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Abstract 
 
Early detection of highly pathogenic strains is particularly important from the point of view of controlling and minimizing the spread 

of the virus. Wherein, the sampling of infectious virus from air is a crucial step for effective pandemic disease diagnosis. However, most 
of the air samplers required long sampling time and real time virus analysis is not possible. Hence, the present work we report design and 
development of in-line virus detection system by adopting newly designed wet cyclone air sampler. An in line airborne virus detection 
system composed of preseparator and wet cyclone type impactor for air sampling, fluidics system, and virus sensing platform. All virus 
detection processes, such as sampling of air, hydration, delivery, and immunoassay were carried out on a single system without any pre- 
or post-sample treatment. Prior to virus detection, the collection efficiency @ 1000 L/min is tested with PSL particles and is observed 
that the air sampler efficiency for 1 µm AD is about 50 %, 1.5 µm AD is 78.3 %. And for the large size PSL the observed collection effi-
ciency is about 100 %. Further, it is observed that, the developed system is capable of efficient collection of airborne viral pathogens such 
as H1N1 and H3N2.   
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1. Introduction 

Bioaerosols, such as bacteria, fungi, viruses, and other bio-
logical particles (e.g., pollen) can spread diseases of humans, 
plants, and animals on the scale of meters to continents, due to 
potential for long-distance transport in the atmosphere. In 
particular, there is a need to intensify efforts to collect the 
airborne viruses efficiently in the wake of H1N1 incidences in 
South Korea and international level [1-5]. In response to the 
outbreak, health agencies of nations worldwide are busy orga-
nizing policies and systems to improve public health, issue 
quarantines, and treat and prevent widespread outbreaks of 
influenza. The Highly pathogenic (HP) avian influenza strains, 
such as H1N1, are particularly important targets for early de-
tection of influenza virus. In order for proper measures to be 
possible, continuous monitoring of risk factors and early de-
tection is pivotal. Hence, there is a need for highly efficient air 
virus sampler. 

In general, the bioaerosols samplers were classified into 
four categories such as impingers, cyclones, impactors, and 
filters. Impingers and cyclones collect airborne particles into a 

liquid collection medium, whereas impactors collect particles 
on to solid/semi-solid mediums and filters trap bioaerosol 
material on fine fibers or porous membrane surfaces. Imping-
ers operate by channeling air flow including particles through 
nozzles that exit into a chamber containing liquid [6]. Various 
impingers type Bioaerosol samplers are in use [7-10]. In the 
cyclone type samplers the aerosols were forced by the shape 
of the collection chamber into a spiral, swirling flow. Within 
this airflow, particles experience a centrifugal force propor-
tional to their diameter, density, and speed. This centrifugal 
force carries particles with sufficient inertia towards the cy-
clone wall where they are separated from the air flow into a 
liquid [11, 12]. Many cyclone type bioaerosol samplers were 
utilized in practice [7, 9, 13-15]. Like the cyclone, the impac-
tor uses the inertia of the particle to facilitate collection [16-
20]. However it is not suitable for extensive collection in the 
outdoors since these bio-aerosol samplers are all designed 
with low flow rates of 1.5 to 300 L/min. In addition, the above 
bio-samplers which require a long sampling time are not easy 
for real-time sampling and detection. 

In this paper, we designed and developed an in-line detec-
tion system of a 1000 L/min wet cyclone air sampler system 
which accumulates the floating particles/virus by mixing it 
with the water for detection with the help of biosensors. The 
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wet cyclone design was evaluated by CFD for particle flow 
and collection efficiency. Further, the fabricated wet cyclone 
system was used for the detection of H1N1 virus to show its 
applicability.  

 
2. Wet cyclone air sampler design 

The developed virus detection system consists of three ma-
jor components: The wet cyclone air sampler, fluidics system, 
and biosensor strip reader system.  

The air sampler is organized into the preseparator [21] and 
the wet cyclone assembly. The wet cyclone assembly consists 
of inlet (part 1) to connect to the main body (part 2) in tangen-
tial, part 3 is vortex finder to generate vortex flow and part 4 is 
skimmer as described in the Fig. 1.  

It is known that, wet cyclone are generally used to collect 
and concentrate Bioaerosols in a liquid phase, which is typi-
cally water. A cyclone air sampler was designed based on the 
Stokes number, Stk, and Reynolds number, Re, to collect and 
concentrate airborne particle in a liquid [23-25]. Stk and Re 
are defined as [24]: 
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where cC  is slip correction factor, pr  is density of particle, 

pd  is aerodynamic particle diameter, U  is speed of air in 
the inlet slot, m  is air viscosity, ar  is air density, W is slot 
width. Differently sized cyclones should equally well collect 
particles if cyclones are designed and operated with equal 
values of Stk and Re.  

The dimensions and shape of inlet of wet cyclone is based 
on the preseparator and the inlet of main body of the wet cy-
clone. In the present design the diameter of inlet is 58.7 mm 
and the bottom rectangle of inlet has dimensions of 

5.87 mm*58.7 mm (Width*Length). The cyclone main body 
inlet width is obtained from the Eq. (1), which determines the 
bioaerosol flow in to the main body. The vortex finder has 
suitable dimensions to match the main body inlet length. The 
role of vortex finder is to generate vortex flow of collected 
bioaerosols. The important aspect here is the vortex finder 
length should be higher than the main body inlet length and is 
70 mm. The role of skimmer is to prevent the water to enter in 
to the main body and has dimensions 30.4 mm. The fabricated 
wet cyclone is shown in the Fig. 1 inset.  

 
2.1 CFD analysis of designed wet cyclone. 

To evaluate the flow field and particle trajectories in the wet 
cyclone air sampler, Commercial fluid dynamics (CFD) code 
FLUENT 17.1 (ANSYS Inc.) solver was used. The time-
averaged Navier-stokes equations describe the motion of the 
turbulent airflow which is treated as 3-D steady incompressi-
ble and isothermal in the exposure chamber. Near the inlet the 
calculated Reynolds number is above 17000, hence the turbu-
lent flow was solved using the realizable k-ε model and the 
SIMPLE algorithm is applied to compute the pressure correc-
tions during iteration procedure. The convection terms are 
discretized using the upwind scheme which is the second or-
der in space. The concept of residuals was used in order to 
ascertain that the iteration process had converged less than 10-5 
to a stable solution. In addition, the Lagrangian method is 
simulated with Discrete phase model (DPM) for the particle 
trajectory. Polystyrene latex (PSL) particles (100 numbers) 
were spray injected from the inlet at three locations (shown as 
1, 2 and 3 in Fig. 2).  

ICEM CFD 17.1 (ANSYS Inc.) was used to make about 1 
million tetrahedral meshes. The gas flow through the 
1000 L/min wet cyclone separator is turbulent in the all parts 
(particularly 17700 Reynolds number at the rectangle inlet), 
even though the Reynolds number varies considerably. Based 
on the Boussinesq hypothesis, the Reynolds-averaged Navier-
Stokes equations were solved to predict the continuous phase. 
Ignoring the mass forces, the equations are described as fol-
lows. 

Continuous conservation equation: 
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Energy conservation equation: 
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Fig. 1. Image of the proposed the wet cyclone air sampler. 
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The two-equation turbulence model, realizable - model, 

was used to simulate the turbulence transport effects. The 
transport equations for  and  in the realizable - model are 
as follows: 
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The model constants have been determined from the ex-

periments and are given as follows: 
 

1 21.44, 1.9, 0.09,C C Ce e m= = =
 

1.0, 1.2 .k es s= =  (10) 
 

3. PSL particles collection efficiency 

Fig. 2 shows the particles trajectory results in the wet cy-
clone. Micro-sized water droplets are injected into the system 
which creates a water film on the surface of the wet cyclone 
allowing for a condensed solution sample. At each of the posi-
tions, insertion of 100 particles of 1 µm size in Aerodynamic 
diameter (AD) resulted in a collection efficiency of 17 %, 
80 % and 42 %, respectively as shown in Fig. 2(a). Particles 
injected in the middle were collected on the wall with high 
efficiency, however particles sprayed on the side showed rela-
tively low efficiency. Particularly, particles injected at a posi-
tion adjacent to the vortex finder did not have enough accel-
eration to achieve a particle velocity that would hit the wall. 
Fig. 2(b) shows that 35 %, 100 % and 100 % of 1.5 µm AD 
particles were collected at each location. As the particle size 
increased, the collection efficiency increased because the iner-
tial force and centrifugal force acting on the particles in-
creased. Total efficiency of 1 µm AD is about 46.3 %, 1.5 µm 
AD is 78.3 µm. Fig. 2(c) shows that all the particles collide 
with the cyclone wall even if the particles of 2 µm AD are 
sprayed from any position. Since the losses by bouncing of the 
particles at the cyclone inner wall is not considered, the collec-

tion efficiency for the large sizes (≥ 2 µm) is about 100 %. 
Fig. 3 shows the experimental set-up for the measurement 

of collection efficiency of the cyclone air sampler. The set-up 
consists of a particle generation system and the efficiency 
measurement system. The PSL with micro-size in a range 0.45 
to 3 µm Aerodynamic diameter (AD) with the density of 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 2. Particles trajectory in the wet cyclone simulated by DPM at a 
sampling flow rate of 1000 L/min; sprayed monodisperse particle size: 
(a) 1 µm; (b) 1.5 µm; (c) 2 µm. 
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1050 kg/m3 was generated by atomizer in the chamber with 
volume of 1 m3 and the particles were transported by an air 
pump (DJM 2RB 510-7AH36) with the flow rate of 1000 
L/min. The nozzles were installed at the inlet of the cyclone to 
spray water at a flow rate of 5 mL/min. In order to obtain the 
efficiency of the number concentrations in the air inlet and 
concentrate part of the cyclone air sampler were measured 
using a dust spectrometer (Grimm, Model 1.109). In addition, 
to measure the number concentration of the hydrosol using the 
dust spectrometer, the particles collected in water were re-
aerosolized. Commonly used performance parameters to cal-
culate the collection efficiency of a cyclone or impactor are 
aerosol-to-aerosol collection efficiency. However, the aerosol-
to-aerosol collection efficiency does not distinguish between 
particle losses on internal surfaces and particles transported 
from the cyclone in the hydrosol state. The aerosol-to-
hydrosol collection efficiency of a wet cyclone is defined as 
the ratio of the rate at which particles of a specified size leave 
the cyclone in the hydrosol state to the rate at which they enter 
in the aerosol state, and can be expressed as:  

 
,
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where ,l ec  is concentration of particles of the specified size in 
the hydrosol state at the liquid exit port, lQ = volumetric flow 
rate of liquid at the exit port, aQ = volumetric flow rate of air 
at the cyclone entrance port, i.e., the aerosol sampling flow 
rate [23]. For wet cyclone, the aerosol-to-hydrosol collection 
efficiency more suitably describes the performance than does 
the aerosol-to-aerosol collection efficiency because particle 
losses in the cyclone are deducted. 

Particle collection efficiency results are shown in Fig. 4 for 
tests conducted with the cyclone air sampler to characterize 
the aerosol-to-hydrosol collection efficiency, ηAH , as func-

tions of particle size. Solid monodisperse PSL was used as the 
test aerosol for sizes < 3 µm AD. As shown in Fig. 4, the wet 
cyclone air sampler has a cutpoint of about 1.0 µm AD and 
high value (≥ 95 %) of ηAH  for particles with sizes of more 
than 2 µm AD. The experimental collection efficiency results 
are slightly lower compared to the simulation results, since no 
water film is generated in some parts of the cyclone inner wall. 
It is well known that, the size range of bioaerosols varies from 
submicron-size (viral particles, fungal spores and pollen 
grains) up to 1 mm in diameter. Hence, the wet cyclone air 
sampler developed in this study is expected to capture most 
types of bioaerosols efficiently due to the characteristics of the 
wet cyclone that collects based on inertia and centrifugal force.  

 
4. Virus detection system design 

The fluidics control system was designed to maintain the 
appropriate flow of water and solution needed for collection in 
the air sampler and for dispensing solution samples to the 
biosensor for detection [26-28]. Fig. 5(a) depicts the overall 
virus detection system including designed in-line wet cyclone. 
Fig. 5(b) shows the actual photo of the system including the 
air sampler (b-1), the biosensor strip reader (b-2) and fluidics 
control system (b-3). For the biosensor strip reader system, we 
developed a system based on the lateral flow immunoassay 
strip (also called immunochromatographic assay or test strip) 
used in rapid analytical diagnosis techniques [22]. The fluidics 
control system was implemented using a micro diaphragm 
liquid pump (NF11 KPDC) and 3-way solenoid valves (LFR 
Series). From the fluidics control system schematics in the Fig. 
5(a), pump 3 was set to have a flow less than 5 ml/min and the 
others were set at an output of 10 ml/min. The water solution 
circulates the entire system continuously allowing for concen-
tration of airborne particles with the pump 3. The system is set 
to dispense 100 μl of the collected solution onto the virus sen-
sor by the 3-way solenoid valves connected to pump 2.  

Two types of virus vaccine solutions were used for the ex-

 
 
Fig. 3. Experimental set-up; schematic diagram of an experimental set-
up for the measurement of the collection efficiency of the wet cyclone 
air sampler. 

 

 
 
Fig. 4. Collection efficiency results of the wet cyclone air sampler;
experimental and simulation results for aerosol-to-hydrosol collection 
efficiency. 
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periment: the human infectious influenza type H1N1 and 
H3N2 of Novartis Vaccines and Diagnostics S.r.l. The vaccine 
solution for each of the types of virus was diluted using the 
appropriate buffer solution and dispersed into the environment 
to be collected with the air sampler during the experiment. Fig. 
6 shows the results for H1N1 virus and H3N2 virus. For the 
influenza virus, it was observed that since a single strip is used 
to target the two different antigens of H1N1 and H3N2, the 
intensity of the line that forms on the strip for the H3N2 virus 
B type has an overall lower intensity than the line for the 

H1N1 target. 
Detection of virus was realized using influenza virus Lateral 

flow immunoassay (LFIA) strips [29, 30]. Collected solution 
samples are dispensed onto the strip which forms a conjugate 
with the antigen nanoparticles and is subsequently captured at 
the detection line. A strip reader system to quantitatively 
measure the intensity of the detection line was developed in 
this paper. The strip reader system consists of a mechanical 
stage to dispense the sample solution onto the strip and trans-
port the strip within the system and also an optical reading 
stage. We developed the method of data acquisition from the 
LFIA strip biosensor in a previous work [31]. The optical 
reading stage exposes the strip with light from a laser diode 
and measures the reflected light from the strip using a photo-
diode [32-35]. The intensity of the measured light signal 
changes according to the density of nanoparticles on the sur-
face of membrane. The intensity of the signal, which is meas-
ured as a current level, is calculated as a sensitivity value. The 
sensitivity values are normalized according to the base line 
level, I0, and calculated as ΔI/I0 from real-time scanning re-
sults [32-35]. 

 
5. Conclusions 

In this paper, we have successfully presented an airborne vi-
rus detection system for monitoring pathogens and demon-
strated the operation with bioaerosols. We have successfully 
prototyped the system by developing an in-line wet cyclone 
air sampler system, fluidics system. The experimental evalua-
tions shows the quantitative measurement of virus concentra-
tion in the air, thus verifying the operation of in-line wet cy-
clone system. We believe that the developed system can be 
utilized in various applications of security such as early detec-
tion of biological hazards or dangerous airborne virus in pub-
lic areas. 

 
(a) 

 

 
(b) 

 
Fig. 5. Setup for virus detection: (a) Schematic diagram of fluidics 
system and image of prototypes of flow control and pump control 
board; (b) Image of the proposed airborne virus detection system con-
structed; (b-1) the cyclone air sampler; (b-2) the biosensor strip reader;
(b-3) micro fluidics control system. 

 

 
 
Fig. 6. Results of experiments to detect human infectious influenza 
(H1N1, H3N2 virus) in air; Images of influenza (H1N1, H3N2) strip 
sensor according to dilution ratio and comparison of concentration to 
normalized current level signal intensity (ΔI/I0) for the two different 
types of influenza. 
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