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Abstract

Fluid flow through porous media takes place in many natural processes such as ground water 
flows, capillary flows in plants and flow in human organs and muscles. It is also of outmost 
importance to have knowledge of this flow in a number of industrial processes such as paper 
making, making of fiber boards, composites manufacturing, filtering, forming and sintering of 
iron ore pellets and drying and impregnation of wood. Despite the significance of porous media 
flow and the vast amount of work that has been performed to investigate it, knowledge of some 
fundamentals is missing. Little is, for instance, known about flow field at the inlet, mid-section and 
outlet of porous bed as well as transitional and turbulent flow in porous media on the microscopic 
level. On a macroscopic level Darcy law is extended to the so called Ergun or Forchheimer 
Equations when Re becomes larger than about 10 to fit experimental data. The actual value depends 
both on the porous media and how Re is defined. The deviation from Darcy flow can for modest Re
be explained by inertia but may, as Re increases, also be attributed to turbulence. The macroscopic 
way of modelling the flow field during transition from inertia dominated to turbulent flow is just to 
continue with the Forchheimer Equation or possibly some version of it. In any case experimental 
data yields that, on a macroscopic level, the transition from Darcy flow to inertia dominated and 
turbulent flow is smooth. To get a better understanding of this process the transition from laminar 
to turbulent flow in porous media is here studied with new experimental methods.  

To mimic inter-connected pores, a simplified geometry is studied consisting of a pipe with a 
relatively large diameter that is split into two parallel pipes with different diameters. This is a 
pore-doublet set-up and the pressure drop over all pipes is recorded by pressure transducers for 
different flow rates. The model is also extended to three parallel pipes. In the other main set-up
the flow in a bed of spheres is studied with indexed matched fluids and with classical 2D-PIV and 
Stereoscopic-PIV. This is done in order to be able to understand the conditions in different flow 
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regimes and in different position of the porous media even before and after it. The measurements 
are performed at a large range of Reynolds numbers, 30 < Rep < 4000 and the bed consists of 
relatively many spheres. The size of the porous bed is 0.10 x 0.10 x 0.31 m3 and the spheres are 
12.5 mm in diameter.

Statistical methods and frequency analysis are performed to investigate the data collected. 
Positive skewness of pressure drop fluctuations indicates early stage of presence of turbulent 
patches in the flow in the set-up with pipes. The measured flow distribution and pressure drop 
fluctuations highlights six distinct flow patterns in the pipe network based on variation in flow 
regime of each pipe and the level of pressure fluctuations. Correlation between the pressure drop 
between the two pipes shows that fluctuations in the flow in one pipe is mirrored in the other pipe 
much better than when both of them become fully turbulent. Some detailed results are that the 
frequency analysis reveals two different frequency band events in the pipes. The gain factor 
shows that both frequency band events originate from the larger pipe until the early presence of 
turbulent patches in the smaller pipe. The low frequency fluctuations makes the flow in the pipes 
to be out of phase while the high frequency band fluctuations try to bring the flow in the pipes 
back to equilibrium state. The 2D-PIV measurements showed that the flow is no longer in the 
creeping regime at Rep

detailed measurements can yield more information of the overall flow field than measurements of 
integrated quantities. Also the velocity distribution is self-similar with respect to Rep for laminar
flow and for turbulent flow. The PIV measurement also yields that the probability for relatively 
low and high velocities decreases with Rep while recirculation zones that appear in inertia 
dominated flows are suppressed by the turbulent flow at higher Rep. Finally and to my best 
knowledge, for the first time stereoscopic particle image velocimetry has been used to investigate 
the flow dynamic in a randomly packed bed of mono sized spherical particles. This reveals a 
highly three-dimensional flow.
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Chapter 1

Introduction

Porous media characterizes a complex geometry consisting of a solid phase and some interstitial 
space between it that define the porosity of the material. In other words any solid material that
has cavities, channels or interstices can be considered as porous and for a fluid to flow through it 
the pores have to be interconnected. A porous medium is built from at least two phases with 
distinguishable boundaries between them and as a minimum one of the phases remains fixed. It is 
obvious that the features of porous media are dependent on their pore structure. For example, the 
porosity is an important factor in catalysts to increase their efficiency or in industrial adsorbents 
and membranes porosity determines the chemical reaction efficiency with gases and liquids. The 
complexity and variety of porous materials has therefore made the investigation of transport 
processes in porous media an important issue.

It is generally known that most materials can be regarded as porous to some extent. In general the 
flow in porous media has been part of many industrial processes, engineering and scientific 
application from different disciplines, such as civil engineering, hydrology, environmental 
engineering, chemical engineering, petroleum engineering, agricultural engineering, biomedical 
engineering and can be seen in aquifers, groundwater pollution, reactors, oil production, 
irrigation, lungs and kidneys. To be more specific the Fluid Mechanical group at Luleå 
University of Technology has studied flow through very different porous structures such as 
fabrics, clutches, embankment dams, felts, reactive filters, pulp and beds of iron ore pellets.



2 Introduction

Research about flow regimes and the mechanisms behind transition from laminar to turbulent 
flow in porous media has been of interest in recent decades. Most porous media flow is in the 
laminar regime because the fluid velocity is small and the pore spaces are tiny resulting in a low 
hydraulic permeability. However, flows with high velocities are capable of being turbulent even 
in tiny pore spaces. Transition from laminar to turbulent flow is a slow and continuous process 
and the transitional Re may vary within the porous media.

Most porous media are not transparent which makes it difficult to investigate what takes place on 
the pore scale experimentally. Any processes occurring within a porous media are therefore 
usually disclosed with macroscopic data from the inlet and outlet of the porous structure.
Tomographic techniques such as Magnetic Resonance Imaging (MRI), Particle Emission 
Tomography (PET), Nuclear magnetic resonance (NMR) imaging, Gamma Ray Attenuation and 
X-ray tomography do not require transparent medium and can provide information about the flow 
field within porous bed, but these techniques are expensive and their measurements results have 
low resolution. Optical techniques like particle image velocimetry (PIV), particle tracking 
velocimetry (PTV) and laser doppler velocimetry (LDV) are other ways to investigate flow in 
porous media. These methods require simpler and cheaper facilities to perform measurements,
when compared to tomography methods. In order to have optical access to the inside of the 
porous bed both the solid matrix and liquid phase must be transparent as well as that their 
refractive index must be matched. Hence, these conditions limit the choice of available materials 
to work with.



Chapter 2

Transitional Flow

2.1. Transitional pipe flow 

The flow of fluids is often divided into two significantly different types, laminar and turbulent 
flow. In laminar flows the layers of fluid move gently along their neighboring layers and viscous 
forces is the only mechanism that governs momentum transfer. The frictional forces act on 
adjacent layers and they can only even out small scale irregularities. Most of the fluid flows in 
nature and in our daily life are, however, turbulent. For turbulent flows the fluid properties such 
as velocity, pressure and temperature vary rapidly in space and time without any regular pattern 
that makes the motion of the fluid more statistical than deterministic. In turbulent flow inertial 
forces control the momentum transfer and large fluid volumes move with different velocities in 
the flow and transfer energy from large scales to smaller ones. This increases mixing which is 
one of the main features of turbulent flows and the presence of the large moving volumes of the 
fluid in the flow considerably increases the resistance to flow, as well.
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2.2. Reynolds experiment 

Reynolds was first to systematically study the transition from laminar to turbulent flow 
(Reynolds,O. 1883). He focused on how laminar pipe flow transforms into turbulent flow by 
injecting ink into the flow to visualize the streamlines of the flow. 

Figure 2.1: Map of puffs and slugs as a function of Re and disturbance level by Wygnanski & 
Champagne (1973).

In laminar flow he observed that the ink formed a straight line. When increasing the flow rate he 
observed first that a wave like pattern emerged in the ink stream and then that the ink seemed to 
totally disappeared, due to violent mixing. Reynolds introduced a dimensionless number using a 
“dynamic similarity law” later denoted the Reynolds number. This number is defined as 
Re = D/ where U and D are characteristic velocity and dimension of the flow and is the 
kinematic viscosity. Re may also be interpreted as the ratio between the inertia forces and viscous 
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Transitional Flow 5

forces and may determine if the flow is laminar or turbulent. Reynolds was the first one who tried 
to determine the critical Re for the onset of turbulence, Recritical for pipe flow. Different authors 
have later on reported a range from 1700 to 2300 for Recritical (Darbyshire and Mullin 1995, Faisst 
and Eckhard 2004, Eckhardt 2009), and the intermittent nature of transition is agreed by all of 
them.

2.3. Slugs and puffs

After the initial work by Reynolds (1883), numerous experimental studies have been carried out 
e.g. by Rotta (1956), Lindgren (1969), Wygnanski & Champagne (1973), Wygnanski, Sokolov & 
Friedman (1975), Rubin, Wygnanski & Haritonidis (1980), Darbyshire & Mullin (1995), Draad, 
Kuiken & Nieuwstadt (1998) and Hof Juel & Mullin (2003), suggesting that the intermittent 
transitional process consists of two different turbulent structures depending on Re and the level of 
flow disturbances as:

a) Slugs which originate from a destabilization of the boundary layer due to small 
disturbances at the inlet of the pipe.

b) Puffs which are caused by larger disturbances at the inlet flow. 

Figure 2.2: Centerline axial velocity puff (left) and slug (right) by Nishi et al. 2008

The behavior of transitional pipe flow depends on Re and the disturbance level as illustrated in 
figure 2.1. As can be seen slugs and puffs emerge at different flow conditions. Slugs which can 
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6 Transitional Flow

be seen at Re > 3200 form during transition from laminar to turbulent flow and their front and 
back edges move faster and slower compare to the mean flow velocity so their length grow as 
they move downstream and finally they join and occupy the entire length of the pipe. Also the 
inner structure of the slugs is similar to fully turbulent flow.

Imperfect relaminarization is the origin of the puffs which only appear at Re between 2000 and 
2700 Wygnanski & Champagne (1973). Experimental results have revealed that puffs move with 
almost the mean flow velocity and their centerline velocity at leading edge starts to vary slowly 
from the mean flow velocity which makes it difficult to distinguish their front boundary from the 
surrounding laminar flow, cf. figure 2.2, but they have a sharp boundary at trailing edge. Puffs do 
not grow and their length are about 5 to 20 the diameter of the pipe depending on Re. At higher 
Re puffs break up one or more times and at high enough Re the puffs merge into slugs and begin 
to grow as they travel downstream.



Chapter 3

Flow through Porous 
Media

Flow through porous media has many industrial and natural applications so knowledge about 
flow regime and mechanisms behind transition from laminar to turbulent flow has been of main 
interest in recent decades. Most of the porous media flow is in the laminar regime because the 
fluid velocity is generally small and the pore spaces are tiny which results in a low local Re and a 
low hydraulic permeability. Flows with high velocities are, however, capable of being turbulent 
even in tiny pore spaces (Mickley et al.1965; Jolls and Hanratty 1966; Dudgeon 1966 and Kyle 
and Perrine 1971). Results from different researches regarding the flow regime in porous media 
yields that transition from laminar to turbulent flow is a slow and continuous process and the 
critical Re, Recritical, is much smaller than for pure pipe flow partly dependent on how the 
Reynolds number is defined and an uneven distribution of the size of the pores (Wegner et al. 
1971; Macdonald et al. 1979; Dybbs and Edwards 1984; Latifi et al. 1989; Rode et al. 1994;
Kececioglu and Jang 1994; Seguin et al. 1998 and Lage et al. 1997). Treating porous media with 
a macroscopic or microscopic view is another important area when scrutinizing the flow in 
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porous media caused by its complex geometry. From a microscopic perspective the information 
from each point inside of the pore space flow is analyzed in detailed.

This may be done without performing volume averaging of local information in a representative 
volume which is common practice in the macroscopic view to, for instance, reveal initiation of 
turbulence (Antohe and Lage 1997). Averaging a large number of local information in a 
representative elementary volume increases the risk of removing turbulence indication on the 
macroscopic scale.

3.1. Flow in porous media from macroscopic level

The first relationship that related fluid superficial velocity, u to fluid pressure gradient along a 
porous medium, p/L, is Darcy law

=
(3.1)

which is the result of Henry Darcy’s experimental work on sand filters (Darcy 1856) where K and 
μ are the permeability of the porous media and dynamic viscosity of the fluid respectively.

Darcy law is valid for low Re flow of Newtonian fluids through a stationary porous media. It is 
possible to derive the experimentally obtained Darcy law from fundamental equations, continuity 
and Navier-Stokes equation, by methods of homogenization (Sanchez-Palencia 1980) or volume 
averaging (Whitaker 1986).

By increasing the flow rate the role of inertia grows and Darcy’s linear relationship fails to 
represents experimental data (Dupuit 1863). The physical source of inertial force is not well 
understood yet (Hlushkou 2006), but some of the possible reason for failure of Darcy law 
mentioned in the literature are

Loss of kinetic energy due to contraction and expansion of pore space (Panfilov 2006)

The effect of pore solid boundaries on pressure loss (Hayes 1996)

Microscopic inertial forces presented in the drag forces (Ma 1993)

Formation of inertia flows at the center of pores (Dybbs 1984)

Formation of a viscous boundary layer (Whitaker 1996)

The interstitial drag force (Hassanizadeh and Gray 1987, Ma and Ruth 1993)

Singularity of streamline patterns (Panfilov et al. 2003)

Separation of flow (Skjetne and Auriault 1999b)
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Deformation of streamline patterns and formation of eddies (Fourar et al. 2004; McClure

et al. 2010; Panfilov and Fourar 2006)

The permeability for Darcy flow may be expressed in terms of the porosity and the typical length 
scale of the porous media according to the Kozeny-Carman Equation:

=
180 (1 )

. (3.2)

Based on different characteristic length scales in porous media, dp could be mean particle 
diameter of the medium, some typical scale of the pores, the hydraulic diameter of the porous 
media or dp = (K/ )1/2 where K and are permeability and porosity. Different Re have been 
reported as the upper limit for Darcy law and traditionally Darcy law is said to be valid for Stokes 
flow Re < 1 (Lindquist 1933; Schneebeli 1955; Hubbert 1956; Scheidegger 1960 and Chauveteau 
and Thirriot 1967), but (Hellström et al. 2010) have shown that it can be valid up to Re 10. The 
value is dependent on how the length scale is chosen.

In 1901 Forchheimer added a quadratic term to the linear Darcy law in order to capture 
experimental data at higher velocity, see equation (3.3) where and are constants and kF is an 
inertia flow coefficient. Later on Ergun in 1952 proposed equation (3.4) by fitting it to 
experimental data where dp is mean particle diameter and A and B were found to be 150 and 1.75,
respectively. Macdonald in 1979 found a better correlation with experimental data by setting A
and B to 180 and 1.8, respectively. This can however be seen as a minor adjustment validating 
the overall appearance of (3.4).

= + = + (3.3)

P
=

(1 )
+

(1 )
(3.4)

By the break-down of Darcy law and entering into Forchheimer regime the need for microscopic 
information grows i.e. Chauveteau and Thirriot in 1967 studied streamlines of many different 2-D
porous media. They found that for Re > 2 streamlines begin to move and eddies start to form in 
the flow, but turbulence does not appear until Re is around 75. The entire medium becomes fully 
turbulent at Re 180. Bear in 1988 also pointed out that turbulence does not appear in the porous 
media flow until Re being an order of magnitude higher than the Re where non Darcian flow 
starts. Joll et al. in 1966 injected ink from surface of a sphere into the flow in porous media.
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They observed at Resf 110 that the flow started to be unsteady and waves appeared in the 
streamlines visualized with ink. The sphere diameter and superficial velocity were used to 
calculate Resf. At Resf 300 the flow became fully turbulent and the injected ink totally 
disappeared.

Figure 3.1: Flow regime of porous media flow (Hlushkou 2006)

Jull et al. 1969 and many other researchers (Latifi et al. 1989; Rode et al. 1994; Seguin et al. 1998 
a & b and Comiti et al. 2000) used microelectrodes to study the flow in pore spaces. All of the 
reported deviation from Darcy flow or Forchheimer flow occurs at much lower Re than when the 
flow starts to be unsteady and later on turbulent.

According to these measurements flow in porous media can be divided into three different 
regimes as
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a) Darcian or Stokes flow where viscous forces govern the fluid motion and there is linear 
relation between fluid velocity and pressure drop.

b) Forchheimer flow where both viscous and inertia forces control fluid motion, but the role 
of inertia forces grow. Also the relation between velocity and pressure drop becomes 
nonlinear, but flow is still laminar.

c) Turbulent flow where inertial forces are dominant and relation between pressure drop and 
velocity is nonlinear again.

Sometimes Forchheimer regime is also called a transient regime. Figure 3.1 illustrates these flow 
regimes.





Chapter 4

Models and 
Measurement Techniques

The approaches that have been used to investigate the flow in porous media during transition 
from laminar to turbulent are; pressure measurement on a simplified porous model a pore doublet 
model, and measurement of the velocity field within a porous bed of spheres.

4.1. Pore Doublet Model

As discussed in the previous chapter and also according to experimental data transition from 
Darcy flow to turbulent flow in porous media is gradual which can be approximated by the 
Forchheimer equation or any other extended format of it from a macroscopic point of view 
(Nemec 2005).

The presence of turbulent on the pore level has been addressed by many researchers during the 
years (Hlushkou 2006), but the influence of the detailed geometry of the pores on turbulence and 
also on turbulence distribution in porous media needs more investigation. For regular packing 
turbulence appears at the same time in the neighboring pores simply since the shape of the 
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neighboring pores are the same. In random packing the flow in neighboring pores can be in 
different flow regimes and the flow in each pore could influence the flow in a neighboring cell.In 
this thesis the effect of non-similar neighboring pores is experimentally scrutinized during 
transition from laminar to turbulent flow. The main tool is a pore doublet model which consists of 
pipes with different diameter in order to have neighboring pores of different shape.

Porous media is generally made from inter connected voids in which solid matrix and voids do 
not have regular pattern. Investigating flow condition in such a medium, especially detecting how 
neighboring pores are affecting each other is very difficult. Simplified geometries such as a unit 
cell (Wan 1996 and Nordlund 2009) and a pore doublet (Rose 1956; Sorbie 1995 and Lundström 
2008,) have been used to overcome geometrical problem. A pore doublet model consists of two 
pores (channels) which for this application is imagined to embrace a particle of the porous media, 
see figure 4.1.

Figure 4.1: Schematic of the pore doublet model from Lundström 2008.

The set-up is even more simplified and is made from one relatively long header pipe that is 
branched-off into two parallel pipes, according to figure 4.2. The experiments were performed by 
varying the driving pressure over the pore doublet model and measuring the flow rate and the 
pressure over each individual pipe. The pressure fluctuations for each driving pressure are 
analyzed in detailed as to its statistical variation and frequency contents. The experimental 
procedure is in detailed described in the papers appended.

4.2. Non-intrusive methods

Tomographic and optical techniques are two types of conventional velocimetry techniques that 
can provide experimental information about flow field dynamic in porous bed. The different 
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tomographic techniques for investigation of flow field within porous bed reported in the literature  
are such as Magnetic Resonance Imaging (MRI) (Baldwin et al. 1996; Sederman et al. 1997 and 
1998; Ogawa et al. 2001 and Suekane et al. 2003), Particle Emission Tomography (PET) (Khalili 
et al.1998), NMR imaging (Baldwin et al. 1996 and Johns and Gladden 1999), gamma 
attenuation (Imhoff and Paul 1994) and X-ray tomography (Imhoff and Paul 1996). The 
drawbacks of these techniques are rather expensive test facility and poor spatial and temporal 
resolution (Kutsovsky et al. 1996; Chang and Watson 1999 and Gladden et al. 2006).  

Figure 4.2: The branching-off from the header pipe to the left and into parallel pipes of unequal 
radius to the right when blue ink has been injected into the system.

In contrast to tomographic techniques like MRI or NMR imaging, the relative simplicity and low 
cost of optical techniques such as particle image velocimetry (PIV) and particle tracking 
velocimetry (PTV) make them attractive. However, optical techniques in porous media require all 
phases to be consisted of transparent refractive index matched (RIM) material, which severely 
restricts the range of materials that can be used, in order to provide optical access to the inner 
flow field. (Johnston et al. 1975; Yarlagadda and Yoganathan 1989; Stephenson and Stewart 
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1986; Saleh et al. 1992; Northrup et al. 1993; Peurrung et al. 1995; Moroni and Cushman 2001;
Stephenson and Stewart 1986; Peurrung et al. 1995; Rashidi et al. 1996; Huang et al. 2008;
Lachhab et al. 2008 and Patil and Liburdy 2013).

Particle displacement measurement techniques require the flow to be seeded with a very large 
number of particles (Raffel et al. 2000 and Westerweel 1997). Two separate images of seeding 
particles can reveal spatial displacement of clusters of them or equivalently the instantaneous
planar velocity field (Adrian 1984 and 1991). This method of measurement results in an Eulerian 
flow field. The other way to study flow fields is to track each seeding particle which provides 
Lagrangian flow fields. The Eulerian method results in highly resolved flow field while the 
Lagrangian description of flow field contains less information about each point in the field just it 
can describe particles trajectories. 

4.3. Tomographic methods

Tomographic methods are one of the possible methods to investigate flow field within porous 
media. These methods do not require a transparent medium and they measure volumetric flow 
field, but their expensive equipment and limited resolution both in time and space are their 
weakness.

4.4. Optical techniques

Optical methods have been used for measuring instantaneous velocity fields in experimental  
fluid  mechanics (Simpkins  and Dudderar  1978; Barker  and  Fourney  1977; Adrian  1986;
Meynart  1983; Grousson  and  Mallick  1977; Dudderar  et  al  1988; Hesselink  1988 and
Lauterborn  and  Vogel 1984). In these methods the scattered light by seeding particles plays an 
important role to obtain successful data (Raffel et al. 2000 and Westerweel 1997).

Particle image velocimetry (PIV), Stereoscopic particle image velocimetry (Stereo-PIV), Laser 
Doppler velocimetry (LDV) and particle tracking velocimetry (PTV) are optical method to 
examine velocity field in porous media (Johnston et al. 1975; Yarlagadda and Yoganathan 1989;
Stephenson and Stewart 1986; Saleh et al. 1992; Northrup et al. 1993; Peurrung et al. 1995;
Moroni and Cushman 2001; Stephenson and Stewart 1986; Peurrung et al. 1995; Rashidi et al. 
1996; Huang et al. 2008; Lachhab et al. 2008 and Patil and Liburdy 2013). To have optical 
access to flow field inside porous bed the following condition must be met 

The porous matrix and the working liquid need to be transparent.
The refractive index of the working liquid must be matched with the porous matrix.
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By satisfying these conditions the number of possible material to choose becomes extremely 
limited especially if the fluid should have a low viscosity to enable high velocities.

4.5. Particle image velocimetry 

Particle Image Velocimetry (PIV) is an optical measurement technique to obtain fluid 
instantaneous velocity field in an arbitrary plan of transparent fluids. To do that the flow needs to 
be seeded. The seeding particles must be sufficiently small and have a density near to fluid
allowing them to closely follow the motion of the fluid since the measured flow field is the result 
of studying the motions of these particles (Raffel et al., 2013).

A double-pulsed laser which is transformed from beam to sheet illuminates the measuring plan 
and a high speed camera records two successive images of seeding particles in the illuminated 
plan. Time delay between images controls the average particles displacement and also particles 
loss due to particle out of plan motion. 

The fluid spatial movement as well as fluid instantaneous velocity field can be found by dividing 
recorded images into smaller areas so-called interrogation areas. Seeding particles displacement 
and eventually fluid velocity vector can be found by cross correlating the corresponding 
interrogation area of two successive images (Adrian 1984 and 1991). The measured velocity field 
provides an Eulerian description of the fluid flow.





Chapter 5

Experimental Setups and 
Procedures

5.1. Pore double setup

The pore-double arrangement is made up of three straight pipes with different inner diameters
9.0, 4.0 and 3.0 mm denoted header, larger and smaller pipe respectively. The length of the 
header pipe is 0.75 m and the length of the other two 1.1 m. To keep the pipes horizontal and 
parallel they are aligned to an aluminum bar, cf. figures 5.1 and 5.2.

The pipes are connected to each other by a Y-shaped splitter. The channels within the splitter are 
circular with a diameter of 8 mm and the inlet channel was enlarged to 10 mm in order to fit the 
header pipe into it, cf. figure 5.3. The larger and smaller pipes were inserted into the outlet 
channels of the splitter and sealed with O-rings.     

The pressure drop over the parallel pipes was recorded with two differential pressure transducers, 
OMEGA PX2300 series, which have an upper frequency limit of 20 Hz. The flow rate in the 
parallel pipes is measured by collecting and weighing the water from each pipe. A box that has an 
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over-flow part was placed at the outlet of the parallel pipes in order to have the same back 
pressure. 

Figure 5.1: Schematic drawing of flow model and experimental setup

Figure 5.2: Experimental setup showing from the left, the header pipe in blue, the Y-splitter, the 
parallel pipes (also in blue) and the outlet box.
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A pump circulates water from a storage tank into a sliding tank that also has an over-flow part
providing constant head over the network of pipes. Different heads were produced by adjusting
the position of the sliding tank.

Figure 5.3: The Y-splitter section when having two parallel pipes.

Figure 5.4: Schematic drawing of flow model and experimental setup.
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In this fashion the header pipe Re was varied from 900 to 2400 in a series of 41 runs to study 
flow interaction between two neighboring pores of porous media. The flow rate of each pipe was 
calculated by weighting the water flowing out of the pipe. The temperature during all 
measurements was 21.0°C ± 1.5°C.

Figure 5.5: The splitter when having three parallel pipes.

5.2. Extended pore double setup

The extended pore double setup consists of header pipe and three parallel pipes with diameters of 
37, 5.3, 4.0 and 3.0 mm respectively. The length of the parallel pipes and header pipe is 1.0 m
and 0.75 m respectively. These pipes are connected to each other via a splitter, cf. figures 5.4 and 
5.5.

The overall set-up is otherwise the same as for two parallel pipes case. In this case the pressure 
drop over the parallel pipes and header were recorded with three differential pressure transducers, 
DRUCK PTX5012 series, and one DRUCK LPX1010 series, respectively. The header pipe Re
was varied from 150 to 2700 in a series of 80 runs. The temperature during all measurements was 
20.0°C ± 0.1°C. 
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5.3. Packed bed

The packed bed has a square cross section of 100 × 100 mm2 and a length of 310 mm. It is made 
from randomly packed Plexiglas balls each with a diameter of 12.5 mm. A centrifugal pump, 
Tapflo HTM15PP, pumps the working fluid from an atmospheric pressure storage tank where the 
temperature of the fluid is regulated and kept at 20 ± 0.1 °C with a temperature control unit. The 
fluid is pumped through an electromagnetic flowmeter by ABB called ProcessMaster FEP300 to 
the Plexiglas box and finally back to the storage tank, see figure 5.6.

PB: Packed bed HC: Honeycomb TC: Temperature control unit

P: Pump BP: baffle plate PT: Pressure transducer

C: Camera FM: Flowmeter NT: Net

LS: Laser sheet ST: Storage tank

Figure 5.7: Schematic of the experimental setup.

P FM

T C

ST

H

PTPT

LSPB BP

x
z

Flow Direction

NT
y.



24 Experimental Setups and Procedures

To ensure constant conditions during the measurement the absolute pressure at the inlet to the 
Plexiglas box was monitored with a pressure transducer from GE named GE PTX5012. In 
addition the pressure difference over the porous bed was recorded with the same type of pressure
transducer.

The refractive index of the working fluid is matched to that of the spheres to provide optical 
access to the flow field inside the bed, cf. figure 5.7. In this method the rays of the laser will not 
deviates from straight line if the solution (working liquid) and spheres have the same refractive 
index. Hence to start with a target point is defined without any sphere in the solution. Then a 
sphere is added into the fluid and the indexed matched solution is found by adjusting the 
concentration of the solution until the laser ray hits the defined point. The concentration, 
kinematic viscosity and density of the final solution is 60.36 %, 1.49 cSt and 1.127 gr/cm3 
respectively.  

Figure 5.7: Schematic of the index matching setup.

A commercial Particle Image Velocimetry system by LaVision GmbH is used to measure the 
flow. This system is based on a double pulsed Nd:YAG laser at a wavelength of 532 nm with a 
maximum frequency of 100 Hz and a LaVision double-frame FlowMaster Imager Pro camera 
with a spatial resolution of 1280 × 1024 pixels per frame with a pixel size of 12 μm. The time 
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delay between the image pairs was adjusted to restrict the seeding particles mean displacements 
to be between 6 to 8 pixels. 

The laser and camera were mounted on a 3D traversing so that the laser sheet and camera can be 
-, y- and z-directions. The hollow glass spheres with a diameter of 

small and have a density near to that of indexed matched solutions allowing them to closely 
follow the motion of the fluid Raffel et al., 2013.      





Chapter 6

Results and 
Discussion 

In this section the main results obtained during are presented. Detailed results and discussions can 
be found in the appended papers. 

6.1. Pore doublet set-up

The overall results from the pore-doublet studies is that the flow is redistributed as the flow in 
one pipe becomes turbulent and that fluctuations in pressure can be transferred between the pipes.

The distribution of flow in the system 

Figure 6.1 shows variation of Re in the parallel pipes as a function of ReH. The Re of each pipe is 
defined based on pipe diameter and its flow mean velocity. The open symbols are from paper B 
and the filled from paper A. Overall, the two series are in good agreement. The results overlap in 
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the laminar regime and also at the inflection point at ReH

differences just after the inflation point. The maximum difference between the measurement in 
series the larger and the smaller pipes are 2.1 % and 8.1 % which occur at ReH = 1800 & 1750,
respectively. These discrepancies may reflect an improved accuracy in the measurements. The 
flow rate was measured for 60 s in Paper B for 10 s in Paper A. There were more repetition in B 
and the temperature was also controlled in a better way. This tells us that the data in the second 
series are more reliable. The series from Paper B also cover larger range of ReH. In figure 6.1 also 
the difference between the Re in the two parallel pipes is presented, Rediff. Based on the variation
of the slope of Rediff six regions can be identified which explain the shift of the flow regimes in 
the pipe network. 

Figure 6.1: Reynolds number for the two parallel pipes as a function of ReH. The crosses denote 
the difference in Re between the flow in the two pipes.

At ReH the parallel pipes is laminar. At 1500 < ReH < 1800 Rediff reaches a 
local maximum which is a sign of a new flow condition in the system. Statistical analysis shows 
that in this range the flow in the larger pipe is transitional and the level of fluctuations grows and 
its flow faces a higher drag force. At 1800 < ReH
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fully turbulent regime and its level of large scale fluctuations decreases but resistance to flow 
increases and the redistribution of flow from the larger to the smaller pipe continuous and Rediff

keeps decreasing.

Figure 6.2: The correlation of pressure drop between different pipes

This is again shown by statistical analysis in Paper A and B. ReH < 2300 the flow in 
the smaller pipe becomes transitional; the level of its fluctuations becomes larger, and its flow 
starts to face higher drag force. So part of the flow is now redirected back to the larger pipe. This 
causes ReL to grow with higher rate than previously while ReS grows with smaller rate. At 2300 < 
ReH < 2800 the flow in the smaller pipe enters into the fully turbulent regime and the level of its 
fluctuations decreases. Therefore Rediff keeps increasing. At ReH > 2800 the flow in all pipes are 
transitional and turbulent, this causes the slope of Rediff to stabilize.
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The correlation of pressure drop fluctuations 

The correlation in the system is poor in the laminar flow regime, but it grows dramatically when 
the larger pipe becomes transitional. At ReH 1850 where the flow in the larger pipe becomes fully 
turbulent the correlation in the system becomes largest. When the flow in the smaller pipe enters 
into the transitional regime the correlation in the system grows again and the correlation of the 
system decreases when the smaller pipe becomes fully turbulent. The header pipe flow transition 
also has the same effect on the system correlation, see figure 6.2.

Figure 6.3: Standard deviation of the pressure drop along parallel pipes

Results of frequency analysis 

The frequency analysis shows that the pressure fluctuations consists of two frequency bands 
fluctuations. At ReH less than 2000 both frequency bands are generated by the flow in the larger 
pipe and for ReH larger than 2100 the flow in the smaller pipe causes both bands fluctuations.
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However, for ReH close to 2000 the flow in the smaller pipe causes the low band fluctuations and 
the flow in the larger pipe causes the high frequency band fluctuations. This is where the flow in 
the smaller pipe becomes transitional. The low frequency band makes the flow in the two pipes 
fluctuate out of phase with different amplitudes, but the high frequency band fluctuations try to 
reduce differences in amplitudes and phase. In other words, low frequency band fluctuations 
disturb the system while the other band wants to bring the system back into equilibrium state. 

Figure 6.4: Normalized skewness of the pressure drop of the parallel pipes

The coherency function shows when the flow in the larger pipe becomes transitional and 
turbulent the flow in the small pipe follows it completely in the frequency range between two 
peak frequencies. This shows that the laminar flow of the smaller pipe cannot resist the 
fluctuations in the larger pipe. However, when the smaller pipe is transitional the larger pipe just 
follows the smaller pipe better at peak frequency. This indicates that the flow in the larger pipe 
does not follow the smaller pipe fluctuations completely and there are other reasons for the larger 
pipe fluctuations i.e. its flow is turbulent already. 
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6.2. Extended pore doublet set-up

For this case an increase of the pressure drop fluctuations of the medium pipe at ReH 00 as 
well as the normalized skewness of the measured pressure drop fluctuations suggest that turbulent 
structures first appear in the medium pipe, see figures 6.3 and 6.4. However, at 870 < ReM < 1170 
instabilities cannot be generated and grow in medium pipe, while they can be presented in the 
large pipe at 1400 < ReL < 1760. Also, at ReH around 300 the friction factor of the large pipe 
starts to deviate and the drag for flow within the large pipe increases, see figure 6.5. Hence the 
turbulent structures emerge in the large pipe flow although the pressure fluctuations are more 
pronounced in the medium pipe.

Figure 6.5: Friction factor of the parallel pipes

During transition from laminar to turbulent flow the flow fraction of both large (at ReH 300)
and medium pipes (at ReH ) decrease due to higher drag which might be caused by the 
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presence of turbulent structures in their flow, see Figure 6.6. Only a minor part of the flow is 
distributed to the small pipe because it faces even higher drag, see Figure 6.6.

Figure 6.6: Flow rate fraction of the parallel pipes

In transition from laminar to turbulent flow in the porous media the neighboring pores of the 
transitional pores follow the behavior of transitional pores as shown in Paper A and B by 
modulation of  the information of turbulent structures onto the flow of neighboring pores. This is 
not really the case for the extended pore doublet model where correlation of the flow between the 
different pipes is generally low. The miscommunication probably occurs since the pore that 
distributes flow, the header pipe in this case, is large and information of turbulent spots is 
damped out.

6.3. Porous bed set-up PIV

Figure 6.7 presents the spatial distribution of time-averaged flow fields at different Rep

normalized with interstitial velocity. A visual inspection indicates a tendency for a decrease in 
velocity range as Rep increases. Overall parameters of the studied bed like apparent permeability 
and measured pressure drop over bed reveals that the flow is creeping until Rep that the 
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pressure drop over the bed starts to vary exponentially with Rep at larger Rep which is an 
indication of inertia dominating flow.

Figure 6.7: Spatial distribution of time-averaged velocity field at ReP = 30,150, 520, 1970; 
normalized with interstitial velocity. The main flow is from the left to the right.

However an increase of the velocity fluctuations captures with PIV at Rep > 50 reveals that inertia 
effect already plays an important role at this Rep which is not detected by the pressure drop 
measurement see figure 6.8. This suggests that microscopic measurements can disclose more 
about the flow condition than macroscopic measurements. PIV measurements also give some 
negative axial velocities indicating the presence of recirculation zones at the wake of the 
particles, cf. figure 6.9. The recirculation zones are becoming larger with flow rate until 
ReP 1400. After that they become smaller and are forced towards the spheres by the mean flow
or dissolved by turbulence.
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Figure 6.8: The area averaged velocity fluctuations

Figure 6.9: The recirculation zones in flow field for Rep
left to the right.
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Figure 6.10 shows the spectrum of measured velocity fields for a few selected Rep. In the 
measured velocity fields u, ux and uy represent velocity magnitude, x- and y-direction velocity 
components respectively. All the velocities are normalized with Uint and denoted by u*, ux* and 
uy*. As Figure 6.10a shows the most probable velocity covers wider ranges and its magnitude 
increases by growth of the Rep. It is furthermore obvious that for u* and ux* the probability 
distributions cover a larger range of relative velocities for small Rep. Except for the lowest Rep

the trend for uy* points in the other direction, and increase in the velocity range with Rep.

Figure 6.10: The normalized PDF and CDF of u*, ux* and uy* for Rep between 30 and 4040.
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Figure 11: Top plots: Velocity field and its components normalized by interstitial velocity
Bottom plot: Velocity vector field consist of ux and uy components and uz contour plot at 

Rep 1460.
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6.4. Porous bed Stereoscopic-PIV

A typical velocity field and also its corresponding components normalized with the interstitial 
velocity are presented in Figure 6.11. This is to my best knowledge the first time such 
measurements have been performed within a porous bed. The plots in Figure 6.11 show that a 
considerable amount of the fluid moves in the perpendicular directions to the main flow direction.

Figure 6.12: The area averaged velocity component share of total velocity 

The area averaged velocity-portion of each velocity component is only weakly functions of flow 
rate, cf. Figure 6.12. The averaged magnitude of the velocity in the main direction is about 40 % 
of the magnitude of the total velocity. It is likely that this percentage is dependent on the 
geometry of the porous media. To exemplify in a porous media with straight pipes in the flow 
direction this percentage would be 100.



Chapter 7

Conclusion and 
Future Work

The results of study on a very simplified porous media, a pore doublet model, suggest that 
transition in porous media begins from the pore that has largest Re in the form of turbulent spots 
in its flow. The turbulent patches in transitional pore flow causes pressure fluctuations in the flow 
which are transmitted to the neighboring pores. The surrounding laminar pore flow follows the 
fluctuations. This increases the level of introduced disturbances in the laminar pores which could 
stimulate their transition process. This is, for instance, evident from considerable variation of the 
transitional Re among the studied pipes. Another important result is that the process of transition 
at nearby pores can be discovered by monitoring the Re difference between neighboring pores 
since Rediff is sensitive to flow redistribution in neighboring pores that occurs due to the variation 
of friction factor. A third result is that there are two frequency band fluctuations. The low band 
frequency fluctuations are cause by the presence of turbulent patches in the flow. These 
fluctuations are disturbing the fluid in the system by forcing the flow in the parallel pipes to 
fluctuate with different amplitudes. However, the high band frequency fluctuations make both 
pipes to fluctuate with equal amplitudes. 
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The pressure fluctuations in the flow of the transitional pores can disturb the flow of neighboring 
pores if the perturbed flow by transient pores passes through the neighboring pores. This signifies 
the role of the pores which are connecting the inlets of the neighboring pores to each other. The 
connecting pores with relatively high amount of flow can provide the neighboring pores with 
undisturbed flow.

The study of an extended pore-doublet model yields that the information that is passed between 
the pipes, that can be seen as throats or constrictions in a real porous material is dependent on the 
size of the pore connecting them. 

The results of the studies of flow in a randomly packed bed by pressure drop measurement over 
the bed as well as velocity field measurements by both 2D-PIV and Stereo-PIV shows that 
measured velocity fields by 2D-PIV and Stereo-PIV are able to disclose more details about flow 
condition than the pressure measurements. We are among the first that has performed 2D-PIV
measurements at Rep 30 – 4000 and maybe the first ones doing Stereoscopic-PIV on the flow 
within packed beds of spheres. We also study a relatively large bed. 

The results of 2D-PIV revealed that flow in porous media is three dimensional and the flow fields 
from planar PIV cannot explain flow condition where the third component becomes important. 
Still a number of conclusions can be presented. Pressure drop measurements suggest that there is 
a creeping flow until Rep captured with PIV show that the flow 
is no longer in creeping regime at Rep

self-similar. This is in particular clear for the turbulent flow. The time-averaged flow in the bed 
becomes more uniform as Rep increases since the amount of relatively high and low velocities 
decrease with Rep. Recirculation zones appear in the wake of the particles and they increase in 
strength with Rep for Rep up to about 500. For Rep > 1000 the share of recirculation zones in the 
flow decreases. This may be due to turbulence or simply caused by the mean flow pushing the 
recirculation zones towards solid boundaries. 

The 3D measurements yield that a considerable amount of the fluid moves in the perpendicular 
directions to the main flow direction and the averaged magnitude of the velocity in the main 
direction is only about 40 % of the magnitude of the total velocity. This percentage is only 
weakly dependent on Rep. It is likely that this percentage is dependent on the geometry of the 
porous media. To exemplify in a porous media with straight pipes in the flow direction this 
percentage would be 100.

Overall, this study shows that transition in porous media is a gradual process. It begins from 
transitional pores and spreads to nearby pores. The results from both the pore doublet and 
extended pore doublet show that the interplay among the pipes takes place if the pipes can have 
the same pressure drop during the emergence of turbulent structures in the system. An 
introduction of this boundary condition into the hydraulic equations of the network will result in 
geometrical criteria for pores to identify if they can exchange flow with their neighboring pores 



Conclusion and Future Work 41

during transition.. Such a study can be done in a more detailed way by considering slugs and 
puffs into the flow and how the growth and break up of slugs as well as relaminarization of puffs 
can influence the system. This suggests that the influence of splitter geometry should be 
investigated and the criteria can be found by hydraulic equations cannot reveal anything about 
flow conditions in the splitter. Probably this task should be done by performing CFD simulations 
since computers make systematic design of splitter geometry easier. 

The focus so far has been on simplified models of a porous media to reveal the interplay between 
adjacent pores with different individual Re. The results of 2D-PIV and Stereo-PIV show that 
Stereo-PIV is a better tool to investigate the flow in porous media since the flow is three 
dimensional. As 2D-PIV results show different pores can have different characteristics even 
though they are neighbors. This proposes that the velocity field of more pores should be 
investigated in order to have more reliable velocity distributions. One way to reduce the numbers 
of required pores to study is to identify the characteristic pores that can represent the other pores. 

The multi-plane Stereo PIV measures can provide all three velocity components of the fluid 
volume within porous media. This helps to study flow more comprehensively because these 
velocity fields contain spatial and temporal information about flow field which is important in 
turbulent flow study also the full velocity gradient tensor as well as all components of vorticity 
vector can be calculated from these results.  

The flow fields at different parts of the porous bed like inlet, outlet and walls need to be 
investigated to determine how flow behaves at these. The results of multi-plane Stereo PIV 
measurement at these regions can reveal where the flow becomes independent of these 
boundaries at different Re.
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Division of Work

Paper A
Experimental investigation of transitional flow in porous media with usage 
of a pore doublet model. (2014). Transport in porous media, 101(2), 333-348.

S. Khayamyan, T.S. Lundström and L. H. Gustavsson

Khayamyan performed the experiments and all authors contributed in the analysis of the 
results and writing of the papers.



44 Division of Work

Paper B
Interaction between the Flow in Two Nearby Pores within a Porous Material 
during Transitional and Turbulent Flow. (2015). Journal of Applied Fluid 
Mechanics, 8(2), 281-290.

Khayamyan, S. & Lundström, T. S.

Khayamyan performed the experiments and all authors contributed in the analysis of the 
results and writing of the papers.

Paper C
The effect of pore geometry on flow interactions in porous media in 
transitional and turbulent flow.

S. Khayamyan, T. S. Lundström and J. G. I. Hellström

Khayamyan performed the experiments and all authors contributed in the analysis of the 
results and writing of the papers.

Paper D
Flow Field at the Mid-Section of a Randomly Packed Bed as Revealed with 
PIV Measurements.

S. Khayamyan, T. S. Lundström, J. G. I. Hellström, P. Gren and H. Lycksam

Khayamyan performed the experiments and all authors contributed in the analysis of the 
results and writing of the papers.
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Abstract

The transition from laminar to turbulent flow in porous media is studied with a new method.  To 
mimic inter-connected pores, a simplified geometry is studied consisting of a pipe with a 
relatively large diameter that is split into two parallel pipes with different diameters. This is a 
pore-doublet set-up and the pressure drops over the parallel pipes are recorded by pressure 
transducers for different flow rates. Results show that the flow in the parallel pipes is 
redistributed when turbulent slugs pass through one of them. The presence of the slugs is 
revealed by positive skewness in the pressure signals as well as an increase of the standard 
deviation of the pressure drops and correlation between the pressure drops of the pipes. A 
frequency analysis of the pressure drops show that lower band frequency pressure variations in 
one pipe are communicated to the other pipe while higher band frequencies are filtered out.
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1. Introduction

As Reynolds number ( = where dp, Uint and are particle diameter, flow interstitial 
velocity and dynamic viscosity respectively) increases for flow through porous media the linear 

p/L = μ/K u needs to be extended to the so called Ergun or Forchheimer equations 
p/L = μ/k (u + bum) to fit experimental data (Seguin et al. 1998; Comiti et al. 2000; Panfilov et 

al. 2003; Papathanasiou et al. 2001). The extension is required when Re becomes larger than 
about 10. The actual value depends both on the porous medium and on how Re is defined 
(Hellström et al. p is the pressure difference, L is the length of the 
porous medium, μ dynamic viscosity, K permeability, u superficial velocity and k, b and m
variables that are used to fit the equation to experimental data. Several mechanisms have been 
suggested to be the reason to the deviation from Darcy’s law at modest Re values like:

Loss of kinetic energy due to contractions and expansions of the pores (Panfilov and 
Fourar 2006; Lucas et al. 2008; Bues et al. 2004)

The effect of pore solid boundaries on pressure loss (Hayes et al.1996)

Microscopic inertial forces present in the drag forces (Ma and Ruth 1993)

Formation of inertia flows at the center of pores (Dybbs and Edwards1984)

As Re increases even more, the flow in individual pores eventually becomes turbulent. One way 
to macroscopically model the transition from inertia-dominated to turbulent flow is to continue 
with the Forchheimer equation or possibly some extended form of it (Nemec and Levec 2005). In 
any case, experimental data yields that, macroscopically, the transition from Darcian flow to 
inertia-dominated and turbulent flow is smooth. 

Transitional and turbulent flow takes place in many natural and industrial processes such as flow 
through embankment dams (Frishfelds et al. 2011) and the drying of iron ore pellets (Ljung et al. 
2011; Ljung et al. 2012), while it is less common for cases with nanofluid flow (Chand &Rana 
2012; Sheikholeslami 2013). The latter is also true for flow in porous media during 
manufacturing of items such as fibre reinforced composites, paper and fibre boards (Lundström et 
al. 2002; Odenberger et al. 2004; Andersson et al. 2005; Pettersson et al. 2006; Pettersson et al. 
2007). However, demands on increase in production rate often imply a faster flow and thus an 
increased probability for a transitional and turbulent porous media flow.
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As indicated, the transition from Darcian flow to turbulent flow via inertia-dominated flow in 
porous media is well studied at the macroscopic level. Less is, however, known about transitional 
and turbulent flow in porous media at the microscopic level. Experimental evidence of turbulence 
on a local scale in three-dimensional porous media has been presented for a number of cases 
using different methods (Hlushkou and Tallarek 2006) while the actual state or distribution of 
turbulence as a function of pore geometry has not been investigated at all. Most investigations are 
performed with fully random packing where there is little control of the geometry. In such a 
system detection of turbulence in one location is likely to be dependent on the detailed geometry 
of a large portion of the porous medium nearby. For a regular packing, on the other-hand, a local 
initiation of turbulence will, in most cases, take place simultaneously in all pores. Nonetheless, in 
order to gain insights into the detailed flow in a porous media, it can be advantageous to study 
simplified geometries. This approach has successfully been applied when, for instance, modeling 
low Re porous media flow with unit cells (Wan et al. 1996; Nordlund and Lundström 2010). An 
alternative to unit cells is the pore-doublet model, which consists of two parallel pipes connected 
to each other at both ends. The pore-doublet model has been used to explain capillary action 
during wetting of porous media for low Re (Rose and Witherspoon 1956) and intermediate Re 
(Sorbie et al. 1995). It has also been used to study how two capillaries with different size interact 
as they are separated by a porous material (Lundström et al. 2008). In this paper a pore-doublet 
model will be used to experimentally study how pores of different sizes interact at transitional 
Re. In particular it is interesting to disclose how the penetrating fluid is redistributed as the flow 
becomes turbulent in one pore while it is laminar in another. Such interactions make the 
transition from laminar flow to turbulence in porous media different from that in single pipe flow.

The application of the relatively simple pore-doublet model may be motivated by the fact that the 
detailed flow within a real porous media is complex. Hence, variables such as fluid temperature, 
pressure, velocity and flow regime within each pore are influenced by the values of these 
quantities in the surrounding pores. One way to learn about the flow condition on the pore level is 
to simplify the geometry. The flow in each pore can be represented by pipe flow and to fulfill the 
definition of porous media at least two connected pores are required. In this way, a pore-doublet 
model can be a good simplification and can even be considered as a building block of complex 
porous media. In a pore-doublet model both pores are fed with flow under the same inlet 
conditions and the reaction of different pores to the same flow can be studied. It is also possible 
to observe how the state of the flow in one pore influences the other. This feature is used in this 
study by using pipes of different diameters and thus different local Re.

Single pipe flow has been studied extensively since the experiments by Reynolds (Reynolds 
1883) and numerous experimental studies have been carried out suggesting that the intermittent 
transitional process consists of two different turbulent structures depending on Re and the level of 
flow disturbances as (Wygnanski and Champagne 1973)
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a) Slugs which originate from a destabilization of the boundary layer due to small disturbances 
at the inlet of the pipe. These can be seen at Re > 3200 and form during transition from 
laminar to turbulent flow. The front and back edges of the slugs move faster and slower, 
respectively, as compared to the mean flow velocity so their lengths grow as they move 
downstream and finally they join and occupy the entire pipe (Lindgren 1957; Wygnanski and 
Champagne 1973; Gustavsson 1991). The inner structure of the slugs is similar to that of fully 
turbulent flow.

b) Puffs which are caused by larger disturbances at the inlet flow. The puffs appear at Re 
between 2000 and 2700 and do not grow but can merge and form slugs if Re is high enough 
(Wygnanski and Champagne 1973).

The pressure drop over a turbulent slug is much larger than over the corresponding laminar flow 
so the overall pressure drop in a pipe will experience a strong temporal variation with the passage 
of a growing slug. In a more complex geometry, such as in a pipe network or a porous medium, 
we can thus expect a strong influence via the pressure on the neighboring flow by the appearance 
of intermittent turbulence in one section. It is the purpose of the present experiments to 
investigate this influence in a parallel pipe system as a first model for a porous medium.

2. Experimental

The geometry of a pore-doublet model is used to mimic the flow around one particle within a 
porous medium, see Figure 1. The pore-doublet model consists of two straight and parallel glass 
pipes with a length of 1100 mm and with different inner diameters, 4.05 mm and 3.02 mm, 
denoted the larger and the smaller pipe, respectively. Water is supplied to the pipes from a third 
and wider glass pipe, denoted the header pipe, that is connected to the parallel pipes via a          
Y-shaped splitter made from (Poly methyl methacrylate, PMMA) see Figures 1 and 2. The header 
pipe inner diameter is D D. All diameters were 
determined by filling the pipes with water and weighing the filled and empty pipes.

The pores size of the pore-doublet model and the size of the pores and particles of a packed bed 
of spheres can be related by the capillary model of (Comiti and Renaud 1989). In a packed bed 
consisting of mono sized spheres with diameter of dP the relation between total area and the 
volume of particles is

=
4

4
3

=
3

=
6

(1)
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Suppose that the packed bed consists of a bundle with n tortuous pores of diameter dO; length L
and a total surface area S. If now the column volume, diameter and height are denoted V, D and H
the diameter of the pore is 

=
4

=
4

=
4

6
(1 )

(2)

is the porosity. According to Eq. (1) and (2) a packed bed of bundles with pore diameters 
= 0.4 will represent a bed of spheres with diameters of about 7, 9 and 

20 mm at = 0.4.

Figure 1 Schematic drawing of flow model and experimental setup
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To keep the pipes horizontal and parallel they are aligned to an aluminum bar. The splitter is 
machined out of PMMA in two symmetrical pieces which are bolted together, cf. Figure 3. The 
channels inside the splitter are circular with a diameter of 8 mm. To accommodate the header 
pipe, the inlet hole is widened to 10 mm. The outlet pipes are inserted in the splitter ~ 6 mm and 
are sealed with O-rings. The conical angle of the splitter is about 50º of practical reasons and with 
the purpose to affect the flow as little as possible. The angles will induce secondary flow and thus 
affect the flow to a certain degree but since the pipes after the splitter are very long the splitter 
will not influence the overall results. 

Figure 2 Experimental setup showing from the left; the header pipe in blue, the Y-splitter, the 
parallel pipes (also in blue) and the outlet box.

The box (PMMA) at the end of the parallel pipes consists of a main part and an overflow 
chamber to provide the same back-pressure for the two pipes and makes it possible to 
individually measure the flow rate in the pipes by collecting and weighing the water emanating 
from respective pipe. The imaginary particle in Figure 1 can schematically represent a particle of 
a porous media. 

Water is pumped from a storage tank into the sliding tank which is a constant head tank with an 
over-fall. The tank can be adjusted vertically to provide different heads. Since the pressure drop 
per unit length is proportional to Q/D4 for laminar pipe flow, the header pipe diameter was 
chosen the largest so that the main pressure drop is over the parallel pipes. Having the other pipe 
diameters unequal and smaller than the header pipe makes it possible to study their flow 
interaction in a variety of combinations like laminar/laminar, laminar/transient, laminar/turbulent, 
transient/turbulent and turbulent/turbulent while keeping the flow in the header pipe laminar.
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Figure 3 The Y-splitter section

Two differential pressure transducers, OMEGA PX2300 series, recorded the pressure drop over 
the parallel pipes.Pressure tap holes with a diameter of 1 mm were drilled in each of the parallel 
pipes at a distance of 20 mm down-stream the splitter. The distance between the pressure taps and 
the splitter was chosen to be small so that most of the pipe flow condition could be recorded with 
the pressure transducers. Hence, part of flow maybe in transition from the conditions in the 
header pipe.

Signals from the pressure transducers are A/D converted and stored as computer files and data 
acquisition and evaluations were made in LabVIEW and MATLAB. The pressure transducers 
have an upper frequency limit of 200 Hz. The temperature for all measurements was 21.0 ± 1.5 
C. The position of the sliding tank was varied in a series of 41 runs with the header pipe Re, 

ReH, varying from 900 to 2400. The flow rate was determined at least four times for each run by 
weighting the water flowing out of the pipes. A typical collection time was 10 s with a collected 
mass typically about 100 g. The accuracy of the averaged value obtained is within 1%. The 
pressure was recorded during two minutes which was repeated twice for each run. With the 
sampling rate of 200 Hz this resulted in 24000 samples.

The collected pressure data were processed in several ways and will be presented as

Time averages and the higher statistical moments (rms and skewness)
Time series
Frequency contents
Correlations 

Hence, the presentation of the pressure measurements is a mixture between time averages and 
time resolved data. The ambition is to capture the statistical behavior from the time series which 
reflects the actual physical processes. The time average is defined as
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where N is the number of samples. The higher statistical moments are defined from the formula
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where n = 2, 3,… (4)

In this equation, n = 2 gives the variance and n = 3 the skewness. In the present study the 
skewness is an indicator for asymmetry of the pressure drop distribution. The standard deviation 
is the square root of the variance and is denoted rms. The skewness is normalized with the 
variance via

n

n
n

M

M
m

2 where   n = 3
(5)

The recorded pressure drops during each run of experiment are derived as a function of time. A 
transformation to the frequency domain by computing the power spectral density (PSD) may 
reveal more information of the flow according to

( ) = ( ) (6)

= | ( )| = ( ) ( ) (7)

where X is data in the frequency plane, x the data in the real plane, f and t are frequency and t
time, respectively. The usage of this function facilitates the detection of oscillatory signals in the 
time series data. The function may also be used to find the amplitudes and the frequencies of the 
oscillations. PSD originally breaks down time series data into sets of sinusoidal waves of 
different frequencies and presents the strength or the energy of the signal at each frequency. The 
unit of PSD is energy per frequency and the energy of a frequency band is the area under the PSD 
plot within that frequency range.

The Pearson correlation coefficient was applied to detect the relation between the pressure drops 
in the two pipes according to
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3. Theory

For the system of pipes studied continuity yields that

HSL QQQ and

HSL DDD )Re()Re()Re(
(9)

where Q is the volumetric flow rate and the subscripts L, S and H denote large, small and header 
respectively. The corresponding Reynolds numbers are denoted ReL, ReS and ReH where the 
characteristic length and velocity are the diameter of and mean velocity in respective pipe.

It is reasonable to assume that the pressure drop from the splitter over each of the parallel pipes 
down to the free surfaces formed in the outlet box is identical. Thus for the two pipes

SL PP (10)

The pressure drop in each section consists of a number of minor losses and a straight pipe loss. 
The latter may simply be expressed as 

2
2

22

Re
22 DD

LfU
D
LfP (11)

where L is the length of the pipe U the mean velocity and f the friction factor given as a function 
of Re (Çengel and Cimbala 2010 p. 324)

ff

f

Re
51.2log21

Re
64

if  Re < 2000 (12)

if  Re > 4000 (13)
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In networks of pipes the flow passes through different kind of fittings like elbow, bends, inlets, 
outlets as well as pipes. Each of these elements causes pressure drops. These losses are generally 
modeled by Eq. (11) as a portion of dynamic pressure.

2
2

22

Re
22 D

KUKP LL (14)

The frictional loss in the straight pipes is the largest contribution to the overall loss in the here 
studied system since it is proportional to the length of the pipes according to Eq. (11). These 
losses in the experiments are just modeled numerically in this paper together with the additional 
pressure drop due to the distance required to obtain a fully developed flow. The contribution from 
this can be approximated as (Schlichting 1968 p. 231) 

2
2

22
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2

16.1
2

16.1
D

UP (15)

Contributions from the sudden contraction and the sudden expansion at the beginning and the end 
of each pipe are also relevant and may be accounted for by using the following expression (White 
1979 p. 356):

2
2

22

Re
22 D

KUKP LL (16)

where LK is 0.36 and 0.31 for the sudden contraction at the beginning of the smaller and larger 
pipes, respectively, and LK is 1.0 for losses due to the sudden expansion at the end of both pipes. 
Also losses due to change of the flow direction in each of the bends within the Y-splitter can be 
derived from Eq. (16) with KL= 0.4 (Çengel and Cimbala; 2010 p. 351). 

Using equations 10 to 16 the pressure loss along each pipe can be computed numerically by 
assuming that Re is known for the header pipe and that there is a sudden transition from laminar 
flow to turbulent flow at Re = 2300. The steps for the derivation are:

1. For a given ReH, a ReS is assumed and ReL is obtained from Eq. (9).
2. With known Re for both parallel pipes the friction factor for the fully developed case is 

computed from either of Eq. (12) or Eq. (13) while Re and the corresponding pressure 
losses are derived from Eq. (11). Additional pressure losses due to the entrance length 
effect are derived from Eq. (15). In addition losses due to the sudden change of pipe 
cross section at the beginning and the end of each pipe and losses due to change of the 
flow direction in the splitter are calculated from Eq. (16).
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3. Finally, if the sum of the losses derived does not satisfy Eq. (10), the average of the 
assumed and calculated values was taken as the new ReS. The procedure was assumed to 
be converged when the residuals was smaller than 10-3.

A general phenomenon for the flow in pipes is the development of plug flow into fully 
developed flow. Based on Re and disturbances level there are different scenarios according to

1. If the level of flow disturbances is high, but the Re is not high enough the flow
relaminarise.

2. If Re is high enough disturbances in the flow start to grow and form turbulent structures, 
slugs. In the transitional regime the slugs are separated by laminar flow but at high 
enough Re they grow and merge to each other and occupy the whole length of the pipe. 

Each of the above mentioned phenomena affects the pressure drop over the pipes and it is 
impossible to break pressure drop signal into its constituencies and study them one by one. 

4. Result and discussion

To start with, it can be concluded that the flow in the header pipe is laminar although ReH is 
larger than ReS for ReH < 1900, cf. figure 4. This is confirmed by direct measurement, but also 
shown indirectly in figure 5 where the level of pressure fluctuations in both pipes between ReH

1700 and 1900 decreases and neither pipe shows any pressure fluctuation caused by the header 
pipe flow.

The experimental data yields that for ReH less than about 1500, ReL and ReS grow linearly with 
ReH. This indicates that the flow in both pipes is laminar, see Figure 4. The linear dependence on 
ReH can be simply derived by using the laminar relation f = 64/Re in equations (9) to (11) for the 
parallel pipes. This gives:

HH
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LH
L DD

DD Re7.1Re
)/(1

/Re 4 (17)
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SL

SH
S DD
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)/(1

/Re 4 (18)
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Figure 4 Reynolds number for the two parallel pipes as a function of ReH;  red and blue lines 
are Re of the smaller and larger pipe from numerical calculation that considers all the 

mentioned losses

Figure 5 Standard deviation for pressure drop along parallel pipes



Experimental Investigation of Transitional Flow in Porous Media 
with Usage of a Pore Doublet Model

73

By also including the losses from the splitter and outlet of the pipes, the experimental data can be 
compared to the analytical results obtained for each pipe with very good conformity, see 
Figure 4.

Above ReH

two curves converge until ReH

through the smaller pipe due to transitional flow in the larger pipe. For ReH 2000 the curves 
begin to diverge meaning that the resistance in the smaller pipe increases more than that in the 
larger pipe. This can possibly be attributed to transitional flow in the smaller pipe. It is also of 
some interest to note that ReH > ReS up to ReH

are in the laminar zone.

Next, we consider the statistics for the pressure fluctuations (rms). Up to ReH

fluctuations are small for both pipes and nearly identical, see Figure 5. From ReH

1700 the rms of the pressure drop increases for both pipes with the larger value in the larger pipe. 
For ReH between about 1700 and 1900 the rms values decrease with the same rate for both pipes. 
An increase in rms is a clear indication of transitional flow with turbulent slugs starting to appear. 

Figure 6 Normalized Skewness of pressure loss along parallel pipes
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For the present case slugs first appear in the larger pipe since ReL S

ReH increases again for the smaller pipe until ReH

decrease. This suggests that the flow in the smaller pipe becomes transitional (ReS

rms value for the larger pipe continues to decrease and is not affected by the large variation in the 
smaller pipe.

Figure 7 Recorded time series at three different ReH for both pipes; The red time series is for 
smaller pipe and the blue one is for larger pipe.

The skewness shows a similar behavior as the rms, see Figure 6. Up to ReH

for the respective pipe is around zero and then increases and reaches peaks at ReH

peak at ReH

examining recorded signals at the peak. Figure 7 shows three recorded samples for both pipes at 
around the beginning, top and end of the peaks of the skewness. The black line on each time 
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series marks the mean value of the presented data points and is marked as zero. The top time 
series in figure 7, which is at ReH = 1420 has only one peak indicating a turbulent slug in the 
flow. The middle time series which is at ReH = 1540 has several peaks. These result in an 
increase of the mean value so most of the data points are smaller than the mean value which 
results in a large skewness value. The last data series in figure 7 is for ReH = 1650 where the 
pressure drop shows oscillatory behavior resulting in an even distribution around its mean and 
thus a skewness that is around zero. Notice that the series for the pressure drops are nearly 
identical for the two lower ReH. Also at the highest ReH the signals resemble each other.

Figure 8 Frequency spectra for pressure drop along parallel pipes. The red spectrum is for the 
smaller pipe and the blue spectrum is for the larger pipe.

Figure 8 presents frequency spectra for ReH between 1540 and 2360. The y-axis of each graph 
denotes the energy density function normalized with variance while the x-axis of each graph 
denotes the frequency. For the lowest ReH the pressure drop of the pipes fluctuate at almost the 
same frequencies. When increasing ReH the value of the peak frequency increases and a
secondary peak in the energy spectrum appears for the larger pipe. The secondary peak is only 
recorded for the larger pipe showing a distinct difference between the flows in the two pipes. The 



76 Experimental Investigation of Transitional Flow in Porous 
Media with Usage of a Pore Doublet Model

results indicate that the pipes just can communicate with lower frequencies, related to the 
presence of transient flow like puffs and slugs. This decoupling when the flow in the larger pipe 
turns fully turbulent also shows up in the standard deviation as seen in figure 5. 

The correlation graph gives similar results, see figure 9. From ReH

starts to increase rapidly and gets a maximum at ReH

energy spectrum appear for the larger pipe. From this point the correlation factor begins to fall 
and reaches a minimum before it increases again to a moderate value possibly implying that the 
flow in the pipes correlate at lower frequencies while not at high frequencies as shown in the last 
two graphs in Figure 8.

Figure 9 Correlation of pressure drop along parallel pipes

To summarize, the experiments show that for ReH < 1400 the flow in both pipes is laminar and 
ReL grows more rapidly than ReS in this zone. For ReH > 1400 there is a peak in the skewness at 
ReH ~ 1500 indicating that turbulent slugs start to pass through the larger pipe. The deviation 
from the laminar flow regime can also be traced from the standard deviation growth at ReH

between 1500 and 1700. Re for both pipes starts to converge at ReH between 1400 and 2000. This 
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is also an indicator of the presence of the turbulent slugs in the larger pipe which results in the 
growth of the friction factor and redirection of flow to the smaller pipe.

For ReH < 1800 the pressure drop in both pipes have the same frequency content and the standard 
deviation grows with the same rate. Also, the correlation of the pressure drops increases and 
reaches its maximum at ReH

pressure fluctuations in the larger pipe are reflected in the smaller pipe. Over ReH

correlation and standard deviation decrease and a minimum is reached at ReH

second frequency peak appears for the larger pipe at the end of this range. The decrease of the 
correlation coincides with a reduction of standard deviation which implies that the amplitude of 
the oscillations decreases. For ReH larger than 2000 the standard deviations for the two pipes do 
not follow each other. The frequency spectra show that the secondary peak for the larger pipe 
grows. The header pipe flow is laminar and cannot cause any pressure fluctuations which can 
interfere with the interaction between the parallel pipes. So in this stage the turbulent fluctuations 
in the larger pipe are not mirrored in the smaller pipe while the lower frequency large amplitude 
pressure variations generated in the smaller pipe are transferred to the larger pipe.

The results indicate that turbulent slugs form in the larger pipe at ReL between 2300 and 2500 but 
that in the smaller pipe at ReS between 2000 and 2300. From figure 4 it is seen that Re for both 
pipes starts to diverge for ReH larger than 2000. This can be considered as another sign of 
turbulent slugs in the smaller pipe because their presence results in a larger friction factor and a 
redirection of part of the flow from the smaller pipe to the larger.

Three practical implications of the results for a porous medium are:

Fluid is redistributed from larger pores to smaller as the flow becomes turbulent in the 
larger ones.
Pressure peaks generated by turbulent slugs in one pore may result in instantaneous 
pressure peaks and increase in flow rate in nearby (smaller) pores.
The pressure spectrum from fully turbulent flows in a (larger) pore is not detected in 
nearby (smaller) pores.

Estimation of experimental error

The average errors of measured quantities which are different for each pipe are listed in table 1. 
Also the error estimations of the general quantities of the experiment are listed in the table 2. 
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Table 1 Error estimation of measured quantities

Quantity Viscosity 
(%) Density (%) Time (%) Temperature 

(%)
Variation 3.72 0.07 3 7.14

° = (19)

° = (20)

In order to see the effect of above mentioned quantities the following analysis is performed by 
using Taylor expansion.

= (21)

° = (22)

=
4 °

(23)

=
4 ° ° ( + )

( )
(24)

The results of the analysis are listed in following table.

Table 2 Error estimation of measured quantities for different pipe

Diameter (%) Pressure (%) Flow rate (%) Re (%)
Larger pipe 0.20 0.25 9.95 9.76

Smaller 
pipe 0.53 0.25 13.35 4.01

Header 
pipe 2.18 0.25 8.91 3.18
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Application to porous media flow

In flow through porous media the Ergun equation can be fitted to experiments with very good 
agreement. From this Equation a so called Blake type of friction factor can be defined as:

Re
Figure 10 Blake type of friction factor

Figure 11 Friction factor of parallel pipes

R

0 500 1000 1500 2000 2500 3000 3500 4000

Fr
ic

tio
n 

fa
ct

or

2

3

4

5



80 Experimental Investigation of Transitional Flow in Porous
Media with Usage of a Pore Doublet Model

= 1.75 +
150 (25)

Where is based on the hydraulic diameter of the porous media. As obvious from Eq. (25) 
approaches a constant value as increases, see Figure 10. If we now treat the parallel pipes 

as a system its friction factor may be plotted and compared to the ones for the single pipes and 
by usage of an equivalent diameter. As seen in Figure 11 the system curve takes a form closer to 
the Ergun equation ( ) as compared to f for the single pipes. Hence, in addition to the interplay 
described above this simple study indicate that different sized pores in a system contribute to the 
different appearance of the friction factor curve between single pipe flow and porous media flow.

5. Conclusion

Transition in the system begins with the formation of turbulent slugs in the laminar flow at pipe 
ReH larger than 2000 and the peak in the skewness value is a good indicator of it. Also, the 
correlation of the pressure drop in the pipes increases due to the presence of turbulent slugs. 
Frequency analysis shows that the pipes communicate at low frequency, but that high frequencies 
are not communicated. Future studies will reveal if this frequency is dependent on the detailed 
geometry. The implication of the results to porous media flow is that flow is redistributed when 
the flow becomes turbulent in larger pores possibly even out differences in flow between larger 
and smaller pores. A side result is that the friction factor as a function of Re of the pore-doublet 
model has an appearance that approaches that of the friction factor of a porous media rather than
being similar to that for single pipe flow. 
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ABSTRACT

The transition from laminar to turbulent flow in porous media is studied with a pore doublet 
model consisting of pipes with different diameter. The pressure drop over all pipes is recorded by 
pressure transducers for different flow rates. Results show that the flow in the parallel pipes is 
redistributed when turbulent slugs pass through one of them and six different flow zones were
identified by studying the difference between the Re in the parallel pipes. Each flow zone starts 
when the flow regime of one of the pipe changes. Transitional flow of each pipe increases the 
correlation between different pipes pressure drop fluctuations. Frequency analysis of the pressure 
drops show that the larger pipe makes the system to oscillate by the presence of turbulent patches 
in its flow. However, when the flow in the smaller pipe enters into the transitional zone the larger 
pipe starts to follow the fluctuations of the smaller pipe.



88 Interaction between the Flow in Two nearby Pores within a 
Porous Material during Transitional and Turbulent Flow

Keywords: Porous media, Transitional flow, Turbulent flow, Pore doublet model, Pipe flow

NOMENCLATURE

b Adjusting coefficient Frequency content
Differentiation sign PMMA Poly methyl methacrylate

D Diameter Q Mass flow rate
e Pipe roughness Re Reynolds number

Friction factor, frequency Difference between Re
H Header pipe S Smaller pipe
i Dummy variable Time
k Adjusting coefficient u Velocity
K Permeability Weight
L Length, larger pipe i ith data point
m Adjusting coefficient ( ) Fourier transform of x(t)

Normalized nth momentum Mean value of data series
Data nth momentum ( ) Conjugate of ( )

Data variance y(t) Data point at moment (t)
° Mass flow rate Difference operator

Number of data point Dynamic viscosity
P Pressure Density 

1. Introduction

Transitional flow is one of the most challenging problems of fluid mechanics, especially in 
porous media due to the often complex geometry encountered by the fluid. The first relationship 
describing fluid flow within porous media was based on Darcy’s pioneering experimental work 
on packed beds Darcy (1856). The by these experiments derived Darcy law . states 

rous bed, the dynamic viscosity and the permeability 
respectively. Darcy’s empirical law can be derived from the governing equations, i.e. the     
Navier–Stokes and continuity equations, by homogenization techniques Sanchez-Palencia (1980) 
or volume averaging techniques Whitaker (1986). Darcy's law is often said to be valid for Stokes 
flow Re < 1 (Lindquist, 1933, Schneebeli 1955, Hubbert 1956, Scheidegger 1960, Chauveteau 
and Thirriot, 1967), but Hellstrom et al. (2010) have shown that it can be valid up to particle 
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Dupuit noticed that the linear Darcy’s law does not represent experimental data at higher flow 
rates. Following this observation Forchheimer, 1901, added a quadratic correction term to 
Darcy’s law in order to capture the behavior of the experimental data at higher Re. Later on other 
correction terms were proposed (Chauveteau 1967, Muskat 1946, Skjetne 1999) and finally 
Darcy’s law was modified to the so called Ergun-Forchheimer equation that may be written in the 
following form: .(u + bum) where  k, b and m are variables that should be chosen in a 
way that the equation fits to experimental data. By doing this the Equation captures the behavior 
of experimental data for Re > 10 (Seguin 1998, Comiti 2000, Papathanasiou 2001). 

Several mechanisms have been suggested to cause the deviation from Darcy’s law such as: 

• Loss of kinetic energy due to contraction and expansion of pore space Panfilov (2006)
• The effect of pore solid boundaries on pressure loss Hayes (1996)
• Microscopic inertial forces presented in the drag forces Ma (1993)
• Formation of inertia flows at the center of pores Dybbs (1984)
• Formation of a viscous boundary layer Whitaker (1996)
• The interstitial drag force (Hassanizadeh and Gray 1987, Ma and Ruth 1993)
• Singularity of streamline patterns Panfilov et al. (2003)
• Separation of flow (Skjetne and Auriault 1999b)
• Deformation of streamline patterns and formation of eddies (Fourar et al. 2004, McClure 

et al. 2010, Panfilov and Fourar 2006)

This, in essence, tells us that inertial forces result in the breakdown of Darcy’s law at modest Re. 
However, at higher flow rates the flow eventually will become fully turbulent. The transition 
from inertia dominated to turbulent flow, which is proven to be continuous based on experimental 
data, can macroscopically be approximated by Forchheimer equation or extended forms of it 
Nemec (2005). Notice that this implies a continuous transition from laminar to turbulent flow 
Hellström (2010) that differentiates porous media flow from pipe flow where there is a           
non-continuous transition from laminar to turbulent flow Joseph and Yang (2010). Different 
authors have reported the presence of turbulence on pore scale Hlushkou (2006) but the effect of 
pore geometry on the actual state or distribution of turbulence has not been studied in detailed. 
For regular packing turbulence appears in all the neighboring pores at the same time. In fully 
random packing where there is no control of position or size of the pores formed the detailed 
geometry of most of neighboring pores affect the flow. Simplified geometries such as a unit cell 
(Wan 1996; Nordlund 2009) and a pore-doublet (Rose 1956; Sorbie 1995; Lundström 2008; 
Experimental investigation of transitional and turbulent flow in porous media with usage of a 
pore doublet model, Khayamyan et al., 2013 (unpublished) Khayamyan et al. 2014) have been 
used to distill the geometrical effect. Following this trend we will continue to study the          
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pore-doublet model presented in Khayamyan et al. 2013 (unpublished). This model was applied 
in order to take advantage of the well-studied pipe flow e.g., (Reynolds 1883, Wygnanski 1973, 
Gustavsson 1991). 

In a previous study, Khayamyan et al., 2013 (unpublished), it was shown that the flow in the 
pipes is redistributed when transient slugs pass through one of them. The presence of the slugs in 
the pipes is revealed by positive skewness as well as an increase of the standard deviation of the 
pressure drops and correlation between pipes pressure drops. In the present paper the 
experimental investigation is considerably increased to higher Reynolds numbers and each 
measurement is done in a more proper way.  The frequency content of the data is scrutinized and 
the results are interpreted in terms of a general porous media.

2. Experimental setup and procedure

The flow around one particle within a porous medium is studied with a pore-doublet setup, see 
Experimental investigation of transitional and turbulent flow in porous media with usage of a 
pore doublet model, Khayamyan et al., 2013 (unpublished) Khayamyan et al. (2014) for details.

Fig. 1. Schematic drawing of flow model and experimental setup
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The flow geometry is represented by two straight and parallel glass pipes with diameters of 4.05 
and 3.02 mm and lengths of 1100 mm. Water is supplied to the pipes from a third glass pipe with 
diameter of 9.05 mm and length of 750 mm connected via a Y-shaped splitter as shown in Fig. 1 
& 2. The splitter is made of PMMA by machining the branches to 8 mm diameter. The angle 
between the branches is 50º, cf. Fig. 3. In order to keep the pipes horizontal and parallel they are 
aligned to an aluminum bar. The flow from the parallel pipes runs into two boxes. These two 
boxes and also the sliding tank providing the water to the pipes are of over-flow type so that the 
parallel pipes have equal pressure at their outlet and the driving pressure is kept constant during 
each run of the experiment. 

Fig. 2. Experimental setup showing from the left, the header pipe in blue, the Y-
splitter, the parallel pipes also in blue and the outlet box.

Fig. 3. The Y-splitter section
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Each of the parallel pipes has pressure tap holes d = 1 mm positioned 20 mm after the splitter. 
There are also two pressure tap holes on the header pipe placed 700 mm from each other. Three 
differential pressure transducers are used to record the pressure drop over each pipe during each 
run of the experiment. The transducers for the parallel and header pipes are from the OMEGA 
PX2300 series and LPM/LPX1000 series, respectively. Each experiment was run during 60 
minutes and the analog pressure drop signals from the pipes were converted to digital signals by 
an A/D converter and recoded with SignalExpress into a computer at 40 Hz. The flow rate 
through each parallel pipe was measured by collecting water 10 times for 60 seconds. The flow 
rate through the header pipe was then derived by usage of (1). The water temperature was 
20 ± 0.1 C during all runs. The position of the sliding tank was varied in a series of 144 runs 
with the header pipe Re, ReH, varying from 1100 to 3700.

3. Theory

For the system of pipes studied continuity yields that 

QL + QS = QH ,

and thus

(D Re)L + (D Re)S = (D Re)H ,

(1)

subscripts L, S and H refer to larger, smaller and header pipes respectively. The characteristic 
length scales for each pipe is its diameter. It is now assumed that the pressure drop from the 
splitter over the parallel pipes down to the free surface in the outlet box is identical. Thus for the 
two pipes,

P = P . (2)

The pressure drop, in each section consists of a number of minor losses (which will be 
discussed later on) and a straight pipe loss which may be expressed as 

=
2

=
2

(3)

where L is the length of the pipe, U the mean velocity and f the friction factor, which is a function 
of Re Çengel  and Cimbala (2010).
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4. Methods of evaluation

4.1. Statistical analysis

The collected pressure data were processed in several ways and will be presented as

Time averages and higher statistical moments (rms and skewness)
Time series
Correlations 

The data presentation is a mixture between time averages and time resolved data. The ambition is 
to explain some of the statistical behavior from the time series which should better reflect the 
actual physical processes. The time average is defined as

= , (4)

where N is the number of samples. The higher statistical moments are defined as 

=
( )

, where n = 2, 3, … (5)

In this equation, n = 2 gives the variance and n = 3 the skewness. The standard deviation is the 
square root of the variance and is denoted rms. The skewness is normalized with the variance via

=
( )

, where n = 3. (6)

For the correlation, the Pearson correlation coefficient is applied to detect the relation between 
the pressure drops in the two pipes according to

=
( )( )

( , )( , )
. (7)

4.2. Frequency domain analysis

The experiments will yield time series of pressure. The relationship between two sets of time 
series, x(t) and y(t), can be scrutinized by computing the power spectral density function of the 
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time series data, the gain factor, the phase difference and the coherency function. All of these 
methods are based on Fast Fourier Transform (FFT) of the time series data according to:

( ) = ( ) , (8)

where X is data in the frequency plane, x the data in the real plane,  f is frequency and t time.

4.3. Power spectral density function

The power spectral density (PSD) is simply defined as:

= | ( )| = ( ) ( ) . (9)

The usage of this function is a practical way to recognize oscillatory signals in time series data. 
The function may also be used to find the amplitudes and the frequencies of the oscillations. PSD 
originally breaks down time series data into sets of sinusoidal waves of different frequencies and 
presents the strength or the energy of the signal at each frequency. The unit of PSD is energy per 
frequency and the energy of a frequency band is the area under the PSD plot within that 
frequency range.

4.4. Gain factor

The gain factor, or the magnitude of the frequency response function, is the ratio of the Fourier 
transform of the data from two time series according to:

=
( )

( )
(10)

Hence it tells us which time series that dominates at a certain frequency. The gain factor may 
disclose a correspondence between two sets of time series data and if they are following common 
trends. The important point to consider is that, even if the gain factor detect that there are 
common trends in the data, the trends may be of second order since the amplitudes of the 
variations might be small. Therefore, it is essential to investigate, at least, the power spectral 
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density of one of the time series data to make sure that the amplitude of the coherent variations is 
large enough. 

5. Results

5.1. Statistical analysis 

The flow through the parallel pipes is first evaluated as a function of ReH; cf. Fig. 4. The open 
symbols are from the current study and the filled from Experimental investigation of transitional 
and turbulent flow in porous media with usage of a pore doublet model, Khayamyan et al., 2014.

Fig. 4. Reynolds number for the two parallel pipes as a function of ReH.

Overall, the two series are in good agreement and the results from the two experimental series 
overlap in the laminar regime and also at the inflection point at ReH

some differences just after the inflation point. The maximum difference between the series for the 
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larger and the smaller pipes are 2.1% and 8.1% which occur at ReH

These discrepancies may reflect the improved accuracy in the measurements (flow rate measured 
for longer time, from 10 (s) to 60 (s), more repetitions 4 times to 10 times and better temperature 
control). This indicates that the data in the second series are more reliable and they also cover 
larger range of ReH. Hence focus is now set on the second series of experiments.

When comparing ReL,S as a function of ReH for the parallel pipes it is obvious that there is a 
redistribution of the percentage flow between the pipes. Since the pipes face the same pressure 
drop the change in the slope of the curves is the result of alterations of the overall friction within 
the pipes when the flow changes characteristics.

Fig. 5. Normalized standard  deviation of pressure drop along parallel pipes

To investigate this further, the difference between Re of the two parallel pipes, Rediff, is derived 
and plotted in Fig. 4. Based on the variation of the slope of this curve six ranges can be identified 
for which the flow regimes in the pipe network can be analyzed. In the first range (Range 1), ReH

1500, the flow is laminar in both pipes. Rediff may therefore be expressed as:
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= =
1

1 +

, (11)

using (3) and assuming that the laminar flow is fully developed in all pipes, hence

=
64

, (12)

which is generally true for Re < 2000. Using this relationship the slope of the curve Rediff may 
readily be calculated to 1.0 (i.e. when only considering friction at the walls of the pipes) while the 
experimental data in Fig. 4 yields a slope of 0.68. However, when adding losses due to the bends 
in the splitter, the inlet and outlet losses of the pipes and losses due to entrance length effects the 
slope is calculated to 0.73 which is much closer to the experimental value.  

Fig. 6a. Normalized skewness of pressure drop from two experiments
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This reveals that it is necessary to take into account all losses to have better estimation of flow 
distribution. By scrutinizing the slope of Rediff additional ranges can be defined. Range 2, 
1500 < ReH < 1800, where Rediff is constant, Range 3, 1800 < ReH 2000 where Rediff

decreases, Range 4, 2000 ReH < 2300, with a slight increase in Rediff, Range 5, 2300 < ReH <
2800, where Rediff increases rapidly and Range 6, ReH > 2800, where the slope of Rediff becomes 
somewhat smaller than in Range 5. The reasons for the changes in the slope of Rediff were partly 
explained in Experimental investigation of transitional and turbulent flow in porous media with 
usage of a pore doublet model, Khayamyan et al., 2013 (unpublished) Experimental investigation 
of transitional and turbulent flow in porous media with usage of a pore doublet model, 
Khayamyan et al., 2014 and will be further analyzed in this investigation. 

Let us now study the statistics of the pressure measurements and start with the pressure 
fluctuations in the form of the root mean square of the pressure drop normalized with mean 
pressure, NRMSP, see Fig. 5. As is obvious from Fig. 4, for a certain flow rate ReL is larger than 

Fig. 6b. The enlarged view of normalized skewness around its zero
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both ReS and ReH and the flow in the larger pipe may become turbulent already at ReH = 1200. 
This is also reflected in the pressure fluctuations which increase rapidly from about this value of 
ReH. For ReH < 2000 (Ranges 1-3) the NRMSP, of the header and the smaller pipes are 
synchronized with that in the larger pipe. This is probably due to that the momentum of the flow 
within the smaller and header pipes is not enough to resist the pressure fluctuations generated in
the larger pipe. 

Fig. 7. The correlation of pressure drop between different pipes.

For 2000 < ReH < 2800 (Ranges 4 & 5) the most important behavior of the NRMSP is that at ReH

P of the smaller pipe ceases to follow the trends of the NRMSP of the larger 
pipe. It instead exceeds the NRMSP of the larger pipe and continues to be larger for the rest of its 
range with a maximum at ReH H MSP of the 
header pipe starts to increase. This is an indication of transitional flow in the header pipe which is 
not directly reflected in the NRMSP of the parallel pipes that continue to decrease until 
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ReH 3000. The parallel pipes are in the fully turbulent regime and they do not follow the 
pressure disturbances in the header pipe. 

When turbulent structures show up in a pipe there will be positive pressure peaks in the pressure 
drop along the pipe. Such features are disclosed by plotting the skewness for which the effect of 
smaller and symmetrically distributed amplitude fluctuations diminishes and larger, one-sided 
fluctuations are amplified. Figure 6a presents the normalized skewness of the pressure 
measurements in this study. Since most of the skewness values are concentrated around the         
x-axis, Fig. 6b focuses more on this part. As seen the skewness deviates from zero due to 
pressure fluctuations of the larger pipe at ReH H

Hence the start of the transition is not reflected in any major redistribution of the flow since 
Range 2 when Rediff becomes constant start at ReH

behaves in an opposite manner, cf. Fig. 6a, and has negative values in this range to compensate
the positive peaks in the parallel pipes (the total pressure drop is constant). After ReH

skewness of all three pipes go towards zero and at the end of Range 2 (ReH

larger pipe and the header pipe have almost zero skewness, cf. Fig. 6b. Before entering into 
Range 4, ReH

grow and has its maximum at ReH

pressure drop distribution has positive peaks that can be traced to the presence of turbulent slugs 
in its flow. 

As before, the header pipe follows these pressure fluctuations since it does not have enough 
momentum to resist it. At ReH arts to grow 
and reaches its maximum around ReH

not have any noticeable effect on the flow in the parallel pipes. 

To summarize, at ReH transitional 
which is denoted by increase in skewness and in the NRMSP, see Table 1. The pressure 
fluctuations in the larger pipe are reflected in the other two pipes where the flow is laminar. The 
flow in the larger pipe enters into the fully turbulent regime at ReH

since its skewness goes to zero and NRMSP starts to decrease. Later, at ReH

Range 4) the flow in the smaller pipe becomes transitional since its NRMSP and skewness grows. 
The flow in the smaller pipe enters into the fully turbulent regime at ReH

5) and the level of its NRMSP decreases. Finally at ReH

header pipe becomes transitional and its skewness and NRMSP grows. At ReH

the pressure fluctuations reaches its maximum indicating a transfer into fully turbulent flow in the 
header pipe. Another important issue is that ReH ReS, cf. Fig. 4, but the flow in the smaller 
pipe and the header pipe become transitional at ReH

5. This highlights the effect of the splitter and how it induces more disturbances at the inlet of 
both parallel pipes and triggers turbulent structures, puffs. This means Re is not the only 
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parameter which determines the flow regime and the level of disturbances at the entrance of the 
pipe is an important factor as well. 

With knowledge of the basic stages of the system studied it is also of interest to find out how the 
pressure fluctuations correlate. The correlation of the pressure drop between the parallel pipes is 
initially weak for Range 1, but as ReH moves into Range 2 it has increases to a relatively high 
value, see Fig. 7. This implies that the correlation is, to start with, related to the turbulent spots 
disclosed by the skewness, cf. Fig. 6. In a similar manner the correlation values between any of 
the two parallel pipes and the header pipe increases. 

Fig. 8. Power spectra of pressure drop along the larger pipe for ReH = 1380, 1500, 1670, 
1850, 1870, 1910, 1970, 2010, 2120, 2460, 2660 and 3530
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At ReH between 1900 – 2100 (Range 2-3) the correlation between the parallel pipes decreases. 
Hence the initial pressure fluctuations in the smaller pipe, found by the skewness, are not 
transformed to the larger pipe. However, the fluctuations in the smaller pipe are immediately 
reflected in the header pipe, see the increase in correlation between these pipes at ReH

Fig. 7. At ReH 2900 the correlations between the header pipe and the parallel pipes reach a local 
minimum and then the correlation increases. Following the previous discussion this is due 
pressure fluctuations in the header pipe that actually start already at ReH 2800 but it does not 
impact the flow in the parallel pipes until ReH 2900, cf. Fig. 5. To summarize, pressure 
fluctuations caused by transitional flow are directly transferred to pipes with laminar flow. Such 
fluctuations are also eventually transferred to pipes with turbulent flow when the fluctuations 
become strong enough.

Table 1 Flow regimes based on ReH

Pipe ReH, Laminar ReH, Transient ReH, Turbulent

Header 2750 2750 – 3200 3200

Larger 1500 1500 – 1800 1800

Smaller 2000 2000 - 2300 2300

The slope of Rediff for the two parallel pipes in the turbulent regime, ReH 2300, is 0.21 by 
which only considers friction force from the walls of the pipes via Blasius’ formula

=
0.316

.
. (13)

However, following the analysis of the laminar flow all sources to losses can be added to the 
calculations. When the pressure drop due to the other sources are included into the numerical 
calculation the slope of Rediff will be 0.55 and 0.56 with Blasius and Colebrook friction factor, 
equations (13) and (14), respectively. 

1
= 2.0 log

3.7
+

2.51
. (14)

The experimental data in Fig. 4 yields that Rediff has two slopes in the turbulent regime which are 
1.14 for ReH between 2300 and 2800 (Range 5) and 0.62 for ReH higher than 2800 (Range 6). 
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The latter experimental slope is consequently rather close to the theoretically derived values. The 
larger slope of Rediff for Range 5 means that a larger portion of the fluid passes the larger pipe in 
order to satisfy the equal pressure drop condition between the parallel pipes. This highlights the 
effect of the feeding flow into the parallel pipes because when laminar flow enters into pipes 
which are already in the turbulent regime it needs a distance for the turbulent structure to 
develop. The developing length should be longer for the larger pipe since the velocity is higher. 

Fig. 9. Power spectra of pressure drop along the smaller pipe for ReH = 1380, 1500, 
1670, 1850, 1870, 1910, 1970, 2010, 2120, 2460, 2660 and 3530.

Along the developing distance flow regimes are developing from laminar to transient and finally 
turbulent at the end of it which makes the friction factor of this length smaller compare to fully 
turbulent flow. 
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5.2. Frequency analysis

Figures 8-9 present the non-dimensionalized power spectra of the pressure drop fluctuations 
normalized with the average energy of the fluctuations, , for the larger and smaller pipe 
respectively. 

Fig. 10. Gain factor of pressure drop along parallel pipes for ReH = 1380, 1500, 1670, 1850, 
1870, 1910, 1970, 2010, 2120, 2460, 2660 and 3530.
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Initially the power spectra have two peaks with relatively small amplitudes. This is an indication 
of turbulent patches in the flow which was already found by the skewness analysis, cf. Fig. 6a. At 
ReH from 1500 to 1850 (appr. Range 2) the low frequency peak of both pipes spectrum become 
more powerful driven by an increased number of turbulent patches in the larger pipe, cf. Fig.s 8-9
part b. When ReH increases even more the low frequency peaks lose their power and move 
slightly to the right while the high frequency peaks gain power, cf. Fig. 8 part c (Range 3). The 
powerful high frequency fluctuations can distribute energy more uniformly among pressure drop 
oscillations therefore the level of fluctuations decreases within this range, cf. Fig. 5. In the range 
of ReH 1980 - 2060 the spectrum of both pipes is dominated by the high frequency peak, cf. Fig.s 
8d. The powerful high frequency fluctuations cause the level of fluctuations of both pipes to 
become almost equal in this range, cf. Fig. 5. Here, also the skewness of the smaller pipe grows 
from negative values to positive values, cf. Fig. 6b, which is a sign of initiation of turbulent 
patches in the flow.

For ReH between 2120 and 2460 (appr. Range 4) turbulent spots form in the smaller pipe since a 
new low frequency peak appears in the spectrum of both pipes but more clearly in the smaller 
pipe, cf. Fig.s 8-9 e. For ReH between 2570 and 2780 (within Range 5) the spectrum of both pipes 
again is dominated by high frequency peaks, cf. Fig.s 8-9 f. The powerful high frequency band 
fluctuations, as it was explained before, are connected to uniform distribution of energy which 
lowers the level of fluctuations in this range. For ReH between 2800 and 3710 (Range 6) the 
spectrum of both pipes has only the high frequency peak and its power decreases by growth of 
the ReH, cf. Fig.s 8-9 g. 

Figure 10 presents the gain factor which is the square root of power ratio between two pipes; 
smaller/larger. For ReH between 1150 and 1970 (Ranges 1-3) the gain factor is less than one, cf. 
Fig. 10a-c. This means that both frequency bands originate in the larger pipe and the smaller pipe 
just follows them. This is expected since in this range turbulent patches only pass through the 
larger pipe. The results also indicates that the high frequency fluctuations force both pipes to 
have almost equal amplitudes while low frequency fluctuations caused due to turbulent patches 
make fluctuations have different amplitudes. 

For ReH between 1980 and 2060 (Range 3-4) the gain factor at the low frequency band is more 
than unity which means that the low frequency band is caused by the smaller pipe fluctuations 
while the larger pipe causes the high frequency fluctuations, see Fig. 10d. Notice that the 
fluctuations in the smaller pipe could not be revealed from Fig. 8-9d. At ReH between 2120 and 
3710 (Range 4-6) the gain factor is more than unity in the whole frequency range which means 
that all fluctuations are governed from the smaller pipe. This explains why the level of 
fluctuations of the smaller pipe is higher than the level in the larger pipe at ReH > 2120, cf. Fig. 5. 
At ReH between and 2810 and 3710 there is no sign of low band frequency events which are 
associated with the presence of turbulent patches and the gain factor has almost constant value at 
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the low band. However, it starts to grow at high frequency band and it reaches its maximum at 
f 3 (Hz) where however the power spectra is weak.

5.3. Estimation of experimental error

The average errors of measured quantities which are different for each pipe are listed in table 2. 
Also the error estimation of the general quantities of the experiment is listed in the table 3. 

Table 2. Error estimation of measured quantities for different pipe

Re Weight Diameter Pressure

Larger pipe 0.11% 0.03% 0.20% 0.25%

Smaller pipe 0.04% 0.07% 0.53% 0.25%

Header pipe 0.09% 0.02% 2.18% 0.25%

Table 3. Error estimation of measured quantities

Quantity Viscosity Density Time Temperature

2.56% 0.02% 1.0% 0.50%

In order to see the effect of above mentioned quantities the following analysis is performed by 
using Taylor expansion.

= , (15)

° = , (16)

=
4 °

, (17)
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=
4 ° ° ( + )

( )
, (18)

° = , (19)

° = . (20)

The results of the analysis are listed in following table.

Table 4. Error estimation of the measured variable on flow rate and Re

Smaller pipe Larger pipe Header pipe

Error estimate of 
flow rate (m°)

0.94% 0.96% 0.97%

Error estimate of Re 1.69% 1.39% 1.94%

6. Application to porous media flow

In flow through porous media the Ergun equation can be fitted to experiments with very good 
agreement. From this Equation a so called Blake type of friction factor can be defined as:

= 1.75 +
150

, (21)

where Re is based on the hydraulic diameter of the porous media. As obvious from (21) 
approaches a constant value as increases, see Fig. 11. If we now treat the parallel pipes as a 
system its friction factor may be plotted and compared to the ones for the single pipes and by 
usage of an equivalent diameter. As seen in Fig. 12 the system curve takes a form closer to the 
Ergun equation ( ) as compared to f for the single pipes. This indicates that the continuous 
behavior seen in the experimental data can be traced to the mechanisms clarified in this work. It 
must, however, be noticed that the leveling out of the friction factor which indicated the start of 
turbulence takes place at a much higher Re for f than for .  This is a topic for further studies and 
may be traced to the often very complex flow geometry in a porous media. The critical 
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transitional Re is very much dependent on the flow conditions and is, for instance, around 370 for 
couette flow, see Dou and Khoo (2011).

Re

Fig. 11. Blake type of friction factor

7. Conclusion

Six flow zones are identified. Each zone marks the change of flow regime in one of the three 
pipes. Knowing the flow regime in each pipe is important information for analyzing the pressure 
drop signals and interpreting them. The effect of the feeding flow regime into the parallel pipes is 
identified since transition in the header pipe results in a new flow distribution in the system. The 
numerical solution of the system highlights the importance of minor pressure losses in the splitter 
which could be the same in real porous media. 

Correlation between parallel pipes fluctuations grows when any of them becomes transitional, but 
correlation decreases when the pipe becomes turbulent. The header pipe is more correlated with 
larger pipe when it causes fluctuations, ReH < 2000. However at ReH > 2000 where the smaller 
pipe causes the fluctuations the header pipe follows the smaller pipe. At ReH > 2800 where the 
header pipe becomes transitional it follows the larger pipe better. The frequency analysis revealed 
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two distinct events in the pressure drop signals of the parallel pipes, low and high band frequency 
fluctuations. Low band frequency fluctuations are caused by presence of turbulent patches in the 
flow. The presence of low frequency patches are even present in low Re flow, ReH < 1500, but 
they are not as powerful as at higher Re.

The presence of turbulent patches causes fluctuations with low band frequencies. The gain factor 
shows that until ReH from the larger 
pipe. However, at ReH > 2000 where the smaller pipe starts to become transitional the flow in the 
smaller pipe causes all fluctuations. The gain factor depending on ReH has values different than 
unity in low band frequency which makes parallel pipes fluctuate with different amplitudes than 
each other. However, in the high frequency band the gain factor goes towards unity and tries to 
equalize the amplitudes of both pipes fluctuations. During transition there are two kind of 
fluctuations in the system; low band frequency fluctuations which disturbing the system and high 
band frequency fluctuations which tries to return the system back to its initial undisturbed state. 

The same discovered interaction between neighboring pores could be expected in real porous 
media, but transmitting the information of turbulent patches will be damped by going far from 
transitional pores.
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ABSTRACT

Laminar-to-turbulent transition in a porous medium is studied experimentally with an extended 
form of a pore-doublet model to simplify the often-complex geometry of a porous media as well 
as to mimic the interconnectivity of throat and pore flow. The experimental model is made of 
three parallel pipes with different diameters (3, 4, 5 mm) branched via a splitter from a much 
larger header pipe (37 mm). The pressure drop over the pipes is recorded for different flow rates. 
Results indicate flow redistribution due to the presence of transient slugs in the system. The slugs
are revealed by a positive skewness of the pressure signals and the growth of the standard 
deviation of the pressure drop. The actual fluctuations are however not communicated to any 
larger extent.
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1 Introduction 

There are many natural and industrial processes where transitional and turbulent flow in porous 
media is of importance.  Examples are flow through embankment dams (Frishfelds et al. 2011), 
the drying of iron ore pellets (Ljung et al. 2011; Ljung et al. 2012), and reactive filters (Herrman 
et al 2013, Jourak et al. 2013, Jourak et al. 2014) It is less common for cases with nanofluid flow 
(Chand & Rana 2012; Sheikholeslami 2013, flow in porous media during manufacturing of items 
such as fibre reinforced composites, paper and fibre boards (Lundström et al. 2002; Odenberger 
et al. 2004; Andersson et al. 2005; Pettersson et al. 2006; Pettersson et al. 2007, Kluge et al 
2015). However, demands on increase in production rate often imply a faster flow and thus an 
increased probability for a transitional and turbulent porous media flow even for these examples.
Studies on transitional and turbulent flow in porous media on the microscopic level are rare. 
Knowledge of such flow may imply that the available approaches in the literature to model flow 
in porous media, such as void networks (Martins et al. 2007), bundle of tubes with equivalent 
diameter (Nakayama et al. 2007), discrete pore models (Frishfelds et al. 2014) and models for 
wicking (Masoodi et al. 2012), can be extended to higher Reynolds numbers, Re.  Here,        
Re = and Uint, dp
viscosity, respectively. 

When increasing Re in porous media the linear Darcy law will, at some instant, fail to predict the 
flow characteristics. The threshold value varies both with the type of porous medium and the way 
Re is defined (Hellström et al. 2010). The so-called Forchheimer or Ergun equation

p/L = μ/K (u + bum) is in good agreement with experimental results for non-Darcian flows 

is the pressure difference, L is the length of the porous medium, μ the dynamic viscosity, 
permeability, u a typical velocity and b and m constants that are used to fit the equation to 
experimental data. There are several explanations for deviations from Darcy’s law at modest Re 
including loss of kinetic energy due to contractions and expansions within the pore geometry 
(Panfilov and Fourar 2006; Lucas et al. 2008; Bues et al. 2004), effect of pore solid boundaries 
on pressure loss (Hayes et al.1996), small inertial forces present in the drag forces (Ma and Ruth 
1993), formation of inertia flows at the center of pores (Dybbs and Edwards 1984), formation of 
a viscous boundary layer (Whitaker 1996), the interstitial drag force (Hassanizadeh and Gray 
1987, Ma and Ruth 1993), singularity of streamline patterns (Panfilov et al. 2003), separation of 
flow (Skjetne and Auriault 1999b) and deformation of streamline patterns and formation of 
eddies (Fourar et al. 2004, McClure et al. 2010, Panfilov and Fourar 2006).
All of these explanations can be traced to that inertia start to be important. According to 
experimental results the macroscopic transition from Darcian flow to turbulent flow via an inertia 
dominated regime is a continuous process and it can also be approximated by the Forcheimer 
equation or by extended versions of it (Nemec and Levec 2005). The transition from Darcian to 
inertia dominated and turbulent flow is less studied on the microscopic level. Experimental 
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evidence of turbulence in three-dimensional porous media were given by (Hlushkou and Tallarek 
2006), but there were no measurement of the distribution of turbulence within the pore geometry. 
Fully random packing is used in the majority of experiments implying only minor control of the 
geometry. Also, turbulence in each pore (bulge) and throat (constrictions) is likely to be a 
function of the geometry of neighboring ones.  The indicated complexities suggest the use of 
simplified geometries in the study of porous media. Unit cells have been used (Wan et al. 1996; 
Nordlund and Lundström 2010) as well as the pore-doublet model, being two parallel pipes 
connected at their both ends, originally designed to investigate capillary effects (Rose and 
Witherspoon 1956, Sorbie et al. 1995 and Lundström et al. 2008). The pore-doublet model has 
been used experimentally to find pore interaction during transition (Khayamyan et al. 2013 and 
Khayamyan and Lundström 2015). These studies were limited to two pipes by using 
methodologies derived for single pipe flow (Reynolds 1883, Lindgren 1969, Wygnanski 1973 
and 1975, Gustavsson 1991, Henningson 1994).
In this paper an extended version of the pore-doublet model with three parallel pipes will be 
studied to experimentally derive how pores of different sizes interact at transitional Re. In 
particular it is interesting to see how the fluid is redistributed as the flow becomes transitional in 
one while it is laminar in the others. Such interactions make the transition from laminar flow to 
turbulence in porous media different from that in single pipe flow. From now on the pipes will 
represent throats or constrictions in the porous media and the distributer will represent a pore or 
bulge where the throats connect to each other. This follows the definition in Wardlaw et al. 
(1987).  

2 Experimental setup and procedure

To study the flow around two neighboring beads of porous media a model geometry is designed 
according to Figure 1. Three straight and parallel glass pipes represent the throats around the 
neighboring beads. The lengths of the parallel pipes are 1.00 m and inner diameters of these pipes 
are 5.03±0.002, 4.05±0.003 and 3.02±0.009 mm, respectively. The pipes are from now on 
denoted as the large, medium and small pipes. All channels are branched via a splitter, cf. Figure 
2, made of PMMA from a wider channel made of a straight glass pipe, denoted the header pipe. 
The header pipe inner diameter is DH = 37.26± DH and 
the final part of it can be seen as a pore in a porous media. All diameters were determined by 
filling the pipes with water and weighing the filled and empty pipes.
The pipes are bolted to an aluminum bar via PMMA supports in order to keep them parallel and 
horizontal. The channels inside the splitter are circular with diameters of 6, 7 and 8 mm to be able 
to accommodate the parallel pipes within them. The outer diameter of the splitter is made so that 
it fits the inside of the header pipe. A PMMA box is placed at the end of the parallel pipes which 
consists of a main part and an overflow chamber to provide the same back-pressure for the 
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parallel pipes and to make it possible to individually measure the flow rate in the pipes by 
collecting and weighing the water emanating from respective pipe. 
Water is pumped from a storage tank into the sliding tank, which is a constant head tank with an 
over-fall. The tank can be adjusted vertically to provide different heads. Since the pressure drop 
per unit length is proportional to Q/D4 for laminar pipe flow, the header pipe diameter was 
chosen the largest so that the main pressure drop is over the parallel pipes. Having the other pipe 
diameters unequal and smaller than the header pipe makes it possible to study their flow 
interaction in a variety of combinations like laminar/laminar/laminar, laminar/laminar/transient, 
laminar/laminar/turbulent, laminar/transient/turbulent and laminar/turbulent/turbulent while 
keeping the flow in the header pipe laminar.
Each of the parallel pipes has pressure tap holes (d = 1 mm) positioned 80 mm after the splitter. 
There are also two pressure tap holes on the header pipe placed 700 mm from each other. Four 
differential pressure transducers are used to record the pressure drop over each pipe during each 
run of the experiment. The transducers for the parallel and header pipes are from the DRUCK 
PTX5012 series, and one DRUCK LPX1010 series, respectively. 

Figure 1. Schematic drawing of flow model and experimental setup.
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Each experiment was run during 60 minutes and the analog pressure drop signals from the pipes 
were converted to digital signals by an A/D converter and recoded with SignalExpress into a 
computer at 40 Hz. The flow rate through each parallel pipe was measured by collecting water 10 
times for 60 seconds. The flow rate through the header pipe was then derived by usage of 
continuity. The water temperature was 20 ± 0.1 during all runs. The position of the sliding tank 
was varied in a series of 80 runs with the header pipe Re, ReH, varying from 150 to 2700.  

3 Theory

The relation between the size and density distribution of the capillaries in a network model and 
the pores/throats and particles in a packed bed of spheres was derived by Comiti and Renaud in 
1989. In a packed bed of mono sized spheres with diameter the relation between total area and 
the volume of particles is

=
4

4
3

=
3

=
6

(1)

Suppose that the packed bed consists of a bundle with n tortuous pores/throats of diameter ;
length L, a total pore volume VO and a total surface area S. If now the column volume, diameter 
and height are denoted V, D and H the diameter of the pore is 

where is porosity. According to Equations (1) and (2) a packed bed of bundles with pore/throat 
diameters of 3, 4, 5 and 37 mm and with = 0.4 will represent a bed of spheres with diameters of 
about 7, 9, 11 and 83 mm at = 0.4.

For the system of pipes studied continuity yields that 

=
4

=
4

=
4

6
(1 )

(2)

QL + QM + QS = QH

and thus

(D Re)L + (D Re)M + (D Re)S = (D Re)H

(3)
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Figure 2. Experimental setup showing from the left; the header pipe, the splitter, the parallel 
pipes.

Figure 3. The splitter.

where Q is the volumetric flow rate and the subscripts L, M, S and H denote large, medium, small 
and header, respectively. The corresponding Reynolds numbers are denoted ReL, ReM, ReS and 
ReH where the characteristic length and velocity are the diameter of and mean velocity in the 
respective pipe. It is reasonable to assume that the pressure drop from the splitter over each of the 
parallel pipes down to the free surfaces formed in the outlet box is identical. Thus for the three 
pipes

= = (4)

The pressure drop in each section consists of a number of minor losses and a straight pipe loss. 
The latter may simply be expressed as
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=
2

=
2

(5)

where L is the length of the pipe U the mean velocity and f the friction factor given as a function 
of Re according to (Çengel and Cimbala 2010 p. 324)

=
64

1
= 2 log

2.51

Re < ReTransition (6)

Re > ReTurbulent (7)

In pipe networks the flow passes through different kinds of fittings like elbows, bends, inlets, 
outlets as well as straight pipes. Each of these elements causes pressure drops. These losses are 
generally modeled by Equation (5) as a portion of dynamic pressure in the following manner

=
2

=
2

(8)

The frictional loss in the straight pipes is the largest contribution to the overall loss in the present 
system since it is proportional to the length of the pipes according to Equation (5). The minor 
losses in the experiments are just modeled numerically in this paper together with the additional 
pressure drop due to the distance required to obtain a fully developed flow. The contribution from 
this can be approximated as (Schlichting 1968 p. 231) 

= 1.16
2

= 1.16
2

(9)

Contributions from the sudden contraction and the sudden expansion at the beginning and the 
end of each pipe are also relevant and may be accounted for by using the following expression 
(White 1979 p. 356):

=
2

=
2

(10)

where KL is 0.49, 0.47 and 0.44 for the sudden contraction at the beginning of the small, medium 
and large pipes, respectively, and KL is 1.0 for losses due to the sudden expansion at the end of all 
pipes. Using Equations (3) to (10) the pressure loss along each pipe can be computed numerically 
by assuming that Re is known for the larger pipe and pipe friction factor in transition from 
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laminar to turbulent is approximated by a third order polynomial according to the procedure 
outlined in (Khayamyan et al. 2013 and Khayamyan and Lundström 2015).

4 Methods of evaluation

The experimental results will be evaluated with usage of statistical analysis, frequency domain 
analysis, the power spectral density function, the gain factor and the coherency function 
according to the sub-titles below.

4.1 Statistical analysis

The collected pressure data were processed in several ways and will be presented as

Time averages and higher statistical moments (rms and skewness)
Time series
Correlations 

The data is presented both as time averaged and time resolved. The ambition is to explain some 
of the statistical behavior from the time series that should better reflect the actual physical 
processes. The time average is defined as

, (11)

where N is the number of samples. The higher statistical moments are defined as 

=
( )

, where n = 2, 3, … (12)

In this equation, n = 2 gives the variance and n = 3 the skewness. The standard deviation is the 
square root of the variance and is denoted rms. The skewness is normalized with the variance via

=
( )

where n = 3. (13)

For the correlation, the Pearson correlation coefficient is applied to detect the relation between 
the pressure drops in the two pipes according to

=
( )( )

( , )( , )
. (14)
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5 Results

In this section the results of experiment will be presented and will be further analyzed with means 
of statistical analysis, numerical simulation and frequency domain studies.

5.1 Statistical analysis

In the first range, ReH < 300, the flow is laminar in the whole system as the Re of the flow in the 
parallel pipes grows linearly with ReH and the level of pressure fluctuations within the flow in all 
pipes are constant, cf. Figures 4 & 5. The experimental data furthermore yields that in this range 
the friction factors of the flow in the parallel pipes decrease linearly (in a log-plot), cf. Figure 6. 
The linear relationships between ReH and the Re of the laminar flow in the parallel pipes may 
theoretically be expressed in the following way

=
1 + ( ) + ( )

, (15)

=
1 + ( ) + ( )

and (16)

=
1 + ( ) + ( )

. (17)

The above relations are derived for the parallel pipes in the laminar regime from Equations (4) 
and (6). Also in this range the flow fractions of the parallel pipes are fairly constant, cf. Figure 7, 
where the flow rate of each parallel pipe to the total flow rate is presented. The following 
relations can be derived for the flow fractions in this range.

=
+ +

(18)
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=
+ +

(19)

=
+ +

(20)

The normalized skewness of the measured pressure drop, cf. Figure 8, of the pipes reveals that 
turbulent structures first appear in the medium pipe at ReH

fluctuation within this pipe increases then with Re. A maximum in skewness is reached at 
ReH 420 while the level of pressure fluctuations of the large and small pipes remains at the 
same level.

Figure 4. Reynolds number of parallel pipes as a function of ReH.
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Figure 5. Standard deviation of the pressure drop along parallel pipes.

Figure 6. Friction factor of the parallel pipes.
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The result indicates that the flow in the medium pipe is transitional in this range. This statement 
is, however, put into jeopardy when considering the following information:

a) In this range of ReH (320-420), 870 < ReM < 1170, cf. Figure 4, instabilities will not be 
generated and cannot grow. 

b) Also at the same range of ReH, 1400 < ReL < 1760. This is a range where instabilities can 
be generated and live or even grow.

c) At ReH around 300 the friction factor of the large pipe starts to deviate from a straight 
line. This indicates that the drag for the flow within the large pipe has increased. The 
increase in drag of a laminar flow can reveal the presence of turbulent structures in the 
flow. These structures generate more stresses yielding an increase in the friction factor.

d) After ReH

medium pipe increases, cf. Figure 7. This shows that a lower portion of flow choses to 
pass through large pipe because its drag is increased due to turbulent structures.

Figure 7. Flow rate fraction of the parallel pipes.
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turbulent spots are too few. The spots may still make the flow choose to pass through medium 
pipe, a passage where the flow faces lower drag, and this redistribution may be large enough to 
make the level of the pressure fluctuations of the medium pipe to increase to the levels indicated 
in Figure 5.

Figure 8. Normalized skewness of the pressure drop of the parallel pipes.
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see Figure 5. One result of this is that the friction factor of the medium pipe becomes nearly 
independent of ReH, cf. Figure 6. After the maximum the portion of flow through the larger pipe 
increases, see Figure 7 and Figure 4. 

Figure 9. Correlation of pressure drop of the parallel pipes.
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=

+ +

(23)

=

+ +

(24)

As the friction factor graph, Figure 6, shows the large and medium pipes enter the fully turbulent 
regime at practically the same ReH. The different flow regimes are summarized in Table 1. 

Table 1. The flow regime of the parallel pipes

Pipe ReH, Laminar ReH, Transient ReH, Turbulent
Large 300 300 - 950 950

Medium 700 700 - 950 950
Small 950 950 - 1000 1000

In general the results of the pure pore double model (Khayamyan et al., 2014 and 2015) show that 
the pressure drop fluctuations within a pipe with transitional flow is reflected in fluctuations in 
the flow of the other pipe in the system. This can be seen in the standard deviation of the pressure 
drop fluctuations of the flow in each pipe and the correlation between the pipes. However the 
standard deviations of the pressure drop fluctuations and the correlations in the current 
experiment do not follow this behavior. 

Figure 9 represents the correlation of the pressure drop fluctuations of the parallel pipes. At 
ReH < 300, when the flow in all pipes is laminar, the level of correlations between the pipes are 
the highest. The large and medium pipes have the largest correlation in this range while the 
medium and small pipes have the lowest correlation. When the flow in the large pipe enters the 
transient regime at ReH > 300, the correlation between the large and medium pipes as well as the 
medium and small pipes decrease considerably. The correlation between the pressure drop 
fluctuations of the flow in the large and small pipes decreases also gradually and there is 
practically no correlation after the flow in the small pipe becomes transient. 

The level of correlation between pressure drop fluctuations for the different pipes in the current 
study as well as in previous studies on the pure pore double model are around 50 % when the 
flow within the set-ups are in the laminar regime. However the set-ups behave differently when 
turbulent spots appear. For transitional flow in the pure pore double set-up the correlation 
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between the pressure drop fluctuations of the two pipes flow increases considerably while the 
levels of correlations in the current case are reduced almost to zero. In other words, in the pure 
pore double model information is passed between the pipes during transition while information is 
filtered out in the extended pore double model here studied. That the pressure fluctuations in the 
parallel pipes in this experiment fail to follow each other is probably due to the characteristics of 
the header pipe. The diameter of the header pipe is relatively large so the fluid within it can damp 
out information about turbulent spots in the flow.    

Figure 10. Re of parallel the pipes both from experiment and simulation.

5.2 Analysis

In the analysis it is assumed that the three parallel pipes are facing the same pressure drop, 
Equation (4), and that the friction factor of each pipe can be determined from Equations (6) and 
(7). Table 1 is used to determine ReTransition and ReTurbulent for each pipe and in the transition 
regime a third order polynomial is used to estimate the friction factor. The code used also 
accounts for the entrance length at the beginning of each pipe as well as sudden expansions and 
contractions at the beginning and end of each pipe. 
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There is a good fit between experimental and numerical values on ReL and ReM at ReH < 1000 
where the whole system becomes turbulent, see Figure 10. The predicted ReS deviates, however, 
from measured results already at ReH

The discrepancy between measured and simulated results can be explained by how the flow is 
distributed between the parallel pipes in the experiment and simulation. As Figure 11 shows flow 
distribution between the parallel pipes in the experiment matches with the theoretical distribution 
in the laminar regime. When the flow in the large pipe becomes transitional at ReH > 300 the flow 
fraction of the large pipe decreases due to the higher drag of the transitional flow. This behavior 
of the large pipe also agrees with theoretically calculated flow fractions while the flow fraction of 
both the medium and small pipes are higher and lower than their theoretical values because the 
flow always choses a path with lower drag, cf. Figure 7.

Figure 11. Flow fraction of the parallel pipes both from experiment and simulation.

At ReH > 690 when the flow in the medium pipe is transitional and the flow passing through it 
faces larger drag, its flow fraction decreases. This causes the difference between predicted and 
measured flow rate of the medium pipe to decreases considerably. Also, the high friction factor of 
the flow in the small pipe, cf. Figure 6, makes it to have lower flow fraction than predicted by 
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theory. So this time the part of the flow in the medium pipe that cannot pass through it has to pass 
through the large pipe in order to faces lower drag than passing through small pipe. This implies 
that the difference between the predicted and measured flow fraction of the large pipe starts to 
grow. 

At ReH > 930 where a larger portion of the flow still choses to pass through both the large and 
medium pipes even though the flow within them is turbulent and thus face a large drag.  This 
means that their flow fraction is higher than theoretically predicted while the friction factor of the 
small pipe is larger than predicted. 

In summary it can be said that when the flow fraction through the large and medium pipes 
decrease due to transitional flow and the part of flow that cannot pass through them never pass
through the small pipe because it faces even higher drag. Also the transitional behavior of the 
flow in the large and medium pipes is captured well by the code based on Moody chart 
formulation and it justifies the assumption to estimate the friction factor of transitional pipes with 
a third order polynomial.

6 Conclusion 

In this paper an extended version of the pore-doublet model with three parallel pipes (3, 4, 5 mm) 
has been studied to experimentally derive how pores of different sizes interact at transitional Re. 
The pipes are fed from a header pipe with a relatively large diameter (37 mm). In a real porous 
media the parallel pipes represents throats or constrictions and the header pipe a pore or bulge. 
The results mimic those in Khayamyan et al., 2014 and 2015 with a redistribution of the flow as 
the flow in the different pipes becomes transitional and turbulent. A model is also derived that 
can predict the flow in the pipes fairly well. 

The information about fluctuations that are generated by turbulent spots is however filtered out as 
compared to (Khayamyan et al. 2015). The condition full-filed in (Khayamyan et al. 2015) is that 
the information of turbulent structures within a transient throat modulates onto the flow within 
the neighboring throat. The information may be damped out between neighboring throats if the 
pores that distribute the flow among neighboring throat are large or flexible enough. This was 
exemplified in this study by observing that the standard deviation of pressure drop fluctuations of 
throats fail to follow the standard deviation of the pressure drop fluctuations generated by 
transitional flow in a nearby throat. Also there is almost no correlation between the throats after 
they start to be transitional. This means that the pore is the current case have access to relatively 
high amount of fluid or is flexible in some other sense in order to exchange disturbed flow with 
undisturbed flow.
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Abstract

Particle image velocimetry (PIV) has been used to investigate the dynamics of the flow in a 
randomly packed bed of mono-sized spherical particles at pore Reynolds number, Rep, between 
30 and 4000. The studied bed is transparent and also the refractive index of the liquid is matched 
with the spheres to provide optical access to the flow within the bed without distortions. The PIV 
measurements indicate that the flow is no longer in the creeping regime at Rep

integrated pressure drop data yields that it is. This shows that detailed measurements can yield 
more information of the overall flow field than measurements of integrated quantities. Statistical 
analysis of the spatial distribution of time-averaged velocities shows that the velocity distribution 
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is self-similar with respect to Rep for laminar flow and for turbulent flow. The probability for 
relatively low and high velocities decreases with Rep while recirculation zones that appear in 
inertia dominated flows are suppressed by the turbulent flow at higher Rep.

Introduction

Fluid flow through porous media can be recognized in numerous natural processes (Bear 1988)
such as ground water flows (Das et al. 2014), capillary flows in plants and flow in human organs 
and muscles as well as in many industrial process (Hlushkou and Tallarek 2006) like paper 
making, making of fiber boards, composites manufacturing (Lundström et al. 2002; Odenberger 
et al. 2004; Andersson et al. 2005 and Pettersson et al. 2006 and 2007), filtering, forming and 
sintering of iron ore pellets and drying (Ljung et al. 2011 and 2012) and impregnation of wood. 
So it is ultimately valuable to have knowledge about flow in porous media. Regardless of the 
importance of porous media flow and the tremendous amount of research that has been carried 
out to explore it, understanding of some principals is lacking. For example pore level information 
about flow regime, mechanisms of transition from one regime to another and velocity distribution 
characteristics of each regime is missing.

The traditional approach to handle flow within porous media is to measure its global parameters 
such as overall pressure drop and longitudinal and transvers dispersion (Dixon and Cresswell 
1986; Ergun 1952; Gunn 1987 and Wen and Fan 1975).  This will give empirical correlations 
which can be used to estimate the behavior of porous materials as well as providing reliable 
designing tool for special industrial porous media such as packed bed reactors (Andrigo et al. 
1999 and Eigenberger 2000). 

The mathematical set of equations that can be used to provide comprehensive understanding of 
physical phenomena in a porous bed can also be derived from the Reynolds averaged         
Navier-Stokes (RANS) equations by: (de Lemos and Pedras 2001).

Time averaging the volume-averaged equations or the general macroscopic or 
transport equations (Antohe and Lage 1997; Getachew et al. 2000; Lee and Howell 
1987 and Wang and Takle 1995).
Volume averaging the time-averaged Reynolds-averaged equations (Masuoka and 
Takatsu 1996; Nakayama and Kuwahara 1999 and Kuwahara et al. 1998).
A double-decomposition method since the order of volume and time averaging is 
immaterial (Pedras and de Lemos 2001 and Pedras and de Lemos 2000).

All these models need to be validated against experiments or simulations for better evaluation of 
their performance. A comprehensive investigation of the flow at the pore level may result in more 
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sophisticated models with heterogeneous distributions of parameters instead of the common 
assumption of homogeneous profiles (Andrigo et al. 1999 and Eigenberger 2000). 

Too reveal the detailed flow within porous media many researchers have modeled pore level flow 
theoretically and numerically (Geller and Hunt 1993; Powers 1994; Payatakes 1982; Hellström et 
al. 2010b; Ljung et al. 2012 and Jourak et al. 2013 and 2014). There is also some experimental 
work on the detailed scale. It is, for instance, clarified that the flow in an individual pore can be 
greatly influenced of the flow condition of neighboring pores (Khayamyan et al. 2014 and 
Khayamyan and Lundstrom 2015). These studies were performed on parallel tubes and with 
detailed measurements on the flow and pressure fluctuations. Tomographic and optical 
techniques can provide additional experimental information about flow field dynamic in porous 
beds. Tomographic techniques include Magnetic Resonance Imaging (MRI) (Baldwin et al. 1996;
Sederman et al. 1997 and 1998; Ogawa et al. 2001 and Suekane et al. 2003), Emission 
Tomography (PET) (Khalili et al. 1998), NMR imaging (Baldwin et al. 1996 and Johns and 
Gladden 1999),  gamma attenuation (Imhoff and Paul 1994) and X-ray tomography (Imhoff and 
Paul 1996). The drawbacks of these techniques are rather expensive test facilities and poor spatial 
and temporal resolution (Kutsovsky et al. 1996; Chang and Watson 1999 and Gladden et al. 
2006).  The latter is continuously improving and the techniques can be viable in the future. 

In contrast to tomographic techniques like MRI or NMR imaging, the relative simplicity and low 
cost of optical techniques such as particle image velocimetry (PIV) and particle tracking 
velocimetry (PTV) make them attractive. However, optical techniques in porous media require all 
phases be transparent refractive index matched (RIM) materials. This severely restricts the range 
of materials that can be used but it still make these techniques powerful for generic studies of the 
flow in porous beds. (Johnston et al. 1975; Yarlagadda and Yoganathan 1989; Stephenson and 
Stewart 1986; Saleh et al. 1992; Northrup et al. 1993; Peurrung et al. 1995; Moroni and Cushman 
2001; Stephenson and Stewart 1986; Peurrung et al. 1995; Rashidi et al. 1996; Huang et al. 2008; 
Lachhab et al. 2008 and Patil and Liburdy 2013). Particle displacement measurement techniques 
like PIV require the flow to be seeded with a relatively large number of particles (Raffel et al., 
2000 and Westerweel, 1997). Two separate images of seeding particles can reveal the spatial 
displacement of patterns of particles or equivalently the instantaneous planar velocity field 
(Adrian, 1984, 1991). This method of measurement results in a Eulerian flow field, PIV. The 
other way to study flow fields is to track each seeding particle with PTV yielding a Lagrangian 
flow field. The Eulerian method results in a highly resolved flow field while the Lagrangian 
description of the flow field contains less information about each point in the field and it can just 
describe particle trajectories. 

There are some interesting works done on PIV measurements of flow through porous media 
Northrup and M Allen1993 found the evidence of the inter pore mixing of porous media flow at 
Rep < 1; Patil and Liburdy 2013 measurements showed that at Rep
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increase when comparing the center plane data versus using data across the entire bed and 
Lachhab et al. 2008 showed that distribution of the particle velocities are lognormal in the 
longitudinal direction for Rep < 1 and Stephenson and Stewart found that the latter velocity 
reaches its global maximum and minimum at distances near 0.2Dp and 0.5Dp from the wall for 5 
< Rep < 250.
In the present study PIV measurements within a randomly packed bed of spheres has been carried 
out at pore Re between 30 and 4000. This is done with an index-matched fluid. The characteristic 
of the fluid flow within the bed is investigated with the normalized probability distribution 
function (NPDF) and the cumulative density function (CDF) of the time averaged velocity 
components.  The results are compared to the overall pressure drop along the bed.

Experimental setup 

The experimental setup used to measure the velocity field with PIV within a refractive index 
matched porous bed is shown in Figure 1.The studied packed bed is made from a randomly 
packing of Plexiglas (PMMA) spherical particles with a diameter Dp = 12.5 mm. The bed has a 
square cross section of 100 × 100 mm2 and its length is 310 mm. The bed width to particle 
diameter ratio is consequently 8, which is about two times larger than the bed width to particle 
diameter ratio of the bed used by Patil and Liburdy 2013. This is large enough to avoid major 
effects of channeling near the confining walls on bed overall porosity and permeability (Chu and 
Ng 1989)
0.414 from a direct geometrical calculation. All the PIV measurements were performed at the 
mid-section of this porous bed. The fluid is circulated in a closed loop with a centrifugal pump, 
Tapflo HTM15PP, from an atmospheric pressure storage tank where the temperature of the fluid 
is regulated and kept at 20 ± 0.1 °C with a temperature control unit. The fluid is pumped through 
an electromagnetic flowmeter from ABB, ProcessMaster FEP300, to the Plexiglas box and 
finally back to the storage tank in a completely closed system. To ensure constant conditions 
during the measurement also the absolute pressure at the inlet to the Plexiglas box was monitored 
with a pressure transducer from General Electric, GE PTX5012. In addition the pressure 
difference over the porous bed was recorded with the same type of pressure transducer.

As already mentioned the Plexiglas box is longer than the bed so that the flow entering and 
leaving the bed can be uniform. To fulfill this requirement the jet entering the box is broken and 
pushed towards the side walls by a baffle plate. The diameter of the baffle plate is 76 mm, being 
50 % larger than jet or pipe diameter, and it is placed at 20 mm, about 1.6 Dp, from the inlet to 
the box. After the baffle plate the flow passes through a net and a honeycomb to reduce its level 
of fluctuations and also to break down large scale eddies. The net and honeycomb is placed at 
50 mm (4 Dp) and 100 mm (8 Dp) after the inlet, respectively. The net has square openings with a 
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mesh size of 2 × 2 mm2 and the cells in the honeycomb have a circular cross-section with a 
diameter of 2 mm. The thickness of the honeycomb in the flow direction is 25 mm.

PB: Packed bed HC: Honeycomb TC: Temperature control unit
P: Pump BP: baffle plate PT: Pressure transducer
C: Camera FM: Flowmeter NT: Net
LS: Laser sheet ST: Storage tank

Figure 1. Schematic of the experimental setup.

A commercial PIV system from LaVision GmbH is used for imaging. This system is based on a 
double pulsed Nd:YAG laser at a wavelength of 532 nm with a maximum frequency of 100 Hz, a 
minimum inter-frame time for image pairs of 5 μs, and a LaVision double-frame FlowMaster 
Imager Pro camera with spatial resolution of 1280 × 1024 pixels per frame with pixel size of 
12 × 12 μm2. A Nikon AF Nikkor 50 mm lens was used, with an f-stop of 2.8. The time delay 
between image pairs was adjusted to restrict seeding particles mean displacements between 6 to 8
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pixels. The laser and camera were mounted on a 3D traversing system so that the laser sheet and 
x-, y- and z-directions. Hollow glass spheres with a 

ere used as seeding particles. The chosen seeding particles are 
sufficiently small and have a density near to that of indexed matched solutions allowing them to 
closely follow the motion of the fluid (Raffel et al., 2013).      

Figure 2. Schematic of the index matching setup.

The PIV software DaVis 7.2.2 based on a cross-correlation algorithm was used to derive velocity 
vectors. A multi-step correlation processing algorithm with decreasing window size was used to 
evaluate recorded images with a final window size of 32 × 32 pixels. The overlap of windows 
was constant at 50 % for all steps. This final window size gives a vector spacing of 0.28 mm or 
44 vectors per particle diameter. Vectors, for which, RMS exceeds 1.5 times of the neighboring 
vectors RMS were recognized as false vectors and were removed. At the end a 3 × 3 Gaussian 
kernel was used to smooth the vector field. All velocity data presented here are located in the x-y
plane near the center of the bed.
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Theory

The particle diameter (Dp) and the averaged interstitial velocity (Uint) are chosen to be 
characteristic length scales for the bed resulting in a Rep according to Equation 1. The interstitial 
velocity can be calculated from the Darcian velocity (UDarcy), Equation 2, while the Darcian 
velocity can be calculated from the volumetric flow rate (Q) via Equation 3.

= Equation 1

= Equation 2

= Equation 3

Here and Abed are bed overall porosity and bed cross section normal to the flow direction. In the 
measured velocity fields u, ux and uy represent velocity magnitude, x- and y-direction velocity 
components respectively. All the velocities are normalized with Uint and denoted by u*, ux* and 
uy*.

In addition to velocity plots the normalized probability distribution function (NPDF) and the 
accumulative distribution function (CDF) are used to scrutinize velocity fields at the mid-section 
of the packed bed at Rep between 30 and 4000 covering transition from creeping flow to turbulent 
flow via an inertia dominated regime.

The NPDF of the velocity shows the probability distribution of velocities normalized with the 
probability of the most probable velocity. Hence the probability of the most probable velocity of 
the velocity spectrum is equal to unity. In this context the horizontal axis of the normalized PDF 
graph is scaled with Uint. The CDF of each velocity sums up all of the probabilities less than or 
equal to that velocity according to:

( ) = ( < ) = ( ). Equation 4

In the case of a continuous distribution, the function returns the area under the PDF from minus 
infinity to that velocity and is equal to the area under the PDF from minus infinity to that velocity 
which can be expressed as:
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( ) = ( < ) = ( ) . Equation 5

The horizontal axis of the presented CDF graphs is also non-dimensionalized with Uint

Result and discussion

The overall behavior of the flow is revealed with pressure measurements and global studies of the 
results from PIV measurements. Then the details of the spatial variations in flow are scrutinized 
with statistical tools. Most of the data presented relate to scaled variables and for clarity the 
velocity range in engineering variables is plotted in Figure 3. 

Overall behavior of the flow

Pressure drop measurements over the bed indicate that the flow deviates from being Darcian at 
about Rep > 100 since experimental data departs from Darcy law around this value of Rep, see 
Figure 4.  For higher Rep the pressure drop grows non-linearly without really following the Ergun 
equation. As Figure 4 shows the measured values get closer to the Ergun equation as Rep gets 
larger. Equation 6 represents the relationship between P* which is scaled pressure drops ( )
along the bed with atmospheric pressure (Patm) and Rep within a confidence interval of 95 %. As 
expected, there is a power function between them signifying the presence of inertia effects in the 
flow for Rep > 100.

= = 3.069 10 . Equation 6

In Figure 5 the apparent permeability divided with the real creeping flow permeability is plotted 
as a function of Rep confirming that Darcy law is valid for, Rep < 100. This is in accordance with 
Figure 4 and results in (Hellström et al 2010). 
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Figure 3 Measured velocities during experiment.

Figure 4. The pressure drop along the porous bed. The blue bars denote the standard deviation 
in measured pressure. 
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Figure 5 The normalized apparent permeability of the porous bed.

Figure 6 Time-averaged velocity field at Rep = 30, 150, 520, 1460; normalized with interstitial 
velocity. The main flow is from left to right and as appears the amount of relatively high 

velocities decreases with Rep.    
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At Rep > 100 the apparent permeability starts to deviate from the permeability of the creeping 
flow due to the presence of inertia effects in the flow. The decrease of the apparent permeability 
with Rep continues which can be traced to an increasing amount of inertia dominated flow and 
turbulent effects. Notice also the slight increase in permeability at Rep

this later on.

Figure 7 Area-averaged velocity fluctuations as revealed from PIV.

Let us now study the detailed flow, see Figure 6. The presented time-averaged velocity fields at 
each Rep were calculated from 712 instantaneous velocity fields recorded over 10 s with 
sampling frequency of 75 Hz. As seen the magnitude of the time-averaged velocity varies 
considerably as a function of spatial co-ordinate regardless of Rep and as seems the amount of 
relatively high velocities decreases with Rep. If instead plotting the area-averaged time 
fluctuations it is seen that the velocity also fluctuates as a function of time with a magnitude that 
is dependent on Rep, cf. Figure 7. Notice that the measurements are carried out at a frequency of 
75 Hz and that low frequency turbulence thus can be captured. There is a rather steep increase in 
the fluctuations between Rep p

major factor in this interval. This was not seen in the pressure measurements that are based on 
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integrated values, see Figure 4 and Figure 5. These figures indicate instead that the flow is in the 
creeping regime until Rep

of the flow as compared to averaged quantities. 

Figure 8 The normalized PDF and CDF of u*, ux* and uy* for Rep between 30 and 300.

The next jump in the level of fluctuations occurs at Rep > 300, which may denote the transition 
from inertia dominated flow to turbulent flow. The magnitude of the fluctuations becomes 
maximum at Rep Rep > 1000 the level of velocity fluctuations becomes 
independent of Rep, which is an indication of turbulent flow.
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Figure 9 Velocity distribution for u* that covers 75 % of the velocity field at Rep
flow is from left to right.

Figure 10. Negative values of ux* indicating recirculation zones in flow field for Rep
main flow is from left to right.
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The increase in apparent permeability at Rep Figure 5 may therefore be due 
to a removal of inertia dominated large amplitude fluctuations. The observed flow regimes are 
summarized in Table 1.

Table 1 Flow regime within the porous bed 
    Rep Flow regime
    Rep < 50 Creeping flow
    50 < Rep < 100 Creeping-to-inertia transition
    100 < Rep < 300 Inertia flow
    300 < Rep < 1000 Inertia-to-turbulent transition
    Rep > 1000 Turbulent flow

Statistical analysis of studied flow field 
In this section the statistical characteristics of the studied flow fields are presented at different 
Rep by usage of the normalized probability distribution function (NPDF) and the accumulative 
distribution function (CDF) of the velocity field as defined in the previous section. Three regions 
of Rep will be studies separately, 30 < Rep < 300, 500 < Rep < 1000, 1500 < Rep < 4000. The 
reason for this division is the characteristics of the studied statistical parameter as well as possible 
flow regimes according to Table 1. Two normalized velocity components ux* the velocity in the 
main flow direction, uy* the velocity perpendicular to the main flow direction and the magnitude 
of velocity in the plane of measurements, u* will be studied.

For the first range 30 < Rep < 300, laminar flow, the overall appearance of the NPDF and the 
CDF of each velocity is similar for all Rep studied, see Figure 8. Hence the flow can be regarded 
as self-similar. There is certainly a spread in the results but without any trend at this range of Rep.
When moving into the details of the statistical results it can be concluded that the most probable 
u* occurs at around 0.25 Uint and about 25 % of the flow field has velocities below this value as 
indicated with dotted lines in Figure 8a and Figure 8b. The probability of the velocity spectrum 
drops abruptly after the most probable velocity for all Rep of this range and except for the lowest 
Rep there is then a spectrum of velocities that has similar probability to appear for velocities 
between about 0.75 and 2.2 of Uint. As Figure 8b shows (dashed line) around 75 % of the flow 
moves with velocities lower than 1.5 Uint. This is exemplified in Figure 9 for Rep 50.

Let us now focus on the velocity in the x-direction. In this range of Rep the magnitude of the 
maximum negative axial velocity is about 25 % of Uint and its probability reaches up to 40 % as 
shown by the dotted line in Figure 8c. A detailed analysis of the results in Figure 8d furthermore 
yields that there are negative axial velocities in 7 - 20 % of the fields, which is an indication of 
recirculation zones. The general trend is that the percentage of the negative axial velocity 
increases with Rep. This, in its turn, indicates that the wakes behind the particles grow with 
velocity. Notice that the negative values are especially large in magnitude for Rep 300
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Figure 11 Vorticity map for Rep

Figure 12 The distribution | uy*| < 0.25 Uint at Rep 100. The main flow is from left to right.
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Figure 13 Contour plot of the velocities that form tail region of axial velocity at Rep
main flow is from left to right.

Figure 14 Contour plot of the velocities that form tail region of uy* at Rep
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Figure 15 The normalized PDF and CDF of u*, ux* and uy* for Rep between 520 and 1000.

In Figure 10 the negative values of ux* are presented at Rep

located on the down-stream side of the particles. This can be compared with the out-of-plane 
vorticity map at the same Rep, see Figure 11. This map illustrates the tendency of the flow to 
rotate around an axis pointing out of or into the plane of the figure but does not really indicate 
recirculation. The average magnitude of the vorticity of the recirculation areas disclosed in Figure 
10 is around 12 % of the mean vorticity at this Rep. Hence for the current case the fluid change 
direction all over the flow field but in many cases without full rotation.
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By also considering the positive values in Figures 8c it can be concluded that the most frequent 
ux* has a magnitude of 25 % of the interstitial velocity as shown with a dashed line. 

Figure 16 Negative values of ux* indicating recirculation zones in flow field for Rep
The main flow is from left to right.

The probability distribution of uy* has a tendency to be symmetric around 0.1 Uint, see dotted line 
in Figure 8e. The non-zero most probable uy* and the skewness are probably only an effect of the 
limited area for the measurements. An analysis of the results in Figure 8f gives that about 60 % of 
uy* is concentrated within a narrow band of ± 0.25 Uint see the dotted lines. This range is also 
illustrated in Figure 12.

Additional information about the flow can be obtained by analyzing the tails, | uy*| > Uint and 
ux* > 1.5 Uint distribution. Contour plots of this at Rep Figure 13 and Figure 14
for ux* and uy* respectively. The analysis yields that the flow in porous media is, as expected, 
very three-dimensional. To exemplify, in the case of Figure 13, just the third velocity component 
can introduce considerable amount of fluid to that spot and increase the velocity there 
significantly. In both regions in Figure 14 uy* increases towards the solid boundary and even 
velocity becomes maximum at the solid boundary. This is generally in contradiction with the no 
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slip boundary condition. Hence the third velocity component brings considerable amount of mass 
flow to those areas.

Figure 17 The normalized PDF and CDF of u*, ux* and uy* for Rep between 1460 and 4040.

In the next range, Rep between 500 and 1000 the magnitude of the most probable u* is about 0.5 
Uint. Hence there is a shift towards higher velocities when increasing Rep, see the dotted line in 
Figure 15a. Just about 30 % of the flow field has velocities lower than the most frequent velocity, 
see dotted line in Figure 15b.
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In this range of Rep the most probable ux* is just above zero and additional local maxima start to 
form within this range at ux* around 0.5 Uint and 1.3 Uint for the higher Rep in Figure 15c, marked 
with dashed lines. The regions with negative axial velocities now occupy 20 - 25 % of the flow 
field, see dotted line in Figure 15d. Figure 16 shows the recirculation areas (areas with negative 
ux*) for Rep m are located behind the spheres. As for the previous range 
of Rep the probability distribution of uy* has a tendency to be symmetric around 0.1 Uint., see 
dotted line in Figure 15e and notice the two deviations between the curves at uy

* about -0.8 and 
0.5. These deviations will amplify in the next range. Hence the analysis of ux* and uy* both 
indicates a major shift in the appearance of the flow for 500 < Rep < 1000. 

Figure 18 The normalized PDF and CDF of u*, ux* and uy* for Rep between 30 and 4040.
A distinct feature in the last range, 1460 < Rep < 4040, is that there are a number of velocities that 
occupy the most frequent velocity spectrum, 0.7 < u* < 1.2. This was not seen in the other ranges, 
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see Figure 17a. As Figure 17b shows (dotted-lines) around 40% of the flow field has velocities 
within this range. Such a range of velocities with almost equal probability could resemble the 
profile of turbulent flow within a pipe that has a blunt shape. Since the porous media can be 
considered as an interconnected pipe network it is acceptable to say that the flow is turbulent 
through porous bed. The initiation of turbulent flow within the porous bed coincides with 
reduction in the velocity fluctuations for Rep > 1000, cf. Figure 7.

Figure 19 Vorticity map for Rep 4040. The main flow is from left to 

right.

Regarding the probability of ux* the two local maxima that appeared in the previous region have 
increased in strength. About 15% of the velocity field has negative axial velocity as shown with a 
dotted line in Figure 17d. The reduction of the portion negative ux* from the flow field indicates 
that there is less recirculation the flow. These zones may have considerable influence on the level 
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of velocity fluctuations. This explains why the level of velocity fluctuations starts to decrease, cf. 
Figure 7.

Figure 20 The percentage of area covered by recirculation zone. 

Finally a short discussion on the probability of uy*. The two features that appeared at uy* about    
-0.8 and 0.5 are even clearer in this range, see Figure 17e. There is also still a tendency for a 
symmetrical distribution around uy

*

growth of the Rep and it tends towards positive values than negative. This explains why the larger 
portion, about 55%, of the uy* have positive values.

All in all the results of the NPDF in the range 1460 < Rep < 4040 shows that the flow is          
self-similar, the shape of the NPDF curves is only weakly dependent on Rep, see Figure 17. In 
this context it should be mentioned that the actual shape is still dependent on the relatively small 
area of investigation. 

In order to compare the characteristics of each Rep range the data for a few selected Rep are 
presented in Figure 18. As Figure 18a shows the most probable velocity covers wider ranges and 
its magnitude increases by growth of the Rep. It is furthermore obvious that for u* and ux* the 
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probability distributions cover a larger range of velocities as was also seen in Figure 6. Except for 
the lowest Rep the trend for uy* points in the other direction, and increase in the velocity range 
with Rep. The changes in velocity distributions are also reflected in a change in vorticity, see 
Figure 11. The vorticity is then in principal the same for the rest of the range see Figure 19.

The presence of negative ux* has been pointed out in the discussion above and to summarize the 
portion of it is growing until Rep Figure 20, and after that the area covered by negative 
ux* is decreasing. The behavior of the area portion of the recirculation zones confirms previous
results about flow regimes in the bed. The first jump at Rep > 50 signifies the presence of inertia 
effects in flow while decrease in the area portion of recirculation zone at Rep > 500 is due to 
turbulent flow.

Conclusion

PIV measurement have been conducted of the flow within a refractive index matched packed bed 
of mono sized spheres at Rep 30 – 4000.  We are among the first that has performed such 
measurements at this high Rep and the bed studied is relatively large as to number of spheres and 
the size of the spheres. In addition pressure drop measurements along the bed have been 
performed. The pressure drop measurements suggest that there is a creeping flow until Rep

while velocity fluctuations captured with PIV show that the flow is no longer in creeping regime 
at Rep

The laminar and the turbulent flows in the bed are self-similar. This is in particular clear for the 
turbulent flow. The time-averaged flow in the bed becomes more uniform as Rep increases since 
the amount of relatively high and low velocities decrease with Rep. Recirculation zones appear in 
the wake of the particles and they increase in strength with Rep for Rep up to about 500. For 
Rep > 1000 the share of recirculation zones in the flow decreases. This may be due to turbulence 
or simply caused by the mean flow pushing the recirculation zones towards solid boundaries. The 
flow is fully 3D validating measurements of all velocity components in the future. 
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Abstract 

For the first time stereoscopic particle image velocimetry has to the authors best knowledge been 
used to investigate the flow dynamic in a randomly packed bed of mono sized spherical particles. 
By using an index matched fluid the studied porous bed is optically transparent and 
measurements can be performed within this porous media. The velocity field observations are 
done for particle Reynolds numbers between 30 and 4000. Results show that in porous media the 
dynamics of flow can vary significantly from pore to pore. Also in the studied plane a 
considerable amount of the fluid moves in the perpendicular directions to the main flow direction 
and the averaged magnitude of the velocity in the main direction is only about 40 % of the 
magnitude of the total velocity. This percentage is only weakly dependent on Rep.

Introduction 

Fluid motion within porous media takes place in geological, biological and technical processes. 
This includes ground water flows (Bear 1988; Das et al. 2014) composites manufacturing 
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(Williams et al. 1996; Lundström et al. 2002; Andersson et al. 2005), and forming and drying of 
iron ore pellets (Nath, and Mitra 2005; Ljung et al. 2011 and 2012). Due to the vast amount of 
applications, often of crucial importance for human, the area has been in focus for more than a 
century.  Still the knowledge of some fundamental issues is lacking. This includes information 
about the detailed flow as the Reynolds number increases and the flow becomes inertia 
dominated or even turbulent.  

The traditional experimental approach to handle flow within porous media is to measure global 
parameters such as overall pressure drop and longitudinal and transvers dispersion. This will give 
empirical correlations that can be used to estimate the behavior of the porous media (Dixon and 
Cresswell 1986; Ergun 1952; Gunn 1987 and Wen and Fan 1975, Andrigo et al. 1999 and 
Eigenberger 1992). Global parameters can also be derived through modeling from first principles. 
This may be done by:

Time averaging the volume-averaged equations or the general macroscopic or 
transport equations (Antohe and Lage 1997; Getachew et al. 2000; Lee and Howell 
1987 and Wang and Takle 1995).
Volume averaging the time-averaged Reynolds-averaged equations (Masuoka and 
Takatsu 1996; Nakayama and Kuwahara 1999 and Kuwahara et al. 1998).
A double-decomposition method since the order of volume and time averaging is 
immaterial (Pedras and de Lemos 2001 and Pedras and de Lemos 2000).

A comprehensive investigation of pore level flow motion would establish better understanding of 
such modelling and may result in more advanced models (Andrigo et al. 1999 and Eigenberger 
2000).  Many researchers have thus modeled the pore level flow theoretically or numerically 
(Geller and Hunt 1993; Powers 1994; Payatakes 1982; Hellström et al. 2010b; Ljung et al. 2012 
and Jourak et al. 2013 and 2014). Also experiments have been performed on simplified 
geometries like parallel tubes (Khayamyan et al. 2014; Khayamyan and Lundstrom 2015). 

To disclose more details of the flow experimentally, tomographic or optical techniques may be 
applied. Tomographic techniques include Magnetic Resonance Imaging (MRI) (Baldwin et al. 
1996; Sederman et al. 1997 and 1998; Ogawa et al. 2001 and Suekane et al. 2003), Particle 
Emission Tomography (PET) (Khalili et al. 1998), Nuclear Magnetic Resonance (NMR) imaging 
(Baldwin et al. 1996 and Johns and Gladden 1999), Gamma attenuation (Imhoff and Paul 1994) 
and X-ray tomography (Imhoff and Paul 1996). The drawbacks of these techniques are that they 
require rather expensive test facilities and may give poor spatial and temporal resolution 
(Kutsovsky et al. 1996; Chang and Watson 1999 and Gladden et al. 2006).  

In contrast to the tomographic techniques, the relative simplicity and low cost of optical 
techniques such as particle image velocimetry (PIV) and micro-PIV (μPIV) make them attractive. 
Usage of such optical techniques in porous media require all phases to be transparent and 
refractive index matched (RIM) (Johnston et al. 1975; Yarlagadda and Yoganathan 1989;
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Stephenson and Stewart 1986; Saleh et al. 1992; Northrup et al. 1993; Peurrung et al. 1995;
Moroni and Cushman 2001; Stephenson and Stewart 1986; Rashidi et al. 1996; Huang et al. 
2008; Lachhab et al. 2008 and Patil and Liburdy 2013). For low Rep flows μPIV has been used to 
investigate flows through rectangular arrays of circular fibers (Zhong 2006 and Agelinchaab 
2006) yielding a good agreement between experiments and theory. The technique has also been 
used to measure the interfacial velocity field near porous fiber bundles, (Andersson 2009). Using 
the same technique it has been shown that particle filtration patterns are highly non-homogeneous 
and irregular in dual scale porous fabrics (Nordlund 2007). A series of interesting papers have 
also been published on pure PIV measurements within randomly packed porous beds, e.g. Patil et 
al, (2012), (2013). One result of this research is that the velocity variance is nearly two times 
larger near the wall as compared to it in the bulk. One result from a recent study (Khayamyan et 
al, 2015) with PIV on packed beds is that measurements of all velocity components are required 
to get a full understanding of the flow. Such measurements may be done with Holografic PIV, 
e.g. Overbruggen et al. (2014). With this technique the 3D flow field can be obtained with just 
one camera as compared to two cameras for stereoscopic PIV and multiple cameras with 
tomographic PIV. The concept is to capture the phase of the light as well as the amplitude at each 
instant of time enabling reconstruction of the motion of particles in a volume (Barnhart et al. 
1994). The technique is still under development and we have here chosen to use stereoscopic PIV 
instead. This is a new technique for flow in porous media but it is frequently used for a number of 
other applications, (Willert, C. 1997; Pokora and McGuirk 2015).

Experimental setup

The experimental setup used to measure the velocity field with PIV within a refractive index 
matched porous bed is shown in Figure 1. The studied packed bed is made from a randomly 
packing of Plexiglas (PMMA) spherical particles with a diameter Dp = 12.5 mm. The bed has a 
square cross section of 100 × 100 mm2 and its length is 310 mm. The bed width to particle 
diameter ratio is consequently 8. This is about two times larger than the bed width to particle 
diameter ratio used by Patil and Liburdy 2013. Hence a larger system of spheres is used in the 
present case. This ratio is large enough to avoid major effects of channeling near the confining 
walls on bed overall porosity and permeability (Chu and Ng 1989). The bed overall poros
which is the ratio of void volume to bed volume is about 0.414 from direct geometrical 
calculations. All PIV measurements were performed at the mid-section of this porous bed. The 
fluid is circulated in a closed loop with a centrifugal pump, Tapflo HTM15PP, from an 
atmospheric pressure storage tank where the temperature of the fluid is regulated and kept at 
20 ± 0.1 °C with a temperature control unit. The fluid is pumped through an electromagnetic 
flowmeter from ABB, ProcessMaster FEP300, to the Plexiglas box and finally back to the storage 
tank in a completely closed system. To ensure constant conditions during the measurement also 
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the absolute pressure at the inlet to the Plexiglas box was monitored with a pressure transducer 
from General Electric, GE PTX5012. In addition the pressure difference over the porous bed was 
recorded with the same type of pressure transducer.

PB: Packed Bed HC: Honeycomb TC: Temperature Control Unit

P: Pump BP: Baffle Plate PT: Pressure Transducer

C: Camera FM: Flowmeter NT: Net

LS: Laser Sheet ST: Storage Tank PR: Prism

Figure 1. Schematic of experimental setup for 3D mesuarement with Stereoscopic-PIV.

As already mentioned the Plexiglas box is longer than the bed to enable a uniform flow entering 
and leaving the bed. To fulfill this requirement the jet entering the box is broken and pushed 
towards the side walls by a baffle plate. The diameter of the baffle plate is 76 mm, being 50 % 
larger than jet or pipe diameter, and it is placed at 20 mm, about 1.6 Dp, from the inlet to the box. 
After the baffle plate the flow passes through a net and a honeycomb to reduce its level of 
fluctuations and also to break down large scale eddies. The net and honeycomb is placed at 50 
mm (4 Dp) and 100 mm (8 Dp) after the inlet, respectively. The net has square openings with a 
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mesh size of 2 × 2 mm2 and the cells in the honeycomb have a circular cross-section with a 
diameter of 2 mm. The thickness of the honeycomb in the flow direction is 25 mm. 

The inlet to the packed bed is 150 mm (12 Dp) downstream the honeycomb. At the inlet and 
outlet of the packed bed square meshes with a mesh size of 4.4 × 4.4 mm2 and wire diameter of 
0.65 mm are placed. Also to avoid the effect of the sudden contraction at the outlet of the box this 
contraction is 100 mm (8 Dp) downstream the bed outlet. 

Figure 2. Schematic of the index matching setup.

To have optical access to the flow field within the bed, the bed has to transmit light rays without 
distortion. To have such a medium the refractive index of the working fluid is matched to that of 
the spheres in the bed. For this purpose, an aqueous solution of ammonium thiocyanat (NH4SCN) 
is used. This is a transparent liquid and its refractive index can be tuned by variation of the 
concentration ammonium thiocyanat. This is done with an optical method, see Figure 2. The main 
idea is that the light will not refract and instead hit the reference point if the solution and spheres 
have the same refractive index. So a reference point was defined without any sphere. A sphere 
was then immersed into the fluid and the indexed matched solution was found by adding 
water/salt to the initial solution until the light ray hit the reference point. The concentration, 

Laser
= 532

Container

ScreenPlexiglas Ball NH4SCN

Solution

Laser Ray

Reference Point



174 Stereoscopic particle image velocimetry for the study of flow 
dynamics in a packed bed

kinematic viscosity and density of the final solution are 60.36 %, 1.49 × 10-6 m2/s and 1127 
kg/m3 respectively.  

A commercial PIV system from LaVision GmbH was used for imaging. This system is based on 
a double pulsed Nd:YAG laser at a wavelength of 532 nm with a maximum frequency of 100 Hz, 
a minimum inter-frame time for image pairs of 5 μs, and two LaVision double-frame FlowMaster 
Imager Pro cameras with spatial resolution of 1280 × 1024 pixels per frame with pixel size of 
12 × 12 μm2. Two Nikon AF Nikkor 105 mm lenses were used, with an f-stop of 2.8. The time 
delay between image pairs was adjusted to restrict seeding particles mean displacements between 
6 to 8 pixels. The laser and camera were mounted on a 3D traversing system so that the laser 

x-, y- and z-directions. Hollow glass spheres 

particles are sufficiently small and have a density near to that of indexed matched solutions 
allowing them to closely follow the motion of the fluid (Raffel et al., 2013).      

The PIV software DaVis 7.2.2 based on a cross-correlation algorithm was used to derive velocity 
vectors. A multi-step correlation processing algorithm with decreasing window size was used to 
evaluate recorded images with a final window size of 32 × 32 pixels. The overlap of windows 
was constant at 50 % for all steps. This final window size gives a vector spacing of 0.28 mm or 
44 vectors per particle diameter. Vectors, for which, RMS exceeds 1.5 times of the neighboring 
vectors RMS were recognized as false vectors and were removed. At the end a 3 × 3 Gaussian 
kernel was used to smooth the vector field. All velocity data presented here are located in the x-y
plane near the center of the bed.

In order to find the normal component of velocity to the illuminated sheet, stereoscopic PIV is 
used instead of traditional PIV, cf. Figure 1. Stereoscopic PIV consists of two cameras capturing 
the particles in the light sheet from two different directions giving a stereo vision in the same 
fashion as the human eyes. A prism filled with the working liquid is placed in front of the bed to 
ensure that both cameras axis are perpendicular to the liquid-air interface (Prasad 1995). The 
slightly different image pairs include information about the third velocity component which can 
be extracted by comparing these images.   

In stereoscopic PIV the object and lens plane are not parallel since the axis of the two cameras 
intersect at the plane of the measurements. This results in geometric distortions and in order to 
have the whole image in focus the Scheimflug criterion must be met. This criterion states that the 
image plane, the lens plane and the object plane for each camera has to intersect in a common 
line. In the current case standard LaVision Scheimpflug adapters are mounted between the 
cameras and the camera lenses to full-fill the Scheimflug criterion. This setup causes variable 
magnification factor across the image plane and a perspective distortion. This is dealt with by a 
calibration procedure.
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The derivation of 3D vector fields by Stereoscopic-PIV requires that data from two cameras 
should be mapped to a common coordinate system. This calibration is done by taking two image 
pairs of a planar calibration target at different positions. Motion of the planar calibration target 
can be a source of error due to possible motion in other directions than towards the camera. To 
eliminate possible errors due to the motion of the planar calibration target towards the cameras a 
dual-plane 3D calibration target with marks on both planes is used. This target is made by milling 
groves on the surface of a flat slab. These groves define a second plane in the slab. In this way 
marks can be on two different levels. 

Theory

In a porous bed the Darcian velocity is defined as UDarcy = Q / Abed where Q and Abed are 
volumetric flow rate and bed cross sectional area. The averaged interstitial velocity is in its turn 
defied as Uint = UDarcy / where is bed porosity and the pore Reynolds number, Rep, is  
Rep = Uint Dp/ where Dp and are bead diameter and fluid kinematic viscosity.

The normalized probability distribution function (NPDF) and the accumulative distribution
function (CDF) are used to scrutinize velocity fields at the mid-section of the packed bed at Rep

between 30 and 4000 covering transition from creeping flow to turbulent flow via an inertia 
dominating regime. The NPDF of the velocity shows the probability distribution of velocities 
normalized with the probability of the most probable velocity. Hence the probability of the most 
probable velocity of the velocity spectrum is equal to unity. In this context the horizontal axis of 
the NPDF graph is scaled with Uint.

The CDF of each velocity sums up all of the probabilities less than or equal to that velocity 
according to:

( ) = ( < ) = ( ). Equation 1

In the case of a continuous distribution, the function returns the area under the PDF from minus 
infinity to that velocity and is equal to the area under the PDF from minus infinity to that velocity 
which can be expressed as:

( ) = ( < ) = ( ) . Equation 2

The horizontal axis of the presented CDF graphs is also nondimensionalized with Uint.
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Figure 3. Top plots: Velocity field and its components normalized by local velocity for Rep

Bottom plot: Velocity vector field of ux and uy components as well as uz contour plot.
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Result and discussion

In this section the results of the overall flow characteristics within the bed is presented. Then the 
flow field is scrutinized in detailed with usage of some statistical tools and related to scaled 
variables. The velocity range in engineering variables is about 3.5 mm/s <  Uint <  0.5 m/s and 
1.5 mm/s < UDARCY < 0.2 m/s. The presented time-averaged velocity fields at each Rep were 
calculated from 712 instantaneous velocity fields recorded over 9.5 s with sampling frequency of 
75 Hz.

Overall behavior of the flow in the bed

With stereoscopic PIV the magnitude of velocity as well as ux, uy and uz can be captured, as 
exemplified in Figure 3 for Rep -direction ux is mostly 
positive while uy and uz take up a fair amount of negative values. The velocity vector field 
discloses more of the physics of the flow in different pores. The visible flow arrangements at this 
Rep are flow acceleration, deceleration, rotation when flow hits the walls of the spheres or flow 
from neighboring pores reunites. The plots in Figure 3 are based on time-averaged data. 

Figure 4. The area averaged velocity fluctuations.
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Figure 5. The normalized PDF and CDF of  velocity and its components  for Rep
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If instead the averaged fluctuations in the plane are plotted as a function of Rep it can be seen that 
the fluctuations are initially small and then increases, see Figure 4. As seen for high Rep the 
fluctuation decreases again. The number of Rep are, however, too few to make conclusive 
statements about the maximum but according to measurements it is in the range 
300 < Rep < 1000. For 2D measurements in the same bed, presented in Khayamyan et al. (2015) 
this maximum is measured to be in the range 500 < Rep < 1500. Following the results in 
Khayamyan et al. (2015) the increase is due to inertia and transitional effects and the decrease at 
high Rep is due to turbulence.

Statistical analysis of studied flow field 
In accordance with (Khayamyan, S., et al 2015) the statistical analysis is first performed for, 
30 < Rep < 300.  In this range the trend is a higher probability for large absolute and relative 
velocities when increasing Rep, see Figure 5. Also the, NPDF of the velocities, show that the 
level of probability of the smaller velocities decreases considerably at higher Rep. To exemplify, 
the CDF of u* shows that at higher Rep a larger portion of the velocity field is covered by larger 
u*, see Table 1. All of this indicates that there is a rapid transition from laminar flow towards 
inertia dominating flow since more fluid is set into motion by inertia.

Table 1 The percentage of area covered by velocities less than 
following velocities, u* = 0.5, 1 and 1.5 Uint

u* = 0.5 Uint u* = Uint u* = 1.5 Uint
Rep 76 95 97
Rep 71 92 99

Rep 55 75 88
Rep 32 63 86
Rep 24 58 78
Rep 22 54 79

Rep 30 67 88
Rep 48 81 98

By comparing the NPDF of the planar velocity components (ux, uy) from Stereo-PIV and 2D-PIV 
(2D-PIV) by Khayamyan et al. 2015 it becomes clear that the dynamic range of velocity 
measured with Stereo-PIV is narrower than for the 2D measurements. However, the size of the 
measuring plane is smaller in the current case and there may also be a slight shift in position in 
the normal direction to the measurement plan. A comparison of matching part of the 3D and 2D 
flow field reveals that they have almost the same velocity range with the same NPDF trend. This 
suggests that the other pores in the 2D measurement have a wider velocity range so in porous 
media the dynamics of fluid can vary significantly from pore to pore and even neighboring pores 
can have different dynamic ranges.
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Figure 6. The normalized PDF and CDF of  velocity and its components.
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Figure 7. Top plots: Velocity field and its components normalized by interstitial velocity

Bottom plot: Velocity vector field consist of ux and uy components and uz contour plot at

Rep
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Both the lateral, uz, and transverse, uy components of velocity have a tendency to be symmetric 
around their most probable velocity which is about zero. The lateral component uz covers a wider 
velocity range in this particular cross-section. Also when increasing Rep the velocity range 
increases for both uy and uz. This can be a sign of an increased influence of inertia. A close 
examination shows that at Rep > 50 the covered velocity range by lateral and transverse 
components expands considerably. This behavior suggests that Rep

transitional Rep from creeping flow to the inertia dominating flow. This is in accordance with 
Figure 4 and results in Khayamyan et al. 2015 which suggest that the level of velocity 
fluctuations start to grow at Rep >  50. 

Figure 8. The area averaged velocity component share of total velocity. 

Generally by increase in Rep for Rep > 300 the range of dynamic velocities covered by velocity 
spectrums become narrower, CDFs in Figure 6 and Table 1. The probability curves (NPDF and 
CDF) of velocity and its components tend to coincide. This suggests that the velocity distribution 
goes towards being independent of Rep especially at higher Rep of the last range of Rep. Figure 7
presents turbulent velocity fields at Rep

characteristics than the velocity field presented in Figure 3 for Rep u*
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covers a narrower range at Rep bably 
caused by turbulent flow. A comparison between the velocity vector field at Rep

shows the same trend, a more uniform flow being aligned in the axial direction of the pores like 
flow fields in channel flow. Also the rotational part of the flow decrease significantly. 

The area-averaged velocity-portion of each velocity component is shown in Figure 8. As it can be 
seen there is only a small variation in the portion ux as a function of Rep. The time and spatially 
averaged magnitude of the axial velocity is just less than 40 % of the time and spatially averaged 
magnitude of the total velocity. Hence a considerable, amount of the flow moves back and 
forward in the y- and z-directions of the bed (z = 0). The percentage ux is a function of the 
geometry. To exemplify, in a porous media with straight pipes or for flow along parallel cylinders 
building a porous media the time and spatially averaged magnitude of the axial velocity is 100 % 
of the time and spatially averaged magnitude of the total velocity. 

Conclusion

For the first time ever measurements of the 3D-flow field within a porous media has been carried 
out. From these measurements it is obvious that even neighboring pores, can cover significantly 
different velocity ranges. This can be caused by pore geometry, which has considerable effect on 
fluid flow.

The variation of velocity range from pore to pore even among neighboring pores suggests that 
investigation of limited pores or measuring planes cannot reveal the whole possible fluid flow
within porous bed and a more comprehensive study is needed for this. The lack of details is more 
obvious in other parts like inlet, outlet and near wall. The sudden growth of the covered velocity 
range by lateral and transverse velocity components shows that Rep p from 
creeping flow into inertia dominated flow. This deduction can be justified by velocity 
fluctuations.

A considerable amount of the fluid moves in the perpendicular directions to the main flow 
direction and the averaged magnitude of the velocity in the main direction is only about 40 % of 
the magnitude of the total velocity. This percentage is only weakly dependent on Rep. It is likely 
that the percentage is dependent on the geometry of the porous media. 
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