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ABSTRACT 
Multi-cyclones are widely used as industrial gas-cleaning device in controlling particulate 
emission from many stationary sources. However, understanding on the operation of multi-
cyclones is hardly available in literatures. In this respect, a study to investigate the effect of 
different area of axial entry of a miniature cyclone of MR-deDuster, a multi-cyclones unit 
developed as particulate emission control device is presented in this paper. The development of 
the MR-deDuster was based on semi-empirical equations introduced by Lapple coupled with 
standard cyclone dimensions by Stairmand. In addition, the MR-deDuster was based on some 
assumptions and its performance was examined based on the actual particulate emission data 
collected from an incineration plant. Based on the predictions, the results showed that a greater 
amount of finer particulates size fraction was obtained using a miniature cyclone with smaller 
area of axial entry. However, the problems of having too many miniature cyclones with smaller 
area of axial entry must be taken into consideration in actual plant application. A detailed 
illustration on the performance of the MR-deDuster is discussed further in this paper. 
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INTRODUCTION 
Issue involving air pollution such as global 
warming, climate change, Green House Gas 
(GHG) emissions and human health deterioration 
has become an international issue of 21st century. 
Air pollution refers to the presence of any 
substance or pollutants such as chemical, 
Particulate Matter (PM) and biological materials 
become a global concern because it may be 
harmful or injurious to human health or welfare, 
animal or plant life, or property.1 PM is 
significant air pollutant which initially was not 
recognized as a hazard to public health and only 
acknowledged harmful to human health in 
1990’s due to the increasing of mortality 
associated with acute (daily) and chronic 
(decades) exposures.2 In both developed and 
developing countries, the evidence on airborne 
PM caused adverse health effects at exposures 
experienced by urban population in cities is 
proven consistently  throughout  the  world.3 The   
large fine particulate in the air can contribute      
to the increasing of global warming as well.4 In  

Malaysia, there are three main sources of air 
pollution, these are mobile sources, stationary 
sources, and open burning sources.5 The 
emission of unburned hydrocarbons from motor 
vehicle is one of the most serious sources of air 
pollution in this country.6 However, the main 
source of PM emission is from stationary sources 
include industries and power plant.5 In order to 
control the emission of PM from the stationary 
sources, the industries generates particulate are 
required to install particulate collector. There are 
many different types of particulate collectors 
used in the industries and multi-cyclone is one of 
the devices that commonly used due to its low 
capital cost and its ability to operate in harsh 
operating conditions.   
Although the multi-cyclones are widely used 
in the industries, studies on multi-cyclones are 
very limited and lacking. On the contrary, 
studies  on  a  single  cyclone  already  evolved  
more than 50 years. Both single and multi-
cyclones have a similar mechanism of 
particulate collection but applying different 
types   of   gas  entry  design.  As  for  a  single  *Author for correspondence 
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cyclone, the common entry design used is a 
tangential entry, while axial entry is used in 
multi-cyclones. Fig. 1 and Fig. 2 show the 
front and top view of cyclone with tangential 
and axial entry. For tangential entry, the gas is 
brought in at the side of cyclone to initiate the 
swirling action. While for axial entry, the gas 
is brought in at the top and the swirling action 
is imparted by stationary vane positioned in the 
path of incoming gas. The entry area which the 
gas brought into the cyclone is referred as 
effective area entry.  

AIMS  AND  OBJECTIVES 
There are many studies showed the effect of 
tangential  entry  such  as  width,  height, angle 
as well as the area of the entry on the 
performance  of  single  cyclone. However, the  

study on the effect area of axial entry on the 
performance on multi-cyclones was never been 
reported in the literature before. Thus, this 
study will be focusing on the prediction and 
discussion on the effect different area of axial 
entry on the performance of MR-deDuster, a 
multi-cyclones unit developed as particulate 
emission control device.  The semi-empirical 
equation formerly developed by Lapple 
coupled with standard cyclone dimensions by 
Stairmand is used to show the relationship of 
MR-deDuster performance based on the 
different area of axial entry.  In addition, the 
study also investigates the relationship of 
number of miniature cyclones of the proposed 
MR-deDuster for different effective area of 
axial entry with other selected parameters 
remained constant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 : The front view of (a) cyclone with tangential entry and 
(b) cyclone with axial entry 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 : The top view of (a) cyclone with tangential entry and (b) 
cyclone with axial entry 
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MATERIAL  AND  METHODS 
Collection efficiency of MR-deDuster  
The cut diameter (dpc) is defined as the size 
(diameter) of particles collected with 50% 
efficiency. It is a convenient way of defining 
efficiency for a particulate control device.  The 
cut diameter use in the study is based on the 
semi-emperical relationship developed by 
Lapple,  

푑  =                     (1) 

where μ is the gas viscosity (kg/m3), W is the 
maximum radial distance of particulate (m), Ne 
is the number of effective turns,  Vi is the gas 
inlet velocity (m/s),  ρg is the density gas 
(kg/m3) and ρp is the density of particulate 
(kg/m3). The value of W is difficult to obtain 
analytically and in this study, the W value is 
obtained using modification of Stairmand-high 
troughout cyclone dimension (with tangential 
entry),   

푊 = 0.375퐷         (2) 

퐻 = 0.75퐷         (3) 

where W is the width of tangential entry (m), H 
is the height of tangential entry (m) and D is 
the diameter of cyclone body (m). The 
effective area of tangential entry for conve-
ntional cyclone is referred to the multiple of W 
and H values,  

퐴 = 푊 × 퐻         (4) 

Substitution of equation (3) into equation (4),  

푊 =
.

         (5) 

The effective area of axial entry is given by 
annular area between the vortex finder 
diameter and cyclone body,  

퐴 = 휋 −         (6) 

where D is the diameter of body cyclone (m) 
and De is the diameter of vortex finder (m). 
Substitution of equation (5) and (6) into 
equation (1) will generate the equation of cut 
diameter for axial entry,   

푑  =  
 

          (7) 

In order to obtain different area of axial entry, 
different diameter size of vortex finder is used, 
while the diameter of cyclone body is 
remained the same. In all calculation the 
following assumptions were made:  
Cyclone diameter D = 0.1 m;  
Vortex finder diameter De = 0.05, 0.06, 0.065, 
0.07, 0.075, 0.08 and 0.085 m; 
Inlet velocity Vi = 15 m/s; 
Temperature T = 473.15 K; 
Pressure P = 1 atm; 
Particulate density ρp = 1000 kg/m3 
Flue gas density and viscosity ρg= 0.7448 
kg/m3 and μ = 0.093 kg/hr.m, corresponding to 
above specific T and P. 
Number of effective turns Ne = 5 
The overall collection efficiency of MR-
deDuster is predicted using particle size 
distribution obtained from an incinerator plant 
and collection efficiency model introduced by 
Lapple,  

휂 =
⁄

        (8) 

휂 = 훴휂 푚          (9) 

where 휂  is collection efficiency for the jth 
particulate size range, 푑  is the characteristic 
diameter of jth particulate size range, 휂  is the 
overall collection efficiency and 푚  is the mass 
fraction of particulate size range. 
The number of miniature cyclone in MR-
deDuster 
The number of miniature cyclones proposed 
for the MR-deDuster dependent on the flow 
rate, inlet velocity and cross sectional area of 
axial entry can be represented as,  

푄 = 푛푉 퐴       (10) 

where Q is the volumetric air flow rate (m3/s), n 
is the number of miniature cyclones in multi-
cyclones, Vi is the gas inlet velocity (m/s) and A 
is the cross sectional area of axial entry. The 
range of flow rate used in the study is based on a 
typical air volumetric flow rates from selected 
local industries. In all calculation, the value of 
inlet velocity,Vi was fixed at 15 m/s. 
Pressure drop of MR-deDuster 
The pressure drop (∆P) is the other major 
consideration in multi-cyclones design. The 
equation introduced by Benitez  was used in 
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determining the pressure drop of the proposed 
MR-deDuster,  

∆푃 =       (11) 

where 푁  is a constant which depends on 
cyclone configuration (for Stairmand 
configuration, 푁 = 6.4), ρg is the density gas 
(kg/m3), Q is the flow rate (m3/s), 퐾 = 퐻

퐷 (for 
Stairmand-high troughout cyclone dimen-
sion, 퐾 = 0.75), 퐾 = 푊

퐷 (for Stairmand- 
high troughout cyclone dimen-sion, 퐾 =
0.375), n is the number of miniature cyclones in 
multi-cyclones and D is the diameter of cyclone 
body (m). In all calculation the following 
assumptions were made:  
Cyclone diameter D = 0.1 m; 
Flow rateQ = 6 m3/s 
Temperature T = 473.15 K; 
Pressure P = 1 atm; 
Flue gas density ρg= 0.7448  
kg/m3, corresponding to above specificT and P. 
Inlet velocity Vi = 15 m/s 

 

RESULTS AND DISCUSSION 
Prediction on the performance of MR-
deDuster for different area of axial entry 
Fig.3 presents the predicted particulate size 
collected at 50% efficiency or cut-diameter of 
the MR-deDuster for various areas of axial 
entry which showed that the finer particulate 
size fraction are obtained using miniature 
cyclones with smaller axial entry area. The 
area of axial entry was varied using a different 
size of vortex finder tube, with diameter of 
miniature cyclone remained constant. Fig.4 
shows another representation of Fig 3, where a 
smaller particulate diameter collected with 
50% efficiency using bigger size of vortex 
finder due to reducing of annular area between 
the vortex finder and the cyclone body. The 
predicted 50% particulate collection efficiency 
was 3.8 µm using miniature cyclones with 
0.0022 m2area of entry. The result is 
considered acceptable since the collection 
efficiency of a properly designed multi-
cyclones able to collect as high as 90% of 
particulate in the 5 to 10 µm size range.  

 
 
 
 
 
 
 
 

 

 

 

 

 

Fig. 3 : Predicted particulate diameter collected with 50% efficiency by MR-deDuster for 
different area of axial entry 

The particulate enters the cyclone moves 
outward radially across the swirling gas 
streamline and collides with the cyclone wall 
before being arrested in the hopper. The 
smaller radial distance travelled by particulate 
increases  the  chances  of  collection including  

the finer particulate size fraction. Thus, the 
smaller area of cyclone entry, which helps 
reducing the radial distance travelled by 
particulate simultaneously, contributes to a 
greater amount of particulate collected in the 
cyclone. 
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Fig. 4 : Predicted particulate diameter collected with 50% efficiency by MR-deDuster for 

different diameter of vortex finder with fixed cyclone diameter 

In addition, the selection of small diameter of 
body cyclone also assists in increasing the 
amount of particulate collected especially for 
the finer particulates size fractions. 
MR-deDuster collection efficiency based on 
actual particulate size distribution 
Fig. 5 presents the predicted collection 
efficiency of MR-deDuster for various areas of 
axial entry based on the actual particulate size 
distribution emission collected from an 
incineration plant which showed that cyclones 
with  smaller area of entry has a higher particu- 

late collection efficiency. The cyclone with 
0.0022m2 area of entry was predicted to collect 
15µm particulate size at 94% efficiency. 
While, cyclone with 0.0059m2 only managed 
to collect the same particulate size at 85% 
efficiency. Fig. 5 also showed that the 
fractional collection efficiencies for larger 
particulates size range was not differed 
compared to the finer particulates size range. 
Therefore, the area of axial entry presents a 
significant effect on the collection efficiency 
of finer particulate size fraction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 : Predicted collection efficiency for different area of axial entry of MR-deDuster 

Generalized number of miniature cyclones 
in MR-deduster 
Fig. 6 presents the generalized number of 
miniature cyclones in MR-deDuster for various 
flow  rates  and  areas  of axial entry (with inlet  

velocity fixed at 15 m/s), which showed that 
the number of miniature cyclones needed 
varies with the flow rate of the flue gas and the 
area of axial entry. In fact, Fig. 6 is used as the 
basis for designing a MR-deDuster in this case.  
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Fig.  6  :  Number of miniature cyclones in MR-deDuster for different flow rates  

and areas of axial entry 

As shown in Fig. 6 the number of miniature 
cyclones needed increases with smaller area of 
axial entry resulted in better performance i.e 
smaller particulate cut-diameter. However, this 
will increase the capital cost of the multi-
cyclones unit due to the higher usage of raw 
material. 
The pressure drop prediction of MR-deDuster 
The pressure drop is one of significant 
consideration in designing a multicyclones   
due  to  its  effect  direct impacts on the operat- 

ional cost. The higher the pressure drop, the 
higher is the operational cost of the unit as 
more energy is needed to drive the induced 
fan. According to Benitez, the pressure drop of 
a multi-cyclones is closely related to the 
number of miniature cyclones in the multi-
cyclones. Fig. 7 presents the relationship of 
pressures drop and the number of miniature 
cyclones in MR-deDuster which showed that 
the pressure drop rapidly decreases with the 
increase in the number of miniature cyclones. 

 

 
Fig. 7 : Predicted pressure drop for different number of miniature cyclone in 
MR-deDuster at a fixed air flows rate of 6 m3/s and inlet velocity of 15 m/s. 

In this particular study, the gas inlet velocity is 
remained constant at 15 m/s. As stated by 
Benitez, a multi-cyclones system manages to 
attain a higher removal efficiency for fine 

particulate size fraction at a much lower 
pressure drop than a single cyclone for a 
similar efficiency. A similar observation was 
obtained with MR-deDuster. 
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CONCLUSION 
Study on the effect different area of axial entry 
of miniature cyclones of MR-deDuster 
predicted that the finer particulate size fraction 
was obtained using miniature cyclones with 
smaller area of axial entry. However, the 
number of miniature cyclones in MR-deDuster 
multi-cyclone system increases if smaller area 
of axial entry is to be adopted. On the contrary, 
the predicted pressure drop of MR-deDuster 
tends to decrease rapidly as the number of 
miniature cyclones in MR-deDuster increases. 
The actual performance of the MR-deDuster 
will be tested and validated with rigorous 
experimental work, which is soon to be carried 
out in our laboratory. 
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