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Abstract

Purpose – Due to the ongoing Covid-19 pandemic, ventilation in a small cabin where social distancing
cannot be guaranteed is extremely important. This study aims to find out the best configuration of open and
closed windows in a moving car at varying speeds to improve the ventilation efficiency. The effectiveness of
other mitigation measures including face masks, taxi screens and air conditioning (AC) systems are also
evaluated.
Design/methodology/approach –Eachwindow is given three opening levels: fully open, half open and fully
closed. For a car with four windows, this yields 81 different configurations. The location of virus source is also
considered, either emitting from the driver or from the rear seat passenger. Then three different travelling
speeds, 5 m/s, 10 m/s and 15 m/s, are examined for the window opening/closing configurations that provide the
best ventilation effect. A study into the effectiveness of face masks is realised by adjusting virus injection
amounts; and the simulation of taxi screens and AC system simply requires a small modification to the
car model.
Findings – The numerical studies identify the top window opening/closing configurations that provide the
most efficient ventilation at different moving speeds, along with a comprehensive ranking list. The results
show that fully opening all windows is not always the best choice. Simulations evaluating other mitigation
measures confirm good effect of face masks and poor performance of taxi screens and AC systems.
Originality/value – This work is the first large-scale numerical simulation and parametric study about
different window opening/closing configurations of a moving car. The results provide useful guides for
travellers in shared cars to mitigate Covid-19 transmission risks. The findings are helpful to both individuals’
health and society’s recovery in the Covid-19 era and they also provide useful information to protect people
from other respiratory infectious diseases such as influenza.
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1. Introduction
The world has suffered from the Covid-19 pandemic since the end of 2019. As of November
2021, 250 million confirmed cases and more than 5 million deaths have been reported
according to World Health Organisation’s daily updated website, and the numbers are still
increasing. As a novel respiratory infectious disease, Covid-19 is similar to such diseases as
influenza, severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome
(MERS), transmitted directly by the airborne route and indirectly via contact with a
contaminated environment (Gudbjartsson et al., 2020; Bai et al., 2020; Yu et al., 2020). Airborne
transmission happens in two ways: via large liquid droplets coughed out, or through smaller
aerosol spray emitted when coughing or speaking. This makes droplet transmission, aerosol
transmission and contact transmission the three main transmission modes of Covid-19
(Domingo et al., 2020).
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On the one hand, Covid-19 has led to millions of people losing their lives, as well as
causing potential long-term illness to those who get in contact with the disease (Akkaya
et al., 2021; Enghard et al., 2021; Huang et al., 2021). On the other hand, large-scale
lockdown and severe travel restrictions adopted all over the world have caused massive
damage to the economy and society (Monroy-Torres et al., 2021), in the quality of living,
people’s mental health (Xiang et al., 2020; Kang et al., 2020; Al-Rahamneh et al., 2021) and
even the rise of crime cases (Barasa et al., 2021), etc. To address these problems, a number
of countries have set to return to the normal economic and social activities with a high
proportion of the population received vaccination. However, with more variants of the
virus appearing, the efficiency of vaccines may decline (Lopez Bernal et al., 2021), and
humans are increasingly likely to live with the Covid-19 virus for a few more years.
Therefore, it is crucial for individuals to take mitigation measures in daily life. One of the
most demanding situations is in shared vehicles, since people cannot break away from
transportation in their daily routine.

In a shared vehicle, the risk from contact transmission can be easily controlled by hand
sanitisation measures (Cheng et al., 2020), and the large droplets are heavy enough to fall onto
a surface within a few seconds. However, the virus can circulate in the air for prolonged
periods as aerosol (Eissenberg et al., 2020; Qu et al., 2020). Therefore it is vital to improve the
ventilation efficiency of vehicles. The most common ways, similar to those in buildings (Park
et al., 2021), are opening windows and using air conditioning (AC) or fan systems on the
vehicle.

Experiment and numerical simulation are the two main routes to study airflow inside
vehicle cabins, and the simulation approach is usually significantly cheaper to realise in
terms of both cost and time. Compared to the airflow analysis around a moving vehicle, the
study of airflow inside a moving vehicle is quite limited. Kale et al. (2007) studied the
complex airflow inside a bus with open windows and investigated the air flow speed and
pathways. Polanco et al. (2009) studied both internal and external air flow patterns of a car
with a fixed window configuration and two different moving speeds. Ibrahim and Mehta
(2018) analysed effective AC inside the rear passenger area and proposed an air depression
design that optimises the air flow and temperature in a small car cabin. Pirouz et al. (2021)
studied the airflow patterns in three typical vehicles, i.e. car, bus and aeroplane, and
evaluated ventilation efficiencies of heating, ventilation and air conditioning (HVAC)
systems by air changes per hour (ACH). The results indicate that opening windows can
decrease the contamination loads and improve the low ACH provided by the HVAC
system. Mathai et al. (2021) compared airflow patterns of six different window
configurations, and analysed potential disease transmissions between driver and
passenger.

Until recently, there has not been a systematic study on the best ventilationmeasures for a
moving car, which is the main objective of this paper. Hence, this study is the first large-scale
numerical simulation and parametric study about different window opening/closing
configurations of a moving car. In the study, each of the four windows of a moving car is
examined for three opening levels: fully open, half open and fully closed. Virus emission can
take place at either the front driver or the rear passenger. Three different car speeds are
considered: 5 m/s (approximately 11 mph), 10 m/s (approximately 22 mph) and 15 m/s
(approximately 34 mph). The effectiveness of other mitigation measures including face
masks, taxi screens and AC system are also evaluated.

The remainder of this paper is organised as follows. The model setup is described in
section 2. Then, section 3 illustrates all simulations undertaken in the study, where sections
3.1 and 3.2 study thewindows efficiency, while sections 3.3, 3.4 and 3.5 study the effectiveness
of face covering, taxi screen and AC system respectively. Finally, section 4 summarises the
overall conclusions.
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2. Model set-up
The continuous development of computational fluid dynamics (CFD) theory and
the associated simulation tools and the rapidly growing computing power have made it
much easier than ever to analyse complex flow problems in various engineering
applications. ANSYS Fluent is one of the most frequently-used CFD software, and it is
also the main simulation platform for the aforementioned studies (Ibrahim and Mehta,
2018; Pirouz et al., 2021; Kale et al., 2007). ANSYS Fluent provides comprehensive
modelling capacities for a wide range of incompressible and compressible, laminar and
turbulent fluid flow problems, and more technical information can be found in its official
user’s guide. In this study, we also adopt ANSYS Fluent as the simulation tool to
investigate the ventilation performance of various mitigation measures to control
airborne virus transmission inside a moving car, and the model details are explained in
the following subsections.

2.1 Basic calculation model
The car model is 1.8 m in width, 4.5 m in length and 1.2 m in height. Two people are set in
the model: the driver is on the front right seat and the passenger is directly behind the
driver on the rear seat. Three opening levels are set for each window, which leads to a total
of 345 81 cases for a typical four-window car. The three levels are fully open, half open and
fully closed. To implement this, the geometry of each window is divided into two parts, and
a half open window is set to open at the half position of the window height. In the
simulation, every part of windows can be modelled as part of the car body or as part of the
interior. It is noted that only the internal cabin zone (maximum length is 2.5 m) is set as
the fluid flow zone, and other zones including car head, trunk, seats and people bodies are
suppressed, as shown in Figure 1.

To simulate movement of the car, it is placed in the centre of a wind tunnel, as shown in
Figure 2. For wind tunnel tests in aerospace engineering, it is suggested that aeroplane/
aerofoil models should take up no more than 80% the width of the test section (Jaramillo,
2017). Following the physical-test design guide and based on trial simulations, the
dimensions of the wind tunnel used in this study are determined as 3.8mwide, 2.7 m high and
10.5 m long. The car is placed at the centre horizontally with a gap of 0.5 m to the bottom and
1 m to the top vertically. Our test simulations show that for the car speeds up to 15 m/s, using
larger wind tunnel has very limited influence on the flow field around the car. Both inlet and
outlet of the wind tunnel are controlled by a fixed velocity equal to the car speed, which helps
to quickly form a steady flow field.

Figure 1.
The car model
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The mouth of each person is simplified as a 0.1 m 3 0.1 m square, and the vertical distance
from the centre of the mouth to the car roof is 0.85 m. The total number of droplets from a
single cough is 110 on average (Chao et al., 2009) and the large droplets are heavy enough to
fall down to the floor or a surface relatively quickly. It is the tiny particles that form the
aerosol and carry the virus to circulate in the air for longer periods of time. Therefore it makes
more sense to track the expelled air from people instead of the coughed droplets. In this study,
the expelled air is marked by very small particles with the diameter of 10�6 m and density of
103 kg m–3, which are small enough to float in the air and almost have no influence to the air
flow. In all simulations, we set a single cough lasting 0.5 s with 10,000 air-marker particles
injected at a constant rate. The expelled air flow velocity, which equals to the particle injection
velocity, is 10 m/s. It is noted that the marker particles described here are not the actual
droplets emitted from the cough.

To account for the turbulence effect in the air flow, the standard k-e model is adopted in
this study, where the turbulent kinetic energy k and the turbulent energy dissipation rate e
are computed using (Versteeg and Malalasekera, 2007)
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where ρ is the density of the fluid, ui the velocity component in the corresponding direction,Eij

the component of rate of deformation, t the time and xi, xj the positions in different
dimensions. Prandtl numbers σk and σe connect the diffusivities of k and e to the eddy
viscosity μt, which is given by

μt ¼ ρCμ
k2

e
(3)

The constant parametersCμ, σk, σe,C1e andC2e in Eq. (1) and Eq. (2) are set as standard values
derived from data fitting for a wide range of turbulent flows: Cμ5 0.09, σk5 1.00, σe5 1.30,
C1e 5 1.44 and C2e 5 1.92 (Versteeg and Malalasekera, 2007).

2.2 Mesh convergence study
Themesh convergence study determines theminimummesh resolution required in amodel to
ensure the mesh-independent simulation result, thereby it finds the balance between the
accuracy and efficiency requirements. In this study, the ANSYS-generated unstructured

Figure 2.
The calculation model

of the car in a wind
tunnel
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tetrahedral meshes are adopted. Three different mesh schemes are tested, with 266, 916, 296,
869 and 368, 160 elements, respectively. In these tests, the front-right window and the rear-
right window are fully openwhile the other two are fully closed. The car speed is set as 15m/s,
i.e. the upper limit in this study.With the time step of 0.001 s and the total simulation period of
10 s, the final average air flow velocities of the front-right window is 3.71 m/s, 3.61 m/s and
3.58 m/s, respectively. When the element number increases from 296, 869 to 368, 160; the
result only changes slightly, with the change rate of less than 1%. Thus, the mesh with 296,
869 elements is adopted for the following simulations. Figure 3 shows the simulation mesh
with two section planes.

3. Results and discussion
More than 300 simulations have been carried out in this study. As discussed in Section 2.1, there
are 81 cases for a typical four-windowcar bysimplifying the status of eachwindowas fully open,
half open or fully closed. First, all these cases with one cough from the driver or the rear-seated
passenger are conducted for the constant moving speed of 15 m/s. Then, to avoid unnecessary
simulations, only the top 38 configurations (those that provides the best ventilation) of the driver
coughing cases are rerunwith differentmoving speeds of 10m/s and 5m/s to safely conclude the
lists of top five window configurations. Next, the top five window configurations with speeds of
15 m/s, 10 m/s and 5 m/s are simulated with face masks worn, which is modelled by decreasing
the number of particles injected. Finally, additional simulations of taxi screens and AC system
equipped are performed, which requires a slight modification of the model.

In all simulations, only one cough occurs at the beginning, which lasts 0.5 s with 10,000
marker particles injected at a constant rate from random positions in the mouth zone. The
expelled air flow velocity, which equals to the particle injection velocity, is 10 m/s and normal
to the mouth surface. The time step of simulation is 0.001 s, and the maximum iterations of
each time step is set as 20. After a fixed period of 10 s, the number of remaining marker
particles are collected which is denoted as n10s. So the remaining particles ratio after 10 s, r10s,
can be calculated by

r10s ¼ n10s

N
(4)

where N 5 10,000 is the total number of injected particles.

3.1 Coughing from different person inside of the car
Virus emission fromdifferent locations inside the car needs to be considered. The driver at the
front right seat and the passenger at the rear right seat are implemented in the model, while

Figure 3.
Mesh of the
calculation model
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the scenarios of passengers on the front left seat or the rear left seat can be speculated by
symmetry. In this section, the two scenarios (a single cough from each person) lead to
81 3 2 5 162 cases, which are simulated with the fixed speed of 15 m/s, approximately 34
mph. The remaining particles ratios after 10 s, r10s are recorded and classified into different
groups.

For the 81 simulations of driver coughing, the numbers of each range are shown inTable 1.
There are 7 cases in the first group, of which the remaining particles after 10 s are less than
10%. A bar graph including detailed information for these 7 cases is shown in Figure 4. The
optimal scheme for ventilation is achieved by fully opening the front-right and rear-left
windows and closing the front-left and rear-right windows, which gives an r10s value of
3.31%.Thewindow opening/closing configurations are indicated on the graphwith the labels
of front-left (FL), front-right (FR), rear-left (RL) rear-right (RR). Figure 5 is the bar chart of the
second group where r10s 5 10�20%. It is worth noting that fully opening all windows is not
one of the top configurations, with the percentage of remaining particles being 12.83%, only
ranked at the 11th place.

Table 2 includes the results for the other 81 simulations with the rear right passenger
coughing and the bar chart of 0�30% groups is shown in Figure 6. The best configuration of
the rear person coughing scenario is half opening the FR, FL and RL windows and fully
opening the RR window, of which the ratio of remaining particles after 10 s is 19.52%, much
greater than that of the best combination of the front person coughing scenario. Again, it is
observed that fully opening all windows does not gives the best ventilation, and it only
achieves r10s 5 40.26%, ranked at 28th out of 81 configurations.

Overall, the contamination from the rear part of the car ismuchmore difficult to clean than
that from the front zone. This is because the particles injected in the rear part are more
difficult to enter the front-to-back flow field generated by opening windows. Therefore it can
be concluded that sitting at the front is generally safer than sitting at the back. With the
travelling speed of 15 m/s, the best window configuration to minimise virus concentration

r10s 0–10 10–20 20–30 30–40 40–50 50–60 60–70 70–80 80–90 90–100

No. 7 11 10 10 4 10 12 8 5 4

Table 1.
Ranking groups of the
driver coughing cases

Figure 4.
Window

configurations for the
driver coughing case:

0–10% group
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r10s 19.52 20–30 30–40 40–50 50–60 60–70 70–80 80–100

No. 1 8 18 20 14 8 8 4

Table 2.
Ranking groups of the
passenger
coughing cases

Figure 5.
Window
configurations for the
driver coughing case:
10–20% group

Figure 6.
Window
configurations for the
rear passenger
coughing case:
0–30% group
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when the driver is coughing is opening the front window near the coughing person and either
one of the rear window. However, when the passenger is coughing, most of the top
configurations have all windows open, either half or fully.

The results of all 162 simulations can be found in Appendices Table A1 and A2.

3.2 Comparison of different car speeds
In Section 3.1, all window configurations have been covered. However, the moving speed of a
car can change frequently in reality, so it is necessary to investigate the ventilation efficiency
for different speeds. The car travelling speed considered in Section 3.1 is 15 m/s,
approximately 34 mph. If the car is travelling at higher speeds, it would be no longer suitable
to open windows, as this can strongly affect travellers’ comfort and even safety. Therefore,
another two lower speeds, 5 m/s (approximately 11 mph) and 10 m/s (approximately 22 mph)
are examined in this section. Because the air contamination from the rear person is much
harder to clean, with the best r10s of only 19.52%, the effect of opening windows would be
very poorwith a lower speed. So in this section, only the driver coughing scenario is simulated
with the two lower speeds. In order to avoid repetitive work, only the top 38 configurations,
i.e. those with the r10s lower than 40%, are rerun to safely obtain the top 5 lists.

Tables 3 and 4 list the top 5 window configurations for the speeds of 5 m/s and 10 m/s,
respectively. For comparison, the top 5 configurations of 15 m/s are also listed in Table 5.
Considering the stop-start nature of urban driving and constant changes of direction, a
comprehensive list is given in Table 6 by averaging the results of all three speeds. In the
tables, ○ denotes fully open, I half open and C fully closed.

From Table 6, the best configuration is half opening RL window and fully opening the
other three, and the second-best is fully opening all four windows, which are both highly
ranked in 5 m/s and 10 m/s lists, according to Tables 3 and 4. Thus, it can be concluded that
keeping most of windows open can maximise the ventilation efficiency at lower speed
condition,where the pressure difference between inside and outside of the car is far less.While

Table 3.
Top 5 configurations of

the driver coughing
cases at the car speed

5 m/s

Table 4.
Top 5 configurations of

the driver coughing
cases at the car speed

10 m/s
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at high speed, the pressure difference is large enough, such that only opening one front
window and one rear window can help to quickly form a flow-in and flow-out field, and it is
more efficient than opening all windows. The data also show the difference in r10s values can
be very large for different speeds, e.g. almost 14 times between the best configurations of 5m/s
and 15 m/s lists.

The results of all 38 3 2 5 76 simulations can be found in Appendix 2.

3.3 Effectiveness of face masks
As of November 2021, face covering is still legally required or strongly recommended on
public transport inmany countries, e.g.Waleswhere the authors live. Face coverings not only
protect people from infection but also significantly reduce the virus emission if the wearer is
an infectious source. In this section, effectiveness of surgical masks is studied. According to
the experimental research (Asadi et al., 2020), wearing surgical masks can reduce the outward
particles emission rate by 90% on average during speaking or coughing, compared to
wearing no mask. So in the simulations, only 10% of injected particles, i.e. 1,000 particles are
emitted. The configurations in Tables 3–5 are re-simulated with 10% particle injected. The
results are shown in Tables 7–9.

Table 5.
Top 5 configurations of
the driver coughing
cases at the car speed
of 15 m/s

Table 6.
Top 5 configurations of
the driver coughing
cases at the average of
three speeds

Table 7.
Top 5 configurations of
the 5 m/s cases with
surgical masks
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From Tables 7 and 8, the remaining particles are almost 10 times less with the 10%
particles injection in the speeds of 5 m/s and 10 m/s. However, in the 15 m/s scenario, where
the remaining particles are already very few, the efficiency of surgical masks is not as good as
it is in the low speed conditions, although it is still a good improvement.

3.4 Effectiveness of taxi screens
As of November 2021, wearing a face covering in taxi and private hire vehicles (PHVs) is still
mandatory in Wales for passengers, unless they are exempt by special medical reasons.
Welsh government guidelines specify that passengers should normally sit in the rear seat of
the vehicle, as well as stating that the installation of protective barriers or safety screens is a
decision for licencing authorities, PHV operators and firm/individual operating the vehicle to
make based on their own assessment of risk (Welsh Government, 2021). Even though screens
(also known as partitions) are not legally required, they are actually quite popular amongst
taxi drivers and PHV operators all over the world, even prior to the Covid-19 pandemic, as
they can help drivers more concentrating on driving to improve safety. There is however no
evidence-based conclusion on whether screens help to prevent virus transmission through
air. An experimental investigation on the effect of plastic sheeting shielding (PSS) at an office
space, shows that extensive use of PSSs create low ventilation rates within PPS-enclosed
segments of an office and can result in a false sense of psychological security. PPSs could play
positive roles with other simultaneous measures, e.g. opening windows and using fans
(Ishigaki et al., 2021). So in this section, screens on a moving car with different window
configurations are studied.

As mentioned in the Welsh government report, there are three main types of temporary
vehicle screen, as shown in Plate 1 (Welsh Government, 2021). The main difference between
the first type, flexible screen and the third one, professionally installed rigid screen, is rigidity
as the names indicate. But this makes no difference in the simulation, so they are put into one
category and named “big screen”, which leaves no gaps except for the bottom area of the seat.
As shown in Plate 1, the second type of screen “rigid screen” leaves large gaps around all
edges, which is named as “small screen” in consequence.

Table 9.
Top 5 configurations of
the 15 m/s cases with

surgical masks

Table 8.
Top 5 configurations of
the 10 m/s cases with

surgical masks

Virus
concentration

in a moving car

2359



In the simulations, the size of the small screen is 1.6 m3 0.6 m, and the gap around the left,
top and right edges is 0.1 m wide, as shown in Figure 7. As shown in Figure 8, the big screen,
with the size of 1.8m3 1.0m, only leaves a gap of 0.2mwide in the bottom edge. The thickness
of both screens is ignored and the screen is fixed at the rear edge of the front window.

In order to control the simulation work, the half open window status is not included in this
round of simulations. With two statuses of each window, fully open or closed, there are
245 16 combinations for a four-window car. Considering the three different screen situations,
big screen, small screen or no screen, it leads to 163 35 48 cases. As concluded in Section 3.1,
airborne contamination from the rear-seated passenger is difficult to be cleaned by opening
windows, so the screen effectiveness study is focussed on whether the driver would be safer
with the help of screens when the passenger is coughing. The car speed is set as 10 m/s.

Plate 1.
Three main types of
partition screens

Figure 7.
A car with small screen

Figure 8.
A car with big screen
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After 10 s of ventilation, the position of every remaining marker particle is recorded. As
shown in Figure 9, the number of particles escaped, remaining in front zone and remaining in
rear zone are counted, and they are denoted as nescaped, nfront and nrear, respectively. The
corresponding particles ratios, rescaped, rfront and rrear, can be calculated by

rescaped ¼ nescaped

N
(5)

rfront ¼ nfront

N
(6)

rrear ¼ nrear

N
(7)

where N 5 10,000 is the total number of injected particles.
The simulation results are listed in Table 10. For convenience of analysis, Figure 10 shows

the results of cases 1–4 in the form of pie charts, where both front windows are closed.
In these four cases, the big screen greatly decreases the particles in the front zone, which is

significant for protecting the driver. The Case 2 (only opening the rear-right window) has the
lowest proportion of particles left in the front zone, with 5.62%. However, Case 1 (opening
both rear windows) is the first suggested configuration for the big screen users, as it provides
significant ventilation in both the front and rear zones of the car. It is interesting that in Case
4, closing all windows, which may apply to the high-speed condition and rainy moments, the
big screen could reduce the front zone particles by 83.78%compared to the carwithout screen
in 10 s. However, it could be foreseen that the particles would gradually flow into the driving
zone as time goes on since all the windows are closed. So in this situation, it is highly
encouraged to intermittently open windows for air circulation.

For other cases, it is difficult to conclude whether the screens work well. The big screen
certainly has better performance on protecting the driver than the small one in general, while
for Case 9 (only closing the front-left window) small screen has a very good ventilation effect
in both the front and rear zones.

Big screen and small screen both have some good and bad effects, depending on the
specific window opening/closing configurations and travelling speeds. Due to the
uncertainty of passenger preference and behaviour, it is hard to guarantee a fixed
window opening/closing pattern. Thus, it makes sense to check the average numbers for
an overall evaluation. In the averaged case, the big screen can only decrease the front zone
ratio by 3.37% and even lead to a great rise in the rear zone ratio by 14.85%, which would
subsequently increase virus exposure for successive passengers. The small screen also
has negative effect in both the front zone and the rear zone in terms of the remaining
particles numbers. This increased contamination caused by poorer ventilation associated
to the big and small partition screens is made worse by the increased risk of contact
transmission due to the newly-created screen surfaces. Hence, we conclude that adding

Figure 9.
Front zone and rear

zone divided by
screens
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Table 10.
Simulation results of
cars with screens
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partition screens, either big or small, is not an effective measure to reduce airborne virus
transmission in taxi cars.

3.5 Effectiveness of AC system
Asdiscussed in Section 1, the air flowpattern of a vehiclewith thehelp of fan,AC,HVACsystems,
etc. have been extensively studies (IbrahimandMehta, 2018; Pirouz et al., 2021). Pirouz et al. (2021)
pointed out the low air change rate by HVAC system in a car. In this section, we examine the
effectiveness of AC system in preventing airborne virus transmission in a moving car.

Several minor changes are made on the original model, as shown in Figure 11, where only
shell of the cabin is plotted. The inlet of AC system is simplified as a 600 mm 3 100 mm
rectangle on the vertical panel in front of the front-left seat. For air circulation, every car has a
few passive vents. While the sizes and locations of these vents may differ slightly dependent
on the carmodel, we set a 600mm3 50mmvent and two 300mm3 50mmvents on thewind-
shield and rear parts of both side panels, respectively.

In the simulation, the air velocity of the AC system inlet is 2 m/s and the thermal change
raised by AC system is ignored. The three passive vents are set as interior, i.e. they are not
controlled by any velocity or pressure. With all four windows closed and the car’s moving
speed of 15 m/s, the r10s is 98.70%, i.e. only 1.30% of the particles escaped from the car cabin
in 10 s with the effect of AC system.

Figure 10.
Pie charts of 4 window
configurations results
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In conclusion, there is no doubt that the AC system is important for travellers’ thermal
comfort and even basic ventilation requirement; however, its ventilation efficiency is too
weak to protect people from airborne virus infection.

4. Conclusions
The effectiveness of different methods for reducing the spread of Covid-19 in a moving car is
systematically investigated by using CFD simulations. The mitigation measures include
opening windows, wearing face mask, installing partition screen and using the AC system. The
simulation results show that virus generated by front-seated travellers is 5�10 times easier to be
discharged by opening windows than that generated by rear-seated travellers. Thus, providing
effectivewindow ventilation is applied, the front seats are generally safer than the rear seats in a
shared car. The ventilation effect also depends greatly on the window opening/closing
configuration and the travelling speed. To investigate these two factors, we fix the virus load at
the front of the car. The results show that at the higher moving speed, i.e. over 15 m/s
(approximately 34 mph), the best ventilation is achieved by opening one front window and one
rear window, and in this case the virus concentration is reduced by around 95% following a 10 s
ventilation. In city driving conditions, i.e. at varying speeds below 15 m/s (approximately 34
mph), it is found that having all four windows open is most beneficial, which reduces the virus
concentration by around75% following a 10 s ventilation.Thewindowventilation is so effective
that it is only necessary to apply it for 10 s at a time, every 5�10 min or whenever somebody
coughs or sneezes. Besides opening windows, face covering also has great efficiency for
controlling the virus concentration: wearing a surgical facemaskwill cut the virus concentration
by 90%. Other measures including taxi screens and AC system however have poor effect in
virus concentration reduction. These research findingsprovide useful guide to fight theCovid-19
pandemic as well as other future respiratory infectious diseases.
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Akkaya, F., Yenerça�g, F.N.T., Kaya, A., Şener, Y.Z. and Ba�gcı, A. (2021), “Long term effects of mild
severity COVID-19 on right ventricular functions”, The International Journal of Cardiovascular
Imaging, Vol. 37 No. 12, pp. 3451-3457.

Figure 11.
Simplified view of the
car cabin with AC
system

EC
39,6

2364



Al-Rahamneh, H., Arafa, L., Al Orani, A. and Baqleh, R. (2021), “Long-term psychological effects of
COVID-19 pandemic on children in Jordan”, International Journal of Environmental Research
and Public Health, Vol. 18 No. 15, p. 7795.

Asadi, S., Cappa, C.D., Barreda, S., Wexler, A.S., Bouvier, N.M. and Ristenpart, W.D. (2020), “Efficacy
of masks and face coverings in controlling outward aerosol particle emission from expiratory
activities”, Scientific Reports, Vol. 10 No. 1, pp. 1-13.

Bai, Y., Yao, L., Wei, T., Tian, F., Jin, D.-Y., Chen, L. and Wang, M. (2020), “Presumed asymptomatic
carrier transmission of COVID-19”, Jama, Vol. 323 No. 14, pp. 1406-1407.

Barasa, E., Kazungu, J., Orangi, S., Kabia, E., Ogero, M. and Kasera, K. (2021), “Indirect health effects
of the COVID-19 pandemic in Kenya: a mixed methods assessment”, BMC Health Services
Research, Vol. 21 No. 1, pp. 1-16.

Chao, C.Y.H., Wan, M.P., Morawska, L., Johnson, G.R., Ristovski, Z., Hargreaves, M., Mengersen, K.,
Corbett, S., Li, Y., Xie, X. and Katoshevski, D. (2009), “Characterization of expiration air jets and
droplet size distributions immediately at the mouth opening”, Journal of Aerosol Science, Vol. 40
No. 2, pp. 122-133.

Cheng, V.C.-C., Wong, S.-C., Chan, V.W.-M., So, S.Y.-C., Chen, J.H.-K., Yip, C.C.-Y., Chan, K.-H., Chu, H.,
Chung, T.W.-H., Sridhar, S., To, K.K.-W., Chan, F.-W., Hung, I.F.-N., Lo, P.-L. and Yuen, K.-Y.
(2020), “Air and environmental sampling for SARS-CoV-2 around hospitalized patients with
coronavirus disease 2019 (COVID-19)”, Infection Control and Hospital Epidemiology, Vol. 41
No. 11, pp. 1258-1265.

Domingo, J.L., Marqu�es, M. and Rovira, J. (2020), “Influence of airborne transmission of SARS-CoV-2
on COVID-19 pandemic. A review”, Environmental Research, Vol. 188, p. 109861.

Eissenberg, T., Kanj, S.S. and Shihadeh, A.L. (2020), “Treat COVID-19 as though it is airborne: it may
be”, AANA Journal, Vol. 88 No. 3, pp. 29-30.

Enghard, P., Hardenberg, J.-H., Stockmann, H., Hinze, C., Eckardt, K.-U. and Schmidt-Ott, K.M. (2021),
“Long-term effects of COVID-19 on kidney function”, The Lancet, Vol. 397 No. 10287,
pp. 1806-1807.

Gudbjartsson, D.F., Helgason, A., Jonsson, H., Magnusson, O.T., Melsted, P., Norddahl, G.L.,
Saemundsdottir, J., Sigurdsson, A., Sulem, P., Agustsdottir, A.B., Eiriksdottir, B., Fridriksdottir,
R., Gardarsdottir, E.E., Georgsson, G., Gretarsdottir, O.S., Gudmundsson, K.R., Gunnarsdottir,
T.R., Gylfason, A., Holm, H., Jensson, B.O., Jonasdottir, A., Jonsson, F., Josefsdottir, K.S.,
Kristjansson, T., Magnusdottir, D.N., Roux, L., Sigmundsdottir, G., Sveinbjornsson, G.,
Sveinsdottir, K.E., Sveinsdottir, M., Thorarensen, E.A., Thorbjornsson, B., L€ove, A., Masson,
G., Jonsdottir, I., M€oller, A.D., Gudnason, T., Kristinsson, K.G., Thorsteinsdottir, U. and
Stefansson, K. (2020), “Spread of SARS-CoV-2 in the Icelandic population”, New England Journal
of Medicine, Vol. 382 No. 24, pp. 2302-2315.

Huang, L., Gu, X., Wang, Y., Huang, C. and Cao, B. (2021), “Long-term effects of COVID-19 on kidney
function–Authors’ reply”, The Lancet, Vol. 397 No. 10287, pp. 1807-1808.

Ibrahim, S. and Mehta, R. (2018), “An investigation of air flow and thermal comfort of modified
conventional car cabin using computational fluid dynamics”, Journal of Applied Fluid
Mechanics, Vol. 11, pp. 141-150.

Ishigaki, Y., Kawauchi, Y., Yokogawa, S., Saito, A., Kitamura, H. and Moritake, T. (2021),
“Experimental investigation to verify if excessive plastic sheeting shielding produce micro
clusters of SARS-CoV-2”, medRxiv. doi: 10.1101/2021.05.22.21257321.

Jaramillo, J. (2017), Design and Construction of a Low Speed Wind Tunnel.

Kale, S., Veeravalli, S., Punekar, H. and Yelmule, M. (2007), “Air flow through a non-air conditioned
bus with open windows”, Sadhana, Vol. 32 No. 4, pp. 347-363.

Kang, L., Li, Y., Hu, S., Chen, M., Yang, C., Yang, B.X., Wang, Y., Hu, J., Lai, J., Ma, X., Chen, J.,
Guan, L., Wang, G., Ma, H. and Liu, Z. (2020), “The mental health of medical workers in Wuhan,
China dealing with the 2019 novel coronavirus”, The Lancet Psychiatry, Vol. 7 No. 3, p. E14.

Virus
concentration

in a moving car

2365

https://doi.org/10.1101/2021.05.22.21257321


Lopez Bernal, J., Andrews, N., Gower, C., Gallagher, E., Simmons, R., Thelwall, S., Stowe, J., Tessier, E.,
Groves, N., Dabrera, G., Myers, R., Campbell, C.N.J., Amirthalingam, G., Edmunds, M.,
Zambon, M., Brown, K.E., Hopkins, S., Chand, M. and Ramsay, M. (2021), “Effectiveness of
Covid-19 vaccines against the B. 1.617. 2 (delta) variant”, New England Journal of Medicine.

Mathai, V., Das, A., Bailey, J.A. and Breuer, K. (2021), “Airflows inside passenger cars and implications
for airborne disease transmission”, Science Advances, Vol. 7 No. 1, eabe0166.

Monroy-Torres, R., Castillo-Ch�avez, �A., Carca~no-Valencia, E., Hern�andez-Luna, M., Caldera-Ortega, A.,
Seraf�ın-Mu~noz, A., Linares-Segovia, B., Medina-Jim�enez, K., Jim�enez-Garza, O., M�endez-P�erez, M.
and L�opez-Briones, S. (2021), “Food security, environmental health, and the economy in Mexico:
lessons learned with the COVID-19”, Sustainability, Vol. 13 No. 13, p. 7470.

Park, S., Choi, Y., Song, D. and Kim, E.K. (2021), “Natural ventilation strategy and related issues to
prevent coronavirus disease 2019 (COVID-19) airborne transmission in a school building”,
Science of The Total Environment, Vol. 789, 147764.

Pirouz, B., Mazzeo, D., Palermo, S.A., Naghib, S.N., Turco, M. and Piro, P. (2021), “CFD investigation of
vehicle’s ventilation systems and analysis of ACH in typical airplanes, cars, and buses”,
Sustainability, Vol. 13 No. 12, p. 6799.

Polanco, G., Garc�ıa, N. and Rojas, L. (2009), “Teaching how to use the CFD approach by an example:
hydrodynamics within a passenger car compartment in motion”, Fluids Engineering Division
Summer Meeting, Vol. 43734, pp. 251-257.

Qu, G., Li, X., Hu, L. and Jiang, G. (2020), An Imperative Need for Research on the Role of
Environmental Factors in Transmission of Novel Coronavirus (COVID-19).

Versteeg, H.K. and Malalasekera, W. (2007), An Introduction to Computational Fluid Dynamics: The
Finite Volume Method, Pearson Education, Essex.

Welsh Government (2021), “Review effectiveness and appropriateness of plastic screens in taxis and
Private Hire Vehicles (PHVs) for reducing transmission of COVID-19”, Technical report, Welsh
Government, Wales.

Xiang, Y.-T., Yang, Y., Li, W., Zhang, L., Zhang, Q., Cheung, T. and Ng, C.H. (2020), “Timely mental
health care for the 2019 novel coronavirus outbreak is urgently needed”, The Lancet Psychiatry,
Vol. 7 No. 3, pp. 228-229.

Yu, P., Zhu, J., Zhang, Z. and Han, Y. (2020), “A familial cluster of infection associated with the 2019
novel coronavirus indicating possible person-to-person transmission during the incubation
period”, The Journal of Infectious Diseases, Vol. 221 No. 11, pp. 1757-1761.

Appendices
The Appendixes files are available online for this article.

Corresponding author
Chenfeng Li can be contacted at: c.f.li@swansea.ac.uk

For instructions on how to order reprints of this article, please visit our website:
www.emeraldgrouppublishing.com/licensing/reprints.htm
Or contact us for further details: permissions@emeraldinsight.com

EC
39,6

2366

mailto:c.f.li@swansea.ac.uk

	How opening windows and other measures decrease virus concentration in a moving car
	Introduction
	Model set-up
	Basic calculation model
	Mesh convergence study

	Results and discussion
	Coughing from different person inside of the car
	Comparison of different car speeds
	Effectiveness of face masks
	Effectiveness of taxi screens
	Effectiveness of AC system

	Conclusions
	References
	AppendicesThe Appendixes files are available online for this article.


