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Abstract

At Elkem Thamshavn, filter south, the gas/particle separation goes through
two separation stages. The first one is called a radiclone. This consists of a
cyclone and a pre-separator, which object is to pass good quality microsilica
to the next separation stage. To create microsilica with 971 quality, the
product specification states that <0.5 % of the particles is required to have
a diameter of 45 µm. The object for this report was to create a model to cal-
culate performance of the radiclone and verify the model with experimental
results. This has been used to investigate the amount of fine particles lost in
the radiclone, and the amount of coarse particles sent to the next separation
stage.

A theoretical study of cyclone efficiency models has been performed. Based
on this, an analytical model has been developed to calculate radiclone effi-
ciency by using static particle theory and timed flight theory. Complicated
calculations have been avoided by creating an equivalent cylindrical cyclone
volume. The developed model assumes a uniform particle concentration in
radial direction which eliminates all turbulent features.

Gathered dust samples have been analyzed to obtain the particle size dis-
tribution at the radiclone inlet and radiclone dust outlet. This was used
to document the current separation efficiency. The developed model was
compared to the experimental values for verification. Based on this, further
model development has been suggested.

Flow in the radiclone is influenced by adjusting two dampers. One for con-
trolling flow into the cyclone and one for controlling flow from the cyclone
to the pre-separator. By creating a factorial experimental set up, the effect
of damper positions with respect to performance has been documented.

To recover the fine particles lost in the radiclone, an additional cyclone was
installed by Elkem. Introducing pressured air at the bottom of this cyclone
makes it possible to control performance. A theoretical study has been
performed for similar solutions, and the amount of air flow to obtain wanted
performance was calculated based on this.
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Sammendrag

Ved Elkem Thamshavn, filter sør, blir partikler separert fra støvholdig gas
gjennom to separasjonstrinn. I det først trinnet blir gassen sendt gjennom
en radiklon. Denne best̊ar av en forutskiller og en syklon. Funksjonen til
radiklonen er å fjerne grove partikler slik at microsilica med høy kvalitet
blir sendt til neste separasjons trinn. 971 kvalitets microsilica må ifølge
produktspesifikasjonen inneholde <0.5 % partikler med en partikkeldiameter
p̊a 45 mu. Målet for denne oppgaven var å utarbeide en beregningsmodell for
ytelsesberegninger av radiklonen for s̊a å sammenligne med eksperimentelle
resultater. Dette har blitt brukt til å undersøke finfraksjonen av partikler som
g̊ar tapt i radiklonen og grovfraksjonen som sendes til neste separeringstrinn.

Det har blitt utført et litteraturstudie p̊a beregningsmodeller for syklon
ytelse. P̊a bakgrunn av dette har det blitt utarbeidet en beregningsmodell
basert p̊a statisk partikkelteori og residenstidteori. Kompliserte beregninger
ble unng̊att ved å regne ut et ekvivalent, sylindrisk syklon volum. Beregn-
ingsmodellen antar uniform støvkonsentrasjon i radiell retning slik at turbu-
lente faktorer blir neglisjert.

Partikkelstørrelsesfordelingen ved radiklon inngangen og ved støv utgangen,
har blitt funnet ved å analysere støvprøver. Resultatene har blitt brukt
for å dokumentere n̊aværende ytelse. De har ogs̊a blitt sammenlignet med
beregningsmodellen. Basert p̊a dette er det foresl̊att tiltak for videreutvikling
av beregningsmodellen.

Strømningen i radiklonen kan p̊avirkes ved å endre p̊a to spjeld. Et for å
kontrollere gassmengden inn i syklonen og et for å kontrollere gassmengden
fra syklonen til forutskilleren. Et faktorialt måleprogram har blitt designet
for å avgjøre spjeldposisjonenes effekt p̊a radiklonytelse.

For å minske finfraksjonen av partikler som g̊ar tapt i radiklonen, har Elkem
installert en ekstra syklon. Fire spjeld ved sylonbunnen gir mulighet til
å tilføre falskluft og dermed p̊avirke ytelsen. Et litteraturstudie har blitt
gjennomført p̊a lignende løsninger. Basert p̊a dette har mengden falskluft,
nødvendig for ønsket ytelse, blitt beregnet.
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1 Introduction

This section is dedicated to give a brief explanation of the background for this
assignment. Further, the objective and method for this assignment is described,
and finally the structure and limitations is listed.

1.1 Background

The silicon production at Elkem Thamshavn produces large quantities of dust
laden off-gas. This dust is made up from particles with different origin, chemical
composition and size. A significant part of the plants revenue comes from selling
microsilica, which is one type of particles contained in the off-gas. To capture
microsilica, the off-gas goes through a separation process. Two such separation
processes are present at Thamshavn, and are labeled filter south and filter north.
Early in the process of filter south, a coarse particle separator is used to remove
unwanted particles. The coarse particle separator is called a radiclone which is a
cyclone with a pre-separator. All the unwanted particles are thrown away after
removal which makes the radiclone to generate a lot of waste. Dust analysis by
Elkem has shown that this waste contains a significant fraction of good quality
microsilica. The main focus of this report is to determine current performance of
the radiclone in order to find out if separation can be more efficient.

1.2 Objective and Method

The main objective of this report is to investigate the possibility of running the
radiclone more efficiently. The following secondary objectives are included in the
report:

1. Describe the radiclone at Elkem Thamshavn, filter south.

2. Investigate performance prediction models for similar equipment.

3. Develop a prediction model for radiclone performance.

4. Investigate current performance of the radiclone.

5. Assist with the installation of an additional cyclone.

Secondary objective 1 was divided into two smaller objectives:

• Acquire technical drawings of the radiclone from Elkem.

Section 1 1
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• Gather all information regarding the calculations of radiclone performance
by Elkem.

Secondary objective 2 was based on passive research. This was done by gathering
and systemizing the results of others which is given in the reference list.

Secondary objective 3 was divided into three smaller objectives:

• Gather suited information from secondary objective 2 for the model.

• Obtain relevant operational parameters from Elkem.

• Determine unknown parameters by doing measurements.

Secondary objective 4 was divided into three smaller objectives:

• Analyzing dust samples to determine separation efficiency.

• Investigate how changes in operation influences performance.

• Suggest efficient operation criteria.

Secondary objective 5 could be done when the plant had a steady operation.

1.3 Structure and Limitations

The most significant part of the radiclone is a cyclone. This is where the actual
separation occurs. This report is therefore structured by presenting a general
overview of how a cyclone works in section 2. This section also includes some basic
principles for calculating cyclone performance.

Section 3 is a theoretical study of the cyclone mechanics. This also sums up different
analytical performance models developed over the years. Much weight has been
given to research done from 1950-2000. The cyclone mechanics has been known for
a long time, and when it comes to analytical models, many of the earlier results
is still used. The theoretical study discusses the results of many scientists, but
emphasizes those results that is used in the analytical model in a later section.

Section 4 gives a short introduction to how filter south operates. Most weight has
been given to describe the pulse-jet filter as this the main separation stage. This
section also includes a description of where dust samples for analysis was taken.

Section 5 describes the radiclone in detail. The primary focus of this section
is to describe the gas/particle path through this separation stage. Because of

Section 1 2
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secret/limited information provided by Elkem, the part about presenting actual
calculations done when building the radiclone, was given less weight. The section
also includes a description of current performance based on information from Elkem
and analyzed dust samples. This part is given most focus because the information
is valuable to Elkem and it is used to validate the analytical performance model.

Section 6 gives the derivation of the analytical model suggested for calculating
radiclone performance. The section gives much focus to the actual derivation and
assumptions used. A comparison with the current performance results from the
previous section, are done to check the model validation. The model parameters
were also used with other cyclone models for comparison.

Section 7 describes an experiment conducted to improve radiclone performance.
The experiment was limited to regulate gas flow by varying the positions of two
dampers. This section also includes an analysis of dust samples gathered at a later
time. This was to determine the effect of the new damper positions.

Section 8 gives a short overview of the research done for controlling cut-off diameter
in a cyclone. This is followed by a calculation of volumetric flow into the cyclone
to achieve the wanted effect. Most focus has been given to the fact that this is very
hard to do analytically, and why.

It was originally intended that secondary objective 5 would be weighted the most.
Because of several production stops at Thamshavn, the installation of the additional
cyclone was postponed until july. Because of this, more weight has been given
to the analytical model and the theoretical study. The small theoretical study of
cyclones with air injections, in addition to the simple calculations in section 8, was
also added to the report because of this.

Section 1 3
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2 Basic Principles for a Cyclone

A cyclone (or cyclone separator) is used in industry to remove solid particles from
a gas or a liquid without the use of filters. This report will focus on the gas-soild
separation, although the basic principles of operation are the same. Cyclones were
first used to remove dust from gases in the 1880’s and are still used due to its many
advantages. They are simple, inexpensive to make, economical to operate and can
be used in a wide variety of operating conditions such as high temperature, high
pressure and high dust concentration.

Figure 2.1: Tangential inlet reverse flow cyclone. Left picture shows a simplified
flow pattern [3]

Over the years, many cyclone designs have been suggested and manufactured. For
industrial gas cleaning however, the ”reverse-flow” cyclone is the most common.
This is made up by a cylindrical part on top and a conical part at the bottom as
showed in figure 2.1. There are many different inlet arrangements. This report
will focus on inlet type (a) form figure 2.2. For this design, a gas-solid mixture
is brought tangentially into the cyclone body through the inlet. Typically the
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gas is pulled through the cyclone by a fan located further downstream in the
process. After entering, the gas forms a vortex with a helical pattern caused by the
circular geometry. This is labeled the ”outer vortex”. This is where the separation
occurs. Due to the increasing gas velocity, particles within the gas experience large
centrifugal forces caused by the outer vortex, and are pushed radially towards the
cyclone wall. This happens to all the particles that are sufficiently dense such that
the centrifugal forces exceeds the drag from the vortex. Once a particle collides
with the wall it is slowed down by frictional forces. The particles will therefore be
separated from the main gas stream and pushed down towards the conical part
by the downward component of the gas velocity. Gravity has been shown to have
little effect. The centrifugal forces is a function (among others) of particle mass,
hence heavier particles is collected more easily. The separated solid particles leaves
the cyclone at the dust outlet. When the gas reaches the conical part bottom the
rotation changes direction and a reverse vortex is created, labeled ”inner vortex”.
This rotates about the cyclone axis and moves upwards and through the gas outlet.

Figure 2.2: Different inlet arrangements (a) tangential, (b) scoll, (c) helicoidal, (d)
axial [4]

2.1 Performance

There are several measures that describe the operational performance of a cyclone.
The most common are: Total efficiency, grade efficiency, cut-off diameter and
pressure-drop.

Particle Size Distribution
Industrial dust contain particles of many sizes. The basis for many particle
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separation theories is to determine the particle size distribution. This is a continuous
mathematical function that defines the relative amount of particles according to
particle size. Figure 2.3 shows a typical particle size distribution with one mode.
The cumulative distribution is denoted as F and the frequency distribution as
dF/dx = f(x).

Figure 2.3: Typical particle size distribution. Given as differential and cumulative
frequency [5]

Total efficiency
The total efficiency of a cyclone is based on the mass of solid particles that are
separated from the gas. Consider a cyclone where the total flow rate of solid mass is
M . From this total mass flow, a fraction is collected by the cyclone. It is therefore
convenient to split the solid mass flow rate into two components:

M = Mf +Mc (2.1)

Section 2 6



Master Thesis - Spring 2013 Martin B. Midthun

Mc is the mass flow rate of coarse particles that are collected by the cyclone. And
Mf is the mass flow rate of fine particles that escapes with the gas. This can also
be expressed for each particle size x using the notation from figure 2.3:

Mf(x) = Mfff (x) +Mcfc(x) (2.2)

The total efficiency of a cyclone is then defined as:

ηT = Mc

M
(2.3)

ηT can also be calculated by multiplying the fraction of particles with size x by the
efficiency of this particle size. The sum of all the products gives the total efficiency.

ηT =
∫ 1

0
η(x) df (2.4)

where f is the differential frequency dF/dx.

Grade efficiency
As mentioned earlier, particles with a bigger mass is collected more easily. The
fraction of collected mass is therefore a function of the particle size distribution.
By using this concept, that each particle size has a separate efficiency, the grade
efficiency defined is as

η(x) = mass of solids of size x in coarse product
mass of solids of size x entering the cyclone (2.5)

or (based on equation 2.2):

η(x) = Mcfc(x)
Mf(x) (2.6)

Combining this equation with 2.3 gives a relationship between total and grade
efficiency.

η(x) = ηT
fc(x)
f(x) (2.7)
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This can also be given in terms of the particle concentration c at a given time after
entering the cyclone, and the initial concentration c0 which is M per cubic meter
of gas entering the cyclone.

η = 1− c

c0
(2.8)

A spherical particle shape is usually assumed so that x = d = particle diameter.
For better approximation, spherical equivalent diameters could be applied instead.
In this report, all particles are assumed to have a spherical shape so: x = dp = the
spherical particle radius.

Grade efficiency is very close to 1 for particles with dp = 100 µm and decreases to
very small values for dp < 1 µm [5].

Cut-off diameter
Cut-off (d50) is the particle diameter that is collected with a 50 % efficiency. As
the cut-off diameter increases the total efficiency decreases.

Critical diameter
This is the particle diameter that is collected with 100 % efficiency (d100). Since
collection efficiency increases gradually with increasing particle diameter and
approaches 100 % only as a limit, this value is usually determined analytically.

Pressure drop
Pressure drop over the cyclone is an important performance parameter because it
is directly proportional to the energy consumption. There are generally a trade-off
between pressure drop and total efficiency. Higher pressure drop means higher
collection efficiency, but more energy consumption.

2.2 Cyclone Applications

Cyclones are usually divided into two main categories. ”High efficiency”- and ”high
rate”-cyclones. High efficiency cyclones has a small gas inlet and outlet. They also
have long bodies, and they have high recovery rate. High rate cyclones however,
are usually shorter and have large gas inlet and outlet. They perform with medium
recovery rate, but can handle much bigger loads.

Cyclone separators are used in many applications. Both in industry and private.
Simple bag less vacuum cleaners (figure 2.5) and a wide variety of landscaping
equipment are a couple of examples of cyclone technology utilization. In bag less
vacuum cleaners, many small cyclones would be working in a parallel system. This
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is to save space while conserving efficiency. For industrial purposes, cyclones are for
instance used to extract airborne sawdust particles from the air in wood products
workplace environments. They are also used in many combustion processes. Such
processes produce fine particles and fuel ashes that cannot be discharged to the
environment. In these situations, cyclones would collect these particles before the
gas is let out in the atmosphere. Another use is to control dust from cement kilns.
Un-processed particles are sent back to the kilns, and the exhaust gas is efficiently
cooled down before discharging. For such processes, usually 1-6 cyclones operate
in series to achieve maximum efficiency. Another use is in professional kitchen
ventilation systems. Cyclones is then used to separate grease from air. Cyclones can
also be very small. The small ones are used in the field of medicine for biomedical
and micro chemical processes. Researches are currently looking at the possibility
to use cyclones as micro separation techniques for detection of cancer cells.

Figure 2.4: A selection of various industrial cyclone solutions [6] [7]

Cyclones can also be used with fluids as working medium. It is then referred to
as hydro-clones, and a pump is usually used instead of a fan. The principles are
the same, but the solid particles are carried in a fluid, for instance oil or water.
Hydro-clones are usually used to supply a primary separation stage that cannot
handle large particles. One application is to separate solid waste from water in a
sewage treatment plant. Hydro-clones are also used to separate oil from gas in oil
refineries. For hydro-clones that are not powered by a pump, the liquid is poured
down into the cyclone and a rotating object inside causes the fluid motion. The
principles are the same, and particles are pushed towards the wall. This kind of
arrangement requires a vertically placed hopper as the fluid will exit at the bottom.

One type of hydro-clone is used at Ringnes E.C. Dahls brewery in Trondheim.
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After the fermentation process, the remaining hops and malt particles are separated
from the beer. Using a hydro-clone for this purpose is a cheep an efficient solution.

Figure 2.5: Cyclones for commercial use [8]
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3 A Theoretical Study of Cyclone
Efficiency Models

Analytical investigations of cyclone performances started in the early 1930’s. Even
tough the basic principles are well understood, the turbulent features occurring in
the cyclone is hard to generalize. Due to the wast complexity of this problem, a
general satisfactory model has not yet been developed. However, if the analytical
model is customized to fit a specific physical cyclone, trustworthy predictions is
obtainable.

Figure 3.1 shows a standard way to label the dimensions of a cyclone.

Figure 3.1: Dimensions of a tangential inlet cyclone

To avoid the non-uniform effect from the cyclone cone, thus making calculations
simpler, it is common to calculate an equivalent cyclone radius R∗, and an equivalent
cyclone height L∗. This height and radius generates a modified cylindrical design
that is used as an approximation to the cyclone geometry. This is usually derived
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using the principle of conservation of effective volume. The idea of an equivalent
cyclone radius was originally proposed by Leith and Licht [2]

Figure 3.2: Schematic diagram of flow rate through the collection zone with modified
cyclone design. The distribution of Q is explained further in section 3.3. In the
figure H = Lc + Lb [9]

There are many different ways of calculating R∗ and L∗. The one suggested by
Leith and Licht [2] gives the height of this equivalent geometry based on the natural
vortex length (see section 3.2). If this natural vortex length l exceeds the height of
the cyclone, l is the height of the equivalent cylinder. If not, Lc + Lb is the height.
This is because collection primary occurs within the range of l. R∗ is found from
the following calculations:

R∗ =
[

Vcs
π(S + l)

]1/2

for l ≤ Lc + Lb − S (3.1)

where

Vcs = πD2Lb
4 + πD2

4
(S + l − Lb)

3

[
1 + D0

D
+
(
D0

D

)2]
(3.2)

D0 = D − (D −Dc)(S + l − Lb)
Lc

(3.3)
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or

R∗ =
[

Vcs
π(Lb + Lc)

]1/2

for l > Lc + Lb − S (3.4)

where

Vcs = πD2Lb
4 + πD2

4
Lc
3

[
1 + De

D
+
(
De

D

)2]
(3.5)

3.1 Collection Efficiency

The first collection efficiency models was very simple and produced the cut-size
diameter only. This gave a discontinuous function where any particle below d50 had
a 0 % collection and every particle above d50 is collected with a 100 % efficiency
(figure 3.3). In reality, the discontinuous jump is replaced by a gradually growth
before d50 and a gradually decrease after. The limits remain the same at 0 and 1
which causes an overall s-shaped curve.

Figure 3.3: Collection efficiency of a cyclone based on the cut-size diameter

One of the first collection efficiency theories that produced a grade efficiency curve,
was developed by Lapple [1]. Even though the model is fairly simple and with few
parameters, many other scientists have based their research on Lapple’s work. He
suggested that the cyclone efficiency depended on how many times the gas rotated
around the outer vortex axis before reaching the bottom. This was determined by
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an empirical relation and named “the number of effective turns”. Further he used a
particle force balance. The drag force from the gas was set equal to the centrifugal
force caused by the vortex. When these two forces are equal there is 50 % chance
that the particle will be collected by the cyclone. Based on this fact the cut-off
diameter (d50) was calculated, and then the grade efficiency η. Later research by
Wang [10] showed that the calculated number of effective turns was only accurate
for a very limited number of cyclone designs.

Barth (read in [11], originally from [12]) derived an expression for particle accelera-
tion in the cyclone by using curvilinear motion theory. Using this acceleration in a
force balance together with the terminal settling velocity calculated from Stokes
Law, he developed a model to predict grade efficiency. For any particle size, the
collection efficiency is determined from the ratio of its terminal velocity to the
terminal velocity of the static particle. This model has been shown to return very
different results for increasing cyclone diameter. In addition, this model proves
unable to predict collection efficiency for cyclones with diameter over a certain
limit. Ioza and Leith [13] improved Barth’s model by suggesting new empirical
equations to estimate diameter, cyclone axis length, maximum tangential velocity
and how these parameters are affected by the remaining cyclone dimensions.

Figure 3.4: Grade efficiency curve characteristics [10]

In her dissertation, Wang [10] came up with many interesting results. First she
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pointed out that the most common shape for a grade efficiency curve obtained by
various models, has a cumulative lognormal shape. She also found that a good
approximation for such a curve had the slope = d84.1/d50 = d50/d15.9. This is shown
in figure 3.4.

She also argued that 1D3D and 2D2D cyclones gives the highest total efficiency for
dust laden gas with particles under 100 µm. (An xDyD cyclone has dimensions
Lb = x ·D and Lc = y ·D). Among other scientist, she pointed out some of the
flaws with the Lapple model and suggested a new way of determining the number
of effective turns. Using this with Barth’s particle acceleration she derived a new
model for grade efficiency and d50.

Parnell [14] documented that each cyclone design has one optimum inlet velocity
when it comes to collection efficiency. The Lapple model did not account for
inlet velocity, which was pointed out by Parnell, among other flaws. He therefore
suggested an alternative model, based on many of the same principles. The idea
was that an engineer could chose a wanted inlet velocity and then calculate all the
cyclone dimensions from this one parameter. However, this model is not able to
calculate either cut-off diameter or grade efficiency which therefore limits its uses.

The Lapple model also has many similarities to the one proposed by Alexander
(read in [9], originally from [15]). Instead of using the number of effective turns he
introduced the concept of “natural vortex length”. This is defined as the vertical
length from the bottom of the vortex finder to the transition point where the vortex
changes direction. Alexanders natural vortex length is given by the empirical
relation:

l = 2.3De

(
D2

HW

)1/3

(3.6)

where all the parameters is given in figure 3.1. This result led to a discussion
on whether the vortex length was dependent on inlet velocity or not, and other
empirical relations were suggested to implement this parameter [16]. It was later
shown that the effect of inlet velocity was only significant for small cyclones. When
calculating the performance of an industrial cyclone by using natural vortex length,
Alexander’s model is in most cases applied [9].

Zhao has contributed a lot to cyclone research the last years. In 2005 [17] he
developed a model to predict grade efficiency based on flow pattern, critical particle
separation theory and boundary layer separation theory. One limitation is the
assumption of a particle size distribution with one mode. Later [9] he proposed
a different model which he labeled:“A time-of-flight model”. Using the concepts
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of Leith and Licht he developed different expressions for the gas residence time
depending on the natural vortex length for given cyclone designs. This model also
accounts for the short-circuit flow that is absorbed by the vortex finder.

The previously discussed models are just a few of the cyclone models out there.
However, most of the models are derived around three different school of thoughts:
Static particle theory, timed flight theory or boundary layer theory. Table 3.1
shows several results based on these methods.

Static particle theory
The calculations are based on the tangential velocity at the edge of the core (all
the axial positions in the cyclone body at r = Re). It is the maximum tangential
velocity which sets an upper limit to the particle size that can remain in the outer
vortex. This is found by balancing the drag force with the centrifugal force of the
particle. This “static particle” will then remain suspended at the edge of the core.
The static particle will then remain stationary which leads to the assumption that
there is no radial acceleration or velocity.

Timed flight theory
Collection efficiency is based on the time a particle is suspended in the cyclone.
This time is labeled “residence time” and is calculated from cyclone dimensions
and inlet velocity. This is explained further in section 3.3.

Boundary layer theory
The boundary layer starts to become more important as the cyclone size decreases.
Depending on the velocity developing near the walls, particle movement will be
influenced by the boundary layer as showed in figure 3.5.

Figure 3.5: Particle trajectories influenced by wall boundary layer [18]

The cyclone is divided into two regions: Core region and the boundary layer region.
First, the particle flux distribution into the boundary layer is calculated, then the
collection of particles on the wall. Perfect radial mixing is assumed in the boundary
layer i.e. no concentration gradient.
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Source Equation

Static particle theory

Ioza and Leith [13] d50 =
(

9Qµ
πNρpv2

θmax

)1/2

Barth [19] d50 =
(

9µDevR
ρpv2

θR

)
Barth [19] d100 =

(
9Qµ

π(Lb+Lc−S)ρpv2
θmax

)1/2

Time of flight theory

Lapple [1] d50 =
(

9µW
2πρpVcN

)1/2

Lapple and Shepherd [20] d100 =
(

9µDe
2πρpVcN

)1/2

Fayed and Otten [19] d100 =
[

9µD2(1− 2ri
D )2n+2

4(n+1)V 2
c ρptres

]1/2

Table 3.1: Critical and cut-off diameter derived with various methods

3.2 Velocity Profile

Early investigations by Sheperd and Lapple [20] showed that the velocity profile in
a cyclone consists of a inner and a outer vortex. The vortexes was observed with
helical shapes. Because of this, it was found most convenient to use cylindrical
coordinates when describing velocity profile. The three components are denoted vr
(radial velocity), vθ (tangential velocity) and vz (axial velocity). The components
are usually calculated for the gas and for the particles separately.

In the outer vortex Sheperd and Lapple found that the flow was irrotational. The
transfer of fluids between the two vortexes originates at the bottom of the gas exit
duct (the vortex finder) and continues to the cyclone bottom. Their results for the
tangential velocity component is presented in figure 3.7. From the figure it can be
seen that vθmax occurs at the edge of the vortex finder.
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Figure 3.6: Velocity profile in a tangential inlet cyclone, (a) tangential, (b) radial,
(c) axial [4]

In the outer vortex the tangential velocity distribution was found by Sheperrd and
Lapple to obey the equation

vθr
n = C (3.7)

where C is a constant, r is the radial position and n is the vortex exponent,
which depends on r. This is the most widely used model for tangential velocity
in analytical cyclone models. In the outer vortex, n approaches 1 as r closes the
wall, and behaves like a free vortex. Near the cyclone axis n is close to -1, which
makes it a forced vortex. The definition of a free vortex is that the shear stress
is so low that viscosity is negligible close to the wall. In practice, this is not the
case for cyclones and the tangential velocity in the outer vortex is better correlated
using n in the range 0.4-0.8. According to this model, vθ decreases as r increases,
thus making the tangential velocity fairly small close to the wall. Factors like wall
friction, and particle concentration are not included in this model. Both factors
directly influence the strength of the vortex which shows that there is still much
work remaining in modeling of tangential velocity.

Mothes and Löffler [21] developed an analytical expression for vθmax by dividing
the cyclone into four characteristic regions. This has been shown to give a good
approximation [17], but contains many parameters which are difficult to determine
and some that must be determined experimentally. This includes a wall friction
coefficient and a parameter of momentum exchange between gas and the wall.
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For similar cyclone designs, Mothes and Löffler’s experimental values can be used.
Unfortunately, the parameters changes rapidly with velocity, particle density and
concentration.

Figure 3.7: Tangential velocity distribution in a Cyclone [10]

Using equation 3.7, Wang [10] derived an expression for the tangential velocity in
the cyclone cone. She studied cyclones with big inlets, which gave room for the
assumption that the tangential velocity in the cyclone body was equal to the inlet
velocity. From the work of Sheperd and Lapple, and assuming a free vortex flow in
the cone, she found the following relation:

vθ = R · Vc
Re + z · tan(φ) (3.8)

It is common to assume that the tangential particle velocity is equal to the tangential
gas velocity. This assumption causes the movement of particles towards the wall to
be influenced by radial and axial velocity components.

In the outer vortex, the radial velocity is the component with fewest assumptions,
and is the one most easily found. Because of the vortex behavior it is common
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to assume that the radial gas velocity is zero. The radial velocity component will
therefore govern the rate at which particles moves out of the vortex and towards
the wall. This is usually found from a force balance including drag, centrifugal,
gravity and buoyancy forces. In the inner vortex this is more tricky. The radial
velocity increases greatly as approaching the core, with direction inward. This fact
conflicts with the assumption that radial velocity can be neglected due to small
magnitude compared to the other components.

Figure 3.8: Cylindrical shaped vortexes caused by the theoretical shift from the
outer to the inner cyclone vortex.

The axial velocity component is more responsible for the downward transport of
particles than gravity. A simple model for axial velocity suggests radially constant
downward velocity for the outer vortex. For the double vortex structure to stay
intact, a radially constant upward velocity is assumed for the inner vortex. The two
vortexes are usually modeled as perfect cylinders (figure 3.8), and these radially
constant axial velocities must even each other out at the shifting point. From
figure 3.6 it can be seen that the axial velocity exhibits a W-shaped profile, with
a maximum at the symmetry axis. Sometimes, this momentum drop is so strong
that instabilities arise which causes even stronger turbulent features [4]. From this
fact the vortex shape cannot be a cylinder if continuity is to be satisfied.
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3.3 Residence Time

Leith and Licht [2] based their collection theory on the residence time. Residence
time indicates how long a particle is suspended in the cyclone. In other words, this
is the available time a particle has to reach the collection zone. Increasing residence
time will increase the probability of collection. This has been derived in many
different ways, but it is usually based on an effective volume divided by an effective
volumetric flow. The residence time can also be defined in terms of the ”number of
effective turns” N . Increasing cyclone diameter and length increases the residence
time. From the definition it would appear that increasing residence time in such a
fashion will result in better collection efficiency. However, an increase in cyclone
diameter will cause a drop in the centrifugal forces so there is a trade-off.

Szekely and Carr (from Saruchera [22]) attempted to measure the residence time
experimentally. They used a reversed flow cyclone with height 330 mm and mass
flow M . At first they tried to measure it by hand. Single particles were let into the
cyclone and a stopwatch was used to determine the residence time. Unfortunately
this led to big uncertainty errors. Another attempt was to suddenly isolate the
cyclone inlet and outlet. By doing so, they could determine the mass ∑mp of all
the particles trapped inside the cyclone. An average residence time could then be
calculated:

tres =
∑
mp

M
(3.9)

It is questionable whether the calculated residence time is representable for other
materials. Particle trajectories are influenced by many factors and could contribute
to change the outcome of this experiment.

Lede et al. [23] attempted to model the residence time as a function of the Reynolds
number. The Reynolds number used, was based on the free fall terminal velocity
and the centrifugal forces was neglected. The suggested empirical relation is

tres = t∞ + 4.5 · 10−5Re1.09
p , 400 < Rep < 250000 (3.10)

where t∞ is the residence time calculated form terminal velocity. The range of
validity indicates that large particles were used to obtain this empirical relation. For
such high reynolds numbers it is doubtful that the centrifugal forces are negligible
compared to gravitational forces.

Kang et al. [24] measured the residence time by coating glass particles with KCl.
The cyclone hopper was exchanged with a cylindrical sampling tube that was
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divided many layers. After a given period of time the bottom layer was closed,
then the next layer and so on. By timing the whole operation and then measure
the KCl concentration of each layer, they were able to determine the residence
time. The following correlation was suggested:

tres

tres
= 0.032Re0.13

p

(
Vc − vt
vt

)0.70 (ρp − ρg
ρg

)0.42 (
Lb + Lc
Lc

)−1.76
(3.11)

tres = Vc
Q

(3.12)

Saruchera [22] wanted to document cyclone characteristics that influenced the
residence time. To measure the residence time, he injected the cyclone feed with
tracer particles. The tracer particles was monitored using a traveling microscope
with image grabbing software. He found that the residence time:

• decrease with increase in air flow into the cyclone

• increase with increase in density of the particle

• increase with increase in cyclone diameter and length for a given cone geometry

• is strongly influenced by cone angle

Leith and Licht assumed that turbulence causes a uniform radial dust concentration
for a given horizontal cyclone plane. This assumption makes the residence time
related to the amount of time a particle uses to travel in the radial and axial
direction towards the wall. Later research has showed that there is in fact a
concentration gradient in the radial direction [17].

For a tangential inlet cyclone, approximately 4-16 % of the incoming Q becomes
short-circuit flow (flow that travels unhindered into the inner vortex) and exits the
cyclone. On average this is 10 %. These assumptions is showed in figure 3.2. The
residence time (tres) will therefore consist of two contributions. Based on this Zhao
found the following expressions for gas residence time:

tres1 = π(R∗2 −R2
e)S

Q
(3.13)

which is the contribution from the flow around the vortex finder. Due to the
short-circuit flow only 90 % of Q will continue down the cyclone. Further it is
assumed that the interface between the inner and outer vortex is located at Re
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and that the flow rate exchanged between these are linear. By using the average
volumetric flow (0.9Q/2) for calculation purposes, the second contribution is:

tres2 = π(R∗2 −R2
e)l

(0.9Q)/2 for l ≤ Lc + Lb − S (3.14)

or

tres2 = π(R∗2 −R2
e)(Lc + Lb − S)

(0.9Q)/2 for l > Lc + Lb − S (3.15)

The total residence time will be the sum of both contributions

tres = tres1 + tres2 (3.16)

3.4 Pressure Drop

Even though cyclone pressure drop is not the focus of this paper, it is worth
mentioning. The work of Sheperd and Lapple showed that the pressure loss in a
cyclone was made up from five contributions:

1. Loss due to the expansion of gas entering the cyclone

2. Kinetic energy lost in the cyclone chamber

3. Loss due to friction losses at the wall

4. Additional friction loss at the exit duct due to turbulence

5. Pressure energy retrieved from kinetically rotational energy

In her dissertation, Wang derived models for each contribution and calculated
the total pressure drop as the sum of these. She found that the pressure drop is
independent of cyclone diameter, making it a function of both inlet velocity and
cyclone height.

The largest contribution comes from kinetic energy lost in the cyclone chamber.
The kinetic energy of the outer vortex are lost accordingly to:

p+ 1
2ρgv

2
θ (3.17)
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In other words, the kinetic energy dissipation is proportional to v2
θ . Factors

strengthening the vortex, such as increased wall friction, will therefore contribute
to a higher pressure drop. The total pressure has its maximum value at the cyclone
wall and decreases slowly to a minimum at the cyclone core. A strong vortex that
causes high tangential velocity values, can result in very high velocity pressures
such that the static pressure becomes negative relative to the atmosphere. This
negative static pressure zone can reach the bottom of the cyclone hopper. This
can cause collected dust to swirl back up into the inner vortex and follow the gas
out of the cyclone. This is more likely to occur if the hopper is not completely air
tight, or if the wrong kind of damper/feeder is used at the dust outlet [4] [20].

When designing a cyclone it is important to evaluate the pressure drop against
the cut-off diameter. A bad design will result in low performance and high power
consumption, which should be avoided. When evaluating these parameters it is
common practice to use non dimensional numbers so that the scale up (or down) is
also taken into consideration. The Euler number is used to evaluate pressure drop
and the Stokes number for cut-off diameter. They are defined as:

Eu = ∆p
(ρgV 2

c /2) (3.18)

where ∆p is pressure drop over the cyclone and ρg is the gas density. And

Stk50 = d2
50ρpVc
18µD (3.19)

For a well designed cyclone there is a direct correlation between Eu and Stk50. The
general trend can be described by the following approximate empirical correlation
[5]:

Eu =
√

12
Stk50

(3.20)

This shows that a smaller cut-off diameter is obtained at the expense of increasing
pressure drop. And that increased inlet velocity causes higher pressure drop.

Table 3.2 shows different standard cyclones. The suggested designs aims at mini-
mizing pressure drop with best possible performance. The pressure drop is given
as velocity heads, which can be calculated from the following formula:

∆p = ∆Hvh

(1
2ρgV

2
c

)
(3.21)
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Determining cyclone design based on velocity heads and application is quite similar
to Elkem Materials’ method (section 5.3). This method however, does not account
for gas temperature.

Source Recommended
duty

D H
D

W
D

De
D

S
D

Lb
D

Lc
D

Dd
D

Stairmand High-efficiency 1 0.5 0.2 0.5 0.5 1.5 4.0 0.375
Swift High-efficiency 1 0.44 0.21 0.4 0.5 1.4 3.9 0.4
Lapple General-

purpose
1 0.5 0.25 0.5 0.625 2.0 4.0 0.25

Swift General-
purpose

1 0.5 0.25 0.5 0.6 1.75 3.75 0.4

Stairmand High-flow 1 0.75 0.375 0.75 0.875 1.5 4.0 0.375
Swift High-flow 1 0.8 0.35 0.75 0.85 1.7 3.7 0.4

Source Recommended
duty

∆Hvh
Q
D2 (m/h)

Stairmand High-efficiency 6.4 5500
Swift High-efficiency 9.2 4940
Lapple General-

purpose
8.0 6860

Swift General-
purpose

7.6 6680

Stairmand High-flow 7.2 16500
Swift High-flow 7.0 12500

Table 3.2: Standard designs for tangential inlet cylones [19]

The next table shows some of the prediction models discussed in this section.

Section 3 25



Master Thesis - Spring 2013 Martin B. Midthun

Model Equation Remarks

Lapple [1] η = 1
1+(d50/dp)2

d50 = 9µW
2πNVc(ρp−ρg)

N = 1
H

(
Lb + Lc

2

)

Barth [11] η = 1
1+(vt/vct )

vct = based on
cut-size diameter

vt
vct

= πLmρpv2
θmaxd

2
p

9µQ Lm = geometri-
cal parameter

Lm = L− S, De ≤ Dc

(L−Lb)(D−De)
D−Dc +(Lb − S), De > Dc

vθmax = Vc
[

(De/2)(D−W )π
2HWα+Lm(D−W )πλ

]
λ = friction fac-
tor

α = 1− 1.2W
D

Scroll inets α ≈
1

Ioza and Leith
[13]

η = 1
1+(d50/dp)β

d50 =
(

9µQ
πρplV 2

max

)0.5

dc
D

= 0.47
(
HW
D2

)−0.25 (
De
D

)1.4
dc = geometry
paramater

l = (Lb +Lc−S)−
[

Lc
(D/Dc)−1

] (
dc
Dc
− 1

)
, dc >

Dc

l = Lb + Lc − S, dc ≤ Dc

Vmax = 6.1Vc
(
HW
D2

)0.61 (
De
D

)−0.74 (Lb+Lc
D

)−0.33

ln(β) = 0.62 − 0.87ln(d50) + 5.2ln
(
HW
D2

)
+

1.05
[
ln
(
HW
D2

)]2 β = cut-size ex-
ponent

Section 3 26



Master Thesis - Spring 2013 Martin B. Midthun

Table 3.3 cont.

Model Equation Remarks

Leith
and Licht [2]

η = 1− exp
{
−2

[
GtresQ
D3 (n+ 1)

]1/(2n+2)
}

G = De
H2W 2

{
2
[
π(S − H

2 )(D2 −D2
e)
]

+ VL
}

G = geometrical
parameter

VL = πD2

4 (Lb − S) +(
πD2

4

) (
l+S−Lb

3

) (
1 + dc

D + d2
c

D2

)
−πD2

e l
4 , (Lb + Lc − S) > l

VL = geometri-
cal parameter

VL = πD2

4 (Lb−S) +
(
πD2

4

) (
Lc
3

) (
1 + Dc

D + D2
c

D2

)
−πD2

e(Lb+Lc−S)
4 , (Lb + Lc − S) > l

dc = D − (D −Dc)
(
S+l+Lb
Lc

)

l = 2.3De

(
D2

HW

)1/3

n = 1− (1− 0.67D0.14)
(
T

283

)0.3
T = temperature
in K

tres = ρpd2
p

18µ

Rhodes [5] η = (dp/d50)2

1+(dp/d50)2

d2
50 = 18µR

(ρp−ρg)
vR
v2
θR

vR = Q
2πRL

vθR = Vc

Table 3.3: Different cyclone efficiency models
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4 Filter South - Elkem Thamshavn

Figure 4.1: Filter south layout

The plant at Thamshavn produces silicon and microsilica. The silicon is extracted
from quarts according to this reaction:

SiO + C + SiC→ Si + SiO(g) + CO

The process starts with loading two electrical ovens with carbon and quarts. These
are labeled “oven 1” and “oven 2” and provides 46 MW and 25 MW respectively.
The reaction above occurs at very high temperatures and the ovens at Thamshavn
operates at temperatures exceeding 2000 ◦C. The carbon needed is provided by coke
and coal, and for improved texture, wood chips are added to the mix. As a result
of this reaction, large quantities of fumes are produced as by-products. The SiO
gas rising from the furnaces is the origin of microsilica. The escaping gas oxidize
when it comes in contact with air and microsilica is produced. Typically 10-15% of
the quarts ends up as microsilica, and much of it is trapped as it condensates. In
addition to microsilica a number of impurities follows. These impurities consists
of: Oxides of alkalis, coke residues, silicon carbide, some tar related organics and
carbon black [25].
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Elkem Thamshavn is the only silicon plant in the world that retrieves energy
from its excessive heat [26]. By-products from both ovens are led through a heat
exchanger that uses the energy acquired to power a gas turbine. The electricity
produced, goes back to the plant. When the gas turbine is active it is capable of
providing 180 000 MWh.

One of the most important steps in the microsilica production is to separate the
microsilica from the off-gas produced by the ovens. This is done by an industrial
filter. At Thamshavn there are two such filters: Filter north and filter south. When
operation is normal, filter north is fed from oven 2 and filter south from oven 1.

Filter south is made up by two separation stages. The first separation stage removes
all the impurities and big microsilica particles which reduces the product quality.
By definition, this is all the particles with a particle diameter above 45 µm. This
operation is performed by a radiclone. This is designed and manufactured by Elkem
Materials. The next separation stage removes all the remaining particles from the
gas. This is done by a pulse-jet filter, delivered by Alfsen og Gunderson. Such a
filter is shown in figure 4.2. Off gas enters the filter and is forced upwards towards
the exit. Particles are then separated from the gas and remains on the filter outside.
Clean gas exits at the top. When enough dust has accumulated on the outside
of the filter bags, the cleaning sequence begins. Pressured air is shot down into
each bag which causes the dust to disengage. At filter south there are six such
chambers.

Figure 4.2: Single chamber pulse-jet filter (pictures provided by Alfsen og Gunderson
(AG))
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Dust separated at the filter is sent to storing silos with pneumatic transport.
Microsilica is stored in different silos according to quality. Clean gas from the filter
is sent through a silencer to reduce noise. Further, it is passed through the fan and
out into the environment through an exhaust pipe.

Dust samples that is gathered for analysis, described in the following sections, are
taken from the two locations shown in figure 4.3. The three components shown in
this figure are also showed in figure 4.1.

Figure 4.3: Dust sampling locations
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5 Radiclone at Filter South

Figure 5.1: Radiclone at filter south

5.1 Functionality

In order to describe the radiclone more accurately, a graphic model was made in
Google Sketchup according to the drawings in appendix A.

The radiclone of filter south is made up by two main parts. A cyclone and a
pre-separator (shown on figure 5.1). The pre-separator splits a fraction of the gas.
This fraction contains the biggest and heaviest particles, and these are led into the
cyclone. Here, the particles are removed from the gas and gathered in the bottom
of the conical part, also called cyclone hopper. The hopper is constantly emptied
by a cell feeder located at the hopper outlet. If the dust starts to pile up in the
hopper, a vibrator is mounted on the outside to restore the particle flow. The
particles separated by the radiclone are stored in a container and thrown away.
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Gas is pulled through the radiclone by a 1400 kW industrial fan. The fan provides
required under pressure for the entire filter south.

Figure 5.2: Cell feeder (left) and vibrator (right)

Dust laden gas from the ovens are led into filter south through a Ø2000 mm circular
duct. Figure 5.3 shows the radiclone from above and is taken from a technical
drawing of filter south.

Figure 5.3: Radiclone at filter south from above. Drawing is provided by Alfsen og
Gunderson (AG)

The first component of filter south is the radiclone. The gas is transported through
the circular duct to a point where the duct changes geometry to a rectangular cross
section. This rectangular cross section is the inlet to the pre-separator, and the
gas is pulled tangentially in. This is easier understood by looking at the Google
Sketchup drawing on the next page.
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Figure 5.4: Inlet of the radiclone

The part shown in figure 5.5 is connected to the radiclone inlet and transports dust
laden gas from the ovens.

Figure 5.5: Inlet gas transport duct
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Removing the radiclone body as done in in figure 5.6, reveals the inside. The top
and bottom part are held together and supported by nine pillars. The gas outlet
duct has an entry hatch further downstream. This is used for maintenance purposes
and a ladder gives access to the pre-separator body.

Figure 5.6: Gas path in pre-separator

Due to centrifugal forces the heaviest particles will move closest to the wall as the
gas is forced to move around the pre-separator axis. Two knife dampers, located at
the cyclone inlet, separate the fraction of gas that moves close to the wall, which
contains the heavier particles. In theory, the knife dampers should be set to such
positions that all particles over 45 µm is led into the cyclone. The gas that is not
led into the cyclone will pass the knife dampers and continue its trip around the
pre-separator axis. Eventually this gas is pulled down through the pre-separator
bottom and through the gas outlet. This gas contains salable microsilica which is
recovered at the pulse jet filter.

Figure 5.7: Upper knife damper position handle. Located under the overhead gas
duct.
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Figure 5.8: Lower knife damper position handle. Located under the pre-separator
body.

Figure 5.9: Gas path in the cyclone

When calculating performance, the frac-
tion of gas from the pre-separator is
assumed to enter the cyclone tangen-
tially. In reality the gas experience a
slight change in direction due to the
curvature of the knife dampers. But
this effect is negligible. The inlet can
be seen to reach a long way down in
the cyclone, from figure 5.9. The long
inlet can cause particles to escape into
the inner vortex right after entering the
cyclone. To avoid this, the vortex finder
length S, is designed to be longer than
for conventional cyclones.

Entering gas forms an outer vortex
around the vortex finder. As the outer
vortex reaches a certain point it will
slow down and eventually reverse its di-
rection, creating an inner vortex. This
vortex moves upwards and into the over-
head duct inlet. The duct transports
the gas back into the pre-separator. In
theory, this gas continues in axial di-
rection after entering the pre-separator
and out of the radiclone gas outlet. It
does not interfere with the incoming gas
from the ovens.

This cyclone has the same characteris-
tics as the ”reverse-flow” cyclone with
tangential inlet discussed in section 2.
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The volumetric flow through the over head duct is controlled by an over head
damper, as shown in figure 5.10. The position of this damper will influence the
inner and outer vortex size in the cyclone, hence influencing cyclone performance.
The damper has twelve positions.

Figure 5.10: Over head duct and the associated damper

Finally the gas exits at the bottom of the radiclone. In theory this gas should
now only contain high quality microsilica. This duct leads the pulse-jet filter that
separates the remaining particles from the gas.

Figure 5.11: Radiclone gas outlet
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5.2 Dimensions

Figure 5.12: Radiclone dimensions. All values are given in meters, except cone
angle.

These numbers was found on production drawings provided by Elkem (appendix A).
The top and the bottom plate (highlighted with gray on figure 5.12), are showed in
figure 5.13.

Figure 5.13: Top (left) and bottom (right) radiclone plate
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Because of the pre-separator inlet, and the cyclone inlet, both these plates have
circles with an increasing radius. When calculating radiclone performance in the
next section these shapes are approximated with a circular shape as shown in figure
5.12. The overhead duct dimensions are presented in figure 5.14.

Figure 5.14: Overhead duct dimensions (appendix A)

5.3 Theoretical Basis for Performance

The radiclone at Thamshavn filter south is delivered by Elkem Materials. Elkem
Materials has developed a standard design that has been used at several of Elkem’s
plants. Depending on the process, this design is scaled up or down in order to give
the wanted performance. Processes that uses these types of separators are rarely
alike, which must be accounted for in the calculations. The process at Thamshavn
is one of the simples cases, where one duct transports the gas to the radiclone and
is pulled by a fan.

Scaling of the standard design is done by calculating the “Bøckmans Pressure
Factor” K. Knowing this pressure factor allows calculation of the pressure drop
according to this equation

∆p = K ·Q2 T

T0
(5.1)

where ∆p is the pressure drop over the radiclone. K is given in Pa/(Nm3/s)2,
where N stands for normal state (1 atm and 0 ◦C). K remains constant so that
an increasing load Q will result in incread ∆p. If this bigger load results in a
calculated pressure drop that is unacceptably high, a bigger radiclone is needed.
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When scaling the radiclone, a “linear size parameter” Dl is used. If, for instance,
a radiclone that is twice as big as the standard one is needed, Dl equals 2. The
relationship between K and Dl is [27]:

K ∼ 1
D4
l

(5.2)

The radiclone at filter south is a scaled up version of the smallest one at filter north.
Given the design values of filter south the K-value can be calculated:

T Q ∆p
[K] [Nm3/s] [Pa]

453 41 650

K = 650 Pa
(41 Nm3/s)2 ·

273
453 = 9.55 Pa

(Nm3/s)2 (5.3)

Dividing equation 5.2 for two different radiclones gives:

Dl = 4

√
Kn

Ks

(5.4)

Where Kn and Ks represents the radiclone at filter north and south respectively.
Elkem has documented Kn to be 15.0 [27], which means that (from equation 5.4)
Dl=1.12. The radiclone at filter south is then 12 % bigger than the smallest one at
filter north, which corresponds to the model by Elkem Materials called “Radiclone
1600”. This is much easier done by using a diagram as the one showed in figure
5.15. This diagram shows four different sized cyclones. Such a diagram is based on
equations 5.1 and 5.2. Even though Elkem’s radiclones is not represented in this
diagram, the principles are the same. Based on the temperature, pressure drop and
gas flow, the appropriate radiclone can be selected. Instabilities in such processes
are common, and it is therefore important to check the chosen design for increased
gas flows and temperatures. If the resulting pressure drop is too high, a slightly
bigger model should be chosen to withstand such effects.

Most processes are very different, and problems as limited space and limited
accessibility can make it difficult to install a standard design. Calculating the K
values, assumes that identical geometries are used, and any exceptions from this
geometry will influence the pressure drop. If this assumption is maintained, the
K value is a good indication of performance. A well built radiclone should have a
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measured K value within 6 % of the calculated one [27]. Any discrepancies from
this could indicate a production flaw or that the process is not as expected. Several
cases have been reported where large amounts of dust was stuck to the cyclone-part
inside. This causes a chain reaction because once dust starts to pile up more will
follow. As this happens the pressure drop increases gradually which causes K to
increase.

Figure 5.15: Diagram for determining cyclone size [27]
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5.4 Current Performance

To determine the current performance of the radiclone, dust samples was gathered
from the locations shown in figure 4.3. The samples was gathered 14.05.2013.

To analyze these samples, a Coulter analysis was performed by SINTEF. This
produces a particle size distribution as shown in figure 2.3. This distribution
shows particle diameter versus a relative frequency such that the sum of all the
frequencies equals 1. From the radiclone dust outlet and the pulse-jet filter dust
outlet, two such distributions was obtained and are presented in figure 5.16 and 5.17.

Figure 5.16: Particle size distribution
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Figure 5.17: Particle size distribution

In order to relate these particle size distributions to the actual operation, all the
frequencies was multiplied by the mass flow at the sampling location. By doing
this, the resulting distribution shows particle diameter versus mass flow.

Sampling from the radiclone dust outlet was done in a 10 second period and then
weighed. The radiclone dust outlet sample had a weight of 0.33 kg after 10 seconds
which corresponds to a mass flow of 120.2 kg/h. For the samples at the pulse-jet
filter, it was read from the operating screen at filter south that the dust production
was 1250 kg/h during sampling.

To obtain the distribution curve for all the dust that entered the radiclone, the
frequency from figure 5.16 and 5.17 was multiplied with the corresponding mass
flow and the sum was calculated. This is shown in figure 5.18.

A section of the previous mentioned curve is presented in figure 5.19. The total
mass flow into the radiclone is compared to the mass flow out of the radiclone
dust outlet. The two curves are plotted together, and the radiclone performance
can easily be seen from this figure. By inspection, d100 is determined to be 90 µm.
Applying equation 2.3, the total efficiency ηT is found to be 8.8 %.
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Figure 5.18: Total mass flow into the radiclone versus particle diameter. The part
inside the rectangle is shown in the next figure.

Figure 5.19: Mass flow into the radiclone and mass flow at the radiclone dust outlet
versus particle diameter

For each particle diameter, the mass flow from the radiclone dust outlet was divided
by the total mass flow into the radiclone. Based on this, a grade efficiency curve
was produced, and is shown in figure 5.20. From the typical grade efficiency curves
presented in section 3, this is slightly different. The main difference is that the
curve behaves with a moderate slope for dp < 40 µm. This can be explained by
the pre-separator. The pre-separator prevents the majority of small particles from
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entering the cyclone. Because of this the separation efficiency is relatively low
for particles under 45 µm. This is intentionally achieved by Elkem because these
particles is collected at the pulse-jet filter. It is also seen that a significant fraction
of the separated dust is good quality microsilica. Integrating the red curve in figure
5.19 from 0 to 45 µm gives approximately 25 kg/h of good quality microsilica. This
is 2 % of the total production that goes to waste. By inspection of figure 5.20, d50
is determined to be 79 µm.

Subtracting the two curves in figure 5.19 and integrating the subtraction from
45 µm to +∞ gives approximately 41 kg/h. This is 3 % of the dust production.
Appendix B shows the product specification for microsilica 971 quality. It states
that the content of particles bigger than 45 µm must be less than 0.5 %. These
samples show that this requirement is not satisfied.

Figure 5.20: Grade efficiency curve

Ideally, this analysis should not be based on two samples. The Coulter analysis
is very accurate, but the dust sample analyzed must be very well mixed to be
trustworthy. Total randomness is almost impossible to obtain and different results is
often observed, even from the same dust sample. This is a factor that must be taken
into consideration when interpreting the results. Another factor is agglomeration.
The samples was isolated in a container for 2 weeks before they were analyzed. The
smaller particles tends to fuse together, creating bigger particles. If the samples
were analyzed upon gathering it is likely that less coarse particles in the product,
and fewer fine particles wasted had been observed. In other words, particles with
dp < 45 µm at the radiclone dust outlet is expected to be somewhat higher than
the results indicate. And particles with dp > 45 µm at the pulse-jet filter outlet is
expected to be lower.
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6 An Analytical Model for Predicting Radiclone
Efficiency

A model for predicting performance in such a component entails many assumptions.
Describing the complex flow field involves differential equations that has not yet
been solved analytically. The use of CFD tools are a natural approach to such
a problem, and would result in a better physical understanding. However, high
anisotropy in the turbulent flow makes this a challenging simulation. Strong
instabilities would also demand a transient solving of the problem. Expensive and
complicated schemes like LES or DNS would be needed to give satisfactory results.
In addition, experimental results would be needed to tune the model correctly. An
analytical model would be simple to use in addition to the low costs. It would also
give a fair understanding and an indication of how the component would perform,
which are in many cases, all that is needed.

An analytical model has been developed for the flow in a tangential inlet cyclone,
with a pre-separator, to obtain the collection efficiency. This model is based on the
early work of Lapple, Alexander, Leith and Licht. It is also based on the latest
work of Zhao and Wang. The model created is a hybrid model based on both static
particle theory and timed flight theory.

6.1 Radiclone Velocity Profile

The actual separation occurs in the cyclone. The majority of this model is therefore
based on the cyclone. Most of the microsilica are created from condensate droplets
when the furnace off-gasses comes in contact with air. This gives each particle a
circular shape and it is fair to assume spherical particles. It is also assumed that
nearby particles do not influence each others behavior. The tangential velocity
component of the particle is assumed to be the same as for the gas stream and is
constant. In addition, the radial gas velocity is neglected, and a uniform particle
concentration is assumed.

6.1.1 Radial Particle Velocity

As a particle moves out of the outer vortex due to the centrifugal forces, it follows
a curvilinear motion.
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Figure 6.1: Particle path when the centrifugal forces exceeds drag forces

Unity vectors in polar coordinates (r, θ) are given as:

ur = cos(θ)i + sin(θ)j (6.1)
and

uθ = −sin(θ)i + cos(θ)j (6.2)

where i = (1, 0) and j = (0, 1) in cartesian coordinates, and bold faced symbols
represents a vector.

From curvilinear theory [28] the particle velocity vp is given as:

vp = vrp + vθp = dr

dt
ur + r

dθ

dt
uθ (6.3)

Taking the derivative of vp with respect to time gives the particle acceleration.

ap = dvp

dt
= d2r

dt2
ur + dr

dt

dur

dt
+ dr

dt

dθ

dt
uθ + d2θ

dr2 ruθ + r
dθ

dt

duθ
dt

(6.4)

From figure 6.2 it is known that

duθ
dt

= −dθ
dt

ur (6.5)

dur

dt
= dθ

dt
uθ (6.6)
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Inserting 6.5 and 6.6 into 6.4 gives the following equation for particle acceleration

ap = arp + aθp =
d2r

dt2
− r

(
dθ

dt

)2
ur +

(
2dr
dt

dθ

dt
+ d2θ

dt2
r

)
uθ (6.7)

Since we assumed that the tangential particle velocity is the same as the gas stream
and constant, the tangential acceleration = 0. Therefore the particle acceleration
can be written as:

ap = d2r

dt2
− r

(
dθ

dt

)2

(6.8)

By applying Newton’s second law it is possible to determine a particle force balance.

mp
Q

QO

dvp

dt
= ΣF (6.9)

where mp is the particle mass. Because mp is the mass of all particles entering the
radiclone it is multiplied with Q/QO to calculate the mass of particles entering the
cyclone. This is based on the assumption of a uniform concentration. Assuming
spherical particle shape mp can be expressed as 4

3πρp
d3
p

8 . Where dp is particle
diameter and ρp is particle density. The forces that influence particle motion is:
Gravity, drag force, and centrifugal force.

Figure 6.2: Curvilinear motion [28]
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Gravity
The contribution from gravity on a particle can be evaluated by looking at the
settling velocity. This is the particle velocity when the drag force from the gas
equals gravity.

Fd = Fg = mpg (6.10)

Due to small particle sizes (in the range 1-50 µm) it is assumed that Rep < 2 (see
figure 6.3). This makes the Stokes’ law valid so the drag force becomes

Fd = 3πµdpvt = mpg (6.11)

where µ is the viscosity of air and vs is the particle settling velocity.

Figure 6.3: Drag coefficient of a spherical particle as a function of Reynolds number.
As Re gets smaller, Stokes’ law becomes more accurate [29]

The buoyancy force is neglected due to the fact that ρp >> ρgas. Rearranging
equation 6.11 and writing the mass in terms of volume times density, gives an
expression for terminal velocity.

vt = 1
18
ρpgd

2
p

µ
(6.12)
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By using a particle diameter of 10 · 10−6 m with density 2300 kg/m3 and a gas
viscosity of 25.8 · 10−6 kg/ms the resulting settling velocity becomes 4.9 · 10−3 m/s.
This is very small compared to radiclone inlet velocity, hence the force contribution
from gravity is neglected.

Centrifugal
The centrifugal force is calculated from particle acceleration in the radial direction.

Fc = mp
Q

QO

ap = 1
6πd

3
p

Q

QO

d2r

dt2
− r

(
dθ

dt

)2
 (6.13)

Drag
To verify the use of Stokes’ law, the particle Reynolds number based on terminal
velocity is calculated:

Rep = ρvtdp
µ

= 1.2 kg/m3 · 4.9 · 10−3 m/s · 45 · 10−6 m
25.8 · 10−6 kg/ms = 0.01 (6.14)

Using Stokes’ law again with the particle velocity relative to the air flow in the
radial direction.

Fd = 3πµdp(vrp − vr) (6.15)

As previously discussed it is assumed that all the air moves in a vortex motion,
so the radial air velocity component is neglected. The drag force can then be
expressed as:

Fd = 3πµdp
dr

dt
(6.16)

If the sum of all the forces acting on a particle is zero, there will be a 50% chance for
collection. From this logic, Fc > Fd causes a particle to be collected and Fc < Fd
causes it to escape with the gas stream. Theoretically, the force balance below
causes the particle to be trapped in the vortex.

Fd + Fc = 0→ 3πµdp
dr

dt
+ 1

6πd
3
p

Q

QO

d2r

dt2
− r

(
dθ

dt

)2
 = 0 (6.17)
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Figure 6.4: Three different scenarios of particle trajectory within the cyclone

Knowing that dθ
dt

= 1
r
vθp equation 6.17 becomes:

d2r

dt2
+ 18µ
ρpd2

p

QO

Q

dr

dt
−
v2
θp

r
= 0 (6.18)

This equation is not ready for solving. An approximate solution can be obtained
by neglecting the second derivative. The physical effect of doing this, is assuming
that the particle moves outward with a constant radial velocity. From equation
6.18 the radial particle velocity then becomes:

vrp(r) = Q

QO

ρpd
2
p

18µ
v2
θp

r
(6.19)

6.1.2 Tangential Particle Velocity

It was assumed that the tangential particle velocity is equal to the tangential gas
velocity. The tangential gas velocity is therefore calculated and used in the model.
This velocity is influenced by a centrifugal and a pressure force . Wang derived an
expression for the centrifugal velocity by evaluating a small control volume within
the cyclone [10].
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Figure 6.5: Control volume for calculating the tangential gas velocity

Based on the figure above the centrifugal force acting on CV1 is:

Fc = ρg · hr · dα · dr
v2
θ

r
(6.20)

and the pressure forces are:

Fp = p · hr · dα (6.21)
Fp+dp = h · (p+ dp)(r + dr)dα ≈ hr · (p+ dp)dα (6.22)

dr is neglected in 6.22 because of the assumption that the gas stream has no radial
acceleration, thus no force contribution from radial direction. A force balance for
CV 1 gives:

Fc + Fp − Fp+dp = 0 (6.23)

ρg · hr · dα · dr
v2
θ

r
+ p · hr · dα− hr · (p+ dp)dα = 0 (6.24)

As mentioned earlier the flow in the outer vortex is irrotational. The pressure drop
along a streamline can therefore be calculated by using Bernoulli’s equation.

p+ ρg
v2
θ

2 = constant (6.25)
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Taking the derivative with respect to r gives:

dp

dr
+ ρgvθ

dvθ
dr

= 0 (6.26)

Combinging equation 6.24 and 6.26 gives the following expression for the tangential
velocity, which is the equation for a free vortex. :

dvθ
vθ

+ dr

r
= 0→ ln(vθ) + ln(r) = constant→ vθr = constant (6.27)

The cyclone at filter south has an inlet that covers the whole cyclone body length.
It is therefore appropriate to assume that the tangential velocity is constant in
this part. From figure 3.7 it is found that a tangential velocity of 0.7Vc is a good
approximation at R∗, considering free vortex characteristics.

vθ(body) = 0.7Vc (6.28)

Using equation 6.27 with vθ2r = VcR the velocity for the cone part becomes:

vθ(cone) = R

r
Vc = R · Vc

Re + z · tan(φ) (6.29)

6.2 Radiclone Grade Efficiency

The calculation of grade efficiency it is based on Bingtao Zhao’s time-of-flight
model [9]. By using the equivalent cyclone radius R∗ it is assumed that particles
that reaches this radius within the cyclone is collected. Looking at CV2 (figure 6.6)
the particle flux reaching R∗ can be expressed as cvrp(R∗) where c is the particle
concentration. Including the surface area of the cylindrical control volume gives the
rate of particles intercepting the equivalent wall as 2πR∗cvrp(R∗)dz. The amount
of particles removed from the control volume can be expressed as the rate of change
in concentration, which is d(πR∗2cdx)/dt. Combing the two last terms in a particle
mass balance yields:

d(πR∗2cdz)
dt

= −2πR∗cvrp(R∗)dz (6.30)

When extracting the constants from the rate of change term and rearranging, the
mass balance becomes:
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dc

c
= −2vrp(R

∗)dt
R∗

(6.31)

Figure 6.6: Control volume for particle separation model [9]

Integrating the previous equation with the boundary contitions c = c0|t=0 and
t = tres|c=c gives:

c

c0
= exp

[
−2vrp(R∗)tres

R∗

]
(6.32)

Recalling that the grade efficiency can be expressed as in equation 2.8, the separation
model becomes:

η = 1− exp
[
−2vrp(R∗)tres

R∗

]
(6.33)

Where tres is given in equation 6.38, 6.39, 6.40 and 6.41. And vrp(R∗) is given from
equation 6.19 as

vrp(R∗) = Q

QO

ρpd
2
p

18µ
vθ(R∗)
R∗

(6.34)

considering that vθp = vθ. vθ(R∗) can be estimated by using the weighted average
for the tangential velocity in the cone and body.

vθ(R∗) = 1
2

[
vθ(body) + Lc

Lb
vθ(cone)

]
(6.35)
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Using vθ(cone)r = R∗Vc (equation 6.27) the average tangential velocity in the cone is

vθ(cone) = 1
Lc

∫ Lb+Lc

Lb

R∗ · Vc
Re + z · tan(φ)dz =

R∗ · Vc
Lc · tan(φ) [ln(Re + (Lb + Lc) · tan(φ))− ln(Re + Lb · tan(φ))] (6.36)

The final equation for tangential velocity is then:

vθ(R∗) = Vc
2

[
0.7 + R∗

Lb · tan(φ) ln
(

1 + Re + Lc · tan(φ)
Re + Lb · tan(φ)

)]
(6.37)

The radiclone at Thamshavn is different from a standard cyclone in several ways.
The high and narrow inlet, the long vortex finder and the pre-separator. The effects
of the pre-separator are discussed in 6.3. In a standard cyclone, the outer vortex will
have an negative tangential velocity gradient that eventually reverses itself creating
the inner vortex. The long inlet at filter south reduces this negative gradient. The
outer vortex will conserve its intensity until slowed down when entering the cone
part of the cyclone. This gives room for two assumptions. As previously stated the
tangential velocity in the cyclone body is equal to the inlet velocity. And due to
this reduce in velocity gradient, the residence time is decreased. To derive equation
3.13, 3.14 and 3.15, Zhao assumes that the flow rate exchanged between the outer
and inner vortex decreases linearly toward the cyclone bottom. At filter south it
assumed that this exchanges remains constant because of the inlet geometry. The
short-circuit flow caused by the vortex finder is still taken into consideration. The
residence time used in this model is as following:

tres1 = π(R∗2 −R2
e)S

Q
(6.38)

The natural vortex length exceeds the radiclone dimensions (l > Lc + Lb − S) so

tres2* = π(R∗2 −R2
e)(Lc + Lb − S)
0.9Q (6.39)

tres = tres1 + tres2* (6.40)
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Using this residence time assumes that any particle, no matter what height it
enters the cyclone, has the same probability of being collected. This is clearly not
the case since the inlet has a height of 4.5 m. Because of this, the two extreme
situations is calculated. Using equation 6.40 gives the highest residence time, thus
best performance. As this is the most optimistic result it will be labeled tres (max)
from now on. Worst case scenario would then be that all particles are collected
with the same probability as the ones entering at the bottom inlet. Using the
modified cyclone volume, the minimum residence time would be:

tres (min) = π(R∗2 −R2
e)Lc

0.9Q (6.41)

The true grade efficiency curve is located somewhere between these two extremes.

Figure 6.7: Volumes used for calculating tres
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Radiclone model summary

Value Equation Assumptions

R∗

[
Vcs

π(Lb+Lc)

]1/2
-Uniform radial concentration

- Cyclone geometry is transformed into

a cylinder by using conservation of

Vcs = πD2Lb
4 + πD2

4
Lc
3

[
1 + De

D
+
(
De
D

)2
]

effective volume

vrp(R∗) Q
QO

ρpd
2
p

18µ
vθp
R∗

- Curvilinear motion

- Spherical particle shape

- Zero acceleration in tangential

direction

- No buoyancy force

- Negligible gas density compared to

particle density

- Stokes law is valid

- Particles moves towards the wall with

constant radial velocity (d2r/dt2 = 0)

vθ(R∗) Vc
2

[
0.7 + R∗

Lb·tan(φ) ln

(
1 + Re+Lc·tan(φ)

Re+Lb·tan(φ)

)]
- Tangential particle velocity equals

tangential gas velocity

- The gas stream has no radial

acceleration

- Irrotational flow

- Tangential velocity in cyclone body

is equal to inlet velocity

tres
π(R∗2−R2

e)S
Q

+ π(R∗2−R2
e)(Lc+Lb−S)
0.9Q

- 10 % ofQ goest straight into the inner

vortex after passing the vortex finder

- The long inlet prevents any further

loss to the inner vortex

η 1− exp
[
−2vrp(R∗)tres

R∗

] - Particle collection probability is

independent of entrance height

Table 6.1: A mathematical model to predict grade efficiency for filter south at
Thamshavn
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6.3 Model Parameters

In the model, dp is the variable and η is the response. The remaining values, the
parameters, are constants that needs to be determined.

The total volumetric flow that enters the pre-separator is the sum of the volumetric
flow from the oven (QO) and the volumetric flow from the over head duct (Q). No
gas escapes through the cyclone dust outlet so Q must also the the volumetric
flow entering the cyclone. The cyclone inlet velocity is then calculated from the
volumetric flow divided by cyclone inlet:

Vc = Q

HW
(6.42)

As Q is unknown this had to be determined by taking pitot samples at the overhead
duct. Ideally, such samples should be taken at a location where there is no
disturbances in the flow caused by bends. This was not possible for the overhead
duct, and some error had to be expected.

Figure 6.8: Location for taking pitot samples at the overhead duct

Formulas for calculating velocity from pitot measurements is given in appendix E.
Sampling was taken at four different locations inside the duct, shown in figure 6.8.

From table 6.2, the average dynamic pressure was calculated to be 2.5 mmWC,
which corresponds to a gas velocity of 7.8 m/s (used ρg = 0.8 for a gas temperature
of 170◦C). Using the duct dimensions from figure 5.12:

Q = 7.8 m/s · 1.42 m · 1.42 m = 15.7 m3/s (6.43)
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pdyn = ptot − pstatic [mmWC]

Location 1 Location 2 Location 3 Location 4
1.4 0.2 3.1 3.6
0.7 5.9 4.5 1.5
0.3 4.3 3.9 1.3
1.6 2.1 1.7 1.0
3.4 1.3 2.4 4.2
1.2 3.8 3.0 3.5

Table 6.2: Pitot measurements in overhead duct

This is approximately 24 % of QO (table 6.3). Using equation 6.42 gives Vc = 24.9
m/s. Because of the inlet direction this is a tangential velocity.

Table 6.3 shows the model parameters. Geometrical values are found in figure 5.12,
gas properties at wikipedia.com and particle properties from Elkem.

Model Parameters

Geometrical

H W φ D Dc De Lb Lc S
[m] [m] [ ◦ ] [m] [m] [m] [m] [m] [m]

4.50 0.14 22.5 2.20 0.55 1.40 4.50 4.00 2.80

Gas and Particle Properties

T µ ρg ρp
[K] [kg/ms] [kg/m3] [kg/m3]

443 2.46 · 10−5 0.8 2300

Velocity

Q QO Vc
[m3/s] [m3/s] [m/s]

15.7 65.0 24.9

Table 6.3: Radiclone parameters
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6.4 Result - Radiclone Model

Figure 6.9: Grade efficiency curve, radiclone filter south

6.5 Verification and Validation

This model assumes that there are relatively few particles in the flow, such that they
do not affect each others movement. At Thamshavn this is not the case. Particle
content in the off-gas is maximized to get most microsilica as possible. Because of
this, particles will move together in particle clouds and behave accordingly. Hence,
the model is best suited for flows with dilute phases.

Turbulent flow will behave differently for different length scales. This phenomena
is called dispersion. The behavior of particles close to the wall in a turbulent flow
is known as resuspension. Whether the particle will stick to the wall or how it will
move away from it, is controlled by many complex factors such as adhesion forces
and friction. Both dispersion and resuspension affect the particle concentration in
the radiclone. Because these turbulent features are very challenging to calculate,
this model assumes a uniform particle concentration in the radial direction. As it
was pointed out in the theoretical study (section 3), a concentration gradient in the
radial direction has been observed for cyclones [17] [10]. To calculate the effect of
this gradient, several models propose the use of a “turbulent dispersion coefficient”
[9] [4]. Smaller particles are more easily affected by turbulence, which leads to a
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more uniform concentration. Bigger particles will then cause bigger concentration
gradients, and this model is best suited for flows with small particles.

Figure 6.10: Present model compared to the models of Lapple [1], Barth [19], Leith
& Licht [2], Ioza & Leith [13] and Zhao [9]

Figure 6.10 compares the present model to a selection of other analytical prediction
models. It can be seen that the majority of these calculates a better efficiency than
the present model. This can be explained by the long and narrow inlet (W = 0.14
m). Many prediction models are sensitive to small numbers which leads to very
optimistic results. Calculating an equivalent cylindrical cyclone volume based on
the natural vortex length, eliminates the effect of the long inlet. This is because the
inlet parameters are only used to determine l. For this particular cyclone geometry,
l exceeds the cyclone height which eliminates l from the calculation. The same
procedure was used in Zhaos’ model which is also shifted slightly to the right in
figure 6.10. Zhaos’ model however, does not account for the long vortex finder (S)
that also characterize the cyclone at Thamshavn. This estimates a residence time
that is too low. Nor does the model from Zhao include the effect on tangential
velocity from the long inlet. Because gas is provided from the whole cyclone body
height, the average tangential velocity is higher than in a conventional cyclone.
The equivalent cylindrical cyclone volume was also used by Leith and Lich, but the
inlet parameters are also included at several other locations in the calculation.

Figure 6.11 shows a comparison between the present model and experimental values
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from figure 5.20. It can be seen that the predicted efficiency differs significantly
from the experimental values. It appears that a bigger fraction of the fine particles
do not enter the cyclone as predicted. This indicates that the pre-separator is more
efficient than assumed. In the model, mp was multiplied by Q/QO to account for
the amount of mass that did not enter the cyclone. This should obviously be taken
into account in a different way, and the majority of particles up to the size of 40
µm remains in the pre-separator. This observation should be given most focus
when developing the model further.

By playing with the model parameters, it was seen that a closer fit is obtained
when reducing either Q or tres. Q was determined at a difficult and inaccurate
position with a pitot tube. This produced a significant source of error, and a better
estimate of the flow rate into the cyclone would improve the model. tres was based
on an effective volume divided by an effective volumetric flow. This is a very rough
estimate, but calculating the residence time has been shown to be tricky (section
3.3). More knowledge of how the unique inlet affects the velocity profile, is needed
to predict the residence time more accurately. Reading Saruchera dissertation [22]
on residence time carefully, could provide further information on how to determine
this. Experimental testing is also an option.

Figure 6.11: Comparing model to experimental results

The experimental values was obtained two months after the model was created. Any
further adjustments to the model was therefore not done because of the limited time
resources. Suggestions for developing this model further is however summarized in
section 10.
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7 Optimizing the Radiclone Performance

Microsilica used for creating refractory material, also known as 971, is very challeng-
ing to produce. This causes high market demand, and good profits for those with a
successful production. Among other criteria, the 971 must contain a maximum of
0.5 % particles bigger than 45 µm and maximum 0.7 % carbon as mass percentage.
This is just the upper limits, and Elkem aims to get these as low as possible. The
carbon and large particle content are both factors that are greatly influenced by
the radiclone. It is therefore a vital component in the microsilica production and
improving its performance will result in a higher quality product.

7.1 Method

In order to determine the best operating conditions for the radiclone, a factorial
analysis was performed. Evaluating the measured values was done using Minitab.

The radiclone performance can easily be manipulated by adjusting fan power,
overhead duct gas flow, and the knife damper position. In this experiment the fan
power remained at normal operation; giving a 1.8 mbar pressure drop across the
filter.

Figure 7.1: Radiclone dampers

The knife and overhead duct dampers were adjusted to wanted positions during
normal operation. Dust samples was gathered from the conveyor belt (see figure
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4.3), located after the pulse-filter, every 15 minutes during the experiment. After a
given period of time, one damper was adjusted to another position, and the process
repeated. In figure 7.1, the return duct damper is set to position 7 and both knife
dampers is set to 5.5 inches. Even though the knife damper is made up by two
individual controllable parts, they were treated as one part. Hence both positions
were the same.

The dust samples was analyzed to find amount of carbon and coarse particles.
Carbon content was found using a CS-2000 Carbon/Sulfur Determinator.

Figure 7.2: CS-2000 Carbon/Sulfur Determinator

The amount of coarse particles was determined using a sieve with 45 µm mesh size.
10 g of dust was used for each sample as showed in figure 7.3. All the particles
under 45 µm was forced through the sieve by applying water for two minutes. The
sample was then dried at 105 ◦C in six minutes before weighing.

Figure 7.3: Sieving with 45 µm mesh size
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7.2 Radiclone Damper Experiment

Dust samples was gathered over a 25 hour period. Staring the experiment at 11:00
14.02.13 the following procedure was conducted.

Date Time Knife Damper Overhead Damper

14.02 11:00 5.5 7
14.02 15:00 4.0 7
14.02 19:00 4.0 9
14.02 23:00 2.5 9
15.02 03:00 2.5 7
15.02 11:00 2.5 9

Table 7.1: Damper positions

To analyze the samples, a 2x2 factorial design was used. Using such a design, tests
all the combinations in addition to evaluate them with respect to each other. If a
level 2x3 design was to be used, one additional sampling series would have been
required with overhead position 9 and knife position 5.5. With limited time and
resources this was not possible. The 2x2 design was therefore conducted and then
compared with the values obtained for overhead position 7 and knife position 5.5.
The design setup is given in the tables below.

Damper Low Level (−) High Level (+)

Overhead 7 9
Knife 2.5 4.0

Knife Overhead
1 + +
2 + −
3 − +
4 − −

Table 7.2: 2x2 factorial design setup

This design account for one sample per damper combination. The design is then
repeated for any additional samples, and the mean results are presented.
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7.2.1 Results

Figure 7.4: Radiclone experiment 14/02-15/02

Figure 7.5: Dust production

Figure 7.4 shows overhead and knife damper positions along with the mu45 and
and C content as mass percentage versus time. Mu45 is the relative weight of
particles with a particle diameter ≥ 45 µm. C is the relative weight of carbon.
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7.2.2 Evaluating Data

The results in figure 7.4 shows that there are two different minima points for both
carbon and mu45. The first one is obtained for overhead position 7 and knife
position 5.5. The second minima is found to be for both overhead potions 7 and
9, when the knife has its narrowest position, 2.5. Figure 7.5 indicates that the
highest dust production for this experiment corresponds with overhead position
7. At 06:30 there was a stop in sample gathering. When sampling continued, the
new recored values did not correspond very well with the previous ones. There are
many factors that determine the microsilica production. Raw materials used in
the furnace, occasional stirring of this to prevent clogging and amount of off-gas
obtained are just a few factors that influences production. Due to this fact, most
attention will be given to those recorded values that shows continuous development.
Hence, the samples after 09:00 will be treated with extra skepticism.

Figure 7.6 clearly shows that there is a strong correlation between mu45 and carbon
content. This is expected because the larger particles in the off-gas is in fact carbon
that comes from the coke and coal used in the furnaces. Reduction of carbon
will therefore directly affect the mu45 content in an advantageous way. Further,
figure 7.7 and 7.8 shows no correlation to pressure drop over the radiclone. This
shows that the mu45 and carbon content can be influenced without adding to the
operational costs. Finding good damper combinations would therefore result in
higher quality product with no additional costs. It was also observed that the
temperature in the radiclone was unaffected by damper openings. This remained
at approximately 170◦C during the whole experiment.

Figure 7.6: Correlation between mu45 and C
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Figure 7.7: Correlation between mu45 and DP

Figure 7.8: Correlation between C and DP

The analysis from Minitab is presented in figure 7.9. The interaction and cube
plots show that decreasing overhead and knife position reduces carbon and mu45
content. The residuals show that a large variation in these means are present. The
majority of these however, is below zero and represent an even bigger reduction in
mu45 and carbon content. This fact contributes to strengthen the above statement
of reducing overhead and knife positions.
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Figure 7.9: 2x2 factorial analysis performed in Minitab

Minitab also provided the following regression fit:
mu45 = 0.285− 0.040 ∗ knife− 0.004 ∗ overhead + 0.012 ∗ knife ∗ overhead (7.1)

With R-Sq = 0.0915, which means that 9.15 % of the samples are explained by the
model.

C = 1.556− 0.388 ∗ knife− 0.148 ∗ overhead + 0.061 ∗ knife ∗ overhead (7.2)

With R-Sq = 0.3334, which means that 33.34 % of the samples are explained by
the model.
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Figure 7.10: Regression fit for mu45 and C

The carbon content model has best fit, and must therefore be given most weight.
However, such regression fits must be treated with caution. The samples follow
a vague pattern as seen in figure 7.4, and to extrapolate the few samples into a
model is most likely to give high errors. The best fit of the two is only 33%, so
unfortunately these models are not very trustworthy. Both models suggests that
an overhead position close to 6 combined with a knife position of 6.0 gives the the
least amount of carbon and mu45. This does not correspond very well with the
interaction plot, also produced by minitab (figure 7.10). Weighting the carbon
model most, it states that of all the tested damper arrangements, the initial is
best suited. From figure 7.4 it can be seen that it is possible to lower both carbon
and mu45 content with different arrangements. Based on these observations, the
regression models is given less weight when determining what damper positions
that should be used.

7.2.3 Recommended Measures

Generally it has been observed that the radiclone performance increases when
decreasing the damper positions. How far decreasing dampers can sustain the
increasing performance is currently unknown. This is why another experiment
should be conducted based on the results of this one. The new experiment should
test overhead position 5 and 6 together with knife position 2.0 and 3.0. From the
results it is clear that there are still potential improvements to be obtained. And it
is also known what range of damper positions that should be used.

Until new experiments has been conducted the overhead damper should be set to 7
to maximize dust production as discussed earlier. And knife position should be 2.5.
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7.3 Radiclone Damper Post Experiment

In order to document the effects of changed damper positions, new dust samples was
gathered. This was done the same way as described in section 7.1. Unfortunately
oven 2 had to be shut down shortly after the damper experiment. Because of this,
the load from oven 1 was given to filter north and filter south was inactive for a
long time. Because of this, samples could only be gathered from 12.03-18.03 and
11.05-14.05. Gathering of samples in March began one day after filter south was
started again. After a stop, it can take up to two weeks before operation is stable
again [26], which must be taken into consideration. During both sampling sessions,
the dampers had positions: Knife: 2.5, overhead: 7

7.3.1 Results

Figure 7.11: Dust samples taken from filter south

Figure 7.12: Dust samples taken from filter south

Section 7 70



Master Thesis - Spring 2013 Martin B. Midthun

Figure 7.13: Dust samples taken from filter south

Figure 7.14: Dust samples taken from filter south

7.3.2 Evaluating Post Experiment Data

To document the effect of changing damper positions, the samples from March
and May was compared to the first samples taken in February. These samples
were taken with damper positions: Knife: 5.5, overhead: 7. This was the former
standard positions which makes these samples representative for a stable production
before dampers was changed.

The dust production for March and May is more stable than in the first experiment.
This suggests that production uses some time to stabilize after damper positions
has been changed. For new experiments one should therefore consider more time
between damper changing.

From sampling in February and May it can be seen that decreasing dust production
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tends to cause both high mu45 and C content. The opposite is shown for the
samples taken in March. This could be explained by the production stop, one day
before the samples was taken. The pressure obtained when operation is normal,
makes a thin layer of dust inside the radiclone. This layer develops over time, and
would not be present after a stop. The surface forces generated by such a layer will
push many particles out of the knife dampers reach. In other words, more dust
will enter the cyclone, be separated from the gas and dumped after a stop. This
causes low dust production, but also a better product.

From the results it is obvious the the process still has big fluctuations in mu45 and
C content. Table 7.3 shows statistical data for the three sampling sessions. The
standard deviations are close to constant which indicates that the spread in quality
variations remains the same. The samples taken in February and May is, due to
the discussion in the previous paragraph, most representative for a stable operation.
It is shown that the mean content of both mu45 and C is lowered since February.

Looking at the standard deviation for all samples taken in February from table 7.3,
it can be seen that this is slightly higher than the ones taken in March and May.
This could indicate that the overall process was affected by the damper positions.
It is however possible that this is caused by the nature of the microsilica production
which is influenced by many factors. Due to this ”random” nature there is not yet
enough evidence to claim that the damper positions is the cause of the reduction
in mu45 and C content.

Damper positions Date Mu45 content Carbon content

Sample Standard Sample Standard
mean deviation mean deviation

Knife: 5.5 Overhead: 7 14/02-15/02 0.44 0.18 0.72 0.19
Knife: 2.5 Overhead: 7 12/03-18/03 0.21 0.16 0.57 0.18
Knife: 2.5 Overhead: 7 11/05-14/05 0.40 0.20 0.70 0.20
All samples from figure 7.4 14/02-15/02 0.25 0.24

Table 7.3: Statistical data for the three different sampling sessions
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8 Additional Separation Stage at Filter South -
Cyclone With Air Injection

As mentioned earlier, all of the coarse particles removed in the radiclone is dumped.
From the mathematical model, and the experimental results, it is shown that
among these coarse particles there are a significantly fraction of salable microsilica
particles. The object of the additional separation stage is to recover this fraction
of microsilica and transport them back into the process. This is done by using
a smaller cyclone that is fed from the radiclone outlet. The coarse particles are
dropped from this outlet down into a gas stream of clean air. The particles mix
with the air and is led into the cyclone. Due to quality demands, it is required
that only the particles with a particle diameter < 45 µm is returned back to the
process. The main challenge of the new cyclone would then be to set the cut-off
diameter such that the bigger particles are collected, and the ones under 45 µm is
brought back to the process.

8.1 A Theoretical Study of Cyclones With Additional Streams

In most processes using a cyclone, the goal is to remove as many particles as
possible. However, in some cases, there are a certain range of particle sizes that is
needed for further applications. Considering the many advantages of a cyclone, it
would be beneficial to extend its practical horizon. Many research hours have been
spent on this idea, and it has been found that one way of controlling the cut-off
diameter is to introduce an additional stream into the cyclone. This stream usually
consist of clean air, and the cut-off can be manipulated by varying the volumetric
flow.

Figure 8.1: Test cyclone, seen from above with two clean air inlets
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The origin of this idea came from the work of Unal et al. [30]. A cyclone was
used to recover unburned particles from a combustor for re-usage. The idea was to
introduce clean air into the cyclone to enhance the unburned particles combustion
properties.

The purpose of this research was to determine if the air stream could be applied
without affecting cyclone performance. In figure 8.2 the y-axis indicates the
centrifugal to drag force ratio (Fc / Fd). As long as this ratio increases the particles
will move towards the wall. In order to not disturb Fc / Fd Unal found that the air
stream had to be brought tangentially in to the cyclone. Any stream that disrupted
the naturally generated vortexes, would give a negative contribution to efficiency.
In addition the air stream velocity must equal the the tangential velocity in the
cyclone. As seen to the right on figure 8.2, this velocity changes vertically which
must also taken into consideration. Unal tested these results further using different
air stream inlets at different heights.

Figure 8.2: Showing Fc / Fd versus radial distance. Also showing velocity profile
in a cyclone

The results of this research showed that the cyclone performance would not change
significantly until the volumetric flow of the air stream was equal to the primary
inlet velocity. For large particles the there was almost none change at all. The small
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particles was much more influenced by the air, and for high air stream velocities
the overall efficiency improved.

Extending this line of thought, Lim et al. [31] suggested to supply the clean air
parallel to the primary dust laden gas. The two streams were separated by a metal
plate as showed in figure 8.3. The theory was that the air would push the particles
towards the wall when applied next to the primary stream. The experiment was
compared with another cyclone without the double inlet, but with same dimensions.
It turned out that the double inlet cyclone had a 5 - 15% better performance.
Increasing the air flow rate also enchanted the performance further. In addition
to push the particles towards the wall, Lim suspected that the air caused them to
swirl in the close wall region giving them a better chance of being collected. This
is due to the reduced inertia needed when the particles are already moving away
from the primary gas stream.

Figure 8.3: Double inlet cyclone. Seen from above

Yoshida et al. [32] suggested to place the air stream inlet in the opposite direction
of the primary inlet. Then investigate the effect on performance when shifting
axial position of the air stream inlet as shown in figure 8.4. The results showed
that using the inlet closest to the top plate produced the smallest cut-off diameter.
The hypothesis was that the friction from the top plate slowed the particles down.
Because of this, more particles were caught in the inner vortex and therefore escaped
with the outgoing gas. By increasing the tangential velocity at this location the
majority of particles remained in the outer vortex. There were also performed
experiments with increased air flow in which the top air inlet still gave the best
cyclone performance. The overall performance also improved with increasing air
flow for all the three cases. This is expected because of the increasing centrifugal
force that follows higher velocity.

Building further on these discoveries, Fuki et al. [33] investigated the effects of
injecting air through the entire cyclone body. A cyclone was made with 2 µm pores
covering the entire body. Clean air was constantly applied through the pores during

Section 8 75



Master Thesis - Spring 2013 Martin B. Midthun

each experiment. Reduced friction at the cyclone wall caused by the air injection
resulted in an increased tangential velocity. This is the same effect seen on air
hockey tables. The increased tangential velocity gave better cyclone performance
with a limited range of air flow rates. When flow rate exceeded a certain level it
also influenced the particles and pushed them away form the wall.

Figure 8.4: Experimental cyclones used by Yoshida et al. Q is dust laden gas flow
and q is air flow.

All the previous results indicate that it is possible to influence the cut-off diameter of
an existing cyclone by applying addition volumetric flow. For increased performance,
this additional volumetric flow should be supplied tangentially into the cyclone at
the same height as the primary inlet. As more matter is subjected into the cyclone
the pressure drop will increase. This increased performance will not be cost free of
course. Usually gas is pulled through the cyclone by a fan. Increased pressure drop
must be compensated by increased fan power. The extra supply of pressured air is
also added to the operating cost.
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8.2 New Cyclone Description

Figure 8.5: The new cyclone

Figure 8.6: The new cyclone. The green arrow indicates where the pressured air is
supplied.

The additional cyclone at Thamshavn (C2) is required to collect all the particles
above 45 µm. This requirement can vary due to quality demand from the customers,
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or because Elkem wants to produce microsilica for different purposes. C2 is therefore
equipped with four pressured air inlets, and each one is controlled by a valve. As
shown in figure 8.5, these pressured air inlets have not yet been connected.

C2 is located between the current cyclone outlet and the radiclone bottom. Dust
from the current cyclone outlet is continuously fed down to a tube that leads to C2.
This tube is supplied by an air stream that mixes with the dust from the radiclone.
This creates a dust laden gas that is sent into C2, and the particles that are not
separated are sent back into the radiclone inlet (see figure 8.6). These particles
will go through the whole radiclone process again, and hopefully stay with the gas
until it is collected by the filter.

8.3 Calculating Optimal Volumetric Flow Into the New
Cyclone

There are five possible flows into C2. One primary that carries the dust, and four
secondary air injections that is used to control the cut-off diameter. All the flows
are controlled by valves that is connected to the pressure system of the plant. The
major challenge when integrating this into the separation process, is to obtain the
appropriate cut-off diameter. A cut-off too small will send large particles back
into the process which will decrease product quality. A cut-off too big will be
without purpose, and will give the same result as not having an additional cyclone.
Currently filter south is supposed to deliver microsilica with max 0.5 % particles
bigger than 45 µm. When calculating the necessary volumetric flow to obtain this,
it is convenient to look at the critical diameter (d100), which gives 100 percent
collection. As discussed earlier, d100 has been derived in many different ways. The
one used for this problem involves the residence time, and is from table 3.1:

d100 =

9µD2
(
1− 2ri

D

)2n+2

4(n+ 1)V 2
c ρptres


1/2

(8.1)

It should be noted that Elkem could not provide the dimensions of C2. The values
used in this calculation are therefore based on physical measurements done with
measuring tape. The values used, are given in table 8.1. The following calculations
assumes that all the valves are shut, and the total flow into the cyclone comes from
the primary inlet.
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Model Parameters

Geometrical

H W D De Lb Lc S
[m] [m] [m] [m] [m] [m] [m]

0.50 0.10 0.60 0.35 1.70 1.30 0.80

Gas and Particle Properties

T µ ρp d100
[K] [kg/ms] [kg/m3] [m]

283 1.81 · 10−5 2300 45 · 10−6

Table 8.1: Radiclone parameters

Rearranging the previous equation and using Q = VcHW , gives

Q = HW

9µD2
(
1− 2ri

D

)2n+2

4(n+ 1)d2
100ρptres


1/2

(8.2)

where ri is defined as:

ri = D

2 −W (8.3)

The vortex exponent n is given from the empirically obtained equation:

n = 0.67D0.14 (8.4)

This is valid for 283 K. As pressured air is used for C2, the gas temperature is
equal to the ambient temperature. It is assumed that the average temperature at
Thamshavn is about 10 ◦C.

Remembering that the residence time derived by Zhao was dependent on the length
of the natural vortex length l, it is necessary to calculate this from equation 3.6:
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l = 2.3 · 0.4 m ·
(

0.852 m2

0.7 m · 0.1 m

)1/3

= 2.0 m (8.5)

This shows that l > Lc + Lb − S so tres is given by equations 3.13 and 3.15:

tres = tres1 + tres2 = π(R∗2 −R2
e)(2Lc + 2Lb − 1.1S)

0.9Q (8.6)

Inserting this into equation 8.2 gives the final expressions for optimum volumetric
flow.

Q =

HW
81

40
µD2

(
1− 2ri

D

)2n+2

(n+ 1)d2
100ρpπ(R∗2 −R2

e)(2Lc + 2Lb − 1.1S)


1/2


1/2

(8.7)

By inserting all the values, Q is determined to be 0.25 m3/s.

8.4 Discussion

Four valves is used for controlling the amount of pressured air that is let into C2.
Based on the theoretical study in section 8.1, higher air load will reduce efficiency.
This is because the pressured air is introduced in the opposite direction relative to
the outer vortex. Higher air load will therefore cause more particles to be sent back
to the radiclone. It will also increase the particle size of those particles returned.

From the calculations, Q = 0.25 m3/s. To validate this result, it is compared with
experimental results given by Zhao [9], cyclone IV. Cyclone IV is quite similar in
dimensions, but smaller. The test-particles are also close in density compared to
microsilica. Experimental values for cyclone IV shows the limit d100 very close to
45 µm with QIV = 0.61 m3/s. From this it is obvious that the calculated Q is too
low. It is 41% lower than the experimental value, when it should be slightly bigger
because C2 is larger. The model used for calculating d100 assumes that the particle
has no radial acceleration, the same assumption that was used in section 6. It was
also assumed that the radial velocity is equal to zero. This makes d100 dependent
on the residence time only, and opens for many errors since the radial position will
in fact influence the residence time. Further, the calculations for residence time
assumes that all particles enters C2 at the same position, and that they all have
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the same probability for collection. This is not true and particles that enters at
the bottom of the inlet will have a shorter residence time, thus higher Q is needed
to collect these. This is one of the factors that causes the calculated Q to be
small. The turbulent features will also cause some error. As discussed earlier, these
features are hard to implement in an analytical model and has been neglected.

For this simple model, the best approximation for additional air into C2 must be
based on Q. One way of doing this would be to divide a fraction of Q equally on
the four different inlets. One would then obtain a very rough estimate for operation
criteria for C2. However, introducing such extra flow will completely change the
flow pattern and the model will be even less accurate. Improvements could be
made to the model, but the physical problem is too complicated to produce any
good results from such a method.

8.5 Recommended Measures

It was calculated that a volumetric flow of 0.25 m3/s is needed for C2 to separate
all particles above 45 µm.

Calculating cyclone performance analytically is a difficult task, and introducing
additional air streams makes it even more complicated. Q was calculated by
assuming that this amount entered the primary inlet. Making this assumption
shows that it is theoretically possible to achieve d100 = 45 µm without using any
of the four air supplies. However, such a process is much easier to control by using
additional air streams. It is also highly unlikely that the calculated Q will cause
the exact wanted performance. Implementing C2 into the process should therefore
be done experimentally and the calculated Q must only be used as a guideline.
The experimental method would be a “trial and error” procedure. Using the same
kind of experimental set up as in section 7, along with good preparations, would be
an efficient way of determining good operation conditions. Rough testing by Elkem
Materials indicates that the four valves should have an opening of 10-50% [34].
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9 Conlusion

In this master thesis, a theoretical study of cyclone models has been performed.
Basic theory has been presented, followed by a discussion of analytical approaches
to determine velocity profile and efficiency. From this discussion, the theory best
suited to describe the radiclone at Thamshavn filter south, was used to build an
efficiency model. This model has been used to create a grade efficiency curve for
the radiclone. It was found that this model is best suited for dilute flows containing
small particles.

The current performance of the radiclone has been documented by gathering and
analyzing dust samples. These samples were taken at the radiclone outlet and the
pulse-jet filter outlet. From the obtained samples it was found that 2 % of the
separated dust are profitable microsilica. And that 3 % of the produced microsilica
contains particles bigger than 45 µm.

Comparing the predicted grade efficiency curve to the experimental, it was found
a slightly mismatch. Based on the experimental grade efficiency curve, several
measures have been suggested to improve the model further. Determining the
fraction of microsilica removed in the pre-separator showed to be the most significant
deviation. Experimental values indicated that particles with a diameter <65 µm
had less than 20 % collection efficiency. The present model however, predicts an
efficiency of 50-75 % for this particle size.

In order to improve the radiclone performance, a factorial analysis has been
performed. The analysis has shown that improvements are obtainable by changing
the radiclone damper configurations. It was also found that further investigations
are necessary. Running more of these experiments are a minor economical liability,
and it was shown that there is a significant potential for further improvements.
With the current knowledge, a knife damper position of 2.5 and an overhead
position of 7 gives satisfactory production.

An attempt of calculating the amount of gas flow needed for the new cyclone at filter
south has been made, with modest successes. The calculated value was determined
to be too low by comparing it with similar experimental values presented by Zhao
[9]. Introducing additional flows into the cyclone outlet causes complicated flow
patterns. It was shown that this complexity was very hard to describe analytically,
and that the calculated value should be used with caution. It can however, be used
as an initial value for experimental testing.
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10 Further Research

Analytical Model

• Create a new prediction model to calculate the fraction of particles that is
removed by the pre-separator. The documented particle size distribution
would be an important tool in doing this. The current parameter Q/QO used
for this purpose was unable to give satisfactory results.

• Increase model accuracy by eliminating assumptions. Factors like buoyancy
force, particle shape and axial velocity can be incorporated fairly easy and
will contribute to a better approximation of the physical problem. Another
factor that should be incorporated is the concentration distribution. This is a
more complex challenge, but it is discussed thoroughly in different literature
and involves the calculation of a turbulent dispersion coefficient [9] [4].

• Determining the current model parameters with less error. Volumetric flow
into the cyclone Q are included at various calculations in the model. The
present method of using a pitot tube showed limited accuracy. Improving the
estimate of residence time tres will also give an significant better accuracy.

Radiclone Optimization

• Further experimenting with the damper positions should be conducted. Based
on the current results, knife position 2 and 3 should be tested along with
overhead position 5 and 6. A longer sampling period with each damper
position is recommended to stabilize production.

• Analyzing dust samples should be done upon gathering. This is to eliminate
the effect of agglomeration that causes a higher fraction of bigger particles.
Taking dust samples with an impactor is one option.

Cyclone with Air Injection

• Experimental testing on the new cyclone to determine efficient operation
criteria. Further attempts of calculating this analytical is not recommended.
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[21] F. Löffler H. Mothes. A model for particle separation in cyclones. Chemical
Engineering and Processing: Process Intensification, 18(6):323–331, 1984.

[22] T. Saruchera. Measurement and modelling of particle residence time in a
return-flow cyclone. PhD thesis, University of Canterbury, 1999.

[23] B. Antoine J. Villermaux J. Lede, F. Verzaro. Flash pyrolysis of wood in a
cyclone reactor. Chemical Engineering and Processing: Process Intensification,
20(6):309–317, 1986.

[24] S.D. Kim S.K. Kang, T.W. Kwon. Hydrodynamic characteristics of cyclone
reactors. Powder Technology, 58(3):211–220, 1989.

[25] Martin B. Midthun. Compacting of filter dust at elkem thamshavn. 2012.

[26] Jørund Vangsk̊asen. Elkem Engineering Trainee, Personal communication.

[27] Elkem Materials. Trykktap i foruskillere.

[28] R. C. Hibbeler. Engineering Mechanics: Statics and Dynamics. Prentice Hall,
13 edition, 2012.

[29] M. E. Weber R. Cift, J. R. Grace. Bubbles, Drops and Particles. Academic
Press, 1978.

[30] C. Soong J. Chen C. Unal, K. Tzula. Experimental study of a cyclone with
tangential secondary air injection. Powder Technology, 74:79–87, 1993.

[31] K.W Lee K.S. Lim, S.B. Kwon. Characteristics of the collection efficiency for
a double inlet cyclone with clean air. Aerosol Science, 34:1085–1095, 2003.

[32] K. Fukui H. Yoshida, K. Ono. The effect of a new method to fluid flow
control on submicron particle classification in gas-cyclones. Powder Technology,
149:139–147, 2005.

85



Master Thesis - Spring 2013 Martin B. Midthun

[33] K. Jikihara T. Yamamoto K. Fukui, H. Yoshida. Effects of clean-air injection
on particle-separation performance of novel cyclone with sintered metal cone.
Separation and Purification Technology, 80:356–363, 2011.

[34] Svein Arild Nyrnes. Project Engineer Elkem Materials, Personal communica-
tion.

86



Appendix



Appendix A - Technical Drawings of the
Radiclone

88



89



90



91



92



93



 Elkem AS 
 Silicon Materials 
 Hoffsveien 65B 
 P.O. Box 5211 Majorstuen 
 NO-0303 OSLO 
 Tel: +47 22 45 01 00 
 Fax: +47 22 45 01 52 
 www.siliconmaterials.elkem.com 

 

Elkem Microsilica
®

 is a registered trademark of Elkem AS. 

 

This product data sheet is property of Elkem AS and may not without its written permission be 
used, copied or made available to others. The receiver is responsible for every misuse 

Revised April 2013 © Copyright Elkem AS 1 / 1 

Product Data Sheet 
Elkem Microsilica

®
 Grade 971   

 
 
1. Description  

Elkem Microsilica
®
 is a key ingredient in advanced 

low, ultra-low castables and gel-bonding systems. 
It is highly reactive during sintering, which leads to 
improved ceramic bonding at reduced firing 
temperatures. Elkem Microsilica

®
 is also utilised in 

mortars, gunning mixes and other shaped and 
unshaped materials. 
 
 
2. Chemical Analysis (weight%) 

Element 
  

   Spec* Typical** 

SiO2  % min. 98 98.4 

C  % max. 0.7 0.50 

Fe
2
O3  % max. 0.1 0.01 

Al
2
O

3
  % max. 0.3 0.20 

CaO  % max. 0.3 0.20 

MgO  % max. 0.2 0.10 

K
2
O  % max. 0.3 0.20 

Na2O  % max. 0.2 0.15 

P
2
O

5
  % max. 0.10 0.03 

SO
3
  % max. 0.3 0.10 

Cl  % max. 0.10 0.01 

H2O ***  % max. 0.5 0.20 

 
*Test methods are available upon request to 
refractories.materials@elkem.no.  
**Typical values (annual moving average) are for guidance only. 
*** When packed 

 
 

3. Physical Data    

Properties                    Spec*  Typical** 
 

Loss on Ignition  % max.   0.8 0.50 

Coarse Particles >45µm % max.   0.5 0.20 

pH-value           5.5 - 7.5 6.8 

     

Undensified  971U     

Bulk density ***                    kg/m
3
 250 - 350 300 

     

Densified  971D     

Bulk density ***                  kg/m
3
 450 - 550 500 

 
*Test methods are available upon request to 
refractories.materials@elkem.no.  
**Typical values are for guidance only. 
*** When packed 

 
 
4. Packing 

The product is available in 25 kg small bags 
and various sizes big bags. Please contact 
our sales representative for more details. 
 
 
 
5. Customer benefits 

- Improved flow 
- More dense castables 
- Gel in water 
- Hot-strength properties 
 
 
 
6. Local Elkem representative 

For further information please contact our sales 
representative. Our specialists will help you to 
solve any individual problems. 
 
 
 
7. Health, Safety and Environment 

Please look at Microsilica Safety Data 
Sheet/Product Safety information on Elkem 
Website: www.elkem.com/en/Silicon-materials 
 
 
 
 
8. Brochure 
See Elkem brochures: “Let’s make a castable” 
No.59 and “Let’s make a mullite matrix” No.61. 
See technical papers on our website: 
http://www.elkem.com/en/Silicon-
materials/Support/Refractories/Technical-papers/ 
 
 

 
 
 
All data listed are reference values subject to 
production-related tolerances. Although 
reasonable care has been taken in the 
preparation of the information contained herein, 
it still remains the duty of the user to prove the 
suitability of this material for his applications. 
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Appendix C - MatLab Codes for Cyclone
Performance
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