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A STUDY OF EFFECTS OF VISCOSITY ON FLOW OVER

SLENDER INCLINED BODIES OF REVOLUTION 1
By H. JULLLN AmESY MiD EDWAEDW. PEEKIXS

SUMMARY

l%e ob8t?rwd $OW jldd about-slender inclined bodies of
reoolutioti i8 compared with the calculated characteristics ba8ed
upon potential theoy. Tle cmnpari.eon is in.structice in
indicating the manner in .whi.h. the e~ect8 of mkon”ty are
manifwt.

15a8ed on this and other w%diee, a method i8 dmeloped to
allow for viscous e~ects on the force and moment characteristics
of bodie8. The calculated force and moment charac_teristic8 of
two bodie8 of high j%ume88 ratio are 8houm to be in good agree-
ment, for mo8t en~”neering purpo8e8, unlh. ezperimmt.

INTRODUC’HON

The problem of the longitudinal distribution of cross force
on inclined bodks of revolution in inviscid, incompressible
flow, which ma primatiy of interest to airship designe~ in
the past, was treated simply and effectively by Max Munk
(reference 1). Munk showed that the cross force per unit
length on any body of revolution having high fineness ratio
can be obtained by considering the flow in planes perpendicu-
lar to the axis of revolution to be approkima.t.elytwo-dimen-
&onal. By treating the problem in this manner, Murk
showed that

f=++l 2a (1)

where
f

w:

c?!

cro& force per unit length
stream dynamic pressure
rate of change in body cross-sectiomd area with
longitudinal distance along the body
ande of inclination

Tsien (r~ference 2) investigated”the cross force on slender
bodies of revolution at moderate supersonic speeds-a prob-
lem of more intereat at the prwent to missile and supersonic
aircraft designem-and showed that, to the order of the
fit power of the angle of inclination, the reduced Munk
formula

f=2qo~a (2)

was still applicable. This is not surpri+g when it is rcwdized
that the cross component of the flow field corresponds to a
cross velocity

T“,o= VOsin CY

LSupersedesh-ACATh-a “PressureDlstrfbutfono.ndSomeEffi?ctsof Wseo4tyon
SfenderInclfnedBodiesofRevolntfon”by H.JnfisaAIfen,19f&

-where ~j is the steam ~elocity. Thus the cross component
of velocity, and hence, the cross Mach number v-iH, for
amalI angles of inclination, have a small subsonic wdue so
that the cross flow -ivilI be essentially incompressible in w
character.

LMng equation (1) for the cross-force distribution, then,.
the tot~ forces and moments experienced by a body in an “”
inviscid fluid streti can be calculated. Comparison of the
calculated and experimental characteristics of bodies has
shorn that the lift experienced ex~eeds the calculated lift
“in absolute value by an amount -irbich is greater the greater
the angle of attack; the center of pressure is’ farther aft than ‘“
the calculations indicate, the discrepancy increasing with
angle of attack; while the absolute maatitude of the moment
about the center of volume is less than that calculated. It _
has long been known that these observed discrepancies are
due primardy to the failure to consider the effects of viscosity,
in the flow.

Experience has demonstkted, notably in the development
of airfo’Hs, that the behavior of the boundary layer on a
body is intimately asociated wit-hthe nature of the prwure
distribution that would e.tit Ori the body in inviscid flor.
In particular, boundary-layer separation is associated with
the gradient of pressure recovery on a body. The severity
of the effect of such separation can be correlated, in part,
with the maagnitude”.ofthe total required preesure recovery
indicated by inviecid theory. It is therefore to be expected
that it wiU be of value to compare the actmd pressure dis-
tribution on inched bodies of revolution vrith that calculated
on the assumption that the fluid is im-iscid. For the purpose
of this study, a simple method is demloped for determining,
for an inviscid fluid, the incremental pressure distribution
resulting from inclined flo-won a.slender body of revolution.z
The experimental incremental pressure distributions about
an airship huU me compared with the corresponding die-
tributions calculated by tbia method. The comparisons are -
instructive in indicat~m the ma.mnerin vihich the -i-iscosity
of the fluid influences the flow. In the light of this and other
studies, a method for aUovr@ for viscous effects on the force
and moment characteristics of slender bodies is developed .
and the results compared with experiment.

: TheproblemofdwermfnfngtheI)reswmdfstrfbutfononincifwdbodk hmkm treated
by otherauthors,butforse;ersl-m thesemethodsarenotsatfst%ctmyfrxthepresent
Pnrposes Forexample,Kapkm(refereneea)tmateIzinatborrmgh—r, theflowabout
sienderincffned!xWeS,but thesrdutfourrbfrhis erprewdin LegendrepofyrmmialsrIs
unfOrtnnsMFtedfoustoemfurde.Ontheotherband,Laftone(referenee4),by Mnmrfzfng
theewsrk ofmotfon,obtafnedasoIutionforthepreexredistrfbutrnnonslen&rinclined
bodiesof mvoIutio&but,aswflIbeseen-later,thesdntfonk fnarkfrmtefnthegenemlraw? .. .
due[o theUnmratfom. .
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SYMBOLS

reference area for body force and pitching-
moment coefficient evaluation

( J’R”)
plan-form area 2

circular-cylinder section drag coefficient breed
on c.ylistderdiameter

local cross-flow drag coefficient at any z station
based on body diameter

constant of integration
/ /-L \

(l- ~cd=-we Rdz
cross-flow drag coefficient ‘ 0 ——

“A, )

body foredrag coefficient
(%%9

body foredrag coefficient it zero angle. of
inclination

incremental foredrag coefficient due to
inclination

(“)
body lift coefficient $:

----
body pitching-moment. coefficient about station

X)j$ (pitching moment
qoAx )

A()mean body diameter Q
L

local cross force (normal to body ask.) ~t uny
station x on body

body length
free-stream Mach munber
cross-flow Mach number (.310sin a)
local surface presmre
free-stream static pressure
local surface pressure at zero angle of inclination

,( j
local surface-pressure coefficient & .

local surface-pressure coefficient tit z~io”angle of

‘nc’inationr-;:yo) ..-
incremental surface-pressure. coefficient due to

angle of inclination
?-:-9

free-stream dynamic pressure
body volume
polar radius about axis of re-rolut.ion
local body radius at any station x
free-stream Reynolds number based on nlaxi-

murn body diameter
cross-flow Reynolds number (2?0sin a)
cross-flow Reynolds number based on cliameter

D’
body cross-sectional mea at station x

body base area (at z=L)
time
free+tream velocity
local axial velocity at body surftice mt any

station x
axial componenb of the stream -relocit.y(1“ocos a)
cross-flow component of the stream vdociby

(’lrOsin a)
a.sial distance from bow of body to atly body

station
axial clistance from bow of body to pitching

moment. center
axial distance from bow of body to centrr of

viscous cross force
reference length for moment codlcicnt.

evaluation
ordimte in plane of hclination nornml to As of

revolution
ordinate normal to plane of inrlinfition nnd to

axis of revolution —

angle of body-mis inclinatiol~ rda tive [u frcc-
stream-flow direction

fluid kinematic.viscosity
polar angle about

from approach
velocity

fluid mass dcnsihy
velocity potential

PRE$SLJRE DISTRIBUTION ON )

axis of revolution measumd
direction of the cross-flow

SLENDER INCLINED BODIES
OF REVOLUTION

POTENTIAL FLOW THEORY

Consider tue flow over the body of revolution shown ill
figure 1. which is inclined at an angle a to the stretun of
velocity T“O. If tie body is slencier, the axial component
velocity 1’= at the body surface will not .difler tipprcci,ably
from the axial component ~“=oof the stream velocity. With
this condition, it is clear that the cross flow nmy be trmlcd

z
. 4

Y. .

‘-A

FIOFEE I.—Bodyofmvolutkmlnb.wllncdflowfh.]d.

—



.% STUDY OF EFFECTS OF VISOOSITY ON FLOW: OTER SIJ17SD13RDSCLJXGD BODIES OF RETOLUTIOS 1105
●

approximately by considering it to be two-dimensional in a.
plane -whichis partdIeIto. the yz plane and is moving axially
tith the constant velocity 17,.. In other words, the problem
may be treated by determining the twodimensional flow
about a circular cylinder -whichis first grow@ (over the fore-
body) ancl then collapsing (over the afterbody) with time.

The -ielocit.ypotentkd for the cross flow at.any x station is
given in pohm coordinates as

fp=– T’,. (r+~ Cos 8
.

(3)

which in this mo-iirg reference plane is a function of time.
- Bernoulli’s equation for an igcompreasible flow which

changes with time is

:=-H69W%YI+” (4)

Xow from equation (3)

but

%=—2 V,. (:)* Cos8 @

dR ~X dR
—=— —= V,. tin p(-h d-t dx

(6)

so that equtition (5) becomes

(7)

Also, by differentiation of equation (3),

so that equation (4) for the pressure at any point in the flow
field becomes

(9)

and hence equation (9) for the pressure at the surface of the
bod~ becomes for =R

‘~=2 ~7U017.,tan f? cos 8+—~ (l–4 sin’ g) (10)
P

and writ&w

VVO=VOsin CY

V%=vo Cos a

the mrface pressure in coefficient form becomes

For bodies of moderate fieneas ratio at zero angle of
inclinatio~ the surface pressure at my station, designated
ZL.0, d differ slightly horn the static pressure ~ but, if
the fineness ratio is not too low, the pressure, pa.O, in any
yz plane will be- approximately constant for several body
radii from the surface. Under the assumption that the
pressure at the surface at zero incIinat.ionapplies uniformly
in the portion of the yz phme for which the.major effects of
the cross-flow distribution are felt, the change in pressure
from POto pad W be additive to, but- wiII not othemise
influence, the cross-flow pressure distribution. Hence for
any station on a body of l@h finenees ratio for dich at
zero i.mdinationthe pressure is pad, the pressure coefficient
distribution at this same station und= inclined flow con-
ditions will be, horn equation (II),

~=~=-o+ (2 tan /3cos 6) sin 2a+(l–4 sin’ 8) sin’ a (12)

For very slender bodies at small ar@es of inclination

.—
—

..-

-.

.

-.

sin 2cfE2Ci

Sin%rzd

so that equation (12) becomes a

P=P=*+ (4 Cos @ pa+ (l–4 Sirt e) c? (13)

~ The cross force per unit length of the body is then found as.

.. - -- --

i Equation(18),forthem%hIwhfchL?isconstant.rednmstothntclerkedby Buss
(refkrenm5) fortheflowoversn hdfnedmm?. I.?dtone.%heeded solntion(reference4
&*~~tinomr*atm_c__ *qutin(W-pt -
thasthea: krq ofcourse,i9aknt. Tbk UnmrkedmlntIonisinadequateIngenemlsince,
forthecmmof~intmest, tbrkofawofW=mad=of@tide a-sAtks
[beattermf9e43impwtantesthea term.

..
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and clearIy

~
f
“P&?COSOdO=O

.0

Substituting P from equation (12) gives

f
f= 2RqoPa.0 “ cos fldd+ 4Rqo tan p sin 2a

,0 s
“ COS2 dde+

o

J
2Rq, sin’ a ~“(1 –4 sin’ B)cos-f?d6

The first and third integrals are zero, while the second
integral yields

f=2rRq0 tan@ sin 2a

and since ‘

theu

.f=!Zo~ sin 2ti- --

which is equation (1) derived by Jfunk for the cross force
on slender airship hulls and, in the farm,

f=2qog a

that derived by Tsien for the cross force, to the.order of tho
!?PSLpower of the angIe of inclination, for slender bodies at
moderate supersonic speeds. This development shows that
these equations for the cross force are also correct to the
second power of a for inviscid flow.

COMPARISONS WITHEXPEMMENTAND “DISCUSSION OF THE
EFFECTSOF VISCOSXTY

In reference 6, a thorough investigation at low speeds
waa made of the pressure distribution over a h’hIImodel of
the rigid airship “Almon.” Incremental pressure clistri-
butions due to inclination calculated by equation (12) for
four stations along the huII at three angles of attack are
compared with the experiments.I vahws in Qures 2(a) to
Z(d). In each of the fgures is shown a sketch of the airship
which indicates the station at which the incremental pres-
sure distributions appIy. This comparison represents a
severe test of the theoretical method of this report since the
method was developed on the msumpt.ion that the fineness
ratio of the body is very large, while for the case considered.
the finene9sratio is only 5.9.

At the more forward stations (figs, 2(a) and 2(b)), the
agreement is seen to be essentially good 4 but some discrep-

~.4tstatlonawtremeIydo= totheEarthemethodmustbeInaccurateasevidentfmrnthe
workofUpsrmandKIWOR (mfemnee 7).

●

aqcy, particularly at values of 6 near 180°, is evident which
increases with increasing distaDce from the bow. Down-
stream of the maximum diameter section (f@. 2(c) and 2(d))
the discrepancy increases very rapidly.

The disagreement that exists at the afterbody stations
results from effects of viscosity not considered i.nthe theory,
as wiII be seen from the following: R. T. Jones, in referenw
8, showed that, for laminar flow on an infinitely long yawed
cylinder of arbitrary cross section, the behavior of tho com-
ponent-flow of a viscous fluid in planes normal to the cylinder
axis was independent of the component flow paralkl to [he
axis.s For an inclined circular c.ylinder, then, viewed aloug
the cyhnder axis the viscous flow about the cylinder would
appea.qidentical to the flow about a circular cylin(lcr section
in a streammoving at the vtdocit.y T?.sin cr. Henrc separa-
tion of the flow would occur in the yz plane us a result of
the adverse pressure gradients that exist across the cylinder.
Jones i%rnonstrated that this behavior explained the cross
forces on inclined right circular cyIindere that were cxperi-
mentaIIy observed in reference 10. ‘lht such separation
effects also occur on the inclined hull model of the ‘tAlwon”
is also evident from the pressure distributions in figure-s
2(c) and 2(d).

WhiIe the treatment of reference 8 explains qualitatively
the,observed behavior of the flow field abouL the hull model
considered, it cannot be used quantitatively for a low flue-
ness ratio body such as the “Ahwon” for at least.two reasons,
“ First, the influence of the term

2 tan f3 cos e sin 2a

of equation (12) is to distort the typical circular~yIinder
pressuredistribution, given by the term

(l–4 Sinz 8) sin’ a

so as *tomove the calculated position of minimum pressure
away from the 6= 900 point and to clmnge the nmgnitudc of
the pressureto be recovered on tbe lee side of the body. Over
the forward stations of the body, where tnn B is positive, the
position of minimum pressure lies.between 90° and 180° and
the theoretical pressurerecovery is small and even zero at [he
most forward stations. For the rearward stution where trm@
is negative, the minimum pressure lie9 between 0° and 90°,
and the theoretical preesure recovq is large ~ml i~umcases
proceeding toward the stern. For the hull of the “Akron”
model, the theoretical line of minimum pressure along the
hull is shown in figure 3 for the angles of attack of 0°, 12°,
and 18°S Since separation can only occur in an advcmc. -,- .

~There&ntworkofA. P.Yomg and T. B. Booth(mfwence9)IndkntrdthrdthbmayIx
- ti”theturbulentflow~ aswell.

6It h of Interesttonot@Inthhfigurethatevenforsmallangfcsof [ncllrmtlonthelhtecd
mlnlmmn@sum kmmesorientedefowtothodimetkmof thtUXISofmvolutbn, whlkal
zmainclinationIt must, ofmums,benorrndto thtsds.
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an@es of attack.

gradient, it is cIear that the line of separation will rougldy
parallel the line of minimum pressures. Hence, the 5W @out
forward stations will be, or will more nearly be, that cal-
culated for amonviecous fluid. Over the rearward stations
the flow separation should tend to be even more pronounced
than would occur ofi a right circular cylinder. That such is
the case is shown by the flow studieson the ellipsoid of revolu-
tion of reference 11. In those studies, the flow on the model
surface was investigated by lampblack and kerosene traces.
The tracw showed the line of separation followed the trend
indicated above. From the foregoing, it is evident thah the
potential flow .mIution for the pressures on inclined bodies
can only be expected to hold over the forehody, and that over
the afterbody the premure distribution, particularIy on the
lee side, will be importantly influenced by the fluid viscosity.

Second, it is evident that there exists a certain analogy
between the cross flow at various stations along the body and
the development with time of the flow about a cylinder start-
ing from rest. This may be seen by considering the develop-
ment of the cross flow with respect to a coordinate system
that is -in a plane perpendicular to the axis of the inclined
body. Let the plane move downstream with a velocity ~“o
and let the coordinate system move within the plane such
that the axis of revolution of the body is always coincident
with the x a.-.-isof the coordinate system. The cress.velocity
is then V. sin a. At any instant during the tra-reIof 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 cross-flow pattern vrithin the
pIanemaybe compared with the flow pattern about a circular
cyIinder. hTeglecting,for the moment, the effect of the taper
over the nose portions of the body, it might be anticipated
that over successive downstream sectious, the de-reIopment
of the cross flow with distance along the body as seen in this
moving plane vrotid appear similar to that vrhieh would be
observed with the passage of time for a circuIar cylinder
impulsively set in motion from re9t with the veIocity 1“0sin a.
Thus the flow in the cross pIane for the more forward sections
should contain a pair of symmetrically disposed vortices on
the lee side (cf. reference 12). These vortices should increase
in strength as the plane moves rearward and eventualIy, if the
body is Iong enough, should discharge to form a Khrmfm
vortex street as viewed in the moving cross plane. Viewed in

this mov~i plane the vortices would appear t.obe she(l nml
sIip rearwgrd in the. wake, but viewed with respect to the
stationary body the shed vorticw would appear fixed. This
process of the growth and eventun] discharge of the lee-side
vortices should occur over a shorter Iength of body the higher
the angIe of at.tfick since the movement of the cylindriml
trace in the cross plane at any given stHtion is greatw tlw
greater the angle of attack. For a low fineness ratio body,
however, the development of the Ice-side ~ort.iceswould hc
espectsd to have progressed no farther thnn the %ymmet ricrd

,pair” case even at the highest angles of aLt~ck of intcrest.
This is corroborated by the flow surveys of Hurrington
(reference.11),

For bodies of l]igh fimmcss ratio, such ns those USW.Ifol
supersonic missiles, it was clearly of intrrest- to M vrminr
experimefitally the nature of the nntieip~twf growth ant[
discharge of lee-side vortices. In the course of an investiga-
tion of a series of bodies with ogival noses and cylindrical
afterbodies conducted in the Ames I.nlmratory 1- by 3-foo L
supersoriic wind tmmels, it was determined that the growth
and discharge of lee-side vortices did orcur for surh bodies”
at angle of attack as was evidenced in two ways. ‘rho
sehlierenpicture for one of the bodies (fig( 4 (n)) S11OWW1a lino
on the lee side at the more forward stutious which driftcd
away from the body surface and ewmtunlly branchwl into a
series of lines trailing in the stream direction. The ‘tline” at
the more forward stations was indicated to bc the cores of (ho
symmetrical vortex pair, which in this side view would appmr
coincident. The I.mancheswere indicate(l to bo the cures of
the alternately shed vortices. In order to make the vortices
visible in A more convincing manrwr, usc wns made of a
technique which we have termed the “vapor screen’?method.
With this technique, the cross flow is mndc visible in the
foIlowing manner (see fig. 5): A small mnount of water
vapor, which condenses in the ~vind-tunnel twit.section to
produce a iine fog, is introduced into the tunnel air strwun.
A narrow plane of bright light, produced by a high-pressure
mercury-vapor lamp, is made to shine throug% the glass
window in a plane essentially perpendiculm to tbo a.tis of the
tunnel. In the absence of the model this plane nppwirs as n
uniformIy lighted screen of fog particles. IIleu the modd is_.
put in place at any arbitrary angle of attrick,the resuh of nny
disturbance in the flow procluced by the modd which
affects the amount of light scattered by the water ptirtirlcs
in this lighted plane can be seen and photographed.
. In figures 4 (b) and 4 (c) “are shown photographs of tbc-~

vapor screens corresponding to the imlicatcd stutions for
the body of figure 4 (a). The photographs nre three-qurwter”
front vknvefrom a.~ant.agepoint similar to thtitof the sk~~tcil
of figure 5. In these photographs vortices mado themselves”
evident as black dots on the vapor screens due t.othe absence
of ec.atteredIight, whioh is believed to result from tho tirtion
of the vortices in spinning the fine droplet.sof fog out of the
fast turning vortex cores. Other details of & flow, particu-
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hrly shock wnves, are evi~en~ as a change in light intensity.
Figure 4 (c)” shows the symmetrical -rortex pair to exist. as
previously indicated at. the more for-ward stations, wMIe
figure 4 (b) demonstrates that the vortices are shed at.
stations far removed from the bow. Other observatio’hs at.
cMerent angIes of attack demonstrated that the shed@ng of
vortices began, as indicated previously, at the more forward
stations the higher the angle of attack. It is of interest to
point out thatcin these -wind-tunnel tests the order of dis-
chmge of the -rortices -iraaaperiodically reversed. Thus, in
my cross-flow plane, the discharged vortex cIos@i to -the
body wouId at one instant be on one side of the body and at
the next instant, or perhaps several seconds later, on the
other. h-o regularity in this change in the distribution of the
vortex street has been fqund.

—

---

METHOD FOR ESTLllATING FORCE AND N1OMEN’T CHAR-
ACTERISTICS OF SLENDER INCLINED BODIES IN VT13COUS -
I?Low

For boclies of high fineness ra~o at high angles of attack
‘when “thcicross force is important, it is clem that the tI&”d—
term of equation (13) must predominate since @ is snd, so
that the pressure distrilmtion increment due to angle of
attack wiII closely appro.simate the-prwsure distribution for ‘-
a circuk-cybder section a! a Teloeity equal to the cross,——
component of Yelocit-y for the body. Moreover, except for
the sections near the bow, development of the cross-flow
boundary Iayer vdl ha-re been sufficient to promote the flow ‘“
that is characteristic of the stead-j--stateflow for a circular- .
c~linder section at the Mach
sponcbg to the cross -relocity

and Reynolds numbers corre-
over the body.
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FIGUREtkl%her.naticdtagramof vapor-wrenapparatusahow[ngrortfceafroma ltftingfkxfyofrevolution.

For the limiting case of a slender body, the appropriate
vtilueof the cross-wise drag coefficient is, of course, the value
of the drag for an infinite cy~ider. As will bedmwn later,
experiments indicate that for actual”bodies of finite length
a somewhat smaller value should be used. Since the act.ud
cross-wise drag coefficient of a body of finite length is always
somewhat less.than the coefEcient for an infinite body, this
reduced value suggests itself. Thus it might be expected
that the viscous cross-force distribution on such a bocly could
be calculated on th~ assumption that each circular element
along the body experiences a cross force equal to the drag
force the section would experience with Lheaxis of revolution
normal to a stream moving at the velocity T70sin a. This
viscous contribution is given by

?Rck. ~0 qOsin2 a dx

where R is the body radius at x and Cb-we is the IocaI drag

coefficient at x for a= 900 corresponding to the Reynolds
number

R.=RO sin a
and the Mach number

M,=JIO sin a

As a &at approximation to the total cross force wc may.-
add the potential cross force to the viscous cantriImLion.
The total-croes force at x would then be 7

With this simple alIowance for viscous %ffccts the lift,
coeffioiaul,sthe fore(lrag coefllcient, and the pitthing-morncnt —

7Fmmtheworkof Ward(mfenamlil),Itmayb? shownthatthepotcntfalmussforceIs
d!reeted midway between tkw normal co the Ma of rerolutfon and the normsl to the w[nd

dirwtion.

I LU the expression for CL the eontrIbntfon of the SXIP.Idrag form - CD, ~a-o} Ct#asina

is inmmwuent~y SM~ and ~ been iw~d.
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coticient about an arbitrary moment center x= from t-he
nose are given by .“

fDF= CDF=-O s. . A,
cod a+~ SLU2CCSirl;+ Cd==go.~ Sinsa

PM=
[

Q–S,(L–XJ “.
Ax .1sm 2a cos ~+ 1

(M)

where
.

f

L
Cda=wo2Rrdz

Za-coo=’ 0 .~,cd.-g~”

where .
.4, phm-form area,
s, base area
Q bcdy volume
L body length
.4 reference ties for coticientl ewduat,ion
.Y reference length for pitohing-moment-coe5cient eval-

uation
Because of the approximate nature of the theory, it is not

considered justifkd to retain the complex forms of these
equations. Accordingly, it is aas.umedthat,,for the functions
of the w@e of attack, cosines maybe replaced by unity and
sines by the angles in radians to give e

To aseess the adequacy of these equations for predicting
the force and”moment charaeteristim of high fineness ratio
bodies, two bodies of revolution were tested in the I- by
3-foot supersonic wind tunnel at a Mach number of 1.98
from angl~ of attaok of zero to more than 20° and in the
1- by 3M-foot high~peed wind tunnel @om Mach numbers
of 0.3 to 0.7 at 90° angle of attack to determine the cross-
flo~ ~ coeffici~t Cd==W.and the center of application
Z=aO of this force.” The bodies investigated (see fig. 6)

QIntheerpre5fonfor~C’KJPtheterm- c~ra~, wbfti sbonhiproperlyamrearOnfie

rfghtddeoftbfsequatfo%hedbsenrdtted she, forrmctfcdcas%Itsmnkiiutfonfssmrdl.
~ AIthough the mms ReynoIds nrnnbera for the 1- by 3Wootwind-trmneltestweredmast

twicethatforthe1-by mot wind-trmudWe&,theresdtsmeconsideredmmparableefnm
fntheran=of Regnrddsnumbersimestkrdedthe@ charrmftics of ckonleJcylhders
erefnsenWretoohangetnReynoIdsnruhbem.

~
~-

1 .J

, .75(7 ““

~-25.0Wr~.rm%ng” Ail dimenw”aw in inches ‘-=””

80+ I(fineness .07%3 21/)

+4.314~5500 —=
I IJ

.. , ~.750
‘-25.000r~d:~finq T

Body E (fipeness rufio f3.f)

FIGCBE 6.—BIMks cf rerrdutforr. .

each had a 33!&aIiber ogiwl nose, and constant diameter
afterbocly of such length as to make the fineness ratios 21.1
for body I and 13.1 for body II. Shown in figures 7 and S
are the Iift coefficient, foredrag-increment coefficient, pitching-
moment coefficient about the bow, and center of preesure
as a function of angIe of attack for the two bodies as deter-
mined from the tests in the 1- by 3-foot wind tunnels.
Also shown me the calculated characteristics (indicated by
the solid-line cum-es) using the e~erimentrd values of

~% -,& and r=.m (see &s. 9 and 10) obtained from the
90° angle+f-attack tests in the 1- by 3~-foot mind tunnel
as -weI1as calculated characteristics obtained from potential
theory (iidica.ted by the dot.ted-Iinecuryes). The reference
area A for coefficient evaluation for these data is the base
area and the reference length .%- for moment-coefficient ....
emduation is the base diameter.

It is seeri that for the higher Iineneasratio body (body 1),
the calculated characteristics which include the allowance
for viscous eff~cts are in good agreement with experiment -
~d that the potential theory is clearly inadequate at all
but very small an~Iesof attack. For the Iower fmeneasratio ~.-
body (body II), the calculated allowances for wiacouseffects
depart. further horn experiment than they do for body I,
as would be e~ected, although again they are in much
better agreement -with experiment than are the calculated
characteristics based only on potential theory.

Ti%iIe the comparisons made demonstrate that the indi-
cated allowance for viscous effects is adequate for very l@h-
fineness-ratio bodies, the calculated characteristics were,
themsekes, based on experimenta~y determined values of
Cda-,00 and X=.m. For the met-hod to be useful in desi~,
of course, some means for cidcuIating these parameters must
exist. In many cases, there are a~aiIable snilicient experi-
mental drag data on @inders to provide the required
information. In the appenck one appro.ximate method is
given for determining the values of C~e-,.. and z=-we for
the bodies I a~d II previously considered.

The variations of the coefficients of Mt., foredmg increment,
and pitchi,ng“moment and of the center-of-pressure position
with angle of attack for the two bodies as estimated using
the calculated cross-flow drag characteristics given in L.he
appendix are shown in @res 7 and S (as the dashed-Iine
curves). The estimated characteristics are seen to be in
even better agreement with experiment than are the calcu-
Iated ~ariations using the experimenkd cross-flow drag
characteristics.
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APPENDIX

ESTIMATION OF CROSS-FLOW DRAG COEFFICIENT

~ procedure which suggests itself for estimating the mag-

nitude of the cross-flow drag coefficient C’~=-w. as a function

of qgle of attack for the two ogkd-nosed bodies treated

in the text is to consider them to have the same charactwis-

tics as circukr c-#inders of constant diameter.

Df=+

The cross-flow drag coficient of this fictitious cylinder of
finite length can then be approtiated by fit determining
the drag coefEcient., cd=, of a circdar-cjdinder section of
diameter D’ a-tthe cross-flow Mach number

.lf.=..-lfo sin a

and cross-flow ReynoMs number

~ ,_VoD’
c sin a

v

tind then correcting this drag coefficient for the etlect of the

tide fl.neness ratio, L/D’.

From references 14 and 15, it is found that for the valuee of
D’ corresponding to the two bodies considered the circukw-

cyLinder section drag Cc&kients, Cde, are the same for both
bodies and dependent only on the Mach number. The
vrduesat various cross Mach numbem are given in figure 9.

From reference 16, it is found that for a ilnite-kngth cir-
cuIar cyIinder in the range of Reynolde numbers for which the
cross-big coefficient-,as for the present cases, is 1.2 at low
Mach numbers, t-heratio of the drag of the circular cylinder
of tite length to that for the circukw cylinder of iutite
length is 0.755 for body I and 0.692 for body II. Assuming
that this ratio ~is independent of Mach number,
the estimated values of O~==Wfor the two bodies are as
given in figure 9 wherein they may be campared with the
experimental values obtained from the 1- by 3%foot wind-
tunnel tests.

The value of xa-~~ie IogicaIly assumed to be the distance
from the bow- to the centroid of plan-form area. This

aesmmedposition which is independent of Mach number is
compared with the experimentally determined values from
the. 1- by 3j4-foot wind-t-unnel teets for the two bodiss in
figure 10.
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