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SUMMARY

Three-dimensional flow separations about a 5° (semiapex anqle, 6.}, 1.4-m (54-in.) long, circular cone
up to moderately high relative incidences, u/8. ~ 5, have been investigated in the Mach number range
0.6 < M, < 1,8, The cone was tested in the Ames 1.8~ by 1.8-m {6- by 6-ft) Wind Tunnel at Reynolds num-
bers, R, based on the cone Tength, L, from 4.5 x 105 to 13.5 x 10°, under nominally zero heat transfer
conditions. Overall forces and mean surface pressures were compared with earlier measurements made in the
NAE Ottawa 1.5~ by 1.5-m {5- by 5-ft) Blowdown Wind Tunnel, where R, ~ 35« 108,

The lee-side separated flow develops from initially symmetrically disposed and near-conical separation
lines at afec ~ 1, with the free shear layers eventually rolling up into tightly coiled vortices at all
Mach numbers. At Mach 0.6, conditions in this symmetrical external separated flow at «/8¢c = 2.5, were
probed with p:tot pressure tubes and optically via laser/vapor screen flow visualization. Mean shear
stresses and directions on the cone surface were inferred from a previously calibrated pair of yawed hot
wires, while fluctuations at the surface were measured by the hot wires and pressure transducers, as the
cone was rolled in small increments through separation.

The onset of asymmetry of the lee-side separated flow about the mean-pitch plane is sensitive to Mach
number, Reynolds number, and the nose bluntness, varying between 2.5 < «/8. < 4.5 in the Mach number
range 0.6 < M_< 1.8, As the Mach number is increased beyond M, = 1.8, the critical angle of incidence
for the onset of asymmetry increases until at about M, = 2.75 there is no longer any significant side
force development.

Supportive three-dimensional laser velocimeter measurements of mean and fluctuating velocity in a
slightly asymmetric vortex wake about a slender tangent ogive cylinder at incidence having respective nose
and overall body fineness ratios of 3.5 and 12, are included. These measurements were obtajned at
a/6c = 2.3; at Mach 0.6; and at R, =2 x 105, where L =0.3m (1 ft).

SYMBOLS
A a constant, see Eq. (1)
B a constant, see Eq. (1)
Ty
Cf T Tocal resultant skin friction coefficient
CN naormal force coefficient from balance, based on cone base area
Cp = Béﬂﬁ local static pressure coefficient
pp-pw - . .
Cpp = o Jocal pitot pressure coefficient
CY side-force coefficient from balance, based on cone base area
D base diameter of cone
d diameter of tangent ogive/cylinder model
dp diameter of vent port to pressure transducer beneath cone surface
E mean operating voltaae of hot wire, flow on
Eq mean operating voltage of hot wire, flow off
e', e(t) instantaneous fluctuation voltage from hot wire
<e'> rms voltage from hot wire

h height above cone surface, measured along extended radius of cone



h = %' nondimensional height above cone surface

K a constant, see Eq. (1)

L axial length of cone

M Tocal Mach number

p Tocal static pressure

p' instantaneous level of pressure fluctuation at cone surface
<p'> rms cf pressure fluctuation at cone surface

pp local pito; pressure

q Tocal dynamic pressure

R ochmic resistance

AR = {R_-R ) difference between resistances of a wire at, respectively, operating temperature and local

0P W' wall temperature
RLm Reynolds number based on axial length of cone and tunnel free-stream conditions
r Tocal cone radius
S electrical "power" term, defined in Eq. (2)
t time
tD time delay
u Tocal velocity in direction of tunnel axis
U local velocity, parallel to model axis
u, = ;%. shear stress velocity
v lateral velocity normal to tunnel or model axis
W vertical velocity normal to tunnel axis
] vertical velocity normal to model axis
X distance along tunnel axis
X distance along model axis
y lateral distance from tunnel or model axis
z vertical distance, normal to tunnel axis
z vertical distance, normal to model axis
o angle of incidence
5 boundary-layer displacement thickness
] angle between local shear stress vector and line bisecting internal angle between individual
wires of buried wire skin — friction gage, see Fig. 4(a)
8, cone semianqle
u coefficient of viscosity
v = %— kinematic viscosity
p Tocal density
T mean shear stress
T’ instantaneous level of shear stress fluctuation at cone surface
[ circumferential angle around cone surface, measured from windward generator

v angle between normal to buried wire and local surface shear stress direction, Fig. 5(a)



@ angle between tangent to limiting streamline (surface shear stresg trajectory) and cone
generator
Subscripts:
1,2 wires 1 and 2 of buried wire qage, see Fig. 4{d)
A line of divergent surface shear stress trajectories {("attachment" or "reattachment” line)
b cone base
o free-stream mean-fiow conditions
op operating temperature of hot wire -
. (}‘3 XkD
S1 primary separation line “XXJIXIJ S?PL
G ;xljﬂxri
52 secondary separation line (5¥¥‘ (3}3

OF POOR

W cone surface (wall)

1. INTRODUCTIFN
1.1 Design Aims

To be successful throughout a wide range of flight conditions, the aerodynamic design of a 1ifting
body must ensure that there is adequate control with no unﬁleasant changes in force and moment character-
istics., In assoctation with steady boundary conditions, the objective is to allow only steady three-
dimensional swept separations to develop, to minimize buffet. A model for a desirable separated fiow is
provided by the sharp-edged slender delta wing or a body of revolution with fixed separation lines (Ref. 1).
In aiming for this ideal goal, we find that flows should be dominated by coiled vortices - "the sinews and
muscles of fluid wotion” ?Ref, 2) -~ rather than by Targe unsteady separation bubbles. This much wider than
usual view of the aerodynamic design problem, attributable to Maskell and Kiichemann (Ref. 3), should be
contrasted with the restricted outlook of allowing separation only at a trailing-edge, as in the design of
the classical airplane.

1.2, Asymmetric Separations

Qur present-day missiles and military fighter aircraft must perform and be controllable at high angles
of combined incidence and yaw, where three-dimensional flow separations from the forebodies may become asym-
metric (Refs. 4-7). These separations, often in association with fixed-edqe separations from strakes
extending forward of the wing, may interfere with downstream control surfaces to provide nonlinearities
and side forces that are not readily predictable. Here there is strong interaction between the coupled
viscous and inviscid flow domains on the lee-side of the vehicle, The onset of asymmetry is responsive to
small changes in qeometry at the nose, Reynolds number and Mach number up to incidences where transonic
crossflow conditions are formed. There the sianificant side forces disavpear. The asymmetries occur in
both Taminar and turbulent flows, so that transition is presumably not the essential inqredient causing
asymmetry. But local inflexional instability of the mean velocity profiles in the viscous flow may, per-
haps, be mooted as a contributor (see Tobak's discussion, Ref. 8, of a linearized theory of two- and three-
dimensional incompressible viscous Flows resulting from locally unstable velocity profiles). It is con-
ceivable that vorticity and acoustic disturbance levels in the wind tunnel will also affect the onset of
asymmetry., As the develepment of the asymmetry is particularly sensitive to surface curvature and rough-
ness at the nose, a potential means of controlling the forebody flow could be by deployment of a single
small strake, small amounts of asymmetric blowing (or suction), or by spinning the nose, On the other
hand, since we know that missiles having long cylindrical afterbodies will eventually develop asymmetrical
flows regardless of nose conditions, we might be led to expect that such local treatment at the nose would
probably not influence the downstream flow substantially. Notwithstanding, Rao (Ref. 9) has demonstrated
that the utilization of helical (i.e., S-shaped) trip wires from the leeward to the windward meridian on
the nose, disrupts the normal development of separation, and is very effective in alleviating high
angle-of-attack side forces on short missile and fuselage shapes. It is considered that the helical trips
upset the well-organized motion of the Tee-side vortices and cause a relatively rapid diffusion.

The asymmetric vortex wake usually develops from asymmetric separation line positions on the body,
but the latter does not appear to be a necessary condition for the former to occur. An appraisal (Ref. 10)
of some earlier, low subsonic speed tests of Shanks (Ref, 11) where forces and moments were measured on
very slender, flat plate, daita wings (sweep angles from 70° to 84°) at incidence, indicates that even
though the separation lines were fixed at the sharp leading-edges, asymmetry in the leading-edge vortices,
as determined by the onset of significant rolling moment, occurred when the angle of incidence was about
3 to 4 times the wing seminose angle. Nonetheless, the sharp edges have a beneficial effect in delaying
the onset of asymmetry to higher relative incidences than those obtained with smooth pointed forebodies or
forebody/cylinder configurations (Refs. 5-7).
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1.3. Modeling of Asymmetries

The modeling of the Tee-side flow asymmetries poses severe probjems because the development of the
turbulent flow structures in the three-dimensional swept separation zones and in the tightly coiled free
shear Jayers is virtually unexplored. Recourse has typically been taken for rough predictions of the flows
about missile shapes, to inviscid flow approximations of the lee-side region utilizing arrays of line-
vortices (see Nielser's review in Ref. 12 of nonlinearities in wissile behavior at high angles of attack),
or to the impulsively started flow analogy proposed many years ago by Allen and Perkins (Ref. 13). In this
hypothesis, the development of the crossflow with distance along an inclined body of constant diameter is
likened to the growth with time of the two-dimensional flow past the corresponding circular cylinder start-
ing impulsively from rest. Useful engineering formulae have resulted, but given the complexities of the
three-dimensional boundary-layer growth, separation, and vortex development on slender bodies, it seems
unlikely that methods of this kind can adequately describe the flow, In general, we should note that the
growth of the unsteady two-dimensional spiraling vortex differs essentially from that of the steady, three-
dimensional vortex in space. Kiichemann and Weber (Ref. 14) point out that in three dimensions, fluid enter-
ing the core of the vortex can be discharged axially, whereas in two dimensions no such escape is available,
The core must expand continuously outward with time to accommodate all of the fluid entering the vortex.
They show further (Ref. 14) that there is only one case in inviscid flow where the two kinds of vortex are
formally identical: where the steady, three-dimensional flow is conical (so that slenderness assumptions
can be invoked); and where the unsteady flow is permitted to grow linearly with time. Lamont and Hunt
(Ref. 15) and Deffenbaugh and Koerner (Ref. 16) have probably extracted the 1imits of usefulness of the
qualitative, two-dimensional, unsteady analogue to describe the nature of "out-of-plane" forces on a
pointed body at high angles of incidence.

1.4. Cone at Incidence (or Yaw) — A Simple Model of Three-Dimensional Separation *

Next to the siender delta wing, the simplest class of bodies on which three-dimensional separation can
be studied is the cone. As well as being a typical forebody shape used in flight, the cone at incidence
provides a very useful model to develop three-dimensional boundary layers, up to and beyond separation, to
check against theory. On a conical surface, the condition for flow separation is simple; namely, that the
limiting streamlines at the base of the skewed boundary layer (whose projections on to the surface are the
directions of surface shear stress) coalesce from both sides to form an envelope (Refs. 17, 18) along, or
are asymptotic (Refs. 19, 20) to, a cone generator. Even in incompressible flow about slender cones, the
conical nature of the surface conditions with separation is preserved. This is because at relative inci-
dences sufficient to cause separation, the circumferential pressure gradients are much larger than those
in the axial sense (the latter due to thickness and base effects). For the incompressible case as well,
then, the primary separation line lies essentially along a generator as illustrated by the limiting stream-
lines in laminar flow about a 1.5:1 elliptic cone with major axis vertical at 30° incidence (Ref. 21),
shown in Fig, 1. .

1.5. Computation of the Symmetrical lLee-side Flow about Cones

The computation of the symmetrica) separated lee-side flow about cones is currently following two
paths. One is the representation of the cone flow by parabolized approximations to the Navier-Stokes
equations in supersonic flow (Refs. 22-24); the second is the inviscid modeling in incompressibie flow of
the free shear layers by spiral vortex sheets as for delta wings (Ref. 25).

McRag (Ref. 22) incorporated the conically symmetric flow approximation along with MacCormack's
finite-difference time-dependent scheme (Ref. 26) to solve the laminar viscous flow field about a pointed
circular cone. The calculation takes place on a spherical surface centered on the cone apex. The outer
boundary condition for the integration is the free stream, so that the bow shock wave is captured and
allowed for in the use of the conservative form of the governing equations. A comparison with the Mach-8
surface pressure and pitot measurements of Tracy (Ref. 27) showed good agreement with the calculations of
the lee-side flow. McRae {Ref. 23) has now included a scalar eddy-viscosity model based on mixing-length
hypotheses in his formulation. Provided certain constants are used to adjust the levels of eddy viscosity
in each coordinate direction, coupled with relaxation beginning just prior to the primary separation, he
finds very satisfactory agreement between his calculations of surfacc pressure and surface shear stress
directions and the results of the high Reynolds number experiments of Rainbird (Refs. 28, 29). Both
primary and secondary separation 1ine positions were found to agree very closely with experimental results
in a Mach 1.8 flow at /e = 2.5 and Ry ~ 30 x 108,

Rakich and Lubard (Ref. 24) calculated the entire Taminar separated flow field about a spherically
blunted 15° circular cone in a Mach 10.6 flow to compare with the measurements of Cleary (Ref. 30) at
o/8c ~ 1. The calculations are based on a single layer system of three-dimensional parabolic equations
that are approximations to the full steady Navier-Stokes equations valid from the body surface to the bow
shock wave. This system of equations includes the circumferential shear stress terms as well as the
effects of viscous-inviscid interaction and entropy gradients due to both the curved bow shock and angle
of attack. The calculated leeward surface pressures and heating distributions were in satisfactory agree-
ment with experimental results and the calculation provided evidence of reversal in the boundary-layer
crossflow; primary separation was placed at about 13° from the leeward meridian. The results from a variant
of this program (Ref. 31), wherein an eddy viscosity model is inserted are also being compared against
Rainbird's Mach 4.25 experiments (Ref. 29).

Pulliam and Steger (Ref. 32) have also made a notable contribution to the calculation of flows about
missile-shaped bodies using a "thin Tayer" approximation of the Navier-Stokes equations.
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The second avenue of modeling the lee-side vortex wake, in this case, by wholly inviscid means, is
that due to J. H. B. Smitt (Ref. 25). MHe proposes an inviscid vortex sheet model for incompressible
{symmetrical, at this time) conical flow in which the vortex sheet must depart from the surface of the cone
tangentially if vorticity is to be shed. The separation line position may be given from boundary-layer
calculations {see Smith's review (Ref. 33) in AGARD CP-168) or from experiment (see Fig., 2). At the sepa-
ration Tine in Smith's model, the inviscid fiow on the downstream side is constrained to be parallel with
the separation 1ine, a condition to replace the Kutta condition at a sharp edge; whereas on the upstream
side of the separation line, the surface streamlines of the inviscid model are inclined to the separation
Jine (but are, of course, tangential to the wall). The coiled inviscid vortex sheet is then constructed as
for the shar-edged deita wing (Refs. 39, 40).

1.6 Cone for Experiment

The cone, then, is the basic nose of many flight vehicles. At incidences typically below a/8g ~ 1,
it provides a useful configuration to develop a symmetrical three-dimensional attached boundary Jayer
growing from the windward to the leeward meridian., Because of the near conicity of the separation lines
and vortex development in both subsonic and supersenic flows {neglecting effects of transition), it also
provides a convenient experimental model to explore three-dimensional separations from detailed measure-
ments at only one axial station.

The essential objective of the present work is to achieve an understanding of the fluctuating quanti-
ties in three-dimensional separated flows, and how three-dimensional separations and their asymmetries
may be controlled. The cone is a very convenient model on which to generate both three-dimensional
attached and separated viscous flows. The present experiments then, extend the symmetric separation mean
flow measurements of Rainbird (Refs. 28, 29) about circular cones {see also Ref. 41) to determine experi-
mentally additional quantities at the cone soyface (mean and fluctuating pressures, fluctuating heat trans-
fer combined with mean shear stress magnitudis and direction) and to measure at the same time the mean and
fluctuating flow field above the cone at moderately targe relative incidence. Test results at Mach 0.6
are discussed herein. Force measurements in the range of Mach number 0.6 < M, < 1.8 have yielded the
onsets of asymmetry of the lee-side flow for varying Reynolds numbers and for blunt and sharp nose shapes.
These were supplemented herein by pictures of the crossflow facilitated by a laser-vapor screen flow
visualization technique.

2. EXPERIMENTAL METHOD

Measurements have been made on a 1,4 m (54 in.) long, 5° semiangle circular cone, sting-mounted in the
Ames 7.8- by 1.8-m (6~ by 6-Ft) closed e¢ircuit wind tunnel at Mach numbers in the range 0.6 < M, < 1.8
(Fig. 3). The cone model was fitted with a sharp nose {0.13-mm, i.e., 0,005-in. tip radius) and a blunted
nose with a radius of 4% of the base radius. Stagnation pressures were subambient yielding Reynolds num-
bers based on the cone axial length and tunnel free-stream conditions of between 4.5 x 108 and 13.5 x 108,
No artificial tripping of the boundary layer was employed. At the relatively high acoustic disturbance
levels pertaining in this tunnel, for example, <p'>/gw ~ 3% at Me = 0.6, a Reynolds number based on wetted
length to transition might be expected to be 3 x 108 x20% (Ref. 42). At zero angle of attack, therefore,
we anticipate transition to have been located, respectively, from about 0.7 to 0.2 of the cone length, cor-
responding with the aforementioned range of test Reynolds numbers with a tunnel stagnation temperature in
the range of 20°-40°C, The typical variation during a run of 20 min was less than 3°, however, so that
with this immersion time, conditions of near zero heat transfer existed at the cone surface,

Because of the nominal conicity and symmetry of the flow (Refs. 4, 28, 29) up to angles of incidence
at least 2.5 times the nose semiangle, 0., all detajled measurements were made at an axial station 0.85 of
the cone length aft of the (pointed) apex and upon each half of the cone (0° < ¢ < %180°)., Mean circum-~
ferential pressure distributions were obtained with 0.51-mm (0.020-in.) diameter static holes spaced 45°
apart at the 0.85 station {see Fig. 4{a)). These orifices, as well as others along a cone generator at
the 0.95 station and in the base region, were connected via a "Scanivalve" to an unbonded strain-gage
pressure transducer. The static pressure from each point at the 0.85 station was also fed as a highly
damped signal to the reference port of a 2.36-mm (0.093-in.} diameter "Kulite" pressure transducer situ-
ated on the same conical generator. The diaphragm was vented to the flow through a 1.00-mm (0.040-in.)
diameter static hole but submerged beneath the surface in accordance with Hanly's recommendations about
the effects of transducer flushness on fluctuating surface pressure measurements (Ref. 43) (see Fig. 4(b)).
Preston tubes of diameter 0.42 mm (0.016 in.) were installed at the 0.85 station to determine the mean
levels of skin friction at zero angle of attack and along the windward generator (Fig. 4{(c)),

Two bidirectionatl, bhuried-wire, skin-friction gages (Ref. 44) were also situated in the cone surface
at the 0.85 length station (see Fig. 4(a)), to measure the magnitude and direction of the resultant shear
stress at the surface, The configuration of the gage is shown in Fig. 4{d), its fabrication following
basically the same procedure as promoted for single wires by Murthy and Rose (Ref. 45) after the work of
Rubesin et al. (Ref. 46). The following equations, the method of manufacturing the gages, and a full dis-
cussion of the calibrations are given in Ref. 44. In brief, temperature-resistance calibrations were
obtained by placing the gages in an oven. Magnitude and directional sensitivities were found by flush-
mounting the gages in a %nown subsonic channel flow and operating each wire with an overheat ratio of 1.1,
utilizing "Disa" constant temperature anemometers. The wires were capable of operating with upper fre-
quency responses close to 15 kHz. The sensitivities were checked again after installation in the cone
surface and running at zero angle of attack., The shear stress at-a station close by the gage was deduced
from a Preston tube measurement in conjunction with the correlation due to Bradshaw and Unsworth (Ref. 47),
Rotation of the probe about its axis to known angles of yaw permitted the divectional sensitivity to be
obtained at each Mach number and Reynolds number tested simultaneously with the shear stress magnitude
according to the following equations. If the output of a single wire, yawed to the local shear stress
direction at (90 - v)° (see Figs. 4(d) and 5(a}), is assumed to be of the form:

2 . .
.ﬁ%ﬁz A(pwa-rw)l/S ((:052 b+ K2 sin? U’) /6 +B (])
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where the symbols are defined at the beginning of the report, and

tgen for our pair of mutually perpendicular wires, respectively labeled 1 and 2, where §; + yp = %3 we
obtain

S1 = (o) /® (cos? gy + K2 sin? ¢y)1/° (3)
and )
Sz = (o) /% (in? 4q + Kp? cos? yy)*/° (4)

By eliminating ¢,, the wall shear stress is given by

1/2
(1 - K2)515 + (1 - K;2)S,5
(i) = [ 271518 + ( 12)S; } (5)

1 - Ky 7K,2

We note that values of the coefficients of directional sensitivity K; and K, can be obtained from a plot
of Si(¢1) or Sz{w2) when ¢y, yo = 0°, In general, Ki # Kz, but the difference between the two sen-
sors on each gage was found to be relatively small., If, for simplicity, we let K; = K, = K, then the
absolute magnitude of the shear stress takes the form:

(515 + 5,6)'/

o2l (6)
(1 + k)2

(oyuyry) =

As for the direction of the skin friction vector, we see from Eqs. (3) and (4) that the quotient S$,/S,
is a unique function of the direction ¢; and is independent of the magnitude of the skin friction. The
assumption K; = K, s not a necessary one provided each wire of a pair is calibrated. McCroskey and
Durbin (Ref. 48) discussed measurements of the direction of surface shear stress with a hot film gage and
proposed that

Si- S
SRR (7)

where 9 is the direction of the flow relative to the probe centerline, and equals {(y; - #/4) in our present
frame of reference.

The results of the directional calibration for one of the pairs of buried wires is shown in Fig. 5(a).
We see that the direction of the skin friction vector can be determined to an accuracy within #5° inde-
pendently of its magnitude. The variation of the quantity (5;8 + S,8)1/2 ip a 240° yaw angle range was
demonstrated to be small. The magnitude of skin friction obtained with the Preston tube is plotted
against the measured values of (5;6 + $,8)1/2 in Fig, 5(b). From Eq. (6), the value of K 1is 0.35 for
the particular gage shown. The surface shear stress directions obtained with the hot wire pair were
compared against flow visualization traces taken with an oil-dot technique. Signals from the off-surface
hot wires were also measured but await analysis.

Pitot pressures in the external flow abave the cone surface were measured using an array of 77 pitot
tubes mounted at the 0.85 station (Fig. 3)

Overall force and moment measurements were obtained with an internal strain-gage balance.

The cone was pitched to the desired angle of incidence, and for the measurements with symmetrical
separation of the lee-side flow, the cone was rolled in increments from 0° to 180° and paused for typically
1 min while data were taken. Increments of 5° in roll were generally used. Neither fluctuating pressures
nor hot wire data were collected at angles of incidence where asymmetric lee-side conditions prevailed.

Visualization of the vortex wake was obtained at the 0.85 station by saturating the tunnel flow with
water vapor and illuminating a thin cross section of the flow with a 15-W Taser beam passed through a
cylindrical lens. Photographs of the scattered 1ight were taken with a camera mounted to the sting/strut
support, the camera axis being set nominally parallel with the cone surface. Prijor to the runs, a grid
placed at the test station was photographed against which the dimensions of the shear layer could be sub-
sequently compared.

Some supportive three-component velocity measurements in the Tee-side vortex wake just downstream of
the junction between a 16° semiangle tangent ogive forebody joined to a cylinder aft-body were made by
Owen and Johnson (Ref. 49) at a relative incidence of 2.3. These Mach 0.6 data are also presented here to
provide an insight into possible orders of magnitude of fluctuation levels on the lee side of the cone.
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3. RESULTS AND DISCUSSION ORIGINAL PAGE IS
3.1 Symmetrical Separation of the Lee-Side Cone Flow OF POOR QUALI
3.1.1 Forces

The physical characteristics of the mean flow field about the 5° circular cone in the Mach number
range 0.6 < M, < 1.8 follow the descriptions by Rainbird (Refs. 28, 29) of the surface and external
flow conditions that he measured at Mach 1.8 and 4.25.

The overall effects of boundary-layer growth and incidence on the development of normal forces on the
5° cone are illustrated in Fig, 6 up to relative incidences of almost 5. At relative incidences typically
less than 0.7, the circumferential pressure gradient is favorable all the way from the windward to the lee-
ward generator. The boundary layer grows in a regular manner developing very small crossflows, The
normal force develops linearly in this range, and the slopes dCy/da near o = 0°, are affected only
siightly by viscosity. In subsonic flow, the values are typica]*y 6% larger than the slender body value
of 2.0 (per radian). In supersonic flow, the discrepancies between experiment and those slopes given in
Sims* tables (Ref. 50) are even less for both the blunt and sharp noses,

Figure 6 illustrates that, at Mach 1.8, there is substantia) development of nonlinear 1ift* above a
relative incidence of 1.5 {as found by Rainbird (Ref. 28), where the Reynolds number was more than double
the exjsting test value) consistent with the formation of a well organized, symmetrical, coiled, free
shear-Tayer flow on the lea side of the model. From pitching-moment data, a fixed center of pressure posi-
tion at 0.667 L is in good agreement with the conical flow value of (2/3)L sec? 6.. But below Mach 1.8,
there is an apparent sensitivity of the onset of nonlinear normal force to both Reynolds number and nose
shape, as we see on Fig 7. At any given Mach number, we note that reduction in Reynolds number and intro-
duction of bluntness delays the opset of nonlinear normal force. This dependency reduces rapidly as Mach
number increases until at Mach 1.8, it has nominally disappeared.

The results in Fig. 7 for our cone model of fineness ratio, L/D = 5.7, are unexpected for the dis-
tinctive tardiness displayed in producing nonlinear nommal force in the high subsonic and transonic speed
ranges. Even though at Mach 0.6 and o/8¢ ~ 2.5, for example, where there was substantial vortex fiow
(see Figs. 8 and 9), the overall normal force lies just below the slope {dCy/da) g

The high negative values of base pressure coefficient (Fig, 70), are mooted as the key to the para-
dox, for at Me = 0.6 near the base, they induce somewhat larger increments of suction pressure on the
windward side of the cone near the base than on the Teeward; see for example, the cone surface pressures
along the windward and leeward generators on Fig. 11. Hence the development of nonlinear normal force
appears suppressed by the base effect. This suppression reduces as Mach number increases until at
Mo ~ 1.8, the upstream propagation from the base is negiigible.

In Fig. 10, we also note that changes in Reynolds number and sting/base diameter at Mach 0.6 cause
substan?ia] changes of the base flow (see Ericsson (Ref. 53) for a discussion on aerodynamic support inter-
farence).

3.1.2 Mean Flow Measurements

The changes in three-dimensional boundary-layer development as the circumferential surface pressure
distributions steepen with increasing angle of incidence are discussed in detail in Refs. 28 and 29.
Herein, we shall concentrate on the flow at a relative incidence of 2.5, for the cone with nose radius
equal to 4% of base radius. At this incidence (Figs. 12(a)-12{c)), display the surface pressure coeffi-
cients obtaired at a constant length Reynolds number of R = 13.5 x 108, for Mach numbers 1.8, 1.2, and
0.6. The pressures are plotted with respect to circumferential angle measured from the windward ($ = 0°)
to the leeward generator (¢ = 180°). Figure 12(a) shows good agreement at M, = 1.8 between the measured
circumferential pressures plotted at three axial stations along the cone. The present results at
Rl = 13.5 x 108 demonstrate a small but variable shift relative to the higher Reynolds number data of
Refs. 28 and 29. The present results are uncorrected for errors due to static hole size (Refs. 54, 55)
which, if included, would marginally increase the difference between the two sets of measurements. The
calculation of surface pressures from McRae's Navier-Stokes code, corresponding with the Reynolds number
Ri, = 32 x 108, are in close agreement with Rainbird's measurements (Refs. 28, 29). Figures 12(a)-12{c)
illustrate corresponding qualitative trends in the circumferential pressure distributions at the 0.85% axjal
station for all Mach numbers tested.

As the three-dimensional boundary layer develops from the windward attachment line region (¢ = 09)
toward the minimum pressure point at ¢ ~ 100°, the crossflow grows rapidly. At Mach 0.6, toward which
the bulk of the remaining discussion in this paper will be devoted, Fig. 13 provides a comparison between
some preliminary surface shear stress directions (relative to the cone generators), w, obtajned from o0il
dot streaks and those angles deduced from the bidirectional buried hot-wire gage. The maximum value of w
given from the gage is close to 40° in the vicinity of the minimum pressure point. The boundary layer, in
proceeding around the lee side of the cone, now encounters a strong circumferential adverse pressure gra-
dient and thickens rapidly (see Fig. 8). Thecrossflowangle, w, reduces progressively to zero, Fig. 13,
at which point the shear stress trajectories converge and run parailel to a generator, the primary

*WYe should be aware, however, that in solving the Euler equations of motion for the inviscid flow about a
circular cone at incidence in supersonic flow (Refs. 51, 52), we find that nonlinear normal forces begin to
develop also at a relative incidence close to 1.5 forthis M». = 1.8 case. These inviscid components of
overall normal force are more than 50% of the total nonlinear force, as we see from the additional symbols
plotted on Fig. 6. The effects of viscous growth on the windward circumferential pressure distribution

are minor but, as expected, the inviscid lee-side pressures are changed substantially due to the vortices
(see Fig. 12(a)).
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separation line, ¢g, (see the schematic drawing in Fig. 4(a)). Discrepancies between the oil flow results
and shear stress directions as deduced from the wire voltages await resolution in a forthcoming repeat
experiment. The laser flow visualization in Fig. 8 and the contours of local pitot pressure deficit
platted in Fig. 9 illustrate the vortex core position and the close comparison between the boundaries of
the free shear layers from these two measurements. The discrepancies in core position between the pitot
and vapor screen measurements and the disagreement between ¢g1 positions on Figs. 9 and 13 may be due

to a displacement effect caused by the blockage of the pitot array. Beyond the circumferential angle
dg1s Fig. 12 indicates there is a plateau of virtually constant pressure (particularly at Mach 1.83 fol-
Towed by a second pronounced pressure minimumand finally a recovery toward the leeward generator. The
second pressure minimum caused by the induced effect of the primary vortices drains fluid from the region
of the leeward generator, appreciably thinning the flow there. This movenent of fluid beneath the vortices
itself separates from the cone surface at ¢g» on a scale substantially smaller than the primary flow. The
lobular region of secondary flow is shown by the pitot contours of Fig. 9, although it is not evident on
the vapor screen photograph shown in Fig, 8. Between ¢s5y; and ¢s,, there must be yet another divergent
attac?ment Tine region where w = 0 (see Figs. 4(a) and 13) from which fluid diverges to feed both separa-
tion lines.

The magnitude of the resultant surface shear stress at the 0.85 axial station in subsonic flow obtained
from the yawed buried hot wire pair is shown in Fig, 14. The maximum uncertainty in the absolute levels
of shear stress deducible from the wires is about *15%. Again, the variation of the local skin friction
coefficient with circumferential angle at Mach 0.6 follows the trends established in Rainbird's Mach 1.8
and 4.25 measurements (Refs. 28, 29). Tke skin friction reduces smoothly to a minimum, but finite, value
at the primary separation 1ine that is lower than the zero incidence attached flow value, The skin friction
is again a minimum at the secondary separation with high values due to tha divergent attachment line flows
between the separation lines and along the leeward meridian. The boundary layer along the Jeeward genera-
tor, in fact, accelerates rapidly in the lateral sense due to the very favorable pressure gradient caused
by the vortices (see Fig. 12(c)). The shear stress increases to a value well above that at the windward
generator with a concomitant surface shear direction of -20° at ¢ ~ 170°.

3.1.3 Fluctuation Measurements

The fluctuating pressure field within a viscous flow is associated with the irregular motions of the
turbulence; from the interaction of the turbulent fluctuations normal to the wall with the mean shear, and
from the interaction of the turbulence with itself., In incompressible fiow, the pressure fluctuations at
one station in the flow are produced by momentum fluctuations at many other stations (Poisson's equation).
Thus the pressure at one point will not correlate with velocity fluctuations at another point in close
proximity {(Ref., 56).

Now the pressure fluctuations have a wide range of sizes typically equal in scale to boundary-layer
thickness on down to v/u,. But according to Bradshaw (Ref. 57), the spectrum of pressure fluctuations at
a wall beneath a two-dimensional turbulent boundary layer as it approaches separation is constituted of
essentially high-frequency and Tow-frequency energy. The high-frequency components are generated in the
small-scale inner region (the so-called law of the wall reyion) whereas the Tow-frequency pressure fluc-
tuations emanate from the larger-scale outer region. In the latter, the fluctuations intensify as the wake
region of the boundary layer increases in thickness. Under two-dimensional attached boundary layers, the
level of pressure fluctuation also scales with the mean wall shear stress, In adverse pressure gradients,
the pressure fluctuation scales with the outer variables as the Taw-of-the-wall regjon now becomes very
small. Irrespective of the pressure gradient, however, the absolute Tevel of the wall pressure fluctua-
tions is small, and it is difficult to isolate the fluctuations from turbulence and sound generated by
free-stream disturbances in a typical, large wind tunnel. At Mach 0.6, the disturbance level of the
NASA 1.8- by 1.8-m tunnel stream is high, and probably consists of fluctuations in vorticity, temperature,
and sound. It is thought that the signal at the cone surface is especially contaminated with the radiated
sound from the tunnel wall boundary layers and slotsin the tunnel ceiling and floor. Figure 15 shows the
rms pressure fluctuation at the cone surface beneath the Mach 0.6 axisymmetric boundary layer to be
<p’>/q_~0.03, a value 10 times the level of mean shear stress (see Fig. 14). This is in contrast with a
value of 3 times the mean shear stress quoted by Kistler and Chen (Ref. 58) for a two-dimensional, sub-
sonic, attached flow, beneath a reasonably "quiet" free stream. The spectra at zero angle of attack {not
shown) exhibited peaks at frequencies of 800 and 1600 Hz. Neither the levels of the peaks nor the areas
beneath them appeared dependent on roll orientation or angle of incidence, however, and these peaks were
not filtered out in the resuits to be presented. The interference of the tunnel noise field on the develop-
ment of the attached boundary layers, may well have a different effect than on the free shear layers. Par-
ticular frequencies, if dominant, may excite instabilities in the latter flow. Under these circumstances
then, Fig. 15 also shows the rms pressure fluctuations at the 0.85 station for the Mach 0.6 flow at a rela-
tive incidence of 2.5. These fluctuating pressures were measured simultaneously with the mean pressures
already discussed on Fig. 12(c). We note from Fig. 15 that the absolute level of rms pressure fluctuation
(actually plotted relative to the constant dynamic pressure of the free stream) increases in the favorable
pressure gradient from the windward attachment line toward the minimum pressure point, then decreases
smoothly in the adverse pressure gradient to a minimum value at the primary separation line. The signal
increases rapidly again as the Teeward attachment line region is approached. Between the positions of
primary and secondary separation, ¢sy; and ¢gp, there is slight evidence that the fluctuation level once
more increases at the reattachment Tine, ¢4. These results bear comparison with those beneath two-
dimensional separation bubbles (Ref. 59), although the two-dimensional separation is, of course, the special
lTimiting case of the more general swept separation in three dimensions, Mabey (Ref, 59) showed that the
pressure fluctuations caused by fluctuations in the two-dimensional separation line position were small,
whereas at reattachment, the pressure fluctuations exceeded those at the separation point by 4 to 10 times.

In apparent contradistinction with these results, however, Schioemer (Ref. 60) and Burton (Ref. 61)
have reported on pressure fluctuations beneath two-dimensional attached boundary layers in both adverse
and favorable pressure gradient conditions, and found what appears to be the converse of the pressure
fluctuation behavior on the cone surface. Relative to a zero pressure gradient flow, <p'>/q, was greater
in the adverse and less in the favorable pressure gradients. The differences were accentuated in the
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two-dimensional flow if the normalizing parameter for the rms wall pressures was the wall shear stress.
But, it should be noted that if the cone surface rms pressure data are plotted with respect to the vesul-
tant waill shear stress, a corresponding accentuation relative to the zero pressure gradient, « = 0° case,
is to be seen in Fig. 18.

On the basis of the dimensionless pressure measurement hole parameter, (dpur)/v, which is upward of
300 in our Mach 0.6 experiment, we are probably missing the dramatic increase in intensity of the small-
scale pressure fluctuations that Emmerling (Ref, 62) has noted, for example (see Ref. 56). This parameter
should be less than 50 if the small-scale fluctuations are to be measured. But it will be shown that the
pressure fluctustions are dominated by low-frequency components in the adverse pressure gradient regions so
that loss of bigh-frequency response would not explain the substantial difference between the two-dimensional
and the three-dimensional results. Neither would we expect, perhaps, that the grazing shear flow over a
surface orifice would produce changes in acoustical impedance of the port (which are dependent on frequency)
that were large enough to overturn the trends seen at the cone surface. Willmarth and Yang (Ref. 63)
showed that the transverse curvature of the model surface alters the large eddies significantly; but their
boundary-layer thickness was of order of model cross-section diameter, whereas on the cone, it is 1/100
of the local cone diameter.

1 the rms pressure results are not spurious because of the high background noise level, then the
character difference may be attributable to the escape provided to the flow in a three-dimensional separa-
tion in contrast with the two-dimensional case.

The behavior of the rms values of output voltage signal (made nondimensional with respect to the flow-
based signal strengths) for each of the buried hot-wire pair on the cone surface, peak at the separation
lines. Figure 16, for example, presents the normalized fluctuations from one wire to illustrate that these
peak levels are more than double those beneath the attached (and reattached) flow regions. The second wive
provided essentially the same normalized output so that the normalization virtually removes the sensitivity
to yaw.

If conduction losses are negligible from the wire to the substrate, and if the wire is normal to the
local shear stress direction, we may see from Eq. (1) that the mean square of the voltage fluctuation at
the wire is related to the pressure and shear stress fluctuations

T2 7T 2 T SN2
@ -0 &) &)
E Py Putw/  \Tw

The order of the present results implies that at separation, if <p's/py is a minimum (see Fig, 15) and
<e'>/E 1is a maximum, then <t'>/1y must be large for the equality to be valid, irrespective of the cor-
relation between p' and ', Along a line of divergence of 1imiting streamlines, <p'>/p, {is large,
<e'>/E is small, and hence <t'>/ty must be equal to the order of the pressure fluctuation with a negative
correlation. In other words, the shear stress fluctuations are large both at the separation 1lines and
along the attachment line regions corresponding to large gradients of fluctuating velocity. Let us now
Took at the correlations between values of the fluctuating voltage at different instants of time for the
same hot wire that was shown in Fig. 16; for how the correlation coefficient decreases with increasing
time depends on the character of the turbulence. Seven such autocorrelations ave presented in Fig. 17,
corresponding te circumferential positions on the cone surface between 90° < ¢ < 180°. The correlation
functions all decrease toward zero, more-or-less monotonically, falling fastes initially from unity in
the favorable pressure gradient thiree-dimensional boundary layer (e.g., at ¢ = 90°) than in the retarded
flow (¢ = 135°, 140°). This corresponds with a preponderance of energy at higher frequencies in the
attached flow and at lower frequencies in the retarded flow. At the separation lines, these large-scale
motions give rise to the rms overshoots from the buried hot wire observed on Fig. 16, and the overshoots
in pressure fluctuation normalized by the mean shear stress on Fig. 15. The correlation curves demonstrate
the substantial changes in lee-side flow toward and subsequent to primary separation. A normalized time
scale in terms of outer flow variables such as {tpue)/s* is not used because the boundary-layer displace-
ment thickness 1s unknown.

We may deduce some important notions concerning the eddy structure in the flow from the curvature of
the correlation curves (Ref. 64). All component eddies are roughly of the same size when the curvature is
not especially large anywhere. Such behavior is noted in the adverse pressure gradient flow ($ = 135°,
140°, and up to ¢ = 145°) where large eddies dominate. (An approximate measure of the “longest connection
in turbulent behavior" (Ref, 65) may be gained from the area beneath the correlation curve, and ¢sy pro-
vides the largest area.) The same characteristic is also shown in the very thin boundary Tayer along the
leeward meridian where small eddies must be the overwhelming constituents, A wide range of eddy sizes, on
the other hand, is indicated by laocal regions of high curvature in the correlation curves. This may occu:
near the origin, but cannot be ascertained categorically, Alternatively, when there are two distinct
ranges of eddy size present, the correlation curve appears as a summation of two correlation functions of
substantially different scales. We note this characteristic, in particular, for the boundary layer having
reacted to the favorable pressure gradient (¢ = 90°), then a diminution of this property through the primary
separation region to begin again at the veattachment line, ¢4 = 155°. The two ranges of eddy size would
also appear to exist at the secondary separation line, ¢g, = 160°, from which a coiled vortex does rot
appear to have developed yet (see Fig. 9).

The autocorrelation is related approximately to the spectral density by a Fourier transform. Spectra
are shown in Fig. 18 corresponding to most of the autocorrelations dispiayed in Fig. 17. The ordinates are
in the ratio of the mean square values of voltage fluctuation at each circumferential station divided by
the value at primary separation. In conjunction with previous observations, as the three-dimensional
boundary layer thickens progressively toward ¢s3, the energy associated with the large eddies spreads to
Tower frequencies (as js the case at ¢gp also). The converse is noted along the leeward meridian. When
two distinct ranges of eddy size exist, the spectrum functions should also take a noticeable two-component
form similar to those of the correlation functions, as we see at ¢p = 155° and ¢sy = 160°.
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Having witnessed these substantial changes, it would appear that, in calculating complex,
three-dimensional viscous flows leading te separation, the use of turbulence models that do not recognize
tae l?rge changes in spectra in at least a qualitative way will not be representative of the physics of
the flow,

3.2 Lee-Side Flow About a Tangent-Ogive/Cylinder
3.2,1 Mean Flow Field

As mentioned previously, some supportive three-dimensional laser velocimeter measurements of mean and
fluctuating velocity about a slender tangent ogive/cylinder (Fig., 19) were obtained by Owen and Johnson
(Ref. 49) at a relative incidence of 2,3. The measurementswere made in the Ames 0.6~ by 0.6-m {2~ by 2-ft)
Transonic Wind Tunnel at a Mach number of 0.6 and Reynolds number based on the 0.3-m {1-ft) total length
of the body, equal to Ry, =2 x 105, The velocity field in the wake was measured with a two-color forward
scatter frequency-offset jaser velocimeter, allowing two velocity components perpendicular to the axis to
be obtained simultaneously. Since we are seeking three velocity components, however, two sets of measure-
ments must be taken. In the first set, the laser beams were normal to the tunnel axis so that the axial (u)
and vertical (w) velocity components were found, From these two components could be obtained the vertical
velocity in the crossflow plane perpendicular to the body axis (see Fig. 19). For the second set, the
transmitting optics were rotated 30° about the z-axis and measurements taken again. Now, one velocity com-
ponent measured was again the vertical velocity whereas the second was a combination of the axial velocity (u)
and the lateral velocity (v) in wind-tunnel coordinates. Thus, since the axial velocity had already been
measured, the Jateral velocity coula be calculated. In other words, the lateral velocity in the crossflow
plane is obtained, since it is the same in both wind-tunnel and body coordinates.

Bragg cells, which produced zero-velocity frequency offsets in both color systems, were incorporated
to remove directional ambiguity from the measurements. Without this capability, Owen and Johnson (Ref. 49)
have cautioned against believing any measurements in flows that are unsteady or possess a high degree of
turbulence. Since with increasing Mach number the helix angle of a streamtube becomes smaller with respect
to the axis of the vortex, larger axial distances are required for particles to reach the core regions.
Thus an artificial aerosol was introduced into the wind-tunnel fiow to provide adequate intensity of the
scattered light with a count mean diameter of 0.7 micron. Additional details of the instrumentation are
given in Ref. 49.

Figure 20 shows the crossflow velocity vector field at 4 diameters from the nose, just aft of the
ogive/cylinder junction where we detect that the vortex core positions are located along
z/d ~ 0.9 at y/d ~ 0.3. Note the slight asymmetry, but the resemblance to the cone lee-side flow. The
vertical velocities, W, in the crossflow plane are plotted in Fig. 21, the maximum down-flow values
(~ux) occurring in the pitch plane of symmetry as the leeward meridian is approached. This large down-
flow is a relatively narrow region between the rotational pair and is highlighted as an intense line of
maximum vapor concentration in the cone crossflow visualization displayed in Fig. 8 (and see Tater,
Fig. 26). The velocity gradient through the core region at 2z/d ~ 0.9 is virtually infinite on the scale
of measurement resolution as it is on the axial velocity distributions displayed in Fig. 22. At the sta-
tions approaching the leeward meridian where the crossflow is largest, the axial velocity is lowest. The
axial velouity then increases very rapidly across the vortex to a value overshooting the free-stream by
about 20%.

Lateral crossflow velocities (V) resolved from the measurements normal to and 30° to the tunnel axis
are shown in Fig. 23. As expected, a pass through the core positions at Z/d = 0.9 shows virtually zero
velocity., Moving to traverses above and below the vortex centers shows the lateral velocities to be at
maximum Jevels at y/d values in line with the cores.

3.2,2 Fluctuating Velocities

Some insight into the turbulent and unsteady nature of the vortex fiow field about the ogive-cylinder
has also been obtained with the laser velocimeter. These data in Figs. 24 and 25, obtained at %/d = 0.9
through the vortex cores, show peaks in the rms velocity, one on each side of the pitch-plane close to the
regions of maximum mean velocity gradient (the core centers?). In addition, the rms fluctuation levels
remain substantial in regions of small and zero mean velocity gradient, suggesting that large scale turbu-
lence is present throughout the lee-side domain.

3.3 Asymmetrical Separation of the Lee-Side Cone Flow

Figure 26 is a laser-vapor screen crossflow picture of the Mach 0.6 lee-side separated flow about the
cone once asymmetry has commenced at a relative incidence just less than 3. As the symmetry developed, the
vortices began "bumping together® with increasing unsteadiness to cause large values of rms side force even
when the mean side force was near zero., At this particular combination of Mach number, Reynolds number,
and configuration of 4% nose bluntness, the starboard vortex moved away from the surface and the port vor-
tex remained more-or-less stationary. As incidence increased to higher values, the unsteady interaction
between the vortices increased in intensity and the starboard vortex moved even farther from the surface
and rolled over the port side rotational flow. 1In so doing, the entire lee-side flow indicated diffusion
of the well-organized helical vortex structures but there was no visual evidence of periodic shedding.

Along with this movement of the lee-side flow, we would expect the resultant force vector to move
towards the side of the cone to which one vortex is closest. This is seen in Fig. 27, where in the subsonic/
transonic Mach number range 0.6 < Mo < 0.95 (at R = 13.5 x 108), the initial direction of side-force
development remains the same. As Mach number increases to supersonic speeds, the start of the side force
is less precise., Therefore, the critical angles of incidence for onset of side-force development are
plotted in Fig. 28 as where the mean side force has reached 5% of the normal force. We detect that depend-
ing on the nose bluntness, free-stream Mach number, Reynolds number (and, no doubt, the unknown free-stream
fluctuation level), the onset angle of incidence varies between 2.5 and 4.5 times the cone seminose angle.
This range is somewhat higher than the nominal values of 2 reported for sharp forebodies by Keener and
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Chapman (Ref. 6) at Mach numbers Jess than 0.6. It is clear that operating with a sharp apex causes an
earlier onset of side force as does the very high Reynolds number of 35 x 106. Up to Mach 1, on the
other hand, whereas the same observation can be made for the 13.5 x 108 relative to the 4.5 x 106
tests, the reverse is true in supersonic flow.

The effect of rolling the cone in 90° increments and then pitching through the o range is
illustrated in Fig. 29 at a constant length Reynolds number of 13.5 x 105. For roll angles 180° apart,
the side-force development is in opposite directions as we might suppose if it were a small geumetrical
imperfection at the nose systematically berturbing the flow development. Figure 29 shows also that lower-
ing the Reynolds number from 13.5 x 105 (essentially turbulent) to 4.5 x 10% (perhaps transitional)
delays the onset of side force and shows that repeatability at a given test condition is good.

We await laser velocimeter measurements in the crossflow to report on the fluctuations in the lee-
side flow as asymmetry develops.

4. CONCLUSIONS

Based or relatively high Reynolds number measurements of mean and fluctuating flow quantities on the
surface of a yawed 5° semiangle circular cone at a Mach number of 0.6 in association with overall force,
laser-vapor screen, and mean surface pressure measurements in the expanded Mach number range
0.6 < M, < 1.8, we conclude that:

1. The development of the viscous fiow and separation about this cone at low Mach numbers follows
closely the diagnosis of Rainbird {(Refs. 28, 29) at higher Mach numbers. As the relative incidence
increases, there is a progressive quasi-steady development of symmetrically disposed lobes of vortical
fluid that eventually form tightly coiled vortices close to the Jeeward plane of symmetry. Secondary sepa-
rations from the surface are found beneath the primary vortices with further increase of incidence. When
the relative incidence exceeds about 2.5, the lee-side flow becomes increasingly unsteady and anti-
symmetrical with respect to the pitching plane causing substantial side forces to develop of magnitude
near the values of normal force.

2. In subsonic flow, the fluctuation voltage levels from buried wires in the cone surface, provided
evidence of an increase in turbulent eddy size as the primary separation Tine was approached, and a decrease
of eddy size in the thin boundary-layer leeward attachment line region. At the separation lines, these
large-scale motions give rise to overshoots in rms fluctuating voitage Tevels from the buried wires in the
surface, and overshoots in rms pressure fluctuations when normalized by the mean-shear stress. Notwith-
standing, the absolute level of rms pressure fluctuation decreased in the circumferential adverse pressure
gradient to a minimum at the positions of the conical separation lines, and increased to a maximum at the
Teeward attachment 1ine. This behavior is contrary to that found beneath two-dimensional attached boundary
layers in adverse and favorable pressure gradients by other experimenters.

3. The resultant mean-shear stress was always finite, being lower at the separation 1ine positions
and higher at the attachment lines.
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009 — OUTPUT FROM WRE #1,

@ MEAN CURVE

2 ) THROUGH DATA, VISUAL

S o) JUDGMENT ONLY

<

D[, o

'5[:‘,’ 007 p—

?L'Té‘ FLOW DIRECT|ON

2 200 0<4 < 145 ) i

g3 7 5

o

2E 008 Ri,. =135 108

a2z 4% NOSE BLUNTNESS >

32 004 I~ AXIAL STATION, 0.85L 4,

E W

& o3 451 0n X2

= it
Y FRVUEE E TN N R NN NN 1 B B

0 20 40 60 80 100 120 140 160 180
CIRCUMFERENTIAL ANGLE, ¢deg

Fig. 16. RMS Voltages from Buried Wire on 5° Cone at a/ec ~ 2.5, M,

8 o B EAN CURVE BY EVE
T 4% NoSE BLUNTNESS MEAN CURVE B
UGH DATA G o
AXIAL STATION, 0,851 rbABA an annfw gPRDE ATA o
aAa a TRANSDUCERS
042
e
T 036
S
030 .
\/
O
024 1 ] I 1 3 } i | ]
o012 -
PLOT FROM MEAN CURVE ABOVE /
A /
G011~ - N
/ ()
e \ !
s \ !
, 0101 v ) l
g S \ I
a Ve \ n
¥ os /'/ \ i \ |
- \ ]
008~ \ ’ \ l
\ il
N A
007 | ! { 1 1 . i ; |
20—
i
PLOT FROM MEAN CURVE ABOVE /'\ I ‘
15}~ /0 , I
& VAN B
.X ./ H l l
\% " \ i H ’
10— az=" . o
ﬂ/gn =0
957 Pads2
5 ] I L ! L ! b J
0 20 40 60 80 100 120 140 160 180

0.6.



ORIGINAL PAGE IS8 b

OF POOR QUALITY

CORRELATION COEFFICIENT

2
Ps1

ARBITRARY SCALE ~ e'2/p

o/, ~ 2.5, M_ = 0.6

ot ot + tp}
AUTOCORRELATION COBFF = ———— zw
a
EY Ry =13.5x 108 i
4% NOSE BLUNTNESS o MEASUREMENT PLANE
Z W
\ /
CIRCUMFERENTIAL CROSSFLOW PLANE
~— ANGLE AT AXIAL
\ \\ STATION 0.85 L A /
l_ -\ Se— #, deg
N —— 85y ;
My, ASUBEMENT PLANE CROSSFLOW PLANE
| Zw EA
¥, V ¥,V
2 4 6 8 10 12 14 16 18 20 NOTE y =¥
tD,TIME DELAY, msec VeV
Fig. 17. Autocorrelations from Buried Wire Fig, 19. Coordinate System about 16° Semiangle
at a/eC ~ 2,5, M_= 0.6, Tangent Ogive Cylindar,
R, =135x 108
4% NOSE BLUNTNESS
1.6
L N 2 T TS S S Y TR T N N N |
LY PR T T N B TP PONC L U T S T A
[ T B N
12l vty e . N R U I A I
- [ T T S [ N A |
2ld
7] S T R T R N P N N T N I O T
I T TR T AR T T T R O A
S N N I I I A R
P UANSS -, AR B S|
N AN -t
! ] ] | I |
R RN N SO R B B ey 12 410 -8 -6 8 10 12
0 1 2 3 4 S 6 1 8 a 10
FREQUENCY, kHz
Fig. 18. Spectra from Buried Wire at Fig. 20. Crossfiow Velocity Vectors on Lee-

side of 16° Tangent Ogive Cylinder,
M, = 0.6, X/d = 4,



16-24

15

200 —~ —_
100 |- -
k1 e
£
E
[3]
a ] l ! ) |
5 ¢ T 1 1 T |
z
[=]
o
2
[}
[+
o
n
~100 |~ o 07
C o9
A 14
v 13
200 1 L | | J
-15 -1.0 -5 o 5 10 18
LATERAL LOCATION, y/d
Fig. 21. Mean Vertical Velocity in Crossflow
Plane of 16° Tangent Ogive Cylinder,
M_ = 0.6, X/d = 4.
300 — T.
200 |~
k!
E
E
[3]
[=)
)
w
>
-
<
2 100
! 1 !
-15 -1.0 -5 0 5 1,0
LATERAL LOCATION, y/d
Fig. 22. Mean Axial Velocity in Wind-Tunnel

Coordinates about 16° Tangent

Ogive Cylinder, M_

= 0.6, %/d = 4.

200

100

LATERAL VELOCITY, m/sec
a

=100

~200

-15

Fig., 23.

300

(53
=1
=]

AXIAL VELOCITY, m/sec
2
o

~15

Fig. 24.

2t apBoo

~1.0 -5 e 5
LATERAL LOCATION, y/d

Mean Lateral Velocity in Crossflow
Plane about 16° Tangent 0give Cylinder,
M_=0.6, X/d = 4.

Mean and RMS Axial Velocity about
16° Tangent Ogive Cylinder,
M, = 0.6, x/d = 4, 3/d = 0.9.



IR QUALITY

K

4

IGINAL PAGE 1

OR

—

swoi




16-28

28

1

24

T T

120}~
-

.wr

ORIGIN
FOR M,
A21—1.8

=
=]
L
>

B
&
4
®
a

o
e
2]

A% NOSE BLUNTNESS

Ry, =13.6x 100 T f—
¢ =0 dop 4- ?
/

OB,
00-00-00-0Q M%_q%ooo’

. _o.o-O-o.
0. 00 0:0.02:0° 00

SIDE-FORCE COEFFICIENT, Cy

-04-

-2

| 1 1 1 [ [ | 1 I

-12 -8 -4 0 4 8 12

ANGLE OF INCIDENCE, o deg

Fig. 27. Side Forces on §° Cone for 0.6 <M_< 1.8,

RL,, %1070 NOSE BLUNTNESS

- 45 4%
—0 135 4%
—~--a 13,6 SHARP
e 35 SHARP

ONSET BOUNDARIES WHERE Cy =0.05 Cy; ¢ = 0°

NO SIGNIFICANT
e & deg SIDE FORCE AT
25 Mo = 2,75

L -
=
] S

EN
T

20

w
T
-
&

N
T
-
o

DIVERSE FOREBODY SHAPES,
— INITIAL ONSET, REF. 6

P AT T N T O N TR T IO

-
i
0

CRITICAL ANGLE FOR ONSET OF
SIGNIFICANT ASYMMETRY

o
[

4 6 B8 10 12 14 16 1.8 20 22 24
FREE STREAM MACH NO., M,

Fig. 28. Onset of Significant Side-Force Asymmetry for 5° Cone.




SIDE-FORCE COEFFICIENT, Cy

E IS
RIGINAL PAG
(())F POOR QUALITY

4% NOSE BLUNTNESS

32 [-- T
-
28 [~ - /

24—~

20 |~

A6 —~

.08 [—

04 |—

-+ n & deg Ry, x 1078

\ 20 13.5
“/

13,8

.I
R
|

~08 —

~.16 }—

~-20 |—

28 [ [ l

138

45

13.56

-8 ~4 4 4 8 12
ANGLE GF INCIDENCE, « deg

Fig. 29. Effect of Rol] Angle and Reynolds Number on

Side Force at M, = 0.6,

4.5 [REPEAT)

16-27



