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A B S T R A C T   

Indoor airborne transmission largely depends on air distribution and ventilation. This study experimentally and 
numerically investigates steady-state aerosol transmission characteristics in a full-size room using a dedicated 
outdoor air system coupled with ceiling fans. Tracer gas was used to simulate the exhaled droplet nuclei from the 
infector, and a breathing thermal manikin was employed as a seated exposed person. Effects of air supply rates, 
ceiling fan speeds, source positions, and breathing modes of the exposed person on the aerosol transmission were 
studied. The increase of air change per hour from 4.5 to 5.6 and 7.5 reduced the averaged concentrations at 
sampling points by 18% and 38%, respectively. The ceiling fans generated local air movement and mixed air 
within the space, and a higher operating speed contributed to a more uniform concentration distribution. With 
better dispersion of the aerosols, the ceiling fan operation reduced the concentrations at the exposed person’s 
breathing zone by more than 20%. The ceiling fans show the potential to reduce the cross-infection risk in an air- 
conditioned space.   

1. Introduction 

The ongoing pandemic of coronavirus disease 2019 (COVID-19) has 
infected over 84.4 million people and caused 1.84 million deaths 
worldwide as of Jan 02, 2021 [1], and the numbers are increasing. 
Caused by the severe acute respiratory syndrome coronavirus 2 (SAR-
S-CoV-2), the disease is transmitted through large droplets, fomites, and 
aerosols [2,3]. The SARS-CoV-2 virus could remain viable in aerosols 
throughout a 3-hour experiment [4]. The virus can be transmitted effi-
ciently via the respiratory droplets and/or aerosols between ferrets from 
3 to 7 days after exposure [5]. Most droplets and aerosols are dominated 
by short-range airborne transmission, especially during close contact 
(<2 m) exposure [6]. Compared to the large droplets, the small droplets 
diffuse faster, farther, and wider [7], being easier to suspend in the air. 
The probable aerosol transmission in poorly ventilated places has been 
supported by evidence from hospital wards [8], restaurants [9], and 
offices [10]. 

In indoor environments, airborne transmission by droplets and 
aerosols largely depends on the air distribution and ventilation; 
adequate and effective ventilation for mitigation should be ensured. This 
requires an increase in the amount of clean outdoor air supplied to 

indoor volumes [11], which can be achieved by increasing the ventila-
tion rates (outdoor air change rate) and eliminate air-recirculation 
within the ventilation system [12]. However, an experimental study in 
the patient rooms suggested that the increasing ventilation rates failed 
to reduce aerosol concentrations proportionately. It could generate more 
particles suspending and migrating in pathways between the source and 
exhaust [13]. For a patient room with overhead mixing ventilation, the 
cross-infection risk still existed even at a high ventilation rate of up to 12 
h-1, which also brought draught discomfort in the occupied zone [14]. 
Thus, the ACH should not be used as the sole indicator of the system’s 
ability to reduce exposure risk. The airflow pattern plays a vital role in 
influencing the dispersion of cough droplets and consequential exposure 
[15]. 

The airflow pattern is primarily determined by the ventilation con-
figurations. Previous research has evaluated the influences of mixing 
ventilation [16], displacement ventilation [17], under-floor air distri-
bution [18], downward ventilation [19], and stratum ventilation [20] 
on indoor airborne transmission. Many of them engaged in comparing 
the ventilation performances of different ventilation strategies; howev-
er, their conclusions strongly relied on the boundary condition setting of 
the test room [21]. For example, since the exhaled jet traveled a short 
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distance and then diluted quickly under the mixing ventilation, it per-
formed better than the displacement ventilation in a tracer gas experi-
ment [22], while worse in a numerical study with different room settings 
[23]. Generally, the well-mixing ventilation could efficiently remove the 
fine particles which strictly followed the airflow pattern. Simulta-
neously, the concentrations were also affected by the source position 
and its local airflow for the coarse particle transmission [24]. To 
improve the local ventilation at the occupants, advanced ventilation 
technologies including personalized ventilation [25] and ventilation 
fans [26,27] were supplemented to the basic ventilation configurations. 

Recently, there has been increasing interest in using the dedicated 
outdoor air system coupled with ceiling fans (DOAS-CF) to achieve en-
ergy savings while maintaining occupant comfort. The DOAS-CF com-
prises a dedicated outdoor air system (DOAS) and ceiling fans (CF) in the 
occupied zones. This DOAS system supplies 100% outdoor air, condi-
tioned by an appropriately sized cooling coil to the room. Air is 
exhausted via pressure-activated openings, and there is no recirculation. 
The DOAS-CF proposes to achieve energy savings by raising the cooling 
set-point (27–28 ◦C) of the cooling system, an effective energy-saving 
strategy in hot and humid climates [28]. Ceiling fans are then used to 
offset any discomfort caused by the warmer temperature with the 
elevated air movement. The combination of 27 ◦C and an air velocity of 
0.94 m/s in DOAS-CF was experimentally proven to give the most 
satisfactory thermal comfort and air quality even compared with the 
24 ◦C conventional air-conditioning system [28,29]. To maximize the 
many benefits of integrating ceiling fans with building systems, a ceiling 
fan design guide has also been developed [30]. However, the influence 
of ceiling fans on the airborne transmission is unknown, and the 
trade-offs between ventilation rate and ceiling fan speeds in DOAS-CF 
with regards to the transmission risk are not clear. 

The COVID-19 pandemic ushers a “new normal” where the air- 
conditioning system operation should address airborne respiratory 
transmission in the post-pandemic era. Thus, this study aims to elucidate 
experimentally, and numerically the aerosol transmission behavior of 
ceiling fans integrated air-conditioning and mechanical ventilation 
(ACMV) systems. The objectives are:  

• Investigate the effect of ceiling fans on aerosol transmission in an air- 
conditioning system with ceiling fans.  

• Analyze the relationship between ceiling fan speed and ventilation 
rate on the airborne transmission.  

• Evaluate the inhalation intake risks of the exposed person under 
different air-conditioning scenarios. 

To do so, spatial contamination distributions were measured when a 
breathing thermal manikin (exposed person) seated 1.5 m opposite the 
tracer gas source (simulating an infector) inside a test room operating 
with DOAS-CF. The measurements of air velocity and concentration 
were used to validate a numerical model, subsequently providing 
detailed velocity, temperature, and concentration distributions. The 
effects of breathing modes of the exposed person, ceiling fan speeds, air 
supply rates, and source (infector) positions on velocity, temperature, 
concentration, and infection risks were investigated through a series of 
experiments and simulations. This study will provide a better under-
standing of the ceiling fans’ effects on airborne transmission, and 
contribute to the future design of ceiling fans integrated ACMV systems. 

2. Methods 

2.1. Experiments 

2.1.1. Experimental site 
The experiments were conducted in a 9.9 m × 6.3 m × 3.65 m 

classroom in the School of Design and Environment 4 (SDE4) building at 
the National University of Singapore. A dedicated outside air system 
(DOAS) supplies conditioned air to the test room from four air diffusers 

(0.35 m × 0.2 m) at the height of 3.06 m. The room air temperature is 
controlled at 27 ± 0.5 ◦C. During the experiments, indoor relative hu-
midity was measured to vary between 70% and 85%. Supply air tem-
peratures are between 17 and 19 ◦C. The air supply volume is controlled 
by the fan speed of the air handling unit (AHU), which varies from 30 Hz 
to 50 Hz. The DOAS creates positive pressure in the test room, and the 
indoor air exfiltrates through a transfer air device installed on the top of 
the door, which is the only outlet of this room. 

Additionally, four ceiling fans (Big Ass Fans, Haiku 52) with a 
diameter of 1.32 m were installed at the height of 2.65 m in this room. 
Each ceiling fan has three airfoils and speeds in 7 phases (60 RPM - 182 
RPM). To investigate the effects of ceiling fan speed on spatial concen-
tration distribution, ceiling fan modes of 0 (off), 3 (100 RPM), and 5 
(140 RPM) were selected and tested in this study, and their air velocities 
were measured to be 0.04, 1.10 and 1.92 m/s at the height of 1.1 m 
directly under the ceiling fan [28], respectively. 

2.1.2. Experimental equipment 
In this study, the tracer gas technique simulated the transmission of 

exhaled virus-laden droplet nuclei of 5–10 μm. Due to the scarcity in the 
environment, the common-used sulfur hexafluoride (SF6) was selected 
as the tracer gas to release from an infected person, hereinafter referred 
to as the infector. A breathing thermal manikin was used to simulate the 
person exposed to the tracer gas, hereinafter referred to as the exposed 
person. 

The breathing thermal manikin (P. T. Teknik Limited, Denmark) has 
the body shape and size of an average adult woman of 1.68 m in height. 
The manikin consists of 26 body segments that were heated and 
controlled individually to keep surface temperatures close to the skin 
temperature of a person in the state of thermal comfort [31]. In this 
experiment, the manikin was dressed in clothing corresponding to 0.5 
clo (short-haired wig, short sleeve shirt, pants, underwear, socks, and 
shoes) to emulate a typical office worker in Singapore (0.44 clo) [32]. 
The manikin’s heat power was approximately 65 W/m2. The thermal 
manikin creates a bodily thermal plume and simulates realistic free 
convection flow around the human body. With a set of artificial lungs, 
the manikin simulates inhalation through the nose and exhalation 
through the mouth. The pulmonary ventilation rate was 6.0 L/min, and 
each breathing cycle consisted of 2.5 s inhalation, 2.5 s exhalation and a 
1.0 s break. The exhaled air was heated to 34.7 ◦C, without being hu-
midified. The nostrils are two 50.2 mm2 circular openings, and the 
mouth is a 98.1 mm2 semi-ellipsoidal opening. The two jets from the 
nostrils are angled 45◦ downwards from the horizontal plane and 30◦

from each other. 
The SF6 concentrations were sampled and measured through an 

INNOVA 1312 photo-acoustic multi-gas analyzer and an INNOVA 1309 
multi-channel sampler with an accuracy of 0.001 ppm. 

2.1.3. Experimental design 
Fig. 1 shows the experimental setup inside the test room. The 

breathing thermal manikin is placed in a seated position on a chair with 
a desk in front. Directly opposite the manikin is a tracer gas tube fixed at 
1.1 m (nose-to-ground height of a sitting manikin) above the ground. 
The distance between the source and the manikin is 1.5 m, a threshold 
distance to distinguish the short-/long-range airborne routes [33]. The 
distance from the manikin’s abdomen to the table is 0.1 m.  

1) Tracer gas decay test 

Tracer gas decay tests were used to calculate the ACH of scenarios 
with ceiling fans at Mode 0 and 3 and AHU fan speeds at 30 (minimum), 
32, 40, and 50 (maximum) Hz. 32 and 40 Hz were selected between the 
minimum and maximum speeds, which were commonly used in prac-
tice. At the beginning of the test, tracer gas was released and mixed for 
30 s. The decayed concentration at the room center was recorded over 
90 min for ACH calculation. 
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2) Tracer gas continuous injection test 

Tracer gas was introduced via continuous injection to simulate the 
steady-state aerosol release and transmission. Tracer gas dosing started 
after indoor airflow distribution had reached steady-state conditions. 
Before starting each experiment, the initial SF6 concentration was 
checked to ensure that the background concentrations were negligible 
(≤0.02 ppm). The tracer gas was released at a dosing rate of 0.04 L/min, 
calculated by BS ISO 16000–8:2007 [34]. The tracer gas release tube 
had a diameter of 0.008 m and was placed horizontally. The concen-
trations at six sampling points inside the test room were measured 
roughly every 5 min. The measurements during the steady-state period 
from 40 min to 110 min at each point were averaged for analysis. 

As shown in Fig. 2, the continuous injection tests were conducted 
with the tracer gas source located in two locations: (1) directly under the 
ceiling fan (Location 1) and (2) at the room center (Location 2). A total 
of six sampling points measuring SF6 concentration was placed inside 
the room for each location, and they include:  

• Two sampling points close to the manikin’s breathing zone located at 
1.1 m (C1 in Location 1; C7 in Location 2) and 1.7 m (C2 in Location 
1; C8 in Location 2) from the ground, corresponding to the nose 
height of a seated and a standing person, respectively. The sampling 
probe positioned 5 mm below the tip of the manikin’s nose to mea-
sure the concentration at 1.1 m breathing zone (as indicated in the 
box in Fig. 1).  

• Three sampling points surrounding the manikin in the room (C3, C4, 
C5 in Location 1; C9, C10, C11 in Location 2).  

• One sampling point at the room outlet (C6 in Location 1; C12 in 
Location 2). 

To investigate the effects of breathing modes, ceiling fan speeds, air 
supply rates and source positions on the airborne transmission, a total of 
11 tests were designed and listed in Table 1. All ceiling fans operated at 
the same fan speed in each test. 

2.2. Numerical simulations 

2.2.1. CFD model 
As shown in Fig. 3, a three-dimensional numerical model was built 

based on the test room. The air-conditioning ducts were not considered 
to reduce the computational cost. The air was supplied from the diffusers 
at the top of the room and exhausted through the outlet located on the 
sidewall. The supply air temperature was 19 ◦C, and its supply rate at the 
diffuser was measured to be 1.7, 2.2, and 2.8 m/s when AHU fan speeds 
operating at 32, 40, and 50 Hz, respectively. 

The whole room domain, including the manikin and ceiling fans, 
were discretized using polyhedral mesh. The thermal manikin geometry 
was 3D scanned and then smoothed with the overall and critical features 
preserved. The manikin’s clothes and wig were omitted due to their 
negligible effects on heat transfer and airflow. To accurately capture the 
near-wall gradients, manikin’s surrounding mesh was refined with ten 
inflation layers to contain the viscous sub-layer (Fig. 3); the remaining 
less significant surfaces were applied with relative coarse mesh. The 
thermal manikin surface temperatures were measured to be 34.4 ◦C and 
33.7 ◦C on average under scenarios of ceiling fan Modes 0 and 3, 
respectively. The radiative heat load was not considered in this study as 
it had a negligible impact on convective fluid dynamics. The multiple 
reference frame (MRF) model was used to calculate the rotating motion 
of the ceiling fans, and a rotating reference frame with a diameter of 1.5 
m and a height of 0.6 m surrounded each ceiling fan. The surface tem-
perature of interior walls was measured to be 27 ◦C, and the constant 
value was assumed for all the room ceiling, sidewalls, and floor in the 
simulations. The table and fans were assumed to be adiabatic. Since 
tracer gas was released slowly and effects of inertia or gravity on par-
ticles were negligible, the release point of tracer gas was represented by 
a small box (50 × 50 × 50 mm3) and simulated with the species trans-
port model. 

2.2.2. Governing equations 
In this study, the airflow field was solved using the incompressible 

Fig. 1. Experimental setup: a thermal breathing manikin located 1.5 m opposite the tracer gas source. An aerosol sampling probe was positioned 5 mm below the tip 
of the manikin’s nose to measure the SF6 concentration at the breathing zone. 
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Navier-Stokes equations incorporated with the Boussinesq approxima-
tion accounting for the thermal buoyancy flow induced by the occupant 
body heat. Realizable k-ε model was used to predict the distributions of 
airflow, temperature, and tracer gas. All governing equations were 
solved using the commercial CFD software ANSYS FLUENT 2020 R2 
[35]. 

To solve the tracer gas dispersion, the species transport model with 
“passive scalar” was used: 

∂
∂t
(ρZ)+∇ ⋅ (ρZu)=∇ ⋅ (ρD∇Z) + S (1)  

where Z and u represent the mass fraction of tracer gas (kg per kg of air) 
and the airflow velocity vector, respectively; ρ is the air density; D is the 
contaminant’s coefficient of diffusion with consideration of turbulence 
viscosity; S is the source term. 

The rotating motion of ceiling fans was achieved with the multiple 
reference frame (MRF) model. It is a steady-state approximation in 
which individual cell zones can be assigned different rotational and/or 
translational speeds. This frozen rotor approach transfers the velocities 
entering the MRF region around the blades to a moving reference frame: 

v→MRF = v→− w→× r→ (2)  

where v→ is the velocity in the global (stationary) reference frame, w→ is 
the rotational vector and r→ is the position vector in the field of rotation. 

The SIMPLE algorithm [35] was employed to couple the pressure and 
momentum equations. The second-order upwind scheme was used to 
discretize the convection and diffusion-convection terms in the gov-
erning equation. 

The grid independency test was conducted before CFD simulations 
(Fig. 4). Once the grid element number exceeded 5.9 million, the airflow 
velocities at 0.1 m in front of the manikin (Fig. 4a) and directly under the 
ceiling fan (Fig. 4b) became stable. The maximum y+ value at the 
manikin surface was less than 3, indicating fine cells were obtained close 
to the manikin surface. Considering the computational efficiency and 
accuracy, the model with grid elements of 5,900,428 was used in this 
study. 

2.3. Evaluation parameters 

The ventilation rate of the whole test room was calculated by the air 
change rate (ACH). To reduce the unavoidable error from measure-
ments, dimensionless contaminant concentration (ε) was used to eval-
uate the spatial concentration distribution inside the room. Moreover, 
intake fraction (IF) was used to assess the cross-infection risk at the 
breathing zone in this steady-state process. 

ACH of the test room under different scenarios was calculated using 
experimental data from tracer gas decay tests. The concentration decay 
curve follows an exponential course when the gas mixes completely in 
the room. The air change per hour (ACH) is then calculated by Eq. (3). 

ACH =

ln
[

C1(t1)
C2(t2)

]

t2 − t1
(3)  

where C1(t1) and C2(t2) are the tracer gas concentrations at the start and 
end of the test (ppm), respectively; t1 and t2 are the start and end time 
(s), respectively. 

The dimensionless contaminant concentration (ε) expresses the ratio 
of the concentration in some sampling point (Cpoint) to the one at the 
outlet (Coutlet). It can reflect the overall uniformness and the contami-
nation removal efficiency to some extent. This dimensionless concen-
tration can be calculated as [36]: 

ε(t) =
[
Cpoint(t) − Csupply(t)

]

[
Coutlet(t) − Csupply(t)

] (4)  

where Csupply is the tracer gas concentration (SF6) in the supply air 
(ppm), which can be considered to be 0 in this study; The overhead bar 
indicates averaging during the period of t. 

The concentration at the manikin’s nose was used to calculate the 
inhalation IF of the exposed person (manikin). During a period of t under 
steady-state condition, IF is defined as the proportion of pollutant mass 
exhaled from the infector (source) that is then inhaled by the exposed 

Fig. 2. SF6 concentrations measured through sampling points C1~C6 at 
Location 1 (source under ceiling fan) and C7~C12 at Location 2 (source at 
room center). 

Table 1 
Cases tested in this study with AHU fan speeds of 0, 32, 40, and 50 Hz, ceiling 
fans operating at Mode 0, 3, and 5, at Locations 1 and 2.  

Cases Location AHU fan speed 
(Hz) 

Ceiling fan Breathing 

Mode Air velocitya (m/ 
s) 

1 1 0 0 0.04 ✓ 
2 1 32 0 0.04 ✓ 
3 1 32 3 1.10 ✓ 
4 1 32 5 1.92 ✓ 
5 1 40 3 1.10 ✓ 
6 1 50 3 1.10 ✓ 
7 1 32 3 1.10 ⨯ 
8 2 0 0 0.04 ✓ 
9 2 32 0 0.04 ✓ 
10 2 32 3 1.10 ✓ 
11 2 50 3 1.10 ✓  

a The air velocities were measured at 1.1 m height directly under the ceiling 
fan from Ref. [28]. 
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person (manikin), which can be written as: 

IF =
QB⋅

∫ t
0 Cin(t)dt

Mreleased
(5)  

where QB is constant breathing volume flow rate (m3/h); Cin is the 
inhaled concentration at manikin’s nose (ppm); Mreleased is the tracer gas 
amount at the source (μg/h). 

3. Results 

3.1. System ACH 

The ACH varied linearly with the AHU fan speed (Table 2). Under a 
forced mixing scenario with ceiling fans at Mode 3, the ACH increased 
from 4.23 to 7.37 when the AHU fan speed increased from 30 to 50 Hz. 

3.2. Effect of breathing on airborne transmission 

The effect of breathing modes was investigated by comparing the 
concentrations at 1.1 and 1.7 m close to the breathing and no breathing 
manikin (Fig. 5). When ceiling fans operated at Mode 3 and AHU fan 
speed at 32 Hz, concentrations increased averagely by 3.6% when the 
manikin changed from “breathing” to “no breathing”. The hypothesis 
test (t-test) failed to reject the null hypothesis; thus, the breathing modes 
showed no significant difference in the concentrations (P = 0.29). 

3.3. Effect of ceiling fans on airborne transmission 

Considering the operation of ceiling fans, the numerical model was 
validated with the detailed measurements of air velocity and concen-
tration at first. Then, the effects of ceiling fans on airborne transmission 

Fig. 3. Experimental site of Location 1 (source under ceiling fan); the enlarged figure shows the refined mesh around manikin’s head used for simulation.  

Fig. 4. Predicted velocity variations at cross-sections (a) through the manikin, 0.1 m in front of the nose (x = 7.37 m, y = 3.25 m) and (b) under the ceiling fan (x =
2.53 m, z = 1.1 m) for grid independency tests with grid elements numbers of 3.7, 5.9 and 7.8 million. 

Table 2 
The linear relationship between ACH and AHU fan 
speeds (30–50 Hz) was measured by the tracer gas 
decay tests with ceiling fans operating at Mode 3.  

AHU fan speed (Hz) ACH 

30 4.23 
32 4.50 
40 5.64 
50 7.47  
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were analyzed in detail at two locations: source (infector) under the 
ceiling fan (Location 1) and at the room center (Location 2). 

3.3.1. CFD model validation 
Firstly, the airflow distribution under a ceiling fan was compared 

with the measurements in the absence of any furniture. The measure-
ments and simulations were conducted with AHU operating at a fan 
speed of 32 Hz and ceiling fans at Mode 3 at Location 1. The airspeeds at 
the heights of 0.6, 1.1, 1.7, and 2.2 m under the ceiling fan were 
measured by the omnidirectional hot-wire type anemometer (Kanomax, 
System 6244), which has an accuracy of ±0.1 m/s. The ceiling fans 
operated at Mode 3 during the tests. Since the turbulence caused by the 
sensor heat loss could easily affect the measurements, the simulated 
velocity magnitude (V) was corrected with turbulent kinetic energy (k) 

[37] using the equation: 

V =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2 + w2 + 2k

√
(6)  

where u, v, and w are the velocities (m/s) in direction x, y, and z, 
respectively. 

With no furniture underneath the ceiling fan, the predicted velocity 
under Fan 4 (fan center: x = 2.53 m, y = 4.65 m, z = 2.6 m) was used for 
comparison. As shown in Fig. 6, the airspeed predictions at all four 
heights matched the measurements well. The middle of the ceiling fan 
blade had high airspeeds due to the strong rotating airflow. Especially at 
heights of 1.7 and 2.2 m, the airspeed peaked at the blade while plunged 
at the ceiling fan center. The low velocity at the ceiling fan center was 
due to its short distance to the fixed center. For the breathing zone at 1.1 
m, the mean absolute percentage error (MAPE) was 7.38%, and the root- 
mean-square error (RMSE) was 11.65%. The large discrepancy at 2.2 m 
attributed to the current turbulent model’s limitation, which had little 
effect on the overall airflow analysis in this study. Error metrics for other 
heights are listed in Table 3. 

Fig. 7 compares the measured and predicted concentration distri-
butions at Locations 1 and 2 with AHU fan speed operating at 32 Hz. The 
predictions agreed well and shared a similar trend with the measure-
ments of dimensionless concentration. The CFD model slightly under- 
predicted the concentrations when ceiling fans operating at Mode 
0 while over-predicted at Mode 3. Their discrepancy is mainly attributed 
to the experimental uncertainty of the input mass flow rate. MAPE and 
RMSE for concentrations at Locations 1 and 3 when ceiling fans oper-
ating at Mode 0 and Mode 3 are listed in Table 3. The increase of ceiling 
fan speed from Mode 0 to Mode 3 provided more uniform concentration 
distributions. It decreased the concentration in the breathing zone at 1.1 
m by 21% at Location 1 and 34% at Location 2. 

3.3.2. Source (infector) under ceiling fan 
At Location 1, where the source (infector) was under the ceiling fan, 

detailed analyses on the temperature, air velocity, and concentration 

Fig. 5. Comparison of the SF6 concentrations measured at heights of 1.1 m 
(manikin’s nose) and 1.7 m close to the breathing and no breathing manikin. 

Fig. 6. Comparisons of simulated and measured velocities under the ceiling fan (when operating at Mode 3) at heights of 0.6, 1.1, 1.7, and 2.2 m.  
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distributions were conducted. Fig. 8 compares the temperature and 
velocity contours with ceiling fans operating at Mode 0 and Mode 3 
(AHU fan speed of 32 Hz). Significant thermal plume occurred when 
ceiling fans off (Mode 0). The upward thermal plume increased the 
temperature and air movements around the manikin. The strong upward 
thermal plume above manikin’s head had an averagely 0.08 m/s higher 
air velocity than the unaffected area. When operating the ceiling fans at 
Mode 3, the strong downward airflow disturbed the thermal plume and 
changed the airflow distribution around the manikin. Specifically, 
ceiling fans directed the lateral airflow from diffusers towards the floor. 
They formed three circulation flows around the manikin: one at the back 
of the manikin and two on/under the table, respectively. They could mix 
the air in the space and give uniform temperature distributions. As 
shown in Fig. 8, since the left ceiling fan (Fan 1 center: y = 4.05 m) was 
overwhelmed with less cool supply air, the left half-space in this cross- 
section had a higher temperature when compared with the right half- 
space. The turbulent airflow environment caused by the operation of 
ceiling fans enhanced indoor ventilation. The volume-averaged age 
values were 439.9 s and 570.0 s for cases with ceiling fans at Mode 3 and 
Mode 0, respectively. 

Fig. 9 shows the detailed streamlines formed by the supply air and 
ceiling fans operating at Mode 3. The fresh air was supplied from the 
diffuser inlets and then mixed with existing air. The ceiling fans accel-
erated the mixing and generated strong downward flows and circula-
tions (Fig. 9a). Fig. 9b shows the streamlines in the room without the 
interaction of ceiling fans. The fresh air was injected almost laterally and 
then immediately absorbed by the ceiling fans, while the air from dif-
fusers close to the walls reflected and flowed along the wall. Fig. 9c 
shows the streamlines seeded from ceiling fans (MRF surfaces), and it is 
clear that the ceiling fans generated downward flows directly under-
neath and circulations in each fan cell. Affected by the downward flow 
from the ceiling fan, the tracer gas flowed towards the floor and 
dispersed a short distance along the floor (Fig. 9d). However, for the 
scenario without ceiling fans, the air was circulated within the whole 
room (Fig. S1a), which carried the tracer gas to disperse around the 
room (Fig. S1b). 

The strong air movements brought by ceiling fans also affected the 
tracer gas concentration distribution. Fig. 10 shows the simulated con-
centration contours at x = 7.37 m and z = 1.1 m with ceiling fans at 
Mode 0 and 3 at Location 1. The tracer gas formed a circle around the 
release point when ceiling fans operating at Mode 0, while a cone due to 
the downwards airflow at Mode 3. The static airflow without ceiling fan 
rotation (Mode 0) accumulated tracer gas around the release point and 
slightly moved towards the back wall (direction: y). Since the manikin 
was located at the leeward, the breathing zone had a relatively higher 
concentration. In contrast, the strong downward flow from ceiling fans 
extended the jet core area and formed a cone on the floor with ceiling 
fans at Mode 3. Similar to the temperature distribution in Fig. 8, the 
contaminant in the space covered by the left ceiling fan (Fan 1 center: y 
= 4.05 m) was well mixed. Meanwhile, the breathing zone had a low 
concentration because the table significantly blocked the upward flow 
towards the manikin’s head. 

Since ceiling fans’ operation significantly decreased the concentra-
tions at the breathing zone, the effect of ceiling fan speed on the con-
centration distribution was further analyzed with experimental data. As 
shown in Fig. 11, the increase of ceiling fan speed from Mode 0 to Mode 
3 decreased the concentration in the breathing zone at 1.1 m by 21% and 
provided a more uniform concentration distribution. With a better 
mixing, a higher ceiling fan speed of Mode 5 gave a more uniform 
concentration distribution, with concentrations at each point steadying 
around 3.23 ppm. 

3.3.3. Source (infector) at room center 
For Location 2, where the source (infector) was located at the room 

center, the airflow and concentration distributions were analyzed. Even 
if Locations 1 and 2 had different airflow patterns, they gave a similar 
conclusion that the operation of ceiling fans decreased the concentra-
tions at the breathing zone. With ceiling fans off, the concentration 
distribution at Location 2 was similar to that at Location 1, where a 
circle formed at the source point and contributed to a high concentration 
at the manikin’s breathing zone. However, the downward flows from 
these four ceiling fans at Mode 3 impinged on the floor and generated 
local circulations and a strong upward flow at the room center 
(Fig. 12a). The velocity at the airflow confluence in the middle between 
the two ceiling fans (right under the ceiling fan in the cross-section y =
3.15 m in Fig. 12a) was around 0.2 m/s at 1.1 m height. For the source 

Table 3 
Error evaluations of measured and predicted velocities and concentrations.  

Error metrics Air velocity Concentration 

0.6 m 1.1 m 1.7 m 2.2 m Location 1 Location 2 

Fan Mode 0 Fan Mode 3 Fan Mode 0 Fan Mode 3 

MAPE 12.64% 6.51% 12.15% 28.90% 11.90% 7.50% 7.48% 8.79% 
RMSE 1.37% 10.94% 17.15% 25.89% 22.48% 15.37% 10.12% 16.69%  

Fig. 7. Comparisons of predicted and measured dimensionless concentrations 
of six sampling points at (a) Location 1 (source under ceiling fan) and (b) 
Location 2 (source at room center) with ceiling fans operating at Mode 0 and 
Mode 3. 
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position at room center, the airflow confluence of circulations was 
actually formed by four ceiling fans, and its velocity was up to 0.55 m/s. 
This air velocity was lower than the one measured right under the ceiling 
fan but strong enough to affect the surrounding air distribution. Thus, 
the upward air movement brought tracer gas towards the ceiling, 
resulting in a low breathing zone concentration (Fig. 12b). The con-
centration contour at z = 1.1 m clearly showed that ceiling fans’ oper-
ation effectively impeded tracer gas dispersion in the breathing zone. 

Similar interactions of airflow from ceiling fans and diffusers could be 
found in the streamlines in Fig. S2. However, the strong airflow could 
carry the tracer gas to disperse around the whole room (Fig. S2d). 

3.4. Interactions between ventilation rate and ceiling fans 

Based on the ceiling fan effect analysis, the interaction between 
ceiling fans and ventilation rate was further studied by comparing the 

Fig. 8. Temperature and velocity contours at cross-section x = 7.37 m with ceiling fans operating at Mode 0 and 3 predicted by CFD.  

Fig. 9. (a) Superimposed streamlines and streamlines seeded from (b) the diffuser inlets, (c) ceiling fans, and (d) tracer gas at the scenario with ceiling fans at Mode 3 
predicted by CFD. 
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concentrations measured at six sampling points. When ceiling fans 
operating at Mode 3 at Location 1, the increase of AHU fan speeds 
significantly reduced the sampled locations average concentrations by 
17.7% and 37.5% if the AHU fan speeds increased from 32 Hz (ACH =
4.50) to 40 Hz (ACH = 5.64) and 50 Hz (ACH = 7.47), respectively 
(Fig. 13). For these measured concentrations, a 26% increase in ACH 
reduced the average concentration by 18%, while a 66% increase in ACH 
contributed to a 38% reduction. The disproportionate reduction may 
attributed to aerosol dispersion throughout the room, notably from the 
breathing zone to the upper portion. Their concentrations shared similar 
distributions for these points, where the breathing zone had a relatively 
low concentration. It indicated that the ventilation rate determined the 
concentrations, and the detailed concentration distributions were 
dominated by the local airflow field affected by ceiling fans. 

However, different ventilation rates gave different concentration 
distributions in Location 2 (source at room center). Operating at ceiling 
fan Mode 3, the increase of AHU fan speed from 32 Hz to 50 Hz 
decreased the sampled locations average concentration by 36% and the 
concentration at the outlet by 49.3% (1.42 ppm) (Fig. 14). With more air 
supplied (AHU fan speed at 50 Hz), the concentrations distributed uni-
formly within the space while much higher than the outlet value. The 
high dimensionless concentration in the room indicated that the tracer 
gas was not efficiently removed, even with a high ACH of 7.47. For this 
circumstance where the source was located at room center (Location 2) 

and all sampling points at the confluence of airflows at the middle be-
tween two ceiling fans, the airflow was not strong enough to drive the 
tracer gas towards the outlet. 

3.5. Risk assessment at manikin breathing zone 

Special attention has been paid to the cross-infection risks under 
different air-conditioning scenarios. For this relative comparison anal-
ysis, the inhalation intake fraction (IF) was calculated with the tracer gas 
concentrations measured at the manikin’s nose (points C1 in Location 1 
and C7 in Location 2). As shown in Fig. 15, the worst scenario without 
supply air and ceiling fans had an IF of 0.09, and most of the other air- 
conditioned scenarios had IF values less than 0.05. With the same supply 
air amount (AHU fan speed of 32 Hz), the increase of ceiling fan speeds 
from Mode 0 to Mode 3 decreased the IF values by 21.1% at Location 1 
and by 24.3% at Location 2. For cases with ceiling fans at Mode 3 at both 
Locations 1 and 2, a 1 Hz AHU fan speed increase roughly resulted in a 
2% decrease in IF value. Without the strong downward flow in Location 
1, Location 2 had a slightly higher IF. The difference between these two 
source locations narrowed when ceiling fans were turned on. 

4. Discussion 

In summary, ceiling fans can affect indoor aerosol transmission by:  

1) Direct flow downwards for the zone underneath, and direct flow 
upwards when two local circulations meet at the middle of two 
ceiling fans. The infectious concentration distribution pattern 
strongly relates to the source position, which is subsequently affected 
by the specific airflow field generated by ceiling fans.  

2) Mix air and average concentration within a space. If multiple ceiling 
fans are installed, space will be subdivided into multiple “fan cells”, 
each of which behaves like a small space with a single fan. 

Previous works observed that the ventilation fan could provide a 
well-mixed condition and uniform concentration distribution in the 
occupant vicinity [38]. The concept of “fan cells” was previously 
adopted in “Ceiling Fan Design Guide” [30], which referred to the sub-
divided space in the design stage. First, the overall layout was sub-
divided into multiple equal roughly square “fan cells”, and then each cell 
was centered with a ceiling fan. In this study, we observed that the 

Fig. 10. Concentration contours at x = 7.37 m and z = 1.1 m with ceiling fans operating at Mode 0 and 3 at Location 1 (source under ceiling fan) predicted by CFD.  

Fig. 11. Measured SF6 concentration distributions at six sampling points with 
AHU fan speed at 32 Hz and ceiling fans operating at Mode 0, 3, and 5. 
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mixing was actually limited to each “fan cell” if multiple ceiling fans 
operated simultaneously. The “fan cell” was formed with an “air cur-
tain”, the confluence of airflows at the middle between two ceiling fans. 
Generally, the influence of local flow outweighs that of mixing on 
airflow and concentration distributions if the source is located at specific 

positions, e.g., directly under the ceiling fan (Location 1) and at the “air 
curtain” between ceiling fans (Location 2) in this study. The upward/-
downward flow could be advantageous since it reduced the direct 
exposure towards the breathing zone. The effects of direct flow and 
mixing brought by ceiling fans are coupled on airborne transmission, 

Fig. 12. Distribution contours of (a) velocity (y = 3.15 m) and (b) concentration (y = 3.15 m and z = 1.1 m) with ceiling fans operating at Mode 0 and 3 at Location 2 
(source at room center) predicted by CFD. 

Fig. 13. Measured SF6 concentration distributions at six sampling points with 
ceiling fans operating at Mode 3 and AHU fan speeds at 32, 40, and 50 Hz at 
Location 1 (source under ceiling fan). 

Fig. 14. Comparisons of concentration and dimensionless concentration (ε) of 
points in Location 2 (source at room center) with ceiling fans at mode 3, AHU 
fan speeds of 32 Hz and 50 Hz by measurement. 
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where the strong air movements will contribute to a well-mixed space. 
Moreover, physical partitions, including people and tables, would 

affect the mixing. For example, the table performed differently in sce-
narios with ceiling fans on/off at Location 1 (Fig. 10). Since the source 
was located at the same height as the manikin’s breathing zone, the table 
blocked the contamination dispersion when ceiling fans were not 
operating (turned off), which enabled a more significant movement of 
released tracer gas (simulating infectious droplets) towards the breath-
ing zone. However, when running at Mode 3, the table beneficially 
impeded the upwards flow deflected from the floor and transported by 
the thermal plume, further reducing the concentrations at the breathing 
zone. It indicates that the physical partitions (e.g., tables) should be 
appropriately considered in the airflow field design. 

The relationship between ceiling fan speed and ventilation rate on 
aerosol transmissions was investigated at two source positions in this 
study. The concentrations at sampling points at Location 1 (source under 
ceiling fan) reduced smoothly with the increase of AHU fan speeds 
(Fig. 13), while the non-uniform concentration distributions in Location 
2 (source at room center) suggesting that tracer gas were not removed 
efficiently with ceiling fan operating at Mode 3 and AHU fan speed at 50 
Hz (Fig. 14). The air velocity at the source position at Location 2 (0.55 
m/s) was around half of that at Location 1 (1.10 m/s). The weak air 
movements at Location 2 limited the ventilation brought by the large 
volume of the supply air. It is estimated that a higher ACH of more than 
7.47 (50 Hz) could not achieve a similar concentration reduction; thus, 
the increasing ACH could not guarantee good air quality in locations 
without sufficient ventilation. The observation is consistent with the 
conclusion that the local airflow pattern also plays an important role in 
the airborne transmission in addition to the ACH [15]. Since the 
approach of dilution ventilation (e.g., increasing ACH) has been rec-
ommended for controlling airborne diseases, its efficiency can be 
enhanced by optimized air distribution (e.g., application of ceiling fans 
or higher ceiling fan speeds). 

This study focuses on the steady-state aerosol transmission with ex-
periments conducted with tracer gas. However, there are some limita-
tions of this study: 1) this study cannot represent the transient aerosol 
transmission; 2) the tracer gas technique used in this study cannot 
consider complicated dynamic processes, such as evaporation, conden-
sation, coagulation, resuspension, and phase change; 3) this study pro-
vides a preliminary study for the fan cells, while further studies need to 
be conducted to understand better the fan cells and design of ceiling fan 
layouts. 

5. Conclusion 

Characteristics of the steady-state airborne transmission were 
investigated experimentally and numerically in this study. The effects of 
breathing mode, ceiling fan, and air supply on the airborne transmission 
were analyzed through the airflow, temperature, and concentration 
distributions. Moreover, cross-infection risks of different air distribu-
tions were evaluated. The conclusions arising from this study are sum-
marized as follows:  

(1) The airflow in the supply air only scenario (fans not operating) 
was affected mainly by the thermal plume, which contributed to a 
higher concentration at 1.7 m height in the breathing zone. In 
contrast, the fan operation scenario dispersed aerosols better, 
resulting in a more uniform concentration distribution, and a 
20% lower concentration at the breathing zone. The increase of 
ceiling fan speeds contributed to a more uniform concentration 
distribution.  

(2) Ceiling fans direct airflows in the local air distributions and mix 
air within the individual “fan cell” space (if multiple ceiling fans 
are applied). Thus, different concentration distributions will be 
obtained if the source position changes.  

(3) The test room using the DOAS-CF system had high ACHs varying 
from 4.2 to 7.5 and a low inhalation intake fraction less than 0.05. 
The increase of ACH can significantly decrease the average con-
centration, and ceiling fans disperse aerosols from the breathing 
zone to the upper portion, contributing to further reducing the 
inhalation fraction.  

(4) The breathing mode had a minor effect on the breathing zone’s 
contamination distribution, which had an averaged discrepancy 
of 3.6% at a well-ventilated location with ceiling fans turned on. 
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