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PREFACE

The Electric and Hybrid Vehicle (EHV) Research, Development, and
Demonstration Act of 1976, Public Law 94-413, later amended by Public
Law 95-238, established the governmental FHV policy and the current
Department of Energy EHV Program. The EHV System Research and Develop-
ment Project, one element of this Program, 1s being conducted by the
Jet Propulsion Laboratory (JPL) of the California Institute of Tech-
nology through an agreement with the National Aeronautics and Space
Administration., This report presents the results of the FY'78 investi-
gations conducted under the Aerodynamic Resistance Reduction work ele-
ment, This work element is a part of the Supporting Vehicle Technology
Task and Vehicle Systems Development Task Area.
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SUMMARY

This document describes the objectives, approach, and FY'78 progress
and results of the Aerodynamic Resistance Reduction work element ot the
Electric and Hybrid Vehicle System R&D Project managed by JPL for the
Department of Energy. '

The generation of an EVH aerodynamic data base was initiated by
conducting full-scale wind tunnel tests on 1€ vehicles. Zero-yaw drag
coefficients ranged from a high of 0.58 for a boxey delivery van and an
open roadster to a low of about 0.34 for a current 4-passenger. prototype
automobile which was designed with aerodynamics as an integrated para-
meter.

A subscale investigation was performed in order to identify any
characteristic effects of aspect ratio or fineness ratio which might
appear if electric vehicle shape proportions were to vary significantly
from current automobiles. Some preliminary results are presented which
indicate a 5-107% wvariation in drag over the range of interest,

A rigorous procedure was developed in order to determine effective
drag coefficient: wind-weighting factors over J227a driving cycles in
the presence of annual mean wind fields. The application of this
procedure allows a user to accurately account for statistical wind
effects in computer simulations by means of a modified constant-drag
coefficient, Such coefficients, when properly weighted, were found to
be from 5 to 654 greater than the zero~yaw drag ccefficient in the cases
presented.

1o order to guide preliminary design work, a review of the general
principles of the aerodynamic design of automobiles is presented along
with several drag-estimating procedures and commentary. Also included
is a vehicle asrodynamics bibliography of over 160 entries, in six
general eategories.
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SECTION 1

INTRODUCTTON

As an automobile moves along a road surface, the resulting
displacement of the air gives rise to various ferces and mements. Com-
puter simulations have demonstrated that, under some atmospheric and
operating conditions (or driving cycles), these forces and moments can
be of sighiificant magnitude. Tire/road forces are nermally a weak
linear function of velecity in the range of interest. Aercdynamic forces
increase with the square of thes velecity; hence the power required to
overcome aercdynamic resgistance increases as the cube of the car's
velocity. It is therefnre imperative that proper attention be paid to
aerodynamic design.

Minimization of drag 1s not the only facter invelved in optimizing
aerodynamic efficiency. Others include:

(1) Lift distribution and side wind stability.

(2) Ventilation of eccupants, motor, batteries, etc.
(3 Splash or read dirt accumulation.

(4) Interior ncise level.

These, however, will net he given further attention at this time,
since it is drag that principally affects driving range.

The aerodynamic drag compenent clearly deminates the read load
requirement at high cruise speeds. It is impertant to note, however,
that even over an SAE J227a D cycle (maximum speed enly 72 kph), more
- than 35% of the emergy (at the road-wheel interface) goes to overcome
aerodynamic drag for a typical subcompact class electric vehicle with
no regenerative braking (see Figure 1). (The additien of regenerative
braking could increase the relative aerodynamic contribution te almost
40% in this case.) The rolling component (1.4% of the vehicle weight
at zero speed) includes all internal losses from tires, gears, etc.

It is reasonatle to %xpect that, with vigorous design efforts, a
drag area (CDA)* of 0.54 m* (5.8 ft2) may be achievable — a 40% reduc-
tion from 0.9 m? (9.7 £t2), which is typical of toeday's subcompact car.
As Figure 2 shows, this could result in a 20% increase in the SAE J227a
P cycle range. To achieve a similar benefit wia a reduction in rolling

%
The drag coefficient, CD’ is nondimensional and is defined as

Cp = Drag Force/(1/2 x Air Demnsity x Velocity2 x Frontal Area)
The frontal area, A, is the vehicle's projected frontal area including
tires but excluding appendages such as mirrors, roof racks, antennas,
etc.
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resistance would require a 34%Z reductien, to about 0.9% (a rather
unrealistic value since this ineludes all rolling lesses ir addition te
that due to the tires), or a 22% reduction in vehicle weight (300 kg).
These examples, although simplified, tend to demonstrats the potential
benefits from, and justificatien for pursuing aeredynamic resistance
reduction.,

It should also be pointed out that electric vehicles (EV) have
certain inherent attributes which are aerodynamically beneficial,
Internal aerodynamic lesses associated with radiater airflow for an
internal cembustion (IC) engine counterpart are not a factor for
electric vehieles (EVs). Alse, full belly pans, which have given rise
to safety and maintenance objectiens in IC engine cars, may be quite
acceptable in an EV. These two considerations alone could reduce the
drag of an EV by as much as 20% over an IC engine equivalent. Further,
the requirements feor battery velume and placement may dictate ranges of
bedy proportions which are quite different frem those of conventional
automobiles. Center lomgitudinal battery tunnels, for instance, cause
a vehicle to be unusually wide; smaller motors and potentially more
compact drive lines may allow a significant redistributien of prepor-
tions. These could have either beneficial er detrimental aerodynamic
consequUences. :

This report examines several elements pertaining toe electric
vehicle aeredynamic resistance reductien and presents the program
results for the 1978 fiscecal year.
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SECTION II

OBJECTIVES AND APPROACH

The general cbjective of this investigation is to provide trade-
off informatien to industry to aid in the develeopmeut of aeredynamically
efficient electric and hybrid vehicles, and specifically, to develop
simplified aerodynamic design principles and procedures suitable for
use by the ERV industry. This does net imply that a generalized '"hand-
book" approach to aeroedynamic design will be developed during this
program; however, the utility and limitatiens of such generalizations
will be examined. Though elementary pitfalls can sensibly be avoided
by using such an approach, it is believed that an optimized design can
be realized only through an extensive experimental wind tunnel develop-
ment program., Subscale develepmental testing can yield valuable rela-
tive trade-eff information; full-scale testing may be required teo
determine absolute levels.

The approach adopted for this work element includes the following
steps:

(1) Assess the state of the art. More than 20 individuals
in government, private industry and academic institutions
were centacted. Discussions centered on the general state—
of the -art of automotive aerodynamics status and the
speeial characteristics of electric vehicles. Automobiles
are characterized as aercdynamically bluff bodies operating
in a ground effect with large regions of separated flow.
As such, analysis is usually not amenable to classical
theoretical treatment and is therefore (currently) an
empirical process. A bibliography covering a wide range
of autometive aerodynamic subjects has been collected and
is centained in this report.

(2) Assemble a realistic aerodynamic data base for representa-
tive electric vehicles. For proprietary and other reasons,
there is a great lack of reliable aerodynamic data on full
scale IC engine vehicles. There is even less data available
for electric vehicles, which tend te differ from conven-—
tional vehicles in air inlet size, underbedy design, and
dimensional proportions. In order to provide the necessary
suppert to the BEHV industry, an asrodynamic data base must
be established and continually updated. The data base is
te be used to guide the formulation of engineering design
concepts in the areas of reducing aerodynamic drag, improv-
ing ventilation and cooling, and providing more accurate
input to computer simulation studies and dynamometer test-
ing. This is being accomplished by assembling what limited
full-scale data on applicable vehicles is available, and
supplementing it with full-scale wind tunnel test results
on electrie, hybrid, and subcompact cars.,



(3) Investigate the aercdynamic effects of systematic variations
in dimensionzl propertions. Some electric.and hybrid
vehicles are now being designed from the ground up, rather
than as conversions of conventional heat-engine cars. The
aercdynamic design principles employed in the past may not
be directly applicable owing to fundamental differences in
the design. For instance, the effects of agpect ratio
(height/width) and fineness ratio (length/effective diameter)
for automobiles are not sufficiently well understood to
allow preliminary design trade-cffs betweern component place-
ment and aerodynamic consequences to be made. For these
reasons, subscale wind tunnel tests on a siluplified auto-
mobile shape were performed.

1

(4) Relsate the aerodynamic results frem various test techniques.
To establish absolute levels of drag and rolling resistance
under road conditions, some cof the vehicles tested at full-
scale in the wind tunnel will be road tested using the
coast—down technique. This is particularly important for
electric vehicles since drag reduction strategies may
include full or partial underpanning and wind tunnel testing
alone may not produce conclusive information. This procedure,
supplemented by wind tunnel yaw data, will provide the com—
plete information required for detailed cycle simulations
and range calculatiens. In addition, wherever available,
subscale wind tunnel data can be compared to Full-scale
data in erder Lo develop .correlation and cenfidence levels.

(5) Investigate the effects of ambilent winds on aerodynamic
drag. Since a road vehicle, statistically, operates in a
windy envirenment, a rational wind-weighting procedure must
be used to determine the effective drag level. Several pro-
cedures have tezen developed around "statistizal" winds
(Refereuces 1 and 2¥, but these do not superimpose a driving
cycle. This is a necessary extensien in order to properly
simulate the aerodymamic contribution in computer and
dynamemeter simulations.




SECTION TIII

AERODYNAMIC DATA BASE

As mentioned earlier, very little reliable aerodynamic data on
conventional automobiles, is available, and virtually nene on special
electric or hybrid vehicles. The autemobile manufacturers, both foreign
and domestic, have generated a great deal of aerodynamic information for
IC engine vehicles, but it remains largely proprietary. Most of the
data that is available is from subscale wind tunnel tests of gquestionable
or unknown origin. Herein lies a basic problem with random wind tunnel
data: it is generally not airectly comparable. wuwing to such factors
as scale, level of detail (inteinal flow paths, undercarriage, etc.),
flow conditions, and data reduction procedures, the absolute values of
the coefficients are of limited value, The difference in measured drag
between a "reasonably detaziled" scale model and the full-sized production
vehicle is often 20% or greater. The same automebile tested in two dif-
ferent tunnels may yield drag results which diffexr by 10%. The magnitude
of various wall corrections alene can modify the drag by 10%. To maxi-
mize its usefulness, a data base should be generated at the same model
scale, in the same tunnel, under the same conditions, and be handled
using identical data reduction procedures. The relative effects repre-
sented by the data base should then be sufficiently reliable. Cor-
relations with road test results can help to establish a confidence
level for the absolute values.

With this background in mind, it was determined that the develop-
ment ef an EHV aerodynamic data base should be initiated by performing
full-scale tests in the Lockheed-Georgia low-speed wind tunnel. A
Request for Quotation (RFQ) was prepared and sent to 25 possible owners
or developers of electric or hybrid vehicles asking for the use of a
vehicle for aeredynamic characterization testing during a specific time
period. This source list is presented in Appendix A. Nine bids were
received hefore the RFQ closing dzte. Amoag the selection criteria
used were

(1) Availability.

(2) Compatibility with wind tunnel balance system.

(3) Aerodynamic interest.

(4) Loan and transportation fees.
Tour vehicles were selected by this process. In addition, three
electric vehicles were loaned by the NASA's Lewis Research Center. To
supplement the group, several cenventional IC subcompacts were borrowed
from local dealerships and individuals. In two cases, a facsimile of an

IC engine/EHV conversion was substituted. The vehicles tested in this
group are shown in Figure 3 and ave listed in Table 1.
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Table 1.

Data Base Vehicles

Figure Vehicle Type
3a Copper Development Assoeciation: 2-passenger elzctric
Town Car commuter
b General Electric Co.: 4-passenger electric
Centennial Electric commuter
3c Energy Research and Developmént Hybrid-electric
Corp.: HEVAN delivery van
3d Kaylor Energy Preducts: Kayler 2-passenger hybrid-
GT electric open roadster
Je Sebring—Vanguardl: Citicar Q-passenger electric
commuter
3f Zagato-Elcar Cdrp.l: Elcar 2-passenger electric
' commuter
3g Otis Elevator Co.l: Otis Electric delivery van
P 500 A Van
3h €M Cerp.: 1967 Chevrolet Internal combustion
Corvette engine (ICE)2
31 GM Corp,: 1978 Oldsmobile ICE3
Delta 88
3] American Motors Corp.: 1978 ICE
Pacér Sedan
3k Ameriecan Metors Corp.: Pacer ICE
Station Wagen
31 Honda Metors: 1978 Civic Sedan ICE
3m Honda Motors: 1978 Civie Wagon ICE
3n Ford Motor Co.: 1978 Fiesta ICE
30 Chrysler Corp.: 1978 Plymouth ICE
Horizon
3p GM Corp.: 1978 Chevrolet ICE

Chevette

1Loaned by NASA-Lewis Research Center, Cleveland, OH.

2This production IC engine Corvette represented a reasonable facsimile
of the Cutler-Hammer Electric '67 Corvette of Santini.. The froent
grille was blocked in order to eliminate the radiator losses, which
are not present in the electric version.

3This production IC engine Delta B8 was a reasonable facsimile of the
National Motors Hybrid-FElectric Gemini II.
blocked since the hybrid vehicle retains its V-6 engine and cooling

system.

10
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The vehicles were mounted on the external balance by means of a
four-point support system. No attachment was required; the wheels merely
rested on the four pads with the parking brakes locked. The friction
between the tires and the pads was normally sufficient to maintain model
positioen. In certain cases, chocks were placed behind the tires.

Because of the extremely short wheelbases of some of these electric
vehicles, it was necessary te use pad extensions. These raised the
pesition of the vehicle in the tunnel by approximately 3 centimeters,.

To quantify the effect of this position change, tests were made using
spacers with a few of the vehicles that were capable of using the
unmedified pads. &Elevating a vehicle in this mannetr appeared to increase
the measured drag by 1-2% over the entire yaw range.

All tests were performed at 88 kph and the yaw angle (¢) was
varied through ¥ 40 degrees. Runs were also made on all vehicles with
the two front windows open. Some tests of IC engine cars were run with
radiaters both open and blecked.

The preliminary drag results are shown in Table 2. A complete
data report on these tests will be issued under separate cever during
FY 79. However, it is interesting to nete that the seiected vehicles
represent a range of zero-yaw drag coefficients from 0,337 to 0.583,
Further, the highest value (least aerodyaamically efficient) of the
group was the Kaylor open roadster fellowed cleosely by the boxey Otis
van} however, the HEVAN drag coefficient was nearly 15% less at 0.497
despite its boxey lines. Another interesting result was that the
Horizon's drag coefficient was over 18% lower than the Chevette's even
through they are very similar in shape*. Beth the Copper Development
Association's Town Car and General Electric's Centennial have drag
values significantly lower than the rest of the group — a proebable
result of the importance of aerodynmamics in the design theme and sub-
scale wind tunnel testing.

*

The relative drag levels of the cars tested in the Lockheed-Georgia
wind tunnel must not be taken as typical of all their manufacturer's
products.

11



Table 2, Zero Yaw DPrag Coefficient and Fronmtal Area of 4’
Several Electric Hybrid and Subcompact IC
Engine Vehicles -~ Windows Closed and Radiators

Blocked Where Apprepriate

Vehicle CD0 A,m2

CDA Town Car 0.367 ' 1.754
GE Centennial 0.337 1.851
Energy R&D HEVAN 0.497 3.283
Kayler GT 0f583 1.359
Citicar 0.541 1.700
Elcar 0.490 1.838

tis Van 0.581 2.593
Corvette 0.490 1.925
Delta 88 0.558 2.077
Pacer Sedan 0.450 2.222
Pacer Wagon 0.406 2.225
Honda Sedan - 0.503 1.630
Henda Wagon 0.514 1.685
Ford Fiesta 0.468 1.747
Plymouﬁh Horizon 0.411 1.906
Chevrolet Chevette 0.502 1.765

*All IC engine vehicles had their grilles covered since
an electric versien would not have a radiator airflow
requirement and the resulting drag. The Oldsmobile
Delta 88, however, represented the National Moters
Gemini IT parallel hybrid vehicle, which retains the
standard coocling system.

12




SECTION IV

ROAP TEST BATA CORRELATION

Since the vehicle/road interface is net precisely moedeled im a wind
tunnel, there is often speculation concerning the aeccuracy of the results.
Actual road test drag determination may be preferred in principle, but it
is extremely difficult to accomplish in practice; also, it is noet practi-
cal to systematically investigate yaw effects. However, certain single
point correlations can and should be made. Earlier investigations
(Reference 3) determined that, for a 1975 Chevrolet Impala, there was
essentially a one-to-one correlation between drag values from wiad tunnel
and properly conducted coast—down test results. It was speculated that
this result was perhaps fortuitous and may be a function of shape or
configuration.

Consequently, in the course of this project, coast-down tests are
planned for the HEVAN (vehicle No. 3, Table 1), the Kaylor GT (vehicle
No. 4) and the Cutler-Hammer Electric '67 Corvette (vehicle No. 8 is a
reasonable facsimile). Unfortunately, no final results from thé coast—
down testing were available for presentation in this report; these will
be presented as part of a comprehensive repoert onm this data base testing
to be issued during FY'79.

13
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SECTION V

SUBSCALE SHAPE PARAMETER INVESTIGATION

Because of their special battery packaging requirements, electric
vehicles may not be subject to the same design comstraints as conventional
IC engine vehicles, Tor instance, owing to the use of a central battery
tunnel, a small vehicle may be wvnusually wide or long. A series of tests
was therefore performed in the GALCIT 10~foot wind tumnel (Caltech) to
determine if aspect ratio or fineness ratie” was an impertant aero-
dynamic parameter, and further, whether one can generalize the effect of
either or beth in combinatien for simplified automekile shapes.

These tests were exploratory in nature, teo determine what, if any,
trends would appear. The initial tests invelved both a sharp-edged and
a round-edged basic medel (Figures 4 and 5). in erder te quantify the
effect of local flow separatien on the observed aerodynamic trends.

The parameters varied were height, length, width, aad ground
clearance; Figure 6 illustrates the model comstruetien technique. Three
variations were available for each of the four parameters. It was not
of ten possible to keep one parameter constant while independently varying
each of the ethers. Figure 7 illustrates the drag trends demonstrated by
highly separated (sharp-edged medel) and highly attached (round-edged
model) flow situations at lew to moderate fineness raties. As ene might
expect, for very short wvehicles, the drag is reduced with increasing
fineness ratio. This is probahly due te a reduction in the ferm drag
component (see Sectien VII) at the expense of a small increase in surface
friction drag. Owing to local separatien points, the drag gradient is
not as large for the sharp-edged model as for the round-edged, but the
trend is net significantly different. Subsequent tests invelved enly the
round-edged model.

The effects of ground clearance were found to be significant with
these smooth-underbody models (see Figure 8). This also presents a
problem in data presentation since the manner by which the ground
clearance is nondimensionalized can distort the effects of aspect and
fineness raties. For instance, if the ground clearance is nondimensi-
onalized by body width and the aspect ratio is varied by changes in bedy
width, ground clearance changes with aspect ratio and dominates the whole
effect, Similarly, ground clearance nondimensionalized by bedy length
will dominate the effeects of changes In fineness ratie. For these
reasons, two ground clearance parameters, g/L and g/W, are used when
evaluating the effects of aspect and fineness ratios, respectively,

*

Aspect ratio (AR) is defined as body height (not including ground
clearance) divided by width, and fineness ratio (FR) as length divided
by effective diameter {(or equivalent area circle).

15
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The effect of aspect ratio on drag is shown in Figure 9 at two
levels of ground clearance representative of present day automebiles
(g/L = 5%) and vans (g/L = 8%). In both cases, the drag usually increases
with aspect ratio (short and wide has some advantages over tall and
narrow), being more pronounced at the highest fineness ratio (longest
vehiele). For high-ground-clearance vehicles, there seems to be a weak
aspect ratio effect up to about AR = 0.8; beyond that point, the drag
increases significantly. This situation may help te explain why the Otis
van (Figure 3g) with an aspect ratio of 1.1 had a drag ceefficient 167
higher (Table 2) than the HEVAN (Figure 3c) with an aspect ratio of 0.85.
Although certain shape and positieon factors were dissimilar, the rela-
tive drag difference may be explained in part by the difference in
aspect ratios.

The effect of fineness ratio (Figure 10) is a little mere con-
fusing in that the trends with constant aspect ratios are net as inter-
nally consistent. Neote alse, that the twe ground clearances representing
"automotive (g/W = 10%) and van-like (g/W = 20%)" are nondimensionalized
by body width for the reasons explained earlier. In general, the trend
is consistent with Figure 7 which covered the very lew fineness-ratie
end of the spectrum. However, as the fineness ratio is increased, signi-
ficant drag reduction ceases and the drag actually begins to increase
beyond a fineness ratieo of 2.7 at the higher ground clearance. This
may indeed be the result of a rapid buildup of the surface friction drag
compenent (see Section VII), which may be magnified in the underbody
region at high ground clearances.

18
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In summary, these results indicate that there are aspect and
fineness ratio effects on vehicle drag that warrant consideration during
initial design stages when packaging requirements are being developed.
More data are requived to fill the gaps and exztend the results.
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SESTION VI

EFFECTS OF AMBLENT WINDS

As a vehicle moves zlong a roadway, it normally operates in a windy
environment. Since the resulting wind vector is usually not aligned
with the vehicle's longitudinal axis, it is effectively yawed with re-
gpect to the flow. Therefore, range predictions thxt use zero-yaw drag
values will inaccurately characterize the aerodynamic contribution.

For a vehicle operating over a prescribed driving cycle, a statistically
moadelad wind vector can be superimposed, yielding an instantaneous yaw
angle. If the functional dependence of drag coefficient on yaw angle is
known, the effective instantaneous aercdynamic resistance can be calcu-
lated, and the effective drag coefficient factor over the cycle can be
established. That is, the constant-drag coefficient used in vehicle
computar simulators need only be modified by this facter to rigorously
account for the effects of statistical ambient winds.

Initially, this procedure was developed around the EPA urban and
highway cycles for IC engine vehicles {References 4, 5, and 6). Since
then, cyveles specifically For EHV evaluation (SAE J227a), have been
developed, and the procedure has been modified for electrics. This
wodified program is called EHVSCD (Electric Hybrid Vehicle System C D
where C D refers to the aerodynamic drag coefficient, C ). This program
is shown in its entirety in Appendix B along with a printout fer an
example case.

The approach taken is to figuratively drive a vehicle over a pre-
scribed velocitv-time schedule in the presence of a statistically
varying wind which is equally probable from any direction. The resul-
tant combination of the vehicle and wind vectors yields an instantaneous
yaw angle with respect to the vehiele. If the vehiecle's drag-yaw
characteristic is known, the resultuant drag may be determined at each
instant. Therefore, the energy reguired to overcome aerodynamic resis-
tance is calculated by integrating the instantaneous aerodynamic power
required over the cyele. It is then possible to determine what constant
drag coefficient would be necessary in order to yield the same result.
The ratie of this new effective coefficient, CDeEf’ to the original

zero-yaw drag coefficient (Cp,.) is the wind-weighting factor, F.
F is thus a multiplier to corfect the zero-yaw coefficient for ambient
winds in computer simulations.

Factors have been develeoped fii- the SAE J227a B, C, and D cycles
(Figure 11}, two annual mean wind speed (AMWS) probability functions
(Figure 12), and three drag-coefficient vs. yaw-angle characteristic
curves (Figure 13). Reference 6 determined that the shape of these yaw
curves beyond about 40 degrees was of second-order importance. The drag
coefficient usually reaches a maximum between 20 and 40 degrees and, for
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simplicity, the three curves are characterized by thelr ratioes of CDmax/
Cno where cDmax occurs at ¢ = 30 degrees. The two upper curves show a
507 increase in Cp at ¢ = 30 degrees from zero-yaw levels of Cpg = 0.4

and 0.3; the lower curve represents a much more conservative 207 increase
from C. = 0,3%*
Do

The wind-weighting factors resulting from variations in these par-
ameters are shown in Table 3, Note that a zero-yaw.drag coefficlent
must be Increased by as much as 657 (wind-weighting facter = 1.65) to
properly simulate a B cycle in the presence of a 16.1 kph annual mean
wind speed.** Similarly, the factor is enly 1.2 for the D cycle; the
average vehicle speed is much higher and therefore the resulting
effects on yaw angle and relative wind speed are lower.

Clearly, accounting for the realistic presence of winds can signi-
ficantly alter the aerodynamic input values In computer simulators.
These rigorous procedures require a significant amount of computer time.
A close review of the results, however, has revealed some general rela-
tionships which make simpler, closed form equations adequate in mest
cases. These equations and the procedure for easily incorporating this
cycle-sensitive wind welghting method appears in Appendix C.

#The vehicles listed in Section III had CDm x/CD ratios from 1.2
to 1.80. The higher values were typical oF higg fineness ratio
vehicles and windows open configurations.

*#%This 1s the annual average wind speed in the U.S. measured at about
10 meters above the ground (Reference 1). Correcting for the ground
boundary layer, a value of 12 kph is more suitable for automobile
evaluations, :
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Table 3. Wind~Weighting Factors of Example Cases*

Drag-Yaw
Characteristic
Annual Méan CDmax
Cycle Wind Speed c C T Wind-Weighting

(J22 7a) kph D0 Dmax D 0 _ Factor
B 9.7 0.30 0.36 1.2 1.22
16.1 1 1 t 1.46

9.7 0.30 0.45 1.5 1.33

16.1 1 l l 1.65

9.7 0.40 0.60 1.5 1.33

i 16.1 1 1 J 1.65
C 9.7 0.30 0.36 1.2 1.11
16.1 l l J 1.25

9.7 0.30 0.45 1.5 1.17

l6.1 l l J 1.37

9.7 0.40 0.60 1.5 1.17

\ 16.1 j J 1 1.37
D 9.7 0.30 0.36 1.2 1.05
16.1 J l 1.12

9.7 0.30 0.45 1.5 | 1.08

16.1 ] J 1‘ 1.20

9.7 0.40 0.60 1.5 1.08

} 16.1 J - l 1.20

*See Appendix C for generalized equations.
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The final effect of these drag coefficient wind-weighting factors
on the tetal energy consumed by a vehicle over the cycle is obviously a
function of the cycle. For instance, even though aerodynamic wind-
welghting facters are large for a B eyecle, the effect upen the total
cycle energy is small because the aerodynamic component is small.
Typically, wind weighting is more important over a D cycle even though
F (the Cp correction factor) is smaller. That is, an aerodynamic wind-
weighting facter of 1.2 (20% increase in aeredynamic resistance) may
result in a total energy increase of up to 10%. ‘
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SECTION VII

GENERAL AERODYNAMIC DESIGN PRINCIPLES

The purpese of this section is to compile aserodynamic design gulde-
_lines which may be useful to EHV engineers. Though not intended to
replace wind tunnel testing as a design optimization teel, these prin-
ciples and procedures can provide the necessary insight to aveid certain
elementary pitfalls.

Automotive aerodynamics iIs characterized by ground interference and
large areas of separated and vortex flow., Unlike aircraft aeredynamics,
it is largely unresponsive to classical analytical treatment. Tt has
therefore become a rather empilrical sclence, relying heavily on devel-
opment through wind tunnel test techniques. o

Although many of the principles invelved In low-drag designs have
long been known, the drag coefficient of the average productien car in
the early 1920s was about ¢.8. By 1940 it had dropped te about 0.6 and
by 1960 to about 0.5. Further Improvement has come slowly, especially
in this country, and the average drag coefficlent of domestic automobliles
has actually increased slightly in recent years with the trend toward
more formal styling with less rounding of edges. Most recently, however,
the pressures brought by federally mandated fuel economy requirements
have sparked renewed iInterest in reducing aerodynamic lesses. In Europe,
the current average production car drag coefficlent Is somewhat lower,
about 0.46., Drag coefficlents as low as 9.15 were reported as early as
1922 by W. Klemperer (Reference 7) on an elongated teardrop automobile
model. A, Morelli in 1976 (Refrrence 8) developed (in full-scale mock-up)

body shape encompassing a reasonable four-passenger.compartment and
engine cooling alrflow with a drag coefficlent of 0.172. Dalmler-Benz
recently unveiled the new experimental Mercedes C-111/3, a turbodiesel
which set several speed records and is reported to have a drag coeefficient
of 0.195 (Reference 9). Perhaps the lowest recorded drag coefficient for
a real ground vehicle is 0,12 for the Goldenrod, which holds the land
speed record for wheel-driven vehicles (Reference 10). It appears, then,
that there exists a rather large gap between the drag level of today's
automobile and what 1ls theoretically possible as demonsgtrated by some of
these very specialized vehicles. Obviously, there are many practical
constraints on production automobllies which compromise efforts to achleve
low drag levels, However, the hepe of eventually cutting present-day
production car drag levels nearly in half may not be completely unrealistic.

A. SOURCES OF DRAG

The actual mechanisms of automotive drag preduction are not at all
well understood. Reference 11 and others break down the sources of drag
inte five basic categories: (1) form drag, {2} interference drag,

(3) internal flow drag, (4) surface friction drag, and (5) induced drag.
A simple schematic depicting their relative importance for an IC engine
car is recreated in Figure 14,
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Figure 14. Distribution of IC Engine Vehicle
Aerodynamic Brag (Reference 11)

Form drag (sometimes called profile drag) is a functien of the
basic body shape. Bodles which minimize the pesitive pressure on the
nose and the negative pressure on the tail will exhibit lower form drag.
For exanmple, a £lat plate positioned normal to the flow would represent
a worast case, whereas a streamlined teardrop shape would be characteri-
stic of minimum form drag.

Interference drag develops as the flow over the many exterior
components of a vehicle body interacts with the flow over the basic
shape or the flow due to the constraining influence of the ground.
Varieus component projections such as a hood ornament, windshield
wiper, radio antenna, sideview mirrors, deor handles, luggage rack,
rain gutters, and underbedy protuberances all contribute to the inter-
ference drag component. For example, (Reference 11), a sideview
mirror In a free airstream may have a drag force of 1 pound. In close
proximity to the wvehicle bedy, where the local airflow 1s accelerated
by 25-30%, the drag on the mirror may he 1.6 pounds -- a 60% increase!
Since a sideview mirror usually has a large flat aft end, it spreads
a turbulent wake behind it which disturbs the basic flow on the side
of the vehiecle, adding a further drag increment. Projecting elements
usually cause less interference on high-drag body shapes than on low-
drag bodies. Since a high-drapg bedy is usually characterized by exten-
sive regions of separated flow, many of these elements are hidden in the
already disturbed flow pattern. Conversely, the low drag of an efficient
body is the result of a high depree of flow attachment. That cendition
is usually tenuous and any projeetion from the surface may cause separa-
tion. The underbody projoctisns are <ome of the prime offenders as the
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installation of a smooth belly pan has demonstrated many times
(Reference 3). In the case of electric vehicles the traditional reasons
for not using a smeoth belly pan —— such as ease of waintcnance, safety
(eil drippings, etec.), and engine cooling restrictions —-- do not apply.

Internal flow drag arises because air is required to move through
the vehicle as well as around it. A conventional water-cooled IC engine
requires a substantial amount eof radiator airflow. Typically, the flow
path is highly inefficient as local stagnation areas develop in the
engine compartment and the exit path is filled with struts, hoses,
brackets, and suspension elements, Here again, an electric vehicle may
have an inherent advantage since its cooling requirement may be an order
of magnitude less, However, ventilation of the passenger compartment is
an important comfort and noise consideration, and care must be taken to
design and locate the inlets and exits properly. The conventional
approach is to place a flush inlet in a relatively high pressure region
(usually at the base of the windshield) and either place exits in a lew
pressure regiecn around the rear window or rely on normal body leaks.
Unless a scoop 1s placed out in the flow (in which case there is an
interference drag compenent), the drag increment due to normal ventila-—
tion requirements is negligible.

Surface frictien drag results from the boundary layer which is
formed as air moves along-z surface. Owing to viscous frietion forces,
the velocity gradient normal te the surface gives rise to a shear layer.
The surface finish or small imperfections, and the size of the area
exposed to the flow, determine the level of this drag compoment. Pro-
ductioen car finishes (surface grain size of 0.2 to 0.5 mils) are well
below the critical level where additional smeothness would reduce the
local friction. A smooth, centinuous surface keeps skin friction low.
As the flow moves rearward aleng a body it continually loses enargy
and separation is more likely to occur in critical areas. Window frames,
gaps, mismatched parts, and normal skin friction all contribute to cause
a rapid buildup of the beundary layer, leading to separation and more
turbulence and iIncreasing drag.

Induced drag arises from the formation eof longitudinal trailing
vortices generated by the pressure differential between the vehicle's
underbody and roof. The energy required to generate and support this
vortex field is equivalent to the energy consumed by induced drag.
Often termed "lift-induced" drag or drag due to 1ift, there is now real
doubt that any simple relationship between 1ift and induced drag exists
(Reference 12). It can normally be minimized by careful attentien to
design detail on the rear portions of the vehicle, but this usually
requires an experimental approach.

B.  DRAG ESTIMATION METHODS

Many aerodynamicists have attempted to make generalizations or
predictions of a vehicle's drag based on various shape characteristics
(References 13, 14, 15, and 16)., The usual methed is to assemble a
large data base and develop correlations, Perhaps the best known
effort is that of R.G.S. White (Reference 13) of Britain's Motor
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Industry Research Associatien (MIRA). Wind tunnel tests of 141 different
vehicles were utilized. Eaeh vehicle was divided inte six basic zones,
three of which were further subdivided. Numbers were assigned to
features in each zone or subzone in an attempt to rate their cbstructive
effects on the airflow around the vehicle,

Rating values were assigned to each of the nine categeries depending
upon the vehicle's shape in those zones. The predicted dtag ceefficient
was then determined frem the following equation:

Cp = 0.16 + 0.0095 x Drag Rating

where the Drag Rating is simply the summation of the nine individual
category ratings.

By way of verificatien, drag estimates for 20 vehicles (mainly
European) were made by White uging this procedure, and were then compared
te measured values. The average scatter was about 7%. It should be
pointed sut that the drag -of these vehlcles was not particularly lew,
and that White's procedure would not necessarily reflect the subtleties
inherent in drag-optimized wehicles. Another cautionary nete is that
measured MIRA drag values are substantially lewer than similar measure-
ments made in other wind tunnelsz. The real value of this effort is the
relative ordering of the aerodynamic design consequences of several shape
parameters. '

A second, and less rigorous "drag rating' approach te drag estimates
is presented in Reference 14 (Cornish). Ten regiens are defined and a
rating of from 1 to 3 is assipgned. ©On this basis, the mest streamlined
vehicle would have a rating (R) of 30 and the worst, a rating of 10,
The resulting drag coefficient is then calculated from

CD = 0,62 - 0.0l_R

This procedure is rather crude and although no direct correlation with
measured data iz given, its accuracy is probably far less than the 7%
reported for White's method.

Both of the two previous procedures are based upen shape correlation
curves which are linear with the drag rating and are limited tou conven-~
tional passenger vehicle configurations. A third estimation procedure,
developed for the EPA (Pershing - Reference 153), is a "drag buildup"
methed based oen quantitative geometric characteristics applicable to a
large range of generic body shapes. The total vehicle drag coefficient
is defined as the sum of the coefficients of 11 discrete parts.

11
c = :z c
i I D
_ tot i=1 i
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Only a few simple validation checks have been made, since a large
data base was unavailable at the time of publicatien. Therefore, ng
accuracy claims were made, The EPA is currently sponsoring a data ‘base
development which will be used to tune and expand these procedures, make
validation checks, and establish confidence levels.

Excerpts from References 13, 14, and 15 appear in Appendix D in
sufficient detail to allow use of the proceduves they describe.

Though not fully developed, Reference 12 (Hucho) suggests that drag
may correlate well with a parameter, K, which is the line integral of
the rate of change of curvature, k, of the body surface contour. Fer
simplicity, the integral is taken for the centerline cross-section only.
Applied to the entire body surface, even better correlation is expected.
For a streamlined body, the rate of change of curvature aloeng its cen-
tour is only moderate.  If there are no abrupt changes in curvature, the
contour parameter, K, is small. Notchback cars, on the ether hand, ave
characterized by several steep curvature gradients, giving rise to a
large value of K. It is pointed out, howéver, that for lew drag, a small
value of K is a necessary but not sufficient condition. This appreach
represents a much less suybjective means of evaluating a vehicle bedy
shape for drag estimates.

General rule-of-thumb values have been given to many interference
components and drag reduction devices, These are helpful only in the
broadest sense; that is, most effects are a functien of the specific
application. TFor instance, a front air dam (or chin spoiler) might
significantly reduce the drag for one vehicle but increase it for
anether. Similarly, some low-drag device may he detrimental at a yaw
angle. Such dramatic results, however, are generally reserved for
special cases. If one limits the application te an "average, conven-
tional sedan," perhaps the generalizations im Table 4 can provide some
guidelines. The increments should not be considered as purely additive:
this is particularly obvious in the case of an underpan and air dam.

The three estimating procedures and compenent generalizations all
assume that the vehicle is traveling in a zero-wind environment:.
Statistically, as discussed above, a 5 to 10 mph wind is always present;
tihe vehicle is therefore always operating at some significant angle of
vaw (see Section VI). A knowledge of the specific yaw characteristics
generated in the wind tunnel is necessary in erder te be rigerous.
However, a general equation describing the approximate shape of the
Cp versus yaw angle (¢) has been developed by Bowman (Reference 16).
Once the zero-yaw drag coefficient (CDO) has been estimated, the yaw
curve may be caleulated from:

€y = CDO +I{i (1-cos 61)
Where the censtant, Kj, is a function of Cp,; the relationship is
included as part of Appendix D (Table D~4). The yaw characteristic
thus developed, the ratioe Cpp, x/CDO can be determined and the effective
wind-weighted drag coefficient caleculated from the procedures of
Section VI and Appendix C.
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Table 4, Drag Increment Generalizations

Component or Configuration A Cp, (%) Reference

Full length underpan -5 te -15 3,17,18,19
Front "chin" spoiler (air dam) -6 to -9 3,20,21
Rear deck spoiler (1ip) -5 to -9 3,18,20,21
Flush windshield and side _

glass (ne raingutters) -3 to -7 19,22 A
Wheel discs and rear fender skirts =1 to -2 21 '
Sideview mirror +1 te +3 11,19,22
Pop-up headlights +3 to +6. 19
Open front windows 0 te +3 3,17

Although these estimating procedures and component generalizatiens
can preovide guidance toward the development of a low-drag vehicle, it
should be emphasized that design eptimization ¢an be accomplished enly
through development work with a wind tunnel. One can follow all the
"rules" suggested by these procedures and still fall far shert of the
vehicle's ultimate potential. The integration and interaction of
various components can present many surprises. Reference 12 points
out that after separating current passenger vehicles into three
classes (notchbacks, hatchbacks, and fastbacks), the centerline profiles
group around an extremely narrow band; however, the corresponding drag
coefficients vary by ever 40Z. Of course the centerline profile does
not define the entire vehicle and the fleow is highly three dimensienal,
but this suggests that drag differences are probably the result of
subtle differences which cannot all be considered by estimation pro-
cedures. A case for optimizing subtle details is made in Reference 19
with respect to the General Electrie Phase IT Electric Vehicle which is
being built under contract to the Department of Energy.* Low drag was
a major design poal and much effort was directed to that end. However,
subsequent subscale wind tunnel development employing only miner cos-
metic alterations to the basic design, resulted in a further 25% reduc~
tien in the drag coefficient.

*Chrysler Corporation is the subcontractor responsible for bedy design.
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The inherent subtleties and resulting benefits surrounding wind
tunmel optimization procedures are well documented in Reference 23. A
step-by-step paper approach to designing a highly effieient, low drag
vehicle is not currently within the state-of-the-art. More specifically,
a vehicle's aerodynamic efficieney will be a function of its design
approach. For any particular design theme, there is a limit (even for
expeirienced aerodynamicists) to the aerodynamic effieciency resulting
frem paper designs. Improvements beyond that peoint are usually a matter
of chance,

Properly conducted subscale developmental testing is a valuable
refinement tool and can often reduce the drag level eof a "good-looking"
paper design by as much as 25%+- This is usually accomplished merely by
cleaning up areas of flew separation exposed by tuft studies, Though a
valuable tooel for evaluating relative effeets, the abseolute wvalues
recorded during subscale testing are rarely substantiated by the full-
scale vehicle. Reference 24, for example, reports Cp, = 0,30 from sub-
scale tests on the Cepper Develeopment Associatien Town Car. Full-scale
results, reported in Section III, found Cp, to be 0.367, a 22% difference.
$imilarly, wind tunnel tests of a 1975 Forg Mustang IT 40%Z scale model
and the productien vehicle resulted in respective drag coefficients of
0.47 and 0.53, a 12% difference. This nencorrelation is probably due
to scale fidelity and local Reynolds number effects (flow separatien).
Full~scale wind tunnel testing can alleviate these two problems and
further refine certain subtleties,
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APPENDIX A

ERV SOURCE LIST

A Request for Quotation was sent to the fellowing possible owners
or developers of electric or hybrid vehicles asking for the use of a
vehicle for aerodynamic characterization testing.

AIL bivisien ef Cutler-Hammer
Transpertation System Division
Farmingdale, NY 11735

Anderson Power Products
145 Newton Street
Brighton, MA (02135

Copper Development Association
Attn: Mr. Don Miner, Manager
430 N, Woodward Avenue
Birmingham, MI 48011

Elcar Corporation

Attn: Leon Shalmasarian, Pres.
2118 Bypass Road

P. 0. Box 937

Elkhart, IN 46514

Elec—-Traction
Heybridge Basin,
Maldon, Essex
England

Electra-Van

A Division of Jet Industries
Attn: William Bales, Pres.
2503 Edgewater Drive

Austin, TX 78746

Elesctric Vehicle Engineering
Attn: Wayne Goldman, Pres.
P. 0. Box 1

Lexington, MA 02173

Energy Research & Development
Corp.

Attn: Robert Childs, Pres.
9135 Fernwood Drive

Olmsted Falls, Ohlo 44138

9.

10.

11.

12.

13.

14,

15.

ESB, Inc.

Attn: -Jim Norberg

P. 0. Box 8109
Philadelphia, PA 19109

Exxon Enterprises
Electric Power Conversion
Systems Project

Attn: R. L. Ricel

P. 0. Bex 192

Florham Park, NY 07932

Fiat

Attnt G, Brusagline
10 Corse Marconi
Turin, Ttaly

Gemeral Electric Co,

Corperate Research & Develcpment
Attn: Robert Guess

Bldg. 37 Rm. 2083

One River Road

Schenectady, NY 12301

General Metors Technical Center
General Motors Transportation
Systems Divisicn

Attn: S. Romano, Mgr.,

Systems Applications

Warren, MI 48090

Globe Union, Inc.

Globe Battery Division
Attn: Mr, Vicent Hasall
5757 North Green Bay Avenue
Milwaukee, WI 53201

Kaylor Energy Products
Attn: Roy Kaylor, Pres.
1918 Minelto Avenun
Menlo Park, CA 94025



i6.

17.

18.

20.

Dr, H. bB. Kesling 21.
TP Laberatories :
P. 0. Box 73

La Porte, IN 46350 j
22.

Lucas Industries Limited
Great King Street
Birmingham, Bl92 XF
England
23.

Marathon Electric Vehicles
A Div. of Marathon Golf Car Ltd,.
8305 Le Creusot Street
Montreal, Quebec HIP 2A2

24,
McKee Englneering Corporation
Attn: Rebert McKee, Pres.
411 West Colfax ‘
Palatine, TIL 60067 25.
(312) 358-6773

Minicars, Inc.
Attn: Denald Wahl
35 La Patera Lane
Goleta, CA 93017

Wally E. Rippel
700 W. Sietra Madre Blvd., Apt. 29
Sierra Madre, CA 91024

Paul R. Shipps

3 E. Vehicles

P. 0. Box 19409

San Diego, CA 92119

Structural Plastics, Inc.

Attn: William Gillespie, Pres.
1133 8. 120th East Avenue
Tulsa, OK 74128

Titan, Inc.
P. 0. Box 912
Temple City, CA 91780

University of British Columbia
Depart., of Mechanical Engineering
Attn: Dehbzosav Ratajac
Vancouver, B.C.



APPENDIX B

WIND-WELIGHTING PROGRAM (EHVSCD):
(1) SOURCE LISTING, (2) EXAMPLE RESULTS
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PROGRAM LISTING .

AAIN DaY=aNy JR, JET PROPULSION L4B HAY 1978
EHVSCD

‘PRDGRAM TO DETERMINE Tug EFFECT OF
STATISTICAL WINDS UPON TRE
AEPNDYNAMIL RFSISTANGE AND ENERGY RFQUIREMENTS OF
ELECTRIC HYBRIN VEWICLES
RASER ON THE SAE*J227a DRIVING CYCLES

SAE NRTIVING CYELES TABULSTYON IN ACCELERATION FOR EaCH SECOND

DIMFNSION OVDTCAT) - S4E 8 ORIVING CYCLE

BATA (NDUNT(1VaTaivd?y # SAE % DQIVING LYCLE
o1 501 ,5001,5001,5001,4000,5001, Eﬂul tO0n1,0%e1, 00
* 0,950, QuuU.GS.U.ﬁﬂoﬂ 15,0, 70-0.&5uﬂ 809 0,55
8 0. 040a0e0.0s7,000,000u000a000a000s00falsNaleflalelolelyebaNalels
® 0, 0e0u000,000,0¢0,0002000a000eDoMe0e0s000.000:009
'Y .

DIMENRINN DVNTZLOTY ® SAE D DRIVING £YCLE

DaTa (DVNRZEM)unale97) I ® SAE D DRIVING CYCLE
2e082.0022012.002,002e0e200e2e0024002e0824002.0024092,0¢
1.0l Bl t741.801.5¢128010300020 a4l aBe0aFs0aBr0abnDalie
0,U0sMNeDe0s0eDele0aDe0aBe0e0s0uls0s000e0004000e0u0c000e000e0e0400
0.n-u.0-0.noﬂ.ﬂ-0.010-0v0.0-0.010.0-0.0-0.000-0-0-"-0.0:0.0v0.00
D.Do".ﬂtﬂ.non.ﬂrG.DFO-OrDoDlﬂoﬂob.Omo.ﬂl0.0UD-O-ﬂ-U-ﬂ.OrUnbcﬂkﬂl
NeOollaOrDe0e0,000,000,04040e0a00NulrBels0aleTu00Nalrl0eDaDdeDWly
[N TV Y S Y Y Y P

AR RN R

IMISCTIe WELIGWTING FALTOR INGICATOR NN POWER
o FOR SINPLIFIED mOYOR FFFICIENCY {DEFAULT OPTION)
1 FOR CONSTANT EFFICTENCY oF UNTTY

1¥18¢c21 ANOCY OF VELNCITY EOR mMOTOR EFFICTIENCY FALTOR

IMISCS1 €D V8 Yaw SCWEDULE

IwiScas ROTATIONAL INERTIA MaSS FACTON (BETAY

0 FOR VARTABLE wITH SPEED o (.80 1,2¢ L.le 1,035 (DEFLULT)

1 FOR CONSTANT AT 1.03%5

INISCEs QVERALL EFFICTENCY FACTOR FAR POWER REGENERATION (PERCENT)

ImIScss NOT ABBIGNED
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PROGRAM LISTING

PHI OR YAw & ¢ INDICATES WEAD WIND
PHT OR Yaw = 180 INDICATES TAIL wIND

DIMENSTION WINDC14)

OTMENSTION AEANUCI4«19)¢AERON(14419)
CTMENSION AERNUACIS) +AEROMATID)
DIMENATON TOTLUC1A419)eTOTLM{143+19)

DYNFNSTION TOTLUA(IR:«TOTLMALLS)
DYMENSION UFREQ(LS) ® WORKING MATRIX FOR CHOOSEN WIND SPECTRU

DIMFNSTION UFARFQI(IE) 8 & WPH ANNUAL AVG WIND SPEED SPECTRUM
OatTA{UFREQ]IINYsNR1413) /

Coltr0aSUenN 25004085 ¢0a005e020eNe020,000.000,0uD 0et,020,00 & MPm
r

DINENSTON UFREQ2{13) ’ TOMPH ANNUAL VG WIND SPEED SPECTRUM
DATATUFRERQALINY eNR12 1)

0.l'rﬂ.?5|ﬂ.27t0'|ﬂf0.05'0 HSOD-O!UOO-ODB-G 00GateNe0.000aBulolly 10 WBR

otyrnstnu UFREQI(1Y) ® |BNPH ANNUA|L AVG WIND SPEED SPECTRUM
DaTALUFREAICN) +NET 01 l) ’
0,5500.,180041300,1200,31+0,10¢0.0840,06¢0,0530,03+0,0220,8100,009 18 MPN

/
REAR{S e 204 ENDEI00) CASE]«CASE2CASES ¢ TwOK o THREEN
FORMATCYA6e2510,0)
REAN(Sed0Iheme PETAANOLELTOD
FORMAT(SFLD,0)
READ[S+40ICOeC11C2+C3aTTRELTIRE2TIRES
FORSAT(UF10.Ge340)
REAN(SeBD0) THISCIeTHISC2+THUISCYeIMISCOoIMISCS,IMISCE
EORMAT{HT10)
wRITE{&evn00)
FORMATLI V926X "EFFECT NF WING On THE PERFORMANCE OF ELECTNIC!.
1 MYBRID VEMICLES12/)
WRITELS 0RO ICARE Lo CASE2eCASE S+ TN THREER
FORMATLIOV o tDXe 'CABEY Yo3A8aSKytN2,xXF 1 2F10.4)
wRITE(bebU0YAesBETAVRNDLELTOD
FORMATE VO ot LaaWoBFTAsATR DENSITYSL/D! oSxe3Ft0.3pF10,00F8,%)
wRITETEebBNITIAF s TIRESe TTRESSC Ol 24L3
FORMAT (100 10X+ 'TTRE TYPEL 1o38,10K'COCLT e 2601 0.0/7
T 1eTSie L2032 2E18,U/7)
WRITECLebR0) THISC]oIMISC2sTHISCIsIMISCU InTSLN.THISCH
FORMATCVO o 10X ' THEISCEn2e35005,6¢ TeaT10/77)
Fadiu, /30, .
RO=180,0/5,141592¢ ® RANTANS=DEGREER CONVERSTON FACTOR
D0 300 Jmi.la
wINDUT)RFLOAT(SR (J=1)) ® WIND SPEED RANGED FRON Qesp WP
1F{J.€9,14) WIND(JI®WO0.O ® FINAL CMLC FOR ED/COD AT Z2EMQ WIND
DO 200 ME{eiQ
°Hll?LﬂthlD‘rl-li) # WIND ANGLE TO RNAD RANGES FROM Del80 DG
:-0 g 8 INITIALIZE DYISTANCE TRAVELED
a0,
VEL#S .0
VHANBRD O
HPBECEY, O
AWPSECEO,D.
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Bo353
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NOXSH
00360
00341
pole2
00383
0038y
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co3ss
poxrh
40372
0037y
00375
aozte
00400
eg: 2
[l
Boeos
0040k
anuo?
[ LEER]

la7e
108
109
1toe
11190
112+
113
114»
115
116%
117e
jra®
119
120+
121+
1229
23
j2ue
125+
120
127
178
129
1308
13.*
132+
{53
13u»
115+
1848
I37*
138
1tgs
1.0
luge
142
fale
lugs
Luge
1ust
1a7ys
juar
1cos
150*
151¢
1.52-
153
15q%
155
156"
187+
1588
15qe
1408
faie
162
163"

199

PROGRAM LISTING

PuRMXABR, 0 .
00 100 lajed? e PEAFDAM COMPUTATION FON BAE B CriLE
IF{1.6T.18) dvpT(T)mp,0 s CONATANT SPEED DURING CRUTSE
IFCILGT.38) OVDT(T)ued2, 108 (AERDFeRRF)Z(%OBETARF) » DECEL DURING COASTY

IF(1.GT 421 DVDY(I}uMAKDEC
NaveDVYDT(1) INTEGRATE DV/DT TO GET VEMICLE SPEED
IF{1.65,02) BRXDECA=V /S, 0 DECELERATION NECRANARY TO 8T0P
[P(VEL ,GT V) VELSV IOENTIAY miNTMizv VELOCITY (END OF CYCLE
IFIV LT, 0.0} vel.b ELIMINATE POSSTBILITY OF ROUNDOFF ERROR
Pavers850, CONVERSEON FACTOR TO WP
AcuINDIJIRSINERPHL/RD) CALCULATE CROSSanIND COMPONERT
YaWIND{JI*COSCPHT/RDI CALCULATE PaRalLEL WIND COMPUNENT
VERSQRTIXTS24{yerIE82}) CLLCULATE RELATIVE WIND TO VEHICLE
CHLCULATE INSTANTANEOUS WIND YiW ANGLE

YARRNSATANCX/(Veve D 0201))
IF({YAm ,LT.0,0) YAcmPB0,.DeYaw NES Yis TNDTCATES PDS TAILewIND DIRECTI

voLUSYRVeY
IF(PHI EQ IB0, D+ dND, VPLUSY LT N,0) YiwelBO,0

L BN B B RN ]

IFCIRISCI,EN, 30127 LOND.3000,00020v4a08240, 0000N000LSYLNISY 3012=1
TF(TMISC3.E0, 30124880, v4naGTel040) CON0,3156w0.TI560(vANaRD,) /90, 3S012m2
IFCTHTSL3,EC,3015) COB0,3040.0n058Yan?®2an 0000113 1%YanesS 305}
IFCIMTICREQ, 3015 AND. YAN GTo80, 0} CORO, 3R9=0, TGS (Tabatpn,01/90,8 3015=2
TECIMISEI EDU01S) COR0LU0+Me 001 IIIPY 03220, 0002000Yin0s) 4Q15=1
IF(TMIBCS, EQ, 4015, 4ND, YARLET,40.0) CDOB0.bu=], 1L (Tinek0,0) /90,0 4p18S=2
{S(¥an,GT,130,0) £DE=0,40 ALl

CRIFANSFLOATEIMTISEI /1001 /10,0 & ZERD=YAW CD

IF[J.ER.1U) CORCOTERO®(0.b00.05¢F 0OaT(x=]1)) # FOR VARIOUS CONSTAMT CD'S
[F{J,ER,14) VPV s FOR CA/CDN VARTATION USE VEHICLE SPEED
AEROFE0,SRLNSABCNIVRPI28F o & AFRODYNAMIC DRAG FORCE
ROFS[aaELTOPSARS(AERDFIIS(COCL IS VeLARYRYaLINVESY) & POLL RESTST FORCE
RETAs1,4 ® LOm GEAR ENGINF ROTATIONAL INERTIL
TFIV,GY,1n,0) RETa =y,2 o SECOND GEAR ENGINE ROTATIONAL TNERTI4
[IFtvaGT,.20,0) BETS ®mi.l ® AIGW GEAR ERGINE ROTATIONAL INERTTAL
IF{OVDTIIN,LT,0,1) BETAN] 085 ® SN ENGINE RNYT INERTIA FOR COASTING
IFCTIStL.ER. 1Y BETA®Y, 038 ¢ A3SUME CONSTANT INERTIA 44§58
DVDTFAWPBETAPAVATII)IAF/32 16 ® ACCELERATION- FRACE

TROOTEY,0/FLAATEIMTSCR) s ROOT FOR MOTOR EFFICIENCY FACTOR
WEVELEL 0/ (0. 00,98 (Y/ 00,0)%8RGATY ® =nTNR EFFICTENCY FaCTOR
IF{IMISLLLER.1Y mFVYELE],0 # SET Ewu:uf maAP WY FRCTOR TQ UNITY
ASROHPRAERUFSPSWEVE| MP TP OVERCOME 3RO pRaG
REWMPRRAFSPEuFYEL » WP T OVERCOME ROLEL REY
ACCHPR{TWOX S YV THREER ) (w2 U000, 0)8aFVE| # WP YO OPERATE ACCESIORIES
DYDTHPEOVRTFORSEFVEL ® MO TG SCCELERATE VEWHTCLE
ARDBAFRDHP+DRMPDVDTHP ® SHmMATION OF ROAD [DADS EXCEPY ACCESSOR
REGEN®RD N1*FLOAT(INTSCS) ¢ REGENERATIVE BRaXING FaCTOR
[FCARDLGE,0,0) TOTHPEY] 1 #ARDYALCHP @ TOTAL MP REGeD=w0,0 xwis EFF

IF(ARD,.LT,0,0) TU?HFIR[G[NI‘Rn;uFVELO]anB. REGENERSTION OF POwER
MBBE:lHPsECoTQTHFan Dag20TY TOTAL ®ww ENERGY QEQUIRED

IFIDVDOTIILGE,O0,0) TAROKPRY 1*AEROMP B TOTAL &GERQ POWER REQ!HT
IH°SEC-IH°!E:-TAWGHPUO.000207! o SUM UP LERD ENEAGY IN KwH
IE{VMANE L T,YY VMAXERY # OETEQMINE MAXTwUw VELOCITY

IF(VHAXA EQ,V) TVNAXBRFLOAT(]Y o DETEAMINE TTWE 4T waXIMUW YELDLITY
SnSe (Ve SONVDTITIINF/5280,0 % DISTANCE VEMICLE TRAvELS

IFCaINDCS) LTL0,9) GO TO 199 # CALC OKLY FOR IERD wIND CASE

Go TO 299 ® DO NOT CALC IF wIND NOT ZERC

PreX, tui592s B CALL FOLLOWING wWEN wIND I3 ZERO
T2(I.EQ,U0) nvptugmspyoT(l} B OAVERAGE QECEL QURING COABYING
IF(ILEQ,84) DVOTUUSDVDTCIY # DECELER4TION DURING BRAXING TO 3TQP
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PROGRAM LISTING

IF(I.EQ.1) APRBI® 0, TUA®TARONF & POSER TO OVERCOME AFRD REN &T | BEC
IF(T.EG.4) APRAUs O,Tab*TAQoHR o PONER TO OVERCOWE AZR0 RES 4T 4 BEC
IF(T.EG,9) IPABGE O, TUp?TAROMP @ POWER TC OVERCOME AERD RES AT & SEC
IP{1,EQ, |10} APRBILD . TSAVTAROHP » POwER TO CVERCOME 2FRO RES AT {4BEC
IF({1,50,19)4PRA19n0, 7468 TARDHP & POWER TO OVERCOME AEROD RES AT LO8€C
TF(T,EC.21)1PARZIa0,TULTARONF o PONER 10 OVERCOME 4ERO RER AT 218EC
IFLTLER. ) PwRale B, TUG*TOTHP ® TOTAL XKW 4T TI4ES | JEC FOR CYELE B
ITF{1.,EQ,4) PwRBYs 0, TabeTOTHP # TOTAL =W AT TIMEe 4 SEC FOR CYCLE B
1601, EQ.9) PWARRGE 0,T7a8*TOTHP & TOTAL xw 47 TIME® 9 AFC FOR CYCLE B
TFIT.EQ.LQ)PwAR um), TURTOTHP . @ TOTAL XKW AT TIMEm{q 3Ec FOR CYCLE B
IF{1.EQ,19)PsREIFu0, TULSTOTHP ® TOTAL xw AT TIwEwi19 SEC FOR CYCLE B
I EQ.21)PARR2 1IN, TLLsTOTHP » TOTAL =w a7 TIMEm21 SEC FOR CYCLL B
TATUPHETOTHP SO  TUs ® CONVERT HP TG Kw
IF(UWRMYB | T, TOTHOK) PrANXROaTOTHPK * DETERMINE Max POmER USED
[F{PWRuER EQ,TOTHAK) TPUAXBRFLDAT(T) ® CETERMINE TIME 41 MAx PWR
Pre3. 1u1592%

CONTINUE

VENDAaVEL o YELOCTTY aT ENn OF CYLLE [(ZERD)
01578m8 # OTSTANCE TRAVELED DURING 34E B CYCLE
SERBUI I exYZARPEEL/S 4 CALCULATE 4VG wew PER MILE FOR AERO HES
TATLUCJaK)eHPSECSS # CALCULATE aAVG YOTAL «ww PER MILE
Sal.U

Vaila &

VEL3S.0

YuixyDzd,0

HPSEC®0,.0

EMPSECEDLD

LI 1]
00 il Mw].97 ® PFHRFOIY CALCULATIDN FOR S4E D CYCLE

IF{M,GT.28) pvpZiMlsn.y ® LONSTANT SPEFD DURING CRUTSE

Te (4, 6T, 7TR) OVDZ(Mla=32,tUs(AEROF+RAFI/(WeRETaaF) s DECEL OURING COAST
IFEn GE.B8) DVRZ(V)ZARKNEC

VavsDvDZ (™) # I&TEGRATE DVY/DT TO GET VEYICLE SPEED
TF{H,ED,RE) Ba«PECR=V/T,0 ® DECFLERATIDN WNECESSARY TG $TOP
IFCVEL.GT.Y) VELSY ® TOENTIFY MINTRL¥ VELQCITY (ENG OF CYCLE
1P (VLT UDY vED,O * EL1wINGTE POSSIATLITY OF ROUNDOFF ERPOA

PevEF /550, # CONVERSION FACTOR TN WP
LenINR{JI#STHIPHTARD) ® CALCULATE CROSN=wIND COMPONENT
ramTRO{IISCOSIPHT/RD) ® CALCULATE PRIF&SLLEL WIND ROMPOR( (T
VANSHRTIKRS2: (Yo ) eeg) & CALCULATE RELATIVE wiIND To VEM LLF
YawsRO#ATANLX 7 (v Y40, 0001)) @ CALCULATE '8STANTAKEDUS =TWD ‘4% a8GLE
IFEYaw, |, T,0.0) Y4Hm1BO,04YAN ® AEG-¥Am INDICATES POS TalLewIND BIRECTI
VRLIISYRVeY

TE(PHT EU, 180,00 ANDVELIISY 1T, 0.0) Yawn]ao,0

TFCINISCI.EC.3012) COB0.304000028YAn¥82e0,00000udUddnyawss] 3012=)
TE{IMISCILER, 012, 4N0 YN 6T l0.0Y CORD,3350-0, TESa(YAwelp, ) /00, 30f2w2
IF(I™YISEILERC.N01S) CON0, 304000050 Yinss2a0,00H011118Yswsnl 3015=t
TF(IMISCRLER 3OS cAND YAW ,GTal0,0) CON0.389=0,7800(Yamwe40,0)/90.0 3015z
JF{IMISCRLENLUQIS) COMD.S04000)333syaAnas2al 00002940 Anss] G015m)

IFCEMISEY BN 4015, AND, YAW ,GT,00.0) COmb blel, 10n(YAn=t0,0)/%0,0 40152
IFIVAN,GT,130,0) CDe=0,60 !

ENZERCeFLOAT(IMISCE/100)/100.0 @ ZERDwYakw (D

IF{J.EQ.14) CORCDZERO®[0,5+0.053F| 04T {K=1}) ® FOR VARTOUS CONSTANT DY
IF(J,EG,14) vAsy » FOR COCDO YARTIATION USE VEWICLE SPELED
AEROFRD ,SERHDBASCHOVROE2EFEEZ ? AERODYNAMIC DRAG FORCE

RRFE{Naf{ TODSARS(AEROF))S(CO+CI3VILZOVEVICIRVART) ® ROL{ RESISY FORCE
BETANL 0 ® LOW GEAR ENGINE ROTATIONAL INERTLS
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00cess
noest
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20asT
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gonbt
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00663

D6AT

00470
noeTi

0o6T2
00873
npers
Boete

221
e2g»
2232
224»
225"
220*
227+
228
229
23q*
231%
2324
233
FA TR
235
2367
237
238
2319
24pe
201
2u2s
2i3e
2uys
2aGs
2ubL*
247
2uaa
2uqw
250
291
252
253y
2Rg+
255+
256"
2574
258
259
chads
2u) =
262*
2h3ge
2hi*
L
2to*
287
245"
Z2h5F
27pa
271
2rzas
2738
274e
275e
276*
271

399

ung
181

113

adg

PROGRAM LISTING

IF(V.GT,10,0) BETA ®1,2
[F(V.GT,20,0) BETA =1,.1
IFCOVDZ(MY LT, ,0.1) BETAR 035
IFCIMTACA,E9,1) ° BETAs!,03%
RODTx1 . 0/FLOATLIHTICRY

KEVELR] ,0/(0,1¢0,92({V/40,0)8%RDOT)

DVOTFEneBETASDVDZI(MISF /32,16
TECI“TSCT LEQL) WRVEL®] .0
AFACHPRAEROF O S wEVEL
ARHPSRAFEDSWFVE|

ACCHPE{TnOR vV THREEL I ® (m /U000, . 0)®uFVEL

DyOTHPEDYOTFeReWFYEL
REGENEN,GI*FLOATIIMTSLS)
ARDEAEROMP+ROKP&DVTHD

IF{4R0 GE,8,0) TOTHPERY , | ®ARD*ACLHP

SECOND GE
KIGH GE4R
NO ENGINE
S88UME D

# 00T PCR

4R ENGINE ROTATIONAL INERTIA
ENGINE ROTATIONAL INENTIa
ROT TNERTI4 FOR COASTING

NETANT INERTT4 MaBS

MOTOR EFFICIENCY FACTOR
MDTOR EXFICIENCY FACTAR

8 ACCELERATION FDRCE
@ SET ENGINE YaP WY FACTOR TO UNITY

LI I N N )

5uu~‘r;n\

IF(aRd,LT.0,.0) TGT?D’REGENtARD/-FVELthCHPO

HPSFrasPSEC+TATHNRRO, 0002071

IF(DVDE(M) GE,O.0) TARGHPII.I'IEQDH¢ L

ANPSECEAHPSEL ¢ TARDKP®A 0002071
SES4( Vel 540NVNT (=) )EF/5280,0
IF{VeaXDLLT, V) VMaNDEy
IFIVYAXD,FO,.¥] TVMAKOSFLOAT (M)
TEt=IND{J).L1,0.9) GO TH 39@
68 T0 u%g

erel, 1u15924

TE(Y, FG,A3) AVNTAIENVNZ (MY
IF(M.ER.92) DyOT92eDVAZ(M)
IF(M,ER, 1) aPRDIE 0,746 TIRONP
IF(M,EL,7Y APA0Te ¢ TULSTARONP
IF (M EQ.14)4POpI U420, ThOO TANONP
TE(MER2LI8PRD215) , TULRTARDHP
IE(M,FO, A0} 4P202880, T4 TARDAP
TE (™ EG.32)APRD32E0, TUnsTiRONP
1§ (¥.FQ 11 PalNi{®s G, TU6®TATHP
TEIY,ER,T) PelpTe g,Tua*TOTHP
TF{M,SQ,1012aaN1ind, TdesTOTHS
[F(“,EQ,2110=AN2 R0, Tun®TOTHE
IF(M EC.28)PuRDPER], TULSTOTHR
TE(H EC, 3210 »Rnaand Taa® TATHR
TATHEKETOT=O S, Tuk

tr (Ol LT, TOTHOA) PwRMXORTOTWEK

PR P00 e N0 BN e R

L]
. [ ]
DFTERMINE
DETERMINE
CALC DMLY
0O NOT Ca
CalLC FoLL
AVERAGE D
DECELERAT
rOmER® TO
FO=ER TH
PANER TO
BOWER T3
eoWER TR
POWER TO
TOTAL ni
TOTAL =w
TOTAL Kkw
TOTaL K=
TOTAL xw
TGTAL ®mw
CONVERT b
v

HE T DVERCORE AERO ORAG

=P T OVERCOME ROLL RES

HP Tp OPERATE ACCEISORIES

HP Tp ACCELERATE VEWICLE
REGERERATIVE ARAXING FACTOR
oF ApaD LOADS EXCEPTY ACCESSOR
TOTAL =P REQeDeal, 0 XMIS EFF
REGENERATION OF POwER

TGTAL ®wk ENERGY REQUIRED
TOTAL AERD POWER REDJT

UM UP SERD ENERGY IN nkK
DISTaNCE VEWICLE TRAVELS
RAXINUM VELOCITY

TIWE AT MAXIMUw VELOCITY

FOR ZERO wWIND CASE
LE IF «IND NOT TERD
OWInG mkEN WtwD TS FERD

ECEL QUAING COMSTING

1408 DURING BRAKING TO STOP
DVERCNYE AERD RES 4T | 3£C
QVERCNYE 4ERD €S AT T SEC
AYERCOME &4FQ0 RES AT 14SEC
CVERCOWF AEQO RES AT 213€EC
QVERCD®E AFRD RFS AT 2885C
OVFRCAYE AERD AES 4T 32SEL

AT trweEw | SEC FOR CYCLE O

a7 TIugm ? SFC FOR CYCLE
AT TruE=ts SEC FOR CYCLE
AT Truga2y SEC FOR CYCLE
AT tIwEw2d SEC FOR LYLLE
AT TluwgR§2 SEL FOR CYCQLE
P TO %=

DFTEQ™INE max PONER USED
DETERMINE TIWE AT Mix_PaR

oQOoOg

® VELOCITY T END NF CYCLE {(IERD)

IF (P wRMYD EA,TOTHPKY TOMaXDaFL OAT(M} .
Pre3 1815926

CONT INUE

VENDOSVEL

DFSTO=S ® DISTaNCE
AFROM(JsX ) asHPREC/S ® CallULATE
TOTLHCJo ) wHPREC /S @ CALCULATE

IFCIJNELLY GO TO d4e
D0 333 xxmlel9
ARROUCTon YmAFSOLCL01Y
TETL U Jexn)sTOTLLIY 1)
AERON{ JeMA )R AERNKE | +])
TOTLR{JexK}2TOTLH{11)
CONTINUE

Gn YO 3n¢

Pre3. 1415924

TRAvELED DURING SafF D CvclLE
AVG KnH PER MILF FOR &ERD RES
AVG TOTAL KwH PER MILE

® COMPUTE ZERNeWIND SPEED TTEWMS OWNLY ONCE

® DUamyY STATESENT TO GIVE A 'GO TO! ADDREBS



oae7?
L4482
ppYos
00706
noYo7y
90710
voT1y
coTe2
oorTis
00714
coT1?
poT21
ooT23
got2a
onT2s
00128
60727
o0T30
ooT™
00733
anTIS
00736
0o73s7
0ovun
ooty
patax
DoTUS
00TU?
00750
[ 2]
onTSa
onTra
00T7h
00T Th
DOTTh
00776
LEESL
0ot74
co?ts
00T 7A
Do?7T?
go?rr?
oorr?
03025
n102s
01025
01028
01028
01028
a§02%
g102%
01125
01028
og1nin
01030
01030
o30%n

27"
2798
280
2810
282
283
a284»
2A5*
284%
28Te
2089
2nge
2age
29t
292
203e
294
295%
294¢
297
298+
299
3003
301!
io2e
inge
304
LI
30p*
Inye
Inpe
309w
31.0%
e
312+
313
Jlus
315
31k
317
318
319
320
321+
3224
123s
32ye
325
320%
Eraid
328
329¢
33pe
33y
332e
333s
Iiys

200
300

555
0%

270

23

240

Ta0

O Ut E e

- PROGRAM LISTING

CONTINUE
CONTINUE
00 30Y Je1s13 * INITIALIZE ENEAGY REQUINEWENTS
AFROUALJ)ED, 0O
ToTLUA(J)®D,0
APRONAC )0, 0
ToTLMALS) =0, 0 :
DD S5%5 Mmie|@ & SUs UP ENERGY REQ'TS FOR VaARIOUS WIND DIRECTIONS
STORELWAERDU(JeX)
STORE2sTOYLUL JeN)
IFONFQ] O N EQ 1) AERDUCTeN )10 SOAERDUCTIEK)
TR EQe] (OR M EGL19) TOTLULS o )IBO SOTETLUCIIN)
AFROUALIISAEROUATII ¢ AERDUCTeR) /18,0
TATLUACIINTOTLUACIYSTOTLUCI K} #18,0
AFAQUL v )BSTORE]
TATLU(Js R} &S TORER
STOREZRAEROK[ o)
STOREQETOTLMEJwK)
TFEM FO .1 0R, K, EQul19) AZROWHIJoKk) RO, SEAERDM(JoK)
TFCR FO, 1, 0R K, F0,59) TOTLW(Jen)mO S6TOTLH(JoN])
AERONAL JISAERONA (I SAEROH{JeR) /18,0
TATL WAL IS TOTLMRCIY e TOTLHIIR) /18,0
AEROH{ e £ IBSTORES
TOTLH{ I+ k) uSTNREY
CONTINUE
CnhTINUE
wR ITEC&e220Y
FORMATC 1Ot o 30X "PERTINFNT ZERC=nIND ORIVING CYCLE QUANTITIES!Z/)
WETTECHr230) VHAXReTVMAYBYyVENDR+DISTR:DVDTURIDVDTLG.
§ APRRAY yAVRARUAPRAQ APRAL U APRBIQ4APRAZ L,
2 PRRRI¢PWRRUIPRARG yPHRALL yPuREIQ+ONRAZL s PwRUXB TRUAIR
FORMATE 10 l0X o tSAF DRIVING CYCLE B/
Ot ISR s VYMAXE! o F b, S SMPHIAT TIMF!eFh 1o 'SEC) Yy
Sua IVELENDE ! s Fp 3o 'MPHEBX10TST 1y
ITRAVELEDa ' o Fh, Se tMILES 1o/t 1o2UNo 100AST NECELE ' oFo. eI HPHPS Y,
Sxe "ARARE DECEL®! oFh, e "MPHPSY,
Iol v ISx e 'POWED FRO™ BATTERY 70 MVERCOWE AER0 RESTATANCE aY TIME !
I LeldyQaldalQe2] SELI/T 1425XeaF8, 5, Ikniys
ot e18xe N TATa| POWREFR FRMM RATTERY AT TIME lelePeids19e21 SEC'
IOAND MAN P4/t 125X BFA, Ny KW o FB, et AT TIMEI.Fb, 1+183EC)'/ /)
WRITE (be2b0) VUaXne TUMAXD s VENDDsNTSTD+DVOTEIeNVDTR2,
APRNL ¢ APROT +APREIUrAPROZ] saPRDZE 1 APRINIZ,
PuRD1sPaRDT ¢ PwANL 4 PRRD2T vOWROZB 4 PWRNI2 ¢ PWRMXD TREAXD
FORVAT (101 v 40%s "S4E DRIVING CYCLE D'/
PO alSXe ' YMAYE! oFb o3y FUPHIAT TIME'eFb, 14 1SEC) ",
EXo I VELENRE ! yFh, 3o YNAHE 5Ny TOTST o
PERAVELEDRT oo, So IMTLEN o /1 1oPune ICOAST DECEL®! Fb. 50 'HPHPS!,
Sye /BRAKE OFCELE! 4Fb,32'HPHPS T
109152 TPOWER FROM BATTERY TD OVEACOME AERQ RESTSTANCE AT TIWME!,
PoleTalde2lv@%s 52 SECI/L 1, 25X 4R 8, Ty UMWY
P elSxe 1T0TAL POWER FROM BATTERY AT TIME 1270104212843 2 SEC'
UOAND WAXT g1 to2BXobF8 30t K 1oFB8 Nyt (AT TIMENFb, 1o 'SECY /)
WRITE(BeT00) ® MEADING FOR AFRO ENERGY REQUIREWENTS
FORMAT{ V10, Yune | AVGE AERQ DRAG BATTERY ENEGGY REQUIREMENTS. (dwHty .
TARTY I 10 o TO 'wINDT « TSO0 LANGLE OF WIND PFLATIVE TO RDAD (DEG)!/
' VeT9. 'SPEED s
b TR (MR e YTEe 1O g TR2 1101, T285 120 T30S0 TUCw I UD! e

RTINSV B - VI

N

[T



=
1

=

(=)

01030
L1021
01030
o1
01034
010uu
01048
0108S
01058
0f080
DriieZ
a108?2
oLos?
01042
01081
01048
01068
[ B EJ-13
a10e%
01065
D1068
f10es
01088
a1o071
1101
p1102
83112
o1y}
[ IRRR]
o1y
al11?
LR R R4
o117
d112n
o122
o122
o1zt
0112e
01130
01132
otide
01135
0115%
01137
g1t1an
Nituy
0114a%
01147
aL1sy
01152
41153
01154

01158

01157
e1172
pI172
a1ive

355 -

136s
137s
338+
33gs
3aps

-Zole

a2
Juzs
Iuys
Juss
uge
luts
Juge
Jugx
350+
351
352
353
ISus
355
iSue
IS7e
35ge
359
ELTL
ET IR
Inze
3e3s
3sg4e
365
Ing*
IaTe
Inie
Inqe
370e
3718
372¢
373
3rys
375
374
177
3783
379«
1a0e
b1 E
Inz*
0%
b L'
3A5%
3nan
3a7s
3889
389
390+
kLIRS

120

T80
707

T

ANQ

LF-1H

RUD
ROT

L13]

00

&50

PROGRAM LISTING

S TUB'S0 TS0 a0 o THB YO s TRU1BT ! a T 190 ¢ 7751 1007,
6 THLs 1100 TEYT, 11201, T3 11301799 114001 ¢ TL0So 11501 Tl et 1000,
T TI179 170 e TL2Te HLBO s TE200 LAVGRT /)
DO Y07 Maleld
WRITECOsT20) -KINDIM) s CAEROUCMeL ) s8] ¢18) s AEROULLMY
FORMAT(! ta"SaE BI14Fb,2:20F8.8)
SRTTELGeTUOY WINDIM) e LAEROMCM L oL ol e IF} v dERCHATM)
FORMAT(! 12 18AE B! yFb,2020F0.4/)
CONTINUE
WRITELHsTTD)
EORMATEPD !+ 1THE FEINAL ZERO=wINp CALCULATIANS (POLLOWING THE &0
tMPH WING CASE)} ARE FDR CR/CDO VSLUES VARYING FROM 0,80 TO 1,50 !
FeS0Xe tRY [NCHEMENTS OF 0,0% 4T ZERD WIND. NISREGARD THE Yok !
HHEADTNG? £)
WQITEf6e800) ) ® HEADING FOR TOTAL ENERGY REQUIREMENTS
FRRWAT( 1]t TUQ. " TOTAL ENERGY RECUTREMENTS (NWH /WMTI0/2
101 wTOs tmTNDY o TS00 1 ANGLE OF wIND RELATIVE TD ROAD (DERII/e
I 1y Tt SPEFD"
! "TQI1("P“)'1T15v?0'rT320'lﬂ'lTEBc'EU'-T!“o']O'cTﬂﬂo'uﬂ‘t
TUbe 150 e TSRy 1401 o T8 POV o TOUL 1BGaTT0, 19014 TTS 11001,
TOLs 1T e TAT 11201 TOTy 1150749 1 140147105 11501 T118 1000,
TH1TettP0TaT123. 2180 71204 1AVGAY /Y
no 807 w=xjeld
WRITE[GeB820) mINDEM) o {TOTLUCM L ol mi ot TOTLUS LMY
FORMAT(! 1olSLE B ¢Fb,2420Fbe3)
«BTTECOrBUO) wINDEM) o (TOTLEIMeL Y olut et 9 TOTLHALY
FARMATIT Yoi8AF DteFba2e20F6.3/)
CONTENUE
RETTE(Hs&TY)
FORMAT( 0 o ' THE FINSL ZEROwnIND CALEULATINRS (FOLLOWING THE 0!
2 'uPk wing CASE) ARE FOR CD/CON VelLUES VARYING FROM 0,50 TO 1,50 ¢
5 Fo%NXa 1Y TNCREVENTS OF 0,08 AT ZERD wiNG, DISREGARD THE Yaw !
4 tHEADING' /)
WRTTE(&+980Y
FORMATIV LY TUN 1ENERGY REQUIREMENTS FOR VaRTOUS wIND SPECTRa'/
1 | 1aTSSattxmpsBTLEY /L) ‘
nD 888 IFREOR) %
IF(IFREG.FR,.1) wINDAVEG,O
TFLIFREG.FQ, 2) wINpAVELR,O
IFCIFRFDLEC, 31 wWINDAVELS,0
S{UAERDRO .0
AHAERDEO, 0
A(ITOTLED O
AMTOTLED . O .
0ae0o Trelstd # wEIGNT ENERGY REQ'T PER wIND SPECTRUM
IF(IFRED,EGL1) UFREGITIYBUFREQLTIT) & @ MPW AVG YEARLY WIND S3ISEW
IFCIFREG,EQ.2) UFRER(IIYRUFRED2(IT) # 10 #pH aVE YEARLY wIND SPEED
Is{TPRES,FQ,}) UFREQUIIYRUFREGSIIY) s 18 MpH AVG YEARLY wIND SPEED
AUAERORAUAEROSAERNUALTITYOUFREQLIT)
ARAERONANMAEQDSAERONA(ITISUFREQ(TIY
AUTOTLWAUTOTL UFREQIII)*TOTLLALTY)
AWMTOTLAARTOTL ¢ UFREGITIIYSTOTLRALIY)
CANT INUE
WRITEChenS0) WINDAV s CMINDIMY aMad o1 3y o CLUFREGOINY e Mol el )
FORMATL! 4o /yTu0y 'STATISTICAL WIND VELOCITY JPRECTRUM WITH 1,
1 OFS.2e MPH SVERAGE VELODITY (/74 T1he tNPHI s I3FB, 279112+ 1P0RTION 4
2 tVF8 a7

e

b Y I R TR

® C4LC ealc ENERGY RENITS FOR WIND SPECTR

Toohd

R



T1-4

01172
o172
01172
01172
01173
e1177
0yy
01177

‘01200

pi2nu
oraded
grzns
otan?
og2n
[[EF-3 2]

392¢
3o3s
39y»
3o5e
Iy
107+
398s
330
4007
anye
dpes
403
anue
4n5e
anbs

780

840

LY.}

399

Nt w

PROGRAM LISTING

LOteTY0W 'FOR ZERD: WIND VELOCITYs VELOCITY RANGE I8 0 TO 2.5 meWly
b e TN0wFFOR ALL OTMER VELOCITIESs VELOCTTY RANG! T8 PLUS aND:ite
I MINUB 2,5 MPH FROM INDICATED VALUE, ‘e

It 13UA OF BORTIONS SHOULD BE 1,.00001)

WPITES«TROY AUARROyAMAERD.

FORKATLI07 T304 YENERGY(NWH/MI) REGUIREN YO OVERCOME AERD DRAG ‘v
VAVERAGED OVER Eitn DRIVING CYCLEta/e? 1oBON¢!SAE B VoF8, uv/

1 1o50XeVEAE B . 1 eFB8,8)

wRITE(6+880) AUTOTL wdHTCTL

FnﬂMATt'n'-Tlnr'TDTIL ENERGY (kwH/#M1Y 10 TRaVEL EAGH SaF CYCLE'-/
U 1,80y ISAE Ry CoFB e s 1.501-1515 Oy teFB,Uyx)

CONTINUE

Go To 1o ® START NEXT CaSE

sSTOP K

EMR
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[aar}
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BASE CONDITIONS (Case 3)

EFFECT OF WINR ON THE PERFORMANCE OF ELECTRIC HYBRID VENICLES

CASEs & 4 ,3/.4%5 0 50 0 ' K24nY 0000 L0000

AsWeBETALATR DENSITYeL/N 14,000 2%500.00C 1.035 . ,002382 }.000

TIRE TYPEL 1LOd RR RADISL TTR CoeCYL "~ 800 0=02 L3758=020
C2+C3 =, 200008 +2000e07

IMINC1 2430005 0m1 o a 1018 f 50 ]

PERTINEKT IFRD=WIND DRIVING CYCLE QUANTITIES

SA€ ORIVING CYCLE 9

VMAXELO,BO0MPHIAT TIuE 38 _08EC) VELENDS  ,000mMPR NIST TRAVELEDa .201MILES
COAST DECFLE = 24 TMPNPS BR4CE DECELwnX, TBIWPRAS

A0EER FROM BATTEDY 10 NVESCOME AERD RESISTANCE AT TIME 106eQs14e19+21 SEC
D) oOta 113 273 ~U50 e L

TOTal, PUOWFE FROM WATTFRY AT TINE fedeTetiaelRq2) SEC AND Max

1 o882 kX1 ) .29 6,588 5.792 1.025 ub B.900AT TIME T.08EC)

SAE DATVING CYCLE D

VHANEUG ,200OHIAT TIwE T8, 09EC) VELENDE L 00NMPN NIST TRAVELEDE ,99smIiES
ENAST DFCFLE = ,S014RMBS YRAKE DELFL&=u,103WPHPS

POwER FROM RATTER@Y TN OVFRCNME AER( RESISTANCE aY TTVE 1.7.1“.21-25J12 L1414
200% « 172 t.180 3.0n08 4,408 Gaublnn

TOTAL PORER FAOM BATTERY 4T TIME 107410+21928+52 SFC AND =4X

3,087 12.819 20,922 20.382 11,917 bab30 "W 21,027 (AT TINE {7,08EC)




£1-49

BASE CONDITIONS (Case 3)

AVG SERD ORAG BATTEAY ENEAGY REQUIAEMENTSE (Nuk/me1)

winp ANGLE OF WwIND RELATIVE TO Q0aD (DEG)

(NPNY 0 1n 20 30 T 0 60 70 14 L1 100 110 126 136 180 190 140 1%0 100 Avpa
S4E B N0 L0147 (0147 L,A107 L0187 L0147 L0147 0147 L0107 0187 0167 L0147 0147 0147 0L87 0187 0187 0187 0187 L0147 0187
SAE O LN 0080 D680 Nebu Nhad) L0450 0600 L0680 0480 ,08b0 0080 0860 0600 L0880 0600 0860 0880 0880 0480 0060 0680
SAE B 5,00 0230 .02%¢ L0237 L0238 0217 L0238 L022% 0221 0210 ,01%e L0181 D184 L0187 0130 L0318 L0301 L0090 L0082 .00T9 .OLTE
SAF 0 S.00 0821 L0820 .nB1T 0612 0843 L0792 0777 _o07S8 0735 ,o07to 0682 0653 0624 ,0%%e 0871 0949 _0332 L0821 ,08i0 ,06%0
SAE 3 1000 «N346 L0551 0380 0371 JOSTE L0377 L0366 ,034% N3 L0279 L0239 0199 L0182 L0129 ,0101 L0077 LDO0%e G080 L0033 L0281
GAE D 10,00 L0999 150D 5002 L1001 ,09%6 0082 0940 0927 _nBRa 0833 _077a ,0T1) L0887 0583 0824 L0472 ,00%1 L0803 0393 074l
SAE 2 1%,00 «N4TF LU0 L0515 L0502 L0559 L0NSST L0530 L0479, L0409 L0327 ,026% L0180 L0127 .008% 0099 .DD3E .002] 0013 .000% 0300
S4E D 15,00 L1198 1202 12148 L1220 L1231 1221 1193 1164 _10Te 0993 0897 07%e ,08% _0S9S _0S02 0820 ,0351 0300 L0284 ,O0TH
SAE 3 20400 <063 L0054 0THU LOTEY L0TTH 0TS JOTOL LNBCT JHUES J03GE L0283 L0159 0098 L0088 JDO1E=(0008°.0011°001 1", 0010 «0B&T
SAE D 20,00 1412 L1425 L9USU Lt0Re LTS0S L1500 1463 L1391 1288 L1360 L1019 LA8TY 0731 L0800 .0GB2 LOSTE 289 .522F .01% .lo0W
SAE B 25,00 4081 o083 L9917 L0991 (1028 L0998 08RG L0899 L0520 L0372 L0283 L0138 L0057 L0000%.0035=.0091".0052".00032.00)5 08T
S54F N 25400 +1688 L106% 1721 17T L1818 L1B1G L1THL L1454 L1499 13y L1107 .09N6 .0723 0566 0037 0328 L0235 L0958 L0122 .1131 :
S8E 1 30400 21009 L10%7 L1160 L1289 L1318 L1251 L1083 L081] L0593 0402 L0240 L0109 +0009=,0081+,0108.0125%.012%+,00%8=,0000 ,0313
S4F D 30400 »1900 L1984 L2015 2108 2181 L2159 2080 1921 L1093 1427 1136 .NBeS 0060 0487 ,033% ,028F ,0178 0105 0008 1204
SAE # 35400 41238 L1297 Lq4U3 1581 L1030 41523 L1239 093k L0868 LNUY2 L1232 .00T0".0050%, 01847, 0203, 0232°.0218=,0182e,01T1 0988
SAE U 3Se00 22172 2222 2336 L2U59 .2%39 3552 L2014 2183 L1858 L1477 (1106 0809 ,0%68 0382 ,026% ,015) (0092 0057 L0025 1383
SAE # UDyAZ .1GTd (1583 L1753 L1929 L1979 1818 L1829 L1072 NT4T 0oy LAZI8 N019%,01300,02520.0332=,0378=,0102e,0295=,0202 .00%"
SAE D 40,00 42064 L2531 L2084 J2HUR 3850 L2931 L2759 L2433 L1986 L1696 L1099 (nTBB L0505 L4307 L0107 L0078 L002% .0006=.000% .1a09 -
SAE A 4S.n0 L1TU) L1884 P08 .zilz <2300 L2123, 41045 L1218 L083| L0488 .0190-.00605e,0238=,0300=,0093e, 0500, 04T8=,0836%,0022 +OT73}
SAE N 4500 «277S L2862 L3060 L TE69 L3392 L3358 L3111 L2080 L2068 L1542 L1097 LT3 L0646 0234 L009Y (0012e.0023=.002%e,0027 1629
SAE ¥ 50400 +20%0 42171 L2469 L2731 2TV L24d0 < 18TT L1379 L0919 0SIT L(166+.0120%,0300%.0508%,000ue,0720=.0852%,0808~,0%%0 L0803 :
SAE 0 50400 L3100 L3218 BUBE 3722 J3ALT L3799 ,lumb L2BTT L2176 L1593 1097 L0693 L0382 .01S8 200150.00%0e 6000« 0008u,004% L1709 :
SSE # SS.0p <2383 22545 L7878 L3187 3218 (2788 L2127 L1563 L1010 J0537 L0127.0216%,0502%07330. 0% 15,2937, 0058=,08030, 0705 L0875 :
S4E D SS.00 L3457 3592 L3690 (6207 L4372 L0208 L3BP6 LT08U L2297 L1647 L1097 0853 L0314 .007Se.f0Tdc 01dde,01 8,013 %, 000 1080
SAE R hneng «20%0 L2088 L3316 J38TT L3896 .MAT L2393 L1720 1105 0557 N080% . 03200 . 00bbe 0FATe, | B0, 1178=,1083w,1027=.100% L0%8
SLE 0 &0e00 3828 3992 La3ST L0725 LU9N9 (VS0 L4180 3290 L2025 ,1708 .10FT L0609 L0239e.0020-.0]175.026%.02500,02020,0165 2068
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BASE CONDITIONS (Case 3)
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APPENDIX C

WIRD-WEIGHTING FACTOR EGUATIONS

The EHVSCD computer program described in Section VI and presented
in Appendix B was used to determine drag coefficient wind-weighting
factors for a large range of vehicle characteristics, wind and driving
conditions. Analysis of these results yielded many fortuitous rela-
tionships which led to cleosed-form selutions which can be incorporated
into vehicle performance simulators with little effort. The wind-
welghting factor, F, was found to be a linear function of the dominant

D /CD ; the yaw angle where CD occurs is of second
max 0 max

order significance. F is then, in addition, only a function of the

parameter C

annual mean wind speed and the particular driving cycle or constant
vehicle speed. The specific equations are given in Tables C-1 and (-2
in Metriec and English units, respectively.

Recall that F is the factor by which the zero-yaw drag coefficient,
C. , must be multiplied to yield the effective drag coefficient CD B

Dg eff

That is, C =F * C
Deff D0

W is the annual mean wind speed which can be chosen by the user
with a default value of 12 kph (the average annual mean wind speed in
the U.5.). It should be noted that this is not a constant average
speed, but rather a statistical average. TFor instance, an annual mean
wind speed of 12 kph has winds of up to 50 kph occurring 3% of the time
and winds less than 12 kph occurring 70% of the time (see Figure 12).

CD /CD is the ratio of the maximum yaw-related drag coefficient
max

(which usually occurs at about 30 degrees) to the drag coefficient at
zero yaw. . The. user should be able te input this value. The default’

values are 1.4 and 1.6 for front windows closed and open, respectively.

c-1



Table C-1. Wind-Weighting Factor Equations - Metric Units

W = annual mean wind speed in kph
V = vehicle speed in kph
EPA CYCLES
UKRBAN:
_ -4 2 -2 -3,
F=(l.5x10 W + 1.5 x 10 W)(CD /CD ) - 9.3 x 10 "W+ 1.0
max o
HIGHWAY: _
-4 2 . . . -3
F=1(3.6x10 W + 6.2 x 10 W)(C]3 /CD Y - 9.3 x 10 "W+ 1.0
Max 0
SAE ELECTRIC CYCLES (J227a)
-4 2 -2 _ 2
B: F = (3.5 x10 W™ + 3.6 x 10 W)(CD /CD Yy -~ 2.2 x 10 "W+ 1.0
max 0
. -4 2 -3 ) -2
C: F= (4.6 x10 W + 8.9 » 10 w)(cD /Cn Yy - 1.1 % 10 "W+ 1.0
max 0
-4 2 -3 . -2
D: F =.(4.6 x10 W™ + 3.1 x 10 w)(CD /c.D) - 1.0 %x 10 "W + 1.0
) max 0

CONSTANT SPEED

P o= [0.98(W/V)2 + 0.63(W/V)1(Cy  /Cy ) = 0.40(W/V) + 1.0
max 0

c-2
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Table C-2. Wind-Weighting Factor Equations - English Units

W = annual mean wind speed in mph

<}
[

EPA CYCLES

URBAN:

vehicle speed in mph

4 2 2

F= (3.9 x 10 W + 2.4 x lO-ZW)(CD /cD ) -~ 1.5 x 10 “W + 1.0

HIGHWAY:

F = (9.3 x 107 + 10“2m(cD /c

max 0

by p) - 1.5x 107%W + 1.0

max 0

SAE ELECTRIC CYCLES (J227a)

B: F =
c F =
D: F =

(1.2 x 1070

4.2

(9 x 107 'W° + 5.8 x 10—2W)(CD /CD } - 3.6 x lO—ZW + 1.0

max 0

2 42,3 x 10—2W)(CD /ey ) - 1.7 x 10720 + 1.0

max 0

3,2

(1.2 x 1092 + 7.9 x 10“3W)(CD /ey ) = 1.6 x 107%W + 1.0

max 0

CONSTANT SPEED

F = [0.98(H/V)2 + 0.63(W/V)1(C, /Gy ) = 0.40(H/V) + 1.0

max 0

c-3



In the constant gpeed equation, V 1s, of course, the comstant
- ;- vehiclevépeéd. To include the wind-weighting capability in any vehicle
% | petformaﬁce simulator, only two additional specifications are required
by the user: the annual mean wind speed, W, and the drag-yaw characteri-

stiec ratdoe, CD /CD . This information aleng with the previously

max 0 '

specified CD or CD A and the specific mission (which defines what
0 0

F-equation to use) can then be used to calculate a new effective drag

coefficient or drag area froem

Deff DO
or
*
CD Aeff F CD A
0]
The user can then set CD = CD and proceed with all normal simulator
eff
caleulations,
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" APPENDIX D

AUTOMOTIVE DRAG PREDICTION PROGCEDURES - -

This appendix includes excerpts from three references (13, 14, and

15) detailing procedures for the estimation of automobile drag ceoeffi-~

cients. Portions of a fourth reference (16) are alse included which may
assist in determining the functional relationship between estimated drag
coefficients and yaw angles for wind weighting analyses. .

Drag Coefficient Estimation (R.G.S, White - Reference 13)

White divides a vehicle into six zones and three subzones for a
total of nine categories. These are listed In Table D-1. A rating
number is then assigned to the particular vehicle characteristic in each

of the nine categories (see Table D~2). Thése nine intermediate ratings

are summed to yield the "drag rating." The resulting drag coefficient
is ecalculated from o

0
]

0.16 + (0.0095) (Drag Rating)

Table D-1. Basdic Vehicle Zones (Reference 13)

Zone Subzone Category
Frdnf (a) Outline plan I
(b) Elevation 2
Windshield/Roof Junction (a) Cowl and fender cross 3
. section
(b) Windshield plan 4
Roof (a) Windshield peak 5
(b) Roef plan 6
Rear Roof/Trunk 7
Lower Rearend 8
.Underbody g9

D-1



' *
Table D-2. Drag Rating System

_Category 1. Front End Plan OQutline

Approximately semicircular-
Well—rounded'outef‘quarters

Rounded corners without
protuberances .

Rounded corners with
protuberances‘?®

=

Squared taperilng-in corners

Squared constant-width front

Category 2. Elevation(b)

(a) Low rounded front, sloplng up

{b) High tapered rounded hood

(a) Low squared front, sloping up

(b) High tap;red squared hood

Medium height rounded front, sloping up

(a) Medium height squared front,
sloping up

(b) High rounded front, with
horizontal hoed

High squared front, with horizental hood

~=A

8

B BB o

Rating

Rating

. .
Adapted from Reference 13.



Table D-2. Drag Rating System (contd)

Categury 3. Cowl and fender cross-section Rating

- windshield/roof junction

Flush heod and fenders, well-
rounded body sides

High cowl, low fenders
(a) Hood flush with rounded-
top fenders

(b) High cowl, with rounded-
top fenders

Hood flush with squared-edged
fenders.

Depressed hood, with high
squared-edged fenders

(c)

Category 4. Windshield plan

Full-wrap-around (approximately
semicircular)

Wrapped—-round ends

Bowed

Flat

Category 5. Windshield peak

Rounded

Squared (including flanges or
gutters)

Forward-projecting peak

]

vz ?

- Em—

|

(2

ik

N

@

L]

Rating

mp B HAARA

b-3



Table b-2, Drag Rating System (ccntd)

Categery 6. Roof plan

Well- or medium-tapered to rear

Tapering to front and rear
{max, width at BC pest) or
approximately constant width

Tapering to front (max., width
at rear)

A0

(d)

Category 7. Rear roof/trunk

Fastback (roef line continuous to
tail}

Semi fastback (with discontinuity
in line to tail)

Squared roeof with trunk rear
edge squared Eg !

(a) Rounded roof with rounded trunk

(b) Squared roof with short or no
trunk

Rounded roef with short or no trunk

Rating

Rating

D-4



Table D-2, Drag Rating System (contd)

Category 8. Lower Rear End Rating

Well~ or medium-tapered to rTear

Small taper to rear or constant width

HHY

Outward taper (or flared-out fins) 3
. (e) . .

Catepory 9. Underbody Rating

Integral, flush floor, littie 1

projecting mechanism :

Intermediate 2

Integral, projecting structure 3

and mechanism

Intermediate 4

Deep chassis 5

(a)

Fender mirrers. Include in protuberances if at the fender leading
end. Otherwise add 1.

(b)Addt 3 for separate fénders; 4 for open front to fenders (above
bumper level); 2 for raised built-in headlamps; 4 for small separate
headlamps; 7 for large separate headlamps.

(C)Add: 1 for upright windshield; 1 for prominent flanges or rain
gutters. i

(d)Add: 3 for high fins or sharp longitudinal edges te trumk; 2 for
separate fenders. Note: Tn all the ratings in this celumn, the
trunk is agsumed to be rounded laterally. i

(e)

Intermediate ratings applied from vehicle examination.

-NOTE: - Throughout table, the word "taper" or "tapered" refers to the
plan view,

D=5



Drag Coefficient Estimation (J. J. Cormish)

Cornish divides a vehicle into 10 zones and assigns a sub-rating of

from 1 to 3 to each of them (see Table D~3}.

The total rating, R, is the

. sum of theee 10 sub-ratings. Two windshield zone items (numbers 4 and 5)
refer to the elevation and plan views, respectively.
coefficient is calculated frem

C, = 0.62 - (0.01) (R)

o

The resulting drag

‘Table D-3. Aerodynamic Rating

No. Ttem 1 2 1

1 "Crill Blunt; square Fairly sloped Well sloped

2  Lights Open; exposed Partially inset Well faired

3 Hood Flat Fairly sloped Convex, sloped
4 Windshield Steep Falirly sloped well sloped.

5  Windshield Fiat Fairly curved Well curved

6 Roof top Open Fairly sloped Convex, sloped
7 Rear Window  Notched Fairly sloped Fastback type

8 Trunk
9 Wheels

10 Underside

Cut off square Fairly sloped

Exposed

Exposed

Partially clesed

Partial pan

Fastback type
Well concealed

Full pan




Drag Coefficient Estimation (B. Pershing)

This procedure is much more complicated but much less subjective
thaan the previous two. The relevant vehicle dimensions and areas are
jllustrated in Figures D-1 and D-2. The total drag coefficient is
defined as the summation of eleven component coefficients:

11
Cp = Z Cp.

i=1 "

The details of the determination of the ith components follow (repro-
duced directly from Reference 15):

Front End Brag Coefficient, C

I —

where

1

AF = front end projected area, m2 (ftz)

R = edge radius, m (ft)

<]
il

running length of the edge radius, m (ft)

and the subseripts u, 1, and v refer to the upper, lower, and vertical
edges of the front end, respectively. The (R/E)i are to be taken as
0.105 when the estimated values exceed this magnitude.




DRAG COEFFICIENT RATIO, CDH/ ch

N
.
o

-
.
o

-~
-
N

o
@

@
[
F

Figure D-1. Vehicle Dimensions (Reference 15)

NOTCHBACK HATCHBACK FASTBACK

_ | | l J il

0 10 20 a0 40 50 &0 70 80 90 100

HATCHBACK SLOPE, ¢ ~ deg

Figure D-2. Hatchback-Notchback Drag Ceoefficient Ratio
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Windshield Drag Coefficient =
_.-.-D ?_

c. =0.707 (i> 1.0 - 2.79 (5) cos B - 5.21 (5) cos®y
D A E), £/,
2 R 11 v

where

projected area of windshield, m2 (ftz)

I

AW

Y

H

slope of the windshield measured from the vertical, deg

o= 2v
and the subscripts u' and v' refer to the roof-windshield intersection
and the windshield posts, respectively, The value of cos B is to be

taken as zero for y larger than 45 degrees and the (R/E)i are £o be
taken as 0.105 for estimated values exceeding this magnitude.

Front Hood Drag Ceefficient, C

D

where
Ah = projected area of body below the hoed-windshield inter-
section, m? (ftz)
Lh = length of hood in the elevation or side view, m (ft)

and the quantity (Ah - AF) is to be taken as zero 1f it is negative.

D-9



Rear Vertical Edge Drag Coefficlent, C

' /
R Eb R
— _..Y. e .__,_\'L < [
Da g.19 (w ) (H) for (w )-0.103
Eb Rv
-G.02 — for (= 1>0.105
H W

[w]
0

where
Rv = radius of rear vertical eﬁgés, m {(ft)
W = vehicle width, wm (ft)
Eh = length of rear vertical edge radius, m (ft)

—_
=
1}

vehicle hedpght, m (ft)

Base Region lrag Coefflcient, C

DS—
C .
AB DH AH
T A A R AW
5 R D R
B
where
AB = projected area of flat portion of base regilon
AH = projected area of upper resr or hatch portion of base région
measured from the upper rear roof breal (eor for smoothly
curved rooflines, that peint where the toofline slope is 15
degrees) te the top of the flat base, m? (“t2)
CD = drag coefficient of the flat base
B
CD = drag coefficient of the upper rear or hatch portion of the

H base region

and the ratio (CD__/CD ) is shown in Figure D-2 as a function of 4, the

angle of the linerro% the upper rear roof break to the top of the flat
base as measured from the horizontal.

D-10
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Underbedy Drag Coefficient, C. e

D¢

»Lck

C. = 0.025 (0.5 - x/L) ( ) for 0 € x/LL £0.5

R

=0 for x/L > 0.5

where
% = smoothed forward length of the underhody, m {{t)
L = vehicle length, m (ft)
Ap = projected plan area of the vehicle, m2 (Et)2

Wheal and Wheel Well Drag Coefficient, C

07'“

c

D7 = 0.14

Rear Wheel Well Fairing Drag Coefficient, C

Dg~

C =

Protuberance Drag Coefficient, C

D-11



where

A = projected area of jth protuberance, m2 (ftz)

Py

Bullet Mirror Drag Coefficient, C

Dig™

™Mo Ap
where

AM = projected area of mirror with bullet fairing, m* (Etz)

Cooling Drag Coefficient, C

Dy

11 R
where
Ar = radiator area, m2 (ftz)
u, = exit velocity of cooling air from radiator
(ur/u) ='0.233 [1.0 -k (u/100)2]
and
| -2 -2]
k = 1,146 (m/sec) [or 0.299 (mph) J

D~12




Drag Coefficient versus Yaw Angle (W, D. Bowman - Reference 16)

Bowman has developed this generalized equation describing the
functional relationship between drag coefficient and yaw angle:

C.=2¢C + K, (1 - cos 64)

D DO 1.
where CD is the drag coefficient at zero yaw angle, § is the yaw
angle ang Kl is a factor dependent upon C_, . Table D-4 describes the
rélationship. 0

Table D-4

Vehicle Descriptien

Unstreamlined sedans -of harsh, angular
character with cowled or hooded elements
around nose. Sedans with full width or
full height grill openings and minimal
camber at hood leading edge.

Unstreamiined notchback sedans with
partial height grill openings, cambered
heod and fender leading edges.

Bustleback and fastback sedan forms with
filleted body surface intersections.
Partial width and/or height grill open-

0.56-0.49

0.49-0.45

0.45-0.40

ings., Well rounded corners and extremities.

Well streamlined racing coupes and fastback ©.40-0.27

forms, smooth body surfaces. Well rounded

or parabolic nose forms.

0.038-0.053

0.53-0.01

0.01-0.03

0.03-6.02
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