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ABSTRACT 
From a number of studies in gas -solids cyclone separators which have been reported in literature, 
it is shown that, developing more efficient cyclone separators have been essentially based on 
experiments rather than mathematical models. One of the main perfolmance characteristics of the 
gas - solids cyclone separators is the collection efficiency. The principle object of this work is to 
study experimentally the effect of some of the major controlling parameters that have direct effect 
on the cyclone performance, essentially on the gas - solids cyclone separators collection 
efficiency. These parameters are the cyclone size, properties of solid phase and air inlet velocity. 
The results obtained showed that collection efficiency increases with increasing the cyclone size, 
particle size and inlet velocity. 
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1. INTRODUCTION 
Cyclones are being used extensively in industrial to 
separate solids from gasses due to their advantages. 
The cyclone performance plays a key role in the 
reliability of the separation of the solids from gasses. 
The advantageous of the cyclones are based, among 
others, on the low manufacturing and maintenance 
costs simple, effective controllability, and ability to 
operate at high temperatures and pressures. 
Therefore, a lot of researches have directed to study 
the cyclone performance. Researches have attempted 
to reach the optimum design conditions and to 
determine the operation conditions for cyclones 
which increase its efficiency. A number of studies 
have been reported in literature, predicting cyclone 
efficiency. Biffin, et al. [I] proposed a new type of 
cyclone separator (Cardiff cyclone) c o m b i i  two 
stages in one compact unit to enhance collection 
efficiency. Their experimental results indicated that 
the Cardiff cyclone has a higher fractional efficiency 
than that for similar high efficiency Stairmand 
separator at particle size lower than 1 6 ~ .  They 
concluded that the Cardiff cyclone separator offers 
many advantages over conventional cyclones - 
higher collection efficiencies and less tendency to 
chocking. De, et al. [2] investigated experimentally 
the collection efficiency of simple plate type impact 
separators. Effects of air velocity, solid loading and 
included angle of impact blades on the collection 

efficiency was discussed .Their experimental results 
demonstrated that this gas - solid separator had 
impact structure, satisfactory collection efficiency 
especially at low air velocity. Gil, et al. [3] 
introduced results about the effects of solid loading 
on the performance of a cyclone with bottom ash 
extraction of solids. Experiments conducted at inlet 
gas velocities ranged from 9 to 14m/s, inlet solid 
loadings range from 30 to 230 g,,,idJkg gar, and 
bottom gas extraction percentages from 0.3 - 1.5 %. 
In relation with collection efficiency, enhanced 
separation efficiency has found, especially important 
for particle sizes below l o p ,  which reveals 
agglomeration effects. Fassani and Goldstein [4] 
studied the effect of high inlet solid loadings on 
cyclone separation efficiency. The particles used 
were FCC catalyst. Their experiments were 
conducted at entrance velocities of 7, 18 and 27 mls 
.The experiments results showed that, a trend of 
increasing separation efficiency with concentration 
was observed, up to 12 kg,,~ids/kg~~, above which, the 
efficiency decreased. At test conditions, the 
collection efficiency for the entrance velocity of 18 
d s  was higher than for 271x11s. Avci and Karagoz [S] 
devolved a mathematical model for calculation of 
fractional efficiencies in cyclone separators, by 
taking into account the effects of flow, particle, 
geometrical parameters, and acceleration assuming 
that the mixture of fluid and particles is homogenous, 
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and acceleration diminishes depending on the friction 
and geometry. Collection efficiency curves predicted 
by the proposed model showed a good agreement 
with experiments over a wide range of inlet velocities 
for different types cyclone types. Comparison of the 
obtained results with semi empirical models available 
in literature are also indicated that the present model 
may be used successfully for determination of the 
performance of a tangential inlet cyclone. Correa, et 
al. 161 investigated experimentally and theoretically 
the particle residence time in a cyclone. Their 
theoretical and experimental results showed tbat the 
dimensions of the conical part of the cyclone had a 
very important influence on flow and consequently 
on particle residence time. Shin, et al. [7] conducted 
numerical and experimental studies for the 
development of high .efficiency cyclone dust 
separator applicable to the extreme environments of 
high pressure of 6 bars and temperature up to 400' C. 
The experiments showed that the increase of pressure 
and temperature generally affect significantly the 
collection efficiency of fme particle less than l o p ,  
but the effect of pressure and temperature appears 
contrary each other .That is, the increase of pressure 
increase the collection efficiency, while the increase 
of the temperature results in the decrease of the 
efficiency over a certain range of flow rate. Derksen, 
et al. [8] performed three - dimensional, time - 
dependent Eulerian Lagrangian simulations of the 
turbulent gas - solid flow in a cyclone separator. 
They studied the effect of particle - to -gas coupling 
on the gas flow and particle behavior. The presence 
of solid particles causes the cyclone to lose some 
swirl intensity. Furthermore, the turbulence of the gas 
flow gets strongly damped. These two effects have 
significant consequences for the way of the particles 
with different sizes get dispersed in the gas flow. It is 
anticipated that the collection efficiency gets affected 
in opposite senses, negatively by the loss - of- swirl 
and positively by the reduced turbulence. El- Batsh, 
et al. [9] investigated the flow filed and particle 
separation process in cyclones using numerical 
calculations as well as experimental measurements 
.In addition, the effects of cyclone size and inlet 
velocity on cyclone performance were investigated. 
The collection efficiencies are determined 
numerically for the tested cyclones and compared to 
those obtained &om published analytical models, and 
their experimental measurements. The comparison 
shows reasonable agreements. Chen, et al. [lo] 
studied the influence of the bottom - contracted and 
edge - sloped vent - pipe on the separation eEciency 
of a cyclone separator under different vent - pipe 
insert depth and different orientation of the sloped 
edge. The correlative results were also compared 
with the traditional linear - pipe - shaped cyclone 
separator. Their results indicated that the cyclone 

inlet stream velocity has a strong influence on the 
separation efficiency, and the results are similar to 
tbat of conventional cyclone. Namely, the separation 
efficiency increases with increasing cyclone inlet 
velocity. AIso, the separation efficiency changes with 
the orientation of the sloped edge and has the same 
rule of change, the maximum occurs at 90"nd the 
minimum occurs at 270'. Due to the configuration of 
the bottom - contracted and edge - sloped vent - 
pipe on bottom -contracted and edge -sloped vent - 
pipe is suitable with flow field inside cyclone 
separator, the separation efficiencies of the modified 
cyclone separator are usually higher than those of 
traditional cyclone separators. From literature, there 
is a difficulty of theoretical treatment of dust 
collection phenomenon in cyclone; this is due to lack 
of experimental results to verification of theoretical 
treatment of cyclone collector performance. 
Therefore, experimental investigation of gas - solids 
cyclone separators performance for industrial 
applications operating conditions is required to 
establish these effects. To achieve these requirements 
the present research include, the effect of cyclone 
size, inlet velocity, and particle size on the collection 
efficiency in gas - solids cyclone separators. 

2. EXPERIMENTAL WORK 
2.1. Experimental Apparatus and Instrumentation 
In the present study, the experimental data were 
obtained by conducting experiments using a specially 
designed and kbricated experimental facility. The 
schematic view of the test rig is shown in fig.1. The 
air supplied by two blowers providing a volume of 
flow in the range of 14.56 - 114.46 m3/hr. Air flow 
rate measured using a calibrated orifice meter 
(2).This stream of air is mixed with the injected 
particles in the rectangular cross section inlet of the 
cyclone, and discharged tangentially to the tested 
cyclone (3). The pressure drop across the orifice is 
measured using a u -tube manometer comected to 
pressure taps of 1 mm inner diameter which are 
drilled normal to the wall. The deposited particles 
from the cyclone are collected in the hopper part 
(13). The air - particles mixture is adjusted with 
different controlling valves (9) and (16). The solid 
feeding system (4) consists of the solids supply 
reservoir and controlling valve. The solids supply has 
cylindrical shape with a conical end. The feeding 
control valve was calibrated with a dial scale to give 
a desired mass flow rate of feeding solids. Four sizes 
of cyclones are used, three of them were fabricated 
from metal sheet with different cyclone diameters 10, 
14,16 cm and the remaining one was fabricated from 
Perspex with 7.5 cm diameter. Fig. 2 shows the 
dimension ratios for Stainnand cyclone design used 
in this study. 
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2.2 Test Method 
In order to study the effect of the particle size on the 
cyclone collection efficiency, two solids materials 
were used in conducting experiments, commercial 
sand and white cement. Sand is used as the solid 
particles. The particle sizes in terms of median 
diameter were 70,225,360,510p and sand overall. 
The particle size distribution (PSD) is shown in fig. 3 
and its density of about 1400 kglm3. The physical 
properties of the white cement are 70pm median 
diameters and density of about 13 15 kgJm3. 
A11 solid samples were dried in an oven at 600 C 
before use. The experiments were m i e d  out at 
almost equal room temperature and atmospheric 
pressure. The experimental readings were taken with 
more care, tabulated and plotted graphically. The 
experiments were carried out at dust loading values 
of 50, 80,100,125,200,275 and 350 gsolidskgair and 
inlet velocity varied from 5.3 to16.77 ds. 

Fig.2. Shape and principal dimensions of the 
Cyclone. 

Fig.3. Particle size distribution of sand 

The forced and induced blowers were run for 
sufficient time till stable conditions of the flow have 
been established before the test was started. The 
delivery valve was adjusted at a certain opening to 
give the required flow rate. Solid particles of (sand) 
sample of a given particle diameter is weighed by the 
scale to determine its mass and is introduced into the 
solid supply reservoir .The calibrated solid conhol 
valve is adjusted at a certain opening to give the 
required solid flow rate. The solid loading valve 
opened and the measurement of the pressure drop in 
the orifice meter, the time of solid loading and the air 
temperature in the inlet of the orifice meter 
corresponding to the condition were recorded. Solid 
particles were collected by the cyclone over a 
specified period of time and weighted by the scale to 
determine its mass flow rate. These observations of 
clean air and dusty air conditions were repeated for 
many other possible flow rates and the corresponding 
readings were determined. 

Engineering Research Journal, Minouflya University, Vol. 32, No. 2, April 2009 175 



M A. Hosien "Experimenlal Investigation Of Collecfion Eficiency In Gas - Solids Cyclone Sepa~aiors" 

2.3. Cyclone Performance Parameters 
Collection efficiency" overall collection efficiency", 
q, = M a i  = (Mi - &)Mi = I - MJM, , uncertainty 
range, is 0.028 minimum and 0.085 maximum. 

3. EXPERIMENTAL RESULTS AND DISCUSION 
3.1. Effect of Cyclone Size on the Collection 

Efficiency 
A study of the effect of cyclone size on the collection 
efficiency is very important from economical point of 
view. In order to evaluate this effect, extensive testes 
were conducted at various particle sizes, different 
cyclone sizes, various inlet velocities, and various 
dust loading. Typical results are shown in figs 4 to 6, 
from tests conducted at particle size 7 0 ~ .  In all tests 
it appears that the efficiency depends on the cyclone 
sue. Similar trend was reported by EL - Batsh, et al. 
PI. 
The general trends of curves are that the collection 
efficiency increases with increasing cyclone size, 
reaches a maximum and then decreases with 
increasing cyclone size. In addition these Figures 
show that the peak in collection efficiency occurs at 
10 cm cyclone size .Therefore, the value of cyclone 
sue for peak efiiciency independents of the other 
operational conditions, i.e., dust loading, particle size 
and inlet velocity. 
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Fig.4. Variation of collection efficiency with cyclone 
diameter for particle size (70pm) with different solid 

loading at constants inlet velocity of 9 m/s. 
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Fig.5 Variation of  collection efficiency with cyclone 
diameter for particle size ( 7 0 ~ )  with different solid 

loading at constants inlet velocity of 8 m/s .  
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Fig.6 Variation of coll&tion efficiency with cyclone 
diameter for particle size ( 7 0 ~ )  with different solid 

loading at constants inlet velocity of 7 m/s. 

The consequences of increasing the cyclone size at 
constant gas flow rate is to reduce the inlet velocity 
which in turn leads decrease in the magnitude of the 
tangential velocity, to increase the residence time, to 
increase the natural length of the cyclone, and to 
decrease the radial velocity. Thus the combination of 
these factors results in the shape of the efficiency 
versus size curve. Furthennore, collection of particles 
inside a cyclone is naturally a result of the forces 
acthg on them (centrif~~gal, drag, and gravitational 
forces), who's resultant dins them to cyclone walls. 
The reduction of collection efficiency with 
decreasing the size from 10 cm to 7.5 cm may be 
attributed to that the distance between the dust and 
gas outlets is very small and this gives a better 
chance for dust to move with inner vortex and leaves 
with discharge air. However, in large size cyclone 
there is a greater distance between the dust and gas 
outlets which gives restrained dust a better chance to 
more back into the outer vortex and be collected 
again before leaving the cyclone. The present results 
showed that better efficiency results when smaller - 
diameters cyclones are used. In addition diameters 
that are too small can also present operational 
problems. Industrial dusts are poly disperse, 
containing particles of many sizes. Although a 
fractional efficiency curves defmes the cyclone 
collection for any particle sizes, it doesn't by itself 
provide an estimate of overall efficiency. Therefore 
testes for overall sand were conducted because in 
practical applications, overall efficiency is of primary 
concern. Fig. (7) Shows the variation of the overall 
collection efficiency with cyclone size for overall 
sand at different solid loading and constant inlet 
velocity of 10.3 m/s for all type of cyclones. This 
Figure indicate that the collection efficiency 
increases with increasing cyclone size reach a 
maximum and then decreases with increasing 
cyclone size. In addition this Figure also shows that 
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the peak in collection efficiency depends on the value 
of C, and occurs at about 11 cm. 
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Fig.7 Variation of collection efficiency with cyclone 
diameter for particle size (sand overall) with different 
solid loading at constants inlet velocity of 10.3 mls. 

3.2. Effect of Particle Size on the Collection 
Efficiency 

Extensive testes were conducted at various cyclone 
sizes and different operation conditions to evaluate 
the effect of particle size on collection efficiency. 
Typical results are shown in figs 8 to 11. 
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Fig.8 Variation of collection effici&cy with particle size 
for cyclone diameter (7.5 cm) with different inlet velocities 
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Fig.9 Variation of collection efficiency with particle 
size for cyclone diameter (10 cm) with different inlet 

velocities. 
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Fig.10 Variation of collection efficiency with particle size 
for cyclone diameter (14 cm) with different inlet velocities 
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Fig.11 Variation of collection efficiency with particle size 
for cyclone diameter (16 cm) with different inlet velocities 

The general trends of collection efficiency versus 
particle size are that the efficiency increased as then 
approach approximately 100% for particles bigger 
than 225pm. These results agree with results of Shin, 
et al., [7] and EL - Batsh,[9]. For smaller particles 
size the turbulence intensity within the cyclone 
affects the separation efficiency and with increase in 
turbulence intensity decrease the residence time 
caused the separation efficiency decreases .However 
for larger particles size the intensity of turbulent has 
almost no effect on the residence time because the 
particles have relatively bigger inertias, and that the 
residence time of relatively large particles will 
increase with the turbulent intensity. The effects of 
the increase on the mean residence time made more 
complex. In addition, the thickness of boundary layer 
has an effect on the collection efficiency and that the 
efficiency increases with a decrease in the boundary 
layer thickness. Moreover, the smaller size particles 
get dispersed in the cyclone and are likely to be 
caught by the flow in the cone of the cyclone, and 
exit through the vortex fmder. In the inlet area the 
smaller size particles are dispersed as a result of the 
imposed inlet conditions. They do not attach 
immediately to the wall once they enter the body of 
the cyclone as the still bigger particles do , but have 
small chance to enter the weak shortcut flow diuwtly 
guides gas from the annulus in between vortex finder 
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and the cyclone wall into the exit pipe and gel 
exhausted. 

3.3. Effect of Inlet Velocity on the Collection 
Efficiency 

Figs. 12 to 15 show the effect of the inlet velocity on 
the collection efficiency. 
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Fig.12 Variation of collection efficiency with inlet 
velocity for cyclone diameter (7.5 cm) and particle 

size (70pm) with different solid loading. 
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Fig.13 Variation of collection efficiency with inlet 
velocity for cyclone diameter (10 cm) and particle 

size ( 7 0 ~ )  with different solid loadiig. 
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Fig.14 Variation of collection efficiency with inlet 
velocity for cyclone diameter (14 cm) and particle 

size (70pm) with different solid loading. 

Fig.15 Variation of co1lectio~'efficiency with inlet 
velocity for cyclone diameter (I6 cm) and particle 

sue  (70pm) with different solid loadiig. 

Generally these figures show that the collection 
efficiency increases with increasing the inlet velocity. 
These results agree with results of De, et al. [2], EL - 
Batsh, et al. [PI and Chen, et al. [lo]. Collection 
efficiency depends on the flow regime which is 
affected by the flow parameters such as inlet 
velocity, temperature, viscosity and surface 
roughness. In high velocities, flow is generally fully 
turbulent and the effects of flow parameters decrease 
with Reynolds number, whereas, at low velocities, 
flow is laminar and the effects of flow parameters 
increase up to a certain point and then start to 
decrease after that. The most interesting results have 
been obtained for small cyclones in which 
transitional flow regime might be dominant. This 
shows that detail investigation is required to 
determine transition to turbulence in a cyclone. 
Decreasing in surface resistance which eventually 
leads to decrease of velocity is an important way to 
high efficiency due to increasing in natural vortex 
length and residence time inside cyclone. The inlet 
velocity influences strongly the results of collection 
efficiency intended in Fig. (13). The tangential 
velocity increases with an increase of the inlet 
velocity, leadimg to a greater separation in cyclone. 
This is due to the decrease in the cut - size with 
increasing inlet velocity. Since the cut - off diameter 
varies inversely with the square root of velocity. 

4. CONCLUSION 
Based on the results obtained from the present 
experimental investigation, the following broad 
conclusion can be obtained: 
1. The collection eficiency of the cyclone increased 

with increasing cyclone Size, reached a maximum 
and then decreased with increasing cyclone Sue. 
The peak of the collection efficiency occurred at 
10 cm cyclone size. The peak was independent of 
the other operational conditions for all particle size 
tested here, but for the sand overall it depends on 
the flow conditions. 
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2. The collection efficiency increased with increasing 
particle size and approached 100 % for particle 
sizes bigger than 2 2 5 ~ .  

3. The collection efficiency increased with increasing 
the inlet velocity. 
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6. NOMENCLATURE 
C,i = solid loading (g,,a& 1 kg,iJ 
D = cyclone diameter,7.5,10,14 and16 cm. 
M, = mass of solids collected by cyclone (g) 
Mi = input solids mass to cyclone (g) 
M, = solids loss mass due to entrainment (g) 
V = average velocity of air (mls) 
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