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An emerimeartal investigation to detenutie the aerodmio load
distributions of a series of four boattalled bodies of revolutlm was
oonduoted in the NACA Lewis 1- by l-foot supersmtc _ tunnel.
Pressure distributims and visoous drags were detezmtied at a Maoh

number of 3.12 for a Remolds number range of 2x106 to 14x106 and for
an angle of attaok range of Oo to 9°.

Si@floant Reynolds number effects were noted only for an imrease

In Rewolds number frm =106 to 6)Q06 where for zero angle of attaok
the boattail pressure distribution level and the base pressure deoreased.
Varying the boattall ftmness ratio frcm 2 to 6 resulted in a deorease
In base pressure and an inorease in boattail pressure distrlbutim level.

The semnd-order theory of Van Dyke adequately predicted pressure
distri?mtions for all models at zero angle of attack. The hybrid
theory fm angle of attmk yielded ameptable agreement for regions
considered free of the effects of cross-flow separatIm, beet agree-
ment being obtained on the lower surfaoe for small angles of attaok.

As part of a systematlo
m aerodmios of bodies of

program to extend the baslo Informatim
revolution and to assess the validity of

several theories for predlotlng pressures and foroes aoting m bodies,
tests are being oonducted In the RACA Lewis 1- by l-foot supersonic

m wind tunnel. The first four parts of this Investigation are reported
in references 1 to 4. References 1 and 4 report the ccmplete aerodynamic
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oharaoteristlos of a series of four bodies having near-parabolio noses.
M referenoe 2, the load distributions of a series of five bodies
having mnioal or slightly blunted noses and oylindrloal afterbodles
are Investigated. The boundary-layer development and the foroes
aoting on a typtoal oone-oyllnderbody of revolution are reported in
referenoe 3. Presemted herein are the aerodynamlo oharaoteristlos of
a series of four boattailed bodies at a Maoh number of 3.12 for Rey-

nolds numbers frcm 2xl@ to 14x106 (based cm model length) and angles
of attaok frau W to 9°.

Pressuzw distributions were obtained for all models at a Rewolds
number of l&106 and at Reynolds numbers of 2x106 to M1.06 for a
representive model. Visooue foroes were obtained for the represent-
ative model over the Rqnolds number range. The eqerlmentilly
detemnined pressure distributions for all models are oompared with a
seoond-order theory fa??zero angle of attaok. The incremental pressure
distri.butions due to angle of attaok for the repremntat ive model are
ocmpared with a hybrid theory.
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SYMJMLS

The followlng s~bols are used In this report:

drag ooeffiohnt, D/q&R2

pressure ooeffi.oient,P-Po/~o

drag foroe

madmum body diameter

length of model —.

length of model boattail

length of model forebody

Statio pressure

free-stream statlo pressure

f&ee-str&m dynemio pressure, (1/2)PoUo2

maximum body Z’SdiUS

Remolds number, PoUo~/V
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q) f’mm-stream velooity
.

x,r,e oyltndrtoal ooordlnates

a an&e of attaok, deg

M visoosity ooefftoient

‘o
free-stream density

Subscripts:

b base

f frtotion

.

P pressure

a angle of attaok

Ammsrus Am RROCEDURE

The Investigation was oonduoted in the WICA Lewis 1- by l-foot
supersonlo wind tunnel, vhloh Is a nwreturn, ocmtlnuous flow, vari-
able pressure tunnel operat~ at a Maoh number of 3.12. blet pres-
sures may be varied ticm 6 to 52 pounds per square inch absolute at a
sta~tion temperature of approximately 600 F. For the lowest pres-
sure, the speolfio humidity of the alr supplied to the tunnel was

approximately 2X10-4 pounds of water per pound of dry alr, thus min-
Imlz@ the effeet of oondensatlon. W fYee-stzwam Reynolds number

has a range of approximately lX106 to 8X106 per foot.

Skdmhes of the models investigated with pertinent dimensions
are presented In fIgure 1. The defIning equations for the forebodies
are

ii=
1 for 10.5cx< start of boattall—.

,
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Three of the boattails have

g
R

The fourth body h8S a 7.13°

A8mYmmu,

_nt parabollo profiles

()lx .?=2
=1 --—2

‘B

MA(2ARf E54B11

defined by

over-
oonioal boattall of fineness =tio 2.

fineness ratio of the parabolio boattalls are 6, 4, and 2 and the
all body fineness ratio Is 12. The models were maohined frcm steel

.

.

. .—

and were polished to a 16-mlorolnoh finlsh. Eaoh model was supported
f%au the rear using a sting-splltter-platemounting as shown h fQure
2. There is a small effeot of the splitter plate on the base pressure
(see mf. 5).

Axial pressuzw distributions cm the boattails were detenulned
frcantwo rows of statio-~ssure orifioes plaoed 90° apart. Meri-
dional p?xmsure distributims were obtained for seleoted axial sta-
tions through orifioes plaoed 300 apart. To keep the amount of
instrumentaticmto a mlnlmum, the models were ~ted in aue
quadrant unly and then tested at both posittve and negatlvw angles
of attaok so that pressure distributions would be oauplete with

d

respeot to the meridian angle. Base pressures were determtied frcan – ‘- ““
three statio-pressure orifloes plaoed 45° apart. .

with
were

data

The boundary-layer data for zero angle of attaok were obtained
the same probe as used in referenoe 3. Boundary-layer surveys

-.

made at the start of the boattail and at the base of the model.

Reduotlon of Data and Method of Computation

The fYee-stream statio pressure used in reduoing the experimental
to ooefflolent fomn is that obtatied from the sidewall of the

tunnel opposite the model vertex positian. This pressure was In
olose agreement with the statlo pressure measured m the oenter llne
of the tunnel at the same axial station. tiorementil pressure
ooeffioients due to angle of attaok were obtained by subtraothg the
measured values at zero angle of attaok f%om those measured at angle
of attaok.

The seoond-order theory of referenoe 5 as applied In referenoe 7
was used to obtain the theoretical pressure distributlms at zero angle
of attaok. For angle of attaok, theoretioal pressure dtstrlbutiune
were oaloul.atedusing the l@brfd theory s~sted ti nfemoe 6 ti
were applied in the same manner as t-t 4= ti =fe-oe 3. me
hybrid theory oonslsts of the seoond-order axial-flow aolutian of
referemoe 6 oamblned with a fIrst-order oross -flow solution of
referenoe 8.

—
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Skin-fW.otion ooeffiolents were calculated uelng the mcmentum
equatIon In the same manner as that given in referenoe 1.

RESULTB MD DISCUSSION

Most of the data presemted 1s given for the boattailed seotion
of the bodies inasmuch as the forebody has been investl~ted in
references 1 and 4. The experhental results obtained from the models

E
P presented in fi- 1 mnslst mainly of pressure dlstrlbutlcms at
m angles of attaok frau Oo to 9°. The pressure-distribution results are

disoussed for all models at zero angle of attaok; however, beoause
the efleots of angle of attaok do not vary si~lfioantly with the
models, these effeots are dlsoussed only for a representative model
(model 2). Also presented is the skin-frlotlm dmg at zero angle
attack for the representative model.

Pressure Dlstributlmm

& zero me of attack. - The experimental and theoretloal
variatlcms of the pressure meffiolent with axial statlm for all

models at a Reynolds number of 14x106 and at zero angle of attaok.
are presented In fQure 3. The agreement between seoond-order theory
of referenoe 6 and experiment Is good for the boattailed bodies. The
level of the boattall pressuzw distribution beoame less negative
as the boattall fineness ratio was fn-ased; cmsequently, the wave
drag will deorease with lnoreasing fIneness ratio. This relatlm is
hdioated h figure 4 where the wave drag of the Parobolic boattalls

at Repolds number of 14x106 is plotted against boattail fhmness
ratio ● Also Inoluded Is the wave drag of the cmnioal boattall whioh
is sllght~ lower than the equivalent fineness-ratio parabolic boattall.

The eqerimental and theoretical md.atlon of the axial pressure
dlstri.butIon of model 2 at zero angle of attaok and for the three
Re~olds” numbers investigated Is presented h fIgure 5. The agree-
ment between second-order potemtfal theory and eqeriment 1s good for

Reynolds numbers of 6%L06 and 14x106. The effeot of Reynolds number
is a slight deorease in pressure as the Reynolds number inoreases from

2)u06 to 6x106.

A@Le of attaok. - The Inoremental axial pressure dlstrlbuticms
for the representatIve model at angle of attaok am presented in
fl~s 6 and 7 for the bottom (e = 0°) and top (6 = 180°), respeotlvely,

. and for the Reynolds numbers investigated. Angle-of-attack data
for models 1, 3, and 4 are given h table I for a Re~olds number of

.
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14xlo6. The effeot of Remolds number Is negltglble exoqt at the
axial station near the base of the body. At this statIon, however,
there appears to be no systeunat10 Reynolds number effeot.

At the bottcm of the model (6 = O; fig.,6) agreement betwem
experiment and the hybrid theory of reference 6 is good at 30 angle
of attaok, while at 90 the experlmmtal Inorement In pressure ooeffi-
oient due to angle of attaok Is hl@mr than the theoretloal values.
This disorepanoy was also noted In the investigation of the forebody
of this model in references 1 end 4, and was found to ohange h
~itude and position as the tial looatlcm of the model was changed in
the tunnel; mnsequently, the dlsagzwement was attribut~ to a t~el .
disturbance. A possible interaction between this small 100al tunnel
disturbance md the separated oross flow might Influenoe the pressure at
e of zero for 90 angle of attaok and not have muoh effeot at 30 angle
of attaok. The dlsa cement between thaory and experiment at the top

Yof the model (fIg. 7 is attributed to the direct effeots of oross-
flow separatim.

The eqwrlmental variation of the lnoremental pressure ooeffi-
olent due to angle of attaok with meridional-angle is plotted In
figure 8 at two axial stations aa the boattall. At 3° angle of
attack, the trends of theory and experiment are similar exoept near
the top of the model at the 20.5-fnoh station where it appears that
the oross flow has separated. Mr 9° angle of attaok, the poor
agreement for the bottom of the model is attributed to the tunnel
disturbance mentioned previously, while the disa~ement for the
upper portion is primarily due to oross-flow,separatism.

..

—

to
;

—

The variation of base-pressure coefflolent with Reynolds number
for model 2 over the angle of attaok range is presented In figure
9(a). A large deorease in the base-~essure oooumed between the

Repolds numbers of 2x106 and 8x106. Inoz%asing the Reynolds number

frcm 8X106 to 14xI.06reduoed the base pressure slightly at No and ~9°
angle of attaok; however, at 0° end Ho angle.of attaok the opposite
trend was noted. The effeot of boattail fineness ratio upon the

base pressure for a Reynolds number of 14.x106and fa the angle-of-
attaok range tivestlgated Is illustrated in figure 9(Q). Ths base
pressure Inoreased with a deorease h the boattail f kmness ratio.
The base ~ssure of the ocmloal boattailed body was slightly less
ne~tlve than that of the equivalent parabolio boattalled body at
the higher angles of attaok, whtle at the lW. angles of attaok the
base pa?essuresof the two bodies were about the same. Also presented

J

—
—

.

—

Base Freseure

.
— ——

—
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in figm?e 9(b) me the results obtained from the method of reference
. 9 for predicting the base pressure at zero angle of attaok. Good

a~eement is noted only for body 3; however, the theoq does preallot
the oorreot trend for the parobolic boattalls.

F&lotion Drag

In ofier to ounplete the investIgatlan of the cmupment drag
forces mntrlbut ing to the total dmg of the representative boat-
tatled body, frloticm-drag coefficients were obtained from the ex-
perimentally determined dlsplaoement and mcmentum thicknesses at
the start and at the base of the boattail. The e~erhwntal mean
friotlon-drag meffloients for the entire body, based cm maximum
oross-seottonal area> are presented ~ f- 10 for the ~@ of free-
stream Reynolds numbers investigated. Increasing the Reynolds number

from &106 to 14X106 resulted In a deorease b ekln frlotion until
a transition Remolds number of approximately 6)CL06Is reaohed where-
upon the skti filetIcn tioreased. To Illustrate the effect of boat-
tail on the skin friction, the data for a zero boattailed body (ref. 1)

h having an identioal forebody W presented along with the theoretloal
flat-plate lamlnar and turbulent skin-fricticm mefffoients . The
skin friotlon IS less for the boattall- model than the zero boattall.ed

. model. This dlfferenoe Is probably due to ths boattailed mdel having
less Surfaoe area than the model of referenoe 1.

The ocmtrlbutton of the various canpment drags to the total drag
for the representatIve model at zero qle of attaok and at Rqnolds

numbers fran 2x106 to 14x106 Is presented in figure 11. At a Remolds

number of 1W06, the pressure drag amounted for 51 percent of the
total drag, the base drag aooounted for 13 percent, and the frlotion
drag accounted for 36 peroent. The total drag of the zero boattailed
body of revolution of referenoe 1 Is about twioe the total drag
of the representatIve boattailed model; thus polntfng out the value
of boattalling to obtain a drag reduoticm.

SUMUARYOFRE81%WS

The aerodynamlo load distributicms of four boattailed bodies
of revolution were investigated in the HACA Ws 1- by l-foot
variable Re~olds number tunnel at a Maoh number of 3.12. The
results may be swmuarized as folluws:

1. At zem angle of attack, Incn’eashg the Reynolds number frcm
.

DQ06 to W106 resulted In a slight deorease In the boattail pressure

.
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dlstrlbuticm level and a large deomaee In the baee pressure. I?o

sl@f’leant Rqnolds number effects were noted fram 8x106 to Mc@.

2. Inoreaslng the boattall-ftieness ratio for the parobolic
boattalls resulted in a more negative value of the base pressure,
and a less negative level of the boattall pressure dtstributlcm.

3. W the omloal boattall at zero angle of attaok, the wave
drag was sllght).ylower and the base pressuzw was slightly less
negative than an equivalent fineness-ratio parabollo boattail.

4. The seocmd-order theory of Van Dyke adequately predloted
pressure distributions for all models at zero angle of attaok. The
hybrid theory for angle of attack yielded aooeptable agreement for
regimns mnsidered free of the effects of oross-flow separation,
best agreement being obtained on the lower surfaoe for %11 angles
of attaok.

L8WiS ~li@Lt hpUISiOIl Laboratory
National Advisory Ccmuai.tteefor Aeronautdms

Clevelaud, Ohio, February 24, 1954
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Figure Il. - Varletlon of total end ccqponent drag coefficients with Rqnolds
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