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Abstract: In this paper, we utilized the computational fluid dynamics (CFD) method to develop models
Al to A6 with varying column-cone ratios for the wet-wall cyclone sampler. The results indicate that
within the pressure drop range of (869.7, 997.8) Pa, model A4 (with a column-cone ratio of 1:2) exhibits
the highest collection efficiency, surpassing the lowest by 6.7%. In addition, we modeled B1-B3 with
different cyclone heights and found that a cyclone height of 50 mm was most effective for balancing
cyclone structures and improving collection efficiency.
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1. Introduction

Bioaerosol is dispersion system in which solid or liquid particles containing biological components
are suspended in a gaseous medium!!). Various biological aerosol particles, such as bacteria, fungal spores,
viruses, archaea, pollen, algae and other biological fragments®®! (e.g., endotoxins, glucans, etc.), are
scattered in the atmosphere. These particles typically range in size from 1 nm to 100 umf®!. These
bioactive particles can enter the body through various ways*l. Pathogenic and allergenic aerosol particles
pose a substantial threat to public health®>7.

Quantifying the concentration of bioaerosol particles is an essential task in health assessment, which
creates a significant demand for the collection and analysis of these particles. Airborne environments,
however, have an extremely low density of biological material®®), making sampling work difficult. In
addition, the small size of microbial particles is another major challenge for sampling®). The trapping
effect of biological aerosols directly impacts the subsequent analysis, meaning that different sampling
methods can greatly affect evaluation results. Therefore, the sampling technology of wet-wall cyclone
has been developed to ensure the biological activity of particles and improve the capture rate!'®!!l. Sung
et al.l'?ldeveloped an online virus detection system with a horizontal wet-cyclone sampler as the core
component, and verified its operation through quantitative experiments on virus concentration in the air.
Hubbard et al.l'¥) established the critical film evaporation model for the horizontal wet-cyclone sampler.
By using optimized model parameters, the calculation accuracy of liquid evaporation rate in the full range
of relative humidity and temperature is improved. King et al'¥l compared the cell culturability and DNA
integrity of Escherichia coli collected by the wet-wall cyclone and the inertial impactor. it was shown
that wet-wall cyclone sampling is gentler and can better preserve the biological activity of Escherichia
coli by analyzing the results of classical microbiological plating techniques, pulsed-field gel
electrophoresis, and real-time polymerase chain reaction. Cho et al.'*loptimized the liquid film formed
in the real wetted wall cyclone, and determined the optimal flow conditions of gas and liquid to create a
stable film using numerical analysis. Heo et al.['®'summarized the effects of silica nanoparticle
concentration and heat-treatment temperature on the water contact angle, and prepared a super-
hydrophilic wall coating material. The transfer rate of aerosol-to-hydrosol was demonstrated to be
approximately 95.9% at the particle size of 500 nm by using this material.

We optimized two important geometric parameters, namely cyclone height (H) and cylinder-to-cone
ratio (h/Lc), and idebtified the key structural factors that affect particle behavior in the flow field through
three-dimensional CFD simulation.
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2. Description of the sampling principle
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Figure 1: Configuration (a) and grid (b) representation of the wet-cyclone sampler

Table 1: Parameters and symbols of the wetted wall cyclone

Parameter Symbol
Body diameter D
Gas inlet height a
Gas inlet width b
Gas outlet diameter Dx
Liquid inlet diameter L
Liquid outlet diameter Be
Vortex finder length S
Cylinder height h
Cone height Lc
Cyclone height H

The wet-cyclone sampler is an inertial separator driven by centrifugal force. It is mainly composed
of cyclone body, vortex finder, inlet and exit parts (Fig. 1(a)). Among them, cyclone body is the main
part of separation, which consists of a cylindrical body and a conical part with the fixed diameter. The
specific structure description of the sampler is shown in Table 1. The motion of bioaerosol particles in
the sampler can be described as follows: The particulate-laden air flows into the sampler through the
tangential inlet!'). This steers the sampled air to spin rapidly inside the sampler and spiral downward
towards the conical section of the cyclone (outer vortex). Under the influence of centrifugal and shear
forces generated by the high-speed rotating airflow, a stable liquid film forms on the inner wall of the
cyclone separator (see Fig. 2, where the blue portion indicates the liquid film). The microbial particles
that enter the cyclone with the air are pushed towards the wet wall by the internal helical air stream and
flow along with the sampling liquid to be collected at the underflow!!®). As the cone contracts, the rotating
airflow develops inward and upward (forming an inner vortex). The inner vortex, carrying particles that
were not captured, is discharged through the upper outlet of the cyclone (Fig. 2) 7.

HA + Air + fine particle

Liquid ° Air + particle

(% €
&
o
PR -,.-:'...
ce %o
¢

JH Collected liquid + coarse particle

Figure 2: Sampling schematic diagram of the wet-cyclone separator
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3. Mathematical modeling
3.1 Model description

3.1.1 Flow field

To avoid the complexity of fluid molecular motion and focus on the macroscopic motion of fluid, the
equilibrium and motion laws of fluid can be studied using analytic method. The collected air is considered
to be a continuous medium consisting of numerous fluid particles that are continuously distributed. And
the calculation of this continuous phase can be completed by solving the flow field control equation. The
turbulent flow is properly simplified by using the ensemble averaging method, resulting in the derivation
of the Reynolds time-averaged Navier-Stokes equation (RANS) for incompressible fluid flow!'®:

6_u_i+—6u 1813+1 0 au -
or ex, 7' paox, pox, | ox, 0
=1,2,3

where, the superscripts LJ represent the components of the Cartesian coordinate system, ¥ ,

P , and H s the velocity, density, and dynamic viscosity of the fluid, respectively. P 1s the pressure,

X is the position, / is the force per unit mass, and ! is the time for fluid flow. '0 i is defined as
the Reynolds stress tensor, which indicates the effects of turbulent fluctuations on fluid flow. The overbar
represents the Reynolds-averaged terms.

To achieve mathematical closure of the equations, it is necessary to incorporate a turbulence model
as an additional condition to account for the Reynolds stress term. The key to selecting a turbulence
model is accurately describing the pulsation of the entire flow field. The anisotropy of airflow, is highly
evident in this study, and this characteristic will also be a crucial factor to consider when selecting a
turbulence model. The Reynolds stress model has been proven to be the most accurate model for
describing the strongly swirling flows found in cyclones!!*?!, However, it is difficult to achieve
convergence in the calculation', and it is also more computationally expensive!??]. Therefore, the RNG
k-¢ turbulence model is employed to supplement the Reynolds-averaged Navier-Stokes equation (RANS).
Furthermore, our model also takes into account the rotation effect, which improves the calculation
accuracy of strong swirling flow.

Since the air stream in a swirling cyclone and the resulting liquid film move similarly, equations (1)
can be considered true for both!?*!.

In the wet-wall cyclone field, two continuous phases, air and sampling liquid, coexist in the same
space and penetrate each other. To accurately represent the distribution of gas-liquid flows, we utilize the
Eulerian multiphase model to solve for each phase. At present, we have successfully established the
mathematical model of the flow field of the wet wall cyclone.

3.1.2 Particle trajectory

Based on the force balance theory!'®], the momentum equation of a single particle can be expressed
as:

du . 1 , C.Re
Pl — Sluazr ( D Pj(uair’i _up’i)_i_ p palr g +F

2 i i
dt p,d, 24 o, @

Here, the superscript ! represents the components of the Cartesian coordinate system; 4", Pir and

Hair s the velocity, density and dynamic viscosity of the gas respectively; 7, 7 and Py is the
velocity, diameter , and density of the particles respectively;t is the movement time of the particles; g

is gravity acceleration; Co is the drag coefficient; F is the additional force per unit mass of particles; and

Re
particle relative Reynolds number () is defined as:
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dp |up - uair

air

Re =
p
My (3)

3.2 Numerical simulations

3.2.1 Cyclone design

In order to evaluate the significance of cyclone geometric dimensions on collection performance
characteristics and develop a miniature cyclone capable of collecting microbial aerosol particles, we
modified two aspects of the cyclone modified using Stairmand's design (refer to cyclone A3). These
modifications included adjusting the cyclone height and cylinder-to-cone ratio. Several cyclone
separators with different sizes were designed, as detailed in Table 2.

Table 2: Geometric dimensions of experimental cyclones

Wet-cyclone models Geometry Dimension length(mm)

D 1.0D 10

a 0.5D 5

b 0.2D 2

L 0.1D 1

S 0.5D 5

Bc 0.375D 3.75
Al h/Lc® 1.5/1.5 20/20
A2 1.5/2.0 17/23
A3® 1.5/2.5 15/25
A4b 1.5/3.0 13/27
A5 1.5/3.5 12/28
A6 1.5/4.0 11/29
B1® H 4D 40
B2 5D 50
B3 6D 60

2 Stairmand’s high efficiency cyclone model (standard cyclone model)
b Cyclone A4 and B1 are identical
¢ Cylinder-to-cone ratio

3.2.2 Simulation conditions

The construction of the wet-wall cyclone separator model studied in this paper is complicated.
Therefore, in order to ensure the stability and convergence of the subsequent calculation, we adopted the
patch conformal algorithm and the unstructured tetrahedral mesh, and we also encrypted the parts with
high velocity locally (Fig. 1(b)).

In the simulation, the air inlet and liquid inlet serve as the velocity-inlet boundary conditions. The air
supply is set at 16 L/min and the liquid supply is set at 9 mL/h. The air outlet functions could be seen as
a pressure-outlet, allowing particles to escape, while the liquid outlet is a stationary wall that can trap
particles. The wall surface of the cyclone separator can be categorized into two types: the area with the
liquid film is considered the wall with trapping ability, while the rest is designated as the wall with
complete reflection property. We chosed liquid water as the working fluid, and the surface tension
coefficient of water in air is 0.072 N/m in this article. By changing the parameter Settings, the particles
enter the separator as a discrete phase with air through the normal direction of the air intake. And the
injection speed of the particles is equal to the inlet speed of the air. The concentration of the particles is
100 particles/cm3 air, and its density is 1060 kg/m3.

In this paper, we used RNG k-¢ turbulence model and Euler polyphase model. The standard wall
function is applied. The SIMPLE algorithm is employed for performing the pressure-velocity coupling,
the central difference method is used to disperse the diffusion phase, and the second-order upwind
scheme is utilized for spatial discretization.
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4. Results and discussion

4.1 Simulation of wet-wall cyclone field
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Figure 3: Illustration of volume fraction for the sampling liquid

We used the Euler multiphase model to simulate the wet wall cyclone in the flow field at the inlet
velocity of 16 L/min and 9 mL/h. Centrifugal force and shear force generated by high air velocity form
a stable liquid film on the inner wall of the cyclone separator (Fig. 3). Through simulating, the distribution
of the liquid phase in the wet-wall cyclone field is displayed intuitively, confirming the presence of a
liquid film adhering to the wall.

4.2 Effects of geometrical factors on the performance of wet-wall cyclone separators

The air swirls as a vortex, and the gas stream constitutes a double vortex in the cyclone: the outer one
is the free vortex rotation, flowing helically down in the near-wall area; the inner one is the forced vortex
rotation, spiraling towards the exit of the vortex finder, which creates a pressure cavity at the center of
the swirling flow, where the pressure difference could be zero or even negative compared to the ambient

(Fig. 4).
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Figure 4: Contour plots of (a) axial velocity (b) tangential velocity (c) static pressure (d) total pressure
(e) turbulent intensity of standard cyclone model
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4.2.1 Effect of cylinder-to-cone ratios
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Figure 5: Grade efficiency curves for cyclone models A1-A6 at Uin=26.7 m/s
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Figure 6: The effect of decreasing the cylinder-to-cone ratio on (a) total collection efficiency, and (b)
the pressure drops.

To investigate the influence of the column-cone ratio of a wet-wall cyclone on its performance,
including particle collection efficiency and pressure drop, six different models of cyclone separators (A1,
A2, A3, A4, AS, and A6) listed in Table 2 were selected for the CFD numerical simulation study. The
body diameter (Dx) is 10 mm, cyclone height(H) is 40 mm, the diameter of the air outlet is 5 mm, the air
supply speed is 16 L/min, and the water supply speed is 9 mL/h in this simultiion study.

From cyclone model Al to cyclone model A6, whose total collection efficiency increases and then
decreases with the decreasing cylinder-cone ratio of the model. Among these models, A3, A4, and A5
have the highest total collection efficiency for particles ranging from 0.1 to 1.5 um, which are 83.9%,
84.4%, and 82.6%, respectively, with A4 being particularly noteworthy (Fig. 5,Fig. 6). The pressure drop
in the cyclone separator follows the same trend. The pressure drop indicates the energy required by the
device for collection purposes and can be regarded as the static pressure difference between the inlet and
outlet. In practice, it is always desired to have the smaller pressure drop and the higher collection
efficiency at the same time. Within the specific range of column-to-cone ratio, the pressure drops range
from 869.7 Pa to 997.8 Pa in type A cyclones,the maximum pressure drop is 14.7% higher than the
minimum, and the total collection efficiency increases by 6.7%.
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The evaluation of collection efficiency is mainly based on two factors: separation performance and
capture performance. According to the analysis in section 2.1 of this paper, the separation effect is
determined by the resultant force (F'). The total height of cyclone model A remains constant, while the
rotating diameter (D') of the outer cyclone can be adjusted by changing the ratio of the cylinder to the
cone, which can be demonstrated by comparing the inner diameter of samplers at the axial position y =
H/2 (Fig. 7). The decrease in the airflow's rotating diameter from Al to A4 leads to an increase in
centrifugal force, which benefits particle separation. Similarly, the separation effect is further enhanced
from model A4 to model A6 for the same reason. However, the effective area (liquid film area) for
trapping particles is decreasing at a rate of approximately 2.4%, which hampers its ability to capture
particles,as detailed in Figure 8.

Therefore, in models Al to A6, as the inner diameter of the outer vortex decreases, the separation
performance gradually is improved, while the trapping performance is weaken due to the reduction in
effective trapping area. In models Al to A4, the increase in separation performance dominates in the
resulting in a gradual increase in collection efficiency. In models of A4 to A6, the weakening capture
performance leads to a gradual decrease in collection efficiency. Therefore, when the column-cone ratio
of the model is 1:2 (cyclone model A4), the wet-wall cyclone sampler achieves the highest collection
efficiency.
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4.2.2 Effect of the cyclone height

Table 3: Total collection efficiency for the wetted wall cyclones with different cyclone heights

Cyclone models Cyclone height (mm) Total efficiency (%)
Bl 40 84.4
B2 50 86.0
B3 60 76.9

The CFD numerical simulation was conducted on cyclone separators (models B1, B2, and B3) with
body diameter (D) of 10 mm, column-cone ratio of 1:2, vortex finder diameter (Dx) of 5 mm, and three
different cyclone heights (40mm, 50mm, and 60mm). We analyzed the influence of cyclone height on

the collection efficiency of sampler in this study,as detailed in Table 3.

Figure 9: Color map of static pressure distribution in cyclones at different heights of the cyclone.

Figure 10: Tangential velocity profiles at different axial sections for cyclone B3. The red circle

The collection efficiency of cyclone B2 is 1.6% higher than that of B1 for collecting particles with
the diameter of 0.1 to 1.5 pm, while the collection efficiency of cyclone B3 is 9.1% lower than that of
B2. This indicates that the cyclone height has a significant impact on the collection efficiency. When all
other conditions remain unchanged, increasing the cyclone height initially leads to an increase in the
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indicates the position of the vortex end.

collection efficiency, followed by an obvious decrease,as detailed in Figure 9.

The simulation results indicate that there is a critical value for the cyclone height. Once the cyclone
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height surpasses this threshold, the performance conspicuously deteriorates. This critical value is the
natural vortex length. When the cyclone height of the separator exceeds the natural vortex length, the
vortex end deflects and will collide with the wall (Fig. 10). The maximum tangential velocity of the
airflow above the vortex end is greater than 21.4 m/s, while the maximum tangential velocity below the
vortex end rapidly decreases to below 3.6 m/s, leading to a sharp decrease in centrifugal force. This
proves that the separation performance of the region below the vortex end is much worse compared to
that above. Furthermore, the deviation of the inner vortex leads to vortex oscillation and the re-
entrainment of previously captured particles, ultimately resulting in a reduction in collection efficiency,
which could be the primary reason for the degradation in performance of cyclone model B3. However,
when the cyclone height is less than the natural vortex length, meaning that the vortex end does not
appear in the cyclone body. Increasing the cyclone height will enhance the space available for separation
and capture. In this situation, the collection efficiency will improve as the cyclone height increases.

To sum up, the design of a wet-wall cyclone separator should take into account the vortex turning.
Here, we utilized numerical simulation to determine the optimal height for the cyclone model, and found
that 50 mm is the most effective cyclone height for balancing the vortex structure and enhancing
collection efficiency.

5. Conclusions and outlook

In this paper, CFD simulation is utilized to study the influence of key geometric parameters (column-
cone ratio and cyclone height) on the collection efficiency of the wet-wall cyclone sampler. The main
findings are as follows:

(1) As the ratio of column to cone decreases, the collection efficiency initially increases and then
decreases. The optimal ratio for the cyclone models is 1:2. When the ratio of column to cone is greater
than 1:2, the main factor affecting the collection efficiency of the wet-wall cyclone sampler is the
separation performance determined by centrifugal force and drag force. Conversely, when the ratio of
column to cone is less than 1:2, the primary factor that influences the collection efficiency is the trapping
performance.

(2) With the increase in cyclone height, the inner vortex deflects towards the wall, and the vortex end
reaches the cone of the separator, causing particles re-entrainment. This results in a noticeable reduction
in collection efficiency. We determined that the optimal cyclone height is 50 mm through numerical
simulation in this study.

Through theoretical analysis and numerical calculations, some optimization suggestions were put
forward for the design of a wet separation sampler to improve the collection efficiency of micron and
submicron particles. However, the design and implementation of the aerosol sampling process, with the
wet-wall cyclone separator as the core, involves numerous theories, methods, and technologies, needs
further research and development. This includes considering the fragmentation and agglomeration of
aerosol particles, the formation of atomized particles, etc. Additionally, the selection of sampling liquid
and the flow ratio of injected gas and liquid should be optimized, too.
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