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Summary

We investigate the transmission of aerosol particles in an airplane cabin with
a joint approach using experiments and simulation. Experiments were con-
ducted in a realistic aircraft cabin with heated dummies acting as passengers.
A Sheffield head with an aerosol generator was used to emulate an infected pas-

senger and particle numbers were measured at different locations throughout
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the cabin to quantify the exposure of other passengers. The same setting was
simulated with a computational fluid dynamics model consisting of a Lagrange

christian.leithaeuser@itwm.fraunhofer.de continuous phase for capturing the air flow, coupled with a Lagrange suspended

L . discrete phase to represent the aerosols. Virtual measurements were derived
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from the simulation and compared with the experiments. Our main results are:
the experimental setup provides good measurements well suited for model val-
idation, the simulation does correctly reproduce the fundamental mechanisms
of aerosol dispersion and simulations can help to improve the understanding
of aerosol transmission for example by visualizing particle distributions. Fur-
Corona thermore, with findings from the simulation it was possible to crucially improve

the experimental setup, proving that feedback between the numerical and the
hardware world is indeed beneficial.

KEYWORDS

aerosol transmission, CFD, data analysis, meshfree, particulate matter, simulation

1 | INTRODUCTION

The modeling of aerosols is essential to understand the health and safety implications due to spread of bioaerosols such
as viruses, bacteria and other airborne pathogens. This topic has received a lot of interest since the start of the COVID-19
pandemic. In efforts to mitigate the spread of the SARS-CoV-2 virus, a significant amount of research has been done to
further the understanding of aerosol transmission. With a special focus on indoor environments, research in this direc-
tion has been used to estimate the appropriateness of different health and safety measures (e.g., Reference 1). Many
experimental studies have been conducted to investigate particle transmission and the efficacy of face masks (e.g., Ref-
erences 2-5). To make faster predictions, various numerical simulation models have also been proposed. A lot of work
has been done both from the perspective of general modeling of aerosol spread,®'° and for making predictions in specific
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scenarios, ranging from hospital rooms,''™!* classrooms!* and restaurants,'>!® to aircrafts,!” cars'® and buses.!*?°

We refer to References 21-23 for comprehensive reviews of different computational models for aerosol transmis-
sion. It is important to note that a majority of computational models for predicting aerosol transmission are not
validated against experiments. This introduces significant uncertainties in applying these models to real world
scenarios.

To overcome this, we choose a joint approach in the present work, where both simulations and experiments are carried
out to study aerosol transmission in the same scenario, here inside an aircraft cabin. We introduce a Lagrange-Lagrange
computational framework for modeling aerosol dispersion, and validate our model against our experimental results.
Our study will demonstrate that the workflow to validate simulations by experimental data is not a one-way path, but
that feedback between both the numerical and the hardware world is beneficial. We study the scenario of a fully occu-
pied aircraft cabin where one passenger is assumed to be infected. Potentially virus-laden aerosol particles from this
passenger are then traced throughout the cabin. Our experiments were carried out by Fraunhofer IBP at the Fraun-
hofer Flight Test Facility (FTF, see Reference 17) in Holzkirchen, Germany. Simulations of the same scenario were done
by Fraunhofer ITWM using the in-house CFD software suite MESHFREE.?* The potential applications of the present
work, beyond virus-laden aerosols, also include various other physical phenoma concerning fine solid particles or lig-
uid droplets suspended in air, ranging from the spread of air pollution?> and pollen transmission,?® to the impact of
volcanic ash.?’

Research on aerosol distribution in aircraft cabins, which are the application of the present study, has also been
approached by the manufacturers themselves through different programs, like Airbus with the “Keep Trust in Air Trav-
el” program, Boeing through the “Confident Travel Initiative”, and Embraer through the “Healthy Journey” initiative.
All these programs claim the cabin environment to be relatively safe due to HEPA filtration of recirculation air, a high
air renewal rate, and a top-down airflow pattern. These analyses are based on the so-called perfect mixing assumption,
which neglects the spatial variation of aerosol concentration by assuming that air mixes to a homogeneous state in a
very short period of time, typically 2 to 3 min. This same assumption has also been made to speed up simulation based
approaches to model aerosol transmission in airplanes.?® However, both measurements®®3! and computational mod-
els3233 clearly show a spatial variation with increased concentrations closer to the emitter and lower concentrations
farther away. Experimental work has even shown that the actual risk of infection can be higher than that predicted
by the perfect mixing assumption.3* Thus, in the simulations in the present work, we do not make the perfect mix-
ing assumption and consider transient Lagrangian simulations to predict aerosol concentrations throughout the aircraft
cabin.

The main results from our study are the following: The experimental approach in the controlled but realistic environ-
ment of the FTF leads to meaningful measurements which can be used to validate a simulation model. The fundamental
mechanisms of aerosol dispersion are correctly reproduced by the model. Findings from the model observation can help
to crucially improve the experimental setup. We also show how simulations can help to analyze and understand the key
effects in aerosol dispersion for a specific scenario.

This study is structured in the following way: In Section 2, we begin by defining the two variations of the aircraft sce-
nario which are investigated throughout the rest of the paper. The methods used in the experimental study, the numerical
scheme and the simulation setup are introduced in Section 3. Experimental results, simulation results and the compari-
son of both are given and discussed in Section 4. The discussion is finalized with a collection of the important limitations
of the current approach before we end with concluding remarks in Section 5.

2 | PRELIMINARIES

In this section, we briefly give an overview of the two scenarios considered in both experiments and simulations per-
formed, and introduce the abbreviations used to refer to each scenario. A detailed explanation of the experimental setup
and the simulation approach is presented in the next section.

The experimental setup consists of a realistic aircraft cabin (see Figure 1A) with mannequin dummies acting as pas-
sengers at every seat (see Figure 1B). Henceforth, the mannequin dummies are referred to simply as dummies for the
sake of brevity. A schematic of the entire aircraft cabin used for the experiments is shown in Figure 2. As buoyancy of
emitted heat from passengers is an important effect for the air flow field within the cabin, the dummies are heated during
experiment. We observe that this has a significant influence on the results, and is the primary motivating factor behind
the two scenarios considered.
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(A) (B)

FIGURE 1 Overview of experimental setup at the Fraunhofer FTF: Front view of the empty cabin (left), and a rear view of the fully
occupied cabin with mannequin dummies in yellow (right). (A) Empty aircraft cabin. (B) Fully occupied aircraft cabin. [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 2 Schematic of the aircraft cabin used for the experimental setup. The seat numbers are marked in blue and green, indicating
the row and column numbers respectively. The location of the infected passenger (4G) is marked in red. [Colour figure can be viewed at
wileyonlinelibrary.com]

In all the experiments performed, we consider one infected passenger, located at seat 4G (see Figure 2). The infected
passenger is represented by an aerosol generator connected to a Sheffield head (see Figures 3 and 4). In our first exper-
iments, the source dummy at 4G was replaced with an aerosol generator without heating. In contrast to this, the first
simulation model assumed all dummies to be heated, including the infected dummy. As a result, the simulation results
did not agree with the experiment (more details in Section 4). We then turned off the heating of the source dummy at
4G in the simulations, which resulted in a good agreement between the simulation and experiment. This highlighted
the importance of correctly modeling thermal and buoyant effects. We thus also considered a second scenario, where the
experiment was repeated with a slightly modified setup in which the exhaled particles would directly enter the hot rising
air stream of a heated dummy and the measurements changed as predicted by the original simulation where all dummies
were heated.

The two previously described scenarios will be studied throughout the rest of the manuscript. We introduce the
following shorthand to represent each of the scenarios concisely

« Scenario Source4G_OW: The source dummy (4G) is not heated. All other dummies are heated.

« Scenario Source4G_75W: All dummies are heated.
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(A) (B)

FIGURE 3 Experimental setup in the Fraunhofer flight test facility (FTF) at Fraunhofer IBP: The “Sheffield head” aerosol generator
(left) and the intake tubes for the measurement devices (right). (A) Particle source on seat 4G. (B) Particle measurement. [Colour figure can
be viewed at wileyonlinelibrary.com|

A) (B)

FIGURE 4 Setup of the aerosol source on seat 4G for the two scenarios considered: Neglecting heating at the source location (left), and
with heating at the source location considered by repositioning the Sheffield head (right). In both scenarios, all other dummies are heated.
The right figure also shows the particle source counters on a service trolley, that can be moved along the aircraft aisle. (A) Scenario
Source4G_OW. (B) Scenario Source4G_75W. [Colour figure can be viewed at wileyonlinelibrary.com]

In both cases, the first part of the scenario name refers to the location of the aerosol source at seat 4G. The second part
refers to the power used to heat the infected dummy.

3 | MATERIALS AND METHODS

In this section, we explain the experimental setup used in further detail, the computational models employed, and the
simulation setup.
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3.1 | Experimental setup

The experimental tests were conducted in the Fraunhofer Flight Test Facility (see, e.g., References 17,35,36), henceforth
FTF, located in Holzkirchen, Germany. The FTF is a full-size demonstrator (see Figure 1) consisting of a front section of
a long-range twin-aisle aircraft with a diameter of 9.6 m and a length of 30 m. It has a circulating air extraction in the
triangle area (cheeks), corresponding exhaust air in the bilge section, and original ceiling air inlets. Furthermore, lateral
air inlets have been refurbished to be compliant with aircraft cabins supplying air both below and above the stow bins.
The cabin section consists of 10 rows of economy seating in a 2-4-2 arrangement, see Figure 2. The heat load and rough
shape of passengers are represented by heated dummies (see Figures 3 and 4). These are Styrofoam bodies wrapped with
a resistive wire, which emit 75 W each. Recirculation air is HEPA filter before being resupplied to the cabin ventilation.
The ventilation was adjusted to a flow rate of 9.41/s per passenger. The flow was divided to the ceiling air inlets (80%) and
the lateral air inlets (20%). See Figure 5 for an illustration of the location of the air inlets.

A Sheffield head with an aerosol generator is placed on seat 4G within this setup. The aerosol generator (Figure 3A)
is connected to a machine that ensures 9 breaths per minute at 0.715 1/breath airflow rate*. A Palas aerosol generator
with a saline solution is placed below the head, thus providing aerosolized particles into the breathing flow. The aerosol
generator is specified to emit particles in the diameter range from 5nm to 15 ym.

Measurements of particle concentrations were carried out using two particle counters: A Fidas Frog particle counter
with a measuring range of 0.18-20 ym and a WCPC particle counter with a measuring range of 2.5 nm-4 ym. Both particle
counters are placed on a service trolley that is moved through the cabin. Measurements of particle concentrations were
done at different seat numbers. At each measuring position, the sample inlet was fixed in the area of the heated dummy
where the nose would be (Figure 3B). At each location, measurements were taken for 5 min before moving to the next
location. Measurements are shown in Figures 6 and 7. These values are time averaged particle number concentrations
(dCn) consecutively measured in the cabin.

Two series of tests were carried out on different days for our two scenarios. In the first test representing scenario
Source4G_OW the heated dummy on seat 4G was removed and the Sheffield head with the aerosol generator was installed.
This setup is shown in Figure 4A. In the second test representing scenario Source4G_75W the Sheffield head was reori-
ented on seat 4G such that it breaths into the plume produced by the heated dummy on seat 3G. Hence, particles could
lift with the plume now. The setup for this scenario is shown in Figure 4B.
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FIGURE 5 Computational geometry for the simulations. Only a single row of passengers is considered in the simulations, the
implications of which are discussed in Section 4.4. The ceiling and lateral air inlets are marked in blue, while the air outlets at the floor are
marked in pink. [Colour figure can be viewed at wileyonlinelibrary.com]
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AVATOR test series, 2021-07-13 WCPC in p/cm?
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FIGURE 6 Measurements for scenario Source4G_OW carried out during the AVATOR project on July 13, 2021. The seat numbers
where measurements were carried out are shown in blue circles. The corresponding concentrations measurements are shown beside the seat
numbers. Concentrations measured by the WCPC particle counters are shown in green, and those by Fidas particle counter are shown in
blue. [Colour figure can be viewed at wileyonlinelibrary.com]

3.2 | Computational modeling-Air phase

The computational modeling and simulations for both the air and droplet phases are done using the in-house software
suite MESHFREE,* which is a very flexible multi-physics solver. The verification of the schemes, and validation of the
basic numerical framework used can be found in our earlier work.3”-4°

The underlying mathematical model governing the simulations is a two phase flow process, comprising of a
Lagrangian continuous phase for the air flow and a Lagrangian discrete phase for the aerosol. As the aerosol particles are
very small, a one-way coupling of air flow to droplet phase is justified for modeling the aerosol spread in the simulated air
flow. We explain the air phase modeling in the present subsection, and cover the aerosol modeling in the next subsection.

3.2.1 | Physical model

The physical model governing the air flow is given by the conservation of mass, momentum and energy equations in a
Lagrangian formulation

Dp R
= =—pV-v, 1
or = PV Y 1)
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ViruKab test series, 2022-03-18 WCPC in p/cm?®
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FIGURE 7 Measurements for scenario Source4G_75W carried out during the ViruKab project on March 18, 2022. The seat numbers
where measurements were carried out are shown in blue circles. The corresponding concentrations measurements are shown beside the seat
numbers. Concentrations measured by the WCPC particle counters are shown in green, and those by Fidas particle counter are shown in
blue. [Colour figure can be viewed at wileyonlinelibrary.com]

D(pv R

g’tv)=v-S—Vp+pg, )
D(pE . .
(DLt)=V-(Sv)—v-(pv)+pg-v+v-(WT)+q, (3)

withE =c,T + %17 -V, and primary variables density p, velocity v, pressure p and temperature T. Here, g consists of gravity

and body forces, c, is the specific heat capacity, 4 is the heat conductivity, and g contains heat sources. % indicates the
material derivative. The stress tensor S is composed only of viscous terms, and is given by

S =S®@) = neff((vﬁ) + (V)T — %v - 1), (4)

where 7 is the effective viscosity, consisting of a laminar part # and a turbulent part 7. The governing equations of
Equations (1)—(3) are closed by the ideal gas law

p= , (5)

R, T
where Ry = 287.05 J/(kg K) is the specific gas constant of air. Due to the ideal gas law, buoyancy is represented in the model.
We also incorporate turbulent effects in the air flow with a standard k-¢ turbulence model, with fluctuating dilatation and
source terms omitted,**? and a logarithmic wall function in the vicinity of wall boundaries.
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To simplify the notation, we did not explicitly state that the variables in Equations(1)-(5) are for the air phase.
Henceforth, physical properties and variables of the air phase are denoted with the subscript air, for example, Vair, Pair
and paj.

3.2.2 | Meshfree point cloud formulation

To discretize the computational domain of the air phase, a cloud of scattered and unstructured points are placed on both
the interior and the boundary of the domain.** This meshfree formulation of domain discretization is used to avoid the
process of mesh generation in the complex domain within the airline cabin. Throughout the simulation, points move in a
Lagrangian sense with the fluid velocity field. Thinning and filling procedures are employed to fix any resultant distortion
that may arise.3%4344

3.2.3 | Derivative computation

All spatial derivatives are approximated using a meshfree Generalized Finite Difference Method (GFDM),**8 which is a
collocation method that generalizes classical finite differences to arbitrarily spaced points.**>° GFDMs have been widely
shown to be robust, and have been used for a variety of applications, see, for example References 51-54.

3.24 | Time integration

The time integration begins with the Lagrangian motion of the points, which is done using an explicit second order
method.>® This is followed by the determination of the pressure and velocity using a segregated approach which resembles
a Chorin-type projection method.*>->33¢ The next step is to update the temperature field with an implicit Euler inte-
gration of the energy conservation equation, followed by the numerical integration of the turbulent kinetic energy and
disspiation.>® For details of the overall numerical scheme, we refer to our earlier work.38>1:53

3.3 | Computational modeling-Aerosol phase

We model the aerosol with a finite number of particles or droplets suspended in the air flow. We henceforth use the nomen-
clature of droplets and particles interchangeably and with the same meaning. This highlights the fact that in a general
case, these could represent both solid particles and liquid droplets. We use the subscript drop to denote droplets/particles,
and distinguish their physical properties from the corresponding ones of the air phase.

3.3.1 | Physical model

Droplets are assumed to be in free flight. They are modeled in a moving Lagrangian framework, with their movement
governed by equations of motion

Dvg F F -
P e el (6)
Dt Mgrop Mdrop

where Vgrop and marop are the velocity and mass of the droplet respectively. Furthermore, Fp denotes the drag force on

the droplet, ﬁp denotes the force due to pressure gradients in the airflow, and g is the gravitational acceleration. The drag
force on the droplet is determined using a classical drag equation

= 1 - - - -
FD = ECDPairAdrop (Vair - vdrop) ”Vair — Vdrop ” ’ (7)

85UB01 7 SUOWIWOD SAIIER.D 3|gedldde ay) Aq peusencb 8. oo VO ‘88N JO SaINJ 10} A%eiq i 8uljuQO A1/ UO (SUOTIIPUOO-PUE-SWBIALI0D" A3 1M AJelq | Ul |Uo//Sdny) SUORIPUOD pue swe 1 8y} 89S *[¢20z/£0/60] U0 Akeid)auluo A8|im ‘Binoquiexn-aueiyooD Aq 222G P1I/Z00T OT/I0p/W0d A8 im Areiqijeul|uoy/sdny woiy pepeojumod ‘9 ‘v20z ‘€950.60T



LEITHAUSER ET AL. 999
WILEY——2

for droplet cross sectional area Agyop, and drag coefficient Cp. Furthermore, Vair is the velocity of the air phase at the
location of the droplet. The pressure gradient force is given by

ﬁp = _VpairVdrop7 €]

where Vp,;, is the pressure gradient of the air phase at the droplet location, and Vyyop, is the volume of the droplet. The
droplet is assumed to be perfectly spherical with a diameter dgrop. Thus, Equation (6) becomes

Dl_}dmp _ éc Pair 1

- > - > 1 .
— (Vair =V Vair — V — ——Vpair + 8, 9
Dt 4 Dpdrop ddrop( air drop)” air drop” Parop DPair T 8 ( )

with droplet density parop = 10> kg/m”.

3.3.2 | Time integration

Performing an explicit time integration of Equation (9) imposes a severe time step restriction. Explicit treatment of the
drag term would restrict the time step used to a fraction of the particle relaxation time ¢, given by

3 Pair 1 - -
I Z — [[Vair — Vdrop”- (10)

D
Pdrop ddrop

To avoid this time step restriction, we perform a semi-implicit time integration. We start by rewriting Equation (9) as

Dy . -
D;0p = (I)(Vair - vdrop) + Y, (11)
where
3 Pair 1 - >
®=-Cph— IVair = Varopll » 12
4 Pdrop ddrop o op (12
= 1 >
¥=-—Vpair+g. (13)
Pdrop

For the time integration of Equation (11), we treat @ explicitly, by assuming it to be constant within a time step. With this,
we perform an analytical ODE integration of Equation (11) given by

. - e
TV =K 4 (vdg’g; -g" )exp(—Atq><">), (14)
with
_ (n)
=W _Sm W
=Var t oW : (15)

This velocity integration is preceded by the Lagrangian motion,> similar to that done for the air phase. The quantities
stemming from the air phase, V,;; and Vp,, are interpolated at the droplet positions from the corresponding values of
nearby air phase points.

3.4 | Simulation setup

We now define the simulation setup for the air flow simulation and the subsequent droplet simulation. All relevant
parameters used for the simulation are summarized in Table 1.

85UB01 7 SUOWIWOD SAIIER.D 3|gedldde ay) Aq peusencb 8. oo VO ‘88N JO SaINJ 10} A%eiq i 8uljuQO A1/ UO (SUOTIIPUOO-PUE-SWBIALI0D" A3 1M AJelq | Ul |Uo//Sdny) SUORIPUOD pue swe 1 8y} 89S *[¢20z/£0/60] U0 Akeid)auluo A8|im ‘Binoquiexn-aueiyooD Aq 222G P1I/Z00T OT/I0p/W0d A8 im Areiqijeul|uoy/sdny woiy pepeojumod ‘9 ‘v20z ‘€950.60T



™ | WILEY

LEITHAUSER ET AL.

TABLE 1 Modeling parameters used in the simulations.
Parameter Value
Vdomain 9.6m’

e s il lat
Air: Inlet boundary conditions on I';s" and I';3

Npass 8
Vpass 9.41/s
Jeeil 80%
Jiat 20%
T; 16.4°C
Air: Boundary conditions on the surface of the heated dummies Fidummy
Ty 75W
Doy oW
75W
Air: Boundary conditions for the aerosol source T'*S
Voreath 0.715/breath
Joreath 9 breath/min

Air: Material parameters and initial conditions

Pair See ideal gas law Equation (5)
Air 0.0262 W(m K)

Cpair 1000J(kgK)

Nair 0.00001 Pas

Tinit 23°C

Particles: Boundary conditions for the aerosol source
[5 nm, 15 ym)]
40
0.5 droplet/cm?
Pdrop 1000 kg/cm3
Particles: Measurements
[2.5nm, 4 ym]|
[180 nm, 20 ym]

Fmeas 20cm

34.1 | Geometric setup

Description

Volume of the computational domain

Number of passengers in the simulation domain

Fresh air volume flow rate per passenger

Fraction of total fresh air volume entering through Ficrf“
Fraction of total fresh air volume entering through F}i‘

Temperature of fresh air entering the cabin

Heat emitted by a single dummy i (except source dummy)
Heat emitted by source dummy for scenario Source4G_0W

Heat emitted by source dummy for scenario Source4G_75W

Volume of a single breath of the source dummy

Breath frequency of the source dummy

Temperature dependent density of air
Thermal conductivity of air

Specific heat capacity of air

Dynamic viscosity of air

Initial temperature of the air at the start of the simulation

Diameter range for the particles emitted by the source
Number of discrete diameter species
Total particle concentration in the air emitted by the source

Density of aerosol droplet

Diameter detection range of the WCPC measurements
Diameter detection range of the Fidas measurements

Radius around face to evaluate simulated concentration

The computational domain for our simulation of the cabin scenario is shown in Figure 5. To keep the computational
complexity in a feasible range, we restrict the domain to a single row of the cabin. This is a significant simplification,
the implications of which will be discussed in Section 4.4. There are Np,ss = 8 dummies within our domain which we
identify by their seat number (4A, 4C, 4D, 4E, 4F, 4G, 4H and 4K). The dummy on seat 4G acts as the aerosol source and
measurements are taken on seats 4A, 4D and 4H. Note that during the experiment tests at the FTF, measurements were
also taken in other rows of the cabin. These are outside of our computational domain and can therefore not be used for

the current comparison.
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3.4.2 | Air flow simulation

Fresh air enters the cabin through the air inlets (see Figure 5). The volume flow rate is V. = 9.41/s per passenger. So
the total flow rate for the simulated segment is

Vin = pass * Vpass = 7521/8,

where fe.ii = 80% enter through the ceiling air inlets Ficgﬂ and fiar = 20% through the lateral air inlets Fﬁt- The temperature
of the fresh air is Ti, = 16.4°C. The flow rate and temperature of the air inlets are chosen such that an average temperature
of 23°C is maintained within the cabin, when considering the heat emitted by the passengers. The air outlet I'yy, is at the
sides of the cabin floor. The boundary condition is such that the mass flow out of the domain matches the mass flow into
the domain. Furthermore, the pressure is set to atmospheric pressure p, = 1.01325 X 10°Pa at the outflow.

Each dummy i emits qilummy = 75 W as a constant heat source uniformly distributed over the surface of the body. This
is modeled by the boundary condition

q .
Air 0T = ——2m o (16)

i dummy
dummy

where Agummy is the surface area of Fgumm .
In scenario Source4G_OW, the Sheffield head on seat 4G is acting as the aerosol source without internal heating
(Figure 4A). For this setup the orange Styrofoam dummy was removed to make room for the aerosol generator. Thus the

heat source on seat 4G is set to

qﬁgmmy =0W for scenario Source4G_0W. 17)

For scenario Source4G_75W, the heat source on 4G was set to

qﬁﬁmmy =75W for scenario Source4G_75W (18)

similar to all other dummies.

Remark 1. For both simulation scenarios the same computational geometry (Figure 5) was used, that is,
geometrically it was not accounted for whether the dummy on 4G was present or not. Instead the heat
source term in the boundary condition of the dummy was turned off and on, respectively. Furthermore,
we want to point out that in the experimental setup for scenario Source4G_75W the Sheffield head was
repositioned so that it would breath into the plume of the dummy on 3G (Figure 4B). While we expect
that this has a similar rising effect on the droplets, it is not the exact same setting as considered in the
simulation.

The boundary condition l"r‘n%uth for the mouth of the source dummy is modeled with an alternating volume flow rate

. 4G . .
Vmouth = Vbreathfbreath” sin(2z tfbreath) (1 9)

where Viean = 0.7151/breath is the volume of a single breath and fiyean = 9 breath/ min is the breath frequency while ¢
is the simulation time. The exhale temperature of the artificial aerosol generator is assumed to be Tpreatn = 23°C. For the
other dummies no breathing is modeled.

The cabin wall 'y, is modeled as an isolated no-slip wall. The front and back boundaries I'open, 0f the computational
domain, which are open to the rest of the cabin, are modeled as isolated slip walls.

An important aspect when modeling interior air flow is buoyancy, that is, warm air rises upwards. This especially hap-
pens in proximity to a body which heats the surrounding air. The reason for this effect is that the density of air changes with
the temperature which is modeled by the ideal gas law Equation (5). The thermal conductivity Au; = 0.0262 W/(m K)
and specific heat capacity cp i = 1000J/(kg K) of the air are assumed to be constant.

The simulation is initialized as a resting flow with a constant initial temperature of Ti,;; = 23°C.
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3.4.3 | Droplet simulation

The aerosol generator is specified to emit droplets in the diameter range from 5nm to 15 ym. The exact diameter distribu-
tion and particle numbers are unknown and could not be measured because they exceeded the range of the sensors. For
the simulation we use the following simple approach to sample droplets: We sample uniformly from 40 discrete diam-
eters which are equally spaced in the logarithmic space in [5 nm, 15 ym]. For the simulation we use a representative
droplet density of 0.5droplet/cm3. In reality the droplet density is much larger so every simulated droplet represents many
real droplets, but the absolute relation is unknown. The limitations of this rough estimate on the droplet distribution is
discussed in Section 4.4.

We note that for simulating living passengers realistic aerosol concentrations can be found in Reference 57 and the
protective effects of face masks can be modeled using loss curves from Reference 58.

3.44 | Evaluating particle measurements from simulation
The experiments used two instruments for the measurement of particle concentrations with different detection ranges:

« WCPC-Diameter detection range: [2.5nm, 4 ym]

« Fidas-Diameter detection range: [180 nm, 20 ym|

We emulate taking virtual measurements from the simulation in the following way: Measurement positions within
our computational domain are the seat positions 4A, 4D and 4H. At any given time during the simulation we evaluate the
particle concentration within a ball of radius 7peas = 20 cm around the mouth of the dummy at the measurement position.
Only the particles in the relevant diameter range (WCPC/Fidas) are considered when computing the concentration.

3.4.5 | Simulation sequence

The computational costs of the airflow simulation are the limiting factor for the computation. In total, 60s of airflow
were simulated. However, this is not enough to reach an equilibrium in the droplet simulation. Therefore the following
strategy was used: The airflow was simulated for the time interval [0s, 60s]. Since the airflow was initialized with a
resting flow we consider the first 20 s of the flow simulation as an initialization period. We assume that the interval [20s,
60s] is representative for the typical airflow in the cabin. Then, we start our droplet simulation at time 20s and want
to simulate for 480 s, that is, the simulation interval for the particle simulation is [20s, 500s]. The valid interval of the
airflow simulation (i.e., [20s, 60s]) is periodically mapped to the droplet time. So this of course means that the airflow
data which the particle simulation uses has a discontinuity every 40s (e.g., at times 60s, 100s, ... ).

The particle simulation also needs some time to reach its equilibrium. The volume of our computational domain is
Viomain = 9.6 m> and we can derive that between the start of the particle simulation and the time 300 s the air within the
cabin has on average been exchanged 2.2 times by the ventilation system, and at time 500 s the air has been exchanged 3.8
times. For our analysis we will assume that this is enough to reach an equilibrium state and consider the interval [300s,
500 s] as valid for taking measurements from the particle simulation (cf. Figures 9A and 10A).

4 | RESULTS AND DISCUSSION

We now summarize the results of the experiments and simulations, and provide a comparison of the two.

4.1 | Experimental results

Experiments were conducted on two separate days at the FTF. Measurements for scenario Source4G_OW were carried
out on July 13, 2021 during the AVATOR" project. Since the simulation showed a major impact (cf. Figures 12 and
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13) of the fact whether heating is provided below the Sheffield head, the test was repeated for scenario Source4G_75W
to be more realistic of the actual airline cabin situation. The second test series was carried out on March 18, 2022
during the ViruKab* project. A summary of the measurements recorded at different locations is given in Figures 6
and 7.

Since the tests were conducted on different dates, there is a possibility for uncontrolled changes in the test setup. Mea-
surements were taken consecutively by moving the apparatus through the cabin. The supply airflow rates were monitored
and it is assumed that the ventilation condition prevailed for the whole exposure so that the results are not expected to be
influenced by temporal variations. The breathing apparatus releases particles as they are and there is no means to control
the size distribution. It was tried to measure particle distribution directly in the breath, but concentrations exceeded the
range of the sensors.

4.2 | Simulation results

A visualization of the simulation results for scenario Source4G_OW is shown in Figure 8. The air flow is shown in
Figure 8A, with the color indicating the air velocity. The figure shows that air is moving upwards from the heated dum-
mies. The source dummy on 4G is not heated for this scenario and the graphic shows less air movement in proximity
to this dummy. Figure 8B shows the particle distribution shortly after the particle simulation was started and Figure 8C
shows the particle distribution within the cabin after an equilibrium has been reached in the sense that local particle
concentrations have leveled out.

Simulated particle concentrations relative to the source concentration for both scenarios are shown in Figures 9
and 10. The concentrations were determined from the simulations as described in Section 3.4 and then divided by
the source concentration. Note that the relative concentration can be interpreted as the reduction factor between
the concentration exhaled by the source and the concentration inhaled by another passenger. Figures 9A and
10A show the temporal evolution of the concentration. These plots were smoothed with a moving Gaussian
average (o =20 s). Figures 9B and 10B show bar plots of relative concentration averaged over the time interval
[300s, 500s].

The simulated measurements are generally highest at seat 4H and lowest on the other side of the cabin at 4A. This is
reasonable because the source at 4G is closer to 4H. The concentration at 4H is also higher than the concentration at 4D
even though both positions have a similar distance to the source. This can be explained by the fact that the flow is roughly
divided between the two sides of the cabin and more of the air which passes 4G tends to flow towards the air outlet at the
floor near 4H.

Remarkable are the differences at seat 4H when comparing the two scenarios: In scenario Source4G_75W the
concentration at 4H is about three times higher than in scenario Source4G_OW. The reason for these large dif-
ferences may be understood from Figure 11: In scenario Source4G_75W the source dummy at 4G is heated and
more air rises upwards in proximity to the source. The rising air also carries more particles upwards, as we
can see from Figure 11A. These rising particles eventually reach the air flow from the ceiling inlets and are
blown down in the direction of 4H (see Figure 11B). Of course a similar effect also happens in the unheated
lab case Source4G_OW, but here less particles rise upwards so the effect is less prominent. Figure 11C compares
the particle concentrations at the end of the simulations. The arrows illustrate the different main particle trajec-
tories towards 4H which eventually lead to the surprisingly large differences in concentration between the two
scenarios.

The differences between the diameter ranges of the WCPC (smaller) and Fidas (larger) particle counters do not seem
to be significant at positions 4A and 4D. At position 4H there are less larger particles than smaller particles. A possible
explanation might be the following: Many of the particles that reach 4H first move up from 4G to the ceiling and then drop
down onto 4H. Here larger particles may have a disadvantage because they rise less easily. On the other hand, particles
moving towards 4D and 4A cannot rise that high because the ceiling is blocked by the baggage compartments and thus
their main trajectory is horizontal.

Computational costs for the simulations were significant: The air flow simulation (60 s of real time) took about 50 h on
the Cluster “Beehive” of Fraunhofer ITWM using 168 cores (Intel Xeon Gold 6132 “Skylake” @ 2.6 GHz). The subsequent
simulation of the aerosol particles (480 s of real time) took about 6 h. However, most of this time was spend on loading
the air flow data from disk, leaving much room for improvement.
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FIGURE 8 Visualization of the simulation results for scenario Source4G_0W. (A) Simulated airflow in the cabin. The color indicates
the velocity. Note the slower air movement at the unheated source dummy on 4G. (B) Droplet distribution shortly after starting the droplet
simulation. (C) Droplet distribution at the end of the simulation. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Simulation results: droplet concentration (relative to the source) for scenario Source4G_OW. Left: Time evolution of
particle concentrations at different locations (seats 4H, 4D, 4A) and different particle size ranges (WCPC, Fidas). Right: Averaged
concentration over the time interval [3005s, 500s]. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Simulation results: droplet concentration (relative to the source) for scenario Source4G_75W. Left: Time evolution of
particle concentrations at different locations (seats 4H, 4D, 4A) and different particle size ranges (WCPC, Fidas). Right: Averaged
concentration over the time interval [3005s, 500s]. [Colour figure can be viewed at wileyonlinelibrary.com]

4.3 | Comparing simulation and experimental results

To keep the simulation costs in a feasible range the computational domain was limited to a single row of the air-
craft cabin. Three of the measurement positions (4A, 4D, 4H) lie within this simulation domain and can be used
for the comparison. However, the absolute particle concentration emitted by the aerosol generator is unknown and
could not be measured because the concentration exceeded the measuring range of the sensors. Therefore, we can
only compare relative concentrations. To do this we use position 4D as the reference: All measured concentrations are
divided by the measured concentration at 4D and all simulated concentrations are divided by the simulated concen-
tration at 4D. The resulting comparison of simulations against experimental measurements are shown in Figures 12
and 13.

The overall agreement between simulation and measurement is good. Especially the large differences in concentra-
tion at seat 4H between our two scenarios are confirmed by the experiments. At seat 4H, some deviations are obvious.
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FIGURE 11 Comparison between the simulations of scenario Source4G_O0W (left) and scenario Source4G_75W (right). (A)
Immediately (3 s) after the start of the particle simulation. (B) Shortly (9 s) after the start of the particle simulation. (C) Equilibrium of the
particle simulation. The arrow indicates the main particle trajectories from the source at 4G to the measurement location 4H. [Colour figure
can be viewed at wileyonlinelibrary.com]

Measurement (Figures 6 and 7) reveals a high gradient between seats 3H, 4H and 5H. Hence, a small longitudi-
nal variation will result in a relatively large change in particle concentration, thus being a challenge for 1:1 model
validation.

In three of the four measurements at seat 4A the concentration is largely underestimated by the simulation.
Potential cause can be simplifications used in the simulation model, like the rough estimate for the droplet size dis-
tribution which would have an impact on the particle drop rate. Since seat 4A is furthest away from the source
a slightly larger drop rate could easily lead to a reduced particle accumulation at 4A. The cabin ventilation sys-
tem has been implemented as symmetrically as possible, but an unbalance cannot be excluded that might lead
to more particles being diverted towards seat 4A than expected by the fully symmetric setup assumed for the
simulation.
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FIGURE 12 Comparison of simulations and experiments: Relative particle concentrations for scenario Source4G_0W. (A) WCPC
(2.5nm-4 ym). (B) Fidas (180 nm-20 um). [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 13 Comparison of simulations and experiments: Relative particle concentrations for scenario Source4G_75W. (A) WCPC
(2.5nm-4 ym). (B) Fidas (180 nm-20 ym). [Colour figure can be viewed at wileyonlinelibrary.com]

4.4 | Discussion of limitations

There are a number of limitations in the current approach which can be fixed to get more precise results: The compu-
tational domain for the simulation model is currently limited to one seating row. A larger domain would make more
measurements available for comparison and it would reduce the influence of the open wall boundary conditions, thus
improving the accuracy of the air flow simulation. The size of the computational domain is currently limited by the
computational costs of the CFD simulation for the air flow. Another limitation is that the absolute number of particles
released by the aerosol generator is unknown and could not be measured. As a result we had to use the measurement at
4D as a reference to compare experiment and simulation. Thus 4D could not be used as an independent measurement for
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the validation. Overall, it would be very desirable to have more measurement positions which can be used for a proper
validation of the simulations model. The logarithmically uniform distribution used by our model can certainly be refined
by a better estimate or the exact distribution obtained from measurements. Another limitation was the setup of the aerosol
source: For scenario Source4G_75W the Sheffield head was placed so that it would breath into the plume of the heated
dummy sitting directly in front. We expect that this setup has a similar rising effect on the aerosol but it is not the exact
same setting as a real passenger. It would be more realistic if the currently used Sheffield head and heated dummy could
be combined into a single entity. Furthermore, the current scenarios are static with the Sheffield head always breathing
in the same direction, in contrast to a real scenarios where passengers would move their heads and release aerosols in
different directions.

5 | CONCLUSION

We presented a Lagrange-Lagrange computational model to predict aerosol dispersion inside airplanes using transient
and non-isothermal flow. The simulation model is validated against experiments which were also done in the present
study. This work shows that the workflow to validate simulations by experimental data is not a one-way path, but that
feedback between both the numerical and the hardware world are beneficial. In a first attempt to validate the simulation
against experimental data, the importance of the buoyancy induced airflow above passengers was clearly proven. As a
result, the experiment was adjusted such that the breath interacted with a thermal plume of a dummy. This resulted in
better match between simulation and experiment, due to a better suited test setup. Furthermore, measurements highlight
the effect of distance from the emitter in the aircraft cabin. The cabin ventilation in combination with HEPA filtration
proves to be effective on a global view, nevertheless sitting next to an infected passenger will result in increased levels of
exposure.
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ENDNOTES

*Fraunhofer IBP has filed a patent application for this setup with alternating aerosol generation.

T AVATOR-Anti-Virus-Aerosol: Testing, Operation, Reduction: Fraunhofer versus Corona campaign funded by Fraunhofer.
#ViruKab: Aviation research program BayLu25 funded by the Bavarian Ministry of Economic Affairs.
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