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Abstract

The purpose of this thesis work was to study the airflow patterns and
the particle distribution in a generic car cabin in order to evaluate the
air quality and find how it can be improved. A 3D CAD model was cre-
ated using the Solidworks software program and meshed using ICEM
CFD software. The ICEM CFD software was used to generate the mesh
and ANSYS FLUENT was adapted for the simulation. In total, 12 dif-
ferent cases were simulated by considering different inlet velocities
and vent setup. The predicted results were further used to analyze the
airflow and particle distribution in the entire car cabin. With higher
inlet velocity there were more particles being transported to the rear
part of the cabin. In general, the particle concentration was higher in
the front of the cabin when they were introduced through the inlets,
especially with low inlet velocities. Opening the recirculation vents
resulted in a slight reduction of the flow to the rear side and reduced
the particle distribution accordingly. When smoke particles were in-
troduced in the rear seats, they mostly stayed in the rear of the cabin,
especially with low inlet flow velocities as the air did not mix suffi-
ciently. Overall a higher inlet airflow velocity reduced the number of
particles that were trapped on the front and rear seats. However, an
increase in the number of particles that were trapped on the ceiling,
floor and walls were obtained.
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Sammanfattning

Syftet med den här avhandlingen var att studera luftflödesmönster
och partikelfördelningen i en generell bilkabin för att utvärdera luftak-
valiteten och se hur man kan förbättra den. En 3D CAD-modell ska-
pades med hjälp av Solidworks och ett rutnät skapades med hjälp av
ICEM CFD. ICEM CFD användes för att generera rutnätet och ANSYS
FLUENT användes för simuleringarna. Totalt simulerades 12 olika
fall bestående av olika inflödeshastigheter och ventilinställningar. De
beräknade resultaten användes sedan för att analysera luftflödet och
partikelfördelningen i hela bilkabinen. Med högre inloppsflöde var
det fler partiklar som transporterades till bakre delen av bilkabinen.
Överlag var partikelkoncentrationen högre i framdelen av kabinen när
partiklarna introducerades i inloppsventilerna, särskilt vid låga inlopp-
shastigheter. Att öppna recirkulationsventilerna resulterade i en liten
minskning av luftflödet till bakdelen av kabinen och även så partikelfördel-
ningen. När rökpartiklar introducerades i baksätena, stannade de för
det mesta i bakdelen av kabinen, särskilt vid låga inloppsflödeshastigheter
då luften inte blandades tillräckligt. Överlag innebar en högre in-
loppsflödeshastighet reducerade mängden av partiklar som fastnade
på fram- och baksätena, men ökade mängden partiklar som fastnade
på taket, golvet och på väggarna.
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CONTENTS 1

Nomenclature

ε Turbulent dissipation rate

ρ Density

ν Viscosity

φ Scalar at cell center

ζ Normally distributed normal number

τij Viscous stress tensor

δij Knonecker delta

νT Turbulent viscosity
−→
A f Cell face area

〈P 〉 Mean pressure

∆ri Difference vector

〈Ui〉 Mean velocity

AR Aspect Ratio

Cµ Function of closure coefficient in realizable k−εmodel

Cε1 Closure coefficient

Cε2 Closure coefficient

Dg Number of diameters

E Energy

h Initial layer height

Hn Prism layer height

HT Total prism layer height

k Turbulent kinetic energy

n Layer number

P Pressure

p Fluctuating pressure

Pc Particle concentration

Pd Particle diameter

Pf Pressure at cell face



2 CONTENTS

r Prism layer height ratio

rc Circumscribed radius

Rey Turbulent Reynolds number

Sε RNG model source term

Sij Strain-rate tensor

T Temperature

Ui Velocity

ui Fluctuating velocity

Uj Velocity

V Volume

y Distance from wall

CAD Computer Aided Design

CFD Computational Fluid Dynamics

DNS Direct Numerical Simulations

DPM Discrete Phase Model

DRW Discrete Random Walk

FMG Full Multi Grid

HVAC Heating, Ventilation and Air Conditioning

LES Large-Eddy Simulation

PM10 Particles < 10 µm

PM2.5 Particles < 2.5 µm

RANS Reynolds-Averaged Navier-Stokes

SUV Sport Utility Vehicle

WHO World Health Organisation



Chapter 1

Introduction

The air quality inside the car cabin is exposed to different types of pol-
lution that have an effect on the health of the driver and passengers
in the car. One such pollution is fine particle matter, PM2.5, which has
a diameter of 2.5 micrometre or less. They are so small that the parti-
cles can penetrate the lung barrier and enter the blood stream [1]. The
WHO has put up guidelines on the maximum amount of exposure and
unfortunately studies show that the concentration of PM2.5 is above
the guidelines inside car cabins in different places [2–4]. The high con-
centrations of particles are dangerous and could lead to deaths [5].
Currently most cars have filters in their ventilation system, but appar-
ently that is not enough. One solution could be to place air purifiers
within the cabin, to make this solution work effectively it would be
very important to know how the airflow distributes and where the
particles accumulate inside the car cabin.

The air quality within the car cabin is important for the driver’s
and passengers’ comfort and health. The comfort is affected by vari-
ous aspects such as temperature and humidity of the air. As the par-
ticles in the cabin can reach dangerous levels, it can affect the health
of the persons inside. To be able to control the air quality in the car
most manufacturers use a Heating, ventilation and Air Conditioning
(HVAC) system that cleans, cools, heats, filters and dehumidifies the
air entering the cabin. The HVAC systems can draw air both from the
outside and also recirculate the air within the cabin, as well as com-
bining both inlets flows. The air that comes from the outside contains
particles that are harmful. Filters at the air intake are usually used in
most production cars, but they do not filter out all particles, especially

3



4 CHAPTER 1. INTRODUCTION

the smallest [6]. Despite applying the filters the air quality in the car
cabin can still be above safe levels, especially in highly polluted cities
and in traffic conditions [7–9]. A schematic picture of the HVAC sys-
tem of a typical car can be seen in Figure 1.1.

Figure 1.1: Schematic of the HVAC system [10]

To determine the flow and particle tracks in the car cabin Compu-
tational Fluid Dynamics (CFD) was used. CFD is a numeric method to
solve the fluid flows that can be very complex, difficult and expensive
to determine by using conventional measurements. Since CFD can
simulate the case study it is possible to have the same conditions for
multiple cases without much difficulties which can be very cumber-
some when doing experiments. The basis for most CFD simulations
are the Navier-Stokes equations. For this study, Realizible k− ε turbu-
lence model was used as it successfully predicts indoor air behaviour
[11–13].

The process of simulating the airflow within a car cabin has been
made multiple times before and published in various reports, but mostly
with the purpose of simulating the heat transfer from the air condition-
ing system and not focusing on the quality of the air [14, 15]. Hara et
al. used numerical simulation to visualize the airflow in a car cabin al-
ready in 1988 where they found that the streamlines swirl upwards at
the front seats and do not reach the rear seats. Even before that, in 1970,
Deardorff had used numerical simulations of the Navier-Stokes equa-
tions on scenarios with high Reynolds number, however, he suggested
the rapid development of the computer would provide the means to
achieve reliable results [16]. Alexandrov et al. examine the heating,
ventilation and aero-conditioning (HVAC) system in a car by look-
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ing at different parameters such as air temperatures and vehicle speed
with the help of CFD simulations [17]. They found that the vehicle ve-
locity and outside temperature have an effect on the efficiency of the
HVAC system as can be expected as well as their model gave rise to
areas with slow air circulation. Konstantinov et al. examined the com-
fort level for passengers for different inlet and outlet configurations by
analyzing CFD simulation results where also the temperature caused
by the passengers is taken into account [18]. The behaviour and di-
rection of the inlet flow into the car cabin is very important in order
to make accurate simulations since the influence of the inlet angle is
big, as was investigated by Bode et al [19]. They simulated the flow
in the cabin for different angles of inlet and reported the velocity and
temperature distribution. Moreover, it was also possible to see several
areas with low air velocities. For a CFD simulation to work properly it
is usually important to have a high-quality mesh. However, in a study
by Inoue et al. a mesh-free CFD simulation was developed which pre-
dicted accurate results compared to experiments[20]. This lowered the
process of preparing the model from 65 hours to just 11 hours. How-
ever, this approach is not as thoroughly used as the regular meshing
process.

1.1 Aim

In this study, a CFD simulation of the airflow within a car cabin is
made. The purpose is to find out the flow characteristics of air from
the ventilation inlets and how the particles that are introduced into the
cabin behave and where they end up. With that information it would
then be possible to optimize the placement of an air purifier or similar
in order to improve the air quality in the cabin. It is also important to
analyze the behavior of different types of particles, especially regard-
ing size, to determine which are most hazardous to health and what
the best approach would be to remove them.

1.2 Limitations

The results of this thesis rely on the results from CFD simulations with-
out validating the simulations through experiments since that would
require too much resources. Another limitation with the simulations is
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that the academic license of the solver software used limits the amount
of elements to 500,000. The thesis should also be done in five months.



Chapter 2

Theory

2.1 Numerical simulation

The numerical simulations used in this study are based on the Reynolds-
Averaged Navier-Stokes equations, RANS, which are time-averaged
equations of motion for fluid flow. The Navier-Stokes equations are
complex to solve analytically, so they should be solved numerically.
This model provides enough accuracy while still being computation-
ally manageable for this project. Extremely detailed and reliable re-
sults could be achieved with Direct Numerical Simulations (DNS), but
for this type of simulation, the whole range of turbulence is resolved.
That would require a very detailed mesh in order to capture the small-
est turbulent eddies. Today the required computer power for these
types of simulations is too high for even the best computers to be
able to compute. Another model that is common in the industry to-
day is Large-Eddy Simulation (LES), it is not as accurate as DNS, but
requires less computational power. The model removes the smallest
length scales by low-pass filtering the Navier-Stokes equations. How-
ever, it still requires a lot of computational power and it still has sig-
nificant challenges and has not yet fully reached the level of maturity
for engineering computations [21].

The Navier-Stokes equation for incompressible flows is

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1

ρ

∂P

∂xi
+ ν

∂2Ui
∂xj∂xj

(2.1)

7



8 CHAPTER 2. THEORY

and the continuity equation for incompressible flows is [22]

∂Uj
∂xj

= 0. (2.2)

The equations are derived from the governing equations regarding the
conservation of mass, momentum and energy which are as follows:
Conservation of mass

∂ρ

∂t
+
∂ui
∂xi

= 0, (2.3)

conservation of momentum

∂ρui
∂t

+
∂uiuj
∂xj

=
∂τij
∂xj
− ∂p

∂xi
, (2.4)

conservation of energy

∂ρE

∂t
+
∂ρuiH

∂xj
=

∂

∂xj

(
k
∂T

∂xi

)
+
∂uiτij
∂xj

(2.5)

where τij is the viscous stress tensor [23]

τij =

(
ν

[
∂ui
∂xj

+
∂uj
∂xi

]
− δij

(
2

3
ν
∂uk
∂xk

))
. (2.6)

In the RANS equations, the instantaneous variables are split into a
mean part and a fluctuating part according to

Ui = 〈Ui〉+ ui (2.7)

and

P = 〈P 〉+ p. (2.8)

Here, 〈Ui〉 is the mean part of the velocity, ui is the fluctuating part
and P is the pressure with corresponding parts. This method is called
Reynolds decomposition and by substituting the decomposed vari-
ables into the Navier-Stokes equations we obtain

∂(〈Ui〉+ ui)

∂xi
= 0 (2.9)
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and

∂(〈Ui〉+ ui)

∂t
+ (〈Uj〉+ uj)

∂(〈Ui〉+ ui)

∂xj
= −1

ρ

∂(〈P 〉+ p)

∂xi
(2.10)

+ν
∂2(〈Ui〉+ ui)

∂xj∂xj
.

Then we have time-averaged equations which lead to the linear terms
of the fluctuating variables equal to zero:

〈ui〉 = 〈uj〉 = 0 (2.11)

By re-arranging the general form of the RANS equation obtained as

∂〈Ui〉
∂t

+ 〈Uj〉
∂〈Ui〉
∂xj

= −1

ρ

∂〈P 〉
∂xi

+ ν
∂2〈Ui〉
∂x2j

− ∂〈uiuj〉
∂xj

, (2.12)

which can be written as

∂〈Ui〉
∂t

+ 〈Uj〉
∂〈Ui〉
∂xj

= −1

ρ

∂

∂xj
{〈P 〉δij (2.13)

+µ

(
∂〈Ui〉
∂xj

+
∂〈Uj〉
∂xi

)
− ρ〈uiuj〉}.

This is very similar to the Navier-Stokes equation apart from the term
−ρ〈uiuj〉which is referred to as the Reynolds stresses that introduces a
coupling between the mean and fluctuating parts of the velocity field.
This term must be modelled in order to be able to acquire results from
the equations which is the purpose of RANS turbulence modelling.
There are multiple different turbulence models, the most common for
indoor air simulations are the two-equation k − ε models.

2.2 k − ε models

When the RANS equations were derived the Reynolds stress were
introduced, which are unknown terms and no extra equations were
added. This means that the Reynolds stress must be modelled since
the total number of unknowns are more than the number of equations.
There are multiple models that are based on the Boussinesq approxi-
mation which is based on the approximation that the components of



10 CHAPTER 2. THEORY

the Reynolds stress tensor are proportional to the mean velocity gra-
dients and reads

τij
ρ

= −〈uiuj〉 = νT

(
∂〈Ui〉
∂xj

+
∂〈Uj〉
∂xi

)
− 2

3
kδij (2.14)

The Boussinesq approximation is used in many turbulence models,
however, it has several limitations, using more elaborate models have
a much higher computational cost. With this approximation, the tur-
bulent viscosity, νT , must be determined. To describe it several mod-
els are based on the appropriate velocity and length scales. There are
several methods to describe the turbulent viscosity and they are usu-
ally categorized by the number of equations that are used to do so.
The simplest methods are zero equations and are called "zero-equation
models". One equation models exist as well, but their accuracy is also
limited. Most commonly, two-equation models are used for the gen-
eral purpose of flow simulations. The names of the models are con-
veniently usually called by what they model, for example the k − ε

model models the turbulent kinetic energy, k, and the turbulent dissi-
pation rate ε.The standard k− ε model was first presented by Launder
and Spalding [24]. It models k, which is the turbulent kinetic energy,
and ε , is the turbulent dissipation rate. The modelled equation for k
reads

∂k

∂t
+ 〈Uj〉

∂k

∂xj
= νT

[(
∂〈Ui〉
∂xj

+
∂〈Uj〉
∂xi

)
∂〈Ui〉
∂xj

]
(2.15)

−ε+
∂

∂xj

[(
ν +

νT
σk

)
∂k

∂xj

]
and the modelled equation for ε reads

∂ε

∂t
+ 〈Uj〉

∂ε

∂xj
= Cε1νT

ε

k

[(
∂〈Ui〉
∂xj

+
∂〈Uj〉
∂xi

)
∂〈Ui〉
∂xj

]
(2.16)

−Cε2
ε2

k
+

∂

∂xj

[(
ν +

νT
σε

)
∂ε

∂xj

]
.

The equations with their variables are described in detail in Computa-
tional Fluid Dynamics for Engineers by B. Andersson et. al [22]. From the
standard model several modified models have been created to obtain
more accurate results. Examples of such are a low-Reynolds number
k − ε model, the RNG k − ε model and the realizable k − ε model.
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The RNG model differs from the standard model by a different for-
mulation of the dissipation equation. An additional source term, Sε, is
added to equation 2.16 and is given by

Sε = 2νSij

〈
∂ul
∂xi

∂ul
∂xj

〉
(2.17)

where Sij is the strain-rate tensor. In regions with high strain rate,
the additional term in the RNG model gives smaller destruction of the
turbulent dissipation rate. It is implemented because the standard k−ε
model is known to be too dissipative. The RNG model can therefore be
an improvement for swirling flows and flows in which the geometry
has a strong curvature [22]. It is also good for indoor airflow, but it
fails to correctly predict the anisotropic turbulence [11].

The realizable model differs from the standard k−εmodel by intro-
ducing a variable Cµ which is a function that ensures that all the nor-
mal stresses are positive during all flow conditions, thus ensuring that
the normal components of the Reynolds stress tensor always are posi-
tive which they have to be since the normal stress is a sum of squares.
It is a two-equation model that is very popular and provides a good
compromise between generality and economy. Neither the standard
or the RNG k − ε model are realizable so the realizable model is supe-
rior in regards to flows involving rotation and separation. The model
requires closure variables which are set during the setup of the simu-
lation. The default variables were used as they are recommended by
ANSYS and an optimization study of the parameters did not show any
significant differences for using the optimized parameters [25].

2.3 Particle tracking

To track the particles in the flow it is necessary to use a Discrete Phase
Model (DPM). The DPM interacts with the continuous phase and uses
the results from the airflow simulations to determine the mean path of
the particles. To include the fluctuating part of the particle tracks and
achieve stochastic tracking the Discrete Random Walk (DRW) model
can be activated. The DRW assumes that the velocity fluctuations obey
a Gaussian probability distribution according to

u′ = ζ
√
u′2 (2.18)
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where ζ is a normally distributed normal number and u′ is the velocity
fluctuation. To obtain a statistically reliable solution it is necessary to
calculate a sufficient number of particle tracks. To calculate the trajec-
tory of a discrete phase particle Fluent integrates the force balance on
the particle. It equates the particle inertia with the forces acting on the
particle and can be written as

d−→u p

dt
=
−→u−→u p

τr
+
−→g (ρp − ρ)

ρp
+
−→
F (2.19)

where
−→
F is an additional acceleration term,

−→u−−→u p

τr
is the drag force per

unit particle mass and

τr =
ρpP

2
d

18µ

24

CdRe
. (2.20)

τr is the particle relaxation time. −→u is the fluid phase velocity,−→u p is the
particle velocity, ρp is the density of the particle and Pd is the particle
diameter. By integrating equation 2.20 for individual particles along
the particle path Fluent predicts the turbulent dispersion of particles.
To capture the random effects of turbulence on the particle dispersion
it is necessary to compute the trajectory in this manner for a sufficient
amount of particles. It is also necessary for the simulation to have
enough time steps in order to become stable. The use of this model has
been shown to be reliable in indoor flows as reported by Sadrizadeh
and Zhao [26, 27].



Chapter 3

Methods

3.1 Geometry

In order to make a CFD simulation, it is necessary to adopt a model for
simulations. First, a simplified car cabin model was created to do sim-
ple simulations and make sure that the results were reasonable with-
out having high processing time. The car cabin model was created
by Solid Works and featured four square inlet vents in the front dash-
board, two square outlets in the rear on the hat shelf, two recirculation
vents under the dashboard, four seats and a simple edgy outer ge-
ometry for the cabin. The measurements for the cabin were based on
Yang et. al. who created a half-scale car model, which measures 1450
mm x 700 mm x 900 mm[28]. The model was then doubled in size to
represent a full-size vehicle, see Figure 3.1. Consequently, the model
became a better resemblance of a real car and also creating smoother
convergence during the simulations. In the base model, the rear seats
were separated, but in the improved modelled the seats joined, which
is common in most cars. In addition, the seats featured a cavity un-
derneath them, which does not normally exist. The size and shape
of the inlets and outlets are important to get realistic results from the
simulations. Therefore, measurements were made on a top-end SUV
where the placement and size of the inlets, outlets and recirculation
vents were measured using a regular tape measure in order to get real-
istic dimensions. The vents were all symmetric around the symmetry
plane with four inlet vents, two outlets and two recirculation vents.
The outer inlets measured 80x90 mm, the inner inlets 170x50 mm, the
outlets 300x50 mm and the recirculation vents 155x30 mm. With these

13
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Figure 3.1: Simple CAD model of car cabin

alterations, the final model was then created, see Figure 3.2

Figure 3.2: Isometric view of the car cabin

3.2 Meshing

In order for the solver to be able to perform the simulation, the geome-
try has been divided into grids, small subdomains of the total volume.
The equations used in the solver are then solved inside each of these
subdomains. It is important to have good connectivity in the mesh
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so that the computations are continuous and that can be made in dif-
ferent ways. A structured mesh has regular connectivity in the form
of for example squares or rectangles and can be expressed as a two-
dimensional array which makes it simple and does not require much
memory space. However, the simple geometry limits the mesh from
being used on more complex geometries.

To generate the mesh ICEM CFD was used and the CAD-model
was imported into the program. In ICEM it is possible to define differ-
ent parts of the geometry and to specifically refine the mesh to the
proper extent at an area with high gradients in a more precise ap-
proach. Sharp edges are problematic when producing the mesh so
they were rounded in places of interest, mainly between the dashboard
and the front window as well as the edge connecting the rear win-
dow and the hat shelf. The mesh created was an unstructured mesh
which means that it can contain irregular shapes and there is no con-
tinuous pattern which it follows. Therefore, the connectivity between
all cells must be specified to define the whole mesh. An unstructured
mesh is preferable compared to a structured mesh because the irregu-
lar shapes allows for more complex geometries because the mesh can
adapt it’s shape according to the geometry instead of being locked into
one shape. ICEM CFD can generate the surface mesh using triangles
or squares and the volume mesh using tetrahedron, pyramids, prisms
or hexahedrons. The applied shapes were tetrahedron for the volume
mesh and prisms for the boundary layer.

To generate the tetrahedron in the volume mesh the Delaunay mesh
method was used. It is using a bottom-up approach meaning it uses
a surface mesh and then generates the volume mesh from that. The
method also smooths the mesh by moving and merging nodes, swap-
ping edges and deleting bad elements.

The resulting mesh is then used to generate the boundary layer
with prisms in order to capture the boundary layer. In this case, the
ICEM CFD Post-inflation method was used. By using the post-inflation
instead of the pre-inflation method the tetrahedral mesh does not have
to be generated each time the inflation options change, which reduces
the time necessary to generate a good prism layer. It uses the existing
volume and surface mesh that was created using the Delaunay method
and creates prism cells between the surface cells and the adjacent tetra-
hedron cells. In the process it removes the tetrahedron cells necessary
to fit the prism cells. Three layers were created using the exponential
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growth law where the prism height per layer is calculated by

Hn = h ∗ rn−1 (3.1)

where h is the initial height, r is the height ratio which was set to
1.2 and n is the layer number. The total prism layer height is then [29]

HT = h ∗ 1− rn

1− r
. (3.2)

The initial height was set as a float variable which means that the
software determines the height based on the local triangle size. Dur-
ing the creation of the prism layer the surface mesh was also smoothed
using Laplace smoothing in this case which usually gives the best re-
sults. The volume mesh was also smoothed which is essential for a
good prism mesh.

In order to be able to control the amount and sizes of the cells it
was possible to limit the sizes of the cells grown at each surface spec-
ified from the geometry. It was also possible to specify the height
limit for the prism layer at specific surfaces which was necessary at
the rear window and hat shelf so that the prisms won’t be too large
to cause problems with skewed cells. Another limitation was that the
maximum amount of cells possible to use was 500,000 elements be-
cause of the academic licensing of ANSYS software. It would have
been preferable to do a mesh independency study which would re-
quire different sizes of the mesh and comparing them to see at which
level of detail the mesh did not improve considerably when making
it finer. However, the quality of the mesh improved by refining the
mesh at locations with high gradients such as walls, inlet and out-
let. By tweaking the maximum size it was possible to achieve a fine
mesh at places of interest such as inlets and outlets. A total amount of
496,104 grids were generated, with 316,575 cells being tetrahedral and
the rest mostly prism cells.

The quality of the mesh was determined by using the built-in qual-
ity criterion in ICEM CFD. It is calculated differently depending on
which type of element that is being examined. For the tetrahedron
elements the aspect ratio is used according to

AR =
( V
r3c

)actual

( V
r3c

)ideal
(3.3)
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where V is the volume and rc is the circumscribed radius for the tetra-
hedron. It is, therefore, a measurement of how close to an equilateral
tetrahedral it is and has a value between 0 and 1 where 1 is perfectly
equilateral. The prism mesh quality is defined by the determinant
which is the ratio of the smallest determinant of the Jacobian Matrix
divided by the largest determinant of the Jacobian matrix. A determi-
nant value of 1 indicates a perfectly regular prism. The mesh created
had a minimum quality of 0.196 which was enough for the simulation.
Other aspects of quality were also examined such as skewness and
aspect ratio for the whole mesh, they were all within an acceptable
range.

3.3 Solver

For this project the commercial CFD software Fluent 19.2 was used.
It is a computational fluid dynamics software package that can model
flow, turbulence, heat transfer and more [30]. The work was divided
into two parts; first, the air-flow in the cabin was simulated. Second,
particles were injected at the inlets and smoke particles from the rear
seat.

3.3.1 Airflow

In order to calculate the simulation a turbulence model had to be cho-
sen in order to accurately model the turbulence, but still not requiring
too much computational power. Different turbulence models are dis-
cussed in section 2.2.

Realizible k − ε model

The applied model was the realizable k-ε model. However, the k − ε
model is not valid in the near-wall region since that region is dom-
inated by viscous effects and the model focuses on the turbulent ef-
fects of the flow. Therefore, a near-wall treatment model had to be
used. The applied model in Fluent was "Two-Layer model with the
Enhanced Wall Treatment". As the name suggests it creates two lay-
ers, one viscosity-affected layer and one fully-turbulent layer. The de-
marcation between the layers is determined by a turbulent Reynolds



18 CHAPTER 3. METHODS

number, Rey, which is defined as

Rey ≡
ρy
√
k

µ
(3.4)

where y is the distance from the wall calculated in the centre of the
mesh cells. In the fully turbulent layer, defined as Rey > 200 the Real-
izible k−εmodel is applied. In the viscosity-affected layer (Rey < 200)
the one-equation by Wolfstein is employed. In that layer, the momen-
tum equations and the turbulent kinetic energy equation are the same
as in the k − ε model, but the turbulent viscosity is calculated dif-
ferently. The details on how it is calculated and how the two layers
are blended together are described thoroughly in the Fluent’s Theory
guide [31]. The setup using the Realizible k − ε model and enhanced
wall treatment has been showed to give reliable results when simulat-
ing airflow in a car cabin as the work by Sen and Selokar as well as
Shojaee et al. can show [32, 33].

Solution methods

Fluent provides four different algorithms for the pressure-velocity cou-
pling with a pressure-based solver: SIMPLE, SIMPLEC, PISO and FSM.
PISO and FSM are recommended respectively for transient and time-
dependent calculations and since this project uses the steady-state sim-
ulations the first two are taken into account. SIMPLEC stands for
SIMPLE-Consistent and is similar to the SIMPLE algorithm, but has
an increased pressure-correction under-relaxation which can help the
convergence rate in simple simulations with uncomplicated geome-
tries and laminar flow, but with high mesh skewness it can lead to
instability. If it is not the pressure-velocity coupling, some other mod-
elling parameter that limits convergence, which often is the case, then
SIMPLE and SIMPLEC will give similar convergence rates.

Spatial discretization scheme

Three gradients are available in the Fluent spatial discretization scheme:
Green-Gauss Cell-based, Green-Gauss node based and Least squares
cell based. The Green-Gauss theorem computes the gradient of the
scalar φ at the cell centre c0, the following discrete form is written as

(∇φ)c0 =
1

v

∑
f

φf
−→
A f (3.5)
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where φf is the value of φ at the cell face centroid. The summation
is over all the faces surrounding the cell. The cell-based evaluation
uses the face value which is calculated from the arithmetic average of
the surrounding cells. The node-based evaluation calculates the face
value using the average of the nodal values of the face instead. Fur-
thermore, the nodal values are calculated using a weighted average
of the cell values surrounding the nodes. This evaluation scheme pre-
serves a second-order spatial accuracy and is known to be more accu-
rate than the cell-based gradient especially on irregular unstructured
meshes, but it is more expensive to compute. In the Least Squares
Cell-based Gradient Evaluation the solution is assumed to vary lin-
early. The change in cell values between adjacent cells along a vector
between the cell centroids can be expressed as

(∇φ)c0 ·∆ri = (φci − φc0) (3.6)

where ∆ri is the difference vector and φci and φc0 are the adjacent cell
values. The calculation is made for each adjacent cells and a system
is obtained which will be solved. The cell gradient is calculated by
solving the minimization problem for the system in the least squares
sense. The coefficient matrix is decomposed using the Gram-Schmidt
process which yields a matrix of weights for each cell. The gradient
is then computed by multiplying the weight factors with the differ-
ence vector ∆φ = (φci − φc0). The resulting accuracy is a lot better
than the cell-based Green-Gauss evaluation and about the same as the
node based on irregular unstructured meshes, but is less expensive to
compute.

For a steady-state simulation the second order scheme is the default
setting in Fluent as it gives improved accuracy over the other schemes
available. The pressure values for the second order method at the faces
are calculated with a central differencing scheme given by

Pf =
1

2
(Pc0 + Pc1) +

1

2
(∇Pc0 · −→r c0 +∇Pc1 · −→r c1) (3.7)

Since the second order method gives the best accuracy it is used in this
simulation.

There are several spatial discretization schemes for the momentum
energy and mass equations, called first-order upwind, second-order
upwind, power law, QUICK and Third-order MUSCL. However, sec-
ond order gives sufficient results in most situations if the flow is not
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very rotating or swirling. The first order method is good if the flow
is aligned with the mesh and it does not cross the mesh cell lines
obliquely, but with tetrahedron mesh and turbulent flow it is not rec-
ommended to use.

Under-relaxation factors

The pressure-based solver uses under-relaxation factors for the com-
puted variables which decreases the change of the cell values after
each iteration to increase stability. Fluent sets default values that should
work for most situations, but if the residuals increase during multiple
iterations it might be prudent to reduce the factors initially. For this
specific case the under-relaxation factors were reduced to achieve a
smoother result and better convergence. The momentum, turbulent ki-
netic energy and turbulent dissipation rate were reduced with 0.2 each
from the default values 1 and 0.8 respectively and the results were a
simulation with better convergence.

Initialization

To have decent values to start the simulation with an initialization was
made. First Hybrid initialization was used which solves the Laplace
equation to create a velocity field that conforms to the geometry and
also solves a Laplace equation for the pressure field. Temperature, tur-
bulence, volume fractions and so on are averaged over the domain. Af-
ter the Hybrid initialization, a Full Multi-Grid (FMG) initialization was
done to improve the initial iterations. FMG utilizes Full-Approximation
Storage Multigrid technology to create different grid levels where the
grid cells are combined into coarser and coarser grids. Using the ear-
lier made initialization as a start for the FMG, it reduces the residuals
by limiting the initial solution to the coarsest level. After a set of re-
ductions in residuals or number of cycles, the obtained solution is in-
terpolated one level up and the cycle is repeated on both levels. This
is repeated until the finest level is reached. The process is illustrated
in Figure 3.3

3.3.2 Particle injection

The particles that were simulated correspond to particles coming into
the cabin from the outside air and particles that are introduced from
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Figure 3.3: The FMG Initialization

smoking in the rear seat. With the DPM the particles’ paths were de-
termined by the results from the airflow simulations which were com-
pletely solved and converged before the particle injections. The parti-
cles from the outside air were introduced from the inlets in the front of
the cabin and the smoke particles from a point source in the rear seat
where the head of a passenger would be. A size distribution was made
into 6 groups of sizes: 0-50 nm, 50-150 nm, 150-300 nm, 300-1000 nm,
2500 nm and 10000 nm. The two latter sizes are the largest diameter for
the classifications PM2.5 and PM10 respectively as they are 2.5 and 10
µm or smaller in diameters that are very common for measuring pol-
lution and air quality. To improve the computational power demand
from the simulations each group was averaged into one particle di-
ameter using measuring data from a field test in Shanghai measuring
both size and concentration of particles from ambient air and tobacco
smoke. The measurements had different channels that measured one
size of particles each. By multiplying the number of particles in each
channel by the measured size, adding up all the channels in the specific
size group and then dividing by the total amount of particles for that
group an averaged value was calculated. The particle number concen-
tration for each diameter in the specific group was used to weigh the
average size according to: ∑Dg

n=1 Pd,n ∗ Pc,n∑Dg

n=1 Pc,n
(3.8)

where Dg is the number of diameters in the size group, Pd is the par-
ticle diameter and Pc is the particle concentration. This resulted in 1
diameter per size group that was used in the simulation. To determine
the mass flow rate of the particles in the different cases the particle
mass concentration from the measurement sheet was used. The total
mass in each size group was multiplied by the flow rate of each case.
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To simulate smoke particles being emitted in the rear seat the mea-
surement data from Shanghai was used to make 4 different size groups:
0 - 200 nm, 200 - 500 nm, 500 - 1000 nm and 1000 - 3000 nm. The groups
were averaged in the same way as the outdoor particles previously
presented in Equation 3.8. The injection was defined as a point where
the head of a passenger would approximately be if seated in the rear
seat and the flow was set to 1e−10kg/s.

The parameters were used in the injections in a Discrete Phase Model
(DPM) simulation. The DPM interacts with the continuous phase and
it uses the results from the airflow simulations to determine the pat-
tern of the particle flows. The Saffman Lift Force was also used to
simulate the lift force on the particles mainly due to velocity gradients
in the flow field.

Random Eddy Lifetime is activated so that the characteristic life-
time of the eddy is random. It is possible to define how many trajecto-
ries should be calculated using the number of tries option. Increasing
the number of trajectories greatly increases the computing time and
the total number of trajectories were kept under 2000 to keep it man-
ageable. For the tracking of particles to become stable, it was necessary
to use a time step number of 106.

3.4 Post processing

In order to get full insight into the results from the simulation which
might be difficult to observe using the solver software the post-processing
software, CFD Post was used. In the program, it is possible to visual-
ize all simulated variables such as velocity, pressure and particle mass
concentration to name a few with contour plots, vector fields, particle
tracking and measurements in specific points.
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Results

4.1 Airflow

The airflow was divided into four different volumetric flows; 20 L/s,
60 L/s, 100 L/s and 140 L/s calculated by using the area of the inlets
and the air velocity. The area of the inlets was 3,14 dm2 in total and the
velocities are presented in Table 4.1. The volume flows are what can
be expected from a regular car as an automatic setting for the HVAC
during steady state condition that reached around 40 - 60 L/s [34].
The flows used in the simulation differed a bit from the analytically
calculated flows as can be seen in Table 4.1. Each flow also had three
different cases; case 1: outlets open and recirculation vents closed, case
2: outlets open and recirculation vents open and finally case 3: outlets
closed and recirculation vents open. When only one type of outlet
vents where open all the air from the inlets exited the cabin through
the open outlet with an error of max 7,37e-07m3/s for the 100 L/s case.
For the state where both outlet vents are open the distribution of the
flow is presented in Table 4.1

Airflow
Exact flow
(dm3/s)

Distribution (%Out-
let / %Recirc)

Velocity
(m/s)

20 L/s 19.74 78/22 0.637
60 L/s 58.92 78/22 1.911
100 L/s 98.10 77/23 3.185
140 L/s 137.59 77/23 4.459

Table 4.1: Airflow distribution

23
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It is possible to see that the distribution between the outlet and the
recirculation vents does not change highly for the different flow rates.

The velocity vectors at a cross-sectional view at the driver’s seat,
0.4m from the centre, are presented in Figure 4.1

The flow from the inlets create a circular pattern in the front seats
for all cases where the airflow is deflected by the seats and pushed up-
wards and then around by the ceiling. It also creates vortices around
a vertical axis in the rear seats as can be seen in Figure 4.2. The air
that enters the rear travels past the front seats on the sides and in the
middle, it is then deflected on the rear seats and some of it flows onto
the back of the front seats. The flow patterns on the XZ plane are very
similar for all different cases.
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(a) 20 L/s

(b) 60 L/s

Figure 4.1: Velocity vectors on an XY-plane at 0.4m from the centre.
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(c) 100 L/s (d) 140 L/s

Figure 4.1: Velocity vectors on an XY-plane at 0.4m from the centre.
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Figure 4.2: Velocity vectors are seen from above the cabin at 0.5m from
the floor, 60 L/s & no recirculation

4.2 Particles

The size of particles injected was calculated using Equation 3.8 and the
data available in Appendix A. The sizes are presented in Table 4.2

Particle
sizes (nm)

Averaged
size (nm)

0 - 50 30.21
50 150 89.39
150 - 300 219.95
300 - 1000 396.14

Table 4.2: Particle sizes and distribution

The smoke particles injected were also averaged using Equation
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3.8 and the results are presented in Table 4.3 The particle mass concen-

Size group (nm) Averaged size (nm)
0 - 200 92.83

200 - 500 353.80
500 - 1000 665.27

1000 - 3000 1216.26

Table 4.3: Smoke particle sizes

tration with the inlets as the source is presented in Figure 4.3. It was
not possible to see any obvious patterns that distinguish the different
states of outlet vents being open, but the particle concentration was
multiple magnitudes larger for the lowest flow at 20 l/s compared to
140 l/s (maximum of 2 g/m3 compared to 0.9 g/m3). It was not pos-
sible to find any spots where the particles tended to accumulate, the
concentration spikes were at different locations for every case.
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(a) 20 L/s
(b) 60 L/s

Figure 4.3: Particle mass concentration from inlets at XY plane 0,4m
from the centre.
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(c) 100 L/s (d) 140 L/s

Figure 4.3: Particle mass concentration from inlets at XY plane 0,4m
from the centre.
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In order to analyze the particle distribution in the cabin in more
detail that on which surface the particles were trapped or which vent
the particles exited the cabin, the number of trapped particles on each
surface and vent was computed. The full data set is accessible in Ap-
pendix B. It was not possible to observe any significant differences be-
tween the different particle size groups in the different cases, but there
were differences between the different cases and the different flows
as would be expected. When comparing the different volume flows
to each other it was possible to observe that for the 20 L/s flow case
there were much more particles escaping the cabin through both of
the outlets and recirculation vents compared to the other flow cases,
on average 71 % more for the 20 L/s case as can be seen in Figure 4.4.
The number of particles that were trapped on the front seats is not
noticeably different for the different flows, but for the rear seats there
were about twice as much particles for the 140 L/s case than for the
20 L/s case. The difference between the 60 L/s case and 100 L/s case
was also noticeable, but not as significant, with 68 % more particles
trapped for 100 L/s.
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(a) No recirculation

(b) Both vents open

(c) Only recirculation

Figure 4.4: Fate of the particles in the percentage of the amount in-
jected.
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The particle mass concentration that is for the release of smoke par-
ticles is presented in Figure 4.5. As for the particles released from the
inlets the overall concentration of particles in the cabin is definitely
higher for the 20 L/s cases than for the other cases. A high concen-
tration is also created on the ceiling above the front seat which is not
as distinct in the other flow cases. The particles for most cases travel
forwards in the cabin as the airflow is reflected on the rear seats which
Figure 4.2 visualized, but the particles are mostly concentrated in the
rear.
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(a) 20 L/s (b) 60 L/s

Figure 4.5: Particle mass concentration from Smoke at XY plane 0,4m
from the centre.
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(c) 100 L/s
(d) 140 L/s

Figure 4.5: Particle mass concentration for smoke particles at XY plane
0,4m from the centre.
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To measure approximately how much particle concentration a driver
and passenger would be exposed to, the concentration was measured
in two specific points where the heads of the passengers would be, the
location of the points can be seen in Figure 4.6.

Figure 4.6: Positions of measuring points

The concentration of both the particles from the inlets and the smoke
particles in the measurement points are presented in Figure 4.7. For
both the inlet particles and the smoke particles the concentration is
higher for the 20 L/s case, regardless of whether vents are open or
it is measured in the front or rear. There are different results for the
different recirculation cases, the inlet particles in the front seats dur-
ing the full recirculation case are lowered to less than half of the no
recirculation case for a 20 L/s flow, but in the rear seats the level of
concentration are about the same for both cases.
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(a) Inlet particles, front seat

(b) Inlet particles, rear seat

Figure 4.7: Particle mass concentration at the two measuring points
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(c) Smoke particles, front seat

(d) Smoke particles, rear seats

Figure 4.7: Particle mass concentration at the two measuring points
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Conclusion and discussion

A CAD model of a generic SUV was made in Solid Works in order to
analyze the airflow and particle distribution in the car cabin. A mesh
was created in ICEM CFD for the model which had as many elements
as possible with an academic license of the software that was used to
simulate the flow, ANSYS Fluent. Four different volume flows 20, 60,
100 and 140 l/s and three different cases: Only the outlets open, both
outlet and recirculation vents open and lastly only the recirculation
vents open were considered. The results from the simulations were
further analyzed using both Fluent and CFD Post.

5.1 Airflow

The simulated airflow of the car cabin shows a similar picture for most
cases, but as the inlet velocity increases so does the air velocity in the
rest of the cabin. That is more apparent in the front than the rear. The
chairs reduce the velocity and the majority of the flow that reaches the
rear seats go around the front chairs from the outer ventilation inlets.
In these cases, the air was mixed more when the inlet velocity was
increased. The different outlet vent cases did not seem to affect the
velocity field much except for the case with only the recirculation vent
open where the flow in the rear of the cabin was slightly reduced.

39
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5.2 Particles

For the injected particles through the inlets, it was difficult to see any
large differences between the different cases looking at the contour
plots; however, when analyzing the fate of the particles by logging the
number of particles that got trapped on each surface some conclusions
could be drawn. There were more particles that got trapped on the
rear seats when the recirculation vents were closed, which conforms
with the airflow where the flow was slightly reduced in the rear when
only the recirculation vent was open. Overall there were much fewer
particles getting trapped on the rear seats than on the front, on average
70% less for all cases and flows. The number of particles trapped on
the front seats was hardly affected by the inlet airflow rates, but there
were more particles trapped when the recirculation vents were open
which shows that the particles did not mix as well into the whole cabin
with the vents open. Overall it seems like the particles mostly followed
the airflow which agrees with other research on similar particles [35].

The smoke particles were injected into the cabin as a point source
instead of over several surfaces as the inlet particles were. Due to
that they were expected to not be as diffused into the cabin which
is confirmed when looking at the contour plots and the two measur-
ing points in the front and rear. With the results from the measuring
points there were much more particles in the rear than in the front, al-
most four times more for the 20 L/s and no recirculation case. With
higher flow speeds the smoke particles got more mixed into the rest
of the cabin, but from 60 L/s and higher the mixing only increased
gradually.

Overall it can be concluded that a higher airflow velocity can de-
crease the number of particles that get trapped on the seats which
would reduce the health risks of low air quality, at the same time
higher velocity leads to a smaller percentage of the particles exiting
the cabin and instead getting trapped on other surfaces such as the
ceiling and floor.

5.3 Future work

To improve the knowledge of the airflow and particle distribution in a
car cabin more cases can be investigated as other parameters such as



CHAPTER 5. CONCLUSION AND DISCUSSION 41

opening the windows, changing the direction of the inlets and fan set-
tings affecting the flow [19, 36]. Also to include more types of cars with
different geometries can be investigated in the simulations. As the ap-
plied model used is tested and described it should be possible to use
it directly on another geometry by changing the mesh and boundary
conditions. In this study, there was not any filtering happening inside
the cabin, but as air quality for the passengers is very important a sim-
ulation with an in-cabin air purifier can be done. Also the flow is as-
sumed to be identical over all the inlet vents when entering the cabin,
this might not always be the case and other studies have been made on
the flow within the HVAC before it enters the cabin [37]. Such a simu-
lation can be combined with a similar case to the one in this report in
order to acquire more accurate boundary conditions.
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Appendix A

Particle distribution measurement
data

No. of channels Particle sizes (nm)

Smoking Outdoor air Smoking Outdoor air 
1 10 314 58 0,000 0,000
2 14 971 186 0,004 0,001
3 19 2441 478 0,026 0,010
4 27 6135 1064 0,177 0,061
5 37 12510 1908 0,966 0,295
6 52 20121 2563 4,169 1,062
7 72 26047 3211 14,479 3,570
8 100 31487 3191 46,954 9,517
9 139 26177 2375 104,722 19,002

10 193 13131 1072 127,389 20,793
11 253 1841 335 33,669 12,260
12 298 3682 228 110,522 13,693
13 352 4426 151 217,418 14,802
14 414 3732 65 299,332 10,461
15 488 1300 26 171,138 6,936
16 576 796 9 172,004 3,965
17 679 461 3 163,117 1,820
18 800 227 1 131,566 1,108
19 943 123 1 116,481 1,041
20 1112 51 0 78,875 1,067
21 1310 21 0 52,779 1,421
22 1545 7 0 27,443 1,657
23 1821 1 0 9,685 1,609
24 2146 0 0 2,586 1,658
25 2530 0 0 1,028 2,864
26 2982 0 0 0,664 2,936
27 3515 0 0 0,575 2,664
28 4144 0 0 0,678 2,170
29 4885 0 0 0,358 1,955
30 5758 0 0 0,339 1,448
31 6787 0 0 0,151 0,730
32 8001 0 0 0,083 0,672
33 9431 0 0 0,271 0,612
34 11120 0 0 0,000 0,501
35 13100 0 0 0,000 0,492
36 15450 0 0 0,000 0,269
37 18210 0 0 0,000 0,000
38 21460 0 0 0,000 0,000
39 25300 0 0 0,000 0,000
40 29820 0 0 0,000 0,000
41 35150 0 0 0,000 0,000

Particle number concentration 
(particles/cm3)

Particle mass concentration 
(µg/m3)
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Appendix B

Particle fate

20 L/s Case 1
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 40% 0% 27% 1% 5% 6% 1% 2% 8% 6% 3% 1% 1% 1%
50-150 nm 100% 38% 0% 29% 1% 5% 5% 0% 1% 8% 5% 2% 1% 3% 1%
150-300 nm 100% 38% 0% 26% 1% 6% 7% 0% 1% 9% 5% 3% 1% 3% 0%
300-1000 nm 100% 38% 0% 29% 1% 5% 6% 0% 1% 8% 6% 4% 1% 2% 0%
2500 nm 100% 42% 0% 27% 1% 5% 6% 0% 2% 8% 5% 3% 1% 1% 0%
10000 nm 100% 44% 0% 27% 1% 3% 6% 0% 1% 7% 6% 2% 2% 1% 0%

20 L/s Case 2
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 27% 8% 27% 0% 6% 8% 0% 1% 9% 7% 2% 1% 2% 1%
50-150 nm 100% 30% 9% 29% 1% 4% 8% 1% 1% 8% 5% 2% 1% 1% 1%
150-300 nm 100% 30% 6% 30% 0% 4% 8% 0% 1% 7% 7% 3% 1% 1% 1%
300-1000 nm 100% 31% 9% 28% 0% 5% 8% 0% 1% 7% 6% 3% 0% 1% 0%
2500 nm 100% 33% 8% 28% 1% 4% 7% 0% 2% 7% 5% 3% 0% 1% 0%
10000 nm 100% 30% 9% 29% 0% 5% 7% 1% 1% 8% 6% 2% 0% 1% 1%

20 L/s Case 3
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 0% 39% 33% 1% 2% 5% 1% 1% 5% 5% 7% 0% 0% 1%
50-150 nm 100% 0% 38% 32% 1% 1% 5% 0% 1% 6% 6% 9% 0% 0% 1%
150-300 nm 100% 0% 40% 34% 1% 1% 3% 0% 2% 6% 3% 9% 0% 0% 0%
300-1000 nm 100% 0% 36% 34% 1% 2% 5% 0% 1% 6% 5% 10% 0% 0% 1%
2500 nm 100% 0% 40% 34% 1% 2% 5% 1% 2% 4% 5% 6% 0% 0% 1%
10000 nm 100% 0% 37% 34% 1% 3% 5% 1% 1% 5% 5% 8% 1% 0% 0%

60 L/s Case 1
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 30% 0% 26% 0% 8% 11% 1% 2% 6% 7% 2% 2% 5% 0%
50-150 nm 100% 28% 0% 24% 1% 8% 11% 1% 4% 6% 9% 2% 3% 3% 0%
150-300 nm 100% 27% 0% 24% 1% 9% 11% 1% 5% 7% 8% 2% 3% 2% 0%
300-1000 nm 100% 27% 0% 25% 1% 10% 10% 1% 3% 7% 8% 3% 3% 3% 0%
2500 nm 100% 29% 0% 23% 0% 12% 10% 1% 3% 7% 8% 2% 3% 3% 0%
10000 nm 100% 25% 0% 25% 1% 9% 11% 1% 3% 6% 9% 3% 3% 3% 0%

60 L/s Case 2
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 26% 3% 34% 1% 10% 7% 1% 2% 6% 6% 1% 1% 3% 0%
50-150 nm 100% 27% 2% 35% 0% 10% 9% 1% 2% 5% 6% 1% 1% 1% 0%
150-300 nm 100% 25% 2% 35% 1% 8% 8% 2% 2% 6% 6% 2% 1% 2% 0%
300-1000 nm 100% 27% 3% 32% 0% 9% 7% 1% 1% 6% 6% 2% 3% 3% 0%
2500 nm 100% 23% 3% 34% 1% 9% 8% 2% 1% 6% 6% 2% 2% 2% 0%
10000 nm 100% 26% 2% 34% 1% 12% 8% 1% 1% 4% 6% 2% 1% 3% 0%
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60 L/s Case 3
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 0% 19% 36% 1% 8% 9% 2% 2% 5% 10% 7% 2% 0% 0%
50-150 nm 100% 0% 18% 35% 1% 8% 12% 1% 2% 4% 10% 8% 2% 0% 0%
150-300 nm 100% 0% 19% 35% 1% 6% 11% 1% 2% 5% 9% 8% 2% 0% 0%
300-1000 nm 100% 0% 17% 34% 1% 8% 11% 1% 2% 5% 10% 9% 2% 0% 0%
2500 nm 100% 0% 19% 35% 2% 8% 10% 1% 2% 5% 10% 6% 2% 1% 0%
10000 nm 100% 0% 17% 35% 1% 9% 10% 1% 2% 5% 10% 8% 2% 0% 0%

100 L/s Case 1
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 28% 0% 24% 0% 5% 11% 1% 2% 13% 8% 1% 3% 4% 0%
50-150 nm 100% 25% 0% 28% 0% 6% 10% 0% 1% 12% 7% 3% 4% 3% 0%
150-300 nm 100% 27% 0% 27% 0% 6% 11% 0% 2% 11% 7% 2% 4% 4% 0%
300-1000 nm 100% 26% 0% 27% 1% 7% 10% 1% 1% 12% 7% 2% 3% 3% 0%
2500 nm 100% 29% 0% 26% 1% 6% 11% 1% 1% 12% 5% 2% 3% 3% 0%
10000 nm 100% 26% 0% 25% 1% 5% 15% 1% 1% 10% 9% 2% 3% 3% 0%

100 L/s Case 2
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 18% 2% 27% 1% 12% 9% 0% 1% 7% 11% 3% 4% 4% 0%
50-150 nm 100% 18% 2% 25% 1% 12% 10% 1% 2% 8% 10% 3% 4% 3% 0%
150-300 nm 100% 20% 2% 27% 1% 12% 9% 1% 2% 7% 9% 2% 3% 4% 0%
300-1000 nm 100% 21% 1% 27% 1% 11% 9% 1% 2% 8% 10% 2% 3% 4% 0%
2500 nm 100% 20% 2% 26% 2% 13% 9% 1% 2% 6% 10% 3% 4% 3% 0%
10000 nm 100% 19% 2% 25% 1% 10% 10% 1% 1% 9% 10% 4% 4% 4% 0%

100 L/s Case 3
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 0% 15% 33% 2% 10% 8% 1% 3% 11% 9% 6% 1% 0% 0%
50-150 nm 100% 0% 16% 34% 1% 9% 7% 1% 4% 10% 10% 6% 1% 0% 0%
150-300 nm 100% 0% 13% 37% 1% 9% 8% 2% 3% 10% 9% 6% 1% 1% 0%
300-1000 nm 100% 0% 17% 33% 1% 10% 8% 2% 3% 11% 8% 4% 1% 1% 0%
2500 nm 100% 0% 16% 34% 1% 8% 10% 1% 2% 10% 10% 6% 1% 0% 0%
10000 nm 100% 0% 16% 35% 2% 8% 9% 1% 4% 8% 10% 4% 1% 1% 0%

140 L/s Case 1
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 27% 0% 21% 0% 8% 12% 1% 2% 16% 8% 1% 3% 1% 0%
50-150 nm 100% 27% 0% 21% 0% 10% 11% 1% 2% 15% 6% 1% 4% 2% 0%
150-300 nm 100% 27% 0% 22% 0% 9% 10% 1% 2% 17% 7% 1% 3% 1% 0%
300-1000 nm 100% 27% 0% 22% 1% 8% 11% 1% 2% 15% 8% 1% 3% 2% 0%
2500 nm 100% 26% 0% 22% 0% 9% 11% 1% 1% 16% 8% 1% 3% 2% 0%
10000 nm 100% 27% 0% 25% 0% 8% 9% 1% 1% 15% 8% 2% 3% 2% 0%

140 L/s Case 2
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 22% 3% 26% 1% 10% 9% 1% 3% 10% 6% 1% 4% 4% 0%
50-150 nm 100% 22% 4% 26% 1% 10% 8% 1% 3% 10% 6% 2% 3% 5% 0%
150-300 nm 100% 22% 3% 27% 1% 9% 8% 1% 2% 10% 7% 3% 3% 4% 0%
300-1000 nm 100% 20% 3% 27% 1% 11% 10% 0% 3% 10% 7% 2% 3% 3% 0%
2500 nm 100% 21% 3% 27% 2% 9% 9% 0% 3% 10% 7% 1% 3% 4% 0%
10000 nm 100% 23% 4% 26% 1% 9% 8% 0% 3% 10% 7% 2% 3% 3% 0%

140 L/s Case 3
Particle size Total Outlets Recirculation Front chairs Floor Roof Left wall Dashboard Front window Rear chairs Right wall Front Rear window Hat shelf Incomplete
0-50 nm 100% 0% 14% 33% 1% 9% 10% 1% 4% 10% 9% 5% 1% 1% 0%
50-150 nm 100% 0% 16% 32% 1% 9% 8% 2% 4% 10% 7% 7% 3% 1% 0%
150-300 nm 100% 0% 17% 32% 1% 9% 8% 2% 4% 11% 8% 5% 2% 1% 0%
300-1000 nm 100% 0% 18% 31% 2% 8% 10% 2% 4% 10% 8% 5% 2% 1% 0%
2500 nm 100% 0% 18% 32% 2% 9% 9% 2% 3% 9% 8% 5% 2% 1% 0%
10000 nm 100% 0% 17% 31% 2% 9% 10% 1% 5% 11% 7% 5% 2% 1% 0%


