
ABSTRACT

A cyclone is an effective tool to facilitate the collec-
tion of aerosol particles without using filters, and in 
cell exposure studies is able to collect a sufficient 
amount of aerosol particles to evaluate their adverse 
health effect. In this study, we examined two differ-
ent methods to improve the aerosol particle collec-
tion efficiency of a cyclone. The individual and com-
bined effects of reducing the surface roughness of 
the inner wall of the cyclone and of using a circular 
cone attachment were tested. The collection effi-
ciency of particles of diameter 0.2 μm was improved 
by approximately 10% when using a cyclone with a 
smoothened inner wall (average roughness Ra=0.08 

μm) compared with the original cyclone (Ra=5.1 

μm). A circular cone attachment placed between the 
bottom section of the cyclone and the top section of 
a collection bottle, resulted in improved collection of 
smaller particles without the attachment. The 50% 
cutoff diameter of the modified cyclone (combined 
use of smoothened inner wall and attachment) was 
0.23 μm compared to 0.28 μm in the original model. 
The combined use of these two techniques resulted 
in improved collection efficiency of aerosol particles.

Key words: Circular cone attachment, Collection 
efficiency, Cyclone, Surface roughness, Fine particles, 
Ultrafine particles

1. INTRODUCTION
Exposure to atmospheric aerosols is a serious con-

cern for human health (Lelieveld et al., 2015; IARC, 
2013; OECD, 2012; Pope et al., 1995; Dockery et al., 
1993). A threshold of PM2.5

 (particulate matter that 

passes through a size-selective inlet with a 50% efficien-
cy cut-off at an aerodynamic diameter of 2.5 μm) has 
been promoted in regulation worldwide over the last 
10-20 years (USEPA, 2013; Ministry of Environment, 
Japan, 2009; European Parliament and of the Council, 
2008). These regulations were set based on numerous 
epidemiological studies, many of which have reported 
adverse health effects of particulate matter. However, 
the detailed mechanisms of the cellular biochemical 
reactions associated with the toxicity of particulate 
matter are not yet well understood. The major reason 
for this is the difficulty of isolating a sufficient amount 
of aerosol particles to conduct cell-level toxicity assays 

(Okuda et al., 2015). In general, studies on cell expo-
sure to aerosol particles have been conducted using 
particulate matter collected by vibrating aerosol-load-
ed filters (Ogino et al., 2014; Lichtveld et al., 2005), 
yet the particles used in such an exposure study may 
not be the same as those present in ambient air. Possi-
ble contamination from the filter material should also 
be considered (Van Winkle et al., 2015). In addition, 
sample handling to obtain particles for exposure experi-
ments is highly complicated and time consuming. Fur-
thermore, the amount of particles that are collected on 
a filter is often insufficient to perform exposure studies. 
The development of techniques that allow researchers 
to collect a sufficient amount of aerosol particles for 
exposure studies without the use of filters is therefore 
required. While previous studies reported that cyclone 
is an effective means to facilitate the collection of 
aerosol particles for an exposure study (Ogino et al., 
2017; Okuda et al., 2015; Rule et al., 2010), the col-
lection efficiency of cyclones may still be improved.

The surface roughness of a cyclone would plays an 
important role in the vortex structure that controls 
cyclone performance. A smoother surface on the inner 
wall of a cyclone may reduce friction between air and 
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surface, which in turn is related to vortex intensity and 
pressure drop across the cyclone (Kaya et al., 2011; 
Yoshida et al., 1991; Zhou and Soo, 1990). Therefore, 
superior separation performance may be observed in a 
cyclone if the inner wall is relatively smooth. Another 
approach to improve collection efficiency is the use of 
a circular cone attachment that is placed between the 
bottom section of the cyclone and top section of the 
collection bottle (Takeda et al., 2011). This attachment 
can prevent resuspension of particles from the collec-
tion bottle because it is possible to decrease the air 
velocity in the collection bottle and to reduce the re-
entrainment of particles from the collection bottle.

There are many previous studies regarding the effects 
of sole use of above mentioned two methods, reducing 
the surface roughness of inner wall of the cyclone and 
of using a circular cone attachment. However, the 
effect of combined use of these two methods have not 
been investigated. In this study, we examined the 
effectivity of the individual and combined effects of 
reducing the surface roughness of inner wall of the 
cyclone and of using a circular cone attachment in 
improving the collection efficiency of aerosol particles 
using a cyclone.

2. MATERIALS AND METHODS

2. 1    Changing the Surface Roughness of the 
Inner Wall of the Cyclone

The HVS3 cyclone (CS3 Inc., USA) has been report-
ed to have a 50% cutoff diameter of 0.1-0.2 μm at a 
flow rate of 1,100 L/min (Okuda et al., 2015; Rule et 
al., 2010). The surface roughness (average roughness, 
Ra; JIS B0601, 2013) of the inner wall of this cyclone 
was measured as 5.1 μm using a surface-measuring 
unit (Handysurf E-45A, Tokyo Seimitsu, Japan). We 
used this as the “original” cyclone in our study. Anoth-
er cyclone, which we refer to as the smoothened inner 
wall (SIW) cyclone, had the same inner shape as the 
HVS3 cyclone and was constructed of aluminum; its 
inner wall was ground and polished to reduce the sur-
face roughness to Ra = 0.08 μm. Schematics and pho-
tographs of both cyclones are shown in Fig. 1.

2. 2    Constructing the Circular Cone 
Attachment

The shape and size of the cyclones tested in this study 
was similar to the cyclone tested by Takeda et al. (2011), 
who optimized the vertical angle of several circular 
cone attachments ranging from 40° to 80° and found 
that a 70° angle resulted in highest separation efficien-
cy. We followed this approach in designing the shape 
and size of the circular cone attachment, which was 

constructed of aluminum (diameter (φ) 36-mm for the 
conical bottom and 70° for the vertical angle). The 
attachment is placed between the bottom section of the 
cyclone and the top section of the collection bottle, and 
can be adjusted in height (Fig. 2). In the present study, 
the height at which the attachment was positioned (h) 
was defined as the distance between the bottom of the 
tested cyclone and the top of the attachment.

2. 3    Examining the Separation 
Characteristics of the Cyclones

Particle number concentration and size distribution 
at the inlet and outlet of (i.e. without and with) the 
cyclones were measured using a scanning mobility 
particle sizer (SMPS, Model 3910, TSI Inc., USA). An 
amber bottle (I-Chem 100 wide mouth amber glass jar, 
250 mL, Thermo Fisher Scientific Inc., USA), which 

Fig. 1. Photographs of the cyclones used in this study. (a) 
Geometry of the cyclones, (b) The HVS3 cyclone and its 
interior, (c) the smoothened inner wall (SIW) cyclone and its 
interior.

(a)

(b) (c)
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functioned as a particle collector, was connected to the 
cyclone. The air was pumped out using a blower (U2S-
150, Showa Denki Co. Ltd., Japan). Air flow rate was 
controlled by an inverter (FRN2.2C1S-7J12, Fuji Elec-
tric Co. Ltd., Japan) and monitored using a mass flow 
meter (CMG400, Azbil Corp., Japan). The air flow rate 
was fixed to 1,100 L/min through the experiment 
because the HVS3 cyclone (original) has been reported 
to have a 50% cutoff diameter of 0.1-0.2 μm at that 
flow rate (Okuda et al., 2015; Rule et al., 2010). Pres-
sure drop across the cyclone was measured using an 
electronic manometer (testo 506, testo AG, Germany). 
The experiment was carried out on the rooftop of a six- 
story building at Keio University, Yokohama, Japan. 
These experimental settings were the same as those 
used in a previous study (Okuda et al., 2015). We used 
sodium chloride particles for testing the separation 
characteristics of the cyclones. Specifically, NaCl par-
ticles were generated using a nebulizer and were then 
passed through a diffusion dryer that contained silica 
gel particles. The NaCl contained test air was mix with 
ambient air in order to achieve 1,100 L/min of the air 
flow rate. The particle concentrations in the range of 
10-420 nm in the test air containing NaCl particles were  
at least two orders of magnitude higher than those in 
ambient air. Therefore, the particles in the ambient air 
would not affect the experimental result. The schemat-
ics of the experimental setup are shown in Fig. 3. Iso-
kinetic probes were used in order to equalize the velo-
city of the air going into the analytical instrument to 
that goes toward the downstream. The split ratio (larger 
cross sectional area : smaller cross sectional area) of 
the first probe was 81 : 1, and that of the second probe 
was 18 : 1. The penetration of particles into the cyclones 
was calculated as the ratio of particle number concen-

tration at the inlet to that at the outlet of the cyclones, 
expressed using equation (1):

                                     Noutlet(dp)Penetrationcyclon(dp) = -------------- (1),
                                     Ninlet(dp)

where dp is the particle diameter, and N is the number 
concentration at each sampling point. Ninlet and Noutlet 
were measured by detaching/attaching the cyclones.

3. RESULTS AND DISCUSSION

3. 1    Effect of Changing the Surface 
Roughness of the Inner Wall of the 
Cyclone

The penetration curves obtained in this study using 
the HVS3 cyclone (original, Ra = 5.1 μm) and the SIW 
cyclone (smoothened, Ra = 0.08 μm) are shown in Fig. 
4. The penetration curve for the SIW cyclone is shifted 
toward a smaller particle diameter compared with that 
for the HVS3 cyclone, suggesting that the SIW cyclone 
would result in perform better in the collection of 
smaller particles. For example, the penetration of par-
ticles of 0.2 μm diameter was 70% for the HVS3 with 
61% for the SIW cyclone, showing an approximate 
10% improvement in the collection efficiency for the 
latter. We should note here that the 50% cutoff diame-
ter of the original cyclone was 0.28 μm, and this was 
significantly larger than that reported by the previous 
studies (Okuda et al., 2015; Rule et al., 2010). Although 
we did not reach the concrete conclusion for this dis-
crepancy, but possible explanations would be as fol-
lows. We used NaCl particles for the performance eval-
uation of the cyclone in this study whereas Okuda et 
al. (2014) used ambient aerosol particles. This may be 

Fig. 2. Photographs of the circular cone attachment (diameter (φ) 36-mm for the conical bottom and 70° for the vertical angle) 
for the cyclone.
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the reason for the difference in the results of the per-
formance evaluation. Another possibility is the effect 
of humidity, which may affect the particle size distri-
bution; however, according to our experimental results 
no clear relationships was found between the separa-
tion performance and humidity. Changing the surface 

material of cyclone may affect the incoming aerosol 
particle collection due to the difference in electrostatic 
force (Okuda et al., 2015; Gen et al., 2014); however, 
this topic is out of the scope of this study. Rule et al. 
(2010), who did not use an SMPS for the performance 
evaluation of the cyclone, did not show the detailed 
penetration curves while we showed them in this paper, 
so that we could not do further discussion on this dis-
crepancy.

We estimated the effect of the improved collection 
efficiency in combination with the reduction in surface 
roughness of the inner wall, and compared this to the 
experimental results. The friction coefficient λ can be 
predicted using the Reynolds number Re and relative 
roughness ε/d from the Moody chart, where ε is the 
mean profile height of the roughness of the pipe (aver-
age roughness Ra in this study) and d is the pipe diam-
eter (Kaya et al., 2011). The pressure drop ΔP is pro-
portional to the friction coefficient and can be expressed 
using equation (2):

             ρLν2

ΔP =λ-------- (2),
              2d

where ρ is the density of the fluid, ν is the average 
velocity, λ is the friction factor from the Moody chart, 

Fig. 4. Penetration curves for the HVS3 cyclone (original) 
and the SIW cyclone (smoothened) at a flowrate of 1,100 L/
min.

Fig. 3. Schematic diagrams of the experiments conducted to evaluate the particle penetration into the cyclones, (a) with the 
cyclone (as outlet), and (b) without the cyclone (as inlet).

(a)

(b)
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and L is the length of the pipe (Kaya et al., 2011; Kara-
goz and Avci, 2005). In this study, ρ, L and d were 
constant. According to the Moody chart, an inlet velo-
city ν= 70 m/s, Re = 8.5 × 104, and ε/d= 2.8 × 10-4 
resulted in λHVS = 0.021 for the HVS3 cyclone; the 
same inlet velocity and Re but ε/d= 4.4 × 10-6 resulted 
in λSIW = 0.018 for the SIW cyclone. Therefore, the 
ratio λHVS/λSIW was 1.167. In this study, the actual pres-
sure drop (ΔP = 82 hPa) was similar for both cyclones; 
therefore, the friction coefficient λ was inversely pro-
portional to ν2. Since the centrifugal force of a particle 
in a cyclone is proportional to ν2, the collection effi-
ciency of the SIW cyclone was hence superior to the 
HVS3 cyclone. According to Asbach et al. (2011), the 
50% cutoff diameter of particles dp50 is proportional to 
ν-1/3, which means that the 16.7% difference in λ would 
resulted in an approximate 5% difference in dp50. Con-
sequently, the effect of reducing the surface roughness 
of the inner wall of cyclones is estimated as an approx-
imate 5% improvement in terms of the 50% cutoff 
diameter which supports the experimental results 
obtained in this study.

3. 2    Effect of Using the Circular Cone 
Attachment

The penetration curves obtained in this study using 
the HVS3 cyclone without (original) and with the 
attachment (h = 0 mm, or 10 mm) are shown in Fig. 5. 
The penetration curve for the cyclone with the attach-
ment (h = 0 mm) was shifted toward a smaller particle 
diameter compared with the cyclone without the attach-
ment, whereas the difference in the penetration curve 
for the h = 10 mm attachment and that without the 
attachment was unclear. The cyclone with h = 10 mm 

attachment may still allow the particle resuspension 
from the collection bottle. Consequently, the cyclone 
with the higher installed position of the attachment 
resulted in superior collection efficiency of aerosol 
particles compared with that without the attachment.

3. 3    Combined Effect of Smoothened Inner 
Wall and Using Circular Cone 
Attachment

The penetration curves obtained in this study for the 
HVS3 cyclone without a circular cone attachment 

(original) and for the SIW cyclone with an attachment 

(modified; h = 0) are shown in Fig. 6. The penetration 
curve for the SIW cyclone was shifted toward a small-
er particle diameter. The 50% cutoff diameter of the 
modified cyclone was 0.23 μm, whereas that of the 
original cyclone was 0.28 μm. The combined use of the 
smoothened inner wall and the circular cone attach-
ment thus resulted in improved collection efficiency of 
aerosol particles.

The techniques presented in this study can be used 
to improve the aerosol particle collection efficiency of 
cyclones without the use of a filter. This may be useful 
for future studies, e.g., exposure experiments using 
aerosol particles for toxicity evaluation, and the deter-
mination of physical and chemical characteristics of 
aerosol particles related to human health (Ogino et al., 
2017; Hatoya et al., 2016; Okuda et al., 2015; Okuda, 
2013).

4. CONCLUSION
To improve the collection efficiency of the HVS3 

Fig. 5. Penetration curves for the HVS3 cyclone without 

(original) and with the circular cone attachment (h = 0 and 10 

mm), at a flowrate of 1,100 L/min.

Fig. 6. Penetration curves for the HVS3 cyclone without the 
attachment (original) and for the SIW cyclone with the circu-
lar cone attachment (modified; h = 0) at a flowrate of 1,100 

L/min.
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cyclone (Okuda et al., 2015; Rule et al., 2010), the 
individual and combined effects of reducing the sur-
face roughness of the inner wall of the cyclone and of 
using a circular cone attachment were tested. Individu-
ally, each of these techniques improved the collection 
efficiency of the cyclone, and their combined use 
resulted in an even more improvement.
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