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Are aircraft acceleration-induced body forces effective on
contaminant dispersion in passenger aircraft cabins?

HOSSAM A. ELMAGHRABY , YI WAI CHIANG , and AMIR A. ALIABADI�
School of Engineering, University of Guelph, RICH 2515, Guelph, ON N1G 2W1, Canada

Numerical simulations for the effect of body forces due to aircraft acceleration on the airflow and contaminant dispersion in a model
for a passenger aircraft cabin are performed in this study. Sulfur hexafluoride (SF6) was used as the in-cabin contaminant and served
as a surrogate for cough particles in the size from 1.6 to 3.0 mm. It was found that those body forces have a significant impact on the
contaminant dispersion phenomena and concentrations, especially during the climb leg, where the time-integrated concentration was
2.4 to 2.8 times its counterpart during the steady level (cruise) flight case at the two monitoring locations for most of the simulation
time. However, the exposure to the contaminant did not change appreciably during the descent leg. Air velocities, on the other hand,
increased noticeably during the climb and descent legs, leading to evident changes in the airflow patterns, airflow circulation
magnitude, and, at some locations, airflow circulation directions. The current study has limitations, requiring detailed calculations
while considering parametric variations. The findings warrant a closer investigation into the effects of body forces due to aircraft
acceleration on the airflow and contaminant dispersion in various passenger aircraft cabins.

Introduction

Billions of people every year prefer to use air travel than
other means of transport (Air Transport Action Group 2018).
This is because of the fast and reliable service the airliners
provide. However, the environment inside a commercial air-
craft cabin provides a fertile ground for deterioration of air
quality and disease transmission among passengers if proper
measures are not taken (Elmaghraby et al. 2018).

In the past two decades, numerous studies with different
research approaches have investigated air quality in aircraft
cabin environments using air distribution systems as a con-
trol measure. These approaches range from purely experi-
mental (Waters et al. 2002; Strøm-Tejsen et al. 2007; Sze
To et al. 2009; Li et al. 2014; Fang et al. 2015) to entirely
computational (numerical simulations) (Lin et al. 2005; Wan
et al. 2009; Hassan 2016) or combinations of both (Zhang
et al. 2009; Poussou et al. 2010; Zhang et al. 2012;
Isukapalli et al. 2013; Li et al. 2016).

Aircraft are moving with high speeds and accelerations,
accomplishing distinct flight mission legs (or intervals) with

different dynamic conditions, such as takeoff, climb, cruise,
descent, and landing (Hull 2007). Nevertheless, no study in
the literature has considered the effect of the resulting body
forces from those accelerations on the flow of ventilation air
and contaminant dispersion inside aircraft cabins.

The main objective of this work is to fill the gap in the
literature that has always considered that passenger aircraft
are at rest or under cruise conditions and that the ventilation
airflow, buoyancy effects due to occupant-generated thermal
plumes, and contaminant dispersion within their cabins are
only influenced by gravitational acceleration. The effect of
the accelerations induced by the body forces acting on a typ-
ical passenger aircraft (Boeing 767-300), such as lift and
drag, in addition to the thrust of the jet engines and the
weight of the aircraft itself, on the air distribution and gas-
eous contaminant dispersion inside an economy cabin sec-
tion is investigated through computational fluid dynamics
(CFD) simulations using ANSYS FLUENT software. This is
inspired by the existence of the body force term in the
Navier-Stokes conservation equations, which in turn can
affect the airflow and contaminant dispersion in the aircraft
cabin. The mission legs during which the simulations are
performed are climb, steady level (cruise), and descent.

Methods

Simulated cabin geometry

The aircraft cabin model used for the current study is
adopted from the literature, more specifically, an
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experimental study (Sze To et al. 2009) and the numerical
simulation follow-up work (Wan et al. 2009).

The cabin mock-up resembles an actual size sectional econ-
omy-class cabin of a Boeing 767 passenger aircraft with 21
seats arranged in three rows (the seven abreast or 2–3–2 seat
arrangement). The external dimensions of the cabin mock-up
are 4.9 m � 3.2 m � 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.
The cabin mock-up appeared for the first time in Strøm-Tejsen
et al. (2007), where more details about its configuration and
control systems can be found.

The experiments conducted by Sze To et al. (2009) were
concerned with the dispersion and deposition of expiratory
particles in the aircraft cabin mock-up after being released
under different cabin airflow rates. They positioned 15
heated cylinders on the seats to mimic passengers, and they
developed an in-house droplet generator to simulate a cough-
ing person (droplet release point). The size distribution of
released cough droplets was measured using the interfero-
metric Mie imaging technique combined with an aerosol
spectrometer (GRIMM, model 1.108). Additionally, depos-
ition of expiratory droplets in the cabin was measured by the
fluorescence dye technique employing several bright dyes
depositing on sheets of aluminum foil and polyethylene film.
On the other hand, airflow patterns were characterized using
the particle image velocimetry technique with a double-
pulsed Nd:YAG illumination laser source of 532 nm wave-
length and a dual-frame CCD camera.

Figure 1 shows a three-dimensional view for the created
cabin model in the current study to the exact dimensions
using the design software DesignModeler included in the
ANSYS 17.0 CFD package and a plan view for the seats.

Governing equations

The equations governing airflow and contaminant dispersion
in the current cabin model solved by the ANSYS FLUENT
18.2 software are as follows:

(a) The mass conservation (continuity) equation:

@q
@t

þr: q~V
� �

¼ 0; (1)

where q is the in-cabin air density, t is the time, and ~V is
the flow velocity vector. Because the density q 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):

r: ~Vð Þ ¼ 0: (2)

This is because the airflow in the cabin can be safely
considered incompressible as verified by considering the
dimensionless Mach number. Even with the highest velocity
in the domain equal to the cough velocity of 10.6 m s�1, the
highest Mach number in the cabin is 10.6/343¼ 0.03, which
is much less than the incompressibility assumption limit (Ma
¼ 0.3).

(b) The momentum conservation equation:

@

@t
q~V
� �

þr: q~V~V
� �

¼ �rpþr: s¼ð Þ þ q~g þ q~a; (3)

where p is static pressure, s
¼
is the stress tensor, and ~g and ~a

are the gravitational and external body accelerations, respect-
ively (ANSYS Inc. 2015).

(c) The energy equation:

@

@t
qEð Þ þ r: ~V qE þ pð Þ

� �
¼ r: keffrT�

X
j

hj~J j þ s¼eff :~V
� � !

þ Sh;

(4)

where keff is the effective conductivity ¼ k þ kt (kt is the

turbulent thermal conductivity), T is the temperature, ~J j is
the diffusion flux of species j, and Sh is and additional
volumetric heat source (e.g., passenger bodies). E is
defined as,

Fig. 1. The computational cabin model used in the current
study: a. three-dimensional view of the geometry built in
ANSYS and b. plan view for the cabin with the cougher/injector
position (red square) and the SF6 concentration monitoring
points (blue circles).
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E ¼ h� p

q
þ V2

2
; (5)

where h is the sensible enthalpy of the fluid flow, which is
defined for ideal gases (i.e., air) as,

h ¼
X
j

Yjhj;

where Yj is the mass fraction of species j and,

hj ¼
ðT
Tref

Cp;jdT :

For the pressure solver used, Tref is taken as 298.15 K
(ANSYS Inc. 2015).

(d) Species transport equation:

@

@t
qYið Þ þ r: q~VYi

� �
¼ �r:~Ji þ Si; (6)

where Yi is the local mass fraction of each species i in the
domain, and Si is the rate of creation (or consumption) of
species by addition (or removal) from the dispersed phase
plus any user-defined sources. ~Ji is the diffusion flux of spe-
cies i, which for mass diffusion in turbulent flows is defined
as,

~Ji ¼ � qDi;m þ lt
Sct

� �
rYi � DT ;i

rT

T
; (7)

where Di;m is the mass diffusion coefficient for species i in
the mixture, DT ;i is the thermal (Soret) diffusion coefficient,
lt is the turbulent viscosity, and Sct is the turbulent
Schmidt number.

(e) Turbulence kinetic energy (k) and turbulence kinetic
energy dissipation rate (e) equations (renormalization
group [RNG] k-e model):

@

@t
qkð Þ þ @

@xi
qkuið Þ ¼ @

@xj
akleff

@k

@xj

� �
þ Gk þ Gb � qeþ Sk ;

(8)

and

@

@t
qeð Þ þ @

@xi
qeuið Þ ¼ @

@xj
aeleff

@e
@xj

� �
þ C1e

e
k

Gk þ C3eGbð Þ

� C2eq
e2

k
� Re þ Se;

(9)

where ak and ae are the inverse effective Prandtl numbers
for k and e, respectively; Sk and Se are user-defined source
(or sink) terms; and C1e; C2e; and C3e are constants
defined by the RNG k-e model theory. In addition, Gk rep-
resents the generation (or consumption) of turbulence kin-
etic energy due to the mean velocity gradients, and Gb is
the generation (or consumption) of turbulence kinetic
energy due to buoyancy, which is formulated using the
standard gradient diffusion hypothesis as,

Gb ¼ � gi
lt

qPrt

@q
@xi

;

where gi is the component of the gravitational vector in the
ith direction, lt is the turbulent viscosity, and Prt is the tur-
bulent Prandtl number.

Model boundary and initial conditions

The model’s boundary and initial conditions found in the
reference studies (Sze To et al. 2009; Wan et al. 2009) were
closely followed and implemented in the numerical solver
FLUENT 18.2 for the case of 200 L s�1 supply airflow rate.
This was the only supply airflow rate considered through the
conventional mixing ventilation system used. For more
information on the conventional mixing ventilation system
strategy in commercial aircraft cabins, the reader is referred
to more detailed studies (Mangili and Gendreau 2005;
Elmaghraby et al. 2018).

For simulation, sulfur hexafluoride (SF6) gas was released
in the cabin to mimic the injection and transport of the
cough’s smallest size droplets (typically 1.6–3.0 lm) and
that formed the largest number concentration of the injected
droplet ensemble in the experiments. This was performed for
the sake of model validation and considering that the current
study is a preliminary concept study and not an exact one.
This is to avoid the high computational burden that comes
with simulating particle motion. Table 1 shows the boundary
and initial conditions for the current model.

The simulation time for the transient airflow part is 350 s
at the start of which the cough (SF6 release) was introduced
for 1 s with a released air volume of 0.4 L. Before this tran-
sient run, the airflow domain was completely solved in the
steady mode.

Additionally, the standard wall functions were used for
near-wall flow treatment with all of the turbulence models
employed, and the SIMPLE solution algorithm was used for
the pressure–velocity coupling.

For the spatial discretization scheme, the least squares cell-
based method was used for the gradient, the second-order
method was employed to solve the pressure, and the second-
order upwind method was used to solve all other equations
(momentum, species, turbulence, energy, etc.). On the other
hand, for the temporal discretization, the first-order implicit
method (implicit backward Euler method) was employed for
the transient part of the simulation following a fixed time step-
ping procedure with a timestep size of 0.1 s while allowing 10
solution iterations per time step.

To accurately simulate cough particle deposition on walls
and surfaces, the SF6 gas was not allowed to bounce off the
walls and surfaces in the cabin model. This was accomplished
by setting a surface reaction boundary condition at every wall
and surface to dissociate SF6 upon contact with sulfide (S2)
and fluorine (F2) gases according to the following reaction:

2SF6 �!at wall
S2 þ 6F2: (10)

Because the released SF6 in the cabin is already at very
low concentrations, the concentrations of the sulfide and
fluorine gases produced from its dissociation are extremely
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low and do not affect the air composition, fluid properties,
or monitored SF6 concentration in the cabin.

This method allows economic computation of surrogate
simulation of small particles that behave like gases.
Assessment of this method is carried out in the subsection
on model validation and error estimation.

Grid independence test

To define the degree of independence of the obtained solu-
tion (airflow velocity and time-averaged SF6 concentration)
from the grid size changes, a grid independence test was
conducted. In the present work, four levels of grid fineness
(sizes) were created—coarse grid (4,704,751 elements),
medium grid (5,522,517 elements), fine grid (7,375,800 ele-
ments), and very fine grid (9,761,227 elements)—in the
order of grid element size decrease or fineness increase. The
grid refinement ratio (r) between each two consecutive grid
levels was kept constant at 1.1. The unstructured grid con-
sists mainly of tetrahedron, wedge, and hexahedron ele-
ments. The tetrahedron elements were used to fill the
majority of the cabin interior volume, and wedge and hexa-
hedron-shaped elements were mainly used to create seven
layers of inflation mesh adjacent to the cabin walls and
around the seats and cylinders to capture the flow boundary
layer more efficiently at these positions. The yþ value was
kept between 300 and 400 at the walls by forcing an average
thickness for the first inflation mesh layer of 0.1 m. This is
backed by several studies in the literature (Blocken et al.
2007; Aliabadi et al. 2018).

Transient simulation runs were performed for airflow and
SF6 dispersion in the cabin on each grid level with the iden-
tical boundary conditions mentioned previously. Figure 2
presents the normalized SF6 concentration time series (real-
time concentration divided by time-averaged concentration)
as they change with the simulation time for the four grid
levels with respect to the experimental data (see next subsec-
tion). The real-time SF6 concentration was monitored at the
breathing level of the occupants (1.17 m) at seats A7 and
C7 (blue circles in Figure 1).

In addition to the graphical comparison of solution on the
four grid levels, the grid convergence index (GCI) was cal-
culated to indicate the amount of asymptotic convergence
that the solution achieved by determining the uncertainty in

solution between two consecutive grid levels (Roache 1994;
Aliabadi 2018).

In the current study, the GCI is calculated between two
consecutive grid levels m and n using the following
formula:

GCImn ¼
Fs �mnj j
rp � 1

; (11)

where Fs is a factor of safety recommended to be 3.0 for

Fig. 2. Normalized SF6 concentration change with simulation
time on the four grid levels used: a. at seat A7 and b. at
seat C7.

Table 1. Boundary and initial conditions for the model.

Boundary and initial conditions Value

Supply air temperature 24 �C
Supply airflow rate 200 L s�1 (corresponds to a

supply velocity of 2.61 m s�1)
Supply air absolute humidity 0.92 g kg�1 (corresponds to 5% relative

humidity at supply air temperature)
Cabin wall temperature 18 �C
Heating cylinder heat release 60 W per cylinder (person)
SF6 (cough) injection location Seat C4
Air velocity at injection location 10.6 m s�1
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comparisons of two meshes and 1.25 for comparison of
three meshes (such as in the current model), �mn is relative
error between the two solutions obtained on the two con-
secutive grid levels, and p is the order of convergence. For
more information on the calculation procedure followed,
refer to more detailed references (Aliabadi 2013, 2018).

The GCI for SF6 concentration calculations from coarse
to medium grids was 3.13%, from medium to fine grids was
1.26%, and from fine to very fine grids was 0.34% at seat
A7. On the other hand, at seat C7, the GCI was 3.55% from
coarse to medium grids, 1.41% between medium and fine
grids, and 0.29% between fine and very fine grids. Based on
these results, and because the change in the solution between
the fine and very fine grid levels is minimal, the fine grid
level was found to exhibit enough grid independency of the
solution while preserving computational economy.
Therefore, the fine grid level was used.

Model validation and error estimation

The experimental data used for the aircraft cabin model val-
idation were mainly extracted from the original study (Sze
To et al. 2009) considering the smallest particle size range

(1.6–3.0 lm) to be compared with the SF6 gas (passive
tracer) concentration time series monitored at the two seats
A7 and C7 over the simulation time. The SF6 gas was
chosen as a surrogate to the smallest size cough particles
because of its high density and molecular weight (about
6.14 kg m�3 and 146.06 g mol�1, respectively), which make
it capable of mimicking the movements of those particles in
the cabin. Additionally, this choice is based on the findings
of multiple studies in the literature that indicate that the
smallest size droplets (3 lm in diameter and less) behave
like heavy gaseous substances (especially SF6) when dispers-
ing in the cabin space (Zhang et al. 2009; Li et al. 2014).
To mimic particle deposition at the walls, it was necessary
to have an SF6 sink at the walls by implementing a dissoci-
ation mechanism at the wall boundary. Such a need was
confirmed by comparing the results without a dissociation
mechanism, in which case the SF6 concentrations in the
domain were too high.

Figure 3 depicts the compared normalized SF6 concentra-
tion time series at seats A7 and C7 using the numerical solu-
tion obtained on the fine grid only and employing different
turbulence models from the Reynolds-averaged Navier-
Stokes group that can simulate buoyancy effects on the pro-
duction and dissipation of turbulence kinetic energy (k).

The error estimation in the current CFD model predic-
tions for concentration time series are calculated using a pro-
cedure first proposed by Steven Hanna (1989) and used by
him and others later in multiple studies to express the error
between the observed and predicted concentrations in atmos-
pheric air quality models (Chang and Hanna 2004; Hanna
and Chang 2012; Aliabadi et al. 2017). This procedure uses
two performance measures to express the error, the fractional
mean bias (FB) and the normalized mean square error
(NMSE), defined as follows,

FB ¼ 2 CoCp

� �
Co

þ Cp

� � (12)

NMSE ¼
CoCpð Þ2

� �
Co

� Cp

� � ; (13)

where Co and Cp are the observed and predicted concentra-
tions, respectively. Whereas FB is a measure of the shift
between the observed and predicted quantities, NMSE is a

Fig. 3. Comparison of the normalized SF6 concentration time
series between the experiment and numerical simulations on the
fine grid level using different turbulence models: a. at seat A7
and b. at seat C7.

Table 2. FB and NMSE values for the numerical predictions of
the turbulence models used.

Turbulence model

Seat A7 Seat C7

FB NMSE FB NMSE

Standard k-e 0.67455 1.25019 0.55768 0.58504
RNG k-e 0.31867 0.71138 0.39909 0.37711
Realizable k-e 0.69038 1.53628 0.50152 0.58732
SST k-x 0.60606 1.19904 0.31138 0.25556
Standard k-x 0.49237 0.97809 0.51303 0.55494

Note: SST - Shear Stress Transport; RNG - Re-Normalization Group.
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measure of the spread between observed and predicted quan-
tities. For a perfect model, FB and NMSE are both equal to
zero (Chang and Hanna 2004).

Table 2 gives the FB and NMSE values calculated for the
normalized SF6 concentration time series between the
experimental measurements and the numerical predictions of
the same turbulence models as in Figure 3.

From Table 2, it can be concluded that the RNG k-e tur-
bulence model exhibits the overall lowest values for FB and
NMSE at both seats among all other models. Consequently,
the RNG k-e model provides the most accurate SF6 concen-
tration predictions at both seats A7 and C7 and was there-
fore used. This result also agrees with the recommendations
for similar airflow simulation cases in closed spaces found
in the literature (Chen 1995; Zhai et al. 2007; Zhang et al.
2007; Wang and Chen 2009; Liu et al. 2013). On the other
hand, the NMSE values for normalized concentration at seat
C7 are about 50% less than those at seat A7, whereas FB

values are almost the same at both seats. This shows that the
shift between the observed and predicted concentration val-
ues is similar, but the spread of the predicted data with
respect to the observed ones is two times higher at seat A7,
which indicates less accurate predictions.

For all turbulence models used, the decrease in prediction
accuracy from seat C7 to seat A7 can very well be attributed
to the condition of airflow, and therefore that of the surro-
gate SF6 gas, from the emission source (at seat C4) to each
seat. From C4 to C7 the flow is mainly lateral and is less
susceptible to the bulk flow turbulence than the primarily
longitudinal flow experienced from C4 to A7 (see Figure 1).

Generally, the calculated FB and NMSE figures agree
well with the graphical presentation for the measured and
calculated concentration time series (see Figure 3).

The experimental measurements of droplet concentration
and the resulting passenger exposure (see the subsection on
effect of aircraft body forces on contaminant dispersion)

Fig. 4. SF6 concentration contour plots at breathing level during steady level flight: a. at t ¼ 20 s, b. at t ¼ 40 s, c. at t ¼ 200 s, and d.
at t ¼ 350 s after cough release.
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were not free from error and uncertainty. This uncertainty
was mainly caused by the limited resolution of the aerosol
spectrometer used and that of the liquid flow meter in the
droplet generator. The uncertainty in exposure was estimated
to be ±9.63� 10�6 mL for droplets �15 mm in diameter,
which formed the majority of droplets captured in the
experiments (Sze To et al. 2009). Despite those estimations,
no error bars were provided for the experimental droplet
concentration time series (shown as pink dots in Figures 2
and 3) by the authors of the original study.

Calculation of aircraft body acceleration components

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

The calculation procedure relies on applying Newton’s

second law (
P

~F ¼ m~a) 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),
aircraft weight (W), and thrust of the jet engines (T).

For example, the relative vertical acceleration on the air-
craft cabin during a climb is found to be equal to 2.4 g,
which is composed of two parts; 1.4 g due to aircraft accel-
eration and 1 g representing the gravitational component.
More information on the calculation procedure followed can
be found in the Appendix at the end of this paper.

Results and discussion

Effect of aircraft body forces on contaminant dispersion

The climb and descent simulations were run for the same
time span of the steady level flight simulations (350 s) but
with the new acceleration components resulting from the

Fig. 5. SF6 concentration contour plots at breathing level during climb: a. at t ¼ 20 s, b. at t ¼ 40 s, c. at t ¼ 200 s, and d. at t ¼ 350 s
after cough release.
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climb and descent calculations implemented in the numerical
solver. Figures 4, 5, and 6 depict the SF6 concentration con-
tours in the cabin at different simulation times during the
steady level flight, climb, and descent legs, respectively.

Looking at Figure 4, one can notice that the SF6 disper-
sion starts from the central rear area, where the cougher is
located, and then the contaminant tends to disperse laterally
to the two sides with a high concentration region preserved
at the center. Next, and specifically after around 200 s has
passed since the cough was released, the dispersion pattern
changes from lateral to longitudinal where the SF6 spreads
to the front rows. This steady level flight dispersion pattern
is clearly motivated only by the airflow in the cabin with no
existent body forces (other than gravity) on the aircraft that
can manipulate the contaminant dispersion, which kept it at
the center of the cabin for most of the simulation time.

On the other hand, the body forces during the climb leg
force the SF6 to mainly disperse to the rear of the cabin as
seen in Figure 5. SF6 moves to the back in a longitudinal

pattern just after being released and then disperses laterally
to the sides while being restricted to the back rows. Later, a
minor longitudinal dispersion pattern drives some of the
released contaminant to the front rows starting from left to
right while keeping the majority of the contaminant at the
back left corner where the highest risk of exposure exists (to
be assessed later in this section).

The body forces during the descent leg were also effect-
ive on the SF6 dispersion pattern in the cabin as seen in
Figure 6. The contaminant is pushed to the rear of the cabin
for a short time due to its own inertia before the descent
body forces make it disperse to the front rows while restrict-
ing its lateral movement to the left side of the cabin. Later,
SF6 disperses slightly to the right side of the cabin while
concentrating mainly at the left side of the front row (note
that the cabin occupancy is not symmetric from left
to right).

Generally, the body forces due to aircraft acceleration
during the climb and descent legs seem to influence the

Fig. 6. SF6 concentration contour plots at breathing level during descent: a. at t ¼ 20 s, b. at t ¼ 40 s, c. at t ¼ 200 s, and d. at t ¼
350 s after cough release.

Volume 25, Number 7, August 2019 865



dispersion pattern of the SF6 contaminant surrogate in the
cabin. The contaminant is forced to disperse in directions of
the body force vector and to settle at either the rear (climb)
or front (descent). This behavior is mainly influenced by the
airflow patterns in the cabin throughout the different flight
legs (investigated later in the following subsection).

For the two set monitoring locations at seats A7 and C7,
Figure 7 shows a comparison of the calculated concentration
time series of SF6 during steady level flight, climb,
and descent.

It can be clearly noticed from Figure 7 that the tracer gas
concentration is significantly higher (up to 150%–300%
more) during the climb leg than the steady level flight case
for most of the simulation time, especially at seat A7.
Consequently, the level of exposure (which can be inter-
preted from the area under the curves) of passengers sitting
at both seats significantly increases throughout the aircraft
climb time. This poses greater risks to the health and well-
being of most passengers in the cabin upon exposure to haz-
ardous gaseous substances, in-cabin contaminants, or some
infectious particulates during the aircraft climb leg that can
take up some considerable time for some flights and air-
craft models.

On the other hand, the SF6 concentration time series dur-
ing the descent leg does not noticeably differ from that for
the steady level flight time, possibly due to lower accelera-
tions induced by body forces. This indicates that the level of
passenger exposure to contaminants is almost identical
between the descent and the steady level flight scenarios at
breathing height.

To put the comparisons between climb, descent, and
steady level flight in more quantitative form, the exposure of
passengers to the simulated contaminant concentration over
time is assessed by calculating the area under the curve cor-
responding to each case of the three scenarios at seats A7
and C7 using the following integral:

Exposure ¼
ð350 s

0
CSF6 tð Þ dt; (14)

where CSF6ðtÞ is the time-dependent SF6 concentration for
each case in parts per million, and the unit for the calculated
exposure is Parts per million second.

Both the composite trapezoidal rule and composite
Simpson’s rule were employed to obtain approximate solu-
tions for the exposure integral being applied to the irregular
concentration time series in Figure 7. Table 3 shows the
ratio of passenger exposure during each of the climb and the
descent legs to that during the steady level flight and the
ratio of exposure during the climb leg to the descent leg at
seats A7 and C7.

Looking at Table 3, it can be noted that passenger expos-
ure is always highest during the climb leg when compared
to the steady level flight and descent legs. The most elevated
exposure ratio was 3.0 to 1, calculated between climb and
descent at seat C7. At the same seat, passenger exposure
during the descent leg was slightly less than the steady level
flight with a ratio of 0.9 to 1.

At seat A7, however, the climb to steady flight exposure
ratio was higher than the ratio between the climb and des-
cent legs, whereas the exposure during the descent was
almost identical to that during steady flight with a ratio of
1.3 to 1.

One factor that may have contributed to the considerable
difference in the SF6 concentration time series (or exposure)
between the climb and descent legs is the difference between
climb and descent rate of velocity change and the

Fig. 7. Comparison of the predicted SF6 concentration time ser-
ies among steady level flight, climb, and descent scenarios: a. at
seat A7 and b. at seat C7.

Table 3. Ratio of passenger exposure between different flight
legs at the two monitoring locations.

Seat Flight leg Passenger exposure ratio

A7 Climb : Steady level flight 2.4:1
Descent : Steady level flight 1.3:1
Climb : Descent 1.9:1

C7 Climb : Steady level flight 2.8:1
Descent : Steady level flight 0.9:1
Climb : Descent 3.0:1
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corresponding accelerations. The climb speed for most mod-
ern jet-powered passenger aircraft can reach up to 600 km
h�1 (324 knots) or more, whereas the full-powered descent
rate is limited to around 250 km h�1 (135 knots) to ensure
passenger comfort. This large difference in aircraft speed
between the two mission legs yields dissimilar aircraft accel-
erations and therefore distinct effects of the generated body
forces on the contaminants dispersion rates and flow patterns
inside the cabin.

Another factor in play is the difference between the climb
and descent (inclination) angles. During the take-off and
climb legs, most jet-powered passenger aircraft adopt an
inclination angle from 15� to 20�; such an angle is much
steeper than the small descent angle restricted mostly to 3�

to perform comfortable descents. In addition to the rise in
aircraft speed, the increase in climb angle over the descent
angle can also contribute to enhancing the dispersion rate of

contaminants and changing their distribution contours within
the cabin. This is because changing the flight path angles
significantly alters the values of body force components act-
ing on the aircraft in motion and the contained air on the
vertical and horizontal directions and therefore the aircraft
acceleration components in each of those two directions.
Such effects were fully considered in the present model.

Effect of aircraft body forces on airflow patterns and
circulation

In addition to the effects that body forces have on contamin-
ant dispersion inside the cabin, they affect the airflow pat-
terns, and such patterns can be quantified using both airflow
velocity fields and circulation in the cabin. Figure 8 shows
the airflow velocity vector field near the wall on a lateral

Fig. 8. Airflow velocity vectors near the wall: a. during steady level flight, b. during climb, and c. during descent.
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plane at the middle of the cabin during the steady level
flight, climb, and descent legs.

Mean airflow velocity magnitudes in all directions inside
the cabin were in general greater during climb and descent
than that throughout steady level flight. The monitored air-
flow velocity magnitudes for the simulated flight times
increased anywhere between 1% and 45% during climb and
between 6% and 42% during descent with respect to the
steady level flight air velocity magnitudes. On the other
hand, the air velocity components (Vx, Vy, and Vz) exhibited
different values of increase and decrease between climb and
steady flight and between descent and steady flight, with no
fixed trend.

The increase in airflow velocity magnitudes throughout
the climb and descent legs changed the airflow patterns in
the cabin to some degree. One form of this change is the
increased air boundary layer thickness adjacent to the cabin
walls due to the tendency of the air to separate from the
walls as it moves downward during climb and descent. In
other words, the increased downward airflow velocities (0.9
m s�1 for climb and 0.8 m s�1 for descent compared to 0.65
m s�1 during steady level flight) led to reduced airflow
attachment to the walls. Consequently, the strongest down-
ward flow separation (thickest airflow boundary layer) was
noticed during climb.

Another effect that the airflow velocity changes have on
airflow patterns is the alteration of the airflow circulation in
the cabin. For circulating flows, such as the highly turbulent
airflow in the cabin space, circulation (u) is defined as the
line integral around a closed curve of the velocity field

u ¼
þ
@s

~U :d~l: (15)

Figure 9 shows examples of arbitrary airflow circulation
paths on the x� y plane set at the middle of the cabin.

Due to cabin symmetry along the longitudinal aircraft
axis, these circulation paths are considered to represent the
tendency of airflow to circulate throughout the cabin. From
the figure, it can be clearly seen that the airflow circulation
can be considered on the full planes, such as x� y; x� z;
and z� y planes (x� z and z� y planes are not shown in
the figure but correspond to circulations uy and ux, respect-
ively), and also at the four quadrant corners of each plane,

namely, the upper left, upper right, lower left, and lower
right corners. This was made possible by calculating the
average airflow velocities on separate line segments located
at the top, bottom, right, left, and center (horizontally and
vertically) of each of the mentioned planes. Afterwards, the
difference in magnitude between each pair of those veloc-
ities, the distances between each two parallel lines on which
they were calculated, and the surface area of the plane on
which the circulation is quantified were used to yield an
approximate circulation on each plane as follows,

ux ¼ Dvz
Dy

�Dvy
Dz

� �
DyDz; (16a)

uy ¼ Dvx
Dz

�Dvz
Dx

� �
DxDz; (16b)

uz ¼ Dvy
Dx

�Dvx
Dy

� �
DxDy: (16c)

Table 4 presents the calculated circulation on the full
planes and the four quadrant corners of each plane during
the steady level flight, climb, and descent legs and the per-
centage change in those values when each of the climb and
descent legs is compared to the steady level flight case.

Studying Table 4, it can be noted that the circulation on
the full planes, in the three directions, and their four quad-
rant corners exhibits both increases and decreases during
climb and descent, with respect to the steady level flight
case, with increases occurring more frequently. However,
those increases are not exclusive to one flight leg and occur
almost equally between climb and descent.

One unique characteristic of circulation is that the change
in the direction of rotation can be shown between steady
level flight and climb and between steady level flight and
descent, in addition to the increase or decrease in the circu-
lation strength (magnitude). This is exhibited by a change in
the sign of the circulation from positive (clockwise direc-
tion) to negative (counterclockwise direction) and vice versa,
following the right-hand rule. These cases are also clearly
demonstrated in Table 4 (footnote d) to show that a change
in the direction of airflow rotation occurs whether the circu-
lation magnitude increases or decreases.

The greatest increase in circulation, taking the steady
level flight case as a reference, is seen on the upper right
corner during descent on the x� z plane (uy) with around a
498% increase. This is followed by the climb on the lower
left corner of both the y� z and x� z planes with 249.2%
and 243.9% increases, respectively.

One may also notice that on the full plane, and in every
direction, the circulation strength during the climb and des-
cent legs similarly increases or decreases from the steady
flight case, even with different percentages, but this is not a
common trend on the four quadrant corners.

Another interesting observation is that the circulation on
the x� y plane (uz) only exhibits a decrease during both the
climb and descent legs on the full plane, whereas on the
four quadrant corners it always shows an increase during
those two legs.

Fig. 9. Example of the followed notation for estimating the air-
flow circulation on the full x� y plane (uz) and its four quad-
rant corners.
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Conclusion and future work

In this study, numerical simulations for the effect of body
forces due to aircraft acceleration on the airflow and con-
taminant dispersion (from human cough) in a model for a
passenger aircraft cabin are performed. The steady level
(cruise) flight leg, which takes most of the flight time, is
taken as the reference case to which the contaminant con-
centration and airflow changes during the climb and descent
flight legs are compared.

From the concentration contour plots for the contaminant
surrogate (SF6) it was noticed that the body forces due to
aircraft acceleration during the climb and descent legs influ-
ence the dispersion patterns of the contaminant surrogate in
the cabin. The contaminant was made to disperse in direc-
tions of the body force vector and to eventually settle either
at the rear of the cabin during climb or at the front during
descent until this contaminant is cleared out of the cabin by
the ventilation system. This behavior is mainly influenced
by the airflow patterns in the cabin throughout the different
flight legs. It was also noted that the concentration of the
contaminant at the two set monitoring locations, and there-
fore the passenger exposure, increased substantially during
the climb leg from the steady level flight with ratios of 2.4
to 1 and 2.8 to 1 at seats A7 and C7, respectively. However,
this was not the case during the descent leg, throughout
which the SF6 concentration did not considerably differ from
that during the steady level flight time with exposure ratios
limited to 1.3 to 1 at seat A7 and 0.9 to 1 at seat C7.

Airflow velocity magnitudes, on the other hand, increased
everywhere in the simulated cabin during climb (between
1% and 45% increase) and descent (between 6% and 42%

increase) compared to the steady level flight case. However,
this was not the case for the airflow velocity components
(Vx, Vy, and Vz), which showed different levels of increase
and decrease with no fixed trend.

The change in airflow velocities had a significant effect
on the airflow patterns and circulation in the cabin.
Downward airflow coming from supply slots was less
attached to the cabin walls during climb and descent than
through the steady flight time. Additionally, airflow circula-
tion strength in every direction inside the cabin, either on
the full plane or its four quadrant corners, exhibits both
increases and decreases during climb and descent, with
respect to the steady level flight case, with increases occur-
ring more frequently.

The findings indicate the potent effect that acceleration-
induced body forces have on the airflow behavior and con-
taminant dispersion inside the cabins of passenger aircraft
and call for more research attention to this topic to unveil
some ventilation and/or ergonomic design remedies to the
negative effects this may have on the health of occupants of
aircraft, trains, and other moving vehicles.

The current study provides a straightforward approach to
studying contaminant dispersion under the influence of pas-
senger aircraft acceleration-induced body forces using
numerical means and by avoiding complicated and expensive
experimental investigations. However, there are some impli-
cations for the study that the reader must be aware of. The
current investigation is generally a preliminary concept work
and not an exact one. SF6 was used to mimic cough particles
of the smallest size range, which results in some inaccuracy.
In addition, the results of the study cannot be generalized on
all passenger aircraft because a specific aircraft model and

Table 4. Airflow circulation values and changes between steady level flight, climb, and descent legs.a

Plane/side corner Flight leg

Circulation (m2 s�1)b
Change in circulation during climb

or descentc (%)

ux uy uz ux uy uz

Full plane Steady flight �0.0215 �0.0959 0.0419 – – –
Climb �0.0555 �0.1554 0.0148 158.1 62.05 �64.64
Descent 0.0690 �0.2854 0.0392 221.1d 197.7 �6.45

Lower right corner Steady flight 0.0392 �0.0869 0.3846 – – –
Climb �0.0469 �0.0572 0.4522 19.64d �34.13 17.59
Descent 0.1024 �0.1022 0.4174 161.3 17.71 8.53

Lower left corner Steady flight 0.0326 �0.0254 �0.3260 – – –
Climb 0.1137 �0.0872 �0.4275 249.2 243.9 31.12
Descent �0.0294 �0.0076 �0.3575 �9.83d �70.06 9.64

Upper right corner Steady flight �0.0433 �0.0226 0.3283 – – –
Climb �0.1414 0.0095 0.4118 226.6 �57.81d 25.42
Descent 0.0639 �0.1351 0.3567 47.49d 498.3 8.64

Upper left corner Steady flight �0.0499 0.0389 �0.3449 – – –
Climb 0.0192 �0.0205 �0.4216 �61.66d �47.39d 22.25
Descent �0.0679 �0.0405 �0.3774 35.94 3.99d 9.41

Note: aValues in boldface represent significant percentage changes (greater than 100%).
bPositive values indicate a clockwise direction and negative values indicate a counterclockwise direction following the
right-hand rule.
cPositive values indicate an increase from steady flight and negative values indicates a decrease from steady flight.
dAccompanied by a change in the direction of rotation.
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design (Boeing 767-300) was used. Moreover, only a section
of the economy cabin was considered for investigation and
not the full aircraft fuselage. Lastly, further parametric varia-
tions of the variables included in the study, such as contam-
inant injection point location and/or direction, increasing the
frequency of injections, and/or varying the number of con-
centration monitoring sites and their locations, were beyond
the scope of the current study. Such factors may have some
impact on the difference in passenger exposure to contami-
nants between the steady level flight, climb, and descent
cases and necessitate further investigations.

The effect of the acceleration-induced body forces on par-
ticle dispersion will be investigated in follow-up studies. In
addition, larger and more modern cabin models with differ-
ent configurations will be utilized to generalize the findings
of the current study. In addition, both airflow/ventilation
design and source control strategies can be employed to
reduce the negative effects of contaminant dispersion experi-
enced during the climb leg. Such strategies can include, but
are not limited to, changing airflow direction, altering air-
flow rate, using different ventilation schemes, relocating
and/or isolating contamination sources (e.g., coughing per-
sons), changing cough volume/intensity (e.g., by using nap-
kins), and altering cough orientation or direction. For the
descent leg, however, the impact of practical future plans
such as the one proposed by the European Organisation for
the Safety of Air Navigation (EUROCONTROL) in 2011 to
implement a continuous descent approach (CDA) instead of
the conventional staged descent approach can be studied.
The CDA is sought to eliminate the extended low-level
thrust segments currently performed in the middle of the
descent stages. In addition to controlling contaminant disper-
sion inside the cabin, CDA may help to offset the harmful
effects of passenger aircraft noise and atmospheric emissions
(EUROCONTROL 2011).
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Appendix: Procedure for determining the aircraft
acceleration components during climb and descent

Climb
Newton’s second law is applied on the vertical and
horizontal axes shown in the Figure A1.X

~F ¼ m~a (A1)

On the vertical axis:

Tsinh� Dsinhþ Lcosh�W ¼ m~av ; (A2)

and on the horizontal axis:

Tcosh� Dcosh� Lsinh ¼ m~ah ; (A3)

where ~av and ~ah are the vertical and horizontal acceleration
components, respectively (Gudmundsson 2013).

The unknowns (T, h, D, L, m) are estimated based on
industrial specifications and dimensions for the Boeing 767-

300 aircraft (Airliners 2017): T¼ 462.6KN (for a twin-jet
engine), h ¼ 20�, m¼ 159,210 kg (max. takeoff weight), and
W ¼ mg.

D ¼ CD�0:5qV2A; (A4)

L ¼ CL�0:5qV2A; (A5)

where CD and CL are the drag and lift coefficients,
respectively; q is the air density; V is the aircraft velocity
(taken as 155 m s�1); and A is the reference (wing) area.
The drag coefficient is given as

CD ¼ CD0 þ kC2
L; (A6)

where CD0 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). CD ¼
0.06 (approximation for many aircraft aerofoils). The
constant is

k ¼ 1
p AR e

; (A7)

where e is equal to 0.85 for twin-engine wide-body aircraft,
and AR is the wing aspect ratio which is determined from

AR ¼ wing spanð Þ2
wing area

¼ 47:57ð Þ2
283:3

¼ 7:987: (A8)

These yield k¼ 0.04688. Taking CD0 ¼ 0:017 for a twin-
engine wide-body aircraft and substituting in Equation A6
yields CL ¼ 0:96: Substituting in Equations A4 and A5 and
assuming the density of atmospheric air to be 1.2 kg m�3,

D ¼ 229:473 KN;

and

L ¼ 3671:568 KN:

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

~av ¼ 13:79 ms�2 ¼ �1:4 ~g;

and

~ah ¼ �7:14 ms�2 ¼ 0:73 ~g:

Lastly, the absolute acceleration components calculated are
expressed in the form of relative acceleration components on

Fig. A1. 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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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,

~ay ¼ �13:79�9:81ð Þ ¼ �23:6 ms�2 ¼ 2:4 ~g;

ðor 23:6 ms�2 acting downwardsÞ
and

~az ¼ 7:14 ms�2 ¼ �0:73 ~g:

or 7:14 ms�2 acting toward the tail of the aircraft
� �

:

Descent
For descent, the same procedure and parameters for climb
apply, but the aircraft velocity (V) and the descent angle (hÞ
are adjusted to the new case. V ¼ 70 m s�1 (full-powered
descent), and h ¼ 3�. With the aircraft tilted downward as in
Figure A2, Equations A2 and A3 are changed.

On the vertical axis:

Lcoshþ Dsinh� Tsinh�W ¼ m~av ; (A9)

and on the horizontal axis:

Lsinhþ Tcosh� Dcosh ¼ m~ah : (A10)

Substituting in Equations A4 and A5 with the new
velocity and using the same values for CD and CL; q; and A,

D ¼ 49:974 KN;

and

L ¼ 799:586 KN:

Substituting the D and L values (keeping T and m the same)
in Equations A9 and A10 yields the vertical and horizontal
components of aircraft acceleration during descent.

~av ¼ �4:9303 ms�2 ¼ 0:50 ~g;

and

~ah ¼ 2:85 ms�2 ¼ �0:29~g:

Finally, the relative acceleration components are calculated
for the descent leg using the same approach previously
followed for the climb leg.

~ay ¼ 4:9303�9:81ð Þ ¼ �4:88 ms�2 ¼ 0:49 ~g

or 4:88 ms�2 acting downwards
� �

and

~az ¼ �2:85 ms�2 ¼ 0:29 ~g

or 2:85 ms�2 acting toward the head of the aircraft
� �

:

Fig. A2. Forces on a passenger aircraft during descent with the
two axes (horizontal and vertical) set for the calculation of
acceleration components.
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