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ABSTRACI' 

Flow visualization studies were conducted on a 3/8-scale 1992 Ford Taurus. The 

study consisted of submerging the model in a tow-tank and running the engine fan with 

the car stationary. or at idle conditions. The objectives of the study were to identify 

major factors which influence the underbody flow field and to understand how the exiting 

air from the radiator influences the underbody. With this information, certain geometric 

alterations were performed to the front cross member to determine its effects on the 

underbody flow pattern. The effects of variable length belly pans on the underbody flow 

pattern were also investigated. 

The configuration which displayed the most positive flow characteristics was the 

base configuration with the addition of a belly pan which extended from the front bumper 

to the edge of the front cross member. With this configuration, there was no flow 

recirculation between the front bumper and radiator support. minimum flow recirculation 

through the bumper opening, and greater flow into the fender wells. The only negative 

effects are the greater reverse flows around the comers of the radiator support and 

through the bypass area. 
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CHAPTER I 

INTRODUCTION 

For years the automotive industry has relied on aerodynamic drag reduction as a 

means of improving the fuel economy of their vehicles. Significant aerodynamic drag 

reductions have been achieved through frontal facia modifications, lower hood lines, and 

smaller frontal openings for cooling. In recent years, there has also been a general 

increase in underhood temperatures due to increased engine horsepower requirements, 

tougher emission standards, and the decrease in the amount of underhood space. Coupled 

with this is an increase in the number of temperature sensitive accessory components 

under the hood. Hence, the need to maintain relatively low underhood temperatures 

while reducing aerodynamic drag has increased the importance of understanding the 

underbody flow behavior as well as flow behavior within the engine compartment 

The objectives of the study discussed in this paper were to identify major factors 

which influence the underbody flow field at idle conditions and to understand how the 

exiting air from the radiator influences the underbody. With these objectives, certain 

geometric alterations were performed to the front cross member to determine its effects 

on the underbody flow pattern. The effects of variable length belly pans on the 

underbody flow pattern were also studied. 

Flow visualization studies were conducted on a 3/8-scale 1992 Ford Taurus. The 

study consisted of submerging the model in a tow-tank and running the engine fan with 

the car stationary, or at idle conditions. Dye was injected at various locations of the 

underbody and the data was recorded on video tape and slide film. 
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CHAPTER II. 

BACKGROUND 

2.1 Eoeine Coolioe 

The most efficient way to achieve proper engine cooling is to provide as much 

cool air through the radiator and to effectively remove this air once it has been discharged 

by the radiator. The minimization of air recirculation is very important in engine cooling 

since the recirculated air is no longer effective in exchanging heat as the fresh air. The 

elimination of protrusions, sharp edges and stagnation points within the flow field will 

also promote more effective airflow through the engine compartment 

The pressure level in the engine bay itself, or the engine bay back pressure, is an 

indication of the blockage effect created by the engine and the underhood components in 

the engine bay (Schaub et al. [1980]). From experiments, it has been shown that the 

engine bay back pressure increases with flow rate. This indicates that the loss due to the 

engine and underhood blockage increases with flow rate. 

The underhood flow for a rear-wheel drive vehicle has been investigated by 

Clemmens [1974]. He has noted that under idle conditions, the majority of the fan 

discharge dumps down to the front of the engine and out underneath the vehicle with 

approximately 25% of the flow recirculating back to the front of the radiator. Very little 

flow reaches the rear portion of the engine compartment Clemmens has also noted that 

small improvements (5-10 fps) in underhood air flow velocities could lower underhood 

component temperatures as much as 45 OF, depending on the original temperature of the 

component 

2.2 Fluid Parameters 

The primary reason a tow-tank was utilized in this investigation was for improved 

flow visualization. The advantage of testing in water as opposed to air is that velocities 
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in water for equivalent Reynolds numbers are lower by a factor of 16. Also, the 

dissipation of dye occurs at a much slower rate which aids significantly in the flow 

visualization process. 

In order for fmdings from the tow-tank experiment to be valid, certain fluid 

parameters must be similar between the test conditions of the 3/8-scalemodel and the 

actual environmental conditions of the production vehicle. The principal fluid parameters 

of interest in this investigation were the Reynolds number for the engine fan speed and 

the thermal buoyancy effects caused by heat transfer within the engine compartment 

The Reynolds number is defmed as follows: 

Re pULe 

Jl. • 

where the symbols are defmed in the nomenclature. In an isothermal environment. if the 

Reynolds numbers for the water tests match those in the air, then all other kinematic and 

dynamic properties of the flow can be expected to match as well (Williams et al. [1991]). 

The following velocity relation must hold for the Reynolds number to be the same in air 

and water: 

Pwarer VwarerLwater = Pair VairLair 

Jlwater Jl.air 

or rearranging and simplifying: 

Vwater = VwaterLair 

V air V airLwater . 
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Relating this to fan speed: 

2 
Nwarer - VwaterRair 

. - 2 
Nalr VairRwater 

The principal test conditions for the experiments were at idle with the fan turning at 600 

rpm. This translates to a fan speed of 1200 rpm in air. 

One potential problem in water testing is the implicit neglect of thermal 

buoyancy effects. According to Maxwell and Sullivan [1988], convective heat transfer 

may be categorized either as natural or forced convection according to the nature of the 

flow. If the flow is driven by buoyancy forces, the heat transfer is referred to as natural 

convection. The buoyancy forces are a consequence of density variations induced by 

temperature gradients. The magnitude of the buoyancy force relative to the viscous force 

of the fluid is characterized by the Grashof number: 

2 
Gr 

_ gp /J<Ts -Too) 
- 2 

Jl 

where the symbols are defined in the nomenclature section at the front of the report If 

the flow is driven by some external source such as a fan, inertial forces are present and 

the heat transfer is referred to as forced convection. The Reynolds number characterizes 

the magnitude of the inertial force relative to the viscous force of the fluid. In a non

isothermal flow field such as automotive underhood flow, there is a possibility that both 

the buoyancy and inertial forces are significant According to Incropera and DeWitt 

(1985], it can be shown that the relative magnitude of the buoyancy and inertial forces 

can be characterized by the combination of the Grashof and Reynolds numbers 
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Gr g(Ts -Too)L, 

R~ U2T 

If Gr /R~ << 1 then the buoyancy forces are neglected. 

From the equation above, it can be ascertained that the buoyancy forces will be 

large relative to the inertial forces when the temperature differences within the flow are 

large and the fluid velocities are small. A global estimate of Gr /R~ for an automotive 

underhood airflow was made by Maxwell and Sullivan. The result of this analysis is 

presented in Figure 2.1. The estimate was conducted by setting the fluid temperature to 

the radiator-exit temperature Tin, the surface temperature to the engine block temperature, 

and the fluid velocity to a nominal 3 m/s. From the plot, with an inlet temperature of 

373K (lOO<>c) and block temperature of less than 423K (l500c), Gr /R~ is much less than 

1.0. From the plot, it appears that thermal buoyancy should not have significant effects 

on the global flow field. 

2.3 Previous Research 

An experimental investigation of the underhood cooling airflow at idle conditions 

was carried out with a 1989 Taurus production vehicle and also with a 3/8-scale1986 

Taurus model (Williams et al. [1991]). The 3/8-scaletest was performed at Texas Tech 

University and the production vehicle test was performed at the Maritime Dynamics 

Laboratory tow basin of SSPA Maritime Consulting AB in Gothenburg, Sweden. Both 

tests were conducted in water. The tests consisted of running a fan on a stationary and 

moving vehicle with pressure measurements and extensive flow visualization within the 

engine bay. In both the previous research at Texas Tech University and the SSPA tests, it 

was noted that the flow coming into the engine bay from the fan shroud is split into three 

principal branches after impacting the engine block. There are several related secondary 
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Figure 2.1 Global Estimate of the Significance of Buoyancy in an 
Underhood Flow (Maxwell and Sullivan [1988]). 
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branches as well. Williams has shown that the nature of the flow split is directly 

controlled by the presence of the exhaust manifold, at approximately the fan mid-plane, 

and the lateral offset of the transverse-mounted engine to the passenger's side of the 

engine compartment 

The frrst branch of flow is the upper part of the fan exit flow, which contacts the 

engine block above the exhaust manifold and runs up the front of the engine block. The 

flow separates and forms a quasi-two-dimensional jet at point E in Figure 2.2. Next, the 

upward flow hits the underside of the hood forming a transverse attachment line; this 

appears as stagnation point F in the cross-section of Figure 2.2 and an attachment line in 

Figure 2.3. The flow then splits a second time forming fmward- and aft-moving wall jets 

on the underside of the hood. The fmal destination of the forward-moving jet is not clear. 

The aft-moving jet slows as it spreads laterally, thickens, and attaches to the intake 

manifold acting as a stagnation point for the fluid (point G in Figure 2.2). On the driver's 

side, the flow heads for the dash panel and joins with a downward stream that exits 

behind the engine. 

A second major branch of flow consists of a counterclockwise circulation around 

the engine, spiraling upwards, as illustrated in Figure 2.4. It develops primarily because 

the engine block is offset relative to the fan. More of the fan efflux passes to the driver's 

side of the engine and a circulatory motion is set up. This flow. which probably carries 

the heaviest heat load from the engine and exhaust system, is diverted to the driver's side 

of the engine bay, over the transmission and below the flexible duct connecting the air 

cleaner and intake manifold. It continues to the dash panel where it is turned laterally 

along the back of the engine (section J of Figure 2.4) with a general upward drift A 

significant fraction of the flow against the dash panel is diverted downward, to the 

ground. Next, the circulatory flow turns forward to the front of the engine bay and starts 

a second circuit at a higher level in the engine compartment (point H in Figures 2.2, 2.3, 
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Figure 2.2 Vertical Section at Fan Centerline (Williams et al. 
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Figure 2.3 Flow field in the Region Just Below the Hood Surface 
(Williams et al. [1991]). 
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Figure 2.4 Mid-level Circulatory Flow in Horizontal Planes 
(Williams et al. [1991]). 
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and 2.4). The upper part of the stream does not complete the circuit, but drifts upward to 

impact the air cleaner. 

The third branch of flow consists of the fan efflux which impacts the engine block 

below the exhaust manifold. This flow is diverted downward toward the ground with 

virtually all of the flow channeled between the engine and the front cross member (point I 

in Figure 2.2). 

The vertical face of the oil pan directs the flow to a stagnation point on the 

ground, and the majority of the flow continues toward the rear along the ground with 

some lateral dispersion. Due to minor modeling inconsistencies on the 3/8-scalemodel, 

the downward flow direction was more vertical and resulted in a significant upstream 

dispersion and recirculation of the flow from the stagnation point on the ground. 

In addition to the three principal branches of flow, Williams et al. [1991) noted 

other secondary flows at the front of the engine compartment which have significant 

effects on the underhood thermal environment Each of these secondary flows results in 

the presence of low-speed air in the front corners of the underhood compartment. Due to 

the action of the cooling fan, the fluid recirculates forward through openings in the 

radiator support and the gap in the hood seal (point L in Figure 2.3). These flows 

recirculate directly back through the air conditioning condenser and radiator and can 

cause a rise in their inlet temperatures. 

The third branch of flow which consists of the fan efflux, which impacts the 

engine block below the exhaust manifold and exits between the engine and the front cross 

member, was of principal interest for the currently reported underbody flow visualization 

study. Due to the differences in flow behavior seen between the testing at Sweden and 

the testing with the 3/8-scale 1986 Taurus model, a new 3/8-scalemodel was constructed 

with greater attention to detail and with correct geometry. An investigation was 
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conducted to study the effects of front cross member location at idle conditions on 

underbody airflow. Also, the effects of baffles on recirculation were also studied. 
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CHAPTER III 

EXPERIMENTAL SETUP AND PROCEDURE 

3.1 Tow-Tank 

To study the underbody airflow behavior of a 1992 Taurus, the Texas Tech 

University tow-tank, depicted in Figure 3.1, was utilized. A tow-tank was used instead of 

a wind tunnel to allow easier flow visualization of the fluid. At equivalent Reynolds 

numbers, the velocity of the water is approximately 1/16 the velocity of air. 

The tow-tank is 80ft. long, 20ft. wide, and 15ft. deep. A carriage is mounted on 

top of the tow-tank which may be used to drive a vehicle or model through the water. 

The carriage is guided by the two rails and is able to move longitudinally over the water. 

The maximum velocity of the carriage is 5 ftls and is achieved through a 240 Volt, 15 

hp., 1750 rpm, electric motor which powers the wheels on the carriage. 

3.2 3/8-Scale Model 

A 3/8-scale1992 Taurus model was used for the flow visualization tests. As can 

be seen from Figures 3.2 and 3.3, the model included a detailed exterior, detailed engine 

compartment geometry, as well as a detailed undercarriage. 

The Taurus cooling system has a fan shroud that only partially covers the radiator 

exit face area, resulting in a bypass area for airflow. This configuration separates the 

flow into two channels as it moves through the radiator. The radiator and shroud is 

simulated in the model by including a 3/8-scale fan shroud mounted to a screen which 

simulates the blockage of the radiator and shroud. The screen which simulates radiator 

blockage is shown in Figure 3.4. 

The fan was driven by a flexible cable routed behind the bumper and through the 

vehicle interior. The cable exited at the rear of the vehicle, and extended out of the water. 
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Figure 3.1 The Texas Tech University Tow-tank. 
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Figure 3.2 1992 3/8-Scale Taurus Exterior. 
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Figure 3.3 1992 3/8-Scale Taurus Underbody. 
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Figure 3.4 Screen Simulating Blockage of Radiator. 
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The cable was connected to a 90 Volt, DC, 1/2 hp., 1725 rpm, electric motor equipped 

with a variable speed controller. The electric motor, variable speed controller, and speed 

display are shown in Figure 3.5. The fan was typically run at 600 rpm which is the 

Reynolds number equivalent of 1200 rpm for a full-scale Taurus in air. 

3.3 Plexi~:las Boat 

The 3/8-scalemodel was mounted upside down on a 10ft by 6ft Plexiglas 

bottom boat The model was mounted upside down so that the viewing of the underbody 

could be achieved from above the water. The model attached to the boat is shown in 

Figure 3.6. The model was bolted to the frame, through the Plexiglas, at each of its tires. 

The Plexiglas frame was supported by four wheels on each side of the frame which slide 

into two tracks mounted under the tow-tank carriage. In Figure 3. 7, the Plexiglas boat is 

shown under the tow-tank carriage. In this way, the model could be longitudinally 

situated for optimum camera recording. The water level in the tow-tank was adjusted to 

the bottom of the Plexiglas surface to eliminate image distortions due to waves on the 

water surface. 

3.4 PyeWand 

Dye was injected using a hand-held wand at various locations of the underbody. 

The dye wand was 6 ftlong, 1/4 in. in diameter, with a 90-degree bend. The dye was 

emitted through a 1/64 in. diameter tip. An over-center toggle valve was used to control 

the rate of dye injection. The dye wand is shown in Figure 3.8. 

Red food coloring was used as a dye. The dye is neutrally buoyant and, therefore, 

did not sink to the bottom of the tow-tank nor rise to the top of the surface when injected 

within the water. To keep a maximum color contrast between the dye and the water, the 

dye was not diluted. In all cases, care was taken to inject the dye at low rates and 
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Figure 3.5 Electric Motor Assembly. 
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Figure 3.6 Taurus Model Mounted to Plexiglas Boat. 
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Figure 3.7 Plexiglas Boat with Model Mounted Under Tow-tank 
Carriage. 
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Figure 3.8 Dye Wand. 
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velocities so that the surrounding flow patterns could be marked with minimal 

disturbance from the dye. 

3.5 Video Camera 

Two video cameras were utilized to record the flow visualization data. An 

overhead camera was mounted on a bar running across the top of the tow tank carriage as 

shown in Figure 3.9. This camera was situated perpendicular to the underbody of the 

vehicle and recorded the flow field as seen through the Plexiglas boat. 

A second camera in a water tight enclosure was operated underwater to record 

side, comer, and front views of the model. The camera allowed full remote control with 

zoom and autofocus. By moving the Plexiglas boat on the rails, and changing the angle 

of the underwater camera, many critical areas of flow which could not be revealed by the 

overhead camera were made visually accessible. The camera in the water tight enclosure 

is shown in Figure 3.10. 

3.6 Underbody Modifications 

3.6.1 Base Confi~:uration 

The underbody of the 3/8-scale model in the stock configuration is shown in 

Figure 3.11. This configuration is used in the following discussions as a base 

configuration to which the modified configurations are compared. The principal 

underbody features for the base model include the front bumper, radiator support with a 

small spoiler attached, front cross member, engine and transmission, catalytic converter, 

two fender wells with stock scale wheels and tires, rear cross member, and a dash panel. 

3.6.2 Model Without Cross Member 

The underbody with the front cross member removed is shown in Figure 3.12. 

The removal of the front cross member is expected to promote greater airflow toward the 

ground plane through the large opening between the radiator support and the front of the 
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Figure 3.9 Overhead Camera. 
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Figure 3.10 Underwater Camera. 
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Figure 3.11 Base Configuration of Taurus Model. 
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Figure 3.12 Taurus Model with Front Cross Member Removed. 

27 



engine. However, from a practicality standpoint. the structural rigidity of a production 

vehicle would be severely altered with the complete removal of the cross member and 

would require major modifications to implement. There is also concern with this 

configuration that a significant portion of the fan exit flow will recirculate to the front of 

the radiator after impinging against the ground plane. 

3.6.3 Cross Member in Forward Position 

The front cross member was moved forward so that the opening between it and 

the radiator support was essentially closed (Figure 3.13). It is expected that moving the 

cross member forward would inhibit flow from exiting between the radiator support and 

the front cross member. It is also expected that moving the cross member forward would 

promote greater airflow rejection to the ground level between the front cross member and 

the front of the engine. 

3.6.4 Cross Member in Rear Position 

With the front cross member in the rear position, the opening between the cross 

member and the engine and transmission is minimized as seen in Figure 3.14. This 

configuration is expected to channel air flow from the radiator to the rear of the engine 

compartment instead of allowing it to exit beneath the engine. However, this 

configuration is also expected to create a high pressure area within the engine 

compartment. 

3.6.5 Stock Confi1:uration with Baffle #1 

With the cross member in the stock position, a baffle was added to the underbody 

and the front spoiler on the radiator support was removed. The baffle extended from the 

front bumper to the rear of the front cross member. The model with the baffle attached is 

shown in Figure 3.15. The baffle was sealed completely thereby allowing no fluid to pass 

between the baffle and bottom edge of the bumper. The intended function of the baffle is 
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Figure 3.13 Taurus Model with Cross Member in Forward 
Position. 
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Figure 3.14 Taurus Model with Cross Member in Rear Position. 
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Figure 3.15 Taurus Model with Baffle #1. 
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to prevent air from recirculating forward and back through the radiator. The baffle is also 

expected to smooth the underbody airflow and reduce aerodynamic drag. 

3.6.6 Stock Confi~uration with Ba{fles #1 and #2 

Along with the baffle mentioned previously, a second baffle was added to the 

underbody (Figure 3. 16). This baffle covers the entire underbody of the engine 

compartment from the rear edge of the first baffle to the rear edge of the left and right 

chassis rails connecting the front and rear cross member. The left and right sides of the 

second baffle follow the exact shape of the left and right chassis rails. The intended 

function of the second baffle along with the frrst baffle is to prevent fluid from exiting the 

engine compartment except between the rear cross member and dash panel, and the wheel 

wells. The second baffle along with the first baffle is also expected to further reduce 

underbody drag. 

3.7 Procedures Used in Data Acquisition 

To analyze the Taurus underbody flow field thoroughly, both written and visual 

records were kept. The general procedure for the flow visualization analysis consisted of 

analyzing a single section of the underbody at a time and then linking the sections 

together in order to understand the overall flow pattern. 

In order for the viewer to understand the complex underbody flow field, arrows 

placed on the Plexiglas ground plane were used to show the direction of the flow in the 

different areas. Since the underbody flow is three dimensional, different color arrows 

were used to indicate flow directions at various vertical levels. Figure 3.17 shows a 

representative flow map using these arrows. Yellow arrows were used to denote external 

"fresh" airflow at approximately the bumper level, pink arrows were used to indicate flow 

between the ground and the underbody and blue arrows were used to denote flow within 

the engine compartment, or flow above the underbody of the vehicle. 
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Figure 3.16 Taurus Model with Baffles #1 and #2. 
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Figure 3.17 Representative Map of Underbody Flow Field. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

A 3/8-scale 1992 Taurus model was used in a flow visualization study to 

characterize the general nature of the flow in the underbody region. The flow patterns 

revealed by injecting dye into the flow were recorded through a clear Plexiglas ground 

plane and from an underwater camera. Colored arrows placed on the ground plane were 

used to assist in defining and documenting the underbody flow. The flow field was 

mapped by investigating small regions in detail which could be pieced together to 

determine the larger global flow patterns. The principal geometric variations evaluated 

consisted of various positions of the front cross member and the addition of variable 

length belly pans. 

4. 1 Base Confi2uration 

From the fmdings presented by Williams et al. [1991], the cooling fan efflux was 

noted to have three primary flow branches after impinging on the engine block. Two of 

the branches are contained within the engine compartment and consist of upward flow to 

an attachment line on the inner hood surface with subsequent rearward and lateral 

dispersion, and a counterclockwise circulatory flow resulting from the asymmetry of the 

engine block obstruction to the shroud flow. The third branch of the fan efflux consists 

of flow which is channeled between the engine/transmission assembly and the front cross 

member and directed beneath the vehicle. This third exit stream is of principal interest 

for the current underbody flow visualization study. 

The underbody flow field is dominated by two large counter-rotating vortices with 

axes perpendicular to the ground plane. A clockwise vortex is developed on the 

passenger's side and is represented by the pink arrows in Figure 4.1. The driver's side is 

dominated by a counterclockwise vortex also represented by pink arrows in Figure 4.2. 
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Each of the vortices is associated with a stagnation point on the ground plane. The 

stagnation point indicated at point A of Figure 4.2 is a result of the obstruction to the 

flow, caused by the engine oil pan. Part of the fluid which exits between the front cross 

member and engine oil pan flows smoothly under the engine oil pan while part of the 

fluid is deflected downward to the stagnation point on the ground plane. The starter 

motor is situated in front of the engine oil pan and has a streamlining effect on the flow 

since it shields part of the vertical front face of the oil pan. However, since the starter 

motor does not extend across the entire width of the oil pan, there is a region, represented 

by the yellow strip at region A, where the fluid impacts the front of the engine oil pan 

directly and is deflected almost vertically downward, creating a stagnation point on the 

ground. The fluid which impacts the ground is dispersed in all directions with some of 

the fluid recirculating due to the clockwise vortex. 

There is a similar area underneath the transmission, represented by region B in 

Figure 4.2, where another stagnation point exists. The fluid flowing between the cross 

member and the front edge of the transmission is deflected vertically downward by a flat 

surface segment on the transmission housing, indicated by the yellow strip in Figure 4.2, 

thereby creating a second stagnation point on the ground plane. The fluid which impacts 

the ground eventually flows to the rear with some lateral dispersion of fluid which exits 

behind the driver's side front tire. 

The rotation of the flow around the stagnation points is caused by a high velocity 

jet which exists between the clockwise and counterclockwise vortices. The jet flow 

occurs because of the opening between the engine oil pan and transmission, indicated by 

region C in Figure 4.2, which creates a low resistance path for the fan flow to be 

channeled from the front to the rear. The tapering of the pink arrows in Figure 4.2, ahead 

of the jet flow represents the merging and acceleration of the clockwise and 

counterclockwise flows. 
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Figure 4.1 Underbody Flow Field of Base Configuration 
(Passenger's Side) 
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Figure 4.2 Underbody Row Field of Base Configuration (Center 
Section) 
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A high velocity. high volume stream also exists under the passenger side of the 

front cross member due to the reduced depth of the engine oil pan underside which results 

in a relatively large opening. This area, which is offset to the left of the fan (region D of 

Figure 4.2), produces a diagonal flow along the ground. This fluid flows under the 

catalytic converter and exits below the passenger's side fender well both in front of and 

behind the tire. Some of the exiting flow eventually recirculates back into the engine 

compartment due to the large clockwise vortex. 

Fan induction affects a large region at the front of the vehicle. The majority of 

fresh air is drawn by the fan into the engine compartment through the opening on the 

lower portion of the bumper as indicated by the yellow arrows at the top of Figure 4.1. 

In addition, some of the fluid flows underneath the front and sides of the bumper 

without passing through the radiator as represented by the yellow arrows of Figures 4.1 

and 4.3. This flow is induced by and entrained into the two counter-rotating vortices. 

Fresh air is also drawn in through the fender wells. Fluid enters both fender wells 

at a level above the bottom surface of the underbody (points E in Figures 4.1 and 4.3). 

On the passenger's side, as mentioned previously, part of the fan efflux results in a lateral 

flow from beneath the vehicle. The inlet flow through the fender well and lateral exiting 

flow produce a fluid shear, causing some mixing. 

Flow which enters the driver's and passenger's side fender wells eventually flows 

through the front of the radiator. The fluid is drawn along the backside of the bumper 

and between the bumper and the radiator support. The fluid is then drawn through the 

radiator by the cooling fan. 

The low pressure ahead of radiator, and the high pressure behind the radiator 

produce recirculation at comers of the radiator support (points F in Figure 4.2) and also 

39 



Figure 4.3 Underbody A ow Field of Base Configuration (Driver's 
Side) 
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through the bypass area (point G in Figure 4.2). When the vehicle is moving, the bypass 

area creates a direct flow path through the radiator. However, at idle, the fluid flows 

backwards through the bypass area. This flow recirculation through the bypass area is 

evident on all six of the configurations which were studied. 

An interesting and unexpected flow feature was a small, but intense near-vertical 

line vortex between the radiator support and front of the cross member. This is indicated 

by point H in Figure 4.2. The vortex carries an axial flow from the ground plane up and 

into the engine compartment The vortex is apparently entrained by the fan exit flow 

which impacts the front of the engine. 

4.2 Front Cross Member Removed 

In this configuration, the underbody flow field is also dominated by the two large 

counter-rotating vortices. However, due to the removal of the cross member, the fraction 

of the fan efflux which flows below the engine/transmission assembly is greater. The 

flow over the starter motor, indicated by region I in Figure 4.4, carries directly to the rear 

with little restriction. This stronger jet flow. which is now centered under the cooling 

fan, creates correspondingly stronger counter-rotating vortices. With the removal of the 

front cross member, the effect of the starter motor in streamlining the flow over the 

engine oil pan is more evident. However, there is also a larger volume of fluid deflected 

downward by the exposed portion of the engine oil pan (region J of Figure 4.4). 

The increase in flow under the catalytic converter causes a greater amount of exit 

flow under the fender well than for the base configuration as indicated in Figure 4.5. 

With the removal of the cross member, the fluid does not deflect as sharply as in the base 

configuration, and instead flows diagonally in front of the catalytic converter as indicated 

by the pink and blue arrows in Figure 4.5. The amount of recirculation into the radiator 

caused by the clockwise vortex is approximately the same as in the base configuration. 
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Figure 4.4 Underbody Flow Field with Front Cross Member 
Removed (Center Section) 
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Figure 4.5 Underbody Flow Field with Front Cross Member 
Removed (Passenger's Side) 
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Due to the removal of the front cross member, the fan effiux impacts a greater 

area of the transmission (region K of Figure 4.4). The protruding surfaces of the 

transmission in this area, indicated by the yellow strip in Figure 4.4, cause the fluid to 

deflect almost vertically downward causing a larger stagnation area to develop on the 

ground plane than on the base configuration. The fluid which impacts the ground plane 

disperses in all directions. 

The stronger counterclockwise flow on the driver's side results in flow exiting 

below the fender well both in front of and behind the tire as indicated by the pink arrows 

in Figure 4.6. The part of the fluid which exits in front of the tire (section L of Figure 

4.6) eventually recirculates back through the frontal opening of the bumper. Compared 

with the base configuration, there is a greater amount of flow recirculation into the 

radiator caused by the counterclockwise flow. 

Lateral exit flows occur under both the driver's and passenger's side fender wells 

(regions L of Figures 4.5 and 4.6). Consequently, fluid shear is produced between the 

flow entering the fender wells and the exit flow beneath the vehicle causing the fluid to 

mtx. 

Recirculation at the ends of the radiator support and through the bypass area 

caused by the pressure differential across the radiator is greater than in the base 

configuration. Due to the lack of the cross member, a greater portion of recirculating 

fluid is directly accessible to the comers of the radiator support. 

The intense vertical clockwise vortex located between the radiator support and 

front of the cross member is also evident for this configuration (point M on Figure 4.5). 

As mentioned in the previous section, the clockwise vortex carries the fluid upward into 

the engine compartment. However, the strong exiting flow under the catalytic converter 

forces the upward flow to deflect rearward. 
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Figure 4.6 Underbody Flow Field with Front Cross Member 
Removed (Driver's Side) 
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Generally, with the front cross member removed, there is a higher percentage of 

fluid which flows under the engine instead of above. Compared with the base 

configuration, there is also a greater amount of recirculation into the radiator caused by 

the strong counterclockwiseflow on the driver's side of the vehicle. 

4.3 Front Cross Member in Forward Position 

The flow characteristics of this configuration are similar to the case without the 

cross member with some additional adverse effects. With the cross member moved 

forward, the flow between the cross member and the engineJtransmission assembly is 

only slightly more restricted than with the cross member completely removed. A similar 

strong flow over the starter motor causes a jet which results in counter-rotating vortices. 

On the driver's side of the vehicle, the protruding surfaces of the transmission, 

indicated by the yellow strip in Figure 4.7, deflect the flow from the radiator. However, a 

significant portion of the fluid which impacts the ground plane, disperses forward and is 

recirculated through the radiator between the radiator support and the bumper (region N 

of Figure 4. 7). Likewise, the flow which is deflected by the front face of the engine oil 

pan impacts the ground plane and is dispersed forward as indicated in Figure 4.8. This 

fluid eventually recirculates between the radiator support and the bumper (region 0 of 

Figure 4.8). 

On the driver's side, there is vigorous flow rejection under the fender well both in 

front of and behind the tire. In addition, fresh air is drawn in from both in front of and 

behind the tire and a shear layer develops between the opposing flows. The fluid which 

exits in front of the tire flows in a counterclockwise manner and is recirculated into the 

radiator between the radiator support and the front bumper and also through the frontal 

opening of the bumper. 

On the passenger's side, there is also a strong exit fluid flow under the fender well 

both in front of and behind the tire and fresh air enters the fender well in front of the tire. 
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Figure 4.7 Underbody Flow Field with Cross Member in Forward 
Position (Driver's Side) 
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Figure 4.8 Underbody Flow Field with Cross Member in Forward 
Position (Center Section) 
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Some of the flow which exits the fender well is recirculated between the radiator support 

and the front bumper. 

Compared to all the configurations which were studied, the greatest amount of 

recirculation through the cooling fan was witnessed in this configuration. The intense 

localized clockwise vortex was not evident in this configuration. 

4.4 Cross Member in Rear Position 

In this configuration, the two counter-rotating vortices are not adjacent to one 

another. The clockwise vortex is shifted toward the front bumper (Figure 4.9) while the 

counterclockwisevortex is shifted to the rear (Figure 4.10). 

The counterclockwiseflow on the driver's side is located more directly below the 

transmission than for the base configuration as indicated by the pink arrows in Figure 

4.1 0. Due to this shift, less of the counterclockwiseflow reaches the opening between the 

radiator support and the front bumper, or the opening in the front bumper where the 

majority of the fluid recirculation occurred for the base configuration. No exiting flow is 

evident in front of the tire but instead, a greater exit flow occurs behind the tire. Most of 

the flow behind the tire originates from between the inner fender panel and the 

transmission (region P of Figure 4.1 0) instead of between the underbody and ground 

plane as on the previous three configurations discussed. 

Due to the reduced opening between the front cross member and the 

engine/transmission assembly, less of the exiting fluid from the cooling fan flows through 

this area. Between the transmission and the front cross member, there is virtually no 

flow. However, a significant amount of flow is still evident between the cross member 

and the engine oil pan. As witnessed on the other configurations, some of the flow is 

streamlined over the starter motor while some directly impacts the front of the oil pan and 

is deflected downward. 
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Figure 4.9 Underbody Flow Field with Cross Member in Rear 
Position (Passenger's Side) 
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Figure 4.10 Underbody Flow Field with Cross Member in Rear 
Position (Driver's Side) 
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A unique flow feature in this configuration is a rejection of flow between the back 

side of the engine oil pan and the edge of the transmission (region Q on Figure 4.9). The 

fluid rejected at region Q flows forward across the oil pan until it intersects with the flow 

between the cross member and the front edge of the engine oil pan, causing the stagnation 

point to shift slightly forward. 

On the passenger's side, the flow between the cross member and catalytic 

converter results in a lateral exit flow under the fender well both in front of and behind 

the tire. However, unlike the base configuration, there is a strong reverse diagonal exit 

flow component indicated by the pink arrow labeled R in Figure 4.9, which coupled with 

the clockwise vortex, results in a significant amount of fluid recirculation between the 

radiator support and front bumper, and through the opening on the front bumper. 

There is also a localized clockwise vortex with the center in the same location as 

in the base configuration (point S of Figure 4.9). This vortex displays the same 

characteristics as in the other configurations in which the vortex was evident. 

4.5 Base Confi~:uration with Baffie #1 

With the cross member in the stock position, a baffie was added to the underbody 

and the front spoiler on the radiator support was removed. The baffle extended from the 

front bumper to the rear of the front cross member. The most significant difference in 

flow behavior between this configuration and the base configuration is the lack of activity 

associated with the large counter-rotating vortices. On the passenger's side underbody, 

the clockwise vortex is virtually nonexistent and the counterclockwise vortex on the 

driver's side is relatively weak. 

With the baffle in place, a significant amount of fluid flows underneath the front 

and sides of the baffle as shown by the pink and yellow arrows in Figures 4.11 and 4.12. 

The fluid is jetted to the rear by the fluid exiting between the front cross member and the 

engine. 
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Figure 4.11 Underbody Flow Field of Base Configuration with 
Baffle #1 (Passenger's Side) 
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Figure 4.12 Underbody Flow Field of Base Configuration with 
Baffle #1 (Driver's Side) 
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The exposed flat surfaces on the transmission and the engine oil pan create a flow 

behavior similar to that seen on the base configuration (points T and U in Figure 4.13). 

The flow is deflected downward and creates stagnation points on the ground. However, 

the fluid dispersion, which results from the impact with the ground plane, occurs more to 

the rear and sides of the vehicle with very little of the fluid dispersed forward. 

The flow behavior between the front cross member and the catalytic converter is 

similar to that which was seen on the base configuration. The fluid exits both in front of 

and behind the tire. However, unlike in the base configuration, where some of this exit 

flow is recirculated back into the engine compartment, the exit flow continues outward 

with no recirculation. 

On the driver's side, fluid enters the fender well in front of and in back of the tire. 

The fluid exits between the transmission and the inner fender panel in back of the tire. 

There is a small counterclockwiserotation (region V of Figure 4.12) which carries a slight 

lateral dispersion of fluid from the stagnation point The baffle closes the opening 

between the radiator support and front bumper and prevents the counterclockwiseflow 

from recirculating. 

In addition to the success of the baffle in preventing recirculation associated with 

the large vortices, a significantly greater amount of fresh airflow is drawn into the fender 

wells compared to the base configuration. However, greater recirculation of the fan 

efflux is also evident around the comers of the radiator support and through the bypass 

area compared with the other configurations discussed above (regions Wand X in 

Figures 4.11 and 4.12). 

4.6 Base Configuration with Ba[fles #1 and #2 

Along with baffle # 1, a second baffle was added to the underbody. This baffle 

covered the entire underbody of the engine compartment from the rear edge of the first 

baffle to the rear edge of the left and right chassis rails connecting the front and rear cross 
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Figure 4.13 Underbody Flow Field of Base Configuration with 
Baffle #1 (Center Section) 
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member. The left and right sides of the second baffle followed the exact shape of the left 

and right chassis rails. 

The flow behavior in this configuration is very distinct Toward the passenger's 

side of the frontal opening of the bumper, there is a localized clockwise vortex (pointY 

on Figure 4.14) which carries flow from the opening up into the radiator. Along with the 

fresh flow which is drawn into the opening, underneath the baffle, there is a very slow 

reverse flow which is drawn toward this clockwise vortex at the frontal opening from all 

directions as indicated by the pink arrows in Figure 4.14. 

On the driver's side, fluid enters the fender well in front of and behind the tire. No 

exiting flow is evident in front of the tire but instead, a greater exit flow occurs behind the 

tire (Figure 4.15). Just as in the case with the cross member in the rear position, most of 

the flow behind the tire originates from between the inner fender panel and the 

transmission instead of between the underbody and ground plane. 

On the passenger's side, fluid flows into the fender well in front of the tire and 

exits both in front of and behind the tire. Due to the blockage created by the second 

baffle, the portion of the fan efflux which flows between the cross member and catalytic 

converter, exits the side of the underbody between the inner fender panel and the chassis 

rail connecting the front and rear cross members (Figure 4.16). 

In this configuration, a greater amount of fresh airflow is drawn into the fenders. 

Above the baffle on the passenger's side, a significant portion of the fan efflux is 

recirculated around the comer of the radiator support and the bypass area as indicated by 

the blue arrows in Figure 4.16. On the driver's side, there is a small counterclockwise 

flow above the baffles which causes part of the exit flow from the fan to travel around the 

comer of the radiator support. 
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Figure 4.14 Underbody Flow Field of Base Configuration with 
Baffles #1 and #2 (Center Section) 

58 



Figure 4.15 Underbody Flow Field of Base Configuration with 
Baffles #1 and #2 (Driver's Side) 
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Figure 4.16 Underbody Flow Field of Base Configuration with 
Baffles # 1 and #2 (Passenger's Side) 
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Since the baffle covers the entire engine compartment underbody, the fan efflux is 

not able to exit the engine compartment between the front cross member and 

engine/transmission assembly, and remains within the engine compartment for a longer 

period. Even though there is an opening between the rear edge of the baffle and the dash 

panel, most of the fluid is rejected out the fender wells instead of between the baffle and 

the dash panel. 
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CHAPTER V 

CONCLUSION 

Flow visualization studies at idle conditions were conducted on a 3/8-scale model 

of a 1992 Ford Taurus in order to understand and improve the underbody flow behavior. 

Modifications made to the underbody include altering the placement of the front cross 

member and adding underbody baffles to channel the airflow. 

The underbody flow fields of six configurations including the stock configuration 

were studied and mapped. The stock configuration was used as a base to which the five 

modified configurations were compared to. All the configurations studied displayed 

some positive and negative flow characteristics. Four of the five underbody 

modifications resulted in flow characteristics which overall adversely affected base 

configuration cooling airflow or resulted in no improvement over the base configuration. 

The major findings from the six different configurations is as follows. From the 

stock configuration, the general flow features of the Taurus underbody were made 

apparent In the configuration with the front cross member removed, the larger opening 

between the front cross member and the engine/transmission assembly promotes stronger 

jet flow and stronger counter-rotating vortices which results in a high amount of flow 

recirculation. With the front cross member in the forward position, a significant portion 

of the fluid which impacts the stagnation points flows directly forward toward the 

opening between the radiator support and front bumper. With the cross member in the 

rear position, the rejection of flow between the back side of the engine oil pan and the 

edge of the transmission results in forward flow across the oil pan shifting the stagnation 

point under the oil pan to shift slightly forward. The addition of the frrst baffle (baffle #1) 

results in the elimination of flow recirculation between the front bumper and the radiator 

support and the least amount of recirculation occurs through the bumper opening. With 
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the second baffle attached along with the first baffle in place, a slow reverse flow occurs 

underneath the baffles and cooling efflux remains within the engine compartment for a 

longer period compared to any of the other configurations discussed. 

The stock configuration with the addition of the underbody baffle which extended 

from the bumper to the rear of the front cross member (baffle #1) produced the only 

improvement over the stock configuration in underbody flow characteristics. With this 

configuration, the flow between the front bumper and radiator support was eliminated 

and prevented any recirculation of radiator efflux through this area. There was also 

minimum flow recirculation through the bumper opening and greater fresh airflow into 

the fender wells. With the underbody baffle, a possible reduction of aerodynamic drag 

could be realized due to the smooth underside of the baffle. The only adverse effects are 

the greater reverse flows around the comers of the radiator support and through the 

bypass area. 

This underbody flow visualization study illustrates the importance of correct 

underhood and underbody geometry in scale model testing. Scale model testing offers 

the advantage of simplicity and convenience with relatively low test facility costs. 

However, without the correct attention to detail, the findings may not necessarily reflect 

the characteristics found in the actual production vehicle. 
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