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FOR MACH NUME3~ FROM 1.24

By Edward W. Perkins and Lel.and

sumfARY ‘

Foredrag measurements have been made at

To 3.67

H. Jorgensen

zero angle of attack for
a series of fineness ratio 3 nose shapes. The models included various
theoretically derived minimum drag shapes, hemispherically blunted
cones, and other more ccumnonprofiles. Pressure-distributionmeasure-
ments for a series of hemispherically blunted cones were also obtained.
The Mach number and Reynolds number ranges of the test were 1.24 to 3.67
W 2 x 10S to 4X 106 (based on model length), respectively.

Of the mcdels tested, the paraboloid of revolution had the least
foredrag below a l&ch number of 1.5, and the theoretically miniruumdrag
shape for a given length and diameter based upon Newtonts @act theory
had the least foredrag above a Mach nmnber of 1.5. The theoretical
shapes for minimum pressure drag for the auxiliary conditions Of ~iv:n
length and dismeter or given diameter and volume derived by von K&man
and by Eaack do not have less drag than all other possible shapes having
identical values of the same parameters. No model had the least fore-
drag for the complete Mach nuder range. Wherever possible, theoretical
values of the foredrag based upon the sum of the theoretical skin-
friction drag and the theoretical ~ve drag were calcutited for compari-
son with the experimental results.

,

The results for the series of hemispherically blunted cones have
important practical significance since it was found that the dismeter
of the hemispherical tip may be quite large without markedly increasing
the foredrag over that of a sharp pointed cone of the same fineness
ratio. In fact, for a fixed fineness ratio of 3, the foredrag is
reduced somewhat by a small degree of blunting, although for a fixed
cone angle blunting always increased the drag. An empirical eqression,
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than 2, is developed —.
f& calculating the wave drag of the ser~es
cones.

INTRODUCTION

of hemispherically bl-wted a–-

The allied problems of predicting the-drag of bodies of revolution .--,
and of minimizin~ the.drag by proper ;hapigg of the body have been the
objects of numerous theoretical investigations+ With regard to the
problem of predicting the drag, that part of the drag which has thus
far proved most amenable to theoretical calculation is the wave drag.
For pointed bodies of revolution at Mach numbers sufficiently high
for shock-wave attachment, the wave drag may be calculated by either
perturbation theory or by the meth@ of characteristics. For highly
blunted nose shapes, s-uchas those general~ required for radar homing
devices, there is no adequate theoretical method for predicting the “
pressure distribution and drag. Therefore, at present, experimental
results must be relied upon for this information.

The first part of the present investigation is a study of the pres-
s~e distribution and foredrag of a series of hemispherically blunted .
cones. These shapes have been considered since the ideal housing of
radar seeker equipment appears to be a hemispherically shaped dame of
uniform material. Although it might seem that the use of such a blunt
nose would result in a high drag penalty, preliminary estimatesl have
indicated that the drag of a nose shape consisting of a hemispherical
surface faired into an expanding conical surface can be less than that
of a sharp cone of the same length-to-diameterratio. The results of
preliminary estimates of the variation of drag with the ratio of hemi-
spherical tip diameter to base diameter for fineness ratio 3 (r~fer-
ence 1) have indicated that a small reduction in drag can be realized
at all supersonic Mach nunibers. Perhaps more important than the
reduction in drag is the indication that a relatively large hemispheri-
cal tip can be used without incurring any drag increase above that of
a sharp-nosed cone of the same fineness ratio. In order to verify
these predictions and to provide quantitative drag data, the present
investigation and an investigation in the Ames supersonic free-flight
wind tunnel were undertaken. The results of the latter tests were
reported in reference 2.

.—.
—

.—-.—
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—
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%hese preliminary estimates were made by stiing the experimentally ‘
determined wave drag of the hemispherical nose and the theoretical
pressure drag of the conical afterbody, assuming that the pressure
on the surface of the conical afterbody was the same as that for a s

sharp cone of the same slope.

?



NACA RM A52H28 - 3

The second phase of the investigation is a study of minhum drag
nose shapes. Theoretical approaches have thus far been directed toward
the minimization of the wave drag only. Von K&m4n (reference 3)
developed an integral equation for the wave drag of slender bodies of
revolution at moderate Mach numbers. using this equation, he derived
a minhmm drag nose shape (camnonly referred to as the K&m&n ogive)
for a given length and diameter. Subsequently, Haack (reference 4)
and others (references 5 and 6) have used the K&m& integral equation
in developingminhum drag shapes for other auxiliary conditions, such
as given length and volume or given volume and diameter. Through the
use of the K&m& integral equation as the basis for these deriva.tions~
the apparently unnecessary yet simplifying asswqption of zero slope
of the meridian at the base has been @ased. This restriction is
pointed out by Ward in reference 7, wherein he shows that his more
general e~ression for wave drag reduces to that obtained by von K&m&
for the special case of a body having zero slope at the base. In a
recent paper (reference 8) Ferrari developed a minimum drag nose
shaye for a given length and dismeter which has a finite slope of the
meridian at the base. For the high supersonic Mach nuuioerrange,

~ minimum drag shapes based upon Newton~s law of resistance have recently
been derived by Eggers, Dennis, and Resnikoff (reference 9). ~ese
shapes dl.fferappreciably from comparable optimum shapes for low

* swersonic Mach numbers, a.lthou@ the theoretical opthnun shapes in
both instances have blunt noses when the length is fixed and sharp
noses when the length is allowed to vary.

Due to the basic assumptions in the derivation of the K&&
integral equation, it may be expected that the shapes resulttig fr”om
the use of this equation are theoretically optimum from a minimum drag
sts@point only for Wge fineness ratios and low supersonic Mach
nunibers. In contrast, the shapes resulting from the Newtonisn theory
may be expected to be optimum only at high mq?ersonic Mach numbers.
However, for low fineness ratio shapes at moderate Mach mmibers, it is
impossible to say apriori which of the theoretically optinnunshapes will
have the lesser wave drag, or In fact if either of the theories is
capable of predicting the least-drag profile; One of the purposes of
the present investigation is, therefore, to compare the experimental
foredrags of these theoretically optimum shapes and of other more
common profiles for an intermediate fineness ratio over a tide Mach
ntier range. To this end a series,of fineness ratio 3 models have
been tested in the Mach number range from 1.24 to 3.6I’.

SYMBOIS

a A model base area, sq.e inches

.
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foredrag coefficient based on base area
(

total drag - base drag
. %A )

-.

w

foredrag coefficient based on volume to the 2~ power

(

total drag - base drag

qov 2/3 )

wave drag coefficient
(“a”:?)

hemisphere diameter, inches

model base diameter, inches

()
%

‘hilarity p=meter w

model length, inches

free-stream Mach number

pressure coefficient
()
P-PO

r

pitot pressure coefficient
()
p

,’

()

1111-Pocone pressure coefficient —
%

local static pressure, pounds per square inch —

free-stream static pressure, pounds per square inch
I

pitot total-head pressure, pounds per tiquareinch
..

cone static pressure, pounds per square inch

free-stream dynamic pressure

model local radius, inches

model base radius, inches

free-stream Reynolds number based on body

model volume, cubic inches

-—

———
#

.—

s

pounds per square inch
-.

—

.- ,-

length
A

d
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axial distance from the nose, inches

angle of attack, degrees
.

ratio of specific heats of air, taken as 1.40

circumferential angle of hemisphere measured from the upstream
stagnation point, degrees

cone half angle, degrees

5

APPAR&rus AND TESTS

The experimental investigation was conducted in the Ames 1- by 3-foot
supersonic wind tunnels No. 1 and No. 2. Both tunnels are equipped with
flexible top end bottom plates for varying the Mach number. Tumnel No. 1
is a single-return, continuous-operation,vari~le-pressure wind tunnel

3 with a maximum bfachnmiber of 2.2. Tunnel No. 2 is an intermittent-
operation, nonreturn, v-iable-pressure wind tunnel with a mazdmum Mach
number of 3.8.

●

Models

Sketches of the models tested, ipcludhg dimensions, specified
parameters, and defining equations, sre presented in figure 1. For the
series of hemispherically blunted cones shown in figure l(a) the length-
to-dismeter ratio of 3 is constsnt, and the cone angle is decreased as
the bluntness (ratio of hemisphere dtameter to base diameter) fs
increased. For the series in figure l(b) the base dismeter and cone
angle are constant, sad the length decreases with increase in bluntness.

The family of fineness ratio 3 models defined by the equation
r=R(X/L)n is shown in figure l(c). For length and base diameter
specified, the profiles of the hypersonic optimum (Newtonian) nose and
the nose developed by Ferrari (reference 8) can bothbe very closely
approximated by the above equation for n = 3/4. (See fig. 2.) Since
the 3/4-power nose is a reasonable appro-tion to these theoretic~ly
derived optimum shapes, it alone has been tested and is referred to
throughout the report as the hypersonic optimum nose.

Fineness ratio 3 models of the minimum drag shapes based wpon the
work of von K&m& and subsequently Haack are shown in figure l(d). For

. any twu specified parameters such as length and diameter, length and
volume, or diameter and volume, these are the theoretical optimum nose

.
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shapes and for convenience have been designated as the L-D, L-V,-and-D-V- *

“Eaack” noses. A similar designation has been used for the circular-arc
tangent ogive and cone shown in figure l(e). The L-V ogive has the same w
length and volume as the L-V Haack model; and the D-V cone has the same
dismeter and voltie as the D-V Haack model. “Also shown in figure l(e)
is a fineness ratio 3 ellipsoid.

Except for the _pressure-distributionm@els, all the nose shapes
were constructed of duralumin. The 30- @d 50-percent hemispheri&lly
blunted cone pre$sure-distributionmodels (models kp sad 5p) were cast
of tin and bismuth, ahd the hemisphere-cylinderpre”ssure-distribution
model (model 6p) was constructed of steel.- All models, both force and —

pressure distribution,were sting supported from the rear.
—
—

Test Conditions

The minimum foredrag (zero angle of attack) of each force model
was determined for the Mach number range of 1.24 to 3.67. Due to the
operating characteristics of the tunnels, it was not possible to main-
tain a constant Reynolds number throughout the Mach number range; how-
ever, an attempt was made to keep the Reynolds number constant for all
models at each Mach number. In the following table the average Reynolds
number (based on model length) and its limit of variation for all models
tested at each Mach number are listed:

1.24
1.44

1.54
1.96
1.99
2.86
3.o6
3.67

Re x 10-8

2.42 * 0.14
1.17 * 0.01
3.14 * 0.20
4.10 * 0.10
4.14 * 0.12

,2.01 3.0.01
4.00 *O.1O
4.00 * 0.19
3.45 i 0.07

Tunnel No.

1

1
—.

2
2
1
2
2
2

. .
—

—

The pressure-distributiontests were all made in tunnel No. 2 at
Mach numbers of 1.7, 2, 3, and 3.7 and at an average Reynolds number of —
about 4 x 10°.
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The total drag was measured by meaus of a strain-gage balance
located in the model support housing. The base pressure was determined
through the use of a liquid manometer connected to two holes b the
s~orting sting at the base of the model. ~erimental values of
foredrag were then taken as the difference between the measured total
drag and base pressure drag.

Pressure distributions for the hemisphere-cone pressure models .
(models 4Q, n, and 6p) were determined through the use of a liquid
manometer system connected to two rows of orifices along the models
and spaced 180° apart. The models were rotated and a longitudinal
pressure distribution at each 30° increment in circumferential angle
was obtained. The resulting pressure coefficients at each longitudinal
station were averaged to obtain the values presented.

All
and have

ANALYSIS OF DATA

Reduction of Data .

the experimental.data have been reduced to coefficient form
been corrected for the effects of the small nonuniformities

in the wind-tunnel flow. The free-stream static-pressure variations
in the model-free tunnel have been applied as corrections to the drag
and pressure-distribution data by sin@e linear superposition. Corrections
due to the effects of stream-angle variation were well within the lhits
of accuracy of the data and have therefore been neglected.

Precision

The uncertainty of the ~erimental data was calculated by con-
sidering the possible errors in the individual measurements which entered
into the determination of the stresm characteristics,
tions, and drag. The final uncertainty in a quantity
square root of the sum of the squares of the possible
individual measurements. The resulting uncertainties
q=ntities are as follows:

Quantity Uncertainty

P *o.c04
c% *0.004
a *00150

pressure distribu-
was taken as the
errors in the
in the final
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The variation of the free-stresm Mach number over the length of
.

each model tested was less thsn @.01 for all test Mach numbers. The
uncertainty in the Mach number at a given point in the strea is ~0.00~. w

The magnitude of the calculated uncertainty in the drag coefficient
appears rather large relative to the observed scatter of the data. Drag
coefficients for repeated tests generally agreed within AO.(X)2. It is
therefore belleved that the drags of models relative to one another are
sufficiently accurate for comparative purposes, although the absolute
magnitudes of the drag coefficients for the models at a particular Mach
number may be in error by the magnitude of the uncertainty.

THEORIX’ICALCONSIDERATIONS

Wave Drag

With the exception of some of the very bluntest models (models 11,
12, and 18) the wave drag of each model was either calculated by .*
theoretical methods or was esttiated from existing experimental results.
Values for the wave drag of the cone and the tangent oglve were obtained
from the exact Taylor-Maccoll theory (references 10 end il.)and the ,b“

method of characteristics (reference 12), respectively. For the
theoretical optimum nose shapes the second-order theory by Van Dyke was
used. The exact procedure employed in using the second-order theory

.-

was that given in reference 13, in which the approximate boundary
conditions at the body surface are used in the calculation of the
perturbation velocities, and the exact pressure relation is used to
evaluate the pressure coefficients.= The method presented therein is
strictly applicable to sharp-nosed bodies of–revolution at Mach numbers
less than that at which the Mach cone becomes tsmgent to the model
vertex. Since the theoretical optimum nose shapes for which the length
is ftied (models 10, 13, end 14) have infinite slopes at their vertices
(yet may be considered sharp for most practical purposes), an approxima-
tion to the shape at the vertex was made to enable use of the theory.
The blunt tip was replacedby a short conical section tangent to the
original contour. The cone angle, and hence the @int of tangency, was
selected so that the cone half-aagle did not exceed 94 percent of the
Mach angle. In the subse~ent integrations for the wave drag from the
resulting pressure distributions, the data were plotted as rP versus r
so that the curves could be smoothly faired through the origin.

Although”no rigorous method is available for calculating the wave
drag of the hemi.sphericallyblunted conical noses, a method of estimat-
ing the wave drag was suggested in references’1 and 2. It was pro~sed
an the application of this method a first-order solution is necessarily

.-

.,

.
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that the wave drag of the hemispherical tip, which could be obtained
from existing e~erbental data, be added to the pressure drag of the
conical portion of the nose, based ulon the assumption that the pressure
on the conical surface would be the same as on a pointed cone of the
same slope. Hence, the pressure drag of the conical portion of the
nose could be obtained by exact theory.

The following empirical e~ressfon, based Wn certain of the
experimental results, is suggested for calculating the wave drag of
the hemispherical tip for Mach numbers of 2 and greater:

2Pt-1

c%i=T (1)

where Pt is the pitot-pressure coefficient at the tip of the hemisphere
which m.aybe calculated with the aid of Rayleights equation. This
~ression was obtained from the results of the pressure-distribution
tests, and its derivation is discussed in more detail in the section of
the report which is concerned with the pressure-distribution tests..
Using this e~ression for the wave drag coefficient of the hemispherical
portion, the expression for the wave drag coefficient of the complete

● model for Mach numbers of 2 and greater becomes

2

()(

2P* -1c%=+ ——

)

PM +Pw
3

(2)

where PM is the surface pressure coefficient or pressure drag
coefficient (references 10 or 11) for a cone of half apex augle M at
the free-stresm Mach number. An a~roximate e~ression for w which
is sufficiently accurate for the drag estimates is

[’ 1- (d/D)~ ~tm-l
2(L/D) - (d/Dd (3)

Foredrag

Values of the foredrag have been calculated by the adfition of the
esthated or theoretical wave drag and the theoretical skin-friction
drag. Since the skin-friction drag for lsminar-boundary-layer flow
contributes so little to the foredrag, the inclusion of the small effects
of body shape and co?qpressibilityon the skin-friction drag was not

. considered justified. Therefore$ the laminar-skin-friction drag
coefficients were calculated by the Blasius formula for flat-plate

.
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incompressibleboundary-layer flow (reference 14). For the estimates
of the skin-friction drag for turbulent-boundary-layerflow, the
body shape effects were neglected, but the effect of commressibilitv
was considered
which is based

by use of the inte~olation formula of re~erence 15 “
upon an extended Frank2 and.Voishel analysis.

RESULTS AND DISCUSSION

Hemispherically Blunted Cones

Pressure distributions.- The pressure-distribution data obtained
for models 4p, ~, and 6p at Mach numbers between 1.5 and 3.8 are
shown in figure 3. The data are referred to the free-stream Mach
number ahead of the normal. shock wave at the nose of each model.
Although these Mach numbers were approximately the same for each model,
they differed slightly due to the differences in positions of the
models within the test section. For each of the models, the pressure
coefficient at the nose agrees with the pitot pressure coefficient
calculated by Rayleigh~s equation and shown for comparison by the
dashed lines. For models 4P emd 5p at Mach numbers 1.97 and 1.5
(figs. 3(a) and 3(b)) the rapid expansion of the flow over the hemi-
spherical tip is followed by a recompression over the forward part of
the conical portion of the nose. The pressure on the conical surface
recovers to, or almost to, the theoretical value of the pressure
coefficient for a sharp-nosed cone of the same slope. For a Mach
number of 3.1, the expanding flow on the hemisphere does not reach a
lower pressure than the theoretical surface pressure for a cone of the
same slope as the conical afterbody, and it is found that the pressure
is constant over most of the conical portion of the nose. From these
data it appears that the assumption made in the drag estimates, namely,
that the pressure over the conical portion of the nose is constant .
and eqpal to the theoretical value for a sharp-nosed cone of the same
slope, is essentially correct for free-stream Mach numbers of 3 and
greater. For Mach numbers less than 3 the average pressure over the
conical section is less than that assumed in the esthates, end hence
the estimated drag contribution from this part of the nose will be too
high.

A more detailed study of the pressure distribution over the
hemispherical portion of this type body is available from the data of
figure 3(c). For comparison with these experimental data, the theoreti-
cal incompressible distribution (only part of which is shown for
si?qplfcity)and the distribution predicted by Newtonian theory
(reference 16) are shown. It is apparent that as the Mach number is
increased the pressure distribution approaches that predicted by

.

—

—

——

—



NACA RM A52H28 11

Newtonian theory. In spite of this trend, it is evident that the
distribution would never a~ee exactly with the N-onian because
the peak ~ressure coefficient at the nose would be somewhat less than
the Newtonian value of 2. An additional factor which has been neglected
in the Newtonian theory is the effect of centrifugal forces which,
although negligible for the lower Mach numbers, would tend to reduce
the theoretical pressure coefficients over the hemisphere in the high
Mach number range.

A study of the comparisons of the experimental pressure distri-
butions for the hemisphere with that predicted by Newtonian theory
(fig. 3(c)) iqdicates that an empirical e~ression for the pressure
distribution, which yields reasonably accurate values of the wave
drag, maybe written. The development of the e~ression is based
upon two experimental results: First, the pressure at the tip of the
hemisphere is the stagnation pressure and may be calculated exactly
from the Rayleigh equation. Second, at the high Mach numbers the
subsequent expansion of the flow is similar to that predicted by
Newtonisn theory, and the local pressure differs from the Newtonian

. value by an amount which varies approximately as the cosine of the
angle e. Based upon these observations the following eqpirical
expression for the pressure distribution on a hemisphere may be

4 written:

P =2cos2e- (2-Pt) Cos e (4)

where Pt is the pitot-presswre coefficient at the stagnation point
on the hemisphere. The e~ression predicts a pressure coefficient
that is exact at e = O and agrees with the Newtonian value of P = O
ate= 90° ●

It is apparent from the data of figure 3(c) that,
although the resulting pressure distribution will closely approximate
the experimental distribution at high Mach numbers, the predicted
pressures near e = 90° wi31be considerably in error for lower Mach
numbers. However, this should not result in a serious error in the
pressure drag, since the surface slope is small in this region, and
thus the resulting drag contribution is also small. A siqple expression
for the wave drag coefficient of the hemisphere results from this
empirical equation for the pressure distribution. Thus, based upon
the msximum cross-sectton area,

2Pt-1c~.—
3

Values coqputed from this equation are compared in figure 4with
estimates of the wave drag from total drag measurements (reference 2)
and with the experimental pressure drag determined from the pressure

(1)



distributions of figure 3. For Mach numbers between 2 and 8 the
agreement is excellent. As would be e~ected from the pressure-
distribution results, the values from the er@irical expression are
too large in the lower Mach number range.

From these data it appears that for the esttmates of the wave
drag of the hemispherically blunted cones, the contribution of the
hemispherical tip to the total wave drag at Mach numbers of 2 and
greater maybe calculated accurately with the proposed empirical
expression.

Flow field.- The recompression of the flow over the upstream
portion of the conical afterbody, which was noted previously in the
discussion of the pressure distributions, is associated tith the
appearance, a short distance downstream from the bow wave, of an
approximately conical shock wave in the flow field. The schlieren
pictures for model 5 (fig. 5) are typical for all the hemispherically
blunted cones (models 1 through*5) throughout the Mach number range.
These pictures show that the intensity of the wave decreases with
increasing Mach number. At Mach number 3.06 the wave is no longer

.

evident within the bounds of the schlieren field. The decrease in
intensity of the wave is in accord with the changes found in the b

pressure.distribution data. (See fig. 3.) At first glance it might
appear that this wave could be associated with a region of separated flow
on the hemispherical tip, with subsequent reattachment accaqpanied by
a shock wave. However, the schlieren pictures show no evidence of flow __ -
separation. Additionally, it is apparent from the schlieren pictures
that this shock wave does not extend from the outer flow down to the
body surface but appears to be diffused near the surface. These
observations lead to the speculation that the origin of the wave must
be associated with the transonic or mixed type of flow which occurs
in the vicinity of the nose of the body.

The mechankmbywhich the compression wave is formed may be
much the s=e as that discussed in reference 17 for the two-dimensional
flow around a sharp-nosed dauble-wedge airfoil section with detached
bow wave. It Is believed that the wave results from a coalescence
of weak compression waves reflected from the body surface. (The
existence of the compression region is confirmed by the pressure-
distribution data.) These waves apparently originate as expansion
waves from’the body surface downstream from the sonic point. As
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indic~ted in the sketch, these expansion waves which travel along
characteristic lines are reflected from the sonic line and the bow

—shock waves
!

—.— Sotvc fine
———Expansion ) Mod

Compression lines

,1,,,,, 1,,,,, i),,,,, 1)1,,,,,, I),,,,,, 1))1,,,, Ill,,,,,,

M..
4

wave as com?mession waves which are in turn reflected from the body
surface. fie reflection of these wavelets from the body surface occurs
in such a manner that they coalesce to form a shock wave.

The dependence of’this phenomenon on both the free-stream Mach
number and the inclination of the body surface just downstream of the
point of tangency of the hemisphere with the afterbody is demonstrated
by the following observations. For the hemispherically blunted cones,
neither the shock wave nor the region of recompression on the body
surface were found for Mach numbers above 3.06; The disappearance of
this shock wave and region of compression results from the combination
of the movement of the bow wave closer to the body surface end the
small upstresn movement of the sonic point with increasing Mach number,
These changes reduce the extent of the mixed flow region so that for
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Mach numbers above approximately 3 most of the compression wavelets .

reflected from the sonic line and bow wave are incident upon the body
surface in the expansion region between the sonic point and the point
of tangency of the hemisphere with the afterbody and hence are canceled.

b:

The importance of the inclination of the body surfa~e in the region
of the reflections is indicated by the fact that, although the pressure-
distribution data for model 6p (fig. 3(c)) show that at the lowest test
Mach number there exists a region of recompression just downstream from .
the juncture of the hemisphere and cylindrical afterbody, the magnitude
of the recompression is very small and does not result in a secondary
shock wave that can be detected in the schlieren pictures.

Foredrag.- The ~ariation of the foredrag coefficient with Mach
number for the hemisphericallyblunted cones of fineness ratio 3
(models 1 through 5) is shown in figure 6. Since the models vary pro-
gressively from the sharp-nosed cone to the very blunt model with the
large hemispherical tip (d/D = 0.5), the variation of the foredrag
coefficient with Mach number c~anges progressively from the fsmiliar
variation for a cone (foredrag coefficient decreases with increasing
Mach number) to the variation characteristic of a hemisphere (fig. 4).

These same data, replotted in figure 7, show the variation of
foredrag with nose bluntness at constant Mach numbers and provide cmn-
parisons with the estimated foredrag characteristics. For this series
of fineness ratio 3 noses, a small saving in foredrag may be achieved
through the use of a hemisphericallyblunted cone in place of a sharp
cone of the same fineness ratio. Perhaps more important is the fact
that a relatively large increase in volume over that of a sharp-nosed
cone may be realized without incurring any increase in -foredrag. An
additional factor to be considered is that the hemispherical nose pro-
vides an ideal housing for search radar gear. These data show that
with increasing Mach number there is a decrease in both the degree of
blunting which results in minimum foredrag as well as the maximum blunt-
ing allowable such that the foredrag is not greater than that of the
sharp-nosed cone. These results are in essential agreaent with the
preliminary foredrag estimates and the data of references 1 dnd 2.

—

.

t

Although the results (fig. 7] show that for this fineness ratio 3
series of models there is some drag reduction with increase in blunt-
ness, the magnitude of the possible drag reduction which is obtainable
by this method of blunting decreases rapidly with increasing fineness
ratio. In fact, there appears to be an upper limit to the fineness
ratio for which this type of blunting will yield any drag reduction.

—

Some indications of the magnitude of this ltiiting fineness ratio which
varies with Mach number have been obtained by comparing the variation
with fineness ratio of the estimated wave drag”of the d/D = 0.075 model
with that of a cone of the same fineness ratio at Mach numbers of 2
and 3. These results (fig. 8) indicate that the wave drag of the cone

--

.
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is less than that of this moderately blunt model
ratios in excess of approximately 5.4 and 5.o at

15

for length-to-diameter
Mach numbers of 2

and 3, respectively. These results also show that the range of nose
fineness ratios for which this type of blunting would be advantageous
decreases with increasing Mach numbers.

It should also be pointed out that the drag penalty associated with
the use of excessive blunting increases rapidly with increasing fineness
ratio. At a Mach number of about 3.1 the data of the present report
(fig. 7) indicate that the foredrag coefficient of a 20-percent blunt
cone is about 0.01 greater than that of the sharp-nosed cone of the
ssme fineness ratio. This increment represents approximately a
12-percent increase in foredrag and maybe compared with the data of
reference 18, wherein it is shown that the seinedegree of blunting for
a fineness ratio 8 body results in an increment in wave drag coefficient
of 0.053, corresponding to an increase in pressure drag of more than
300 percent.

. The estimated wave drag coefficients for the d/D = 0.30 and 0.50
models at Mach numbers of 3.06 and 1.96 and the wave drag coefficients
determined from the pressure distribution models are in very good

a agreement. (See fig. 7). Similarly, the agreement between the experi-
mental foredrag results and the estimated foredrag based upon the esti-
mated wave drag plus laminar inccmrpressibleskin friction is very good
for Mach numbers 1.96, 3.06, and 3.67. For these test Mach numbers,
study of the schlieren pictures indicated that the boundary-layer flow
was leminar over the entire model. At Mach number 1.44 the models were
tested at two values of Reynolds number since the schlieren pictures
for the higher Reynolds number tests at this Mach number and for the
tests at Mach number 1.24 indicated turbulent-boundary-layerflow over
part of the d/D = 0.30 and d/D = O.~ models. These schlieren pictures
and those for the cone are shown in figure 9. It is evident that for
the cone, the boundary-layer flow is laminar for both values of Reynolds
number (1.17 x 10s and 3.14x 108). For the d/D = 0.30 and d/D = 0.50
models at Re = 1.17 X 10s the boundary-layer flow is laminar over the
entire length of each model. However, in contrast to the results for
the cone, at the higher Reynolds number transition occurred on these
models, as evidenced by the appearance of the boundary layer smd by the
accompanying increase in foredrag shown by the data in figure 7. The
difference between the results for the cone and the blunt bodies is
probably not due to the small difference in the Reynolds number but
results largely frcm the effects of the differences in the body pressure
distributions. For the cone the pressure is constant along the surface
and therefore neutral insofar as its effect on the boundary-layer flow
is concerned. For both the blunt bodies at the low Mach numbers, the

. pressure gradient in the streetwise direction is positive just downstream
from the point of tangency of the nose with the conical section (see
fig. 3) and hence tends to thi_dary layer and promote

-
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—.

.

transition. Both”the schlieren pictures and the force measurements
indicate that for the high Reynolds numbers the boundary layer is
turbulent over a much greater portion of the surface of the blunter of
the two bodies. This result is in agreement with what might be expected
on the basis of the differences in the pressure distributions for the
two models. Although the adverse gradients for both the d/D = 0.30
and d/D = 0.50 models start at essentially the same longitudinal station
along the models, and initially are o-fapproximately equal magnitude,
the adverse gradient for the blunter model, d/D = 0.50, extends over
most of the conical section of the model; whereas the gradient for
the d/D = 0.30 model is neutral over most of the conical section.
Hence, it appears reasonable to expect a lower Reynolds number of tran-
sition for the blunter of the two models.

For the d/D = 0.30 and d/D = 0.50 models at Mach numbers of 1.24
and l.~, equation 2 yields values of the wave drag alone which are ‘
even greater than the measured foredrags at the lower Reynolds numbers.
This discrepancy is attributed to the fact that at these Mach nunibers
the empirical expression includes too large a value for the wave drag
of the hemispherical portion of these models. (See fig. 4.) Hence,

,

for the foredrag estimates shown in figure 7 for Mach numbers 1.24
and 1.44, the lower values of the wave drag of the hemispherical portion “
of the models obtained from experiment (fig. k) were used. For all
other Mach numbers the empirical expression (equation 2) was used. The
estimated foredrag results obtained are in fair agreement with the
experimental data.

—

As previously discussed, preliminary estimates md experiment have
both shown that a small saving in foredrag may be achieved through the
use of a hemisphericallyblunted cone in place of a sharp cone of the
ssme fineness ratio. Although this type of blunting can be beneficial,
preliminary estimates have also indicated that no drag reduction can
be achieved by simply replacing the sharp nose of a given cone with a
hemispherical tip. In this case the cone angle is not reduced, since
the length of the model is reduced instead. In order to verify these
results, tests have been made at Mach numbers l.~ and 1.99 for a series
of hemisphericallyblunted cones, formed by progressively blunting
an L/D = 3 cone. Both the experimental foredrag results and the esti-
mated values of foredrag are plotted in figure 10. It is evident from
the figure that there is good agreement between experiment and theory,
and that, as expected, there is no drag reduction due to mere blunting
of the parent cone.
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,
Theoretical Minimum Drag Nose Shapes

17

CoWarison of e~ertiental and theoretical foredrag.- Ccm@arisons
of the experimental and theoretical foredrag variations with Mach
number for the theoretical minimum drag noses, the L/D = 3 cone and
the L-V ogive, are shown in figure 11. The theoretical drag calculations
have been limited inmost cases to a smaller Mach number range than
that for which experimental results are available. For Mach numbers
leas than 1.4 or greater than about 3, the conical tip approximations
to the true body shapes which would have been necessary for application
of the perturbation theory to the minimum drag shapes were considered
unreasonably large; hence, the second-order theoretical results were
limited to Mach numbers between 1.4 and 3. In fact, for the L-V Haack
nose the theoretical calculations were limited to Mach number 2.k, as ‘
an excessive amount of conical tip modification would be necessary for
the theory to be applicable at higher Mach numbers. Theoretical esti-
mates of the foredrag have been made by the addition of flat-plate skin-
friction values to the computed ~ve drag, the skin friction being

. calculated for a Reynolds nuniberof 4 x 106. Although some of the
e~erimental data were taken at lower Reynolds numbers (between 2 x 10e
and 4 x 10s), the error introduced by calculation of the skin friction

. at one Reynolds number is small and certainly well within the accuracy
of the e~erimental results. Either completely lsminar (reference 14),
or completely turbulent (reference 15) skin-friction drag has been
assumed, although the schlieren pictures indicated that for the tests
at Mach numbers of 3.06 and 3.67 boundary-layer transition occurred on—
some of the models.

A comparison of the experimental and
L/D = 3 cone has been included in figure
indicates how well the skin-friction drag
provides an indication of the accuracy of

theoretical foredrag for the
11, since such a comparison
may be calculated ad also
the other experimental results.

For the Reyuolds numbers of this investigation, schlieren observations
indicated laminar-boundary-layer flow on the cone at all Mach numbers.
The foredrag of the cone was closely estimated by the addition of the
exact Taylor-Maccoll wave drag and Blasius~ incompressible laminar
skin frictions

In general-,good agreement between the experimental and theoretical
foredrag for laminar-boundary-layer flow was obtained for most of the
models at Mach numbers of 1.4 and 2.0. Nevertheless, at Mach number 2
the foredrag of the L-D and L-V Haack shapes are overestimated by about

‘The Eandtzche and Wendt transformation of laminar-boundary-layer skin-
friction drag of a flat plate to that of a cone was neglected since
its inclusion would have increased the foredrag by only 1 percent.

#



NACA I&lA52H28

the ma@itude of the theoretical laminar-skin-frictiondrag. For a
Mach number,of 3 the foredrag of the cone and the foredrag of the
L-D Haack shape are in good agreement.with .thetheory for lamina~-
boundary-layer flow. However, the comparisons indicate that the
boundary-layer flow for the L-V ogive, theD-V Haack shape, and the
hypersonic optimum ehape were at Xeast”partAally turbulent at this
Mach number. At the maximum Mach number (~ = 3.67) the experimental
foredrag of the L-V ogive exceeds even the..theoreticalvalue for
completely turbulent-boundary-layerflow. ‘This same result is also
inferred from the comparison for the D-V model. It is not clear which
part of the theoretical foredrag is at fault, that is, the wave drag
or the skin-friction drag. However, it appears most likely that the
theoretical skh-friction drag is too small, since considerable
confidence may be placed in the wave drag value, particularly for the
L-V ogive.4

The data also show that for these particular body shapes, the
first-order theory yields acceptable values of wave drag for Mach num-
bers close to 1.4 only. At the higher Mach numbers, the first-order
theory yields results which are too low.

Although slender-body theory has sometimes been used to calculate
the wave drag of shapes with fineness ratios as low as these, the wave
drag coefficients of 1/9, 1/8, and 1/6 for the L-D, L-V, and D-V Haack
shapes (reference 4), respectively, are too large at’all Mach numbers
as compared with the results in figures 11(c), n(d) and n(e).

Comparison of foredrag of theoretical minimum drag nose shapes with
foredrag of other nose shapes.- In order to assess the theoretical
minimum drag shapes for the three auxiliary conditions of given length
and diameter, given length and volume, or given diameter and volwne,
other common shapes tith identical values of these parameters have been
tested and comparisons of the results are shown in figure 12. Although
the Reynolds number was not constant throughout the Mach nuniberrange,
it was unchanged for all the tests at each Mach nu?iber. Hence, differ-
ences in foredrag between models compared at a given Mach ntier may not
be attributed to differences in Reynolds nuniber.

The foredrag coefficients of the theoretical minimum,dmg shapes
for a given length and diameter, the L-D Haack nose (or Karman ogive),
and the hypersonic optimum nose (3/4 power and Ferrari shape, see fig. 2)

4The foredrag values reported herein for the L-V ogive (L/D = 2.93) are
about 10 percent lower than those reported.in reference 9 for
an L/D = 3 ogiye, although the foredrag results for the cone and
hypersonic optimum shapes (figs. n(a) and n(f)) are in agreement.
Even though the tests have been rerun and the data have been carefully
checked, no satisfactory explanation has,--asyet, been found for this
difference.

.
.-

.

.

—

.
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are compared with the foredrag coefficients of the parabolic nose in
figure 12(a). It is noteworthy that the L-D Haack nose is riotthe least-
drag shape for any Mach humber within the range of the tests. For the
major portion of the Mach number range (above Mach number 1.5), the
hypersonic optimum shape has the least foredrag. It is somewhat sur-
prising that an optimum shape based upon Newtonian impact theory should
have less drag than the L-D Haack nose at these relatively low super-
sonic Mach nunibers. It is not clear whether this anomaly results frcm
the restriction of zero slope at the base which was evidently assumed
in the derivation of the L-D Haack nose, or whether this is a result of
the low fineness ratio of the models. To investigate this latter point,
the wave drag coefficients of both the L-D Haack and the hypersonic
optimum shapes were calculated by second-order theory for fineness
ratios of 3, 5; and 7 at a Mach number of 3. These results (fig. 13)
show that the wave drag coefficient of the “Haack’ishape is the larger
for fineness ratios of 3 and 5. For fineness ratio 7 any difference in
wave drag between the L-D Haack and the hypersonic optimum shapes i’sso
small as to be within the limits of uncertainty of the calculations.
To provide a better indication of the combinations of Mach nuuiberand

. fineness ratio for which the hypersonic optimum nose has less wave drag
than the L-D Haack nose, the results of all of the available second-
order solutions for these shapes have been plotted in figure 14.

?%plot is made in terms of the hypersonic similarity parsneter, K = ,
and indicates that for values of K in excess of about 0.4 or 0.5 the
hypersonic optimum shape has the lower wave drag.

The foreitragof the theoretical minimum drag shape for a given
diameter and volume (D-V Haack, model 15) is compared in figure 12(b)
with the foredrag of a cone (D-V cone, model 17) having identical values
of dismeter and volume. Except for Mach numbers below about 1.4, the
foredrag of the cone is of the order of 20 percent lower than that of
the theoretical optimum shape. Again, this result maybe due either to
the low fineness ratio of the bodies tested or the failure of the
slender-body theory to predict the correct minimum drag shape for all
possible shapes rather than the correct minimum drag shape for bodies
with zero slope at the base. in any event, it could be expected that
the drag difference would be much less for higher fineness ratio noses.

.

The foredrag of the theoretical minimum drag shape for a given
length and volume (L-V Haack, model 14) is compared in figure 12(c)
with the foredrag of a circular-arc ogive (L-V ogive, model 16) having
identical values of length and volume. Since the base areas of these
noses differ, the foredrag coefficients are based on (volume)2is instead
of base area in order that a direct comparison of the foredrags may be
conveniently made. Over the complete Mach number range the foredrag
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coefficient of the L-V Haack model is between 8 and 16 percent lower
.

than the foredrag coefficient of the L-V ogive. For both models the
variation of foredrag coefficient with Mach number is similar. .

Foredrag of nose shapes defined by r = R(X/L)nO- In reference 9
foredrag results..offineness ratio 3 models for n’= 1, 3/4, 1/2,
and 1/4 are presented for the Mach number range of 2.73 to 5.00 and for
length Reynolds numbers ~~en 2 x l& ~d 3 x lo~. ln the present
investigation similar models have been tested at Mach numbers from 1.24
to 3.67 and Reynolds numbers between 2 x l& and 4X 106 In order to
extend the Mach number range of available drag data. The foredrag
results of this investigation are presented in figure 15 and are com-
pared with part of the results of reference 9, replotted for the over-
lapping Mach number range of both investigations. In general, there is
good a~eement between the data from both sources, although there are
small differences which may be attributed to variations in Reynolds
number. Both the hypersonic optimum nose (n = 3/4) and the conical
nose (n = 1) show a similar decrease in foredrag coefficient with
increase in Mach number over the complete Mach number rsmge. The hyper-
sonic optimum nose, however, has much the lower foredrag (about 24 per-
cent lower at Mach number 1.2k arid15 percent lowe~ at Mach number

._

3.67). In contrast with the decrease in the foredrag coefficient with
increasing Mach number for the hypersonic optimum and conical noses,

..

the foredrag coefficients for the parabolic and l/4-power noses increase
.
--

with increasing Mach number in the bwer part of the Mach number range.

Comparison of Foredrag of All the Force Models
.—

In figure 16 a comparison of the variation of foredrag coefficient
with Mach number for all the force models tested is shown. In generaI~
it is seen that for the more blunt noses (models 5, 12, and 18) the
foredrag coefficient increases with increase in Mach number, while for

——.

the other noses the foredrag coefficient decreases with increase in
Mach number over most of the range. It is of interest to note that the ..
ellipsoid (model 18), although showing a l~ge increase in.foredrag
coefficient with increase in Mach numbei to Mach number 2, has constant
foredrag coefficient for Mach numbers above 2. There is no minimum
drag nose for the complete Mach number range, although the hypersonic

& optimum nose (model 10) has the least drag for Mach numbers above 1.5.
.—

Below Mach number 1.5 the paraboloid (model 11) has the lowest drag,
slightly less than the drag of the L-D Haack no~e (model 13). Of
special note is the observation that many of the nose shapes have less
drag than the cone (model 1), particularly at the lower Mach numbers.
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CONCLUSIONS

Foredrag measurements at zero angle of attack
various hemispherically blunted cones, theoretical
shapes, and other more common profiles of fineness

have been made for
minimum drag nose
ratio 3. An analysis

of the results for a Mach number range of 1.24 to 3.67 and for Reynolds
numbers between 2 x 106 and k X 106 has led to the following conclu-
sions:

1. No model had the least foredrag for the complete Mach number
range.

2. Of the models tested the paraboloid of revolution had the
least foredrag below a Mach number of 1.5, and the hypersonic optimum
shape had the least foredrag above a Mach number of 1.5.

~. ,The theoretical shapes for minimnu pressure drag derivedby
von Karman and by Haack for given length and diameter or given diameter
and volume do not have less drag than all other possible shapes having
identical values of the same parameters.

4. For the hemispherically blunted cones of low fineness ratios
(of the order of 3):

a. 511 reductions in foredrag may be achieved by hemispheri-
cal blunting (hemisphere diameter approximately 15 percent of
base dimeter) if the fineness ratio is held constant and,
hence, the cone angle reduced with increased bluntfng. If the
cone angle is held constant and the fineness ratio reduced,
hemispherical blunting results in increased foredrag.

b. A relatively large hemispherical tip diameter (as lsrge
as 30 percent of the base diameter at Mach numbers of 1.24
and 1.44) may be used without increasing the drag above that
of a sharp-nosed cone of the same fineness ratio.

t

c. For Mach numbers of 2 and greater the wave drag may be
accurately estimated by the addition
hemispherical tfp calculated frcm an
the wave drag of the conical portion
theory.

Ames Aeronautical Laboratory

ofthewavedragofthe
empirical expression and
from TayloWccoll

National Advisory Committee for Aeronautics
Moffett Field, Calif.
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Note: 4p,

Model d
No. T u

/ o 9°28’
2 .075 8°52’
3 .15 8° /5’
4 .30 6°59’
4p .30 6°59’
5 .50 5°10 ‘
5p .50 5°10’
6P f.oo o

5p, and 6p are pressure distribution models.

(0) Hemisphere–cone series for constont +=3.

Mid $ L

/“ o 3
7 .075 2.8/
8 ./5 2.62
9 .30 2.24

(b) Hemisphere-cone series for constant cone angle.

Figure 1 –Model profiles. (Dimensions are h inches.)
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Figure L – Concluded.
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(a) M = 1.24

—:-

(c) W = 1.96.
Figure 5.. Schlieren flow field for ~0-peroent

cone, model 5, at various J@ch
.

~

hemispherically blunted
numbers.
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(d) ~ = 3.06

(e) MO= 3.67

Figure 5.– Concludedc
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Figure /0 — Vuriation of foredrag coefficient with bluntness for hem&phere-
cone series, constant cone angle =18° 56!
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Figure ii. — Continued.
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SECURITY INFORMATION *—

Mod Designation +
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Figure /6 —VorYUtion of tbredrog coefficient with Moth number tbr oil the
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