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Airflow design and source control strategies for reducing
airborne contaminant exposure in passenger aircraft cabins

during the climb leg

HOSSAM A. ELMAGHRABY' (), YI WAI CHIANG,?

AND AMIR ABBAS ALIABADI**

'Mechanical Engineering Program, University of Guelph, Guelph, Ontario, Canada
2Environmental Engineering Program, University of Guelph, RICH 2515, Guelph, ON NI1G 2W1, Canada

The climb leg is one of the most acceleration-intensive periods in a passenger aircraft flight. It was previously found that the
passenger exposure to cough-released airborne contaminants during a climb may reach 2.8 to 3.0 times that compared to other legs
(Elmaghraby et al., Science and Technology for the Built Environment, 2019, accepted. DOI: 10.1080/23744731.2019.1576457). In the
current study, airflow design and source control strategies are researched numerically for their ability to reduce cough-released
airborne contaminant dispersion in the cabin of a Boeing 767-300 aircraft during a climb. Sulfur hexafluoride (SFs) was used to
mimic the contaminant, which mainly includes cough-released particles in the size range 1.6 to 3 pm in diameter. The airflow design
strategies involved altering the supply airflow direction and changing the supply airflow rate. The source control strategies involved
changing the cough direction, varying the cough velocity or flow rate, and moving the cougher to different locations in the cabin.
Among all cases, relocation of the cougher, changing the airflow direction, and modest increases in airflow rate exhibited the highest
reduction in passenger exposure to contaminant compared to the baseline climb case. The exposure reductions were 0.5-0.7 times for

the first case, 0.5-0.7 times for the second case, and 0.6-0.7 times for the third case.

Introduction

Air quality and disease transport aboard passenger aircraft
have been an intensive research topic in the past few deca-
des, as inferred from a large number of studies in literature
(Drake and Johnson 1990; Dechow et al. 1997; Haghighat
et al. 1999; Hocking 2000; Nagda and Hodgson 2001;
Waters et al. 2002; Lin et al. 2005; Zhang et al. 2009;
Poussou et al. 2010; Isukapalli et al. 2013; Li et al. 2016;
Yang et al. 2018). This is because the transmission of air-
borne viruses, such as influenza, tuberculosis, and SARS, is
escalated in the closed cabin space through direct passenger-
to-passenger exposure and/or from contaminated surfaces
(Mangili and Gendreau 2005; European Centre for Disease
Prevention and Control 2018). Examples for such transmis-
sions are the in-flight SARS outbreak in China in 2003 and
the outbreak of influenza A(HIN1) in 2009, whose
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introduction was caused by air travel (Aliabadi et al. 2011).
In addition, the complex environment inside passenger air-
craft cabins due to the high occupant density and the wide
range of passenger activity provides suitable grounds for air
quality deterioration and spread of airborne contaminants if
no proper remedial measures are taken (ASHRAE 2013;
Elmaghraby et al. 2018).

Passenger aircraft perform several flight legs, which are
ordered as takeoff, climb, steady level flight (cruise), descent,
and landing. During those legs, the aircraft moves at high
speeds and experiences various accelerations (Hull 2007).
With those accelerations, body forces occur that can signifi-
cantly affect the airflow patterns and airborne contaminant
dispersion within the aircraft cabin. To the authors’ know-
ledge, no previous aircraft ventilation or air quality studies
have investigated the effect of such body forces on in-cabin
airflow patterns and contaminant dispersion behavior. Rather,
studies in the literature have considered that aircraft are sta-
tionary or in cruise mode, for which the only applicable body
force results from the gravitational acceleration.

However, Elmaghraby et al. (2019) found in a recent study
on a Boeing 767-300 aircraft model that among the steady
level flight, climb, and descent legs, the climb leg exhibited
the highest levels of contaminant surrogate (SF¢) exposures,
released from a cough, at two different monitoring locations
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Fig. 1. The Boeing 767-300 cabin model used in the current
study. a. Isometric view of the geometry built in ANSYS. b.
Plan view for the seats with the cougher/injector position (red
square) and the contaminant concentration monitoring points
(blue circles). From Elmaghraby et al. (2019).

in the cabin. In addition, variations in airflow patterns and air-
flow circulation (r) from one flight leg to the other were
noticed. This indicates that acceleration-induced body forces
on aircraft have a significant influence on both airflow pat-
terns and contaminant dispersion in the cabin and require fur-
ther investigation, especially in the form of parametric
variations and finding possible means of mitigation
(Elmaghraby et al. 2019).

In the current study, different airflow design and source
control strategies are investigated as mitigation or reduction
means for the increased cough-released contaminant expos-
ure in a passenger aircraft cabin during the climb leg using
numerical simulations. The case for the descent leg was not
studied due to the evidence that contaminant exposure is not
significantly influenced for those legs (Elmaghraby et al.
2019). Airflow design strategies such as changing airflow
supply direction and altering airflow rate are employed. The
source control strategies considered are changing the cough
(or contaminant release) direction, varying the cough vel-
ocity/volumetric flow rate, and moving the cougher to other
locations in the cabin. Additionally, a continuous mouth-
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breathing scheme is employed in the cabin instead of the
cough. Lastly, cough-released particles of different sizes are
investigated for their dispersion behavior in the cabin during
the climb and steady flight legs.

Methods

Cabin model geometry

The aircraft cabin model designed and built in the previous
study (Elmaghraby et al. 2019) was based on adopted measure-
ments from two studies in literature: an experimental study by
Sze To et al. (2009) and a computational fluid dynamics (CFD)
simulation study by Wan et al. (2009) that followed. The ori-
ginal cabin mock-up replicates a full-size sectional economy-
class cabin of a Boeing 767-300 passenger aircraft that has 21
seats arranged in three rows. The dimensions of the cabin
mock-up are 49 m x 3.2 m x 2.1 m (W, L, H). The cabin
mock-up is located at the International Centre for Indoor
Environment and Energy, Technical University of Denmark,
Lyngby, Denmark (Strem-Tejsen et al. 2007). For more details
about the cabin mock-up’s configuration and control systems,
the original study by Strem-Tejsen et al. (2007) can be con-
sulted. In addition, detailed information about the experimental
work performed on the dispersion and deposition of expiratory
particles in the aircraft cabin mock-up can be found in Sze To
et al. (2009) and Elmaghraby et al. (2019). Figure 1 depicts the
isometric view (DesignModeler software in the ANSYS 17.0
CFD package) and a plan view for the aircraft cabin model.

Governing Equations

The governing equations solved in ANSYS FLUENT 18.2
and 19.1 for the current model are detailed in the previous
study by Elmaghraby et al. (2019) and are summarized here:
e  The mass conservation (continuity) equation:

15) -

S+ V.(o7) =0, (1)
where p is the in-cabin air density, ¢ is the time, and Vs
the flow velocity vector. Because the density p in the model
is constant (independent of space and time), except where
buoyancy effects are accounted for, the continuity equation

simplifies to the kinematic condition that the velocity field
should be solenoidal or divergence-free (Aliabadi 2018),

v.(7) =o. )

e The momentum conservation equation:

a = = = = — —
E(PV) +V.(pPV) = -Vp+V.(2) + pg + pd, (3)

where p is static pressure, T is the stress tensor, and g and @
are the gravitational and external body accelerations, respect-
ively (ANSYS Inc. 2015).
e The energy equation:

-

g(pE) + V'(V(pE +p))

. o 4
=V. (keffVT— Zthj + ('T'eff~V)) + Sh, @
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Table 1. Boundary and initial conditions for the model.
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Boundary and initial conditions

Value

Supply air temperature

Supply airflow rate

Supply air absolute humidity
Cabin wall temperature
Heating cylinder heat release
SF¢ (cough) release location
Air velocity at release location

24°C

200L s (corresponds to a supply velocity of 2.61 m s~ ')
0.92¢g kg (corresponds to 5% relative humidity at supply air temperature)

18°C
60 W per cylinder (person)
Seat C4
10.6ms™

where ke is the effective conductivity = k+ k; (k; is the
turbulent thermal conductivity), 7 is the temperature, J; is
the diffusion flux of species j, and S is and additional volu-
metric heat source (e.g., passenger bodies). E is defined as

E=h-5+-, (5)

where /4 is the sensible enthalpy of the fluid flow, which is
defined for ideal gases (i.e., air) as h =3, Y;h;, where Y; is
the mass fraction of species j and

T

hy = J C,,dT. (6)
Trer

For the pressure solver used, Tir is taken as 298.15 K
(ANSYS Inc. 2015).
e  Species transport equation:

0 - -
5, (PY) + V.(pVY) = =V, + 5, (7)
where Y; is the local mass fraction of each species i in the
domain, and S; is the rate of creation (or consumption) of spe-
cies by addition (or removal) from the dispersed phase plus
any user-defined sources. J; is the diffusion flux of species i,
which for mass diffusion in turbulent flows is defined as
7 Hy vr
Ji=—pDim+ < |VYi=Dr;—-, 8
(#Pin g2 ) 97~ Prig ®)
where D;,, is the mass diffusion coefficient for species i in
the mixture, Dr; is the thermal (Soret) diffusion coefficient,
K, is the turbulent viscosity, and Sc; is the turbulent
Schmidt number.
o  Turbulence kinetic energy (k) and turbulence kinetic
energy dissipation rate (¢) equations (RNG k-& model):

0 0 0 ok
&(pk) +87x,(pkul) = aixj (Ofkﬂe/faxj> + Gk + Gb (9)
- p8+Sk7
and
0 0 0 oe 3
5 (P8 + o (peu;) = o, <ocgueﬁz a_x,) +Clay (Gk + C3:Gp)
2
_CZSP%_Rs'i‘Sm (10)

where oy and o are the inverse effective Prandtl numbers
for k£ and e, respectively; Sy and S; are user-defined source

(or sink) terms; and Cjg, Cye, and Cs are constants defined
by the RNG k-¢ model theory. In addition, G represents the
generation (or consumption) of turbulence kinetic energy
due to the mean velocity gradients, and G, is the generation
(or consumption) of turbulence kinetic energy due to buoy-
ancy, which is formulated using the standard gradient diffu-
sion hypothesis as

Gp=— 8 —H—o—» (11

where g; is the component of the gravitational vector in the
ith direction, y, is the turbulent viscosity, and Pr; is the tur-
bulent Prandtl number.

Boundary and initial conditions

The model’s boundary and initial conditions in the original
studies (Sze To et al. 2009; Wan et al. 2009) were adopted
and closely implemented in the numerical solver FLUENT
18.2, and later version 19.1, for the case of 200L s~ supply
airflow rate through the conventional mixing ventilation sys-
tem used. Sulfur hexafluoride (SF¢) gas was released in the
cabin to mimic the injection and transport of the cough’s
smallest size droplets (typically 1.6 to 3.0 um) and that
formed the largest number concentration of the injected
droplet ensemble in the experiments. The SF¢ was intro-
duced as a surrogate to the smallest size cough particles
because of its high density and molecular weight (about
6.14kg m > and 146.06 g mol ', respectively), which make
it capable of mimicking the flow behavior of those particles
in the cabin (Zhang et al. 2009; Li et al. 2014). This
approach was also adopted to reduce the computational
burden of simulating particle motion in the model consider-
ing that the current model adopts a reductionist approach.
Table 1 shows the boundary and initial conditions for the
current model.

The simulation was run in two parts. First, the airflow
domain was completely solved in the steady mode and then
the transient section of the simulation was initiated with the
cough (SFy) release for 1s with a volume of 0.41. After this
release was stopped, the transient simulation continued for a
total time of 350s.

The standard wall functions were used for near-wall flow
treatment, and the SIMPLE solution algorithm was used for
the pressure—velocity coupling. A least squares cell-based
method was employed as the spatial discretization scheme
gradient, a second-order method was used for solving the
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Fig. 2. Comparison of the normalized SFg concentration time series between the experimental measurements and numerical calculations

using the RNG k-¢ turbulence model on the fine grid level.

pressure, and a second-order upwind method was used to
solve all other equations (momentum, species, turbulence,
energy, etc.). For the temporal discretization, however, the
first-order implicit method (implicit backward Euler
method) was employed for the transient part of the simula-
tion following a fixed time stepping procedure with a time
step size of 0.1s while allowing ten solution iterations per
time step.

To accurately simulate cough particle deposition on walls
and surfaces, the SF¢ gas was not allowed to bounce off the
walls and surfaces in the cabin model. A surface reaction
boundary condition at every wall and surface was set to dis-
sociate SF¢ upon contact to its basic gaseous components,
sulfide (S,) and fluorine (F,) gases, according to the follow-
ing reaction:

2SFs— S, 1+ 6F,. (12)
Because the released SF¢ in the cabin was already at very
low concentrations, the concentrations of the sulfide and
fluorine gases produced from its dissociation were extremely
low and did not affect the air composition, fluid properties,
or monitored SF¢ concentration in the cabin. This method
allows a surrogate simulation of small particles that behave
like gases in the aircraft cabin with very economical
computation.

Model validation and error estimation

The previous study (Elmaghraby et al. 2019) presented a
thorough grid independence analysis of the current model. In
addition, it presented model validation through error estima-
tion of the calculated SF¢ concentration time series at the

two monitoring seat locations (seats A7 and C7) using vari-
ous Reynolds-averaged Navier-Stokes turbulence models
(standard k-&, RNG k-¢, realizable k-¢, standard k-, and
Shear Stress Transport (SST) k-®). Thus, the grid independ-
ence study will not be repeated here. However, a model val-
idation of the normalized SF¢ concentration time series
calculated using the Re-Normalization Group (RNG) k-¢
model, which was previously found to be the most accurate
model, against experimental measurements is shown in
Figure 2.

The numerical solution was obtained on a fine grid
(7,375,800 grid elements) with the RNG k-¢ turbulence
model that is capable of simulating buoyancy effects on the
production and dissipation of turbulence kinetic energy (k).

In previous studies (Aliabadi et al. 2017; Elmaghraby
et al. 2019), the error estimation for the model predictions
was calculated as the fractional mean bias (FB) and normal-
ized mean square error (NMSE) measures (Hanna 1989).
The FB and NMSE are defined as follows:

pp - 2G=G) (13)
(c+5)
(c-ap)

(%)
where C, and C, are the observed (experimental) and pre-
dicted (numerical) concentrations, respectively. Whereas FB
is a measure of the shift between the observed and predicted

quantities, NMSE is a measure of the spread between
observed and predicted quantities. For a perfect model, FB

NMSE = , (14)
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Table 2. FB and NMSE values for the numerical predictions.

Seat FB NMSE
A7 0.31867 0.71138
C7 0.39909 0.37711

and NMSE are both equal to zero (Chang and Hanna 2004;
Hanna and Chang 2012).

Table 2 provides the FB and NMSE values calculated for
the normalized SF¢ concentration time series between the
experimental measurements and the numerical predictions of
the simulation using the RNG k-¢ turbulence model.

From Table 2 it can be observed that the NMSE values
for normalized SF4 concentration time series at seat C7 are
about 50% less than at seat A7, whereas FB values are
almost identical at both seats. This indicates that the shift
between the observed and predicted concentration values is
similar but the spread of the predicted data with respect to
observations is two times higher at seat A7, which indicates
less accurate predictions. Physically, this decrease in predic-
tion accuracy can be attributed to the condition of airflow
and, consequently, that of the surrogate SF¢ gas from the
emission source (at seat C4) to each seat. From C4 to C7
the flow is mainly lateral, which is less susceptible to the
bulk flow turbulence than the primarily longitudinal flow
experienced from C4 to A7 (see Figure 1).

Calculation of aircraft body acceleration components

The aircraft vertical acceleration (a,) and horizontal acceler-
ation (a;,) components were calculated during the climb leg
using a basic approach adapted from different sources in air-
craft dynamics literature (University of Southampton 2005;
Gudmundsson 2013; National Aeronautics and Space
Adminstration 2015).

The calculation procedure relies on applying Newton’s
second law (3. F = md) on two axes passing through the
center of gravity of the aircraft; one is vertical and the other
is horizontal. The forces in action are the lift (L), drag (D),
the aircraft’s weight (), and the thrust of the jet engines
(7). For example, the relative vertical acceleration on the air-
craft cabin during climb was found to be 2.4 g, which is
composed of two parts; 1.4 g due to aircraft acceleration and
1 g representing the gravitational component. More informa-
tion on the calculation procedure followed during the climb
leg can be found in the Appendix.

Results and discussion

As highlighted in the Introduction, the SFg concentration
was found to be the highest at the two monitoring locations
considered during the climb leg compared to the steady level
flight and descent legs. The calculated SF¢ concentration
time series during the three flight legs are graphically shown
in Figure 3. In addition, it can be observed from Figure 3
that the SF¢ concentration time series during the descent leg
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is similar to that during the steady level flight leg with no
significant difference. This can be attributed to the low
speed of the passenger aircraft during descent yielding lim-
ited acceleration components. Although changing some
model factors, such as the location of the cougher (contam-
inant injector), cough velocity, or airflow conditions, may
alter this resemblance between the steady level flight and the
descent legs, the large relative difference in SF¢ concentra-
tion between the mentioned two legs and the climb leg
favors investigation of the climb leg. Therefore, the current
study will only consider the climb leg, and different airflow
design and source control strategies will be investigated as
remedial techniques to the increasing SFg concentration
noticed during this leg.

In addition to the SF¢ concentration, the exposure of the
passengers to SFq over time was used as another measure to
assess the effect of the acceleration-induced body forces on
the contaminant dispersion in the cabin. The exposure is
determined by calculating the area under the curve corre-
sponding to each case using the following integral within
the simulation time limits:

350 s

Exposure = J Csr, (1) dt. (15)

0
Using this measure, it was found that passenger exposure
was always highest during the climb leg when compared to
the steady level flight and descent legs. The highest expos-
ure ratio was 3.0 to 1 calculated between climb and descent
at seat C7. Nevertheless, the passenger at the same seat
experienced a very similar exposure to the contaminant dur-
ing the descent and steady level flight legs with a ratio of
0.9 to 1 (Elmaghraby et al. 2019).

The approach adopted in the current study for estimating
passenger exposure using Equation 15 for calculating the
area under the contaminant concentration time series curves
was meant to be complementary to the Wells-Riley infection
risk assessment model (Riley et al. 1978) widely used in the
medical literature.

Infection risk was assessed by the Wells-Riley model
using the following equation:

I
P = gzl—exp(—%’), (16)

where P; is the probability of infection, C is the number of
infection cases, S is the number of susceptible persons, / is
the number of infectors, ¢ is the quanta generation rate, p is
the pulmonary ventilation rate of a person (or the person’s
inhalation rate), ¢ is the exposure time interval, and Q is the
room ventilation rate with clean air. To accurately predict
the risk of infection, many input parameters need to be sup-
plied to the Wells-Riley model. The accuracy and extent of
these parameters depend on the desired level of detail for
the expected results (Aliabadi et al. 2011).

The Wells-Riley model could not be fully implemented in
the model for the current study for two reasons. First, the
Wells-Riley model can be only used for the simplified case
of a well-mixed room, where the airborne pathogens are uni-
formly dispersed in the space. This condition was not
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Fig. 3. Comparison of the predicted SF¢ concentration time series among steady level flight, climb, and descent legs. a. At seat A7. b.
At seat C7. From Elmaghraby et al. (2019).

satisfied throughout the full simulation time for the current the influence of body forces. Second, the quanta generation
cabin model during the steady level flight leg. In addition, rate, ¢, cannot be calculated directly but is epidemiologically
the cabin condition significantly deviated from the well- estimated from an outbreak case, where the attack rate of

mixed condition during the climb and descent legs due to the disease during the outbreak is substituted into P; (Sze To
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(b)

Fig. 4. Redirecting the supplied airflow to the aircraft cabin. a.
In 2D using angle o only. b. In 3D using angles o (downwards)
and B (front or back) together.

and Chao 2010). Data for an actual outbreak that occurred
in the specific cabin configuration/arrangement used in the
current study are unavailable. Therefore, the passenger
exposure approach was used as an approximate alternative
approach to the Wells-Riley model.

Airflow design strategies

Airflow direction

In the current study, the direction of the supply airflow was
changed using 2D and 3D approaches. In 2D, the airflow
direction was tilted downwards from the cabin ceiling by an
angle o. However, in 3D, an angle  was added to direct the
airflow either to the front or to the back of the cabin while
still being tilted downwards with the angle o. Figure 4
shows examples for using those angles in 2D and 3D views
for the cabin model.

Changing angle o only. First, only the change in the supply
airflow direction angle o in 2D was considered. Three air-
flow supply angles were investigated for their ability to
reduce the SFg concentration exposure in the cabin during
the climb leg: 20°, 30°, and 60°. The SF¢ concentration time

907

series for the 20° and 30° airflow supply scenarios during
climb versus that for the standard climb and steady level
flight from Elmaghraby et al. (2019) at seats A7 and C7 are
shown in Figure 5. However, for readability of the figures,
the same comparison for the 60° supply case is shown separ-
ately in Figure 6.

From Figures 5 and 6 it can be noticed that there is a
considerable difference in the calculated SF¢ concentration
time series using each of the three airflow supply angles.
The airflow supplied at 30° had the peak SF¢ concentration
and, consequently, occupant exposure was reduced to almost
50% of the original concentration during climb at the two
monitoring locations. Conversely, the airflow supplied at 20°
was not able to provide better air quality conditions at the
two monitoring locations, and passenger exposure to the
contaminant was almost the same as that for the original
climb air supply scenario.

On the other hand, from Figure 6 it can be seen that sup-
plying air at 60° to the cabin produced the worst air quality
conditions at the two locations. This is backed by the very
high passenger exposure to SF¢ under this air supply condi-
tion, especially at seat A7, where the exposure was around
400% of the original case.

To put this comparison in a more graphical way, SFg
concentration contours are shown in Figure 7 at the breath-
ing level of the occupants during the 30° and 60° airflow
supply cases. Due to the transient nature of the simulations,
the best representative time window was chosen to show the
contours, which is 350s in this case. As can be seen in the
two contour plots, with o = 60° the area covered by the
supplied air is very limited at the cabin central area around
the two rear seat rows. This leaves most of the seats on the
two cabin sides exposed to the contaminant. Conversely, the
airflow supplied at 30° efficiently reached the cabin sides
and led to reduced passenger exposure at most cabin seats.
However, with oo = 30°, a very minor increase in the SFg
concentration was seen at the center of the cabin due to the
elevated mixing effects induced by the strong airflow eddies
at this area.

Changing angles o and B simultaneously. In this alternative
airflow redirection approach, angle B is simultaneously
changed with angle o to add a 3D perspective to this investi-
gation. Because o = 30° provided the best cabin air quality
relative to the other two airflow supply angles in 2D, o =
30° will be used again here with B also chosen to be equal
to 30° with supply airflow directed either to the front or to
the back of the cabin. This was performed to provide a clear
comparison between those two scenarios while limiting the
number of simulations required. Figure 8 depicts the SFg
concentration time series at the two monitoring locations
using = 30° to the front and to the back.

Comparing the SF¢ concentration time series at the two
locations from Figure 8, it can be seen that the § = 30° air-
flow supply to the back of the cabin could consistently
reduce the time-integrated passenger exposure from the ori-
ginal climb case either at seat A7 or seat C7. More specific-
ally, at seat C7, the exposure was reduced to a level close to
that for the steady level flight condition. Conversely, in case
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Fig. 5. Comparison of the predicted SF4 concentration time series between the steady level flight and climb legs using the default, 20°,
and 30° airflow supply angles during climb. a. At seat A7. b. At seat C7.
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Fig. 6. Comparison of the predicted SF4 concentration time series between the steady level flight and climb legs using the default and

60° airflow supply angles during climb. a. At seat A7. b. At seat C7.

of the B = 30° airflow supply to the front, the passenger
exposure was higher at seat A7 than in the original case, but
the exposure was almost halved for the same scenario at seat
C7. Such a complex response in concentration time series
can be understood when the SF¢ contour plots for the men-
tioned two airflow supply cases at 350s are compared as
shown in Figure 9.

As can be observed from the figure, directing airflow to
the front of the cabin pushes the contaminant eventually to
the rear of the cabin at the end of simulation time (350s).
Before this happens, however, the air moves most the con-
taminant to the frontal rows for a short period of time
(70-80s) after contaminant release in the cabin. This
explains the very high contaminant concentration at seat A7
around this time. On the other hand, supplying airflow to
the back of the cabin leads to steadily pushing the

contaminant to the front of the cabin and providing appropri-
ate dilution of it in the cabin air with no major dispersion
patterns in the back rows. This can be attributed to the over-
all airflow direction being in the same direction of the cough
flow in this case. The contaminant dilution provided by the
back-directed airflow makes the overall passenger exposure
to the contaminant consistently low at most cabin seats, as
seen in Figure 9.

Airflow rate

Changing the airflow rate was also investigated as an airflow
design strategy to reduce the dispersion of the airborne con-
taminant in the cabin. The original cabin airflow rate
adopted in Elmaghraby et al. (2019) was 200L s~! with
each of the two inlets providing an equal rate of 100L s~ '.
Two cases for airflow rate increase are considered: 100%
increase (airflow rate = 400L s ') and 50% increase
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Fig. 7. SF¢ concentration contour plots at passenger breathing level during climb at 350s. a. Using airflow supply angle oo = 30. b.

Using airflow supply angle o0 = 60°.
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Fig. 8. Comparison of the predicted SF4 concentration time series between the steady level flight and climb legs using supply angles
o = 30° and B = 30° (to front and back) during climb. a. At seat A7. b. At seat C7.

(airflow rate = 300L s~ '), and a single case of airflow rate
decrease of 50% (airflow rate = 100L s™') was investi-
gated. Figure 10 shows a comparison of the three SF4 con-
centration time series under the modified airflow rate
conditions with the default 200L s™' case during climb, in
addition to the steady level flight case.

As can be noticed from comparing the concentration time
series, increasing the base airflow by 100% decreased the
passenger exposure to SFq at the two monitoring points the
most. This was followed by the 50% more airflow rate case,
which led to a slightly higher exposure than the previous
case. Decreasing the original airflow rate to 50% of its
amount led to higher overall exposure at seat A7 and almost
the same exposure as the original at seat C7. This latter find-
ing was expected because less airflow means a greater abil-
ity of the contaminant to disperse freely in the cabin under

the effect of the cough momentum without a sufficiently
large bulk of ventilation air to control it.

However, the 100% more airflow rate case cannot be
generally preferred over the 50% more airflow rate based on
economic considerations because the former requires more
energy consumption, and consequently more fuel utilization,
than the latter. In addition, using a higher airflow rate may
not always lead to decreased average concentration for an
airborne contaminant (Wan et al. 2009; Faulkner et al.
2015), but it could increase the dispersion of such contamin-
ant instead (Sze To et al. 2009). This is especially true for
nonuniform contaminant concentrations induced by the com-
plex airflow patterns in an enclosed space (Memarzadeh
2009). Such a condition perfectly describes the dispersion
behavior of the cough-released contaminant in the air-
craft cabin.
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Fig. 9. SF¢ concentration contour plots at passenger breathing level during climb at 350s. a. Using airflow supply angle § = 30° to

the front. b. Using airflow supply angle = 30° to the back.
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Fig. 10. Comparison of the predicted SFs concentration time series between the steady level flight and climb legs using 100% more,
50% more, and 50% less supply airflow rates with respect to the original climb flow rate. a. At seat A7. b. At seat C7.

Figure 11 illustrates the relative dispersion of the contam-
inant in the cabin at 350 s after release using contours of the
three studied cases. From Figure 11 it can be observed that
both the 100% more airflow and the 50% less airflow scen-
arios significantly enhanced the contaminant dispersion in
the cabin but using two different mechanisms. Whereas the
100% more airflow case favored a longitudinal dispersion
mechanism for the contaminant from the front rows to the
back rows of seats, a lateral dispersion mechanism was
employed in the 50% less airflow case to mainly move the
contaminant from the right side of the cabin to the left side.
Those mechanisms can be evidently noticed by combining
the SF¢ concentration contour plots with the time series at
seats A7 and C7 shown in Figure 10. On the other hand,
and although the 50% more airflow case applies a longitu-
dinal dispersion scheme similar to that for the 100% more

airflow case, the former can trap the contaminant at the back
of the cabin and reduce its dispersion. This advantage not
only significantly decreases the exposure at seats A7 and C7
but also decreases the exposure of the occupants at most
cabin seats. This makes the 50% more airflow case superior
to the 100% more airflow case.

Source control strategies

Cough direction

Altering the direction of the cough leads to changing the
injection orientation for the airborne contaminant in the
cabin and can significantly affect its dispersion behavior
based on the different surfaces and/or walls the cough
stream would encounter with every different orientation. In
this investigation, the cough direction was tilted vertically
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with specified angles either downwards or upwards from the
horizontal but not sideways. This is supported by multiple
studies in the literature (Gupta et al. 2009, 2012) that sug-
gest that most of the coughs are directed downwards at the
human mouth with two angles ranging from 10° to 20° for
the upper angle (between the cough stream and upper lip)
and from 36° to 44° for the lower one (between the cough
stream and lower lip).

The angles used in this study are 30° and 40° downwards,
in addition to 30° upwards. The 30° downwards angle was
used as an average of the angles reported by Gupta et al.
(2009). However, the other two angles were utilized to
investigate the effect of increasing the cough downward tilt
angle and the effect of directing the cough upwards on the
contaminant dispersion behavior in the cabin, respectively.
Figure 12 graphically illustrates the two cough orientations,
downwards and upwards, employed in the current investiga-
tion. Next, Figure 13 shows the SF¢ concentration time ser-
ies calculated at the two monitoring positions in the cabin
for the three cough direction angles used.

From Figure 13, the calculated concentration time series
for the 30° downwards and 40° downwards directions are
almost fully coincident. This indicates that increasing or
decreasing the cough direction angle for the same cough
orientation has no substantial effect on the dispersion pattern
of the released contaminant in the cabin. When the cough
was directed upwards using 6 = 30°, however, the exposure
was significantly higher than those for the downwards cough
direction. This is because when directed upwards, the cough
encounters almost no obstacles that the released contaminant
may impact. In addition, in this manner, the contaminant is
primarily dispersed from the top of the cabin to the bottom.
This significantly enhances the contaminant dispersion aided
by the stronger airflow eddies located close to the ceiling
due to the thermal plumes created from the bodies of the
occupants. Figure 14 clearly shows the difference between
the SF¢ contour plots in the cabin at the end of simulation
time under the 30° downwards and 30° upwards cough
release conditions.

The outcome from the comparison in Figure 14 agrees
well with the concentration time series in Figure 13.
Releasing a cough with 30° upwards leads to higher concen-
tration of the delivered contaminant at the breathing level of
the passengers everywhere in the cabin space, especially in
the central region. Such a local increase in the concentration
can be attributed to the location of the cougher, which is the
middle seat of the back row in this case. However, the
cough released by the same person at 30° in the downward
direction created a central intensification pattern of the con-
taminant as well but with much diluted concentrations.
These findings can render directing the cough at the release
point as an effective source control strategy for the reduction
of expiratory airborne contaminants in enclosed spaces such
as aircraft cabins.

Cough velocity (volumetric rate)

Another source control strategy investigated in the current
study was the cough velocity or volumetric flow rate. Such
variances in cough attributes are naturally existent among
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Fig. 11. SF¢ concentration contour plots at passenger breathing
level during climb at 350s. a. Using 100% more airflow rate.
b. Using 50% more airflow rate. c. Using 50% less air-
flow rate.
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Fig. 12. The two cough orientations used in the current study, where 0 is the cough inclination angle. a. Downwards cough. b.

Upwards cough.
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Fig. 13. Comparison of the predicted SF4 concentration time series between the steady level flight and climb legs using the 30° down-
wards, 40° downwards, and 30° upwards cough direction angles during climb. a. At seat A7. b. At seat C7.

people of different body sizes, ages, genders, and health con-
ditions. For example, males have a higher cough peak flow
rate and cough expiratory volume on average than females.
In a sample including 13 males and 12 females, the cough
peak flow rate ranged from 3 to 8.5L s~ ' for males and
from 1.6 to 6L s~ ' for females, and the cough expiratory
volume was anywhere from 400 to 1600 mL for males and
250 to 1250mL for females, respectively (Gupta
et al. 2009).

Additionally, the cough velocity or volumetric rate can be
effectively altered at the source using simple habits, such as
putting a hand over one’s mouth while coughing or using
napkins to obstruct the cough from releasing in the space.

In this study, the investigation of the effect of altering the
cough velocity/volumetric rate on the dispersion behavior of
the released contaminant in the cabin was conducted using
two approaches: variable cough release velocity and fixed-
release contaminant mass. The first approach concentrated
on changing the cough volumetric flow rate by changing the
release velocity of the cough only as the mouth opening area
was kept fixed in all cases. The cough velocity was set to
two quantities: a low velocity of 5 m s™' and a high velocity
of 20 m s~ compared to the cough velocity in the previous
study (Elmaghraby et al. 2019) of 10.6 m s '. Alternatively,
through the fixed-release SF¢ mass approach, the mass of
the injected SF¢ in the cabin was kept fixed between the

new and original cases. This was achieved by changing any
two or more variables on the right-hand side of Equation 17
together to keep the contaminant mass (M) on the left-hand
side constant:

M=CAVT, (17)

where C is the contaminant concentration at the release point
(mouth), 4 is the cross-sectional area of the mouth, V' is the
cough release velocity, and 7 is the cough time duration.
Because C and A are not changed between cases, 7 is only
to be altered with 7 in an inverse proportional manner. The
results for each approach are shown in the following
subsections.

Variable cough release velocity. Figure 15 depicts the con-
centration time series resulting from the high cough release
velocity (20 m s~ ') and the low cough release velocity (5 m
s~ ') in comparison to the baseline climb case with 10.6 m
s~! cough velocity and the steady level flight case.
Releasing the cough with a high velocity of 20 m s~ led to
decreased contaminant concentration than the original 10.6 m
s ! and the low-velocity release scenarios for most of the simu-
lation time. This decrease can be attributed to the ability of the
higher velocity coughs to quickly disperse in the cabin space, to
reach the exhaust slots in considerably less time, and to impact
on the cabin envelope compared to the lower velocity coughs.



Volume 26, Number 7, August 2020

Cough 30°
downwards

Cough 30°
upwards

(b)

Fig. 14. SF4 concentration contour plots at passenger breathing
level during climb at 350 s. a. Using cough direction angle 6 = 30°
downwards. b. Using cough direction angle 8 = 30° upwards.

In this manner, the released contaminant from high-velocity
coughs is less likely to settle in a specified location in the cabin
for a long time, causing lower local concentrations to be pre-
dicted at different locations.

On the other hand, the lower cough release velocity (5 m s ")
results in a contaminant concentration time series that is almost
similar to that for the baseline case with a 10.6 m s~ cough vel-
ocity. This indicates that as the cough release velocity decreases,
the peak local concentration of the released contaminant in the
cabin adopts an increasing trend. In addition, the difference
between this peak local concentration and that for further lower
cough velocities is indistinguishable. Such an increase in peak
local contaminant concentration causes higher passenger expo-
sures to the contaminant at different seats.

913

The cabin-wide contaminant concentration contours under
the three cough velocity conditions are shown in Figure 16. It
can be noticed that the dispersion pattern of the contaminant
in the cabin, especially at the center, is almost identical
between the 5 and 20 m s~ ' cough velocity cases 350 s follow-
ing the cough release. This good resemblance between the two
cases is slightly infracted at the two cabin sides where the con-
taminant concentration is lower for the 20 m s' case than for
the 5 m s~ ! case for most of the simulation time. However,
starting at around 200 s after cough release, the concentration
on the sides is higher for the 20 m s~' case. In contrast, for the
10.6 m s~ ' cough velocity, the contaminant was further dis-
persed to the two cabin sides than in the other two cases.

Generally, the three cough release velocity cases showed no
clear trend in contaminant dispersion behavior in the cabin, and
none of the three cases clearly resulted in a better air qual-
ity condition.

Fixed-release SFs mass. With an alternative approach, the
mass of the released SF¢ from the cough in the cabin, as per
Equation 17, was kept fixed. This was attained by doubling
the cough release velocity from the baseline case of 10.6 m
s ' to 20 m s~! and reducing the cough release duration to
0.5s instead of 1s. In this way, the effect of changing the
cough release velocity on the released contaminant mass in
the cabin could be ruled out. Figure 17 shows the SF¢ con-
centration time series at the two monitoring locations and
the SF¢ contour plots in the cabin for this approach.

From the concentration time series it can be seen that the
contaminant concentration at the two measuring points was
surprisingly low for the whole simulation time when the
cough release velocity was doubled and its duration was
halved. Moreover, the contour plots for the same condition
show a small concentration as low as 0.004 ppm, which is
only about 10% of the average contaminant concentration
predicted in the cabin for the 5 and 20 m s~ cough velocity
cases in the previous subsection.

Although this approach fixes the released contaminant
mass from the cough regardless of the release velocity, the
uncommon reduction in the average contaminant concentra-
tion in the cabin can be attributed to the weak cough impulse.
Despite the increased cough velocity, this weak cough impulse
was caused by the significantly decreased cough duration of
0.5s. This creates a cough that is not fully developed and
therefore can be quickly diminished by the strong ventilation
air currents in the cabin. Based on these findings, the simu-
lated cough in this case cannot be considered a practical repre-
sentation of the actual coughs released in the aircraft cabin
space. However, if such coughs do exist, they would pose
minimal risk to the health of occupants upon exposure.

Cougher location in the cabin

In this investigation, the location of the cougher was
changed twice from the back row in the center to the central
row on the left side (LC) and to the front row on the right
side (RF; looking from the back of the cabin to the front).
The new cougher locations with respect to the original case
are shown in Figure 18.
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Fig. 15. Comparison of the predicted SFs concentration time series between the steady level flight and climb legs using the 20 and
5m s~! cough release velocities during climb. a. At seat A7. b. At seat C7.
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Fig. 16. SF, concentration contour plots at passenger breathing level during climb at 350s. a. 5 m s~ ' cough velocity. b. 20 m s~

cough velocity. c. 10.6 m s~ cough velocity.



Volume 26, Number 7, August 2020

- — -Seat A7-Steady

Steady Level Flight VS. Climb SF6 Concentration
(Changed Cough Velocity)

Seat A7-Climb

——— Climb-Cough Velocity-20 ms-1 & 0.5 s
06

05

04

03

SF6 Concentration (ppm)

02 |

01

Time (s)

(©)

915

— — -SeatC7-Steady
Steady Level Flight VS. Climb SF6 Concentration
(Changed Cough Velocity)

Seat C7-Climb

~—— Climb-Cough Velocity-20 ms-1 & 0.5 s
35

25 I

SF6 Concentration (ppm)

0 50 100 150 200 250 300 350 400
Time (s)

(b)

Fig. 17. Predicted SF4 concentration time series between the steady level flight and climb legs using the 20 m s~' cough release vel-
ocity for 0.5s during climb. a. At seat A7. b. At seat C7. c. The SF¢ contour plot at passenger breathing level during climb at 350s for

the same case.

Figures 19 and 20 depict the SF4 concentration time ser-
ies at the two seats A7 and C7 with the cougher positions at
locations LC and RF, respectively. The series for the two
cases were separated to enhance their readability.

Based on the concentration time series, the contaminant
concentration at each monitoring point was significantly
affected by the cougher location. For example, as the
cougher moved to the LC location, the concentration at the
two monitors for the full simulation time was significantly
reduced to a nearly similar level. This is because the
cougher at the LC location was almost equally distanced
from the two monitoring points. Conversely, because the
cougher sitting at the RF location was very close to the
monitoring point at seat A7, the contaminant concentration

increased substantially to about eight-fold its maximum
value during the baseline climb case, as shown in Figure
20a. On the other hand, at seat C7, the contaminant time-
averaged concentration was much lower in the RF cougher
location scenario than the baseline case because the cougher
was moved further away from it.

In addition to the effect of cougher proximity, the ventila-
tion airflow patterns in the cabin and/or the existence of
walls or surfaces close to the cougher location have a sig-
nificant influence on the dispersion behavior of the released
contaminant in the cabin by surface impaction or redirection
of the cough. Such an influence can be inferred from the
SF¢ concentration contour plots for the two cougher location
cases illustrated in Figure 21.
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Looking at the contour plot for the LC cougher location,
the contaminant was observed to reside at the back of the
cabin at the end of simulation. This was impacted by the air-
flow in the cabin and the body forces during aircraft climb,
which pushed the contaminant to the back rows from the
front of the cabin on the left side where it initially dispersed
after release. On the other hand, the contaminant released
from the cougher in the RF position followed along the
frontal cabin separator to the left before it dispersed to the
back rows with the aid of airflow mixing. This led to higher
concentration regions in the central section of the cabin and
greater occupant exposure to the contaminant. According to
the results, a coughing person aboard an aircraft may cause
a higher probability of exposure not only to the passengers
close to him or her but also to most occupants if this person
is coughing in proximity to a wall or surface.
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Fig. 18. New cougher locations with respect to the original
location (red square). First location is on the left side in the cen-
ter row (LC) and the second is on the right side in the front
row (RF).
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Table 3 lists the passenger exposure ratio between the
various cases studied in the current article and the baseline
climb case.

The exposure values were calculated using Equation 15
and applying the composite Simpson’s and composite trapez-
oidal rules in determining the area under the curve for each
concentration time series.

From Table 3, the lowest average exposure ratio between
the two seats was found for the 100% more airflow rate
case. The cases that come after the 100% more airflow rate
case are the left side, center row relocation of the cougher,
the o = 30° airflow direction, and the 50% more airflow
rate. For energy saving considerations, however, the latter
three cases are preferred over the former one. Such airflow
design and/or source control strategies could be implemented
to reduce the exposure of aircraft occupants to expiratory
contaminants released in this aircraft cabin, especially during
the climb leg.

Nevertheless, the highest exposure ratio was noticed for
the o = 60° airflow direction scenario. This was followed
by the occurrence in which the cougher was moved to the
front row on the right side of the cabin and later by setting
o = 30° and B = 30° to the front as the airflow direc-
tion condition.

Continuous breathing

In this section, continuous mouth breathing was investigated
as an alternative source of the gaseous contaminant surrogate
(SF¢) release to the coughs. Continuous exhalation was only
considered from the mouth of the index person (the cougher
in previous cases).

The exhalation of other passengers in the cabin was not
simulated because the generated thermal plumes from the
passengers’ bodies would cause strong turbulence (mixing)
effects in the cabin airflow, which significantly surpasses
similar effects caused by their low-velocity exhaled air dur-
ing mouth breathing.
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Fig. 19. Comparison of the predicted SF¢ concentration time series between the steady level flight and climb legs with the cougher
moved to the center row on the left side of the cabin during climb. a. At seat A7. b. At seat C7.
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Fig. 20. Comparison of the predicted SF¢ concentration time series between the steady level flight and climb legs with the cougher
moved to the front row on the right side of the cabin during climb. a. At seat A7. b. At seat C7.
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Fig. 21. SF6 concentration contour plots at passenger breathing level during climb at 350s. a. Cougher located in the center row on
the left side of the cabin. b. Cougher located in the front row on the right side of the cabin.

The exhalation velocity at the index person’s mouth was
set at 2 m s~ '. This exhalation velocity was defined as an
average between the maximum mouth breathing derived vel-
ocity measured by Tang et al. (2013); (1.3 m s '), and the
mouth breathing velocity was calculated using the breathing
flow rate equations provided by Gupta et al. (2010); (around
3 m s '). The exhaled air from the occupant’s mouth was
assumed to contain a volume fraction of 0.01 (1%) of the
SF¢ contaminant mimicking the contagious particles. Figure
22 depicts a comparison of the concentration time series of
the released contaminant from the continuous exhalation in
the cabin at the two monitoring locations, seat A7 and seat
C7, during the steady level flight and climb legs.

From Figure 22, it can be noticed that the concentration
of the contaminant at the two monitoring locations in the
cabin maintained an increasing trend with the simulation
time for both the steady level flight and climb legs.
However, this increasing trend tended to plateau near the
end of the simulation, more specifically around 250s since
the first release of the SF4. This implies that even if the
simulation were extended beyond the 350s limit, the con-
taminant concentration resulting from continuous exhalation
would not surpass a specific limiting threshold.

Additionally, for the continuous exhalation case, the con-
centration of the contaminant was observed to be usually
higher during the steady level flight when compared to the
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Table 3. Ratio of passenger exposure between different parametric sensitivity cases and the baseline climb
case at the two monitoring locations: seat A7 and seat C7.?

Passenger exposure ratio to baseline climb case

Case Seat A7 Seat C7
o = 20° airflow 1.1:1 0.9:1
o = 30° airflow 0.7:1 0.5:1
o = 60° airflow 3.5:1 2.1:1
o = 30° and B = 30° to front 2.4:1 0.7:1
o = 30° and p = 30° to back 0.9:1 0.4:1
100% More airflow rate 0.4:1 0.6:1
50% More airflow rate 0.6:1 0.7:1
50% Less airflow rate 1.2:1 0.8:1
Cough 30° downwards 0.8:1 0.8:1
Cough 40° downwards 0.7:1 0.6:1
Cough 30° upwards 1.1:1 1.1:1
Cough velocity 20 m s ! 0.7:1 0.6:1
Cough velocity 5 m s~ 0.9:1 1:1
Cougher at left side, center row 0.7:1 0.5:1
Cougher at right side, front row 3.9:1 0.4:1

Note: *The lowest exposure ratios are presented in bold font.

——Seat A7-Breath Only-Steady
— Seat A7-Breath Only-Climb
—— Seat C7-Breath Only-Steady
- Seat C7-Breath Only-Climb

Continusous Breathing

14

SF6 Concentration (ppm)

0 50 100 150 200 250 300 350 400

Time (s)
Fig. 22. Comparison of the predicted SF¢ concentration time
series resulting from continuous mouth breathing (exhalation

only) between the steady level flight and climb legs at the two
monitoring locations.

climb leg at the two monitoring locations. Although the con-
centration during the climb was observed to be higher than
that during the steady level flight shortly after the release,
especially at the back rows, the latter eventually surpassed
the former. Those results, which are contrary to those found
for the cough, can be attributed to the different interaction
between the continuously released contaminant in the cabin
and the background ventilation airflow during the two flight
legs. During the steady level flight leg, the contaminant had
a greater chance to be distributed evenly in the cabin space
aided by the well-mixed cabin condition created by the ven-
tilation airflow. This substantially increased the concentra-
tion of the contaminant globally in the cabin. On the other

hand, throughout the climb leg, the released contaminant
was pushed to the back of the cabin by the effect of the
acceleration-induced body forces. This made the contaminant
unable to properly mix with the cabin air, which decreased
the overall concentration in the cabin and raised the local
concentration at the back row of seats temporarily before the
contaminant was pulled out of the cabin from the
exhaust grills.

The passenger exposure to the contaminant released from
the continuous exhalation in the cabin was estimated at seats
A7 and C7 using Equation 15. The passenger exposure
between the climb and steady flight legs at seat A7 was
0.7:1, whereas at seat C7 it was 0.9:1.

The findings from this investigation warrant further
research on the effect of continuous breathing on the con-
taminant dispersion behavior in the aircraft cabin under the
influence of body forces, which differs from that for
the cough.

Cough-released particles

For this investigation, particles of several sizes were used to
represent the expiratory contaminant released from the cough
instead of the SFq gas. This was performed to compare the
exposure ratios quantified in Elmaghraby et al. (2019) using
the gaseous contaminant at the two monitoring locations in
the cabin against that for fine cough particle (<5 pm in
diameter) and to extend the study to include coarser particles
usually generated from coughs (>5 um in diameter).
Additionally, this follows the theme of several studies in the
literature that used particles of different sizes to model
expiratory contaminant dispersion from coughing and sneez-
ing (Milton et al. 2013; Tang et al. 2013; Yan et al. 2018).
Three particle diameter sizes were utilized in this investiga-
tion, namely, 2.5 pm for fine particles and 7.5 and 10 pm
for coarse particles.
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Fig. 23. Comparison of the volume-averaged particle concentration
in the cabin with simulation time between the climb and steady level
flight legs for three particle sizes. a. 2.5 pm. b. 7.5 pm. ¢. 10 pm.

Figure 23 shows the concentration of the cough-released
particles averaged over the cabin volume (kg m ) versus
the simulation time in seconds for the three investigated par-
ticle sizes.
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From the figure, it can be noticed that every particle size
had a different residence time in the cabin space and that
this time was also influenced by the body forces on the air-
craft as evident from the dissimilar volume-averaged particle
concentration and residence time in the cabin between the
climb and steady level flight legs.

Starting with the smallest particle diameter investigated
(i-e., 2.5 pm), which represents the fine cough-released par-
ticles, the particles remained in the cabin for about 19s after
injection without settling or being trapped on a surface dur-
ing the steady level flight leg. However, this residence time
decreased to 8s during the climb leg. This difference can be
attributed to the ability of those small particles to dilute and
further disperse in the cabin during the steady flight leg,
whereas they dispersed in the limited cabin rear area only
during the climb leg and exited from the domain faster.

Similar behavior was observed for the 10-pum particles,
which were the coarsest particles investigated. The 10-um
particles remained in the cabin for longer time (31s) than
the 2.5-pum particles during the steady flight leg due to their
greater inertia and slower dispersal rate. However, during
the climb leg, the 10-um particles were faster to settle than
the 2.5-um particles as the body forces moved them to the
back section of the cabin where they contacted the walls and
surfaces faster due to their larger size.

Conversely, the intermediate particle size of 7.5 pm
exhibited a combined characteristic between the 2.5- and 10-
pm particles. The 7.5-um particles remained for 24 s after
injection in the cabin during the steady level flight leg,
whereas they remained for 28s during the climb leg. The
close residence times between the two legs indicate that the
7.5-um particles were the least affected with the body forces
acting on the aircraft. This also shows that this intermediate
airborne particle size can pose the greatest infection risk to
passengers because they remain in the cabin for relatively
longer times, for almost the whole flight time, regardless of
the flight leg.

Table 4 illustrates the ratio of passenger exposure to the
different particle sizes between the climb and steady level
flight legs taken as an average over the full cabin volume.

From Table 4, the highest passenger exposure ratio
between the two legs was observed for the 2.5-pum particles,
at 2.2 times during the climb compared to the steady flight,
and the lowest was for the 10-um particles, with a 0.2:1
ratio. However, the 7.5-pm particles had an intermediate
exposure ratio of 1.5:1 due to the almost similar dispersion
behavior they exhibited between the two legs, as previ-
ously mentioned.

Additionally, the exposure ratio for the 2.5-um particles
closely resembled the exposure values previously calculated
(Elmaghraby et al. 2019) using the SF¢ expiratory contamin-
ant surrogate at seats A7 and C7 in the cabin, which were
2.4:1 and 2.8:1, respectively. This result suggests that that
the gaseous contaminant can efficiently mimic the dispersion
behavior of the expiratory airborne particles in the investi-
gated size range of 1.6 to 3 um as indicated in the subsec-
tion on boundary and initial conditions.
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Table 4. Ratio of passenger exposure to the airborne expiratory
particles between the climb and steady level flight legs as an
average over the whole cabin volume.

Particle
diameter (pm)

Overall cabin passenger exposure ratio
between climb and steady level flight legs

2.5 2.2:1
7.5 1.5:1
10 0.2:1

Conclusions and future work

In the current study, airflow design and source control strat-
egies were investigated for their potential to reduce cough-
released airborne contaminant exposure in the cabin of a pas-
senger aircraft (Boeing 767-300) during the climb leg. Sulfur
hexafluoride (SF¢) was used to mimic the airborne contamin-
ant in the cabin, representing cough-released particles in the
size range from 1.6 to 3 pm in diameter. The SF¢ dispersion
behavior was analyzed by calculating the concentration time
series at two monitoring locations in the cabin, seats A7 and
C7, in addition to SFg concentration contour plots at the
breathing level of the occupants. The concentration time series
were used to infer the passenger exposure to the contaminant
through determining the area under each curve.

The airflow design strategies researched involved altering
the supply airflow direction and changing the supply airflow
rate. The source control strategies employed involved chang-
ing the cough direction, varying the cough release velocity
or volumetric flow rate, and moving the cougher to different
locations in the cabin.

Changing the airflow supply angle from the ceiling only,
or o, from 20° to 60° had different effects on the SF¢ disper-
sion behavior in the cabin. The angle o = 30° led to the
lowest passenger exposure. However, the 20° and 60°
angles, compared to passenger exposure of the baseline
climb case with oo = 0°, resulted in similar and higher expo-
sures, respectively. Further, when a 3D approach was intro-
duced to the airflow redirection scenario through the angle
B, directing the airflow to the back of the cabin proved to be
better than directing it to the front.

The supply airflow rate to the cabin was changed from the
baseline 200L s~ ' case to 100% increase, 50% increase, and
50% decrease. As expected, the 100% more airflow scenario
led to the highest reduction in passenger exposure locally at
the two monitoring points, preceded by the 50% more flow
rate. The 50% less airflow rate was not desirable because it
increased exposure. However, cabin-wide, increasing the air-
flow rate by 100% enhanced the contaminant spread as much
as the 50% decrease did. From other practical considerations,
the energy consumption required for the 100% increase case
was significantly higher than that of other cases. For all of
these reasons, raising the supply airflow by 50% was found to
be the optimal scenario during climb.

For the source control strategies, altering the cough direc-
tion was effective in reducing the exposure of the passengers
to the released contaminant. This is true when the cough

Science and Technology for the Built Environment

was directed downwards at either 30° or 40° from the hori-
zontal direction, although no significant difference in expos-
ure alleviation was noticed between the two angles for the
same cough orientation. Conversely, directing the cough
upwards contributed to increasing the exposure over that for
the baseline climb case with a zero angle. This difference in
the created exposure between the downwards and upwards
cough orientations can be attributed to the ability of the sur-
rounding surfaces and floor to absorb the released contamin-
ant and block its dispersion for the downwards orientation.

Varying the cough release velocity or volumetric rate was
achieved in this study in two ways: changing the cough release
velocity without fixing the contaminant mass and changing
the cough release velocity while keeping the contaminant
mass fixed. Adopting the first approach, and on a local level at
the two monitoring points, the higher cough velocity of 20 m
s~ led to reduced exposure than the lower velocity of 5 m
s Nevertheless, cabin-wide, the contaminant dispersion
behavior did not show a clear trend, and neither of the two
cough velocities clearly resulted in a better air quality condi-
tion. For the fixed contaminant mass approach, however, the
produced exposure at the two monitoring locations was
unrealistically low. This was because the cough released in
0.5s instead of 1s lacked the required impulse to propagate
throughout the cabin space and was too weak to penetrate the
strong airflow currents efficiently.

Relocating the cougher to other locations in the cabin other
than the original back row center seat position had a quantifi-
able effect on the dispersion behavior of the contaminant and,
consequently, the exposure. Moving the cougher to the left
side of the cabin in the center row (LC location) led to
decreased passenger exposure both locally at the monitoring
locations and as an average in the whole cabin. On the other
hand, moving the cougher to the right side of the cabin in the
front row (RF location) caused a substantial increase in the
exposure at seat A7, because it is very close to it, whereas it
halved the exposure at seat C7. In addition to the proximity of
the cougher to specific passengers, the airflow patterns in the
cabin, the body forces on the aircraft during climb, and the
existence of walls and/or surfaces near the cougher all have
confounding effects on the resulted contaminant dispersion
behavior from different cougher locations.

Generally, the cases that showed most promising reduc-
tions in passenger exposure as an average between the two
monitoring locations at seats A7 and C7 with respect to the
baseline climb case are the left side center row relocation of
the cougher, the o = 30° airflow direction, and the 50%
more airflow rate. The exposure ratios are 0.7:1 at seat A7
and 0.5:1 at seat C7 for the first case, 0.7:1 at seat A7 and
0.5:1 at seat C7 for the second case, and 0.6:1 at seat A7
and 0.7:1 at seat C7 for the third case. On the other hand,
the highest exposure on average between the two seats
occurred for the oo = 60° airflow direction case, with 3.5:1
at seat A7 and 2.1:1 at seat C7.

Changing the cough to continuous mouth breathing
(exhalation) led to an altered contaminant dispersion behav-
ior in the cabin. For the steady level flight leg, the concen-
tration of the contaminant in the cabin was usually higher
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than that during the climb leg. This was attributed to the
well-mixed cabin condition created throughout the steady
flight leg. As a result, the contaminant concentration
increased substantially everywhere in the cabin as opposed
to the lower concentrations noticed during the climb leg due
to the absence of enough contaminant mixing in the cabin
air. The passenger exposure to the contaminant released
from the continuous exhalation in the cabin between the
climb and steady flight legs was estimated at seats A7 and
C7 to be 0.7:1 and 0.9:1, respectively.

Lastly, particles of different sizes were injected in the cabin
to represent the expiratory contaminant released from the
cough instead of the SF4 gas. Three particle diameters were
used, namely, 2.5 um representing the fine airborne particles
and 7.5 and 10 um for the coarse particles. The 7.5-pm par-
ticles exhibited a combined characteristic between the 2.5-
and 10-pm particles. They could remain for long time in the
cabin without settling and/or depositing on surfaces. The resi-
dence time for the 7.5-um particles was not noticeably
affected by the change in body forces between the climb and
steady flight legs, which indicates that this intermediate air-
borne particle size can pose the greatest infection risk to pas-
sengers throughout most of the flight duration.

For future work, and to generalize the findings of the cur-
rent study, similar parametric analyses need to be imple-
mented on other models of passenger aircraft with different
cabin configurations. Moreover, different ventilation strat-
egies, other than the conventional mixing ventilation used in
this study, such as underfloor and personalized ventilation sys-
tems, can be implemented. Additionally, further combinations
and/or additions to the proposed airflow design and source
control strategies in the current work can be investigated for
possible enhancements in the in-cabin air quality. Finally,
investigations on the infection mechanisms using different
pathogens, such as influenza, tuberculosis, and severe acute
respiratory syndrome (SARS), need to be performed using
CFD simulations backed by experimental outbreak data avail-
able in the epidemiology literature for specific aircraft cabin
models. For those models, the spatial and temporal infection
risk of the mentioned diseases can be assessed. In addition, the
viability and infectivity of specific pathogens can be imbedded
in the simulated models by investigating the influence of
environmental factors in the cabin, such as temperature and
relative humidity, on the survivability of dispersed pathogens
in the cabin space (Aliabadi et al. 2011). It is concluded that
multiple detailed investigations related to the influence of air-
craft acceleration-induced body forces on ventilation perform-
ance of aircraft, an issue that has been neglected in the
literature for a long time, are necessary.
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Appendix: Procedure for determining the aircraft
acceleration components during the climb leg

Newton’s second law is applied on the wvertical and
horizontal axes shown in Figure Al:

> F =m. (A1)
On the vertical axis:
T'sin® — Dsin® + Lcos® — W = ma;,, (A2)
and on the horizontal axis:
Tcos® — DcosO — Lsin® = maj,, (A3)

where a;, and aj, are the vertical and horizontal acceleration
components, respectively (Gudmundsson 2013).

The unknowns (7, 6, D, L, m) were estimated based on
industrial specifications and dimensions for the Boeing 767-
300 aircraft (Airliners 2017):

T=462.6KN (for a twin-jet engine), 0= 20°,
m=159,210kg (max. takeoff weight), and W = mg.

D = Cpx0.5pV?4, (A4)
L = C.x0.5pV%4, (A5)

where Cp and C; are the drag and lift coefficients,
respectively; p is the air density; V is the aircraft velocity
(taken as 155 m s '); and A4 is the reference (wing) area.
The drag coefficient is given as

Cp = Cp, + kC?, (A6)

Vertical Axis

T =Thrust

climb angle=©
Horizontal Axis

L \

(Inward)

Flight Path

Fig. Al. Forces on a passenger aircraft during climb with the
two axes (horizontal and vertical) set for the calculation of
acceleration components.
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Cp, is the part of drag coefficient due to friction and
pressure on the aircraft body, and K is a constant that
incorporates the other part of the drag coefficient due to lift
(lift induced drag) (University of Southampton 2005). Cp =
0.06 (approximation for many aircraft aerofoils). The
constant is

1
k= T AR e’
where e is equal to 0.85 for twin-engine wide-body aircraft,
and AR is the wing aspect ratio, which is determined from

(AT)

AR — (wing span)? _ (47.57)°

wing area 2833

These yield k& = 0.04688. Taking Cp, = 0.017 for a twin-
engine wide-body and substituting in Equation A6 yields
C;, =0.96. Substituting in Equations A4 and A5 and

assuming the density of atmospheric air to be 1.2kg m >,

D = 229473 KN,

= 7.987. (A8)

and
L =3671.568 KN.

923

Substituting in Equations A2 and A3, the vertical and
horizontal components of the aircraft acceleration are,
respectively,

@, =1379 ms > =—14g
and

dp = —6.51 ms 2 =0.67 g

Lastly, the absolute acceleration components calculated are
expressed in the form of relative acceleration components on
the air inside the aircraft cabin before being implemented in
FLUENT. This is attained by reversing the sign of each
acceleration component and superimposing it on any
acceleration(s) that may exist in the same direction (e.g.,
gravity). This is justified by Newton’s third law and yields
the relative acceleration components as follows:

@, = (—13.79-9.81) = —23.6 ms * = 2.4 g,
(or 23.6ms ™~ acting downwards)and
. =651 ms? =-0.67 g

(or 6.51ms ™~ acting toward the tail of the aircraft).
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