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By H. Julian Allen and Edward W. Perkins
SUMMARY

Experimentel force, moment, and center—of-pressure varlations for
a large number of bodles of revolutlion have been compared with the cal-— .
culated characteristics based. on the approximete theory developed in N
NACA RM A9I26. The bodies varied in fineness ratlo from 4.5 to 21.1,
from blunt unboattailed bodies to ailrghip hulls, and the experimental
results are given for wldely varyling Mach numbers and ranges of angle -
of attack. It is-shown that the, 1ift and drag characteristics are
fairly accurately predicted by the theory but that the actual center
of pressure is more rearward than the theory indicates.

Experimantsl pressure distrlbutions and visusl-flow studies which
heve been used to investlgate the characteristics of the cross flow for
inclined bodles of revolutlion 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 & circular cylinder lmpulsively started from rest. This fact
assists In explaining the observed differences between center—of—pressure -
locatlion determined from experiment and thet calculated using the
approximate theory.

INTRODUCTTON

There has long been considerable interest in the forces and moments
experlenced by bodies of revolution in inclined flight. The original
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 o & local -
force per unit length of magnitude

(ko — k1) q%_% sin 2¢
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should be experienced. (See appendix A for symbols.) From the later
work of G. N. Ward (reference 2) it msy be shown that this force is
dlrected midway between the normal to the axis of revolution and the
normal to the wind direction.

These potentlal flow theories predict that for any closed body,
such as an airshlp hull, at angle of attack a pltching moment but no
net cross force should be experlenced. A comparison between calculated
and experimentel moments about the centers of volume on alrship hulls _
showed that the moments experienced were alweys less than those calcu—
lated (usually of the order of 70 or 80 percent of the theorstical
values). Contrary to theory, experiment showed that, in fact, a cross
force did occur which was small at small angles of attack but increased
rapldly with increasing angle of inclinatlion, the cross force always
being directed towerd the lee side of the body. Ixperiment alsoc showed
an increase in drag with angle of sttack which was not indicated by
theory. It has long been recognized that the discrepancies between -
this potentlal theory and experiment resulted from the failure to con—
gider the action cf viscosity in the theoretical treatment. The
results of a detailed experimentsl study of the flow fleld about an air-
ship model in inclined flow, which was made by R. P. Harrington (refer—
ence 3), clearly demonstrated the importance of these viscous effedts.

In recent times, a primary interest in the body—of-revolution
problem has arisen for missiles and supersonic alrcraft where the body
agaln becomes & msjJor component of the configurations. These bodies
are, in general, slender, blunt—based bodies for which H. S. Tslen
(reference 4) has shown the potential theory still to be applicable at
small angles of attack even at supersonlc speeds. TFor these blunt—based
bodles the potential theory indicates that & net cross force, a pitching
moment, and & drag Increment will occur in inclined flow. However, from
avallable experimental data, 1t 1s epparent that, in general, while the
monent 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 dlscrepancy becoming increasingly apparent with
- lnecreasing angle of inclinatiom.

R. T. Jones (reference 5) showed theoretically that on an infinitely
long inclined cylinder with laminar-boundary-layer flow, the viscous
flow across the cylinder may be treated independently of the flow along
the cylinder. Thus the component of flow across such an Inclined cyl—
inder would be expected to behave the same as the two-dimensional flow
across the cylinder at a velocity 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 wes postulated that a better
evaluantion of the cross—force distribution on a body of revolution of
finite length (see fig. 1) moving at the velocity YV, could be obtained
by adding to the potential cross—force distribution an additional croes
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Porce calculated on the assumption that each circular element along the
hull experienced & force equal to the drag force which would be experi—
enced by an element of & circular cylinder of ‘the same dlameter in &
streem moving at the cross component of the stream velocity, YV, sin .t
That is, the total cross force per unit length at eny station could be
given by an expression which 1s the sum of the potentlel cross force and
a term to account for the viscous cross force. Thus

£ = (kok;) q%% gin 2a cos % + 2neq, re sin2q (1)

With this simple allowance for viscous effects the 1lift coefflclent ,Z

the fore—drag coefficient, and the pitching moment coefficlent about an

arbitrary position a distance xp from the nose are given by
o AP

S
Cy, = (kz—k1) -LTb sin 20 cos 5 + nCd. -A—> sin® a cos @

A
Cpp = CDFa,=O cos3a + (kki) % sin 2a sin % + MCq, (f) sin® o 5 -

: vol — Sp (2 — zp) o
Oy = (ko—ki) ( o sin 2a cos 3 +

e CE)EE2) *

Because of the approximate nature of the theory, it is not considered
Jjustified to retain the complex forms of these equatlons. Accordingly,
it 1s sssumed that for the functions of the angle of attack cosines may
be replaced by unlty and sines by the angles in radians to giveS

A similar suggestion has also been made by Milton Van Dyke in a paper
presented at the 1950 winter meeting of the Institute of Aeronautical
Sciences.

2In the expression for Cp, the contribution of the axial drag force
' -CDF cos® o sin a 1is incomsequentlally small and has been
(a=0)

ignored.
8Tn the expression far ACDF the term —c._DF( ) o®, which should
o=

properly appear on the right-—hand side of this equation, has been
omitted since for all practical cases 1ts contribution to the drag
incremsnt is so small that it may be lignored.

SCONEIDENTIAL —.,
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CL = 2(}1‘2 -— kl) %) ’(Ia + 'I]Cdc (%) a2

' Sy, A
ACpp = Cpp — Cpp__, = (k2 - k;) <-KE)G-2 + Tog, (_A_p) aB (3)

om0 (BREW) L, (1)(25%) o

The first term on the right side of easch of these equations .1s the poten—
tial contribution, while the second term 1s the viscous contributlon.

TN

Clearly, this suggested allowance for viscous effects is very
approximate and could only be expected to apply well for bodies of very
high fineness ratlio by virtue of the essumed two—dimsnslonal 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 end moment characteristics for a large number of bodies of
practical fineness ratios and, second, to an investigation of the nature
of the cross flow to ascertain wherein the actual developmsnt of the
viscoud cross forces differs from that assumed in the foregoing treat—
ment. The latter study will provide a qualitetive explanation of the
observed differences between the calculated and experimental charac—
teristics and to indicate that other important effects of viscosity
must be taken into consideration.

COMPARTSON OF CALCUIATED AND EXPERIMENTAL
FORCE AND MOMENT CHARACTERISTICS

In figures 2 to 1l are shown the experimental force, moment, and
center—-of—pressure characteristics as a function of angle of attack for
a representative group of bodles of revolution from references 7 to 17
and from tests et the Ames Aeronauticel Isboratory. The bodies vary in
fineness ratio from 4.5 to 21.1, from blunt unboattailed bodies to alr—
ship hulls, end the experimental results are given for widely varying
Mach numbérs and ranges of angles of sttack.

The dashed curves of flgures 2 to 11 show the characteristics
calculated by potential theory, while, unless otherwlse.indicated, the
solid curves are based on equations (3). These latter expressions
which lnclude the allowance for the influence of viscosity will be
referred to hereinafter as the viscous theory. The value of kg—k;

SENFIDENTIAL
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was taken as unlty except for the two ailrship hulls and for the
50—celiber shell.* To celculate the force and moment characteristics
by equations (3), it is necessary to evaluate the coefficients Cdy
the sectlon drag coefficient of a circular cylinder, and 1, <the ratio
of the drag coefficlent of a circular cylinder of finite length to the
draeg coefficient of a circular cylinder of infinite length. The '
section—drag coeffieients of clrcular cylinders have been determined
for a wide renge of Reynolds numbers snd Mach numbers. (See refer—
. ences 18 to 23.) ZExperimental dsta from a number of sources have been
plotted in figures 12 and 13 to show these veriatioms. With regard to
the evaluation of 1, the only available experimental data (refer—
ence 24) have been plotted in Pigure 1 and a discussion of possible
extensions of these data to Mach and Reynolds numbers other than those
for which the date were obteined has been Included in appendix B.

Effect of Cross—Flow Reynolds Number

There is a wide range of Reynolds numbers (see fig. 12) from about
10* to 2x10% for which, at low Mach numbers, the section—drag coeffi—
cilent Is constant and equal to 1.2. All the experimental date from
figures 2 through 6 correspond to cross Reynolds numbers at low cross
Mach numbers for which this value of cross drag coefficlent is appro—
priate. Examination of these figures shows that the 1ift, fore—drag
increment, and center—of—pressure position are much more adequately
predicted by equations (3) than by the potential theory. The 1lift and
fore—-drag increment are serlously umderestimated by potentlal theory at
high engles of attack. Contrary to potential theory, the experimental
center—of-pressure position varies with angle of attack. The variation
is similer to thet indicated by the viscous theory, but the actual
center of pressure is farther toward the base of the body (generally by
about one body dilemeter) than the viscous theory indicates. In the case
of the pltching moments, the experimental velues are, in all cases for
which the center of moments is &t or near the center of volume, smaller
in absolute 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 experimentel values agree with the potential
theory. Since the 1ift and center—-of—pressure positions are so poorly

“Since an extensive desd-eir region must exist in the wake of a blunt—
based body, the effectlive length—diamster 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 s0 large that a value of k_—k, of unity was appro-
priate. For the relatively short shell model the effective fineness
ratlo was arbitrarlly assumed to be twlce the actual.

CONFIRENTIAL
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predicted by potentlael theory, it 1s apparent that the agreement
between the experimental moment results and the moment varilation pre—
dicted by potential theory must be accidental.)

It 1s well known that for Mach numbers below approximately O.4
there 1s a criticel Reynolds number range for a circular cylinder.
Within this Reynolds number range the drag coefficient drops from 1.2
to approximately 0.3 with incressing Reynolds number. It was antici—
pated that for inclined bodies of revolutlion, since the cross Reynolds
number increeses with angle of attack, erratic variations of 1ift and
moment with engle of attack might result if the cross Reynolds numbers
fell In this critical range. A review of available literature revealed
that date for two bodies of revolution were availsble wherein the cross
Reynolds number based on the maximum diemeter of the body exceeded the
critical Reynolds number for a circular cylinder. These are the
force-test results of the hull model of the elrship Akron (reference 15)
and of the RM~10 (reference 16). For the Akron, the experiments were
conducted at several Reynolds numbers at negliglbly low Mach numbers.
Figure 7 shows for the minimum and maximum test Reynolds numbers the
forces, moments, and centers of pressure caloculated for the Akron from
equations (3) using the appropriate values of ¢ from figure 12,
These curves indicate an erratic variation of the parameters with angle
of attack, belng different for the two Reynolds numbers. However, the
experimental values are seen to be independent of the Reynolds number
and do not show eny agreement with elther of the calculated variations.
If a constant value of cg, of 1.2 is assumed in the calculations of
the theoretical characteristics, the agreement between the resulting
theoretical veriations and the experimental dete 1s 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 appro-—
priastely based on & value of Cdc of 1.2. As with the tests of the
Akron, the force tests of the RM—10 fuselege (fig. 8), which were con—
ducted at several free-stresm Mach numbers, do not show the expected
erretic variation of the forces and moments and, in fact, the experi-—
mentel deta for this model are also in good agreement with the
calculated values shown in figure 8 for which a constant value of c¢g,
of 1.2 was used.

The obvious inference that, contrary to reference 6, cross
Reynolds number is not an important factor had to be viewed wlith some
skepticlsm since the two bodles of revolution for which data were
avellable were the type for which the radius varied continuously along
the model length. As indicated by theory, the cross flow for such a
body 1s more complex than that considered in the simple viscous theory
since, as will be shown later, the large pressure recovery on the lee
slde of the body that i1s required by the theory for those sections

SONETDENTT AT
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where the radius i1s decreasing with distance along the body influences
the cross—flow characterlstics to a large extent.

Because of this apparent anomely, a speclal experiment was devised !
to further investigate the possible effects of cross Reynclds number on
a body with a relatlively long, consteant—-diameter section which might
then be expected to exhiblit the erratic varietlon of force and moment.
characteristics with angle of attack inferred from the circular-cylinder—
sectlon results. The body employed in these tests hed an ll-inch length
and was 1.5 inches in diameter. A short, neaerly ogival nose was followed
by & constant—dlameter afterbody 7 inches long. Force and moment char—
acteristics of this model were determined 1n the Ames 1— by 3-foot wind
tunnels Nos. 1 and 2. The tests were run at two values of the free—
stream Reynolds number. For the lower Reynolds number tests, the angle—
of—-attack range was such that the cross—flow Reynolds number based on
meximm body dlsmeter was always less than the critical velue of approxi-—:
mately 2 X 105. For the tests at the higher Reynolds number, the cross—
flow Reynolds number exceeded the critical cross—flow Reynolds number at
an angle of attack of approximetely 5.5°. The results of the tests
within the lower Reynolds number range, shown in figure 9(a), wherein
the cross Reynolds numbers fall in the range for which the cross drag
coefficlient may be considered constant at a value of 1.2, show the
axpected smooth wariation wilth angle of attack. The results for the
higher Reynolds numbers, given in figure 9(b), show that an erratic vari-
ation with angle of attack of the 1ift, moment, and center—of-pressure
poslition does occur although the actual values do not agres with the
calculated characteristics. While these high Reynolds number tests do
not indicate quantitative agreement with the calculated variation, they
nevertheless serve to .gshow that the cross Reynolds number can be
important In determining the forces experlenced. ~

Effect of Cross—Flow Mach Number

With the intent of comparing experimental and calculated charac—
teristics on bodies for which the cross Mach number was large, the
literature was again reviewed and it was found as before that 1little
information was aveilable. In the case of the 50-caliber shell of fig—
ure 10, the cross Mach number at the highest angle of attack was 0.7
which 1s well in excess of the critical Mach number. The curves repre—
senting viscous theory were calculated using, at each angle, the value _ L
of cross drag coefficient based on the actual cross Mach number. The
experimental data on 1ift and drag increments are seen to agree closely
with the calculsted curve. It could be concluded that the allowance for
high cross Mach number effects glven by reference 6 was Justified if it
were not for the fact that the fineness ratlo of the shell model was so
low. For this model the agreement must be considered fortultous.

SONETDENLTAY.
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In order to determine whether the suggested method 1s adequate for
treating the slender body problem at high angles of attack where the
cross Mach numbers sre large, a series of models of various fineness
ratios were tested to engles of attack such that the cross—flow Mach
nunber exceeded unity. The models consisted of a 33-1/3 caliber,
tangent ogival nose combined with various 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 11 were calculated using equations (3) and the appropriate cross
drag coefficient based on the actuasl cross—flow Mach number. The
experimental 1ift— and dreg—increment data show good agreement with the
theoretical values. It 1s interesting to note that the lift—curve slope
decreases at the extreme angles of attack in a manner similar to that
which 1s indicated by the viscous theory if equations (2) rather than
the simplified versions (equations' (3)) are used. A curve showing the
theoretical veriation of 1ift coefficient based on equations (2) has
been plotted in figure 11l(e) for comparison. The variation of center—
of—pressure 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 pitching moment, which in this case is about the nose
of the model, is sllghtly more negative than predicted by the viscous
theory. At the extreme angles of atteck the experimental center—of—
pressure positlons are almost coincident with the centroid of plan—form
area.

In review, the comparisons between theory and experiment in
figures 2 to 11 have indicated that, in general, the 1ift and drag
characteristics are fairly accurately predicted by the approximate
viscous theory, but that designers must make some sllowances for the
fact that the actual center of pressure will be more rearward than the
viscous theory would indicate. The variety of shapes of bodies used
in these comparisons 1s 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 number in promoting erratic
varlations of forces in the critical cross Reynolds number range has
been shown to exist on bodies with an appreciable length of constant
dlameter afterbody, but the actual variations depart considerably from
the calculated characteristics. The information available on cross
Mach number effects appears to support ‘the suggested method from .
reference 6. Bince the calculated and experimental force and moment
characteristics differ, i1t is desirable to investigate the nature of
the actual cross flow in some detail in order to determine wherein
1t differs from that assumed.
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COMPARTSON OF CAICUIATED AND EXPERTMENTAL PRESSURE: DISTRTIBUTION
AND SOME CGBSERVATIONS CONCERNING THE NATURE OF THE
' INFIUENCE OF VISCOSITY

In order to show more clearly the manner in which the effects of
viscosity influence the cross flow on inclined bodies of finite length,
an experimental investigation of the pressure distributions for such
bodles was made and the results compared with the theoretical distri-—
butlons calculated on the assumption that the flow was inviscid. In
reference 25, a method for calculating pressure distributions over
slender inclined bodles of revolution in Inviscid flow was given in
which 1t wes shown that the incremental pressure coefficient due to
angle of attack for a slender body is given as (see fig. 15)°

AP = P-F _5 =2 tan B cos 8 sin 2a + (1~ sin2 g) sin® o (h)

The first term on the right-hand side of this equation is the con—
tribution due to the change in cross—stream momentum resulting from the
increase (or decrease) of radius with distence along the body, and the
second term 1s the cross—flow contribution which would be obtained for
a right circuler cylinder In a stream moving at the cross stream velo—
city 7V, sin a. It can be seen from equation (4) that over the constant
dlameter portions of & body, for which +tan p=0, the right-hand side of
the equation reduces to the second term only and thus the theoretical
incremental pressure dlstribution around this part of the body should
be identicel to that for a circuler cylinder normal to & stream with the
veloclty Vo, sin «. It is well known that in this latter case, that is,
steady—state two—dimensional flow around & cilrcular cylinder, the large
pressure recovery on the lee side of the cylinder that i1s required by
theory cennot be realized. In & real viscous fluid, separation of the
flow occurs and the actual pressure distributlion exhlbits far less
pressure recovery than predicted by inviscld theory. In the calculation
of forces by the method of reference 6, it is tacitly assumed that the
actual clrcumferential pressure dlstributions deviate from the inviscld
distributions in the same mermmer as for a circular cylinder. In
figure 16(a) the experimental pressure distributions obtained at three
stations on the imcllned body shown in the flgure are given. Also shown
for comparison are the theoretlcal Inviscld distribution and an experi-
mentel distribution on a circular cylinder sectlion at the appropriate
cross—flow Reynolds number (from reference 24). It 1s seen that the
experimental distributions for the inclined body and the clrcular
cylinder devliate from the inviscid distribution on the lee side in =

S5The sams formulss have besn derived independently by Milton Van Dyke
(see footnote 1, p. 3) and by Luldens and Simon in reference 26
using different methods of approach to the problem.

€ONFTDENTEAL..
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somewhat similar but not identical manner. A conslderation of the
development. of the cross flow with distance along the body indlcates
the réasons for thése obgerved differences.

Congider the development of the cross flow wlth respect to a
coardinate system that 1s in & plane perpendicular to the axis of
revolution of the inclined body. ILet the plane move downstream with a
veloclty Vo eand let the coordinate system move wilthin the plane such
that the axis of revolution of the body is always coincident with the
x axls of the coordinate system. The cross velcocity 1g then V, sin a.
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 willl be & cilrcle and the
cross—flow pattern within the plane mey be compared with the flow pattern
about & circuler cylinder. Viewlng the development of the cross flow in
this plane for & body similar to that shown in figure 16,.cone would
observe that as the plane moves from the nose toward the reesr, the cir—
cular trace of the body on the plane would grow in size over the nose
portion of the body end would be of constant dlsmeter over the cylin—
drical afterbody. It might be anticlipated that over the nearly constant
diemeter sections the development of the cross flow wlth distance along
the body as seen in this moving plane would appear simllar to thet which
would be observed for a circular cylinder lmpulsively set in motion from
rest with a veloclty YV, sin ao. Thus, the flow in the cross plane for
the more forward sectlons should contailn a pair of symmstrically dis—
posed vortices on the lee side. Visual flow studles, which will be
dlscussed later, showed that this cross—flow pattern did exist for the
Inclined body. The circumferentlal pressure distributions for these
statlons on the inclined body of revolution, therefore, should resemble
those for a right circular cylinder which has been set in motion
initially from rest and has moved only for a sufficlent time to develop
the symmetrical palr of vortices rather then the familiar Karmen vortex
street which is eventually established. That this is the case 1s
demonstrated by the comparison of pressure distributions in figure 16.
*In figure 16(a) are shown the experimentel pressure distributions for a

gerles of stations along the parallel section of the body of figure 11{c)

at an angle of attack of 10.5°. 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(Dd)),
which moved downstream relative to the lee side of the cylinder, to the
exis of revolution of the cylinder in terms of the body radlus is shown
for each of these pressure distribubions. Downstream movemsnt of this
stagnation point is related with the downstream movement of the pair of
vortices which is shown schematically 1n the sketch. A comparison of
the series of pressure distributions for the inclined body of revolu—
tion with those for the right clrcular cylinder indicetes general
similarity.

RNETDENTTAT
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In the more general case of a body for which the radius Increases
or decreases with distence along the body, the problem is further com—
plicated. Theory indicates that the pressure to be recovered on those
sections for which the radius increases with distance is less than would
be required for the sections of constant dlameter, while the converse 1s
true for those sections where the radius 1s decreasing. Experimental
pressure distributions for the body shown in figure 8 were obtalned from
reference 26 and are compared with the calculated distributions 1in
- Pigures 17, 18, and 19. At the statlon near the nose (fig. 17), not
only is the theoretical pressure recovery small but the cross—flow
boundary layer has had little distance in which to develop. Thus it 1is
not surprising that the experimental pressure distributions are in good
agreement with those calculated using the inviscid theory. In figure 18
is shown a similar comparison for the station of meximum diameter. Here
the theoretlcal pressure recovery is increased and the cross—flow boun—
dary layer has had time to develop. In comsequence, separatlon of the
cross—flow boundsry layer has started on the lee side of the body. In
figure 19 is shown the comparison at a station near the base. Here the
separation has progressed to nearly the 90° point. Experlimental .
measurements of the flow £leld near the base of this body (reference 26)
as well as visusl-flow studies have demonstrated that for this body at
angles of attack less thau approximetely 15° there is & pair of sym—
metrically dlsposed vortices formed on the lee side similar to that
formed for the body of figure 16(a).

Visual Flow Studies

To Purther investigate the formative stages of such cross flows,
the body of figure 11(c) was studied in both a free—surface water tank
end the 1— by 3—foot supersonic wind tunnel., In the water tank shown
in figure 20, the model is mounted on a motor—driven carriage shown in
the figure., The model may be moved in or out of the water in a direction
normal to the free surface of the water and can be set at any arbitrary
angle of attack. The motion of the free surface of the water, which
indicates the nature of the cross flow, can then be studied 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 method." With this
technique the cross flow is made visible in the following manner
(see Pig. 21): A small amount of water, which condenses in the wind—
tunnel test section to produce a fine fog, is introduced into the tunnel
air stream, A narrow plane of bright light, produced by a high-pressure
mercury—vapor lamp, is made to shine through the glass window in a plane
essentially perpendicular to the axis of the tunnel. In the absence of
the model this plane sppears as a uniformly lighted screen of fog parti-—
cles. When the model is put in place at any arbitrary angle of attack
the result of any disturbances in the flow produced by the model which
affects the amount of light scattered by the water particles in this
lighted plane can be seen and photographed.

W
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By the use of the free—surface method of studylng cross flow 1n the
water tank and the vapor screen method for studying the cross flow on the
same model in the wind tunnel, some Interesting facts concerning the
nature of the cross flow have been foumd. The two technigues showed
gimilar results. At angles of attack up to nearly 20° the wind tumnel
and the water tenk showed that over the length of this body, progressing
downstream from the bow, a pair of symmetrically disposed vortices was
formed on the lee side simllar to that shown in reference 27 for the
cylinder & short time after having been set impulsively in motlion from
rest. The vartices.were of greater strength and separated farther from
the body at the stations nesr the base. A typical set of plctures 1llus—
trating these vortices In the water tank and in the wind tunnel are shown
in figure 22 for en angle of attack of 15°, In the water tank tests
these vortices were made evident in the photograph by aluminum powder
carried into the fluld from the body surface. In the wind tunmel the
vortices made themselves evident as black dots on the vapor screen due
to the absence of scattered light which is belleved to result from the
action of the vortices in spinning the fine droplets of fog out of the
 fast—turning vortex cores. It i1s of interest to note in the wind—tunnel
picture (thie is more clearly seen than photographed) that the section
.through the Mach cone from the bow is also evident as & circulser zone of _
8lightly stronger light intensity. .-

A similar comparison of the results from the water tank and the wind
tummel was again msde fér 35C angle of attack. At such e large angle the
following characteristic cross flow was obtained: The symmetrically dis— -
posed vortices were formed at first 1n the sectlon on and immediately
following the ogival nose. A short distence downstream this unstable
configuration of vortices promoted the familiar street of alternate
vortices characteristic of the steady—state flow known to exist behind
& circular cylinder section. (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 are shown —
photographs of the cross flow on this same body at 35° angle of attack
at a station near the base. Again the weter tank free surface indicated
a dlscharged vortex street similsr to that observed in the wind tunnel.
It 1is of interest to point out that in these wind—tumnel tests the dis—
tribution of the discharged vortices was aperilodically reversed. That
is to say, the discharged vortex closest to the body would at one
ingtant be on one side of the body and at the next instant, perhaps
several seconds latcr, on the other. No regularity in thls change in e
the distribution of the vortex street has as yet been foumd. '

The pressure distributions of figure 16 and the 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 dlameter behaves much the same as the -
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development with time of the flow on a circular cylinder impulsively set
in motion from rest. It is known (see references 24 and 27) that the
drag of a clrcular cylinder Impulsively set in motion from rest at first
rises rapidly to a drag coefficlent greater than 2.0 and with continued
motion subsides to the steady—state value of 1.2. Thus, it sppears that
the cross—flow drag coefficlent for the Inclined body should stert at
zero at the nose, Iincrease wlth distance along the body to & wvalue in
excess of the steady—state value for a circular cylinder, and for long
bodles at high angles of attack, fall to or near the average steady

state value over the afterportion of the hody. Since this variation of
cross—flow drag coeffliclent would yleld a total cross force approximeting
that which would be predicted on the assumption that the cross-—flow drag
coefficient 1s constant along the body, it 1s not surprising that the
integrated 1ift sand drag lncrement due to inclinstion of the body are in
good agreement with the calculated values based on this latter assumption
and that the calculated center of pressure 1s closer to the nose than is
the actual cemter of pressure.

Since the cross flow over the elements of the body near the bow
corresponds to the nonsteady—state—flow condltion that exists on a cilr-—
cular cylinder, the critical cross Reynolds number,. 1f 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 1s not surprising that the calculated force and moment charac—
terlstics for bodies in which the cross—flow Reynolds number is in the
critical Reynolds number range for & two-dimensional circular cylinder
are not In good egresement with the observed chavacteristics. The con—
tention of reference 6 that some erratic force and moment behavior mey
be expected in this range of cross—flow Reynolds numbers for long bodies
is nevertheless supported. )

Another point which may be of considerable importance to missile
designers 1ls that on very long misslles designed to operate to large
angles of attack the discharge of a vortex street should promote asym-
metry of forces on the tall surfaces and manifest ltself as a tendency
to unexpected and erratic rolling on a configuration for which the flow
might ordinsrily be expected to be perfectly symmetrical. Moreover, the
aperlodic changes in the discharged street of vortices might induce for
e pliched body undersirable forces and moments in yaw. 6

Throughout this paper only bodies of revolution have been con—
sldered. Designers, for certain applications, might employ bodles of
other than circular section to advantage. For example, for winged con-
filgurations which must operate at large angles of attack and for which

SSome recent investigations in the Ames 6— by 6~foot supersonic wind
tunnel on & body—tall combination have shown that such fluctuating
forces and moments do occur.

. ‘
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inclined flight occurs essentlally in only one plane, the use of a
gtreamlined body cross section in order to avoid the formation of lee—
side vortices and possible adverse effects when shed &s a street might
be desirable. Another example 1s the use of a body wilth a flat surface
on the windwaerd slde which might prove valuable 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 small angles of attack to avoid asdverse effects attendant to the
shedding of the vortices from the body.

Ames Aeroneuticel Iaboratory,

Natlonal Advisory Committee for Aeronsutics,
Moffett Field, Calif.



NACA RM A50L07 Bva v g .3 O 15

APPENDIX A

SYMBOLS

reference area for coefflclent evaluation
plan—form area
drag coefficient which would be experienced by & circular cylinder

section of radlus r at Reynolds number and Mach number based
upon the diameter and the cross component of velocity (Vo sin a)

total—drag coefficient

base—drag coefficlent

fore—drag coefficient <CD - cDB)

incremental drag coefficient l:C;D - (CD)a,_—o]
incremental Pore-drag coefficient [CDF - (CDF)m=o:l
1ift coefficlent

pitching-moment coefficlent, in terms of reference ares A and
reference length 1

maximum body dlameter

local cross force per unit length
longitudinal apparent mass coefficlent
trangverse apparent nns;s coefficlent
body length

Mach number

cross Mech number (M sin a)

pregsure coefficient at angle of attack

pressure coefficient at zero angle of attack

- oF
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. L .n L
AP incremental pressure coefficient due to a'ngle of attack
P = Py=0) )
q free—stream dyngmic pressure . m -
-~ - -
r local body radius . -

Re free—-stream Reynolds number (based -on 'di'ameter)
[ . = Ty
Rec crose—flow Reynolds number (Re sin a)

L'

8 local cross—sectional area - ,: T }

S,  area of the base A o Y
" Vo free—stream veloclty " | o )
vol  volume of the body = |

x  distence along the body . : . |

Xn distance to the moment center from the nose

Xp dlstance to the centroid of pla.n—focrm area from the nose

X reference length for coefficient evaluation

Q angle of inclinstion . |

) tamr1 (dr/dx) *

n ratio of the drag coefficient of a cifcul;r cylinder of finilte

length to that of & clrcular cylinder of infinite length

9 . poler engle apout axis of revolution measured from the approach
direction of the cross—stream velocity

s
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APPENDIX B

EFFECTS OF MACH KIMBER AND REYNOLDS NUMBER ON THE VALUE OF 17

The only experimental data available (reference 2l) for the evalu—
ation of 1, the ratio of the drag coefficient of a circular cylinder
of Pinite length to that of a circular cylinder of infinite length, have
been reproduced in figure 1k, These data are for a negligibly low Mach
number and for a single Reynolds number (88,000) which corresponds to
the Reynolds number range for which 1.2 is the drag coefficient of a
cylinder of infinite length. To obtain a rough estimate of the value
of 7 at other Reynolds and Mach numbers the following conjecture is
given: The primary end-relieving effect for & cylinder of finite
length must be conveyed to other sectlons through the low-velocity
reglons of the wake since it 1s this low-energy flow behind the cylinder
which is most susceptible to alteration due to pressure differences in
the vicinity of the ends of the cylinder., ZEvidently the ratic of the
spanwise length of the waks to the wake thickness would be the ratio
that should determine 1. The spanwlse length of the wake will be
approximately the length of the cylinder, while the wake thickness will
be nearly proportional to the product of the cylinder diameter amnd the
drag coefficient, It appears, then, that the value of 17 &at Reynolds
end Mach numbers for which o5 1s not 1.2 might be taken as the value

of 7 (from fig. 14) for an egfective ceylinder length—to—diameter ratio
equal to the product of the actual length—to—diamster ratio and the
ratio of the drag coefficient 1.2 to the section drag coefficlent at
the Reynolds and yach number of the case consilered.

Lo g
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Polential and viscous cross force

———PFPolential cross force

CONRIDENTIAT—=>

WONEIRENZTAL

Figure [~ Schemalic diagram of the fthaorélical cross

~force distribution on a body of revolution.
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Figure 22.— Comparison of the results of the cross—flow studles in the
water tank and the wind tunnel.
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Figure 23.— Comparison of the results of the cross—~flow studies in the
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