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CHARACTERISTICS OF FIOl OVER 3XCIZNED

B~IES OF REVOIUTICR’i

By H. Julian Allen and Edward W. PerkIns

sumARY

Experimental force, moment, and center-of-pressure variations for
a lsrge number of bodies of revoluticm have been compared with the cal—
culate@ characteristics based.on the approxi~te theory developed in
MACA RM A9126. The bodies varied in fineness ratio from 4.5 to 21.1,
from blunt Unbcattailed bodies to airship hulls, and the experimental
results are g.i,venfor widely varying Mach numbers and ranges oftangle
of attack. 1~ is.~hown that +hq lift and drag characteristics are

II

fairly accurately predicted by””the”theory but that the actual center
of pressure is more rearward than the theory indicates..

Experimental pressure distributions and visual-flow studies which
have been used to investigate the characteristics of the cross flow for
inclined bcdies of revolution have demonstrated that the development of
the cross flow with distance along the body on a long body of constant

.-

diameter behaves much the same as the development with time of the flow
about a circular cylinder impulsively started from rest. This fact
assists in explaining the observed differences between center~f—uressure
location dete&ined
approximate theory.

There has long

&om experiment and that calculated using the-

tiODETION

been considerable interest in the forces and moments .-
experienced by bmiies of revolution in inclined flight. The origin@
interest pertained to the forces and moments on airship hulls. Max Munk
(reference 1) considered the potential flow about such hull shapes and
showed that at any station along a hull at _angle of attack u a local -
force per unit length of magnitude
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should be experienced. (See apperidixA for
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Slmibols● ) From the later

.

work of G. N. Wsrd (reference 2) it may be shown that this force is
directed midway between the normal to the axis of revolution and the
normal to the wind direction.

These potential flow theories predict that for any closed body,
such as an airship hull, at angle of attack a pitching moment but no
net cross force should be experienced. A comparison between calculat~

—

and experhentalmoments about the centers of volume on airship hulls
showed that the mbments experienced were always less than those calm—-” ‘“ ~
lated (usually of the order of 70 or 80 peroent of the theoretical
values). Contrary to theory, experiment showed that, in fact, a cross
force did occur which was small at small angles of attack but inoreased
rapidly with increasing angle of inclhation~ the cross force always
being directed toward the lee side of the body. Experiment also showed
an increase in drag with angle of attack which was not indicated by
theory. It has long been recognized that the discrepancies between

—

this potential theory and experiment resulted from the failure to c-””
—-

sider the actim cf viscosity in the theoretical treatment. The
results of a detailed experimental study of the flow field about an air-
ship mcdel In inclined flow, which was made by R. P. Barrington (refer-
ence 3), clearly demonstrated the importance of these viscous effects. --

●

In recent times, a primary interest tithe body-of+revolution
problem has arisen for missiles and supersmfc aircraft where the body
again becomes a major component of the configurations. These bodies .

are, in general, slender, blunt+ased bodies for which H. S. T’sien
(reference 4) has shown the yotential theory.still to be applicable at
small angles of attack even at supersonic speeds. For these blunt-based
bodies the potential theory indicates that a net cross force, a pitching

—

moment, and a drag increment will occur in inclined flow. However, from
available e.qerhental data, it is apparent _that,in gene~l, while the

.

moment about the center of volume is less than would be calculated from
potential theory, the net cross force and the drag increment are larger
than calculated, the discrepancy becoming increasingly apparent with

—

lnoreasing angle of inclination.
—.

R. T. Jones (reference 7) shwed theoretical= t~t ~ an ~flinit@Y ._
long inolined cylinder with I.aminar-boundary-layerflow, the viscous
flow across the cylinder my be treated independently of the flow along
the cylinder. Thus the component of flow across such an inclined cyl–
inder would be expeoted to behave the same as the twtiimensional flow
across the cylinder at a velooity equal to the product of the flow
velocity past the inclined cylinder and the sine of the angle of incli-
nation. Accordingly, in reference 6, it was postulated thzuta better

—.—

evaluation of the cross-force distrfbuti~ on a b@ of revolution of “ ‘.._
finite length (see fig. 1) moving at the velocitY TO co~d be obtained _.

by adding to the potential cross-force distribution an additional cross ..
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force calculated on the assumption that each circular element along the
hull experienced a force equal to the drag fcmce which would be experi–
enced by an element of a circular cylinder of the same diameter in a
stream moving at the cross component of the stream velocity, V. sin a.=
That is, the total crms force per unit length at any statim could be
given by an expression which is the sum of the potential cross force and
a term to account for the viscous cross force. Thus

With this simple allowance for
the fore-drag coefficient, and
arbitrary position a distance

CL = (-1) : sin 2U cos ~+
2

sin 2a cos ~ ‘,27cdG n sin% (1)

viscous effects the lift coefficient,2
the pitching moment coefficient about an
Xm fl’omthe nose are given by

Ap

()

.

W% ~ sin= u cos a
I

( Sb (2-4
“%=(=1) ‘O1-m

)

a
sin 2a cos ~ +

~d:)r+) “n=a

,(2)

Because of the approximate nature of the theory, it is not considered
Justified to retain the complex forms of these equations. Accordingly,
it is assumed that for the functions of the angle of attack cosines my
be replaced by unity and sines by the angles in mdi~ to gf~es .

‘A similar suggestion has also been made %y Milton V= Dyke in a paper
presented at the 1~0 winter meeting of the Institute of Aeronautical
Sciences.

21ZIthe expression

--%
cot+

(a=o)
igncn%d .

S~ the expression

properly appear

for CL the contribution of the axial -g force

a sin a is inconsequentially sndd. and has been

far A
%F

the term
-%

~2

(a=O)
, which should

on the rightihand side of this equation, has been
&itted since for all practical cases its contribution to the drag
increment Is so small that it may be ignored.

J
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CL = 2(k2 - k=)
( )
~a+qc~

CM = 2(k2 - kl)
(

Vol - Sb (Z-q

Ax’ )

The first term on the right side of
tial contribution, while the second
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1

}

(3)

each of these equationsis the potek
term is the viscous contribution.

?
..

. .

Clearly, this suggested allowance for viscous effects is very
approximate and could only be expected to apply well for bodies of very
high fineness ratio by virtue of the assumed twtiimensional nature of
the viscous cross flow. The remainder of this paper will be devoted,
first,,to a determination of the adequacy of this method for predicting
the force and moment characteristics for a large number of bodies of
practical fineness ratios and,

.-
second, to an Investi@tion of the nature

of the cross flow to ascertain wherein the actual development of the
.

viscoud cross forces differs from that assumed in the foregoing treat+
ment. The latter study will ‘providea qualitative explanation of the .
observed differences between the calculated and experimental charac-
teristics and to Indicate that other import&t effects of viscosity
must be taken into consideration. —

—

CO&iEYiRISCNOF CAICUIATED AND EK2ERIMlWlWL
FQRCEAND MOMENT CHARACTERISTICS

In figures 2 to 11 are shown the experimental force, moment, and
center-of-pressure characteristics as a function of angle of attack for

—.

a representative group of bodies of revolution from references 7 to 17
and from tests at the Ames Aeronautical Laboratory. The bodies vary in
fineness ratio from 4.5 to 21.1, from blunt unboattailed bodies to air-
ship hulls, and the experimental results are given for widely varying
Mach nznEb6’rsand ranges of angles of attack.

The dashed curves of figures 2 to U show the characteristics
calculated by potential theory, while,unl.essotherwise.indicated, the
solid curves are based on equations (3). These latter expressions
which include the allowance for the influence of viscosity will be
referred to hereinafter as the viscous theory. The value of kekl

.

.—

.

-.
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was taken as unity except for the two airship hfls and for the
5Ckaliber shell.4 To calculate the force and moment characteristics
by equations (3), it is necessary to evaluate the coefficients

th%:tiothe section drag coefficient of a circular cylinder, and q,
of the drag coefficient of a circular cylinder of finite length to the
drag coefficient of h circular cylinder of Infinite length. The “
secticnMrag coefficients of circuler cylinders have been determined
for a wide range of Reynolds numibersand Mach nraibers. (See refer-
ences 18 to 23.) Wperimental data from a number of sources have been
plotted in figures 12 and 13 to show these Varztions. With regard to
the evaluation of ~, the only available experimental data (refer-
ence 24) have been plotted in figure 14 and a discussion of possible
extensions of these data to Mach and Reynolds muibers other than those
for which the data were obtained has been included In appendix B.

Effect of Cross-Flow Reynolds Number

There is a tide range of Reynolds nmibers (see fig. 12) from about
104 to 2X105 for which, at low hkch numbers, the section4rag coeffi–
cient is constant and equal to 1.2. All the experimental data from
fi~es 2 through 6 correspond to cross Reynolds numbers at low cross
Mch nubers for which this value of cross drag c~efficient is appr~
priate. =nation o? these figures shows that the lift, for-ag
increment, and center~f~ressure positim are much more adequately
predicted by equations (3) than by the potential theory. The lift and
fore4rag increment are seriously underesthated by potential theory at
high an@es of attack. Cont=ry to potential theory, the experimental
center-of-pressure position varies with angle of attack. The variatim
iS similar to that indicated by the viscous theory, but the actual
center of ~ressure is farther toward the base of thq body”(generally by I
about one body diameter) than the viscous theory indicates. In the case
of the pitching moments, the experimental values are, in all cases for
which the center of moments is at or near the center of volume, smaller

-.

in ab~olute magnitude than the values calculated by either theory. (In
the case of the body of fig. 3, the moment reference center was acci-
dentally chosen so that the experimental values agree with the potential
theory. Sfnce the lift and center-of-pressure positions are so poorly -.

4Since an ertensive deadair region must exist in the wake of a blunt-
based body, the effective length~fameter ratio determining the
apparent mass coefficients must be greater than the actual. For all
the blunt-based bodies except the 50-caliber shell, the actual fine-
ness ratio was so large that a value of Q-k= of unity was appr-
priate. Far the relatively short shell model the effective fineness
ratio was rxrbitrarilyassumed to be twice the actual.
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predfcted by potential theory, it is apparent
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that the agreement
between the experimental moment results and the moment v&iation pr~
dichd by potential theory must be accidental.)

It is weKl kmown that for Mach mmibers belawapproxf=tely 0.4
there is a critical Reynolds number range for a circular cylinder.
Within thfs Reynolds nuniberrange the drag coefficient drops from 1.2
to approximately 0.3 tith increasing Reynolds number. It was antici-
pated that for inclined bodies of revolution, since the cross Reynolds
number increases with angle of attack, erratio variations of lift and
moment with angle of attack tight result If the cross Reynolds numbers
fell in this critical range. A retiew of ayqilable literature revealed
that data for two bodies of revolution were available wherein the cross
Reynolds nuniberbased on the maxhumdlameter of the btiy exceeded the
critfcal Reynolds number for a circular cylinder. These are the
forc~test results of the hull model of the airship&on (reference 15)
and of the RM-10 (reference 16). For the Almon, the experiments were
conducted at several Reynolds numbers at negligibly low Mach numbers.
Figure 7 chows for the minimum and maximum test Reynolds numbers the
forces, moments, and centers of pressure calculated for the Akron from
equations (3) using the appropriate values of c~ from figure 12. ‘
These curves indicate an erratic Variatim of the parameters with angle
of attack, being different for the two Reynolds nunibers. However, the .

experimental values are seen to be independent of the Reynolds number
and do not show any agreement with either of the calculated variations.
If a conStant value of c~ of 1.2 is assumed in the calculations of

.

the theoretical characteristics, the agreemegt between the resulting
theoretical variatims and the experimental data is improved. (See
fig. 7.) In fact, the differences between these theoretical results and
the experimental results are about the same as those observed for the
R-101 in figure 2 wherein the theoretical characteristics are appr~
priately based on a value of c~ of 1.2. As with the tests of the
Akron, the force tests of the RM-10 fuselage (fig. 8), which were con-
ducted at several fre~treamh%ch numbers, do not show the expected
erratic variaticm of the forces amd manents and, in fact, the experi-
mental data for this model are also in good agreement with the
calculated values shown in figure 8 for which a constant value of c~
of 1.2 was used.

The obvious inference that, contrary to reference 6, cross
Remolds pumber is not an important factar had to be viewed with some
skepticism since the two bodies of revolution for whfch data were
available were the type fm which the radius varied continuously along
the model length. As indicated by theory, the cross flow for such a
b~ is mre ccmplex than that considered in the simple viscous theory
sinoe, as will be shown later, the large pressure recovery on the lee
side of the body that is required by the theory for those sections

.

..—
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where the radius is decreasing with distance along the bcdy influences
the cross-flow characteristics to a large extent.

Because of this ayparent anomaly, a special experiment was devised
. to further investigate the possible effects of cross Reynolds number on

[’ a body with a relatively long, constan=iameter section which might
then be expected to exhibit the erratic variation of forge and moment.
characteristics with angle of attack inferred from the circular-cylinder-
section results. The body emplqyed in these tests had an U&inch length
and was 1.5 inches in diameter. A short, neerly ogival nose was followed
by a constantiiemmter afterbody 7 inches long. Force and moment char-
acteristics of this model were determined in the Ames 1– by s-foot wind
tunnels Nos. 1 and 2. The tests were run at two values of the fre~
stream Reynolds number. Fur the lower Repolds number tests, the angle-
of-ttack range was such t&t the cross-flow Reynolds number based on
maximum body diameter was always less than the critical value of approxi—.
mately 2 x 105. For the tests at the higher Reynolds number, the cross-
flow Reynolds number exceeded the critical cros%f low Rej’noldsnumber at
an angle of attack of approximately 5.‘jo. The results of the tests
within the lower Reynolds number range, shawn in figure g(a)s wherein.
the cross Remolds numbers fall in the range for which the cross drag
coefficient may be considered constant at a value of 1,2, show the

.

expected smooth variation with angle of attack. The results for the
higher Reynolds nunibers,given in figure g(b), show that an erratic vari- ‘-
ation with angle of attack of the lift, moment, and center-of-pressure
position does occur althou@ the actual values do not agree with the
calculated characteristics. While these high Reynolds number tests do
not indicate quantitative agreement with the calculated variation, they
nevertheless serve to show that the cross Reynolds numhr can be
important in determining the forces experienced. ,’

Effect of Cross-Flow Mach Number

With the intent of comparing experimental and calculated charac-
teristics on bodies for which the cross lkch nuniberwas large, the
literature was a~in reviewed and it was found as before that little
information was available. - the case of the 5Ckal.iber shell of fig–
me 10, the cross Mach number at the highest angle of attack was 0.7
which is well in excess of the critical Mach number. The curves repre-
senting viscous theory were calculated using, at each angle, the value
of cross drag coefficient based on the actual cross Mach number. The
experimental data on lift and drag increments are seen to agree closely
with the calculated curve. It could be concluded that the allowance for
high cross Mach number effects given by reference 6 was justified if it
were not for the fact that the fineness ratio of the shell.model was so
low. For this model the agreement must be considered fortuitous.
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In order to determine whether the suggested method is adequate for
treating the slender body problem at high angles of attack where the
cross hkch numbers are large, a series of models of various fineness
ratios were tested to angles of at~ck such.that the cross-flow Mch
nuniberexceeded unity. The models consisted of a 33-1/3 caliber,
tangent ogival nose combined with vsrjous lengths of cylindrical after–
body so that the fineness,ratios varied from 11.1 to 21.1. The theo-
retical curves-used for comparison with the experimental data in
figure U were calculated using equations (3)and the appropriate cross
drag coefficient based on the actual cross-flow Mach number. The
experimental lift- and drag-increment data show good agreement with the
theoretical values. It is interesting to note that the lift-curve slope
decreases at the extreme angles of attack in a manner similar to that
which is indicated by the viscowtheory if equations (2) rather than
the simplified versions (eq~tions’ (3)) Ue used. A curve showing the
theoretical variation of llft coefficient based on equations (2) has
leen plotted in figure U(a) fa comparison. The variation of center-”
of-presswe position and of pitching moment with angle of attack shows
that at the higher angles of attack the center of pressure is only
slightly behind the position predicted by the VISCOUS theory and that
consequently the pitchfng moment, which in this case is about the n’ose
of the model, is slightly more negative than predicted by the VISCOUS
theory. At the extreme angles of attack the experimental center-of-
pressure positions are almost coincident with the centroid of plan-form
area.

In review, the comparisons between theory and experiment in
figures 2 to U have indtcated that, in general, the Uft and drag
characteristics -e fairly accurately predicted by the approximate
viscous theory, but that designers must nke.come allowances for the
fact that the actual center of pressure will be more resrward than the”
viscous theory would indicate. The variety of shapes of bodies used
in these comparisons is sufficiently wide that the designer should be
able to find one which is close to the design being considered and,
accordingly, make a fair estimate of the discrepancies to be expected
between the calculated and the actual centers of pressure for the par-
ticular case. An effect of cross Reynolds nuniberin promating erratic
variations of forces in the critical cross Reynolds nuniberrange has
been shown to exist on bodies with an appreciable-length of constant
diameter afterbody,but the actual variations depart considerably from
the calculated characteristics. The information available on cross
Mach number effects app~s to support the suggested method from .
reference 6. Since the calculated and experimental force and moment
characteristics differ,it is desirable to investigate the nature of
the actual cross flow in some detail In.order to determine wherein
it differs from that assumed.

.—

—

.“

.

.

—

●

.

.

.—
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COMPARISON OF Calculated AND ~L PRESSRE llISTRIBUIYON
AND SOME OBSERVATIONS CONCERNIIW2THE NATURE OF ~

INFLUENCE ~ VIS30SlZ’Y

In order to show more clearly the mnner in which the”effects of
vlscosity influence the cross flow on inolined bodies of finite length,
an experimental in~estigation of the pressure distributions for such
bodies was made and the results compared wfth the theoretical distri–
butions calculated on the assumption that the flow was inviscid. In
reference 25, a method for calculating pressure distributions over
slender inclined bodies of revolution in inviscid flow was given in
which it was shown that the incremental pressure coefficient due to
angle of attack for a slender body is given as (see fig. 15) 5

AT = %C* = 2 tan p cos e sin 2a + (l-4 sin2 8) sin2 a (4)

The first term on the right-hand side of this equatim is the con-
tribution due to the change in cross-stream momentum resultfng from the
increase (or decrease) of radius with distance along the body, and the
second term is the cross-flow contribution which would be obtained for
a right circuler cylinder in a stream mcmLng at the cross stream velb
city To sin a. It can be seen from equation (4) that over the constant
diameter portions of a body, for which tan p=O, the right-hand side of
the equation reduces to the secad term only and thus the theoretical
incremental pressure distribution around this part of the body should
be identical to that for a circular cylinder normal to a stream with the
velwity Q. sin a. It is well known that in this latter case, that is,
steady-tate two-dimensional flow eround a circular cylinder, the large
pressure recovery on the lee side of the cylinder that is required by
theory cannot be realized. In a real viscous fluid, separation of the
flow occurs and the actual pressure distributim exhibits far less
pressure recovery tlmm predicted by inviscid theory. Iilthe calculation
of forces by the method of reference 6, it is tacitly assumed that the
actual circumferential pressure distributions deviate from the inviscid
distributions in the same manner as for a circular cylinder. In
figure 16(a) the experimental pressure distributions obtained at three .
stations on the inclined body shown in the figure are given. ~0 shown
for comparison ere the theoretical inviscid distribution and an experi-
mental distribution cm a circular cylinder section at the appropriate
cross-flow Re~olds nuniber(from reference 24). It is seen that the
experimental distributions for the inclined body and the circular
cylinder deviate from the inviscid distribution on the lee side in a

‘The same formulas have been derived independently by Milton Van Dyke
(see footnote 1, p. 3) and by Luidens and Simon in reference 26
using different methods of approach to the problem.
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somewhat similar hut not identical m.nner.
development.of the cross flow with distanoe
the r6asons for these observed differences.
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A consideration of the
along the body indicates

.

Consider the development of the cross flow yith respect to a
coordinate system that is in a plane perpendicular to the axis of
revolution of the inclined body. Let the plane move downstream with a
velcwity Q. and let the coordinate system move within the plane such
that the axis of revolution of the bcdy is always coincident with the
x axis of the coordinate system. The cross velocity ie then V. sin a.

I At any instant during the travel of the plane from the nose to the base
of the body, the trace of the body in the plane will be a circle and the
cros%fluw pattern within the plane may be compared with the flow pattern
alout a circular cylinder. Viewing the development of the cross flow in
this plane for a body similar to that shown in figure 16,,one would
observe that as the plane moves from the nose toward the rear, the cir-
cular trace of the body on the plane would grow in size over the nose
portion of the body and would be of constant diameter over the cylin-
drical afterbody. It might be anticipated that over the nearly constant
diameter sections the development of the cross flow with distance along
the body as seen in this moving plane would appear similar to that which

—

would be observed for a circular cylinder impulsively set in motion from
rest with a velocl.ty To sin a. Thus, the flow in the cross plane for .

the more forward secticms should contain a pair of symmetrically dis- .—
posed vortices on we lee side. Visual fluw studies, which will be
discussed later, showed that this cross-flow pattern did exist for the

.

inclined body. The circumferential pressure distributions for these
stations on the inclined body of revolution, therefore, should resemble
those for a right cfrcular cylinder which has been set in motion
initially from rest and has moved only for a sufficient time to develop

.—

the symmetrical pair of vortices rather than the familiar K&n&n vortex
street which is eventually established. That this is the case is
demonstrated by the comparison of pressure distributions in figure 16.
‘In figure 16(a) are shown the experimental pressure distributions for a
series of statfons alcmg the para~el section of the bcdy of figure u(c),
at an angle of attack of 10.50. These are compared with the pressure
distributions in figure 16(b) obtained in a water channel by Schwabe
(reference 27) on a right circular cylinder at several instants immedi-
ately after the cylinder had been impulsively set in motion from rest.
The distance b from the “free stagnation point” (see fig. 16(b)),
which moved downstream rektive to the lee side of the cylinder, to the
axis of revolution of the cylinder in terms of the bmly radius is shown
for each of these pressure distributions. Downstream movement of this
stagnation point is related with the downstream movement of the pair of
vortices which is shown schematically in the sketch. A CODlp~iSOn Of
the series of pressure distributions for the Inclined body of revolw
tion with those for the right circular cyllnder indicates general
similarity.

.

.
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In the more general case of a body for which the radius increases
or decreases with distance along the b$iiy,the pro%lem is further CO*
plicated. Theory indicates that the pressure to be recovered on those
sections for which the radius increases with distice is less than would
be required.for the sections of constant diameter, while the converse is
true for those sections where the radius is decreasing. EKper-ntal
pressure distributions for the body showm in figure 8 were obtained from
reference 26 and are compared with the calculated distributicms in
figures 17, 18, and 19. At the station near the nose (fig. 17), not
only is the theoretical pressure recovery small but the cros-flow
boundary layer has had little distance in which to develop. Thus it is
not surprising that the experimental pressure distributions are in good
agreement with those calculated using the Inviscid theory. In figure I-8
is shown a stilar comparison for the station of maximum diameter. Here
the theoretical pressure recovery is increased and the cross–flow boun-
dary layer has had time to develop. In consequence, separation of the
cross-flow boundary layer has started on the lee side of the body. Ih
figure 19 is shown the com~rison at a station near the base. Here the
separation has progressed to nearly the 900 point. Experimental
measurements of the flow field near the base of this body (reference 26) “
as well as visual-flow studies have demonstrated that for this body at
angles of attack less thau approximately 15° there is a paw of S-
metricaU.y disposed vortices formed on the lee side similsr to that
formed for the body of figure 16(a).

Visual Flow Studies

To further investigate the formative stages of such cross flows,
the body of figure n(c) was studied in both a free-surface water tank
and the 1- by >foot supersonic wind tunnel. Zn the water tsmk shown
in figure 20, the model is mounted on a moto~iven carriage shown in
the figure. The model maybe moved in or out of the water in a direction
normal to the free surface of the water and can be set at any arbitrsry
angle of attack. The motion of the free surface of the water, *ich
indicates the nature of the cross flw$ C= then be stufied as the model
is driven below the surface. In the wind tunnel use was made of a
technique which has been termed the “vapor screen Ethod.” With this
technique the cross flow is made visible in the following manner
(see fig. 21): Asms33. emount of water, which condenses in the wind-
tunnel test section to produce a fine fog, is introduced into the tumnel
air stream. A narrow plane of bright light, producedby a high-pressure
mercury-vapor lamp, is made to shine thro~ the @ass ~ndow in a Pl~e
essentially perpendicular to the axis of the tunnel. In the absence of
the model this plane a~ars as a uniformly lighted screen of fog parti-
cles. When the model is put in place at sny arbitrary angle of attack
the result of any disturbances in the flow producedby the model which
sffects the amount of light scattered by the water particles in this
lighted plane can be seen and photographed.

-.-
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By the use of the free-surface method of studying cross flow in the
water tank and the vapor screen method for studying the cross flow on the

.

same mcdel In the wind tunnel, some interesting facts concerning the
nature of the cross flow have been found. The two techniques showed

—

similar results. At emgles of attack up to nearly 200 the wind tunnel
and the water tank showed that over the length of this body, progres,slng
downstream from the bow, a yair of symmetrically disposed vortices was
formed on the lee side similar to that shown in reference 27 for the
cylinder a short time after havin& been set impulsively in motion from
rest. The vortices,were of greater strength and separated farther from
the body at the stations near the base. A typical set of pictures illust-
rating these vmtices in the water tank and in the wind tunnel are shown
in figure 22 for an a~le of attack of 15°. In the water tank tests
these vortices were made evident in the,photograph by aluminum powder
carried into the fluid from the body surface. In the wind tunnel the
vortices made themselves evident as black dots on the vapor screen due
to the absence of scattered light which.is believed to result from the
actfon of the vortices in spinning the fine droplets of fog out of the
.fashtulming vortex cores. It is of interest to note in the wind-tunnel
picture (this is more clearly seen than photographed) that the sectiCn
,throughthe Mach cone frcm the bow is also evident as a circular zone of
slightly stronger light intensity.

A similar comparison of the results from the water tank and the wind
tunnel was again made f6r 350 angle of attack. At such a large angle the
following characteristic cross flow was obtained: The symmetrically dh-
posed vortices were formed at first in the section on and immediately
following the”ogival nose. A short distance downstream this unstable
configuration of,vortices promoted the familiar street of alternate
vortices characteristic of the steady~tate flow known to exist behind
a circular cylinder secticm. (See, for instance, reference 27.) The
vortices discharged from the inclined body of revolution had their cores
alined in nearly the free-stream direction. In figure 23 ere shown
photographs of the cross flow on this same body at 35° angle of attack
at a station near the base. Again the water tank free surface indicated
a discharged vortex street similar to that observed in the wind tunnel.
It is of interest to point out that in these wind-tumnel tests the dis-
tribution of the discharged vortices was aperiodically reversed. That
is to say, the discharged vortex closest to the body would at one
instant be on one side of the body and at the next instant, perhaps
several seconds later, on the other. No regularity in thie change In
the distribution of the vortex street has as yet been found.

—

—.

.

.,

The pressure distributions of figure 16 a-ridthe experiments with
flow visualization constitute the most convincing demonstration that the

—

development of the cross flow with distance along the body on a long
.—

inclined body of constant diameter behaves much the same as the .-

.
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development tith time of the flow on a circular cylinder impulsively set
in motion from rest. It is lmown (see references 24 and 27) that the
drag of a circular cylinder impulsively set in motion from rest at first
rises rapidly to a drag coefficient greater than 2.0 and with continued
motion sulsides to the steady~tate value of 1.2. Thus, it appesrs that
the cross-flow drag coefficient for the inclined body should start at
zero at the nose, increase with distance along the bcdy to a value in
excess of the steady+kate value for a circular cylinder, and for long
bodies at high angles of attack, fall to or neti the average steady
state value over the afterporticm of the bdy. Since this veriatim of
cross-flow drag coefficient would yield a total cross force approximating
that which would be predicted cm the assumption that the cross-flow drag
coefficient is constant along the body, it is not surprising that the
integrated lift and &rag increment due to inclination of the body are in
good agreement with the calculated values based on this latter assumption
and that the calculated center of pressure is closer to the nose than is
the actual center of pressure.

Since the cross flow over the elements of the body near the bow
corresponds to the ncmsteady-state-flow condition that exists on a cir—
cukm cylinder, the critical cross Reynolds nrmiber,.if such exists for
these elements, would not necessarily be expected to be the same as that
for the steady-state flow over such a cylinder. Thus from this cause
alone it is not surprising that the calculated force and moment charac-
teristics for bodies in which the cross-flow Reynolds number is in the
critical Reynolds number range for a twtiimensional circular cylinder
are not in good agreement with the observed characteristics. The c-
tention of reference 6 that some erratic force and moment behavior may
be expected in this range of cross-flow Reynolds .nunibersfor long bodies
is nevertheless supported.

Another point which nmy be of ccmsiderable importante to missile
designers is that on very lcmg missiles designed to operate to large
angles of attack the discharge of a vortex street should promote as-
metry of forces on the tail surfaces and manifest itself as a tendency
to unexpected and erratic rolling on a configuration for which the flow
might ordinarily be expected to be perfectly symmetrical. MoreOver, the
aperiodic changes in the discharged street of vortices might induce for
a pitched body undesirable forces and moments in yaw. e

Throughout this paper only bodies of revolution have been c-
sidered. Designers, for certain applications, might employ bodies of
other thsm circular section to advantage. Fcm exmnple, for winged c-
figurations which must operate at large angles of attack and for which

%ome recent investi~ticms in the Ames 6- by 6-foot supersonic wind
tunnel on a body-tail ccmibination have shown that such fluctuating
forces and moments do -cur.

.. .



14 NACA RM A50LQ7

inclined flight occurs essentially in only one @ane, the use of a
streamlined bcilycross section in order to avoid the formation of le%
side vortlcee and possible adverse effects when shed as a street might
be desirable. Another example is the use of a body with a flat surface
on the windward side which might prove valualle in Increasing the cross-
flow drag coefficient and thus the body contribution to the lift-curve
slope. However, flight with this type of body would have to be confined
to smll angles of attack to avoid adverse effects attendant to the
shedding of the vcmtices from the %ody.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Moffett Field, Calif.
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referente area for coefficient evaluation

plan-form area

drag coefffcient which would be experienced by
section of radius r at Reynolds number and
upon the diameter and the cross component of

totahg coefficient

base-drag coefficient

fore-3rag coefficient
OD-C%)

incremental drag coefficient
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incremental fore-drag coefficient pm -(~
L

a circular cylinder
Kch number based
velocity (Vo sin a)
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pitching~ nt coefficient, in terms of reference area A and
reference length Z

maximum body diameter

local cross farce per unit length
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body length

hch nunlber

cross Wch number (M sin a)

pressure coefficient at

pressure coefficient at

angle of attack

zero angle of attack
-y.,



Rec

incremental
@ %Pa~)

fre~tream

—.

:.
NACA PM A50L07

. .. m
.r., .
r,

press@ coefficient due=t~&gle of a$tack

r,

dyna@c pressure . _.“i. “
v. -_ o

local body radius .

fre+stream Reynolds num~er (based-on di&eter )
r. k:+:

cross-flow Reynolds nwiber (Re sln a) ‘“:.
..

.*3

local cross+ectional area .. ‘~
:.. m..

area of the base -.
.. *

fre~ttieam velocity

volume of the body
-.

distance along the body ,,
●

.

distance to the moment cmter fkomm the nose - -
.:.

distance to the centroid of planA’orm area from the nose
.

reference length for coefficient eval~t ion
.

angle of inclination

taml (dr/d.x)
●

--

.

..H. —

●
✎

ratio of the drag coefficient of a circu@ cylinder of fid.te
length to that of a circular cylinder of infinite length

polar angle a~out axis of revolution measured tiom the apprcach
direction of the cross~tream’ velocity

.
%

:,

.-

.
-

.

.

9

.-.
c@mrDmwmL ——.-—=

.
s

-.



.3 NAC?ARM A50L07

.

●

✎

AEPEEDIX B

17

The only experimental data available (reference 24) for the evalu-
ation of q, the ratio of the drag coefficient of a oircular cylinder
of finite length to that of a circular cylinder of infinite length, have
been reprod.ucedin figure 14. These data are for a negligibly low Mach
nuder and for a single Reynolds number (88,000) which corresponds to
the Remolds number range for which 1.2 is the drag coefficient of a
cyldnder of infinite length. To obtain a rough estimate of the value
of q at other Reynolds and Mach numbers the following conjecture is
given: T@ primary end-relieving effect for a cylinder of finite
lengthmust be conveyed to other sections through the low-elocity
regions of the wake since it is this Iow+nergy flow behind the cylinder
which is most susceptible to alteration due to pressure differences in
the vicinity of the ends of the cylinder. Evidently the ratio of the
spanwise length of the wake to the wake thiclmess would be the ratio
that,should detemine ~. The spantise length of the wake wiJJ-be
approximately the length of the cylinder, while the wake thiclmess will
be nearly proportional to the product of the cylinder diameter and the
drag coefficient. It appears, thin, that the value of q at Reynolds
and Mach nmbers for which cd. is not 1.2 might be taken as the value

of q (from flg. 14) for an e;f ective cylinder length~ameter ratio
equal to the product of the actual length-t-ameter ratio and the
ratio of the drag coefficient 1.2 to the section drag coefficient at
the Reynolds and#ach nunber of the case consi~ered.

●

b
.

●

9
9

●

●

●

●

“e



A!m’Fm3EmEm— NACA RM A50107

.

1.

2.

39

4.

5*

/6”

7.

8.

9.

10.

11.

32.

Munk, hhXo : The’Aerodynamic Forces on Airship Hulls. NACA Rep. ~,
1924.

Ward, G. N. : Supersonic Flow Past Slender Pointed Bodies. Quarterly
Jour. of Mechanics and Applied lkkhematics, vol. 2, part I,
Mar. 1949, PP. 75-97.

Barrington, R. P.: An Attack m the Origin of Lift of an Elongated
Body. Danniel Guggenheim Air~ip Institute, Publication 2, 1935.

Tsien, Hsue-Shen: Supersonic Flow Over an Inclined Budy of Rev@
lution. Jour. Aero. sci., VOI..~, no. U, oct. 1938, PP. 480-483.

Jones, R. T.: lffects of Sweepback on Boundary Iayer -d Separation.
l!iACARep. ~, 1947.

Allea.1, H. Julian: Estimation of the Foroes andlfoments Acting on
Inclined Bodies of Revolution. NACAR4JW126, 1949.

Jties, R., emd Bell, A. E.: lRgper~nts on a Model of the Airship
.

R. 101. R. &M. No. 1168,’Rritish A.R.C., Sept. 1929.

Jones, J. Lloyd, and Demele, llredA.: Aerodynamic Slnxlyof a Wing-
.

Fuselage Combination llnplofinga Wing Swept Ihck 630.- Character-
istics Throughout the Subsonic Speed Range With the Wing Cambered
and Twisted for a Wiform @ad at a Lift Coefficient of 0.25.

—

NACARMA9D25, 1949.
.

Turner, Robert L., Jr.: StabU.ityand Cmtrol.!l!estsof a 0.13>
Scale XAAIH’?- Model in the 19-x 27.5-Inch Mach 1.50 nozzle.
OALRep. 112-k, Aug. 1949.

Gardenier, H. E.: Stability and Control Tests of a 0.135-Scale
X/AM+ Model in the 19-x 27.>Inch, M 1.73 nozzle. OM Rep. ~zj
Sept. @8.

Turner, Robert L., Jr.:
XAAlHF2Model in the’
ma, Aug. 1949.

Turner, Robert L.; Jr.:

Stability and Control Tests of a 0.13~ale
19-x 27.~ch Mach 2.50 Nozzle. OAL Rep.

The IIPfect of Surface Roughness of Various
Model Components on Stability and Ccmtrol Characteristics of the
0.135-Scale sperry~+ Model at M-2.24. OAL Rep. 112-7,
Sept. 1949.

.

b



.

.

.

.

13. Peters, R. G.: Data Report for Supersonic Wind Tunnel Tests on
GAPA Model FR-87 Fifth Aberdeen Test period, M.= 1.72. Boei%
Document D4397 (Tech. Rep. No. lJ–1-7). Aw. 19k7.

14. Peters, R. G.: Data Report for Supersonic Wind Tumnel Tests on
GAYA Model FR-87 Sixth and Seventh Aberdeen Test Periods, M = 1.72
andM= 1.28. Boeing Document D-8788 (Tech. Rep. No. I-1.1+).
Feb. 1948.

15. Freeman, HughB.: Force Measuraents on a l/kO-Scale Model of the
U. S. Airship “A1.won’_’.NACATR 432, 1932.

16. Esenwein, Wed T., Obery, Leonard J., and Schuel.ler,C. F.: Aero-
-C Characteristics of NACARM-10 lllssilein 8- by6<oot Super-
sonic Wind Tunnel at Maoh Numbers frcm 1.49 to 1.98. –II Presen–
tation and Analysis of Force Measurements. NACA RM l@D28, 1950.

17. Anon.: Supersonic Wind Tunnel Tests of small ca~ber Projectiles:
Cal. .~ API M23; Cal. .60 NT T39; and 20111mHllZM97. Aberdeen
BRL Tech. Note No. IL, June 30, 1949.

18. m=, TII.: The Problemof Resistance in Compressible Fluids.
Roma, Real Accademia D~Italia, 1935-X3T.

19. Lindsey, W. F.: Drag of Cylinders of Shple Shapes. NACA Rep. 61.9,
1938.

20. Stack, John: Compressibility Effects in Aeronautical I!hgineering.
NACA ACR, lgkl.

21. Relf, E. F.: Discussion of the Results of Measurements of the
Resistance of Wires, With Some Additional Tests.an the Resistance
of Wires of SUEU Diameter. ,R.& M. NO. 102, Il&itishA.C.A., 1914.

22. Wieselsberger, C.: New Data on the Laws of Fluid Resistance, NACA
m84, 1922.

23. Stanton, 1?.E.: On the Fffect of Air Compression on Drag and Eressure
Distribution in @linders of Infinite Aspect Ratio, R.&M.,
No. I21O, British A.R.C., ~OV, 1928.

24. Goldstein, S.: Modern Developments in Fluid Dynamics. Oxford, The
Clarendon Press, vol. II, 1938, pp. 419-421.

. ,“



20 HACA RM A5CU)7 .

25. Allen. H. Julian: Pressure Distribution and Some Effects of Vis- ‘“”
.-

cos~ty on Slender Inclined Bodies of Revolution. NACA TN 2044,
1950●

26. Luidens, Roger W., and Simon, Paul C.: Aerodynamic Characteristics
of NACA RM-10 Missile in 8-ly &Poot S@ersonic Wind Tunnel at
Mach NunibersFrom l.k9 to 1.g8. I -Presentation and Analysis of
Pressure Measurements (StabilizingFins Removed). NACARME5QD1O, ,
1950.

2?. Sohwabe, M.: Pressure Distribution in Nonuniform TwcKDimensional
Flow. NACATM 1039, 1943.

.

.



, *

/f.--J’ ‘h ——+olentiol cross force
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Figwe I.-Schematic diagram of the theorbtlctvl cross-force distrihtion on a body of revolution.
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Circular cyllnder length-to-diameter ra~lo

L’-Figure M-Rat/o’ of the drag coefficimt of a circular cylinder of finite /engfh h fhaf of a cylinder of

mfinlfe length, ~, as a funcfion of the Iengfh - fo -diamefer raflo. (Rc =88,000),

6P=P-~@= (Zton /8 Coe 8) sin 2@ t (1-4SH 9) sih~ ff

.
...- 1

Figure 15- /ncremenfo/ pressure disiribu~ion due to iwhed flaw on u bo& of revolution.
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Figure 20.- Apparatus for tests in the water tank with camera and model
in place.
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Figure 21.- SchantiC
of revolution.

diagram of va~r-screen apparatus showing vortices from a lifilng bcdy
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Figure 22.- Comparison of the results of the cross-flow studies in the
water tsmk and the wind tunnel.
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Figure 23.- Comprison of the results of the
water tank and the wind tunnel.
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