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COLLECTION OF ZERO-LIFT DRAG DATA ON BODIES OF REVOLUTION FROM

FREE-FLIGHT INVESTIGATIONS 1

By WILLIAME. STONEr, Jr.

SUMMARY ]._7_'7/

,4 compilation is made of most of the zero-lift

drag results obtained from free-flight measurements
made by the Langley Pilotless Aircraft Research

Dillon on fin-stabilized bodies of revolution.

The data are arranged on standard forms, which

also contain the significant geometrical factors.

Supplementary data have been provided to facilitate

the determination of the body pressure drags from

"- the measured total drags. Summary plots and
discussions have been included to provide a unified

and broad picture of the effects of body geometry on

zero-lift drag. The ._lach number range of the
tests extends .from 0.6 to approximately 2.0 and the

Reynolds numbers based on body length from
2 X 10" to 100 X 10".

INTRODUCTION

At the present time, the most accurate method

of obtaining the zero-lift drag at transonic and

low supersonic Mach numbers of an arbitrarily
shaped body of revolution is measurement by

means of _ind-tunnel or free-flight tests. The

importance of accurate knowledge of zero lift

has been increased by the usefulness of the "area
rule" concept in the design of complete aircraft

configurations, since this concept states that the

drag of a complete aircraft configuration can be

determined from its equivalent body of revolntioh.

The Langley Pilotless Aircraft Research Divi-

sion has flown nearly 200 bodies of revolution of

different sizes and shapes for the purpose of

measuring their drag at zero lift. The results
of many of these tests have been published in

reports dealing with the systematic variations

which they explored (refs. 1 to 16). However,
i

z Supersedes N'ACA Technical .Note 4201 by William E. Stoney, J'r., 1958.

many of these models were designed as equivalent

bodies of revolution, and their drags have been

published in the widely scattered reports dealing

with the airplane configurations they represented.

In view of the large amount of data available

and of the comparative obscurity of a large part

of it, it was believed that a collection of such

data presented in a standard form would be of
aid to the aircraft and missile designers.

This collection is presented in a form that will be

useful in several ways. The large number of

shapes presented herein may allow the designer
to estimate easily the drag of a desired shape by a

simple comparison. Supplementary data and

theoretical estimates have been provided to facili-
tate the deternfination of the body pressure drags

from the measured total drags. Summary plots

and discussions have been included to provide

the user with a unified and broad picture of the

effects of body geometry on drag at zero lift.

SYMBOLS

A cross-sectional area of body

CD drag coefficient

ACD incremental drag coefficient

ACo,p incremental drag coefficient due to
fins

C: friction drag coefficient based on
wetted area

Cp pressure coefficient
d maximum diameter

l length
.1/ Mach number

NR, Reynolds number

p free-stream static pressure

p_ local static pressure
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R maximum body radius

r local body radius

ro radius at body base
r_ nose radius

S surface (wetted) area

U free-stream velocity
x axial coordinate

#b body slope at x/lr = 1 (slope is always

negative but is expressed as posi-
tive)

p air density

_iscosity
Subscripts:

A afterbody

B body
b base

C cylindrical center section
F fin

f friction
max maximum

N nose

N+A nose plus afterbody
T total

TESTS

Most data included in this compilation were
obtained by methods for which details are in-

cluded in references 1 to 16. In brief, the pro-
cedure was as follows: A fin-stabilized model

• flying at or near zero lift was tracked with a CW

Doppler radar unit as it decelerated through a
speed range from supersonic Mach numbers to

high subsonic Mach numbers. The resulting
velocity time history was arithmetically differ-

entiated to give a deceleration time history.

Shortly before or after the flight, a record of the

atmospheric properties (density, temperature, and

wind velocity) was obtained from the flight of a

radiosonde balloon. This record, together with a

space-position time record of the flight, permitted
the zero-lift drag coefficient to be calculated. The

tests differ only in the method of launching the
models into free flight and in the method of ob-

taining the altitude time history. Data are in-

cluded for 177 models for which the pertinent

geometric parameters are listed in tables I and II.

ROCKET MODEL TESTS

The rocket-test method provides for propulsion
of the models by rockets located either in the
model or behind the model in the form of booster

rockets which dropped away after burnout. In

these tests the models were also tracked by an

NACA modified SCR-584 position radar tracking
unit, the data of which were used to obtain the

space-position time records used in the data re-

duction. In general, the rocket models were

fairly large: 5 to 8 inches in diameter and up to
12 feet in length. The data were obtained with

the models at all altitudes up to over 50,000 feet
and to Mach numbers over 4. A few models

carried telemetering equipment and from these

the total drag was also obtained from decelerom-

eters and the base drag from pressure cells.

HELIUM-GUN TESTS

The second technique, the helium-gun test,

provides for launching of small models (roughly

2 inches in diameter and 12 inches long) from a
helium gun. The helium gun used to launch these
models was a 24-foot smooth-bore barrel 6 inches

in diameter attached by valves to a 100-cubic-foot

tank of helium under a pressure of 200 pounds per

square inch absolute. The models were ejected

at Mach numbers up to 1.4. The space time
histories of these models were calculated from the

velocity-time data, and the data were reduced as

before. A satisfactory check of the flight-path

calculation method was made by tracking several
models with the SCR-584 unit. The models

were fired at an angle of 20 ° to the horizontal and
never rose over an altitude of 2,000 feet.

ACCURACY

Inasmuch as the tests were made over a period
of several years with continually varying tech-

niques, it is difficult to assign a general figure for

their accuracy. The velocimeter record is ac-

curate to within 0.2 percent, and the derived

accelerations, although obtained by a short-time

averaging process, are accurate to within 1 percent
except in the region of the drag rise where it is

possible for abrupt changes to be somewhat alle-

viated by the averaging process.

One means of determining accuracy is by com-
parison of the drag of identical models, since all

the variable factors, inaccuracies in body ordi-

nates, velocity measurement, atmospheric condi-
tions, wind velocity, and data reduction are

included. From the variations shown by the

models of configurations 8, 22, 27 to 30, 75 to 77,

106 to 109, 128, 139, and 151, reasonable limits of
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error for Cb and Mach number appear to be

,ZCo= :t:0.01

AM----4-0.01

Another check on the accuracy is given by a
comparison of the data of model 109 with a wind-

tunnel test of an identical configuration. This

comparison is shown in figure 1 and is quite good.

A third indication of the accuracy of the tests

is given by a comparison of the nose pressure
drags obtained from eight helium-gun models
with values measured in a wind tunnel and cal-

culated by second-order theory. The comparisons

are quite close and indicate accuracy at least to

the values quoted. (See the discussion on nose

drags in the section "Summary Curves.")

RESULTS AND DISCUSSION

GENERAL ARRANGEMENT

Inasmuch as the important product of these

tests is the body pressure drag, the configurations

are separated into two types--"smooth" and

"bumpy"--and the results are presented in se-

quence according to increasing fineness ratio.

A smooth body is defined as one for which the

meridian increases without inflection points to a

maximum and stays constant or decreases without
inflection points to a minimum. All other bodies

are classified as bumpy. Inasmuch as only the

nose and afterbody contribute to the pressure

drag, the significant fineness ratio of the smooth
bodies has been assumed to be based on the sum

of the nose and afterbody lengths lN+A. The nose

is herein defined as the forward part of the body

wittl increasing radii up to the maximum diameter

and the afterbody as that part with decreasing
radii from the maximum diameter to the base.

Cylindrical sections of maximum diameter are

considered as separate units and thus the sum of
the values of fineness ratio of the nose and after-

body l.v+A/d can be less than the total fineness

ratio of the body lr/d. (See table I.) Grouping

in this manner is justified on the assumption that

the effects of the nose on the afterbody drag are

of second orde:. Since such a simple geometrical

division cannot, in general, be made for the bumpy

bodies, results for these configurations are pre-

sented in sequence according to increases in their
total fineness ratios (table II). This classification

FROM FREE-FLIGHT INVESTIGATIONS

by fineness ratio has the advantage of simplicity,

and its usefulness is based on the general fact that

this parameter is the most important single factor

affecting body pressure drag.

The shape of the parts of the body is another

variable and since the assumption that the effect

of shape is independent of fineness ratio appears

to be useful, the body ordinates have been non-

dimensionalized and are presented in the appendix

in graphical form for each of the configurations.

In order to utilize this assumption strictly, the

individual parts should have been presented indi-

vidually; however, this manner of presentation

would have posed great problems for the bumpy
bodies and was abandoned in favor of the simpler

method used. This method has the advantage of

allowing comparisons of bumpy and smooth bodies

to be made by matching their nondimensional
ordinate curves and their total fineness ratios.

Comparisons of the drag curves of such bodies

allow estimates of the bumpiness of a bumpy body,

that is, insofar as drag is concerned.

Figures containing pertinent information on

body shape and type of test for each configuration

are presented, together with drag and Reynolds

number plots, in the appendix. The figures in

this appendix are arranged in sequence according

to the configuration numbers given in tables I and

II. -Many of these data were ori_nally presented
in references 1 to 16. Curves of friction, base,

step, and fin drag to supplement the basic data are

given in figures 2 to 5. Summary curves of data

from various systematic investigations are pre-

sented in figures 6 to 10. Some curves showing the
general effect of body shape on drag appear in

figures 11 to 15.

MODEL CHARACTERISTICS

Enough information appears in the sketches
and graphical presentation of the ordinates given

for each configuration in the appendix to allow
reconstruction of the model with reasonable ac-

curacy. _Iany of the smooth bodies had analyti-
cal meridians of parabolic form or mixed parabolic

and hemispherical form; this notation has been

made in the figures. The following equations

were used for parabolic noses a1_d afterbodies:
Nose:
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TABLE I.--GEOMETRIC CHARACTERISTICS OF SMOOTH CONFIGURATIONS

Configura-
tion

1-8

9

10
11

12
13
14
15

16
17

18
19

20

21

22
23
24
25

20

27

28
29
3O
31
32
33
34
35
36
37
38
39

4O
41
42
43

44
45
46
47
48
49
5O
51
52
53
54
55
56
57
58
59
60

l_+_/d lr/d

0.50
3.71
4. 62
4. 64
4.85
4. 98

4. 98

5. 00
5. 00
5. 00
5. 10

5.20
5. 20
5. 34
5. 70
5. 79

5. 84
5. 84
6, O0
6. 04
6. 04
6. 04
6. O4
6. 04
6. 08
6. 10
6. 10
6. 42
6. 50
6.51
6. 52
7. O0

7. 16

7. 30
7. 33
7. 35

7. 43

7. 47
7. 60
7. 66
7. 72

7.78

7. 78
7.80
7. 90
8. OO
K O0
8. OO
8.00
8. OO
8. 00
8.00
8.00

12.00

8. 57
7. 70

11.20
7. 15

13. 47
13. 47

5.00
5. O0
7. 78

5. 10
13. 70
13. 70

9.51

5. 70

14. 29
5. 84

12. 90
8. 78
6. 04

6. 04

i 6. 04
6. 04
6. 04
9.60

14. 60
14.60

9. 32
15. O0
10. 87
13. 90

7. O0

7.16

7. 30
8. 57
7. 35

I 7. 43
7.47

7. 60

] 7. 66
10. 90

11.50
11.50

, 11.08
7.90

8.00
8.00
8.00

12. O0
12. O0

12.00
12. O0
12.00

l_/d

O. 50
1.38
1.92
3. 50
2. 02
2. 98
2. 98
2.00
2. O0
2. O0
1. 92
3. 20
3. 20
2. 67
5. 70
3. 79

• 50
3. IO
3.00
1. 21
4.83
2. 42
3. 62
3.71
5. 01
4. 10
4.10

2. 98
4. 50
2.71

3.80
2.80
1.81
1.95
3.02

2. OO

3. 58
2.12
2. 25
2. 33
6. O0

6.00
6.00
3. 42
2. 57
3. 20
4. 66
4. 00
3.00
3.00
3.00
3.00
3.00

0.00
2. 33
2. 70
1. 14

2.83
2.00
2.00
3.00
3.00
3.00
3.18
2. 00
2.00
2. 67

.00

2.00
5. 34
2. 74

3. 00
4.83
1.21
3. 62
2.42
2. 33
1.07
2.00
2. 00
3, 44
2. 00

[ 3.80
2. 72

4.20
5. 35

! 5. 35
I 4.31

5. 35
3.85

I _.35
I 5. 35

5. 33
1.72

, 1.78
i 1.78

4. 38

5. 33
i 4.80

3. 44
4.OO
5.00
5.00
5. O0
5.00
5.00

Ss/A =.z Se/A,,,,

49. OO 6. 36
28. 30 11.00

25. 20 6. 40
39. 3O 11. CO

22. 40 11. CO
51.50 24. 60

51. 30 24- 60
13. 6O 11. 00
13. 30 11. 00
25. CO 11. O0
14. 60 11. 00
51. OO 24- 60

51. CO 24. 60

30. 60 11. O0

11. 40 . OO

51.90 24. 60
19.00 II. OO
51.80 12. 40
26. 20 11. 0O
19. 16 11. CO

16. 84 11. 00
18. 39 11. 00
17. 64 11.00
17. 60 11. CO

31. 60 12. 30
52. 30 24. 60

52. 30 24. 60
30. 20 11, 00
52. 60 24. 60
35. 60 12. 82

49. 60 12. 40
19. 00 11. 00
24- O0 11. CO

24. 20 1 I. 00

25. 60 11.00

22. 70 1 I. 00
20. 90 11. 00

24. 30 11. 00

25. I0 11.00

25. 30 11.00
32.60 11.00

35. 50 11.00
35. 50 1 I. 00
34. 4O 11. CO

25. 70 11. CO

21.90 11. 00
2.3. 16 5. 80
26. 30 4. 43
36. 38 11. CO

37. 05 11. CO

38. 35 11. O0

38. 40 11. CO

38. 78 11. OO

A b/A _.z

1. O0

• O0
.00

• 45
.CO
. 52

. 52

.CO

. 00

.00

.00

.52

• 52
.00

1. CO

• 52
• 19
.25
,00
. 19
• 19
. 19
• 19
.37
• 69

• 52
.52

• 00
• 52
.CO

. 25

.00

. 19

• 19

.CO

. 19

•00

• 19
• 19
• 19
.CO

.00

.00

.00

.19

.00
• 17

.00
• 19
• 19
. 19
• 19

• 19

Ob, deg Test

0. CO Helium gun

12. 20 Helium gun

68, 00 Helium gun
8. 00 Rocket

15. 70 Helium gun

4- 02 Helium gun

4- 02 Helium gun
18. 80 Helium gun
11. 90 Helium gun
12. 70 Helium gun

90. CO Helium gun
4. 02 Rocket

4. 02 Helium gun

15. 60 Helium gun

--5. CO Helium gun

4. 02 Helium gun
7. 00 Rocket

18. 60 Rocket

12. 90 Helium gun
9. 20 Rocket

25. 00 Rocket

8. 80 Rocket
13. CO Rocket

6. 10 Helium gun

5. 45 Helium gun

4. 02 Helium gun
4. 02 Rocket

13. 30 Helium gun
4. 02 Rocket

60. CO Helium gun
17. 40 Rocket

12. 90 Helium gun
7. 00 Rocket

7. CO Rocket
90. 00 Helium gun

6. CO Rocket

15. CO Helium gun
6. 00 Rocket
7. O0 Rocket
7. OO Rocket

2. 90 Helium gun
29. 30 Helium gun

29. 30 Helium gun
9. 80 Helium gun
7. O0 Rocket

8.50 Helium gun

9.50 Helium gun

14.CO Helium gun

3.20 Helium gun

3.20 Helium gun

3. 20 Helium gun

3. 20 Helium gun

3. 20 Helium gun

Refer-
ence

1

2

2

3
2

2
4

5
5

5
5

3

3

3

4
4

4

4
4
4

6
6

4

7

7

7

7

7
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COLLECTION OF ZERO-LIFT DRAG DATA FROM FREE-FLIGHT INVESTIGATIONS

TABLE II--GEOMETRIC CHARACTERISTICS OF BUMPY CONFIGURATIONS_Concluded

Configu- lr/d Ss/A,_,z Sp/A,_u AdA=,z 0_, deg Test Refer-
ration ence

7

147
148
149

150
151
152
153

154

155

156
157

158

159
160

161

162
163

164
165

166
167

168
169

170
171
172

173
174

175
176
177

8. 12
& 23

& 27

8. 28

8. 40
8. 43
8. 48
8. 49
8. 52

8. 57
8. 70

8. 84

8. 85
8.91
8. 92
9. 08

9. 09
9. 10
9. 22

9• 28
9.31

9.31
I

10. 00

i 10. 9O
10. O0

10. 04

10. 46
10. 70

IL 02
II. 39

12. 05

25. 40
20. 80
24. 00
20. 70

23. 00
23. 10
23. 76

23. 12
23. 40
25. 70

24. 54
25. 64

25. 75

25. 00

24- 10
26. 26

24. 40

25. 55
26. 17

26. 91

28. 19

28. 19

20. 35
27. 40
28. 4O
30. 40
27. 40
29. 80
32. 40
29• 20

31.90

13. 20
11. 72

10. 90
11. 80

7. 88
6. 00

12. 62
11. 00
11. 50

9. 70

13. 12

6. 64

13. 14

11.00

11.50

14. 40

11.60

11. 64
7. 14

7. 28
10. O0

10• O0

11.50

11.00

16.50
11.00
15• 35
11.00

17. 04
11.00
15. 00

0o 18
• 00
• 29
• 06

• 17
• 17
• 30
.00
• 08
.00

.20

• 18
.21
• 19
• 07
• 16
• 03
• 04
.20

.20
• 21
• 21

.00

.00
• 25

.00
• 02
.00
• 19
• 00
• 04

17. 90

16. 80
2_ 80

15.00

6. 10
6.8O
2. 40
7. 40
2. 50

9O. 00

12. 10
4. 60

12. 30
7.00

12.60
9. 10
8.5O

10. O0

4. 35
4" 06
4"6O

4"6O

90. 00
6.80
4. 15

90.00
4.00
6. 80
7. 05

1K 9O
5. 00

Helium gun

Helium gun

Helium gun

Helium gun

Helium gun

Helium gun
Helium gun

Helium gun

Helium gun
Rocket

Helium gun

Helium gun

Helium gun
Rocket

Helium gun

Helium gun
Helium gun

Helium gun

Helium gun

Helium gun
Helium gun

Rocket

Helium gun

Helium gun
Rocket

Helium gun

Helium gun
Helium gun
Helium gun
Helium gun
Helium gun

15

16

16

circular symbols represent the calculation for tur-

bulent body flow plus laminar fin flow.

A word of warning is in order at this point:

In the figures in which both the circular and square

symbols appear at the subsonic end of the Mach

number scale and only the fully turbulent (square)

symbol appears at the supersonic value (for ex-

ample, configuration 158), the Re)molds numbers

are such that it is possible that transition from

laminar to turbulent flow has occurred at some

Mach number between the two extremes. This

possibility means that any pressure or wave drags

derived by subtracting base, fin, and friction drag

from the total drag can be in error by the amount

of the difference between the turbulent and lami-

nar fin friction drags. Configuration 158 presents

a case in point, although for this model the transi-

tion appears rather dramatically in the total-drag

curve• This type of drag variation is unusual, and

_91396---61--2

the change would not be at all apparent if the

transition had occurred in the rapidly rising

section of the drag curve.

This compilation in the appendix represents a

collection of total-drag curves for various bodies

of revolution stabilized by fins. The usefulness of

the data is largely determined by the information

which can be obtained from these total drags

concerning the values of the pressure or wave drags

of the bodies alone (i.e., not influenced by the fins),

since it is the value of this component of the

supersonic drag that is always difficult and often

impossible to calculate from theoretical considera-

tions in the low supersonic speed ranges considered.

In order to obtain the wave drag of the body

alone from the test results, the friction, base, and

fin pressure drags must be known or assumed.

The friction drag can be calculated accurately

for most bodies• For many bodies, the base drag is
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negligible and the base drag for most of the re-

maining bodies can be estimated accurately from

empirical curves. The fin affects the drag in three

ways: fin pressure drag due to fin induced pres-
sures, pressure drag of the fin due to the body, and

pressure drag on the body due to the fins. The

value of the first component has been either meas-
ured or calculated for most of the fins used. Values

of the interference terms are, in general, not cal-

culable. For the models of the present report, itr

appears reasonable to assume that the interference

terms are negligible for most cases since the fins

are extremely thin. The interference has been

shown to be essentially zero by wind-tunnel tests

of configuration 109 (see fig. 1) since the fin drag
obtained by subtracting results for finned and

unfinned models agreed exactly (except at M= 1)

with fin drags obtained on special free-flight models

on which the interference drag was zero by virtue

of the cylindrical shape of the body. Since con-

figuration 109 is of high fineness ratio, this result

cannot be applied generally. An attempt to meas-
ure fin interference was made with configurations

48 and 49. Although these bodies had low-fine-
ness-ratio afterbodies on which the fin interference

was expected to be large, the measured differences
were small and in the opposite sense to that

expected.

The following sections provide the data neces-
sary in the breakdown of the total-drag curves into

their component parts.

FRICTION DRAG

Figure 2 presents average flat-plate friction
coefficients based on wetted area as functions of

total Reynolds number for various Mach numbers.
All values are for an insulated wall (no heat flow),

which is correct for the wooden-surface models

and is nearly correct for the models with metal
surfaces and Mach numbers near 1. These values

were used in the calculation of the friction drags

shown in the appendix for configurations 1 to 177.
The use of flat-plate values for bodies of revolution

is not exactly correct because of at least two fac-

tors-first, the difference between two- and three-

dimensional flow, and, second, the existence of

velocities higher than free-stream velocity on the
surface of the bodies. Both effects are functions

of body fineness ratio, the effects being most in
evidence at lower values of lr/d. Reference 18

gives an approximate correction factor for the

higher average velocities existing on bodies of
revolution as

0.5
(CD. I) _, o_ -, = 1Jr 1rid(C,,.s),,.,,,.,.

which is supposedly valid at Mach numbers as

tfigh as 1. Both effects are apparently small for
the bodies included in this compilation. The ratio

of C_j to C/is given in the tables as SB/A,_z (the

.04

0

.04

ar_

J

//

f/
/

I
Wind tunn_

/" 1 L,

J Fr_ flied'

LO0 i.05 LIO 1.15
M

(a) Comparison of drag rise.

I 1

Free flight

Wind tunnel

•--,----....=.,,.=.._

1.20 1.25 1.30 1.35

(b) Drag rise of fins and fin-body interference.

F1ovaz 1.--Comparisons of data for configuration 109 obtained from wind-tunnel and free-flight tests.

(o)
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FIGURE 2.--Average skin-friction coefficients for fiat plates based on wetted area.
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ratio of body wetted area to body frontal area), so

that changes from Ct to Cg.t may be quickly
estimated. The values were calculated from the

relationship

C_.__4l r x

Another assumption has been made in the cal-

culation of the friction drag; namely, the bodies

have been assumed to have either completely

laminar or completely turbulent flow on the body
and fins. This assumption may be erroneous for

some of the models flown at Reynolds numbers

from lX 106 to 5X 106 and this possibility should

be kept in mind in the anal) sis of such data. The

only models for which this assamption is obviously

wrong are configurations 104 and 105 (see ap-

pendix), even though they flew at extremely high
Reynolds numbers. These configurations are

both models of the NACA RM-10 body, which
has been extensively tested in wind tunnels. (See

refs. 13, 19, and 20.) These models are more

carefully finished than the majority tested and

long runs of laminar flow (Re)molds numbers up

to 40X10 _) have been detected on the body on

some flights. Even nmre likely are long runs of
laminar flow on the fins and since the fins of these

models contribute nearly as much friction-drag
area as the body, their presence would cause a

large error in the calculations as made. With

these considerations, if the pressure drag of this
configuration is desired, it would be best to obtain
it from theory or from the wind-tunnel results

presented in references 13, 19, and 20. Note,

however, that the base drags obtained froin flight
measurements should be the most accurate, since

the tunnel measurements contain sting-interfer-

ence effects. References 13, 19, and 20 also give

examples of the effects of Reynolds number, tran-

sition, and heat transfer on friction drag.

BASE PRESSURE AND BASE DRAG

Reference 21 contains an excellent analysis and
data on base pressure behind both two- and three-

dimensional bodies when the boundary layer is
turbulent ahead of the base and the Mach numbers

are in the range considered in this report. The

following discussion follows this reference.
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Three-dimensional base drag.--Figure 3 pre-

sents the base pressure coefficients as a function of

Mach number for a cylindrical afterbody of

infinite length (refs. 21 to 23). As mentioned in
reference 21, the base pressure behind a cylindrical

base can be influenced by flow conditions such as

-I.O

CD,b

-.9

' I /, \

\
-.7 I

/ \, \

-.6

Twtp-dirnensionol

-.4

-.2

_ -Vocuum

\
\

\

0 i Z :3 4
M

FIauRE 3.--Base-pressure coetficients behind two- and three-dimensional bodies for which flow is turbulent ahead of base.

t
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fin and nose pressure fields ahead of the base even

when the boundary ]ayer is turbulent well ahead

of the base. For the bodies studied in the present
report, such differences are believed to be small

enough to allow the curve shown in figure 3 to be

used, the possibility of such an error being always
kept in mind, however, especially for subsonic

speeds. (See ref. 18, pp. 30 to 34.)
Most of the bodies included herein have after°

bodies, that is, a base diameter which is smaller

than the maximum diameter. The base drag of
such bodies is discussed in reference 21; however,

the method of evaluating such base pressures

discussed therein is overcomplicated for the pur-

poses of the present paper, since the value of the

base drag is seldom a very large percentage of the

total drag for boattailed bodies. Some published

wind-tunnel data on the base drag of conical after-

bodies suggest the empirical expression

Care must be taken in applying this equation at
subsonic Mach numbers since it does not account

for the possibility of negative base drags which
can exist (ref. 24).

Two-dimensional base pressures.--Figure 3
also presents base-pressure coefficients for a two-
dimensional base from references 21 and 25. The

data represent the base pressures behind slab

wings. They are presented herein as an estimate

of the pressures behind a rearward facing step on
a body of revolution.

PRESSURE8 ON A FORWARD FACING STEP

Figure 4 presents the pressure coefficients re-

quired to separate the turbulent boundary layer

in front of a step of several times the boundary-

layer thickness. (See reL 26.) It appears from

page 52 of reference 18 that a pressure coefficient
of Cp----0.41 is valid at subsonic speeds as well as

Mach number 1. Again these essentially two-

dimensional values are presented as estimates for

the pressures ahead of forward facing steps oil
bodies of revolution.

FIN PRESSURE DRAG

Figure 5 presents the pressure-drag coefficients
based on the exposed plan-form area of the fin

(note that this is one-half the value of Sr/A,=_

.4O

M /

,o
///////// lilt. .

o 1
1.0 2D 3.0 4.0

M

FIGURE 4.--Pressure coefficients on forward facing step

for flow with turbulent boundary layer.

.016

.012

t

_-
_ 1

1

I

_1 \
1

1.0

, !

I '
, ! 1

17 ;
! i I '

2.0 3.0
M

FIGURE 5.--Fin pressure drag coefficients (including base

pressure) based on exposed fin area.

tabulated in the basic data sheets of the appendix)
for nmst of the fins used in this report. Extreme

accuracy has not been striven for or obtained,

since in most cases the fin pressure drag is such a

small part of the total drag that a 50-percent error

in fin drag is of the order of the test accuracy.
The pressure drag of fin type A (fig. 5), which is

used on most of the models, was measured by

means of special helium-gun models. The drag of

fin type B was measured by special rocket models,
the data for which are presented in reference 27.

The supersonic pressure drag thus obtained is

so similar to that measured on fin type A that
they have been shown as ofie curve. The pres-

sure drag of fin type C was estimated by reducing

the drag rise of a 6-percent-thick delta wing
of reference 27 (p.'4_by the square of the thick-

ness ratios. The pressure drag of fin type D is

simply the two-dimensional base pressure of
figure 3 referred now to the fin plan-forth area.
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SUMMARY CURVES

SIrSTE _viATIC INVESTIGATIONS

.Most of the smooth bodies (table I) were flown

in programs designed to investigate the results of

systematic geometrical changes in the body shapes

on zero-lift drag. Figures 6 to 10 present sum-

mary plots of total-drag coefficients for the most

important of these investigations. These figures

give a broad picture of the effect of the most im-

portant variables on the total body drag; that is,

fineness ratio and maxhnum-diameter location

(fig. 6), nose shape and fineness ratio (figs. 7 to 9;

also configurations 1 to 8 in the appendix), and

afterbody fineness ratio and shape (fig. 10). Vari-

ous other methods of correlating the data will be

TECHNICAL REPORT R--100---NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

_F- Ir/d= 12.50
C /I l I I L

• S .9 1.0 I.I 1.2 1.3 1.4 1.5 I.S

M

:FzovR_'. &--Drag coefficients of parabolic bodies showing
effects of fineness ratio and position of maximum di-
ameter.

immediately apparent to the reader, but it is

suggested- that the original references (see tables

I and II) be consulted before too elaborate an

analysis is attempted, since the various data have

been handled in more detail in these reports than

in the present report.

DRAG ANALYSIS

The data presented herein, together with data

from wind-tunnel tests and theoretical results,

allow some general conclusions useful to designers

to be drawn. The effects of nose and afterbody

shape are discussed separately, after which a brief

discussion is given of the effects of the shapes of

complete bodies.

Nose drag.--In the analysis of nose drag it is

helpful to use one of the basic premises of this re-

port, that is, that the effects of shape and fineness

ratio may usefully be considered separately. The

variation at M= 1.4 of the nose pressure drag with

l_/d is presented in figure 11. The lower curve

represents near minimum nose pressure drags.

At low values of ls/d, the minimum-drag curve

was obtained by fairing through the fiat-face

value (Cv=0.8C_.r) and hemisphere values (ref.

28). Above l_/d=l.4 it was determined from

second-order calculations (by the method of Van

_(__=y"
Dyke, ref. 29) of bodies defined by R--\I_¢]

2z 3(z)'
4 _ (labeledr l_v

(labeled A in fig. 11) and _=. l

B in fig. 11). Note that neither of these bodies

has zero slope at its maximum diameter. Since

the calculations and experiment agree well for

noses having l_¢/d=3 (see fig. 12), a fair amount of

confidence may be placed in the values shown.

Second-order calculations are also shown for the

parabolic nose R----I'_c--\T_¢] used on so many of

the models in this report. Taylor-Maccoll cone

values are also shown for comparison.

Although IN/d is shown to be a powerful param-

eter, the effects of shape can be important, as can

be seen in fig_tre 12. The results shown in this

figure are particularly gratifying in that the values

from free-flight and wind-tunnel tests and several

theories are in marked agreement. As can be

seen from this figure, there is no one minimum-drag

r

L

i ¸ ..

t

!

r
r

r
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FIGURE 7.--Drag coefficient plotted against Mach number for configurations obtained by rounding off nose of parabolic

body of fineness ratio 8.91.

shape for the entire Mach number range but
several do well over the entire range. (Refs. 30

and 31 present the drags of many shapes not
shown here.) Note that these results are for

1,v/d=3 and the relative drags may change with
lN/d. Data from reference 30 have been combined

with the data of this report in part (b) of figure 12
to illustrate some general statements about the

effect of nose geometry on drag. The drags of the

x l/4 and the ellipsoid nose show the high-peak-drag
level and the late-peak-drag Mach numbers
characteristic of blunt nose bodies. The x !/4 nose

though not absolutely sharp (the cone could also

have been used) shows the early drag rise and

early sharp peak drag and the rapid decrease of

drag with Mach number to be expected on sharp-
nose bodies of revolution. The Von K_rm_m nose

which has the x 3/_ profile at its apex but which is

blunter immediately behind the apex produces a
drag variation with -_[ach number which incor-

porates the desirable features of both types of

nose, that is, late drag rise, "soft" peak and low

peak-drag level, and decreasing supersonic drag.
This result is perhaps not so surprising since this

nose was designed (from linearized theory) for

minimum drag for a given lN/d at low supersonic
Mach numbers.

When these results are applied to the desigtl of a
complete body, it must be remembered that the

interference drag of the nose on the afterbody is

also a function of nose shape. There are indica-

tions that the lowest drag shapes which do not

have zero slope at their maximum diameter have

higher interference drag potential than the more

smoothly faired shapes. (See subsequent section,

"Total body drag.")

Af_.erbod7 drag.--The data of figure 10 have

been analyzed to give the drags of the afterbodies

caused by the pressures acting over the afterbodies

and bases. (For details of the drag breakdowns,

see ref. 6.) The results are presented for _/'=1.2



14 TECHNICAL REPORT R--100---NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

,6 *--

Configurohon

,4

.2_

r I I
;" I

: ! I ,_
' I

I i

T

IJ ._ I,,

i i ' !

i

. i i

I

! :
I

i

i ! '

L
I

I I t I
1.0 i.J 1.2

M

1.3
1

i
.6 .7 .8 .9 1.4 1.5

Fmum_ 8.--Comparison of drag coeflicienta for five configurations ha_ing nose fineness ratios of about 2.

in figure 13. The data for the conical afterbodies
are compared with the following semiempirical

equation :

rb n

CDa=0"0010'+0"000710'211--(-_).,Tt/1 ]+Cz),b(_) 3

(1)
where

n=4 (M_3.5)

n----3 (M>3.5)

eb is tile slope of the afterbody in degrees (used as

positive, although actually always negative; not

applicable for positive values of 0_), and Cv.b is

the base pressure drag of the cylinder (fig. 3).
The first term of the equation approximates the

second-order theoretical values calculated by Jack

(ref. 32), whereas the second term is a purely

empirical approximation for the effect of base
diameter ratio on the base pressure. In view of

the inaccuracies inherent in both the experimental

and the theoretical values (the theory, for instance,

was calculated only for M'_ 1.5), the nearly exact

agreement of the two shown in figure 13(a) can

only be regarded as somewhat fortuitous. How-

ever, it is apparent, from the comparisons of this

report with the second-order theory of reference
32 and from the comparisons of reference 6 with

other theoretical calculations, that afterbody

drags can be calculated reasonably accurately for

afterbodies having maximum slopes of less than

about 15 ° . At or above this degree of con-

vergence large discrepancies may be expected (see

ref. 6), with theoretical calculations tending to

overestimate the drag.

!

/

i
r
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Configuration I/2
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Fzorm_ 9.--Drag coefficients for eight bodies having fineness-ratio-3 noses of various shapes
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FIGURE 10.--Drag coefficients for 12 bodies having identical noses and different afterbodies.
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FIGUnE l l.--Drag coefficients due to pressures on noses

at M= 1.4.

All the test results of both parabolic and conical
afterbodies and the theoretical calculations lead

to an extremely simple rule for selecting minimum

drag afterbodies if a required value of lA/d is

given. The center curve in figure 13 (b) represents
conical afterbodies with a slope of 4.5 ° (or para-

bolic meridians with a base slope of 9°). The

circular data points represent the parabolic

afterbodies of figure 10; note also that the tangent

to the parabolic base angle is always exactly
twice that of the inscribed conical body. The

minimum drag bodies all fall on this line. The
fact that for a given value of l_/d the required
ratio of base diameter to maximum diameter is

much less important at the higher values of

la/d can be noted in figure 13(a) and is shown

more graphically by the shaded area on the lower

figure which shows the limits of configurations for

which the drag coefficients lie within about 10

percent of the minimum. The range of optimum
conical angles indicated (3.5 ° to 6.5 ° ) is of the

same order (5 ° to 7 °) as that used for some time

in ballistics for the drag reduction of bullets.

Total body drig.--If the minimum afterbody

CD,N

CD,N

C-_N

• 21Configuration :...... T _--- _----
56-_ ' i , ,

, i 61--_ ril Cone O"i Windx_I/4ril>tunnel
• _ e_/__ _ =_" _ _,_z

o ! I old,e,.
Theory

! Method of

I ref. 29-

.2 57- l i i i _,o_,o ol )
, 4 ;

" 7,#" -=¢t=-,,-,-.----.=_,-=--0 i/2 _robolaOJ

o-U] 1
Wind
tunnel

o  o,i
,.o ,t,

M

M

(u) Nose pressure drags of flight models compared with

wind-tunnel results and theory.

(b) Nose pressure drags from reference 30 showing general

effects of nose shape on drag.

FIGURE 12.--Pressure drag of noses of fineness ratio 3.

drags at each value of laid are taken, the resulting

plot (fig. 14) may be said to represent a near
minimum possible afterbody pressure drag for

M=l.2. A similar curve is presented for the

nose drag and was obtained by fairing through

the blunt nose values from configurations 1 to 7,

through the minimum (l_.ld=3) nose drag (_

parabola, fig. 12) and through the M=l.4 values

for the higher values of ln/d (fig. 11). These

curves are presented to give some practical
boundaries, admittedly empirical and rough, to

the minimum drag problem.
If the nose and afterbody minimum drag

coefficients are added for bodies with their maxi-

mum diameters at their midpoints, the solid-line

curve in figure 15 is obtained. If the same drag
coefficients are added, with care taken to place
the maximum diameter at the most favorable

position, the dashed curve is obtained. (This

.... T: "_]-"

I
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.2 .4 .6 .8 1.0
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(a) Experimental and theoretical afterbody pressure

drag+base drag at _'%/= 1.2.

(b) Configurations for minimum afterbody drag at _T[-----1.2.

F,o_RE 13.--Afterbody pressure drag at _VI= 1.2.

position moves rapidly rearward from x/lr=0.55
for lr/d=7 to Z//r=l for lr/d=3 for the near

minimum curves of figure 14; however, such

values are extremely susceptible to small changes

in the level of either the nose- or afterbody-drag

curves and must only be considered as indicative
of the trend.) Also, the drag rises (ACD=(_.r--

CDj--CDj,) for the smooth bodies of this report

are plotted at the fineness ratio representing the

sum of their nose and afterbody fineness ratios.

Most of the bodies at low values of lr/d actually

had cylindrical center sections and thus their

interference drag coefficients were low. This fact
must be considered when the use of either of the

empirical curves as minimum-drag boundaries is

contemplated. As an instance of this need, com-

pare the pressure drag coefficients of configura-
tions 84 and 85 in the appendix, which are identical

in shape but have the same fineness ratio of nose

and afterbody and differ only in the cylindrical

1.4

1.3

1.2

II

1.0

.9

.8 •

6 I-L Fz_-_

.i

0 2 3 5 6 5

Z/#

FIGURE 14.--Near-minimum pressure-drag coefficients at

M= 1.2 for noses and afterbodies without interference.

center section of configuration 85. The higher
pressure drag of configuration 84 must be at-
tributed to interference of the nose on the after-

body. This interference drag seems high in com-

parison with the drag produced by the interaction
of nose and afterbodies of the parabolic bodies of

figure 6 which are indicated to be of the order of

that for configuration 85 (and essentially zero) by

a breakdown of their drag coefficients into com-

ponent parts and a comparison of the pressure

components with second-order theoretical calcu-

lations (ref. 29). It seems reasonable to assume

that at total fineness ratios below 6, the effect of

nose induced pressures on afterbody drag and per-

haps more significantly on base pressure (note
large base diameter ratios of minimum drag after-

bodies of fineness ratios less than 3 (fig. 13(b)),

and see ref. 21 for some examples of such effects

on base pressm'es) will be the important and
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FZGURE 15.--Pressure-drag coefficients at M=1.2. /_CD=C_.r--CD./--C_.r.

perhaps the determining factors affecting both the

shape of the body and the value of the drag of

minimum drag designs.

While it is not a factor considered in the

discussions of this report it must always be remem-

bered that the dependence of drag on l/d is also a

function of the friction coefficient, and that it is

the increase of friction drag with l/d that limits the

drag reduction due to increasing l/d.

CONCLUDING REMARKS

A compilation has been presented of data on the

zero-lift drag from free-flight measurements on

fm-stabilized bodies of revolution. Included are

data for 177 configurations from which a designer

may easily estimate the drag of a desired shape

through simple comparisons. Supplementary

plots and theoretical estimates have been included

to facilitate the determination of body pressure

drags from the measured total drags.

LANGLEY RESEARCH CENTER,

_ATIONAL AERONAUTICS AND SPACE ADMINISTRATION_

LANGLEY FIELV, V_., _eptember 3, 1957.
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