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Abstract. A numerical study of a two-dimensional, turbulent, recircu-
lating flow within a passenger car cabin is presented. The study is
based on the solution of the elliptic partial differential equations repre-
senting conservation of mass, momentum, temperature, turbulence en-
ergy and its dissipation rate in finite volume form. Algebraic expres-
sions for the turbulent viscosity and diffusion coefficients are calcu-
lated using the two-equation model (k —¢). Different parameters are

considered to illustrate their influences on the flow filed and tempera-
ture distribution inside car cabin. These parameters include number and
location of the air conditioning systems inlets inside car cabin, differ-
ent air temperatures at the inlets, different air velocities at the inlets,
different solar intensity during day-time for a certain day of the year,
different diffuse solar radiation (variation in the kind of car glass).

Generally, the results indicate some of negative effects such as de-
velopment of zones of low air circulation. Also it is found that the
number of inlets inside car cabin play an important role in determining
car air conditioning system efficiency. Moreover, the air temperature
and velocity at inlets play an important role in determining cabin cli-
mate. The results are used to enhance the understating of the airflow
fields within a road vehicle passenger cabin.
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1. Introduction

Simulation of passenger compartment climatic conditions is becoming in-
creasingly important as a complement to wind-tunnel and field testing to
help achieve improved thermal comfort while reducing vehicle development
time and cost. Thermal analysis of a passenger compartment involves not
only geometric complexity but also strong interactions between airflow and
the three modes of heat transfer, namely, heat conduction, convection, and
thermal radiation. In addition, the need to reduce heat loads that captivate
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the passenger compartments has become an important issue in the early
stage of vehicle design. Since air conditioning system capacity cannot con-
tinue to increase at the rate glass area is increasing, it has become necessary
to develop tools that can predict the impact of various designs on passenger
thermal comfort early in the design process.

Improving air conditioning performance and occupant thermal
comfort requires an understanding of the fluid motion prevailing in the
compartment for any given ventilation setting and passenger loading. The
recent advancement in Computational Fluid Dynamics (CFD) and ex-
perimental diagnostic techniques has encouraged a number of researchers
to examine the climatic environment within vehicles. These studies range
from those reporting general flow observations to those attempting to
model the prevailing environment within the compartment and recom-
mending optimum climatic conditions and modifications. Computational
fluid dynamics procedures have been applied in various studies on the
important components of a HVAC (Heating- Ventilation- Air-
Conditioning) system, !, Previously Taeyoung Han ! performed nu-
merical simulations of a two-dimensional, and a three-dimensional air-
flow in a passenger compartment. In a study by Alexandrov ef al.”), the
authors used CFD to evaluate the effect of four HVAC design parameters
on passenger thermal comfort in a simplified passenger compartment.
They found that the location of the vents, and the air flow rate, were the
most important parameters which influenced the thermal comfort of the
passengers. Moreover, the position of the outlet in the rear of the car was
found to play a significant role in rear passenger thermal comfort.

In this paper, the mathematical analysis of the Partial Differential
Equations (PDE’s) that describe the flow of fluid in turbulent fields is
presented. These equations are based on the conservation of mass and
momentum. To demonstrate the effect of turbulence on the flow, a turbu-
lence model which involves the solution of two transport equations for
the turbulent kinetic energy, (k), and the dissipation rate of turbulent ki-
netic energy, (g), will be described. To solve the conservative equations
of the fluid flow a Finite Volume Method (FVM) is used. The (PDE’s)
will be presented in Cartesian coordinate system (i.e., X, y). The flow is
assumed to be steady and incompressible with constant properties.



CFD Simulation for a Road Vehicle Cabin 125

2. The Problem Description

This study is focused on the fluid flow and heat balanced within car
cabin. Figure 1 depicts the heat transfer modes taken into consideration.
Namely, solar radiation (I;) and conduction through the wall (Qsgr).

Fig. 1. Heat absorbed by the passenger compartment.

The roof absorbs solar radiation. The surface temperature of this
wall rises higher than the outside air temperature because of heat absorp-
tion. This wall has both thermal capacity and resistance to heat flow. The
temperature will actually vary continuously through the wall, as indicated
in Fig. 2.

i
i
i Tar
i
i

Fig. 2. Heat balance for a sunlit wall.

However, this wall is very thin (less than 0.01 m in thickness). The
insulator is assumed to have no thermal capacity and to have lumped re-
sistance.
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The total heat permission through glass is expressed as the sum of the
solar radiation transmitted through the glass and the inward heat flow by
convection from the inner glass surface, as shown in Fig. 3
Outwrard heat flow | | itwrard heat flow
by convection % ——|> by cotrvection
e oming ‘
solat radiation
absorption
T

reflected radiation
M transmitted radiation

Fig. 3. Heat balance for sunlit glazing material.

The complex turbulent airflow pattern is numerically investigated
for three different inlet settings. Two inlets, three inlets and four inlets
are examined for three different inlet velocities. Furthermore, the behav-
ior of temperature distribution in this cabin was computed. Also, the tran-
sient heat transfer problem on the boundary of the present car cabin was
analyzed.

3. The Governing Equations

The basic equations, which describe the flow of fluid and tempera-
ture distribution, are the continuity equation, the Navier-Stokes equation
and the equation of temperature. These equations describing two-
dimensional, turbulent and incompressible take the following forms for
steady flow [,

i- Continuity Equation (Mass Conservation)

2(pw) 2(pv) _, (1)
ox oy

ii- Momentum Equation (Navier-Stokes Equation)

u-momentum (X-direction)
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v-momentum (y-direction)
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iii-Temperature Equation
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4. The (k - €) Model (Two-Equations Model)

One of the most widely used turbulence models is the two-equation
model of kinetic energy, k, and its dissipation rate € . This model has been
applied by most investigators who studied the numerical solution of air-
flow in rooms " ®). It is used in the present work, as it is capable of han-
dling complex room air movements in less time than other complicated
modes !, Moreover, it is found to have sufficient accuracy for practical
purposes. The turbulence according to Launder and Spalding "'” is as-
sumed to be characterized by it’s kinetic energy, k, and dissipation rate,
¢ , this model relates the turbulent viscosity to the local values of p k

and & by the expression:
p=pC k’/e (5)

Where C, is an empirical “constant” value for high Reynolds number

flows. The turbulence parameters k and & are derived from their
respective transport equations. The modeled forms of these equations for
steady flows have been given by Launder and Spalding " as follows:

Turbulence Energy (k)
L S R RER P
Dissipation Rate (8)
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5. Boundary Conditions

The boundary conditions for problem under consideration can be
described for turbulent flow as follows:

5.1 Inlet Boundary Condition

Uniform distribution is used over the inlet boundary of the longitu-
dinal velocity (vi,) or tangential velocity (ui,), temperature (Tj,), kinetic
energy of the turbulent(ki,) and the energy dissipation rate (€) , other ve-
locity component (normal velocity) are taken as zero at inlet. The kinetic
energy in turbulence is calculated using:

ki =1.5 1,2 u;,’ (8

Where 1, is the turbulence intensity of the u-component of velocity at the
inlet. If no information is available at all from measurement or previous
related work, the value of 1, is typically considered to be between 1-6%.
The dissipation rate is obtained from Awbi ',

Ein :kinl's/ AH (9)

Where H is the height of the enclosure or the square root of the cross sec-
tional area of the enclosure, A is a constant as 0.005.

5.2 Outlet Boundary Conditions

The longitudinal component, u, is derived from the continuity
equation , ie. :

Uout= Uin Ain / Aout (10)

Where subscript out refers to the values at the outlet opening similarly,
the other velocity component (voy) is assumed to be zero. The gradient
normal to the outlet line for the following variables (Toyt , Kout » & out) 18
set to zero. Uniform distribution is assumed for (u,y) and the other entire
variable across the exit area.

5.3 Wall Boundary Conditions

Close to the wall region laminar viscosity becomes more signifi-
cant than turbulent viscosity as a result of the damping effect of the wall.
Therefore, the turbulence model Eq. (6) and (7) do not apply to regions
close to a solid boundary because turbulence model neglects the laminar
viscosity. Fine mesh would be needed near the wall. To avoid this rem-
edy a low Reynolds number model “Wall function” was used. This ap-
proach relates surface boundary conditions to points immediately adja-
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cent to a solid wall, which is located in the fully turbulent region '?!. The
form of wall functions for each of the variables is outlined below.

i- Momentum Flux Near the Wall
Because the walls are impermeable, the normal velocities (u ,) must
be zero at the boundaries. The simplest way of imposing tangential ve-

locity (u) ,values is to allow either no-slip or free-slip conditions, which
are considered currently .

ii- k and & Near the Wall

The variation of turbulence kinetic energy (k) in the region near

the wall is calculated from the transport equation for (k)with its diffusion
to the wall set equal to zero thus:

ok _

0 11
= (11)

The dissipation rate (8) at the wall adjacent node, Eq. (7) is not used and
the value of & is evaluated as follows:

e=C)" k' /nk, (12)

Where =k . Von Karman constant (0.4178)

iii- Temperature Near the Floor

Adiabatic condition was used,
oT
— =0 (13)
on

6. The General Form of the Governing PDE’S

The transport equations for the momentum (2,3), the temperature
Eq. (4) and the turbulence scales k and € (6) and (7) respectively could

be expressed in general form %,

0 0 0 op) 0 o0 14
— +— =—| I —|+—|T, —|+S (14)
aX(puq)) ay(pwp) ax( (paxj 8y( (payj 0

The source term S(p may be expressed as a linear expression

S,=S.+S, ¢, (15)



130 Jalal M. Jalil and Haider Qassim Alwan

where @ is the dependent variable,S is source term which has
different expressions for different equations, the F{ﬂ represents the
diffusion coefficient for scalar variables and the £ . for vector variables,
(i.e., the velocities) and the S; of Eq. (15) stands for part of S(P , Spis the

coefficient of @ Eq. (14) also represents the continuity equation when
¢=land S _=0.

7. Solution of the Discretised Equation

To obtain the solution of the governing equations, finite volume
method where used as a discrietization method to solve PDE numerically
by dividing the domain into a number of control volume. Figure 4 illus-
trates the two-dimensional grid and control volume location. The points
of line intersection called grid points and the dotted line shows the con-
trol volume faces.

Fig. 4. Two-dimensional staggered grids.
8. The Staggered Grid

The staggered variable arrangement where used currently where the
pressure is located at the cell center so as the other scalar variable and the
velocities at the cell faces. Figure 5 illustrates the staggered location for u
and v.
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foruand v. —=1U; | =V, ®=other variable
Fig. 5. Staggered locations of u and v.

There are several schemes used to find the value of the dependent
variable in the desritisation equation such as central differencing, upwind
and hybrid schemes. Hybrid is used in this study it employs the central
difference formulation when (-2<F /D, <2) and upwind for outside this

range.

Semi Implicit Method for Pressure Length Equation (SIMPLE),
which links the velocity to the pressure in order to satisfy continuity
equation, is used. The aim of this method is correct the guessed value of
the pressure and velocity.

9. Heat Conduction on the Wall

In this study, the energy balance on volume element that is considered

from boundary conditions ABCD (Fig. 6) can be expressed as '>'¥ :
Heat transferred Heat generated The change
into or out of the within the in the energy
volume element | + | volume element | =| content of
from all of its the volume
surfaces element
or
ZAll sides Q + C‘ielement = AE element (16)

Because of steady state, AE ¢ement 1S €qual to zero.

Equation (16) can be expressed as:
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2 All sides Q + Gelement = 0 (17)

In this study, a rectangle car cabin wall in which heat conduction and
convection are significant in the x- and y- directions is considered. A unit
depth of Az=1 in the z-direction is created. The cabin wall is divided into a
rectangular mesh of nodal points spaced Ax or Ay thickness apart in the x- and
y- thick plane. Figure 7 depicts the general boundary node (m, n) considered.

The control volume boundaries are halfway between the grid points
when the node (m,n) is situated on one of the boundaries or in a corner of
the conducting domain. Noting that the control volume centered about
the general boundary node (m,n) involves heat conduction and convec-
tion from four sides :west (qw), east (qg), north(qn) and south (qs) as
shown in Fig. 7. The transient finite difference formulation for a general
boundary node (m,n) can be expressed on the basis of Eq. (17) as:

Insulater (k=0.05) metal ¢

glass
ol
V.,_,-:-'-"

V.,

Solar ﬂux xi 5 Convective boundary condition

D

L4z

(k=0.07)

Insulated Insulated

23 7. 24 16 25

N e e e

Insulated

m-1, 0l = ™o e Tmt,n
Control A I —— ! Ay
Volume s

Fig. 6. The grid spread over a 2-D conduction and con-
vection domain (left side), and the control vol-
ume associated with a boundary node (m, n)
(right side).
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h, T,
m-1,n . m,no m+l,n
A ! Ay
BLI-L
fi%:4 fi%:4 |

Fig. 7. Schematic for energy balance on the control volume of node (2).

a-For upper car cabin wall from B to C, this is illustrated below
with an example (node2).

qw tgg tgqn tqst+ C‘ielement =0 (18)
where :

qw = The heat conductive on the west to the node (m,n)
Ay Tm1m— Tmon

qw=ke. — (18A)
2 AX

qe =The heat conductive on the east to the node (m,n ) at the wall bound-

ary.

Ay Tmitmy— T o)
Qg=ke . —. (18B)
2 AX
qn = The heat conductive on the north to the node (m,n ) out of the wall
boundary .

qNn = ho . AX ( TO— T(m,n) ) (18C)

gs = The heat conductive on the south to the node (m,n ).
T(mon-1)= Tim s n)

gs = ke. Ax . (18D)
Ay

I; = Solar radiation
Gelement =] . Ax (1 SE)
Eq. (18) can be expressed as:

AY T(m-l;n) - T(m:n) Ay T(m+lm) - T(man)
ke m —————— ke ———————— +hy . AX( To— T )

2 AX 2 AX

T(m sn-1) — T(m > n) i
+ ke A ——————  + Getemen =0 (19)
Ay

Suppose:
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Ay

ke. =ay for west node (19A)
2 Ax
Ay

ke . =ag for east node (19B)
2 Ax

h Ax =ay for north node (190)
AX

ke . =ag for south node (19D)
2 Ay

After substitution of these terms in Eq. (19) the resulting equation is:

aw (Tan-1.0)= Tmn)) + 2k (Teet =T n) ) +an(To— Tma)) +

as (T n-y— T, m) + Gelement = 0 (20)
Re-arrange

aw Tm-1,n) — aw T o) T a8 Tm+1 ) — 88 T o) T an To—an T ) +

as T(m ,n-1) —as T(m ) T Gelement =0 (21)
Suppose:
awy tag +tay tag=a (22)

By substituting Equation 22 in Eq. (21), the final equation to calcu-
late the temperature of the boundary node (2) is:

Tnn) = (@w Tan-1,n) T @€ Tmnein + ax To + as T, n-1)+ Gelement )72 (23)

b-For cabin wall from A to B (windshield). This is illustrated be-
low with an example node (1).

T(m,n) = (aWT0+aE T(er] ,n)+ aN T(m R n+])+ as T(m ,n-1) + C.}element ) / a (24)
where :

aw =ho Ay (24A)
Ay
ag =kg.— (24B)
AX
AX
aN —as = kG . (24C)
2Ay

a=aw +ag +ayn tag (24D)
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c-For cabin wall from C to D ( rear window ) , the transient en-
ergy balance equation is represented by node (3) and is similarly ob-
tained.

d-For the interior surface of the simplified passenger compartment
(dash board, front seat, and rear seat), the energy balance equations are
represented by nodes as shown in Fig. 8 and are similarly obtained .

Ji%3

L ot
i by
i o m+l.n
B To !
" by
tit-1

Fig. 8. Schematic for energy balance on the control volume of node (1).

10. Results and Discussions

In this section, the computational results for the simplified passen-
ger compartment are discussed. The computational results demonstrate
the capability of the present method and also indicate areas for further
research. The grid independence was tested in Fig. 9, where the no of the
grids was changed in x-direction. The little changed in the center tem-
perature shows the grid independency. The computed velocity vectors are
shown at the passenger center plane as shown in Fig. 10. The temperature
fields are illustrated in Fig. 11 for the passenger center plane.

N N » @
R 8 3 8
T T T 1

Temperature of center point, C

N
R
T

| 1 ! ! ! J
204G 15

20 25 30 35
No of grids in x direction

Fig. 9. Grid independence effect.
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During the simulation, the air temperatures at two locations in the
passenger compartment were monitored to show the variation in air tem-
perature at locations in the front and rear compartments with the number
of inlets which affect the temperature inside car cabin.

10.1 Velocity Fields

Figure 10 shows the flow field at the passenger center plane for dif-
ferent numbers of inlets and for the air inlet velocity Ui,=2 m/s.

For the flow of two inlet (a), three inlet (b) and four inlets (c).
Strong turbulent jet from the A/C outlets is blocked by the front seat and
rear seat and form two re-circulating flow patterns in the front compart-
ment and one re-circulating flow patterns in the rear compartment. The
first re-circulating flow in the front compartment is located near the
windshield and the second re-circulating flow is located near the front
seat leg area. These re-circulating flows are highly effective in mixing
the cold air from the A/C outlets with the surrounding hot air in the pas-
senger compartment. Some air flow was also delivered to the rear pas-
senger compartment along the roof-line to the exit vent.

12F 12 - -
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1 00 1B A P A Sl
F NN ST A
- Lo o N
- L — s
o8 08F STl it
P T s i IR
E oo E R N
R 06 YRR
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04l r \///(/ N
4F 04 =
o F e
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of; ‘r\l:‘ 1I ‘1|q‘ 2 0: TR | T 1
a n& 1 15 >
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Fig. 10. Flow Field (U&V Velocity Vectors) for U;,=2 m/s,
(a-two inlets, b-three inlets, c-four inlets).
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10. 2 Temperature Fields

Isotherm contours for Ui,=1m/s and T;,=15 °C at time =12a.m with
different inlets are given in Fig. 11. The temperature distribution in (a)
has considerable difference from that for (b) and (c) because the area of
hot zones is larger. This is due to the number and location of air condi-
tioning system inlets. There are two main locations of the “hot” areas,
being behind the front seats and in the front seat leg areas. These hot ar-
eas typically coincide with areas of slow air circulation as in Fig. 11. In-
creasing the number of air conditioning system inlets leads to decrease
the gradient of temperature near interior surfaces, the temperature distri-
bution is more uniform and the area of hot zones is smaller.

10.3 Comparison between Two Locations Inside car Cabin

Figure 12 shows the variation in air temperature at location in the
front passenger compartment with the number of inlets for different
times, Uj,=1m/s and T;,=15 °C. This figure illustrates a decrease in air
temperature at the location in the front passenger compartment when the
number of inlets=3 for every time. This is due to the third inlet is located
in the front compartment.

Fig. 11. Isotherm contours for velocity=1m/s, temperature=15 °C,
at time=12 a.m. (I=741 w/m?>) and different inlet sizes.
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Temperature (c)

20

— Time=3 p.m.
———— Time=6 p.m.

—H—— Time=12 a.m.

Ll P2

3 35
No. of inlets

Fig. 12. Variation in air temperature at location(p1) in the front passenger compartment
with the number of inlets for u;,=1m/s, T;,=15°C, at time=12 a.m. (I=741 w/mz), 3

p.m. (I=589 w/m?), and 6 p.m. (I=76 w/m>).

Figure 13 shows lower air temperature at location in the rear pas-
senger compartment for different times when compared with air tempera-
ture at the location in the front passenger compartment. This figure illus-
trates a decrease in air temperatures at the location in the rear passenger
compartment when the number of inlets = 4 for every time. This is be-
cause the fourth inlet is located in the rear compartment.

—&— Time=12a.m.
A— Time=3 p.m.
—<—— Time=6 p.m.

Temperature (c)

No. of inlets
“b-

Pl p2.

Fig. 13. Variation in air temperature at location (p2) in the rear passenger compartment with the
number of inlets for u;,=1m/s, T;,=15°C, at time=12 a.m. (I=741 w/mz), 3 p.m. (I=589
w/m?), and 6 p.m. (I=76 w/m®).
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11. Conclusions

This paper demonstrates the capability of CFD to accurately simulate
the air flow within an automobile cabin. The accurate predictions of airflow
velocity and temperature distributions are crucial to the success of building a
virtual thermal comfort model. The increase of air inlet vents lead to a de-
crease of the hot zones. It also lead to a lower temperature gradient near the
interior surfaces and a uniform temperature distribution.

The results indicate that some of negative effects, for example de-
velopment of zones of low air circulation can be significantly reduced by
improving inlets number. The simulation model takes into account the
solar radiation that changes with place, date, and time of day. The (k- &)
model can be utilized successfully with turbulent flow to predict the flow
and thermal characteristics. The results are used to help trainees better
understand the system, and to help engineers design new ventilation sys-
tems in the future.

Notations
T =temperature
H = height of the enclosure
[, = turbulence intensity
k = turbulent kinetic energy
kouw= kinetic energy at outlet
k .= Von Karmen constant (0.417)

Ii= solar radiation

ke= Thermal conductivity of the car metal
kg= Thermal conductivity of the windshield
n = normal distance from a wall

P = pressure

Qsrr = conduction through the wall

Q.= outward heat flow by convection

S(p =general source term

u,v =velocity components x & y direction

¢ = rate of dissipation of kinetic energy

M .. = effective kinematics viscosity

I, = effective diffusion efficient

p = fluid density

@ = general dependent variable

Aout » Ain= cross sectional area of outlet and inlet opening respectively
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M , N= number of grid node in x & y direction
M, = turbulent viscosity
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