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By Lelsnd H. Jorgensen and Edwsxd W. Perkins

SUMMARY

For an inclined body of revolution at a free-stream Mach number of .
1.98, pitot-pressure distributions in the flow field, pressure distribu-
tions over the body, and downwash distributions through the shed vortices
have been measured. The body consisted of a fineness-ratio-s, circul.ar-
src, ogival nose tsmgent to a cylindrical sfterbody 7.3 dismeters long.
The free-stream Reynolds numbers, based on bdy diameter, were 0.15Xl.&
snd 0.44xM%, snd the angle-of-attack range was from 5° to 20°. Pressure
distributions on the bdy surface have been used in conjunction with flow-
field contour plots of constant pitot pressure to determine the approximate
locations at which the vortices left the body surface and their paths
downstream.

To aid in the study of the experimental.data, expressions have been
written for the flow about a simple theoretical model in which the induced
flow field in sny crossflow plane slong the cylindrical afterbcdy is
represented by the incompressible steady potentisl flow around a cylinder
in the presence of two symmetrical vortices of eqti strength. By the use
of velocity and vortex strength formulae resulting from consideration of
this theoretical model, vortex paths which agree well with the experimental
paths have been computed. However, in computing these paths, starting
vortex positions and strengths determined from esrperimentwere used, since =
there is no reliable theoretical method for determining these starting
conditions.

Comparisons of theoretical and experimental downwash angle distribu-
tions along a line through the vortex centers illustrate the inadequacy
of the sometimes-used potentisl flow about a cylinder which fails to
account for the presence of vortices in the flow field. Except through
snd between the vortex cores, the downwash csn be closely computed by
assuming two symnetricsl’potential vortices in the flow field. If the
sizes of the core radii are known, the agreement of theo-rywith experiment
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both through and between the cores cm be improved by the assumption of
*

viscous rather than potential vortices in the field.

.
.=

INTRODUCTION

One phase of the general problem of the

.

—. —

,interferencebetween com-
ponent p&ts of aircrfit that has received little attention thus far is
the interference effects resulting from the vortices shed from a body

—

of revolution at large angles of attack. Wind-tunnel tests have shown
that these vortices CSLIhave a large effect u~on the forces developed on - ~
wing and tail surfaces. Fortunately, techniques are available for esti-
mating the forces developed on the wing snd ~~il surfaces yrovided the

—

strengths and positions of the bcdy vortices are lmown (see, e.g.j ref.--l). - - ~
Although, as yet, there is no rigorous th=’e~ic~ method for Predicting...-.— ~
either the strengths or the positions of the vortices} certain siWlif%d .. . . .. . .
methods for estimating these characteristics csn be suggested. —.

The purpose of this report is twofold: firs~to present experimental .. .=
results of flow-field characteristics about sm inclined body of revolu-
tion and second, to assess the adequacy of a simplified method of esti-=

.

mating these characteristics.
—

To this end sn inclined body of revolution
has been utilized for obtaining measurements of tidy Press~e distr~bu-.. ___

—

tions, paths of the shed vortices, snd downwash distributions through
—

the vortex cores. Comparisons of computed
distributions are made with the results of

SYMBOLS

A reference area, ma=

a radius of-cylindrical portion of

c a constant of integration

CN Nnormal-force coefficient,—
%#

vortex paths and downwash
the experimental.measurements_.

-..

.--=

body .-

——

.-

CNP normal-force coefficient by Tsients potential.theory

Cp
P - Po .,.

pressure coefficient, —
qo

d body dismeter ..

1 body length

2n length of ogivsl nose

. ..—
“

.
— .
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free-stresm Mach nuniber

normal force

locsl static pressure on body

free-stresm static pressure

pitot pressure in body flow field (measured parsllel to body
axis)

free-stresm total pressure

free-stresm dynamic pressure

free-stresm Reynolds number per inch

core radius of viscous vortex

radial distance from vortex center to point y,z in crossflow
plane

position of a point b crossflow pl=e, y + iz

time of vortex growth

induced velocities in y ud z directions, respectively
(see sketch. 6)

free-stresm velocity

crossflow velocity, Vosin a S Voa

vortex velocity in crossflow plsne, ~

Cartesian coordinates of point in space, origin at nose vertex,
x sxis coincident with body axis, z axis perpendicular to
x axis in pitch plane. (See sketch (a) p. 6)

cylindrical coordinates of point in space (origin at nose
vertex, x axis coincident with body sxis, and e = 0°
in crossflow plane on windward side) -

sngle of attack

circulation strength

.
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local flow (downwash) singlewith respect to free-stream

direction, a - ~

position of vortex center in crossflow plane, 3 + irj

Cartesi.sacoordinates of vortex filsment position (referred
to body axis with origin at nose)

kinematic viscosity of air

free-stream air density

sidewashangle with respect to free-stream direction, ~
To

potential function

stresm function in

11 I!conditions at x

in crossflow plane

crossflow plane

Subscripts

distance from nose vertex

n=l,z,s,4 identifies real and image vortices -(seesketch (b) p. 7)

FXPERIMEN!I!ALCONSIDERATIONS

Apparatus .-

The experimental investigation was conducted in the Ames 1- by 3-
foot supersonic wind tunnel No. 1. This tunnel is a closed-circuit
variable-pressure tunnel in which the Reynolds ixxiberis changed by varying
the total pressure within the approximate limits of one-fifth of an atmos-
phere to two atmospheres. Mach numbers between 1.2 and 2.5 are obtained
by siljustmentof the upper and lower flexible steel plates of the nozzle.

The model tested had a fineness-ratio-3, circular-arc, ogivsl nose
tangent to a cylindrical.afterbody 7.3 diameters long. A single row of
23 orifices extended longitudinally over both nose and afterbody. The
model, which was constructed of steel, was sting supported from the rear
and could be rotated 360° about its longitudinal axis by a medmnism
operated from outside the tunnel. Pertinent model dimensions are shown
in figure l(a).

A

.—
.—

.
—.
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?: —

—

—

—

.
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Sketches of
to measure total
shown in figures

the pitot-survey rsXe and survey cone which were used
pressures smd local.stream angles, respectively, me
l(b) snd l(c). .Photographs of the model and survey cone

apparatus sre presented in figures l(d) and l(e). The pitot-survey rake
could be mounted on the body at various model length positions and could
be rotated with the mcdel about the model longitudinal sxis. The survey
cone was supported on a movable strut projecting from the steel side
plate which replaceda tunnel window (fig. l(d)). The cone couldbe
positioned laterally in the tunnel to within *0.01 inch by the use of a
hand crank and lateral position scale (fig. l(e)). In addition, the cone
could be pitched about the latersl strut sxis which passed midway between
the top and bottom (downwash) orifices of the cone. The pitch angle could
be set-to within +0;05°.

Pressure leads from the
netted to a liquid manometer
recorded.

body, pitot rake, and survey cone were con-
system. The pressures were photographically

Tests and Results

All data were obtained for a free-stresm Mach number of 1.98. The
model was tested at singlesof attack of 5°, 10°, 15°, smd 20° for a free-
stresm Reynolds number of 0.39%l& per inch and at an angle of attack of
15° for a Reynolds nuniberof 0.13~@ per inch (Reynolds numbers of
0.44xl@ and 0.15x10e based on body diameter). Circumferential pressure
distributions were obtainedby rotating the model through the desired
range of circumferential mgle (e). At various model length stations
(x/d) pitot-pressure distributions of the flow field were obtained also
by rotating the model about its longitudinal.axis.

DownWash angle measurements were made along horizmtal lines per-
pendicular to the model pitch plsne and passing approximately through
the vortex centers. The downwash mgle surveys were made by the null-cone
method in which the cone is pitched until the pressures measured at the
top and bottom cone orfiices indicate that the sxis of the cone is slined
tith the local stream. The repeatability of the measurements was checked
by making random reruns. Except at positions very close to the vortex
centers where the induced velocity gradients were lsrge, it was found that
the downwash angles generally couldbe repeated to within ti.2°.

All of the pressure data for the mcdel surface were reduced to coef-
ficient form ad sre tabulated in reference 2 and plotted h figures 2
through 6. The pitot-pressure data for the model flow field were reduced
to the form of the ratio of local pitot pressure to free-stream total.
pressure, pp/Pto. Contour plots of constsmt values of, pp/pto are pre-
sented in figures 2 through 6. DownWash angles, measured in degrees with
reference to the free-stresm flow direction, are listed in tables I and II.
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THEORETICAL CONSIDERATIONS

Calculation of the interference effects resulting from the vortices
shed from a lifting body depends to a large extent upon an understanding
of the manner in which the vorticity is discharged from the body and upon -
a satisfactory representation of the induced flow downstream of the body
nose. From visual flow studies (e.g., ref. 3) it is known that the phvs-
icd flow field
in sketch (a).

z
A

for moderate singles-ofattack:is approximately as in~i~ated
The vortex formation for the body is somewhat similsr to

Sketch (a).- Assumed flow field.

that for the slender triangular plan-form wing considered by Brown and
Michael (ref. 4). For both the body and the wing two spiral vortex sheets
are produced, with flow separation occurring on the sides of the inclined ..
body and on the leading edges of the wing. we sheets roll up to form
two regioqs.of concentrated vorticity. The l-iigeflow angles associated

—

with these regions .ofvorticity are responsible for interference effects.
The complex nature of the actual flow precludes an exact representation..
of the tkwee-dhenslonal flow field; hence, a“simplified model of the
real flow must be chosen for study. In this section of the report expres- _
sions for the flow about a simple theoretics.model are presented.

Theoretical Model and Basic Formulae-for Potential
snd Velocities in the Flow Field

The assumption of slender-body theory that the flow is independent
of Mach number is made. It is assumed that the induced flow field in
any crossflow plane along the cylindrical afterbody cm be adequately
represented as the stesdy two-dimensional, incompressiblepotential flow
around a circular cylinder in the presence of two symmetrical.vortices of

*

---

.

-

—

—
_-

—

. .

.

.
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.
of equal strength (sketch (b)) All
of the vorticity is considered to be
concentrated in the two external
vortices, the effects of the feeding
vortex sheets being omitted. In
addition, it is assumed that the
vortices need be considered only at
positions downstream of the nose-
cylinder junction. The boundary
condition of tangential flow at the
body surface is satisfied by placing
image vortices within the body at
the

for

q+

appropriate positions.

The complex potential equation
the crossflow (sketch (b)) is

where lrl isthe magnitude of the
strength of each vortex; s = y + iz

is the position of a point in the
field; md ~1, C2, ~s, and !A are

iz,iq

4

Image vortex

Q

~

t: i,

a

\
Crossflow
streamline

Y,(

Vc= \a

Sketch (b).- Approximate flow field
representation in a crossflow plane.

the positions of the real and image vortices, with ~n = En + i~.
Resulting expressions from which the velocities induced at any position
(Y,z) c~becalctited areas foll.ows:

n.q
!2Vca2yz r

~[

(-l)n
z-

v=- Vn “

(@ + z’)’ + =n=l
1

(z -qn)2+ (y+ n)’ (3)
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v= z Voa

!!4 = -El

and
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.

-

A—

.

.

Downwash and sidewash &mgles (with respect to the free-stresm
direction) we then given approximately by e x a - (w/Vo) smd U: (v/Vo). .

Velocity Relationships With Viscous Vortices

Because of the effects of viscosity, downwash and sidewash distribu-
tions computed by equations (2) and (3) cannot be expected to agree closely
with experiment near to snd at the vortex centers. It is likely, however>

..-

that the agreement of theory with experiment can be improved by substi-
tuting theoretical viscous vortices for potential vortices in the flow

.—

field. For a single isolated viscous vortex it has been shown (ref. 5,
p. 592) that the velocity varies according to the expression,

.—

.

(
-rv2/4vt

Vr =&l-e
)

(4)
v

where “ i.

vr =477-7 “ ~ -—

rv = J(Z - q)2i- (y - .g)2

v = kinematic viscosity

Wz-

.

●
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and

9

t . time of vortex gro@

What is assumed to be a viscous vortex is, in essence, a vortex having
“solid’lcore with potential outer flow joined by a transition region.

~n this trsmsition region, at some radial distance, rx, from the vortex

center the velocity reaches a maximum. Using eqyation (4) it csn be

shown (see> e.g.y ref. 6) that rx can be expressed as a simple function

of time, t, by

If 2
r+ = ~.24(vt) (5)

In this report, rx is assumed to be the core radius of the viscous
vortex.

For the complete flow field, if it is assumed that both the real.
and image vortices have core radii which are equal in magnitude then
approximate formulae for induced velocities in the field can be written
as follows:

w=

[

Vc 1+

n=4
2Vca2yz

~[

z- l-in
v=-

(F + z’)’ + :n=l(-l)n
1

(1- eB) (7)

(z ‘Vn)’+ (Y- ~n)2

where

[
B = -1.254(1/r*)2(Z - ?’)n)’+ (Y - ~n)2

1

It is of note that these formulae, due to the linear superposition of a
viscous onto a potential flow system, are not mathematically rigorous
and do not satisfy the body boundary condition of zero normal velocity
for sdl values of G in the crossflow plsne. However, at least for.
positions through snd in the vicinity of the vortices, their use can be
justified on the basis of good agreement between computed and experimental

s downwash distributions (discussed later in the report).
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.

Vortex Strengths, Origins, ad Paths -.

.

Vortex strengths.- For a theoretical.model in which two symmetrical
vortices originate on and remain in the presence of an infinitely long
circular cylinder, the strength of the vortices at a given stationy x,

.—

can be related to the normal force on the portion of the cylinder between
the origin of-the vortices and station x by-the Kutta-Joukowsky law
(see, e.g., ref. 7)-. Thus, -’ =

(Ncydx = Prxvo(al - 32)X (8)

For the considered theoretical model, which includes a slender ogival
nose with a pair of symmetrical vortices originating on the cylinder or

—

at the nose-cylinder junction, the total normal force at a given x .
station can be approximated by

.-.._.——.
.

NX = (NCYI)X + Nnose =. prxvo(2~1 - 232)X + 2aQ# (9)
●

Thus, (CNX-9A
(S!x = 4(,1 - 52)X

(lo)

where CNX is the coefficient of the total normal force developed from

the nose vertex to the body-length station considered. The normal-force
—

coefficient for the nose portion of the body”is the slender-body result
—

.—

of CN = 2u. For this theoretical model any so-called “lift carry-over”
—

from the nose onto the cylinder is neglected=– The lift on the cylinder
is considered to be only that resulting from the motion of the vortices
relative to the cylinder (the slender-body vslue of lift being zero over– -
the cylinder). Experimental data (ref. 2)j however, indicate that, even
for the body at low angles of attack (of the order of 50), there is a
moderate amount of lift carry-over from the nose onto the cylinder.
Studies of these data have shown that this lift carry-over can be accounted
for, at least in part, by the use of Tsien~s potentisl theory (ref. 8) In
preference to slender-body theory. Hence, a-preferred hyln?idexpression
relating vortex strength
written as

and position to normal-force coefficient csa be

, tN - Cup)+

.

()~
(Xl_)

x = 4(31 - g~)x “d—
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where ~ is the normal-force coefficient computed by Tsien’s theory.

The use 0? equation (10) or (n) is, of course, tantamount to assuming
that only the so-called viscous crossflow component of the body normal
force contributes to the vortex strength.

Vortex origins.- No theoretical procedure is lomwn for predicting
the positims of the origins of the vortices (that is, the positions at
which the vortices leave the body surface). Qualitatively it is known
that as the angle of attack of the body is increased, the boundary layer
first begins to thicken on the downstream lee side. This is followed
by separation of the boundary layer and formation of two regions of con-
centrated vorticity in the wake on the lee side of the body. Moore
(ref. 9) has studied the three-tiensionsl boundary-layer flow on inclined
cones and has found that on the lee side of the cone, unique solutions
to the classical boundary-layer-flow equations are limited to small
angles of attack. Beyond a certain critical angle of attack, dependent
on Mach nuniberad cone angle, the lmundsry layer csmnot remain thin.
The critical singleof attack 2s of the ssme order as the semivertex angle
of the cone. Moore presumes that for angles of attack in excess of this
criticsl value, the flat vortex bubbles which have formed on the lee side
of the cone must be in the process of forming a symnetric pair of strong
vortices. EHmilar considerations probably apply for the flow about
ticlinedbdes other than cones. Consideration of pressure distributions
along streamlines on an inclined cylinder indicate that, because of the
adverse pressure gradient, there is a tendency toward separation and
formation of a vortex bubble even at very low angles of attack. However,
as yet there is no methd for calculating the position on sm inclined
body at which coalescence of the vorticity has progressed to such a degree
that a symmetric pair of steady vortices are formed. Hence, experimental
measurements (some of Which are presented in this report) must be relied
upon entirely.

Vortex paths.- With the aid of eq~tions (2) and (3) the paths of
the vortex centers can be computed by stepwise procedures if the origins
smd strengths of the vortices are known. For example, if a vortex posi-
tion (~,q) md strength (r/Vo) are bown, values of w/V. and v/V. induced
at the ffisment of the vortex csm be computedby equations (2) and (3).1
If in a given time interval At the vortex filsnent
to move (with respect to the body) an axial distance
tical distsmce Aq = wAt, and a latersd.distance A~

Aq ZAp(w/Vo)
and

, Ae =Av(v/vo)

can be considered
& z VoAt, aver-
= vAt; then,

(12)

(13)

%he more complex ~ressionsj eqmtions (6) and (7), also csm be
used; however, essentially the same results are obta”tiedwith eqya-
tions (2) ~d (3).
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Hence, for a small incremental distsnce ALL,a new vortex center position
can be estimated by the use of equations (12) and (13). Then if the
strength of the vortex is kncwn at this new body length station and at
succeeding stations, this computation process may be repeated a sufficient
number of times to determine the path. If the normal-force distribution
over the body is known,2 the vortex strength at each &L intervsl can be
estimated by equation (Xl_). The proper spacing Ap of successive stations
should be, of course, checked by trisl and error. For the stepwise cal-
culations made for this investigation the experimental normal-force dis-
tributions of reference 2 have been used.

.

.

—.-

DISCUSSION

In this section of the report the pressure distribution and pitot-
pressure data are used to illustrate the flow conditions on the body
which lead to the formation of the vortices and to isolate the positions
along the body at which the vorticity is concentrated into two weld.- ,
defined vortex centers. As an aid in assessing the usefulness of the
simple theoretical flow model previously outlined, comparisons of computed

—

vortex paths and downwash distributions are made with the results of tha n

experimental.measurements.

Experimental Pressure Distributions snd Vortex Positions

From a study of the pressure distributions on the surface of the body
and pitot-pressure distributions in the flow field on the lee side of the
body, the positions at which the body vortices originated and the paths
of the vortices downstream from the origin csm be determined. The body
pressure distribution data and the pitot-tube survey data have been plotted
in figures 2 through 6 to show constant pressure contours for each of
the test conditions.g On the contour plots of body pressure coefficient,
lines are shown to indicate the circumferentialpositions of minimum
pressure coefficient (C& minimum with respect to e), the approximate
flow-separation positions, smd the circumferentiallocations of the vor-
tex centers. The minimum pressure positions, of course, are obvious.
The flow-separation and vortex-center positions will be discussed in the
following paragraphs.

~f the normal-force distribution is not -own from experiment it can
sometimes be computed by a semiempiricalmethod (see, e.g., ref. 2).

%ince the pitot-pressure tubes were always &lined with the bd.y axis
and not with the 10CS2.stresm direction, some of the indicated loss in
pitot pressure results from the large inclination of the stream relative
to the axes of the tubes.

CiiiiFa
.-L. ,.

,.
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.
The pitot-pressure plots are very useful.for determining the positions

of the vortex centers. The vortex center positias, indicated in figures 3
. through 6, are assumed to be at the approximate centers of the smallest

closed contours of ~/pto. It is interesting to note that these posi-
tions, when superimposed on schlieren photographs of the flow field taken
with the knife edge horizontal, coincide with the Inner edges of the dark
vortex regions. (See, e.g., fig. 7.)

The conditions leading to flow separation and subsequent formation
of the vortices are perhaps best illustrated by typical pressure distribu-
tions along apprmdmate streamlines on the cylindrical sfterbody (fig. 4).4
For a = 15° andRe = 0.39fi& per inch, pressure distributions along
the streamlines shown in figure 4 are plotted in figure 8. Along the
streamlines the pressure decreases rapidly proceeding frcm the windward
towerd the leewsrd side of the body. A tiimum pressure is reached near
the side of the body. This is followed by a rising pressure (adverse
pressure gradient) and eventual flow separation. The flow separation
position is assumed to coincide with the point at which the pressure then

. begins to decrease. FolJ.owhg flow separation a second rein- pressure
occurs (except for streamline a) at the approximate circumferential
location of the vortex center. (Although the identity of the individual
stresnlines is lost beyond the flow separation point, these plots have
been continuedby dashed lines into the separated flow region to show the
influence on the pressure distributions of.the secondsry flow associated
wtth the vortices.)

\

From a study of the differences between the pressure distributions
slong the various streamlines coupled with a study of the pitot-pressure
plots for various x/d positions, the apprcxdmate region of the origin
of the vortices can be determined. For instance, for the pressure dis-

, tribution along the stresmilinelabeled “a” there is no clear indication
of flow separation, nor is there any second minhn?rnpressure that has
been associated with the location of the vortex core. However, along
the streamline labeled “b” there is sn indication of a vortex forming at
an x/d position of about 4. Since the pitot survey data (fig. 4) show
that the vortices are clesrlydw’eloped at x/d = 5.8, it is reasonable
to assme that the vortices originated at about 4 or 5 dismeters frcunthe
nose. Fran similar studies of the data for the other angles of attack
(5°, 10°, md 20°) addititi information concerning the approximate
origin of the vortices has been determined. In figure 9 the apprcmdmat.e
length positions at which the effects of the vortices were first discern-
ible in the pressure distributions are plotted as a function of angle of
attack.

A considerable effect of Reynolds nuniberupon the flow about the
. inclined body of this investigation was preciously reported in reference 2.

%ese streamlines, which were derived simply from consideration of
incompressible potential flow over an inclined circular cylinder (with

. no vortices considered), are deffnedb~ 0 = 2 tan-l[ce-ld).
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The changes in the pressure distribution and flow-separation character- .

istics at a = 15° for fi increase in Reynolds number from 0.13xl& to
0.39xl.08per inch can be seen by comp~ing figures 5 smd 4. Although
there is a significant effect upon the pres~e distributions, comparison

● -

of corresponding pitot-pressure plots reveal only a small effect upon the
-.

vortex positions. For the lower Reynolds n~%er tests the positions of

.—

the vortex centers at x/d = 5.8.were approx@ately 0.1 body radius far-
ther from the body surface and about so closer to the vertical plane of
symnetry than for the higher Reynolds number;

:
At the base of the body,

x/d = 10.3, the locations of the vortices were practically identical for
both Reynolds numbers.

Vortex Strengths Computed From Experiment

To provide values of vortex strength to aid in assessing the methods
of computing the vortex paths ~d the downw%sh distributions, the strengths
of the vortices at vsrious body length positions have been computed by
equations (10) and (11). They are presented nondimensionally in figure 10 . _
as F/27raVo as a function of x/d. The calculations have been made using
the experimental_normal-force distributions of reference 2 with both

—

measured and computed vortex positions taken at various body length sta-
tions. The measured vortex positions were obtained from figures 3 through * ~
6. Where the vortices are shown to be slightly asymmetric, average vslues “-
of the positions have been used. The strengths obtained using computed
vortex positions (discussed later) result from application of the steptise _ ~
path calculation method previously outlined.

In general, the strengths of the vortices would be expected to
increase with distance downstreti. It is believed that the small decreases
in some of the computed vortex strengths with distance downstream are a
result of approximations in the methods used..~d do not actually exist.

Comparisons of Theoretical and Experiiientalvortex Paths -

Theoretical and experimental vortex pat.hpositions are compared in
figure il.. ‘Thee~erimental positions were taken from the pitot-p,ressure

—

contour plots (figs. 3 through 6).
.-

ThetheoreticQ path positions were.
computed by the stepwise method (previously outlined) in which the vortex

..:

strength is computed by equation (11) and varies with distsmce x down-
stream (as shown in fig. 10). In addition, calculations were made by the

—

stepwise procedure but with the vortex strength held constant over the
path length and given by r/V. = 4SJXjan assumed relation to be mentioned

—

later. The F6ppl equilibrium positions for vortices in the crossflow
plane of a two-dimensional cylinder (ref. 5, p. 223) me also presented’”””
in figure.11 merely for reference.

.
All stepwise path calculations were

started at the most forward body length positions at which pitot-pressure
surveys revealed the presence of well-defined vortices.

—
Incremental. .
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length spacings (&ls) of 25 percent of the body radius were used, ~though
4?s of 50 percent of the radius were found to be satisfactory. For the

● stepwise method in which r/V. varies with x, the initial vortex
strengths at the stsrting positions were assumed,to be the same as those
computed using the measure~ vortex positions of this investigation smd
the normal-force distributions in figure 8 of reference 2. In general,
the paths computed by this method are in very good agreement with exper-
tient. However, for a = 15° and Re = 0.39x10e per inch, it appesrs that
the initial.vortex strength calculated from experiment is too large, and
as a result the computed vortex position initislly moves too fsr in the
~ direction and not fsr enough in the q direction (as shown in the end
view of fig. n(b)). However, with increase in distance downstream the
strength computed by the stepwise method decreases at a sufficient rate
(see fig. 10) so that the computed pa.th~ees reasonably well.with
experiment even though the initisl vortex strength seems much too lsrge.
For the other test conditions the initisl strengths seem to be about
right, and the agreement between the computed and measured path positions
is very good.

Further investigation into the computation of the paths revealed
that the vortex strengths only hsd to be approxhated in order to compute

● the paths reasonably well. In fact, it was found that the strengths could
be assumed to remain constant over the path lengths for each augle of
attack. For exsmple, at all ars the paths were satisfactorily computed
(see fig. 11) by assuming the strengths to be given by I’/Vo= 4WZ, an
expression which was merely chosen to give the correct value of strength
(according to fig. 10) for a = 10° but which underestimates the strengths
for 15° and 20°.

It is interesting to note that, although there was a considerable
effect on the body loading at 15° angle of attack due to change in
Reynolds number from 0.13%106 to 0.39x10* per inch, there was only a small
effect on the vortex positions, snd the vortex paths for both Reynolds
numbers can be computed reasonably well. Although there maybe larger
effects on the paths due to greater changes in Reynolds nuniber,the data
of this investigation Indicate that the effect of Reynolds number on the
paths need be considered only in determining the proper starting positions.
As yet, no reliable solution to the starttig problem has been determined.

Comparisons of Theoretical ad Experimental DownWash
Distributions Through the Body Vortices

Comparisons of theoretical ad experimental downwash ugle distribu-
. tions along a line through the body vortices at various length stations

ad at angles of attack of 10°, 15°, and 20° we presented in figure 12.
(Since the downwash surveys were made along horizontal lines passing.
jmt a little above or below the vortex centers, the z/a survey locations

.
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we not quite equal.to the ~/a vortex center

NACA RMA55E31

locations shown in fig-
.
.-

ure 12.) For the test conditions of this investigation the effect on
the downwash distributions due to change in Reynolds nur?iberwas small.
Typical comparisons of downwash distributions for Reyuolds numbers of

&

0.13x108 per inch and 0.39x10e per inch are shown in f@ure 13. Since “.

the Reynolds number effects were small, only data for one Reynolds nuniber
(Re = 0.39xl@ per inch) have been used for the comparisons with theory.

The comparisons of theory with experiment (fig. 12) show that the
downwash distributions computed using only the potentisl flow around the
cylinder with ??/Vo= O sre completely erroneous; whereas, the distribu-
tions computed with the inclusion of a symmetrical pair of potential
vortices (end images) superimposed in the flow field agree well with
experiment except between and close to the Vortex centers. The downwash
distributions which include the effects of potential vortices (see eq. (2))
were computed with values of vortex strength taken from figure 10
(eq. (Xl.))end also from the assumed relation r/V. = l%a. Except for

(
20° at x dfs greater than 6.7 where the distributions computed

—
a=
with r/V. = au differ appreciably from experiment, about the ssme

—
. .

agreement between theory and experiment is obtained with either method
of estimating the strength. This, of course, is not surprising since

—

the vslues of vortex strength from the assumed formula and from experiment
.—

*
only differ markedly for a = 20°.

Although the distributiws computed with potential vortices super-
imposed in the flow field agree weXl with experiment at lateral positions ““ ._
(y‘s) greater than about 1.5 body radii from the vertical sxis of synmetry,
the agreement near the vortex cores is poor. Close to and through the
vortex cores the experimental distributions csm be more nearly duplicated

.—

by the assumption of viscous instead of potential flow vortices (see
—
—

e . (6)).

7

This is demonstrated clearly in figure 12(b) for a = 15° at
x d = 8.8. For the computed distributions in figure 12(b) all of the core ‘-
radii (including images) were assumed to be “equsland of the same mag-
nitude as the core radii estimated from the experimental distribution

—

(r*/a = 0.28, the y/a distance from the vortex center to the maximum
negative value of e). Theoretically, the size of a core radius cen be
considered to be a simple function of the kinematic viscosity and the
time of development of the vortex (see eq. (5)). However,.Withouta
clesrer understanding of the time history and viscosity of the vortices,
it is difficult to make a logical estimate of the core size. For example, .—

the product vt computed from free-streem conditions indicates that
viscosity is of minor importance, since the resulting magnitude of rx
by equation (5) is negligibly smsdl compared to the value indicatedby
experiment.

At a,= 20° the agreement between theory and experiment is somewhat
adversely sffected because of the effect of wske shock waves (see

. .

figs. 12(d), (e), (f), and.(g)). These shock waves, which have been
observed in previous visual studies of the wake shed from inclined

—
.
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flat-nosed cylinders and pointed bdies (refs. 10 snd n), apparently
we formed when the crossflow Mach number (&sin a) exceeds about 0.5.
The downwash data indichte that these waves
the windward side of the bcdy with increase

CONCLUSIONS

=ve outbosrd and toward
in distance downstream.

Abdy with a fineness-ratio-3, circular-arc, ogival nose tangent
to a cylindrical afterbody 7.3 diameters long has been tested in the
Ames 1- by 3-foot supersonic wind tunnel No. 1 at a free-stresm Mach
number of 1.98. Pitot-pressure distributions in the flow field, pressure
distributions over the body, and downwash measurements through the body
vortices have been obtained for s.ngl.esof attack to 20°. Pressure dis-
tributions on the body surface and pitot-pressure contours in the flow
field have been used to determine the approximate positions at which the
vortices left the body surface snd their paths downstream. An analysis
of these data in conjunction with a simple.theoretical flow model, which
has been outlined in the report, has led to the folloting conclusions:

1. The paths of symnetricall.yshed body vortices csm be computed
quite accurately by the use of a simple stepwd.semethod. However, in
the application of this method, a knowledge of the body normal-force
distribution and the stsrting positions and strengths of the vortices
is reqtired. Additional research on the problem of predicting the start-
ing positions and strengths of the vortices is necessary.

2. Although not confirmed by detailed measurements of the flow field,
it appears that the strengths of the concentrated body vortices can be
estimated from the normal-force distributions snd vortex positions.

3. Flow angle distributions through the body vortices co~utedby
the potential flow about a cylinder are completely erroneous; whereas,
distributions computed by assuming a pair of symmetric potential vortices
(and images) superimposed in the flow field agree well with experiment,
except between and through the vortex cores.

Ames Aeronautical Laboratory
National Advisory Connnitteefor Aeronautics

Moffett Field, Calif., May 31, 1955
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TABLE 1.- mmmmmAL DOWNKMH AN$LES MM@lRED THROUGH MODEL VORTICES AT MACH Nll!lEH1.98,
Re = 0.3gxl@ PER IMCH
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-6.40
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TABLE II.- EXPERIWNTAL DOWNWASH ANGLES
.

MEASURED THROUGH MODEL VORTICES
AT MACH NUMBER 1.98, & = 0.13w06 PER INCH —

.

(a) (b)
a = 15°; x/d = 8.8; a = 15°; x/d = 10.2;

z/a = 1.61 z~a = 1.82
r

Y/a c, deg yja Cj deg

-6.75 -O*95 -6.40 -O*M
-6.40 -1.05 -5.70 -*m
-5.67 -I.25 -4.98 -1.30
-4,98 -1.50 -4.27 -1● 70
-4.27 -1.75 -3.56 -2.40
-3.56 -2.45 -2.85 -3.38
-2.84 -3.20 -2.49 -4.2o
-2.49 -4.o2 -2.13 -5.38
-2.13 -5.19 -1.78 -7.10
-1.78 -6.90 -1.42 -9*73
-1.42 -10.06 -1.24 -9.90
-1.24 -10.83 -1.07 -9*96
-1.07 -10.84 -.89 -9.12
-.89 -10.15 -.80 -4.52
-.71 6.83 -.71 6.77
-.71 6.88 -.62 16.07
-.57 ago .38 24.33
-.36 19.91 .44 22.33
-.18 24.88

● 53 16.82
0 24.92 .62 13.92
.18 25.29 .71” 5.31
.36 19 ● 93 ●W -9.00
.36 20.48 1.07 -9.23
● 53 17.62 1.24 -9.10
.71 6.31 1.42 -8.83
.@ -7.60 1.78 -6.60

1.07 -9.81 2.49 -3.85
1.24 -10.08 -2.57
1.42 -9.44 ::; -1.88
1.78 -6.65 4.63 -1.44
2.13 -5.05 5.34 -1.05
2.49 -3.80
2.84 -3.25
3.56 -2.35
4.27 -1.65
4.98 -1.30
5*33 -1.30
5.67 -1.30 ~

.

.
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- —— — Approximate minimum
pressure position

23

Distance from modelverlex,x/d

‘ (a) Constant pressure-coefficient contours.

0, deg

J
.>+I Radialdistanceframmadelaxis.! ~

.? /

(b) Constsmt pitot-pressure ratio contours, x/d = 7.61.

Figure 2.- Experimental contours of pressure coefficient on the body and
pitot to free-strean total-pressure ratio in the flow field, ~ = 1.98;
Re = 0.39xl@ per inch; a = 5°.
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— — — — Approximate min~mum —-- — Circumferential location of vortex
pressure position centers

—.— Approximate separation
position

Distance from model vertex, x/d

(a) Constsmt pressure-coefficient contours.

0, deg

I

I

Cross section
of model

90 i I [ I I 1/ I I 1 It
12W 24 2Q 1.6 1.21 +

I
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p“~suROdia’tis’”ce’mm
:= 109

/“
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(b) Constsnt pitot-pressure ratio contours, x/d = 5.83.

Figure 3.- Experimental contours of pressure coefficient on the body and
pitot to free-stresm total-pressure ratio in the flow field, ~ . 1.98;
Re = O.39xl& per inch; cc= 10°.
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(c) Constant pitot-pressure ratio contours, x/d = 7.61.
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(d)‘Constantpitot-pressure ratio contours, x/d = 10.28.

Figure 3.- Concluded. -
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— — — — Approximate minimum —-- — Circumferential location of vortex
pressure position centers

—-— Approximate separation
position ——— Approximate streamlines, defined
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Distance from model vertex, x/d

(a) Constant pressure-coefficient contours.

8, deg

..-

9 Wrtexcenter
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,
A I I/ I ‘V’Je“0

Y#ad~s~c%modelaxi~~

(b) Constat pitot-pressure ratio contours, x/d = 5.83.

Figure 4.- Experimental contours of pressure coefficieriton the body and
pitot to free-stresm total-pressure ratio in the flow field, ~ = 1.98;
Re = O.39x108 per inch; G = 15°.



28 NACA EM A55E31
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(c) Constant pitot-pressure ratio contours, x/d = 7.61.
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— — — — Approximate minimum —-- — Circumferential Iacation of
pressure position vortex centers

—-— Approximate separation
position
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(b) Constant pitot-pressure ratio contours, x/d = 5.83.

Figure 5.- Experimental contours of pressure coefficient on the bdy snd
pitot to free-strean totsl-pressure ratio in the flow field, b = 1.98;
Re = 0.13x108 per inch; a = 15°.
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— — — — Approximate minimum —.-—
pressure position

Circumferential location of
vortexcenters

—-— Approximate separation
position

1 I I

(a) Constant pressure-coefficient contours.
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(b) C!onstsmb pitot-pressure ratio contours, x/d = 4.50.

Figure 6.- Experimental contours of pressure coefficient on the body snd
pitot to free-stresm total-pressure ratio in the flow field, w = 1.98;
Re = O.39XL08 per inch; u = 20°.
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Figure 6.- Continued.
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(e) Constant pitot-pressure ratio ccmtours, x/d = 10.28.

Figure 6.- Concluded.
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Figure 7.- Typical schlieren photographcf flow field with mqerlmpased vortex path as measured

from pitot-rake surveys, a = 15; Re = 0.39U@ per inch; ~ = I-.98.
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