employed a similar experimental setup to

study velocity measurement of creeping flow through moder porous medium.

The diameter of the rods was 3.1g mm and extended 79 mm into the gap creating a free

zone of 18 mm wide' The anangement provided th¡ee solid volume fractions of 0.025,

0.05 and 0.10. The set-up generated circular couette flow between the tip of the porous

medium and the outer cylinder. The results were presented in terms of the dimensionless

slip velocity ("" I tJ lr¡, which was showed to be nearly independent of the solid volume

fraction' The flow penehation was found greater for flows through moder porous media

with the rods perpendicular to the flow than in those where the rods are aligned with the

flow. Flows through model porous media with the rods across the flow were found to

have the least penetration. The Brinkman's equation was also found to be a good estimate

for brush flow than aligned flow and cross flow because of different flow resistance

provided as a result ofthe different arrangement,

11



2.3 Numerical and Analytical Studies

Neale and Nader (1974) were among the earriest researchers who made attempts to

understand the boundary condition at the interface of a porous medium. In their study

they proposed continuity in both the velocity and the velocity gradient at the interface by

introducing the Brinkman term in the momentum equation for the porous side.

Later, Kim and Russel (1984) solved the stokes equation for flow through a random

anay of fixed spheres over a range of solid volume fractions; from dilute to closery

packed spheres (0.30-0.52). They did not report quantitative values for the effective

viscosity but they showed that the effective viscosity was greater than the solvent

viscosity; a result which contradicted the results of other researchers.

Vafai and rhiyagaraja (1987) investigated the flow field and heat transfer analytically for

three surface types: interface between two different porous media, the interface

separating a porous medium from a fluid region and the interface between a porous

medium and an impermeable medium. Larson and Higdon (19g6, 19g7) used a numerical

approach based on the boundary integral method to solve stokes, equation fo¡ shear flow

past a semi-infinìte square a.'áy of rods aligned with and across the flow. They found

eddies in their streamline pattems for flow across the arrays. The location of eddies

depended on the array geometry and solid volume fraction. The reveration of eddy

motion in their work was unexpected based on the prediction of the Brinkman,s model.

The slip velocity was calculated as the average verocity along the line joining the rod

centres using two methods, one based on flow rates in the chan¡el and the other on

Brinkman's equation and flow rate in the porous medium. The slip velocities obtained

t2



Íiom both methods decrease with increasing solid volume fraction as expected, however,

negative values were also obtained and wide difference between the hvo results existed.

The negative slip velocities have raised questions about the accuracy of their method.

A¡other numerical investigation offlow across rod arrays was carried out by shraoui and

Kaviany (1992) using a finite difference analysis to solve the momentum and continuity

equations. A periodic structure ofthe rods for solid volume fractions between 0.2 and 0.5

was employed. The work revealed dependence of the slip coefficient on the solid volume

fraction,

James and Davis (2001) employed an analytical approach to investigate flow in the

interfacial region of an open flow and porous medium. singularìty methods were used to

find solutions for the stokes flow in a channel partially filled with an affay of circular

cylinders. The cylinders were widely spaced in square arrays and oriented across the flow

to provide solid volume fractions of not more than 0.1. Both planar couette and

Poiseuille flows in the open char¡rel were considered. The results showed that the slip

velocity was small even for arrays with solid volume fractions less than 0.01.

The velocity found iÌom the analysis was smaller than that predicted by the Brinkman

equation by a factor of4. The penetration was also only a fraction ofthat predicted by the

matched solution. The study therefore cast doubt on the suitability of applying

Brinkman's equation for a porous medium consisting of a regular anay of rods adjacent

to an open channel.
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using a singularity analysis, Davis and James (2003) analyzed, the mean velocity at the

interface between the regular array of ¡ods and the unfilled portion of the an¡ulus.

The aim was to find the influence of solid volume fraction and the interior rods on the

interfacial velocity in the annulus between concentric cylinders. A pofion ofthe an¡rulus

was filled with an array of regularly spaced rods adjacent to the inner cylinder.

The velocities were found as successive circles of rods were removed stafing with the

circles closest to the inner cylinder. The calculations were carried out for solid volume

fractions from 0.0001 to 0.1. Their findings ¡evealed no significant change in the slip

velocity as the interior circles of¡ods were removed until only one circle remained and

then the velocity increased by only l0%. They therefore concluded that the velocity at the

edge of a sparse porous medium depended only slightly on the hydrodynamic resistance

of the interior rods.

In their latest work, Davis and James (2004) determined the flow field for various arrays

occupying fractions of a couette channel for solid volume fractions from 0.001 to 0.1

using singularity methods to solve stokes' equation. The study is similar to their previous

work (James and Davis,200l) but in this case the ¡ods are aligned in the direction of

flow. Analyses we¡e done for three different filling fractions of l/4, l/3, and, l/2. They

found that the dimensionless slip velocity f""llJt > was independent of the number of

rows and of the filling fraction. Their results, however, showed higher values for the

dimensionless group than in their previous results. This is because aligned brushes

provided less resistance and drag to the flow than cross flow. The ¡esults also confirm
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that penetration in aligned flow was greater than in c¡oss and the Brinkman equation has

limited úsefulness in estimating the verocity at the edge of their model porous medium.

2.4 Summary of Literature Review

In section 2.3, the literature on the flow phenomena at the interfacial region of porous

media was reviewed. The riterature revealed that a great deal of experimentar and

theoreticavanalytical wo¡k has been done to understand the transport phenomena at the

interfacial region in porous media and the influence of solid volume fraction on the mean

velocity at the interface. while some researchers experimentarly measured global

quântities such as flow rate and pressure drop (Taylor, r97r and Beave¡s & Joseph,

1967), others made detailed velocity measurement ut th" int"rfucial region

(sham el al, 2003; Tachie et at, 2003 Nrd 2004). Extensive analytical and numericar

solutions for flow through rods mounted perpendicular to an impermeabre wall and

covering only a fraction of the channer have also been found (Davis and James, 2001,

2003,2004) but none has been done yet for three dimensional flows, probably because of

the complexity of the flow field.
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2.5 Objective

In this thesis, experiments were conducted to measure the local flow field of the flow

through and over a model porous medium. To ensure that the flow was not disturbed

during the measurement process, a high resolution, particle image verocimetry technique

was employed' A sorid volume fraction range of 0.0I to 0.49 and two filling fractions of

28%o and 56To were used in orde¡ to study the effects ofsolid volume and fìlling fractions

on the slip velocities.

The goal of this research can be summarised as follow:

o To determine the effects of solid volume fraction on the slip velocity

¡ To find the effects offilling fraction (brush height) on the slip velocity

o To verify the applicability of the Brinkman equation on moder porous media
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CHAPTER 3: PRINC|pLE AND |MPLEMENTATION OF pARTtcLE

IMAGE VELOCIMETRY

3.1 lntroduction

The Particle Image velocimetry (pIV) is an opticai quantitative measurement technique

that maps the whole flow field instantaneousry and can provide two- o¡ three-dimensional

velocity components. Figure 3.r shows a schematic of a typical two-dimensional pIV

flow measurement system (the one considered in this work) consisting of a light source, a

charged coupled device (CCD) camera, a buffer system, and a computer with image

acquisition software.

Figure 3.1: A typical experimental set-up of a two dimensional plV system.



The basic principle of prv invorves seeding the flow field with small tracer particles

(seeding paficles) that are assumed to faithfulry follow the fluid motion. These seeding

particles are then illuminated in a plane using timed laser pulses in order to visualize the

fluid motion. Two images of the particles in the sheet are recorded in a short time

interval. From their positions at the two instances of time, the particle displacements are

calculated and the velocity field of the flow is determined. The motion of the particles is

usually recorded on either a photographic film or with a charged coupled device (ccD)

camera. compared to othe¡ flow measurement techniques, prV is a multi-point technique

and it is therefore very well suited for whole field measurements. Other attractive features

of Prv include non-intrusive measurement and high accuracy and as a result the

technique has been applied in many areas of fluid mechanics. A more detailed review of
Plv technique can be found in Keane and Adrian (1990); westerweer (1997); Grant

(1997) and Prasad (2000). The various components are discussed in more details below.

3.2 Light Source

The light source for a PrV system must have high intensity and be easy to convert into a

thin sheet of light. For two - dimensional prv the plane of the light sheet is usually in the

flow direction and at right angles to the camera's prane. A pulse light sheet is sometimes

needed to Íìeeze the motion of particles during image capturing. pulse lasers can meet

these requirements. Frequency-doubled Neod),rn-yAG (Nd:yAG) lasers are commonly

used for Pw measurements to meet these requirements. There are also continuous wave

lasers (such as He-Ne lasers o¡ A'n lasers) that are emproyed fo¡ prv but they are usually

used fo¡ low velocity measurements. continuous rasers have higher light intensity than
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pulsed lasers' However, the lower power pulsed rasers, despite having lower light

intensity, do not have significant effect on the measurements because of the high

sensitivity of ccD cameras used to register particles images. All of the lasers described

above usually have a combination of a cylindrical and spherical lens that allows the

thickness and orientation of the light sheet to be adjusted.

3.3 Seeding Particles

It is particle velocity, not fluid velocity that is determined by prV. Therefore, the

hydrodynamic properties of the particles must be checked to ensure that the particles

faithfully follow the flow. It is also necessary that the particles are small enough to follow

the flow without disturbing it but large enough to scatter adequate light for them to be

detected by the camera, A large difference between particle density, po, and fluid density,

p/ causes a settling velocity, v", which is not desirable. This settling velocity can be

estimated from stokes drag law for flow around a sphere. An acceptable particle should

have a settling Reynolds number less than unity. Based on the drag force on such a

particle, it was shown by Mei et at (1991) that the settling velocity is given by:

.. b,-pr)s¿i
"" - lg/t

The settling Reynolds number can then be estimated as

(3.1)

o^ -P¡v"4dpÃË,:- 
e.2),p

In Eqn 3 ' 1 and 3.2, g is the gravitational acceleration, and p is the velocity of the fluid.



A particle's ability to follow the flow is characterized by its response time, which is a

measure ofthe tendency ofparticle to reach the fluid velocity. The response for a particle

whose motion is govemed by Stokes law is given by (Westerweel et al, 1996):

_ _ pev,cd;,^- w (3.3)

since the particles must scatter enough light to be visible to the ccD sensor, they must

also be selected for their optical as wel as hydrodynamic propefies, some important

parameters in light scattering are the particle size and shape, the refractive index and the

wavelength of radiation.

some of the seeding particles available for pIV range in size from a few microns to

hundreds of microns and will be described in detailed in section 4.2. The ultimate goal in

particle selection is to obtain the most efficient scattering and maximize the light

intensity of the senso¡ while minimizing settling. This is achieved by choosing small

particles with density similar to the fluid density but a particle large and polished enough

to scatter light.

3.4 lmage Recording Medium

ln the past, photographic firm was the recording medium for prv. Howeve¡ ihis

technique requires a lengthy iteration procedure for image optimization and processing

the negatives is very time consuming. presently, the ccD camera is the most widely

employed recording device fo¡ prv. This is because of higher frame rates and possibre

onJine image analysis.
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The main component of a ccD camera is the ccD senso¡ which consists of a two-

dimensional array of the light sensitive picrure elements called pixels. The electric charge

on each pixel is proportional to the photon flux reaching the pixel and to the time the

pixel is exposed to this fìux. The charge of each pixel is read out at the end of each

exposwe. There are basically two tlpes of ccD sensors: frame transfer sensors and

interline transfer sensors. A fiame transfer sensor is composed of a light sensitive pixel

array and a storage array ofidentical size, which is shielded from the light. The charge of

the pixels in the imaging array is transferred to the storage array after the pixels are

exposed to the light. The transfer time is on the order of 0.5 to 1 milliseconds.

3.5 Correlation Methods and lmplementation

In Prv two consecutive image maps are usually sub-sampled. The size of this sub-

sampling is known as the interrogation area. spatial shift of seeding particles may be

observed from one interrogation area to its counterpart in the second camera image.

The digital signal-processing model in Figure 3.2 describes the spatial shift that occurs

during the correlation process. Estimating the spatial shift function s(iz, n) based on the-

known values/(m, n) and g(m, n) in the presence of noise is the main challenge in prv.

The two main processing techniques available to solve this problem are auto-cor¡elation

and cross-correlation as outlined above.

In image processing using cor¡elation analysis, an image frame is divided into small sub-

regions, each containing particle images. Auto-correlation or cross-correlation / adaptive-

cor¡elation operations are then performed in each sub-region, where the average
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displacement of the particles results in a displacement peak on a cor¡elation plane. From

the location of the displacement peak on the conelation plane and the time between laser

pulses, the velocity in the sub-region during that time can be computed. Thus, by

processing the image over a regular grid of small sub-regions, one generates a velocity

vector map. The first correlation type used is called auto-correlation, in which the

particles in an interrogation area are correrated with themselves. This provides a

cor¡elation function, which is characterized by a cenhal peak and two displacement

peaks. The distance from the centrar peak (the self-correration peak) to either of the

displacement peaks is the average particle dispracement in the intenogation area.

The other type ofPIV image-processing technique is called cross-correlation. ln this case

the particles in two different interrogation areas belonging to two different images are

correlated. A major advantage of the cross-correlation function is that the di¡ectional

velocity information is unambiguously obtained since it is known which is the fi¡st and

which is the second image frame. This method is more effective because the order of

image recording is known, and therefore the direction of flow is unambiguous. with the

c¡oss-correlation method, two images of flow field with a specific time between them are

conside¡ed as two spatial signars. The first image of the particles, at t : t6,is conside¡ed

the input signal and the second image, at t = t0 +Át is the output signal. The details of this

method are described by willert and Gharib (1991) and Raffel et al (1995). There is also

the adaptive correlation algorithm, which is a special type of cross-correlation.

The adaptive correlation is fundamentally an iterative technique, which relies on the

knowledge of the actual velocity spatial dishibution (which is not known a prior) and, is

the objective of the measurement procedure itself. Therefore an initial guessed offset
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value is used to introduce an offset from the first window (the inter¡ogation area in the

image frame from the first laser pulse) to the second window (the intenogation area in

the image frame from the second laser pulse). The resurt of each single interrogation is

used as an input to evaluate the interrogation parameters for the subsequent iteration.

The process terminates when a convergence criterion is fulfiIed o¡ after a prescribed

numbe¡ of iterations.

The main benefit derived from using a shifted window (offset) is capturing the particle

images that left the interrogation a¡ea during the time between the two light purses. Loss

of paficle images reduce the signal strength and as a result, the number of successive

vectors that can be obtained. The use of adaptive correration, tåerefore, herps in two

ways. First, the signal shength is raised due to the capture of the ross particres. second, a

¡efinement of the interrogation area is possible because an adaptive window offset may

be applied, again producing a successful signal.

Input image
(Image l)

Image transfer Function Adaptive noise Output image
(Spatial shift) process (Image2)

d(m,n)
D(u,v)

f(m,n)
F(u,v)

g(m,n)
G(u,v)

FigLtre 3.2: Image displacement function.
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Because of the advantage of c¡oss correlation over auto correlation, the use ofdual frame

digital cameras (which are suitable for the correration) has rendered the application of

auto-correlation ¡are so the rest of the discussion will focus on the cross-correlation

technique. The correlation function for integer pixel relative displacements is calculated

by means of the Fast Fourier Transform (FFT). The 2D FFT of each interrogation area is

performed, and the element-by-element conjugate product is taken in Fourier space. The

¡esult is t¡ansformed backward using the inverse FFT algorithm. The highest peak in the

resulting correlation surface indicates the relative displacement for which the best fit

between image pattems \¡/as obtained, and is assumed to represent the rear displacement.

willert & Gharib (199r), however, identified er¡o¡s and limitations that are intrinsic in

this technique. They argued that FFT assumes the sampre areas to be periodic in space

and generates a circular form ofc¡oss correlation, which does not fall to zero at the edges

or the interrogation area. Figure 3.3 shows the numerical process chart of prV. This

consequently inc¡eases the background noise along the edges of the interrogation areâ.

Also the size of the interrogation area limits the maximum detectable displacement. For

large relative displacements the portions of overlapping interrogation areas become smalr

and the signal to noise ratio diminishes. Thus displacements larger than a quarter of the

interrogation area size are not acceptable. There is therefore a compromise between the

particle displacement and the spatial resolution achievable with this technique. Larger

interrogation areas allow for larger particle displacement but lower spatial resolution

since the displacement information is averaged over a larger portion of the flow field.

Limitation on the maximum detectable displacement may be overcome by speciflng a
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ñxed offset between the first and the second interrogation areas. This may prove useful

fo¡ flows with known mean velocity, but it should be noted that the maximum difference

between detectable displacements remains unchanged. The above stated limitations of

standard correlation algorithms can also be overcome by the adaptive correlation

technique mentioned earlier.
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Figure 3.3: Numerical processing flow-chart of plV.
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3.6 Optimizing PIV Measurements

The combination of laser energy, camera magnification and light sheet dimension needs

to be optimized in order to obtain good results from a prV system. Even when

experimental conditions are ideal, a pfv vector map will contain spurious (false) vectors.

These spurious vectors emanate from interrogation spots where the signal to noise ratio is

less than unity' That is, a noise peak is higher than the signal peak. Keane and Adrian

(1990) focused their studies on the detection probability (i.e. the percentage of valid)

vecto¡s. To improve signal to noise ratio, they recommended the interrogation areas be

large enough to accommodate a sufficient number ofparticles, but small enough so that

one vector describes the flow. It was also recommended that the time separation should

be set so that the variation in paficle displacements within the interrogation cell is less

than the particle image diameter. In order to make the images of a particle separable from

one another they also recommended that the particles be allowed to travel more than one

particle image diameter d given by

'' =l{.('^'('.*)r,)'] (3.4)

where d, is particle diameter,fr is the focal ratio (this expresses the diaphragrn aperhue,

which can be aájusted to vary the light per unit area that ¡eaches the image plane of the

system' The greater the focal ratio, the less the light per unit area that reaches the image

plane of the system),,1 is the wavelength of the laser light, and.iis scale factor defined as

the inverse of the magrrification factor of the camera and lens arrangement. Keane and

Adrian (1992) showed that when images are less than three pixels in diameter the¡e is
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insufficient information to make effective use of subpixel interpolation because there is

likelihood ofbiasing data towards integer pixel values.

Therefore the minimum time interval between images is

AT> U,

Mu.

where Mis the image magnification and ø-¡n is the minimum verocity. The particle image

density .^r'1 is defined to be the average number of paficle images within a square

intenogation area with a size ofZT and is given as

N . = 
cL'zr 

^z'M, (3.6)

wherc ¿z is the light sheet thickness, M is the image magnification and c is the seeding

density of the particles within the flow defined to be the number of particles per unit

volume of the fluid. They showed that to obtain a high varid detection probability the

particle image density should be larger than 6 for cross correlation; howeve¡ it may be as

low as 3 for adaptive correlation.

(3.s)
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CHAPTER 4: EXPERIMENTAL SET-UP AND MEASUREMENT

PROCEDURE

4.1 fhe Test Facitíty

In this chapter, the major aspects and components of the experimental set-up will be

described. This is followed by a discussion of the data acquisition and processing.

Finally, the test conditions and the measurement uncertainty will be considered.

4.1.1 -lhe Test Ghannel

The experiments were performed in a two-dimensional channel. A schematic diagram of

the channel con¡ected to a pump is shown in Figure 4.1. The test section had a

rectangular cross section and was constructed from transparent 6mm thick acrylic sheets

having a refiactive index of 1.47. The channel is 600 mm long and had a cross section of

25 mm deep and 66 mm wide. The channel was supported by an y_z translation stage

with a hrning resolution of 0.25 mm, with this stage, the charurel can be moved up or

down to facilitate measurements at the desired locations without disturbing the flow

and,/or the PIV system's calibration.

A single charurel digital variable speed peristaltic pump (Ismatec Ecoline vc-3g0)

supplied by cole-Parmer rnstruments company was connected to the cha¡rnel. The pump

has a flow rate range of 1.6 to 160 mvmin. The flow rate can be varied from the

minimum to the maximum value in 99 steps, (i.e. r.6 mr/min increments). Mineral oil

having a kinematic viscosity of v : 34.5 mm2ls was the working fluid. The specific
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gravity and reÍìactive index of the oil at room temperature are 0.g445 
^nd 

1.474

respectively. Mineral oil was chosen because of the similarity of its refractive index to

that of acrylic. This choice is necessary to minimize optical distortion as the laser sheet

passes thtough the acrylic walls ofthe channel, the fluid and the acrylic rods.

Y
^
I

- -/-- *
z

Channel

Figure 4.1: Schematic ofthe (a) channel and pump system (b) fest section.
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4.1 .2 The Test Models

The test models were constructed by mounting transparent acrylic (refractive index of

1.47) circular rods to the bottom wall of the charurel. Figare 4.2 shows a three-

dimensional (3D) drawing of a typical test model, sketches of side and plan views of the

test section and the coordinate system used. In the figure, d is the diameter of the rods, å

is the height ofrods and z is the cenhe to centre spacing ofthe rods. The gap between the

bottom and top walls of the channel was fixed at H = 25. As can be seen in the figure, the

cartesian coo¡dinate system was used in this work; x denotes the streamwise direction,

and y and z denote the vertical and spanwise directions, respectively. In the figure, -r : 0

coincides with the centre of the most upstream row of rods which were located 40 cm

downstream fiom the inlet of the test section, and z = 0 at the middle plane.

The following two references are used for the vertical direction: y: 0 at the top plane of

the rods, and, Y = 0 at the mid plane between the bottom and top walrs of the channer.

The rods were uniformry spaced at a distance L apart in square arays along the x and z

directions. The rods covered the entire span of the channer but a ÍÌaction of the space

between the top and bottom walls of the channel. In this work, fi ing fraction is defined

as h/H. The test models in this study will henceforth be conveniently termed ,brushes, or

more simply 'þorous medium,'.

In order to ensure that the flow inside the brushes developed to become periodic, as will

be confirmed in a later section, each brush had at least twelve ¡ows of ¡ods in the

streamwise (-r) direction of the flow. h order to study the effects of solid volume

fraction,þ, on the velocity field, a wide range of solid volume fractions (0,01 < ø<0.4g)
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was employed. The desired range of solid volume fraction was achieved by using

different combinations ofrod diameters, d, (d:1.59,3.1g and 4.76 mm) and spacing, Z,

between adjacent rods (z : 6 and,12 mm). For a given rod diameter (d) and solid volume

fraction (f), the spacing between rods (Z) was determined from the relation

L=! E2\ú (4.1)

Two different brush heights, h : 7 mm and 14 mm representing 0.2g and 0.56 filling

fiactions (h/11) were employed to study how the fraction of the charurel filled by brushes

modifies the velocity field. The various solid volume fractions and details of rod

diameters, spacing and rod heights used in this study are summarized in Table 4.1.



F-> x
(c)

Figtre 4 2: (a) 3D drawing ofa typical test model, schematic of (b) side view and (c) plan

view ofa typical test models showing the axes ofreference.
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4.2 The PIV system

Detailed features of the PW system employed for tfus study are presented in this section.

The Prv system consisted of the components shown in Figure 4.3. A fiequency-doubled

Nd : YAG pulsed laser supplied by Newwave Research I¡c with a maximum energy of
120 mJ per pulse , 532 nrn waverength and maximum repetition rate of I 5 Hz was used to

illuminate the test section. A 60 mm diameter Nikkor lens was fitted to a high-resolution

digital camera @antec D}'namic Hisense 4M camera) which used a charged-coupred

device (ccD) with a 2048 pixel x 204g pixel chip and a pitch of 7 .4 pm. A Dantec

D1'namic's data acquisition and image processing system (FlowManger 4.50.17) installed

on 3.0 GHz Pentium 4 Dell computer with 1 GB was also employed. A sy,nchroniser

integrated in sofiware synchronises the camera and laser and a buffer system was used to

enhance rapid t¡ansfer of the digital images fiom the camera to the software.

The flow was seeded u,ith light scattering glass spheres. To minimize particles settling,

small particles with a density similar to the working fluid density must be used.

The seeding paficles used are silver-coated, hollow glass spheres having a mean

diameter of 10 pm and specific gravity of r.4. The settling velocity and response time of

the particles were, respectively, 1.04x10-6 m/s and 2.67 xl0'7 s. This settling velocity is

small compared to the mean axial velocity measured. The particle response time is also

small compared to the minimum sampling time of g,500 
¡rs used in this work. since these

two parameters are very small, the particles are considered to follow the fluid faithfully.
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(a)

Nd:yAG Laser

(b)

Figure 4.3: (a) components of the pIV system and (b) schematic of the setup.
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4.3 Data Acquisition and Processing

The ccD camera was fitted to a c-mount lens with a green filter that allows only light

scattered by the seeding particles into the came¡a. The c¿unera was mounted on a

traversing mechanism to facilitate adjustment during focussing. In a pIV technique, a

calibration is required to establish a relationship befween pixel displacements

(on the ccD camera) and flow displacement in physical units (mm). This relalionship is

termed the scale factor. In this study, a thin metallic ruler (0.5 mm thick) was used to

calibrate the system. During the calibration process, the ruler was positioned at the

measurement locátions of interest inside the channel. The camera lens was then adjusted

until the graduation on the ruler was well focussed. The pIV software was used to

complete the calibration process and the scale factor obtained. A typical scale factor was

2.84, and the came¡a's field of view was determined after the calibration to be

approximately 43 mm x 43 mm. Different / #s on the camera were used to take images

and from the processed images it was found that/# values greater than 10 gave good

background contrast. All measurements reported in this study were made using/# = 11

because, apart from having the best contrasts, it also provided paticle image sizes large

enough to meet the requirements listed earlier (Section 3.6).

Extensive measurements were taken in the x-y plane at various z locations and also in the

x-z plane at varìous y locations inside the porous medium and the open flow. The latter

was achieved by mounting the charurel on ay-z îanslarion stage with a tuning resolution

of 0 25 mm. with this stage, the lase¡ and camera positions were fixed and only the

channel was moved up or down to the desired y location. During the data acquisition
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process, the acquisition system convefed each image to an array of digital data points

which were subsequently stored continuously through a buffer system onto the desktop

computer mentioned in section 4.2. sampling rates between g,000 ps and g5,000 ps were

employed.

The digital images were post-processed using the adaptive-correlation option from the

commercial software developed by Dantec Dl,namics (FlowManger 4.50. l7). Each image

was subdivided into 32x32 pixel interrogation a¡eas and processed with 50% overlap to

give a spatial resolution of about 0.33 mm x 0.33 mm. At least 6 particles could be found

in each inlerrogation area of the PlV.

For a typical flow velocity of I mm/s, for example, a sampling rate of 75 000 ps was

used and particle displacements during the sampling period were about 75 pm.

This displacement is greater than 3 times the particle image diameter (about 20 pm) and

about a quarter of the intenogation size (0.33 mm). Thus, the choice of data acquisition

and processing parameters ensured that particle displacement satisfies both the criteria for

minimum and maximum particle displacements discussed earlier (section 3.3). Figure 4.4

shows examples of a typical digital image and the corresponding instantaneous vector

map.
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Figure 4.4: Typical (a) digital image and (b) instantaneous vectors.

4.4 The Test conditions

The test conditions and pertinent parameters of the present experiments are summarized

in Table 4.2, wherc the parameters þ, d, L, Uu,*, Re and h have the same meaning as

described earlier and in the nomenclature. The bulk velocity [Jtu* is the area-averaged

velocity in the channel, that is, the volume flow rate divided by the cross-sectional area of

the charurel in the absence of rods. The Reynolds number is defined as F.e=(Jo,rdfv.

This represents a global Reynolds number; locar Reynolds numbers between the rodsrand

in the open flow would differ from this global Reynolds numbe¡. As shown in the table

for each solid volume fraction, experiments were performed at two Reynolds numbe¡s

(Àe = 0'1 and 1.0) to determine if fluid inertia has any effects on the results presented in

this study.
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Table 4.1 : Experimental test conditions

h(mm) ö d
(mm)

L
(mm)

Un*
(mm/s)

Re

7

0.01 1.59 12 r.7 0.1

0.01 1.59 12 17.7 0.9

0.05 1.59 6 1.8 0.1

0.05 1.59 6 20.1 0.9

0.t2 4.76 l2 0.6 0.1

0.12 4.76 12 6.9 1.0

0.22 3.18 6 1.1 0.1

0.22 3.1 8 6 9.4 oq

0.49 4.76 6 0.6 0.1

0.49 4.76 6 6.9 1.0

14

0.05 3. 18 12 t.1 0.1

0.05 3. 18 t2 9.8 0.9

0.12 4.76 l2 0.6 0.1

0.12 4.76 t2 6.5 t.0

0.22 3.1 8 6 1.1 0.1

(\ t) 3. 18 6 9.6 0.9

0.49 4.76 6 0.6 0.1

0.49 4.76 6 6.5 0.9
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4.5 MeasurementUncertainty

A detailed uncertainty analysis was performed following the procedure outlined by

coleman and steele (1995). The uncertainty in a was determined to be approxim ar.ely 1%o

in the open flow and 2%o inside the brushes. uncefainty in u" and y will be discussed in a

later section.

Measurement errors arise from valious sources but the total uncertainty, .8, in pIV can be

broadly categorized into a bias component, .8, and a precision componellt, p, The mairr

source of bias enors in PrV is the calibration procedure. The bias limit of the meas¡-ued

velociry is determined with a root-sum-squa'e of the elementary bias limits, 8,, based on

the seusitivity coefficients given as (Coleman and Steele, J 995)

8,, = eiBi + ei, B:, + o,kai + 7LB,N (4.2)

rvhele the sensitivity coefficients, d, , are defined ^t, = *, X = (Lo, Lt , 
^t, 

As) .

Tlre classification of bias enor sources and contribution to the bias limits rot u are

provided in Table 4.2 together with the manufactuLer's specifications of the elementary

bias limits for Â¡ and Âs .

The precision enors, on the other hand, result from scatter ir the measui.ed data.

variations of rneasuled quantities and operating conditions are some of the factors that

influence precision e¡rols. Precision elrors are estimated statistically fr.om the

relation P, = K . o , ç'he¡e K is the confidence coefficient and has a value of 2 ror a 95%o

confidence level for sarnple size N >10. o is the standard deviation of the sample ofy'y'

readings of the variable X, and is defined as
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"=EÐ(.-rY
where 7 is defìnecl by

x = -Ix,N7r

(4.3)

(4.4)

The total uncertainty, E, is obtained from the sqr*re root of the sum of the squared

uncertainties u"ø* =.{A'* +e}. Typical standard deviation values inside the porous

medium and in the open flow are about 1.g % and 0.7 %o respectively. These yield

precision limits of 1.5 %o and 0.4 %o for these regions, respectively. The bias enor \ryas

determined as shown in Table 4.2 below to be about 0.53%. consequently the totar

uncertainty resulting from this measureme¡it for the mean quantity, ø, was estimated to be

L6 %o and,0.6 % respectively inside the porous medium and the open flow.

Table 4.2: Bias limits of the axial mean velocity component in the open flow

Variable Magnitude ,8, e, Br0 B,e, /2, 8.0, (B,e)'
L" (m)

Z¡ (pix)

^f 
(s)

Âs (pix)

u (nls)

4.30E-02 0.0001000

2048 0.5000000

8.50E-03 0.0000001

5.17887 0-0258944
1 .28E-02

2.97E-05 6.808776 8.850E_10

-3.12E-0ô -0.71479 9.7548_12

-1.50E-07 -0.03444 2.265E_14

6.40E-05 14.63887 4.091E_09

0.2s7499

-6.25E-06

-1 .50E+00

2.478-O3

Bias Enor :
o/oBias Error =

7.068E-05

0.53
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CHAPTER S: RESULTS AND DTSCUSSION

5.1 Preliminary Results

5.1,l Sample Size Determination

The pump used in the study (Ismatec Ecoline pump vc-3g0) pursates srightly and as a

result, it was found that conside¡able scatter existed in the mean velocity data obtained

from too few samples of PIV image data. consequently, a series of experiments was

conducted to determine the number of samples required to reduce the scatter in the mean

velocity profile to acceptable levels. velocity measurements were therefore performed

for bulk velocities of 6.5 mm/s and 11.5 mm/s at different sample sizes (N) from 15 to

300 images and x = -14 cm.

0.25

0.00

YftT

-4.25

-0.50

l0 t5 20

u (mnù¿s)

Figure 5.1: velocity profiles obtained in the empty channel at x = -14 cm using differenl

sample sizes (N): (a) U¿¿* = 6.5 mm/s (b) U¡¡*: I 1.5 mm/s.
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As shown in Figure 5.r., moderate to rarge scatter was found for sample sizes ress than

100 with significant variation in the profiles in both cases. However, for sample sizes of

150 or more the profiles were almost identical, and showed significant reduction in

scatte¡ in both cases. Based on these results, alr subsequent experiments (and data

presented in this study) were obtained using a sample size ofat least 250 images.

5.1.2 Accuracy of Mean Velocity

In order to verify the accuracy of the mean velocities obtained fÍom the prV system and

also to asceftain whether the sample size of 250 produced statistically converged mean

velocities, measurements were performed in the empty channel (1.e. without the brushes)

at typical bulk velòcities and different axial locations downstream from the inlet of the

test section of the channel. Selected velocity profiles ø normalized using the

corresponding centerline velocity, (J,* ate compared in Figure 5.2 with the analytically

derived profile for laminar fiow in a two-dimensional charurel. All the measured profiles

collapsed reasonably well onto the analytical profile demonstrating that the flow in the

chan¡el is fully developed and laminar. I¡r addition, the ratio ofthe cenhe line velocity to

the bulk velocity in the charurel was 1.5 for each case, as expected fo¡ a laminar flow.
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0.50

o.25

0.00

o Uou,*= 0.6 mm/s @ x= -14 cm
o Uou,*= 6.0 mm/s @x= -14 cm
o U*,*= 6.0 mm/s @x= -22 cm

Þ Uo,rr= 6.0 mm/s @ x= -35 cm
o Uo,,*= 18.8 mm/s @ x= -14 cm

- 
u/Um",= 1-(2YH)'?

-0.50

0.0

Figure 5.2: comparison among velocity profiles obtained at various bulk velocities at

mid plane of the charurel (z = 0) and various axial locations with analfical solution for a

laminar flow in a channel.

5.1,3 Flow Development in the porous Media

when the brushes were installed in the charurel, the flow became tkee-dimensional. For

the streamwise (x) diredtion, it is expected that the flow becomes periodic after a number

of rows of rods. Therefore, measurements we¡e made in the x-¡ plane at some z-locations

to determine values of x/L fo¡ which the flow became periodic. Typical profiles obtained

along the streamwise (x) direction at the interface (y/L = 0) and inside the brushes

o/L = -0'58 and -0.88) with the right sheet located at z/L = 0 and,0.5 are shown in

Figure 5.3(a) and (b). The profiles show that the flow indeed became periodic from the

1.00.8o.4o.2



fifth row of rods (r. e. x/L >- 4) onward. Based on these results; it was decided to obtain all

subsequent measurements af x/L > 6 to ensure that the analysis was done in this region of

pedodicity only.

2.0

1.5

1.0

u mm/s ^ -u.5

0.0

2.0

1.6

1.2
u mm/s

0.8

0.4

0.0

Ê\ê^.'Jt
ér,%l

â
tr

zJL: 0.5

y/L:0.00
y/L = -0.58
y/L = -0.88

P1Ð\

x/L

Figure 5.3: Velocity profiles at selected yJocations for rRe = 1.0, ø = 0.05, Z = 6 mm, and

h = 7 mm d= 1.59 mm to demonstrate flow deveropment at the interface and inside the

rods.

^4 -
ìa

t À.o 
^.q^ zr 

^^ã" "%o^".þ
fu"t ". j\

zll- = 0
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5.2 Vector field and streamline plots

The velocity vectors and corresponding streamlines at the interface þ : 0) and inside the

brushes (y/Z : -0.33) for some serected values of f are presented in Figures 5.4 to 5.7. A

general observation from these figures is that the velocity varies considerably along the

spanwise (z) and streamwise (-r) directions. The figures also show some effects of

geometry, (e.9. spacing between rods and solid volume rÌaction) on the vector maps and

the streamlines. For example, Figures 5.6 and 5.7 reveal that if the rod height

(h = 14 mm) and rod spacing (L = 12 mm) are fixed, and the rod diameter is varied to

achieve different solid volume fractions, the smaller / provides resistance to the flow

over a limited region so that parallel streamlines a¡e evident over a larger region in

Figure 5.6 than in Figure 5.7.

The effect of varfng Z, is shown in Figures 5.4 and 5.5 with the rarger L @igure 5.5)

having more parallel streamlines and straight vectors demonstrating less resistance to the

flow. Boìh figures 5.4 & 5.6 and 5.5 &, 5.7 show that varying h makes the vecto¡s and

streamlines less dense in Figures 5.4 &,5.5 (h:7) fhan in Figures 5.6 &.5.7 (h: 14)

demonshating less flow blockage in the former fìgures. similar trends of the effects of l,
å and Z on the flow are shown by the rest ofvectors and streamlines in Appendix A,



---.--:'>

-__------'--=--:ì:
Æà. z-æ\(ffiÐ ÉÆffi)\<Y \WZ

--_=-==2__-

y/I-: -0.33

-:

(b) y/L: -0.33

vÌL:0

Figure 5.4: Vecto¡s and streamlines for ø= 0.05, L = 6 mm, d= 1.59 mm,
Re : 1.0, md h: 7 mm.



ylL: -0.33

(d) y/I- = 0

Figure 5.5: Vectors and streamlines for þ : 0.12, L = 12 mn, d = 3.lg mm,Re=1.0andh=7mm.
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(a) ytL = -0.33

(c) ytL: 0

Figure 5.6: Vectors and streamlines
Re = 1.0 and h = 14 mm.

(b) ytL: -0.33

(d) ytL: 0

L = 12 mm, d = 3.18 mm,for þ = 0.05,
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.W
ylL= -0.33

(c) v/l': o

Figure 5.7: Vectors and streamlines for ø= 0.12, L = 12 mm, d = 4.76 mm,
Re : 1.0 and h = 14 mm.
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5.3 Mean Velocity Profiles

5.3.1 lnthex-yPlane

Typical velocity profiles obtained mid-plane of the channel (z : 0) with and without the

brushes in the channel are compared in Figure 5.g. The profiles shown for both å : 7 and

14 mm were obtained for the same rod diameter (d = 4.76 mm), rod spacing (L : 12 mm),

solid volume flaction (/ : 0. 12) and Reynolds number (Re = 1.0). The goal was to

demonstrate how diffe¡ent brush heights (or filling fractions) modify the velocity profile

Ílom the corresponding one obtained in the empty channel. It is seen that one of the

effects of the brushes is to shift the location of the maximum velocity towards the upper

wall ofthe channel. For the paficular flow conditions shown in the figure, the maximum

velocities ocàur at Y/H: 0.1and 0.2 for the h = 7 mm and h: l4mm, respectively. It is

also clea¡ that the shape of the profiles for h = 7 and l4 mm are markedly different. More

importantly, the values of the velocity at the interface (y = 0) for h :7 mm and 14 mm

rods are very different. These velocities are 33yo and, 72%o of the maximum velocity

respectively. The effect of the fìlling fraction on the flow at the interface will be

discussed further in the following chapters (Sections 5.3.2).



0.75

Þ U"*:6.0nnls @x:-14 un
o U¡,,n :6.0 nrr1s, h=7 rrm@x1L=3.0

. Id'k :6.0 nnls, h=7 rrm@xlL:5.0
o Uuk :6.0rrds, h= 14 nm@x/L: 3.0

r Uu* =6.0nnlg h:| rrm@xlL= 5.0

y:0(h: lann)

t Ðr ÈqrÞ Þ"*B 
d F trÞ g.ÞbàüÞTf*j*e

y:0(h:7n'n,

'l0.0 0.2 0.4 0.6 0.8 1.0

YlH

4.25

Wno

Figure 5.8: Comparison among velocity profiles obtained at mid plane (z: 0) in the

empty channel and within and above the rods to demonstrate effects of different filling

f¡action on the velocity field; Re: 1.0 ¿ilrd þ= 0.12, L:72 mm, d = 3.18 mm.



5.3.2 lnthey.zPlane

The spatial variation ofa with z, u (z), at various y-locations and. x/L: 6.0 are shown in

Figure 5.9 for þ:0.05 and 0.12 and Figure 5.10 for ó= 0.05 anó,0.22. The rest of the

profiles are presented in Appendix B. As expected, the profiles are nearly symmetric

abott z = 0 and the velocities are nearry constant above the brushes. However, at a

particular y-location inside the brushes, the velocity varies rapidly from z/L: + 0.5 to the

maximum value at z : 0. Although the solid vorume fraction is larger in Figure 5.9(b)

(ø:0.12, L = 12 mn) than in Figure S.9(a) (þ= 0.05, Z = 6 mm), the central porrion of

the profiles at the interface and inside the brushes is larger in 5.9(b) than in 5.9(a).
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Figure 5.9: velocity profiles at selected yJocations to show effects of solid volume

fraction, rod spacing and filling fraction on the velocity field. Z = 6 mm, d:1.59 mm

and h:7 mm for (a) and (b); L= 12 mm, d:3.18 mm and å = 14 mm for (c) and (d).
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This t¡end suggests that rod spacing may also have a significant effect on the velocity

distribution inside the brushes. Since Figures 5.9(c) ancl 5.9(d) have the same rod spacing

(L : 12 mm) and rod height (h : 14 mm), they can be used to find out any effects of solid

volume fraction on the velocity field. It is clear from these two plots that the resistance to

flow inside the brushes is greater for larger solid volume fractions and so the velocity

decays more rapidly for the rarger sorid volume fraction brushes. For example, at z/L : 0,

u/U,,,o:0.89 and 0.35, respectively, at y/L: 0 and -1 for þ = 0.05; the corresponding

u/u,,,* vafues for 6 = 9.12 are 0.79 and 0.18 respectively. similar observation in the

decay can be made from Figures 5.9 (a) and 5.10 (b) which have the same rod spacing

and height but different solid volume fractions. comparing Figure 5.9(b) and 5.9(d), and

also 5 9(a) and 5.10(a), it is observed that for the same solid volume fractions and rod

spacing, the velocity decays more rapidly for the smalle¡ filling fractions. Trends similar

to those described above are shown in Appendix B. Figures 5.10(c) and 5.10(d) show

profiles at y/L = 0 on the linear and logarithm scales respectively for all the / values.

The figures clearly confirm that the paramerers L, h, and, þ affect the mean velocities

through the porous media as discussed above.
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5.4 Spatial Average Velocity Across The Flow

The previous figures (section 5.3.2) are not representative of the average flow inside the

brushes but only indicate spatial variation of the velocity inside the brushes. A¡ea-

averaging of the velocities at various y-locations was therefore necessary to obtain

average flow inside the brushes. At a fixed y-location, say y = c, the averaging was

performed in a unit cell (i.e., the region bounded by four a-djacent rods) using the

rolowing relationship: (a) = ilf=:::,[]J"G,, = ",ò]a,a" 
.A rew analyses were also

performed within four unit cells (6L<x<8L and -L <z < z) but the results were very

similar. For consistency, all (a) values reported in this work were obtained in a unit cell.

The variation of (u) with y for diffe¡ent filling fracrions (h = 7 mmand 14 mm) is shown

in Figures 5.11 and 5.72 for Re = 0.1 and 1.0. The profile for 4l= 9.61 are in Appendix C.

No significant Relmolds number (inertia) effects are observed from these figures.

The velocity decays fiom the value at the interface to nearly a constant value inside the

porous medium. The decay of velocity, in general, appears to be more rapid for higher

solid volume fractions than it is for lower ones because of the higher flow resistance in

the former. However, Figure 5.10 shows that the decay rate for þ= 0.12 (Figure 5.10(b)

is less than that for þ= 0.05 (Figure 5.10(a). This confirms earlier observations that the

velocity field inside the brushes does not depend on the solid volume fraction alone, but

also on the spacing between adjacent rods. The effect of filling fraction, å, on velocity

decay inside the porous media was obtained by keeping values of / and z constant but

varytng h as shown in Figure 5.10(c) and 5.11(c); the decay is more rapid for h=7 mm
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than for h = 14 mm. This provides additional evidence that the velocity field inside the

porous media does not depend on / alone, but also on l, and å, or height of brushes, å.
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Figure 5.11: Distribution of area-averaged velocity (ø) at various Reynolds numbers and

solid volume fractions for å = 7 rnnl Lines are curve fits to experimental data.
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For better comparison of the velocity decay, the variation of (ø) with y for all the

/ values for h = 7 and, 14 are shown in Figure 5. 13. Increase in the velocity decay with /
is observed generally; however, the decay for þ: 0.12 is less than that for /: 0.05

(Figure 5.12(a)). This is athibuted to the fact that a larger L value provídes less resistance

to the flow. A similar trend was observed for h = 14 in Figure 5.12(b). These trends

further confirm that three parameters: þ, L and å influence pressure driven flow through a

model porous medium.
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5.5 Maximum Velocity Normalized with Bulk Velocíty

The values of the ratios of the maximum velocities in the open flow to the bulk velocities

(U,,,^/(Jt,,*) are plotted in Figure 5.13(a), and are found to be larger than 1.5 obtained for

a laminar flow in a two-dimensional channel, that is without the brushes in the channel.

As expected, the values of (J,n^/(J6,,¡p inc¡ease with solid volume f¡action and filling

fraction. This trend can be explained by the fact that for a given filling fraction (h

value), an increase in / represents an increase in blockage to the flow, and so more of the

incoming fluid is diverted into the open space above the brushes, resulting in larger

velocities in the open region. In a similar way, for a given þ, an increase in brush height

or filling f¡action results in more flow blockage and higher velocities in the open region.

-'- O-h = 7 m¡l
" O--h = 14 mm

)""'

0.0 0.2 0.3 0.4

Solid volume fraction (g)

3.6

3.2

2.8

2.4
u.*rurr*

2.0

1.6

1.2

0.60.50.1

Figure 5.14: Y anation of U,,,JU, ¡¡ with solid volume fraction and filling fraction
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5.6 The Slip Velocity

The value ofthe area averaged velocity (u) at the interface þ = 0) is the slip velocity,2,.

These values are surnmarized in Table 5.1. The table also includes values of the bulk

velocity, U6,,¡¿, maximum velocity, U,,o., shea¡ rate at the interface, i,, screening distance,

Jk, evaluated from Eqn.1.2, as well as the ratios, (Ir,^/(J6r¡¡, u"¡(Ju,* and 
"" I 

yJk .

The shear rate, i = au lùlr=r, was estimated by differentiating the reast square curve fits

(shown in Figures 5.10-5.11) to the area averaged mean velocity in the interfacial region

and evaluating it at y = g.

5.6.1 Normalized with Maximum Velocity

The variation or u"/u,,* with solid volume fraction is shown for å :7 mm and 14 mm in

Figure 5.14. It should be mentioned that the velocity varies rapidly in the interfacial

region and because the accuracy of the translating stage is not bette¡ than 0.25 mm, the

uncertainty in uo/U,,,* was estimated to be approximat ely l0o/o. Since u"fiJ,,,* values are

nearly the same for Re = 0.1 and 1.0 (Table 5.l), only values for Re :0. I are plotted. As

expected, values of u/u,* decrease as the solid volume fraction inc¡eases. It should be

noted that for h:7 mm, the lower u{Jo,* value for ø= O.O5 compared with þ: g.12 ¡"

due to the fact that the rod spacing for ¿: 9.65 and 0.12 are, respectively, 6 mm and 12

mm' As explained earlier, more widely spaced rods provide less resistant to the flow.

The values of u¡(J,,* are also generall y higþer ror h = 14 mm than th ey are ror h: 7 mm.
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Table 5. 1 : Summary of important flow parameters

h
(m*)

ø Utrn
(mm/s)

Re ur,*
(nm/s)

us

(mm/s)
v
(t'' )

"lt
(mnz)

u"/Ur,^

7

0.01 1.7 0.1 2.7 0.84 0.174 4.988 0.31 0.97

0.01 t7.7 0.9 27.6 8.20 1.680 4.988 0.30 0.98

0.05 1.8 0.1 2.9 0.17 0.106 1.601 0.06 1.00

0.05 20.1 0.9 32.6 1.65 1.030 1.601 0.05 1.00

0.t2 0.6 0.1 1.0 0.1 I 0.050 2.268 0.11 0.97

0.12 6.9 1.0 11.6 1.24 0.552 2.268 0.11 0.99

0.22 1.1 0.1 2.0 0.07 0.094 0.791 0.04 0.94

0.22 9.4 0.9 16.9 0.75 0.952 0.79t 0.04 0.99

0.49 0.6 0.1 1.1 0.02 0.024 0.626 0.02 1.33

0.49 6.9 t.0 t2.7 0.14 0.228 0.626 0.01 0.98

t4

0.05 1.10 0.1 1.7 1.1 l 0.172 3.196 0.ó5 2.02

0.05 9.80 0.9 15.2 9.65 1.532 3.196 0.63 t.97

0.t2 0.60 0.1 1.1 0.41 0.090 2.260 0.37 2.02

0.12 6.50 1.0 12.O 4.40 0.986 2.260 0.37 t.97

0.22 1.11 0.1 2.9 0.16 0.100 0.791 0.06 2.02

0.22 9.60 0.9 25.0 1.17 0.700 0.79t 0.05 2.11

0.49 0.60 0.1 1.7 0.08 0.062 0.626 0.0s 2.06

0.49 6.50 0.8 t 8.3 0.27 0.210 0.626 0.02 2.05
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Figure 5.15: Yanation of uo/u,,* with solid volume fiaction and filling fraction.

5.6.2 Normalized with Shear Rafe and permeability

consideration is now given to u, f ¡Jtt , which is a more usefur dimensionless srip

parameter because it depends on local conditions and not the far-field velocily, IJ,,*.

Moreover it is equivalent to the inverse of the slip coefficient proposed by Beavers and

Joseph (1967) and can be related to the Brinkman's equation. As noted earlie¡

""liJn= 1 if the fluid viscosity and the apparent viscosity in the Brinlanan,s equation

are assumed tobe equal. Table 5.1 shows that values of u"f /Jk obtained in the present

study are nearly independent of Reynords numbe¡ fo¡ both å : 7 mm and /¡ =14 mm so

that only values at Re = 0.1 are plotted against þ ìn Figure 5.15. The plot for -Re : 1.0 are

in Appendix D. The uncertai nty in u"f iJk is estimated to be 15%o. For h:7 mm,



values of u"f¡Jt ut" approximately unity and nearly independ ent of þ. The values of

u" f ¡Jtt ør n = 14 mm are also nearly constant but are about 2 times those found for

h = 7 mm. This means that, unlike u{},,,* values, ""liJE does not depend on solid

volume fraction and rod spacing but rather depends only on filling fraction.

s 2.0

'Ë t.s
o
0)

Þ
31.o
o
o

6 o.s

Ë

0.0

{-i r I

+---+-+-++
- - E-- present study (h = 7 mm)
'- @ -- present study (h = la mm)

0.01 0.1 1

solid volume fraction ({)

Figure 5.16: variation ot u"f iJE with solid volume fraction / and filling tacrion.
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5.6.3 Gomparison with Previous Work

James and Davis (2001) observed higher values of u,/(J,,o, for higher filling fractions.

However, at comparable filling fractions, the values in this study are higher than those

they reported. This is most likely due to the different rod arrangements in the two studìes.

V alues of u" f yJkor its equivalent, the slip coefficient, ø, have been determined in many

prior analytical and experimental studies fo¡ different types of porous media and so it is

useful to compare the values in this study with results from those prior studies. when the

present values are compared with Brinkman's model, it is observed that results obtained

for h:7 mm and the Brinkman's model are consistent; howeve¡ values for h: 14 mm

are twice as large. Beavers and Joseph (1967) also obtained values of slip coefficient in

the range ø = 0.1 to 4 fo¡ different types ofporous media. These a values are equivalent

to 
""f ¡-JE : 0.25 to 10, and so they envelop values found in the present study.

Gupte and Advani (1997) also reported a wide range ofvalues, ø: 0.07 to 0.43

@r ""f ¡Jtr:2.3 to 14.3), for flow through fib¡ous mat. As discussed in Section 2.1

James and Davis (2001) repofed values of 
""f ¡Jlto, rods arranged across a plane

shear driven flow and pressure driven flow for a wide range of solid volume fraction,

0,001 < / < 0.1. Their 
"" liJt values were 0.35 or less, which are much lower than

values obtained in this study. In their subsequent study offlow tkough and over circular

rods aligned along the flow @avis & James, 2004), they fottnd u"f iJk in the range

0.76 to 0.88. As shown in Figure 5.17, Tachie et al (2003) obtained values of

""liJl, = 0.25 for rods aligned across a circular couette flow. These values agree well
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with the anallical work of James and Davis (2001) but are significantly lower than

values obtained in this work. with the rods mounted perpendicular to the walls to form a

'brush' similar to the present geometry, Tachie et ar (2004) obtained 
""liJE= l.o.

clearly, these results are comparable to values obtained in this work, and suggest that

penehation of the open flow into the porous medium is significantly higher when the rods

are installed perpendicular to the flow than across or aligned to the flow.

The solution to Brinlcnan's equation suggests that the depth of penetration is of

orderJÉ. In this work we define the depth of penetration, { as the y-location where the

local velocit¡ a, inside the brushes decays to 0.01(ø" - z¿). values of áfor some selected

solid volume fractions are compared with the screening distance, Jk in Tubl" s.z.

This table shows that the depth of penetration is much greater than suggested by the

Brinkrnan equation with p'lp = 1, and appears to depend on both solid volume fraction

and filling fraction. Larger values of 6lJE were reported by Gupte and Advani (1997)

for a fibrous mat.
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Table 5.2: summary of depth of penetration, d for selected test conditions and
comparison with screening distance, /E

h (mm) ø Jk ûnm) 6 (nm) ã/^lk

7

0.0s 1.60 6.00 3.75

0.22 0.79 3.96 5.01

0.49 0.63 1.02 t.62

14
0.22 0.79 9.96 12.61

0.49 0.63 3.90 6.19



CHAPTER 6: GONGLUSTON AND GOMMENTS

ln this thesis, the PIV technique was used to study the velocity field in a pressure driven

flow over and through three-dimensionar model porous media, The porous media

consisted of acrylic rods installed perpendicular to the flow direction. A total of nine test

models consisting of five solid volume fractions, ø (l%, 5%, l2%, 22% and, 49%o) and,

two fìlling fractions, h (i.e. h = 7 and 14 mm ot 2g%o and 56% respectively) were studied.

Each test model was studied at two Reynolds numbers based on ¡od diameter and bulk

velocity (,. e. Rs = 0.1 and 1.0) to ensure that there are no significant inertia effects on the

results. This shrdy provides the most comprehensive velocity measurements in three-

dimensional model porous media. Furthermore, the range of solid volume fractions

studied in this thesis is wider than in previous experiments.

The specific conclusions are discussed as follows:

o The mean velocity inside the porous medium and in the open flow depends on å,

þ, L.In general, the results obtained indicate that the velocities outside the porous

media are orders of magnitude larger than those inside the porous media. In the

open flow, the mean velocity inc¡eases with å and /but decreases with increasing

r. The results also show that for the same r and å, the velocities, in generar,

decrease with increasing þ. lt was also observed that a larger l¡ has the effect of

ìncreasing the maximum velocity as welr as the srip velocities (r.e. the velocity at

the interface). Inside the porous medium, the mean velocity increases with both Z

and, hbut decreases with increasing /.
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The results also show that values of the slip velocity depend on h, þ and L.

The slip velocity made dimensionless by the local maximum velocity also

depends on h, ø and z, The slip velocity generally decreases with / but increases

with h and L.

The slip velocity made dimensionless by shear rate at the interface and

permeability depends on /¡ but is independent of þ andz. rn paficular, values of

the dimensionless velocities for 28%o and,56%o filling fractions were, respectively,

1 and, 2. These results also show that the original Brinkman,s equation

(i.e. assumingT-r' f p =1) can predict the velocity profiles for h = 7 mm to a good

degree of accuracy. This is because shear rate at the interface and permeability are

local values and remove any dependency of the dimensionless slip verocity on

solid volume fraction and rod spacing so that filling fraction becomes the only

parameter that influences the dimensionless slip velocity.

The present study also demonstrates that penetration of the open flow into the

brushes is sigilficantly higher than prior results obtained for rods arigned across

the flow. The depth of penetration was also obtained to be generally larger than

the screening distance, and depends on both, þ nd h. The results clearly show

that the depth ofpenetration dec¡eases with increasing / but increases with å.



REFERENCES

1 . Beavers, G. S. and Joseph, D. D. (1967)',Boundary conditions at a naturally

permeable wall," J. Fluid Mech. Vol. 30, pp. 197 - 207.

2' Brinkman, H. c. (1947) "4 calculation of the viscous force exerted by a flowing fluid

on a dense swarm of particles," Appl, Sci. Res., Sect, A,Vol. l,pp.27 _ 34.

3. Coleman, W. H. and Steele, lV. G. (1995) "Engineering application of experimental

uncertainty analysis," AIAd J. Vol. 33, pp. 1888 - 1896 ,

4. Davis, A M. J. and James, D. F. (2003) "The slip velocity at the edge of a porous

medium: effects ofinterior resistance and interface,', Transport in porous

media, Vol. 53,.pp. 175 - 196

5. Davis, A M. J. and James, D. F. (2004) "Penet¡ation of shea¡ flow into an anay of

rods aligned with the flow," Can. J. Chem. Eng. Vol. B2,pp. 1169 - 1174.

6. Grant, L (1997) '?article image velocimetry: a review,,,proc. Instn. Mech. Engrs.

Vol. 211 Part C, pp. 55 - 76

7. Gupte, S. K. and Advani, S. G. (1997),,Flow near the permeable boundary ofa porous

medium: an experimental investigation using LDA,', Exp. Fluids. yol.22,

pp.408 - 422.

8. Jackson, G. W. and James, D. F. (1986) ,,The permeability of fibrous porous media,,,

Can. J. Chem. Eng. Vol. 64, pp.364 -374.

9. James, D. F. and Davis, A. M. J. (2001) 'Flow at the inte¡face of a model fibrous

medium," J. Fluid Mech. Yol 426, pp. 47 - 71.

IJ



10. Keane, R. D. and Adrian, R. J. (1993) "The theory ofcross correlation analysis

of PIV images," Appl. Sci. Res. Vol. 49, pp. t9l - 215

11. Keane, R. D. and Adrian, R. J. (1992) "Optimization of particle image

velocimeters II. Multiple pulse systems,', Engineering Optics, Vol. 5, pp 47

72. Keane, R. D. and Adrian, R. J. (1990) "optimization ofparticle image velocimeters.

Part I. Double pulsed systems," Measurement Science and Technology, Vol. l, pp.

1202 - 1215

13' Kim, s. and Russel, w. B. (1985) "Modeling of porous media by renormalization of

the Stokes equation," J. Fluid. Mech. Vol. 154, pp.269 - 286.

14. Mei, R., Adrian, R. J. Hanratty, T. J. (1991).,particle dispersion in isotropic

turbulence under stokes drag and Basset force with gravitational settling,"

J Fluid Mech. Yol 22S,pp. 481 - 495

15. Prasad, A. K. (2000) "Particle image velocimetry,,' Current Science Vol. 79 (1)

pp. 51 - 60

16. Raffel, M, Westerweel, J., Willef, C., Gharib, M, Kompenïans, J.(1995) "Analyticai

and experimental investigations of dual-plane pIV," proc. SpIE - lnt Soc. Optical

Eng. Vol. 2546, pp. 75 - 86

17. Sahraoui, M. and Kaviany, M. (1991)..Slip and no-slip conditions at interface of

porous, open media," ASME/JSME Thermal engineering proceedings. Vol. 4,

pp.273 - 286

18. Sangani, A. S. and Acrivos, A. (1982) ,,Slow flow past periodic anays ofcylinders

with application to heat transfer," Int. J. Multiphase flow. Vol. g,pp. 193 _ 206.



19. shams, M., James, D. F. and currie, L G. (2003) "The verocity field near the edge of

a model porous medium," Exp. Fluids. Vol. 35, pp. 193 _ 19g,

20. spooren, R. (1991) "Fringe quality in pulsed rv-horography," proc. spIE - Int soc.

Optical Eng. Vol. 1508, pp. lt8 - t27

27' Tachie, M. F., James, D. F. and currie, L G. (2003) "verocity measurements of the

shear flow penetrating a porous medium," J. Fluid Mech. Vol. 493, pp.3l9 _ 343.

22. Tachie, M. F., James, D. F. and Currie, L G. (2004), .,Slow flow through a brush,,,

Phys. Fluids. Yol. 16, pp. 2 - 7.

23. Taylot, G. I' (1971) "A moder for the boundary condition ofa porous material.

Pan I," Fluid Mech. Vol. 49,pp.319 -326

24. Yafai, K. and rhiyagaraja, R. (r9g7) "Analysis offlow a¡rd heat transfer at the

interface region of a porous medium,,, Int. J. Heat Mass Transfer. Vol. 30,

pp. i391 - 1405

25. westerweel, J. (1997) "Fundamentals of digital particle image velocimet4/' Meas.

Sci. Technol. Vol. 8 pp. 1379 - 1392

26 westerweel, J. (1996) 'Measurement of fufly developed turbulent pipe flow with

digital particle image velocimehy', Exp. Fluids. Vol. 20, pp. 165 _ 177

27. Wlllert, C. E. and Gharib, M. (1991).,Digital particle image velocimetry,,,

Exps Fluid, Vol. 10, pp. 181 - 193

75



APPENDIX A

@..
(a) ylL = -0.33

@--

(c) y/L=0

Figure A.l: Vectors and streamlines for þ : 0.01, L =
and h:7 mm.

@

@

(b) y/L = -0.33

(d) y/L=0

12 mm, d: 1.59 mm, Re: 0.1,
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(a) ylL = -0.33

w
(b) y/L: -0.33

(d) y/L:0

ríFrì¡:ÈË<;l¡=iS:t -Æ\--ìs---+-á\r::

=-WæQ-

Figure 4.2: Vectors and streamlines for þ= 0.01, L = 12 mm, d = l.5g mm, Re = 0.1,
and h: 7 mm.
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(a) ylL = -0.33 (b) y/L = -0.33

(a) y/L=0 (b) y/L=0

Figure 4.3: Vectors and st¡eamlines for þ:0.05, L = 6 mm, d = l.5g mm,.Re = 0.1,
and, h:7 mm.
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(a) y/L= -0.33 (b) ylL: -0.33

@) vn':o (d) y/L=O

Figure 4.4: Vectors and sheamlines for þ= 0.12, L = 12 mm, d:3.1g mm, i?e : 0.1,
andh=7mm.



(a) Re = 0.1, ylL = 0

(c) Re:1.0,y/L=Q

(b) Re = 0.1, y/L = 0

(d) Re:1.0,y/I-:0

Figure 4.5: Vectors and streamlines fot þ= 0.22, Z:6 mm, d = 3.lg mm. Re : 0.1
and, h= 7 mm.



(b) y/L = -0.33

(c) y/L=0

Figure 4.6: Vectors and streamlines for 6 = 9.22, L = 6 mm, d = 3.1ïmm, ^Re 
: 1.0,

and å: 14 mm.
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APPENDIX C

L00

0.75

0.50

vlL
025

o_00

oa
ao

ao

aa

oa

oa
Ð

E'
oa

o. . o = 0.01, R€ = 0.1
Ð Ó=0.01,Rô=l0

0.0 o.2 0.4 0.6 0.8 1.0

-0.

.0.50

<u>/u*

Figure c: Distribution of area-averaged velocity (z) at the stated Reynolds numbers and

solid volume fractions for h = 7 mm.
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