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CHAPTER 1 

INTRODUCTION 

The engine cooling system consists of three major components: cooling 

air inlets, radiator, and cooling fan. The space available for the radiator is 

defined and limited by the exterior body styling, structural cross members, 

headlights, engine, and auxiliaries. Consequently, significant improvements in 

cooling capacity cannot be achieved through large increases in radiator size. 

The fan is critical to cooling performance at idle and during low speed 

operation. Under these conditions, cooling capacity is improved by increasing 

the fan size, speed and aerodynamic efficiency. At high vehicle speeds, cooling 

is dependent on the effectiveness with which the vehicle motion is used to force 

air through the radiator. 

The driving force is derived from the dynamic pressure associated with 

the relative wind velocity and is often referred to as "ram pressure." Under 

these conditions, most of the cooling improvements must be accomplished with 

modifications to the cooling air inlets which are the principal focus of the study 

reported herein. Besides being functionally important, the cooling air inlets are 

also a distinctive appearance element of an automobile so that the automotive 

stylists play a major role in determining their shape and location. 

In the past, the design of engine cooling air inlets has been primarily a 

trial and success process . This method is not only time consuming but is also 

expensive due to the experimental testing required. In addition, the testing 

cannot be done accurately until a prototype is constructed, which requires a 

substantial portion of the production tooling. As a result, cooling system 

changes can only be made at great expense or are not implemented until later 

models of the vehicle are produced. 

Since the mid-1970s, the need for a method to replace the "cut and try" 

approach to cooling system design has been addressed by several automotive 

researchers. Hawes (1976) indicated that engine cooling power requirements 

may be reduced by careful design of the air circuit. He noted that for the same 

radiator air-circuit and cooling requirement, the inefficient use of the free stream 

dynamic pressure or ram air could require over 30% more power from an 

engine than the fan would. In other words, an overly large inlet is not desirable 

from the standpoint of fuel economy. 
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Olson (1978) developed a wind tunnel testing technique that utilized a 

rake of multiple vane-anemometers, mounted behind the radiator, to measure 

the air flow through the radiator. This technique provided data that could be 

used to quantify the effects of various front-end flow circuit components. 

However, the influence mechanisms of the air intakes, bumper spoilers, and air 

dams on cooling flow rate could only be understood qualitatively through flow 

visualization. 

Schaub and Charles ( 1980) studied the relationship between the ram air 

flow and the radiator fan. A stream tube concept (Figures 1.1 and 1.2) was used 

to assess the front grille losses. The researchers noted that the entrance area 

to the cooling air flow stream tube is infinitely large when the vehicle is 

stationary with the fan running. However, as the vehicle speed increases, the 

entrance area reduces and can be quite small (compared to the vehicle frontal 

area) at high speed. The smaller stream tube changes the velocity field at the 

grille considerably by raising the local velocities which result in large increases 

in front end losses under ram conditions. 

To determine the viability of grille open area (GOA) as a design 

parameter, Williams (1985) performed a wind tunnel experiment on seven 

Escort-derived vehicles with the same radiator, fan, shroud, and fan rpm but 

different front-end designs. The flow measurement results indicated that GOA 

can only account for approximately 53% of the variability in air flow and that 

47% is due to other effects such as the fan performance or the engine bay back 

pressure. In short, GOA is not a good cooling system design parameter. 

Renn and Gilhaus (1986) stressed the positive effect of providing ducting 

between the air intake and the radiator. Ducting increases the performance of 

the cooling system by providing a guided path for air to reach the radiator and 

by preventing hot air from recirculating. The ducting also improves fuel 

economy by avoiding the unnecessary momentum losses for air flow which 

goes through the grille openings but leaks past the ra_diator. 

A successful numerical model (TIU_COOL) for the prediction of the 

cooling air flow rate was developed by Oler and Jordan(1989) and later 

extended to predict heat rejection parameters (Jordan and Oler, 1990). These 

predictions are made for vehicle speeds, fan speeds, environmental conditions, 

and thermal loads selected by the user. The air flow rate through the 

underhood region is calculated with an iteration process which matches 

pressure rises in some components with pressure drops in others along the flow 
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path (Figure 1.3) such that the static pressures starting upstream of the vehicle 

and ending downstream match. The various pressure changes across the 

individual components are determined from correlations based on physical 

principles and experimental data. 

Oler et al. ( 1990) revealed the underlying relationships between the 

pressure loss across front end cooling openings, the cooling air flow rate, and 

the free stream velocity (vehicle speed). A wind tunnel test was conducted on 

two, one-fifth scale models of automotive front-ends with cooling openings of 

So/o, 1 0%, and 20% of the model frontal area. The Grille Ram Pressure 

Recovery Coefficient (defined section 3.3) and a velocity ratio based on a 

characteristic internal air velocity, such as the average velocity through the 

radiator or air inlets and the free stream velocity, were used to successfully 

correlate the grille pressure loss, free stream velocity, and cooling air flow rate. 

The primary objective for the study reported herein is to evaluate the 

grille pressure losses for road vehicles with styling characteristic of light trucks. 

General correlations between the pressure losses, air flow rate, vehicle speed, 

fan speed and vehicle geometric features were sought. These correlations 

would then be useful in numerical models such that developed by Oler and 

Jordan. 
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Figure 1.1 Cooling Air Stream Tube for Stationary Vehicle with Fan 
Running 
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Figure 1.2 Cooling Air Stream Tube with Vehicle Moving at High 
Speed 
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CHAPTER 2 

THEORETICAL BASIS 

The purpose of this chapter is to derive the definition for the grille 

coefficient and to show its relationship to the irreversibility rate for air flow 

through the cooling air inlets. The basic physical principles required to achieve 

these objectives are the principles of conservation of mass, force-momentum, 

conservation of energy, and entropy production. The theoretical basis for the 

form of these principles as they are applied in the following analyses may be 

found in most basic fluid and thermodynamics texts. 

2. 1 Grille Coefficient Derivation from Bernoulli's Equation 

The change in static pressure for fluid carried from the free stream through 

a cooling inlet to the front face of the radiator may be evaluated using Bernoulli's 

equation with a nonrecoverable total pressure loss (Figure 2.1 ): 

Thus, the static pressure relative to the free stream at the front face of the 

radiator is 

This expression can be nondimensionalized by dividing through by the free 

stream dynamic pressure to obtain 

where 

cp,=l-(~J -kloss 

k _~Ploss 
loss- 1 V2 

2P "" 

A slightly more compact expression for the radiator pressure coefficient is 

obtained by defining a grille coefficient as 

7 
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(2.2) 

(2.3) 

(2.4) 

(2.5) 



(2.6) 

Then, (2.7) 

which is used for the experimental evaluation of the grille coefficient as well as 

in the calculation of the radiator front face pressure in TTU_COOL. From 

Equation 2.7, it is apparent that the grille coefficient should be as high as 

possible to produce a high ram pressure at the radiator thereby facilitating the 

highest possible flow rate. 

2.2 Kloss from an Irreversibility Analysis 

The grille coefficient can also be derived from an evaluation of the 

irreversibility rate for the inlet air flow (Figure 2.1 ). The irreversibility rate for a 

one dimensional, adiabatic, steady state, and steady flow process is given as, 

I rr ( 1 2 ) ( 1 2 ) -. = hoo + 2 Voo- T ooSoo - hr + 2Vr - T coSr (2.8} 
m 

(2.9) 

Treating air as an ideal gas with constant specific heats, the change in enthalpy 

and entropy are given as, 

(2.1 0) 

(2.11) 

(2.12) 

and (2.13) 
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After substituting Equations 2.10 and 2.11 into Equation 2.9 and applying the 

approximations given by Equations 2.12 and 2.13, the following expression for 

the irreversibility per unit mass is obtained: 

lfr = (T -T.) T rToo-Tr_k-lPr-Pool l(V2- 2) m c P" 00 r + oo c 1 T 00 k p oo j + 2 00 Vr 

This equation can be reduced to 

or 

For an ideal gas 

then 

I fr = _ T ( k - 1 ) Pr - P oo 1/ ( V2 _ V 2) m oo Cp k p oo + /2 oo r 

!. =AT oo 
p poo 

I fr 1 ( 2 2) % =(P~- P,) +2P V~- V, 

(2.14) 

(2.15) 

(2.16) 

(2. 17) 

(2.18) 

From Equation 2.18, it is noted that the irreversibility per unit volume is 

equal to the change in total pressure. From the definition of the grille loss 

coefficient given by Equations 2.1 and 2.5, it follows that 

lfr 1 2 . % = 2PV oo Kloss • 

and for the grille coefficient given in Equation 2.6, 

lfr 1 2 % = 2PV oo(l- Kg) 

(2.19) 

(2.20) 

From Equation 2.20, it is apparent that with the irreversibility always 

greater than or equal to zero, it follows that the grille coefficient must always be 

less than or equal to one and could be negative. Furthermore, Equation 2.18 

illustrates that the grille losses and the grille coefficient are functions of both the 

internal and external flow conditions. 
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2. 3 An Aoproximate Evaluation of the Grille Coefficient 

The general behavior of the grille coefficient can be determined with the 

assistance of the simple conceptual model illustrated in Figure 2.1. It is 

assumed that the process followed by the air in moving from the free stream to a 

cooling inlet is reversible so that 

and 1 l (v.2')l 
p.- p =- pV II - - 1 

) I I 00 2 00 v2 
L oo J 

(2.21) 

(2.22) 

It is further assumed that there is negligible static pressure recovery as the flow 

expands and decelerates abruptly from the inlet to the radiator face area, i.e., 

(2.23) 

Equation 2.1 is used to evaluate the change in total pressure between 

the free stream and the radiator, 

(2.24) 

Equations 2.22 and 2.23 are used to eliminate the static pressure at the radiator 

in Equation 2.24 to obtain 

r ( v ]21 r ( v ]21 ~R1 = lpV21t- _r 1-lpV21t- _i I . 
oss 2 OOL voo J 2 OOL voo J (2.25) 

Nondimensionalizing Equation 2.25 by dividing through with the free stream 

dynamic pressure, simplifying, and applying the definition of the grille coefficient 

given in Equation 2.6 yields 

( 
v. J2r ( v. )21 k

9
= 1-k

1058
=1- - 1 II- _r _ I . 

voo L voo J 
(2.26) 

Continuity requires that pViA = pVrAr which can be used to substitute for the 

radiator-to-inlet velocity ratio in Equation 2.26 with the inverse of the 

corresponding area ratio, 
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( 
V; J2r ( A J21 kg= 1 - - 1 11- - 1 I 

V.., L Ar J (2.27) 

Equation 2.27 gives the functional variation of the grille coefficient with respect 

to the inlet velocity ratio and the inlet-to-radiator area ratio. Continuity may 

again be applied for an equivalent expression in terms of the radiator velocity 

ratio, i.e., 

( 
V ]

2

( A J
2 
r ( A ]21 kg= 1 - _r ~ 11- - 1 I 

Voo A1 L Ar J (2.28) 

or ( v J
2

r(A J
2 

1 kg= 1 - _r I _r -11 
voo L Ai J (2.29) 

Plots of the grille coefficient found from Equation 2.25 and 2.26 over typical 

ranges of inlet and radiator velocity ratios are presented in Figures 2.2 and 2.3, 

respectively. 

2.4 General Characteristics of the Grille Coefficient 

As will be shown in results from wind tunnel tests, the general behavior of 

the grille coefficient obtained from the preceding simplified analysis is 

representative of actual experimentally obtained results. The principal 

characteristics which may be noted and understood in light of the preceding 

definitions, analyses, and Figures 2.2 and 2.3 include: 

1. The maximum value of the grille coefficient is unity which can only occur 

with zero losses (see Equation 2.6). 

2. There is no theoretical limit on the minimum value of the grille coefficient. 

It can easily take on large negative values in a fan-dominated flow when 

the radiator front-face pressure is less than atmospheric pressure and the 

free-stream dynamic pressure is low (see Equ~tion 2. 7). 

3. A plot of grille coefficient versus radiator velocity ratio (such as presented 

in Figure 2.2) can be interpreted as a plot of grille coefficient versus 

volumetric flow rate through the inlet at a constant free stream velocity. 

Consequently, a small inlet has a higher inlet velocity ratio and lower 

pressure at the inlet than a larger one at the same radiator velocity ratio 

(see Equation 2.22). Because there is a negligible pressure recovery 
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from the inlet to the radiator, the smaller inlet also has correspondingly 

larger losses. 

4. A plot of grille coefficient versus inlet velocity ratio (such as presented in 

Figure 2.3) can be interpreted as a plot of grille coefficient versus velocity 

in the inlet at a constant free stream velocity. Since a small inlet 

experiences the same pressure as a large inlet at the same inlet velocity 

ratio, the losses associated with the nonrecoverable static pressure 

during the abrupt expansion and deceleration to the radiator front face 

are approximately equal, differing only by differences in dynamic 

pressure at the radiator (see Equation 2.24). 

5. Because of the inherent differences described above, the grille 

coefficient varies much more rapidly with radiator velocity ratio than inlet 

velocity ratio. Plotting grille coefficient versus inlet velocity ratio 

essentially removes the dependency on inlet area and isolates the grille 

coefficient's dependency on other parameters such as the inlet shape 

and location and vehicle features such as front end shapes, air dams, 

bumper spoilers, grille texture, etc. 
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Figure 2.1 Stream tube Model of Inlet Flow 
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CHAPTER 3 

TECHNICAL APPROACH 

The objective for the study reported herein is to understand the 

relationships between the pressure losses across front-end openings and 

cooling air flow rate, vehicle speed, and the size and location of the openings. 

Other effects from a bumper spoiler, air dam, license plate, and the radiator 

position are also considered. To achieve this objective, a wind tunnel 

experiment was conducted on a production mid-size truck. 

3.1 Lockheed Low Speed Wind Tunnel 

The experiment was conducted in the low speed wind tunnel (illustrated 

in Figures 3.1 and 3.2) of the Lockheed Aeronautical System Company (LASC), 

located in Atlanta, Georgia. The wind tunnel is a horizontal, closed circuit 

tunnel with an overall circuit centerline length of 780.5 feet. The test section is 

23.25 feet wide, 16.25 feet high, and 43 feet long. The maximum air speed 

which can be produced in the tunnel test section is 200 mph. 

Aerodynamic force measurements on a test vehicle are accomplished 

with a six-component pyramidal balance located beneath a turntable located in 

the test section floor. The balance system, as shown in Figure 3.3, consists of a 

rigid earth frame, coupled lift levers, a forces frame and a moment frame. The 

moments frame includes a yaw turntable together with the equipment required 

to support the model within the wind tunnel. The coupled lift levers integrate the 

lift loads transferred through four vertical links that suspend the forces frame 

and allow it only horizontal motion. The moments frame is suspended from 

within the forces frame by a virtual center pyramid linkage. Vertical and 

horizontal forces are transmitted through the model support struts to the top of 

the moments frame and then to the coupled levers through the inclined links, 

the forces frame, and the vertical links. 

The balance is designed for identical maximum aerodynamic loads and 

moments about the balance virtual center using either a strut system or one of a 

number of test section floor-level mounting systems. The nominal balance load 

limits listed in Table 3.1 include the static weight inputs from a model and its 

supports. The coefficient limit accuracies are for an automobile of 22.5-square 
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foot reference area and 9-foot reference length (wheel base) tested at 70 mph 

and standard day conditions. 

Table 3.1 Wind Tunnel Aerodynamic Force Measurement Capabilities 

Force Component Limit Load Range Coefficient 

Lift ± 10,000 pound ± 0.0009 

Drag ± 1,500 pound ± 0.0005 

Pitching Moment ± 1 0,000 pound-foot ± 0.0005 

Side Force, pound ± 10,000 pound ± 0.0009 

Yawing Moment ± 10,000 pound-foot ± 0.0004 

Rollin_g Moment ± 30,000 pound-foot ± 0.0004 

The basic tunnel operation as well as aerodynamic force and moment 

measurements are provided by Lockheed. The instantaneous tunnel conditions 

and the measurement results are saved as print-outs and disk and tape data 

files. The basic charge for use of the wind tunnel is approximately $1600 per 

hour. Consequently, it is always important to plan tests so that they can be 

accomplished as efficiently and productively as possible. 

3.2 Test Vehicle Preparation 

The test vehicle used for the current study was a production Ford F150 

pickup truck. Inasmuch as the primary objective of this test was to study the 

influence that geometrical parameters such as cooling inlet opening size, 

location, and aerodynamic features have on the engine cooling air flow, 

alterations were made to the front end of the vehicle to facilitate rapid and 

flexible changes of these geometric features. 

3.2.1 Fiberglass Front-End 

With a wind tunnel occupancy rate of $1600 per hour, it is always 

important that a test be completed with little or no time wasted. To speed up the 

model changing process, a fiberglass front-end designed specifically for the test 

was substituted for the original bumper, grille, and headlight support sheet 

metal. 
The new fiberglass front-end was cast from a mold taken from the stock 

F150 that had most details filled and smoothed with clay. Three basic openings 
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were cut in the common positions of cooling air intakes, i.e., grille, bumper, and 

below bumper openings (Figure 3.4 to 3.6). Fiberglass panels (Figure 3. 7) with 

various sizes of openings were made for each front-end opening location. 

These panels could be readily attached to the front-end with duct tape thus 

saving a considerable amount of time for configuration changes. 

3.2.2 Instrumented Radiator 

To evaluate the grille coefficient for a particular front-end configuration, it 

was necessary to measure the cooling air flow rate and an average pressure at 

the front face of the radiator. The highly turbulent three-dimensional flow ahead 

of the radiator makes the direct measurement of the static pressure in that 

region virtually impossible. Consequently, the strategy followed for the tests 

was to evaluate a suitably defined average pressure at the radiator exit. The 

radiator pressure drop as obtained from a separate flow stand calibration of the 

radiator was added to this measurement to obtain the desired static pressure at 

the front face of the radiator. 

The static pressures were measured at twenty-five stations on the back 

face of the radiator using pressure taps extending through the radiator core. 

Flow rate measurements were taken with a grid of sixteen uniformly spaced 

turbine anemometers (Figure 3.8) also on the radiator back plane. The radiator 

with these devices will be referred to as the instrumented radiator. 

The radiator face area was conceptually divided into sixteen equal sub

areas with an anemometer assigned to each. The anemometers gave an 

indication of the air velocity through the sub-areas from which the approximate 

incremental contribution to the total volumetric flow rate could be obtained. The 

actual flow rate was obtained by summing the contributions from each sub-area 

and applying a correction obtained from the flow stand calibration of the 

instrumented radiator. 

As a result of the non uniformity of the influence of the fan and the 

upstream obstructions, the flow through the radiator generally had a nonuniform 

velocity distribution over the radiator face area. Consequently, the pressure 

distribution on the radiator back plane was also nonuniform and a suitable 

scheme was required for determining an average back plane pressure. With 

the pressure taps located at the boundary intersections of the rectangular sub

areas of the radiator, a representative pressure for each area could be obtained 

by averaging among the four pressure taps located at the corners of the 
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respective sub-areas. A weighted average pressure for the complete radiator 

face area was then calculated using the percentage of the total flow through 

each sub-area as a weighting factor. As described previously, the rate of 

irreversibility per unit volumetric flux between two points along a streamline is 

equal to the change in total pressure between the points. Therefore, the flow

weighted averaging procedure effectively produces an indicated net pressure 

change with the approximately correct integrated or total rate of irreversibility for 

the flow passage through the radiator. 

The temperatures for the sub-areas were obtained with the average of 

readings from RTD temperature transducers located near the pressure taps. 

With a temperature and pressure measurement for each sub-area, a 

representative density and mass flow rate was calculated by summing over the 

sub-areas and applying the radiator flow rate calibration factor. 

The instrumented radiator was prepared for the test by Emprise 

Corporation, an Atlanta, Georgia, based engineering consulting firm. Emprise 

was also responsible for the data acquisition system which was used during the 

test to monitor and record the fan speed as well as the radiator flow rate, 

pressures, and temperatures. The results of these measurements were 

recorded in printed hard-copy and on disk data files. An example of the printed 

output is shown in Table 3.2. 

To determine the effect of radiator position on the grille coefficient, the 

radiator support structure was modified such that the radiator could be lowered 

five inches from its standard production position. To lower the radiator, the 

bottom of the radiator support cross-member was removed and a sheet metal 

panel was constructed to seal off the area exposed above the radiator. 

3.2.3 Radiator Fan 

To accurately control the speed of the fan, it was disconnected from the 

engine shaft and connected to an electric motor which was remotely controlled 
-

by the test engineer in the wind tunnel control room. The fan mount was 

constructed such that the fan could be moved to a lower location, thereby 

maintaining a fixed position with respect to the radiator. 

As described in the previous chapter, it is of interest to plot the variation 

of grille coefficient with respect to a velocity ratio based on either the average 

velocity through the radiator and the free stream velocity or an average velocity 

through the inlets and the free stream velocity. The intercept obtained when 
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either of these velocity ratios is equal to zero can be experimentally obtained by 

performing a grille coefficient measurement with zero cooling air flow rate. The 

grille coefficient found at this point should be a limiting case and is in fact the 

maximum. To achieve the zero velocity ratio, the fan shroud was closed by 

placing a piece of aluminum sheet in the shroud thus closing the shroud to the 

cooling air flow. Even though the flow rate was zero, the pressure taps located 

on the radiator could still be used for meaningful static pressure measurements. 

3.2.4 Underbody Features 

A selection of air dams and bumper spoilers were used to evaluate the 

effects of these aerodynamic features on the grille coefficient. The air dams 

were constructed as flat sheet metal plates placed normal to the flow and 

behind the below bumper opening. Two air dams were tested: a small one with 

dimensions of 30 in X 2.5 in. and a large one with dimensions of 30 in X 5 in. 

Bumper spoilers are basically air dams except that they are placed underneath 

and along the bottom edge of the bumper. The heights of the spoilers which 

were tested were 1.5 in and 3.0 in. 

3. 3 Data Reduction 

The performance of a cooling air intake is quantified with the grille 

coefficient {kg) as defined previously. The following is a brief discussion of the 

data reduction technique used to obtain values of kg for various vehicle 

configurations and wind tunnel conditions. 

Figure 3.9 is a schematic of the F150 in the wind tunnel with the states of 

interest identified; state oo is the free stream condition, state 1 is in front of the 

radiator, and state 2 is behind the radiator. Bernoulli's Equation is used to find 

the drop in total pressure across the grille, i.e., between states oo and 1, 

{3.1) 

-
As mentioned previously, the direct application of Equation 3.1 to 

evaluate the grille pressure drop is made difficult by the highly turbulent nature 

of the the flow ahead of the radiator. Consequently, the strategy followed for the 

grille coefficient measurements was to evaluate the average pressure on the 

back of the radiator and then to add the radiator pressure drop to indirectly 

obtain the radiator front face pressure. Therefore, the pressure at state 1 may 
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be expressed as the sum of the pressure drop across the radiator (.1Prad) and 

the pressure at state 2, or 

P1 = Pz + .1Prad · 

Substituting Equation 3.2 into Equation 3.1 yields 

.1 Pgrille = ( P oo + f pV ;) - ( Pz + .1Prad + f pVI2) 

(3.2) 

(3.3) 

The use of this equation to evaluate the grille pressure drop requires 

measurements of the conditions in the free stream and at the backside of the 

radiator. Furthermore, the pressure drop across the radiator must also be 

known. The radiator air flow velocity can be found by dividing the total 

volumetric flow rate by the radiator face area. The radiator pressure drop, .1P rad. 

is known from flow stand tests which yield .1Prad as a function of flow rate. 

Dividing .1Pgrille by the free stream dynamic pressure yields the loss 

coefficient, 

.1Pgrille 
Kloss= 1 V2 

2P oo 

which may be subtracted from 1 to obtain k9, 

kg = 1 - k1oss . 

(3.4) 

(3.5) 

TTU_COOL is used to apply Equation 3.5 to obtain the grille coefficient. 

This process requires preparation of data files in the form presented in Table 

3.2. Table 3.3 contains a sample of the results that are calculated with 

TIU_COOL and that are presented as plots in the next 

Lockheed was responsible for acquiring the data related to the wind 

tunnel, such as tunnel calibration, tunnel temperature, free stream velocity, 

static and dynamic pressures. In addition, Lockheed also provided the 

aerodynamic force and moment coefficient measurements. Emprise 

Corporation was responsible for the radiator data acquisition. A sample of the 

data report provided by Emprise is presented in Table 3.1. 
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Table 3.2 Radiator Airflow Data System by Emprise Corporation 

Run Number 109 
Air Speed 30.0 mph 
Fan Speed 1995 rpm 
Baro. Pressure : 29.11 inHg 
Ambient Temp: 75.8 deg. F 
Tunnel Static P 2056.2 psf 
Tunnel a: 2.15 psf 

Density Ratio : 0.962 
1 
....................... 

acfm 102.77 
scfm 91.88 
velocity(fps) 7.81 
avg. deg. F. 80.3 
avg. inH20 -0.728 
a btu/min 7.55 

5 
......................... 

acfm 76.60 
scfm 68.83 
velocity(fps) 5.82 
avg. deg. F. 77.6 
avg. inH20 -0.730 
a btu/min 2.27 

9 
............................ 

acfm 270.60 
scfm 243.48 
velocity(fps) 20.56 
avg. deg. F. 76.9 
avg. inH20 -0.707 
a btu/min 4.88 

9 
............................ 

acfm 170.62 
scfm 153.41 
velocity(fps) 12.97 
avg. deg. F. 77.3 
avg. inH20 -0.679 
a btu/min 4.29 

Total Volume 2511.6 acfm 
Total Mass 2256.4 scfm 
Total a: 77.2 btu/min 

Avg. Velocity: 11.93 fps 

2 
... ....................... 

89.48 
80.07 
6.80 
79.8 
-0.767 
5.83 
6 
. ......................... 
91.81 
82.51 
6.98 
77.5 
-0.761 
2.48 
10 
... .......................... 

264.64 
238.09 
20.11 
76.9 
-0.768 
4.73 
10 
.......................... 

161.56 
145.21 
12.28 
77.4 
-0.754 
4.30 

Test location : lockheed 
Test Engineer : Steve Wegryn, Walt Oler 
Vehicle : F 150 
Radiator: Prod. F150, 27.5x18.375, 16 fpi 
Condensr: Prod. F150 22.5x17.25, 12 fpi 
Fan : E7TA-HB, 19"dia, 5 BLD, 6.125" TO 
Shroud : E5TZ-8146-H Full w/21.75" Orifice 
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3 4 
... ........................... ... .......................... 

101.94 94.13 
91.30 84.37 
7.75 7.15 
79.3 78.9 
-0.784 -0.766 
5.82 4.80 
7 8 
... ........................ ... ......................... 

84.67 87.05 
76.04 78.20 
6.43 6.62 
77.8 77.7 
-0.759 -0.739 
2.79 2.76 
11 12 
... .......................... ----------
281.84 286.53 
253.37 257.57 
21.42 21.78 
77.3 77.4 
-0.772 -0.755 
6.88 7.39 
11 12 
... ......................... -......................... 

150.52 196.82 
135.27 176.77 
11.44 14.96 
77.5 77.8 
-0.782 -0.776 
4.09 6.33 

Corr. Volume 2357.3 acfm 
Corr. Facotr 0.939 
UW Avg. Ps: -0.743 inH20 
AreaAvg. Ps: -0.752 inH20 
Mass Wted Avg Ps: -0.751 inH20 
Wet Bulb Temp: 66 deg F 
Dry Bulb Temp: 81 deg F end 



Table 3.3 Extracted data from Table 3.2 

The data in this table is to be run by TIU_COOL 

*Test Number 1104, RUNS 109-113 
• 
*1991 F-150 witha5.0Lengine 
*F-150 radiator, 12 FPI condenser 

UNITS: Number of Changes: 6 

5 Temperature 
7 Translation Speed: 
8 Rotation Speed: 
9 Absolute Pressure: 
1 0 Pressure Difference 
13 Standard Volume Flow: 

RAW EXPERIMENTAL DATA: 

Number of runs: 

Run: 
Fan RPM: 
Car Speed, MPH: 
Amb Press, PSF: 
AmbTemp, F: 
Amb Humidity, % 
Tunnel Pressure, in. H20 
Shroud SCFM: 
Bypass SCFM: 
Rad. Dp in. H20: 

Run: 
Fan RPM: 
Car Speed, MPH: 
Amb Press, PSF: 
AmbTemp, F: 
Amb Humidity,% 
Tunnel Pressure, in. H20 
Shroud SCFM: 
Bypass SCFM: 
Rad. Dp in. H20: 

Run: 
Fan RPM: 
Car Speed, MPH: 
Amb Press, PSF: 
Amb Temp, F: 
Amb Humidity,% 
Tunnel Pressure, in. H20 
Shroud SCFM: 
Bypass SCFM: 
Rad. Dp in. H20: 

1 
3 
4 
1 
4 
3 

7 

F 
MPH 
RPM 
PSF 
in. H20 
SCFM 

326 
0 
45.1 
2047.0 
70.9 
60.0 
0.0 
0.0 
0.0 
0.804 

327 
0.0 
75.0 
2045.2 
71.9 
60.0 
0.0 
0.0 
0.0 
2.201 

109 
1995 
30.0 
2056.2 
75.8 
60.0 
0.0 
2118.76 
0.0 
-0.751 
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Table 3.3 {Continued) 
Run: 
Fan RPM: 
Car Speed, MPH: 
Amb Press, PSF: 
Amb Temp, F: 
Amb Humidity,% 
Tunnel Pressure, in. H20 

Shroud SCFM: 
Bypass SCFM: 
Rad. Dp in. H20: 

Run: 
Fan RPM: 
Car Speed, MPH: 
Amb Press, PSF: 
Amb Temp, F: 
Amb Humidity,% 
Tunnel Pressure, in. H20 

Shroud SCFM: 
Bypass SCFM: 
Rad. Dp in. H20: 

Run: 
Fan RPM: 
Car Speed, MPH: 
Amb Press, PSF: 
Amb Temp, F: 
Amb Humidity,% 
Tunnel Pressure, in. H20 

Shroud SCFM: 
Bypass SCFM: 
Rad. Dp in. H20: 

Run: 
Fan RPM: 
Car Speed, MPH: 
Amb Press, PSF: 
Amb Temp, F: 
Amb Humidity,% 
Tunnel Pressure, in. H20 

Shroud SCFM: 
Bypass SCFM: 
Rad. Dp in. H20: 

110 
1985 
46.6 
2055.55 
75.2 
60.0 
0.0 
2534.65 
0.0 
-0.875 

112 
2003 
74.9 
2053.775 
75.4 
60.0 
0.0 
3363.7 
0.0 
-0.847 

111 
2791 
45.1 
2055.5 
75.2 
60.0 
0.0 
2962.6 
0.0 
-1.535 

113 
2803 
75.2 
2053.6 
75.3 
60.0 
0.0 
3709.0 
0.0 
-1.463 
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Table 3.4 Sample Result File 

Plot Legend 
Radiator Area 
Opening Area 
KgO 
Kg2 
Ku 
Number of data pts 

Run 
326 
327 
109 
110 
112 
1 1 1 
113 

Vr!Vinf 
0.0000 
0.0000 
0.2385 
0.1836 
0.1518 
0.2217 
0.1666 

"PN96_1 09.exp" 
507.02 sq in 
105 sqin 
o. 7985 
-35.67 
0.0867 
7 

Kg 
0.8526 
0.8433 
-1.058 
-0.456 
-0.071 
-1.057 
-0.261 

ku 
0.0000 
0.0000 
0.2063 
0.2021 
0.1046 
-0.002 
0.0375 
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Cl 
0.2330 
0.2328 
0.2688 
0.2412 
0.2452 
0.2453 
0.2464 

Cd 
0.5613 
0.5645 
0.5804 
0.5609 
0.5705 
0.5670 
0.5718 



Figure 3.1 
Aerial View of Wind Tunnel 
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. ,....-

Figure 3.2 Main Drive System - View Looking Downstream 
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Figure 3.3 External Balance - Isometric View 
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Figure 3.4 Fiberglass Front-End with Grille Opening 

29 



,. 

Figure 3.5 Fiberglass Front-End with Bumper Opening 
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Figure 3.6 Fiberglass Front-End with Combination of Grille and 
Bumper Openings with License Plate 
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Figure 3.7 Test Vehicle with Accessories 
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Figure 3.8 Instrumented Radiator 
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Figure 3.9 Front-End Model with Points of Interest Identified 
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CHAPTER 4 

RESULTS 

As described previously, the principal parameter for quantifying the 

performance of cooling air inlets is the grille coefficient. The magnitude of this 

coefficient depends upon the size and location of an opening, the vehicle 

velocity, and the cooling air flow rate. The following sections describe the 

observed behavior of the grille coefficient first for isolated cooling openings and 

then for combinations of openings. Following this, the effects of various 

aerodynamic features such as air dam, bumper spoiler, license plate, and the 

radiator position are presented. 

4. 1 Grille Coefficient Correlation for Isolated Openings 

According to Oler et al. (1990), grille coefficient data may be curve fit with 

an equation of the following form: 

' ( v ]
2 

Kg = K go + Kg2 V ~ . (4.1) 

It may be noted that this expression for the dependency of the grille coefficient 

on the inlet velocity ratio is compatible with the simplified analysis presented in 

Chapter 2. The grille coefficient can also be expressed in terms of the radiator 

velocity ratio. For an incompressible flow, ANi= ArVr. then 

Kg= K90 + Kg2( ~J (4.2) 

where, , (A ]
2 

Kg2 = Kg2 A: . 

Equation 4.2 is appropriate for evaluating Kg versus cooling flow rate and Kg 0 

and K92 are the currently required inputs for characterizing the grille coefficient 

with TTU_COOL. 

Grille coefficient data for isolated grille and bumper openings of various 

sizes are presented in Figure 4. 1. These data are plotted against inlet velocity 

ratio in Figure 4.1 a and against radiator velocity ratio in Figure 4.1 b. As noted 

from the approximate analysis in Chapter 2, plotting against the inlet velocity 
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ratio has the effect of collapsing the data obtained from openings of different 

sizes at the same position. However, this does not imply that large and small 

openings at a given position and inlet velocity ratio are equivalent since the 

small opening will have a lower flow rate than the large one. To see the true 

relative efficiency of the openings it is more appropriate to examine a plot of 

grille coefficient versus radiator velocity ratio. The utility of the plot versus inlet 

velocity ratio is that a single curve fit can be obtained which yields the 
' 

coefficients K90 and K92 . These may then be applied to Equation 4.2 to predict 

the performance of an opening of any reasonable size at the same position. 

The effect of position of an opening is apparent from Figure 4.1 a in that 

the grille coefficients for the grille or above bumper opening position are 

consistently higher than those for the bumper opening position. It should be 

noted that the grille openings chosen for Figure 4.1 all have a common bottom 

edge position and width for the rectangular openings but variable heights in 

accord with the respective variations in area. Similarly, the bumper openings 

have common top edges and widths but variable positions of the bottom edges 

for the area variations. This was found to be necessary to collapse the data as 

shown. Other positions of the bottom edge of the grille opening or the top edge 

of the bumper opening introduce a position dependency as will be illustrated in 

the next section. 

The coefficients for the grille and bumper opening correlations (Equation 

4.1) are 

( 
V: J2 Kg = 0. 913 - 1. 7 41 V ~ , grille openings , (4.3a) 

( v J
2 

Kg= 0.913-3.322 V~ , bumper openings. (4.3b) 

These coefficients have been used with Equation 4.2. and the respective inlet-
-

to-radiator area ratios to produce the individual grille coefficient curves in Figure 

4.1b. 

4.1.1 Position Effects on Isolated Openings 

As can be seen from Figure 4.1, the grille openings consistently 

outperform the bumper openings thus suggesting that the position of an 
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opening is significant. To quantify the effect of an opening position on the grille 

coefficient, data were collected for the small grille and bumper openings at 

different positions within their respective areas. 

The grille coefficient variation for the small grille opening (1 OS in2) at 

three positions (low, center, and high) is presented in Figure 4.2. It can be seen 

that the opening at the low position (next to the bumper) has consistently higher 

grille coefficients. As the distance between the opening and bumper increases, 

the grille coefficient curve shifts downward with a change in intercept 

approximately proportional to the change in vertical position. By the same 

token, when the small bumper opening is moved from the high position to the 

low position (Figure 4.3), the grille coefficient curve also shifts down. This 

position effect on either the grille or bumper openings can be expressed in 

terms of variations in the K90 coefficient for the general grille correlation given 

by Equation 4.1, i.e., 

K90 = 0. 913-0.057 LiZ, LiZ in inches (4.4) 

It may be speculated that the position dependency of the grille coefficient 

is related to the location of an opening relative to the stagnation point on the 

front of the vehicle. As the opening is moved away from the stagnation point, 

the local static pressure on the front of the vehicle decreases which results in a 

lower grille coefficient. The decrease in static pressure is accelerated on 

surfaces which are inclined relative to the free stream velocity direction. This 

might explain why the near vertical grille openings have consistently higher 

grille coefficients than the openings on the inclined bumper surface as 

illustrated in Figure 4.1 a. 

4. 1.2 Effect of Below Bumper Openings 

The below bumper opening is present in most production trucks at this 

time. The unique characteristic of this opening is that it has no frontal projected 

area and in general, the static pressure beneath the vehicle is lower than in the 

vicinity of the grille and bumper openings. Consequently, the bottom opening 

can limit the ram pressure rise ahead of the radiator at high free stream 

velocities and may actually allow grille air flow to exit, thereby bypassing the 

radiator. To remedy this inefficiency, an air dam is normally used in conjunction 

with the below bumper opening. The obstruction to the underbody flow created 

by the air dam effectively back-pressures the bottom opening and allows the 
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grille openings to perform as if there was no bottom opening. Generally, an 

unacceptably large air dam is required to produce a significant inflow through a 

bottom opening. 

Figures 4.4 shows the effect of the below bumper opening with a small 

air dam (60 in x 1.5 in) in conjunction with various grille and bumper openings. 

It can be seen from the plot that the below bumper opening has no significant 

effect on the grille coefficient of these openings. The comparison of the 

performances of the small and large air dams is presented in Section 4.3. 

4.2 Grille Coefficient Correlation for Combinations of Openings 

Most production vehicles employ more than one frontal inlet opening. 

Therefore it is desirable to determine grille coefficient correlations for 

combinations of openings as well as individual or isolated openings. The 

results of grille coefficient evaluations of several combinations of grille, bumper, 

and below bumper openings are presented in Figures 4.5 to 4.7. In these 

figures, the grille coefficient is plotted against an average inlet velocity ratio 

which has been computed on the basis of the total frontally projected inlet area. 

Since the bottom opening is approximately parallel to the ground, this 

convention results in the computation of average inlet velocity ratios based only 

on the sum of the grille and bumper normally projected areas. 

The grille coefficient for three sizes of the grille opening in combination 

with fixed size bumper and bottom openings is shown in Figure 4.5. Figure 4.6 

contains the results for three combinations of grille and bumper openings with 

the size of the bumper opening varied while the grille opening is held constant. 

Figure 4.7 is for two combinations of openings in which the location of the 

bumper opening was varied. The results are presented in Figures 4.5-4.7 in 

terms of both inlet and radiator velocity ratios. As can be seen from the plots, 

all combinations of openings have a common kg intercept while the slopes of 

the curves increase with the total opening area. Figure 4. 7 indicates that in a 

configuration with a combination of openings, the location of the small bumper 

opening has little influence on kg. 

The grille coefficient correlation for combinations of openings is 

determined by assuming that openings operating in parallel have individual 

inlet flow rates such that all openings operate at the same grille coefficient. That 

is, kgt = kgb = k9 because the upstream conditions of both openings are identical 

and it is assumed that they mix to a common state at the front of the radiator. 
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The previous discussion of below bumper opening effects section 

indicated that the contribution from this opening is negligible; therefore, it is not 

considered in the following derivation of the correlation for combination of 

openings. In other words, only openings with a non-zero frontal projected area 

are considered. 

Recall that the grille and bumper grille coefficients have a common kg 
intercept but different slopes. The individual correlation of the openings can be 

expressed as, 

K9t = K90 +K~2{J..]
2 

, and Kgb = K90 + K~2b(!J_! . voo t voo 

By treating the grille coefficient (kg) as the independent variable, the 

corresponding inlet velocity ratios can be found for the individual openings, 

(!J_J = Kg~Kgo ,and (:!il = Kg~Kgo . 
Voo t Kg 2t V.., Kg2b 

It can then be shown that the total inlet velocity ratio of any combination is, 

(4.5) 

(4.6) 

(!J_J = f( At J Kg~ Kgo l+r ( Ab J Kg~ Kgo l (4.7) 
voo c L At+ Ab Kg2t J L l At+ Ab Kg2b J . 

Figures 4.5 through 4. 7 contain Kg prediction results based on Equation 

4. 7 for various combinations of openings. The correlation shown in Equation 

4. 7 works satisfactorily for all but one case (Figure 4.6), the combination of the 

small grille opening (1 05 in2) and the mid-size bumper opening (1 05 in2). The 

performance of this combination was over-predicted. 

4.3 Bumper Spoiler and Air Dam Effects 

The front spoiler was mounted under the leading edge of the lower 

surface of the bumper (Figure 4.8). The dimensions of a set of cooling openings 

were held constant while the spoiler height was increased downward from the 

vehicle. Figure 4.10 shows the bumper spoiler effects on grille coefficients of 

isolated grille, bumper, and below bumper openings. Data for the bottom 

opening without a spoiler is not available. It can be seen from the plots that the 

grille coefficient is essentially independent of the bumper spoiler. 

The air dam was mounted at the trailing edge of the below bumper 

opening (Figure 4.9). A bottom opening without an air dam is not desirable 
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because this opening will serve as a source of leakage; therefore, no data for 

this configuration was taken. Figures 4.11 and 4.12 compare the effects of the 

short and long air dams on the grille coefficient. The dimensions of the 

openings were held constant while the height of the air dam was increased 

downward from the vehicle. As can be seen from the plots, kg is improved by 

increasing the air dam height. The performance of long air dam is better then 

that of the short air dam by a uniform value of 0.2S in kg. 

4.4 License Plate Effects 

The license plate was mounted at the center of the bottom edge of the 

bumper and perpendicular to the oncoming flow stream. Because the license 

plate blocks off part of the bumper opening area, it is important to investigate its 

effect on the inlet air flow. Data for two isolated and two combinations of 

openings with the license plate were collected. 

Figure 4.13 shows that the presence of the license plate shifts the kg 

curve of the mid-size grille opening (21 0 in2) up by a value of 0.2. This result is 

quite unexpected, but one may think of the license plate as an air dam that 

deflects part of the oncoming air stream to the grille opening. 

The next three configurations include a bumper opening which is 

partially blocked by the license plate. From Figures 4.14 to 4.16, it may be 

noted that the grille coefficient for the large bumper opening (210 in2), the 

combination of mid-size grille (21 0 in2) and mid-size bumper (21 0 in2) 

openings, the combination of the mid-size grille (21 0 in2), small bumper (1 OS 

in2), and small below bumper (1 OS in2) openings decrease with the presence of 

the license plate. For these three configurations, the presence of the license 

plate decreases the slopes of the grille coefficient curves; however, the kg 
intercepts remain unchanged. 

It has been found that K90 and K'g2 are common among all reasonable 

variations of the basic front end openings. Once Kgo ~nd and K'92 for a 

particular set of front end openings are determined, they can then be used to 

calculate the grille coefficient of other openings with reasonable variations in 

opening sizes. It can be shown that the correlation for one configuration can be 

written in terms of the correlation for another configuration with a slight change 

in total area, i. e., 
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K9a = KgA + KgA2( ~: )l :~ r . (4.1) 

Equation 4.1 indicates that the grille coefficient of a configuration found from 

experimental data can be used to estimate that of an analogous configuration 

with a slight variation in the opening area. Although the derivation of Equation 

4.1 is for isolated opening, the result is also applicable to the combination of 

opening cases. 

To estimate the effect of the license plate on the grille coefficient, the 

effective opening area is determined as, 

(4.2) 

where Alicense is equal to the projected area of the license plate on the bumper 

opening. This correlation correctly predicts the effect of the license plate on the 

performance of configurations with bumper openings. Note that the effect of the 

license plate on the grille opening is not additive, that is, if the grille opening is 

combined with the bumper opening, the correlation shown in Equation 4.1 is 

sufficient. 

4. 5 Porosity Effects 

Louvers (Figure 4.18) are used to provide a distinctive styling feature for 

a particular model of automobile and may help to achieve a uniform air velocity 

profile for the radiator. The louvers used for the current study were fabricated in 

the shape of an airfoil. 

Data were collected for three different louver incidence angles, 0, 15, and 

30 degrees. The advantage of having louvers is that they provide a means for 

air flow to separate smoothly at their trailing edges; therefore, the loss of 

momentum is reduced. The disadvantage of the louvers is that they seal off part 

of the opening area. 

A comparison of the grille coefficients for the large grille opening (315 

in2) with and without the louvers can be seen from Figure 4.19. It is apparent 

that the effect of the louvers is minimal; perhaps the advantage and 

disadvantage of the louvers cancel each other. 

The effects of the louver angle on the grille coefficient are illustrated in 

Figure 4.20. One can see that if the louver angle is less 30 degrees, the grille 

coefficient remains unchanged. The reason is that all louvers rotate with the 
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same angle; therefore, the total effective opening area remains constant. 

However, at the limiting louver angle of 30 degrees, the nose of the bottom 

louver and the tail of the top louver block the bottom and to slots, respectively. 

This results in a significant change in grille coefficient. The magnitude of the 

change has been predicted in Figure 4.20 using the correction discussed in the 

previous section. 

4. 6 Radiator Position Effects 

In recent years, the changes body styling and visibility have led to steeply 

sloped hoods. This styling trend requires that radiators be lowered relative to 

current positions to maintain the same radiator size. Therefore, it is desirable to 

investigate the effect of lower radiator position on the grille coefficient. In this 

study, data were collected with the radiator lowered six inches from the stock 

position. 

Figures 4.21 and 4.22 show that radiator position has no effect on the 

small and mid-size grille openings. However, Figure 4.23 shows that lowering 

the radiator lowers the performance of the large grille opening by shifting the 

velocity ratio intercept to the left by a value of 0.06. Figures 4.24 to 4.27 show 

that the performances of the bumper and below bumper openings are improved 

with the lowering of the radiator. The explanation for this may be that lowering 

the radiator allows more radiator face area to be exposed to these openings. 

Note that the radiator position has no effect on the grille coefficient 

intercept; however, lowering the radiator has the effect of shifting the velocity 

axis intercept by a value of 0.02 for each of the bumper and below bumper 

openings. This effect is additive, that is, if both the bumper and below bumper 

openings are present, the value of the velocity intercept shift is 0.04. A 

derivation for the correlation of radiator position effect is presented below. 

The grille coefficient for the radiator at the high position is given as, 

2 -

KgH = Kgo + KgH{ ~J . . (4.3) 

To solve for the velocity axis intercept, the grille coefficient is set to zero, 

v . 
KgH = 0 , at t = VH ( 4. 4) 

00 
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and 

The velocity axis intercept can now be found from Equation 4.5, 

V~=tKgo . 
KgH2 

It has been shown that the velocity axis intercept for the radiator at the low 

position differs from that of the radiator at the high position by a constant, or 

(4.5) 

(4.6) 

(4.7) 

The slope of the grille coefficient for the radiator at the low position can be found 

from 

then 
-Kgo 

Kgl2=~ 
VL 

After performing the necessary substitutions, the grille coefficient can be 

expressed as 

Note that this correlation does not apply to the small and mid-size grille 

openings. 

4. 7 Opening Shape Effect On Grille coefficient 

(4.8) 

(4.9) 

(4.1 0) 

All data previously presented were for openings with a common width of 

30 inches and variable heights to achieve the different inlet areas. Therefore, it 

is desired to investigate the applicability of the correlations to inlet openings of 

different widths. Figures 4.28 and 4.29 contain the results of tests isolated grille 

and bumper openings with common areas but different widths. Both figures 

indicate that the shape or geometry of an opening does not have a significant 

effect on the grille coefficient. 
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Figure 4.8 Front Spoiler Effect on the External Flow Field 
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Figure 4.9 Air Dam Effect on the External Flow 
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Figure 4.11 Air dam Effect on Ram Recovery Coefficient 
Grille Opening Area : 21 0 in2 
Below Bumper Opening Area : 1 05 in2 
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Figure 4.12 Air dam Effect on Grille Coefficient 
Bumper Opening Area: 21 0 in2 
Below Bumper Opening Area: 1 OS in2 
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Figure 4.13 License Plate Effect on the Mid-size (21 0 in 2) Grille 
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Figure 4.14 License Plate Effect on Large (21 0 in2) Bumper Opening. 
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Figure 4.15 License Plate Effect on the Configuration with Grille and 
Bumper Openings With Areas of 210 in2 Each . 
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Figure 4.16 License Plate Effect on Combination of Openings 
Grille Opening Area: 210 in2 
Bumper Opening Area: 105 in2 
Below bumper Opening: 105 in2 
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Figure 4.17 Deflection of Air Stream by the License Plate 
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Figure 4. 19 Porosity Effect for The Large Grille Opening (315 in2). 
Louvers Has No Effect on The Recovery Coefficient of The 
Grille Opening. 
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Figure 4.21 Effect of Radiator Position on Grille Opening (1 05 in2) 
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Figure 4.22 Effect of Radiator Position on Grille Opening (21 0 in2) 
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Figure 4.23 Effect of Radiator Position on Grille Opening {315 in2) 
Velocity Axis Intercept Adjustment : -0.06 
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Figure 4.24 Effect of Radiator Position on Bumper Opening ( 105 in2) 
Velocity Axis Intercept Adjustment : 0.02 
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Effect of Radiator Position on Bumper Opening (21 0 in2) 
Velocity Axis Intercept Adjustment : 0.02 
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Figure 4.26 Effect of Radiator Position on Combination of Grille and 
Bumper Openings 
Grille Openings Area 210 in2 
Bumper Opening Area 1 OS in2 
Velocity Axis Intercept Adjustment : 0.02 
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Figure 4.28 Opening Shape Effect on Grille Opening 
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Figure 4.29 Opening Shape Effect on Bumper Opening 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

A performance-based approach to the design of automotive cooling front

end design has been addressed in this study. The dimensionless parameters 

defined by Oler et al. ( 1990) have greatly facilitated the understanding of the 

behavior of the front end openings by reducing the number of required 

variables from three to two for any front-end configuration. The grille coefficient 

and the radiator velocity ratio, or alternatively, the inlet velocity ratio replace the 

dimensional parameters of grille pressure loss, free stream velocity, and cooling 

flow rate. The focus of this study has been the development of general 

correlations for the grille coefficient for isolated openings, combinations of 

openings, plus the effects of various aerodynamic features 

5.1 Conclusions 

The main objective of performing tests of configurations with isolated 

openings was to develop general correlations to predict the grille coefficient for 

various configurations involving either isolated or combinations of openings. 

The general grille coefficient for correlation results for isolated grille and 

bumper openings are 

( 
"i )2 K9 = o. 913-1.741 v_ ,grille opening, 

( 
\J; )2 

K9 =0.913-3.322 v~ , bumper opening. 

The isolated opening correlations can be used to predict the grille 

coefficient for combinations of openings. For a particular value of the grille 

coefficient, the average inlet velocity ratio is 

(~). =[(A,~'A. K~~-~:113 ]+[(A,~AJ K~;-~;;3] 

(5.1) 

(5.2) 

(5.3) 

The subscripts b, t, and c stand for bumper opening, grille opening, and 

combination of openings, respectively. This correlation is based on the 

assumption that only openings that have non-zero frontal projected areas are 
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significant, and therefore, a below bumper opening has no effect on the grille 
coefficient. 

The grille coefficient is affected by the relative distance between an 

opening and the stagnation point of a vehicle. As this relative distance 

increases, the grille coefficient curve shifts to a lower value. The opening 

position effect on the grille coefficient correlation is expressed as 

Kgs = ~ + dKgo. (5.4) 
where •A• and ·s· indicate two different positions. Note that in this correlation, 

the slope of the correlation does not change. 

The influences of aerodynamic features such as bumper spoilers and air 

dams are also quantified in this study. It was found that a bumper spoiler has 

no effect on the grille coefficient. However, an air dam, mounted at the trailing 

edge of the below bumper opening, increases the performance of any 

combination of openings that has the below bumper opening. The correlation 

in Equation 5.4 is also applicable for air dam effects. 

The license plate blocks off part of the bumper opening; therefore, its 

effect on the grille coefficient is readily quantified with the following correlation: 

K98 = KgA + KgA{ ~: J( ~~ J , (5.5) 

where •A• and •s• indicate a configuration with and without the license plate, 

respectively. The effective area of the opening with the license plate is 

Note that this correlation is only applicable for configurations with a bumper 

opening. 

(5.6) 

The function of grille louvers is to provide a distinctive styling feature for a 

particular model of automobile and to achieve a uniform air velocity profile for 

the radiator. The louvers tested were fabricated in the shape of an airfoil. It has 

been found in this study that for an incidence angle between 0 and 30 degrees, 

the louvers have no effect on the performance of grille openings. An incidence 

angle of 30 degrees causes a reduction in total inlet area and in the 

corresponding predicted with Equation 5.5. 

Lowering the radiator from its stock position exposes more of the radiator 

area to the bumper and below bumper openings; therefore, the performance of 

these openings is improved. The effects are additive, i.e., if both of these 
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openings are present at the same time, the effect is doubled. However, the 

performance of the large grille opening is reduced with the radiator at a lower 

position. The reason is that, in this situation, the radiator face area seen by the 
grille opening is reduced. 

Data were taken for openings with the same sizes but different 

dimensions. The results indicate opening shape or geometry has no significant 
effect on grille coefficient. 

5.2 Recommendations 

The correlation process for the grille coefficient of isolated openings and 

combinations of openings of similar geometry is well developed. It has been 

found that grille coefficient is partially a function of the relative distance between 

a cooling air intake and the stagnation point. Further study on the effect of 

variations in geometry of cooling air intakes will prove worthy. 

Flow visualization tests have shown that the free stream air does not 

approach the grille inlet parallel to the road surface as it is frequently assumed. 

Instead, air is deflected away from the stagnation point. Therefore, the grille 

coefficient as a function of the angle of attack of an air intake to the free stream 

air merits further study. 

The grille coefficient depends on the radiator pressure drop calibration 

curve. This calibration curve is obtained from a flow stand test which produces 

a rather uniform velocity distribution over the face of the radiator. However, the 

air velocity distribution on the radiator in an actual test is anything but uniform 

due to the interference from the air inlets, fan, and the engine. In this study, an 

average air velocity is used which could yield a flawed radiator pressure drop 

calibration curve. Hence, a better calibration method is worth developing. 

Finally, the boundary layer, on the test section floor reduces the air flow 

rate under the car and does not accurately simulate conditions on-the-road. 

This effect is particularly severe for vehicles with lo~ ground clearance. One 

practical way to reduce the boundary layer is to apply suction through a slit or 

through a narrow strip of porous floor plate upstream of the model. A road-test 

procedure for air flow measurements would also be useful. 

80 



REFERENCES 

1. Jordan, D. P.,Macroscopic Thermodynamics. First Draft, 1992. 

2. Van Wylen, G. J., and Sonntag, R. E. Fundamentals of Classical 
Thermodynamics, Third Edition, John Wiley & Sons, New York, 
1986. 

3. Oler, J. W. and Roseberry, C. M., •Ram Recovery Coefficient 
Correlations, • Technical Report TR-EMC-90-1, July 1990. 

4. Hawes, S.P. •Improved Passenger Car Cooling Systems.• SAE 
Paper 760112. February, 1976. 

5. Olsen, M.E. •Aerodynamic Effects of Front End Design on 
Automobile Engine Cooling Systems. • SAE Paper 760118. 
February, 1976. 

6. Renn, V. and A. Gilhaus. •Aerodynamics of Vehicle Cooling 
Systems. • Journal of Wind Engineering and Industrial 
Aerodynamics. Vol 22:339. 1986. 

7. Schaub, U. W. and H.N. Charles. •Ram Air Effects on the Air Side 
Cooling System Performance of a Typical North American 
Passenger Car. • SAE Paper 800032. February, 1980. 

8. Williams,J. •An Automotive Front-End Design Approach for 
Improved Aerodynamics and Cooling.• SAE Paper 850281. 1985. 

9. Hucho, W. H., Aerodynamics of Road Vehicles, Butterworth & Co., 
West Germany, 1987. 

10. White, W. M., Fluid Mechanics, Second Edition, McGraw-Hill Inc., 
New York, 1986. 

11. Cengel, Y. A. and Boles, M.A., Thermodynamics, An Engineering 
Approach, MCGraw-Hill Inc. , New York, 1989. 

81 


	31295007108433_0000
	31295007108433_0001
	31295007108433_0002
	31295007108433_0003
	31295007108433_0004
	31295007108433_0005
	31295007108433_0006
	31295007108433_0007
	31295007108433_0008
	31295007108433_0009
	31295007108433_0010
	31295007108433_0011
	31295007108433_0012
	31295007108433_0013
	31295007108433_0014
	31295007108433_0015
	31295007108433_0016
	31295007108433_0017
	31295007108433_0018
	31295007108433_0019
	31295007108433_0020
	31295007108433_0021
	31295007108433_0022
	31295007108433_0023
	31295007108433_0024
	31295007108433_0025
	31295007108433_0026
	31295007108433_0027
	31295007108433_0028
	31295007108433_0029
	31295007108433_0030
	31295007108433_0031
	31295007108433_0032
	31295007108433_0033
	31295007108433_0034
	31295007108433_0035
	31295007108433_0036
	31295007108433_0037
	31295007108433_0038
	31295007108433_0039
	31295007108433_0040
	31295007108433_0041
	31295007108433_0042
	31295007108433_0043
	31295007108433_0044
	31295007108433_0045
	31295007108433_0046
	31295007108433_0047
	31295007108433_0048
	31295007108433_0049
	31295007108433_0050
	31295007108433_0051
	31295007108433_0052
	31295007108433_0053
	31295007108433_0054
	31295007108433_0055
	31295007108433_0056
	31295007108433_0057
	31295007108433_0058
	31295007108433_0059
	31295007108433_0060
	31295007108433_0061
	31295007108433_0062
	31295007108433_0063
	31295007108433_0064
	31295007108433_0065
	31295007108433_0066
	31295007108433_0067
	31295007108433_0068
	31295007108433_0069
	31295007108433_0070
	31295007108433_0071
	31295007108433_0072
	31295007108433_0073
	31295007108433_0074
	31295007108433_0075
	31295007108433_0076
	31295007108433_0077
	31295007108433_0078
	31295007108433_0079
	31295007108433_0080
	31295007108433_0081
	31295007108433_0082
	31295007108433_0083
	31295007108433_0084
	31295007108433_0085
	31295007108433_0086
	31295007108433_0087

