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NOMENCLATURE

dust concentration

c’ see explanatory text for Eq.(5) and Eq.(7)
cylindrical section diameter

Er total cyclone efficiency

Et" see explanatory text for Eq.(5)

Eu Euler number defined in Eq.(1)

Eug resistance coefficient with clean air

K height of rectangular inlet

k empirical constant in Eq.(8)

L width of rectangular inlet

M diameter of gas outlet pipe

Q gas flowrate

Stkso Stokes number defined in Eq.(6)

StkOg Stokes number at very low dust loading
Stk'sg see explanatory text for Eq.(7)

% characteristic velocity defined in Eq.(2)

X50 cut size (50% point on grade efficiency curve)



a empirical coefficient in Eq.(4)
B empirical exponent in Eq.(4)
Ap static pressure drop

M gas viscosity

p gas density

Ps solids density

INTRODUCTION

The gas cyclone is a flow device in which the irdes is brought tangentially into a
cylindrical body. A strong vortex is created insitie cyclone and any particles in the
flow, if they are denser than the carrier gas,safgiected to centrifugal forces. These
forces move the particles radially outwards, towatide inside cyclone surface onto
which the solids deposit.

There are two basic types of gas cyclones depertirtge direction in which the clean
gas leaves the cyclone: the reverse flow cyclortetha uniflow or "straight through”
cyclone. In the uniflow cyclone, the gas entersrag end of the cylindrical body and it
leaves at the other end; this type has limitedinsadustry and will not be discussed
further. The reverse flow cyclone is by far the mosmmonly used type and its

principle of operation is shown in Figure 1.
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Figure 1. Schematic diagram of a gas cyclone



The body of the reverse flow cyclone consists oflandrical section joined to a conical
section. The clean gas outlet is through a ceptpa at the same end of the cyclone as
the tangential inlet. The gas outlet pipe extermses distance axially into the body,
through the top lid. The discharge of the separdted is through a central orifice in the
apex of the conical section.

There are four different types of inlet used in ggslones (Fig.2): tangential, axial,
helical or spiral. Each inlet type has its advaesagnd applications but, from the
fundamental point of view, they all create a coafinvortex flow which reverses its
axial direction in the conical section, as showrfFigure 3. The incoming gas spins in
the outer vortex and moves downwards. In the afexaxial direction is reversed and
the gas moves upwards in the inner vortex and tetweugh the gas outlet pipe.

The tangential velocity is the largest componenthef gas velocity in the cyclone; it
leads to large centrifugal forces on the partiakethe flow. The main axial flow in the
cyclone is downward on the larger radii and upwaedr the centre. There is also a
small radial velocity component, radially inwardhiah transfers some of the gas from
the outer vortex into the inner vortex, throughihg length of the cyclone body.

Particles present in the swirling gas migrate talsahe inside wall and separate into
the boundary layer flow at the wall. As the mainkbflow near the wall is in the
downward direction, the boundary layer flow is atkswnward and the separated dust
layer is carried down into the apex and out throtigd dust discharge orifice. It is,
therefore, not gravity but the gas flow that isp@ssible for dust discharge from a gas
cyclone. Gravity has little effect on the sepamagocess in gas cyclones except when
very coarse dusts are separated in large cycldhedso follows from this that the
cyclone orientation with respect to gravity playmanor role except for large cyclones
which should be installed with their axis in a V@&t or near-vertical direction.
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Figure 3: Gasflow in a gascyclone

As the vortex reaches very far into the apex, @dsgisable not to place any restriction or
valve there. It is better to leave the dust outlebr and use a discharge hopper or
"disengagement chamber” underneath the cycloned{iigith the necessary valve on
the hopper outlet. There is evidence of the voreaching even into the hopper itself
and it is therefore recommended, in order to apaidicle re-entrainment, not to allow
any accumulation of dust in the hopper if possibled certainly not within about one
cyclone diameter below the dust discharge orifice.
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Figure 4. Dust discharge from gas cyclones

Inward leakage of air into the discharge hoppeuced cyclone efficiency, whilst any
outward leakage marginally improves it. As thedattase leads to pollution and loss of
product, it is best to keep the hopper and thehdige valve air-tight whether the
pressure inside is positive or negative.

CHARACTERISTICSOF GASCYCLONES

The main performance characteristics of gas cyslare the pressure drop - flowrate
relationship and the separation efficiency. These a@nveniently described by two
dimensionless groups, the Euler number Eu and tilkeeS number Sgg, to be defined
in this Section. These numbers are constant foaraily of geometrically similar
cyclones and, unlike with some other separatoes; #re independent of the Reynolds
number and therefore independent of the flow cambt (within the recommended
range of operation, see later). Both Eu and,§éce affected by the dust loading (i.e.
feed dust concentration) but the effect is usutken as being negligible up to the
concentrations of about one gram per cubic metre.

Flow Characteristics

The static pressure drdyp measured between the inlet and the gas outketgtlone is
usually proportional to the square of gas flowr&eThis means that the resistance



coefficient defined as the Euler number, Eu, inagigu (1) is practically constant for a
given cyclone geometry or "design” and independétite cyclone body diameter:

Ap
(ov°12)

Eu=

(1)

wherep is gas density and v is a characteristic veloddfined below. In terms of its
physical significance, Eu represents a ratio o$guee forces to inertial forces acting on
a fluid element.

The characteristic velocity v can be defined fos ggclones in various ways but the
simplest and most appropriate definition is basedhe cross-section of the cylindrical
body of the cyclone, so that:

4Q
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where Q is the gas flowrate and D is the cycloselmdiameter.

The two other alternatives to the definition of idweristic velocity, the average inlet or
outlet velocities, are not recommended becauséaredf them would lead to sensible
comparison of different designs; it can be argued the cyclone body diameter is the
most important dimension, determining the manufaatucosts, the space occupied,
headroom etc.

As an example to demonstrate the superiority ofdénition of body characteristic
velocity in Eq.(2) , consider two cyclones, ideatim diameter and all other dimensions
except in their inlet and gas outlet diameters. @a® large inlet and small gas outlet
whilst the other has a small inlet and large gadebuthe relative size of the two
openings may be such as to result in an identiczdsore drop - flowrate relationship
for both cyclones. Using the body velocity definedeq.(2) , the resistance coefficient
Eu in Eqg.(1) would be the same for both cyclotless; is to be expected as the cyclones
are of the same size and give identical flowraiasthe same pressure drops. If,
however, either the inlet or the gas outlet veilesitare used (and some authors still
insist on using those), the resistance coefficients obtained would be very much
different for the two cyclones, thus apparentlydiarmg strongly (and wrongly) one of
the two designs depending on which of the two adteve definitions of v is used.

Note that Eu is sometimes quoted in terms of tha& fmessure drop rather than static
pressure drop as it is used here. The differentveda® the two is small because the gas
velocities in the input and output are comparabi@ the kinetic energy of the incoming

gas can therefore be assumed to be fully recov&tadic pressure drop is much more



convenient to measure and for constant geometrgiiadl difference does not matter
anyway because the ratio of the two velocitiesxisd.

The resistance coefficient Eu is generally notcéfeé by operating conditions if the dust
loadings are low: there is no universal top limit b g/cu.m is probably about right. For
operation under such concentrations, thereforesaube simply tested with clean air at
ambient conditions and experimental values of Bunf@any known or commercial
geometries are available in the literatraVhen test data are not available for a given
design, the next best alternative is to use a étieal expression to predict the value of
the coefficient.

Leith and Mehta2 reviewed the available correlations and found e¢kpressions by

Barth, Stairmand, and Shepherd and Lapple to dieebest predictions out of five

different equations, when tested with twelve knoggometries of known cyclones.
They selected the correlation due to Shepherd apple3 as best because it was
simple and yet it gave results as good as thosdupeal by the other two, more
complicated expressions. The Shepherd and Lappiatieg is given below (for inlets

without vanes) and the notation for cyclone dimensiused in the equation is given in
the nomenclature.

E u= 77 {D/L){D/K){D/M)? (3)

The resistance coefficient Eu, whether predicte&y3) or measured with clean air, is
known to be reduced by the presence of a signifiaemount of solids. This is because
the static pressure drop is largely due to therdegal static head and that in turn
depends on the distribution of the tangential ik in the cyclone. The latter are
modified by the presence of the solids, turbulesagampened, and the resulting effect
is the reduction in resistance to flow; this is ogipe to what happens in pneumatic
conveying in pipes where the resistance is incceabee to the additional friction
between the solids and the pipe walls. The redudtiagesistance only takes place up to
a certain dust loading, above which Eu starts $e:rihe increased friction due to
particles then takes over and becomes dominant.

The correlations available in the literature fag #ffect of dust loading on the resistance
coefficient are necessarily empirical: the moseptable one is quoted by Smoftkand
it can be expressed in the following form:

Eu=Eyl-ad) 4)

where Eu corresponds to dust concentration ¢ [@)GLEY, is the resistance coefficient
with clean air anadt andf3 are empirical coefficients which according to Sinolepend

on the dust: he quotes = 0.02 and3 = 0.6, supposedly obtained with coal dust. The
value of the exponenf3 (which controls the rate of decline in Eu with tus
concentration) in particular is bound to dependtlmn size distribution and density of
the feed solids because turbulence damping is kriowse affected by those variables.



Note that Eq.(4) must be quoted together with a liopt of applicability in feed
concentration c, above which a rise in Eu will tatace. If applied above the limit,
Eq.(4) would predict Eu=0 or negative and that wlafl course be a nonsense.

Efficiency of Separation

The overall separation efficiency of cyclones imstimes called total efficiency;fand

it is simply the solids recovery by mass. It deend the operating conditions and on
the feed size distribution of the solids: the la#fect is taken care of by using the
concept of grade efficiency as described below.

One of the important operating variables affectiol efficiency is the dust loading:
generally, high dust loadings lead to higher redegedue to particle enlargement
through aggregation of particles. This is becaus& garticle collision rates increase
with the square of particle concentration. Aggregatiepends on the nature of the dust,
namely its surface properties, and also on theetagas: humidity for example has been
known to affect aggregation. The effects of aggiiegaare usually not observed below
about 5 g/cu.m. When designing cyclones for highest loadings, predictions are first
carried out assuming low loading and the resuléfiigiencies are then upgraded using
empirical charts or equations. One such equatiowitkely quoted in the literature
(unspecified dust) and attributed to Cap?aas follows:

1- Efr C \0.182
=(— 5
e () (5)

where Er*, c* and k&, c are the corresponding pairs, one (say thegdastwith a star *)
representing the test conditions (or predicted egluat low concentrations, and the
other the values expected at a given high loadirg similar correction, in the form of
a graph, was published by Zebifor cracking catalysts but the two do not coincide

In order to describe the separation efficiency ifoem independent of the feed size
distribution, the recovery is measured and exptesse a function of particle size
(Fig.5). It is then called the "grade" efficienaydait increases from zero for ultra-fine
particles to 100% for very coarse particles. Thetigda size recovered at 50% efficiency
is referred to as the "cut" sizgyand it can be understood as equivalent to theaper
size of an ideal screen that would give the samparation performance as the cyclone.
The total solids recovery in a particular case tthepends on the grade efficiency (or cut
size) which characterizes the cyclone operated rugislen conditions, and on the size,
density, shape, concentration and dispersion op#rtcles (i.e. the characteristics of
the feed aerial suspension). The concept of cetisiziseful where the efficiency of a
cyclone is to be expressed as a single number emdkgmt of the solids size distribution,
such as in scale-up calculations.
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Figure5: Grade efficiency curve of a gas cyclone
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Such scale-up is based on a second dimensionlesg grhich characterizes the
separation performance of a family of geometricaliyilar cyclones. It is the Stokes
number Stk defined as:

Stk = X, (b V(1801 (D) (6)

where m is gas viscosity is solids density, v is defined by Eq.(2) ang is the cut
size (equiprobable size). The physical significantestks is that it is a ratio of the
centrifugal force (less buoyancy) to the drag folmeth acting on a particle of sizgy
For large, industrial-sized cyclones, this dimenkes group, like the Euler number
defined previously, is independent of Reynolds nemidVith small diameter cyclones,
however, say less than 100mm chnages in Reynolddb@&umay affect both Eu and

Stk

As can be seen from Eq.(6) , the separation effftgies described there only by the cut
size % and no regard is given to the steepness of theéegefficiency curve. If the
whole grade efficiency curve is required in desigrperformance calculations, it may
be generated around the given cut size using potanalytical functions of a
generalized grade efficiency function availablenfr¢the literature or from previously
measured data. The knowledge of the exact fornmefgtade efficiency is usually not
critical in solid-gas separation applications basawnly total mass recovery is of
interest and this is not much affected by the sludiplee curve. Consequently, very little
is known how the shape of the grade efficiency eusvaffected by operating pressure
drop, cyclone size or design, and feed solids aunagon.
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In powder classification applications, however,luding the case of de-gritting, the
shape of the curve determines the amount of theplaged" material, such as the
amount of grit reporting to the gas outlet.

Coming back to Stokes number Sjldefined in Eq.(6) , this is usually constant for a
given cyclone design (i.e. a set of geometric priios relative to cyclone diameter D),
when the cyclone is used to separate granular rabé¢feed concentrations of less than
about 5 g/m. Like in the case of Euler number, Stokes numbeafparticular geometry
can also be predicted theoretically from cyclongpprtions but this is less reliable than
in the case of Eu. There is little point in listihgre the available correlations for gk
they are given inl. In short, there are three groups of theories, daetrifugal
sedimentation model, the centrifugal elutriationd®loand the turbulent sedimentation
model with complete lateral mixing. The former twgive generally pessimistic
predictions while the last one has been shown toclosest to experimentally
determined values but on the optimistic side.

The second way of accounting for the concentragiff@ct on efficiency is via the cut
size and the dimensionless group which includegtiieize, the Stokes number Stk

According to Matser, the cut size of a gas cyclone is inversely propoal to the dust
concentration to the power of 0.2. In terms ofsgtkhis is written as:

Stkso _ (€ yos
st =) (7)

where the starred values represent the testededicped values at low dust loadings
and the unstarred are the values expected at ddading. The effect is not expected to
apply at loadings below 5 gAn

Note that the values of dust concentrations ¢ & dbove equation may be in any
consistent units (as they are in a ratio).

The third method, recently proposéd and also empirical, is based on another
expression for Stg as follows:

Stk,, = StK, — kc (8)

where StRg, is measured at a very low dust loading, c is ¢hesting as a fraction by
volume and k is an empirical constant. Limits ofidity have to be quoted with this
equation.

Note that for the purpose of testing of cyclonestf@ grade efficiency or the cut size,
particle size x is best measured as the equiv8toktes' diameter by sedimentation or
elutriation methods. This equivalence is basedhmassumption that, if a spherical
particle and an irregularly- shaped particle sesiehe same velocity (in gravity or

centrifugal fields), they will separate at the sagfieciency. This assumption does not
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hold for flat or needle-shaped particles which assulifferent orientation in a cyclone
than under gravity or centrifugal settling. Probtemre also encountered when the
particles undergo the separation process in aroagghted state and the agglomerates
are subsequently re-dispersed into single partimésre particle size analysis.

Recommended range of operation

One of the most important characteristics of gadooes is the way in which their
efficiency is affected by pressure drop (or flow)atCorrectly designed and operated
cyclones should operate at pressure drops withiecammended range, and this for
most cyclone designs operated at ambient condit®ohstween 2 and 6 inches of water
gauge (WG) (approximately from 500 to 1500 Pa).Hiditthis range, the recovery
increases with applied static pressure drop. Alhdrigabsolute pressures, the applicable
limits increase to higher values and the equivaesdased on the same inlet velocity.

At pressure drops below the bottom limit, the cyelaepresents little more than a
settling chamber, giving low efficiency due to le@locities within it which may not be
capable of generating a stable vortex. Above tpelitoit (the value of which depends
very much on the cyclone design and can be asdsdgtb"WG i.e. 3740 Pa, depending
particularly on what happens at and below the dusiet orifice9), the mass recovery
no longer increases with increasing pressure drap iamay actually decline; it is
therefore wasteful to operate cyclones above itit. |

CYCLONE TYPESAND DESIGN FEATURES, CYCLONESIN SERIES

There is a whole host of different cyclone desigvailable today, and they are usually
divided into two main groups according to their g@trical proportions relative to the
body diameter: the "high efficiency" designs and thigh rate" designs. Note that only
the reverse flow cyclone is considered here bectheteis the type used in the tests
under consideration.

The so-called "high efficiency" cyclones are ch&gazed by relatively small inlet and
gas outlet orifices, and a long body, and they diigh recoveries. The "high rate"
designs give medium recoveries but offer low rasis¢ to flow so that a unit of a given
size will give much higher air capacity than a hajficiency design of the same body
diameter. The high rate cyclones have large indgtd gas outlets, and are usually
shorter. In order to prevent the incoming jet ofiaipinging on the gas outlet pipe, the
inlet is spiral (wrap-round type) while the higlii@ency units can (and often do) have a
simple tangential entry.

It is interesting to find that, for well-designegictones, there is a direct correlation
between Eu and Sik high values of the resistance coefficient usuélyd to low
values of Stkg (therefore low cut sizes and high efficiencies)d aice versa. This is
shown in Fig.6 where the corresponding values ohkd Stkq are plotted for several
commercial and other well-known desighd The points are well scattered but a line
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can be drawn through them to show a general tréhd.line drawn in Fig.6 can be
described by the following approximate equation:

12 3
Stkso) (9)

Eu=(

This equation may be used for estimates of cut sfzenknown cyclone designs (of
"reasonable” proportions) from the cyclone flow relederistics and it is intended for
guidance only.
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Figure 6: Experimental values of Eu and Stksg for some commer cial cyclone
designs

Note that the scale-up of cyclones based on EuSalkg works well not only for near-
ambient conditions but it predicts the performaatéigh absolute pressures and high
temperatures also reasonably well: this meansthiesée is no effect of high pressures
and temperatures other than that accounted fdraemeéfinitions of Eu and S{kon gas
viscosity and density.

The most important reason for using cyclones imesegenerally speaking, is that the
solids recovery of a single cyclone does not carryising with applied pressure drop
above a maximum. No more than two cyclones shoaldided, however, unless steps
are taken that the cut size of the subsequentsstagrogressively lower by "tightening

up" on the design (primary stage of medium or Idficiency design and further stages
of progressively more efficient design or smallenaeter). The first stage often has a
high dust loading and the operating cut size isstheduced by agglomeration; the
second stage, if identical in design, may operatgr@ater cut size on account of it
receiving much more dilute feed. This does not mgéed utilization of the second
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stage as its recovery is small: it's like usingne fscreen followed by a coarse screen
and design changes in the second stage shoulddieensure that its cut size is as
small or smaller than that of the first stage.

Apart from the resulting gain in recovery, two-&agystems are also advantageous for
separation of fragile, agglomerated or abrasivetsdus that the first stage is then
designed to operate at low inlet velocity. A ladi@meter primary cyclone may be used
to collect the grit which would plug or erode thghefficiency cyclone in the second
stage. The two-stage systems also offer additioglgbility in that if the primary
cyclone plugs, the secondary still collects.

The series connection of cyclones is not alwayesearily in the direction of the gas
overflow: sometimes it is advantageous to drawbdf§ 15% of the gas flow through the
dust outlet orifice and separate the concentrageclasuspension in a small secondary
cyclone. Such an arrangement does not improve Weealb recovery of the plant,
however, other than through the beneficial effebis on the recovery in the first stage.
An example of use is in the fluidized bed combustbrBritish Coal 11. Several
pressurized fluidized bed combustors under tesidwade, including the facility at

Grimethorpe, use conventional series connectiormverflow, however, with up to four
stagesl2,13,14,

Cyclones are also widely used in series connectwitls other gas cleaning devices
such as filters, electrostatic precipitators orubbers, usually as pre-collectors, to
reduce the load on the high efficiency units tiodlbfv.

THE EFFECTSOF HIGH PRESSURE AND TEMPERATURE

One of the advantages of cyclones is their suitgldibr use at high temperatures and
pressures. Refractory-lined cyclones have been deedmany years in hot gas

applications and most recently, several experimhept@ssurized fluidized bed

combustors (PFBC's) have employed cyclones focléening of the combustion gases
before their expansion to atmospheric pressurelarge.

It is difficult to make sweeping conclusions frohretavailable range of tests of PFBC
installations because the scatter in the resulisstolumeasurement errors is usually great
and the feed size distribution of solids is nevarstant. Any measurements at the high
pressures and temperatures used in the tests arle maore difficult and subject to
larger errors than under near-ambient conditionsthErmore, the tests were in most
cases primarily designed for the combustor andrahksociated equipment: the cyclone
operating variables all changed almost in a rand@ashion from test to test and this
obscures their correlation with the measured peréoice.

It is possible, however, to evaluate the cyclondgpmance using the well established
dimensionless groups, which compound the operatangbles and allow correlations
in a more manageable form. Comparisons of the tsesuith known relationships for
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cyclones operated at near-ambient conditions allotlie following conclusions to be
drawn; those are of course subject to any systengatbrs in the measurements or
errors of the evaluation in the data supplied.

The effects of pressure and temperature can beeatlvinto those on the resistance
coefficient Eu, on the efficiency of separation (be Stokes number) and on the
recommended range of operation; these are dedltseparately in the following:

1. The resistance coefficient Eu does not seemet@ffected by temperature or
pressure at low dust loadings (less than 1 g/culim.clean air value Eu, extrapolated
from the test results, is quite close to the valuweasured at ambient conditions or
predicted by Eq.(3) from the cyclone dimensiong.(B) does not use all cyclone
dimensions but it gives predictions at least asdgtdman other more complicated
expressions based on a fuller account of cycloopa@tions. The effects of pressure
and temperature are therefore quite predictabla free effect they have on gas density.

At higher loadings than 1 g/cu.m, Eu is reduced manner similar to that occurring at
ambient conditions and Eq.(4) can be used to grélde change. The slope of change
as described by exponebitin Eq.(4) was sometimésfound to be a little higher (0.7)
than the value quoted in the literature (0.6) Iig tould be due to the nature of the
solids rather than the effects of temperature aadsure; the real cause is impossible to
be established without further tests.

2.  The efficiency of separation is also affecteddmperature and pressure. A fuller
review of the relevant work can be found in ourvimes report8; only general
conclusions are given here.

One problem that underlies all of the PFBC cycltests, including the IEA seriés is
that of aggregation and/or attrition on separatidns demonstrates itself in apparently
flat grade efficiency curves (like in the case loé secondary and tertiary cyclones at
Grimethorpe), with the dust in the gas outlet dmeldust collected often being both of
very similar size distributions.

The effects of aggregation and attrition have reithyeen studied systematically and,
until their fundamentals are properly investigatgatedictions of gas cyclone
performance at high pressures and temperaturesiatilbe reliable. High temperatures
may be conducive to aggregation or even sintenggther of agglomerates, which may
be broken on separation.

The use of a dimensionless group, the Stokes nuBtkegy, has been necessary because
the feed size distribution was changing from tesiest. Only some cyclones showed a
"cut size", the others suffered from aggregatiord attrition, making scale-up
correlations impossible. Also, the method of p#tisize analysis was not always
relevant to the application and this might havettethcorrect data.
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The effect of dust loading on Sk is once again more dominant than that of
temperature or pressure: the data are very saatberethere are recognizable trends of
Stkso decreasing with increasing dust loading. The s&nkenown to happen under

near-ambient conditions. It seems, however, thatefficiency is somewhat reduced at
high pressures and temperatures, over and above isvlime to the increase in gas
viscosity and density under such conditions. Tidcgon is not large, however, and

the cut sizes measured are still within the ordemagnitude of the values predicted
from theory or ambient tests.

3.  The range of recommended operation at higheratespressures moves to higher
pressure drops. The actual drop in solids recogetyigh inlet velocities has not yet
been demonstrated in applications at high presamddemperatures but it is likely to
occur. The pressure drops corresponding to theveegdimit vary from 100 to 400
mmWG (10 to 40 mbar) for cyclones run at near antlsenditions and inlet velocities
from 15 to 20 m/s are usually recommended. Thigeam pressure drops would
correspond to pressure drops from 25 to 50 mbabablute pressure of 10 bar and
temperature of 820 °C if the conversion is on theidof the same inlet velocity but
only tests under the actual conditions can vehiy.t

OVERALL VERDICT: The effects of pressure and tengtere on cyclone performance
are broadly predictable from theory. In most PFBBtg they were over-shadowed by
the effect of dust loading and obscured by expertaleerrors leading to very scattered
data.

WORKED EXAMPLE: CYCLONE SELECTION AND SIZING

Determine the diameter of a gas cyclone and, if necessary, the number of cyclones
to be operated in parallél, to treat 0.177 m3/s of ambient air (viscosity is 18.25 x 106
Ns/m?, density 1.2 kg/m3) laden with solids of density 2500 kg/m3 at a pressure drop of
1650 Pa and a cut size of 0.8 xm (to within 0.01 £m). The geometry to be used has Eu =
700 and Skgp = 6.5 x 1072

Solution
From the definition of the resistance coefficient B equation (1) and the
definition of v in equation (2), the cyclone diamretan be calculated directly as the
only unknown:
D2 :@ p_Eu
m \(2Ap

which gives D = 0.337m and, from the definitionSiksg in equation (6), the cut size is
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X50

_ |18um Stk, O
40, Q
which gives xg = 1.2um.

This value is greater than the & required and the feed flow has to be divided
into several smaller cyclones operated in parallek number of parallel cyclones can
be found by repeating the above calculation butgugine flowrate Q divided by 2,3,4
etc. until the cut size of 0j8m is obtained. Alternatively, the two equationsdiabove
can be solved simultaneously for D and N if Q/Substituted for Q.

The former method yields the following resultgnfr which the effect of cyclone
size on the cut size can be clearly seen:
If the total feed flowrate is Q = 0.1173fg, then for
2 cyclones in parallel: D =238 mm anghx 1.01um
3 cyclones in parallel: D =195 mm anghx 0.92um
4 cyclones in parallel: D = 169 mm anghx 0.85um
5 cyclones in parallel: D = 151 mm anghx 0.81um
Answer: 5 cyclones in parallel, each 151 mm in diten) with a capacity of 0.177/5
= 0.0354 m/s each.
Note:

The scale-up procedure used above is based onssumption that inertial
separation is the predominant mechanism. It do¢dake into account the effects of
particle agglomeration, electrostatic effects ostde-entrainment from the bottom part
of the cyclone and the discharge hopper. The effiéatust re-entrainment becomes
important at higher pressure drops (i.e. higheoaigks), usually around 1500 Pa for
most cyclone geometries, when the rise of separatiiciency with pressure drop
(predicted by the inertial theory) terminates. Undémospheric conditions, there is,
therefore, little point in operating (and designicgclones at pressure drops very much
higher than 1500 Pa.

There is also a bottom limit of pressure drodpwewhich cyclones are little
more than settling chambers, operating at very éfficiencies. This lower limit is
arbitrarily set at about 500 Pa.
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