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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

AFRODYNAMICS OF SLENDER BODIES AT MACH NUMBER OF 3.12 AND
REYNOLDS NUMBERS FROM 2x106 TO 15x106
V - AERODYNAMIC LOAD DISTRIBUTIONS FOR A SERIES OF
FOUR BOATTAILED BODIES

By Barry Moskowitz and John R. Jack

SUMMARY

An experimental investigation to determine the aerodynamic load
distributions of a serles of four boattalled bodies of revolution was
conducted in the NACA Lewis 1- by 1-foot supersonic wind tunnel.
Pressure distributions and viscous drags were determined at a Mach

number of 3.12 for a Reynolds number range of 2x106 to‘14x106 and for
an angle of attack range of 00 to 99.

Significant Reynolds number effects were noted only for an increase

in Reynolds number from ox108 to 8x106 where for zero angle of attack
the boattail pressure distribution level and the base pressure decreased.
Varying the boattall finenesa ratio from 2 to 6 resulted in a decrease
in base pressure and an increase in boattail pressure distribution level.

The second-order theory of Van Dyke adequately predicted pressure
distributions for all models at zero angle of attack. The hybrid
theory for angle of attack ylelded acceptable agreement for reglons
considered free of the effects of cross-flow separation, best agree-
ment being obtalned on the lower surface for small angles of attack.

INTRODUCTION

As part of a systematic program to extend the basic information
on aerodynamics of bodles of revolution and to assess the validity of
geveral theories for predicting pressures and forces acting on bodies,
tests are being conducted in the NACA Lewls 1- by 1l-foot supersonic
wind tunnel. The first four parts of this investligation are reported
in references 1 to 4. References 1 and 4 report the complete aerodynamic
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characteristics of a series of four bodies having near-parabolic noses.

In reference 2, the load distributions of a series of five bodles -
having conical or slightly blunted noses and cylindrical afterbodiles

are investigated. The boundary-layer development and the forces

acting on a typlcal cone-cylinder body of revolutlion are reported in

reference 3. Presgented herein are the asrodynamic characteristics of

8 series of four boattailed bodies at a Mach number of 3.12 for Rey-

nolds numbers from 2x106 to 14x108 (based on model length) and angles
of attack from 00 to 9°.

3216

Pressure distributions were obtained for all models at a Reynolds
number of 14x106 and at Reynolds numbers of 2x106 to 8x106 for a
representive model. Viscous forces were obtained for the represent-
ative model over the Reynolds number range. The experimentally
determined pressure dilstributions for all models are compared with a
second-order theory for zero angle of attack. The Incremental pressure
distributions due to angle of attack for the representative model are
compared with a hybrid theory.

SIMBOLS *

The following symbols are used in this report:

Cp drag coefficient, D/qOﬁRz

Cp pressure coefficient, p-po/qO

D drag force

d maximum body diameter

1 length of model

L3 length of model boattall

ZF length of model forebody

P static pressure

po free-gtream static pressure

1, free-stream dynamic pressure, (l/z)pOUO2
R maximum body radilus

Re Reynolds number, DdUOI/u )
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Uy free-gtream veloclity

X,r,6 cylindrical coordinates

e angle of attack, deg
2] viscosity coefficilent
po free-stream denslty
Subscripts:

b base

f friction

P pressure

a angle of attack

APPARATUS AND PROCEDURE

The investigation was conducted in the NACA Lewis 1l- by 1-foot
supersonic wind tunnel, which 1s a nonreturn, continuous flow, vari-
able pressure tunnel operating at a Mach number of 3.12. Inlet pres-
sures may be varled from 6 to 52 pounds per square inch absolute at a
stagnation temperature of approximately 60° F. For the lowest pres-
sure, the specific humidity of the alr supplied to the tunnel was

approximately 2x10-4 pounds of water per pound of dry air, thus min-
imlzing the effect of condensation. The free-stream Reynolds number

has a range of approximately 1X106 to 8x10® per foot.

Sketches of the models Investigated with pertinent dimensions

are presented in figure 1. The defining equations for the forebodies
are

513/4
r X - X ]
R=|2105 (105 for 0:2<10.5

= 1 for 10.5<x< start of boattall

Hiw
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Three of the boattails have tangent parabolic proflles defined by

2
£ - l _ ;(X - 2E>
R 2 ZB

The fourth body has a 7.13° conical boattail of fineness ratio 2. The
fineness ratio of the parabollc boattalls are 6, 4, and 2 and the over-
all body fineness ratio is 12. The models were machined from steel

" and were polished to a 16-microinch finish. ZEach model wae supported

from the rear using a sting-splitter-plate mounting as shown in figure
2. There 1s a small effect of the splitter plate on the base pressure
(see ref. 5).

Axlal pressure distridbutions on the boattalls were determined
from two rows of static-pressure orifices placed 90° apart. Meri-
dional pressure distributions were obtained for selected axial sta-
tions through orifices placed 300 apart. To keep the amcunt of
Ingtrumentation to a minimum, the models were instrumented in one
quadrant only and then tested at both positive and negative angles
of attack so that pressure distributions would be complete with
respect to the meridian angle. Base pressures were determined from
three static-pressure orifices placed 45° apart.

The boundary-layer data for zero angle of attack were obtalned
with the same probe as used in reference 3. Boundary-layer surveys
were made at the start of the boattail and at the base of the model.

Reduction of Data and Method of Computation

The free-stream statlic pressure used In reducing the experimental
data to coefficient form is that obtained from the sidewall of the
tunnel opposite the model vertex position. This pressure was In
close agreement with the static pressure measured on the center line
of the tunnel at the same axlal statlon. Incremental pressure
coefficienta due to angle of attack were obtained by subtracting the
measured values at zero angle of attack from those measured at angle
of attack. ;

The second-order theory of reference S as applied In reference 7
was used to obtain the theoretical pressure distributions at zero angle
of attack. For angle of attack, theoretical pressure distributions
were calculated using the hybrid theory suggested in reference 6 and
were applied in the same manner as that glven In reference 3. The
hybrid theory consists of the second-order axial-flow solution of
reference 6 combined with a first-order cross-flow solution of
reference 8.
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Skin-friction coefficlients were calculated using the momentum
equation in the same manner as that given in reference 1.

RESULTS AND DISCUSSION

Most of the data presented is given for the boattailed section
of the bodies lnasmuch as the forebody has been Investigated in
references 1 and 4. The experimental results obtained from the models
pregented In figure 1 consist mainly of pressure dlstributions at
angles of attack from 0° to 9°. The pressure-distribution results are
discussed for all models at zero angle of attack; however, because
the effects of angle of attack do not vary significantly with the
models, these effects are discussed only for a representative model
(model 2). Also presented is the skin-friction drag at zero angle
attack for the representative model.

Preassure Distributions

Zero angle of attack. - The experimental and theoretlcal
variations of the pressure coefficlent wlth axial station for all

models at a Reynolds number of 14x108 and at zero angle of attack

are presented in figure 3. The agreement between second-order theory
of reference 6 and experiment is good for the boattailed bodies. The
level of the boattall pressure dlstribution became less negative

as the boattail fineness ratio was increased; comsequently, the wave
drag will decrease with Increasing fineness ratio. This relation 1is
indicated In flgure 4 where the wave drag of the parobolic boattalls

at Reynolds number of 14x10% 18 plotted agalnst boattall fineneas
ratio. Also included is the wave drag of the conlcal boattail which
is slightly lower than the equivalent fineness-ratio parabolic boattail.

The experimental and theoretical varlation of the axial pressure
distribution of model 2 at zero angle of attack and for the three
Reynolds numbers investigated is presented in figure 5. The agree-
ment between second-order potential theory and experiment 1s good for

Reynolds numbers of 8x10% and 14x106. The effect of Reynolds number
iz a glight decrease in pressure as the Reynolds number increases from

2X106 to 8x106.

Angle of attack. ~ The incremental axial pressure distributions
for the representative model at angle of attack are presented in
figures 6 and 7 for the bottom (6 = 0°) and top (6 = 180°), respectively,
and for the Reynolds numbers investigated. Angle-of-attack data
for models 1, 3, and 4 are given in table I for a Reynolds number of
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14x106., The effect of Reynolds number 1s negligible except at the
axlal statlon near the base of the body. At thle station, however,
there appears to be no systematic Reynolds number effect.

At the bottom of the model (6 = 0; fig. 6) agreement between
experiment and the hybrid theory of reference 6 is good at 3° angle
of attack, while at 90 the experimental increment in pressure coeffi-
clent due to angle of attack ls higher then the theoretical values.
This discrepancy was also noted in the investigation of the forebody
of this model in references 1 and 4, and was found to change in
magnitude and position as the axial location of the model was changed iIn
the tunnel; consequently, the disagreement was attributed to a tunnel
disturbance. A possible interaction between thls small local tunnel
disturbance 8nd the separated cross flow might Influence the pressure at
® of zero for 90 angle of attack and not have much effect at 30 angle
of attack. The disagreement between theory and experiment at the top
of the model (fig:. 7) is attributed to the direct effects of cross-
flow separation.

The experimental variation of the Ilncremental pressure coeffi-
clent due to angle of attack with meridional angle is plotted in
figure 8 at two axial stations on the boattail. At 3° angle of
attack, the trends of theory and experiment are similar except near
the top of the model at the 20.5-inch station where it appears that
the cross flow has separated. For 9° angle of attack, the poor
agreement for the bottom of the model is attributed to the tunnel
disturbance mentioned previously, while the dlisagreement for the
upper portion 1is primarlly due to cross-flow separation.

Base Pressure

The varlation of base-pressure coefficient with Reynolds number
for model 2 over the angle of attack range is presented in figure
9(a). A large decrease in the base-pressure occurred between the

Reynolds numbers of 2x108 and 8x106. Increasing the Reynolds number
from 8x106 to 14%x106 reduced the base pressure slightly at +6° and +9°

angle of attack; however, at 0° and iﬁo angle of attack the opposite
trend was noted. The effect of boattall fineness ratio upon the

bage pressure for a Reynolds number of 14x108 and for the angle-of -
attack range investigated is illustrated in figure 9(b). The base
pressure increased with a decrease 1n the boattail flneness ratio.
The base pressure of the conical boattailed body was slightly less
negative than that of the equivalent parabolic boattailed body at

the higher angles of attack, while at the low angles of attack the
base pressures of the two bodies were about the same. Also presented

3216




912¢

NACA RM E54Bll CONFIDENTTIAL 7

in figure 9(b) are the results obtained from the method of reference
9 for predicting the base pressure at zero angle of attack. Good
agreement 18 noted only for body 3; however, the theory does predict
the correct trend for the parobolic boattails.

Friction Drag

In order to complete the Investigation of the component drag
forces contributing to the total drag of the representative boat-
talled body, friction-drag coefficlents were obtained from the ex-
perimentally determined displacement and momentum thlcknesses at
the gtart and at the base of the boattail. The experimental mean
friction-drag coefficlents for the entire body, based on maximum
cross-gectional area, are presented in figure 10 for the range of free-

stream Reynolds numbers investigated. Increasing the Reynolds number

from 2x106 to 14X106 resulted in a decrease in skin friction until

a transition Reynolds number of approximately 6x106 1s reached where-
upon the skin friction increased. To 1llustrate the effect of boat-
tail on the skin friction, the data for a zero boattailed body (ref. 1)
having an ldentical forebody is presented along with the theoretical
flat-plate laminar and turbulent skin-friction coefflicients. The

skin friction 1s less for the boattailed model than the zero boattailed
model. This difference is probably due to the boattailed model having
leas surface area than the model of reference 1.

The contribution of the various component drags to the total drag
for the representative model at zero angle of attack and at Reynolds

numbers from 2x106 to 14x10° 1is presented In figure 11. At a Reynolds

number of 14x106, the pressure drag accounted for 51 percent of the
total drag, the base drag accounted for 13 percent, and the friction
drag accounted for 36 percent. The total drag of the zero boattailed
body of revolution of reference 1 1s about twice the total drag

of the representative boattailed model; thus pointing out the value
of boattailing to obtain a drag reduction.

SUMMARY OF RESULTS
The aerodynamic load distributlions of four boattailled bodies
of revolution were Investigated iIn the NACA Lewls 1l- by l-foot
variable Reynolds number tunnel at a Mach number of 3.12. The

results may be summarized as follows:

1. At zero angle of attack, Increasing the Reynolds number from
2x108 to 8x106 resulted in a 8light decrease In the boattall pressure
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distribution level and a large decrease Iin the base pressure. No
significant Reynolds number effects were noted from 8x106 to 14x106.

2. Increasing the boattall-fineness ratio for the parobolic
boattalls resulted in a more negative value of the base pressure,
and a less negatlve level of the boattall pressure distribution.

3. For the conical boattall at zero angle of attack, the wave
drag was slightly lower and the hase pressure was slightly less
negative than an equivalent fineness-ratio parabolic boattail.

4., The second-order theory of Van Dyke adequately predicted
pressure distributions for all models at zero angle of attack. The
hybrid theory for angle of attack ylelded acceptable agreement for
reglons considered free of the effects of cross-flow separation,
best agreement being obtalned on the lower surface for small angles
of attack.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, February 24, 1954
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Figure 1. - Schematic drawing of models. Maximum body diameter 4, 1.75 inches.
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Pressure coefficient, Cp
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ratio on boattail wave drag at zero
angle of attack and Reynolds number

of 14x108.
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Axial station, x, in.

(¢) Reynolds number, 1ax10%.

Figure 5. - Effect of Reynolds number on boattail pressure distribution

for model 2 at zero angle of attack.
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Filgure 7. - Effect of Reynolds number on top surface pressure
distribution of model 2 for two angles of attack, meridian
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Figure 8. - Meridional pressure distribution due to angle of6
attack for boattall of model 2 at Reynolds number of 14%10°.
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Flgure 9., - Variation of base-pressure coefficient with Reynolds number
and boattail-fineness ratio.
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Figure 1l. - Variation of total and component drag coefficients with Reynolds
number for zero angle of attack.
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frmed Services Technical Information Agency

Because of our limited supply, you are requested to return this copy WHEN IT HAS SERVED
YOUR PURPOSE so that it may be made available to other requesters. Your cooperation
will be appreciated,
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NOTICE: WHEN GOVERNMENT OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA
ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY RELATED
GOVERNMENT PROCUREMENT OPERATION, THE U. S. GOVERNMENT THEREBY INCURS
NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT THE
GOVERNMENT MAY HAVE FORMULATED, FURNISHED, OR IN ANY WAY SUPPLIED THE
~ SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY
IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
~ PERSON OR CORPORATION, OR CONVEYING ANY RIGHTS OR.PERMISSION TO MANUFACTURI
USE OR SELL ANY PATENTED INVENTION THAT "MAY IN ANY WAY BE RELATED THERETO.
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