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REPORT 1048
A STUDY OF EFFECTS OF VISCOSITY ON

SLENDER INCLINED BODIES OF REVOLUTION 1

By H. JVLiAN ALLEN AND EDWARb W. PERKINS

SUMMARY where Vo is the steam velocity, Thus the cross component

The observed flow field about slender inclined bodies of of velocity, and hence, the cross Mach number will, for
revolution is compared with the calculated characteristics based small angles of inclination, have a small subsonic value so
upon potential theory. The comparison is instrutive in that the cross flow l be essentialy incompressible in

indicating the manner in which the effects of viscosity are character(

manifest. Using equation (1) for the erossforee distribution, then,

Based on this and other studies, a method is developed to the total forces and moments experienced by a body in an
allow for viscous effects on the force and moment characteristics inviscid fluid stream can be calculated. Comparison of the

of bodis. The calculated force and moment characteristics oj calculated and experimental characteristics of bodies has

two bodies of high fineness ra io are shown to be in good agree- shown that the lift experienced exceeds the calculated lift
mentfor most engineering purposes, with experiment, in absolute value by an amount which is greater the greater

the angle of attack; the center of pressure is farther aft than
INTRODUCTION the calculations indicate, the discrepancy increasing with

angle of attack; while the absolute magnitude of the moment
The problem of the longitudinal distribution of cross force about the center of volume is less than that calculated. It

on inclined bodies of revolution in inviscid, incompressible has long been known that these observed discrepancies are
flow, hich was p"rimarily of interest to airship designers in due primarily to the failure to consider the effects of viscosity
the past, was treated simpy and effectively by Max Munk in the flow.
(reference 1)., Munk showed that the cross force per unit Experience has demonstrated, notably in the development
length on any body of revolution having high fineness ratio of airfoils, that the behavior of the boundary layer on a
can be obtained by considering the flow in planes perpendicu- body is intimately associated with the nature of the pressure
lar to the axis of revolution to be approximately two-dimen- distribution that would exist on the body in inviscid flow.
sona!. By treating the problem in this manner, Munk In particular, boundary-layer separation is associated with

the gradient of pressure recovery on a body. The severitydS
f - sin 2a (1) of the effect of such separation can be correlated, in part,

with the magnitude of the total required pressure recovery
where indicated by inviscid theory. It is therefore to be expected

f cross force per unit length that it will be of value to compare the actual pressure dis-
go stream dynamic pressure tribution on inclined bodies of revolution with that calculated

dS/dz rate of change in body crossmsectional area with on the assumption that the fluid is inviscid. For the purpose
longitudnal distance along the body of this study, a simple method is developed for determining,

a angle of inclination for an inviscid fluid, the incremental pressure distribution
Tsien (reference 2) investigated the cross force on slender resulting from inclined flow on a slender body of revolution.2

bodies of revolution at moderate superonic speeds-a prob- The experimental incremental pressure distributions about
lem of more interest at the present to missile and supersonic an airship hull are compared with the corresponding dis-
aircraft Ad-qigners-and showed that, to the order of the tributions calculated by this method. The comparisons are
flit power of the angle of inclination, the reduced Munk instructive in indicating the manner in which the viscosity
formula of the fluid influences the flow. In the light of this and other

f- 2 d0 ( stud;'e a method for allowing for viscous effects on the force
d ( and moment characteristics of slender bodies is developed

and the results compared with experiment.
was stillapplicable. This is not surprising when it is realized -"

that the cross component of the flow field corr esponds to a 2 The problem of determining the pressure distribution on inclined bodies has been treated
by other authors, but for several reasons these methods are not satisfactory for the prent

cross velocity purposes. For exarmple, Kaplan (reference 3) treated, in a thorough manner, the flow about
slender inclined btdies, but the solution, which is expressed in Legendre polynomials, is

Vyo-= Vo sin a unfortunatcly tedious to evaluate. On the other hand, Laitone (reference 4), by linearizing
the equations (if motion, obtained a solution for the pressure distribution on slender inclined

i Supersedes NACA TN 2044, "Preoure Distribution and Some Effects of Viscority on bodies of revolution. but, as will be seen later, the solution is inadequate in the general case

Slender Inclined Bodies of Revolution" by H. Julian Allen, 1950. due to the linearization.
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SYMBOLS Sb body base area (at x--L)
A reference area for body force and pitching t t time

moment coefficient evaluation Vo free-stream velocity
jL V local axial velocity at body surface at any

A, plan-form area (2f Rdx) station x

c,. circular-cylinder section drag coeffiient based Vib axial component of the stream velocity (V0ocos a)
on cylinder diameter V7o cross-flow component of the stream velocity

local cross-flow drag coefficient at any x station (Vo sin a)
based on body diameter x axial distance from bow of body to any body

C constant of integration station
L 2v-,.Rdx Xm axial distance from bow of body to pitching-

Ja oomoment center
ed. crosflow drag coefficientf A. .-  x . 6 axial distance from bow of body to center of

oredg(foredragN Viscous cross force
CDboy ordgcoeien )- X reference length for moment coefficient,

cop (a"o) body foredrag coefficient at zero angle of evaluation
inclination y ordinate in piane of inclination normal to axis of

ACAP incremental foredrag coefficient due, o revolution
inclination Ordinate normal to plane of inclination and to

bdli ce ie t axis of revolution

o eA) angle of body-axis inclination relative to free-

cm 'body pitchingmomient coefficient about station streamfltow direction
ng s an~'dR

Amno v fluid kinem atic viscosity
D' mea body diameter, :0 poar angle about axis of revolution measured

f ocal cross force (normal to body t at, from approach direction of the cross-flow
station x on body velocity

L body'eugth - fluid mass density

Mf ree-stream Mach number 01 velocity potential
Me cross-flow M ach number (Me s',m a

ros-flo w ach nuer (PRESSURE DISTRIBUTION ON SLENDER INCLINED BODIES

p local surtface presur- - - OF REVOLUTION

PO free-stream static pressure oUTO
pd-o local surface pressure at zero angle of inclination POTENTIAL FLOW THEORY

P local surface-pressie Coefeient Consider the flow over the body of revolution shown in
... .... .. ....... o figure I which is ied at an angl'e a to the stream of

P.-o local surface-pressure coefficient at zero Angle of veloicty Vo. If the body is slnder, the aaia component-fig -_o___f e od s le d r he aa__n n
inclination(P=-o velocity V, at the body surface will not differ appreciably

go from the axial component V 0 of the stream velocity. With
AP incrementa surfacepressure 'oefcient due to this condition it is clear that the cross flow may be treated

angle of inclination-,

free-stream dynamic pressure
Q 'body volume,
r polar radius about axis of revolution
R local body radius at any station x
Ro free-stream Reynolds number based on mai--

mum body diameter
crssflw eAods number (Ro sin a) -vi

Re' cross-flow Reynolds numober based' on diameter

S body cross-sectional area at station x FnuwE 1- Body of revolution in inclined flow field.
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approximately by considering it to :be two-dimensional in a and hence equation (9) for the pressure at the surface of the
plane which is parallel to, the yz plane and is moving axially body becomes for rR
with the constant velocity Vz.. In other words, the problem
may be treated by determining the two-dimensional flow V-' -- 2 V o Vr0 tan f cos 0+ V U-- (1-4 sin2  (10)2 Vo .,O, ali og 0(10)
about a circular cylinder which is firot growing (over the fore- P 2
body) and then collapsing (over the afterbody) with time.

The velocity potential for the cross flow at any x station is and writing
given in polar coordinates as V1f Vo sin a

* -Vv(r+ 2)cos 6 (3)Cos a

the surface pressure in coefficient form becomes

which in this moving reference plane is a function of time.
Bernouli's equation for an incompressible flow which P- P-- tan 3 cos 6 sin 2a+(1-4 sin 0) sin2 a (11)

changes with time is

_ 1 ir( 2 ( _ Fot bodies of moderate fineness ratio at zero angle of
p-- 2L / 6  (4) inclination, th' surface pressure at any station, designated

Paso, will differ slightly from the static pressure p, but, if
Now from equation (3) the fineness ratio is not too low, the pressure, p..o, m any

yz plane will be approimately constant for several body
-- 2 IR\ dR radii from the surface. Under the assumption that the

at - cos 0 (5) pressure at the surface at zero inclination applies uniformly
but in the portion of the yz plane for which the major effects of

dR dz dR ( the cross-flow distribution are fel, the change in pressure/ = -"V u tall 0 (6) -
dt dtdx T'~ afrom Po to Pa-o will be additive to, but will not otherwise

influence, the cross-flow pressure distribution. Hence for
so that equation (5) becomes any station on a body of high fineness ratio for which at

zero inclination the pressure is pa-o, the pressure coefficient
= -2 V,. Vs tan 9 Cos 6 (7) distribution at this same station under inclined flow con-
- o0 0 ( ditions will be, from equation (11),

Also, by differentiation of equation (3), P=P.-s+ (2 tan P cos 0) sin 2a + (1-4 sin 0) sin2 a (12)

-.. V, cos(--- For very slender bodies at small angles of inclination
SrC 1 R (8) tan ftef

-= Vs. sin 0 (1r) sin 2an-2a

so that equation (4) for the pressure at any point in the flow sin ago

field becomes so that equation (12) becomes'

-2V V V,- 5Cos;6[~!-Y 2 1  P=P...0 (4 cos 6) pa+(1-4 sin2 6) a2 (13)
P ®r

Y1The cross force per unit length of the body is then found as
sin2 p[1 s(R) o (9) 66 = f PRcospoR cos Odo

For _- , v
r Equation (13), for the case In which A is constant, reduces to that derived by Busemann

or-- , P--Po (reference 5) for the flow over an inclined cone. taitone's linearized solution (reference 4)

so for the presure distribution over bodies at supersonic speeds agrees with equation (13) except
SPo0 V2 that the al term, of course, is absent. This linearized solution is inadequate ingeneral since,

...+ for the cases of usual interest, the values of a are of the same order of magnitude e7, 0, thus
P 2 the a3 term is as important as the a term.
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and clearly ancy, particularly at values of 0 near 1800, is evident which
S csde increaes with increasing distance from the bow. Down-
0P s d stream of the maximum diameter section (figs. 2(c) and 2(d))

the discrepancy increases very rapidly.
Substituting P from equation (12) gives The disagreement that exists at the afterbody stations

results from effects of viscosity not considered in the theory,
J =2RqoPa o cos 'd0+4Rqo tan 0 sin 2a f cos 2 edO+ as will be seen from the following" R. T, Jones, in reference

Jo 8, showed that, for laminar flow on an infinitely long yawed
ris .cylinder of arbitrary cross section, the behavior of the com-

2Rq sin2 aJ0 ,(1 -- 4 sint2 0) cos Ode ponent flow of a viscous fluid, in planes normal to the cylinder
axis was independent of the component flow parallel to the

The first and third integrals are zero, while the second axis, For an inclined circular cylinder, then, viewed along
integral yields the cylinder axis the viscous flow about the cylinder would

.J 2tRgo tan sin 2a appear identical to the flow about a circular cylinder section'in a stream moving at the velocity V sin a. Hence separa-
and since tion of the flow would occur in the yz plane as a result of

2r. tan 0 2-R dS the adverse pressure gradients that exist across the cylinder.
dx -dx Jones demonstrated that this behavior explained the cross

then forces on inclined right circular cylinders that were experi-
mentally observed in reference 10. That such separaition

go - sin 2a effects also occur on the inclined hull model of the "Akron"
is also evident from the pressure distributions 'in figures

which is equation (1) derived by Munk for the cross force 2(c) and 2(d).
on slender airship hulls and, in the form, While the treatment of reference 8 explains qualitativelythe observed behavior of the flow field about the hull modeli

dS considered, it cannot be used quantitatively for a low fite
J 2qo-dx ness ratio body such as the "Akron"' for at least two reasons.

First, the influence of the term
that derived by Tsien for the cross force, to the order of the
first power of the angle of inclination, for slender bodies at 2 tan cog 0 sin 2a
moderate supersonic speeds. This development shows that
these equations for the cross force are also correct to the of equation (12) is to distort the typical circular-rcylinder
second power of a for inviscid flow. pressure distribution, given by the term

COMPARISONS WITH EXPERIMENT AND DISCUSSION OF THE (1 4 s 0) sin 2 a
EFFECTS OF VISCOSITY

In reference 6, a thorough investigation at low speeds so as to move the calculated position of m iium pressure
was made of the pressure distribution over a hull model of away from the 0 90' point and to change the magni;tude of
the rigid airship "Akron." Incremental pressure distri- the pressure to be recovered on the lee side of the body. Over
butions due to inclination calculated by equation (12) for the forward stations of the body, where tan 'o is positive, the
four stations along the hull at three angles of attack are position of minimum pressure lies between 900 and 1:800 and
compared with the experimental values in figures 2(a) to the theoretical pressure recovery is small and even zero at the
2(d). In each of the figures is shown a sketch of the airship most forward stations. For the rearward station where tan 0
which indicates the station at which the incremental pres. is negative, the mimium pressure lies between 00 and 90,
sure distributions apply. This comparison represents a and the theoretical pressure recovery is large and increases
severe test of the theoretical method of this report since the proceeding toward the stern. For the hull of the "Akron"'
method was developed on the assumption that the fineness model, the theoretical line of minimum pressure along the
ratio of the body is very large, while for the case considered hull is shown in figure 3 for the angles of attack of 60, 120,

the fineness ratio is only 5.9. and 18.0 Since separation can only occur in an adverse
At the more forward stations (figs. 2(a) and 2(b)), the The recent work ofA. P. Young and T. B. Booth (reference 9) Indicated that this may be

agreement is seen to be essentially good 4 but some discrep- true for the turbulent flow caw as well.
G It is of interest to note in this figure that even for small angles of inclination the line of

4At stations extresmey close to the bow the method must be inaccurate as evident from the minimum pressure becomes oriented close to the-direction of the axis of revolution, while at
work of -Upson and Klikoff (reference 7). zero inclination it must, of course, be normal to this axis.
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Angle of' a~I'ck this moving plane the vortices would appear to be shed and

. slip rearward in the wake, but viewed with respect to the
/00 stationary body the shed vortices would appear fixed. This

process of the growth and eventual discharge of the lee-side

. .- - . vortices should occur over a shorter tength of body the higher

the angle of attack since -the movement of the cylindrical

- - trace in the cross plane at any given station is greater the
greater the angle of attack. For a low firneness ratio body,

however, the development of the lee-side vortices would' be

expected to have progressed no farther than the "symmetrical
F~IeGuRE 3.-Calculated lines ofminimum fpressures for a model hull of U. S. S. Akrbonat thtee

a3ugles of attack. pair" case even at the highest angles of 'attack of interest.
This is corroborated by the flow surveys of Harrington

gradient, it is clear that the line of separation wi roughly (reference 11),.
parailel the line of minimum pressures. Hence, the flow about For bodies of high fineness ratio, such as those used for

forward sta'ons will be, or will more nearly be, that cal- supersonic missiles, it was clearly of interest to determine

culated for a nonviscous fluid. Over the rea ward stations experimentally the nature of the anticipated growth and

the flow separation should tend to be even more pronounced discharge of lee~side vortices. In the course of an mviestiga-

than would occur on a right circular cylinder. That such is tion ,of a series of bodies with ogival noses and cylindrical

the case is shown by the flow studies on the ellipsoid of revolu- afterbodies conducted in the Ames Laboratory 1- by 3-foot

tion of reference 11. In those studies, the flow on the model supersonic wind tunnels, it was determined that the growth

surface was investigated by lampblack and kerosene traces, and discharge of lee-side vortices did occur for such bodies

The traces showed the line of separation followed the trend at angle of attack as was evidenced in two ways, The

indicated above. From the foregoing, it is evident that the schieren picture for one of the bodies (fig. 4 (a)) showed a lie

potential flow solation for the pressures on inclined bodies on the lee side at the more forward stations which drifted

can only be expected to hold over the forebody, and that over away from the body surface and eventually branched into a

the afterbody the pressure distribution, particularly on the series of lines trailing in the stream direc-tion. The "ie" at

lee side, will be importantly influenced by the fluid viscosity, the more forward stations was indicated to be the cores of the

Second, it is evident that there exists a certain analogy synmetrical vortex pair, which inthis side view would appear

between the cross flow at various stations along the body and: coincident. The branches were indicated to be the cores of

the development with time of the flow about a cylinder start- the alternately shed vortices, in order to make the vortices

ing from rest. This may be seen by considering the develop- visible in a more convincing manner, use was made of a

ment of the cross flow with respect to a coordinate system technique which we have termed the "'vapor screen" method.

that is in a plane perpendicular to the axis of the inclined With this technique, the cross flow is made visible in the

body. Let the plane move downstream with a velocity Vo following manner (see fig. 5): A small aioint of water

and let the coordinate system move within the plane such vapor, which condenses in the wind-tunel 'test section to

that the axis of revolution of the body is always coincident produce a fine fog, is introduced inito the tunnel air stream.

with the x axis of the coordinate system. The cross velocity A narrow piane of bright light, produced by a ,igh-pressure

is then V. sin a. At any instant during the travel of the plane jercury-vapor lam'p,- is made t o shine through the glass

from the nose to the base of the body, the trace of the body in window in a plane essentially perpendicu'lar to the axis of the

the plane will be a circle and the cross-flow pattern within the tunnel. ii the absence of the model this plane appears as a

plane may be compared with the flow pattern about a circular uniformly lighted screen of fog particles. When the mode] is

cylinder. Neglecting, for the moment, the effect of the taper put in place at any arbitrary angle of attack, the resul't of any

over the nose portions of the body, it. might be anticipated disturbances in the flow produced by the model which

that over successive downstream sections, the development affects the amount of light scattered by the water particles

of the cross flow with distane along the body as seen in this in this lighted plane can be seen and photographed.

moving plane would appear similar to that which would be In figures 4 (b) and 4 (c)-are shown photographs of the

observed with the passage of time for a circular cylinder vapor screens corresponding to the indicated stations for

impulsively set in motion from rest with the velocity V sin a. the body of figure 4 (a),. The photographs are three-quarter

Thus the flow in the cross plane for the more forward sections front views from a vantage point similar to thatof the sketch

should contain a pair of symmetrically disposed vortices on of figure 5. In these photographs vortices made themselves
the lee side (cf. reference 12)i. Thesevortices should increase evident as black dots on the vapor screens due to the absence

in strength as the plane moves rearward and eventually, if the of scattered light, which is believed to result from the action

body is long enough, should discharge to form a Kfrmhn of the vortices in spinning the fine droplets of fog out of the

vortex street as viewed in the moving cross plane. Viewed in fast turning vortex cores. Other details of the flow, particu-
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(a) Side view schleren photograph;
(b) Vapor-screen photograph rearward station;
(a) Vapor-screen photograph forward station.

FInuitz 4.-Schieren and vapor-screen photographs showing vortex configuration for an incited
body of revolution (tr=250) at supersonic speed (Mra2).

larly Shock waves, are evident as a change in ligh intensity. METHOD FOR ESTIMATING FORCE AND MOMENT CHAR-
Fiue4(0)how itbe smrnicalou vortex pitoestas ACTERISTICS OF SLENDER INCLINED BODIES IN VISCOUS

previously indicated at the more forward stations, while FO

figure 4 (b) demonstrates that the vortices are shed at For bodies of high fineriess ratio at hig angles of attack
stations far removed from the bow. Other observations at when the cross force is impotntislerate thr
different angles of attack demonstrated that the sheddig of term of equation (13) must predominate since P is small, so

.,-- - .- _- 0 - i

vortices began, as indicated previously, at the more forward that the pressure distribution increment due to angle of
stations the higher the angle of attack. It is of interest to attack will closely approximate the pressure distribution for

l.d -I reouto 2
° 

__t suesoi spee ( "-- -). I-

point out that in these windtunnel tests the order of dis a circular-cylinder section at a velocity equal to the cross
charge of the vrti erical v red Thus in component of velocity for the body. Moreover, except for

any cross-flow plane, the discharged vortex closest to the the sections near the bow, development of the crossflow
body would at one instant be on one side of the body aind at boundary layer will have been sufficient to promote the flow
the next instant, or perhaps several seconds later, on the that is characteristic of the steady-state flow for a circular-
other. No regularity in this change in the distribution of the cylinder section at the Mach and Reynolds numbers corre-
vortex street has been found. sponding to the cross velocity over the body.
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FInuRE 5.--Schematic diagram of vapor-screen apparatus showing vortices from a lifting body of revolution.

For the limiting case of a slender body, the appropriate coefficient at x for a--900 corresponding to the Reynolds
value of the cross-wise drag coefficient is of course, the value number
of the drag for an infinite cylinder. As will be shown later, Rc,=Ro sin a
experiments indicate that for actual bodies of finite length and the Mach number
a somewhat smaller value should be used. Since the actual 111,-=--M sia a
cross-wise drag coefficient of a body of finite length is always
somewhat less than the coefficient for an infinite body, this As a first appro ximation to the total cross force we may
reduced value suggests itself. Thus it mi.Yht be expected add the potential cross force to the viscous contribution.
that the viscous cross-force distribution on such a body could The total cross force at x would then be 7

be calculated on the assumption that each circular element dSa
along the body experiences a cross force equal to the drag !o sin 2a cos 2 +2Rcd._c0 qo sin 2

a

force the section would experience with the axis of revolution With this simple allowance for viscous effects the lift
normal to a stream moving at the velocity Vo sin a. This c it, the foredrscceficintan the m tviscus ontibuionis ive bycoefficient," the foredrag coefficient, and the pitchling-moment
viscous contribution is given by

From the work of Ward (reference 13), it may be shown that the potential cross force is

2Re - qo sin2 a dx directed midway between the normal to the axis of revolution and the normal to the wind
direction.

s in the expression for CL the contribution of the axial drag force - , cos? . sill
where R is the body radius at x and Cd. alo is the local dr,.g is inconsequentially small and has been ignored.
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coeffiCient about an arbitrary moment center z, from the I-3/1 - .. ..... .. .
nose are given by .

0425000 qenrain All dimninn nhs-
C b, ag 2. Ai .i radiua c de

2 sn:. s 0 co 4ody I (fineness ratio 2.'

b"C r. C 60 *os g+.in 2& sin" IG gi

t "-25O00 qenerardng -

cX [Q S mj in cog~ BSdyVfienm- ab /31)

At, j'z.z. ..9 t\ FIGR -=zBodies of tevbtlon.

where, 1each had a 33h'-aliber ogival nose and constant diameter
fL afterbody of such length as to make the fineness ratios 21.1

_ ,______o 2Rd__for body I and 13.1 for body i, Shown in figures? and 8
-- A are the fift coefficient, foredragincrement coefficient, pitehig

and moment coefficient about the bow, and center of pressure
£Ledaa ao 2.Rrdx as a function of angle of attack for the two bodies as deter-

Xsoo_-mi__n ed fr-om the tests in the 1- by 3-foot wind tunnels.
A, Cd,,go, Also shown are the calculated characteristics (indicated b

where the solid-line curves): using the experimental valu,s of
A,, plan4-form area Cda6 and x.ueoc (see figs. 9 and 10) obtained from the

Sb base area 90 ' anglemof-attack tests in the 1- by 3%-foot wind tunn:
Q body volume as well as calculated characteristics obtained from potential
L 'body lengh theory (indicated by the dotteddine curves). The reference

A reference area for coefficieat evaluavtion area A for coefficient evaluation for these data is the base

X reference length for pitching-moment-eoerncient eval- area and the reference length X for moment-coefficient
uation evatuation is the base diameter.

Because of the approximate nature, of the theory, it is not It is seen that for the higher fineness ratio body (body I),
considered justified to retain the complex forms of these the calculated characteristics which include the allowance
equations. Accordingly, it is assumed that, forbhe functiongs for viscous effects are in good agreement with experiment

of the angle of attack, cosnes may be replaced by unity and and that the potential theory is clearly inadequate at all
sneS by the angles in radians to give but very small angles of attack. For the lower fineness ratio

body (body II), the calculated allowances for viscous effects
depart further from experiment than they do for body I,

.CL=2 ( J) +Cd &9a as would be expected, although again they are in much
- better agreement with experiment than are the calculated

-- C-E , = a1-Sb A.V (A) characteristics based only on potential theory.
4,po W e the comparisons made demonstrate that the idi-

eated allowance for viscous effects is adequate for very high-
CM &-rQ a(L X")1a+0 d4 - 0,L (Lf (S X 0 - fineness-ratio bodies, the calculated characteristics were,
L AX --'-, \X / themselves, based on experimcntalb determined values of

d(5mo and X.-g,, For the method to be useful in design,
of course, some means for calculating these parameters must

To assess the adequacy of 'these equations for predicting -est, in many cases, there are available sufficient experi-

the force and moment characteristics of high fineness ratio mental drag data on cylinders to provide the required
bodies, two bodies of revolution were tested in the 1- by information. In the appendix one approximate method is
3-foot supersonic wi nd tunnel at a Mach number of 1.98 given for determining the values of 0

d,,, and za.e for
from angles of attack of zero to more than 200 and in the the bodies I and II pr eviously considered.
1- by 3 %foot high-speed wind tunnel from Mach numbers 'The variation- of the coefficients of lift, foredrag increment,
of 0.3 to 0.7 at 900 angle of attack to determine the cross- and pitcig moment and of the center-of-pressure position
flow drag coefficient Cd.-., and the center of application with angle of attack for the two bodies as estimated using
x,t of this force.'0 The bodies investigated (see fig. 6) the calculated cross-flow drag characteristics given in the

In the expression for ACo, the term - Coroa', which should properly appear on the pp r w gures 7 and 8 (as the dashed-line

-right side of this equation, has been omitted since, for practlcal cases, Its contribution smali. curves). The estimated characteristics are seen to be in
10 Although the cross Reynolds numbers for the 1-by 3 4-foot wind-tunnel test were almost even better agreement with experiment than are the calcu-

twice that for the 1 by 3-foot wind-tunnel tests, the results are considered comparable since lated variations using the experimental cross-flow drag
in the range of Reynolds numbers investigted the drag characteristics of circular cylinders characteristics.
are insensitive to change in Reynolds numbers. characteristics.
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APPENDIX

ESTIMATION OF CROSSFLOW DRAG COIEFFICIENT assumed position which is independent of Mach number is

A procedure which suggests itself for estimating the nag- compared with the experimentally determined values from
nitude of the cross-flow drag coefficient Cd- as a function .the 1- by 3%-foot wind-tunnel tests, for the two bodies in

of angle of attack for the two ogival-nosed bo ies treated figre 10.
in the text is to consider them to -have the same characteris" iEERENCES
tics as circular cylinders of donstant diameter.

Si..fMUnk, I-A, A. The Aerodynamie Forces on Airship Hulls.
D '-- , p NACA Rep. 184, 1924.

2. Tsien, HsueShen: Supesi c Flow Over an inclined Body of
Revolution. Jour Aero. Sci., vol. 5, no. 12, Oct. 1938, pp

The cross-flow drag 8efficie3t. of thi' fitious clinder of 1 8-3

finite length can then be approximated by first determining 3. Kaplan, Ctll: Potential Flow About Elongated Bodies of Revolu-
the drag coefficien~t, 6

, *of a irc~Ularcyiinder section of tion. NACA Rep,:5,16) 1935.

diameter D' at the cross ilow Mach nuumrei 4. Laitone, E. V.: The Linearized Subsonic and Supersonic Flow
About Inclined Slender Bodies of Revolution; Jour. Aero. Sci.,

MGM 0 sin a vol. 14, no. 14, Nov. 1947, pp. 631-642.
5. Busemann, Adolf: Infinitesimal Conical Supersonic Flow. NACA

aridcros-flw Renols nuberTM 16,1947;and cross~flow Reynolds number 6. Feeman, -H- gh B.:, Pressure-Distribution Measurements on the
R V YD u'. Hull and Fins of a 1/40-Scale Model of the IT. . Airship "Akron."

sill et NACA Rep. 443, 1932.
1v 7. Upson, "aUlph H., and Klikoff, W. A,. Application of Practical

and then correcting this drag coefficiet for the effect of the Hydrodynfn~Cs to Airship Design. NACA Rep. 405, 1931.
finite fineness ratio, D. 8. Jones) Robert T," Effects of Sweep ack on Boundary Layer and
f f rSepoaration. NACA Rep 884, _1947. (Formerly NACA TN

From references 14 and 15, it is found -tha-t for the values of 1402)
D' corresponding to the two bodies cnsidered the circuar- 9. Young, A. D., and Booth, T., B.: The Profile Drag of Yawed

cylinder section drag coefficients, Cd, are the same for both Wings of Infinite Span. The College of Aeronautics, Cranfield.

bodies and dependent only on the Mach number. The Ri f, Powel,
values ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ -ef at vaiuFrs ahnmesaegvni iue9 e . a Powel1950 C. IL: Tests on Smooth and Stranded

values at various cross Mach numbers are gi elum figure 9.v_ -Wires Inclined to the Wind Direction, and a Comparison of
From reference 16, it is found that for a finite-ength cir Results on. Stranded Wires in Air and Water. i. & NM. No.

cular cylinder in the range of Reynolds numbers for which the 307, British A. R. C., 1917.

cross-drag coefficient, as for the present cases, is 1.2 at low I. arrington, R. P.: An Attack on the Origin of Lift of an Elongated
ahnubrshertia o e c. cBody. Daniel, Guggenheim Airship Inst., Publication 2, 1935.

a Schwabe, M: -Pressure Distrihution in Nonuniform Two-Dimen-
of finite length to that for the circular cylinder of infinite 10sioal Flow. NACA TM 1039, 1943.
length is 0.755 for body I and 0.692 for body 1. Assuming 8. Ward, G. N.: Supersonic Flow Past Slender Pointed Bodies.
that this ratio is independent of Mach nuinber, Quar. Jour. of Mech . and Applied Math., vol. 2, part I, Mar.

the estimated values of Cd ..- for the two bodies are as 1949, pp. 75-97.

given in figure 9 wherein they may be compared with the 14. Lindsey, W.,rag of Cyliiders of Sinple Shapes. NACA Rep.. . .. . .. .- .. ...- -. 61,10 38.

experimental values obtained from the 1- by 3-foot wind- .6t9, 1938.n Comrssiy E Ing.
tunnel tests. Stck Jn opressibilty Effects in Aeronuatical Engineeringtrame! tsts.NACA ACR, Aug. 1941.

,The value of £x.o is logically assu med to be the distance 16. Goldstein, S.: Modern Developments in Fluid Dynamics. Oxford,

from the bow to the centroid of plan-form area. This The Clarendon Press, 1938, vol. I1, pp. 419-421.
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