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INTRODUcrION 

Thle to the continuing increase in fuel prices and the tmcertainty of 
future supplies, a widespread interest in the efficiency of grotmd vehicles 
has developed. Of significant interest are :improvements in the aerodynamic 
efficiency of high voltune, "box-shaped" transports, such as delivery vans, 
tIDtor homes, and trucks. This is because the generally poor aerodynamic 
shape of these vehicles has so much potential for significant :improvement 
in efficiency. 

Prior to the fuel crisis and the rise in fuel prices in 1973 very little 
was done by the manufacturers of grotmd vehicles to :improve the aerodynamic 
efficiency. Before that time the high aerodynamic drag of box-shaped transports 
was overcorre by using tIDre powerful engines resulting in increases in fuel 
consumption. After the fuel crisis numerous drag experiments were conducted 
on full-scale vehicles and wind-tunnel models to :improve aerodynamic efficiency. 

In 1973 the NASA Dryden Flight Research Center (DFRC) began full-scale 
tests on a box-shaped van 1 • Various combinations of rotmded and square comers 
were tested. Also tested was a faired and sealed tmderbody 2. A 52-percent 
reduction in drag was obtained by rotmding the front comers and a IS-percent 
reduction in drag was achieved by the addition of a full-length tmderbody seal 
to configuration C of reference 2. Further grotmd vehicle experimentation at 
DFRC included add-on drag reduction devices for tractor-trailer combination 
trucks 3.4. 

The present study is a continuation of the tests conducted on the box
shaped vehicle in 1973. The intent of the present experiment is to define a 
near optimum value of drag coefficient for a high volume type of vehicle 
through the use of a boat tail , on a vehicle already having rotmded front 
comers and an tmderbody seal, or fairing. The results of these tests will 
constitute a baseline for later follow-on studies to evaluate candidate methods 
of obtaining afterbody drag coefficients approaching the boattail values, but 
without resorting to such :impractical afterbody extensions. 

The current tIDdifications to the box-shaped vehicle consisted of a full 
and trtmcated boattail in conjtmction with the faired and sealed underbody. 
Drag results from these configurations are compared with corresponding wind
tunnel results of a 1/10 scale tIDdel. 

Test velocities ranged up to 96.6 kmlh (60 mph) and the corresponding 
Reynolds numbers ranged up to 1.3 X 107 based on the vehicles length which 
includes the boattail. A s:imple coast-dawn technique was used to define drag 

TEST VEHIClE 

The box-shaped test vehicle used in references 1 and 2 was again modified 
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for the present series of drag reduction studies. The various configurations 
were achieved as before by relatively simple changes to the sheet metal and 
subframe. The dimensions of the original square cornered configuration. as 
reported in references 1, 2 and 4, are shown in figure 1 

The three configurations investigated in this study were achieved through 
the addition of a full-boattail and a truncated-boat tail , configurations II 
and III respectively, to the baseline box-shaped vehicle, configuration I 
Configuration I, which had the same overall length, width and height as the 
square cornered vehicle shown in figure 1, featured rounded forebody horizontal 
and vertical comers, a faired and sealed underbody and a blunt aft-end, figure 
2. This configuration was used as a baseline, for the present tests, to 
determine the percent decrease in drag obtained by the addition of the full and 
truncated boattails. Configuration II consisted of the rounded forebody, the 
faired and sealed underbody and the full boat tail , figure 3. The final config
uration, configuration III, consisted of the truncated boat tail in conjunction 
with the same rounded forebody and faired and sealed underbody, figure 4 

The size and contour of the boattail used in this study was determined 
from somewhat arbitrarily conceived full-scale size limitations, full-scale 
(DFRC) tuft studies, and wind-tunnel flow visualization studies on a 1/10 
scale model (University of Kansas, reference 5) The length of the boat tail 
from its base to its apex was, for practical considerations, restricted to 
the width of the test vehicle. This length also approximates the equivalent 
diameter of the vehicle, De. The model flow visual~zation studies, using tufts 
and neutrally bouyant helium bubbles to trace the streamlines, showed that the 
arbitrarily derived boattail geometry vIas effective in "closing" the flow to 
produce a relatively small wake. 

The full-scale truncated boattail configuration was a direct result of the 
model flow visualization studies The length of the truncated boattail was 
determined by cutting off the portion of the boat tail behind the flow seperation 
station as defined by the model tuft results Dimensions of the full and 
truncated boattails are presented in figure 5 

The full-length underbody seal on the test vehicle was configured so that 
it faired smoothly into the rounded front lower horizontal surface and the 
bottom quarter of the boattail. An aft facing gap underneath the vehicle 
permitted the cooling air that passed through the engine rad~ator to escape 
during "cooling-vent-open" operation. The aft part of this gap is shown ill the 
lower left portion of figure 6, immediately below the rear portion of the 
wheel well. Figure 7 shows the full-length underbody seal as viewed from 
the front. 

The front wheel wells were sealed using tape and fiberglass cloth impreg
nated Vlith silicone rubber to allow the front suspension system to flex 
Figure 6 shmvs the right front wheel well seal as viewed from a point slightly 
forward of the right front wheel 

The rear wheel wells were sealed using sheet metal and tape. Vertical 
slots were provided in the rear wheel seals to allow the rear axle to respond 
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to small road discontinuities without damaging the seals. Figure 8 shows the 
right rear wheel seal as viewed from a point slightly fOIWard of the rear axle. 

EXPERJMENI'AL CONCEPT 

The equation of motion for a decelerating vehicle is obtained from Newton's 
second law. The resulting equation of motion is: 

IDa = -0.5Pv2en A - fW 
a 

The tenn on the left-hand side of the equation is the effective mass times 
the acceleration. The first tenn on the right-hand side is the aerodynamic 
drag force, and the second tenn is the mechanical drag force. 

The aerodynamic drag force is assumed to be a function of velocity squared, 
where the aerodynamic drag coefficient (en ) is virtually independent of 

a 
velocity. The mechanical drag consists of the tractive drag of the tires, 
bearings and seals, the gear resistance of the differential and drive train 
and the thrust due to the rotational inertia of the wheels and tires. 

Because the mechanical drag was essentially independent of configuration 
and because of the large number of variables involved, an analytical description 
of the mechanical drag is considered to be outside the scope of this study. 
Therefore, the tractive drag, with the tires being the major source, was 
approximated using a measured rolling resistance at very low velocity in 
conjunction with Hoerner's equation for rolling resistance 6

. 

The second part of the mechanical "drag" is due to the rotational kinetic 
energy of the tires and wheels. The thrust due to the rotational inertia of 
the tires and wheels is taken into account in the correction of the vehicles 
mass. The effective mass of the vehicle is then ill, where ill = m + ~m and llm is 
the correction for rotational inertia. For this analysis the llm value used to 
account for the rotational inertia, as determined from torsional pendulum tests 
of the tires and wheels, is 2.4-percent of the vehicles mass or ill = 1.024 times 
the actual mass, m. 

To analyze the coast-clown data a computer program was written to determine 
the aerodynamic drag coefficients. This program utilized a finite difference 
algorithm from the International Math and Statistics Library to find the 
m:i.nim.Im of the sum of squares of M fLmctions in N variables. The velocity-
time data obtained from the coast-down tests were used as residuals in this 
program from which the minimum aerodynamic drag coefficient was determined. 
Methods of analyzing coast-down data which have been used by other investigators 
are presented in references 7 to 10. 
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METHOD AND INSTRUMENTATION 

Coast-down tests are used to experimentally determine the rolling 
resistance and the aerodynamic drag of road vehicles. This technique has 
been demonstrated to be a practical method for obtaining high quality drag 
data for road vehicles under a simulation of actual operating conditions, 
provided that sufficient care is taken in the details of the test technique. 
This technique is attractive because of its simplicity and low cost. It 
also permits data to be obtained at any desired velocity range and in both 
directions on the test surface. 

The coast-dawn technique consists of accelerating the vehicle to a few 
rniles-per-hour above the starting velocity of each test whereupon the manual 
transmission is disengaged to allow the vehicle to decelerate in neutral. 
The time it takes for the vehicle to slow to given velocities is then recorded 
and used to calculate the vehicle drag. The vehicle was weighed, with 
occupants, before and after each series of tests to provide the proper mass 
for computing drag (a "series of tests" is meant herein to refer to the test 
runs accomplished during a given day). 

The mechanical drag of the test vehicle was measured experimentally at 
very low velocities after each series of tests. This was done by slowly 
towing the vehicle over a level surface using a hand held spring scale The 
measured force was then used as an endpoint in the extrapolation of Hoerner's 
rolling resistance equation This extrapolation was assuned to account for 
the entire mechanical resistance of the test vehicle while decelerating in 
neutral. The vehicle began each day of testing with a tire pressure of 
2.48 x 10 5 pascals (36 lb/in ). Figure 9 shows the final approximation of 
mechanical drag as a function of velocity. 

All of the drag data for the box-shaped vehicle were obtained during 
cooling-vent-closed operation. This was done so that the effect of the 
cooling drag could be eliminated during each coast-dawn run The cooling 
vent was opened between runs and during vehicle acceleration so that over
heating of the engine would not occur. A portion of the cooling vent door 
may be seen at the extreme front of the vehicle in figure 4 whereas. in 
contrast, the vent was closed in figure 2. 

The final drag results for the full and truncated boattail configurations 
were obtained by subtracting the incremental drag of the fifth-wheel and the 
fifth-wheel support system (figure 10) from the measured overall drag values 
containing the "side-IIDunting" drag increment. The blunt aft-end, baseline 
configuration was used to determine this increment as it had a fifth-wheel 
rrount located on the blunt aft-end of the vehicle (figure 11), which was not 
usable in the full and truncated boattail configurations. The incremental 
drag of the "side-IIDunted" fifth-wheel and support system was determined by 
subtracting the coast-down results obtained with the trailing fifth-wheel, on 
configuration I, from the "side-IIDunted" coast-dawn results, also obtained 
from configuration I. Figure 12 shows these data over the range of test 
velocities. 
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All of the drag data for the box-shaped vehicle were obtained using the 
coast-down teclmique. The deceleration of the vehicle was measured using a 
bank of five O.l-second stopwatches and the calibrated, fifth-wheel driven, 
precision speedometer which provided a O.l-mile per hour readout capability. 
The time increments corresponding to preselected velocity intervals in miles 
per hour (i.e., 60 to 55,55 to 50, 50 to 45,45 to 40, and 40 to 35) were 
obtained by starting all the stopwatches simultaneously at the starting 
velocity and stopping them individually at the end of each preselected velocity 
interval. All of the stopwatch data were hand recorded at the end of each 
test run. Figure 13 shows the layout of the instrumentation in the vehicle. 

TEST CONDITIONS 

All of the coast-down tests were made on an auxiliary runway at Edwards 
Air Force Base, CA. This runway had an exceptionally srrooth asphalt surface 
and a constant elevation gradient of O. OB-percent. The gradient effects on 
the deceleration were small and were essentially eliminated by the averaging 
of successive runs in opposite directions. The averaging of successive runs in 
opposite directions also accounted for head or tail wind effects provided wind 
conditions remained constant over the duration of both runs. It should be 
emphasized, however, that test runs were always made early in the day when it 
was quite calm which virtually eliminated wind effects on the vast majority 
of test runs. 

Wind velocity and direction, ambient pressure and temperature were recorded 
every 15 minutes at the Edwards Air Force Base weather station during each days 
series of tests so that the air density could be calculated and general atmos
pheric factors could be taken into account. The test vehicle was driven to 
and from the auxiliary runway, a distance of approximately 15.3 kilometers 
(9.5 miles). This provided a pretest warm-up which also brought the temperature 
of the oil in the differential up to an essentially steady-state level, thus 
rrdnirnizing the variation of this effect from test-run to test-run. 

RESULTS AND DISCUSSION 

Flow Visualization 

Tuft patterns for the full boat tail configuration (configuration II) at a 
speed of 116. 7 km/h (72. 5 mph) are shown in figures 14 and 15. Both figures 
show that the flow separates at or slightly aft of the horizontal and vertical 
tape lines nearest the apex of the boattail. Figure 14 clearly shows that the 
flow remains attached over the bottom quarter of the boattail up to this tape 
line. The achievement of attached flow over the bottom surface of the boattail 
was considered to be an important factor relative to the overall objectives of 
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this experiment, i. e., determining a near optimum level of drag for a high 
volume transport type vehicle through the use of a boattail. 

Tuft patterns for the truncated boattail configuration (configuration III) 
at a speed of 107 8 km/h (67 mph) are shown in figures 16 and 17. Figure 16 
clearly shows the attached flow over the top, the bottom and the left side of 
the truncated boat tail The dangling white tufts in figure 16 show the 
stagnant conditions that one would expect on a blunt base IIDving perpendicular 
to the airflow. Figure 17 shows a IIDre comprehensive view of the attached 
airflow over the wetted surfaces of the vehicle and the stagnant conditions 
over the base of the truncated boat tail 

Aerodynamic Drag 

The aerodynamic drag is presented in figure 18 for each configuration as 
a function of velocity. The curve for each configuration is a fairing of the 
coast-down results using a least squares polynomial regression analysis. The 
curves for all three configurations are presented for comparison purposes on 
the composite plot in figure 19. 

Aerodynamic drag coefficients for each configuration as obtained from 
the present full-scale tests (DFRC) and corresponding wind-tunnel tests (KU) 
are summarized in Table I. The full-scale configuration results are for 
vehicle speeds of 96.6 km/h (60 mph) and 80.5 km/h (50 mph), which for the 
purposes of this report are considered to be ''highway speeds " All of these 
data are for the cooling vent closed condition so that a IIDre meaningful 
comparison can be made with the wind-tunnel lIDdel results. 

The percentage reduction in drag coefficient for both the full-scale tests 
and the corresponding wind-tunnel tests were obtained by dividing the incre
mental drag coefficient by the appropriate baseline value. The percentage 
difference between the wind-tunnel drag coefficient and the full-scale average 
drag coefficient for each configuration was obtained by dividing their 
difference by the full-scale average value. 

The results given in the table indicate that an average 32-percent 
reduction in aerodynamic drag was attained with the addition of the full 
boat tail to the blunt aft-end, baseline configuration, at vehicle speeds 
from 80. 5 km/h (50 mph) to 96. 6 km/h (60 mph), i e., highway speeds. The 
corresponding wind-tunnel results indicated that a 37-percent reduction in 
aerodynamic drag was attained on the 1/10 scale model at a Reynolds number 
of 2.7 x 10 6

. The table also indicates that an average reduction of 31-
percent in aerodynamic drag was attained with the truncated boat tail on the 
full-scale vehicle over the same range of highway speeds while corresponding 
wind-tunnel results showed a 38-percent reduction in aerodynamic drag. The 
incremental drag coefficient of the side-IIDuoted fifth-wheel and the fifth
wheel support system was determined to be 0.030 (6~ = 0.030) at a vehicle 
speed of 96.6 km/h (60 mph). a 
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The relatively small difference in drag between configurations II and III 
(for V = 96.6 km/h (60 mph)) indicates that the boat tail was cut in approximately 
the right place. This small drag increment, approximately 3.8-percent at this 
velocity, shows that it is possible to eliminate the additional length and 
ineffectual volume of the boat tail apex while retaining alrrost all of the 
aerodynamic effectiveness of the complete boattail. At a speed of 80.5 km/h 
(50 mph) or lower, the drag coefficients of configurations II and III are 
essentially the same, thus establishing the truncated boattail as, overall, the 
IIDSt efficient of the tvx) on the basis of aerodynamic drag and useful volume. 

The drag reductions provided by the boat tails in the present experiment 
and in reference 5 are very significant, but they should be interpreted with 
caution. As was mentioned on pages 5 and 6, "the achievement of attached flow 
over the bottom surface of the boattail was considered to be an important factor 
relative to the overall objectives of this experiment, i.e., determining a near 
optimum level of drag for a high volume transport type vehicle through the use 
of a boattail." That is to say, providing attached flow upstream of all 
boattail surfaces is necessary in order to maximize the reduction in afterbody 
drag. Thus, the rOlmded forebody comers and the SIIOoth, sealed tmderbody of 
the baseline vehicle, configuration I, provided a near ideal candidate vehicle 
for dE'Ill)nstrating good boattail perform:mce. The reader is hereby forewarned 
that the addition of a boattail to a configuration having seperated flow, or 
perhaps even relatively low energy flow, over one or IIDre upstream surfaces 
may result in significantly smaller drag reductions than demonstrated herein 
or in reference 5 (see references 11 and 12 for examples). 

CONCLUDlliC REMARKS 

The effectiveness of the full boattail in delaying flow separation over 
the aft-end of the vehicle (reducing the size of the wake) is apparent in the 
average 32-percent reduction in aerodynamic drag, as compared to the baseline 
drag, at highway speeds. The relative effectiveness of the truncated boat tail 
is similarly apparent in the average 3l-percent reduction in aerodynamic drag 
as compared to the baseline configuration. 

The small drag increase, approximately 3.8-percent at 96.6 km/h (60 mph), 
which occured when the boat tail was truncated indicates that the boat tail was 
cut in approximately the right place. This relatively small increase in drag 
shows that it is possible to eliminate the additional length and ineffectual 
volume of the boattail apex while retaining almost all of the aerodynamic 
effectiveness of the full boat tail. The drag coefficients of the full and 
truncated boattails are essentially the same for speeds of 80.5 km/h (50 mph) 
and lower. Thus the truncated boat tail is the IIDre efficient of the tvx), 

overall, on the basis of aerodynamic drag and useful volume. 
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Figure 2. C'"onfiguration I, V ;=: 0 cooling door closed). 
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Figure 3. Configuration II, vehicle in motion. 
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Figure 4. Configuration III, V 0 (engine cooling door open). 
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Figure 9 Variation of mechanical drag with vehicle velocity 
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Figure 12 Variation of aerodynamic drag with vehicle velocity for the 
different fifth-wheel mounting locations, (Configuration I) 
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E-38010 

Figure 14. Tuft patterns for full boattail, configuration II, 
V = 116. 7 kIn/h (72, 5 mph). 

E-38008 

Figure 15. Tuft patterns for full boattail, configuration II, 
V = 116. 7 kIn/h (72. 5 mph) . 
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E-38073 

Figure 16. Tuft patterns for tnmcated boattail, configuration III, 
IT = 107.8 km/h (67 mph) (note "dangling" white tufts 
over base region). 

E-38091 

Figure 17. Tuft patterns for truncated boattail, configuration III, 
V ::= 107.8 km/h (67 mph) (note "dangling" white tufts 
over base region) 
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Figure 18 Variation of aerodynamic drag with vehicle velocity, drag 
increment of side rrounted fifth-wheel and support system 
has been removed,~D of figure 12) a 19 
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Figure 19 Aerodynamic drag variation with vehicle velocity for all 
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Table 1. CorIparison of tests rtm at the Dryden Flight Research Center and the University of Kansas. 

~ , DFRC ~ , reduction, 
Configuration a a 

7 R = 1.3 x 10 ~,KU percent 
a 

6 
80.5 krn/h 96.6 km/h R = 2.7 x 10 DFRC 

DFRC KU average KU 
(50 mph) (60 mph) avg 

4 ;'~(0.426) ;'~.449 - -
I o 455 0.435 0.445 

14 (0 436) 0.459 - -

II 16 0.315 0.288 0.302 ;'~(O 270) ;'~O. 284 32 37 

III 17 o 314 0.299 0.307 ;\-( O. 265) ;'~O. 279 31 38 

DFRC = Full-scale tests, Dryden Flight Research Center. 

KU = One-tenth scale tests, University of Kansas from reference 5 

( ) = values based on reference area AI, as in reference 5 

these drag coefficients are for configurations without towing hitch, reference 5 
(note, full-scale vehicle had towing hitch). 

~ - ~ a a 
DFRC,avg. KU 

~ a 
DFRC,avg. 

percent 

-0 9 

-3.1 

6 0 

9.1 
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