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Abstract

In this thesis, a combination of experimental measurements and numerical simulations
are used to investigate the phenomenon "End of the Vortex" in swirl tubes. The main
focus here has been comparing swirl tubes containing walls with smooth surfaces to
tubes with different heights of wall roughness. The tubes containing wall roughening
were either treated with sandpaper or metal particles to achieve a uniform roughening at
the wall throughout the whole section. The vortex has been visualized by two different
methods; by inserting dust into the tube and by the use of high resolution pressure
transducers on the separator tube.

The experiments were carried out on different cylindrical tubes with lengths of 60, 80
and 100 cm. The effect of flow rate through the cyclone was studied. The results of the
experimental measurements are compared with data from numerical simulations. 3-D
RSM simulations were carried out using the commercial CFD package Star-CD. The
obtained results showed qualitative agreement with each other. The results showed that
the vortex core bent off to the wall further up in the separator tube when the walls
contained a rough surface. The vortex also needed a higher flow rate before it went
down to the bottom and centralized than it needed with a smooth surface.
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Chapter 1

Introduction

1.1 Relevance

Centrifugal separators have long been used in industry to separate out both solids and
liquids to provide a clean gas. Cyclones are widely used in the oil and gas industry
where they are used in for example Fluidized Catalytic Cracking of hydrocarbons (FCC)
and natural gas. They are also used for demisting (pharmaceutical industry), nutrition,
paper and pulp and in the energy industry. In the future it is believed that they could
be used in in-line technology as well [19], [27]. The most important reasons for the use
of cyclones are that they are inexpensive to purchase, they have no moving parts, and
they can be constructed to withstand harsh operating conditions [24].

1.2 Technological Background

This thesis is written as a part of an ongoing research project in collaboration with
the Department of Physics in the University of Utrecht. The project is founded by the
Norwegian Research Council under the FRINAT program.

Centrifugal separators, also called cyclone separator have been used in industry for more
than 100 years, and are one of the most widely used of all industrial gas cleaning devices
[19]. The first patent was granted in the United States by John M. Finch in 1985 for the
Knickerbocker Company [18|.

A centrifugal separator is a simple device that forces the incoming particle laden flow
into a spiral motion and separates the particles from the main flow under the action of
centrifugal forces [21].

There are many advantages to using cyclones as a gas cleaning equipment, as opposed
to other methods of separation. Some important factors are that they can operate under



2 Introduction

difficult conditions such as high temperatures and pressures or with chemically aggressive
feeds. Low maintenance requirements because there are no moving parts and low capital
cost [31], [32].

The main disadvantage of using cyclones is that they have a low collection efficiency for
particles with a size lower than the cut-size, which is normally 1 to 5 microns. Other
disadvantages worth mentioning are that they need a higher pressure drop than other
separating equipment, and they are prone to clogging and erosion, depending on the
nature of the particles and the flow pattern in cyclones [15], [19].

Cyclone design in general consist of two types of design: the stright-through cyclone and
the reverse-flow cyclone. The last one is the most common type in industry [6]. The
reverse-flow separators, of all shapes and sizes, are used for dedusting and demisting
gases. There are several types of centrifugal separators, but those that are in most
common use in industry are:

e Cylinder-on-cone

e Swirl tube

These two types are both of the reverse-flow type, see later in this section [19]. The
main focus in this thesis are centrifugal gas cleaning devices, where cyclones are used as
gas-solids separators for dedusting.

1.2.1 Cylinder-on-cone

The cylinder-on-cone cyclone with a tangential inlet and two axial outlets for clean gas
and collected dust respectively, is the most common design for a cyclone in industry [19].
A sketch of a tangential inlet shown from a top view are given in Figure 1.1 a). This
type of inlet are being most used in the petroleum processing industries [18].

The design of the cyclone body normally consists of a cylindrical tube on top, connected
to a conical one at the bottom. See Figure 1.2 a).

In a standard reverse-flow cylinder-on-cone cyclone, a double swirling flow is created in
the separation space by the tangential entrance of the gas. On the outer part, the gas
flows downward. When the swirl reaches the bottom, it reverses itself and moves upward
in the center [12].

A disadvantage for cylinder-on-cone cyclones are that they are prone to clogging depend-
ing on the flow pattern in the cyclone [19].
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a) b)

Figure 1.1: Sketch of a) tangential inlet from the top, and b) an axial inlet with swirl
vanes from the top.

Gas outlet outlet

et | VT

\/

Dust outlet

a) b)

Figure 1.2: Sketch of a) cylinder-on-cone with tangential inlet, and b) swirl tube with
axial inlet.
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1.2.2 Swirl Tube

Swirl tubes are a special type of cyclone [19]. In fluidized catalytic cracking they are
often used in the final-stage gas cleaning with moderate or low solids loading and is often
operating with many tubes in parallel arranged in so-called "swirl decks" [26], [28]. A
sketch of swirl tube with axial inlet is shown in Figure 1.2 b).

A swirl tube is a centrifugal separator which is often shaped like a cylindrical tube. It
has an axial inlet and contains swirl vanes, which are curved blades. A sketch of the swirl
vanes with an axial inlet are given in Figure 1.1 b). The in and outflow in swirl tubes
moves along the same axis [19]. In a reverse-flow centrifugal separator the gas enters
at the top, and the swirl vanes causes the airstream downward on the outer part of the
tube. Centrifugal force and inertia cause the particles to move outward and collide with
the outer wall before it slide down to the bottom of the tube. Near the bottom of the
cyclone, the gas reverses its axial flow direction and moves upward in a smaller inner
spiral and exits from the top through a vortex finder. The particles would usually be
taken out at the bottom of the tube through a dust hopper [9].

Swirl tubes are easier to construct than cylinder-on-cone cyclones, and they also have
high mechanical integrity. They are less prone to clogging then cylinder-on-cone separa-
tors. The swirl vanes delivers a strongly swirling flow that centrifuges the particle to the
wall on their way to the solids outlet [28]. Another advantage for swirl tubes are the use
of axial inlet by their use of swirl vanes. This type of entry has a high degree of axial
symmetry in the flow, which gives operational advantages since it eliminates the region
on the inside of the vortex finder, which are prone to clogging [18].

The main uses of swirl tubes is cleaning industrial gases, separation of catalyst from
reactive gases and cleaning of exhaust gases before power recovery systems, dedusting
from hot gases, dehydration, separation of oil and water, on offshore installation or
underground where space is limited [28], [34].

Throughout this thesis, the word cyclone is used for both cylinder-on-cone cyclones with
tangential inlet and for swirl tubes containing swirl vanes and axial inlet.

1.3 A Short Introduction to the Phenomenon End of the Vortex

A good understanding of the phenomenon "End of the Vortex" (EoV) is necessary for
improving cyclones like swirl tubes and cylinder-on-cones performances. This flow phe-
nomenon is an instability that may occur spontaneously, low in the cyclone [30]. When
that happens, the vortex core will bend off from its axial position and attach itself to
the wall. The presence and position of EoV is essential for the separator performance
because it affects the efficiency. The presence may also cause clogging and wear in op-
erating cyclones. A sketch of this phenomenon is shown in Figure 1.3 b). When this
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phenomenon is not present, the vortex core will coincide with the axis of the cyclone,
and the vortex will extend all the way to the bottom. This is sketched in Figure 1.3 a).

a) b)

Figure 1.3: a) Centralized vortex core. b) End of the vortex.

This thesis will be about the phenomenon EoV, and how the effect of wall roughness
influences its behaviour in general. The results are in print for being published, and can
be useful information for improvement of cyclone design.

1.4 Goal of this Thesis

The background for this thesis are to study the flow phenomenon end of the vortex in a
swirl tube. Even though there have been performed many studies of cyclones earlier by
different researchers, this phenomenon is not yet fully understood [31]. The work done
in the masters thesis of Gjerde [16] will also be continued.

The thesis will consist of theoretical, numerical and experimental studies where Compu-
tational Fluid Dynamics (CFD) simulations are used in the numerical part. An exper-
imental test rig of a swirl tube which is located in the basement of the Department of
Physics and Technology, UiB is used for the experimental part.

In this rig, tests and observations will be performed on a gas stream in a reverse-flow
swirl tube. The results will be compared to previous work done in the same rig, and also
be compared to the numerical results from CFD simulations.
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The experimental tests will be run on different lengths of cylindrical tubes. Also the
wall roughness will be varied in the tests.

The effect of wall roughness on the behaviour of the vortex core and the location of the
EoV will also be investigated numerically and the result of this will be compared to the
experimental results.



Chapter 2

Theory

2.1 Forces in Vortex Flow

The swirling motion from a vortex flow occurs in different equipment like cyclones,
hydrocyclones, spray dryers and vortex burners. The tangential velocity distribution
can exhibit two types of ideal swirling flows:

e forced vortex flow

e free vortex flow

The forced vortex flow is a swirling flow that has the same tangential velocity distribution
as a rotating solid body. The free vortex flow behaves the same way a frictionless fluid
does, and the tangential velocity in the swirl is such that the moment-of-momentum of
the fluid elements is the same at all radii. The tangential velocity distribution is between
these two swirling flows in real swirling flows [19].

If the swirling fluid has an infinite viscosity, which means that it behaves like a solid
body, no shearing motion will exist between the fluid layers at different radii. The fluid
elements are forced to have the same angular velocity, 2. Swirl with a constant angular
velocity is called forced vortex flow.

vg = Qr (2.1)

This equation is called the first ideal swirl flow, where vy is the tangential velocity and
r represents the radial coordinate.

If the swirling fluid has no viscosity, the neighbouring elements will not affect the motion
of a given fluid element. The tangential velocity will increase if an element with a smaller
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radius is brought into the fluid, since its moment-of-momentum will be conserved. Such
a vortex where the moment-of-momentum is conserved, is called frictionless. In these
type of flows, C'is a constant and gives:

(2.2)

C
Vg = —
r

The Equation (2.2) is called the second ideal swirl flow.

A real fluid will be something in between these two cases. Equation (2.1) and (2.2) can
be combined into one equation which is similar to a real vortex flow:

(2.3)

_C
’U@—T—n

The flow consists of two regions where the outer region of free vortex flow n=1 is sur-
rounding an inner region of forced vortex flow n=-1. This is shown in Figure 2.1, and is
called a Rankine vortex [26].

The flow in the outer region is the interesting part when it comes to cyclone modeling.
From Equation (2.3), the value for n is usually lower than unity and it depends on
several parameters like the wall roughness, cyclone geometry and particle concentration.
It usually varies between 0.5 and 0.8.

/ _~a— Loss free vortex
llif.I \\\N
Jf \l\\
l“‘I.l' h“'\._“."
Real vortex e

-
-
-
-
-
-
e T

Figure 2.1: The Rankine vortex model is a simple two-equation parametric description
of a swirling flow. It is characterized by a free vortex where the inner circular region and
forced vortex in the outer region [14].

This flow is similar to a normal vortex flow in centrifugal separators [30].
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2.1.1 Centrifugal Force

The centrifugal force is the most important force in a cyclone, since that force is the
reason cyclones exist. Separation of particles in cyclones is caused by centrifugal forces,
which are a consequence of the swirling motion of the gas. The particles that are denser
than the gas are forced to move outward towards the cyclone wall before moving down-
ward to the bottom [18]. It is this outward force that is called the centrifugal force. This
force is proportional to the diameter cubed [30]. In Figure 2.2 the centrifugal force for
a fluid element is balanced by a force created by a gradient in the static pressure. The
force is acting towards the axis of rotation, and makes sure that the element stays in its
path [19].

A Centrifugal

Higher pressure ———force

Lower pressure
—_ Resultant

pressure force

Figure 2.2: Sketch of the centrifugal force.

The centrifugal force which is an apparent force is acting in a coordinate system, and
under consideration is turning with particle. In a stationary coordinate system it is
actually a centripetal acceleration that the particle undergoes continually to remain in
orbit. A sketch of that is shown in Figure 2.4.

2.2 Flow Pattern and Velocity Profiles in Cyclones

Even though the geometry of the cyclone is simple, the pattern of the flow is very complex
[8]. The flow pattern in a swirl tube is affected by different parameters such as the length
of the swirl tube, geometry of dustbin, cyclone wall roughness, diameter of the vortex
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Fluid elment

/

Tamgential Centripetal acceleration

velocity

Orbit

Figure 2.3: Sketch of the centripetal acceleration.

finder, and inlet gas velocity [32]. Sketches of the flow pattern in reverse-flow cyclones
can be seen in Figure 2.4.

2.2.1 The Main Flow Pattern

In general, for a reverse-flow cyclone, the flow pattern is dominated by a swirling motion
in the separation space. For cylinder-on-cone, this is created by the tangential injection
of gas, while for swirl tubes it is generate by swirl vanes. The gas will low downward
close to the wall in the outer part of the swirl. The gas will then flow back up in the
center of the cyclone and out through the vortex finder. At the same time a radial flow
will occur in the cyclone which moves from the outer vortex to the inner vortex. This
flow is distributed over the length of the body underneath the vortex finder [18].

The most important and critical flow in a cyclone is the downward flow at the wall.
That flow is the primary mechanism for transporting the captured particle downward to
a dust outlet, and not the gravity force [18].

2.2.2 Axial Velocity

As mentioned above in section 2.2.1, the flow with axial velocity is directed downward
with an outer position close to the wall, and upward in the inner region near the axis. The
downward direction is often referred to as the outer vortex and the upward direction as
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Swirl
vanes

Inlet

Gas outlet or
"Vortex finder”

| "Inner vortex",
upward spiralling

"Quter vortex",
downward spiralling

Surface CS —

Dust outlet

(a) (b)

Figure 2.4: From Peng et al. [26]. Sketches of the flow pattern in a) cylinder-on-cone
cyclone with a tangential inlet and b) swirl tube with axial inlet and swirl vanes.

the inner vortex. The axial velocity profile is sketched in Figure 2.5. The graph shows the
outer region of downwardly directed axial flow and the inner flow of upwardly direction.
The axial velocity is zero at the bottom of the cyclone before the flow reverses itself
[26]. Around the centerline, the velocity in axial direction often makes a dip. This is
sometimes so severe that the flow will be directed downwardly [18].

An axial inlet in the cyclone leads to a high degree of axial symmetry in the flow. This
gives some advantages like eliminating the region prone to clogging on the back side of
the vortex finder [18].

2.2.3 Tangential Velocity

The tangential velocity is the most important velocity profile, since the centrifugal force
acts on the orbiting solid particles. The flow can be described as a Rankine vortex
which has been mentioned earlier in chapter 2.1, and is a combination of the quasi-free
vortex flow surrounding the quasi-forced vortex flow [26]. According to Chen [8], the
tangential velocity increases with the radius and reaches a maximum at about 60-70%
of the diameter before it decreases towards the wall.

The tangential velocity profile is sketched in Figure 2.6. The tangential velocity is zero
at the wall and along the centerline. The value of maximum velocity is located at a
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Figure 2.5: The axial velocity profile.

certain distance from the centerline represented by a radius, R;. This radius is normally
lower then the radius of the vortex finder [26].

Quasi forced vortex ;
Quasi free vortex

CL Wall

Figure 2.6: The tangential velocity profile.

2.2.4 Radial Velocity

The radial velocity is the smallest of all the three flows, and is sometimes neglected for
basic calculation [26]. The flow is also more difficult to measure accurately than the
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other two flows. In swirl tubes, the velocity distribution on the surface of zero axial
velocity is unknown. The direction of the flow is normally inwardly and under the lip of
the vortex tube. It is not uniform with height [18].

2.3 Cyclone Pressure Drop

It is necessary to understand the difference between static and dynamic pressure in
cyclones. The most common way to measure the pressure drop in cyclone technology is
to measure the static pressure at the wall in the upstream and downstream piping. The
static and dynamic pressure can be recognized from the Bernoulli equation for a steady
flow of frictional fluid. In Equation (2.4) the static pressure is referred to as p, and the
dynamic pressure is % pv2.

1
LN gh = constant along a streamline (2.4)
p

2

From this equation, v is denoted as the gas velocity, g is the gravity, p is the fluid density
and h is the height of the cyclone.

The static and dynamic pressure is recognized on the left side as the first and second
term. The dynamic pressure is often called the velocity head. Both of them have been
divided by the fluid density.

This equation shows that the static and dynamic pressures can interchange in the flow
field. The area where the velocity is high, the static pressure is low. The area where
the velocity is low, the static pressure is high. This principle is utilized in many types
of flowmeters, for instance venturi meters.

The left side of this equation is often referred to as the Bernoulli’s trinomial. In gas
cyclones, the term gh is not too important compared to the two other terms, since the
fluid density, p is relatively low, and the difference in height is not very high.

Real flows will never be frictionless, but it can be a good approximation in the outer part
of a swirl in a cyclone because Bernoulli’s trinomial does not change very much there

18].

The overall pressure drop includes both the static and dynamic pressure. In cyclones,
this can be divided into three parts:

e loss in the inlet vanes

e loss in the separator body
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e loss in the vortex finder

There is little information available for the losses in the inlet vanes on swirl tubes. If
the vanes are constructed aerodynamically the losses are generally small.

The loss of pressure in the separator body are higher than for the inlet vanes. The
pressures most important role is to limit the intensity of the swirl in the separation
space. That means more frictional loss at the wall gives a less intensive vortex. These
"wall losses" do not affect the overall pressure drop.

The part of the cyclone which has the greatest loss of pressure is the vortex finder. The
losses there has an order of magnitude larger than the two other contributions. There
is however one notable exception to this, and it is for highly loaded cyclones. For this
case, wall losses associated with frictional drag at the walls can become a significant
contribution to the pressure drop at the expense of losses in the vortex core, and the
vortex finder [18].

The pressure drop in a cyclone is not easy to understand because it is being complicated
by the swirling motion. The variation of the pressure drop with the geometrical and
operational parameters, and the experimentally determined cyclone pressure drops, is
not easy to figure out. When talking about these factors, it is important to make a clear
distinction between static and dynamic pressures as mentioned above.

In the separator body, the gas moves inward from the outer to the inner part, being
accelerated in accordance with the principle of conservation of moment-of-momentum
of the vortex. That means that the static pressure decreases and it can be stated that
the vortex transforms static pressure into dynamic pressure. Hoffmann and Stein [18§|
stated that "for a given wall velocity, the less the frictional loss, the more intense the
vortex, the more efficient is this conversion and the lower is the central static pressure
with which the gas enters the vortex finder". The cyclones that deliver the highest spin
in vortex and the greatest decrease in static pressure within the core, are those that are
smooth walled and aerodynamically clean.

Dissipation of mechanical energy is dependent on the friction in the walls and in the
vortex core. It is this dissipation that gives a permanent pressure drop over the cyclone.
An interesting fact about pressure drop in cyclones is that it decreases with increasing
solid load, wall roughness or cyclone body length. These three factors give rise to an
increase in the wall friction [18|.

In the inlet of the cyclone the static pressure is pretty uniform over the cross section,
and it is easy to measure using pressure transducers at the wall [18].

The performance of a cyclone separator is characterized by the pressure drop between
the inlet and the outlet [21].
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2.3.1 Euler Number

Over a cyclone, the pressure drop is almost proportional to the square of the volumet-
ric flow rate. The dimensionless Equation (2.5) known as the Euler number gives a
characteristic measure for pressure drop in a given cyclone.

Where (v,)? is the mean axial velocity in the main tube.

The velocity used to define the Euler number is not important. Equation (2.5) is used a
lot in research laboratories. Most engineers prefer to use the inlet velocity or the mean
velocity in the vortex finder, as can be found in Equation (2.6), since most vendors and
designers report these velocities in their overall performance summary.

Ap Ap
Buip = — Eu, = T (2.6)
ﬁpvin §pvx

This equation is more useful for plant engineers. In their work of estimating the pressure
loss through cyclones at conditions other than design conditions, or for flow rates other
than the one the pressure loss is known for.

2.4 Separation Efficiency

The performance of cyclones is considered in terms of pressure drop and separation
efficiency [8]. There have already been several studies performed on this theme, and this
will therefore not be a concern in this thesis. However, a brief summary will be given in
this section.

2.4.1 Overall Separation Efficiency

In cyclone operations there are three particle fractions to be concerned about. These
are the feed, the captured or underflow and the lost/emitted particles in the overflow.
Their masses are denoted with the symbols My, M. and M, and gives respectively the
mass balance for solids over the cyclone:

My = M, + M, (2.7)
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The equation for the total efficiency, n can be calculated as the mass fraction of feed
solids captured by the cyclone:

_Me M. M
My My M.+ M,

n (2.8)

The efficiency of the cyclone can be calculated by collecting samples from the cyclone
and weighing two of the fractions. The overall separation is normally what counts the
most in an industrial process. However, it is not the best way to determine the actual
separation performance of a certain cyclone since it does not say anything about the
separation capability of the cyclone as a function of particle size [18].

2.4.2 Grade-Efficiency

The best way of describing the separation characteristics of a cyclone is by the grade-
efficiency curve. This curve represents the separation efficiency for one particular particle
size or the range of particle sizes, and it only depends on the feed density [18]. Figure 2.7
shows a sketch of a typical grade-efficiency curve. From this figure, X5y represents the
cut size which is described further below, and z is denoted as the particle diameter.

Figure 2.7: Sketch of an s-shaped grade-efficiency curve with the cut-size.
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24.3 CutSize

The cut size can be determined by balancing the centrifugal force and the drag force.
The equilibrium of the forces can be used to determine the pressure loss, separation
efficiency and operational parameters. In cyclones, particles with a diameter larger than
the cut size are transported outward and separated. The particles that have a diameter
size lower than the cut size are carried out through the dust hopper. This is only true
in theory. In real separation, the separation efficiency curve depends on the geometrical
dimensions and operation conditions in the cyclone [8].

2.5 End of the Vortex

In centrifugal separators like swirl tube and cylinder-on-cone cyclones a flow phenomenon
is happening that is crucial for their performance and difficult to understand. This
wellknown phenomenon is the "end of vortex" (EoV) [31]. The normal predictions in
cyclone theory is that longer cyclones perform better. The best length is also significantly
longer than the lengths of most available cyclones. It is known that the length of the
swirl tube can not be randomly chosen. If it is made too long, the vortex will "end"
spontaneously at a certain place inside the separator body [18].

Up until recently, researchers have not been able to demonstrate the exact nature of
the vortex end. In literature, two different explanations among cyclone experts are
circulating.

The first explanation is that the end of the vortex is an axisymmetric phenomenon, and
the end is represented by some sort of recirculating gas bubble. In research of vortex
breakdown in vortex tubes, the vortex end has been observed. Such a phenomenon
will not occur in swirl tubes or cylinder-on-cone cyclones since it usually occurs under
laminar flow conditions and the flow in cyclones are turbulent [18].

The second explanation which refer to swirl tubes and cylinder-on-cone says that the end
of the vortex attaches itself to the side wall, which means that the vortex core bends off
to the wall, and the vortex precesses around the wall at a high rate. This phenomenon
can best be observed in cyclones using liquid where air bubbles are visualizing the end.
In swirl tubes where some sort of gas is used, a small amount of powder can be injected
into the tube to visualize the end of the vortex [18§].

The second statement was demonstrated in laboratory by Hoffmann and Stein [18], and
their conclusion is that it exists. By the use of a stroboscope under proper dust lighting
conditions, they were able to freeze the motion from the precessing vortex core. They
observed the EoV as it bent off and attached itself to the wall.

In the different cyclone designs, the vortex end is allowed to wander around the lower
walls of the separator. The behavior and position of this end is critical to proper cyclone
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performance, since it influences the efficiency, clogging and wear of cyclones operating
individually or as part of a multi-cyclone installation [30].

Helmholtz continued two theorems containing the behaviour of vortices in inviscid fluids

[4]:

e Vortices move with the flow of the fluid.

e The strength of a vortex tube is constant along its length.

The first theorem is pretty much self-explanatory. The second theorem says that a vortex
cannot end inside the fluid, but must end up in the boundaries of the fluid or return
back to form a closed path [4].

2.5.1 Factors that Affects the End of the Vortex

This section will try to enlighten the factors that affect the end of the vortex, and earlier
research of the phenomenon will be looked at.

The Ring Pattern

In laboratories, the end of the vortex can be observed as a ring shaped pattern in cyclones.
If air and dust are used, the formation will be observed as a dust ring on the wall. This
ring defines the path of the processing vortex end. In hydrocyclones, liquid on the wall
indicates the end of the vortex phenomenon. The vortex end is often marked as a dust
ring or ring shaped abrasion pattern in commercial units. Two different and reasonable
explanations have been suggested for the nature of the vortex end:

e The end of the vortex is an axisymmetric phenomenon and is the manifestation of
an internal vortex breakdown.

e The vortex core bends to the wall of the cyclone and precesses around it to form
the ring shaped pattern.
[30]
Axisymmetric Phenomenon

This phenomenon says that the main swirl would turn somewhere in the cyclone tube,
and a mirror shape flow would exist underneath itself. This phenomenon was considered
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by several researchers as Hoffmann et al. [17] and Qian et al. [35]. This phenomenon
was later proven by Peng et al. [30] to be wrong.

Precessing Vortex

In this phenomenon, the vortex end will attach itself and precess around the lower
walls inside the cyclone. The intense velocity resulting from the precessional motion of
the vortex can be expected to affect the separation performance by re-entrain some of
the dust collected on the bottom of the tube [19]. A sketch of a precessing vortex core
is given in Figure 2.8.

Vortex core

bending and Y
precessing \ \ \

around wall

Figure 2.8: Illustration of the precessing vortex core.

Inlet Velocity

The inlet velocity for swirl tubes with swirl vanes, is not easy to determine [30]. Peng et
al. 28] came up with Equation (2.9) by estimating the inlet velocity at the wall, vg ,,,
by assuming uniform circumferential velocity of the gas entering from the vane pack.

C 13—n rd—ry
Vow = —7 = —

(2.9)

In this equation, @ is denoted as the flow rate, r as the radius and r, represents the
outer radius.

By the use of LDA measurements on a swirl tube, Peng et al. [30] found that the swirl
velocity would decrease with depth. Also by observing the behaviour as a function of
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flow rate, they saw that with low flow rates without dust, the end of the vortex would
form high in the tube. When the flow increased, the vortex end would move down to
the bottom of the tube.

Experiments performed by Hoffmann et al. [17] showed that the dust loading had a great
impact on the EoV at high inlet velocities. A high dust loading together with high inlet
velocity would decrease the length of the vortex significantly. At low inlet velocities, this
effect was not present.

An increase in inlet velocity will in addition to increase the vortex length also give an
increase in pressure drop over the cyclone [21].

Dust Loading

As written above in chapter 2.5.1 the dust loading has an enormous impact on the swirl
velocity. By inserting dust into the cyclone, the vortex stability is affected in a way that
changes the apparent wall roughness. Inside the cyclone, the particles are centrifuged
out towards the wall exchanging momentum with the wall through sliding or rolling and
possibly leaving deposits there. The velocity will subsequently slow down, and the air
underneath that region will be affected. The particles will lead to an disturbance in
the outer flow similar to one would think high wall roughness would give. Therefore,
the effects of charging dust is stronger at higher flow rates rather than lower since the
relative velocity difference between the particles and gas are larger [16].

Geometry of the Centrifugal Separator

The different geometry configuration of cyclones affects the vortex core and its position
of were the EoV attaches itself to the wall. This section will enlighten the most well
known effects of the geometry on this phenomenon.

Inlet Configuration

In cyclones, the size of inlet is limited by requirements of gas handling capacity and
pressure drop. Experiments have also shown that small inlet areas gives high efficiency.
In cyclones with large inlet area, the vortex will bend off to the wall higher up in the
separator body [1].

Swirl Vanes

The gas enters the cyclone parallel to the cyclones axis with this inlet design. A huge
advantage of the axial entry is the high degree of axial symmetry in the flow. This sym-
metry gives operational advantages like eliminating the area prone to clogging on the
back side of the vortex finder, in the area pointing opposite to the inlet opening [18].
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However, It will after a short period of time quickly develop into a normal vortex flow

[28].
Tangential Inlets

Since this type of inlet is the most common in use in industry most investigations have
been performed on this type. The size of the inlet is of great importance to how the flow
develops, and a large inlet is suitable to separate large flows, but inlets of smaller sizes
give higher separation efficiency [36].

The models predicted by Bryant et al. [7] and Zhongli et al. [42] concluded that a
large inlet area will increase the length of the vortex. These models are presented in
chapter 2.6.1.

Separator Body

The size and length of the separator body are important factors for the position of
the EoV. Previous work on this phenomenon have mostly been performed on separator
tubes with a conical section [17]. Earlier investigations by Zhongli et al. [42] on similar
tubes were one was built with a conical shape and the other one of cylindrical shape,
gave an indication that the one with conical shape stabilizes the vortex flow better.

Tests performed by Alexander [1] on very long glass cyclones, showed that the vortex
has a well defined and stable turning point inside the separator body. Even though, the
length is difficult to measure since the EoV wanders up and down over a range equal to
a quarter of the cyclone diameter.

Cyclones which are built slightly longer than the area of where the vortex bends off to
the wall, run the full length of the vortex. It is therefore undesirable that the separator
body should greatly exceed the length of the vortex [1].

According to Hoffmann et al. [17], the separation space in a cyclone is said to only be
effective above the end of the vortex, and the space below the vortex end is said to be
ineffective.

Vortex Finder

Zhongli et al. [42] defined the area below the vortex finder to the location where the
vortex precesses against the wall, as the "natural vortex length". Because of that, the
EoV is determined by the location of the vortex finder [36].

Vortex finders of different diameters have shown to have an impact on the EoV. Results
from Qian et al. [36] stated that "when the diameter of the vortex finder is increased,
the vortex extends deeply into the tube section initially, when the diameter of the vortex
finder reaches a maximum value point, the natural vortex length has the tendency to be
shorter".
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The same study also indicated that the deepness of the vortex finder insertion is im-
portant. In the beginning as the deepness of vortex finder insertion was decreased, the
vortex had a tendency to become longer. However, at a certain value, the vortex had a
tendency to become slightly shorter [36].

Dust Hopper

Particles in a cyclone are normally collected in a dust hopper underneath the separator
body [30]. The presence of the dust hopper has a great effect on the EoV phenomenon.
When it is present, the swirl will suddenly move through a larger volume of gas which
will normally destabilize the vortex, which again will lead to a break down [25].

Earlier investigations of the EoV phenomenon in swirl tube cyclones have shown that
the vortex will in most cases bend off to the wall in the border of the hopper and the
separator body. In these cases, the depth of the hopper have been an important factor.
If the hopper is shallow enough, the vortex may be able to move all the way to the
bottom of the hopper and centralize. In most cases when the hopper is deeper, the EoV
will attach itself to the area where the hopper connects to the separator tube [32].

Hoffmann et al. [20] performed simulations on cyclones with and without a hopper sec-
tion. He discovered that if he included a hopper section, the separation efficiency was
higher than if the hopper was not present. The results were also closer to experimental
data when a hopper section was included. In the same study he found that "The differ-
ence in predicted separation performance with and without hopper can therefore not be
found in a difference in the swirl velocity".

Wall Roughness

The roughness of the wall is an important factor for the natural vortex length, and
therefore also the vortex end. An important effect is that it destabilizes the vortex
in cyclones. If the roughness at the wall increases, the length of the vortex decreases.
Hoffmann et al. [17] found that this is often caused by the effect given by an increase in
dust loading [30], [36].

The effect of wall roughness influences the tangential velocity, efficiency, cyclone separa-
tion and cyclone pressure drop for high inlet velocity [21]. Qian et al. [36] stated in his
research that "the natural vortex length decreases when the wall roughness increases'.

During research and experiments of the surface roughness, Kaya et al. [21] found that
decreasing the tangential velocity and increasing the wall roughness in the cyclone led to
an increase of the cut-size, which means a decrease in collection efficiency. The decrease in
the inlet velocity also led to an increase in flow resistance and disappearance of the swirl.
An excessive increase in the wall roughness led to an upward axial velocity increase in
the core region. This is why the separation efficiency is exacerbated by increasing surface
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roughness. At high inlet velocities, an increase in wall roughness could also cause less
pressure drop [21].

Clogging and Erosion

The phenomenon where the vortex is attaching itself to the wall inside the cyclone can
lead to a serious localized ring of deposits. This ring will define the path of the vortex
end, and particles will settle and clog the section. The clogging can disturb the flow and
significantly decrease the efficiency.

Another problem is erosion. Depending on how hard the solids are, the vortex attached
to the wall inside the cyclone can lead to serious localized erosion in the form of an
erosion ring. This ring can cause huge damage on the cyclone over time [17].

Cross-talk

The phenomenon cross-talk is a well known problem which occurs when swirl tubes
which work in parallel, are connected to a common plenum, like a dust hopper. The
phenomenon occurs when the flow is unequally distributed between the cyclone and the
cyclones underflow, when they are not isolated from each other. One speaks often about
"donor" tubes which happens when more gas is passing through the vanes than is exiting
the separator tube, which means that it is donating gas to the dust hopper. From the
"receptor" tubes, a larger amount of gas leaves the separator tube than enters through
the swirl vanes. This means that gas is being pulled from the dust hopper [29].

Re-entrainment of Particles

The intense velocity from the before mentioned precession motion of the vortex end, can
be expected to impact the separation performance. Some of the collected dust that is
swirling down the walls can suddenly become re-entrained by the precessing vortex.

This can be a huge problem for cyclones connected to a dust hopper. If the vortex moves
down to the bottom of the hopper, previously collected dust in the hopper can then be
reinserted into the flow. Hoffmann et al. [17| solved this problem by installing a tube
section connected between the hopper section and the separator body. The tube ended
up forcing the vortex to end along its section instead.

Swirl Number

The swirl number S, is a dimensionless number which represents the axial flux of angular
momentum, Gy divided by axial flux of axial momentum, G, times the equivalent nozzle
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radius, R, [41].

Gy 7D, D
= = 2.1
S G.R, 4A; (2.10)

D represent the diameter of cyclone body and A; is the inlet area.

Swirling flows result from the spiraling motion when a swirl velocity component is in-
serted into the inlet flow in the cyclone. Experimental studies shows that the degree of
swirl imparted to the flow has large-scale effects on the flow fields [41].

Earlier studies have shown a dramatic change in the axial velocity profile of a swirling
flow when the swirl numbers are altered. It is also known that the shape of tangential
velocity profile does not change [41].

Swirling flows with a swirl number greater than the critical value of 0.6 in a turbulent
flow induce a reverse flow in the vortex core. This will provide feedback for low frequency
instabilities due to the precessing core [13].

Reynolds Number

During studies of different flows, Reynolds discovered that under some conditions, one
type of flow changed to the other. He figured out that the critical velocity where laminar
flow changed to turbulent flow depended on four quantities. It was the diameter of the
tube, D, the viscosity, i, the density, p and the average linear velocity of the fluid [23].

_ pvD
i

Re

(2.11)

This dimensionless group of variables is called the Reynolds number, Re. Low Re num-
bers below 2100 are always referred to as laminar flow in a pipe or tube. Reynolds
numbers in the range 2100 to 4000, are referred to as the transition region. Under these
conditions the flow can be either laminar or turbulent depending on the conditions at
the entrance of the pipe or tube. Reynolds numbers above 4000 under normal conditions
in a pipe or tube are always turbulent [23].

In cyclones, the inlet flow Re number increases when the frequency of the vortex core
rotation increases [33].
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2.6 The Natural Vortex Length

The position of the phenomenon EoV in a reverse flow cyclone, is often referred to as the
"natural vortex length". It is defined as the certain axial distance from the bottom of the
vortex finder to the position where the vortex attaches to the wall. The radial pressure
distribution in the cyclone determines this length which is caused by the strong swirl
imposed by the inlet and the location of the vortex finder [36]. Since it is known that
the vortex has a natural length, one should think that it would be possible to substitute
this length with the available length of the cyclone. To do this, an assumption has to be
made which states that the end of the vortex limits the useful length of the separation
space [19].

2.6.1 Models Predicting the length of the Natural Vortex

The natural vortex length, Ln is a parameter that has been difficult to determine exper-
imentally [17], and during the past, only a few models have been predicted to calculate
the length. In 1949, Alexander 1] made pioneering work on the subject and proposed a
famous relation for the natural vortex length calculation [12].

During his research, he obtained results from tests performed on cylindrical cyclones
made out of glass and came up with the following expression relating the natural vortex
length where De is denoted as the diameter of the cyclone vortex finder, a is the height
of the cyclone inlet and b is respectively the with of the cyclone inlet [36]:

1
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Later Bryant et al. [7] and Zhongli et al. [42| found experimentally that Alexanders
formula was not good enough to predict the length of the vortex. A formula for the
vortex depth was proposed by Bryant et al. [7]:
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and Zhongli et al. [42] figured out the following correlation:
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The three equations are quite similar to each other, but the major difference in the new
formulas compared with Alexander’s equation are the variation of Ln. In both of the new
formulas, the two dimensionless factors on the right side are opposite from Alexander’s
equation. The parameters that play an important role in influencing the natural vortex
are the inlet velocity, cyclone length and the vortex finder insertion deepness [36].

Zhongli et al. [42] defined the natural vortex length as the distance from the bottom of
the vortex finder to the dust ring. From experimental investigation, he indicated that
there was a dust ring at the bottom of the cyclone with an axis width of D//. From that
he observed that the maximum tangential velocity of the plane where the dust ring was
located was only 12% of the maximum tangential velocity at the bottom of the vortex
finder. The plane with the tangential velocity profile where the dust ring was located
was flat, and more than 90% of the axial velocity had been weakened [36].

Today some researchers are speculating whether these models are good enough or not
to predict the natural vortex length. The predicted formulas do not include important
factors like swirl number and Reynolds number for flowing fluids, and the wall roughness
of the cyclone. These factors are thought to be important for predicting the natural
vortex length [33].

2.7 Computational Fluid Dynamics

Computational fluid dynamics (CFD) uses numerical methods and algorithms to solve
and analyze problems that involve fluid flows. To perform the calculations required,
computers are used to simulate the interaction of liquids and gases with surfaces defined
by boundary conditions [22]. During recent years, numerical investigations have been
performed on cyclone separators for determination of their characteristics and it has
proven to be a promising tool for investigation [3].

2.7.1 Background and History

CFD has been in use since the beginning of the 1970s, and one of the first simulations
of the flow in an industrial cyclone was performed already in 1982 [6]. Since the be-
ginning, the simulations have gone through a dramatical change. The computers that
existed at that time and the algorithms, limited all practical solutions essentially to two-
dimensional flows. Compressors, turbines, flow ducts and similar equipment are in the
real world three-dimensional. The speed capacity and the storage of the computers did
not allow CFD to operate in any practical way in this three-dimensional world. Today
simulation of three-dimensional flow fields are more or less an industrial standard. The
development of faster computers with more memory, has resulted in its use as a tool in
the design process [2].
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CFD is only meant to complement pure theory and experiments and will never replace
either of them [2]. Chen [8] stated in his master thesis "CFD simulations, at the current
level of development are primarily a tool for understanding the important features of a
system and for predicting trends for scale-up purposes.”

All of CFD is based on the fundamental governing equations of fluid dynamics; the
continuity, momentum, and energy equations. The physical principles of fluid dynamics
are based on these three equations [2]:

e mass is conserved
e Newtons second law, F' = ma

e energy is conserved

2.7.2 Turbulence Models

In practice, most flows are turbulent and therefore need special treatment. Turbulent
flows are three-dimensional and time dependent. For people who are unfamiliar with this
phenomenon, a plot of velocity as a function of time at different points in the flow would
look pretty random and chaotic. The turbulence makes the conserved quantities stirred
which means that parcels of fluid with different concentrations of at least one conserved
properties are brought into contact. This is often called turbulent diffusion. Fluids of
differing momentum content which are brought into contact is caused by turbulence. The
kinetic energy of the flow is reduced according to the reduction of the velocity gradients
due to the action of viscosity. The lost energy is irreversibly converted into the internal
energy of the fluid. Another important property of turbulent flows, is that they contain
coherent structures which are responsible for a large part of the mixing. The random
component of the turbulent flows causes these events to differ from each other in size,
strength and time interval. This makes the study of them very difficult. Turbulent flows
fluctuate on a broad range of length and time scales. These are all important factors to
turbulent flows [11].

A huge problem with the use of CFD are that most gas flows in cyclones are turbulent.
One would think that if the computational grid could be made fine enough, CFD could
solve the fundamental equations directly and that the turbulence would occur automat-
ically in simulations. This is not possible in real process equipment, and turbulence
models are required to minimize the turbulence on the mean gas flow pattern [18].

A short introduction to the most common methods of simulating turbulent flows are
presented in this thesis.
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Reynolds-Averaged Navier-Stokes models

Reynolds-Average Navier-Stokes (RANS) equations offers many turbulence models for
investigating the mean properties of turbulent flows. Two of these models are the Reynold
Stress model and Eddy viscosity model which are mentioned under. This turbulence
model are also the oldest approach [38].

Reynolds Stress Models

The Reynolds Stress model (RSM) is the turbulence model used in simulations for this
thesis and it gives an accurate prediction of the swirl flow pattern. The turbulence
model simulates the axial velocity, tangential velocity and pressure drop in the cyclone
[39]. The model calculates the individual Reynolds stresses directly by solving their
governing transport equations [38]. The model is able to predict complex flows more
accurately than other models like k - ¢ because it accounts automatically for the ef-
fects of stress anisotropy. Because of this, it simulates the cyclone flow well. However,
several terms in the exact Reynolds Stress transport equations are unknown and model
assumptions based on simple flow observations have to be introduced to close the set of
equations [6], [8].

RSM solves the Reynolds stresses, pu;u; and the transport equation is written as

0 -
a (pu;u;) -+ Cl'j — Dz’j = Pl'j + (I)Z'j — pPEij (2.15)

where C;; is the convection term, D;; is the diffusion term, P;; is referred to as the
generation or production term, ®;; is the pressure-strain term, and pe;; is the dissipation
term [38].

Eddy Viscosity Models (k - €)

This model has on its basic form a major advantage in its simplicity and practical us-
ability. Zhou and Soo [43] used the k - € in their work of improving the performance of
the cyclone separator. Their project used this model for solving the tangential and axial
velocity. In their work they discovered that it had a limitation in the near axis region,
where the numerical prediction gave higher values than those obtained from measure-
ments. The x - € model can not account for the non-isotropic turbulent structure due
to the different magnitudes of velocity components. In turn, this has shown that high
values of magnitudes of turbulent viscosity leads to higher axial velocity near the axis

3].

This turbulence model is useless for the cases of highly swirling flows because the as-
sumption of isotropy [6].
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Large Eddy Simulation

Large Eddy Simulations (LES) is a mathematical model suited for modeling complex
flow phenomenon by predicting the motion of the large structures in the turbulent fluid
flow [22]. The high computational intensity compared to RANS simulations made LES
simulations less suited for the daily CFD applications when it was first published [10].
With the improving technology of computers in recent years, this model has had an
enormous impact in CFD since it reduces the empiricism involved [31].

LES is usually the preferred method for flows with higher Reynolds number, or if the
geometry is too complex for DNS to handle [11]. This turbulence model involves compu-
tation of the large-scale turbulent motions which are responsible for the turbulent mixing

31,

Direct Numerical Simulation

Direct Numerical Simulation (DNS) provides very detailed information of the flow. It
is the most accurate approach in turbulence simulations since it calculates the Navier-
Stokes equation without averaging or approximation other than numerical discretization.
The error can be estimated and controlled, and is probably the simplest approach. In
DNS, all of the motions included in the flow are resolved [11].

A valid simulation captures all of the kinetic energy dissipation. This happens on the
smallest scales where the viscosity is active, and because of that one will need a very
fine grid. The size of grid can not be larger than a viscously determined scale called the
Kolmogorov scale, 7.

This turbulence way of simulating is limited by the speed and memory of computers
and can only be carried out for flows with low Reynolds numbers and simple construc-

tions. Flows containing high Reynolds number and larger geometries will need another
turbulent approach for simulations.

2.7.3 Modelling of Wall Friction

The wall roughness should be taken into account in the law of the wall since it leads to
a change in the velocity profile of the boundary layer.

In CFD simulations, the wall roughness is modelled in the following way.

The velocity distribution near the wall is modeled as:

1 /
ut =—=1In (E y+) (2.16)
K
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where x is von Karman constant and has a default value of 0.42. The parameter y™
represents the non-dimensional wall coordinate, and the wall function coefficient E is
given as:

(2.17)

For tubes with smooth walls, the default value of £ = 9, and the friction function f
is unity. The friction function also modifies the log-law coefficient £ which again is a
function of the roughness parameter:

Rt =14 (2.18)

14

r, is represented as the equivalent sand-grain roughness height and w, is the friction
velocity. The value of f are given as:

1 for Rt < RT

. . “ smooth
_ R _Rsmoo + +
r=3 |B(F=tee) + o] for RY, o < RT <Rf  (219)
B+ CR* for R* > R oh

where the exponent a is expressed as:

log |[RT/RT
a = sin I g [ / smooth} (2'20)

2 + +
10g |:Rrough/Rsmooth:|

The default coefficients values are: B=0, C=0.253, RT =225 and R =90 [33].

smooth rough



Chapter 3

Literature survey

3.1 End of the Vortex

During the past decades, several investigations of the flow field and cyclone performance
in centrifugal separators have been well reported in literature. The behaviour of the
phenomenon known as end of the vortex in swirl tubes has not been given too much
focus, and there are still many unanswered questions. Most of the studies performed in
this field have been on cyclones shaped like cylinder-on-cone. Some of these studies are
mentioned in this section.

3.1.1  Alexander [1949] [1]

In this study, Alexander performed pioneering work, and came up with the first model
to predict the natural vortex length. In his work, he investigated the nature of the gas
flow within a cyclone under varying conditions of operations. The pressure drop was
investigated along with the velocity profile and the angles of flow within the barrel.

3.1.2 Hoffmann et al. [1995] [17]

In this study, they measure the position of the vortex end by the use of two different
types of cyclones. One cyclone made out of glass and one made out of metal. Both
cyclones had a tube section underneath the conical section to connect the dust hoppers
at the bottom.

During this study, two experimental methods for determining the natural vortex length
by detecting the vortex end were performed. For the first method they inserted smoke,
consisting of paraffin oil, into the cyclone made out of glass. When doing this, they
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observed that there is very little interchange of gas between the region over and under
the end of the vortex. They also used dust in the glass cyclone so that they could observe
the position of the end of the vortex.

For the second method, they used dust in the metal cyclone to measure the pattern of
wall deposits on the walls. This pattern was created by the vortex end, and after every
run they had to open the cyclone to measure it.

3.1.3 Peng et al. [2005] [30]

This study uses a stroboscope and high time resolution pressure measurements to visual-
ize the EoV phenomenon in cylinder-on-cone cyclones and swirl tubes. Peng discovered
that the end of the vortex occurred higher in the swirl tube when the solid loading
increased and the flow rate was decreased.

By the use of a strobe-light he was able to "freeze" the vortex end when the dust ring
appeared in the separator, and he observed a small circular pattern of dust at the wall.
He concluded that the vortex phenomenon in swirl tubes is due to the vortex bending
to the wall and ending there, and not because of the break-down of the vortex internally
in the fluid. He concluded his study by saying that "controlling the end of vortex is
necessary to improve operational characteristics further".

3.1.4 Cuizhi et al. [2010] [12]

In this study, pressure measurements are used to prove the existence of the EoV phe-
nomenon in a cylindrical dipleg. A cylinder-on-cone cyclone is used for performance of
the experiments.

By the use of Fast Fourier Transform (FFT) and probability density analyses of wall
pressure, they identified the EoV behaviour at the point of attachment in the cyclone.

3.1.5 Pisarev et al. [2010] [31]

In this study, Pisarev performed several numerical tests using CFD simulations. He
performed simulations on different lengths of separator bodies, and he looked at the
EoV phenomenon with the presence and absence of a dust hopper. By the use of LES
simulations, he discovered that the inlet velocity was an important factor for the EoV
phenomenon. He figured out that when the vortex core bent to the wall of the separator,
the time-mean of the axial position of attachment was not constant in time. He described
the behavior of the vortex core as a function of the length of the tube.
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3.1.6 Pisarevetal. [2011] [32]

In this study, different CFD models of swirl tube cyclones were built to study the EoV
phenomenon. By the use of LES turbulence model, Pisarev performed several measure-
ments on cyclones with variable length of separator body. He discovered that in some
cases the vortex would bend to the wall and rotate around it before it went down along
the body and centralized. In other cases he found that the vortex would bend to the
wall and precess around it, and that it would remain there.

He also found that the depth of the dust hopper was an important characteristic for
the EoV phenomenon. In swirl tubes cyclones containing dust hoppers underneath, the
vortex would bend off to the wall at the position where the separator body connects
to the dust hopper. This was the case for all inlet velocities. The vortex would only
centralize for dust hoppers with the smallest size of depth.

3.2 Wall Roughness

The effect of wall roughness in cyclones has not yet been studied extensively, so little
research material is available.

3.2.1 Kayaetal. [2011] [21]

This study investigates the effects of surface roughness on the flow field in a tangential
inlet cyclone. The study is carried out using numerical simulations, where Reynolds
Stress turbulence model is used to solve the governing equations of the gas flow. Kaya
compared the results from numerical simulations with results from experimental data
and mathematical models. He figured out that if he increased the relative roughness on
the inner walls of the cyclone, the tangential velocity, cyclone separation efficiency, and
cyclone pressure drop was influent considerably for high inlet velocities.
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Chapter 4

Experimental Setup and Numerical Boundaries
Conditions

4.1 Description of the Swirl Tube and its Equipment used in the Ex-
periments

The experiments were carried out using a experimental test rig. The overall layout is
sketched in Figure 4.1. Pure air at ambient condition is supplied to the experimental rig
from a centrifugal pump. This pump is located in the downstream of the separator and
air is drawn through the system by depressurisation at the outlet. To adjust the flow
rate, two control valves are used. For changing the main flow, the flow valve is used, and
for fine-tuning of the flow, the bypass valve is used. The design of the separator body is
cylindrical and, according to Pisarev et al. [31] this shape reduces the uncertainty caused
by the geometry when it comes to the fundamental study of the EoV phenomenon.

The figure shows that the gas flows horizontally into the tube and then changes to
a vertical direction. To mitigate the flow before reaching the swirl vanes, three baffles
were installed so that the flow would be distributed better over the annular cross-section.

The swirl tube consists of three distinct constructions:

e separator body
e swirl vanes

e vortex finder
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Figure 4.1: The experimental setup of the test rig.

4.1.1 The Separator Body

The separator body is a cylindrical shaped tube constructed of transparent plexiglas.
The separator is transparent which makes the flow phenomena inside the tube easier to
observe. For the smooth tubes, the inner surface roughness is estimated to be less than
1pm, which is quite smooth.

The dimensions and a picture of the separator body can be seen in Figure 4.2. The
length of the separator body is an important factor when it comes to bending of the
vortex phenomenon.The lengths used in the experimental rig were respectively 70 cm,
90 ¢cm and 110 cm, and is referred as X cm in the sketch. The diameters of the tubes
used in the experiments were 10 cm over the entire length.

Because of the simple construction of the separator, no dustbin or dust outlet was con-
nected to the tube. The intention of this was to reduce the effect of the geometry on
how the vortex end would behave. This caused all the particles captured in the air inside
the tube to gather on the bottom piece. For industry, this design will have no practical
value since it would be difficult to get the collected particles out of the separator. When
more particles are put into the tube, the concentration at the bottom will increase and
it can cause re-entrainment and change of apparent roughness.



4.1 Description of the Swirl Tube and its Equipment used in the
Experiments 37
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Figure 4.2: A picture and a sketch of the separator body.

4.1.2 Swirl Vanes

A sketch with the dimensions of the swirl vanes, and a picture of the swirl vanes are
shown in Figure 4.3.

The swirl vanes in the inlet of the main body of the separator give the tangential com-
ponent. The velocity is higher at this point than anywhere else in the tube, because the
vane pack represents the lowest cross-sectional area, even though the flow is still assumed
to change quickly from uniform flow to a more Rankine-vortex type of flow pattern be-
low the vanes. The most important characteristic of the swirl vanes is the exit angle,
which was 30° to the horizontal plane [31]. The flow in axial direction, v, is given by

1
v, = Vip -sin (30°) = §Vm (4.1)

for the flow exiting the swirl vanes. In this equation, Vj, represents the inlet velocity.
The flow in tangential direction vy below the swirl vanes is given by

vg = Vi - cos (30°) = ?Vm (4.2)
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Figure 4.3: From Pisarev et al. [31]. An illustration including the dimensions and a
picture of the swirl vanes.

4.1.3 Vortex Finder

The diameter and shape of the vortex finder are important dimensions in determining
the end of the vortex phenomenon [30]. In literature it is found that by increasing the
diameter of the vortex finder, the natural vortex length has a tendency to become shorter
[36]. The diameter is also the most important factor in deciding the separation efficiency
and pressure drop in cyclones [31]. The dimensions and a picture of the vortex finder
from the test rig are given in Figure 4.4. The size plays a critical role in defining the flow
field inside the cyclone, including the pattern of the outer and inner spiral flows [37].

Figure 4.4: From Pisarev et al. [31]. An illustration including the dimensions and a
picture of the vortex finder.

The vortex finder at the test rig is of conical shape below the swirl vanes, and has a 4 cm
cylindrical section at its end. This allows us to study the EoV at a moderately narrow
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relative vortex finder diameter De/D of 0,4 where De is denoted as the diameter of the
vortex finder and D is the diameter of the cyclone body.

4.1.4 Pressure Transducers and Tappings

A pressure transducer is a transducer that converts pressure into an analog electrical
signal. They are locating and following the rotation frequency of a swirl, by monitoring
the wall pressure using a series of pressure tappings on the separator body. A picture
of the pressure transducer is given in Figure 4.5. The transducers are connected to an
interface box which again gives the measured values to a computer.

Figure 4.5: A picture of a pressure transducer.

The pressure tappings are arranged in axial rows on the walls of the swirl tube body,
which are shown in Figure 4.6. There are 22 tappings on the 70 cm tube, 26 tappings on
the 90 cm tube and 35 tappings on the 110 cm tube. The distance between each tapping
is 3 cm and is the same for all tubes. The last tap is located 3 cm from the bottom of
the swirl tube body. The tapping diameter is 0.5 mm, which is small enough to avoid
disturbance of the flow but still big enough to get an adequate fast response time. The
pressure tappings are actually small valves. A tube from the pressure transducer can be
connected to the end of the valves and the measured values will be sent to a computer
for registration.
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Figure 4.6: The pressure tappings on the separator body.

4.1.5 Wall Roughness

The wall roughness may be an important factor to the EoV phenomenon. In order to
make the inner walls of the separator tube rough, two different ways of treating the walls
was performed:

e Sanding the walls with sandpaper.

e Coating the walls with metal particles.

To make the inner walls of the separator tube rough, sandpaper with particles of 0.8 mm
in diameter was used to roughened the tube on the inside. The hight of the roughness was
measured in a microscope after particles generated from the sanding had been collected.
The roughness is estimated to be between 100 — 120um.

In the second method, coating the inner walls with metal particles gave a uniform layer
of surface roughness over the entire separator tube. The inside of the tubes was sprayed
with glue and metal particles were placed inside. The tube was locked in both ends and
then shaken until the particles covered the hole section. When the glue had dried, the
superfluous particles were removed. A picture of the tube covered with metal particles
is given in Figure 4.7. The roughness was estimated to be between 180 — 200um.
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Figure 4.7: The separator tube covered with metal particles.

4.2 Performance of the Experiments on the Swirl Tube

4.2.1 Measurement of the Flow Rate

The flow rate, @), is an important factor when it comes to where the end of the vortex
bends off to the wall, and it has to be measured quite precisely. A digital venturi
flowmeter is used since it is important to have an accurate instrument to measure this.
The venturi measures the difference in pressure. For the characteristic and the equations
of the venturi flowmeter, see Appendix A.

The pressure transducers are connected to two tubes. One tube is connected to the pipe
right before the venturi flowmeter, and the other one is connected to the neck of the
venturi. The difference in pressure between these two points is measured and the value
is given in voltage. The value 43.75 mbar, or 4375 Pa corresponds to an increase of
1 V. The difference in pressure, Ap is found by calculating the difference between the
measured voltage and the voltage at no flow.

Ap = (Upeasured — Uo) - 43.73 - 100 (4.3)

The parameter Uy is referred to as the pressure difference when there is no pressure
corresponding to no flow in the tube. This value is normally around 1 V, but before
every new measurement, it had to be measured for variation inside the system. The
pressure transducers can measure a difference up to 5 V, which is 175 mbar or 17,5 KPa.
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The commercial software program LabView, is used to read and calculate the measured
value from the pressure transducers. During measurements of the flow rate, samples are
taken for 10 seconds with a sample rate of 100 s~! and 1000 s~! for a total of 1000 and
10000 voltage values. The measured values are averaged before Equation (4.3) is used
to calculate the difference in pressure, which in turn are used to calculate the flow rate.

CqAs 2(P — P)

2
1= (%) ’

- 3600 (4.4)

To calculate the flow rate into inlet velocity, v;,, the cross-sectional area of the inlet
must be known. The diameter of the pipe is 8,0 cm, and the diameter at the neck is
4,2 cm. The cross-sectional area give us A; = 5.02 - 107% m3 and Ay = 1.39 - 10~7
m? respectively. In order to find the inlet area, the axial position to measure it must be
defined. The vortex finder has a conical shape and the annular area of the inlet region
increases as it goes down from the swirl vanes down to the bottom of the vortex finder.
The area at the lower section is defined as the inlet area since we can assume the flow
to develop into the same flow pattern at the bottom as for a straight one. The outer
diameter of the vortex finder is found to be 5 ¢cm and the diameter of the swirl tube is

10 cm gives an inlet area of

Ai =~ (D* = De*) =5.9-10°m? (4.5)

=1

The inlet velocity at a given flow rate could be found from the Equation (4.6) below.

Q

o 16
Yin = A 3600 (4.6)

4.2.2 Observation of the Flow with Dust Injected

The easiest way of detecting the vortex inside the tube is by visualizing the flow. The
separator tube is made out of transparent plexiglass, so it is easy to observe the flow
inside. By watching the flow inside closely we can see the shape of the vortex, and how
it performs in the system. Any change in behaviour can be observed and is valuable
information for research.

Since we are dealing with pure air, the vortex can only be visible if dust or other sub-
stances are injected into the system. During the performance of the experiments, two
different ways of injecting the particles were used:

e A small amount of fine dust was inserted at the bottom of the tube. When the
vortex reached the bottom it became visibly apparent.
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e A large amount of fine dust was inserted at the gas inlet on the top. The vortex
became visible as it went downward and its length and shades could be detected.

The amount was kept as low as possible to avoid too much of an effect on the clean air,
since it is known that dust affects the vortex flow. Another important reason to keep the
amount of dust low, was to protect the pump since it did not have any filters or other
equipment to prevent any damage to it. On the few occasions where a large amount of
dust was injected into the system, the behaviour of the vortex, and how it differed from
the other experiments containing low concentrations of dust, was observed.

4.2.3 Measurement with Pressure Transducers

The pressure transducer was connected to the tappings at the separator body to measured
the frequency with which the vortex core rotates in the swirl tube. This method detect
the end of vortex and is performed to measure the exact position were the vortex bends
to the wall, and precesses around the wall which was observed. Figure 4.8 shows a
sketch of how the vortex core passes a measurement point and how the pressure tapping
is capturing the pressure drop.

The static pressure is reduced and the velocity at the end of the vortex is higher than in
the air outside. When the vortex core spins around the separator, continuous measure-
ments at points along the wall will detect a drop in pressure when the vortex flows very
close by.

l—
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Figure 4.8: From Gjerde [16]. A sketch of the vortex core passing the pressure tappings
while it is bending to the wall and precessing around it.
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4.3 Computational Setup

4.3.1 Software and Simulation Preference

The software used for simulation is the commercial CFD software STAR-CD, v4.08 from
CD-Adapco. The program was developed for the calculation of fluid flow, heat and
mass transfer and chemical reaction in industrial and environmental applications. It
also provides a large number of available options for the solving of the flow, like the
different solution algorithms, wall boundary treatments and turbulence models. The
model grid could also easily be built within the program [38]. The whole swirl tube was
taken into account. The model’s geometry and operational variables in simulations were
built to match the configuration on the experimental test rig. This included the shape of
the swirl vanes, the vortex finder and the baffles. The commercial program Star Design
was used to built the model. The meshing was performed using Star-CCM-+ to ensure
that the calculations was made accurate at the important areas such as the boundaries.
Figure 4.9 gives an overview of the model.

Figure 4.9: From Pisarev et al. [31]. An overview of the CFD model. The figure on
the left shows the complete geometry of the model on the inside, including the edges of
the swirl vanes, baffles and the inlet. The figure in the center shows the horizontal inlet
into the tube section. On the right side, the figure gives the entire upper section of the
model.

In present work, the numerical grids consist of about 172000 cells, and have a cell size
of 4 mm. The grids were built in a cylindrical coordinate system. The gravity force
was directed along the z-axis so it would coincide with the axis of the separator. Grid
refinements tests have been performed in order to make sure that the solution is not grid
dependent.
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The experiments were carried out at the following conditions. The working fluid was
pure air with constant density of 1.205 kg/m3, molecular viscosity 1.81-107° Pa and
molecular mass 28.96 kg/kmol. The temperature was set to be 293 K. The angle of the
incoming gas in the swirl tube was 45 in all cases.

The Reynolds Stress model was chosen because several bodies of research assert that this
model is suitable for these type of simulations [31], [35], [40]. The Gibson and Launder
model was used to compute particle motions.

For the inlet boundary conditions, the inlet velocity was varied between 20 m/s and
60 m/s and was placed at the gas inlet of the separator. Pressure boundary condition
was also set at the inlet and was set equal to atmospheric pressure. A negative inlet at
the outflow surface was prescribed and a no-slip boundary condition was used on the
solid wall boundaries. In order to change the roughness in the simulations, the ELOG
parameter at the wall was adjusted between 1,2 and 2. The simulations were carried out
on one cylindrical tube with length of 60 cm.

The SIMPLE algorithm was chosen for discretization. This is a solution that uses an
iteration strategy method. It works in a way that it first predict one value and then cor-
rect this value in the next iteration. The flow equations are temporarily decoupled from
each other and solved continuously. Following, this was used for the pressure-velocity
coupling in order to accelerate the convergence by combining of the continuity equation.
A transient run was performed, using the steady-state results for initial conditions with
five iterations for each time step. Time steps of 0.001 s and a total simulation time of
20 s were used.

A general problem using a detailed 3-D model in CFD is the huge amount of computa-
tional cells necessary to run the simulations. In this case, simulations of 1 s took about
7 hours.
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Chapter 5

Results and Discussion

This chapter is divided into three general topics:

e Comparison with earlier work on the project.
e Measurement with pressure transducers.

e Measurements on a swirl tube containing rough wall surface.

The results from each part is analyzed and discussed separately in every section.

5.1 Comparison With Earlier Work on the Project

The tests were performed using two different methods of dust injection. For the first
method, a small amount of dust was injected into the bottom of a clean tube, so it
would be possible to see the shape of the vortex through the tube. Since only a small
amount of dust was injected into the bottom, the vortex would not be affected on its
way down to the bottom, but it could only be located in the bottom of the tube once it
had centralized.

The other method was injecting a large amount of dust into the top of the tube. This
method made it possible to locate the vortex all the way down to the bottom of the
tube and it was possible to see the swirling motion, where it attached itself to the wall,
formed and centralized on the bottom. This method was only used for locating the
position of where the vortex attached itself to the wall, and not for determining the flow
rate at which the vortex centralized. This is done because it is stated in literature that
insertion of particles has been found to decrease the stability of the vortex as written in
chapter 2.5.1. The temperature in the room was the same for all experiments and was
around 293 K



48 Results and Discussion

Chapter 5.1 provide tables showing different values of flow rate needed for centralization
at variable lengths of separator bodies. Graphs comparing new results versus old ones
are shown for each length of tubes. A graph summarizing the values of centralization is
given in the end of this section. Tables containing all the experimental measurements are
given in Appendix B. Some of the present results will be compared with earlier results
obtained by Gjerde in swirl tubes that were constructed from segments joined by flanges
with rubber O-rings [16]. Even though the joints at that time were made to fit as well
as possible the concern in these early experiments remained that the disturbance due to
the joints influenced the behaviour of the vortex end. It had also been observed that the
vortex end seemed preferentially to precess at positions a few cm above these joints.

5.1.1 60 cm Swirl Tube

This was the shortest tube that was used for experimental tests. By injecting a huge
amount of particles into the top, one could observe that, upon formation, the vortex core
bent and attached itself to the wall, around 39 c¢m below the swirl vanes. When a small
amount of dust was added to the bottom of the tube, the vortex was, as mentioned only
visible when it reached the bottom and centralized. Table 5.1 shows the results. For the
lowest flow rate below 39 m3/h the tests were run for about 2 minutes, but the vortex
did not centralize. For a flow rate over 39 m?3/h the vortex core first attached itself to
the wall, but after a while moved down to the bottom and centralized. For the highest
flow rate, 66.2 m? /h, it appeared that the vortex centralized immediately.

Before every single test, the zero-flow rate was measured, since it has a tendency to
vary a bit during the day. The electronic readout from the flowmeter varied for the
zero-flow between 1.0351 and 1.0422, which gives a small difference for the lower flow
rates. Between every measurement, the centrifugal pump was shut down for at least 15
minutes before the next run. This was done to be sure that there was no residual flow
left in the tube, so that the next test would not be affected.

The measured values from the 60 cm separator tube are compared to earlier tests by
Gjerde on the same experimental rig. His testing is from a configuration of two tubes
with different lengths connected together, a 35420 cm. Those results showed that the
vortex core centralized for a flow rate around 52.5 m? /h.

The results from Figure 5.1 show that the flow rate from the tube configuration of 60
cm centralizes for lower values than it did for the 35420 c¢cm (55 c¢cm) configuration.
The difference can of course be the 5 cm difference in tubes, but, as mentioned, visual
observation in connection with earlier measurements have given rise to the belief that it
is because of the joints between the two tubes.
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Configuration [cm| Flow rate [m?/h] Comments

60 394 NC
39.7 C in 35 seconds
39.8 C in 23 seconds
40.2 C in 20 seconds
40.9 C in 20 seconds
41.5 C in 19 seconds
66.2 C in 1.5 seconds

Table 5.1: Measurement of the flow rate in a 60 cm tube with smooth walls. NC means
not centralized, and C stands for centralized.

Behaviour of the flow rate in 35+20 cm and 60 cm tubes

Centralized 1 e o
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Figure 5.1: A plot giving a comparison of the results from an 35+20 and 60 cm separator
tube. The plot shows for which flow rate the vortex bends off to the wall and does not
centralize and the lowest value were it is centralized.

5.1.2 80 cm Swirl Tube

For this length of tube the vortex core attached itself to the wall at about 65 cm below
the swirl vanes, when a large amount of particles were injected into the top of the tube.
Judging by visual observation at the bottom with only a small amount of dust injected,
the vortex did not centralize for values lower than 56 m3/h. For the flow rates over 56
m? /h, the vortex core bent to the wall initially, upon formation, before it went down
and centralized at the bottom. The results are listed in Table 5.2.
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The results from the 80 cm swirl tube are comparable to two earlier results from tubes
with configuration of 35+40 cm and 35+50 cm.

Configuration [cm| Flow rate [m?/h] Comments

80 50.3 NC
56.6 C after 51.6 seconds
67.3 C after 15.5 seconds
78.0 C immediately

Table 5.2: Measurement of the flow rate in a 80 cm tube with smooth walls.

The new measurements show that the flow rates centralize for lower values than it did
for the earlier measurements. There is still a 5 cm difference in tube lengths for the new
tube compared to the old tubes with connections. This can lead to a bad picture of the
results. The new tests give a centralized flow with a flow rate around 56 m?3/h. The old
tests from a 35+40 (75 cm) configuration give a centralized flow around 56 m?/h, and
the tests from the 35+50 (85 cm) configuration give a centralized flow at 70 m?/h.

Behaviour of the flow rate ina 35+40 cm, 80 cm and 35+50 cm tubes
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Figure 5.2: A plot giving a comparison of the results from an 35+40 cm, 80 cm and
35450 cm tube. The plot shows whether the vortex bends off to the wall or if it is
centralized.

The results given in the plot in Figure 5.2 give a good picture of which flow rate is
needed to achieve a centralized vortex in these tubes. A strange result from the earlier
measurements is the centralized flow rate value of 70.5 m?/h in the 85 cm tube. The first
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thoughts on those results are that something is incorrect with the measurements since
the flow rates of 72.4 m3/h and 72.6 m3/h which are higher than the first centralized
flow rate of 70.5 m?/h do not centralize but bend off to the wall instead. The vortex
does not centralize again until it reaches the flow rate 79.3 m?/h.

5.1.3 100 cm Swirl Tube

This was the longest tube used for the experimental test. For this length of tube the
vortex core attached itself to the wall at about 82 cm below the swirl vanes, when a
large amount of particles were injected into the top of the tube. As can be seen from
the values in Table 5.3, the vortex core did not centralize for values of flow rates lower
than 90 m?/h. For these values it only bends to the wall. For values of flow rate higher
than 90 m3/h, the vortex core bends at first to the wall and forms before it goes down
to the bottom and becomes centralized.

The measured values from the 100 cm swirl tube given in Table 5.3 are compared to
earlier tests with a configuration of three tubes with different lengths connected together,
a 35440420 cm (95) tube configuration.

Configuration [cm| Flow rate [m?/h] Comments
100 85.2 NC
90.2 C in 45 seconds
111.5 C in 12 seconds

Table 5.3: Measurement of the flow rate in a 100 cm tube with smooth walls.

These results show that in a 100 cm tube the vortex centralizes for flow rates of around
90 m?/h in the new measurements. For the 35+40-+20 cm tube from the old experiments,
the vortex core centralized at around 116 m?/h. These values tells that the results from
the new measurements deviate from the old measurements in the same way as they did
for the 60 and 80 cm tubes. The deviation of 5 cm in tube lengths is still present for
these measurements as well as it were for the previous measurements for the 60 and 80
tubes.

The plot in Figure 5.3 gives a good picture of which values of flow rate the vortices are
centralizing at. It can easily be seen that the vortex in the 100 cm tube is centralizing
for much lower values of flow rate than it does for the configuration of the 35+40-20
(95) cm tube.

Figure 5.4 gives a graph showing where the different lengths of tubes have their cen-
tralizing flow rates. Two lines represents the curves where the blue line with three
measurements points shows the new experiments on the new tubes. The red line with
four points represents the old experiments on the old tubes with two or three segments.

The results done on the new swirl tubes compared to the old results, give a clear picture
that the new configuration with only one tube as a whole, centralizes the vortex for lower
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Behaviour of the flow rate in 35+40+20 cm and 100 cm tubes
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Figure 5.3: A plot showing the comparison of the results from an 35+40+20 cm and 100
cm tube. The plot shows whether the vortex bends off to the wall or if it is centralized.

values than was the case for tubes with more than one configuration. A conclusion to be
taken from these results is that the joints between the configurations on the tube affects
the vortex, and needs a higher flow rate to centralize at the bottom of the tube. The
values of the flow rates and the different lengths of the tubes are both important factors.
The results show that longer tubes need higher flow rate before centralization.

A small problem which may occur by injecting too many particles into the tube is that
the wall roughness can be changed. This might result in the vortex core taking a different
path on its way down the tube, and give bad results for the next measurement. The
effect of wall roughness was not wanted in these results, so the tube was occasionally
cleaned between the measurements.

During the experiments, the centrifugal pump had to be shut down for at least 15 minutes
between every measurement to give accurate values. If the pump was started too early,
an residual flow would still be left inside the tube and affect the results by centralizing
the flow at low values of flow rate that should theoretically be impossible. The flow rate
at these values was checked several times when the pump had been off long enough and
the results showed that it would never centralize at those low flow rates.
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Figure 5.4: A graph showing the values of centralization from the different tubes com-

pared to the old experiments.

5.1.4 Standard Deviation of the Flow Rate from the Centrifugal Pump

To be able to figure out the standard deviation of the pump, several measurements were
carried out on the experimental test rig without changing the flow rate at the valves. A

table containing all measurements is given in Appendix C.

The variance from the measurements gave:

n —\2
o2 = 2= T 488 w3k

n—1

and the standard deviation became:

s = /== @D 99113 )

n—1

The standard deviation is a quite large.

The uncertainty of the standard deviation can be found from:

_ s _
55 = == 078

Because of the high standard deviation, the zero flow rate was accurately determined
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before starting the centrifugal pump. This was performed for every new running exper-
iment to be sure that this uncertainty did not have to be taken into account.
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5.2 Measurement with Pressure Transducers

On the separator body, pressure tappings were connected to pressure transducers over
the length of the separator body in axial direction. They were connected to measure
the frequency with which the vortex core rotates, inside the body of the swirl tube.
This measurements was performed for each length of separator tube at different flow
rates. This method detect the end of vortex and is performed to measure the exact
position were the vortex bends to the wall and precesses around it. The reason for
performing these measurements was to find out if it would bend to the wall at the same
place independently of the flow rate which have been a crucial assumption in the models
predicting the position of the vortex end used throughout research and industry. The
pressure transducers were used to measure the pressure at different positions on the wall
at the same flow rate during start up. The pressure plugs on the tube were placed at a
distance 3 cm apart. The time period measured was 10 seconds including 1 to 3 seconds
before start up of the centrifugal pump.

Results and pictures from each measurement for tubes of 80 and 100 cm can be found
in Appendix D.

The figures from LabView gives two different pressure curves. The white curve is pressure
measured with a high resolution pressure transducer on different places on the tube.
The red curve is pressure measured on the inlet flow and is not important in these
measurements. The pressure curves in the figures from LabView are traced upside-down
so it looks like the wall pressure is higher after the vortex hit the wall, but it is actually
lower.
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Figure 5.5: The pressure profile of the end of the vortex in a swirl tube, measured with
pressure transducers.
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The print screen picture in Figure 5.5 gives a pressure profile inside the swirl tube on the
downward moving vortex end. The picture is divided into section from a) to d). Section
a) represents the pressure at a given time in the tube before start-up of the centrifugal
pump. The area in b) shows the profile of the pressure before the EoV passes the tapping.
In section c¢), the vortex end is passing the tapping, and the figure gives a characteristic
drop or trough in the wall pressure. Section d) shows the pressure profile after the vortex
end has passed the tapping and moves down to the bottom before centralization. The
jumps in the figure has to do with the limited resolution of the pressure transducers.

60 cm Swirl Tube

The 60 cm swirl tube was measured at three different flow rates to see if the vortex would
bend and form at the same place independently from the flow rates during the start up
of the centrifugal pump. It has been stated in literature that an increase in gas velocity
will give an increase in pressure drop in a cyclone as written in chapter 2.5.1.

Flow rate of 173 m?/h
Table 5.4 gives en overview over the occurrences if the sudden drops in wall pressure in

the tube. It shows the location were the EoV bends to the wall before it moves down
and centralizes for flow rates of 173 m3/h in a 60 cm tube.

Distance from swirl vanes [cm] Comments

56 Pressure trough after 2.5 seconds
44 Pressure trough after 2.5 seconds
35 Pressure trough after 2.5 seconds
32 Pressure trough after 2.5 seconds
29 No pressure fall

Table 5.4: Measurement of the pressure trough in the swirl tube immediately after start
up in a 60 cm tube with pressure transducers. Q = 173 m?/h.

Immediately after start-up of the pump, at a flow rate of 173 m3/h, there is no difference
in pressure, and the vortex end has not yet attached to the wall, as the flow is passing
the tap. This is shown in Figure 5.6. Figure 5.7 shows a jump in the pressure after
about 3.6 seconds which means a pressure drop has occurred. It is at this point the EoV
is passing the pressure tap, and the pressure profile shows that the pressure are lower
after the vortex end has passed by. It can be seen that the position where the vortex
attaches itself to the wall and precess around it, the wall pressure will undergo a sudden
and significant decrease. From these results, it can be seen that the flow bends to the
wall somewhere between 29 cm and 32 c¢cm from the swirl vanes.

The flow rate at 102 m?/h
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Figure 5.6: Output from LabView. Q = 173 m3/h. Pressure measured at a point 29 cm
from the swirl vanes in a 60 cm tube.
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Figure 5.7: Output from LabView. Q = 173 m?®/h. Pressure measured at a point 32 cm
from the swirl vanes in a 60 cm tube.
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Table 5.5 gives en overview over the pressure trough in the tube. It shows the location
were the EoV bends to the wall before it moves down and centralizes for flow rates of
102 m3/h in a 60 cm tube.

Distance from swirl vanes [cm] Comments

44 Pressure trough after 2 seconds
41 Pressure trough after 2 seconds
35 Pressure trough after 2 seconds
32 Pressure trough after 1.5 seconds
29 No pressure fall

Table 5.5: Measurement of the pressure trough in the swirl tube immediately after start
up in a 60 cm tube with pressure transducers. Q = 102 m?/h.
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Figure 5.8: Output from LabView. Q = 102 m?®/h. Pressure measured at a point 29 cm
from the swirl vanes in a 60 cm tube.

From Figure 5.8 and 5.9 it can be seen that the position of the core is still in between
29 cm and 32 cm from the swirl vanes. Since Figure 5.8 shows little difference on the
pressure curve over time, and Figure 5.9 gives a picture of a jump in the pressure curve
about 1 seconds after start up.

Flow rate of 72.8 m3/h
Table 5.6 gives an overview over the pressure trough in the tube. It shows the location
where the EoV first occurs on the wall before the vortex core moves down and centralizes

for flow rates of 72.8 m®/h in a 60 cm tube.

With the flow rate at 72.8 m3/h in Figure 5.10 and 5.11 it can still be seen that there
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Figure 5.9: Output from LabView. Q = 102 m3/h. Pressure measured at a point 32 cm
from the swirl vanes in a 60 cm tube.

Distance from swirl vanes [cm] Comments

41 Pressure trough 2.5 seconds

35 Pressure trough after 3 seconds
32 Pressure trough after 3 seconds
29 No pressure fall

Table 5.6: Measurement of the pressure trough in the swirl tube immediately after start
up in a 60 cm tube with pressure transducers. Q = 72.8 m?3/h.
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Figure 5.10: Output from LabView. Q = 72.8 m3/h. Pressure measured at a point 29
cm from the swirl vanes in a 60 cm tube.
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Figure 5.11: Output from LabView. Q = 72.8 m?/h. Pressure measured at a point 32

cm from the swirl vanes in a 60 cm tube.
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is a pressure jump 32 cm from the swirl vanes, but no one in the figure 29 cm from the
swirl vanes.

These results can indicate that for a 60 cm swirl tube the vortex bends to the wall
independently of the value of the flow rate during start up.

80 cm Swirl Tube

The flow rate at 67 m?3/h

The time before the vortex became centralized was about 17 seconds. Table 5.7 shows
the location where the vortex core bends to the wall by the use of pressure transducers
for flow rates of 67 m3/h in a 80 cm tube.

Distance from swirl vanes [cm] Comments
34 Pressure trough after 4 seconds
28 No pressure fall

Table 5.7: Measurement of the pressure trough in the swirl tube immediately after start
up in a 80 cm tube with pressure transducers. Q = 67 m?/h.

The flow rate at 156.6 m?®/h

The time before the vortex centralized was about 3 seconds. Table 5.8 shows the location
were the EoV bends off to the wall by the use of pressure transducers for flow rates of
156.6 m3 /h in a 80 cm tube.

Distance from swirl vanes [cm] Comments
34 Pressure trough after 4 seconds
28 No pressure fall

Table 5.8: Measurement of the pressure trough in the swirl tube immediately after start
up in a 80 ¢cm tube with pressure transducers. Q = 156.6 m?/h.

For these lengths, the pressure tapping located 31 cm below the swirl vanes was sadly
broken. Therefore measurements had to be performed on the next one available, which
where located 34 cm below the swirl vanes.

The results from this length of tube indicated the same as for the 60 cm tube. The
vortex bended off somewhere in between the area of 28 ¢m to 34 ¢cm below the swirl
vanes.
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100 cm Swirl Tube

The flow rate at 111.5 m3/h

The time before the vortex centralized was about 12 seconds. Table 5.9 shows the
location were the EoV bends off to the wall by the use of pressure transducers for flow
rates of 111.5 m3/h in a 100 cm tube.

Distance from swirl vanes [cm] Comments
31 Pressure trough after 2 seconds
28 No pressure fall

Table 5.9: Measurement of the pressure trough in the swirl tube immediately after start
up in a 100 cm tube with pressure transducers. Q = 111.5 m?/h.

The results shows the same phenomenon for all the cases independently of the difference
in length and flow rate. From these present results it can be thought that the bending
of the vortex can be a start up phenomenon.

The results shows that the bending of the vortex happens some place in between 29 to
31 cm below the swirl vanes. This is the case for all lengths independently of each others
flow rate.

Earlier research by Peng et al. [30] have proven that when the vortex core moves around
inside the tube, the flowmeter detects a small peak for every 5 measurement points. In
Pisarev et al. [31] a similar study showed a small peak for every 22 measurements points.
The reason these peaks exist is due to the low pressure in the vortex, and is detected
every time the vortex is passing the flowmeter. It has also proven to be regular in time,
but not in depth. The same results appeared in these present measurements where the
peaks from the output pictures are irregular in depth.

From the same study by Peng et al, a popping noise was identified every time the low
pressure in the core passed the pressure tapping. In the present study, the same noise
was identified during the performance of the experimental measurements.
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5.3 Measurements on a Swirl Tube with Varying Wall Roughness

Experiments on the inner surface roughness were performed on two sizes of separator
tubes, 60 and 80 cm. The tubes were the exact same tubes used in earlier experiments
with smooth surface. These lengths were chosen because earlier investigations from Pis-
arev et al. [31] have shown that these lengths are suitable for these type of measurements.
The 80 cm separator tube was treated by two different ways to achieve the roughness in-
side that was wanted to get sufficient measurement results. The first was roughening the
walls by the use of sandpaper, and the second was coating the walls with metal particles
of known size.

This section provides tables containing flow rates at which the vortex centralizes at, and
graphs showing the values of flow rate where it centralizes at.

The last part shows pictures from numerical simulations of the pressure profiles from the
vortex flow.

5.3.1 Walls Treated with Sandpaper.

The walls on the separator tubes were roughened up with a sandpaper with particles
of 0.8 mm in diameter. The final height of the roughness on the wall was estimated
to be approximately 0.1 - 0.2 mm, and was found by collecting the wall dust which
appeared when the sandpaper roughening of the separator tube found place. The dust
was observed in a microscope and the size was estimated. The estimating part was
performed by PhD candidate G. Pisarev.

The experimental procedure was the same as for the cyclone with smooth walls.

The results from these measurements showed a slight difference in the time at which the
various events took place, but not so much in the flow rate. The flow rate needed for
centralization for the cases where the separator body was 60 cm were approximately 39.7
m?3 /h. For the ones with 80 cm separator body, the flow rate required for centralization
were 58 + 2 m?/h for both cases.

The values given in Table 5.10 are measurements performed on swirl tubes of 60 and
80 cm. Experiments were first run on the tubes while their surface were still smooth.
Afterwards, the tubes were roughened up with sandpaper so the inner walls contained a
rough surface.

Results from these tubes did not differ too much compared to results from the smooth
tube. It was predicted that the vortex core would bend off to the wall further up in the
tube, and that it would need a larger flow rate before centralizing. This is not what
happened. The results obtained had only an increase in time before centralization.
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For the 60 cm tube, the measurements showed that the tube whit smooth surface central-
izes almost immediately, but the tube containing rough surface needed 6 seconds before
centralization. The vortex core in the 80 cm tube used 25 seconds before centralization
with smooth walls, but the one roughened by sandpaper needed 50 seconds.

The interesting part here is that the flow rate needed for centralization are more or less
the same for both cases of smooth and rough wall surface. This can indicate that the
direct roughening of the walls was not to good and the roughness was too small to affect
the EoV.

Configuration [cm| Flow rate [m3/h] Surface Centralization time [s]

60 65 smooth 1
65 rough 6

80 60 smooth 25
60 rough 50

Table 5.10: The difference in wall roughness versus time, from measurement of 60 cm
and 80 cm separator tube treated with sandpaper.

5.3.2 Walls Coated with Metal Particles.

For this reason, the walls were coated with metal particles with a mean roughness height
of 0.18 - 0.2 mm. The experiments were performed in the same way as the previous
ones. Some disadvantage by the use of coating was that the metal powder clogged the
pressure tappings along the tube and it was not possible to get pressure measurements
from the flowmeter.

Configuration [cm] Flow rate [m*/h] Comments

60 20 NC
126 NC
160 NC
195.4 NC
229.8 NC
277.1 C
341.8 C

Table 5.11: Measurement of the flow rate in a 60 cm tube coated with metal particles.

From the measurements in Table 5.11, the results shows that the vortex core centralizes
for a value in the range between 230 m?3/h and 277 m3/h. For the lower values, it
remained attached to the wall.

Another problem with coating of particles was for high flow rates, the precessing vortex
core torn the metal particles from the wall, and went along with the clean airstream
from the feed. It is possible that the vortex could become affected by it.
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Comparisons of the point where the vortex bends off to the wall and where it centralizes
are given in a plot in Figure 5.12. These measurements indicates that the roughness
surface of 0.1 mm when it is treated with sandpaper has very little influence of the EoV.
Measurements with wall roughness of 0.2 mm containing metal particles showed a huge
difference in flow rate required for centralization.

Behaviour of EoV in 60 cm tubes containing different wall roughness
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M Rough surface of 0.1 mm
treated with sandpaper
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Figure 5.12: A presentation of the EoV where the vortex centralizes in 3 tubes of 60 cm,
containing different inner wall roughness.

Measurements of the 80 cm separator body, centralization did not take place at any
tested flow rates up to 500 m3/h. Each experiments were individually run for more than
4 minutes.

The plot in Figure 5.13 shows an overview over the results from the measurements on the
80 cm separator tube. The flow rate is plotted versus centralization. Results from these
measurements have the same indications as for the tubes of 60 cm which are treated with
sandpaper. The wall surface of 0.2 mm treated with metal particles on the other hand
influences the EoV dramatically since the vortex never got centralized for any tested flow
rates.

5.3.3 Computational Results

Numerical simulation of the vortex flow in swirl tube containing swirl vanes is carried
out to investigate the effect of surface roughness. The results are compared to the effect
of smooth surface on the flow field.



66 Results and Discussion
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Figure 5.13: A presentation of the EoV where the vortex centralizes in 3 tubes of 80 cm,
containing different inner wall roughness.

CFD simulations were performed in three series containing different surface roughness.
One containing smooth surface, and two series which had different size of roughness
height. The friction factor f was varied. In the program, this was done by changing the
parameter E, which is the wall function coefficient. For smooth walls, the parameter was
9 which is standard for the "universal velocity profile" as mentioned in chapter 2.7.3.
The values of 2 and 1.2 were used for the two cases involving rough surface. Their
roughness height is around 0.1 mm when the parameter E=2, and around 0.2 mm when
E=1.2. The accurate values had to be calculated for each running experiments since the
roughness depends on the inlet velocity and the shear stress. The inlet velocity were
varied between 20 m/s and 60 m/s, which corresponds to 100 m?/h and 300 m3/h. The
computational results is given in Table 5.12.

Figure 5.14 gives a picture off how the vortex looks in simulations for a centralized case,
and in the case where the vortex is attaching itself to the wall and precess around at the
same place.

Figure 5.15 shows a series of pictures from a simulation with flow rate of 200 m?/h.
The figure shows how the pressure profiles change when the vortex moves downward and
reaches the bottom of the separator tube. The pressure is at its highest at the position
before the swirl vanes. As the vortex moves down, the pressure reduces slightly, and it
is at its lowest after it has reversed itself, right before it reaches the vortex finder on its
way up and out.
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Figure 5.14: CFD simulation with flow rate of 200 m?/h. Left side shows a centralized
vortex. The right side gives a picture of how a precessing vortex looks.

Figure 5.15: CFD simulation with flow rate of 200 m3/h.
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The vortex bended off to the wall before it moved down and centralized for all running
measurements in CFD.

E 9 2 1.2
Flow rate [m?/h]

100 NC NC NC
150 NC NC NC
175 C NC NC
200 C NC NC
225 C C NC
250 C C C

Table 5.12: CFD results for the 60 cm swirl tube.

Pisarev et al. [33], which is in written moment in print, have performed CFD simulations
of an 80 cm separator tube which matches the one in this thesis. The trend in his results
were the same as in this thesis. The tube with smooth surface, E=9, centralized for
lower value of flow rates, than the ones containing rough surfaces of E=2 and E=1.2.
His results showed that the length of separator tube was an important factor for the
centralization of the vortex. The 80 cm tube compared to the tube of 60 cm needed
higher flow rates before centralization independently of the wall surfaces. This was also
detected in chapter 5.1 in this thesis as well.

5.3.4 Comparison of Experimental and Numerical Results

Based on the results from CFD simulations for the EoV in swirl tubes, different values of
the flow rate needed for centralization with different wall roughness are presented. The
trends in CFD simulations are comparable with experimental data, but not the exact
flow rates.

In CFD, the flow rate needed for centralization is 175 m?3/h for a 60 cm separator
tube containing smooth wall surface. In experiments for a 60 cm tube with smooth
wall surface, the flow rate centralized when it reached 40 m®/h. This is a pretty huge
difference in values of flow rates. The choice of using RSM as the turbulence model
rather than LES can be the reason of the qualitative difference in centralization time.

As can be seen from both the numerical and experimental results, the roughness factor
had a great impact on the flow rate needed to have the vortex centralized. In experiments,
when the roughness height was around 0.2 mm, the vortex became centralized for a flow
rate around 250 m?/h. In numerical results, the exact same flow rate was needed before
centralization for the same roughness height as well. These are great results, since they
matches each other.

For a roughness height of 0.1 mm, the experimental results showed that the only differ-
ence on the tubes were the difference of time before centralization. The flow rate needed
for centralization was the same for both.
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The numerical simulations could maybe be more accurate comparing to the experimental
if the cell size had been smaller. In present simulations, the number of cells were 172
000. Each experiments where run for 20 seconds of real time, and it took about 6 days of
simulations. If the number of cells had been increased, the simulation time would have
been too long, which again would not be possible to complete.

5.4 Sources of Error

In the present work, several sources of error could have occurred during the experiments.
For the experimental measurements on the test rig, the main source of error could be
the waiting time between each running measurement. If the centrifugal pump was shut
down for too short period of time, some residual flow would still be left in the tube. The
new measurement could be affected by that in a way that it centralizes for lower values
of flow rate than it would normally do.

Another problem could also be the small amount of dust inserted at the bottom of the
tube to make the vortex visible at the bottom. Even though the amount was very small,
it could still affect the vortex core at the bottom of the tube before the vortex reversed
itself and went out through the vortex finder.

The huge amount of dust inserted from the top of the separator to make the vortex
visible through the separator body affects the vortex core, and it needs higher values of
flow rate before centralization. This has to do with the density of the gas which changes
when another substance influences it. These results are used to visualize the vortex and
not used to conclude anything.

By the use of pressure measurements, the pressure tappings should have been closer to
each other to be able to achieve a more accurate position of were the vortex bends off to
the wall.

The main problem from the measurements containing rough wall surface were, as men-
tioned in chapter 5.3.2, the way the tubes containing metal particles were treated. When
the measurement had been ongoing for a while, the particles were torn up by the down-
ward directed vortex core and a large amount of particles gathered on the bottom of the
separator tube. This could maybe affect the behaviour of the vortex.
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Chapter 6

Conclusions

The end of the vortex has been observed by using two different experimental methods
and by numerical simulations. The first method was visualizing the end of the vortex
with a huge amount of dust inserted at the top of the swirl tube. The other experimental
method was by use of high resolution pressure transducers. For numerical methods, CFD
simulations was performed.

By the use of too much dust, the axial position of the vortex changed. An increase of
dust into the cyclone destabilized the vortex in a way that its position moved upwards.
If the incoming gas flow was increased, the vortex core would cause the end to move
down, and the vortex core would be stabilized.

The results from the new swirl tube with no connections on the separator body showed
that the new configuration centralizes the vortex for lower values than it did for tubes
with more than one connections. The extensions between the connections on the tube
affects the vortex in a way that it needs a higher flow rate to centralize at the bottom
of the tube.

The position of EoV at the wall at several flow rates was measured with high resolution
pressure transducers. Immediately after start up, the pressure transducers located a drop
in pressure when the vortex end attached itself to the wall. The position of attachment
was somewhere between 29 cm and 31 cm below the swirl vanes. This was the case for
all the experiments.

Experimental and numerical results gave a qualitative agreement. The difference between
the two set of results can be due to the RSM turbulence model used in CFD simulation.

A relationship between the experimental and numerical investigation was obtained when
it came to the effect of wall roughness on EoV. The influence on EoV increased with an
increase in wall roughness. The flow rate needed higher values before centralization for
both the experimental measurements and the numerical simulations.



72

Conclusions




Chapter 7

Further Research

The next step of this project could be to investigate how the EoV would behave with
another shape of geometry. There are many opportunities to change the geometry in
swirl tubes, for instance the different size and shape of the vortex finder could be looked
at.

An interesting thing could be to insert a coloured gas, with approximately same density
as air, instead of particles to trace the vortex as it moves inside the separator tube. It
could be easier to visualize the vortex this way.

It would also be interesting to see the behaviour of the EoV by using a dust hopper to
collect the captured particles in the swirl tube. One could observe if an underflow would
appear from the hopper section, and see how that would affect the vortex.

More experiments on the wall roughness should be performed. For these experiments,
tubes containing various lengths and other wall roughnesses should be used.

One could try to come up with a new model for the natural vortex length using CFD
simulations. Different models containing different geometry parameters, shapes and sizes
could be built inside the program. One could see if there are a significant differences for
the cylinder-on-cone shaped cyclone and cyclones shaped like swirl tubes with cylindrical
shapes.
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Appendix A

Venturi Flowmeter

If nothing else is listed, Bentley [5] is used as reference for this chapter.

A venturi flowmeter is one type of differential pressure flowmeters, which are the most
common type of industrial lowmeters for clean liquids and gases. The principle with
this type of flowmeter is that it has a constriction placed in the pipe and the differen-
tial pressure developed across the constriction is measured. The constriction causes a
reduction in the cross-sectional area of the fluid. An illustration of a venturi flowmeter
is shown in Figure A.1.

R .
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SRR SRR
N 2

Pressure tappings

Figure A.1: An illustration of a venturi flowmeter. The figure shows that the velocity is
faster in the neck section, which in turn gives a lower pressure.

To be able to come up with a theoretical calculation for the flow rate, some assumptions
had to be made to calculate the pressure difference. Since the difference in density for air
is so small over the cross sectional area, it can be assumed to be incompressible. We as-
sume that we have a frictionless flow, which means we have no energy loss due to friction
and that there are no change in temperature between the fluids and its surroundings.
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From chapter 2.3, we recall the Equation (2.4) difference from static and dynamic pres-
sure in Bernoulli’s trinomial equation. We assume that we have conservation of total
energy.

P 1 Py 1
E1:?+§’U%+g2’1:E1:7+§U%+921 (Al)

Where F is the conservation of total energy and includes pressure energy, kinetic energy
and the potential energy.

We have a horizontal pipe which gives z; = zo. The Equation (A.1) reduces to:

'U%—'U%:Pl—PQ (AQ)
2 P

Since the flow rate needs to remain constant the whole time even though the cross
sectional area, A, decreases we need conservation of volume flow rate:

Q1 =0Q2=0C (A.3)

where

Q = Al’Ul = AQ’UQ (A4)

Equation (2.4) and (A.4) combind gives the equation:

Az 2= P) a0 (A.5)

This is the theoretical equation for incompressible flow through a differential pressure
flowmeter, and the flow rate is given in m?/h. This equation is not suitable to use for
flowmeters because the flow rate will be smaller, and the geometrical conditions are the
one causing it. Because of this, the theoretical equation is being modified by introducing
a correction factor termed the coefficient of discharge Cj:

CdA2 2 (Pl — P2)

©v- Az 2 p
1= (%)

- 3600 (A.6)
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where

The venturi flowmeter used in the experiments had a reported value C,; of 0,9.



78

Venturi Flowmeter




Appendix B

Tables

In this Appendix, tables containing all measurements performed on the experimental
test rig at different lengths of separator tubes are given. The flow rate was investigated
to figure out for which value it centralized or bended of to the wall.

Configuration [cm| Flow rate [m?/h] Comments
60 9.2 NC
11.5 NC
39.4 NC
41.5 C in 30 seconds
44.3 C
72.1 C

Table B.1: Measurement of the flow rate in a 60 cm tube with smooth walls. NC means
not centralized, and C stands for centralized.



80

Tables

Configuration [cm| Flow rate [m?/h] Comments

60 22.4 NC
24 NC
26.5 NC
28.5 NC
29.9 NC
30 NC
32 NC
34.1 NC
37.2 C in 3 seconds. Too short waiting

time before restarting the pump.

37.5 NC
37.9 NC
38.3 NC
38.5 NC
39.2 NC
39.4 NC
39.7 C in 35 seconds
39.8 C in 23 seconds
40.2 C in 20 seconds
40.9 C in 20 seconds
41.5 C in 19 seconds
66.2 C in 1.5 seconds

Table B.2: Measurement of the flow rate in a 60 cm tube with smooth walls.

Configuration [cm| Flow rate [m?/h] Comments

80 58.2 NC
67 C in 17 seconds
78 C
156.6 C in 3 seconds

Table B.3: Measurement of the flow rate in a 80 cm tube with smooth walls.

Configuration [cm| Flow rate [m?/h] Comments

80 30.0 NC
41.3 NC
50.3 NC
56.6 C in 51.6 seconds
67.3 C in 15.5 seconds
78.0 C immediately

Table B.4: Measurement of the flow rate in a 80 cm tube with smooth walls.
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Configuration [cm| Flow rate [m?/h] Comments
100 57.9 NC
70.5 NC
85.2 NC
90.2 C in 45 seconds
111.5 C in 12 seconds

Table B.5: Measurement of the flow rate in a 100 cm tube with smooth walls.
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Appendix C

Standard Deviation of the Pump

Configuration [cm] Flow rate [m’/h]
60 26.5

25.2

26.4

224

28.4

Table C.1: Measurement of the flow rate in a 60 cm tube at low flow rates.

The equation for the variance is:

2 = —T (C.1)

and the standard deviation:

n—1

n —\2
s = \/ 2z (12 7) (C.2)

The uncertainty of the standard deviation has to be calculated to find out how reliable
it is.

Sg = —— (C.3)
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Appendix D
Measurements with Pressure Transducers

D.1 80 cm swirl tube

For the 80 em swirl tube the flow rate was measured at two different values of flow rate
and compared the same way as in chapter 5.2

D.1.1 The flow rate at 67 m3/h
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Figure D.1: Output from LabView. Q = 67 m?3/h. Pressure measured at a point 28 cm
from the swirl vanes in a 80 cm tube.
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Figure D.2: Output from LabView. Q = 67 m?®/h. Pressure measured at a point 34 cm
from the swirl vanes in a 80 cm tube.

In Figure D.1 and D.2, the pressure transducers measured the pressure at a point 28
cm and 34 cm from the swirl vanes. At the point 28 cm from the swirl vanes the picture
shows no difference in pressure, but in the figure measured 34 cm from the swirl vanes
it gives a trough is present 3 seconds after start up of the pump.

D.1.2 The flow rate at 156.6 m3/h

From Figures D.3 and D.4 it can be seen that the bending of the vortex is between 28
cm and 34 cm down from the vortex. In Figure D.3 there are no significant difference in
pressure after start up, but in Figure D.4 a trough is present 2,2 seconds after start up
of the pump.
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Figure D.3: Output from LabView. Q = 156.6 m?/h. Pressure measured at a point 28
cm from the swirl vanes in a 80 cm tube.
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Figure D.4: Output from LabView. Q = 156.6 m?/h. Pressure measured at a point 34
cm from the swirl vanes in a 80 cm tube.
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D.2 100 cm swirl tube

For a 100 cm swirl tube, the flow rate was only measured for one value.

D.2.1 The flow rate at 111.1 m3/h

Figure D.5: Output from LabView. Q = 111.1 m3/h. Pressure measured at a point 28
cm from the swirl vanes in a 100 cm tube.

As can be seen from Figure D.5 and D.6 the vortex bends off to the wall somewhere
between 28 cm and 31 cm down from the swirl vanes.
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Figure D.6: Output from LabView. @ = 111.1 m?/h. Pressure measured at a point 31
cm from the swirl vanes in a 100 cm tube.
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