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ABSTRACT

Maintaining an isolation room with negative pressure is crucial in medical facilities to prevent the spread of
airborne infections, especially during the COVID-19 pandemic. However, conventional negative pressure pumps
have limitations in gathering suspended particles and controlling the airflow effectively. To resolve this issue,
we developed a novel class of negative pressure pump that creates a swirling cyclone flow at the front to
efficiently collect pollutants and particles, which was confirmed by a smoke visualization experiment. Based
on the prototype pump, we conducted a numerical analysis to evaluate the particle collection performance
of the cyclone pump in various scenarios, including patients covered with contaminants, and coughing or
breathing. Our results demonstrate that the cyclone pump can purify airborne pollutants by up to 80%, offering
superior performance over conventional pumps. We also identified optimal pump placement for effective
particle purification. This research provides an innovative solution for improving the efficiency of negative
pressure pumps and ventilation systems in medical settings, contributing to better control of airborne infections.

1. Introduction

The COVID-19 pandemic has had a profound impact on the world,
with over 560 million people infected and more than 6 million deaths
caused by severe respiratory symptoms [1]. While vaccination efforts
have reduced the number of severe cases of the virus [2], the emer-
gence of new variants continues to pose a threat to public health [3].
Airborne transmission of COVID-19 has been identified as a significant
means of spreading the virus [4-9], particularly in hospitals where
infected patients may require respiratory support that can aerosolize
the virus [10].

It is well-known that COVID-19 viruses are transferred via respi-
ratory droplets or aerosols [4-7]. Particularly, Jennison [5] showed
that the patient acts as a massive atomizer of pathogens in 1942,
and Papineni and Rosenthal [11] showed that breathing and coughing
contain saliva droplets. Recently, Abkarian and Stone [12] further
demonstrated that the saliva droplets and the pathogen aerosol could
be generated by stretching and break-up of saliva filaments during a
speech. They also showed that the speaking plosive sounds produce
jetlike flows, causing the particles to travel more than two meters [13].
Bourouiba et al. [14] showed coughing or sneezing creates a turbulent
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cloud mixed with pathogen-laden particles that may travel several
meters. These suspended viruses in aerosols or droplets could be viable
and infectious for hours [8,15]. Therefore, to minimize the disease
transfer, it is crucial to effectively get rid of the airborne contaminants
in the air.

To prevent the spread of airborne contaminants in a confined area,
a negative pressure (NP) condition is implemented. The NP rooms play
a vital role in hospitals by controlling airflow and minimizing the trans-
mission of pathogens between patient rooms and hallways [16,17].
These specialized environments rely on heating, ventilation, and air
conditioning (HVAC) systems within the NP rooms. During periods of
high infection rates, temporary or portable negative pressure pumps are
deployed to meet the high demand for creating NP environment [18].
The purpose of NP rooms is to prevent pathogens from spreading to
the anteroom [19]. Therefore, numerous studies have focused on HVAC
ventilation methods to enhance the removal of indoor pathogens while
maintaining the necessary negative pressure. In the previous research,
it was shown that mixed ventilation approaches yield higher pathogen
collection efficiency compared to displacement ventilation [20].
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Fig. 1. Schematic diagram of the negative pressure pump of the cyclone. The cyclone negative pressure pump creates cyclone swirling flow with a combination of tangential
return flow and nominal intake flow. (a) The front view of the cyclone negative pressure pump head. (b) The cross-sectional side view of the cyclone NP pump. The swirler guide
blade creates a return flow that is tangential to an intake flow. (c) Illustration of the cyclone flows with the newly developed NP pump. The newly developed NP pump creates
cyclone flows, with the red and green arrows representing the intake and swirl flow, respectively. The total exit flow rate, Q.. is purified by built-in HEPA filters and then
expelled through the bottom back outlet port. (d) Cyclone swirler type negative pressure pump. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

To enhance the effectiveness of mixed ventilation systems, re-
searchers have delved into various strategies, including strategically
positioning NP pump inlets and ventilation outlets [21], as well as
determining optimal air circulation rates per hour (ACH) [22-24].
Nonetheless, traditional NP pumps, whether integrated into HVAC
systems or utilized in portable setups, have limitations in efficiently
filtering airborne pathogens due to their low suction rate. The main
drawback arises from the use of front-located filter-oriented struc-
tures, which cause significant pressure drops due to HEPA filters [25,
26]. Furthermore, the slow flow speed of these pumps hinders ef-
fective collection and purification of airborne contaminants disrupted
by medical staff movements. This could potentially lead to airborne
pathogen-laden particles lingering for extended periods [27].

To address the aforementioned challenges, this study introduces a
newly developed negative pressure pump that utilizes a cyclone flow at
the inlet, resulting in a more effective collection of pollutants. Inspired
by the characteristics of natural cyclones, which possess a low-pressure
center and powerful tangential winds driven by the Coriolis force [28],
our design incorporates a similar swirling turbulent and directional
flow to enhance pollutant collection efficiency.

In Section 2, we provide a comprehensive description of the cyclone
flow creation process. In Sections 3 and 4, we provide numerical
analysis and methodology to compute the cyclone flow of our NP pump.
To validate our numerical simulations, we analyzed the cyclone flow of
the pump using smoke particle image velocimetry (PIV) in Section 5.
Furthermore, to compare the performance of our cyclone pump with
that of a conventional pump, we conducted numerical simulations
for three scenarios in Section 6: a patient covered in pathogen-laden
particles, a patient breathing, and a patient coughing.

The results of our study demonstrate that the cyclone NP pump
effectively collects airborne particles, even in situations where medical
staff moves around the patient. This innovative solution provides a
safer and more efficient approach to controlling airborne pathogens in
negative pressure rooms.

2. Cyclone negative pressure pump

The cyclone NP pump incorporates a swirler design to create a
swirling flow based on the principles of a natural cyclone, depicted
in Fig. 1. The pump features a fan that generates the main suction
(Q;,) via a circular intake inlet. The incoming air is then filtered by
HEPA filters, and some portion of the incoming air flow is redirected
to the swirler guide blades to create a tangential return flow (Q,)

through the return outlet at the pump head. The interplay between the
suction and return flows creates a swirling flow at the inlet, which
efficiently captures indoor air pollutants. The total exit flow rate of
air (Qexit = 10in — Qoue!) Which is difference between Q;, and O, is
purified by the built-in HEPA filters of the cyclone NP pump. Then the
total exit flow rate of air (Q.;;) eventually expelled outside through
the outlet port of the cyclone pump. Detailed sketches of the cyclone
NP pump can be found in Fig. 1(a) and 1(b), while Fig. 1(c) provides
an illustration of the cyclone swirling flow generated by the NP pump,
which was utilized in medical facilities during the COVID-19 pandemic
in South Korea. The actual cyclone NP pump is illustrated in Fig. 1(d)
and the pump’s test operation is shown in Fig. 2 and Supplementary
Movie 1. This machine is able to create —15 Pa environment in 33 m?
volume room under maximum conditions. The pump can maintain a -5
Pa environment with a noise level of about 55 dB. In terms of power
consumption, the pump uses 135 W at maximum fan mode and 20 W
in steady fan mode. This device is patented in South Korea [29].

To generate a cyclone flow, it is crucial to have the optimal flow
rate ratio between the intake flow (Q;,) and the return flow (Q,). To
determine the optimal flow rate ratio for the NP pump, we conducted
a flow visualization experiment using a smoke generator (SFM-3000,
Hongkong Gesida Electronic Technology) and a 10 W continuous laser
source (MGL-V-532-10 W, Changchun New Co.), as shown in Fig. 2(a)
and 2(b). We varied the flow rate ratio from 1 to 5 [See Supplementary
Figure. S1] and confirmed that the NP pump can generate the proper
cyclone flow at a ratio of 3 [See Fig. 2(c) and 2(d)] for smoke flow
visualization results, which was experimentally determined.

3. Numerical analysis

We conducted a numerical analysis of the air purification perfor-
mance of the current cyclone NP pump to explore the impact of the
current pump on the purification of indoor contaminants. To simulate
the situation of a patient transfer scenario to a hospital, we considered a
situation that a respiratory disease patient laid on a bed with medical
staff in a confined NP room. Here, the computational fluid dynamics
(CFD) domain for the cyclone negative pressure pump is shown in
Fig. 3(a) and 3(b), where the considered room volume was 4 m X 4 m
x 2.5 m. For simplicity and computational cost, cuboid models of the
patient and medical staff were used (see Table 1).

To define the flow and boundary conditions for the NP pump, we
used the information and specifications of the conventional NP pump
of the Korea Cancer Center Hospital. The pump head and the inlet were
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Table 1
Physical dimensions of CFD domain.

Name x-directionlength (m) y-directionwidth (m) z-directionheight (m)

Room 4.0 4.0 2.5

Bed 2.0 0.9 0.2

Bed-leg 0.1 0.1 0.85

Walking Healthcare Taker

Body 0.2 0.3 0.675

Head 0.2 0.15 0.305

Arms 0.2 0.1 0.575

Legs 0.2 0.1 0.75

Patient on a bed

Mouth 0.04 0.04 -

Body 1.73 0.5 0.2

Conventional NP pump head

Intake inlet - 1.2 1.2

Cyclone NP pump head Inner diameter (mm) Outer diameter (mm)

Intake inlet - 40

Return outlet 75 80

(a) (b) Table 2 B )
Boundary conditions for CFD domain.
C;clone Nepgat“’e Cyclone Negative Boundaries Boundary types Cases Value Unit
ressure Pump P Pum
10 watt h} 10 Watt Rt Ventilation inlet mass-flow-inlet Cyclone NP 4.0834 kg/min
Laser Laser Conventional NP 6.1561 &
— Return outlet mass-flow-inlet Cyclone NP 2.0417 kg/min
[Hi I Patient body wall (heat-flux) Both 46.5 W/m?
vz z Intake inlet pressure-outlet Both -5 Pa
N » | 57 Mouth velocity-inlet Both UDF m/s

) ;
$ & S ¥

High Speed Smoke Smoke High Speed
Camera generator generator Camera
(c) (d)

Fig. 2. Flow visualization experiment to determine the optimal flow rate ratio for
the cyclone NP pump. Schematic of the flow visualization experiment using a smoke
generator and a 10 W continuous laser source showing (a) front view and (b) side view
of the cyclone NP pump. Experiment results showing (c) front view and (d) side view
of the visualization results. Yellow arrows indicate the typical cyclone flow pattern
generated by the NP pump, while red arrows indicate the suctioning intake flow and
green arrows indicate the tangential return flow, which is essential for creating the
cyclone flow. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

located 1.4 m above the floor of the room in Fig. 3(c). The ventilation
inlet supplied fresh air at a rate of 9 ACH (air changes per hour) using
a mass-flow-inlet boundary condition. To satisfy the negative pressure
of —5 Pa [30], the pressure-outlet boundary condition was set for the
intake inlet(see Table 2)

To compare our results with literature studies [31,32], we consid-
ered that the medical staff walked along the patient where we defined
the staff as a walking healthcare taker (WHT), as sketched in Fig. 3. The
WHT was placed on the right side of the patient and walked toward the
wall of the ventilation inlet with a walking speed of 0.5 m/s for 4.6
secs [33]. To investigate additional possible situations in a hospital,
we will consider the breathing and coughing of the patient (see the

section of Results and Discussion). To simulate this, we assumed that
the patient had a mouth size of 4 cm X 4 cm facing vertically to
the ceiling of the room. The velocity of the patient’s breathing and
coughing was modeled using a user-defined function (UDF) and the
direction was normal to the surface of the mouth.

The cyclone NP pump had both concentric intake inlet and return
outlet [See Fig. 1(a)], with radii values listed in Table 1, to create a
cyclone flow. To satisfy the flow rate ratio of 3 between intake inlet and
return outlet (validated from the experiments), the return outlet had a
flow rate of 2.0417 kg/min for the cyclone NP case. The mass-flow-inlet
boundary type was set for the return outlet with a tangential 30-degree
to axial flow direction applied. On the other hand, the conventional
NP pump had the same flow rate for both intake and ventilation inlets
since it had no return outlet. For your information, the conventional
NP pump merely drew in the indoor airflow at a very low speed.

Here, we considered that while the thermal plume of the patient was
set at 46.52 W/m? [31,32], the WHT body’s thermal buoyancy effect
was neglected because forced convection by the wake of the WHT is
dominant at a walking speed over 0.2 m/s [34] (see Table 2).

4. Numerical methodology

In this study, the commercial CFD software ANSYS Fluent v17.2
was utilized to simulate the negative pressure room and the pump.
For the turbulence model, direct numerical simulation (DNS) or large
eddy simulations (LES) requires considerable time and cost [35]. A
realizable k — ¢ Reynolds-Averaged Navier-Stokes (RANS) turbulence
model, which is widely used for indoor turbulence flow due to its
economical advantages and robustness, was adopted for indoor airflow
simulations [31,36,37].

The general format of the governing equations for continuity, mo-
mentum, energy, turbulent kinematic energy k, and turbulent dissipa-

tion energy e is as follows:

0 0 0 Hi '\ dk

Z (o) + == (pku;) = - =)=

o PO o (phy) ox, [<”+ak> 0xj] )

+ G+ Gy —pe—=Yy +S,
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Fig. 3. CFD domain for the negative pressure room with the NP pump. (a) Top-view and (b) 3D isometric view. (¢) The side-view and (d) mesh domain of (c). The head of the
NP pump is located on the wall of the domain, and the walking healthcare taker (WHT) moves toward the ventilation inlet wall with a walking speed of 0.5 m/s. Here, the CFD

domain having 5.5 million mesh cells is determined from the grid dependence test.
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where y, = pC,k?/e, C; = max [043,n/(n+5)|.n = Sk/e, and S =

2S;;S;;. Here, p is the density of the air, u is the viscosity of the air,
H, is the turbulent viscosity by combining k and e. u; is a velocity vector
that represents in the x,y, and z directions. For the k — e turbulent
model, G, and G, represent the generation of turbulence kinematic
due to the mean velocity gradients and the generation of turbulence
kinematic energy due to buoyancy, respectively. Y,, is the contribution
of the fluctuating dilatation in compressible turbulence to the overall
dissipation rate. ¢, and o, are the turbulent Prandtl numbers for k and
€, respectively. S, and S, are the user-defined source terms.

For the pressure-velocity coupling equations, the semi-implicit
method for the pressure-linked equations (SIMPLE) algorithm was
utilized. The Boussinesq equation was used to calculate the air density
considering the buoyancy effect of a thermal plume of the patient.

Saliva ejecta has a wide range of its size, though droplet size larger
than 100 pm settles fast due to the gravitational effect. Khosronejad
et al. [38] showed that the ejected saliva particles ranging O(0.1 ~
10) pm, which are large enough to carry the virus, undergo fast evapo-
ration while those are in the air. They showed that the ejected particles
shrink, and keep their size of 0.1 pm after 0.2-s evaporation [38]. Since
the evaporation time is much shorter than our CFD time regime, we
neglected the saliva evaporation and considered the saliva particles to
be kept at 0.1 pm as tracer particles.

To simulate the motion of saliva droplets, a discrete phase model
(DPM) was used. The DPM model tracks particles separately through

the flow domain by solving the force balance equation of particle
movement. Based on the literatures [39,40], the following assumptions
and simplifications were adopted in this study: (a) the evaporation
of droplets was not considered due to fast evaporation time; (b) heat
and mass transfer between air and droplet was negligible; (c) droplets
were captured on solid surfaces; (d) coagulation effect of droplets was
neglected [39]; and (e) all droplets were spherical solid particles. The
force balance between air and the particle in the j-direction (x, y, and
z-directions) is expressed as follows [40],
du,; 184 CpRe 8:(pp = p)

el — W =)

F,; 3)
ppdg 2 Pp N

where u,; is the particle velocity in the x, y, and z directions, d, is the
particle diameter, g, is the gravitational term, p,, is the particle density,
and the F,; is the additional acceleration term acting on the particle.
Here, Re is the relative Reynolds number, Re = pd,|u,; —u;|/u. In
this study, the additional acceleration terms included pressure gradient
force, Brownian force, and Saffman’s lift force [37]. Those forces are
relatively large for indoor airflow compared to other forces: Basset
force and virtual mass force [41]. The pressure gradient force can be
written as F,; = %ﬂi% (u; —u,;). The amplitudes of the Brownian
force components are modeled as a Gaussian white noise process, F,; =
{;\/xSy/At, where S, = (216vkgT)/[7%pd,*(p,/p)*C.] where {; are
non-mean, unit-variance-independent Gaussian random numbers. Here,
v is the kinematic viscosity of the fluid, T is the absolute temperature
of the fluid, kp is the Boltzmann constant, and C, is the Cunningham
correction coefficient to Stokes’ drag law. The Saffman’s lift force is
Fy = (2KV\2pd,) (u; = ) / [0, d, (diedsy)'""] where K = 2.504 and
d;; is the deformation tensor.

The dynamic mesh model was utilized to simulate the airflow af-
fected by the WHT, and the integral form of the conservation equations
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Fig. 4. Grid test results from four different mesh conditions. The velocity was achieved
from (a) the center line along the black arrow at the center of the inlet and (b) the
top line of the head of the cyclone negative pressure pump along the black arrow.
The intake flow is considered negative as the cyclone pump suctions indoor air, while
the return flow is positive, representing the incoming flow that generates the swirling
effect. Each of the lines is illustrated in the inset of each graph. Here, the black arrows
are normal to the yz-plane of the cyclone NP pump.

Table 3

Grid independence test.
Number of grid Max. Continuity Other
(million) skewness residuals residuals
0.53 0.93 > 1072 > 1073
3.78 0.81 > 1073 >107°
5.51 0.76 <1073 < 10°°
21.2 0.7 <1073 <107°

of dynamic meshes is expressed as follows [37],

d g
E/quﬁdV+/an¢(u—ug)-dA—

/ prv¢-d2+/s¢dv
v 14

where u is a velocity vector, ¢ is the general scalar. I' represents
the effective diffusion coefficient, and S is the source term for each
dependent variable. i, is the grid velocity of the moving mesh and oV
is the boundary of arbitrary control volume V' [37].

The entire CFD domain was created using hexahedral meshes, with
a wedge-shaped mesh used near the WHT, as shown in Fig. 3(d). To
maintain a constant grid size in the dynamic mesh zone, the dynamic
layering method was employed. This method allowed the resolution of
the computation cell adjacent to a moving boundary to adjust based on
the height of the layer next to the moving surface [37]. The dynamic
meshes were limited to the yellowish zone in Fig. 3(d), while the other
meshes remained static. We conducted a grid independence test, as
shown in Table 3. To check the grid test results, we compared the
velocity magnitude profiles along the center line of the inlet and the
top line of the outlet of the cyclone NP pump (see the results in Fig. 4).
Based on the grid test, we confirmed that a 5.5 million grid system

€]
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Fig. 5. Comparison of front and side flow patterns between (a), (c) experimental (PIV)
and (b), (d) numerical results of the cyclone NP pump. For the front flow patterns
shown in (a) and (c), data were taken from a plane offset by 0.15 m from the pump
head. The side flow patterns in (b) and (d) were obtained from the center plane of the
cyclone pump head. Details of the smoke flow visualization experiment are provided
in Fig. 2. Black arrows in both sets of results represent flow patterns, with velocity
magnitude (U) normalized to the maximum velocity (U,,,,) for each case.

would be satisfied for the numerical computation.

For the unsteady calculation, we used a time step of 0.001 s,
which satisfied the Courant-Friedrichs-Lewy number below 1. We
implemented a walking model of WHT and a breathing and coughing
model of the patient using a UDF (user-defined function).

5. Flow visualization using smoke PIV

To further verify the CFD results, we performed time-resolved
smoke flow visualization techniques based on the particle image ve-
locimetry (PIV) method. The experimental and numerical results are
presented in Fig. 5. For the flow field measurement, smoke was used
as tracer particles. The size of the smoke particles ranges from O(1 ~
10) pm, with a density of O(1) g/mL. The Stokes number, representing
the ratio between the characteristic time of a particle and that of the
flow, is much smaller than unity for smoke particles. Therefore, PIV
using smoke particles provides an accurate representation of the flow
field measurements. The smoke tracer was excited at a wavelength of
532 nm by the Nd: YAG laser. The excited smoke signal was captured
using a high-speed camera (Fastcam, Mini-AX200, Photron, Japan).
Sequential images of the excited smoke tracers were recorded using the
camera that captured 500 frames per second. Since the major cyclone
flow generated by the NP pump occurred in front of the pump head,
coexisting with the inlet and outlet, the focal plane was set at 15 cm
offset from the surface of the pump head. The PIVlab tool [42] in
MATLAB was used for flow field calculations. To obtain vector fields,
we applied iterative 2D cross-correlation of the tracer images with
multiple interrogation windows of 128 x 128 pixels (first) and 32 x 32
pixels (second) with 50% overlaps, where the signal-to-noise ratio (SNR
> 3) was satisfied for reliable PIV [43].

We compared the front flow patterns from the smoke PIV exper-
iments (a, ¢) and numerical simulations (b, d), as shown in Fig. 5.
Fig. 5(a) and 5(c) display the front flow patterns of the cyclone NP
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pump, while Fig. 5(b) and 5(d) show the side flow patterns. The
velocity magnitude U was normalized by the maximum velocity Uy,
to validate the cyclone flow pattern. From Fig. 5(a) and 5(c), both
results confirmed the azimuthal gyration flow pattern, indicating that
the numerical methodology effectively simulated the cyclone flow.
Additionally, the side flow patterns in Fig. 5(b) and 5(d) confirmed the
strong suction intake flow.

However, in the front flow patterns, the flow center did not align
well due to limitations of the two-dimensional PIV experiment, which
cannot capture out-of-plane velocity components. The intense suction
flow of the cyclone NP pump, as shown in Fig. 5(b) and 5(d), caused the
smoke tracer to dissipate quickly as it was rapidly drawn into the intake
inlet. This rapid dissipation prevented the tracer from being sustained
over extended periods, resulting in a lack of intake velocity information
at the center in the PIV results.

Additionally, the numerical simulation was performed under ideal
steady-state conditions, whereas the actual cyclone NP pump was not
in a perfect steady state due to the rotating turbo fans inside the pump.
As a result, the return flow rate at the outlet was not entirely uniform
along the azimuthal direction (see Fig. 1 and Supplementary Movie 1).
Despite these limitations, the cyclone flow was well reproduced using
the numerical boundary conditions, leading us to believe that CFD
can effectively simulate particle collection performance in different
scenarios.

6. Results and discussion

Building upon the validation of our numerical simulations through
PIV analysis in Sections 4 and 5, we now direct our attention to a
comprehensive evaluation of the particle collection performance of the
cyclone NP pump in this section. To examine the pump performance,
we considered three possible situations in a hospital.

World Health Organization (WHO) recommended that COVID-19
patients should be transported to designated health facilities by am-
bulance or repurposed vehicles [44]. During the patient transfer, the
driver’s cabin and patient compartment are sealed and separated. Pa-
tients continuously generate saliva droplets through breathing and
coughing [11], which may contaminate their body surface [8]. Follow-
ing the transfer, patients are placed in negatively pressurized isolation
care units, where they continue to produce saliva droplets through
breathing and coughing. It is noteworthy that approximately 70% of
COVID-19 patients experience coughing [45].

In the subsequent sections, we conducted a detailed evaluation of
the cyclone NP pump’s performance in three distinct scenarios that
occur after patient transport to healthcare facilities: Case (1) patient’s
body covered by pathogens, Case (2) patient producing pathogens
through breathing, and Case (3) patient producing pathogens through
coughing. We compared the collection efficiency of the NP pump
to the conventional case by investigating these three scenarios using
particle collection efficiency. To quantitatively compare two pumps,
we investigated the particle collection efficiency using the following
equation,

[Collection] _ No. of collected particles

= . '
Efficiency No. of total particles 00 [%] (5)

This metric forms the basis of our investigation, where higher collection
efficiency indicates a more effective rate of particle collection. Our
motivation for this evaluation stems from the belief that a high particle
collection rate can significantly lower the risk of infection transmis-
sion. Respiratory diseases are transmitted through airborne pathogen
particles that contain viral loads [46]. Infection occurs when a suffi-
cient amount of viral load enters a potential host [47,48]. Therefore,
reducing airborne particle concentration is crucial in minimizing the
likelihood of infection [49,50].

Indoor Environments 2 (2025) 100073
6.1. Case 1: A patient contaminated with pathogens

For the first scenario, we considered the situation that a respiratory
disease patient was just hospitalized in a negatively pressurized room.
In this case, we assumed that the patient’s body was contaminated with
pathogen-laden particles during the medical transfer, represented as
red-colored dots on the patient’s body surface as presented in Fig. 6(a).
We simulated how these particles were agitated in the room while
the WHT moved next to the patient at 0.5 m/s, which was the same
situation of the literature cases [32,33]. From the numerical simulation,
we observed that the vortical flow structure behind the WHT by walk-
ing mixed and spread the airborne particles in the room, as shown in
Fig. 6(b), which was consistent with the literatures [31,32]. The agitat-
ing motion caused the contaminated particles to spread throughout the
NP room. While the conventional NP pump slowly drew in the particles,
the cyclone NP pump rapidly collected them, as indicated in Fig. 6(c).
In both cases, the airborne particles spread due to external effects, i.e.,
the movement of the WHT and the pump.

Nevertheless, during the first 25 secs, the two pumps showed a
dramatic difference. While the conventional pump can only clean 10%
of pollutants, the cyclone pump can purify 50% [see Fig. 6(c)]. The
conventional pump cannot rapidly collect airborne particles due to the
low flow speed. This means that less airborne particles remained in
the case of the cyclone pump, so that the particles concentration is far
less than the conventional one. From the previous studies, lowering
pollutants concentration is a critical factor not to infect respiratory
disease since infection requires a certain amount of viral dose entering
possible patients [48,50]. Therefore, the rapid clean by the cyclone
pump can lower the secondary transmission.

Although the two cases showed a similar collection efficiency of
around ¢+ = 200 s, the indoor air should be completely different.
Because, for the cyclone NP pump case, airborne particles were diluted
and dispersed entirely in the room. For the conventional pump case,
the highly concentrated particles were under the patient’s bed and in
the corner of the room, as shown in Fig. 6(a). If WHT walks through
this highly concentrated area, then the motion of WHT will redisperse
and agitate those particles sequentially. This situation can increase the
possibility of secondary transmission since airborne pathogens would
be viable and infectious for hours [8,15]. So, in this situation, the
cyclone NP pump might provide an immediate and effective ventilation
impact [46,47,49].

6.2. Case 2: Producing pathogen particles through breathing by an infected
patient

Next, we examined a scenario in which a patient with a respiratory
disease constantly exhaled droplets of saliva while breathing [11].
Based on the literature [38], we assumed that the patient emitted
particles with a breathing cycle with a maximum speed, V.., of
0.89 m/s through the patient’s mouth of 4 cm x 4 cm. The flow speed
of the breathing cycle was assumed to have a sinusoidal function with
breathing frequency f (=1/5 sec™1),

V() = ViaxSinQz f1) (6)

In this simulation, the patient kept emitting the particles by breath-
ing as shown in Fig. 7(a). Here, we only considered one period of
breathing for the numerical study. For the conventional NP pump,
particles expelled by breathing were dispersed towards the ceiling of
the room without any particle collection by the pump in t = 5s, as
shown in Fig. 7(a). The suction flow rate by the conventional pump
was not enough to capture the particles. Expelled pathogen particles
diffused into the room without disturbance. While the conventional NP
pump demonstrated poor cleaning performance, the cyclone NP pump
effectively collected almost all particles where the suction rate of the
cyclone swirling flow was predominant compared to the breathing flow,
as shown in Fig. 7. The cyclone NP pump showed 85% air purification
within 5 secs. The efficient particle collection helps to create a safe
environment for WHT.
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Fig. 6. First scenario: Pathogen-contaminated patient. The particle-collecting performance between the conventional NP pump and the cyclone NP pump was investigated. (a)
Distribution of pollutant particles at + = 0.1, 25, and 200 s (b) Comparison of the velocity vector fields at the vertical plane and the horizontal plane. The cross-sectional planes
are depicted in (a). (c) Particle collection efficiency for the cyclone NP pump and conventional NP pump. See Supplementary Movie 2.

6.3. Case 3: Producing pathogen particles through coughing by an infected
patient

Lastly, a significant symptom of the respiratory disease patient could
be a cough [45]. Based on the literature, when people cough, the
expelled human saliva droplets have a wide range of ejecta speed,
such as O(1-10) m/s [51]. It is known that coughing and sneezing
emit turbulent multiphase flow and create a complicated fragmenta-
tion process of saliva droplets, which can produce countless airborne
droplets [52]. To numerically evaluate the particle collection efficiency
in this case, we chose the coughing conditions based on the literature
conditions. We mainly considered the coughing speed (V;,.,) and its
frequency (f = 2s71), eg., V() Vimax SinQ2z f1). The airborne
droplet size was assumed to be around 0.1 pm [38]. Based on the
literature [53], it is reported patients can expel pathogen-laden par-
ticles within just 0.5 s when coughing with maximum coughing speeds
reaching about 10 m/s [54,55]. Simulating this frequent and rapid

coughing features is very challenging because it requires periodic jet-
like turbulent flow [13] and droplet atomization process [12], both
of which are extremely difficult to model in numerical simulations,
especially when considering indoor airflow. Therefore, in this study, we
primarily focused on the collection of dispersed particles in a negative
pressure room, depending on the type of negative pressure pump used.

In the case of coughing, we realized that a single-cyclone NP pump
placed on the head side was insufficient to collect the pathogen parti-
cles effectively. As shown in Fig. 8(a), the single-cyclone NP pump near
the head of the patient could not help to collect the cough particles.
This was because the coughing speed was much faster than the suction
flow speed of the single-cyclone NP pump (< 1 m/s at the inlet of the
pump), which was similar to the breathing case with the conventional
NP pump. Most of the expelled particles were dispersed near the ceiling,
as shown in Fig. 8(a). In this case, the coughing flow was predominant
compared to any other effect including the movement of the WHT. The
droplets ejected in the room may cause secondary disease transmission
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Fig. 7. Second scenario: Breathing of an infected patient on a bed. The particle-collecting performance between the conventional NP pump and the cyclone NP pump was
investigated. (a) Distribution of pollutant particles at + = 0.3 and 5 s (b) Velocity vector fields in the vertical and horizontal planes. Cross-sectional planes are indicated in (a). (c)
Particle collection efficiency for the cyclone NP pump and conventional NP pump for the breathing case. See Supplementary Movie 3.

in the future if there are enough contaminated pathogen particles in
the room.

We found that an additional cyclone NP pump placed under the
ceiling, aligned with the trajectory of coughing as illustrated in Fig. 8,
could help to effectively collect the particles. In this case, to main-
tain the same total flow rate, we reduced the flow rate of the two
cyclone NP pumps to half of the single-cyclone case. As shown in
Fig. 8, the double-cyclone NP pumps were able to effectively col-
lect the cough particles from the infected patient. While the patient
kept coughing every 0.5 s, the collection efficiency was approximately
85% in 5 secs after the first cough, as demonstrated in Fig. 8(c). In
this scenario, we anticipated that the double-cyclone NP pumps can
rapidly purify pathogen-contaminated air from a respiratory patient,
thus safeguarding medical staff.

6.4. Discussion: Effective pathogen particle removal by cyclone NP pump

Through the three different scenarios previously discussed, we con-
firmed the cyclone negative pressure pump, using the cyclone flow
it generates, can capture contaminants adhered to the patient’s body
or emitted from the respiratory system. The results demonstrated the
pump’s superior ability to rapidly remove contaminants from random
locations, significantly lowering the concentration of contaminants in
the room more efficiently than conventional negative pressure pumps.
Notably, unlike conventional pumps that fail to capture most contam-
inants transported by the turbulent flow from the patient’s respiratory
system, the cyclone pump exhibited remarkable performance in remov-
ing nearly all contaminants. This capability allows us to maintain a low
contaminant concentration within the negative pressure room.
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As mentioned in Case 3, in a coughing scenario where chaotic
turbulent flow occurs, a double-cyclone configuration was employed
to enhance contaminant removal. Based on these results, it became ev-
ident that the installation position and orientation of the cyclone pump
are crucial for efficiently capturing contaminants dispersed by high-
velocity flows. In this study, we explored contaminant removal with the
cyclone pump head installed on the wall. However, for future pandemic
scenarios, alternative installation methods beyond wall mounting could
be considered. For example, by integrating a swirler to generate cyclone
flow at the ventilation inlet of the room’s existing HVAC system, it
is possible to create a ceiling-mounted cyclone flow configuration, as
shown in Case 3. Additionally, considering the patient’s posture, an
arm-mounted structure, similar to shadowless operating lights used in
surgical rooms, could allow the swirler’s position and direction to be
adjusted freely.

Therefore, the contaminant removal capability of the cyclone neg-
ative pressure pump, as demonstrated through simple scenarios in this

study, could be actively applied in a variety of configurations. This
would further enhance its performance in diverse situations, ensuring
effective contaminant removal in future applications.

7. Conclusion

In this study, we introduced a newly developed cyclone NP pump
capable of producing a directed swirling flow by interacting with the
tangential flow and suction flow. We used CFD analysis to quanti-
tatively evaluate the particle purification capabilities of the cyclone
negative pressure pump. Our results demonstrated that the cyclone
flow could maintain a low airborne particle concentration in a hospital
room contaminated by respiratory patients. We successfully captured
three different scenarios involving a completely polluted patient, a
patient breathing, and a patient coughing using the cyclone NP pump.
The directional swirling suction flow of the cyclone NP pump allowed
it to quickly capture particles. Additionally, we proposed the use of
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double-cyclone NP pumps for highly efficient particle collection with
a collection efficiency of over 80% at + = 5 s for both breathing
and coughing scenarios. Therefore, applying and utilizing cyclone flow
can actively and effectively remove contaminants in a room while
maintaining low concentrations of pollutants. In addition to hospital
scenarios, as mentioned in this study, this technology can be applied
to various public spaces such as city halls, libraries, and schools. It
could serve as a proactive defense against the super-spreading of future
respiratory infections like COVID-19 in public places frequented by
large numbers of people.
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