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Air circulation effects on airborne particles aboard cruise ships

loannis W. Kokkinakis (legvvng Koxkivéxkng) and Dimitris Drikakis (Anufitpng Apikéxmg)”
Institute for Advanced Modeling and Simulation, University of Nicosia, Nicosia CY-2417, Cyprus

Virus outbreaks on cruise ships pose significant challenges due to their enclosed environments and high passenger
densities. Managing these outbreaks has become even more critical as cruise ships have increased in size and passen-
ger capacity. This study uses numerical simulations to investigate the dispersion of airborne respiratory droplets and
aerosols within a passenger cabin on a cruise ship, focusing on the angle of the mechanical ventilation jet’s influence.
Although previous research primarily focused on larger respiratory droplets that quickly settle, this study emphasizes
aerosols under 10 micrometers that can remain airborne for extended periods. The findings demonstrate that variations
in the inflow angle from the ventilation unit can significantly affect aerosol dispersion. The results show that the travel
distance of the larger droplets is more effectively restricted at the larger 75°-degree inlet angle. Smaller droplets with a
diameter ranging between 1-10 yum and 10-50 ptm can remain airborne 1.4 meters above ground 20% and 40% longer,
respectively. These insights underscore the importance of tailored air circulation strategies to reduce transmission
risks in confined spaces, such as cruise ship cabins, highlighting the need for optimized ventilation design to manage

infectious disease outbreaks.

I. INTRODUCTION

Understanding airborne pathogens and mitigating the risk
of transmission are particularly pressing issues on cruise
ships, where thousands of passengers and crew are confined
in enclosed environments. A typical cruise ship accommo-
dates about 2,000 passengers and 800 crew members, while
larger vessels can carry more than 5,000 passengers and 2,000
crew.' The crowded and confined settings of cruise ships facil-
itate outbreaks of infectious diseases. This risk is heightened
because cruises often last over six days and include group ac-
tivities that increase interpersonal contact, which can promote
the spread of infections. In addition, frequent stops allow pas-
sengers and crew personnel to disembark while new individu-
als board, introducing fresh sources of infection.

Since 2020, the devastating impact of the global COVID-
19 pandemic on the cruise industry has been extensively doc-
umented. During the pandemic, widely reported outbreaks on
cruise ships led to further virus transmission among passen-
gers in their home countries upon their return. By the end
of March 2020, all cruises were suspended worldwide, and
travel restrictions intensified. Consequently, cruise passengers
dropped from 30 million in 2019 to just 6 million in 2020. Es-
timates indicate that cruise lines suffered losses totaling 77
billion USD between March and September 2020 alone.”

The persistent threat of infectious diseases on cruise ships
is ongoing; see” for the recent outbreak of gastrointestinal dis-
ease on a cruise ship, where, according to the Centers for Dis-
ease Control and Prevention (CDC), about 4.1% of the passen-
gers were affected. The above emphasizes the need to reeval-
uate and improve maritime health and safety regulations. Op-
timizing naval architectural and marine engineering systems
is crucial in effectively preventing, mitigating, and managing
health emergencies in these unique environments.

Although airborne transmission in confined space config-
urations has been studied for various settings, such as cars”,
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buses®, trains’, and elevators®, research on this topic for cruise
ships is limited. Transmission within passenger cabins has
been investigated with mechanistic modeling” and data anal-
ysis from outbreaks'’. A recent review on the transmission
of COVID-19 on cruise ships indicates that high-occupancy
cabins have an increased transmission risk. Still, it does not
comment on the ventilation system in the cabin and its poten-
tial impact on transmission.'" Computational fluid mechanics
(CFD) studies with ventilation suggestions have been limited
to small vessels.'”

More recently, a typical passenger cabin room was investi-
gated on board a cruise ship to examine the effect of the ven-
tilation rate of a Heating, Ventilation, and Air Conditioning
(HVAC) system, corresponding to different air changes per
hour (ACHS).'” They showed that a higher ventilation rate
is not always the best strategy to avoid spreading airborne
diseases. They proposed using medium flow rates of around
120 m3/h (or 3 ACH) when a cabin is occupied. According to
the latest standards for controlling infectious diseases, this is
close to the recommended value of 108 m3/h.'*

Past studies on droplet transmission in enclosed areas in-
cluded air filtration, purification, and the effectiveness of high-
efficiency particulate air filters, which are designed to trap
more than 99% particles while maintaining a ventilation rate
of 50% fresh air and 50% filtered, ensuring more than 20 air
changes in a low ceiling space.'>'® These studies highlighted
that virus transmission remains a concern when people are too
close to each other.

A topic that has received less attention in the scientific liter-
ature is the effect of air circulation on particle movement, par-
ticularly for aerosols. By particles, we refer to liquid droplets
as well as aerosols (particles) formed after the complete evap-
oration of saliva droplets, which can contain up to 1% of
other substances (including mucins, proteins, enzymes, min-
eral salts, and immunoglobulins). The issue is essential for
aerosols because they can remain suspended in the air longer.
Large droplets typically fall to the ground more quickly due
to gravity. Understanding how particles circulate in confined
spaces, such as cruise cabins, under varying ventilation con-
ditions, is crucial to reducing pathogen transmission.

Passenger cabins on cruise ships are generally smaller than
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FIG. 1. Illustration of a typical passenger cabin onboard a cruise ship, illustrating the scenario and test case configuration considered.

standard hotel rooms and often have an L-shaped layout to ac-
commodate en-suite bathrooms. Close positioning of air sup-
ply and return vents, combined with the smaller size of these
cabins, can create complex and sometimes unpredictable air-
flow patterns. As a result, there can be areas with inadequate
ventilation, known as dead zones, and spots where contami-
nants can accumulate. This can lead to higher concentrations
of pollutants within the cabin environment.

Ventilation plays a crucial role in determining the concen-
tration of particles and their distribution within indoor spaces.
‘While ventilation can decrease particle concentration by intro-
ducing fresh air into the space and removing particles through
the air removal system, it remains unclear how airflow from
an air conditioning (a/c) unit affects particle dispersion. Fur-
thermore, the impact of these factors is not well understood
when there are two occupants in a cabin, a common scenario
on cruise ships. Addressing such issues is vital for establish-
ing norms and regulations to safeguard public health on cruise
ships.

Motivated by the challenges outlined above, the present
study investigates for the first time the effects of mechanically
induced flow circulation on respiratory droplets and aerosols
ranging from 1 to 300 um in diameter within a typical pas-
senger cabin room on board a cruise liner occupied by two
individuals (Figure 1). Cabins represent some of the narrow-
est spaces on board ships, meaning that even slight ventila-
tion changes can significantly affect air circulation and pas-
senger comfort. The study’s findings indicate that the pre-
diction of particle circulation is not straightforward, revealing
that the a/c inflow angle influences (i) particle deposition on

the ground, (ii) airborne dispersion, and (iii) the duration for
which aerosols remain suspended in the air. These results can
help guide the use of a/c in cruise cabins and, more generally,
inform the development of environmental policies and strate-
gies to reduce airborne transmission in indoor settings.

Il. METHODOLOGY
A. Governing equations
1. The Navier-Stokes equations (Eulerian)

The three-dimensional Navier-Stokes (NS) equations for a
Newtonian viscous air mixture are considered. For a finite
control volume, dV, in the Eulerian frame of reference, the
multicomponent NS equations can be expressed in the fully
conservative (four-equation) form'” as follows:

Mass:

%// pdV=—#pu~ﬁdA+///Sde, )
v A 14

Momentum

%// pudV=—#(pu®u+pI—7:)-ﬁdA
vV A

+/V/ p (15, dV,
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where p is the mixture density; u is the velocity vector; p is
the static pressure; fi is the outward pointing unit normal of
a surface element dA of the closed finite control volume dV;
f), is an external body force; i, = e, + p/p is the total specific
enthalpy (per unit mass); ¢, = ¢ +u-u/2 is the total specific
energy; e = ¢, T is the specific internal energy; w; is the mass-
fraction of the jth species. We denote T the temperature, ¢,
the specific heat capacity at constant volume, and y = c,/c,
the heat capacity ratio where ¢, and ¢, are the specific heat
capacity at constant pressure and volume, respectively.

The terms S,,, S,, S, and SW/ account for the exchange
of mass, momentum, energy, and species mass-fraction be-
tween the carrier fluid and the dispersed droplets, respectively.
These terms implicitly infer the direct two-way coupling be-
tween the gas (Eulerian CFD framework) and the dispersed
liquid phase (Lagrangian particles framework) considered in
the present work.

For a Newtonian fluid, the shear stress tensor is given by:

T=A(V-w)l+pu|(Vou+(Veu)'|, )

where [ is the identity tensor, A = —2u/3 is the second vis-
cosity coefficient given by the Stokes hypothesis, and u is the
mixture dynamic viscosity.

The species diffusion fluxes are commonly computed us-
ing the Fickian (gradient) diffusion approximation, i.e. Jj =
pD;Vw;, where D; = ;/(p Sc;) is the mass diffusivity of the
Jjth species, and Sc is the Schmidt number. The energy equa-
tion includes the interdiffusional enthalpy flux arising from
the species mixing, i.e. qg = 7):?2’; hiJ;, where the enthalpy
of each ith species is defined by h; = ¢; + p,~/p,-‘Ib No heat or
mass sources are considered in the Eulerian framework in the
present study, that is, (/) and (y).

The above formulation of the governing equations repre-
sents the fully conservative 4-equation model'’. Equation (1)
governs the evolution of the mixture density while Eq. (4) is
used for the density of the first component (p; = pw;). The
density of the second component is then obtained from the
mixture relation p = pw; + pws.

Sutherland’s law is employed to calculate the dynamic vis-

where the free-stream values are used as the reference and the
Sutherland temperature is 7y = 110.4K and L ; is the refer-
ence dynamic viscosity determined at the reference tempera-
ture Tp,1. The dynamic viscosity of the water vapor gas phase
can be obtained using the power law:

ny o
mm:m4T> , ™

I
TO,Z

where the power law parameters of the dynamic viscosity
for the water vapor (gas) component are ny > = 1.15, to2 =
1.12¢=% Pa-s and Ty, = 350 K. The dynamic viscosity of the
humid (mixture) multi-component gas phase can then be ob-
tained according to:

= <l_);mf> / (FZZ‘,I%; ¢u> ; ®

where y; is the molar fraction of the ith species, and the term

¢;j is given by:
2
. <&>|/2 (M_,-)w
K M;
0ij = v ) ®
81+,

( M.i)
where M = 28.97 moles is the molar mass of the dry air

component and M; = 18.015 moles of the water vapor.
The heat flux of the gas phase is calculated according to

Fourier’s Law of heat conduction, i.e., q¢ = —k VT, where
the mixture thermal conductivity is obtained as per:

() (ge)

For the dry air component, ki = ¢, ii1/Pr is the thermal
conductivity with the (laminar) Prandtl number taken equal
to Pr = 0.72, where the specific heat capacity at constant
pressure is ¢y, = YRy, /(N1 — 1), 11 = ¢p, /ey, =7/5 and
the specific gas constant for dry air is Ry = R/M where
R~ 8.3145 J-K~!-mol~! is the universal gas constant. The
thermal conductivity of the water vapor gas phase is obtained
using the power law equation:

T N2
=Ko | 7w | (In
0.2

where the power law parameters of the thermal conductivity
for the water vapor (gas) component are ny » = 1.35 and T, =
300 K.
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2. Respiratory droplets (Lagrangian)

Airborne respiratory droplets are modeled as liquid water
particles in the Lagrangian frame of reference, with a two-
way coupling (Eulerian-Lagrangian coupling) and a quasi-
steady mass transfer model for the evaporation of liquid
droplets. The two-way CFD-Lagrangian particle tracking
framework used in the present study was also previously as-
sessed and validated in Lappa, Drikakis, and Kokkinakis '’

When the conservation equation of momentum for a parti-
cle is expressed within the Lagrangian framework, the change
in momentum is balanced by the surface and body forces act-
ing upon the particle:

Fy, 12)

where m, is the mass of the droplet (of diameter d; = 2ry),
n is the number of forces and & is an index used to indicate
the generic force. In the present study, we consider the (i)
drag force Fy, (k = d), (ii) pressure gradient force F,, (k = p),
(iii) gravity force Fy (k = g), and (iv) virtual mass force F,,,
(k=vm).

The drag force, Fy, calculates the force acting on a material
particle due to its velocity relative to the continuous phase, or
the slip velocity, ug, based on

1
Fa= ECdPAd|ux‘“s-, 13)

where C; is the drag coefficient, ug = u —uy is the droplet
slip velocity, and Ay = mﬁ is the frontal surface area of the
(spherical) droplet. The drag coefficient in the above 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 cor-
relations, typically derived from experimental or theoretical
studies. For the small liquid droplets in a viscous continu-
ous phase, C,; is a function of the small-scale flow features
around the individual particles, which can be derived using
the correlation’’:

o {24 (140.15Re%587) /Rey,  if Reg < 10°

=

14
0.44, else a9

where Re, = p |u —uy|dy/p is the droplet’s relative Reynolds
number; p and p are the density and dynamic viscosity, re-
spectively, of the carrier phase with velocity u, which sur-
rounds the droplet.

The net upward force due to pressure differences in the
fluid, or buoyant force, is also considered. For the pressure
gradient force, F,, no correlation is necessary since it depends
on the droplet volume (V) and the gradient of the (static) pres-
sure of the continuous phase:

F,=—-V,Vp. 1s)

The force imparted onto the droplet by an external acceler-
ation field is given by:

F, = (mg—mp)fy, (16)

where my = pV), represents the fluid mass occupied by the
droplet (particle) volume V.

Lastly, the expression for the virtual mass force, F,,,, can
be cast in compact form as follows:

Du du
Fwn:cvmmf(ﬁfd—t"), 17

where C,,, is the virtual mass coefficient and the operator
D/Dt denotes the substantial derivative. Cy, = mis/my is an
added mass coefficient, where m’[ is the virtual mass of the
fluid (displaced), and is assumed to undergo the same acceler-
ation as the droplet. The coefficient C,,, is influenced by the
flow regime and the geometric characteristics of the droplet.
For irrotational flow around a sphere, C, is typically taken as
1/2.

All droplets are assumed to be spherical such that their mass
is given by m; = p,ﬂrd?l /6. The evolution of the (spherical)
droplet mass, my, is described by the following conservation
equation, the so-called Maxwell solution for evaporation of a
spherical droplet’':

d% — —7mpD,d,ShBy, (18)
where p = p, + p, is the density of the mixture of vapor and
air containing the droplet, D, is the binary diffusivity of the
liquid-vapor in the air, and By, is the Spalding mass transfer
number:

Byt = (Pus — Preo) / Pyss » (19)

where p,; is the density of the liquid-vapor (gas-phase) at the
droplet surface, py,.. is the density of the liquid-vapor in the
air containing the droplet, and p,  is the density of the carrier
mixture phase at the droplet surface. The density of the vapor
at the droplet surface, p,, is given by:

ps = pMi [Ty, 20)

where T is the Eulerian-Lagrangian averaged temperature at
the saliva droplet surface, Ts ~ (2T +T}) /3, where T is the
carrier phase temperature and 7 the particle temperature.
The Sherwood number represents the ratio between the
convective and diffusive mass transfer rates and is given by:

Sh =2+40.61/ReySc./, @21

where the Schmidt number, Sc.. = v/D,, represents the ratio
between the viscous and mass diffusion rates, where v = p1/p
is the kinematic viscosity of the multicomponent (gas-phase)
air mixture containing the droplet.

Regarding the droplet energy balance, the thermal gradient
in the liquid phase is rather small for the conditions considered
in the present work, and thus, it can be formulated as:

de KA 2(Td7T> dmd

-4 _ -ve 7 o 22
maCpa g, T T hyg, (22

where Ty is the droplet temperature, Ay = ﬂdf, is the droplet
surface area, /iy, is the specific latent heat of vaporization of
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the liquid droplet, and x is the thermal conductivity of the
multi-component gas carrier phase surrounding the droplet
obtained using Eq. (10).

Droplet collision, atomization, and secondary breakup are
not considered because of the low particle concentration in the
room.”” A stick boundary condition is applied when droplets
hit a solid surface, a common practice for this type and range
of particle sizes in the literature.””~** The authors recognize
that some of the particles could be reflected on solid surfaces
or resuspended in the air after deposition. However, their ef-
fect on our observations would be negligible.

All liquid water droplets have a constant density of p; =
997.561 kg/m®. For simplicity, the present study does not
consider the effect of non-volatile compounds, such as salts
and lipids, on the decrease in size of simulated airborne liquid
droplets during evaporation.

3. Coupling terms for the Eulerian equations

The coupling terms appearing in Eqs. (1)—(4) (by which the
dispersed droplets can exert a back influence on the carrier
flow), can now be precisely defined:

. o1 dmy,
Sl j. k) = — v dj'q (23)
q=1
L. u 1 dlld_ dmd_
Su(i,j, k) =— Z v (’"d.qu —Ugy dt’q> (24)
q=1
om, dT,
Su(iojk) ==Y, G Craq—g 25)
g=1
21 dmd
Suy(ijk) ==}, — = 6)
’ Sdvodr

where dV denotes the volume of the generic control volume
CV (computational finite-volume cell), n is the number of
droplets contained in said CV, and ¢ is an index used to in-
dicate the generic particle. The minus sign in front of each
summation follows from the nature of the interphase exchange
itself. For example, a decrease in the droplet liquid mass, mo-
mentum, or temperature must correspond to an increase in the
carrier fluid vapor concentration, momentum, or enthalpy, re-
spectively, and vice versa.

B. Numerical methods

As stated in the Introduction, we consider evaporating lig-
uid droplets expelled from a cough into the air. From a physi-
cal standpoint, the multiphase problem essentially consists of
(i) a multicomponent gas (including dry air and water vapor
resulting from the relative humidity of the ambient air and lo-
cally from the evaporation process of the saliva droplets) and
(ii) dispersed liquid droplets. We address the gaseous phase
using an Eulerian approach, while the liquid particles are ad-
dressed through a Lagrangian approach. The impact of the
particles on the flow is taken into account, including changes

in mass (species), momentum, and temperature (enthalpy),
leading to a two-way coupling between the two distinct frame-
works.

The simulations used the CFD code CNS3D (Compressible
Navier-Stokes 3D), which employs a Godunov-type method
for advective terms, solved using the Riemann problem.
CNS3D supports Reynolds-Averaged Navier-Stokes (RANS),
Implicit Large Eddy Simulation (ILES), and Direct Numerical
Simulation (DNS).”>”° In this paper, we have used the ILES
framework.”’ ILES in CNS3D has been extensively validated
in several cases previously published.'*>>2->

In the context of classical large-eddy simulations (LES),
the smallest scales of turbulence, which impose the most sig-
nificant computational burden, are eliminated through a low-
pass filtering operation applied to the Navier-Stokes equa-
tions. The influence of these unresolved small-scale turbu-
lent motions is then considered using subgrid-scale models. In
contrast, implicit Large Eddy Simulations (ILES) rely on the
computational grid as the filter, effectively removing the small
unresolved scales. The modeling of these unresolved scales is
then achieved implicitly through the inherent nonlinear dissi-
pation properties of the high-resolution high-order numerical
schemes employed to discretize the convective terms of the
governing equations. A substantial body of literature, encom-
passing theoretical analyses and numerical validations, eluci-
dates the principles of ILES methods and demonstrates their
accuracy in capturing the behavior of turbulent flows.”*="

Regarding the numerical methods utilized in CNS3D,
the “Harten—-Lax—van Leer-contact HLLC” approximate Rie-
mann solver’™ is used to calculate the fluxes at the finite-
volume cell interfaces. A one-dimensional swept unidirec-
tional stencil is used for spatial reconstruction. Reconstruc-
tion of flow variables at cell interfaces is performed using
an enhanced 11" order weighted essentially non-oscillatory
(WENO) scheme” that can handle low-Mach number flows
better than Monotonic Upstream-centered Scheme for Con-
servation Laws (MUSCL) schemes.”®"> Higher-order meth-
ods provide improved accuracy and scale well across large
compute systems. %

Moreover, phase/component variables are reconstructed
following™® to avoid spurious numerical oscillations®’ from
occurring at interfaces between fluids of different heat capac-
ity ratios (% # 7;) due to the use of the four-equation model;
the fully conserved four-equation multi-component model de-
scribed by Eq. (4) is considered a diffuse interface method'”.
Viscous terms are solved using a standard fourth-order cen-
tral scheme. Finally, the solution is advanced in time using a
five-stage fourth-order Runge-Kutta method.*®

C. Cruiser cabin configuration

The present study utilizes computational fluid dynamics to
investigate the transmission of an airborne disease via respira-
tory droplets produced during coughing in a typical passenger
cabin onboard a cruise ship. Figure 2 illustrates the general
configuration considered and simulated. The doors leading to
the toilet/shower compartment and the hallway are assumed
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to be closed. The former leads to an asymmetry in the geom-
etry of the cabin room and, thus, in the air flow circulation
that develops. The effect of door openings between separate
compartments of the cabin and ship is not considered in the
present study, as its effect of the spread of the ejected airborne
droplets is relatively weak, assuming that no air currents are
developed due to open cabin room windows, etc. Similar sce-
narios can occur in other commercial environments, such as
hotels, hospitals, and office blocks.

1. Computational domain

The temperature of a cruiser cabin, with dimensions of
5.8 2.25 x 2.22 m? (length x height x width), is controlled
by an a/c. The unit is placed in the center of the ceiling. It
comprises a square outlet (44 cm?) and four rectangular inlets
(44 x 4 cm? each), “pushing” cold air at 18 °C. Based on the
AC inlet height (4 cm) and inlet airflow velocity (1.14 m/s),
the inlet Reynolds number is Re; ~ 3,135.

The geometry is discretized using a structured orthogonal
mesh composed of hexahedral elements measuring 2 cm in
each direction, resulting in a mesh of approximately 3.2 mil-
lion cells. The same mesh resolution has been used in previ-
ous recent studies’”~** carried out using the same numerical
framework and was shown to be sufficiently accurate for the
purposes and scope of the present investigation, e.g., not ex-
amining turbulent flow intricacies and characteristics arising
from the suddenly expanded turbulent jet flows. Regarding
the present test case, we found that doubling the mesh reso-
lution resulted in a difference of less than 7% during the first
60 s of the flow for properties such as mean flow temperature
and relative humidity, while increasing the computational cost
by over an order of magnitude. Conversely, halving the mesh
resolution in each direction caused such flow properties to de-
viate by more than 12%. We used the present resolution to
keep the computational cost of the current parametric study,
which simulates over 2 minutes of flow, within a reasonable
range.

Comparative analyses of implicit and explicit LES model-
ing approaches, using identical numerical methods and com-
putational grids, demonstrate that the ILES exhibits signifi-
cantly reduced dissipative characteristics.”> The experimen-
tal configuration in the present study operates under the as-
sumption that the flow emerging from the jet inlets is lami-
nar. Consequently, the free-shear mixing layer(s) breakdown
is expected to proceed more slowly and manifest itself at
larger scales. The fine-scale turbulence that subsequently de-
velops is not directly resolved, as this approach would im-
pose prohibitively high computational demands. Moreover,
the strength of these smaller, unresolved scales progressively
attenuates, thus exerting an increasingly weaker influence on
the overall flow dynamics and the airborne droplets, relative
to the larger, resolved vortices. It is important to emphasize
that the main objective of the current investigation is not to
perform a detailed examination of the turbulence properties
within the free shear layer(s), but rather to evaluate the ef-
fect of the developed air circulation on the transmission of

airborne respiratory droplets.

2. Multiphase and multicomponent cough modeling

The flow field was allowed to develop for 240 s (four min-
utes) before coughing. The first person coughing is near the
hallway, while the second occupant is at the opposite end
of the cabin, as illustrated in Figs. 2 and 3. The center of
the mouth in the case of cough 1 is located at (x,y,z) =
(1.32,1.63, 1.67), while that of cough 2 is located at (x,y,z) =
(5.2,1.63,1.02). In both cases, the coughs occur along the
x-axis, in the direction facing the other occupant. The air ex-
pelled is assumed to be at 34 °C and has a relative humidity
RH = 100%. A stronger cough with a velocity of 20 m/s was
considered as the worst-case scenario. "+~

The mouth of the cough is simulated as a rectangular inlet
with a width and height of approximately 40 mm and 5 mm,
respectively.® The duration of the cough was set to 0.12 s, and
the number of particles introduced during this time varied lin-
early. The initial total mass of the droplets injected into the
domain is 7.7 mg, resulting in approximately 20,000 droplets
per cough.*® The respiratory droplets are introduced evenly
and randomly into the domain at the same speed as the air
expelled. In addition, the particles are given a y and z veloc-
ity component and enter the airflow at a maximum angle of
45° from the centerline along the x-axis. Although the angle
can vary with sex and other factors, the chosen angle repre-
sents a reasonable value reported in experiments’’*’. The an-
gle and the (y,z) velocity components are randomly set using
a pseudorandom algorithm, ensuring that the initial velocity
magnitude remains the same for all droplets. Finally, a stick
condition is imposed for the particles on the wall or the floor
surface.

Using computational fluid dynamics simulations, it was
shown that respiratory particles could travel beyond the 2 m
rule and even exceed 6 m in the presence of air currents.*® Al-
though the distance traveled by airborne respiratory droplets
increased significantly, the vast majority fell below the head
height of the person coughing at 6 m when the freestream
velocity was 4 km/h (= 1.11 m/s), meaning that the risk of
directly inhaling contaminated respiratory droplets is some-
what reduced at such distances. The present study considers
a moderate distance of approximately 4 m between the two
cabin occupants, approximately twice the generally accepted
consensus value of 2 m for the distancing policy.

The computational fluid dynamics (CFD) methods and
code employed in the present study have been thoroughly
validated. Specifically, multicomponent mixing models have
been validated in references’*"!, while aspects of the accu-
racy and performance of high-order implicit large-eddy sim-
ulations are covered in’*2%%-2% " Furthermore, the multi-
phase Lagrangian-Eulerian implementation for simulating the
evaporation and transmission of liquid-phase droplets within
a multicomponent humid air gas phase was investigated for
a reference case of single-droplet evaporation across a range
of relative humidity and temperatures. Compared with pre-
viously reported results’” using different numerical methods
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FIG. 2. Three-dimensional illustration of the dispersion of airborne respiratory droplets inside a typical passenger cabin onboard a cruise ship.
The air flow circulation is developed for 2 min after the a/c unit is switched on. The blue-colored isosurfaces indicate the cold air from the a/c
unit entering the room. The 2D plane at y = 1.63 m from the ground is at the same height as the mouth(s) and shows the velocity magnitude
of the air. The spherical particles represent the airborne respiratory droplets, colored by their diameter, 0.15 s after the coughs.

and CFD code (specifically OpenFOAM), the error on the
same grid was less than 5%. Slight differences between dif-
ferent CFD codes are expected due to differences in the nu-
merical methods employed, particularly in the Eulerian finite-
volume solver. The extensive numerical validation, along with
the mesh resolution investigation mentioned in the previous
section, guarantees the fidelity of the present simulations.

3. Initial droplet size distribution

The experimental measurements separately quantified the
mass and number of exhaled droplets resulting from talk-
ing and coughing.”® Furthermore, the size distribution of the
droplets was corrected near the origin of the ejection, which
had been underestimated in previous studies.”’* The correc-
tion introduced was based on the dispersal analysis of the
droplets, which accounts for the larger droplets dispersing
into progressively smaller ones as they moved away from the
origin of the mouth jet. The distribution corresponds to a
fitting of the experimental data’” using the Rosin—Rammler

distribution law®", also known as the Weibull distribution®’.

The Weibull distribution effectively models the distribution
of cloud droplets, including water and water-like droplets.””
Some theoretical background on aspects of respiratory droplet
distribution has been previously reviewed in the literature.®

The droplet size distribution adopted in the present study
is obtained by the probability density function, f, using the
Weibull distribution:

n (A"
flda) =2 (G4 el @
d d

The fitting parameters employed in Eq. (27) and plotted in
Fig. 2 are n =8, dg =80 pm, while d; is the range of di-
ameters of the spherical droplet particles considered (here
dy € [5,300]). Note that to obtain the percentage of likeli-
hood, the probability density function, f, must be normalized
by its sum, i.e., f(dy)/ Liols f(da)-

4. Initial and boundary conditions

The air is modeled as a two-component gas (miscible) mix-
ture comprising dry air and water vapor. The chosen values



Publishing

AlIP

(o

4

Preprint

i )
> |
Y |
/ 14 g 9 |
I
/ \ = |
i
g 132cm |
Cough 1 Cough 2
ﬂ 5 60 cm I
8 o g | A/C unit
© 9 i
= @ 44 cm
= X
> . .
130 cm Side view 1—» —rs ram— 1)
1 4
1
| 580 cm " " IR
I / I & Intake | 5[5
/ 3] o |2
/
I E // § ‘_Mcm
I N £ / S 1
I < e ¢ Cough2 482 4om iE——omEE——1Yom
- ==
| o~ I
° ||
130 cm
h1
32cmi]g .
3 .
9 Top-down view zr

FIG. 3. Sketch illustrating the size and location of the commercial four-way square cassette a/c unit and the location of the two coughs. The

present study examines two inflow angles of 6 = 45° and 75° degrees.

are typical of those measured on board cruise ships®* in pas-
senger cabins during normal operating conditions. The initial
ambient room air temperature is 25 °C with a relative humid-
ity of 60%. The simulation considers a binary multicompo-
nent flow, such that the component mass fractions of the bi-
nary (two-component) mixture obey w; +wy = 1, where the
values of w; and w, depend on the properties of the air, i.e.,
the relative humidity and temperature. The first component is
dry air (0% moisture) with an adiabatic index of ¥, = 7/5 and
a molar mass of M, = 28.964 kg/kmol. The second compo-
nent is water vapor with an adiabatic index of ¥, = 4/3 and
a molar mass of M,,, = 18.015 kg/kmol. The mass fraction
of water vapor in the ambient air and the air discharged from
the air conditioning unit is carefully calibrated to achieve the
desired levels of relative humidity. The observed difference
in relative humidity between the ambient air in the room and
the cooler air expelled by the air conditioning unit is primar-
ily attributed to condensation within the a/c/ unit itself. This
process leads to significant variations in the fraction of water
vapor mass between the two air streams.

The velocity is initially assumed to be equal to zero ev-
erywhere in the room. The pressure varies in the normal (y)
direction due to gravity, i.e.,

pO)=po+pgy, (28

where the gravitational acceleration of Earth is taken as g, =
—9.81 m/s?. The internal energy, e; is calculated according to:

ei = (Paa+pw)/(y—1) (29)

where p,, is the room pressure of the dry air component and

Pwy 1s the water vapor pressure. The former is obtained ac-
cording to pg, = po — pwy, Where po here is taken to be the
stagnation pressure at the ground/sea level, i.e., po =1 atm.
The water vapor pressure is calculated according to p,, =
Xwv Po, Where the molar fraction is x,,, = Wy, (M/M,,,), and
the total molar mass of a miscible mixture is obtained accord-
ing to:
1

M Xi(wi/ M)
where w; is the mass-fraction of the ith component. The initial
air mixture density, p, is taken to be constant and is calculated
based on the prescribed relative humidity, i.e., the fraction of
water vapor and dry air:

(30)

p=pi+p (€29)
where the individual component density is calculated from
pi = pi/ (RiTy). Here, R is the specific gas constant of the
ith component, while 7 is the initial room temperature (stag-
nation).

Recent CFD studies that examine the dispersion of airborne
respiratory droplets on cruise ships have determined that the
optimal flow rate to operate ventilation systems to minimize
dispersion is around 3 ACH.'*%7 Nevertheless, higher venti-
lation rates of up to 15 are not uncommon, particularly during
the initial operation of an a/c unit, thereby posing a greater
risk of transmission. The present study considers an ACH of
11, based on the total mass flux of the a/c inlets and the dimen-
sions of the simulated cabin (Fig. 3), resulting in an incoming
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FIG. 4. Sketch illustrating the inflow angle of the cooled air from
the a/c unit considered in the present study: (a) 45°, and (b) 75°.
Contour surface plot on the (xy)-plane (z= 111 cm) of the air velocity
magnitude 240 s after the a/c unit is activated; red color indicates the
maximum velocity of the air expelled by the a/c unit (1.14 m/s).

airflow speed of 1.14 m/s from the a/c inlets. Despite this
modest velocity, the air currents that form in the room reach a
maximum speed of ~ 0.3 m/s, particularly along the surfaces
of the room and in the vicinity of the a/c unit, regardless of
the inlet flow angle, as Fig. 4 reveals. Nonetheless, occasional
gusts of air reaching ~ 0.7 m/s can still form near the a/c unit.
As such, the overall effect of the developed airflow circula-
tion on the larger and heavier airborne respiratory droplets is
expected to be weak, while the dispersion of the smaller and
lighter droplets remains somewhat uncertain.

Most commercial air and cooling units allow users to set the
desired airflow angle. The parameters influencing this choice
mainly depend on user comfort preferences and factors such
as the mitigation of airborne respiratory droplets, for which
limited information and guidance are available. To this end,
the present study investigates whether the incoming airflow
angle of a commercial four-way cassette a/c unit can affect
the dispersion of airborne respiratory droplets produced from
coughing within the passenger cabin, potentially increasing
the risk of airborne transmission. Thus, the primary objective
of this study is to provide further recommendations and guid-
ance for the operation of a/c units in the examined or other
equivalent room settings.

Initial simulations indicated that at relatively low airflow
angles of 45°, the updraft produced by the column of air mov-
ing into the a/c unit bends the direction of the expelled cooled
air inward and toward the centerline of the unit, as depicted
in Fig. 4(a). Therefore, the second angle considered in the
present study is a larger 75°, which, as shown in Fig. 4(b), is

less susceptible to the rising column of air entering the unit.
The result is the formation of a drastically different air cir-
culation pattern within the cabin, which can potentially affect
the spread of airborne respiratory droplets.

Most of the cooled, heavier air expelled from the a/c in the
45° setting is directed towards the floor due to the air being
drawn into the a/c unit in the center. As a result, the cooled
air disperses in all directions along the floor and rises along
the walls. In the case of the 75° setting, on the other hand,
the air currents that have developed in the room lead most of
the air expelled from the a/c unit to move towards the bottom
corner of the floor at (x,z) = (130, 0) cm; this can be seen in
Fig. 4(b), and is also evident later in Fig. 8(f).

The transfer of heat from the human body to the environ-
ment, influenced by clothing and other factors, can generate a
thermal plume that creates localized buoyancy-driven airflow
near the body. This phenomenon can alter airflow patterns
and has been shown to potentially influence the dispersion
of aerosols and respiratory droplets during activities such as
speaking, coughing, or sneezing, particularly in scenarios in-
volving face masks.*~%”

This study focuses primarily on the near-field dispersion
of respiratory droplets and aerosols released during cough-
ing. The initial movement of these particles is dominated by
the high velocity and momentum associated with the cough
jet. This force-driven regime overwhelms the effects of buoy-
ancy, which are relatively weak in comparison, particularly
on short timescales (milliseconds to seconds) following ejec-
tion. Therefore, the thermal plume generated by the body has
minimal impact on the early spatial distribution of droplets or
aerosols during this phase, and its influence was neglected in
the simulations.

The potential for buoyancy effects increases over time for
aerosols, which remain suspended in the air for extended pe-
riods compared to larger droplets. However, even in this case,
the relative strength of the body’s thermal plume compared to
ambient airflow and ventilation patterns would play a decisive
role in determining their transport. In typical indoor environ-
ments with active ventilation or air circulation, forced con-
vection from these external sources is expected to dominate
over natural convection driven by body heat. Since the present
study focuses primarily on understanding the mechanics be-
hind the droplets’ dispersion in environments with mechanical
airflow (e.g., ventilated rooms), buoyancy effects arising from
the body’s thermal plume were considered secondary and ex-
cluded from the present analysis.

Nonetheless, it is acknowledged that buoyancy-driven flows
may influence localized aerosol behavior in quiescent envi-
ronments, where ambient air currents are weak and thermal
plumes become comparatively stronger. Future work could
address this scenario by explicitly accounting for buoyancy
effects alongside droplet evaporation and particle interactions
over longer timescales, enabling a more comprehensive un-
derstanding of aerosol retention and transport under such con-
ditions.
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FIG. 5. Respiratory droplet contamination range (distance of depo-
sition onto the floor) predicted by the present simulations (CNS3D
method) and experiments.”’

Ill. RESULTS

The assessment of the risk of airborne transmission is based
on two primary factors: (i) the distance traveled by droplets
of various sizes and (ii) the duration for which they remain
suspended 1.4 meters above ground. The distance traveled
indicates the expanded area subject to contamination, while
the time spent above the specified height correlates with an
increased window of opportunity for transmission.

The computational methodology applied to the present sim-
ulations of the droplets’ motion was also evaluated by com-
paring the predicted trajectories that the airborne respiratory
droplets follow with experimental data.”’ In this context, the
contamination range is defined as the maximum ground dis-
tance achieved. Note that the contamination range is obtained
here using the average of the maximum range achieved by
the top 1% of the total droplets emitted to reduce uncertainty,
as white noise is used to randomly perturb the inlet velocity
and angle of the particles. Figure 5 illustrates that the gen-
eral behavior and trend obtained from the simulations align
reasonably well with the experimental reference data. The
minor discrepancies observed between the numerical predic-
tions and the experimental findings can be attributed to un-
certainties likely arising from differences between the cough
configuration utilized in the present numerical study and the
experimental setup.’’. For example, variations in parameters
such as the height and angle of the cough and the opening an-
gle of the expelled cough cloud are potential sources of such
differences. Despite these small discrepancies, both the exper-
imental and computational findings concur that droplets mea-
suring approximately 100 pm in diameter exhibit the shortest
contamination range.

The 1.4-meter threshold is chosen as a representative height
at which an average human might inhale air contaminated

with pathogen-laden airborne respiratory droplets, signifying
air below the mouth that could be inhaled. It is important to
note that the scope of this study is limited to aspects of air-
borne transmission through respiratory droplets expelled dur-
ing coughing and does not encompass other potential modes
of transmission.

Figure 6 illustrates the total mass of airborne respiratory
droplets located above 1.4 meters from the ground, a height
from which most individuals would directly inhale these
droplets if within range. Furthermore, the total mass of the
droplets is classified based on their diameter, enabling us to
identify and determine which droplets pose the highest risk of
transmission. More specifically, the total mass of the droplets
is employed here as an indicator of the potential quantity
of a pathogen being transported. In other words, a greater
mass suggests a greater chance of transmission. Similarly,
the longer a droplet remains suspended above 1.4 m, the fur-
ther these droplets can potentially travel due to air circula-
tion. The extended duration and distance traveled also indicate
an increased chance of transmission and successful infection.
Therefore, monitoring the location of the droplets by size cat-
egory is also crucial.

Figures 7 and & illustrate the trajectory of airborne respira-
tory droplets during the 15 s following the coughs of the two
cabin occupants, categorized into distinct size groups by di-
ameter to further examine the varied spreading behavior based
on the weight of the droplets. Naturally, the larger and con-
sequently heavier droplets are expected to fall to the ground
sooner; however, the size at which the smaller, and thus lighter
droplets become suspended remains unclear and is chiefly de-
termined by the strength and direction of the local airflow and
the aeration formed. Even larger particles can be influenced
by sufficiently strong winds, which may enable them to travel
much larger distances than they would otherwise.”

Figures 7(a) show the trajectory traveled by airborne respi-
ratory droplets larger than 200 um in diameter. These are the
most significant and heaviest saliva droplets produced during
coughing. The path of these larger droplets initially follows a
straight line due to their relatively large inertia, but they begin
to fall rapidly once drag forces overcome their initial inertia.
These heavy droplets are not influenced by air circulation and
reach about a meter from the mouth in all four coughing sce-
narios. As expected, the duration for which the larger/heavier
respiratory droplets remain above 1.4 m is the shortest accord-
ing to Fig. 6, being slightly below or greater than half a second
for the inflow angles 45° and 75°, respectively. Thus, large
respiratory droplets above 200 pm pose an immediate risk of
transmission only to someone within a meter.

The next size-down category consists of respiratory
droplets between 150-200um in diameter. These are still con-
sidered relatively large and, as Fig. 7(b) illustrates, behave
very similarly to the larger droplets above 200 um; they ini-
tially travel in a straight line and abruptly begin to fall due
to gravity once the initial inertia has been exhausted by drag
forces. As mentioned above, the inflow angle of the a/c unit
does not appear to cause any notable differences in spatial dis-
persion. At the same time, in both cases, all droplets have
fallen below 1.4 m in under a second. However, statistically,
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FIG. 6. Plot of the total saliva mass of the airborne respiratory
droplets located 1.4 m above the floor with time, grouped into sepa-
rate size ranges depending on the diameter of the (spherical) droplets,
for (a) 45°-, and (b) 75°-degree a/c inlets angle.

they far outnumber the larger droplets; some can travel an ad-
ditional half-meter.

The initial subtle differences in spreading behavior emerge
for airborne respiratory droplets with diameters ranging from
100 to 150 um. For the 45° a/c inflow angle, some droplets
can travel up to half a meter further, regardless of which oc-
cupant is coughing. This phenomenon is attributed to the air
expelled from the a/c unit that works against the direction of
the droplets in the case of the 75° inflow angle, as illustrated
in Fig. 7(f). In general, droplets measuring between 100 and
150 um remain mostly unaffected by the air circulation within
the room (approximately 0.3 m/s for the present configura-

Preprint 11
(a) 8=45° tion), unless they interact directly with the airflow expelled
1-10 um from the a/c unit, which has velocities ranging from 0.7 to
10° 10 -50 pm 1.1 m/s at the furthermost locations, as indicated in Fig. 7(f).
B 50 - 100 ym However, in both cases of the a/c inflow angles considered,
10 100 - 150 ym the droplets linger above 1.4 m for approximately one second,

102 1>5200£)Zp0r2 Hm although some travel further in the case of the angle 45°.
=) ) Specifically, droplets between 100-150um travel almost 2
E10 meters downstream from the cough for the 45° angle inflow,
2 10° regardless of whether the occupant is coughing. This is at-
g tributed to (i) most droplets not directly interacting with the
< 10 expelled air from the a/c, as Fig. 7(e) illustrates, and (ii) the
- relatively weak air circulation that forms in the room. In
=10 the case of cough 2, this direct interaction causes the 100 to
107 150 um droplets to travel half a meter less, only reaching up
to one and a half meters from their respective cough locations.
10° Up to this point, the results suggest that the larger 75° a/c
10°d inflow angle should offer better protection against airborne
2 4 é é 1'0 15 transmission. However, smaller droplets can pose an equal,
Time (s if not greater, risk of infection. According to the distribution

(s) g g
b) §=75° of the initial particles per Eq. (27), which is fitted to exper-
(b) 6= imental measurements, most saliva droplets form around the
10° 10 1(5)0“m d ), ~ 80 mum diameter. Consequently, a significant amount of
50 100pmm ejected saliva is contained within the 50-100 um diameter air-
10" 100 -1 Soppm bprne respiratory drqplcts. Figqre '(w ShOW:S that these medium-
) 150 - 200 ym sized droplets comprise the majority of airborne droplet mass
_1o > 200 ym during the first 2.5 s following the coughs, irrespective of the
310'3 a/c inlet angle. Nonetheless, in the case of the 75° a/c inlet
- angle, these droplets can remain suspended above a height of
o 10* 1.4 m for an additional 2 s relative to the 45° a/c inlet angle
E . case, reaching nearly 6 s.

s 10 Despite the extended duration, the 50-100 um diameter
S 10® droplets remain above 1.4 m in the case of the 75° a/c inlet
angle. Figures 8(a) and (b) illustrate that the spatial disper-
107 sion at the 45° angle is greater. The differences in the droplets’
10° trajectories between the two instances are now much more ap-
parent. This indicates that an air flow circulation of ~0.3 m/s
10* L is only strong enough to affect the dispersion of respiratory
4 6 8 10 12 droplets below 100 um. A lower or higher ACH will pro-
Time (s) duce weaker or stronger air circulation, affecting the droplets’

size. Nonetheless, the current study unequivocally demon-
strates that an ACH of 11 is adequate to influence the disper-
sion of airborne respiratory droplets in the crucial 50-100 um
diameter range, which contains the largest number of initial
droplets emitted during coughing (see line graph in Fig. 2), as
well as a significant volume of the initial ejected saliva (see
Fig. 6). Although many droplets above 100 um may tran-
sition below 100 um before reaching the floor, ambient air
conditions that favor faster evaporation should generally lead
to a faster reduction of airborne respiratory droplets.

The apparent contrast between the duration for which the
droplets remain suspended above 1.4 meters and the total dis-
tance they travel highlights the underlying complexity that
governs the dispersion of airborne droplets, even in this sim-
ple test case. The trajectories suggest that, in the case of the
45° inflow angle, the motion of the droplets is mainly influ-
enced by their initial inertia and the airflow developed in the
room, resulting in greater droplet dispersion. Direct interac-
tion with air expelled from the air conditioning unit occurs
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FIG. 7. Comparison of the trajectories of the airborne respiratory droplets following 15 s after the two occupants cough. The left column
represents the case with an a/c inlet angle of 45°, while the right column represents an angle of 75°. The saliva droplets are categorized into
distinct groups by size (diameter, d) as follows: (a)-(b) d > 200 um, (c)—(d) d € [150, 200] pm, and d € [100, 150] um.

only at the maximum distance reached, nearly 3 meters, redi-
recting and pushing droplets downward toward the floor. In
contrast, for an inflow angle of 75° degrees, the downwash ef-
fect is weaker due to the larger angle, which reduces the rate at
which droplets fall to the ground. This change in droplet be-
havior is further intensified by their smaller size, making them
more susceptible to remaining airborne because gravitational

forces become less significant compared to the viscous drag.

Regarding the 10-50 pum diameter droplets, the most visu-
ally striking difference between the two a/c inlet angles is the
color distribution of the droplets, as indicated by the darker
blue color of the trajectories in Fig. 8(c), suggesting more
droplets near the lower 10 um range size, versus the lighter
blue (cyan) trajectories in Fig. 8(d), suggesting more droplets
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FIG. 8. Comparison of the trajectories of the airborne respiratory droplets following 15 s after the two occupants cough. The left column
represents the case with an a/c inlet angle of 45°, while the right column represents an angle of 75°. The saliva droplets are categorized into
distinct groups by size (diameter, d) as follows: (a)-(b) d € [50, 100] um, (¢)-(d) d € [10, 50] um, and d < 10 um.

near the upper 50 um range size. Crucially, this difference
also extends far from the a/c, even near coughs; the latter im-
plies that air circulation plays a significant role in the path that
airborne respiratory droplets follow soon after being ejected.
In the case of the second occupant at the far end of the room
(x = 5.2 m), the air expelled from the a/c unit at an angle of
75° causes most of the smaller particles near and below 10 um

in diameter to conglomerate near the body of the occupant,
pushing them downward toward the wall behind. On the other
hand, in the case of the 45° inlet angle, the smaller droplets
appear to follow the path of some local recirculating air cur-
rent. The above two observations are further corroborated by
the path the smaller airborne respiratory droplets take, as seen
in Fig. 8(e) and 8(f). Complete droplet dispersal reversal oc-
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curs in the case of the first occupant, near the hallway. The
vast majority of the smaller droplets near and below 10 u in
diameter conglomerate near the body of the occupant in the
case of the 45° degree a/c inlet angle, while they spread more
evenly in the 75° degree case, further highlighting the com-
plexity that governs the dispersion of the smaller respiratory
droplets.

Crucially, approximately 2 to 2.5 s after the coughs, the
risk of infection increases due to airborne respiratory droplets
ranging between 10-50 um in diameter, as Fig. 6 infers. The
total mass of airborne respiratory droplets above 1.4 m re-
mains high for at least 7 s after the coughs, extending nearly
to 12 s in the case of the 75° a/c inlet angle. The angle of the
a/c inlet appears to promote the suspension of airborne respi-
ratory droplets above 1.4 m and prolong the duration by an
additional 4 s compared to the 45° degree angle case, an in-
crease of almost 50%. In this case, the risk of infection from
airborne respiratory droplets below 10 um does not appear to
be significant, as most of these droplets are short-lived, as in-
ferred by the relatively low total mass shown in Fig. 6 and in
conjunction with the low dispersion observed in Figs. 8(e) and
8(f).

Regardless of the a/c inlet angle and cough location,
droplets of this size can travel a maximum distance of 2 to
2.5 m from the cough, even under this relatively high ACH
setting. Some droplets can travel this distance while remain-
ing at head height by being carried by the high-speed air ex-
haled during a cough. This characteristic becomes noticeable
at first with droplets ranging from 100 to 150 ym in diameter,
particularly for the stronger cough case simulated (20 m/s).
The correlation between the increasingly larger streamwise
distance traveled by the increasingly smaller airborne respira-
tory droplets immediately after the cough is mainly attributed
to the velocity of the air expelled from the cough. The smaller
and lighter particles experience a weaker gravitational pull
and are more effectively convected by the high-velocity air ex-
pelled during coughing. This phenomenon applies to droplets
with diameters between 50 and 100 um, after which the air
circulation in the room begins to influence the trajectories of
the smaller droplets.

It is important to note that smaller droplets, those under
10 um in diameter, can potentially remain suspended in the
air for extended periods, even in cases of weaker air circula-
tion than the present, such as when air conditioning operates
at an air change rate (ACH) of 3 to 5. During these prolonged
periods, the direct impact of the air expelled during a cough
decreases, with air circulation ultimately determining the dis-
tribution of the small respiratory droplets. To provide more
accurate predictions about the reach of such aerosol droplets,
simulations must be tailored to the specific environments, con-
sidering unique room configurations and ventilation proper-
ties.

Although the temperature and relative humidity in a passen-
ger cabin have been found to vary minimally compared to the
values currently used®, different conditions in other rooms or
environmental settings can hinder evaporation, thereby pro-
longing the time it takes for smaller respiratory droplets to
remain airborne and, consequently, increasing the probability

of infection. For example, relative humidity can have a par-
ticularly pronounced effect, as droplets can evaporate to their
dry nuclei under sufficiently dry conditions while remaining
liquid in sufficiently humid wet environments. Consequently,
these tiny, lightweight droplets can be carried by air circu-
lation over greater distances, following more complex and
less predictable paths than larger airborne respiratory droplets,
which may not be as straightforward or apparent as in the case
of larger airborne respiratory droplets, as Figs. 7 and 8 demon-
strate.

Contrary to common expectations, dry ambient conditions
increased the number of airborne virus-laden nuclei by more
than four times due to reduced droplet sedimentation from
rapid evaporation.’'~’* Therefore, higher ventilation rates that
prolong the time airborne droplets remain suspended can in-
crease the risk of transmission. Fast evaporation would ensure
the complete evaporation of all respiratory droplets within
a time that does not allow significant dispersion (as in the
present case). On the other hand, a slower evaporation rate
would allow more of the larger droplets to settle onto a sur-
face due to gravity, while also providing more time for the
smaller droplets to remain airborne.

Notwithstanding other preventative measures, the present
results suggest that lower ventilation rates are preferable to
minimize and delay the suspension and dispersal of micro-
droplets and aerosols in the air circulation while a cabin is
occupied. Although HVAC systems can contribute to the for-
mation of aerosol-laden air currents, in the configurations ex-
amined here, they also acted as a barrier to dispersing larger
respiratory droplets, regardless of the air conditioner inflow
angle. The higher inlet angle (75°) decreased the sedimenta-
tion and airborne distance traveled by the ejected respiratory
droplets. However, a smaller angle (45°) might perform bet-
ter if a cough occurs nearer to, or below, the a/c unit. The
time during which smaller droplets remained airborne above
1.4 meters from the ground was prolonged between 20 and
40% for droplets with diameters ranging between 1-10 and
10-50 micrometers, respectively, in the case of the higher a/c
inlet angle (75°).

The preceding discussion demonstrates that droplet disper-
sion and subsequent viral transmission involve a complex in-
terplay of factors. These include droplet size, virus concen-
tration within the droplets, ambient environmental conditions,
and the specific configuration of ventilation systems. Con-
sidering these factors in conjunction with general considera-
tions of air quality is essential. A balance between measures
to prevent airborne transmission and those designed to main-
tain passenger comfort may be needed. This balancing act
should be informed by the severity of the circumstances, par-
ticularly in differentiating between normal operating condi-
tions and periods of an ongoing airborne disease outbreak on
board.

IV. CONCLUSIONS

The present study investigated the dispersion of airborne
respiratory droplets within a typical passenger cabin on a
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cruise ship, considering two different inflow angles of air ex-
pelled from a four-way cassette air conditioning unit located
in the middle of the ceiling. The AC unit was set to a mass
flow rate corresponding to about 11 ACH, given the size and
total volume of the cabin considered. The typical ventilation
rate ranges from 1 to 15 ACH, depending on the initial am-
bient air properties, the number of occupants, and the desired
user settings. Thus, the mass flow rate of the a/c unit was rel-
atively modest but not atypical. The coughs are introduced
240 s (4 minutes) after the a/c unit is turned on, allowing time
for the complex air circulation in the room to develop.

During a cough or sneeze, mucosalivary fluid is expelled
into the air as droplets.”* Typically, droplets larger than 5 um
in diameter are termed respiratory droplets, whereas those
smaller than 5 pum are classified as aerosols.”” However, this
distinction is not absolute, as larger droplets can remain sus-
pended in the air and become airborne’®, for example, de-
pending on air currents. The size of the droplets signif-
icantly influences their dispersal range.’®’’ Large respira-
tory droplets usually settle quickly and contaminate nearby
surfaces,””’® posing a risk of fomite transmission. In con-
trast, smaller droplets can remain airborne for extended peri-
ods, posing a prolonged and long-range transmission risk.’’

The results indicate that particles larger than 100 microme-
ters (um) are not affected by air circulation, even for the mod-
est air change per hour (ACH = 11) considered. However,
even larger droplets can remain airborne at a higher operat-
ing ACH or become suspended due to strong air circulation.®’
In the present case, all droplets exceeding 100 um fall below
1.4 m from the ground within 2 s after the coughs and travel
no further than 2 m from the person coughing, regardless of
the a/c inlet angle. This behavior is attributed to the significant
inertia of large airborne respiratory droplets compared to the
strength of the drag force of the airflow circulation. Generally,
using a 75°-degree a/c inlet angle reduces the travel distance
of larger droplets (100-200 pm in diameter) by only about
half a meter for the position of the two coughs considered.

Furthermore, the results presented indicate that air circu-
lation patterns begin to exert a noticeable influence on the
dispersion of airborne respiratory droplets with diameters
smaller than 100 micrometers. Under the conditions exam-
ined in this study, small liguid droplets undergo evaporation
within a relatively short period and over a limited distance,
suggesting a reduced risk of airborne transmission associated
with these droplets. However, it is crucial to acknowledge
that saliva droplet remnants, which persist after evaporation,
known as droplet nuclei, can still pose a non-negligible risk of
transmission.

The current study does not argue against using ventila-
tion systems while a room is occupied. In practical scenar-
ios, higher ventilation rates are generally favorable when a
room is not occupied, since increased ventilation promotes
faster evaporation of droplets and more efficient air purifica-
tion, thereby reducing the likelihood of fomite transmission
(transmission through contaminated surfaces). However, ex-
cessively high ventilation rates during occupancy can have
the unintended consequence of transmitting lighter airborne
droplets over greater distances within the room, thus increas-

ing the risk of airborne transmission. The optimal balance
between low and high ventilation rates depends on the in-
teraction between the time the aerosols remain airborne and
the distance they can travel during that time. Lower ven-
tilation rates tend to prolong the airborne time of aerosols,
while higher rates increase the distance they travel. There-
fore, a lower ventilation rate might be preferable when ambi-
ent conditions, such as low humidity, promote rapid droplet
evaporation, thereby eliminating all liquid aerosol droplets.
Conversely, a higher ventilation rate might be more suitable
in conditions where evaporation is slower, forcing smaller
aerosol-borne droplets to settle on surfaces, but not so high
as to prevent settling altogether or cause resuspension of set-
tled particles.

Furthermore, this study shows that the angle at which air
is introduced into the room by the HVAC system also signif-
icantly affects the aforementioned characteristics of aerosol
dispersion. Compared to typical rooms in buildings, most
passenger cabins on cruise ships are considerably smaller and
often have a different, typically L-shaped layout, due to an
en-suite bathroom. The proximity of air supply and return
vents and a reduced room volume can lead to complex and
potentially less predictable airflow patterns. These complex
patterns can lead to the formation of “dead zones” with inad-
equate ventilation or areas where contaminants accumulate,
resulting in higher concentrations.
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