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flow distributions. This was due to both the high level of cell
resolution allowed by the unstructured adaptive mesh and the
robust performance of the shock capturing flux limiter.
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Nomenclature
P, = stagnation pressure
P, =local pitot pressure
P, = static pressure
pP; =surface pressure at a given xy location
P = undisturbed reference surface pressure acquired at
x = —6.469 cm
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Re =unit Reynolds number/meter
T, =stagnation temperature
T, =local total temperature
T, = static temperature
U =local mean velocity
Uie = freestream velocity

X, ¥, 7 =streamwise, lateral (along the plate’s width), and
perpendicular to plate distance

] = boundary-layer thickness

or =thermal boundary-layer thickness (where 7', is 1%
of the freestream)

Introduction

RECENT review of aerothermodynamic problems sur-

rounding hypersonic flight and its associated research by
Holden! demonstrates our present lack of predictive capabil-
ity. Holden states that the intense research programs of the
1960s and early 1970s were superseded by hypersonic flow in-
vestigations that were limited to supporting specific missions
such as the Space Shuttle, the Jovian entry vehicle, and ballis-
tic re-entry vehicles. The results of this review vividly point out
the scarcity of previous research encompassing turbulent
boundary-layer separation and hypersonic flows.

Many earlier studies®” on turbulent boundary-layer separa-
tion were preformed on smooth surfaces in supersonic-
hypersonic flow regimes. These studies investigated incipient
separation using compression corners to simulate flow over
aecrodynamic flaps or ailerons. Because high-speed flight vehi-
cles employ various external control devices that can produce
large areas of flow separation, a program was initiated to ex-
amine such effects.

Model and Experimental Facility

A smooth flat-plate/22 deg wedge configuration extending
approximately 45.7 cm in streamwise length and 35.6 cm in
lateral extent was machined to a no. 32 surface finish. A sharp
10-deg asymmetric leading edge was also machined into the
model. Approximately 39.4 cm downstream from this leading
edge was the intersection point of the instrumental wedge.

The model was then mounted downstream of a 30.5-cm
open jet, high-Reynolds-number, Mach 6 blowdown wind tun-
nel. By adjusting the total pressure and stagnation tempera-
ture, unit Reynolds numbers ranging from approximately 33
to 98 x 10%/m were obtained.

Model instrumentation consists of 46 surface pressure
points and seven type-K (chromel/alumel) thermocouples.
These ports were spaced streamwise in the x direction along
the plate at its center (¥ = 0) and +£9.5 mm off the center
through the interaction region.

Boundary-Layer Characteristics

Distribution of both the total pressure and total tempera-
ture in the boundary layer were obtained using a pitot pressure
probe and a Winkler-type temperature probe. To allow for
high-resolution, near-wall total pressure measurements, the
tip of the pressure probe was flattened resulting in an overall
height of 0.51 mm. For the same reasoning, a miniature
Winkler probe was fabricated measuring 1.52 mm in diameter.
The recovery factor for this probe was determined to be 0.984
and the uncertainty in the temperature measurement is 2.2 K.

Traverses were performed at two streamwise locations, x =
—~16.47 and —5.52 cm upstream from the plate/wedge in-
tersection point. A third traverse, perpendicular to the ramp
surface at a distance along the surface equal to +3.97 cm
downstream from the intersection point, was also performed.
In addition, surface static pressure and wall temperatures were
also recorded. From these measurements, the Mach number,
velocity, and static temperature through the boundary layer
were obtained.? Using numerical integration, the momentum
thickness § was computed for each unit Reynolds number and
was found to be in good agreement when compared to the em-
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pirical correlation of Roshko and Thomke® for a supersonic
turbulent boundary layer. Although data was recorded at unit
Reynolds numbers of 33 x 10%/m, 66 x 10%/m, and 98 X
10%/m, because of room only the low-Reynolds-number case
is presented.

The pitot pressure ratio on the ramp was observed to exhibit
a completely different behavior than was obtained upstream
of the ramp. A sizable peak in the pressure distribution ob-
tained on the ramp was recorded. The magnitude of this peak
is approximately three times greater than the P,/P, ratio
observed at locations upstream of the ramp (Fig. 1). This can be
related to the local shock structure in the reattachment region.
Utilizing inviscid oblique shock-wave theory, a shock angle of
31 deg is determined. Based on a freestream Mach number of
5.8, the pressure ratio was estimated to be 3.02. This value dif-
fered by < 3% from the experimentally determined pressure
ratio of 3.1. Therefore, it appears that the effects of viscosity
are indeed small.

The boundary-layer thickness 8, i.e., the position at which
the local total pressure was observed to be =0.5% of the
freestream value, was used to indicate the boundary-layer
edge. For the low-Reynolds-number case at x = —5.517 cm, &
was approximately 6.6 mm. Similarly 6, was estimated to be
5.8 mm.

An examination of the surface pressure distribution in Fig.
2 indicates the two-dimensional nature of the flow. A compar-
ison of surface pressures obtained at y = 0 and +0.95 cm in-
dicate that excellent agreement exists over the center portion
of the plate. In addition, only a 10% variation in P, was
observed over a 10.16-cm lateral spacing (approximately 156)
in the same zone. Side fences were also added to the model and
no notable difference in the surface pressure was observed.
The separation point determined from schlieren photographs
is estimated to extend approximately 2.54 mm upstream of the
plate/wedge intersection point. Although difficult to
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Fig. 1 Nondimensional total pressure ratio at x = —16.47 cm, x =
—5.52 ¢m, and x = +3.97 cm.
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measure, the extent of separation appeared to be identical for
Reynold’s numbers from 33 to 98 x 10%/m.!°

Inspection of Fig. 3 clearly indicates the level of overshoot
recorded in the total temperature profiles. In general, an 8%
overshoot was observed in the total temperature measured on
the ramp, as compared to a 3% increase at x = —5.577 cm
(upstream of the ramp inspection point). This increase in 7T,
may be a result of the combined viscous and turbulent shear
stresses in the outer portion of the boundary layer doing work
on the fluid to increase its internal energy, hence, increasing
the temperature of the fluid in the inner region of the bound-
ary layer. Also observed was a second temperature maximum
in T, profiles. This second overshoot surpassed 7, by approx-
imately 3% and appears to be a result of the unsteadiness in
the separating shock upstream of the plate/wedge intersection
point. Furthermore, the average position of the momentum
shear layer (determined from the ramp total pressure profile)
only varied by 12%, from the location of this weak second 7,
maximum. The first maximum in 7, was located at Z/8; =
0.22

Additional support for the multiple 7, peaks were found
from measurements obtained on a 24-deg ramp at Mach 2.84
and a unit Reynolds number of 65 x 10° by Selig et al.!! Us-
ing hot-wire anemometry, they recorded bimodal mass-flux
probability density functions on the ramp, and a single maxi-
mum at upstream measurement stations. That is, the mass-
flux turbulence intensity profiles acquired on the ramp were
determined to have multiple peaks.

The difference between the nondimensional locations
(Z/67) of the T, maximum in the present study to the turbu-
lent intensity profiles of the Selig study was < 30%. This sup-
ports the idea and importance of the turbulent stresses locally
heating the flow and producing the observed increase in T,.
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Surface Flow Patterns on an
Ogive-Cylinder at Incidence

David Degani,* Murray Tobak,} and G. G. Zilliac
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I. Introduction

T is well known that the flow about a body of revolution

becomes asymmetric with respect to the angle of attack
plane at a sufficiently high angle of attack (cf. Refs. 1-7). This
asymmetry may be altered by changing the roll angle position
of the nose of the body>*¢ or by placing a small asymmetrically
disposed disturbance near the apex.>’ With further increase in
incidence, the steady asymmetric flow becomes unsteady, and
as the angle of attack tends toward 90 deg, the flow pattern
approaches that of a circular cylinder in crossflow.

Degani and Zilliac* have shown experimentally that in addi-
tion to the low-frequency von Karmaéan vortex shedding from
the cylinder portion of an ogive-cylinder body at very high in-
cidence, and a high-frequency unsteadiness resulting from a
traveling-wave instability of the shear layer, the flow exhibited
a midrange frequency unsteadiness as well (with Strouhal
number about twice that associated with von Karman vortex
shedding). Although its source has not been identified, this
unsteadiness was found to be limited to angles of attack be-
tween 50 and 65 deg. The maximum signal level of fluctua-
tions (using a hot-wire anemometer) was found in a volume of
about 4D long X 2D high X 2D wide centered above the
ogive-cylinder junction. It was suggested in Ref. 4 that this
midrange frequency was the result of vortex interaction.

Zillac et al.® and other researchers have found experimen-
tally that in the range of angles of attack between SO and 65
deg the flowfield behaves differently than it does at angles of
attack both above and below this range when a small change is
enforced on the flowfield. When the nose roll angle changed
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smoothly, the flow above the body changed between two
stable positions only. A rational explanation for this behavior
of the flowfield was suggested by Tobak et al.® with the sup-
port of preliminary, unpublished results of the present paper.
According to these results, in the range of angles of attack be-
tween 50 and 65 deg, foci may exist in the forebody surface
flow pattern on the line of primary separation on each side of
the body.

It seems clear that the occurrence of a particular regime of
flow unsteadiness at angles of attack between S0 and 65 deg
and the bistable nature of the flow within this same angle-of-
attack range must be linked to the coincident appearance of
foci in the surface flow patterns. In view of the potential im-
portance of the phenomenon in completing our understanding
of the flow over bodies at incidence, we consider it worthwhile
to document the event more fully. This paper contains a com-
plete set of photographs of the surface flow patterns, obtained
for angles of attack between 30 and 85 deg, flow conditions at
a Reynolds number of 2.6 x 10%.

II. Experimental Approach and Results

Measurements were performed in a 38 X 38 cm, low-turbu-
lence wind tunnel at velocities ranging from 12 to 24 m/s. The
maximum freestream turbulence level of this facility, as mea-
sured by a hot-wire anemometer, is 0.15%. The quality of wind-
tunnel flow has been documented more fully in an internal
NASA memorandum, available on request to the authors. Al-
though we recognize that freestream turbulence properties
might have influenced the shape and extent of the phenome-
non to be reported here, we consider it highly unlikely that
they could have caused it to appear. Likewise, we consider
that other sources of flow unsteadiness and gravitational force
effects, which are always present to an undetermined extent in
flow-visualization studies, could not have been the cause of
the phenomenon to be reported here.

The model configuration consisted of an L/D = 3.5 tan-
gent ogive with an L/D = 12.5 cylindrical afterbody. The
overall length of the model was 35 cm and the diameter of the
cylindrical afterbody portion of the model was 2.16 cm. The
model was mounted rigidly on a sting support. No boundary-
layer trips were used to stabilize the vortex positions or to
cause boundary-layer transition. Judging by the position of
the lines of separation on the model, we consider the boundary
layer to have been laminar. Maximum wind-tunnel model
blockage, based on the projected frontal area of the model,
was < 5.0% of the cross-sectional area of the test section at 90
deg angle of attack.

Owing to the relatively low freestream velocity and also the
inclination of the model, it was necessary to develop a surface
flow visualization medium that was less viscous than the
standard oil-titanium oxide mixture. After extensive ex-
perimentation, a mixture by volume of approximately 5.0%
oil-based black paint, 40.0% paint thinner, and 55.0% kero-
sene was adopted. It was found that, with brush application, a
smooth, thin coat could be applied that would flow readily
and dry within a few minutes at the freestream velocities of the
test.

Experiments were made at a Reynolds number of 2.6 x 10*
with angles of attack ranging from 35 to 85 deg. Figures 1
present photographs of oil flow patterns obtained under the
previously mentioned conditions. For each angle of attack,
three views are shown: left side, top (leeward) side, and right
side. Because the paint was highly thinned to allow better cap-
turing of the separation and reattachment lines, the surface
pressure gradient was sufficient to blow away the oil on the
windward side. Therefore, this view is omitted in Figs. 1.
After the completion of each run, the model was taken out of
the wind tunnel and the photographs were taken. At each an-
gle of attack, several experiments were carried out resulting in
similar surface flow patterns. In all cases, the reference roll
angle was kept unchanged. The circumferential angle of the
separation line is about 90 deg from the windward ray for all



