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Evaluation of course particle separator at Elkem Thamshavn

Bakgrunn og malsetting

I Elkem Thamshavns silisiumproduksjon genereres store mengder avgasser som inneholder
partikler av ulik opprinnelse, kjemisk sammensetning og sterrelse. Partiklene separeres fra
gasstremmen 1 et gassrensesystem og transporteres videre for deponi aller lagring/pakking. Et
viktig moment i1 dette er utskillingen salgbar finfraksjon av partiklene. I denne forbindelsen skal
det undersekes hvorvidt utskillingen av finfraksjon av partikler kan skje mer effektivt i prosessen
enn tilfellet er 1 dag, samt hvordan partikkelutskillingen er i anleggets grovutskiller/radiklon
pavirkes av ulike driftsparametre. Arbeidet foregér i samarbeid med Alfsen og Gunderson AS og
ElkemThamshavn.

Oppgaven bearbeides ut fra felgende punkter

L Den eksisterende grovpartikkelutskilleren ved Elkem Thamshavn skal beskrives.
Geometri, virkemate, dimensjoner og navarende ytelse skal presenteres. Teoretisk
underlag for ytelsesberegninger skal presenteres og diskuteres.

2. Det skal utarbeides en beregningsmodell for ytelsesberegninger av
grovpartikkelutskilleren. Modellen skal inkludere effekten av relevante driftsparametre.
Modellen skal beskrives, og eventuelle begrensninger i modellen skal papekes og
diskuteres.

3. Det skal gjennomfores et maleprogram ved Elkem Thamshavn for & kartlegge hvordan
den eksisterende grovpartikkelutskillerens operasjonskarakteristika. Méaleprogrammet
fastlegges 1 samarbeid med Elkem Thamshavn AS og Instituttet. Instrumenteringen samt
méleprogrammet presenteres. Méaleresultatene presenteres, diskuteres og sammenliknes
med beregninger fra modellen utviklet i oppgavens pkt. 2.

4. Tiltak for videre optimalisering av driften av grovutskilleren, evt. modifikasjoner pa
denne for & bedre ytelsen, samt videre utvikling av teoretiske beregningsmodeller skal
utarbeides.
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Senest 14 dager etter utlevering av oppgaven skal kandidaten levere/sende instituttet en detaljert
fremdrift- og eventuelt forseksplan for oppgaven til evaluering og eventuelt diskusjon med faglig
ansvarlig/veiledere. Detaljer ved eventuell utferelse av dataprogrammer skal avtales narmere i
samrad med faglig ansvarlig.

Besvarelsen redigeres mest mulig som en forskningsrapport med et sammendrag bade pa norsk
og engelsk, konklusjon, litteraturliste, innholdsfortegnelse etc. Ved utarbeidelsen av teksten skal
kandidaten legge vekt péd a gjere teksten oversiktlig og velskrevet. Med henblikk pé lesning av
besvarelsen er det viktig at de nedvendige henvisninger for korresponderende steder i tekst,
tabeller og figurer anferes pad begge steder. Ved bedemmelsen legges det stor vekt pa at
resultatene er grundig bearbeidet, at de oppstilles tabellarisk og/eller grafisk pa en oversiktlig
mate, og at de er diskutert utforlig.

Alle benyttede kilder, ogsa muntlige opplysninger, skal oppgis pé fullstendig mate. For tidsskrifter
og beker oppgis forfatter, tittel, drgang, sidetall og eventuelt figurnummer.

Det forutsettes at kandidaten tar initiativ til og holder nedvendig kontakt med faglaerer og
veileder(e). Kandidaten skal rette seg etter de reglementer og retningslinjer som gjelder ved alle
(andre) fagmiljeer som kandidaten har kontakt med gjennom sin utferelse av oppgaven, samt
etter eventuelle péalegg fra Institutt for energi- og prosessteknikk.

Risikovurdering av kandidatens arbeid skal gjennomferes 1 henhold til instituttets prosedyrer.
Risikovurderingen skal dokumenteres og inngd som del av besvarelsen. Hendelser relatert til
kandidatens arbeid med uheldig innvirkning pa helse, milje eller sikkerhet, skal dokumenteres og
inngd som en del av besvarelsen. Hvis dokumentasjonen pa risikovurderingen utgjer veldig
mange sider, leveres den fulle versjonen elektronisk til veileder og et utdrag inkluderes i
besvarelsen.

I henhold til ”Utfyllende regler til studieforskriften for teknologistudiet/sivilingenierstudiet™ ved
NTNU § 20, forbeholder instituttet seg retten til & benytte alle resultater og data til
undervisnings- og forskningsformél, samt til fremtidige publikasjoner.

Besvarelsen leveres digitalt i DAIM. Et faglig sammendrag med oppgavens tittel, kandidatens
navn, veileders navn, arstall, instituttnavn, og NTNUs logo og navn, leveres til instituttet som en
separat pdf-fil. Etter avtale leveres besvarelse og evt. annet materiale til veileder 1 digitalt format.
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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 um. 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.

IT
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Sammendrag

Ved Elkem Thamshavn, filter sgr, blir partikler separert fra stgvholdig gas
gjennom to separasjonstrinn. I det fgrst trinnet blir gassen sendt gjennom
en radiklon. Denne bestar av en forutskiller og en syklon. Funksjonen til
radiklonen er a fjerne grove partikler slik at microsilica med hgy kvalitet
blir sendt til neste separasjons trinn. 971 kvalitets microsilica méa ifglge
produktspesifikasjonen inneholde <0.5 % partikler med en partikkeldiameter
pa 45 mu. Malet for denne oppgaven var & utarbeide en beregningsmodell for
ytelsesberegninger av radiklonen for sa & sammenligne med eksperimentelle
resultater. Dette har blitt brukt til & undersgke finfraksjonen av partikler som
gar tapt i radiklonen og grovfraksjonen som sendes til neste separeringstrinn.

Det har blitt utfgrt et litteraturstudie pa beregningsmodeller for syklon
ytelse. Pa bakgrunn av dette har det blitt utarbeidet en beregningsmodell
basert pa statisk partikkelteori og residenstidteori. Kompliserte beregninger
ble unngatt ved & regne ut et ekvivalent, sylindrisk syklon volum. Beregn-
ingsmodellen antar uniform stgvkonsentrasjon i radiell retning slik at turbu-
lente faktorer blir neglisjert.

Partikkelstgrrelsesfordelingen ved radiklon inngangen og ved stgv utgangen,
har blitt funnet ved & analysere stgvprgver. Resultatene har blitt brukt
for & dokumentere naveerende ytelse. De har ogsa blitt sammenlignet med
beregningsmodellen. Basert pa dette er det foreslatt tiltak for videreutvikling
av beregningsmodellen.

Strgmningen i radiklonen kan péavirkes ved & endre pa to spjeld. Et for &
kontrollere gassmengden inn i syklonen og et for & kontrollere gassmengden
fra syklonen til forutskilleren. Et faktorialt maleprogram har blitt designet
for a4 avgjere spjeldposisjonenes effekt pa radiklonytelse.

For a minske finfraksjonen av partikler som gar tapt i radiklonen, har Elkem
installert en ekstra syklon. Fire spjeld ved sylonbunnen gir mulighet til
a tilfgre falskluft og dermed pavirke ytelsen. Et litteraturstudie har blitt
gjennomfgrt pa lignende lgsninger. Basert pa dette har mengden falskluft,
ngdvendig for gnsket ytelse, blitt beregnet.

I1I
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Nomenclature
ap particle acceleration
Qpr radial particle acceleration
agp tangential particle acceleration
c particle concentration
Co initial particle concentration
dso cut-size (cut-off) diameter - particles collected with 50 % efficiency
d1go critical particle diameter - particles collected with 100 % efficiency
d, spherical particle diameter
D cyclone body diameter
D, cyclone particle outlet diameter
D, cyclone gas outlet diameter (vortex finder diameter)
D, radiclone scaling parameter
Fu Euler number
f particle frequency distribution
fe frequency distribution of coarse particles collected by the cyclone
fr frequency distribution of fine particles escaping the cyclone with the gas
F, centrifugal force
Fy drag force
F, pressure force
g gravitational constant
h control volume 1 height
H cyclone inlet height
AH,, cyclone velocity heads
i, j cartesian unit vector for x and y direction respectively
K Bgckmans pressure factor
l natural vortex length
L modified cyclone height
Ly cyclone body length
L, cyclone cone length
my particle mass
M total solid mass flow rate entering the cyclone
M. solid mass flow rate of coarse particles collected by the cyclone
M;y solid mass flow rate of fine particles escaping the cyclone with the gas
n vortex exponent
N number of effective turns
P pressure
Pdyn dynamic pressure
DPstatic static pressure
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Dtot total pressure
Ap pressure drop
Q incoming volumetric flow to cyclone
Qo volumetric flow from the oven
r radial polar (cylindrical) coordinate
i radial distance from cyclone axis to innermost particle at entry
R cyclone body radius
R* modified cyclone radius
R, cyclone vortex finder radius
Re gas Reynolds number based on gas velocity
Re, particle Reynolds number based on particle terminal velocity
S gas outlet duct length
Stksg Stokes number based on particle cut-size diameter
t time variable
too residence time calculated from terminal velocity
res average residence time
tres residence time
temperature
Ty ambient temperature
U, Uy polar unit vector for r and @ direction respectively
Uy radial gas velocity
Vg tangential gas velocity
Vomaz maximum tangential gas velocity
VoR tangential particle velocity at the cyclone wall
Up particle velocity
Urp radial particle velocity
VR radial particle velocity at the cyclone wall
Vgp tangential particle velocity
o terminal particle velocity
V. cyclone inlet velocity
|44 cyclone inlet width
z axial cylindrical coordinate
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total efficiency

tangential polar (cylindrical) coordinate
gas viscosity

gas density
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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:

e Acquire technical drawings of the radiclone from Elkem.

Section 1 1
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e 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:
e Gather suited information from secondary objective 2 for the model.
e Obtain relevant operational parameters from Elkem.

e Determine unknown parameters by doing measurements.

Secondary objective 4 was divided into three smaller objectives:
e Analyzing dust samples to determine separation efficiency.
e Investigate how changes in operation influences performance.

e 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.
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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.
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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.

bumaa.

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).

Differential frequency distribution
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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 = M; + M, (2.1)
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M, is the mass flow rate of coarse particles that are collected by the cyclone. And
M 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:

The total efficiency of a cyclone is then defined as:

M,
nr = Vi

(2.3)

nr 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.

nr = /0 1 n(x)df (2.4)

where f is the differential frequency dF/dz.

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

mass of solids of size x in coarse product

_ 2.5
() mass of solids of size x entering the cyclone (2:5)
or (based on equation 2.2):
M.f.(x)
@)= 3 (26)

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

N fe(z)
n(z) =nr ) (2.7)
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This can also be given in terms of the particle concentration ¢ at a given time after
entering the cyclone, and the initial concentration ¢y which is M per cubic meter
of gas entering the cyclone.

n=1-2 (2.8)

Co

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: = d,, = the
spherical particle radius.

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

Cut-off diameter
Cut-off (dsp) 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 (dyo). Since
collection efficiency increases gradually with increasing particle diameter and
approaches 100 % only as a limit, this value is usually determined analytically.

Pressure drop

Pre