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Introduction 
 
It is our pleasure to present these proceedings for “The Aerodynamics of Heavy 
Vehicles II: Trucks, Buses and Trains” International Conference held in Lake Ta-
hoe, California, August 26-31, 2007 by Engineering Conferences International 
(ECI).  Brought together were the world’s leading scientists and engineers from 
industry, universities, and research laboratories, including truck and high-speed 
train manufacturers and operators.  All were gathered to discuss computer simula-
tion and experimental techniques to be applied for the design of the more efficient 
trucks, buses and high-speed trains required in future years.  
 
This was the second conference in the series. The focus of the first conference in 
2002 was the interplay between computations and experiment in minimizing aero-
dynamic drag. The present proceedings, from the 2007 conference, address the 
development and application of advanced aerodynamic simulation and experimen-
tal methods for state-of-the-art analysis and design, as well as the development of 
new ideas and trends holding promise for the coming 10-year time span. Also in-
cluded, are studies of heavy vehicle aerodynamic tractor and trailer add-on de-
vices, studies of schemes to delay undesirable flow separation, and studies of un-
derhood thermal management.   
 
We would like to thank the ECI organizers for their efficient organization of the 
meeting.  In addition, we would like to express our appreciation to all session 
chairs, the scientific advisory committee, authors, and reviewers for their many 
hours of dedicated effort that contributed to a successful conference, and that are 
manifest in this proceeding. We also gratefully acknowledge the financial support 
received from ECI, the United State’s Truck Manufacturers Association, Interna-
tional Truck and Engine Corporation, Lawrence Livermore National Laboratory, 
and CD Adapco. 
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Bluff Body Flow Research with Application to 
Road Vehicles 
 

Peter Bearman 

Department of Aeronautics, Imperial College, London, SW7 2AZ, UK 
p.bearman@imperial.ac.uk 

Abstract   This paper explores a number of aspects of bluff body research that 
may help in the understanding and advancement of the aerodynamics of heavy ve-
hicles. The relationship between the lift and drag of bodies moving close to the 
ground is discussed and the unsteady trailing vortex structure of a vehicle is illus-
trated. The importance of the ground boundary condition and the flow structure 
around wheels rotating in contact with the ground are also described. Methods for 
the reduction of forebody and base drag are discussed and the possibilities for us-
ing flow control techniques to modify free shear layer development as a means of 
reducing drag are addressed. Finally the role of the natural wind, particular atmos-
pheric turbulence, in affecting vehicle flows is examined.  

Introduction  

 Road vehicles are subject to design constraints which severely limit aerody-
namic efficiency and practical vehicles operate with regions of separated flow. 
While much of our understanding of road vehicle aerodynamics has developed 
through the application of techniques used in the aerospace industry, vehicles fall 
into a category of bodies that are aerodynamically bluff.  For streamlined bodies 
considerable advances are being made in using flow control methods to reduce 
skin friction drag but with bluff bodies the emphasis needs to be on minimising 
pressure drag. This means keeping flow attached over as much of the body surface 
as possible and raising the pressure in the large separated region at the rear of a 
vehicle. For economic, environmental and political reasons, drag reduction is a 
prime goal but it should be kept in mind that aerodynamics affects other important 
aspects of vehicle operations including: cooling, handling and noise. However, in 
this paper the main emphasis is placed on the processes of drag generation and 
drag reduction of road vehicles. 
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Aerodynamics is a key technology in motor racing, particularly for the open-
wheeled vehicles used, for example, in Formula 1. Here significant advances have 
been made in wind tunnel test techniques and in the appreciation of the impor-
tance of the correct simulation of the ground boundary condition. This has led to 
improved understanding of lift generating mechanisms and the complex problem 
of wheel flow, which in one form or another affects all road vehicles. A further 
consideration is that vehicles are exposed to the natural wind and as a result can 
experience yawed flow and aerodynamic loading influenced by turbulence. Here 
there is an obvious connection with the study of wind loading on buildings and 
structures. Hence in addressing the aerodynamics of heavy road vehicle, ideas will 
be drawn from aerospace, wind engineering, motor racing, as well as from basic 
research on bluff bodies. In summary, some of the important aerodynamic consid-
erations for road vehicles are: 

• Large areas of separated flow leading to high drag 
• Close proximity to the ground which influences both lift and drag 
• The presence of wheels 
• The effects of the natural wind introducing yawed flow and turbulence 
• Interference due to the close proximity of other vehicles 

The Relation between Lift and Drag 

For an aircraft, lift is accompanied by the generation of trailing vortices and 
these vortices contribute to induced or lift-related drag. Total drag is then the 
summation of profile drag and induced drag. However, for road vehicles the rela-
tionship between lift and drag is more complex because even in an ideal, or invis-
cid, flow lift can be generated on a body moving close to a boundary. This mani-
fests itself as an attractive force between the body and its imaginary image in the 
boundary. For example, a sphere moving near the ground through an ideal fluid 
generates a force towards the ground and the associated lift coefficient can rise to 
nearly -0.4 when the gap between the sphere surface and the ground is very small. 
This force is generated without the shedding of trailing vortices and without drag. 
For a road vehicle the lift will be a combination of this component and the more 
familiar one experienced by lifting bodies in a real fluid. It is the latter component 
that is related to trailing vortices and drag generation. 
Most vehicles generate lift but the associated trailing vortices are unsteady and 
rapidly dissipate since they are influenced by the large separated region at the rear 
of a vehicle. Figure 1 shows two velocity maps measured in the near wake of a 
passenger car model using particle image velocimetry and reported by Wang et al 
(1996). They were measured a short time apart and it is clear that there are sub-
stantial differences in the two plots. However, if a small number of these maps are 
averaged then the time-average picture that appears is quite different. Figure 2 
shows the result of averaging just 10 plots and now we see the emergence of a pair 
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of trailing vortices but it is clear that the vortex structure in the instantaneous flow 
is very different to the time-average one. Such observations give strength to the 
argument that LES methods are likely to be more appropriate for computing vehi-
cles flows than using the RANS equations coupled with a turbulence model. 
 

Fig. 1 Instantaneous cross-flow velocity maps measured in the near wake of a passenger car 
model at a vertical plane 20% of the car length from the rear bumper 

 
Fig. 2 The velocity field obtained from the average of only 10 instantaneous velocity maps 

The Ground Boundary Condition and Wheels 

Wind tunnel testing using a rolling road has become standard practice for many 
racing car applications where an important feature is the low ground clearance. As 
well as generating the correct ground boundary condition, a further advantage of 
using a rolling road is that wheels and their effect on aerodynamic performance 
can be correctly simulated. Although at first sight there may not appear to be too         
many similarities between a Formula 1 racing car and a tractor-trailer vehicle, 
when ground clearance is expressed as a fraction of vehicle length the values for 
the two are not so different. Also for both vehicles the wheel flows are important, 
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particularly for a trailer where wheels are often very exposed. If vehicle flow is 
considered in a wind tunnel frame of reference where the ground is correctly 
simulated, an obvious observation is that the relative flow speeds beneath and over 
a vehicle are similar. This has an important implication for drag reduction since 
there are many potential drag generating components under a vehicle and design-
ers need to pay as much attention to the design of the underbody as they do to the 
more visible parts of a vehicle. 

Obtaining a full understanding of the flow around a rotating road wheel pre-
sents a challenging problem. Working in a wind tunnel frame of reference, the 
flow travelling along the ground meets flow driven by the no slip condition at the 
tyre surface, which is a thin layer of flow rotating with the wheel, in the region of 
contact between the wheel and the ground. The result of these flows coming to-
gether is the sideways jetting flow that can be seen in the instantaneous PIV veloc-
ity field plotted in Fig. 3. Here the measurement plane is very close to the ground 
and parallel to it and the free stream flow is from left to right. The jet and resulting 
large region of locally disturbed flow are clearly visible in this plot from a study 
of a racing car wheel by Pegrum (2006). The investigation of this problem is made 
even more complex because contact with the road occurs over a patch of tyre and 
the contact area may change in response to varying driving conditions.  

  

 
Fig. 3 An instantaneous velocity field measured in a horizontal plane just above the contact patch 
of a rotating wheel (Pegrum (2006)) 

As discussed by Fackrell and Harvey (1975) in their pioneering work on wheel 
flow, separation from the circumferential tyre surface is affected strongly by 
wheel rotation. Again working in a stationary frame of reference, at the top of the 
wheel the flow at the surface is moving in opposition to the free stream flow. For a 
rotating wheel flow separation is brought forward compared to that for a non-rotating 
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one. Reynolds number effects on the flow about a rotating wheel are far less than 
those for the classic problem of a fixed circular cylinder where a large drop in 
drag coefficient occurs in the critical Reynolds number regime. Zdravkovich et al 
(1998) have termed small aspect ratio circular cylinders “coin-like” bodies where 
separation from the front edges is as important, or perhaps more important, than 
separation from the curved boundary. Wheel flows fall into a similar category and 
they give rise to the shedding of a vortex system that is quite different to that for a 
two-dimensional cylinder. Figure 4 shows a plot of vorticity passing through a 
vertical plane placed 20% of the wheel diameter behind the back of a wheel. This 
data, obtained by Pegrum (2006) using PIV, shows two pairs of counter-rotating 
vortices, one pair emanating from the upper edges of the tyre and  

 
Fig. 4 Vorticity field showing the wake structure at 20% of a diameter behind a wheel  
(Pegrum (2006)) 

the other forming lower down in the near wake. The self-induced velocity on the 
upper pair drives the vortices down and they merge with the lower pair. Hence 
further downstream only one pair of vortices can be found. Figure 5, due to Sad-
dington et al(2007), shows how the vortex configuration changes with distance 
behind an isolated wheel. It should be noted that wheel wake flows are highly un-
steady and the sketches in Fig. 5 present a time-average picture. 
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Fig. 5 Vortex Structure behind a Rotating Wheel, left 0.5 diameters downstream and right 2 di-
ameters downstream (Saddington et al (2007)) 

Drag Reduction of Heavy Vehicles 

As mentioned earlier, possibilities for drag reduction of heavy vehicles are limited 
by the requirement that the basic function of the vehicle should not be compro-
mised. This puts a serious constraint on what might be done to reduce the base 
drag of a trailer, for example. The aerodynamic drag of a heavy vehicle results 
primarily from differences in pressure acting on forward and rearward facing sur-
faces and for the simplified vehicle shape shown in Fig. 6 the drag can be conven-
iently split into forebody and base drag components. The techniques for reducing 
these two components differ. To reduce the forebody drag, regions of flow separa-
tion need to be minimised. For the basic body shown in Fig. 6 this might be done 
by increasing corner radii and by enhancing the mixing in the separated shear 
layer to encourage earlier reattachment. The more difficult problem is to reduce 
base drag because the practical constraints are much more severe here. To increase 
the pressure in the base region some form of mild boat-tailing might be used to 
raise the pressure ahead of separation. Alternatively, since the base pressure is re-
lated to the entrainment of fluid into the surrounding separated shear layers, the 
base pressure would increase if the mixing in the separated shear layers could be 
reduced. Modern developments in flow control technology are providing interest-
ing possibilities for achieving this. 

 Techniques that have been used, and also those that might be used in the future, 
to reduce the drag of heavy road vehicles include: 

• Shielding, incorporating the strategy of driving in close platoons 
• The long established method of fitting cab-top deflectors to reduce fore-

body drag 
• Surface treatments to delay separation, possibly including the use of 

dimples 
• Base cavities and boat-tailing to reduce base drag 
• Active and passive methods applied to the control of separation 
• Active and passive methods applied to the control of separated shear 

layer development 
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Fig. 6 A highly simplified heavy road vehicle 

Considerable success can be achieved in reducing drag by attention to a large 
number of small details on a vehicle. This is sometimes referred to as aerodynamic 
tuning but it can only be taken so far and a significant region of separated flow is 
always likely to remain at the rear of a vehicle. For a bluff body with fixed separa-
tion, say from sharp edges, the higher the base suction then the smaller the time-
average recirculation region in the near wake. Hence, to reduce drag the recircula-
tion region must be made larger, not smaller. This can be achieved by reducing 
stresses in the free layers so as to reduce entrainment from the near wake and 
hence raise the base pressure. The challenging problem this poses is how can the 
structure of separated shear layers be controlled in such a way as to reduce 
stresses? 
Chun and Sung(1996) have carried out an experimental study of flow over a 
backward-facing step where the separating shear layer has been excited by an os-
cillating jet. The experimental set up is shown in Fig.7 and it can be seen from the 
detail that the massless jet issues from a small slit at the corner of the step. Some 
of the results from this experiment are reproduced in Fig. 8 where the mean flow 
reattachment distance behind the step, Xr, non-dimensionalised by the reattach-
ment distance with no blowing, is plotted against non-dimensional forcing fre-
quency. Here the frequency of forcing is non-dimensionalised by using the step 
height and the approaching flow velocity to form the parameter StH. The results 
for three jet velocity amplitudes are plotted and they all show similar features. As 
frequency is increased the reattachment length shortens, a minimum is reached 
and for high values of frequency the reattachment length extends beyond that for 
no jet. An interpretation of these results is that the Kelvin-Helmholtz type instabil-
ity in the shear layer is enhanced at low values of the frequency parameter leading 
to increased entrainment, higher base suction and a shorter reattachment length. 
From the viewpoint of drag reduction, the significant result is the increase in reat-
tachment length for high forcing frequencies where presumably the high fre-
quency massless jet interferes in a beneficial way with the shear layer instability 
mechanism leading to reduced stresses. This will result in a lower base drag on the 
step. 
 



10      Peter Bearman 

 

 
Fig. 7 Control of flow over a backward-facing step (Chun and Sung (1996)) 

 
Fig. 8 Reattachment length behind a backward-facing step versus non-dimensional forcing fre-
quency (Chun and Sung (1996))  

A further example of the effectiveness of a massless jet can be found in the nu-
merical simulations of Dandois et al (2007). Figure 9 shows examples of their di-
rect numerical simulations of flow over a rounded two-dimensional, backward-
facing ramp. The upper plot shows the mean flow without control, the middle one 
is with low frequency forcing and the effect of high frequency forcing is shown in 
the lower plot. Again enhanced entrainment occurs for low frequency forcing and 
some suppression takes place for high frequency forcing leading to a substantial 
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increase in reattachment length. The application of such techniques to reduce the 
drag of road vehicles appears possible but further research is required to determine 
the overall efficiency of such a control method, its optimisation and practicality. 
Nevertheless, it presents an interesting new direction. 

 

 
Fig. 9 Numerical simulations of flow control over a two-dimensional ramp using a massless jet: 
upper no control, middle low frequency forcing, lower high frequency forcing (Danois et al 
(2007)) 

The Influence of the Natural Wind on Road Vehicle Flows 

Road vehicles are subjected to strong flow disturbances generated by other ve-
hicles and by the natural wind. The influence of the wind can be summarised as 
follows: 

• Changes occur in the magnitude and direction of the relative approaching 
flow 

• Small angles of yaw can lead to increases in aerodynamic drag and the 
generation of side forces that may give rise to handling problems 

• Turbulence produced by the wind generates unsteady aerodynamic forces 
• The presence of turbulence may change mean force coefficients 
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Bearman and Morel (1983) reviewed the effects of free stream turbulence on the 
flow around bluff bodies and identified two mechanisms by which turbulence can 
influence the mean flow about a body. These are shown in diagrammatic form in 
Fig. 10 for an attached boundary layer and a free shear layer. For vehicles, turbu-
lence can affect separation, reattachment and the pressure in a separated region. 
 

 
Fig. 10 Two mechanisms by which free stream turbulence affects flows (Bearman and  
Morel (1983)) 

 
Fig. 11 Base pressure coefficients acting on square and circular thin plates set normal to turbu-
lent flow 

Figure 11 shows the effect of turbulence on the base pressure acting on thin plates 
mounted normal to a flow. Base pressure coefficient is seen plotted against a tur-
bulence parameter involving the product of the free stream turbulence intensity 
and the ratio of turbulence scale length squared to plate area. This parameter is 
discussed by Bearman (1971) and has been devised on the assumption that the 
main effect of turbulence for the plates is to enhance mixing in their near wakes. 
While buildings may be exposed to turbulence levels of 20% or more, vehicles 
that are moving in the presence of wind see substantially lower relative intensities 
under conditions of high vehicle speeds. A practical range for the turbulence 
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parameter used in Fig.11 may be up to 0.06 but as can be seen from the results this 
can still lead to a significant increase in base suction. 

The interaction between a turbulent approaching flow and a road vehicle is 
complex and gives rise to a number of different effects that are too varied to go 
into further detail here. However, let it suffice to say that turbulence gives rise to 
uncertainties when comparing on road measurements of aerodynamic quantities 
with measurements made in a conventional smooth flow wind tunnel.  
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Abstract   There is a robust scientific consensus that human-induced climate 
change is occurring.  The recently released Fourth Assessment Report of the IPCC 
states with “very high confidence,” that human activity has caused the global cli-
mate to warm.  Many well-documented observations show that fossil fuel burning, 
deforestation, and other industrial processes are rapidly increasing the atmospheric 
concentrations of CO2 and other greenhouse gases.  An increasing body of obser-
vations and modeling results shows that these changes in atmospheric composition 
are changing the global climate and beginning to affect terrestrial and marine eco-
systems.  In this talk, I’ll review observed and projected changes to the US cli-
mate, discuss the sectoral contributions to US greenhouse gas emissions and 
speculate about the future of the US carbon economy. 
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Abstract   The emergence of the computational tools capable of accurately pre-
dicting the flow properties around complex geometries has opened new opportuni-
ties in the design of automotive components and their integrations.  In particular, 
one may now be able to predict the acoustic noise produced by the unsteady fluid 
motion induced by the individual parts and quantitatively evaluate their loudness 
and spectral (i.e. frequency content) without relying on semi-empirical models.  
To demonstrate this capability the flow noise produced by two configurations 
typical of automotive applications – namely the outside rear view mirrors and the 
rain gutters – are examined quantitatively.  Relevant details regarding the predic-
tion methods as well as a selection of results are discussed. 
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Abstract   Standard CFD methods require a mesh that fits the boundaries of the 
computational domain. For a complex geometry the generation of such a grid is 
time-consuming and often requires modifications to the model geometry. This pa-
per evaluates the Immersed Boundary (IB) approach which does not require a 
boundary-conforming mesh and thus would speed up the process of the grid gen-
eration. In the IB approach the CAD surfaces (in Stereo Lithography –STL- for-
mat) are used directly and this eliminates the surface meshing phase and also miti-
gates the process of the CAD cleanup. A volume mesh, consisting of regular, 
locally refined, hexahedrals is generated in the computational domain, including 
inside the body.  The cells are then classified as fluid, solid and interface cells us-
ing a simple ray-tracing scheme. Interface cells, correspond to regions that are par-
tially fluid and are intersected by the boundary surfaces. In those cells, the Navier-
Stokes equations are not solved, and the fluxes are computed using geometrical 
reconstructions. The solid cells are discarded, whereas in the fluid cells no modifi-
cations are necessary. The present IB method consists of two main components: 1) 
TOMMIE which is a fast and robust mesh generation tool which requires mini-
mum user intervention and, 2) a library of User Defined Functions for the 
FLUENT CFD code to compute the fluxes in the interface cells. This study evalu-
ates the IB approach, starting from simple geometries (flat plate at 90 degrees, 
backward facing step) to more complex external aerodynamics of full-scale fully-
dressed production vehicles. The vehicles considered in this investigation are a se-
dan (1997 Grand-Prix) and an SUV (2006 Tahoe). IB results for the flat plate and 
the backward-step are in very good agreement with measurements. Results for the 
Grand-Prix and Tahoe are compared to experiments (performed at GM wind tun-
nel) and typical body-fitted calculations performed using Fluent in terms of sur-
face pressures and drag coefficients. The IB simulations predicted the drag coeffi-
cient for the Grand-Prix and the Tahoe within 5% of the body-fitted calculations 
and are closer to the wind-tunnel measurements. 
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Introduction 

Numerical simulations allow the analysis of complex phenomena without resort-
ing to expensive prototypes and difficult experimental measurements. This trend, 
to bring CFD to bear on vehicle aerodynamics design issues, is appropriate and 
timely in view of the increasing competitive and regulative pressures being faced 
by the automotive industry [1].  
 
The industrially relevant geometries are usually defined in the CAD environment 
and must be cleaned (small details are usually eliminated and overlapping surface 
patches are trimmed- before it can be used for computational analysis).  A smooth 
water-tight surface mesh is then generated to serve as a boundary condition for the 
volume mesh. There are mainly two types of approaches in volume meshing, 
structured and unstructured meshing. In structured mesh, the governing equations 
are transformed into the curvilinear coordinate system aligned with the surface. It 
is trivial for simple shapes, however, becomes extremely inefficient and time con-
suming for complex geometries. In the unstructured approach, there is no trans-
formation involved for governing equations. The integral form of governing equa-
tions is discretized and either a finite-volume or finite-element scheme is used. 
The information regarding the grid is directly incorporated into the discretization. 
Unstructured grids are in general successful for complex geometries. However, the 
quality of these grids deteriorates with complex shapes. In addition, there is large 
computational overhead owing to a large number of operations per node and low 
accuracy in combination with the low-order dissipative spatial discretization.  
 
The Immersed Boundary (IB) method [2] is an alternative procedure that can han-
dle the geometric complexity, and at the same time retains the accuracy and high 
efficiency of the simulations performed on regular grids. This represents a signifi-
cant advance in the application of CFD to realistic flows.  It uses Cartesian-like 
meshes in a simple, fictitious computational domain obtained by eliminating the 
object of interest (i.e. the road vehicles in the present application).  
 
The main objective of this study is to evaluate the IB method to assess the accu-
racy, robustness, and the speed for routine aerodynamics simulations in the auto-
motive industry. The IB flow simulations are presented for two simple geometries 
as well as for two production vehicles. The vehicles considered in this investiga-
tion are a sedan (1997 Pontiac Grand-Prix) and an SUV (2006 Chevy Tahoe). 

The IB Method 

The IB method is an alternative procedure in which a non-body conformal grid is 
used. The method “immersed boundary” was first developed by [3] to simulate 
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cardiac mechanics and the associated blood flows. In the present approach, the 
boundary surfaces are still present but the volume mesh is generated independ-
ently. Because the volume grid does not conform to the solid boundary, enforcing 
the physical boundary conditions requires a modification of the equations in the 
vicinity of boundary. Consider the Navier-Stokes equations below, 
 

£(U) = 0 in Ωf (volume) (1) 
 

with U = U Γ on Γb (surface) (2) 
 
Where U = (u,p) and £ are the operators representing the Navier-Stokes equations. 
u and p refer to the velocity components and the pressure, respectively. Conven-
tional methods proceed by developing a discretization of equation (1) on a body-
conformal grid where the boundary condition (equation 2) on the immersed sur-
face Γb is enforced directly. For IB, a forcing function is used in the governing 
equations that reproduce the effect of the boundary.  
 

£(U) = fb     (volume + surface) (3) 
 
The above system of equations is solved in the entire fluid domain. The forcing 
function fb can be defined before and after the discretization step which leads to a 
dichotomy among different IB methods. A detailed discussion is provided in [4]. 
In the present approach, the forcing is defined after the discretization step and is 
applied in all the cells cut by the immersed surfaces (interface cells). The forcing 
is computed such that the desired boundary value is recovered at the location of 
the immersed boundary. In finite volume methods, source terms can be interpreted 
as flux imbalances and, in the current implementation of the IB method, the forc-
ing is actually replaced by a modified flux applied at the faces connecting fluid 
and interface cells. No modification (fb =0) is applied at the fluid cells. 
 
In the IB approach, the ramifications of the boundary treatment on the accuracy 
and the conservation properties of the numerical scheme are not trivial. In the 
body-fitted method the conformal grid aligns the gridlines and the body surface 
and allows better control of the grid resolution in the vicinity of the body. How-
ever the same is not true for the IB methodology and this results in an increase in 
the grid size with the Reynolds number for the IB. As described by [4], the grid 
size ratio would scale to (Re)1.5  for a 3D body.  
 
A schematic diagram depicting the CAD to the CFD solution in the IB framework 
is shown in Fig. 1. The IB approach in this study consists of two main parts; 1) 
TOMMIE, a mesh generation tool, and 2) IBLIB, a set of User Defined Functions 
(UDFs) for the FLUENT CFD code which are described briefly in the following 
sections. 
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Fig. 1 Schematic diagram for the CAD to CFD solution in the IB approach. 

1. TOMMIE 

TOMMIE is the immersed boundary grid generator written in ANSI C++. It per-
forms four main functions, namely the grid generation, the interface and the inte-
rior cell determination, wall-distance calculation and the evaluation of the weight-
ing coefficients for the immersed boundary interpolation.  
 
Geometries are imported in ASCII Stereo-Lithography format (STL). The STL 
representation of a surface is a collection of unconnected triangles of sizes in-
versely proportional to the local curvature of the original surface. The format is 
standard for the Rapid Prototyping community and all the CAD systems have the 
ability to export a given surface in the STL format automatically. This allows the 
treatment of any complex geometry without the need to generate an intermediate 
CFD surface mesh. 
 
The geometry is placed on a structured background Cartesian mesh. This mesh 
covers the entire computational domain which includes the region inside the body. 
The generation of this grid is extremely simple and automatic. The mesh stretch-
ing is based on the location of the immersed boundary, and the cells are clustered 
near the object surface in accordance to the normal and tangential resolution as 
specified by the user. Several window refinements (rectangular, spherical and cy-
lindrical) can be introduced to cluster the cells in the regions of interest such as the 
wake, underbody and the stagnation regions. The geometrical module then per-
forms the separation (tagging) of the computational cells as shown in Fig. 2. The 
tagging procedure is based on a simple Ray Tracing (RT) technique. A random ray 
which originates from the location to be checked (grid nodes) is considered and 
the intersections between this ray and the given surface are computed. If the total 
number is even the point is outside the object. Similarly, if the total number is odd 
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the point is inside the object. The intersection between a ray (a 3D segment) and 
the surface (a collection of triangles) is carried out using the geometrical algo-
rithms reported in [5]. In some cases, the RT could fail due to incorrect surface 
representations (e.g. unintentional missing triangles in the STL file).  These gaps 
might be present in the original raw CAD representation or might arise while gen-
erating the STL representation of the CAD surfaces. To overcome this difficulty, 
before tagging any locations, three perpendicular rays are cast. In this case if the 
corresponding results are the same, the point is tagged, otherwise up to 20 addi-
tional random rays are traced and the most probable result is accepted. Alterna-
tively, the STL file might be checked for inconsistency. 
 

 
Fig. 2 Immersed Boundary tagging By Ray Tracing. 
 
In the context of the IB technique, very refined grids are often required close to 
the highly curved immersed surfaces in order to properly represent the details of 
the geometry. Here a Local Grid Refinement (LGR) algorithm is used which al-
lows an efficient clustering of cells. The present implementation is an extension of 
the classical Adaptive Mesh Refinement (AMR) technique for non-isotropic re-
finements. This requires a modification of the solution algorithm in order to han-
dle grids with the hanging nodes. A detailed discussion of the implementation and 
the accuracy issues related to the present LGR method is given in [2, 6, and 7]. 
Another important aspect of the application of the LGR is the selection of the re-
finement/coarsening criteria. In the present implementation, the LGR is used to 
increase the resolution in the surroundings of the immersed boundary and, there-
fore, the only criterion used is the geometrical distance between each cell and the 
boundary. A Heavy-side tag function (using RT technique mentioned earlier) is 
used to mark the cells inside and outside the immersed body. An illustration of 
this procedure is shown in Fig. 3 for a geometry representing the letter F. Top row 
shows TOMMIE mesh, where a) to d) represents successive levels of refinement. 
The corresponding tagging function T is shown in the middle row, the dark area 
corresponds to the internal cells (T = -1) whereas the white area corresponds to the 
fluid cells (T = 1). The bottom row represents the numerical gradient of the Tag-
ging function. Starting from a background mesh (Fig. 3a) and successively halving 
the cells until this gradient exceeds a prescribed value, the grid and the corre-
sponding sharper representation in Fig. 3d is obtained. More detail about the LGR 
is available in [6, 7]. 
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Fig. 3 Example of the automatic grid refinement strategy for immersed boundaries. 
 
TOMMIE executes in batch mode and is extremely easy to use. A typical 
TOMMIE input file with its main features is reported in Appendix A. 
 
The STLs can be added or deleted easily for the individual parts. Since there is no 
surface mesh associated with the volume cells, it amounts to saving time for the 
design/parametric studies. The surface mesh nodes need not to be aligned with one 
another and the neighboring surfaces need not have similar mesh sizes.  

2. FLOW SOLVER 

The flow solver used in this study is FLUENT V6.2. A user defined library 
(IBLIB) is used to handle the forcing functions in FLUENT. This library provides 
function hooks for reading/writing case files, initializing mesh, and implement-
ing/updating wall boundary conditions.  
 
The transport equations are solved only in the fluid cells, the solid cells are not 
considered and the values for interface cell values are obtained through interpola-
tions. The steady incompressible 3D Reynolds-Averaged Navier-Stokes (RANS) 
equations are solved using a second-order implicit, cell-centered, finite volume 
scheme on Cartesian non-uniform grids. SIMPLE (Semi-Implicit Method for Pres-
sure-Linked Equations) procedure is used to obtain an intermediate velocity field 
that is corrected to divergence-free conditions using the solution of a Poisson’s 
equation for the pressure. 
 
Imposition of boundary conditions on the immersed surfaces is the key factor in 
developing an IB algorithm. It is also what distinguishes one IB method from 
other. Here a derivative of direct discrete forcing algorithm based on the ghost cell 



Immersed Boundary CFD Approach for Complex Aerodynamic Flows      27 

approach is used [7, 8]. Local reconstructions of the solution in the vicinity of the 
immersed boundary are built for the interface cells (Fig. 4). Assuming nodal solu-
tion is available directly or through interpolation from cell-centers, Figs. 4b and 4c 
show the linear and quadratic 2D stencils. In the linear case, two exterior values (2 
and 3) are used together with the wall value (0) to evaluate the solution close to 
the interface (1). For a quadratic interpolation (Fig. 4c), a generic flow variable Φ 
can be expressed as: 
 

Φ = C1n2 + C2t2 + C3nt + C4t + C5n + C6 (4) 
 
where n and t are the local coordinates normal and tangential to the IB, respec-
tively. The six coefficients then can be determined by using the five exterior 
points (2, 3, 4, 5 and 6) and the boundary condition point (0) which is the normal 
intercept from the node 1 to the IB. The word exterior here refers to the fluid side; 
therefore at node 1, the velocity is reversed in order to prevent the flow from pene-
trating and slipping on the immersed boundary. This approach can be considered 
as a generalization of the ghost cell approach where the boundary conditions are 
imposed by fixing suitable values of the solution outside the computational do-
main. Since polynomial interpolations are keen to introduce wiggles and spurious 
oscillations, an inverse distance weighted method is employed in the present 
study. A detailed treatment of the interface cells is described in [8]. Without 
IBLIB, Fluent would not have access to the velocity reconstruction for interface 
cells, and it would only obtain the solution over the stair-step approximation of 
geometry as prescribed by Tommie mesh.  
 
Eddy viscosity is obtained through realizable k-ε turbulence model with enhanced 
wall treatment [9, 10]. Information needed for turbulence modeling and enhanced 
wall treatment, such as wall distances, is contained in Tommie mesh file and used 
through IBLIB. Currently only k- ε class of turbulence models is available for 
solving IB mesh in FLUENT. 

 
Fig. 4 Reconstruction stencils in the vicinity of the immersed boundary: (a) Linear 1D- scheme; 
(b) Linear 2D-scheme; (c) Quadratic 2D-scheme. 
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3. POST-PROCESSING 

In the IB approach the immersed surface is disconnected from the computational 
grid and, therefore, it is not trivial to represent surface solution. Pressure values 
are projected from the stair-step grid onto the original body surfaces (STLs) using 
least-square interpolations.  
 
The procedure used is shown in Fig. 5 schematically. Given a boundary node B 
and the surface normal in that location, the point P is defined at a certain distance 
δ from the surface. A least-square interpolation is used to obtain the velocity and 
the pressure at point P. The surface pressure at B is then obtained using the zero-
normal gradient condition, PP = PB.  
 

 
Fig. 5 Evaluation of surface quantities on the immersed body (Post-processing). 
 
After each iteration, pressure is projected to the original STL surfaces automati-
cally (transparent to the user) using the DEFINE_ADJUST function available in 
IBLIB. For a baffle (zero-thickness) surface, a shadow-copy is automatically made 
and pressure from one side of baffle is projected onto the shadow surface. The 
projected pressure is then integrated over the desired surfaces (original STLs) and 
resultant forces and moments could be calculated inside FLUENT framework as 
usual.  
 
Similarly, calculation of the skin friction is not available directly in FLUENT. The 
cell-centered velocity gradients at wall surfaces are provided to FLUENT through 
IBLIB in order to calculate the skin friction. 
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TEST CASES AND RESULTS 

1. FLAT PLATE 

The plate dimensions considered for this investigation are 2mx2m. The plate is 
placed perpendicular to the flow as shown in Figure 6a. The flat plate is specified 
with just two surface triangles in STL file. The surface mesh resolution does not 
matter as the volume mesh is made irrespective of the surface refinement. This 
case is important in the IB framework because it illustrates the IB support for baf-
fle (zero-thickness) surfaces. 
 

 
Fig. 6 (a) Schematic diagram of flow impinging on a squared flat-plate at 90o to the flow; (b) 
Symmetry plane view showing computational domain for flow over a perpendicular flat-plate; 
(c) Zoomed-in view of mesh near flat-plate. 
 
The Reynolds numbers based on the frontal area (4m2) and the free stream veloc-
ity (30m/s) is 8.2×106. Mesh comprising of 150,000 cells is made with clustering 
around the wake and the stagnation regions. Figure 6b shows the symmetry plane 
for computational domain. A zoomed-in view near the plate and its wake is pre-
sented in Fig. 6c. Figure 7 shows the computed streamlines in the symmetry plane. 
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For the flat plate the experiments have shown that the separation points are fixed 
and the drag coefficient is 1.17 which is independent of Reynolds number [10]. 
The simulation result from the IB method is 1.18, which is in very good agreement 
with the experiments. 
 

 
Fig. 7 Streamlines for flow over flat-plate perpendicular to flow direction. 

2. BACKWARD STEP 

Often the turbulent flow over a backward facing step is used to evaluate the accu-
racy of various numerical schemes. The main feature is a recirculation region just 
downstream of the step. The prediction of the reattachment length has proven to 
be challenging for numerical techniques. A brief review of incompressible flow 
over backward step can be found in [11, 12]. 
 
The step height (H) is 38.1 mm (1.5”), and the height of the inlet channel is 76.2 
mm (3”). The uniform inlet velocity of 18.2 m/s is specified eight step heights 
(8H) upstream of the smaller inlet channel. The computational domain is extended 
about 29.3H downstream of the larger expansion channel.  
 
A side-view of the computational domain is shown in Fig. 8.  It is well known that 
the grid resolution in the near-wall and the high gradient regions is crucial for tur-
bulent flow calculations. Two grids were tested for grid convergence study. The 
coarse grid is about ~ 200x103 cells, and the fine mesh is about ~ 1x106 cells. Both 
grids are generated with a y+~10, but the fine grid is more refined in the recircula-
tion region.  
 

 
Fig. 8. Outline of the computational domain for backward step. 
 
Figure 9 shows both the meshes and their respective recirculation regions. The ex-
perimental data for the length of recirculation zone is 7.1±0.5H [11, 12]. The 
simulations reveal a recirculation zone length of approximately 7.03H for the 
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coarse mesh and 7.11H for the fine mesh. It is clear that, both meshes capture the 
essential features of the flow in terms of recirculation bubble length and are in 
very good agreement with the experiment. 
 

Fig. 9 Side-view of the mesh (top) and the streamlines (bottom). The colors represent the veloc-
ity magnitudes: (a) Coarse mesh; (b) Fine mesh 

3. THE SEDAN 

A picture of a sedan (97 Pontiac Grand-Prix) used in this study is shown in Figure 
10. The length of the model is ~ 5m (x axis), the width is ~2m (y-axis) and the 
height is ~ 1.4m (z-axis). A coordinate system is attached to the front tip of the 
vehicle in the symmetry plane. The water-tight car surface was exported in STL 
format from HYPERMESH with overall 270,800 surface triangles. The geometry 
was distributed over 84 STLs including 18 baffles. Four fluid zones were gener-
ated in TOMMIE, one each for the outer body, the radiator, the condenser, and the 
fan.  
 

 
Fig. 10 1997 Pontiac Grand-Prix 
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The model is placed in a wind tunnel test-section with a cross-section of 
2.1Lx1.1L, where L is the length of the vehicle. The length of the test section is 
about 4.3L. Figure 11 shows the symmetry plane of the computational domain de-
picting the location of the car with respect to the wind-tunnel. A free-stream ve-
locity of 22.352 m/s is specified at the inlet with a low turbulence intensity of 
0.6%. The Reynolds number based on the vehicle length and the free stream ve-
locity is 7.6 x 106. The outlet is specified as pressure outlet and the wind-tunnel 
walls are treated as no-slip walls. Heat exchangers are treated as porous media and 
the fan-outlet surface is specified as momentum-jump based on the normal veloc-
ity (Fan BC in FLUENT). 
 

 
Fig. 11 Symmetry-plane view of the wind-tunnel test section for the sedan. 
 
Three different IB meshes are considered for investigating the effect of grid re-
finements. These meshes, referred to henceforth as “IB1”, “IB2”, and “IB3”, re-
spectively, differed only in the number of cells used for the simulations. Case IB1 
contains about 12 million cells, IB2 has about 16 million cells, and IB3 is about 17 
million cells. TOMMIE requires about 4 CPU hours and 7 GB of RAM for IB1 
case (12 million) on an IBM p655 workstation. The IB simulations were compared 
to the conventional body-fitted approach. For the body-fitted approach two differ-
ent simulations of 7 (BF1) and 10 million (BF2) cells were carried out. TGRID 
was used for the volume meshing in the body-fitted cases. An image of the mesh 
in the symmetry plane for cases IB3 and BF2 (body-fitted) are shown in Fig. 12. 

 
Fig. 12 Side-view showing mesh density near the sedan and its wake: (a) IB1; (b) BF2 
 
The residuals for each of the flow variables were monitored and solution conver-
gence was achieved when the residuals were down to approximately 10-5. Figure 
13 shows the convergence pattern for both simulations. Convergence of IB meshes 
per iteration seems to be similar to that of the regular body-fitted meshes.  
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Fig. 13 Relative FLUENT residuals for flow variables depicting convergence: (a) IB3; 
(b) BF2 
 
Figure 14 shows the velocity contours for IB (IB3) and body-fitted (BF2) meshes 
in the symmetry plane. Both simulations show similar qualitative features. There 
is a stagnation region in front of the vehicle, the flow then accelerates on the hood 
and stagnates at the wind-shield bottom. It then strongly accelerates on the front 
wind-shield. There is some pressure recovery on the top of the cabin. The flow 
then separates at the edge of trunk. The underbody flow also accelerates which is 
due to less area caused by wheels and the underbody components. There is a small 
wake at the rear end characterized with a strong downwash.  
 

 
Fig. 14 Velocity contours near the sedan and its wake: (a) IB3; (b) BF2 

 
Fig. 15 Cross plane velocity contours in the sedans near wake at x = 6m: (a) IB3; (b) BF2 
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Figure 15, shows the velocity contour plots in the near wake at an axial plane of x 
= 6m. The flow looks symmetric which is expected. Also both simulations seem to 
have a similar flow structure in the near wake.  
Pressure coefficients (Cp) are calculated using the equation,  
 

Cp = (P-Pref)/(0.5×ρ×U∞
2) (5) 

 
where Pref is the reference static pressure measured at the inlet of the computa-
tional domain (wind-tunnel), P is the surface pressure, ρ is the air density and U∞ 
is the free-stream velocity.  
 
Figure 16 shows the comparisons between the two simulated pressure distributions 
(Cp) on the symmetry plane. The overall agreement between the body-fitted and 
the IB simulations is very good. However, peaks in the separation region are 
somewhat different. This could be due to the absence of prism layers or the suffi-
cient grid resolution near the wall surfaces in IB meshes. Experimental pressure 
measurement for this vehicle is not available. 
 
Table 1 summarizes the experimental and the computed drag coefficients for this 
vehicle. The values are normalized by the experimental value. The result for IB3 
simulation case is in very good agreement with the experimental results. 

 

 
Fig. 16 Pressure distribution comparison on the top of the sedan (symmetry plane). 
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Table 1 Drag coefficient comparison for the sedan.(Drag coefficients are normalized by the ex-
perimental value) 

Sedan Case Drag Coefficient 

Experiment - 100 

IB1 – 12M cells 101 

IB2 – 16M cells 99 IB Simulation 

IB3 – 17M cells 100 

BF1 – 7M cells 95.3 
Body-fitted Simulations 

BF2 – 10M cells 94.4 

4. THE SUV 

A picture of the Chevy Tahoe SUV is shown in Fig. 17. The water-tight geometry 
was exported from ANSA comprising of 923,409 STL facets. A free stream veloc-
ity of 31.11 m/s is specified at the inlet of wind-tunnel. All other boundary condi-
tions are similar to the sedan case.  
 

 
Fig. 17 2006 Tahoe SUV. 
 
The IB mesh consists of 13 million cells, and grid generation took about 4 hours 
on an IBM workstation. Results are compared to a body-fitted solution-adapted 
(based on pressure gradient) mesh of 8 million cells. A view of both grids in the 
symmetry plane is shown in Fig. 18.  
 
Figure 19 shows the velocity contour plots for both the IB and the body-fitted 
cases. The qualitative features of the flow are similar in both simulations. The re-
circulation region is slightly larger in the IB case which could be due to the less 
resolved grid in the wake.  
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Figure 20 shows the wake streamlines in the symmetry plane. The main features 
of the flow are the shear layers originating at the upper and lower edges of the 
model. A strong reversed flow region is formed behind the model which is 
bounded by these two shear layers. There is a rapid upward deflection of the un-
derbody flow and a strong upsweep in both the computed fields. The upper shear 
layer in the body-fitted seems to be somewhat thicker than the IB simulations. 

 
Fig. 18 Side-view showing mesh density near the SUV and its wake: (a) IB; (b) Body-fitted 

 
Fig. 19 Side-view showing velocity contours near the SUV and its wake: (a) IB; (b) Body-fitted 

Figure 20. Side-view showing velocity vectors for the SUV in its wake: (a) IB; (b) Body-fitted 
 
Pressure coefficient distributions are presented in Fig. 21. The overall agreement 
between the two simulations (IB and body-fitted) is very good.  
 
Comparison of drag coefficients for the SUV is summarized in Table 2. The re-
sults show that the IB method does a very good job in predicting the drag coeffi-
cient. 
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Table 2 Drag coefficient comparison for the SUV. (Drag coefficients are normalized by the ex-
perimental value) 

SUV Drag Coefficient 

Experiment 100 

IB simulation 97.3 

Body-fitted simulation 93.5 

 

 
Fig. 21 Pressure distribution comparison on the top of the SUV (symmetry plane). 

Conclusions and Future Work 

The IB method was successfully validated for flat-plate and backward step geome-
tries. Further, to test its applicability for standard aerodynamics applications in 
automotive industry, it has been applied to the simulation of the flow past a sedan 
and an SUV. For the sedan and SUV applications the STL surfaces were obtained 
from the CAD geometry that had already undergone clean up operations in prepa-
ration for the FLUENT body-fitted solutions. These STL files therefore repre-
sented “water-tight” surfaces prior to their input to TOMMIE. This was done to 
compare solver accuracy when the identical surfaces are used for both the IB and 
body-fitted utilization of the FLUENT solver. The results are in good comparison. 
Convergence per iteration is similar to traditional body-fitted methods. However, 
for similar accuracy IB results requires more number of cells. This is due to IB’s 
inability to generate high aspect-ratio cells near angled wall surfaces. The worst 
case being a surface at 45 degrees to horizontal, for which IB refines in tangential 
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directions as much as it does in normal direction, thereby increasing the overall 
number of cells [4].  
 
Future work will study the usage of STL files exported directly from a vehicle 
program’s CAD database with no or minimal CAD clean up operations, some-
times referred to as “raw” STL files. Since CAD clean up operations comprise the 
majority of time spent executing a typical body-fitted aerodynamics CAE study, a 
successful validation of the IB method’s capability to calculate accurate results us-
ing raw STL files will be a significant milestone in reducing project execution 
times. This in turn will improve the capability of aerodynamic CAE to impact ve-
hicle design decisions. 
 
It is also intended to investigate the IB method for solving coupled flow and ther-
mal problems. 
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Abstract   The unsteady flow field behind two outside rear-view automobile mir-
rors was examined experimentally in order to compile a comprehensive database 
for the validation of the ongoing computational investigation effort to predict the 
aero-acoustic noise to the outside rear-view mirrors. This study is part of a larger 
scheme to predict the aero-acoustic noise due to various external components on 
automobiles. To aid with the characterization of this complex flow field, mean and 
unsteady surface pressure measurements were undertaken in the wake of two mir-
ror models. Velocity measurements with particle image velocimetry were also 
conducted to develop the mean velocity field of the wake. Two full-scale mirror 
models with distinctive geometrical features were investigated. 

1 Introduction 

The unsteady flow field in the wake of external rear-view mirrors of a typical 
production car is known to be a significant source of aerodynamic noise inside and 
outside of a vehicle in motion. The shape of the mirror assembly, its attitude in re-
lation to the flow and the adjacent windowpane, the details of its installation on 
the car, and the relative airspeed are all factors that can influence the aero-
acoustics of automobiles. Because the wake and the adjacent shear layers around a 
mirror are an important source of noise, a numerical study of the flow field around 
and in the wake of typical external side-view mirrors was initiated as a collabora-
tive project between General Motors and the Center of Turbulence Research, Stan-
ford University. Experimental validation of the predictions is necessary and it is 
intended to include the characterization of the steady and unsteady pressures in the 
wake of two mirrors, as well as direct measurements of acoustic radiation in a 
well-controlled experiment that could be reproduced easily in the computational 
domain. These validation measurements were organized in a two-phase wind-
tunnel test program: The first phase focused on mean pressure and unsteady 
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pressure measurements and mean flow field measurements of the mirror wake; the 
second phase will concentrate on the measurement of the acoustic radiation. This 
paper describes the first phase of the validation program. 

2 Experimental Details 

The characterization of the unsteady flow field in the wake of the rear-view 
mirrors was performed in the 0.9m Pilot Wind Tunnel at the NRC Institute for 
Aerospace Research (NRC-IAR) in Canada. Each mirror model was mounted at 
zero-yaw angle on a ground plane model near the nozzle inlet of the test section 
(Fig. 1). An array of static pressure taps and fast-response pressure transducers 
(microphones) were located on the ground plane in the wake of the mirrors; addi-
tional pressure taps were located on the floor upstream of the mirror and on the re-
flective surface of the mirror. A two-dimensional particle image velocimetry 
(PIV) system captured the streamwise (u) and the lateral (v), or vertical (w) veloc-
ity components in the wake. The mean or time-average velocity field was deter-
mined for three horizontal planes (u- and v-components of velocity and three ver-
tical planes (u- and w-components). 

 
Fig. 1 The layout of a mirror model on the ground plane in the Pilot Wind Tunnel and a sche-
matic of the plenum. 
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0.9m Pilot Wind Tunnel 

The 0.9m Pilot Wind Tunnel at the NRC-IAR is a closed-return facility featur-
ing a ¾- open-jet test section enclosed within a large plenum that is 4 m long, 3 m 
wide, and 2 m high (Fig. 1). The cross-sectional dimensions of the nozzle exit are 
1 m wide by 0.6 m high, and the highest velocity attainable in the test section is 
approximately 50 m/s. The freestream flow has longitudinal and vertical turbu-
lence intensities of 0.8% and 1.3%, respectively; the displacement thickness of the 
boundary layer is estimated to be 4 mm at a velocity of 30 m/s. 

Measurements of the background noise level for an empty test section were ac-
quired with a microphone placed outside the flow of the test section in a quiescent 
corner of the plenum enclosure.  The sound pressure level reaches a level of ap-
proximately 98 dB at 30 m/s, the speed at which the majority of testing was per-
formed.  No steps were taken in this experiment to insulate the test section against 
the noise emanating from the fan and the drive motor.  An acoustic resonance in 
the proximity of 14.5 Hz was known to persist in the plenum.  Because the reso-
nance was found to be especially significant at a velocity of 35 m/s, the decision 
was made to conduct the pressure and PIV measurements at 30 m/s 

The coordinate system referred to in this paper is defined in Fig. 1.  The x-axis 
is aligned with the freestream flow, the y-axis is normal to the flow in the lateral 
direction, and the z-axis is normal to the floor of the plenum. 

Mirror Models 

The full-scale mirror models that were used in the tests are shown in Fig. 2. 

Fig. 2 The mirror models and the layout of static pressure taps and an unsteady pressure trans-
ducer on the reflective surface of each model. 
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The model of the GMT360 mirror is generally found on sport-utility vehicles, fea-
tures distinctly rounded edges on its windward surface, and is the largest of the 
mirrors. In contrast, the smaller GMX320 mirror is typically found on the Cadillac 
brand and has sharper edges on the windward surface of its body. Each body fea-
tures a cavity that is covered by a model of the reflective surface. For pressure 
measurements, this reflective-surface model was a thick plastic plate perforated 
with an array static pressure taps, from which only a few were actually used. For 
PIV measurements, the reflective-surface model was a simple imperforated alumi-
num sheet; moreover, the entire surface of each mirror model was painted flat 
black to avoid undesirable reflections of laser light. The mirrors were mounted on 
the ground plane model (e.g., the floor of the plenum), which represents the adja-
cent door window of an automobile. 

The location of each mirror model on the ground plane corresponded with the 
origin of the x-y coordinate system shown in Fig. 1. This particular model location 
– being 1 m from the nozzle exit – was selected because it falls within a certain 
range of longitudinal positions for which blockage corrections to the dynamic 
pressure are known to be unnecessary. 

Mean Pressure Measurements 

Measurements from twenty static pressure taps were acquired. Fifteen static 
pressure taps were laid on the ground plane along the centerline of the test section 
– three taps were located upstream of the mirror model and twelve taps were 
placed in its wake (Fig. 3). 

 

 
Fig. 3 The layout of fourteen static pressure taps (S) and thirty-one unsteady pressure transducers 
(M) on the ground plane 
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Two additional static pressure taps were placed in the wake off the centerline and 
a further three were installed on the reflective-surface model of the mirror (Fig. 2). 

Static pressures were measured with two Scanivalve electronic scanning pres-
sure modules, which have a differential pressure range of 2.5 kPa (10 inches of 
water) and an accuracy of 5 Pa. Mean pressures were derived from static pressure 
data acquired at a rate of 100 samples/second for a period of 10 seconds. 

Unsteady Pressure Measurements 

Measurements of unsteady pressure with sensitive microphones in the wake of 
a bluff body have been successfully demonstrated, for example, in the case of a 
two-dimensional backward-step (Lee and Sung, 2002). In the investigation at the 
NRC-IAR, Brüel & Kjær Delta Tron pressure-field ¼-inch pre-polarized micro-
phones (Type 4944A) were employed to measure the unsteady surface pressures 
in the wake of the mirror models. The microphones are vented for pressure equali-
zation, have a flat pressure-field response from 4 Hz to 70 kHz, and a dynamic 
range of 30 to 170 dB(A). With protective nose cones removed, thirty-one micro-
phones were flush-mounted with custom fittings in the ground plane (Fig. 3). Of 
the microphones mounted along the streamwise centerline of the ground plane, 
some were collocated with static pressure taps. An additional microphone was in-
stalled in the reflective face of the mirror model. Because of the depth of its cav-
ity, two locations on the reflective surface of the GMT360 mirror were possible 
(Fig. 2); however, only one location was feasible on the GMX320 mirror because 
of its shallower cavity. Unsteady pressure data was sampled at a rate of 44 kHz for 
a period of 70 seconds, yielding a frequency bandwidth of at least 20 kHz. 

Particle Image Velocimetry 

Three measurement planes were selected for each view. Two overlapping im-
age segments of the measurement plane covered the near-wake and the far-wake 
(a distance of approximately 550 mm in the streamwise direction) and were ade-
quate to resolve most of the recirculation zone, the freestream, and the shear layer 
in between. The elevation of the views was concentrated on the wake of the main 
body of the mirror; the wake of the neck was not surveyed. Two hundred double-
frame images (the limit that could be stored in the random access memory of the 
PIV computer) were typically acquired for each segment of the wake. Details 
of the PIV recording parameters are listed in Table 1. INSIGHTTM, the soft-
ware package developed by TSI, was used to acquire and analyze the PIV im-
age data. The deformation grid scheme – a particle-displacement analysis al-
gorithm developed by TSI for application to high shear flows – was employed 
to compute the particle displacements in the images. Although it was general 
practice to acquire the maximum number of images possible, not all were required 
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by the particle-displacement analysis algorithm to render a satisfactory mean flow 
field. The number of images processed varied. In the first segment, which covered 
the near-wake, only seventy-five images were necessary to yield a satisfactory 
mean flow. In the second segment farther downstream, where high shear flow fea-
tures were less predominant, twenty-five images were processed instead. Within 
the total observed flow field, approximately 8,500 velocity vectors were resolved 
at a nominal spatial resolution of 3.5 mm. 
 
Table 1 PIV recording parameters for mirror wake measurements 

Flow geometry V∞ = 30 m/s parallel to the light sheet 
Maximum in-plane velocity V∞ = 35 m/s 

Field of view 355 mm × 267 mm (W × H) 
Interrogation volume 7 mm × 7 mm ×1.5 mm (W × H × D) 
Observation distance x-y plane: 859 mm 

x-z plane: 804 mm (GMT360), 940 mm (GMX320) 
Recording method 15 Hz double frame/single exposure 

Recording medium 2-megapixel, full frame CCD (1600 × 1200 pixels) 
Recording lens f = 28 mm, f-stop = 1.4 

Illumination Nd:YAG laser, 120 mJ/pulse 

Seeding material olive oil 

3 Results and Discussion 

Results for mean pressure, unsteady pressure, and the mean velocity field are 
presented for 30 m/s. Further results for mean pressure are presented for 14, 22, 
and 39 m/s. 

Mean Pressure 

The variation of static pressure coefficient (CP) on the centerline of the ground 
plane against streamwise distance is plotted in Fig. 4 for both mirror models and 
the baseline case (i.e., with no model in place) over four wind speeds. The results 
reflect the typical streamwise mean pressure distribution fore and aft of a bluff 
body. Upstream of the models, the increase of positive CP reflects increasing stag-
nant flow due to the presence of the mirror. Downstream of the models, the results 
show two distinct features of the flow field, namely a wake and the attachment of 
the local flow. The presence of significant negative CP downstream of the leeward 
face of each mirror reflects the wake of the model. At the streamwise distance 
where CP = 0, the flow attaches to the ground plane and the recirculation region 

Pulse delay x-y plane: ∆t = 12.5 µs 
x-z plane: ∆t = 12.5 µs 
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closes. By this indication, the wake of the GMT360 mirror is slightly longer than 
that of the GMX320, although the latter generally has a higher negative peak in 
CP. The fact that GMT360 is taller by 24 mm may partly account for its longer 
wake.  The results for the wake of GMX320 collapse very well over the four wind 
speeds; for GMT360, however, the variations in CP suggest a Reynolds number 
dependence, which may be attributed to the rounded features of its windward sur-
face.  Over the reflective surface of GMT360 the base pressure is reasonably con-
stant, whereas for the GMX320 the base pressure varies significantly over the 
face.  

 
Fig. 4 Mean-pressure coefficient on the surface of the ground plane plotted against streamwise-
centerline location for both mirror models and the baseline case.  
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Unsteady Pressure 

Figures 5 and 6 present typical exam-
ples of mean-square spectral distributions 
(SCp) and coherence functions for both 
mirror models at a wind speed of 30 m/s. 
The spectra were derived from data ac-
quired with the microphones embedded in 
the ground plane and were computed from 
an average of ninety-four 32,768-point 
fast-Fourier transforms of the unbiased 
time-histories of pressure. All plots of 
spectra and coherence have a frequency 
resolution of 1.3 Hz.  For the coherence 
plots, correlations were developed with re-
spect to the farthest downstream micro-
phone, e.g., microphone M31 from the 
line of microphones that parallels the 
streamwise centerline (Fig. 3). 

The mean-square spectral distributions 
and coherence functions for the GMT360 
mirror model are shown in Fig. 5. In Fig. 
5a, the results presented are for micro-
phones that are located on the streamwise 
centerline of the ground plane with the ex-
ception of microphone M32, which was 
located on the reflective surface of the 
mirror (Fig. 2). In Fig. 5b, the micro-
phones are located off the centerline. In 
both sets of results, the mean-square spec-
tral distributions are dominated by rela-
tively low-frequency turbulent excitation 
and sharp peaks are clearly evident in the 
spectra at a frequency of 45.6 Hz (with the 
exception of microphones M1 and M3). 
These features are also reflected in the 
spectra of the corresponding microphones 
on the opposite side of the centerline. The 
corresponding Strouhal number (St) is 
0.212, based on the width of the mirror 
body. The results suggest the presence of an alternating trailing vortex system. 
The case for trailing vortices is substantiated in Fig. 7c, which shows that a good 
correlation exists between the centerline microphone M31 and M10/M9/M8/M6 

Fig. 5 The mean-square spectral distribu-
tions of CP and coherence functions for the 
GMT360. 
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at a frequency of 45.6 Hz, whereas the 
correlation between M31 and M1 (located 
upstream of the model) at the same fre-
quency is weak. The fact that centerline 
microphones in the wake of the mirror are 
registering the alternating trailing vortices 
serves as an indication of the size of these 
flow structures, which emanate from the 
sides of the mirror. On another note, a rea-
sonable coherence is observed between 
M31 and M10/M9/M1 at 13.4 Hz, sug-
gesting that these microphones registered 
the acoustic resonance in the plenum. In 
contrast, the coherences between M31 and 
M8/M6/M3 at 13.4 Hz are relatively weak, 
an indication perhaps that M8/M6/M3 ei-
ther lie inside or are in close proximity to 
the recirculation zone of the wake. If so, 
then the energy of the turbulent excitation 
within the recirculation zone dominates 
the energy of the acoustic resonance. 

The mean-square spectral distributions 
and coherence functions for the GMX320 
mirror model are illustrated in Fig. 6. The 
spectra shown in this figure are for the 
same microphones appearing in Fig. 5. In 
Fig. 6a the 45-Hz peak identified previ-
ously in the GMT360 results, is conspicu-
ously absent in the spectra for the center-
line microphones in the wake of GMX320. 
However, the spectra for the off-centerline 
microphones, appearing in Fig. 6b, reveal 
broad shallow peaks in the proximity of 45 
Hz. Again, there exists a degree of sym-
metry in the spectra for corresponding mi-
crophones on both sides of the centerline. 
It is suggested that these results may be 
the signature of an Arch-type trailing vortex, which sheds as one feature from the 
GMX320 unlike alternating trailing vortices (Okuda and Taniike, 1988). If in fact 
a trailing vortex sheds from GMX320, then the reasonable correlation between 
M26 and M19/M20 in Fig. 6c could be an indicator of its track. 

Fig. 6 The mean-square spectral distribu-
tions of CP and coherence functions for the 
GMX320. 
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Mean Velocity Field 

Typical contour plots of the mean velocity field captured by the PIV measure-
ments in the x-z and x-y planes are shown in Figs. 7 and 8 for the GMT360 mirror, 
and in Figs. 9 and 10 for the GMX320 mirror. The velocity contour plots are com-
positions of two overlapping segments that captured an adequate length of the 
main-body wake in the measurement plane. It should be noted that the contour 
plots are not blended at the juncture of the overlapping segments, nor have the 
data sets of the segments been integrated. Instead, a composite was formed by 
overlaying the segments after transforming the local coordinate system of each 
segment to a common system for the measurement plane (the x2-y2 and x2-z2 coor-
dinate systems) with its origin located on the reflective surface of the mirror.  
Each contour plot is accompanied by a series of u-component velocity profiles that 
exemplify the development of the streamwise velocity component within the wake 
of the main body. The profiles were extracted from the mean velocity field at in-
tervals of equal distance. 

In Fig. 7, a number of key features of the mean flow field can be seen in the x-z 
plane of the GMT360. These features are the region of local flow acceleration on 
the top of the mirror, the high-gradient shear layer that emanates from the top of 
the mirror, and the recirculation zone over the reflective surface of the mirror.  Of 
particular note is the strong tendency for the shear layer and the freestream to be 
deflected towards the ground plane. The u-component profile closest to the reflec-
tive surface (x2 = 75 mm) depicts a large velocity deficit and also a high-gradient 
shear layer at the top of the mirror. By x2 = 224 mm the shear layer has diminished 
and the profiles farther downstream reflect a significant degree of recovery of the 
velocity deficit. 

Fig. 7 A typical mean velocity field in the x-z plane and corresponding u-component profiles for 
the GMT360 mirror model. In the velocity field, the magnitude of mean velocity is represented 
by colored contours, and arrows indicate the local flow direction; the inset identifies the meas-
urement plane. 
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Fig. 8 A typical mean velocity field in the x-y plane and corresponding u- component profiles for 
the GMT360 mirror model. 
 

In Fig. 8, the recirculation zone, as viewed in the x-y plane, features two dis-
tinct regions of near-stagnant velocity across the face of the reflective surface.  
Corresponding with these areas are asymmetrical time-averaged vortex structures 
that alludes to the presence of an alternating trailing vortex. The sequence of u-
component profiles in Fig. 8 reveals a velocity recovery comparable to that seen in 
the x-z plane. 

The PIV results for GMX320 reveal a different wake structure. In the x-z plane, 
Fig. 9, the shear layer at the top of the mirror is not deflected downward and ap-
pears, instead, to remain inline with the freestream flow. In addition, a vortex 
structure appears near the bottom of the reflective surface, and, at the bottom of 
the view, there is a significant degree of upward flow, which seems to originate 
from the region of the neck and the base. In the x-y plane, Fig. 10, the hint of a 
vortex structure on the border of the recirculation zone is insufficient evidence to 
confirm the presence of Arch-type vortices trailing the GMX320, as suggested ear-
lier. 

In Figs. 9 and 10, the selections of the velocity profiles taken from the wake of 
the GMX320 mirror are reasonably consistent, in the respective planes,  

Fig. 9 A typical mean velocity field in the x-z plane and corresponding u-component profiles for 
the GMX320 mirror model. 
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Fig. 10 A typical mean velocity field in the x-y plane and corresponding u-component profiles 
for the GMX320 mirror model. 
 
beyond 125 mm from the reflective surface. When compared to the wake of 
GMT360, however, the recovery of the velocity deficit in the wake of GMX320 
has a spatial lag. This observation can be readily confirmed by a direct comparison 
of the mean flow fields in the x-y plane of both mirrors, shown in Figs. 8 and 10. 

4 Closing Remarks 

 Tests in an open-jet wind tunnel were undertaken to examine experimentally 
the unsteady flow fields behind automobile side-view mirrors. The tests were con-
ducted to characterize the mean and unsteady surface pressures in the wake of two 
full-scale side-view mirror models, and also to describe the mean velocity field of 
each wake with PIV measurements. The distinctive geometric of the mirror mod-
els may be responsible for significant differences in the makeup of the respective 
wakes. The results of the mean pressure measurements, for instance, show that the 
wake of the GMT360 mirror appears to be sensitive to Reynolds number. Mean-
while, unsteady pressure measurements appear to reveal a difference in the charac-
ter of the trailing vortices in the wake of each mirror. Moreover, PIV measure-
ments depicted wake structures that are as distinctive as the geometry of the 
mirrors.  The experimental data arising from these tests will be used to validate a 
computational fluid dynamics code that is a component of a larger scheme to pre-
dict aero-acoustic noise numerically 
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Abstract   Results of the detailed flow measurements for an underhood buoyancy 
driven flow using a simplified full scale model of an engine compartment, engine 
block, and exhaust heaters are presented.  The engine block surface temperature 
and exhaust heaters are kept at about 100 ºC and 600 ºC, respectively. This inves-
tigation reveals the complex dominant flow structures and thermal behavior of a 
vehicle underhood under steady state and transient states. 

1 Introduction 

The objective of this project was to measure the magnitudes of the flow velocity 
components, temperature values on the engine block and the enclosure, and air-
flow temperatures under the hood. These measurements were conducted for a full 
scale simplified underhood configuration without openings under steady state 
conditions. In addition, feasibility studies were conducted to observe the thermal-
flow behavior of this underhood flow for a transient condition as the system goes 
through its cooling cycle. The simplified underhood geometry that is used for this 
study is a modified version from an earlier GM R&D’s underhood model [1]. The 
data provided can be used to validate the available and future computational codes 
for this complicated flow. Buoyancy convection heat transfer plays a dominant 
role in a vehicle underhood environment during “soaking”. The “soak” condition 
occurs after the vehicle endures high thermal loads due to performing a sequence 
of operating conditions such as highway driving and trailer grade loads in hot am-
bient environment (>38 ºC). The vehicle is then parked in a windbreak, and power 
is shut down. Due to the absence of any underhood airflow from the fans or the 
ambient surroundings, the underhood begins a thermal process that is dominated 
by buoyancy driven flow. During this soak process, the temperature of the engine 
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compartment components can rise in a tightly packed underhood before they start 
the cooling process. 
 
The work published by Franchetta, et al [2] concentrated on experimental and 
computational investigation of a half-scaled underhood compartment using PIV, 
thermocouples, and commercial software VECTIS. These studies [2] were carried 
out for the transient natural convection condition with openings on the engine 
compartment model. Franchetta, et al [3] used the data obtained in [2] to validate a 
developed procedure within VECTIS predicting the “soak” condition with sub-
stantially reduced CPU time compared with standard fully transient CFD codes.  
The PIV and thermal measurement experiments carried out by Merati, et al [4] 
were conducted for a ¼ scale model resulting in basic understanding of the flow 
and thermal behavior of this buoyant flow. These experiments were carried out for 
a closed enclosure under steady-state condition. Three dominant 3-D laminar co-
herent structures were found to exist at the top of the engine compartment that 
agree strongly with flow visualization animations and measured air temperature: 
two counter rotating vortices on the top right corner and over the engine surface 
and one on the top left corner. The numerical results presented by Chen, et al [5] 
used the boundary conditions generated in [4] and computed the thermal and flow 
structure within the enclosure. The numerical results were in good agreement with 
the experimental results. 
 
The geometry used for the current investigation consists of a glass engine com-
partment, trapezoidal shaped aluminum engine block and two exhaust pipes. This 
geometry allows for a simple experimental testing and computational modeling 
while retaining the general shape and main components of the engine compart-
ment. Additionally, it is interesting to note that the geometry investigated here is a 
combination of several classical buoyancy driven flow experiments. They include 
the heated inclined and horizontal surfaces, and heated horizontal cylinders in the 
proximity of flat inclined surfaces. 
 
This study is a first detailed investigation of this buoyant flow for a full scale 
model under steady and transient conditions. The detailed fluid flow and thermal 
results and the physical phenomena obtained from these measurements are valu-
able information for verification of the computational results and automotive en-
gineers. Future study will concentrate on similar measurements for open enclosure 
under steady state and transient conditions. 
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2 Experimental Setup and Procedure 

A simulated underhood environment 
was constructed for the study of buoy-
ancy driven underhood air flow and 
heat transfer. The experiment was de-
signed to give optical visibility to ob-
tain PIV measurements of airflow and 
access for measurement of local air 
temperatures. The geometry used was 
kept simple, and close control of the 
temperature of important boundaries 
was made to aid in computer modeling. 
The underhood environment consists of 
the enclosure, the block, and the ex-
haust heaters. The complete underhood environment is shown in Fig. 1. A scale 
drawing of the experimental setup with overall dimensions is shown in Fig. 2. 
 
The enclosure consists of the base, back wall, glass cover, PIV calibration grid, 
and seeding mechanisms. The back wall contains patterns of holes that provide 
access for thermocouple measurements of air temperatures. The layout of these 
holes is shown in Fig. 3. The PIV calibration grid is a 0.125˝ sheet of aluminum 
cut out to fit around the block and exhaust heaters. The grid is mounted to two 
rods that allows it to be moved forward to the plane of interest. An image is taken 
of the grid before any PIV measurements are made to allow for scaling of the im-
age and stitching of many images into a composite velocity profile. The seeding 
consists of injection through a small tube in the back wall. 
 
The block, representing the engine block, oil pan, engine heads, and intake mani-
fold, consists of a sealed chamber for holding the water that maintains the tem-
perature of the block, and a shroud that locates and hides the thermocouples used 
to map temperature profiles along the block surface. A spray manifold is located 
inside the sealed chamber to maintain a constant film of water on all the inner 
walls of the sealed chamber. An immersion heater is placed inside the sealed 
chamber for heating of the water and block. 
 

Fig. 1 Complete simulated underhood envi-
ronment
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Fig. 2 Overall dimensions of the experimental underhood environment (dimensions in inches) 
 

 
Fig. 3 Locations for air temperature measurements 
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The shroud was constructed of 0.250˝ aluminum plate on the back and 0.125˝ 
aluminum plate on the sides, top, and bottom. The shroud allows for thermocou-
ples to be located at many points on the block without disturbing airflow, which 
will allow for validation of consistency from one run to the next.  The thermocou-
ples are placed in groves machined into the shroud plates as shown in Fig. 4. The 
majority of thermocouples are located on the sides near the exhaust heaters as this 
is where the largest temperature gradients are expected. 
 

 
Fig. 4 Thermocouple routing in block shroud 
 
The exhaust heaters, representing the exhaust manifold, consist of a cartridge 
heater, a steel shroud, a ceramic insulator, and a standoff. The control of tempera-
ture for the simulated underhood environment required a water circulation loop 
and a relay bank control of power. The relay bank consists of four relays that are 
controlled by the data acquisition system. Two are used to control the power to the 
two exhaust heaters, one is used to control power to the immersion heater in the 
sealed chamber, and the last one switches the power to the circulation pump on 
and off. The control of exhaust heater surface temperature relies on a feedback 
control loop written into the LabView software, and the surface temperature of the 
block is controlled through the use of the heat pipe concept. The heat pipe allows 
for control of surface temperature without a control loop, and the use of embedded 
cartridge heaters in the exhaust heaters allows for the 600 ºC. The control of the 
exhaust heater temperature is obtained by using relays to turn the cartridge heaters 
on and off. Maintaining the surface temperature of the block at 100 ºC is achieved 
by relying on the fact that for a pure fluid, the temperature of the liquid vapor in-
terface is a function of pressure only. This is maintained by the evaporation with a 
slight increase in temperature, and condensation with a slight decrease in tempera-
ture. The effect is the strongest when a chamber is filled entirely with a single 
fluid. In this case, water is used as the working fluid. By allowing the chamber in-
side the block to vent to atmosphere, the evaporation of water inside the chamber 
displaces the air, and the action of boiling on the heater element also serves to 
drive dissolved gasses in the water out of solution. This allows for the chamber to 
be filled completely with water and water vapor after the system has been operat-
ing for a length of time. The system is then operated at saturation temperature un-
der the atmospheric condition inside the engine block. 
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A reservoir of water is maintained in the bottom of the block, and water is circu-
lated through a bank of atomizing nozzles to maintain a thin layer of water on all 
surfaces inside the block. This thin layer of water creates the liquid-vapor inter-
face needed for this design to function properly. Although the reservoir of water 
insulates the bottom four inches of the block, the low heat transfer rate on the out-
side of the block allows the forced convection of the water to remove or add heat 
as necessary. 

Thermal Measurements 

Each engine block surface, except front surface, is embedded with thermocouples.  
External thermocouples are attached to the engine block front surface and enclo-
sure surfaces. The temperature measurements are taken by four-32 channel tem-
perature data conditioning modules and a National Instrument data acquisition 
card. Furthermore, these measurements are monitored and recorded by a LabView 
code developed at WMU. The results are then converted to the Tecplot format (FE 
Block, cell-centered). The thermocouple mesh size and associated areas for each 
of the engine block and enclosure surfaces are shown in Table 1. The temperature 
values are obtained at the center of the cells. The temperature mesh distribution 
and chosen coordinate system located at the point where the inner surfaces of the 
vertical, bottom, and back enclosure walls intersect are shown in Fig. 5. The tem-
perature of the twelve thermocouples embedded in the two exhaust heater shrouds 
and the three thermocouples in the water circulation loop are monitored to assure 
that the system has reached steady state condition. 
 
Table 1 Thermocouple grid 

 

 Location, Side (s) Thermocouple Grid Average TC Cell Area (cm²) 

Front (I) 4 × 9 48.1 
Back (II) 4 × 3 150.3 
Right (III) 5 × 11 82.9 
Left (IV) 5 × 11 82.9 
Top (V) 2 × 3 390.3 En
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Bottom (VI) 2 × 3 196.9 
Front (VII) 7 × 9 102.7 
Right (VIII) 9 × 11 123.6 

Left (IX) 9 × 11 107.3 
Top (X) 9 × 11 99.4 

Back (XI) 7 × 9 102.7 

G
la

ss
 E

nc
lo

su
re

 

Bottom (XII) 4 × 7 283.3 
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The engine block is heated internally by water 
near saturation and externally by the exhaust 
heaters. The enclosure and the space within the 
enclosure are heated by the engine block and 
exhaust heaters. The exhaust heaters are heated 
to 600 °C, and water spray temperature inside 
the block is kept at 95 °C. The exhaust heaters, 
water temperature inside the block, and the av-
erage block surface temperature reach their de-
sired steady state temperature after 3,600 sec. 
All tests are then conducted at this steady state 
condition except for transient experiments 
where the system is allowed to reach the steady 
state and then all heating is turned off for the cool down period. 

Particle Image Velocimetry 

The simulated engine compartment and measurement setup for 2D PIV measure-
ments are shown in Fig. 6. Paths A and B are the two orientations used to measure 
the flow velocities on the left and right sides of the engine block. PIV is conducted 
on three vertical front, middle and back planes corresponding to X = 317 mm, 444 
mm, and 571 mm, respectively. This configuration allowed most of the regions on 
the sectioned planes to be captured. The exception was the small gap between the 
cylinder and the engine block side wall where the CCD camera sensor saturated 
from the reflections on the neighboring surfaces, labeled shadow regions in Fig. 6. 
 

 
Fig. 6 The simulated engine compartment and 2D PIV setup 

Fig. 5 The chosen coordinate system 
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The camera field of view for these PIV tests was 12 cm by 12 cm in size.  An in-
terrogation area size of 32 X 32 pixels corresponding to physical size of approxi-
mately 4 mm X 4 mm provided adequate signal to noise ratio for repeatable re-
sults. Thus, to capture velocity field one region at a time, each vertical plane was 
broken up into 49 separate regions. With this limited field of view, the measure-
ment regions are overlapped to increase vector density and avoid discontinuities 
near the regions’ borders. 

Particle Seeding 

For seeding, chalk particles are used since they can sustain the high temperature 
environment around the hot exhaust heaters unlike the commonly used olive oil 
aerosol. Chalk particles are adequately small in size and weight to capture the flow 
details within this mostly low speed buoyant flow. A new fluidized bed solid aero-
sol generator was developed for PIV seeding. Using this seeder, chalk particles are 
injected into the engine compartment from the back plate holes once the system 
reaches steady state conditions. Flow disturbances due to particle injection damps 
out approximately 45 seconds after seeding as observed on the PIV camera. Thus, 
after 45 seconds, PIV recording sequence was started to capture 200 image pairs at 
15 Hz. 

3 Results 

Engine Block Surface Temperatures 

The temperature contours for the top (V), bottom (VI), right (III), left (IV), back 
(II), and front (I) faces of the engine block are presented in Fig. 7 and the corre-
sponding statistics are presented in Table 2. 
 
The discontinuity of the temperature magnitudes at some of the corners, especially 
between the right (III) and back (II) faces is due to the large mesh size for the 
temperature measurements. 
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Table 2 Engine block surface temperature statistics 

 
The thermal contours presented assume constant temperature over a cell area and 
does not take into account its thermal gradient. This is because temperatures were 
only obtained at the center of cells. Measurement of thermal gradients over the 
cells requires extensive time and effort. 
 
There are small temperature gradients at the front (I), back (II), top (V), and bot-
tom (VI) surfaces. The temperature is slightly higher at the top corners and be-
comes lower as the distance of Z-axis decreases for the front face. The highest 
temperature value is found at the right (III) surface closest to the exhaust heater. 
At the right (III) and left (IV) surfaces, the temperature is high along the axis of 
the exhaust heaters and becomes lower as the distance from the heaters increases. 
In addition, the temperature is lower at the bottom of each surface. Temperature 
gradients exist along the X-axis at the right (III) and left (IV) surfaces. 
 

Engine Block Surface Temperature Cº 

  
Front 

(I) 
Back 

(II) 
Right 
(III) 

Left 
(IV) 

Top 
(V) Bottom (VI) 

Mean 97.6 98.2 105.1 103.8 98.6 97.9 

Std Dev 1.4 0.5 7.0 4.2 0.1 0.5 

Max 99.7 98.9 123.2 113.6 98.8 98.2 

Min 94.3 97.2 97.6 98.2 98.4 97.1 

Range 5.3 1.7 25.6 15.4 0.4 1.2 
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Fig.7 Engine block surface temperature contours 
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In the upper back corner of the left and right faces, the temperature is high near 
the back face, more noticeable on the right (III) surface. In order to verify that this 
is a real effect and not due to the design of the engine heating system, the engine 
block was heated to the desired temperature without turning on the heaters for the 
exhausts. Under this condition, a uniform surface temperature for the engine block 
is expected. Any deviation from this is most likely due to the errors caused by the 
thermocouple measurements and the engine block heating system. The surface 
temperature gradients are found to be much smaller than what were observed with 
the exhaust heaters at 600 °C. Thus, the observed thermal behavior of the engine 
block surfaces is caused by the radiated and convected heat from the exhausts and 
not due to the experimental errors. 

 
Fig. 8 Enclosure surface temperature contours 
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Based on the computational results for a ¼ scale geometry by Leong7  (engine 
block surface temperature of 120 °C, enclosure wall temperature of 100 °C, and 
exhaust surface temperature of 600 °C), two large secondary flows shown sche-
matically in Fig. 5 were observed. If the existence of these flow structures could 
be validated by future experimental work, the larger temperature regions observed 
on the engine block side surfaces toward the end faces are justified. The vortex 
structures squeezed between the end faces of the engine block and the front and 
back sides of the enclosure are the main cause of three dimensionality of the flow 
near the end faces of the engine block. Thus, the heat of the exhausts at these loca-
tions are not mostly carried away toward the top face of the enclosure wall similar 
to the middle region of the exhaust (reason for higher temperatures observed near 
the midplane of the enclosure walls, Fig. 8). Instead, near the ends, heat of the ex-
haust and thermal boundary layers on the engine block surface is constantly con-
vected along the exhaust axis by the end region secondary flows. This effect gen-
erates higher temperature on the engine block surface and lower temperature on 
the enclosure walls near the front and back sides of the engine block. There are 
less thermal gradients on the enclosure walls on the right side relative to the left 
side due to existence of turbulent flow observed over the plume near the top re-
gions of the enclosure walls on the right half of the enclosure. 

Enclosure Surface Temperatures 

The temperature magnitudes are measured on the outside surfaces to prevent the 
thermocouple wires from disturbing the flow inside the enclosure. Because of the 
design constraints, the temperatures on the back (XI) and bottom (XII) faces had 
to be measured on the inside. The enclosure surface temperature contours and sta-
tistics are shown in Fig. 8, Tables 3 and 4, respectively. 
 
The high temperature regions are located directly above the exhaust heaters on the 
top face and closest to the exhaust heaters on the right (VIII) and left (IX) faces. 
 
Table 3 Enclosure inner surface temperature statistics 

Enclosure Inner Surface Tem-
perature ºC 

 Back (XI) Bottom (XII) 

Mean 72.9 59.7 

Std Dev 7.3 10.4 

Max 89.3 77.7 

Min 61.3 40.4 

Range 28.1 37.3 
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The high temperature of these regions is mostly caused by radiation from the ex-
haust heaters as described in the following section. Temperature distributions on 
the front surface (VII) show similar characteristics as the engine block front sur-
face. The temperature is highest at the top two corners with thermal gradients 
along the Y and Z axes. The back face is warmer than the bottom surface with an 
obvious rise in temperature approaching the exhaust heaters. 
 
Table 4 Enclosure outer surface temperature statistics 

Temperature Difference across the Wall Thickness of the 
Enclosure at the Middle Plane 

Glass Outer Surface Temperature  ºC 
  Front (VII) Right (VIII) Left (IX) Top (X) 

Mean 59.7 80.6 84.4 83.8 
Std 
Dev 10.4 24.7 32.6 24.0 
Max 77.7 124.4 147.2 146.4 
Min 40.4 41.2 39.1 58.8 

Range 37.3 83.2 108.0 87.6 

The outside and inside wall temperatures for the right (VIII), top (X), and left (IX) 
surfaces are measured at the middle plane of the enclosure. The inside and outside 
wall temperatures for the enclosure wall are shown in Fig. 9. ΔT is the tempera-
ture difference across the wall thickness of 3/16˝, and r is the distance of the outer 
thermocouple location from the center of the exhaust heaters 
 

 
Fig. 9 Middle plane thermocouple locations 
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As the magnitude of the local temperature becomes higher, ΔT increases, repre-
senting larger heat flux across the enclosure wall. The largest temperature differ-
ence is observed at thermocouple 17 which is located directly above the left ex-
haust heater. In addition, on the side walls (VIII and IX), the highest temperature 
magnitudes occur at thermocouples 7 and 20 with the smallest distance from the 
neighboring exhaust heaters. Since the highest temperatures occur where the en-
closure walls are exposed to the exhaust heaters, it is suspected that most of heat 
in the hottest regions of the enclosure wall is transferred through radiation. Since 
heat flux due to radiation is proportional to 1/r2, for the hottest regions, the domi-
nance of radiation heat transfer is validated by the correct predicted trend of the 
1/r2 curves in Fig. 10. On a section of the top surface, the 1/r² curves are not plot-
ted because view of the exhaust heaters is blocked by the engine block. In this re-
gion, the radiation is assumed to be significantly smaller consistent with the ob-
served lower temperatures. 

 
Fig. 10 Inside and outside wall temperatures for the enclosure wall at the middle plane 

Air Temperature 

Air temperature measurements are obtained on the middle plane with the location 
labeled in Fig. 3. Since active flow structures in the quarter scale are concentrated 
in the upper portion of the enclosure, most of the temperature measurements were 
conducted here. Due to structural integrity of the back plate as part of the support 
for the engine block, extensive access holes were not implemented. Response 
characteristics of the thermocouple used for air temperature measurements showed 
that a 5 seconds cut off and a 45 seconds recording time for actual air temperature 



 
Figure 11 shows the results of the air temperature measurements using unshielded 
thermocouples starting from top row. Air temperature on the left side is consis-
tently higher than the right side. The temperature profile for the first row shows 
the presence of the hot plume and the lobes on the side are consistent with the 
mixing due to the secondary flows observed by the PIV measurements. Air tem-
peratures of the column 2 thermocouples presented in Fig. 11 are higher than col-
umn 1. This is an indication of a hotter thermal layer around the right exhaust 
heater and the upper right engine block surface. This can only be verified with ex-
tensive thermal boundary layer measurements with accurate traversing thermo-
couple measurements to resolve the large temperature gradients in these regions. 
The bottom regions, rows 4 and 5 are much colder than the top regions as 
expected. 
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are acceptable. The data shows a general slow increase in temperature since the 
thermocouple is exposed to not only hot fluid but also radiation from the heated 
cylinders. Therefore, a cut off time is required. 
 

 
Fig. 11 Air temperature profiles 

  P. Merati et al. 



Investigation of Bouyancy Driven Flow in a Simplified Full Scale Underhood      67 

Velocity Measurements 

Contours of velocity magnitude and standard deviations and their close up views 
for vertical middle plane are shown in Figs. 12, 13, and 14, respectively. 
 

  
Fig. 12 Contours of velocity magnitudes Fig. 13 Contours of velocity standard  
 deviations 
 
Visualized flow with stream traces is shown in Fig. 15. Most of the flow activity 
within this buoyant flow occurs near the top of the compartment above the exhaust 
heaters and in the region between the top of the engine surface and the top enclo-
sure wall. The maximum measured velocity magnitude is about 0.72 m/sec above 
the exhaust heaters. Large flow standard deviations are seen over the engine block 
and the right top side of the compartment. Two large counter-rotating vortices are 
observed in Fig. 14. 
 
The flow within this region is turbulent as demonstrated by animation movie cre-
ated from the instantaneous velocity vector fields above the right exhaust heater. 
Since the distance from the top of the exhaust heater from the top enclosure wall is 
larger for the right side compared with the left side, the hot plume on the right has 
more time to go through flow transition and turbulent stages. The turbulent jet fi-
nally impinges on the top surface of the enclosure wall. This phenomenon is 
clearly shown by six instantaneous realizations of the flow structures in Fig. 16 as 
the plume cycles through one period of overall flow oscillation. Since PIV was 
conducted with the laser pulse frequency of 15 Hz, the interval between consecu-
tive images is 0.0667 sec.  With six images contributing to a full cycle, the overall 
frequency of this sweeping turbulent impinging jet is about 2.5 Hz.  The entrain-
ment due to the plume shear layer is clearly shown by the ensemble average of ve-
locity traces above the right exhaust heater in Fig. 17. 
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Fig. 14 Regional close up display of velocity contours with stream tracers 
 
The temperature profiles on the en-
closure inner surface at middle plane 
(Fig. 18) show that the wall tempera-
tures are hotter on the left side.  In 
addition, due to the turbulent flow of 
the top right side, thermal gradients 
are smaller on the top right side of 
the enclosure wall relative to the left 
side 
 
The onset of instability waves and 
transition to turbulence is clearly ob-
served by visualizing a long candle 
flame behavior 
 Fig. 15 Stream traces on middle plane 
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Although flame propagation is not exactly the same as the buoyant flow around a 
heated cylinder, the hot flame and smoke downstream of the candle flame shows a 
phenomenon very similar to the hot plume of the exhaust in this experiment.  
These findings are also consistent with the results of tests performed by T. Max-
worthy6 who generated a hot thermal plume from propane diffusion flames and 
observed oscillations similar to the ones that are observed here. Extensive studies 
have been made on forced and cross flow convection of buoyancy driven flow 
over a cylinder at very low Reynolds numbers. Unfortunately, the authors have not 
found any work on pure natural convection buoyant flow over a cylinder. 
 
The critical Grashof numbers for flow around a vertical flat plate and around a 
cylinder are about 109. The Grashof number is the ratio of buoyancy force to vis-
cous force as defined by the following equation 
 

   (1) 

where  β = 1/T is the volume expansion coefficient 
 Ts is the surface temperature of the object 
 T∞ is the fluid temperature far from the surface 
 Lc is a characteristic length of the geometry and 
 ν is the kinematics viscosity of the fluid at Tf =(Ts+T∞)/2 
 
Calculated Grashof numbers for different geometrical shapes that make this full 
scale model result in values less than the critical value.  However, downstream of 
the right heated exhaust, flow transitions from laminar to turbulent flow. Thus this 
flow is composed of different flow regimes, laminar, transition, and turbulent 
flows depending on the flow location relative to the underhood components. 
 

 
Fig. 16 Full cycle of instantaneous unsteady thermal plume on top of the right exhaust heater 
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Although in the lower regions of the enclosure, ve-
locity magnitudes are in the range of 0.0001 to 
0.02 m/sec, stream traces show the details of the 
flow. Buoyancy generated as the result of hot sur-
faces of the inclined engine block are the cause of 
higher speeds in the proximity of these surfaces. 
The shape of the stream traces near the inclined 
engine block surfaces indicates the presence of 
thermal boundary layers caused by hot engine 
block surfaces observed by a PIV animation video 
created for the region below the right exhaust hea-
ter. At y ~ 400 mm, flow diverts toward the hotter 
sections of the enclosure surfaces and then it is 
drawn toward the hotter exhaust heater. This is due to the low pressure region 
generated around the exhaust as a result of the buoyancy. Plots similar to those of 
the middle plane are obtained for the front and back vertical planes. Discussion of 
the flow behavior on these planes is not presented here since flow on these planes 
is similar in nature to the flow of the middle vertical plane described in previous 
section. 

 
Fig. 18 Enclosure inner surface temperature profiles at the middle plane 

Fig. 17 Velocity traces above the 
right exhaust heater 
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Transient Velocity and Temperature Measurements-Feasibility 
Study 

Final part of this project was to assess the feasibility of conducting transient PIV 
and temperature measurements. The challenge for PIV measurements under tran-
sient conditions is that seeding particles at very low speeds drop out of the flow 
field and no longer follow the flow field. At high speeds, the particles attach to the 
surfaces of the enclosure and the engine block due to moisture and surface rough-
ness. As a result, seeding density has a dramatic effect on data density. However, 
by initial heavy seeding of the flow, high quality measurements for up to 45 min-
utes in the region above the right exhaust heater could be obtained without reseed-
ing. PIV measurements were taken every 5 minutes at 15 Hz, recording 200 
frames for averaging. This region is chosen since it is over the plume and is ex-
pected to be directly affected by thermal changes during transient period of cool-
ing down. Flow in the rest of the enclosure is also changing during transition. 
However, for transient capture of the flow behavior, PIV is only possible for one 
region at a time due to large field of view of the entire engine compartment. The 
sequence of velocity magnitude contour plots in Fig. 19 displays gradual change 
in the flow characteristics and velocity magnitude. As the hot plume weakens, its 
centerline is tilted toward the right corner of the enclosure. The small vortex on 
top of the right corner of the engine block starts to disappear and the large vortex 
on the left side of the plume migrates toward the right side accompanying the 
plume. This overall migration might be due to a clockwise mean velocity field 
throughout the engine compartment due to the slant angles on the top and right 
surfaces. The animated videos obtained from the velocity fields show that the 
large oscillation of hot plume begins to die down and eventually disappear as the 
system cools down. Disappearing of the large oscillatory motion observed under 
steady state condition can be seen from decreasing magnitudes in velocity stan-
dard deviation. Although, low frequency oscillations with small amplitudes on the 
hot plume still exists, at about 15 minutes from the start of the transition period, 
large flow fluctuations are completely vanished.  
 
Air temperature at a point in this region was measured, and block temperature was 
recorded throughout the process. Air temperature was measured at 2.5 minutes in-
terval and block temperature data were obtained every 10 seconds. The data show 
the temperature change during transient cooling up to 45 minutes. Once all power 
is shut off, temperature of the exhaust heaters drops and the heat transferred to the 
engine block is no longer cooled to saturation by the jet sprays inside the engine 
block. Therefore, the right and left side of the engine block surface temperatures 
spike immediately after power shut down.  
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Fig. 19 Ensemble average of velocity fields for the region above the right exhaust heater under 
transient cooling down process 

4 Conclusions 

• We have found some differences between the flows for ¼ and the full scale 
models. This is because the driving force in this flow is the buoyancy that is 
created by the temperature difference between the hot surfaces and the sur-
rounding flow. The important non-dimensionalized number is Grashof number, 
a measure of the relative magnitudes of the buoyancy force and the opposing 
viscous force acting on the fluid. Under the same thermal boundary conditions, 
the full scale model’s Grashof number is 64 times larger than the ¼ scale 
model. The dominant difference between the two model flows is the transition 
from laminar to turbulent flow over the right cylinder which was not observed 
in the ¼ scale model  
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• For steady state condition, PIV measurements on three vertical planes at X = 
317, 444, and 571 mm have shown that flow is turbulent on the right top por-
tion of the enclosure contributing to enhanced thermal convection relative to 
the top left side. Radiation from the exhaust heaters plays a dominant role in 
raising the temperature of the enclosure walls in the vicinity of the exhaust 
heaters.  

 
• The measured dominant structures are two larger counter rotating vortices over 

the top right side of the engine block and two counter rotating vortices over the 
top left side. In addition, there exist two dominant smaller secondary flows, one 
over the top surface of the engine block near its right corner, and one in the top 
right corner of the enclosure.  

 
• Entrainment of the flow contributes to thick thermal boundary layers on the ex-

haust heater and slant surfaces of the engine block. Three dimensional compu-
tational results conducted for ¼ scale model exhibit secondary flows between 
the end faces of the engine block and the enclosure walls. These secondary 
flows are the main cause of the three dimensionality of the flow near the end 
faces of the engine block. The heat of the exhausts at these locations is not 
mostly carried upward toward the top face of the enclosure wall similar to what 
is observed in the middle region of the heater. Instead, near the ends, heat of 
the exhaust and thermal boundary layers on the engine block surface is con-
stantly convected along the exhaust axis by the end region secondary flows. 
This effect generates higher temperatures on the engine block surface and 
lower temperatures near the top regions of the front and back sides of the en-
closure walls. 

 
• Air temperature results under steady state condition show that generally the 

right side is cooler than the left. The temperature profile for the first row show 
the presence of the hot plume and the lobes on the side are consistent with the 
mixing occurring due to the secondary flows observed by the PIV measure-
ments. Large temperature gradients over the narrow regions of the plume re-
quire a more accurate traversing mechanism for temperature measurements 
with higher resolution.  

 
• PIV and thermal measurements were conducted during the first 45 minutes af-

ter the power to the entire system was turned off to investigate the feasibility of 
the transient cooling. PIV was only obtained for the region of the enclosure 
above the right exhaust heater in the middle plane. Air temperature was also 
measured at a point in this region. However, the entire engine block surface 
temperature and the exhaust heater temperatures were measured. Once transient 
cooling starts, the hot plume weakens and its centerline is tilted toward the 
right corner of the enclosure. The small vortex on top of the right corner of the 
engine block disappears and the large vortex on the left side of the plume mi-
grates toward the right side accompanying the plume. The turbulent flow ob-
served under steady state condition weakens drastically and the intensity of the 
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flow structures and in general flow activity begins to slow down with time.  
The temperature of the block surfaces start to rise for the first 7.5 minutes and 
then the cooling process begins. This effect is because the heat pipe mechanism 
of the engine block ceases to function and thus for the first few minutes, the 
heat of the exhausts is not removed properly. 
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Abstract   Transient numerical results are presented for simulating buoyancy 
driven flow in a simplified full-scale underhood in automobile. The flow condition 
is set up in such a way that it mimics the underhood soak condition, when the ve-
hicle is parked in a windbreak with power shut-down, after enduring high thermal 
loads due to performing a sequence of operating conditions, such as highway driv-
ing and trailer grade loads in a hot ambient environment. For validation, several 
experiments were conducted to measure the temperature and velocity fields. The 
simplified underhood geometry, although simplified, consists of the essential 
components in a typical automobile underhood undergoing the buoyancy driven 
flow condition.  It includes an enclosure, an engine block and two exhaust cylin-
ders mounted along the sides of the engine block. The calculated temperature and 
velocity were compared with the measured data at different locations near and 
away from the hot exhaust plumes. The numerical predictions reveal a complex, 
transient flow structure under the buoyancy condition, and the results show very 
favorable comparisons with the experimental velocity and temperature measure-
ments. The transient numerical procedure developed for the current study would 
pave the way for the future numerical simulations of the practical real underhood 
soaking. 

1 Introduction 

Buoyancy convection heat transfer plays a dominant role in a vehicle under-
hood environment during “soaking”. The underhood thermal soaking, or “soak”, 
condition occurs after the vehicle endures high thermal loads due to performing a 
sequence of operating conditions such as highway driving and trailer grade loads 
in a hot ambient environment (>38 degrees C).  The vehicle is then parked in a 
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windbreak, and the power is shut down.  Due to the absence of any underhood air-
flow from the fans or the ambient surroundings, the underhood begins a thermal 
process that is dominated by buoyancy driven flow.  During the soaking, the tem-
perature can rise even higher in a tightly packed underhood environment. 

To numerically simulate the underhood soak condition in a full size vehicle, 
required is a significant amount of computer resources and computational tech-
niques. The soak process is inherently transient and involves a small scale flow 
motion (usually less than 1 m/s) in a very complex 3D underhood layout. Before 
this thermal process can be confidently analyzed in a production analysis envi-
ronment, it is necessary to evaluate the numerical approaches step by step using an 
idealized geometry that captures the essential features of the flow physics but 
avoids undue complexity. 

A previous experimental and numerical study of similar flow configuration 
with quarter-scale was conducted [1] [2]. Several numerical issues, including 
mesh type and size, spatial and temporal accuracy have been discussed [2]. For the 
quarter- scale case, both experimental measurement and numerical simulation ex-
hibit steady state flow pattern [1] [2] and the agreement between the prediction 
and the experiment is very favorable in both temperature and velocity. As men-
tioned previously, the current study using the simplified model is to develop a vi-
able numerical procedure to predict such buoyancy driven flow in an automobile 
underhood undergoing a soak condition. This development was designed to cap-
ture all the essential flow physics with the help of the experiment without involv-
ing details of the complication in the real underhood geometries. With this in 
mind, the quarter-scale study in [1] and [2] might not provide the correct flow 
physics due to size difference. Nonetheless, the experiences learned, both in simu-
lation and experiment, from the quarter-scale study are very helpful in providing 
directions in devising a more sophisticated full-scale study. The full-scale configu-
ration is almost identical to the quarter-scale. However, due to the significant in-
crease in size, a new Particle Image Velocimetry (PIV) measuring technique, new 
type of seeding for the laser and lots more thermocouples for temperature fields 
are required. The full-scale simplified underhood geometry consists of an enclo-
sure, an engine block and two exhaust cylinders mounted along the sides of the 
engine block (Fig. 1). The flow condition is set up in such a way that it mimics the 
soak condition in the underhood. The geometry size difference for the current full-
scale study produces quite different flow and temperature fields than the quarter-
scale does with a similar temperature boundary condition. Among others, the most 
significant difference is that both experimental and numerical predictions for the 
full-scale case reveal a complex, transient flow structure which does not exist for 
the quarter-scale case. This indicates that the thermal plume driven by the strong 
buoyancy force above the cylinder becomes unstable at the full-scale configura-
tion. For the full-scale test, in addition to the constant boundary temperature con-
dition measurement, a 45-minute transient cool-down temperature boundary con-
dition and a limited number of temperature and velocity data above the hot 
thermal plume were taken during the cool-down period. 
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This paper is organized as follows. A brief overview of the experimental setup 
and measurement is presented first. Following that, the numerical study using Flu-
ent [3] and the comparison with the measurements are discussed. The plan for fur-
ther investigation is laid out as well.  

2 Experimental Setup 

The details of the experimental work were documented well in [4, 5]. In the 
current paper, the experimental data and experimental setup will be described 
briefly so that the numerical study can be easily explained. The flow configuration 
is shown in Fig. 1 in which depicted an outer enclosure, an engine block and two 
exhaust cylinders mounted along the sides of the engine block. The size of the 
outer enclosure in the simplified underhood shown in Fig. 1 is roughly 1m x 1m x 
1m and it has a slanted hood and sloped dash which mimic the underhood com-
partment in a production vehicle. The two exhaust cylinders are identical in length 
and size and they are 584.2 mm long and 45.7 mm in diameter. A brief sketch 
with dimensions for the experimental setup is shown in Fig. 2. The detailed ge-
ometry with dimensions is documented in [4, 5]. 
 

 
Fig. 1 Experimental setup 
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Fig. 2 Overall dimensions of the experimental underhood (units in inches) 

2.1 Wall Boundary Temperature conditions 

Two sets of boundary temperatures were recorded for the numerical validation 
purpose. The first is a fixed temperature boundary condition and the second is a 
time varying cool down temperature boundary condition. They are described as 
follows. 

Fixed boundary temperature 

There are three types of boundary surfaces in which temperature distributions 
need to be experimentally controlled. These three surface types are: exhaust cylin-
ders, engine block and the outer enclosure. The surface temperature of each ex-
haust cylinders is kept at 600 ºC by inserting a 3500 W cartridge heater into the 
core of the cylinder. The surface temperature of the engine block is kept at a 
nominal temperature of 100 ºC by a specially designed water spray circulating 
system inside the engine block. A total of 116 thermocouples were buried under 
the skin of the engine block to monitor and record the actual temperature distribu-
tion on the engine block surfaces. As can be seen later, some surface areas, due to 
the proximity to the two exhaust cylinders, are inevitably hotter than 100 °C. This 
design is much simpler and more effective than that used in the quarter-scale setup 
[1]. No special device was used to keep the surface temperatures of the outer 
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enclosure constant. Instead, thermocouples were directly placed on the enclosure 
surfaces to record the final equilibrium temperature. The total number of thermo-
couple measuring points on the outer enclosure to map the temperature distribu-
tion is 451.  

Time varying cool-down boundary temperature 

When the vehicle is in thermal soaking condition, the surface temperature in 
each underhood component is changing with time. To model this cool-down ther-
mal environment, a second set of temperature boundary conditions were recorded. 
Following the previously described fixed temperature boundary condition, the 
power used to maintain the temperatures for the exhaust cylinders and the engine 
block was shut off and the temperature readings were recorded for all the bound-
ary surfaces for 45 minutes. The time history of the temperature cool-down data 
will provide time varying boundary conditions for another set of numerical valida-
tion and calibration. The experimental data of the transient cool-down boundary 
condition are documented in [4, 5] and are not presented here. 

2.2 Air temperature and flow measurements 

Air temperature measurement 

The air temperatures are measured by thermocouples at 104 locations inside 
the engine compartment. These locations are on the mid-plane (at y=0) and their 
locations can be seen in Fig. 3.  
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Fig. 3 Locations of the air temperature measurements 

PIV flow measurement 

The air velocity was measured by a conventional 2D PIV (Particle Image Ve-
locimetry) system. The PIV setup can be seen in Fig. 4. There are three PIV test 
planes that correspond to mid-plane (y=0), front quarter plane (y=-127 mm) and 
back quarter plane (y=+127 mm). The camera field of view for these PIV tests 
was 12 cm by 12 cm in size.  An interrogation area size of 32 x 32 pixels corre-
sponding to physical size of approximately 4 mm x 4 mm provided adequate sig-
nal to noise ratio for repeatable results. Thus, to capture velocity field one region 
at a time, each vertical plane was broken up into 49 separate regions shown in Fig. 
5. With this limited field of view, the measurement regions are overlapped to in-
crease vector density and avoid discontinuities near the regions’ borders. The re-
gions are combined to show the flow statistics on an entire vertical plane.  
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Fig. 4 PIV test setup 

 
Fig. 5 Stitched overlapping region for PIV. 
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3 Experimental Results 

The experimental results were categorized into three parts: (1). the surface 
temperature maps on the engine block and outer enclosure, (2). air velocity at the 
mid-plane, and (3). air temperature at the mid-plane. The surface temperature data 
are to be used as boundary conditions for numerical validation. The air tempera-
ture and velocity from the measurement at the mid-plane are the data to be used 
for numerical validation and comparison. Again the transient boundary tempera-
ture cool-down data described above are in large quantity and are not reported 
here. It is described in detail in [4, 5]. 

Fig. 6 Temperature maps for the outer enclosure 

Table 1 Outer enclosure temperature statistics 

Glass Outer Surface Temperature  ºC 

 
Front 

(VII) 
Right 

(VIII) Left (IX) Top (X) 

Mean 59.7 80.6 84.4 83.8 

Std Dev 10.4 24.7 32.6 24.0 

Max 77.7 124.4 147.2 146.4 

Min 40.4 41.2 39.1 58.8 

Range 37.3 83.2 108.0 87.6 
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3.1 Surface temperatures 

The temperature maps on all the surfaces are recorded. These include exhaust 
cylinders, engine block, outer enclosures and the three pipes which provide the 
heating and cooling fluids and the thermocouple wiring in and out of the engine 
block. Figure 6 shows the surface temperature distribution of the outer enclosure. 
The temperature distribution is quite non-uniform with strong influence from the 
exhaust cylinders on both sides. Table 1 lists the temperature statistics of the outer 
enclosure. Figure 7 shows the temperature distribution for the surfaces of the en-
gine block and Table 2 lists the temperature statistics. Again, the surface tempera-
tures on the engine block are much higher than 100 °C due to the proximity to the 
hot exhaust cylinders. The average surface temperatures of the three pipes at the 
back of the engine block as seen in Fig. 2 are 95.7 °C for the upper pipe, 92.8 °C 
for the middle pipe and 74.8 °C for the lower pipe respectively. 

Fig. 7 Temperature maps for the engine block. 

3.2 Air velocity at the mid plane 

Figure 8 shows a time-averaged velocity contours at the mid-plane with close-
up views from the upper left and right corners. Most of the flow activity occurs 
near the top of the compartment above the exhaust heaters and in the region be-
tween the top of the engine surface and the top enclosure wall. The maximum 
measured velocity magnitude is about 0.72 m/sec above the exhaust heaters. The 
flow field under the current flow configuration eventually evolves into an oscillat-
ing thermal plume above the exhaust cylinders. Figure 9 shows six thermal plume 
pictures in a cycle which has a frequency of 2.5 Hz. More discussions about the 
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transient behavior of the thermal plumes will be given when the numerical results 
are presented. 

 
Fig. 8 Time-averaged velocity contours at mid-plane 

Table 2 Engine block temperature statistics 

 

 Front (I) Back (II) Right (III) Left (IV) Top (V) Bottom (VI) 

Mean 
97.6 98.2 105.1 103.8 98.6 97.9 

Std dev 
1.4 0.5 7.0 4.2 0.1 0.5 

Max 
99.7 98.9 123.2 113.6 98.8 98.2 

Min 
94.3 97.2 97.6 98.2 98.4 97.1 

Range 
5.3 1.7 25.6 15.4 0.4 1.2 
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Fig. 9 Experimental instantaneous unsteady thermal plume on top of the right exhaust cylinder in 
a cycle 

3.3 Air temperature at the mid plane 

The location of the thermocouples at the mid-plane is shown in Fig. 3. There 
are 104 thermocouples used at the mid-plane with more distributed near and above 
the exhaust cylinders and the gap between the top engine block surface and the 
upper surface of the outer enclosure. The measured temperature distributions for 
rows 1 to 5 are shown in Fig. 10. These temperatures are to be compared with the 
numerical predictions and will be discussed later in the paper.  
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Fig. 10 Temperature profiles at various lines defined at the mid-plane. 
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Fig. 10 (Continue) 
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Fig. 10 (Continue) 

4 Numerical Results 

Numerical simulations were carried out with Fluent version 6.3.26 [3]. From 
the previous quarter-scale study [2], it was concluded that the 2nd order accuracy 
in both space and time is best suitable for the present simulation. It also demon-
strates that a well prepared tetrahedral mesh can achieve a comparable accuracy 
with a prism layer mesh. The experiences gained from the detailed numerical 
study from the quarter-scale study [2] lead to the following mesh size arrange-
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ment. The mesh size on the surface of the exhaust cylinders and engine block are 2 
mm and 5 mm respectively. The total number of cells is 4.7 million tetrahedral 
cells. Much more cells were placed near the exhaust cylinders and the upper por-
tion of the engine block to resolve the high temperature gradient and buoyancy in-
duced flow field. The temperature boundary conditions on the surfaces of the en-
gine block and the enclosure are directly obtained from the experimental data 
shown in Figs. 6 and 7, respectively (see also data in [4, 5]). The temperature on 
the surface of the exhaust cylinders was kept constant at 600 °C. A no-slip condi-
tion is used on all the wall surfaces. The RNG − turbulence model with a 
non-equilibrium wall function is chosen to model the turbulence. The air dynamic 
viscosity and thermal conductivity vary with temperature by Sutherland law [3]. 
The range of air density variation in the domain was very significant due to the 
large temperature difference (~500 °C) and therefore the compressible ideal gas 
law was used to ensure the validity of the solution. A 2nd order implicit time 
marching scheme with sub-iterations was used to solve the flow and temperature 
fields from an initially quiescent flow field with a uniform temperature of 60 °C. 
The size of the time step reduced sequentially along the transient simulation proc-
ess from 0.01 to 4105 −×  second to help obtain fast initial transient flow devel-
opment and ensure capturing the accuracy of the fine scale flow motion toward the 
end of the simulation. The sensitivity of the time step to the accuracy of the tran-
sient motion will be discussed later in the paper. 

The computational domain and the mesh in the mid-plane are shown in Fig. 
11. The domain was set up exactly according to the experimental configuration 
which also includes the two bigger pipes used to support the engine block and to 
provide the plumbing supply to maintain the desired temperature of the engine 
block and the middle small pipe for thermocouple wires. The measured tempera-
ture maps on the wall boundaries were used to specify as the boundary conditions 
in the numerical simulation. 

The simulation was carried out from a steady state run for 1000 iterations and 
then switched to the transient mode. The flow quantities were monitored for tran-
sient behavior at points 10 and 39 at the mid-plane as indicated in Fig. 12 (see also 
Fig. 3). 

εκ −
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Fig. 11 The computational domain and the mesh at mid-plane. 

 
Fig. 12 Velocity and temperature profiles recorded for comparison. 
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4.1 Transient behavior of the flow 

Figure 13 shows the time histories of the velocity magnitude at points 10 and 
39. Due to the slope of the upper outer enclosure, the upper right corner has more 
room for the flow to develop. This can be seen in Fig. 13. It shows that the veloc-
ity magnitude at point 10 is much higher values than that at point 39. The time his-
tory also shows that the flow fields in the two monitor points are relatively quite 
for the first 10 seconds. The region at and around the point 39 starts to respond to 
the effect of the thermal plume originated from the left exhaust cylinder between t 
= 5 and 15 seconds. The velocity at point 39 stays flat at lower than 0.1 m/s for the 
next 30 seconds before it turns violent and exhibits a very regular periodic motion 
with a amplitude of around 0.1 m/s. The time history of the velocity magnitude at 
point 10 behaves similar to point 39 except that the velocity magnitude at point 10 
is much larger than that at point 39.  

To gain more insights of the final oscillating pattern, the time histories of the 
velocity and temperature at these two points for the last 5 seconds are shown in 
Fig. 14(a) and Fig. 14(b). They are clearly developing into a periodic motion as 
suggested by the experiment [4, 5] shown above. Figure 15 shows the power spec-
tral density of the velocity at point 10. It clearly reveals a dominant frequency at 
about 2.53 Hz (the time period T=0.395 s). The frequency recorded in the experi-
ment shown in Fig. 9 is 2.5 Hz. The agreement with the current numerical predic-
tion is very satisfactory. This comparison is also listed in Table 3. The ability to 
capture the transient accuracy during system integration is extremely important in 
predicting the correct peak temperature during the soaking stage to prevent part 
failure due to inadequate heat protection. 

 

 
Fig. 13 Time histories of the velocity magnitude at points 10 and 39 
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Fig. 15 Velocity power spectrum at point 10. 

Table 3 Comparison of the oscillating frequency of the hot thermal plume 
  Frequency (Hz) Period (second) 

exp 2.5 0.4 
Fluent 2.53 0.395 

 
Fig. 14a Close-up view of the oscillating pattern for velocity at points 10 and 39 

 
Fig. 14b Close-up view of the oscillating pattern for temperature at points 10 and 39 
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4.2 Sensitivity of the time step size 

As mentioned earlier, the size of the time step reduced sequentially along the 
transient simulation process from 0.01 to 4105 −×  second to help obtain fast initial 
transient flow development and ensure capturing the accuracy of the fine scale 
flow motion toward the end of the simulation. A separate study was conducted to 
investigate sensitivity of the time step size to the solution accuracy. Figure 16 
shows the results of this study. It was found that for the current flow, if a constant 
large time step of 0.01 second was used, the thermal plume never developed a cor-
rect periodic motion as indicated by the velocity time history at point 10. When 
compared to Fig. 13 which shows a correct velocity time history using time step of 

4105 −×  second, the velocity curve at point 10 begins to show development of pe-
riodic motion as early as around 50 seconds, the velocity time history at the same 
point in Fig. 16 never develops a periodic motion up to 67 seconds when the time 
step of 0.01 second is used. It was found that the reduction in time step at least by 
a factor of 10 (time step of 0.001 second) would allow the flow to establish a con-
verged flow behavior. The velocity time history for a time step of 0.001 second is 
shown in Fig. 16 by restarting the simulation from the solution of 0.01 second ob-
tained at time=65 seconds. It is very clear that a converged (in a transient sense) 
periodic motion begins to develop right after using the time step of 0.001 second.  

 

 
Fig. 16 Time history plot for the velocity at point 10 with two time step sizes during the final 
stage of simulation. 
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4.3 Buoyancy flow characteristics 

The Grashof number, LGr , is usually used to characterize the buoyancy flow. 
The definition of the Grashof number is expressed as follows: 

where g is the gravity, β is the thermal expansion coefficient, ν is the kinematic 
viscosity, L is the length scale, sT is the surface temperature, and ∞T is the tem-
perature in the flow-field. Due to the complexity of the geometry, two Grashof 
numbers are identified. As shown in Table 4, the two Grashof numbers are based 
on two length scales, one with the slanted engine block wall and the other with the 
exhaust cylinder. ∞T  is based on the average flow temperature close to the heat 
sources as indicated in Table 4. The estimated range of the Grashof numbers indi-
cates that it is very close to the turbulent regime according to the classic cylinder 
flow analysis [6].  

 
Table 4 Buoyancy flow characteristics 

 

4.4 Time-averaged temperature and velocity 

Figure 17 shows snapshots of both temperature and velocity contours at mid-
plane. The velocity contours shown in Fig. 17 qualitatively resemble the experi-
mental data shown in Fig. 8. As mentioned earlier, the flow exhibits a periodic 
pattern as both suggested by the test and numerical simulation. Therefore to com-
pare with the experimental data for both the temperature and velocity components, 
the flow results from the numerical simulation over many cycles into the oscillating 
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periods are time-averaged. The time-averaged temperature and velocity compo-
nents are compared with the measurements in five rows and two columns defined 
in Fig. 12. Figure 18 shows the temperature profiles from the current simulation 
for 5 horizontal rows. The symbols represent the measured data reported in [4, 5].  

Fig. 17 Snap shots of the temperature and velocity contours at the mid-plane 

The temperature profiles are shown in Fig. 18. The predicted temperature pro-
file in line L1 which is in the gap between the upper surface of the engine block 
and the outer enclosure follows the trend quite well with the test data except that it 
under-predicts the peak value near the right enclosure surface. Similarly the pro-
file in line L2 on the right part shows the correct trend with the test data but 
misses the peak by about he same amount. The temperature discrepancy around 
this small region close to the engine block was thought to come from the under-
resolved boundary temperature mapping from the experimental data where only 
finite number of thermocouples was installed. More thermocouples in the future 
measurement should provide better boundary conditions for numerical validations. 
Figure 19 shows the temperature profiles along two vertical columns. The figure 
shows very clearly that the temperature gradient near the exhaust cylinders is very 
high.  

The velocity components are compared with the PIV measurements along the 
same five horizontal rows and two vertical columns. Figure 20 shows the W (ver-
tical) velocity component on those five rows. The trend in the velocity profiles is 
well captured. It should be noted that the velocity magnitude is very small and is 
in the order of 0.7 m/s. Figure 21 shows the U (horizontal) velocity component 
along the two vertical columns. The trend of the profiles is also very well pre-
dicted. However, it can be seen in Figs. 20 and 21 that the numerical results under-
predict the peak values for both U and W components. This under-prediction is 
very consistent to the temperature profiles discussed in the previous paragraph. A 
higher degree of boundary temperature mapping from the measurement with more 
thermocouples should be able to improve the prediction accuracy. 
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Fig. 18 Temperature profiles comparison with the measured data in five rows. 

 

 
Fig. 19 Temperature profiles comparison with the measured data in two columns. 
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Fig. 20 W velocity component profile comparison with the measured data in five rows 

 

 
Fig. 21 U velocity component profile comparison with the measured data in two columns 
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5 Conclusions 

Both experimental and numerical approaches are used to study the buoyancy 
driven flow in a simplified underhood. The simplified underhood geometry con-
sists of an enclosure, an engine block and two exhaust cylinders mounted along 
the sides of the engine block. The experiment measures both temperature at the 
mid-plane and PIV velocity field at the mid-plane and 2 off-center planes. The 
wall temperature distributions along all the boundary surfaces are also recorded to 
be used for numerical validation. The numerical simulation predicts the transient 
thermal plume right above the exhaust cylinders very well with the predicted os-
cillating frequency at 2.53 Hz which is very close to the test data of 2.5 Hz. The 
contours of the flow and temperature fields show well-captured thermal plumes 
right above the exhaust cylinders, recirculation vortices around two upper corners 
and the gap between the engine block and the upper enclosure surface. The time-
averaged air temperature and velocity profiles at the mid-plane for five horizontal 
rows and two vertical columns are compared to the measured data. The tempera-
ture values, in general, are in close agreement with the test data except the nu-
merical results under-predict the peak temperature in the gap region between the 
top surface of the engine block and the outer enclosure. The under-predicted tem-
perature and velocity near the engine block are believed to come from the under-
resolved boundary temperature distributions. A more detailed boundary tempera-
ture mapping from the measurement can improve the current accuracy. The pre-
dicted maximum air velocity scale is in the order of 0.7 m/s which is extremely 
small and very hard to obtain accurately in the measurement. Nonetheless, the 
numerical predictions capture the flow motion quite well when compared to the 
measured velocity profiles.  

A transient cool-down air flow and temperature measurement was also con-
ducted in the experiment. The time history of the 45-minute temperature boundary 
condition was recorded to be used later as transient boundary conditions for future 
numerical simulations. A limited number of air temperature and velocity data 
above the thermal plume are recorded for 45 minutes for later comparison. The 
numerical study of the transient cool-down test condition will be presented in a 
separate paper. 
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