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STUDY BY NACA WING-¥LOW METHOD OF TRANSONIC DRAG
CHARACTERTSTICS OF A BLUNT-NOSE BODY OF
REVOLUTION AND COMPARTISON WITH ﬁESUI.TS
FOR A SHARP-NOSE BODY

By J. Ford Johnston and Mitchell Lopatoff
SUMMARY

A body of revolution with an RACA 1-50—-100 nose inlet at zero
angle of attack and no internal air flow was selsected for study by the
NACA wing—flow method of the pressure drag of an extremely blunt-nose
body and comparison with previous resulte for a sharp-nose body.

For the body with noge inlet, local sonlc velocity was first
attained. at the inlet 1ip at Mach number M = 0.76 and at the maximum
thickness position at M = 0.83, but the drag rise did not begin
until M = 0.90. The pressure drag coefficient rose from zero at M = 0.90
to 0.25 at M= 0.98 and to 0.38 at M = 1.10.

The change from sharp to inlet nose while maintaining the same after—
body shape decreased the drag—rise Mach mimber from 0.9% to 0.90.

The general nature of the pressure—drag variation with Mach number
for sglender bodies of revolutlon in the transonic renge is tentatively
propoged. fram consideration of the geparate drag contributions of front
and rear ends.

CONE IDENTLAL UNCLASSIFIED



2 J RACA BM No. I9CL1
INTRODUCTION

The drag characteristics of sharp—mose bodles of revolution have
been investigated by the KACA wing—Fflow method (reference 1) and free—
fall method. (reference 2) in the transonic speed range. Resulte from
the free—fall investigations indicated that the body shape behind
maximim thickness was the controlling. factor In the drag rise below
Mach number 1.0, ZFrom the wing-flow tests 1t was concluded that the
drag rise below Mach number 1.0 was due principselly to the growth and
rearward shift of the peak negative pressure beyond the maximm thick-
ness posltion. The drag rise of the wing-—flow model occurred shortly
after the local veloclty of sound was attained at meximum thickness on
the body. Additiomal drag increases sabove Mach number 1.0 appeered In
both Investigations to be governed primerily by the portion of the body
In front of the meximum thickness position.

In order to investigate further the effect of forebody shape at
transonic speeds, an extreme case of a noge inlet at zero inlet—veloclty
ratlo and zero angle of attack was selected for study of the pressure
drag by the wing—flow method. The afterbody selected was the same as
thaet of the sharp-nose body tested by the same method (reference 1).

The inlet shape wes one already tested (with a different afterbody) up
to Mach number 0.92 in the Lengley 8-foot-high—speed tunnel (reference 3).
The results of the Investlgation are reported herein,

APPARATUS AND METHOD

A sketch of the model used showlng dimensions, inlet proportions,
and orifice locatlons 1s shown In figure 1, aend a photograph of the
model is given as figure 2. The portion of the model shead of maximum
thickness was very closely an NACA 1-50-100 ncse inlet; thet 1s, an
inlet having the NACA series 1 external ordinates given in reference U,
with inlet diameter 50 percent of the meximum dlameter and the length
equal to the maximum diemeter. The inlet duct was blanked off omne
Inlet dlemeter behind the nose. The portion of the model behind
mexIimum thickness was of clrcular-arc profile and was. supported on a
half—inch dlameter sting; these rear-sectlon ordinates and the sting
size were the same as for the shsrp-nose body of reference l. The upper
and lower meridlen lines each carried 12 static—pressure orifices speced
along the body es shown in figure 1. A single orifice wes also placed
in the center of the Inlet for measurement of the Intermal pressure
recovery. The upper— end lower-surfece orifices at a glven position x/D

were tled Into a single pressure lline at the center of the body. 3By
thls means the average of the upper— snd lower—surface pressures wag

measured directly for each x/D. As in reference 1, the average pressure
was assumed to represent the pressure at zero angle of attacke. The
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body-sting combination was mounted: 6 inches above the ailrplane wing as
shown in figure 3 and was allned laterally with the local flow.

) Mach number at the model position was obtained by the use of two
pressure tubes located 8 inches on each slde of the model with two static-
orifices on each tube as shown in figure 4. The average of the Mach
numbers from these four positlions was used as the Mach number at the
model position. It was determined that the presence of the model d4id
not appreciably affect the average. The normsl and longitudinal Mach
number gradients at the test section are described in reference 1. It
was concluded in reference 1 that the lorgitudinal gradients were small
with respect to those on the model and should have small effect on the
position of separation. It has been found in practice that the pressure
drag should not be corrected for horizontal buoyancy due to the longitu—
dinal gradlents existing without the model in place.

The experimental technique was te dlve the alrcraft from an
altitude of 28,000 feet at a Mach number of 0.50 to 15,000 feet and a
Mach number of 0.71 which gave corresponding local Mech numbers of 0.70
to 1.10, respectively. Eight 12-second records were also obtained at
consta.nt Mach nunbers to supplement data recorded In the dive. During
these runs, standerd NACA iInstruments contlinmously recorded end synchro—
nized all model pressures snd supplementary information-such as alrplesne’
impact and gtatlc pressures.’

RESULTS ARD DISCUSSION

Yarlation of pressure coefficlent with Mach number.— The basic data
are presented In figure 5 as the variation of pressure coefficlent Ap/q_

(local pressure above stream static as fraction of the dynamic pressure gq)

wilth Mach number M for each orifice positicn x{D On the portion of
the body in front of maximm thickness (Pigs. 5(a) to 5(f£)) the variation
of pressure coefficlent with Mach number is large but falrly. smooth.
These forwerd positions are characlterlzed by the attainment of peak
negative. pressure coefficients at Mach numbers in the range 0.70 to 0.95,
followed by smooth but falrly rapld changes towerd poslitlve pressures.
Behind maximum thickness, however, (Pigs. 5(g) to 5(1)) the changes in
pressure are large and sbrupt between M = 0.85 and M = 1.,00. These
large ebrupt changes indlcate =& rapid growth esnd resrward shift of the
negative pressures in this Mach number range.

Pregsure distribution along the body axis.— The pressure distribu—
tioms along the body axis at selected Mach numbers from 0.70 to 1.10 are
ghown in figure 6. Also shown are pressure distributions msasured on
a slmijsr NACA 1-50-100 nose inlet (with & cylindrical center section
between nose and afterbody, elso sketched in fig. 6) st zero inlet—
velocity ratio in the Lengley 8-foot high-speed tunnel (reference 3)
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up to M = 0.92, as well as the distributlions on the same rear—end sha.pe
from tests of the sharp-nose body (reference 1). '

It mey be seen that the dlstributlions on the tunnel and wing—flow
inlet sections have the same genersl shape at Mach nmumbers of 0.70 to 0.80,
but the negetlve pressure pesk at the 1ip of the tunnel model is not so
high end tends tc dlsappear -at lower Mach number than for the wing—flow
model. The difference is probebly assoclated with the lower mitual
Interference between the forebody and afterbody of the tunnel model. The
effect of thiles inbterfersnce will be dlscussed latexr.

For the wing—flow model, local sonlic velociby 1s first attalned at
the 1ip at Mach number M = 0.76 and at the maximum thickness position
at M = 0.83. The velocities over the entire inlet section up to maximm
thickness are supersonic at Mach number 0,85.

The difference Iln rear-end pressure dlstributlons between the models
with blunt and sharp front ends Ilndicates the extent to which the velocilties
induced by the 1Inlet carry over to the rear section. This interference
leads to the sarlier attalnment of supersonic velocitles on the rear end.
The formation of a pronounced shock at maximm thilckness at Mach number 0,90
end its rapid resrward movement with increasing Mach number is also
indicated In flgure 6. The positive pressures at the last orifice indicate
that there is no appreciable flow separation at the rear of the body; '
hence, the drag rise ls assoclated with the primary flow rather than
with any boundary—layer shock interaction. It was demonstrated in refer—
ence 1 that separetion did not occur on the. sharp-nose body wlith stings
of one—half and one—fourth the body diameter. Therefore, these results
should be applicable at full—scale wlth body—Jet-dlameter ratics of the
game order.

Pressure drag.— Sample curves of Ap/q plotted against the frontal

area ratlo (r'/R)2 are shown In figure 7. The area enclosed by such a
curve is, wlth proper regard to slgn, equal to the pressure drag coeffi-—
cient €p of the body—sting combination, based on frontal erea. Similarly,
the drag contributione of the front-and rear portlons of the body may

be obtained by integrating the erea betweern the x—exls and the portions

of the curve representing the front and resr ends, respectively. It will
be noted that the curves are closed by the staghation pressure acting
within the inmlet and stream static pressure over the cross section of the
sting. Iuo thils respsct the sting may be assumed to represent a parasllel
Jet of the meme dlameter.

The pressure drag coeff'icients plotted ageinst Mach number for the
inlet body are given in figure 8, along with a breakdown of the drag .
contributions of the front snd rear perts of the body and a comparison
wlth the drags measured on a gimllar Inlet in the Lengley 8—Ffoot high—
speed tunnel (reference 3 and unpublished deta). The pressure drag
coefficient for the entire body (fig. 8) increased rapidly from about



NACA RM No. I9CL1 G _ 5

zero at M = 0.90 to 0.26 at M = 0.98 1o 1.00. This abrupt increase
in drag at M = 0.90 1is assocliated with the formation of a supersonic
region behind maximum thickness. It 1s to be noted in particuler that
the exlistence of an extensive supersonic reglon on the forwsrd portion
of the body below M = 0.90 did not cause an increass in the drag.

Above M = 1.00 the drag increased again, but not as sharply, reaching 0.38
at M =1,10. The total body drag curve, Including skin friction, from
the tunnel tests of the NACA 1-50-100 inlet with an afterbody of somewhsat
higher fineness ratio, as described 1n reference 3, shows a slight drag
rise between M = 0.85 and M = 0.90, followed by a steep drag rise
above M = 0.90. The wing—flow and tunnel resulits are considered to be
In reasonasble agreement, although the longer afterbody would be expescted
to give sllightly high drag—arise Mach number. '

The origins of the body drag may be evaluated by reference to the
front— and rear—end drags also given in figure 8. It should be noted
that the component drags are not generally Independent of each other,
inasmich as the drag of one part is Influenced to some extent by the
Induced veloclties from the other pasrt of the body. The exception is
the nose portion above Mach number 1.0.- The effect of mutual interference
on the component drag below the drag-rlse Mach number 1s the difference
of each component drag from zero, inasmch as without interference or
separation potentligl flow requlres that the pressure drag of both be zero.
In this comnection it is Interesting to note that the pressure drag of
the forebody is negative at the lower speeds because of the mubual
interference. Since the forebody—afterbody mitual interference of the
tunnel model was negligible, the forebody drag must be zero, and there—
fore the pressures on the inlet section mist be generally less negative
. than those on the same sectiom of the wing—flow model, as Indeed they
have been shown to be (fig. 6).

It may be seen that the drag rises for both parts of the body begin
at M = 0.90, but the rate of rise for the rear end below M = 0.98 1is
considerably higher than for the front end. At M = 0.98, the rear—end
drag 1s about 75 percent of tHe total drag. Above this Mach number, the
rear—end drag coefficlent drops slightly and then levels off, becamlng
only 45 percent of the total drag at M = 1.10, the extent of these tests.
The test point from the Langley 8—Foot high—speed tumnel st M = 1.2
Indicates that the iInlet pressure drag conbtinues to rise at about constant
rate at least to that Mach number.

A similer drag breakdown of the sharp-nose body of reference 1 Into
the component front— and rear-end drags is given In figure 9. Here it
may be seen that the drag rise of each component beglns at about ‘M = 0.9k,
The rear end contributes about 87 percent of the total drag at M = 0.98
and gbout 66 percent at M = 1.075. The curves are generally similaxr to
those of the nose—inlet body (fig. 8). . :
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These curves are repeated in figure 10 to glve a direct comparison
of the totel and component drags of the nose—inlet and sharp-nose bodies.
It 18 seen that the change from sharp to inlet nose decreased the drag—
rise Mach number from 0.94 to 0.90. Inasmuch as the drag rise did not
begln upon the formation of supersonic veloclties on the nose sectlon,
it 1s Indicated that the drag rise 18 assoclated with the development—of
an appreclable supersonic region behind the maximm thickness position.
The effect of the blunter nose was apparently to Iincrease the induced
velocities behind maximum thickness end thus to encourage the earlier
development—of supersonic velocitles there. The fact that the Iront—
end. drag rise occure for each body at the same time as the rear-end drag
rise is probebly an indicatlion of the decay of the mutual interference
between the front and rear ends which at subcriticel speeds kept the net
drag zero.

The drag rise accompenying the extensive supersonic fleld mey be
Interpreted as the result of shock loss, or of pressure drag duse to
excessive negatlve pressures on rearwerd-aloping surfaces, or of break—
down of "slgnals" between front and rear of the body. All these views
are correct in thls case. In terms of shock loss, 1t may be assumed
that recompression from supersonic velocities 1s accomplished neerly
igentropically untll the extent of the supersonic reglon becomes large
along and, therefore, alsc away from the body. In terms of slgnals, it
1s apparent that a compression signal from the rear can go around a
supersonic region 1f that region extends only a smell distance from the
surface. In so doing, part of the compression signal will compress the
superasonic field at right angles to the velpclty and, therefore, wlthout
shock. In these terms, ther, the drag rise is not expected to become
appreclable until an “"extensive" supersonic field 1s formed. The view
of the excessive negative pressures accompanying the supersonic field 1s
narrower, inasmich ag 1t does not consider the whole body. In particular
1t may be noted that an extensive supersonic fleld wes formed on the
cylindricel section (that is s behind the first position of maxlmum thick—
ness) of the tumnnel model of reference 3 coilncident with the drag rise.
The assoclated negative pressures could not-produce drag, Inasmuch as
the surface glope In thils reglon wes zero. The pressures on the after—
body were unaffected, but the nose pressures became more positive. Thus,
in the. case of reference 3, 1t may be sald that the shock losses became
appreciable when the sgupersonic reglon moved downstream of the firast
popition of maximum thickness, the movement onto the strailght portion
indicating a large vertlcal extent of the fleld; the shock losses must
appear as pressure drag and take the form here of mors posltlve pressures
on the nose due to failure of expansion signals from downstream.

From the foregoing comsideratiomns, 1t mey be concluded that the
early supersonic region at the inlet 1lp was of such small extent awey
from the body as not tocause a measurable drag increase. The small
lateral extent of the supersonlc region is a direct result of the high



NACA RM No. I.9CL1 N . 7

profile curvature at the llp, Inasmuch as the decrease of the induced
veloclties with distance fram the surface ls proportlional to the profile
curvature. ’ )

Tne inlet body shows higher drag than the sharp—mose body at all
Mach numbers above 0.90. Below M = 0.99, both front and reer portions
contribute to the higher drag, but at higher Mach numbers the two rear—
end drags are substantially the same and the increased totel drag is due f
golely to the blunter Inlet portions. The high drag cost of the blunt '
front end with Increasing supersonic speeds 1is illustrated in hoth .
figures 8 and 10. It should be emphasized here that the "inlet" section
should not be consldered as an operatlive nose inlet but merely an extreme
case of a blunt-nose body,. which might occur if serodynamic character—
lgtics were completely sacrificed In favor of some other required function.

The similarity to an operatlve nose inlet occurs In the case of a power—
off dive, where high drag is usually desirable except when due to sudden
power-plant failure.

If, In general, the front-end drag continues to rise until attach—
ment of the bow shock wave, then the nose—inlet drag will probably
conbinue indefinitely to rise with Mach number for all comstant inlet—
veloclty ratios below 1.0. For the sharp-nose body, the bow wave theo—
retically attaches at M = 1.15, which 1s beyond the 1limlt of these tests,
The front— and rear—end drag coefflcients have been calculated for this
Mach number by the linearized theory (reference 5) and are alsc plotted ;
In figure 10. It may be seen that the calculated values for the camponent :
drags are in reasonable agreemsnt with the values obtalned by extrapola—
tion of the experimentel curves to the shock—ettachment Mach number. The
agreement indlcates that the linearized theory becomes appliceble for
Pilrst—order drag determination at the Mach number for attachment of the
bow shock wave. Above thls Mach number, the drag coefficient is expected
to remain constant or to decrease slightly in accord wlth the theory. It
will be noted that the free—fell test body of fineness ratio 12 (refer—
ence 2), having a shock—attachment Mach number of 1.05, showed peak drag
coefficlent at M = 1,05 and a slight decrease with further Increase In
Mach number,

On the basis of this evidence, a general plcture of the pressure—
drag varlation for slender bodles of revolutlon between the subsonic
- force-break Mach number and the supersonlc .shock—attachment Mach number
may be proposed tentatlively from consideratlon of the front— and rear— .
end drag contributlions: \

1. The drag rises for the front snd rear ends will begin at the \
sames Mach number unless these components are so separated by a cylindrical
center section as to mske thelr mutual interference negligible. i

2. The front—end drag coefficlent varlies approximstely linearly
between the force~bresk and shock—eattachment Mach nmumbersa, The lower
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velue of the drag coefficlent can be obtained from subsonic theory or
wind—tunnel tests end the upper value from supersonic theory or supersonic
wind—tunnel tests.

3. The rear—end drag coefficient reaches a maximum at Mach number
very neer 1.0, then decreases slightly (apparently 10 percent to 20 per—
cent) up to the shock-ettachment Mach number. Again, the values at
elther end can be determined from subsonic and supersonic theory or
experiment. ' It appears from flgure 10 that pesk rear—end drag—coefflclent
values are reached at M = 1.00 to 0.98, depending upon the strength of
the velocitles Induced by the front end.

A major factor in use of these deductlons 1s determinetion of the
force~-break Mach number. Hligh-—speed subsonlc wind tunmels should be
gatisfactory for thilis purpose 1f the choking Mach number is sufficlently
higher than the force~bresk Mach number. If these facllltles are
unavaellable, 1t 1s necessary to resort to predictlions based on low—
speed tests or theoretlcal pressure distrlbutlons. The predictions are
wncertain not only because of the uncertalinty of extrapolating the
pressures’to high Mach number but also because of difficulty In sebtting
criterla for the force--bresk Mach number based on these extrapolated
pressures.

It 1s already established that the occurrence of sonic velocity
elther at the highest speed point on the body or at maxlmm thickness is
not a sufflclent criterion for determining the force—break Mach number.
Tt appears that the drag rise does not become epprecisble until a falrly
extensive supersonic fleld is established downstream of maximum thickness.
Possibly, a general relatlonshlp exlists between the critical and force—
break Mach numbers. TFor example, it was found that for the two bodles
tested, the force-break Msch number.could be spproximated by the formula:

Mpg = M' + %(1.0 — M)

where
MEB gtream Mach nunber for beglnning of steep drag rise
M stream Mach number for occurrence of local sonic velocity at

meximum thickness position
This formile cennot be considered general Iinasmich as only two bodles

having the same afterbodies are conaidered. It appears that further
gtudles should be made to predict the force—break Mach number.
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CONCIUSIONS

Pressure distributions over a body of revolution with a nose inlet
(with no inlet air flow) obtained st transonic speed. by the NACA wing—
flow method have indicated that:

1. Although locel sonlc velocity was first attalned at the inlet
1lip at Mach number M = 0.76 and at the maximim thickness position ab
M = 0.83, the drag rise did not begin until M = 0.90.

2. The pressure drag coefficienﬁ rose from zero at M = 0.90 to 0.26
at M= 0.98 and to 0.38 et M = 1.10.

3. The drag coefficlent of the portion of the body behing the
maximm-thickness position reached a maximm at M = 0.98, then dropped
glightly at higher Mach numbers. This rear—end drag wes sbout 75 percent
of the totel drag at M = 0.98 and only 45 percent of the total at
M=1.10.

k, Te drag coefficient of the portion of the body ahead of the
maximm thickness positlion increased linserly with Mach mumber between
M=0,90 and M= 1.10, the limit of the tests.

Comparison of the results for the body with nose inlet with results
for a sharp-nose body having the same rear end indicates that:

5. The change from sharp to inlet nose decreased the drag-rise
Mach number from 0.94 to 0.90, presumsbly because the blunter nose
increased the lnduced velocltles over the rear end.

- 6. The general nature of the pressure—drag variation with Mach
number for slender bodies of revolution in the transonlc raenge msy be
proposed tentatively from consid.eration of the geparate dra.g contributions
of the front and rear ends: .

.-_(a.) The drag rises for both components ususlly begin at the
same Mach number because of the mutual interference existing
between forebody and afterbody.

(b) The front—end pressure drag coefflclent varies approximately
linearly between the values at the subsonic force—bresk and the
supersonic bow—wave—attachment Mach numbers. The lower value can
be obtained from subsonic theory or wind—tunnel tests and the upper
value, from supersonic theory or wind—tunnel tests.

(c) The rear—end pressure drag coefficient reaches a maximum
at Mach number very near 1.0, then decreases slightly up to the
bow—wave—attachmernt Mach number. Again, the values at either end
can be determined from subsonic or supersonic theory or experiment.

AR
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(d) The linearized supersonilc theory becomes sppliceble for
determination of the body pressure drag at the Mach number for
bow—wave attachment. :

Langley Asronautlcal Laboratory
National Advisory Committee Tor Aeronsutics
Langley Alr Force Base, Va.
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