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SUMMARY

A side intake cool ing system, operat ing en t i r e l y  wi thout  the aid of ram
a i r ,  was compared to a standard f ron ta l  intake cool ing system with
respect to aerodynamic performance and to ta l  energy requirements. The
study was made on a f u l l  scale standard North American passenger car in
the 30 f t  NRC wind tunnel .

The study showed that side intake cool ing systems could be at least  as
e f fec t i ve  and as e f f i c i en t  as standard coo l ing systems. On the whole
the side intake cool ing system was observed to be less sens i t i ve  to
var ia t ions in the approach ai r  ve l oc i t y  and to improve the ove ra l l
vehic le aerodynamics.

The inves t iga t ion  was only an evaluat ion of a concept and not an
opt imizat ion in any sense. The side in take concept seems fundamentally
sound and considerable po ten t i a l  remains to develop the idea with
respect to energy saving.

Logical extensions to the present work inc lude the fo l l ow ing  opt ions:

• An aerodynamic opt imiza t ion  of the side in take and associated
in te rna l  a i r  duc t ing ,  inc lud ing  repos i t i on ing  the rad ia to r  and A/C
condenser.

• Development of a more su i t ab l y  matched and more e f f i c i en t  cool ing
fan un i t .

• A complete rev i s i on  of the aerodynamic s t y l i ng  of the f ront  end
(in the absence of f ronta l  intakes and heat exchanger cons t ra in ts )  to
reduce vehic le  drag. Estimates showed that a 5% reduct ion in th is
veh ic le 's  drag would reduce the fuel consumption by 3%.
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FOREWORD
This work reports on the second part of on-going research on the aero-
dynamics of automotive engine cooling systems. The f i r s t  part dealt
with ram air effects on the air side cooling system performance of a
typical North American passenger car and was reported in References 4
and 5. Although the investigation involved only one vehicle, the
present work demonstrates that the interpret ive methods derived are
applicable generally. The present work investigates the performance
of and compares the energy requirements for two types of automotive
cooling system concepts: a conventional one using both ram and fan
cooling ( f ronta l  intakes),  and a novel side intake cooling system
concept based on 100% fan cooling. Both parts of the completed work
were done under ambient cooling system temperature. Complementary
(hot) cooling tests under loaded engine conditions are scheduled to be
done by Canadian Fram Limited in Chatham, Ontario.

The research was aided by Canadian Fram Limited, who provided the test
vehicle and spare parts. Support in the form of company test data and
specifications was given by the Ford Motor Company. The continuing
support and interest  of these firms has been most valuable.

The experimental work was done at NRC, in the test f ac i l i t i e s  of the
Division of Mechanical Engineering and the National Aeronautical
Establishment. Supplementary funding by the Strategic Studies Branch
of Transport Canada for special equipment purchases is especially
grateful ly acknowledged.

The personnel associated with the research and their  specif ic respon-
s i b i l i t i e s  were as fol lows:

National Research Council

Mr. E. H. Dudgeon, Director of the Division of Mechanical Engineering
- program de f in i t i on ,  direct ion
- overall responsibi l i ty

Mr. H. S. Fowler, Section Head, Engine Laboratory
- program management
- f inancial responsibi l i ty for project

Dr. U. W. Schaub, Senior Research Off icer
- project engineer
- project def in i t ion  and direct ion

Mr. R. W. Bassett, Senior Technical Off icer
- technologist in charge of test ing and instrumentation, data

system, data handling and reduction



- H i

Mr. R. J. Rimmer, Senior Technical Off icer
- crew chief ,  preparation and ins ta l la t ion  of hardware, operation

and transport of equipment, tes t ing,  safety

Mr. G. A. Fowler, Senior Designer
- design of experimental hardware
- technical photography

Mr. G. R. Matthews, Technical Off icer
- experimental assistant

Canadian Fram Limited

Mr. H. N. Charles, Cooling Products Engineering Manager
- technical consultant

Transport Canada

Mr. G. B. Maund, Program Manager for the Strategic Studies Branch
- project review, Transport Canada
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1 .  INTRODUCTION
The widespread use of ram ai r  for automotive engine coo l ing  had i t s
o r i g i n  in the ear ly  h i s to ry  of the motor car. Radiators were placed
up f ron t ,  where ram air  was " f ree ly "  ava i l ab le .  Because the
vehicles moved slowly the ram pressure was minimal and generated
very low rad ia to r  face ve loc i t i es .  This necessitated large rad ia to r
face areas. The rad ia to r  and i ts  shel l  came to serve more than just
a s t r i c t l y  func t iona l  purpose; they had such an imposing look ing  and
d i s t i nc t i ve  appearance that they qu i ck l y  became the i den t i f y i ng
symbol or marque of the automobile's maker.

The growing demand for more power eventua l ly  necessitated adding
cool ing fans to augment ram coo l ing.  Most cars today of course s t i l l
rely on ram and the cool ing fan to achieve engine coo l ing j o i n t l y .

The rad ia to r  shel l  evolved in to a g r i l l ed  i n take ,  which is cont inu ing
to character ize the vehic le model as well as to of fer  a strong
decorative appeal to both s t y l i s t s  and customers.

In recent years ,  models have been downsized and replaced in response
to r es t r i c t i ve  demands for meeting l eg i s l a ted  Corporate Average Fuel
Economy (CAFE) requirements. Cars are becoming smal ler and more fuel
e f f i c i en t  - and the i r  g r i l l e s  less d i s t i nc t i ve .

Although f ron ta l  intakes are s t i l l  used almost un i ve rsa l l y  for
cool ing purposes there is a growing apprec iat ion that the ac t ive
intake area changes d ras t i ca l l y  with approach air  speed. A wind
tunnel study of ram ef fects on the coo l ing system performance of an
actual car demonstrated that f ront  end resistance is created not only
by cool ing flow but also by approach a i r  speed1 . Consequently, not
only is i t  most d i f f i cu l t  to make one intake sa t i s f y  the requirements
for minimum loss of both ram and 100% fan coo l ing ,  but i t  seems as
well that the energy costs due to the add i t iona l  ram losses and
momentum drag are not i ns i gn i f i can t .  The same study showed that the
power necessary to overcome ram momentum and dr ive the coo l ing  fan
could exceed the input power required i f  the coo l ing fan de l ivered
the same rate of coo l ing  flow wi thout  the assistance of ram.

The power demands to dr ive the coo l ing fan and to overcome ram air
momentum were independently estimated by Hawes 2 on the basis of
simple momentum and energy theory.  By assuming reasonable component
and drive t r a i n  e f f i c i enc ies  i t  was shown that ram ai r  coo l ing
required more engine power than fan coo l ing  did.

I t  has of course been known for a long time that f ronta l  in take cars
usual ly  experience a s i gn i f i can t  reduct ion in drag when the intakes
are covered up. The reference that documents th is  observat ion  3 also
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shows that one rear-engined car, using 100% fan cooling, actually
increased drag when the cooling air intakes were covered up.

There is a great deal of evidence which shows the drag and energy
penalties of the cooling system1*’ 5 ’ 6 ; but the energy needs of a
standard cooling system (a combination of ram and fan) have not been
compared experimentally with that of 100% fan cooling.

A frontal intake always receives some ram and therefore cannot be
used to investigate 100% fan cooling. Placing the intake axis
normal to the approach flow creates opportunities. Modern passenger
car design has achieved more e f f i c i en t  air flow over the vehicle
than round i ts sides; the wedge shape is one good example. Good
streamlining round the sides of the vehicle is usually not possible
because of the need for front wheel openings and the pract ical
l imi ts  placed on the vehicle's plan view aspect ra t io .  The sides of
the vehicle therefore suggest themselves as the most promising
location for cooling in lets because they usually feature large
regions of poor surface flow, i .e .  considerably degraded total pres-
sure and l i t t l e  k ine t ic  energy in the a i r .

The above rat ionale leads to the side intake concept which wi l l  now
be described.

2. EXPERIMENTAL METHOD
2.1 TEST SITES

The research described herein was pr imari ly a wind tunnel study
making use of NRC's V/STOL tunnel at NAE Uplands in Ottawa. A
l imi ted number of supportive tests were also done on a divided four-
lane public highway under selected weather conditions with police
support in managing control over normal t ra f f i c  flow.

The wind tunnel, shown in Figure 1, features a closed air
c i r cu i t  and a 9 x 9 m (30 x 30 f t )  closed test section. The tunnel's
force balance is located d i rec t ly  beneath the test section and is
terminated at the tunnel f loor in four wheel pads for automotive
applications. A complete description of this f ac i l i t y  is given in
Reference 7.

An exhaust gas extraction system mounted in the test section
turntable f loor and isolated from the active balance elements and the
test vehicle was used for l ive vehicle (engine running) experiments,
see Figure 2. Fuel flow to the engine was provided by the vehicle's
own fuel storage and delivery system.
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2.2 TEST VEHICLE

The test vehicle had to sat isfy the following requirements:

• wheel well l iners with adequate space between the l iner  and
the front outer fender to serve as an air duct,

• su f f i c ien t  space between the f rontal  g r i l l e  and the horse
col lar to act as an entry plenum to the A/C condenser,

• a reasonably spacious engine bay that would permit relocating
accessories and ins ta l la t ion  of instrumentation,

• adequate external access to the passenger compartment for
convenient i ns ta l l a t i on  and service of the data acquisit ion system,

• a vehicle size that would be typical  of a popular North
American passenger car during the e ight ies,

• the vehicle had to have a d i rec t l y  driven cooling fan with an
unvented fan shroud.

The vehicle chosen for the tests was a 1980 3-door Ford Mustang
with a 2.3 £ four cyl inder engine, four speed transmission, air
conditioning, and sport suspension. Figure 3 shows the test vehicle
inside the working section of the tunnel.

To modify the test vehicle from standard f rontal  to side intakes
involved the following changes:

• closing and sealing off al l  of the f rontal  intakes,

• replacing the p las t i c  headlight reinforcement assembly
with a more space-conserving transverse steel brace,

• closing off and f a i r i ng  in all headlight recesses and
parking l i gh t s ,

• sealing up all holes and jo ints along the air path that
communicate with ei ther the outside or the engine bay,

• removing the reinforcement plates underneath the bumper
isolators  ,

• cutt ing new intake openings in the front fender panels.

As outl ined in Section 4, three side intake openings were chosen
and three holes were cut in each front fender. One so modified front
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fender is depicted in Figure 4. Since the prime purpose of this
investigation was to examine the concept of side intakes, no effort
was made to provide a low loss air path for cooling air .  The side
intakes were simple sharp edged cutouts in the fenders of more or
less rectangular shape and varying in area from 15 to 43% of the
radiator area. The dry space between the outer fender and i ts
p last ic  l iner  served as the duct passage to carry cooling air from
the intake to the front of the A/C condenser.

The side intake concept was tested by exposing pairs (r .h. and
l .h.  sides) in sequence and using f i t t ed  blanking plates over those
not in use. The intake i l l us t ra ted  in Figure 5 had a smooth l ip and
was part of a test sequence to investigate effects of varying
entrance losses.

The tests were done almost exclusively with the vehicle's
suspension pulled down and restrained to give standard manufacturer's
vehicle height: rocker panel drain dimples to ground clearance front
to back 7-1/4 and 6-1/2 ins . ,  respectively. The effects on aero-
dynamic forces of unrestrained and 0.44 deg. nose-up vehicle height
were also investigated.

The test vehicle was secured in the wind tunnel by locked foot
and hand brakes. The coolant thermostat was blocked wide open. The
vehicle was tested in the following configurations:

• standard car,

• with f rontal  intakes faired in,

• with f ronta l  intakes, head and parking l ights  faired in,

• with f ronta l  intakes, head and parking l ights  faired in
and new side intakes open.

Except when col lect ing balance force data the vehicle was manned
by a test crew comprising a "dr iver"  and a data system operator.

2.3 IN-CAR INSTRUMENTATION AND DATA ACQUISITION SYSTEM

2.3.1 Data Acquisition System

With the exception of balance forces data was collected
by a pre-programmed on-board acquisit ion system located d i rec t ly
behind the dr iver ' s  seat, as i l l us t ra ted  in Figure 6. Data was
recorded on magnetic tape and transmitted after each test series to
the central NRC computing f ac i l i t y  for reduction and pr in t ing .
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2.3.2 Measurements

Fan Speed - Fan speed was sensed with a s l o t t ed  disk
mounted on the tan pu l ley  and a L.E.D. / pho to - t rans i s to r  p ickup. I t
was measured on a standard frequency counter.

Torque - A torquemeter developed j o i n t l y  by Canadian Fram
Limited and NRC was used to measure fan input torque.  I t  was
ins ta l l ed  in place of the distance piece normally mounted between the
fan spider and the dr ive pu l l ey .  Figures 7 and 8 show parts of th is
meter with i ts  two s t r a i n  gauged can t i l eve r  beams. The gauges
arranged in a Wheatstone bridge con f igura t ion  were exc i ted  and
transmit ted the unbalance vol tage output signal via a standard com-
mercial  s l i p r i ng  un i t .  The meter, which was o r i g i na l l y  developed
for use on smoother V-8 engines was modi f ied mechanically with
in te rna l  damping for use on the rougher 4 cy l i nde r  engine under tes t .
The cool ing fan and torquemeter assembly was balanced s ta t i ca l l y  and
dynamically p r io r  to i ns ta l l a t i on .  The torquemeter was ca l i b ra ted
s ta t i ca l l y  on the vehic le  before and between experiments.

Pressures - Pressures were sensed by means of Scani valve
mounted d i f f e ren t i a l  pressure transducers using the approach ai r
to ta l  pressure as a backing pressure.

Engine bay s ta t i c  pressure was sensed by pressure l ines
capped with small porous foam turbulence sh ie l ds ,  under the engine
bay on the tunnel f l oo r  by thin mul t i  tube pressure tape, and on the
body panels by standard de ta i l  s t a t i c  pressure taps.

Side intake to ta l  pressure was sensed with a number of
i n t e rna l l y  chamfered Kiel type probes in the fender panel plane.
Due to considerable non-uni formi ty  in flow d i r ec t i on  and to ta l  pres-
sure in the intake reg ion ,  a number of probes were d i s t r i bu ted  around
one intake and al igned i nd i v i dua l l y  at approach a i r  speeds through
use of wool t u f t s .  A probe rake using several to ta l  pressure heads
was mounted at r i gh t  angles to the f ront  fender of the standard car
to ass is t  in f i nd ing  the most su i t ab le  loca t ions  for side in takes.
Total pressure was sensed also in the rad ia to r  ex i t  plane in order
to determine front end losses and for the general purpose of
es tab l i sh ing  de ta i l ed  stream proper t ies  of the coo l ing  f low. The
nature of the flow immediately downstream of the rad ia to r  core ca l led
for large diameter (6 mm) to ta l  pressure probes 8 .

Temperatures - Measurements included temperatures in the
approach ai r  stream, engine bay environment, and coo l ing  a i r  at the
rad ia to r  ex i t  plane. All temperatures were sensed with chromel -
alumel thermocouples using cold j unc t i on  compensation.

•r
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Cooling Air Flow - Air speed at the rad ia to r  ex i t  plane
was sensed with free p rope l le r  anemometers developed by NRC. The
uni ts  i l l u s t r a ted  in Figure 9 had a diameter of 50 mm (2 i ns . )  and
were designed to have a sens i t i v i t y  of 33 Hz per metre per second
in order to be able to i nd ica te  very low air  speeds.' The p rope l l e r
blades were f l a t  plates tw is ted  to sa t i s f y  the free vortex ru le .
Independent experimental work at NRC 8 had shown that these anemometers
supported in a ve r t i ca l  frame ro ta ted nearly 6% fas te r  in the h igh ly
non-uniform flow immediately downstream of the rad ia to r  core than in
smooth flow having the same average ve loc i t y .

Six i nd i v idua l  anemometer uni ts  were arranged in the
ve r t i ca l  frame which was traversed ho r i zon ta l l y  to e ight  sampling
pos i t ions  across the rad ia to r  face ins ide the fan shroud. This gave
an array of 48 sampling s ta t i ons .  Figure 10 shows the conf igura t ion
inc lud ing f ive unshielded thermocouples and f ive  to ta l  pressure
probes spaced midway between the anemometers.

Approach Air Speed - Tunnel a i r  approach speed was der ived
from tunnel to ta l  and s ta t i c  pressures and was corrected for blockage
using the 1/4 area ra t i o  cor rec t ion  given in Pope 9 . The f ronta l  area
of the test vehic le  was 2.3% of the tunnel working sect ion area.

Other Measurements - Balance forces along with tunnel
ve loc i t y  and vehic le  yaw angle were measured and recorded by the
tunne l ' s  data acqu i s i t i on  system. Moments were der ived from the
measured pad forces and appropriate veh ic le  and tunnel balance
dimensions.

Flow v i sua l i za t i on  studies were made making use of a non-
tox ic  cosmetic o i l  smoke. The smoke was i n j ec ted  from the t ip  of a
2.5 m long hand held lance at tunnel a i r  speeds of 20 km/h. Simul-
taneous colour photographs were taken by two hand held 35 mm cameras
in the ve r t i ca l  and hor izon ta l  planes.

3.  DRAG MEASUREMENTS ON THE STANDARD VEHICLE
3.1 VEHICLE DRAG

The drag coe f f i c i en t  of the standard test  veh ic le  at 80 km/h
with the coo l ing fan speed matched to the 4th gear cond i t ion  was
0.420, see Figure 11. The same f igure  shows that the drag coe f f i c i en t
was not constant ,  but increased rap id l y  with veh ic le  yaw: Co = 0.430
for ψ = ±5° and Cp = 0.505 for ψ = +15°. Drag coe f f i c i en t  was observed
also to increase,  a l be i t  moderately, as approach ai r  speed was reduced,
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e.g. Cg = 0.430 and 0.413 for = 50 and 150 km/h, respec t i ve ly .
Cooling fan operat ion had su rp r i s i ng l y  l i t t l e  in f luence on drag
coe f f i c i en t ;  in f ac t ,  a comparison between Figures 12 and 13 shows
that i t  was reduced by only 0.004 while the fan was stopped and ram
became the only mover of cool ing a i r .

Cooling system drag was however far from i ns i gn i f i can t .  In
f ac t ,  cool ing system drag was a major con t r i bu t i on  to ove ra l l  veh ic le
drag, ch ie f l y  because of the role played by momentum or ram drag.
This can be seen by comparing the drag of the standard veh ic le  with
100% ram coo l ing (s ta t ionary  cool ing fan) ,  Figure 13, with that of
the same vehic le when i t s  intakes were completely covered up with
closure p l a tes ,  Figure 14. The drag coe f f i c i en t  was reduced from
0.434 to 0.376 and from 0.411 to 0.360 at 50 and 150 km/h, respec t i ve ly .
A s im i l a r  trend was observed at +15° of veh ic le  yaw.

For reasons ou t l i ned  ea r l i e r ,  most of the drag measurements with
non-standard vehic le  conf igurat ions were made with covered head and
parking l i gh t s .  Consequently, absolute drag coe f f i c i en t s  had to be
calculated by reducing the measured values by a head and park ing
l i gh t  drag decrement. On the other hand, adequate comparisons of
drag coe f f i c i en t  are possib le wi thout  th is  adjustment. Figure 15
shows the head and park ing l i gh t  drag penal ty  and enables comparisons
of absolute drag coe f f i c i en t s .  I t  is ev ident  that the net ram
con t r ibu t ion  to aerodynamic drag was 8% at 150 km/h and as high as
10% at 50 km/h.

3.2 RAM DRAG

Ram momentum was ca lcu la ted independently from measured coo l ing
air  flows and the premise that a l l  of the coo l ing  ai r  en ter ing  the
engine bay was brought to rest r e l a t i ve  to the veh ic le .  On comparing
Figure 16 with Figure 15 i t  can be seen that ram momentum drag was
indeed nearly equal to coo l ing system drag measured by force balance
under s t i l l  fan cond i t ions .

When the coo l ing  fan operated however, i t  augmented coo l ing
flow subs tan t ia l l y  (as w i l l  be shown in Figure 33) and with i t
momentum drag, as demonstrated in Figure 16. Despite th is  increase,
the net vehic le drag, as measured by the wind tunnel balance,
increased only by a d ispropor t iona te ly  small amount - ΔΟρ = 0.005
according to Figure 15. I t  appears the re fo re ,  that momentum drag
was larger  than coo l ing system drag whenever the cool ing fan operated.
The d i f fe rence between these two quan t i t i es  can be ra t i ona l i zed  as
fo l l ows .  Regardless of the magnitude of approach ai r  speed, the je t
e f f l ux  from the fan impinges f u l l y  on the engine and i t s  accessory
parts so that no net th rus t  is produced. The increased momentum
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created by the cooling fan is balanced by associated pressure forces
acting on various intake surfaces, just as in the case of a stationary
vehicle, where the force balance is more easily understood.

4,  SELECTION OF BODY AREAS FOR SIDE INTAKES
To minimize cooling system drag, cooling air must be taken from
regions of natural ly low total pressure and low k inet ic  energy. To
minimize the energy demand of the cooling fan there should be as
l i t t l e  loss of total pressure as possible between the intake and dis-
charge faces of the cooling system.

Extensive pressure mapping was done on the sides of the front fenders
of the standard test vehicle. Typical pressure coeff ic ient  ( — -—H OO
isobars are presented in Figures 17 to 22. Those exhib i t  appreciable
change with vehicle yaw but very l i t t l e  variat ion with approach air
and cooling fan speeds. Pressure plots l ike these, together with
smoke flow visual izat ion (see Section 8) and total pressure measure-
ments in the external flow alongside the vehicle, see Figures 23 and
24, were used to iden t i f y  t r i a l  locations for side intakes on both
sides of the vehicle above and to the rear of the front wheel fender
opening. The ident i f ied  intake boundaries are indicated as superposed
broken lines on the standard vehicle p ro f i les .  The shape and size of
the openings were dictated to some extent by the available fender
structure.

INTAKE LOCATION OF INTAKE AREA PER SIDE

cm2 ins. 2

A above the wheel opening 239 37
B above and to the rear of

the wheel opening
555 86

C to the rear of the wheel
opening, at the bottom

194 30

Intake "C" was expected to have the best potential from an aerodynamic
point of view and the greatest disadvantage for pract ical consider-
ations.
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5. DRAG MEASUREMENTS ON THE SIDE INTAKE VEHICLE
Although the t r i a l  intakes were selected careful ly for the purpose of
testing the side intake concept, they were not achievements of per-
formance optima with respect to low loss entry and to minimizing
vehicle drag. Nevertheless, as wi l l  be shown, a considerable measure
of success in vehicle drag reduction was achieved re la t ive  to the
standard vehicle with conventional f rontal  intakes.

Side intake drag results are shown in Figures 25, 26, and 27. These
drag data were obtained for the same basic vehicle, but with i ts
front end completely faired in, except for the exposed licence plate
in i ts standard location. Thus, in order to enable direct comparisons
with the standard vehicle drag, a head and parking l igh t  drag decrement,
measured independently, was removed. Table 1 and Figure 28 summarize
the principal experimental resu l ts ,  corrected for normal head and
parking l igh t  drag e f fec t .  The drag coeff icients shown include those
of the standard vehicle using ram and fan cooling, the f rontal  in lets
covered, and the three side intake configurations A, B, and C.

Evidently all three side intakes achieved s igni f icant  drag reductions.
Side intake "C", drawing wheel outwash air d i rec t l y ,  featured the
lowest drag coef f ic ien t ,  as low in fact as the best possible for the
basic vehicle shape, i .e .  with the f ronta l  intakes covered and zero
cooling system drag. Side intakes "A" and "B" fe l l  somewhat short of
eliminating 100% of the normal cooling system drag. The fact that
their respective drag coeff icients increased perceptibly with cooling
fan speed suggests that these intakes ingested air carrying some
residual (ram) momentum at the larger cooling flows.

Side intakes "A" and "B" should be less prone to ingestion of road
debris than "C", and despite a s l ight  penalty in the overall aero-
dynamic performance of the vehicle re la t ive  to "C", would be more
useful in a pract ical  sense.

Section 8 of this report offers a sample record of photographic flow
visualization resul ts .  The reader is inv i ted to draw comparisons
between the standard and modified vehicle external flow f i e l ds .

A study of al l  of the aerodynamic forces revealed that the chosen
standard vehicle had a better than average aerodynamic performance
relat ive to other present North American and foreign passenger car
models. Consequently, any benefits shown in drag reduction through
elimination of cooling system drag were probably more modest than they
would be for other more "boxy" cars. Nevertheless, there seems to be
substantial scope for optimization of intake geometry and location
and the internal air ducting on the present test vehicle, not to
mention the potential advantages of adjusting the basic front end
sty l ing when the obvious constraints of f rontal  in le ts  are not
necessary.

•T
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TABLE I

DRAG COEFFICIENT SUMMARY

YAW ANGLE ψ=Ο°

CONFIGURATION BASIC*
STAND'D
FRONT
END

SIDE INTAKE
A E C

FAN SPEED (N) 0 Nzxz V» 2500 4500 2500 4500 2500 4500

AP
PR

O
AC

H
SP

EE
D

 8
Vo

o
( k

m
/h

)

5 0 0 .388 0 .437 0.404 0.413 0.402 0407

90 0.383 0.420 0394 0.398 0.391 0.396 0.386 0.382

128 0.379 0.413 0.388 0.391 0.387 0390 0.386 0.382

YAW ANGLER = + 15°

CONFIGURATION BASIC*
STAND'D
FRONT

END

SIDE INTAKE

A BI C
FAN SPEED (N) 0 N/xz Vco 2500 4500 2500 4500 2500 4500

A
P

P
R

O
A

C
H

S
P

E
E

D
 8

V
»

(k
m

/h
)

50 0.470 0.512

90 0.477 0 .498 0.470 0.468 0.464

128 0.478 0 .500 0.462 0.464 0.456

* BASIC MEANS STANDARD CAR WITH FAIRED IN FRONT
END AIR INTAKES, WITH NORMAL HEAD AND PARKING
LIGHTS AND STANDARD LICENCE PLATE MOUNT.



6. AERODYNAMIC PERFORMANCE OF THE COOLING SYSTEM
6.1 FRONT END LOSSES

6.1.1 Standard Car

Front end loss was customari ly defined as the d i f fe rence
in to ta l  pressure between that in the approach ai r  flow and that at
the rear face of the rad ia to r .  This loss was measured for a number
of cool ing a i r  flow ra tes ,  as shown in Figure 29. The data exh ib i ted
a cha rac te r i s t i c  dependence on the square of coo l ing ai r  flow (or
ve loc i t y )  and ram dynamic pressure, and were therefore cor re la ted by
means of l i nea r  regression using Qa

2 as the independent var iab le .

TABLE 2

Standard Car Regression Line Fi ts for Front End Losses
ΔΡ 0 = mQa 2 + b

Vco m b

0 6.59 x 10 - 8 0.076
50 6.88 x IO" 8 0.387
100 5.77 x 10" 8 1.567
150* 5.20 x 10 - 8 3.489

Where V is in km/hco
ΔΡ0 is in ins.  w.g.
Qa is in f t  3 /m

Reference 1 i den t i f i e s  two basic loss mechanisms: the
basic loss at zero forward speed having to do with f r i c t i on  e f f ec t s ,
which is propor t iona l  to Qa

2 , and a ram loss associated with catch
flow stream tube cont rac t ion e f fec ts  of the cool ing air  as i t  passes
through the f ron ta l  i n takes ,  which is propor t ional  to V 2 . The
coe f f i c i en t s  of Qa

2 would be constant i f  the i n te rna l  aTr path losses
were independent of approach ai r  speed. The ind ica ted va r ia t ions
re l a t i ve  to the basic (Vœ = 0) loss case, as large as 21% for the

*Due to lack of su f f i c i en t  data there is considerable uncer ta in ty  in
the regression f i t  for 150 km/h.
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150 km/h case, are attr ibuted primari ly to lack of adequate data and
to a lesser extent on stream tube contraction ef fects.

To a f i r s t  approximation, with an accuracy of ±2.5% at
Qa = 0, the ram losses can be represented by the ordinate intercepts
of the above regression l ines. Expressed in non-dimensional form the
ram loss coeff ic ient in the speed range 0 Vœgl50 km/h was

APoRAM = 0.77
Qoo ·

The standard frontal intakes are seen to be highly
res t r i c t i ve  to cooling flow at forward speed, since 77% of the ram
dynamic pressure was destroyed at the f rontal  g r i l l e  openings.

6.1.2 Side Intake Car

Because no precautions were taken to avoid the large losses
created by the sharp edges of the side intake openings and the rough
and cramped fender spaces the pressure losses generated from s t i l l
surroundings were obviously much greater than in the case of the
frontal intake. This can be appreciated by comparing Figure 30 with
Figure 29.

Using the customary def in i t ion of front end loss, i .e .
that based on approach air total  pressure, the side intake configuration
suffered seemingly large losses with increasing approach air speed,
see Figure 30. However, since side intakes are intended to draw air
from regions of separated flow (low total pressure), the customary
def in i t ion is inappropriate. Total pressure loss was instead
referenced to independently measured total pressures in the side
intake planes, which were, because of external aerodynamic e f fec ts ,
substantially lower than the stagnation pressure of the approach flow.

The side intakes were actually quite well shielded from the
approach flow because the so-defined front end loss was much less
sensitive to approach air speed and direct ion than for f rontal  intakes.
Under normal running l ine conditions, e.g. 4th gear operation, the
front end system losses of the side intake configuration tested were
very simi lar to those of the frontal intake system losses at ident ical
conditions. At lower than normal cooling flows the side intake system
losses are substantial ly less. The above observations can be checked
in Figure 31.

Intake "C" drew cooling air d i rec t ly  from the outwash of the
front wheel, a region of somewhat lower s tat ic  pressure than higher up
on the fender panel near "A" and "B", and potent ia l ly  subject to
considerable dust ingestion. Both intakes "A" and "C" were narrow s l i t s
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due to spacial constraints inside the fender. Because of this they
experienced very high edge velocit ies and shed bad flow separations
di rect ly  into ducts of small cross sectional area, especially so in
the case of "A".

While all side intakes suffered from poor entrance flow
intake "B" seemed to offer the best location on the present test
vehicle because:

• the inside fender space was the least congested and
hence availed the largest possible entrance area,

• i t  contributed to one of the lowest front end losses,

• i t  was better protected than "C" from wheel outwash
and possible debris ingestion.

Bearing in mind that the side intake modifications were
strongly influenced by exist ing hardware constraints, i t  is reasonable
to expect that front end resistance could be lowered measurably by
re la t ive ly  few and simple hardware changes.

6.2 PRESSURE RISE - FLOW CHARACTERISTIC

Figure 32 is a universal plot of cooling fan performance showing
the stat ic  pressure rise - flow characterist ics. This type of plot
can be constructed by graphing the fan and ram developed s tat ic  pres-
sure r ises,  or by removing the front end resistance from approach flow
total pressure 1 . The apparent general lack of data indicates that
performance mapping was not a prime objective of this investigation.
Nevertheless, the available data define a surprisingly representative
characterist ic map, including th i rd and fourth gear running l ines.
Constant fan speed lines were generated from Figure 33, which is a plot
of cooling air flow rate against fan speed with approach air speed as
a free parameter.

This l a t t e r  plot shows for 100% fan cooling that the side intake
configuration reduced the cooling flow by only 250 cfm re la t ive  to
the standard frontal  intake. Normally the ram provided between 1/2
and 2/3 of the total cooling air (3rd and 4th gear, respectively);
but in the case of side in lets ram had no s igni f icant contribution to
cooling flow. To achieve simi lar cooling flows through such intakes
the same fan had to be operated at much higher speed (approximately
40 to 60% for 3rd and 4th gear, resoecti  vely) , as can be seen from
Figure 33.

Unlike the standard frontal  intake, which suffered a 10% loss in
air flow at a yaw angle of 15°, the side intake cooling flow was com-
pletely insensit ive to vehicle yaw, see Figure 34.
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Figure 35 shows the ram-only pressure r ise and the negative image
of the basic (fan only) s t a t i c  pressure running l i ne .  C lea r l y ,  ram
cool ing created much greater f ront  end resistance than f u l l  fan coo l ing.

The universal  cha rac te r i s t i c  p lot  (Figure 32) demonstrates that
side intakes of fer  a fa i r  degree of i so l a t i on  to the coo l ing  fan from
vehic le dynamic e f fec ts .  This suggests that the side intake cool ing
system designs may be based simply on s t i l l  surrounding a i r ,  provided
the appropriate external  pressure boundary condit ions are met.

6.3 FAN INPUT POWER

Figure 36 shows the input power of the cool ing fan in the
standard vehic le conf igura t ion .  The four cy l inder  engine ran roughly
and torque measurements between the water pump pul ley and the cool ing
fan became possible only a f te r  the torquemeter's s t r a i n  arms were
bedded in rubber v i b ra t i on  dampers. The data sca t te r  evident in the
f igure  is due to a residual  torque f l uc tua t i on  of about ±5%. Fan
speed f l uc tua t ions  (time averages) were smal l ;  the severest f l uc tua t i on
was at id le  and i t  amounted to ±1.5%.

Reference 10 showed that cool ing fan input power in a standard
passenger car was su rp r i s i ng l y  i nsens i t i ve  to approach ai r  speed.
Figure 37 shows that the same observation was made for the coo l ing fan
in the present standard car. In the case of side intakes input power
seemed weakly dependent on approach speed, and the coo l ing fan required
less power (8.5 to 20%, depending on approach speed) than for standard
intakes i f  run at the same speed. The greater system resistance of
the present tor tuous air  path and the aerodynamical ly de f i c i en t  duct
elements, together with the ex te rna l l y  imposed greater  head r ise across
the system, moved the fan's design operat ing regime to lower f lows,
closer to s t a l l ,  and to higher e f f i c i enc ies .

Figure 38 exh ib i t s  the cool ing fan's input power as a func t ion  of
fan r .p.m. for three d i f f e ren t  vehic le  intake conf igura t ions :  standard
f ronta l  i n takes ,  side intakes "B", and side intakes "B" reduced in area
(per side) from 555 cm2 (86 ins. 2 ) to 26 cm2 (4 ins. 2 ). A f a i r l y
severe change in the system resistance impl ied by such a large decrease
in intake area apparently resu l ted  in a su rp r i s i ng l y  minor (14%) change
in the required input power of the standard cool ing fan.

7.  VEHICLE POWER CONTRIBUTIONS
7.1 POWER NEEDED TO OVERCOME AERODYNAMIC DRAG

The power requi red to overcome aerodynamic drag is propor t iona l
to drag force times approach ai r  speed. To make a comparison of that
power between the standard and the side intake veh i c l e ,  correct  coo l ing
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system drag with i den t i ca l  coo l ing flows must be included. Figure 39
of fers  such a comparison. At rated coo l ing flows the "B" intake
equipped car needed 6% less power than the standard car with f ron ta l
in takes.  This apparent saving in power is however not a true one
because of the addi t ional  work the fan has to do i f  ram is not there.

7.2 POWER NEEDED TO DRIVE THE COOLING FAN

Figure 33 shows how much cool ing flow was generated over a range
of fan and approach ai r  speeds by the standard car and the car modi f ied
with side in takes .  Cooling flows produced by ram only for f ron ta l
intakes are given by the in te rcepts  along the ord inate axis.  Then,
fo l lowing any constant approach ai r  speed l ine  with increas ing fan
speed i t  is possible to observe how much flow was augmented by fan
operat ion. Side intake cool ing flows had, of course, no help from
ram. At any given fan speed i t  was also observed that side in take
cool ing flows were appreciably less than fan-only  cool ing flows through
conventional f ronta l  in takes.  I t  was in fact necessary to overspeed
the same coo l ing fan in order to draw rated coo l ing f lows. This f i gu re
was used in the process of est imat ing fan running speed and requi red
input power to achieve a given cool ing ai r  flow when side in takes were
employed.

The coo l ing  ai r  flow and required power for the "B" intake equipped
test vehic le as a funct ion  of fan speed are shown in Figure 40.

7.3 POWER COMPARISONS BETWEEN THE STANDARD AND
THE SIDE INTAKE VEHICLES

To get a true measure of the energy demand of both systems i t
does not su f f i ce  to compare fan powers d i r ec t l y  because in the one
case the fan is the only mover of coo l ing a i r ,  and in the other i t  is
assisted by ram. Moreover, o r i en ta t i on  and l oca t i on  of in takes were
shown to have a profound ef fect  on veh ic le  drag. Figure 41 is a p lo t
of power of the standard vehic le  comprising both the power necessary to
overcome vehic le  drag and to power the fan in simulated 3rd and 4th
gear operat ion.  Since dr ive t r a i n  transmission losses were not known
the measured fan power was added d i r ec t l y  to aerodynamic power ca l -
culated from force balance measurements. To obtain comparable data
for the side intake car rated 3rd and 4th gear cool ing flows were
selected in Figure 33. "B" in take fan speeds necessary to achieve
these cool ing flows were located in Figure 40, and appropr iate "B"
intake fan powers were then located in the same f i gu re  as ind ica ted .
Note that the "B" intake fan speeds were always greater .  These power
data were then added to the aerodynamic drag power of the "B" intake
car at the approach air  speeds prev ious ly  selected in Figure 33.
Figure 42 is the to ta l  power r esu l t i ng  from this cross p l o t t i ng
procedure and necessary for the "B" intake veh ic le .
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F ina l ly ,  Figures 41 and 42 can be compared to find that no
energy penalty had been incurred in switching the location of the
cooling air intake from the front to the sides.

The single most important result  of this investigation is the
finding that f rontal  air intakes are not necessary for engine cooling.
For energy conservation reasons i t  seems best to optimize the
vehicle's front end shape to give the lowest possible Cp, and then to
resort to side intakes as a separate solution for engine cooling
purposes. Since all comparisons were made on the basis of the same
basic vehicle shape, the potential created by eliminating f rontal
in lets for s igni f icant  reductions in overall power has rea l ly  not been
explored. However, Reference 5 reports that aerodynamic optimization
of front end shape can lead to s igni f icant  drag reduction of
approximately ΔΟβ = 0.02.

7.4 ESTIMATED FUEL SAVING

The fuel saving implied by the proposed drag reduction of 0.02
can be calculated for a known ro l l i ng  resistance, road and wind speeds,
h i l l  grade and vehicle acceleration. This has been done during other
investigations 5 ’ 6 . In the present case a simple estimate was made for
the special conditions of:

• constant road speed,

• s t i l l  ambient a i r ,

• horizontal f la t  road.

The re la t ive  fuel saving expression, derived in the Appendix,
is :

Δμ = ACP/C P
μ 1 + Rr /Pa

Where Rr /Pa is the rat io of r o l l i ng  resistance to aerodynamic
drag force.

Da = CDA f

Rr = ( r o + Π VJW
for estimating purposes the normal modest speed
dependency may be omitted, so that

Rp = r 0 W

W = defined vehicle weight
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Since there is no un i ve rsa l l y  appl icable value of r 0 , three
values (a genera l ly  used number: rç = 0.01, G.M. 11 : r 0 = 0.015,
V.W. 5 : r 0 = 0.0405) were used in Figure 43.

I t  is noteworthy that the var iables character iz ing the vehic le
appear combined in one parameter with the uni ts of m2 /kg or f t  2 / l b .

Using the spec i f i ca t ions  of the present test veh ic le

Af = 1.89 m2 (20.3 f t  2 )

W = 1361 kg (3000 l bs ) ,  estimated EPA cost-down for the basic
Mustang weight of 1142 kg (2517 lbs)

and the measured drag coe f f i c i en t s  given in Figure 11, the fuel
f r ac t i on  saved due to a drag reduct ion of ΔΟρ = 0.01 was p l o t t ed  in
Figure 43.

Assuming that the Mustang has a r o l l i ng  resistance s im i l a r  to a
G.M. car (r  0 = 0 .015) ,  a proposed reduct ion of ΔΟρ = 0.02 is therefore
expected to give a fuel saving of 3.1% at 100 km/h.

8. FLOW VISUALIZATION EXPERIMENTS
Figure 44 shows t yp ica l  close-up plan and e leva t ion  views of smoke
being drawn in to  side intake "B" with a t r i a l  bellmouth l i p .  The
vehic le was yawed +15° r e l a t i ve  to the approach flow and the shown
intake was on the lee s ide,  where the flow normally separated on the
standard veh ic le .  The smoke, which l e f t  the smoke lance 3 cm (1 i n . )
of f  the surface upstream of the i n take ,  adhered to the fender and got
drawn into the side in take .  Ins ide the intake the smoke appeared to
be unable to fo l low the leading l i p  surface and separated ins ide the
duct.

Figures 45, 46, and Figures 47, 48, are sets of paired photographs.
The upper i l l u s t r a t i ons  in each f i gu re  show the standard car, the
lower i l l u s t r a t i ons  the side in take car, and the smoke t r a i l  s k i r t s
the same spot near the fender in each f i gu re .  The odd number f igures
(Figures 45 and 47) are plan views and the even number f i gu res  (Figures
46 and 48) are e leva t ion  views. The f l i p  chart test  sequence numbers
shown (most often in the window of the car) i nd i ca te  paired plan and
elevat ion views of the same s i t ua t i on  taken at the same time.

In Figures 45 and 46 the test vehic les were al igned with the wind
d i rec t i on  and the smoke was i n j ec ted  aft  of and high up on the f ront
wheel opening, i . e .  at the 10 o ' c l ock  pos i t i on .  On the standard car
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(upper i l l us t ra t i ons ,  run 002) the smoke rapidly spread or diffused as
i t  was carried along the side of the car. This depicts a region of
separated flow. In the lower i l l us t ra t ions  (run 093), i .e .  at the
side intake, the smoke diffused at f i r s t ,  but was ult imately drawn
completely into the intake.

In Figures 47 and 48 the cars were at +15° of yaw and the smoke t ra i l
passed over the front fender near the windshield on the lee side of
the cars. In the standard car case (upper i l l u s t r a t i on ,  run 021) the
smoke was carried by the air in the or iginal  stream direct ion.  This
shows fu l ly  separated flow at the lee side door of the standard car.
In the side intake car case (lower i l l u s t r a t i on ,  run 069) the side
intake suction caused the smoke filament to be deflected from its
original direct ion towards the lee side door. The flow appeared to
adhere to the lee side of the car, and i f  there was any flow separation
i t  was certainly smaller than in the standard car case.

These i l l us t ra t ions  typ ica l ly  show how ef fect ive ly  the side intake
draws off dead air and explain in a qual i tat ive sense the improved aero-
dynamics of the side intake car while the vehicle was yawed.

9.  CONCLUSIONS
(1) Cooling system drag was caused by ram momentum. Cooling

fan operation increased drag only in a very minor way.

(2) Cooling system drag was equal to ram momentum drag only
under pure ram cooling conditions, at all other conditions i t  was
less.

(3) Cooling system drag was equal to 8 to 10% of the overall
vehicle drag. Drawing cooling air in through side in le ts  v i r t ua l l y
eliminated cooling system drag.

(4) Front end losses of the standard car were well correlated
i f  expressed as the sum of a basic system loss which is proportional
to the square of the cooling flow face dynamic pressure and a ram
loss which is proportional to the approach flow dynamic pressure.

(5) In s t i l l  ambient surroundings the t r i a l  side intake front
end losses were almost twice those of the standard f ronta l  intake
system losses. Under running l ine conditions the t r i a l  side intake
front end losses were about equal to the standard front end losses.
At lower than rated cooling flows side intake front end loss was less.
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(6) The side intake cooling system had no measurable ram
recovery so that the cooling fan had to generate a much larger pressure
rise in order to del iver the same cooling flow. I t  was able to achieve
this by running at about 40% greater speed.

(7) Side intakes made the cooling flow rate much less sensitive
to approach flow direct ion than f rontal  intakes did.

(8) Side intakes made the fan power demand s l i gh t l y  sensitive to
approach air speed. Frontal intakes increased the fan power demand,
but the power demand was v i r t ua l l y  insensit ive to approach air speed.

(9) Side intake cooling systems were found to be at least as
energy e f f i c i en t  as standard ( f ronta l  intake) cooling systems given:

• the same cooling air flow rate,

• the same basic vehicle shape,

• the same cooling fan,

• non-optimized cooling air intake and internal air ducting.

(10) The tested side intakes seemed to be so well isolated from
approach flow effects that other side intake cooling system designs
may be based on s t i l l  surrounding a i r ,  provided the appropriate
external pressure boundary conditions are sat is f ied.

(11) Side intakes enable at least as ef fect ive and e f f i c i en t
engine cooling as f rontal  intakes. Consequently, the f rontal  intake can
be done away with and the front end of the vehicle can be restyled
aerodynamically to give a lower drag coef f ic ient  than possible for the
previous basic shape. A 5% drag reduction in the present vehicle would
assure a fuel saving of about 3% at a vehicle speed of 100 km/h.

10 ,  RECOMMENDATIONS
The research done so far has shown that the side intake cooling concept
is fundamentally sound and feasible. The concept compares favourably
with the standard f ronta l  intake cooling system and has considerable
unexplored potential with respect to energy saving. Consequently the
research should be extended into the following areas of investigation.

• An aerodynamic optimization of the side intake and associated
internal air ducting.
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• Development of a complete coo l ing  package inc lud ing  a more
su i tab l y  matched and more e f f i c i en t  coo l ing  fan and d i r ec t l y  coupled
compact heat exchangers, which replace the conventional f ron ta l
rad ia to r  and A/C condenser.

• A complete rev i s i on  of the aerodynamic s t y l i ng  of the f ront
end ( in the absence of f ronta l  intakes and heat exchanger const ra in ts )
to reduce vehic le  drag.

• Development of a concept car incorpora t ing  the above items.
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12,  APPENDIX
12.1 IN-CAR DATA ACQUISITION SYSTEM

The in -ca r  data acqu i s i t i on  system accepts s igna ls  from up to
six (6) transducer/pressure scanning valves (each having fo r ty -e igh t
(48) pressure input po r t s ) ,  twenty thermocouples and twenty frequency
generators. In add i t i on ,  a l im i t ed  amount of b inary coded (B.C.D.)
informat ion can also be accepted.

All inputs are sequent ia l l y  scanned under pre-programmed con t ro l .
Controls permit pa r t i a l l y  processed data to be examined on a d i g i t a l
d isp lay  p r i o r  to recording on magnetic tape. Recorded data is t rans-
ferred to NRC's IBM computer for f ina l  processing and p r i n t i ng .

12.1.1 System Inputs

Three types of s ignal are measured - low level  d.c.
vol tages,  frequencies and d i g i t a l  codes.

Low Level Voltage Sources - All low level  voltages were
fed through a system scanner to an i n teg ra t i ng  d i g i t a l  voltmeter
which sampled each signal for a period of 200 mi l l iseconds and
provided a time averaged value.

Pressures are measured using scanning values driven by a
rotary solenoid.  Up to six valves were used, each f i t t ed  with a d.c.
s t r a i n  gauge type of pressure transducer,  and each capable of
handling fo r ty -e igh t  pressures. Signal cond i t ioners ,  which provide
the s t r a i n  gauge exc i t a t i on  vol tage also ampl i fy the s ignals before
they are routed to the system scanner.

Temperatures are measured using chromel /alumel thermo-
couples connected d i r ec t l y  to the system scanner. Cold junc t ion
compensation is provided w i t h i n  the scanner.

The fan torquemeter also produces a low level  signal
derived from d.c. exc i ted  s t r a i n  gauges arranged in a four arm
bridge s im i l a r  to the pressure transducers. This s ignal  is fed
d i r ec t l y  to the system scanner wi thout  amp l i f i ca t i on .

Frequencies - Rotat ional  speed measurements re la ted  to
rad ia to r  a i r  flow were made by feeding pulse t ra ins  from p rope l l e r
anemometer mounted op t i ca l  pickups through the system scanner to a
frequency counter.

Fan speed was measured in a s im i l a r  manner.
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D ig i t a l  Codes - B.C.D. s ignals  i nd i ca t i ng  the pos i t i on  of
the pressure scanning valves and the rad ia to r  t ravers ing gear are fed
d i r ec t l y  to the system con t ro l l e r .

12.1.2 System Operation

The data co l l ec t i on  sequence and format for the wind tunnel
tests were arranged by pre-programming the system con t ro l l e r .  Test
programs, which were stored on magnetic tape, are loaded into the
con t ro l l e r  memory p r io r  to t es t i ng  and then replaced by a data storage
tape. As t es t i ng  proceeds data are stored in the con t ro l l e r  memory.
After completion of each test and an opt ional  visual inspect ion the
data record is then t ransfer red to magnetic tape upon manual command.

All system operat ions,  such as stepping pressure scanning
valves and indexing the rad ia to r  t ravers ing  gear, are managed auto-
mat i ca l l y  by the con t ro l l e r .

12.2 DERIVATION OF EQUATION FOR FUEL SAVING

The power requi red to propel a car at constant speed on a level
f l a t  road in s t i l l  a i r  is

Pe " 5W ( Rr + Da) V«>

Where Ρθ = engine power

η = power t rans fe r  e f f i c i ency

R f = ro l l i ng  resistance

D o = aerodynamic draga

pV
- Wf  ΤΓ3O

A = f ronta l  area of the veh ic le

Cp = drag coe f f i c i en t

The change in power due to a change in drag is

ΔΡΩ = rJr- Ve 550η a =°



- 24 -

The ra t i o  of the power APe and Pe is also equal to the work done
ra t i o  because the time i n te r va l  is the same in both cases. The work
ra t i o  is equal to the fuel r a t i o  i f  i t  is assumed that the engine's
spec i f i c  fuel consumption is constant for the change, in operat ion due
to ACp.

Consequently,

ΔΡΩ ADc _ a

= Au
μ

_ AD a /D a
’ 1 ‘ Rr / ° a

iCg/Cjj
- τ  τιτ

The fuel saving f rac t ion  therefore depends on the change in drag
coe f f i c i en t  and on the ra t i o  of r o l l i ng  resistance and drag force.
The rule of thumb used that the percent fuel saving is about hal f  the
percent drag reduct ion is exac t l y  r i gh t  when Rr = Da , which is in the
speed range 35 to 60 mph for most cars. When Da > Rr the percent fuel
saving approaches the percent drag reduct ion.  When Da < Rr the percent
fuel saving as a resu l t  of drag reduct ion becomes i ns i gn i f i can t .
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