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Abstract

The flow in micro geometries is of interest in applications such as bioanalysis
systems, micro-valves and flow through porous media. The flow is generally
straight-forward to predict since the flow is laminar and the geometries are
often simple. However when it comes to flow through dual scale porous me-
dia, the flow gets harder to predict. The flow through porous media can be
applied to areas such as composites manufacturing, paper making and drying
of iron ore pellets. The aim of this project is therefore to study flows in micro
geometries with numerical and experimental methods to gain increased under-
standing of porous media flow. The optical method best suited for this kind
of geometries is micro particle image velocimetry(µ-PIV) and the numerical
calculations are done with computational fluid dynamics(CFD). µ-PIV is used
to investigate the flow in channels with a single fibre and with fibre arrays of
different patterns and densities. The effect permeability has on flow fields in
channels is investigated with CFD.
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Nomenclature

K̄ Permeability tensor, m2

∆t Measurement time interval, s

εB Relative error due to Brownian motion

µ Dynamic viscosity, Pa · s

ν Kinematic viscosity, m2/s

νs Superficial velocity, m/s

ρ Density, kg/m3

Ac Cross-sectional area, m2

Dh Hydraulic diameter, m

p Pressure, Pa

pw Wetted perimeter

u Velocity, m/s

D Einsteins diffusion coefficient, m2/s

f Fibre volume fraction

R Fibre radius, m
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Chapter 1
Introduction

There is said that fluid flows has two states. When the flow is said to be lam-
inar, it means that the flow is highly ordered and has smooth streamlines. A
streamline is defined as a curve that is everywhere tangent to the instantaneous
local velocity vector. When flow has velocity fluctuations and disordered mo-
tion, the flow is said the be turbulent. There are several parameters that affect
the transition from laminar to turbulent flow, for instance the geometry, fluid
velocity and material properties of the fluid. The experimental work of Os-
borne Reynolds in the 1880’s led to the conclusion that the transition could be
described as a ratio of the inertial forces to viscous forces in the fluid. This
ratio is known as the Reynolds number and is defined as

Re =
uDh

ν
(1.1)

where u [m/s] is the average velocity of the flow, ν [m2/s] is the kinematic
viscosity and Dh [m] is the hydraulic diameter. The hydraulic diameter is
defined as

Dh =
4Ac

pw
(1.2)

where Ac [m2] is the total cross-sectional area of the flow and p is the wetted
perimeter.

In the case of flow through microgeometries the flow is laminar in almost ev-
ery case because of the small scales involved.
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The flow can be described by the equations of fluid motion. The continuity
equation and the Navier-Stokes equation is defined as follows

∂ρ

∂t
+∇ · (ρu) = 0 (1.3)

ρ

(
∂u
∂t

+(u ·∇)u
)

=−∇p+µ∇
2u (1.4)

where ρ [kg/m3] is the density of the fluid, p [Pa] is the pressure and µ [Pa·s]
is the dynamic viscosity. If the fluid is considered incompressible or in other
words ρ is constant, the continuity equation reduces to

∇ ·u = 0 (1.5)

Solving Navier-Stokes equation for anything except simple flow fields is not
possible at present time since it is an time dependant, nonlinear, second or-
der partial differential equation[1]. Since analytical solutions are not possible
for more complex cases it is therefore of great interest to analyze these cases
experimentally or numerically.

1.1 Porous media

The flow in porous media has been of interest for a long time. Henry Darcy
studied the filtering of drinking water in the city of Dijon as early as in 1856.
From the experimental observations he derived a one-dimensional law for flu-
ids propagating through a porous media. His law was theoretically derived and
extended to several dimensions to take the form

νs =−K̄
µ

∇p (1.6)

where νs [m/s] is the superficial velocity(ratio between volumetric flow rate
through the porous medium and the cross-sectional area in the flow direction)
and K̄ [m2] is the permeability tensor of the porous medium[2]. The law is
valid as long as the Reynolds number is low enough to ensure a totally lami-
nar flow, the fluid is incompressible and Newtonian and the porous domain is
stationary.
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A Newtonian fluid is defined as as a fluid for which the shear stress is lin-
early proportional to the shear strain rate. This can be compared to the elastic
solids where the stress can be described as a material constant times the strain.

1.2 Optical measuring methods

Optical measuring methods have been used for several years. These kinds of
methods are well suited for fluid mechanical problems since mechanical meth-
ods tend to disturb the flow. Among the first to use tracker particles to mon-
itor flows was Ludwig Prandtl. In the beginning of the 1900s he performed
experiments on flow around objects in a water tunnel where particles was in-
troduced to the surface of the flow. From these experiments Prandtl was able
to show flow phenomena in a qualitative way. With the development of tech-
nology in the last couple of decades, mostly the transition to digital recording
and evaluation have given the optical measurement techniques the ability to
give quantitative data such as velocities. Particle image velocimetry or Laser
speckle velocimetry as it was called early on started to develop in the late 70s
and early 80s. In the early work of Roland Meynart he showed that it was
possible to make practical measurements on both laminar and turbulent flow
of fluids with this method[3, 4]. The concept of applying this technique to sub
millimeter scaled geometries started developing in 1998 where the flow around
an elliptical cylinder with a major diameter of 30 µm was investigated[5]. The
flow through rectangular networks of cylinders has been investigated with the
PIV-method where different solid volume fractions and fibre radii was looked
at[6, 7].

1.3 Computational Fluid Dynamics

Solving fluid related problems numerically with Computational Fluid Dynam-
ics has become a standard industral tool. Solving the Reynolds-Averaged
Navier-Stokes(RANS) equations with the help of computers is considered a
good method on solving problems that are too complex to solve analytically. It
is important to understand that the solutions obtained from CFD will always be
approximate because a CFD model is always a simplification of reality. There
will be model uncertainties which are the difference between the exact solu-
tions of the solved equations and the actual flow, there will be discretisation or
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numerical errors since the geometry is discretised and only the discretised ver-
sions of the continuum transport equations and energy transfer can be solved
numerically and when these equations are solved numerically there will be it-
eration or convergence errors. The iteration and convergence errors are the
difference between the fully converged solution on the numerical grid and a
solution which is not fully converged due to lack of time or inadequate nu-
merical methods. Since computers have a limits for how many digits they can
store for a parameter value there will always be some kind of round-off error
in CFD-results as well[8].
There is different approaches on how to discretize numerical models for CFD.
The easiest method to apply to simple geometries is the Finite Difference
method(FD). This method can be applied to any type of grid but it is mostly as-
sociated with structured grids. The basic principle for FD is that Taylor series
expansions or polynomial fitting is used to find approximations of the first and
second order derivates of the investigated variables in the coordinates that are
located along the grid lines. The downsides of FD is that it does not enforce
conservation and that is restricted to simple geometries.
With the Finite Volume Method(FV), the solution domain is divided into con-
trol volumes(CVs), and the conservation equations are solved applied to each
CV. The integral form of the conservation equations is used which also means
that conservation will always be maintained. Surface and volume integrals are
approximated which gives values in nodes in the centroid of each CV and in-
terpolation gives values on the CV surface. The main disadvantage with FV
is that it is hard to develop methods of order higher than two for three dimen-
sional cases.
The Finite Element method(FE) uses a similar approach as FV with the main
difference being that the equations are multiplied with weight functions before
they are integrated over the domain. The FE method is also mostly associated
with unstructured grids[9]. There is also hybrid methods between FE and FV
which is used by commerical software such as ANSYS CFX.

Computational fluid dynamics can be applied to the flow through porous me-
dia in several ways. A finite volume approach can be used to calculate the
permeability of cells with a geometry typical for composite materials[10] or
for a given permeability, calculate important physical variables such as veloc-
ities or temperatures. There are other ways to model flows through porous
materials which will allow one to model every fibre in a fibre bundle e g the
Boundary Element Method were flows through bundles of circular fibres has
been investigated[11, 12].



Chapter 2
Method

2.1 Particle Image Velocimetry

Particle Image Velocimetry is a method that allows complex instantaneous
velicty fields to be measured[13]. In a typical PIV-setup the flow is seeded
with tracer particles and a plane is illuminated two times or more in a short
period of time. The emitted light from the particles are then recorded by a
camera. The recordings are evaluated on a computer by dividing the images
into smaller subareas and comparing the particle placement in these subareas.
The assumtion is made that the particles move linearly within the subarea when
the time between images ∆t is sufficiently small. By correlating the particles
placement in sequential images, both the magnitude of the velocity and the di-
rection can be evaluated, see Fig. 2.1.

One disadvantage with conventional two-dimensional PIV is that it only ac-
counts for the particles that move in the investigated plane. Particles that move
into or out of that plane will cause problems in the correlation and give corrupt
data to the obtained results.

When applying the PIV technique to microgeometries some adjustments must
be made. The investigated domain is imaged through a microscope before it
is captured by the camera. Since the illumination of a single plane is difficult
to achieve in these kinds of geometries the entire volume is illuminated by the
light source. The limitation in measurement depth is instead decided by the
focus of the microscope.

7
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Figure 2.1: Basic principle behind cross-correlation

2.1.1 Seeding Particles

The seeding particles have a big impact on how the results of an experiment
will turn out. Both the size of the particles and the particle concentration are
parameters that should be chosen in such a way that they match the studied
geometry and flow velocity. The particles should be small enough to follow
the flow in a good way but not so small that they will be affected by random
disturbances in their movement which is known as Brownian motion. The
relative error that occurs from Brownian motion can be estimated by

εB =
1
u

√
2D
∆t

(2.1)

where D [m2/s] is Einsteins diffusion coefficient and ∆t [s] is the measurement
interval[5].

The particle concentration should be kept as low as possible to keep a good
signal-to-noise ratio[14]. This is because the number of particles that move
outside the investigated plane is lower and their emitted light will not add as
much noise to the pictures obtained. Since low particle concentrations can
lead to insufficient data to perform correlations between two consecutive im-
ages the "‘Sum of Correlations method"’ was used. This method will sum up
an arbitrary number of correlations before the velocity field is calculated[15].

Parafin oil was used as fluid in all experiments because it has a refraction index
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close to that of the glass walls of the channels. It is important to have a ho-
mogenous particle distribution in the fluid. If particles start to clump together
they will disturb the velocity field obtained from the experiments. When mix-
ing the particles into the parafin oil special care has to be taken or alot of air
will be added to the fluid. Since the air bubbles generally are larger than the
tracer particles they will have a significant negative effect on the results. The
first method was simple to apply the particles to the surface of the container
that held the fluid and then stir. With the stirring method alot of air is trapped
inside the fluid and alot of particles adhere to the walls. The method that
seemed to give the best fluid was to use a sonic bath for the mixing. Placing
the container with the fluid and tracker particles in the sonic bath where small
vibrations handled the mixing gave a very homogenous distribution of parti-
cles in the fluid. The procedure does however add some air to the mixture and
this had to be dealt with in some way. The solution was to put the container
which held the mixtrure in a vacuum pump to get rid of all the residual air.

2.2 Experimental setup

The light source used in the expermients was a pulsed Nd:YAG laser from
Litron Lasers emitting light at a wavelength of λ = 532nm. The images are
pictured through a Zeiss Axiovert 200 microscope. The seeding particles used
was 10.2 ±0.17µm Rhodamine B particles from Microparticles GmbH. In or-
der to get a constant volume flow into the inlet of the channel, a KDS Model
100 Series pump was used. The experimental setup can be seen in Fig. 2.2.

Figure 2.2: Experimental setup[16]

Several experimental cells was constructed to investigate fluid flow in microge-
ometries. The geometry consists of an inlet pipe with R = 0.6 mm which leads
to a 1.6 mm wide slit designed to remove three dimensional effects which in
turn ends up in the main channel with dimensions 5.3x7x7 mm3. The main
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channel has a porous region, in reality consisting of an array of fibres, which
is 4 mm wide and 4 mm long and takes up the entire channel depth. The fibres
are shaped as cylindrical rods and have a radius of 150µm. Open regions are
left around the fibre array to allow different flow phenomena to be investigated.
Several top plates with pre-drilled holes in different formations were used for
attaching the fibres. Since the channel consists of several parts and the top
and bottom plates are replaceable there will always be a risk for leakage. The
channel must be filled before it is sealed to make sure no air is trapped inside
the cavity. A thin layer of a two component epoxy glue was applied to the
edges of the top and bottom plates to make them completely sealed shut. Even
the smallest leak will cause air to enter the channel and the measurement to be
ruined. This will also lead to that the channel must be taken apart and refilled
which can be very time-consuming.
To see how well the PIV handled the small fibres the first experiment contained
only one single fibre attached to the top plate and the flow around it was inves-
tigated both experimentally and numerically.
Another experiment was carried out when the fibres was arranged as an rect-
angular array with a relatively low solid fraction. The final experiment was the
flow through and around a much denser hexagonally arranged fibre array. An
optical view of the hexagonal fibre array can be seen in Fig. 2.3.
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Figure 2.3: Optical view of fibre bundle
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2.3 Numerical models

2.3.1 Flow around single fibre

The geometry for the numerical model of the flow around one fibre was created
in ANSYS Workbench and the unstructured mesh was created in ICEM CFD.
The unstructured mesh had 737k tetrahedral elements. A local refinement near
the cylinder was applied to give increased accuracy near the cylinder surface,
see Fig. 2.4.

Figure 2.4: Mesh

The inlet boundary condition is set as a plug profile with velocity obtained from
experimental data. The cylinder and the top and bottom walls are modelled
with a no slip boundary condition and the front and back walls are modelled
as symmetry planes to remove wall effects. The outlet uses an average static
pressure of 0Pa. The root mean square(RMS) residual targets was set to 1e-
6 which is very tight convergence suitable even for geometrically sensitive
problems[17].
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2.3.2 Flow through fibre bundle

The geometry for the channel with the porous material was the same as the ge-
ometry of the channel used in the experiments with the fibre bundles. The ge-
ometry was created and a block structured mesh was created which had 1470k
nodes. The block structure for the mesh was built up by a O-grid which starts
at the inlet and goes all the way to the outlet and the areas around the O-grid
was meshed as homogenous as possible. The geometry and the mesh can be
seen in Fig. 2.5(a) and 2.5(b) respectively.

(a) Geometry (b) Mesh

Figure 2.5: Geometry and mesh for numerical model

The velocity at the inlet was set to a plug profile with velocity corresponding
to the inlet velocity of the experiments. A plug profile is not a very realistic
assumption but it was considered a reasonable approximation since a fully de-
veloped profile will be obtained very soon in the tiny capillary leading to the
cavity. All walls were modelled with a no-slip boundary condition. The outlet
was set to use an average static pressure of 0Pa. The fibre bundle was modelled
as a porous subdomain with constant permeabilty. This approach was chosen
because it’s easier to model a complex 3D structure this way than to model
every fibre in the fibre bundle. The permeability for hexagonal fibre arrays can
be calculated as

K|| =
8
C

(1− f )3

f 2 R2 (2.2)

K⊥ = C

(√
fmax

f
−1

)(5/2)

R2 (2.3)
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where f is the fibre bundle volume fraction, C is a constant close to unity that
is dependent on the actual fibre arrangement and R [m] is the fibre radius[18].



Chapter 3
Results

3.1 Flow around single fibre

The velocity field obtained from PIV and the one obatined from CFD can be
seen in Fig. 3.1(a) and 3.1(b) respectively. The results looks very similar
and the flow is much like what one would expect for flows with low reynolds
numbers. With very low upstream velocities the fluid completely wraps the
cylinder and the flow going above the cylinder and the flow going beneath it
will meet behind the cylinder in an ordered manner. For RE ≥ 10 there will
be some separation that starts occuring behind the cylinder but in this case RE
≤ 1 and hence no separation will occur.

15
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(a) Experimental

(b) Numerical

Figure 3.1: Velocity fields
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3.2 Flow through fibre bundles

3.2.1 Rectangular fibre array

Since the PIV seemed to handle the single fibre well, a network of fibres placed
as a rectangular array was investigated. Fig. 3.2 Shows the obtained velocity
field. There seems to be very little movement between the different rows of
fibres. It can also be noted that that the velocity in the x-direction increases in
the necks between the fibres which is clearly shown in Fig. 3.3.

Figure 3.2: Velocity field for flow through rectangular fibre array

The trouble with air getting suspended inside the channel did give an unique
opportunity to see how disturbances in the array affects the flow. In Fig. 3.4
there is an air bubble trapped between two fibres.

In the obtained velocity field some of the flow moving over the bubble is forced
to go above the next fibre row as seen in Fig. 3.5.
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Figure 3.3: velocity profiles for flow through rectangular fibre array

Figure 3.4: Air bubble trapped between fibres
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Figure 3.5: Velocity field of array with air bubble
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3.2.2 Hexagonal fibre array

Since the difference in velocities of the flow moving through the bundle and
the flow moving around it is so large it will be difficult to cross correlate the
particles movements both inside the bundle and around it on the same picture.
The flow around the fibre bundle is shown in Fig. 3.6 where three fibres can
be vaguely spotten in the upper part of the plot.

Figure 3.6: Velocity field ouside fibre bundle

In order to get as small contribution as possible from particles that move into
or out of the measurement plane it is desired to put the measurement plane
where the flow has the smallest variations in the direction perpendicular to
it. Fig. 3.7 shows streamlines for the flow in the plane perpendicular to the
measurement plane obtained from the numerical simulations. As it can be
seen the optimal places to measure would be in the symmetry plane or close to
the top or bottom wall. The symmetry plane would be more suitable because
the velocity near the walls is very slow and there might be some wall effect
present. Due to geometrical limitations for the channels and the microscope
this was not possible at first and because of this, the flow was captured close to
the bottom wall. The cross-correlated image of a measurement series is shown
in Fig. 3.8. The results show that we have flow moving further into the porous
bundle and also out into the bulk flow which can be seen in the upper part of
the figure.
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Figure 3.7: Streamlines for velocity in plane perpendicular to measurement
plane

Figure 3.8: Fluid flow through fibre bundle
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In order to investigate the flow at a greater distance from the microscope lence,
a holder for the channel was constructed. The holder allowed the channel to
be lowered so it was closer to the microscope lence which increased the mea-
surement depth. The holder was made out of PMMA and it had four screws
to stabilize the channel and help keep it horisontal. The velocity profile inside
the bundle obtained near the middle of the channel can be seen in Fig. 3.9.

Figure 3.9: Velocity profile near middle of channel

The velocity obtained from the numerical simulations in the plane in the cen-
ter of the channel is shown in Fig. 3.10(a). Since the difference in velocity
between the flow going through the bundle and the flow going around it is
rather large, a logarithmic scale was chosen for the velocity. A close-up on
the porous domain is shown in Fig. 3.10(b). It can be observed that there is a
slightly higher velocity near the corners of the bundle which implies that some
of the flow is forced to pass through the bundle there.

An investigation was made on how the permeability of the porous domain af-
fects the flow in the channel. The original permeability that was calculated
from the experimental cell was used as a base and was compared to simula-
tions that hade that permeability increased by 100 times and 1000 times. The
results of that investigation can be seen in Fig. 3.11

This shows that the permeability of the porous domain greatly affects the be-
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(a) Channel (b) Porous domain

Figure 3.10: Contour plot at the porous domain

haviour of the flow in the channel. When the permeability is 100 times greater
than for the experimental cell, the difference in velocities between the flow
through the bundle and around it are significantly less but the parabolic shapes
of the bulk flow are still very prominent. For the case of 1000 times perme-
ability the flow inside the bundle is higher than for the flow around it and the
velocity profile is approaching the parabolic shape of a velocity profile for
regular channel flow.
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Figure 3.11: Velocity profile in the channel for different permeabilities
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Discussion

Micro particle image velocimetry and computational fluid dynamics was used
to investigate flows in simple sub millimeter geometries. Since reasonable
results were obtained the more complex case of porous media was looked at.
The porous material in the experiments consisted of fibre arrays in different
alignments and solid volume fractions. The obtained flow fields from PIV
shows that the technique can be used even in very dense arrays where the
velocities are very slow compared to the bulk flow. Although all the studies
performed with the PIV was considered stationary, the results obtained indicate
that it should be possible to monitor flows in transient applications such as flow
fronts in filling processes. It should also be possible to mix larger particles
in the fluid to see how they hinder the fluids propagation through the porous
media. When looking at transient events there will be little to no room for
optimizing settings after the measurement has started and parameters such as
laser power, microscope focus and time between laser pulses all have great
impact on the final results. One way to handle this would be to run a stationary
case first to evaluate the different parameters and selecting optimal settings for
them.
Numerical simulations was carried out with the porous media modelled with
constant permeability according to analitycal formulas. The results showed
that the permeability of the porous material affected the flow field both inside
the fibre bundle but also the flow around it. This kind of simulations could
be used with more complex models for permeability or porosity in order to
get physical properties such as velocities or temparatures. It should also be
possible to use this method to run transient simulations where flow fronts could

25
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be examined over time. Another interesting aspect would be to add particles to
the fluid and use particle tracking to monitor their movement through the flow
domain.
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