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The SARS-CoV-2 virus has so far infected more than 31 million
people around the world, and its impact is being felt by all.
Patients with diseases such as COVID-19 should ideally be
treated in negative pressure isolation rooms. However, due to
the overwhelming demand for hospital beds, patients have
been treated in general wards, hospital corridors and makeshift
hospitals. Adequate building ventilation in hospitals and public
spaces is a crucial factor to contain the disease (Escombe et al.
2007 PLoS Med. 4; Escombe et al. 2019 BMC Infect. Dis. 19, 88
(doi:10.1186/s12879-019-3717-9); Morawska & Milton 2020 Clin.
Infect. Dis. ciaa939. (doi:10.1093/cid/ciaa939)), to exit lockdown
safely, and reduce the chance of subsequent waves of
outbreaks. A recently reported air-conditioner-induced COVID-
19 outbreak caused by an asymptomatic patient, in a restaurant
in Guangzhou, China (Lu et al. 2020 Emerg. Infect. Dis. 26)
exposes our vulnerability to future outbreaks linked to
ventilation in public spaces. We argue that displacement
ventilation (either mechanical or natural ventilation), where air
intakes are at low level and extracts are at high level, is a viable
alternative to negative pressure isolation rooms, which are
often not available on site in hospital wards and makeshift
hospitals. Displacement ventilation produces negative pressure
at the occupant level, which draws fresh air from outdoors, and
positive pressure near the ceiling, which expels the hot and
contaminated air out. We acknowledge that, in both developed
and developing countries, many modern large structures lack
the openings required for natural ventilation. This lack of
openings can be supplemented by installing extract fans. We
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have also discussed and addressed the issue of the ‘lock-up effect’. We provide guidelines for such

mechanically assisted, naturally ventilated makeshift hospitals.
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1. Introduction
COVID-19, the disease caused by the virus, SARS-CoV-2 is a pandemic and a global emergency which
has stressed and in some cases overwhelmed healthcare systems across the world [1]. As of 23 September
2020, more than 31 million confirmed cases and over 977 000 fatalities have been reported, and these
numbers are expected to increase significantly. Originating in Wuhan in China, it has rapidly spread
to most of the world, and the current epicentres of the disease are in Asia, the USA and South
America. Significant outbreaks of the disease have occurred in high population density, low income/
developing countries such as India, Pakistan and Nigeria, and the disease is expected to cause
significant numbers of fatalities in these countries as well.

The proliferation of the disease has overwhelmed many existing healthcare systems. In response to
the overwhelming demand for hospital beds for critically ill patients, a new healthcare facility/
hospital has been built in record time in Wuhan. Similar healthcare preparedness is imperative in
both the developed and the resource-scarce developing world. In London, an exhibition and
convention centre was converted into a 4000-bed Nightingale-style emergency hospital in 9 days.
Other such new emergency hospitals have been created in the UK in Manchester, Birmingham, Bristol
and Glasgow. In New York, makeshift tent-hospitals have been created in Central Park, and the
Manhattan convention centre has been converted into a makeshift hospital. Suspected COVID-19
patients are being quarantined in hotels, and in India railway coaches are being converted to
accommodate the patients and suspected cases.

COVID-19 is an infectious disease caused when the SARS-CoV-2 virus impacts on receptors in the
body, usually in the respiratory tract. While the possibility of airborne infection transmission of the
virus remains controversial [2,3], the virus can remain stable in aerosol form for hours [4], and can
still potentially infect people [1,5,6]. In 2003, a possible SARS-CoV infection of healthcare workers
during an aerosol-generating medical procedure had been reported [7]. Furthermore, Yu et al. [8]
presented the evidence of long-distance airborne SARS contagion transport between the apartment
blocks in Amoy Gardens housing complex in Hong Kong. More recently, an outbreak of cases in a
restaurant in Guanghzou, China, where CCTV ruled out the possibility of fomite transmission
provides further evidence of airborne transmission [9].

Modern medical as well as residential, commercial and industrial buildings are tightly constructed.
To maintain an acceptable indoor environment (air quality and thermal comfort), pollutants and heat
produced by human activities, appliances, machines, as well as by indoor commercial and industrial
activities, need to be removed. However, partly in response to the energy crisis in 1973 and increasing
concerns since then about climate change, until now the emphasis on design criteria for building
ventilation has primarily been based on energy efficiency, and sustainability and thermal comfort.
Only recently has the removal of indoor pollutants started to be a major consideration.

However, with the current pandemic, the focus has shifted and the primary objective is to minimize
exposure of indoor contagion/bio-aerosol produced by an individual to other occupants present in the
room, while also maintaining the thermal comfort.

Conventionally, in hospitals, patients with infectious respiratory diseases are kept in negative pressure
isolation rooms, which provide ventilation to control the spread of the disease. However, in the current
pandemic patients have been kept in the hospital wards and beds which were not intended to handle
such cases. In this paper, we show that displacement ventilation, either natural or mechanical, where air is
drawn in through lower-level inlets and extracted at high level, can significantly reduce the spread of
airborne contagion, and save the lives of healthcare workers, carers and patients [2].
2. Building ventilation in healthcare settings
In a healthcare setting, the purpose of ventilation has been to remove harmful and unwanted agents—
gases, pollutants, heat and contagion from the building envelope by indoor–outdoor exchange of air.
There are two basic ventilation types (figure 1); mixing ventilation where the air is circulated
throughout the whole space, for example, by ceiling fans or cool air introduced from high-level air



upper
level opening air conditioning

or fan
hot air exit

no upper level opening no upper level opening

open window
open window

ceiling fan

patient

patient

patient

patient

cold air in

lowerlevel opening

(a) (b)

(c) (d)

Figure 1. Schematic of different ventilation types, (a) displacement ventilation, (b) positive pressure mixing ventilation by air-
conditioning, (c) positive pressure mixing ventilation by fan and open window, and (d ) wind-driven mixing ventilation. In
displacement ventilation, fresh air enters from the bottom of the room and contaminated air exits from the top. In mixing
ventilation with a ceiling fan or high-level air conditioning unit, the contaminant/contagion is distributed uniformly throughout
the whole room. These ventilation modes can either be produced mechanically by fans or air conditioning, or by using natural
ventilation.
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conditioning ducts with a view to maintaining uniform conditions such as temperature throughout the
space, and displacement ventilation, where fresh air is introduced through lower-level inlets and extracted
at high level in the space. Of these two modes mixing ventilation is the most commonly used, both in
mechanical and natural ventilation.

Displacement ventilation relies on the fact that inevitably heat is generated within the space, either
from the occupants and/or equipment, which produces hot air, which rises and accumulates near the
ceiling. Consequently, the ambient conditions experienced by occupants in these two different
ventilation modes are fundamentally different. In mixing ventilation, the occupant is surrounded by
mixed air of uniform properties, such as the concentration of a contaminant—a bit like lying in dirty
bath water. By contrast, in displacement ventilation the occupant is surrounded by newly arrived air,
and pollutants generated near or by the person are lifted towards the ceiling by the rising warm air—
rather like being in an inverted shower and rinsed with clean water. Of course, for the same amount
of contaminant generation and ventilation flow, the total amount of contaminant in the space is the
same: in mixing ventilation, it is everywhere at a relatively low concentration, while in displacement
ventilation the contaminant is concentrated in a warm layer near the ceiling. When the system is
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designed correctly this contaminated layer is located above the occupants and so they are only exposed to

clean uncontaminated air.
Consequently, displacement ventilation has the potential to provide much better local conditions for

patients within hospitals. How is this achieved? Essentially fresh air needs to be introduced at lower
levels in the ward so that it flows over the patient collecting air expelled from their lungs and heat
released from their body and any surrounding equipment. This air is then warmer and rises above the
patient and accumulates near the ceiling where it needs to be extracted from the building.

As a consequence of this efficient flow pattern, the ventilation rate, i.e. the rate at which air is exchanged
between inside and outside a space, required for a healthy environment in displacement ventilation ismuch
less than that required for mixing ventilation. For contagious disease hospital wards, the World Health
Organization (WHO) recommends—apparently based on mixing ventilation—a ventilation rate of 160
LSP (litres per second per person). This is much greater than the 10 LSP of fresh air recommended for
breathing [10], and would require 16 air changes per hour (ACH) in a typical cubicle measuring 4m
wide, 3m long and 3m high.

For patients with an airborne contagious disease, a negative pressure ventilated isolation room is
ideal, as it does not allow contagion to escape from the isolation room. However, building and
running new isolation rooms requires time, resources and maintenance staff, which in the current
pandemic, and in many societies, are scarce. To contain the disease, displacement ventilation in
makeshift hospitals and other buildings can be a viable and safe alternative.

Mixing ventilation, as the term implies, mixes the air within a space. This implies that aerosols and other
contaminants are mixed throughout the space so that all occupants are exposed to them. In the case of
COVID-19, the virus is transported on droplets expelled from an infected person. The exact nature of this
transport depends on the amount and size distribution of droplets, and whether the individual is
breathing, talking, coughing or sneezing. We assume that in hospitals all persons are wearing personal
protective equipment (PPE) so that the impact of coughing and sneezing are greatly reduced. In any
event, a person coughing every minute for 2 h produces about 150 l of exhaled air, while simple
breathing or talking produce 10 times that amount over the same period [11]. So even in the absence of
PPE, while low-frequency intermittent events such as coughing and sneezing produce large quantities of
droplet per event, under normal circumstances breathing and speaking account for most of the bio-
aerosol produced during the day [12–16]. Indeed, in enclosed spaces such as hospital wards mixing
caused by air conditioning or ceiling fans spreads the contamination throughout the space, and so makes
the ‘1–2m’ social distancing rule problematic [3]. Instead we recommend that displacement ventilation
be used to provide a safe environment for occupants in a building. We first discuss displacement
ventilation in the context of natural ventilation, and subsequently consider the effects of mechanical
extraction by ceiling fans.
3. Natural ventilation
Both modes of ventilation shown in figure 1 can be produced either mechanically or by natural
ventilation. Natural ventilation relies on free natural resources, temperature differences between inside
and outside the building—known as ‘stack-driven’ ventilation and the wind, to drive flow through
the building. As was recognized by Florence Nightingale [17], there is evidence that natural
ventilation can be beneficial for patient health even when mechanical ventilation is available [18,19],
and in many cases it will be the only option.

3.1. Wind-driven natural ventilation
Wind-driven ventilation depends upon wind speed and direction and turbulence intensity, all of which
fluctuate in time. Urban layout, building type, building location, the size and density distribution of the
surrounding buildings, and the urban heat island, make it extremely challenging to predict the ventilation
rate. Furthermore, the fluctuating indoor flows caused by wind-driven ventilation may produce random
distribution of the unwanted agents, which in the context of removal of the airborne contagion from
patients is undesirable. However, when openings are appropriately arranged, for example by ensuring
that roof extracts are at negative wind pressure, wind-driven ventilation can assist displacement
ventilation and make it more effective [20]. Consequently, in the following we ignore the effects of wind
and concentrate on stack-driven ventilation, noting that care must be taken to ensure that any wind-
driven flow assists, and does not disrupt, the flow patterns established by temperature differences.
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3.2. Displacement ventilation or stack-driven natural ventilation

In stack-driven natural ventilation warm, buoyant air (due to body heat or the heat generated by solar
gains, equipment and appliances) rises towards the ceiling and exits through an upper-level opening.
This, in turn, draws in cooler (higher density) outdoor air that flows across the floor of the room.
The stratification produced by the indoor temperature gradient drives the flow inside the building
(figure 1a). The flow is predominantly unidirectional, upwards from the floor, removing airborne
contagion away from patients and other occupants towards the ceiling where it gets flushed out of the
building. Particles and aerosols generated indoors by the occupants due to breathing and other
activities rise with the warm air and are trapped in the hot upper air layer, which is advantageous in
hospitals [21]. As we quantify below, the ventilation rate in a naturally ventilated building depends on
the strength of the internal heat gains and the sizes of the openings in the building.
 sos
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4. Design guidance for a hospital: natural ventilation
We first calculate the openable area needed to ventilate a space by natural ventilation. The effective
openable area A� in the façade of a building needed to provide a unpolluted lower layer of height h
in a room of height H is given by

A� ¼ nC3=2 h5=2ffiffiffiffiffiffiffiffiffiffiffiffiffi
H � h

p , (4:1)

where n is the total number of occupants (we can assume the occupants to be equal strength heat
sources), and the empirical constant C≈ 0.105 [22,23]. This effective openable area A� depends on a
combination of the total areas at and ab of the top and bottom openings, respectively, given by the relation

A� ¼ catabffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
(a2t þ a2b)

� �s , (4:2)

where c≈ 0.6 is a discharge coefficient that accounts for flow contraction and the pressure losses at the
openings. For given values of the height of the space H and the number n of occupants, (4.1) and
(4.2) can be solved to find the areas at and ab required to ensure the occupants remain in the
unpolluted layer of height h.

As an example, suppose that a patient, a visitor and, a healthcare worker (i.e. n = 3) are in a bay with a
total height H = 4 m. To ensure the unpolluted layer is higher than 2m, (4.1) implies that A� ≈ 0.4 m2. If
the top and bottom areas are equal in size, this requires that they are both approximately 0.64 m2, i.e. they
measure, say, 800 by 800mm. It may be difficult to achieve this amount of opening in practice and so
some mechanical extraction may be necessary. We address this possibility in the next section.

When designed properly, the polluted upper layer should be above occupants heads. From (4.1), it is
clear that buildings with tall ceilings and with large upper level and lower level openings are optimal for
naturally ventilated makeshift hospitals.
5. Design guidance for a hospital: mechanically assisted natural
ventilation

Buildings are generally equipped with large lower level openings such as windows and doors but often
lack large upper level openings. As mentioned above, (4.1) shows that taller spaces are better for natural
displacement ventilation—A� decreases as H increases implying that smaller openings will suffice in a
taller space. However, in situations where the required opening area is not available or the space is
not tall enough, natural ventilation can be supplemented or replaced by mechanical extraction from
the upper part of the space.

In this case, the height h of the lower clean zone is determined by matching the mechanical extraction
rate Q with the flow of warm air from the occupants etc. into the upper warm zone. For n occupants, this
is given by the formula

Q ¼ n2=3CB1=3h5=3, (5:1)

where B ¼ Pn
i¼1 (Wig=rCpT) the buoyancy flux due to heat fluxes from n sources with heat fluxes Wi
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watts, g = 9.81 m s−2 is the acceleration due to gravity and Cp is the specific heat of air. Note now that the

height of the space is no longer important and the depth of the clean zone is set by the extraction rate. In
principle, this can now be set to any height using a suitable mechanical ventilation rate.

Consider the case of a patient, a visitor and a healthcare worker again, and that each person produces
80W of heat. The patient lies on a bed at a height 1m, and to get at a conservative estimate, assume that
the visitor and the healthcare worker are at the same level as the patient. In that arrangement, the height h
is measured from the height of the bed. Then to attain a clean zone of 2m, h = 1 m, and a total ventilation
rate of Q = 0.405 m3 s−1 is needed. This corresponds to approximately 135 LSP, significantly less than the
WHO guideline of 160 LSP mentioned in §2. If the patients and the healthcare workers do not wear
masks, a conservative estimate for the flow rate is Q = 0.523 m3 s−1, or 174 LSP.
rnal/rsos
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6. Additional considerations
6.1. Attaining and maintaining displacement ventilation
Mixing and displacement ventilation as described above, with completely uniform conditions
throughout the space in the former and a two-zone stratification with a clean lower zone and all the
contaminants contained in an upper layer in the latter, are at extreme ends of the spectrum. As
mentioned before, hot air rises naturally, so even with mixing systems there is often some vertical
temperature stratification. Similarly, heat exchange with walls and the floor and other disturbances can
cause mixing that brings contaminants down into the ‘clean’ zone in displacement systems. For
example, a person walking can transport contaminant in their wake [24]. Additionally, the flows
induced by opening and closing doors can produce undesirable air movement and additional
contaminant transport and mixing [25].
6.2. Intermediate breathing layer; ‘lock-up effect’
Another complicating issue is whether exhaled breath is entrained near the mouth and nose into the body
plume and carried to the ceiling or escapes and has its own trajectory in the space. For a person wearing a
face covering, the forward momentum is largely lost and usually the exhaled air is immediately captured
by the body plume [26]. In the absence of face covering, the exhaled air can escape the body plume and
rise under its own buoyancy towards the ceiling. However, this air has less buoyancy than the body
plume and so is trapped beneath the contaminated layer, with potentially undesirable consequences.
This is known in the literature as the ‘lock-up effect’ and is often cited as a reason not to use
displacement ventilation.

In this case, the exhaled air still rises as a secondary plume and, if it is not immediately entrained into
the main body plume, it first settles at an intermediate height and then ultimately is entrained and
carried into the upper layer. The correction to the required ventilation rate can be calculated by
considering the combined effect of two unequal plumes [27] and is a factor of approximately
1 + (Wex/W )1/3((h− hM)/(h− hV))

5/3, where Wex is the heat flux in the exhaled breath, hM ∼ 1.5 m is the
height of the mouth and hV is the height of the virtual origin of the body plume. Typically,
Wex � 5%W , and in the example above where all three persons are at the bed height hM ∼ 1 m, hV∼
1 m, so for an upper layer height of h = 2.5 m the increase in the required ventilation rate is a factor of
about 37%. The size of this increase emphasizes that the wearing of face coverings which block the
forward momentum of the exhaled breath and trap it in the body plume is particularly beneficial.
7. Guidelines for displacement ventilation of makeshift hospitals
On the basis of these considerations we suggest the following general guidelines.

— Tall rooms with large upper and lower level openings are suitable for makeshift hospitals.
— Any upper-level ceiling fans or air conditioning units should be removed or not used. Underfloor air

distribution should be used if air conditioning is employed [28].
— The lower unpolluted layer height should at least be 2m deep, and for a building equipped with

upper and lower level openings (naturally ventilated), the maximum number of occupants can be
calculated by solving (4.1) and (4.2).
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— To supplement the unavailability of openings, extractor fans (mounted near the ceiling) could be

used. For a given space, the number of occupants, and unpolluted layer height, the extraction flow
rate can be calculated from (5.1).

— Except in open-plan hospitals, individual cubicles should be equipped with local lower-level
openings. Warm air extract can be centrally arranged.

— In hot climates with uncomfortable outdoor air temperature, cold air should be supplied near the
bottom of the room, and hot air exit vents should be made near the ceiling.

8. Challenges and future work
Airflow patterns in buildings are dominated by the location of inlets and extracts, and by the air
movement induced by people and equipment. In addition to convective flows associated with heat
loss from a person, the air movement caused by the wake of a person as they walk can also be
significant. These flows are typically orders of magnitude larger than the average ventilation flow, and
predicting these patterns is a significant challenge as they depend on these highly variable factors.
Current computational models of ventilation flow are unable to capture the full features of these
turbulent and often transient flows. On the other hand, since hot air does rise it is possible to develop
some general principles as described in this paper, such as the fact that the presence of high-level
extraction tends to promote displacement ventilation regardless of the location of inlets. In a naturally
ventilated space, this extracted air is vented outside and care must be taken, since contaminant levels
are high, that mechanically extracted air is also vented and not re-circulated back into the building.

A further challenge is to model accurately the path of exhaled air and the droplets it contains.
Significant progress on the propagation in still air has been made in recent years but the interaction
with the heat plume rising from the person and other heat sources such as a computer or other
nearby persons is still unclear. It is also important to determine the risk of inhalation of infected air
and consequently the risk of receiving an infectious viral load. At present, the viral load of SARS-
CoV-2 in different size aerosols is unknown as is the dose required for infection. Research into these
questions is being conducted as a matter of urgency and we hope that this and the understanding of
the importance of ventilation will stand us in better stead this coming winter.
9. Conclusion
While adequate ventilation is essential to maintain a healthy indoor environment in hospitals and other
public buildings, the dominant flow pattern is a critical factor for the removal of contagions, and cross-
contamination between the occupants (patients, healthcare staff and carers). The commonly used mixing
ventilation tends to enhance the spread of airborne pathogens throughout the space exposing occupants
to possibly infectious airborne particles largely independent of their physical separation from an infected
emitter [9]. With the current practice at hospitals, where the staff and patients both wear adequate PPE
(masks, respirators, etc.) so that exhaled breath and aerosols are captured by the body plume,
displacement ventilation (natural or mechanical) is a suitable and easily implementable alternative to
the negative pressure ventilation for makeshift hospitals. Displacement ventilation is economically and
environmentally sustainable, and after minor retrofitting, it can easily be implemented into existing
buildings.

In order to exit from the current situation and to prevent secondary outbreaks, building ventilation
strategy must play an important role. After the end of the lockdown, we believe that public life and
practices will change, and persons displaying symptoms will be discouraged from attending public
gatherings. If implemented correctly, displacement ventilation in public spaces will provide additional
protection from asymptomatic patients, and improve public life. Therefore, we recommend that public
spaces (bars, restaurants, supermarkets, etc.), should be retrofitted for displacement ventilation to
minimize further spread of the disease after lockdown.

Data accessibility. This article has no additional data.
Authors’ contributions. Both authors contributed equally to the content and writing of the paper.
Competing interests. Neither author has any conflict of interest.
Funding. No funding has been received for this article.
Acknowledgements. We are grateful for helpful comments on this article from Sophy Bristow, Megan Davies Wykes,
Shiwei Fan and Anna Schroeder. This work was undertaken as a contribution to the Rapid Assistance in Modelling
the Pandemic (RAMP) initiative, coordinated by the Royal Society, and was supported by the UK Engineering and



8
Physical Sciences Research Council (EPSRC) Grand Challenge grant ‘Managing Air for Green Inner Cities (MAGIC)
grant no. EP/N010221/1.
 royalsocietypu
References
blishing.org/journal/rsos
R.Soc.Open

Sci.7:200680
1. Remuzzi A, Remuzzi G. 2020 COVID-19 and
Italy: what next? Lancet 395, 1225–1228.
(doi:10.1016/S0140-6736(20)30627-9)

2. Leung NH et al. 2020 Respiratory virus shedding
in exhaled breath and efficacy of face masks.
Nat. Med. 26, 676–680. (doi:10.21203/rs.3.rs-
16836/v1)

3. Morawska L, Milton DK. 2020 It is time to
address airborne transmission of COVID-19. Clin.
Infect. Dis. ciaa939. (doi:10.1093/cid/ciaa939)

4. vanDoremalen N et al. 2020 Aerosol and surface
stability of SARS-CoV-2 as compared with SARS-
CoV-1. N. Engl. J. Med. 382, 1564–1567.
(doi:10.1056/NEJMc2004973)

5. Chia PY et al. 2020 Detection of air and surface
contamination by SARS-CoV-2 in hospital rooms
of infected patients. Nat. Comms. 11, 1–7.

6. Guo Z et al. 2020 Aerosol and surface distribution
of severe acute respiratory syndrome coronavirus 2
in hospital wards, Wuhan, China. Emerg. Infect.
Dis. 26. (doi:10.3201/eid2607.200885)

7. Christian MD et al. 2004 Possible SARS
coronavirus transmission during
cardiopulmonary resuscitation. Emerg. Infect.
Dis. 10, 287. (doi:10.3201/eid1002.030700)

8. Yu IT, Li Y, Wong TW, Tam W, Chan AT, Lee JH,
Leung DY, Ho T. 2004 Evidence of airborne
transmission of the severe acute respiratory
syndrome virus. N. Engl. J. Med. 350,
1731–1739. (doi:10.1056/NEJMoa032867)

9. Lu J, Gu J, Li K, Xu C, Su W, Lai Z, Zhou D, Yu C,
Xu B, Yang Z. 2020 COVID-19 outbreak
associated with air conditioning in restaurant,
Guangzhou, China, 2020. Emerg. Infect. Dis. 26.
(doi:10.3201/eid2611.203774)

10. Seppänen O, Fisk W, Mendell M. 1999
Association of ventilation rates and CO2
concentrations with health and other responses
in commercial and institutional buildings.
Indoor Air 9, 226–252. (doi:10.1111/ina.1999.9.
issue-4)
11. Gupta JK, Lin C -H, Chen Q. 2010 Characterizing
exhaled airflow from breathing and talking.
Indoor Air 20, 31–39. (doi:10.1111/ina.2009.20.
issue-1)

12. Asadi S, Wexler AS, Cappa CD, Barreda S,
Bouvier NM, Ristenpart WD. 2019 Aerosol
emission and superemission during human
speech increase with voice loudness. Sci. Rep. 9,
1–10. (doi:10.1038/s41598-018-37186-2)

13. Atkinson MP, Wein LM. 2008 Quantifying the
routes of transmission for pandemic influenza.
Bull. Math. Biol. 70, 820–867. (doi:10.1007/
s11538-007-9281-2)

14. Edwards DA, Man JC, Brand P, Katstra JP,
Sommerer K, Stone HA, Nardell E, Scheuch G.
2004 Inhaling to mitigate exhaled bioaerosols.
Proc. Natl Acad. Sci. USA 101, 17 383–17 388.
(doi:10.1073/pnas.0408159101)

15. Fiegel J, Clarke R, Edwards DA. 2006 Airborne
infectious disease and the suppression of
pulmonary bioaerosols. Drug Discov. Today
11, 51–57. (doi:10.1016/S1359-6446(05)
03687-1)

16. Mittal R, Ni R, Seo J-H. 2020 The flow physics of
COVID-19. J. Fluid Mech. 894, 1–14. (doi:10.
1017/jfm.2020.330)

17. Nightingale F. 1914 Florence Nightingale to her
nurses: a selection from Miss Nightingale’s
addresses to probationers and nurses of the
Nightingale school at St. Thomas’s hospital.
Macmillan.

18. Escombe AR et al. 2007 Natural ventilation for the
prevention of airborne contagion. PLoS Med. 4,
68.

19. Escombe AR, Ticona E, Chávez-Pérez V, Espinoza
M, Moore DA. 2019 Improving natural
ventilation in hospital waiting and consulting
rooms to reduce nosocomial tuberculosis
transmission risk in a low resource setting. BMC
Infect. Dis. 19, 88. (doi:10.1186/s12879-019-
3717-9)
20. Hunt GR, Linden PF. 1999 The fluid mechanics
of natural ventilation–displacement ventilation
by buoyancy-driven flows reinforced by wind.
Build. Environ. 43, 707–720. (doi:10.1016/
S0360-1323(98)00053-5)

21. Bolster D, Linden P. 2009 Particle transport in
low-energy ventilation systems. Part 1: theory
of steady states. Indoor Air 19, 122. (doi:10.
1111/ina.2009.19.issue-2)

22. Linden PF. 1999 The fluid mechanics of natural
ventilation. Annu. Rev. Fluid Mech. 31,
201–238. (doi:10.1146/annurev.fluid.31.1.201)

23. Morton B, Taylor GI, Turner JS. 1956 Turbulent
gravitational convection from maintained and
instantaneous sources. Proc. R. Soc. Lond. A
234, 1–23. (doi:10.1098/rspa.1956.0011)

24. Jha NK, Frank D, Linden PF. 2020 Contaminant
transport by human passage through an air
curtain separating two sections of a corridor.
Part 1: uniform ambient temperature. arXiv
preprint (arXiv:2009.05806); Part II: two zones
at different temperatures. arXiv preprint
(arXiv:2009.05841).

25. Tang JW et al. 2013 Different types of door-
opening motions as contributing factors to
containment failures in hospital isolation rooms.
PLoS ONE 8, e66663. (doi:10.1371/annotation/
032b026d-5bcf-4c1b-aa15-65c226a53818)

26. Tang JW, Liebner TJ, Craven BA, Settles GS. 2009 A
schlieren optical study of the human cough with
and without wearing masks for aerosol infection
control. J. R. Soc. Interface 6(Suppl. 6), S727–S736.
(doi:10.1098/rsif.2009.0295.focus)

27. Cooper P, Linden P. 1996 Natural ventilation of
an enclosure containing two buoyancy sources.
J. Fluid Mech. 311, 153–176. (doi:10.1017/
S0022112096002546)

28. Liu QA, Linden PF. 2006 The fluid dynamics of
an underfloor air distribution system. J. Fluid
Mech. 554, 323–341. (doi:10.1017/
S0022112006009414)

http://dx.doi.org/10.1016/S0140-6736(20)30627-9
http://dx.doi.org/10.21203/rs.3.rs-16836/v1
http://dx.doi.org/10.21203/rs.3.rs-16836/v1
http://dx.doi.org/10.1093/cid/ciaa939
http://dx.doi.org/10.1056/NEJMc2004973
http://dx.doi.org/10.3201/eid2607.200885
http://dx.doi.org/10.3201/eid1002.030700
http://dx.doi.org/10.1056/NEJMoa032867
http://dx.doi.org/10.3201/eid2611.203774
http://dx.doi.org/10.1111/ina.1999.9.issue-4
http://dx.doi.org/10.1111/ina.1999.9.issue-4
http://dx.doi.org/10.1111/ina.2009.20.issue-1
http://dx.doi.org/10.1111/ina.2009.20.issue-1
http://dx.doi.org/10.1038/s41598-018-37186-2
http://dx.doi.org/10.1007/s11538-007-9281-2
http://dx.doi.org/10.1007/s11538-007-9281-2
http://dx.doi.org/10.1073/pnas.0408159101
http://dx.doi.org/10.1016/S1359-6446(05)03687-1
http://dx.doi.org/10.1016/S1359-6446(05)03687-1
http://dx.doi.org/10.1017/jfm.2020.330
http://dx.doi.org/10.1017/jfm.2020.330
http://dx.doi.org/10.1186/s12879-019-3717-9
http://dx.doi.org/10.1186/s12879-019-3717-9
http://dx.doi.org/10.1016/S0360-1323(98)00053-5
http://dx.doi.org/10.1016/S0360-1323(98)00053-5
http://dx.doi.org/10.1111/ina.2009.19.issue-2
http://dx.doi.org/10.1111/ina.2009.19.issue-2
http://dx.doi.org/10.1146/annurev.fluid.31.1.201
http://dx.doi.org/10.1098/rspa.1956.0011
http://dx.doi.org/10.1371/annotation/032b026d-5bcf-4c1b-aa15-65c226a53818
http://dx.doi.org/10.1371/annotation/032b026d-5bcf-4c1b-aa15-65c226a53818
http://dx.doi.org/10.1098/rsif.2009.0295.focus
http://dx.doi.org/10.1017/S0022112096002546
http://dx.doi.org/10.1017/S0022112096002546
http://dx.doi.org/10.1017/S0022112006009414
http://dx.doi.org/10.1017/S0022112006009414

	Displacement ventilation: a viable ventilation strategy for makeshift hospitals and public buildings to contain COVID-19 and other airborne diseases
	Introduction
	Building ventilation in healthcare settings
	Natural ventilation
	Wind-driven natural ventilation
	Displacement ventilation or stack-driven natural ventilation

	Design guidance for a hospital: natural ventilation
	Design guidance for a hospital: mechanically assisted natural ventilation
	Additional considerations
	Attaining and maintaining displacement ventilation
	Intermediate breathing layer; &lsquo;lock-up effect&rsquo;

	Guidelines for displacement ventilation of makeshift hospitals
	Challenges and future work
	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


