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South Africa currently manufactures and assembles
many vehicles for both local and export markets.
Recent events have indicated that South Africa may
increase its involvement in the research and
development of these vehicles and would be required
to contribute to engineering tools needed therefore.
One aspect of vehicle design is thermal management
systems, which require tools including computational
fluid dynamic models to simulate the flow and
thermal processes that occur in and around the
vehicle. Described here is an experimental and
numerical investigation of a 1996 model Volkswagen
Citi Golf underhood environment. Two cases were
investigated both experimentally and numerically.
The first assumed the radiator-cooling fan produced
all the airflow through the underhood and the second
used the large subsonic wind tunnd at Stellenbosch
University to provide a congtant airflow. The
experimental and numerical results indicated that
even with simplistic geometries of complex
environments like the underhood, the flow and
thermal patterns predicted by numerical smulations
compar ed acceptably to measured experimental data.

Additional Keywords: radiator, temperature,
porous resistance, heat transfer

Nomenclature

Roman

b Thickness [m]
C, Constant-pressure specific heat [Hkg
F Diffusional thermal energy flux [N/m s]
g Gravitational acceleration [nls
K Turbulent kinetic energy [frs]]

p Piezometric pressure [Nfin
r Radius [m]

S  Source term

T  Temperature K]
t Time [s]

u Velocity [m/s]
X Cartesian coordinate [m]

a Graduate Student, Department of Mechanical and
Mechatronic Engineering, University of Stellenbosch,
Private Bag X1, Matieland, South Africa.

E-mail: jmvz@sun.ac.za

b Department of Mechanical and Mechatronic
Engineering, University of Stellenbosch, MSAIMechE.

¢ Managing Director, Cape Advanced Engineering (Pty)
Ltd. MSAIMechE. http://organergy.co.za

R & D Journal of the South African Institution okkbhanical Engineering 2009, 25

Greek

a Porous inertial resistance [kg”fjn
B Porous viscous resistance [k@/sr]l
&  Turbulent dissipation rate fifs?)
p  Density [kg/mi]
T Stress tensor [N/th
Subscripts

0 Reference

eq Equivalent

env  Environment
h Heat

i Indices

m Datum

mag Magnitude
rad Radiator

t Thermal

Superscripts
- Mean
0 Reference

Abbreviations

CFD Computational fluid dynamics
CAD Computer aided design

CAE Computer aided engineering

1. Introduction

Development and application of commercial compateti
fluid dynamics (CFD) software packages along with
increased computing capabilities have allowed erggimn
and designers enhanced abilities to investigate ptasm
fluid and thermal problems. CFD involves numetlical
solving the governing fluid and thermodynamic edpret
describing flow of fluids using a discretised domai

The automotive industry is increasingly implemegtin
CFD as a design and analysis tool, continuouslyrawipg
its vehicles. These include reducing underhoodnthé
conditions and emissions, improving performance,
increasing safety and optimising the driver's pptioan of
comfort. International automotive companies argently
using CFD to design various vehicle aspects inaolgdi
climate control, underhood thermal management, nengi
performance and aerodynamics. A more specialiset a
better-known field is automotive racing such asartl Le
Mans, where every aspect involving fluid flow, camsbon
and heat transfer are meticulously investigatedgu€iFD to
optimise performance from each vehicle.

Literature revealed various experimental and nucaéri
investigations conducted to analyse and improveicleeh
design. These include determining the best optifams
reducing  temperatures  within  the underhpod
experimentally measuring wake profiles of autommstiv
cooling fang, analysing catalytic converters with CEnd
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development of numerical fan models to reduce caimgu
requirements

Pressure to convert from experimental based engigee
to simulation-based engineerinig driving the automotive
industry to design and optimise their vehicles gsin
computer aided design (CAD) packages and compideda
engineering (CAE) software such as CFD. As Softicé
is involved with manufacturing and assembling vigdsdor
international motorcar companies including Toyotad a
Volkswagen, its automotive industry is developingneed
for CFD models to assist with modification of thesicles
to improve them for local and international appiica.

Forming part of this process initiative, it was ceived

successful vehicles in South Africa, namely the Hir@
Volkswagen Citi Golf, and investigate the airflovitlin its

underhood environment using the commercial CFD @gek Figure 1: Thermocouple positions in the underhood
STAR-CCM+ (CD-Adapco). It includes the use of

simplified models to simulate effects from the doglfan Position Description
and radiator and comparison of experimental andemical i i
results. The objective was to develop a platfomomf 1 Ambient Air
which further research and development could develd 2 Front left corner
Typical long-term design objectives may include 3 Back left corner
minimising unnecessary energy waste or optimisimgjre 4 Engine surface
warm up time for better efficiency and reduced wear 5 Radiator inlet

. 6 Radiator outlet
2. Materials and Methods 7 Fan outlet
2.1 Experimental o _ 8 Back right corner
Experimental measurements provided information tfo 9 Front right corner

CFD boundary conditions and numerical verificatiohests ; — —

were conducted at the Department of Mechanical ar;rc?ble 1. Description of thermocouple positions
Mechatronic Engineering at the University of Stellesch
using its large 373 kW subsonic wind tunnel. A@98odel
1.3 litre Volkswagen Citi Golf was selected as théhicle

and similar models are of the most successful intlSo positioned in front on the vehicle measured theviniag

Africa and has proven itself for many years. : . . ;
; : : wind tunnel air speed during data capturing. Thebe
Wind tunnel tests required the vehicle be parkeohup function was to ensure that the airflow through thied

custom-bwlt ramﬁ and experience both near stagnarﬁmnel remain within an acceptable constraint of%d.0
surrounding air and airflow of 5 m/s drawn over tedhicle during the 5 m/s tests

}gv\ﬁ\ﬁ:]udatecg?]g%g?]gs Orgéhic\ﬁgfle |d||r_1|%(|en ‘"(':c:g"ﬁnfjfan Heat transfer coefficient and porous resistancehef
remained permanentl en:fble d dgr'in the staan &nigtm radiator were determined separately at variousomirfates
P y Y 9 using the heat exchanger test facility situated tre

provide airflow through the radiator and disableding the De . , : :
. . . X partment of Mechanical and Mechatronic Enginggadh
low-wind case as the wind tunnel provided the @uirfl tSteIIenbosch University.

T-Type Thermocouples measured the temperaturdgeof
air in the four corners of the underhood, in andl afuthe
radiator and fan and the surface temperature oktiggne
block. Figure 1 and table 1 present the thermolesup
positions within the underhood. A TI-30 ThermoVie\
thermal imager from Raytek measured the surfa
temperatures of the exhaust manifold, gearboxatadiand
overflow reservoir.

A digital TA 5 hand-held hot-film anemometer froniPD
Measurement confirmed the airspeed through theefuanmd
measured the air speed through the cooling-farr poidata
capturing as not to interfere with experimentaldings. ‘
The airspeed through the wind tunnel was verifigd |
measuring the velocities at the four corners amireeof the
tunnel. These readings indicated that the inletdimns
remained approximately uniform.

Air speed measurements were taking at arbitrary
locations at the fan outlet and used to determiiree peak
flow velocity through the fan. A Pitot static peffigure 2)

Figure 2: Pitot static probe position relative to vehicle
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A differential pressure transducer measured thespre
drop while the heat transfer was determined by orass
the hot water mass flow rate along with inlet andled
water temperatures. Airflow through the radiataswaried
using a frequency control to adjust the centrifigal speed

Air Filter Brake Booster

Engine Radiator Reservoir
of the test facility. Porous resistance and heansfer
coefficients were related to air speed through rddiator
and fitted with polynomials as presented in figuBeand 4. e i
These curves were used to model the radiator in
numerical investigations. Water Tank

Battery

Porous Resistance vs. Velocity

3000 Fan and Radiator Housing Fan Motor

+  Experimental
— 2500l Regression (R%=0.9872) Figure 5: Top view of the Volkswagen Citi Golf
underhood model

2000 7 The vehicle geometry presented by the wire framdehm

figure 6 was imported into this package and usett¢ate a
8 solid volume representation of the air within thederhood
and around the vehicle, with the block surroundthg
i vehicle representing the wind tunnel. STAR-Deswgas
further used to generate a surface mesh from thid so
P=199 28V4477 27 | volume, which was imported into STAR-CCM+ version
4.02, with which the air volume was discretisedngsi
polyhedral cells and numerical simulations weredumted.

1500 -

1000 -

Porous Resistance [kg/rrfs.s2
g

0 I I I I I
0 2 4 6 8 10 12

Velocity [m/s]

Figure 3: Porous resistance versus velocity result
from radiator tests

2.2 Numerical model and investigation

Heat Transfer Coefficient vs. Velocity
5500 T T T T T

+  Experimental
5000 - Regression (R2:0,999)

] Figure 6: Wire frame of volume used for grid

Heat Transfer Coefficient [\N/mZ.K]

ool | generation
H== 2.2192V° - 64.6111\ + 786.3077V + 1087.9970
1% 2 n 6 8 10 12 Inlet and outlet boundary conditions included
Velocity [m/s] prescribed mass flow rate applied to the tunnel @shind
Figure 4: Heat transfer versus velocity result the vehicle) and a specified inlet pressure appl@dhe
from the radiator tests tunnel inlet (front of vehicle). The prescribed saalow

rate boundary applied to the tunnel exit capturiects of

) the wind tunnel fan drawing the air over the vehiahd out

_ The complex underhood component geometries Weffs nnel instead of blowing it into the tunnetiaver the
simplified  and  excluded ~ unnecessary modellingehicle. This boundary was positioned a suitalitadce
complications including piping and electric wiring y4\nsiream from the vehicle to remain outside ta&enof

throughout the underhood domain.  This simplifiehe yehicle and avoid numerical error propagatintg the
geometry of the Volkswagen Citi Golf was createdhwi nsiream airflow. Fixed surface temperatures \assigned

Solid Edge, version 14 from EDS PLC Solutions. URDS {5 heat source surfaces within the underhood ifeiuthe
shows a top view of the underhood region with tbertet  gngine, radiator reservoir, gearbox, hot water pipdaust
removed. manifold and heat exchanger as illustrated in &gur All

STAR-Design version 4.02 from CD-Adapco was usefhmaining surfaces were modelled as adiabatic difythe
to prepare the CAD geometry for volume discret®ati ,5nnet and tunnel walls.
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Internal equations used by CFD software include the
Navier-Stokes equation:

[ ] Adiabatic
B Engine and Resevoir dpu, 0 0
[ Gearbox and Waterpipe T +§(puj U - ) = _a_p +$ (1)
B Exhaust Manifold J %
Bl Heat Exchanger Here static pressure was adjusted for buoyancyiealc
tions:
P= P~ Po9mXn (2)
Fluid enthalpy is calculated from the energy covaton
equation:
opoh 0 op op oy,

Figure 7: Surfaces with fixed temperatures —+—(,0h[ uj + Fm,j) =tu—+5 —+§ (3)

ij
ot 0x ot 0X; 0%
Table 2 provides the boundary types and conditiongyere: h=¢T- (g-B (4)
applied to the model. The mass flow for the windnel off P
case was prescribed a non-zero value to providsligtato Buoyancy was modelled as a momentum source term

the numerical simulations. A zero mass flow cdodit calculated by:
through the tunnel allows numerical error to primeithe

airflow, which caused unrealistic results. The snlsw S, =9 (0-0,) )

rates of 5.12 kg/s and 51.21 kg/s through the tunoee- ) ) ,

lates to airflow velocities of 0.5 m/s and 5 m/spectively. Ideal gas law was applied the air to account farsdy
Internal models included the momentum and energiffiations due to temperature change.

equations, High-Reynolds numbdre turbulence model p

with standard wall functions (law-of-the-walland buoy- P=RT (6)

ancy. At the time this project was undertaken,dbmput-

ing power available was limited and for this reasadiation The cooling fan was modelled using the actual fan

and near wall investigations were not includedhia simu- geometry and moving reference frames. Moving esfee
lations, as their calculations are highly comput¢ensive. frames allow a steady state simulation to captoueeetfects
The effects of radiation were considered negligiiolethe of a moving object at any point of time. Althoutjiis does
purpose of this study, as the interest was onlydihgow not capture the unsteady nature of the fan, it svdficient
through the underhood upon which radiation hadelitt for the purpose of this study.

effect. Radiation from components such as the @stha The radiator effects were modelled using experialgnt
manifold and pipe will affect exposed surfaces udahg determined porous resistance and energy sources tasm
critical underhood components, but these investigat described earlier. Thus, as the air flowed througé
were outside the scope of this study. Using theest pipe radiator it loss momentum and added energy to the a
as the worst-case scenario, the heat flux was letédtlias causing it to rise in temperature. The porousstasce was

follows: modelled using with the following correlation:

Q.:UA(-l:eih_TSur) S rad :(a l4’nag"':3) Ui (7)
=5.67x10°x 0.094 (513~ 313 with @ =199.28 kg/rhand B =477.27 kg/rs obtained from
=317.976 W figure 3.

The heat transfer was calculated using an oveest h

whilelt?ekvr\l/eat flux added to the air by the radiatas well  {ansfer co-efficient calculated from the correlation shown
over .

Wind tunnel off Wind tunnel on

Component or Position BO.?;;:W Properties Boundary Type Properties
Engine Surface Non-slip Wall 353.15 K Non-slip Wall 357.15 K
Gearbox Surface Non-slip Wall 333.15 K Non-slip Wall 333.15 K
Exhaust Manifold Surface Non-slip Wall 495,15 K Non-slip Wall 511.15 K
Hot Water Pipe Non-slip Wall 333.15 K Non-slip Wall 333.15 K
Water Reservoir Non-slip Wall 353.15 K Non-slip Wall 357.15 K
Tunnel Wall Surface Non-slip Wall 298.15 K Non-slip Wall 298.15 K
Tunnel Entrance Pressure 101 325 Pa Pressure 101 325 Pa
Tunnel Exit Mass flow -5.12 kg/s Mass flow -51.21 kg/s

Table 2: Boundary conditions applied to the simulations
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in figure 4 by dividing the heat transferred by the N Wind tunnel off | Wind tunnel on
temperature difference between the radiator anwsnding Position K] [K]
air and the total radiator frontal face area. Ambient Ar 796.67 £ 1.08 796.46 £ 0.49
_ H(Tag ~Ten) (8) |FrontRight 312.42+0.73 | 297.58 +0.46
T Back Right 314.90£0.83 | 302.28% 1.12
Front Left 313.62+0.78 297.71 +0.87
where: Back Left 314.15+0.95 | 306.36 +1.59
3 2 ) Radiator Inlet 297.74 +1.73 300.79 £5.77
H =2219:%-646114%+7863u,+1087997 W/n’K (9 [Radiator Outlet | 309.08 +0.84 | 345.59%1.27
. . ) Fan Outlet 310.28 £2.71 337.33+£2.02
Tab_le 3 presents_ the_ remaining simulation parammeised Engine Surface 35327 + 0.69 357 24 + 0.46
during the numerical investigations. Exhaust Pipe 49515 511.15
Radiator 298.15 — 333.15 347.15
Description Value Table 4. Measured underhood temperatures
Inlet turbulence intensity 1% The hand-held hot film anemometer was used to
Inlet turbulent length scale 0.02m determine airspeed in both test cases. For the whsre
Inlet air temperature 296.65 K the wind tunnel was switched off and the radiatooling-
Implicit solver Courant number 10.0 fan produced all the airflow, the fan peak air shees
Turbulent under-relaxation 0.8 measured at approximately 13 m/s. For the caseenthe
Turbulent viscosity under- 10 wind tunnel was activated and cooling-fan remaining
relaxation ' disabled, the wind tunnel air speed was measures 18
Dynamic viscosity of air 1.855x10° Pa-s +0.31 m/s. The later airflow through the wind rieh
Specific heat of air 1007 J/kg-K caused a low pressure zone within the underhoadyidg
Thermal conductivity of air 0.02603 W/m-K air in through and grill and extracting the warm fiom
Air reference density for 1.18 kg/m® underneath the underhood causing lower temperatures
buoyancy calculations ' mentioned above.
Turbulent Prandtl number 0.9
Discretisation scheme Second order 4.2 Numerical results
upwind The numerical results were evaluated in terms a& th
Gravity 9.81 m/s” convergence of each simulation, its grid independesmnd

Table 3: Additional simulation parameters

4. Results
4.1 Experimental results
The two experimental cases investigated were thnche
idling in wind speeds of 0 m/s and 5 m/s respebtive

The temperatures of the air at the designated itotat
indicated in figure 1 were measured using thermplesy
while the thermal imager measured the surface tesyres
of the exhaust manifold, water reservoir and radiat
Table 4 provides the averaged temperatures measured

Two extremes were observed from the experiment

results. For the case where the radiator cookmg-f
produced all the airflow, underhood temperaturesrayed
around 313.15 K and the temperatures of the aiosading
the radiator averaged around 309.15 K. This waibated
to the warm air from the radiator being blown irttoe
underhood environment and further heated by theneng
and exhaust manifold. For the case where the windel
produced all the airflow, the underhood temperatuamged
between 296.15 K and 306.15 K, with radiator aingera-
tures between 337.15K and 346.15K. It is clezat t
although the underhood environment is cooled méfexte
tively by surrounding air in this case, the neatishary air
around the radiator causes its efficiency to desdeence
resulting in high engine and exhaust manifold terapees.

This indicates the worst-case scenario for eleadtric
components occurs when the radiator-cooling farelgol
produces the airflow.
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y" values. Convergence of the solutions was evaluate
using normalised residuals and field values frone th
solution. Thus while the residuals decrease, thiatien
approached a single converged solution. Idealhg t
residuals should decrease to zero once the soldtam
converged to a solution. This is not possiblenamerical
errors restrict the minimum possible residual eand the
time required to reach this minimum residual vaise
usually too long. Thus, simulations are stoppedeoa
specified condition is satisfied. This conditiomyrrequire
residuals to decrease by a predetermined ordeaghitude
of by specifying a number of iterations. For tktsidy
calculations were performed for 10 000 iteratiorighvall
residuals decreasing a minimum of 4 orders of nagai

A more informative parameter for convergence ifdfie
values. Field values are extracted data pointanfro
arbitrarily placed positions of interest. Once thaues
from these points remain constant, the solutioacisepted
as converged. For this study, temperatures anocivgl
magnitudes were monitored for convergence.

Grid independence of the solutions was determinged b
solving the CFD problem on three different gridolesons
and comparing the solutions to each other. The gri
resolutions for the three meshes were 398 581, Gdlg 543
cells and 1 226 005 polyhedral cells. Figure 8vigles a
sample from the three grids of the velocity profilghin the
underhood environment. It clearly illustrates tteg results
obtained from the medium and fine grid resolutiamy
differ slightly confirming that grid independenceasv
satisfactory.
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The applicability of the High Reynolds numbé&re
turbulence model requires’ yalues to range between 30
and 500. Simulations results were all evaluateérsure
that this condition remained satisfied.

Velocity Magnitude vs. Position

A +  Coarse
0O Medium

25F ¥ Fine H
)
£
o 2 1
©
=2
5
] 1.5 B
=
2
o 1 1
o
(]
> 05k i Temperature (K)

' 20300 30900 32500 341.00 357.00 373.00

O L L L L L L L L L . . . .

05 -04 03 02 -01 0 01 02 03 04 05 Figure 9: Temperature distribution on a

Horizontal Transverse Position [m] horizontal slice through the under-

Figure 8: Stationary case velocity magnitude profile hood passing through the fan

within the underhood environment

The numerical results for the case where the radiat
cooling fan produced all the airflow proved to be tworse
case scenario. The relative high inlet velocityd (d/s)
through the fan resulted in a warm stream of ait
approximately 311.15 K, to enter the underhood. isTh
stream flowed against the back panel of the undetho
where it dispersed in all directions losing momemtuThe
air in the rest of the underhood remained neaiosiaty,
allowing other engine components including the pegi
exhaust manifold and gearbox to heat the air furdiseseen
in figures 9 and 10.

The case where the radiator-cooling fan remaine
disabled and the wind tunnel produced the airflavotigh
and over the vehicle at 5 m/s, the airflow throutdpe Temperature (K)
radiator and fan was significantly reduced to véow 20300 30900 32600 34100 35700 3/3.00
speeds, thus the incoming air form the radiator mash
warmer than the previous case with temperatures « Figure 10: Temperature distribution on a vertical
approximately 343.15 K. The airflow under the \aihi slice through the underhood passing
caused a lower pressure to exist beneath the eehic through the fan
resulting in air being drawn into the underhoodtiyh the
grill and out under the vehicle. This extractedmwer air
reduced the effects of heating from the engine exithust
manifold, and drew most of the hot radiator air gMrm

Comparing the measured experimental and numerical
results for the temperatures, indicate that althotige
the underhood underhoo_d_ compartment used_ in the num_erical sinonlsit

This resultea in an average temperature of appratein was 5|gn|f|cant_ly smpllfled, Wlth. only major compents
300 K, which is approximately 10K cooler than th included, the 5|r_nulat|ons were still capable ofdicgng the
previou’s case qempera‘gures with an acceptable accuracy of less 10 %

' as seen in table 5.

The largest discrepancy found between experimemizh|

4.3 Experlfmﬁntzél and_nulm_erlcal cg_m p(;clrlson numerical temperature readings occur at the bdtkdener
Accuracy of the CFD simulations predicted temp@®HU ,giion of the underhood in the stationary casEhis

throughout the underhood was determined using noaler it ance is attributed to the fan belts and atéor effects,

sensors placed in the model at identical positiassthe | nich was not included in the numerical simulatiorEne

thermocouples d'(?. the Iexper_lmen_tal testds._ Tr;]eseenu?li fan belts cause air around the back left sensbetagitated,
sensors are additional vertices inserted in the @kd3h, oqting in better mixing with cooler steams of #ius

which _extlraf:ts 'ihe_ interpolated values from thelltef the producing a slightly lower reading in the experifiagn
numerical simulations. measurements. The blocks shaded grey were notde&
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Wind tunnel off Wind tunnel on
Position Experimental Numerical Experimental Numerical
[K] (K] [K] (K]
Ambient air 296.87 £ 1.08 297.62 296.46 + 0.49 296.65
Front right 312.42 £0.73 311.43 297.58 + 0.46 296.65
Back right 314.90 £ 0.83 313.21 302.28 £1.12 302.7
Front left 313.62 £0.78 316.79 297.71 £ 0.87 298.51
Back left 314.15+£0.95 316.7 306.36 £ 1.59 308.33
Radiator inlet 297.74 £1.73 297.15 300.79 £5.77 296.65
Radiator outlet 309.08 £ 0.84 311.87 345.59 +£1.27 343.53
Fan outlet 310.28 £2.71 312.82 337.33+2.02 336.64
Engine zurface 353.27 + 0.69 353.15 357.24 + 0.46 357.15
Exhaust pipe 495.15 495.15 511.15 511.15
Radiator 298.15 — 333.15 318.15 347.15 347.15

Table 5: Experimental and numerical comparison

numerically but used as boundary conditions to thexists from which further modelling improvement and
numerical simulations to represent the heat sources research can continue in South Africa.

To verify the fan model for the case where the fan
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