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ABSTRACT

This paper concerns virus droplet simulations in a typical cruiser’s cabin. Effects of ventilation rates and positions of the coughing person
were investigated. The study also emphasizes the importance of including evaporation models to simulate the process accurately. A higher
ventilation rate is not always the best strategy to avoid the spread of airborne diseases, as saliva droplets can spread further at high ventilation
rates. Regardless of the ventilation strategy, they evaporate faster than the room’s air renewal. One should aim for minimum droplet
spreading inside the cabin and different ventilation strategies for occupied cabins. The authors propose using ventilation systems at medium
flow rates of around 120 m3/h or three air changes per hour when a cabin is occupied. This value is also close to the recommended value of
108 m3/h from the latest standard by the American Society of Heating, Refrigerating and Air-Conditioning Engineers. The suggested value
minimizes droplet spreading while maintaining good ventilation, comfort, and energy consumption.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0169992

I. INTRODUCTION

The recent COVID-19 pandemic with more than 750� 106 con-
firmed cases and almost 7� 106 deaths1 motivated the scientific com-
munity to study the mechanisms of infection and the virus’s ability to
mutate quickly.2 The scientific community produced computational
frameworks to assess which parameters should be considered when
making predictive tools for pandemic evolution.3–7

In addition, researchers performed studies of how droplets and
nuclei expelled by infected individuals spread, potentially infecting
others, and produced appropriate mitigation guidelines and strategies.
For example, Dbouk and Drikakis3,4,8–11 investigated several factors
associated with distance, environmental conditions, face masks, and
confined spaces. Verma et al.12 studied experimentally with cough sim-
ulators the effectiveness of the different types of face masks, highlight-
ing the importance of wearing a mask during a pandemic.
Experimental and computational studies9,13 visualized and estimated
the spreading distance of a cough with and without a mask from
individuals.

Moreover, many other studies are relevant to the present work
and here we mention some. Pendar et al.14 performed a series of simu-
lations in a room under constant ventilation conditions and at various
particle sizes and initial velocities, emulating sneezing and coughing

droplets. They correlated the length and width of the total direct maxi-
mum reach of micro-droplets and provided advice on social distanc-
ing. Busco et al.15 proposed a sneezing model for pressure variation at
the mouth outlet through extensive experiments and simulations.
They stated that during sneezing, the internal muscle contraction leads
to sudden changes in pressure at the mouth outlet, which results in
saliva droplets disperse in the surrounding environment. Their model
captured the droplet spreading more accurately than conventional
models, which usually led to more confined results.

As expected, a significant part of studies focused on high and
long-time occupancy spaces with high risks of cross-infection, such as
school classrooms. For example, Abuhegazy et al.16 studied the spread-
ing of saliva droplets and their surface deposition in a classroom under
various conditions. They concluded that large particles drop on the
ground or other surfaces in the room due to gravity, while most small
particles exit through the ventilation outlet. They proposed the installa-
tion of transparent partitions on each student’s desk during pandemic
breakouts to reduce contaminant spreading.

Air purification in indoor spaces is important and recent studies
discussed this issue.17–21 For example, Dbouk et al.17 investigated the
limitations of air purifiers and proposed the optimal implementation
of domestic air purifiers for eliminating airborne viruses in indoor
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spaces. Air purification and HEPA filters, which are supposed to cap-
ture more than 99% of particles, provide high ventilation rates with
50% fresh air and 50% filtered while delivering more than 20 air
changes in the cabin.22 However, the studies also showcased the inevi-
tability of virus transmission when two persons are close.

Although aerosol transmission and ventilation configurations
have been studied for cars23,24 and buses,25–27 research on this topic
for cruise ships is limited. The transmission inside passenger cabins
has been investigated only with mechanistic modeling28 and data anal-
ysis from outbreaks.29 A recent review on the transmission of COVID-
19 in cruise ships30 indicates that cabins of high occupancy have an
increased transmission risk, without commenting on the cabin’s venti-
lation system and how this could have affected the transmission.
Computational fluid mechanics (CFD) studies with ventilation sugges-
tions have been limited to small vessels.31

Furthermore, there have been contradicting arguments in the lit-
erature regarding the recirculation of possibly contaminated air and
the ventilation rate efficiency in cruiser ships. Azimi et al.28 suggested
high ventilation rates in cruise ship cabins, but views differ among
authors.32–35

The most recent standards and regulations on room safety
regarding the airborne transmission of viruses focus on high rates of
air exchanges.36–38 This can be inefficient as large energy consumption
is needed to maintain high air flow rates while comfort can be reduced
due to the creation of strong air drafts.

The ASHRAE Standard38,39 provides a formula for the minimum
ventilation rate based on occupants and the surface area of a hotel bed-
room _Qoutdoor�air ¼ Rp � Np þRa � A, where _Qoutdoor�air is the speci-
fied outdoor air that should be supplied in the room, Rp is the required
outdoor flow rate per person, Ra is the required outdoor flow rate per
unit area, and A is the floor area of the room. The appropriate values
for Rp¼ 2.5 ‘/(s⸱person)and Ra¼ 2.5 ‘/(s⸱m2) are defined in the
Standard38,39 and lead to a value of 27m3/h for the cabin presented
here, assuming two occupants. The cruiser designers have proposed a
stricter ventilation limit of 30m3/h per room occupant, while the
World Health Organization (WHO),40 the European Federation of
HVAC Associations,41 and research studies42 recommend 36m3/h per
person. The Federal Public Service (FPS) Health, Food Chain Safety
and Environment of Belgium defined the minimum flow rate for their
Standard A Level at a slightly higher value of 40m3/h per person.43

Considering the above and that it is more likely that two people
occupy a small cruiser cabin, our reference flow rate value is 60m3/h.
The most recent CDC guidelines based on the draft of ASHRAE
Standard 241–2023,38 similarly by other studies,44 propose a minimum
of five air changes per hour (ACH), which translates to a flow rate of
200m3/h for the cabin we investigate in this paper. The ASHRAE
Standard 241–202338 recommends 15 l/s per occupant, which is equal
to 108m3/h for the studied cabin. In comparison, a typical home has
less than 0.5 ACH based on CDC data, while this number reduces to
0.35 ACH based on the recommendation from ASHRAE Standard
62.2–2019.45

In this study, we examine a typical cruise ship cabin and how
ventilation can affect the transmission of airborne viruses based on the
guidelines from older (pre-COVID) and recent standards. Moreover,
previous studies10,46 have shown the effects of droplet evaporation,
which, sometimes, is (incorrectly) omitted by researchers.47 Here, we
present results ranging from 1.5 to 15 ACH to capture all possible

cases from poor/minimal ventilation up to exceeding the most recent
recommendations. Droplets can spread up to five times more when
utilizing high ventilation rates in the initial few seconds after a person
has coughed. Overall, saliva droplets evaporate faster than the room’s
air renewal, regardless of the ventilation strategy. This highlights the
importance of evaporation when modeling the saliva droplets spread.
Moreover, we will show that the airflow rate has a nonlinear effect on
droplet spreading.

The paper is organized as follows. Section II presents the methods
and models used in the study. Section III presents the geometry and
boundary conditions. The results are presented in Secs. IV and V. The
conclusions drawn from this study are summarized in Sec. VI.

II. SIMULATION METHODS

Ambient air conditions and other simulation parameters are
shown in Table I, while saliva has been considered a Newtonian fluid
with water properties. Although saliva is a complex fluid and varies
from person to person, taking its viscosity close to that of water is a
valid approximation.48

For the multiphase simulations, we consider a fluid mixture with
a multicomponent gas (dry air and water vapor) and liquid water as
Lagrangian particles. To achieve the values given in Table I, the gas
mass fractions at the air inlets have been specified as 0.99207–dry air
and 0.00793—water vapor, while liquid water is only inserted during
the coughing event from the person’s mouth.

The following items have been considered in the mass transfer
and evaporation of airborne droplets from a coughing person:

1. The initial saliva speed and the duration of the cough.
2. The saliva droplet’s initial size distribution at the onset of the

coughing event.
3. The numerical modeling approach to capture the complex vary-

ing space and time scales, e.g., heat and mass transfer consider-
ations, modeling of mass and phase changes due to droplet
evaporation in interaction with the bulk flow field.

A fully developed flow is achieved after 60 s of simulation time.
Human cough is imitated over 0.12 s. The velocity applied at the
mouth during the cough is ux ¼ 8:5m/s, as measured by Ref. 49. The
initial total mass of the injected saliva into the domain is 7.7mg, which
agrees well with existing experimental measurements reported in the
literature.50,51 The simulation continues for another 20 s, at least,
where more than 99.99% of the saliva droplets have evaporated in all
cases studied here. During the initial 60 s, and after the coughing event,
the air is expelled from the mouth with Vbreath¼ 0.1m/s.

Regarding the droplet’s initial size distribution, we follow the
well-documented and justified practice per Ref. 8. regarding the

TABLE I. Simulation conditions. The air changes per hour (ACH) varies depending
on the flow rate of the ventilation system. The person’s mouth is always considered
as an inlet with the same relative humidity (RH) as the environment and the specified
temperature.

T1 (�C) P1 (atm) RH (%) ACH

20 1 55 1:5�15
Tmouth (�C) Vcough (m/s) Vbreath (m/s) Ejected saliva (mg)
34 8.5 0.1 7.7
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droplet’s size distribution near the origin of ejection.51 Based on
the above, the size distribution imposed at the particle injector cor-
responds to the Rosin–Rammler distribution law,52 also known as
the Weibull distribution.53 This is an appropriate distribution for
dispensing water and water-like cloud droplets,54 and its exact
form is

f ¼ n
�dp

dp
�dp

 !n�1

e�ðdp=�dpÞn ; (1)

where dp is the saliva droplet diameter, n¼ 8 and �dp ¼ 80lm.
This study focuses on the effect of ventilation flow rates and a

person’s positioning in a cabin when the droplets’ evaporation can
occur. At the same time, the overall flow velocity is rather small (less
than 2m/s, except for the coughing event when the velocity increases
for a small period to 8.5m/s). We employ a compressible, unsteady
multiphase solver with the Ranz–Marshall model applied for the
Nusselt and Sherwood numbers.55,56 All simulations have been per-
formed with Star-CCMþ 2210.57 We utilize the ideal gas law to
express the density as a function of temperature and pressure in our
calculations. The dynamic viscosity of air and water vapor is calculated
based on the Sutherland’s law. We use a second-order implicit tempo-
ral solver. A laminar multicomponent gas model allows us to add the
different substances of the Eulerian fluid, i.e., air and water vapor
(humidity), leading to a more accurate representation of the gas in the
cabin. A segregated flow solver with secondary gradients and flow-
boundary diffusion fluxes is activated. The linkage between the momen-
tum and continuity equations is achieved with a predictor–corrector

approach. Essentially, the solver uses a collocated variable arrangement
and a Rhie-and-Chow-type pressure–velocity coupling combined with a
SIMPLE-type algorithm. This solver can handle mildly compressible
flows and low Rayleigh number natural convection, as in the cases stud-
ied here. Convection is solved with a second-order upwind scheme,
which introduces linear interpolation of cell values on either side of the
upstream or downstream face. A positivity rate limit of 0.2, necessary for
compressible segregated solvers, controls the maximum allowable pres-
sure correction update. Similarly, a second-order segregated fluid tem-
perature model solves the total energy equation, with temperature as the
solved variable. Enthalpy is calculated from temperature according to
the equation of state. Two transport equations are solved sequentially
with a second-order segregated species solver and, along with the global
mass continuity, leading to updating the two mass fractions defining the
mixture composition of the air in the cabin.

We have used the Venkatakrishnan limiter with second-order
accuracy to reconstruct the gradients at the cell faces. The scale factor
a ¼ minðaf Þ for a cell that expresses the ratio of the limited and
unlimited values is calculated based on the following equation:

af ¼ ð2rfþ1Þ=ðrf ð2rfþ1Þþ1Þ; (2)

where rf ¼ ð/f�/0Þ=ðmaxð/0;/neighborsÞ�/0Þ and /f is the face
value while /0 is the cell centroid value.

We apply no-slip and adiabatic boundary conditions at all solid
surfaces for the Eulerian model. The maximum time step used in the
implicit temporal solver was 0.01 s, which was reduced to 0.5ms dur-
ing the coughing event.

FIG. 1. Schematic representation of a representative cruiser ship cabin and the equivalent simulation domain.
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The droplet’s Lagrangian phase equations were discretized
employing implicit numerical schemes at second order with two-way
coupling and a quasi-steady evaporation model. Second-order tempo-
ral and spatial discretization of the governing equations was used in all
production runs. In the Lagrangian framework, the equation of conser-
vation of momentum for a liquid droplet of massmd is given by

md
dvd
dt

¼ Fd þ Fp þ Fvmþ Fg : (3)

In this study, we calculate the drag (Fd), pressure gradient (Fp), and
gravity (Fg ¼ mdg) forces, while the virtual mass force (Fvm) can be
safely ignored for the particle sizes studied here.14,16 The drag force cal-
culates the force on a material particle due to its velocity relative to the
continuous phase based on

Fd ¼ 1
2
CdqAdjvsjvs; (4)

where Cd is the drag coefficient, vs ¼ v�vd is the droplet slip velocity,
and Ad is the projected area of the droplet. The drag coefficient in the
above-mentioned equation is a function of the small-scale flow features
around individual particles. Resolving those features for thousands of
particles is intractable from a computational efficiency perspective. It is
common practice to obtain the drag coefficient from correlations, typi-
cally derived from experimental or theoretical studies. For the small
liquid droplets in a viscous continuous phase, we consider the most
appropriate correlation to be the Schiller–Naumann,58 which is formu-
lated as

Cd ¼
( 24
Red

ð1þ 0:15Re0:687d Þ; if Red � 103;

0:44; if Red > 103;

(5)

where Red is the droplet Reynolds number. For the pressure gradi-
ent force, we do not need any correlation as it is based on the drop-
let’s volume (Vd) and the static pressure of the continuous phase
(pstatic),

Fp ¼ �Vdrpstatic: (6)

Droplet collision, atomization, and secondary breakup are not
considered due to the low concentration of particles in the cabin.59 A
stick boundary condition is applied when droplets reach a solid sur-
face, a common practice in the literature for this range of particle
sizes.16,47,59 The authors recognize that, in reality, some of the particles
could be reflected on solid surfaces or reenter the air after deposition.
However, their effect on our observations would be infinitesimal.

Droplets have a constant density equal to 997.561 kg/m3, while
the effect of the nonvolatile compounds, such as salt and lipids, on the
size change during the evaporation of the droplets was ignored. The

FIG. 2. Snapshot of the polyhedral mesh utilized in the simulations (case B)
highlighting the areas of refinement.

FIG. 3. Snapshots of the droplets and
flow field at various instances for a volu-
metric flow rate of 60 m3=h, CaseA60.
The inset schematic is a top-down view of
the cabin with the black dashed line indi-
cating the location of the plane where the
flowfield is illustrated.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 103329 (2023); doi: 10.1063/5.0169992 35, 103329-4

Published under an exclusive license by AIP Publishing

 01 N
ovem

ber 2023 10:52:54

pubs.aip.org/aip/phf


latent heat of vaporization is calculated directly as a difference in the
enthalpy of the gas and liquid states as follows:

LðTdÞ ¼ hvapðTdÞ�hliqðTdÞ; (7)

where Td is the droplet temperature, hvapðTdÞ, is the static enthalpy of
the vapor component corresponding to the droplet material, evaluated
at the droplet temperature, and hliqðTdÞ is the static enthalpy of the
droplet material, evaluated at the droplet temperature. The saturation
pressure psat is the pressure of each vapor component when in equilib-
rium with the corresponding liquid component and is a key material
property. In this implementation, we use the Antoine equation, which
is based on the logarithm of the ratio psat=patm as we show in the fol-
lowing equation:60

lnðpsat=patmÞ ¼ 11:949�3978:205=ðTd�39:801Þ: (8)

Four different flow rates for the air from the ventilation system and
their effect on saliva droplet spreading and evaporation are examined. In
addition, two positions of the coughing person, one at the far end of the
room and one in the middle, are studied. The total computation time of
a single case (80 s of simulation) was about 2.5 days, run in parallel over
two Intel-Xeon Gold 6138 CPUs with 20 cores each at a frequency of
2GHz. The incoming air is considered clean, i.e., free from contami-
nants, without specifying whether it is outdoor air or treated with filtered
recirculated air. It is common practice that some ventilation systems use
filtration and air treatment, i.e., UV radiation, ionization, etc., to reduce
the concentration of infectious particles. Thus, they give an equivalent-
ACH (eACH) as if outdoor air was introduced, now recognized by the
latest ASHRAE standard.38 However, devices that provide eACH for
specific particles may not be effective against other contaminants, such
as gases and vapors, and must be used appropriately.

FIG. 4. Snapshots of the droplets and flow field at various instances for a volumetric
flow rate of 120 m3/h, CaseA120.

FIG. 5. Snapshots of the droplets and flow field at various instances for a volumetric
flow rate of 240m3/h, CaseA240.
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III. CABIN GEOMETRY AND BOUNDARY CONDITIONS

In this study, we have chosen a representative cruiser cabin with
the floor dimensions shown in Fig. 1. The cabin height is 2.4m, with
the overall deck height of the ship being 2.8m. A standard air condi-
tioning unit is placed at the cabin’s center with a square outlet (w48
cm) and four rectangular inlets (55� 5 cm2 each) that expel air at an
angle of 45�. The bathroom area has an additional circular outlet
(125 cm).

The geometry has been meshed with polyhedral non-uniform
cells (�0:6� 106), with significant refinement in all inlet and outlet
regions, where a conical refinement area is defined in each case. For
example, at the mouth and up to a distance of 0.5m in the streamwise
direction, the cells have a maximum isotropic size of 4mm compared
to the overall targeted cell size of 4 cm. Enhanced quality triangles
were used for the surface meshing method and five core mesh

optimization cycles with a quality threshold of 0.6 for the entire mesh.
A characteristic snapshot of the mesh is given in Fig. 2, where the
refinement regions in front of the coughing person and the ventilation
inlets and outlets are visible. The greatest volume change was 0.01 in
less than 2% of the cells, while the mesh had 100% face validity. The
maximum skewness angle was 86.5�. The choice of this mesh has been
taken after conducting a mesh convergence study on main local and
global flow parameters, like the cabin’s average temperature (Tavg), rel-
ative humidity (RH), momentum, and mass conservation of the fluid.
Furthermore, we have examined five different meshes on a similar
case, from 74000 cells up to more than 3:3� 106. Employing the
same meshing approach and refinement techniques, the chosen mesh
of �0:6� 106 polyhedral cells lead to a maximum difference of 5%
when measuring the velocity at a random location in the simulation
domain. At a second location, the error was less than 3% in air velocity,
while Tavg and RH errors over the whole simulation domain were well
below 1%. In addition, the error of the chosen mesh to the maximum
and minimum pressure in the domain was also less than 0.8%. The
coarsest mesh tested exhibited errors over 20% in velocity and 30% in
pressure.

No-slip boundary conditions have been applied on all walls, the
ceiling, the floor, and the person’s body. Outlet boundary conditions
with a specified mass flow rate have been applied in the Air outlets,
shown in Fig. 1, with 1/3 of the flow directed to the bathroom outlet
and the rest to the A/C outlet leading to a pressure balance in the
cabin. The air inlets provide the overall targeted mass flow rate with
the air blowing at an angle of 45�.

FIG. 6. Snapshots of the droplets and flow field at various instances for a volumetric
flow rate of 600 m3/h, CaseA600.

FIG. 7. (a) Total mass reduction of the droplets and (b) evolution of the maximum
droplet diameter—case A.
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IV. VENTILATION FLOW RATE EFFECT

In the first case, we place the person close to the far end of the
cabin and in the middle of the spanwise direction, as shown in Figs. 1
and 3. The height from the ground (at z¼ 0) to the mouth is 1.53m,
corresponding to real human dimensions. On further examining Fig.
3, we observe that saliva droplets have traveled less than 36 cm after
the coughing event. At the same time, the flowfield in the room is
smooth with an upward motion below the two outlets and overall very
small air velocity. Saliva droplets travel quickly the first 91.5 cm away
from the mouth of the person in the first second after the coughing
event has started. In contrast, the maximum distance in the coughing
direction is reached after only 4 s. In the last snapshot of Fig. 3 at 8 s
after coughing, most of the droplets have either evaporated or settled
below the waist height of the person.

Increasing the ventilation flow rate significantly affects the dis-
tance that the saliva droplets can travel (Figs. 4–6). During the initial
2 s, the droplets have traveled in the coughing direction (penetration)
�20%; �27%, and �45% less than the reference case, as the flow rate
increases to 120, 240, and 600m3/h, respectively. At 4 s, the distance
reduction of the two higher flow rates decreases to �15% and �39%,
respectively, while for _Q¼ 120m3/h (CaseA120), the distance reduc-
tion is the same as in previous times. At 8 s, when most of the droplets
have evaporated, the two highest flow rates affect the droplets’ penetra-
tion distance reduction. At the same time, CaseA120 showcases a dis-
tance reduction of�9% compared to the reference case.

The above-mentioned initial visual analysis of the results gives us
the first indication that a higher ventilation flow rate will initially
reduce the penetration distance of the droplets. Still, the trend can be
reversed at later times. In combination with the findings of Fig. 7(a),
where the evaporation rate (or mass reduction) of the droplets seems
to be insensitive to the flow rate, one could quickly assume that
increasing the ventilation over 120m3/h would be an unnecessary cost
with a probably added discomfort to the occupants of the cabin.

Cabins would contain furniture, electronic devices, and other per-
sonal items of the passenger not included in the present simulations.
We have intentionally omitted the inclusion of those items because the
employed air velocities are low, and the droplets will reach the floor
before the airflow affects their circulation due to furniture. Thus, add-
ing furniture and other objects will only increase the complexity of the
meshing process without offering additional information or altering
our conclusions. However, any particles deposited on the furniture
may evaporate slower, depending on the furniture’s material.

The evaporation process of the saliva droplets and its correlation
with the ventilation flow rates have been further examined. The maxi-
mum droplet diameter (Dmax) in Fig. 7(b) shows that the flow field
velocity affects the evaporation process, particularly at later times
(t> 10 s), where less than 3.5% of the initial total mass of saliva drop-
lets is still present in all cases.

As expected, increasing the ventilation flow rate leads to faster
evaporation except for the highest flow rate (CaseA600), where Dmax

has a slower reduction than CaseA240. This is related to the room’s
overall flow field and that droplets fall quicker on the floor at higher
ventilation rates, thus limiting evaporation under certain conditions.
Similar observations can be made if we examine the mean diameter of
the droplets (not shown here) 20 s after the coughing event, which
reduces to 25, 20, 0 (complete evaporation), and 12lm, respectively,
for the four different flow rates. It should be underlined that 20 s after

the coughing event, only an infinitesimal fraction of the initial saliva
mass expelled in the air has not evaporated (less than 0:0001%) in all
cases. The evaporation time of �20 s of the largest droplets is in-line
with previous publications at a similar temperature and relative
humidity conditions.15,61–63

After establishing that the ventilation flow rate minimizes the
evaporation process, we focus on spreading the saliva droplets in the
cabin. The trend on droplet spreading in the initial 8 s of the coughing
event, discussed in Figs. 3–6, is also confirmed in Fig. 8(a). Specifically,
CaseA120 has the lowest saliva droplet penetration at around 1m

FIG. 8. Case A: (a) Maximum distance of droplets away from the mouth in the x
direction (penetration), (b) maximum distance of droplets away from the mouth in
the y direction (spanwise scattering), and (c) maximum distance of droplets away
from the mouth (in 3D space). The floor is at 1.53 m (z direction).
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FIG. 9. Particle spreading in case A for two different flow rates, left column (a–d) 120m3/h and right column (e–h) 600m3/h at four different time instances: 0.12 (a and e), 2 (b
and f), 4 (c and g), and 8 s (d and h).
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away from the infected person. The high flow rate case (CaseA600) is
also interesting because although it has the highest penetration value
of around 1.5m, this is observed around 15 s after the coughing event
when only traces of the initial saliva mass can be found, and the maxi-
mum droplet size is below 60lm.

Examining the spanwise scattering of the saliva droplets, which is
not shown in Figs. 3–6, Fig. 8(b) shows that the high flow rate cases
(CaseA240 and CaseA600) scatter saliva droplets around the infected
person at distances more than three times compared to the reference
case. CaseA120 has almost the same scattering pattern as the reference
case.

Furthermore, Fig. 8(c) shows the total maximum distance trav-
eled by a saliva droplet at each instance. The graph also includes the
mouth-to-floor distance, as most droplets will fall due to the combined
effect of gravity and induced flow by the ventilation system. Saliva
droplets reach the ground in less than 4 s in CaseA600 [Figs. 8(c)
and 6]. In the other cases studied here, saliva droplets seem to take a
similar time to reach the ground. The initial high total distance
observed in CaseA60 is attributed to the penetration distance, as the
ventilation system is not strong enough to reduce the distance traveled
by the droplets in the streamwise direction.

Dbouk and Drikakis8 studied the penetration distance of
saliva droplets for different wind velocities. They found maximum
penetration distances of about 1.6m for no wind and 6m for a
4 km/h wind. In case A of our study, the air blown from the A/C
unit can oppose the penetration of the particles, while in case B,
there is a positive component on the air velocity. In all cases, the
maximum recorded air velocity at the penetration direction is less
than 0.6m/s. Based on the above, we expect our penetration distan-
ces to be around the 1.6m reported value and, in any case, much
less than 6m. This expectation is verified through the results of
this study, where the reported distances are between 1 and 2.7m.
Focusing on case B and the two lower values of A/C flow rate, we
can directly compare the reported values with those from the liter-
ature with no wind speed and find them within a comparable
range. Pendar14 also give a maximum distance of less than 1.5m
for droplets with an average diameter of 140 lm for the same tem-
peratures as in our study.

From the above-mentioned results and accompanying discussion,
it becomes evident that the appropriate ventilation rate can signifi-
cantly influence the reduction of infected saliva droplets spreading in
an internal space. For the specific cabin geometry, conditions and
placement of the coughing person, the optimum flow rate is around
120l3/h, which can manage to contain saliva droplets in a small area
around the infected person, while both higher and lower flow rates can
have the opposite effect.

Focusing on the spreading of the saliva droplets, we make a more
detailed comparison between the optimum flow rate of 120l3/h, from
the cases examined and the maximum one of 600m3/h. In Fig. 9, we
present the spatiotemporal evolution of the saliva cloud from the end
of the coughing event up to 8 s later when most of the droplets have
either evaporated, only �10% of the initial mass is still active in the
computational domain or have settled on the floor of the cabin. The
circles’ size in the graph reflects the diameter of each droplet, while
the color indicates the vertical distance from the ground, with zero
being the height of the mouth and 153 cm is the floor. In case A, the
airflow direction from the A/C unit tends to push the saliva cloud

backwards and toward the floor. This becomes evident when comparing
Fig. 9(a) with reffig:spreadAe, where in the latter, due to the very high
flow rate, the droplets have both smaller penetration and lower eleva-
tion, which is clearly shown by the high number of droplets having a
blue or green color. The shape of the saliva cloud is more symmetrical
in the lower flow rate case compared to the higher flow rate case, as it is
less affected by the air stream produced by the A/C unit. The distribu-
tion of sizes in each cloud at this initial stage is quite uniform.

At a later stage, 2 s after initiating the coughing event, the droplet
clouds have evolved, taking remarkably different paths. In the lower A/
C flow rate case [Fig. 9(b)], the saliva droplets form a more coherent
and elongated cloud with minimal scattering. In addition, a significant
amount of the droplets remains at a distance greater than 1m from the
floor, with some droplets at the front of the saliva cloud being elevated

FIG. 10. Comparison of air refreshment after 3 min of ventilation for two different
rates: (a) _Q¼ 60 and (b) _Q¼ 120m3/h. At the visualized flow rates, the cabin air is
refreshed 1.5 and 3 times per hour. Colored regions show air that has an age of
less than 3min.
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over the mouth height. The cloud front primarily consists of medium
and small droplets, with the latter having a higher elevation, as
expected. Larger sized droplets seem to concentrate around the middle
of the saliva cloud and closer to the floor, as expected due to the gravi-
tational forces. Moving to the high flow rate case [Fig. 9(f)], our obser-
vations are noticeably different. The saliva cloud has scattered to
significantly greater distances, and many droplets have moved behind
the person due to the strong air stream coming from the A/C unit.
Interestingly, the cloud front has maintained a distinct higher eleva-
tion, over 1m from the cabin’s floor, while the saliva cloud’s middle
section is only �30 cm away from it. We can also observe a few drop-
lets detached from the cloud body and moved further away backwards
and in the y direction (spanwise scattering). Similarly, smaller droplets
have a higher elevation, but in this case, all droplets are below the
mouth height. Larger droplets also seem to concentrate in the middle
section of the saliva cloud.

In the third row of images [Figs. 9(c) and 9(g)], we can observe
the evolution of the saliva cloud shape. In the low flow rate case, the
saliva cloud looks very similar to the one 2 s earlier, with the main dif-
ference being the overall size reduction due to evaporation. Another
observation we can make is that the droplets have more distinct strati-
fication depending on their size, with smaller droplets (<20lm) being
close to the mouth height and those at the cloud front being even
higher. As the droplet size increases, the droplet elevation
decreases, with the biggest droplets (>50 lm) being less than 1m
from the cabin floor. At the same time instance, the droplet cloud
in the high flow rate case [Fig. 9(g)] has expanded in all directions.

Individual small and medium droplets (<50 lm) can be observed
more than 60 cm behind the coughing person and more than
70 cm in the spanwise direction. Close to the front of the droplet
cloud, there are several very small droplets (<10 lm) that retain a
high elevation close to the mouth height. However, most of the
droplets at the front of the saliva cloud are around 50 cm from the
ground, while the majority of the rest of the droplets have already
reached the cabin’s floor or are very close to it.

At the last instance of 8 s, the saliva cloud from the low flow rate
case retains its overall shape with a further reduction in size due to
evaporation [Fig. 9(d)]. Most droplets close to the coughing person
have settled on the floor, while those further away are still suspended
in the region below the waist and a few centimeters above the ground.
At the higher flow rate case [Fig. 9(h)], many droplets have settled
on the ground; however, strong re-circulation air streams from the
A/C unit have spread individual droplets further away at distances
exceeding 1m and also the saliva cloud seems to have maintained
its elevation, while some droplets have even gain height compared
to the previous time instance. It should be noted that at this last
time instance, some droplets are at heights over 30 cm from the
mouth height, even higher than any previous time, indicating the
effect of the strong secondary air streams created by the ventilation
system. The above-mentioned analysis strengthens our previous
conclusions and observations that high ventilation flow rates create
air streams that extend droplet spreading. In addition, here,
we unveil that a secondary air stream, in the case of high flow
rates, can levitate droplets from low heights to ones above the

FIG. 11. Case B—snapshots of the droplets and flow field at various instances for a volumetric flow rate of 60 m3/h, CaseB60. The inset schematic is a top-down view of the
cabin with the black dashed line indicating the plane’s location where the flowfield is illustrated.
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coughing person’s mouth and extend their suspension and spread-
ing in the air.

It is also interesting to compare how much air has been renewed
after 3 min from the coughing event when all saliva droplets would
have completely evaporated. Figure 10 shows that the reference flow
rate of 60m3/h refreshes only a small fraction of the cabin’s air, and it
would need around 40 min to completely refresh the cabin air fully,
having an ACH of 1.5. In comparison, the ventilation rate minimizing
droplet spreading (CaseA120) has refreshed a significant part of the
cabin’s air volume. However, there are still regions where fresh air has
not reached yet. Even CaseA600 with an ACH of 15 would need an
order of magnitude more time (4 min) to completely refresh the cab-
in’s air than when saliva droplets evaporate (20 s). So, in that case, the
infection could be attributed to fomite rather than airborne
transmission.

V. PERSON POSITIONING EFFECT

Next, we investigate the effect of moving the coughing person
closer to the cabin’s door and bathroom while maintaining all other
parameters the same as before. In this situation, we can consider some-
one walking toward the bathroom while the coughing event initiates.
As we will discuss in the analysis of the results below, although the air
stream from the ventilation system is coming from a different direction
(see Fig. 11), the overall conclusions will not differ from our previous
observations.

The air from the ventilation system is blowing from behind and
over the head of the coughing person in all Cases B. This has a mini-
mal effect of less than 3% at the penetration distance of saliva droplets
at the end of the coughing event with our reference flow rate of 60m3/h
(cf. Figs. 3 and 11). Interestingly, the particles travel around 10% less

FIG. 12. Case B—snapshots of the droplets and flow field at various instances for a
volumetric flow rate of 120 m3/h, CaseB120.

FIG. 13. Case B—snapshots of the droplets and flow field at various instances for a
volumetric flow rate of 240m3/h, CaseB240. The flow field plane is not visualized at
t¼ 8 s to highlight the spreading of saliva droplets.
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in the axial direction (penetration) during the first 4 s than CaseA60,
although one would expect the opposite effect by observing the air-
stream direction. At t¼ 8 s, saliva droplets have penetrated the cabin
air volume by 20% than CaseA60.

At higher ventilation rates, all of cases B (Figs. 12–14) exhibit
higher penetration values compared to their counterpart case A (from
10% at early stages up to 85% at the t¼ 8 s point), as expected. From
the visual inspection of cases B, the effect of the ventilation airstream
on the spreading direction of the saliva droplets is more pronounced.
Especially in CaseB120 and CaseB240, the droplet cloud is carried
away by the airstream diagonally away from the coughing person
toward the floor. At the highest ventilation rate of 600m3/h, the par-
ticles move faster in the z direction toward the floor. At t¼ 8, the pene-
tration distance is greater than 2m, highlighting the inadequacy of the
proposed social distancing during the COVID-19 pandemic, especially
under conditions with high, but not extreme, ventilation rates.

Up to this point, our main conclusions do not alter, independently
of the position of the coughing person. A higher ventilation flow rate
will initially reduce the penetration distance of the droplets, but the
trend can be reversed later. The evaporation rates in case B (Fig. 15)
have similar trends except for the reference flow rate. In this instance,
mass reduction is slightly slower at the lowest ventilation rate.

The overall mass and droplet diameter reduction is faster in case
B, although the difference is small, and we expect such differences as
the coughing person moves in the cabin. For completeness, we report
here the mean diameter of the droplets for case B 20 s after the cough-
ing event, which reduces to 14.5, 14, 26, and 12lm, respectively, for
the four different flow rates. Similarly, in case A 20 s after the coughing
event, only an infinitesimal fraction of the initial saliva mass expelled
in the air has not evaporated (<0:0001%) in all cases.

Finally, we want to examine if our conclusions on saliva droplets
spreading in the cabin would be different between cases A and B.
Figure 8(a) shows that droplets can travel at distances exceeding 2.5m
at the highest ventilation rate. Compared with case A, all flow rates
show higher penetration values, as expected due to the airstream pat-
tern. Moreover, the droplets fall quicker to the floor with higher venti-
lation rates, as we can observe in Fig. 16(c). From the results here, it is
confirmed that there is an optimum ventilation rate, which is
CaseB120, that has both the lowest penetration and scattering values
(see Fig. 16) among the examined ventilation rates.

The final detailed comparison between two flow rates, 120 and
600m3/h, is made similarly to case A. Moreover, we comment on simi-
larities and differences between the two cases and the effect of the

FIG. 14. Case B —snapshots of the droplets and flow field at various instances for
a volumetric flow rate of 600 m3/h, CaseB600. The flow field plane is not visualized
at t¼ 8 s to highlight the spreading of saliva droplets.

FIG. 15. (a) Total mass reduction of the droplets and (b) evolution of the maximum
droplet diameter—case B.
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person’s positioning or ventilation air-stream direction. In Fig. 17, we
present the spatiotemporal evolution of the saliva cloud from the end
of the coughing event up to 8 s, similarly to Fig. 9. The circles’ size in
the graph reflects the diameter of each droplet, while the color indi-
cates the vertical distance from the ground, with zero being the height
of the mouth and 153 cm being the floor. In this case, the airflow direc-
tion from the A/C unit tends to push the saliva cloud toward the floor.
The overall shape of the saliva cloud with optimum flow rate ventila-
tion [Fig. 17(a)] is similar to case A [see Fig. 9(a)], with the difference
of higher penetration, as the front of the saliva cloud has reached

further distances, in the case of high ventilation rates [Fig. 17(e)] the
saliva cloud is quite asymmetrical and it has not moved as far as the
lower flow rate case, as one would expect. This could be due to recircu-
lations and secondary air streams developing in front of the coughing
person’s face, which can be observed in Fig. 14.

At later stages, the saliva cloud moves forward, reaching a pene-
tration of �120 cm and toward the floor while it shrinks for the opti-
mum flow rate of 120m3/s [see Figs. 17(b) and 17(d)]. In contrast, the
saliva cloud in the high flow rate case spreads and expands while it
also breaks into smaller droplet clouds, highly affected by the second-
ary air streams developed [see Figs. 17(e) and 17(h)]. Large droplets
quickly settle on the floor, especially at high ventilation rates, while
medium and small droplets tend to spread more and retain their eleva-
tion longer. This can be explained as those smaller droplets can be eas-
ily drifted and affected by various secondary air streams, which are
much stronger in this higher flow rate case.

Moving to the last instance of 8 s, the saliva cloud from the low
flow rate case [Fig. 17(d)] is much more coherent compared to the
high flow rate case [Fig. 9(h)]. Most of the droplets have reached the
cabin’s floor at both flow rates. In addition, some small droplets near
the coughing person’s body have retained an elevation of �1m above
the cabin’s floor. At the lower flow rate examined here, droplets at the
front of the saliva cloud also retain a significant elevation compared to
the high ventilation rate case. Finally, comparing the saliva cloud
spreading and pattern between the two different positions of the
coughing person and at high ventilation rates, we can observe that in
case B, recirculations and secondary air streams affect the early instan-
ces (0.12–4 s) primarily, while in case A they had a strong effect even
at the latest time instance where they elevate droplets at heights over
the mouth of the coughing person.

Our main conclusion from case A, i.e., the optimum ventilation
rate is around 120m3/h, is strengthened and remains valid after exam-
ining the results from case B. Using this ventilation rate, it is possible
to confine saliva droplets in a small area around the infected person.
We do not expect other ventilation conditions, such as temperature
and relative humidity, to alter our conclusions and findings. The risk
could be mitigated at other flow rates if the cabin geometry is altered.

VI. CONCLUSIONS

A typical cruiser’s cabin was considered, and virus droplet simula-
tions were performed for several ventilation rates covering ACH values
from 1.5 to 15 and two different positions of the coughing person. The
study’s results reveal that a higher ventilation rate is not always the best
strategy to avoid spreading airborne diseases. It should be pointed out
here that proper ventilation, which leads to quick desiccation, has a det-
rimental effect on the viability of Gram-negative bacteria, such as E.
coli.64 However, complete evaporation of the saliva droplets may not
necessarily mean that all viruses65 or bacteria64 become instantly inac-
tive. Therefore, we should aim at minimum droplet spreading inside
the cabin and different ventilation strategies for occupied cabins.

Given the results presented in this study, we propose using venti-
lation systems at medium flow rates of around 120m3/h or 3 ACH
when a cabin is occupied. This is close to the recommended value of
108m3/h from the latest Standard by ASHRAE on the Control of
Infectious Diseases.38 It is also around double the proposed flow rate
from recent, established standards, and regulations39–41,43 but almost
half to what the latest guidelines from CDC37 suggested. Our main
argument for the proposed value is the necessity to minimize droplet

FIG. 16. (a) Maximum distance of droplets away from the mouth at the x direction
(penetration), (b) maximum distance of droplets away from the mouth at the y direc-
tion (spanwise scattering), and (c) maximum distance of droplets away from the
mouth (in 3D space, xyz direction). The floor is 1.53m at the z direction—case B.
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FIG. 17. Particle spreading in case B for two different flow rates: left column (a–d) 120m3/h and right column (e–h) 600m3/h at four different time instances: 0.12 (a and e), 2
(b and f), 4 (c and g), and 8 s (d and h).
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spreading while maintaining good ventilation levels, comfort, and
energy consumption, which seems to align with the ASHRAE
241–2023 Standard.38 Moreover, the present work highlights how
computational fluid dynamics can complement and improve ventila-
tion standards and reduction in airborne infection transmission, a
necessity underlined in the ASHRAE 241–2023.38

The ventilation rate could increase to 600m3/h or 15 ACH for
12min after the room has been vacated before switching it off or
reducing it to a minimum selected value. In this way, contaminated
droplets would spread at a limited distance from the infected person
while the air would be completely refreshed for the next occupants.
The same minimum time of 12min can also be proposed as a clear-
ance wait time for similar-sized rooms with a minimum of 15 ACH.
This is close to the proposed value by the CDC on Guidelines for
Environmental Infection Control in Healthcare Facilities to remove
99% of airborne contaminant, assuming perfect air mixing within the
room. Finally, keeping the ventilation rate at the proposed values bene-
fits lower energy consumption and better comfort conditions for the
occupants compared to higher ventilation rates.
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