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Laminar-Turbulent Transition in a Mach 8 Elliptic Cone Flow

Roger L. Kimmel* and Jonathan Poggie®
U.S. Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433-7521

and

Stephen N. Schwoerke*
Lockheed Martin Corporation, Fort Worth, Texas 76101-0748

To examine the influence of crossflow on transition in a hypersonic boundary layer, an experimental and com-
putational study was made of a Mach 8 flow over a sharp-nosed elliptic cone of 2:1 cross section. Extensive flow
visualization was carried out experimentally, including schlieren photography and surface oil-flow visualization.
Mean pressure and heat flux were measured at the wall of the wind-tunnel model. For comparison with the ex-
periments, a computation of the basic state flow was carried out using the parabolized Navier-Stokes equations.
The basic state laminar flow was found to be relatively complex, with highly skewed velocity profiles and a pair of
symmetric vortices on the top centerline of the cone. Transition in the elliptic cone flow was found to be significantly
different than transition in hypersonic flow over planar and axisymmetric configurations, which is driven by the
second mode instability. In the elliptic cone flow the transition front was nonuniform, with early transition near the
top centerline and delayed transition near the leading edge. Rope waves were observed on both the leading edge and
top centerline; unusual elongated streaks were observed on the top centerline. Transition on the top centerline may
be related to an instability of the inflectional boundary-layer velocity profiles in that region. A traveling crossflow
instability is probably important in the vicinity of the shoulder of the cone, and tentative evidence of a stationary
crossflow instability was obtained with the introduction of artificial roughness.

Nomenclature

= Stanton number, g, /[p. U, (ho — h.)]

= frequency

= enthalpy

= computational grid indices along the radial,
circumferential, and axial directions (Fig. 1)

=roughness height

= length of elliptic cone, 1.016 m

= Mach number

= pressure

= heat flux

= crossflow Reynolds number, Wiy 810/ve

=roughness Reynolds number, Uk /v

= length Reynolds number, Uy L /v

=running Reynolds number, Usx /Voo

= momentum thickness Reynolds number, Uy,6/voo

r =ratio of measured heat flux to computed laminar flow
heat flux

= temperature

= streamwise velocity component

= crossflow velocity component

= streamwise, spanwise, and vertical coordinates (Fig. 1)

= boundary-layer thickness (based on g/ hgs = 1.0008
in this study)

= wall-normal coordinate

= angle in cylindrical coordinate system (Fig. 1)

= kinematic viscosity

= density

Y, 2

o %

DT O3

Subscripts

e = boundary-layer edge conditions
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w = wall conditions
0 = stagnation conditions
00 = freestream conditions (upstream of shock)
Introduction
Two-Dimensional Boundary Layers
UCH of the past work on hypersonic boundary-layer stabil-
ity has focused on the flow over bodies with planar or axial
symmetry. The instability mechanisms—if not the receptivity and
transition mechanisms—are fairly well understood for this class of
flows. If, in the reference frame of a neutral wave, there is super-
sonic flow over part of the boundary-layer profile, then multiple
modes exist.!*> The modes are distinguished by their characteristic
functions or profiles along the wall-normal direction.

The first mode (vorticity mode) is, for lower supersonic Mach
numbers, the compressible flow counterpart of the Tollmien—
Schlichting wave. For hypersonic Mach numbers, however, the first
mode represents both a viscous Tollmien—Schlichting instability and
an inviscid instability because of the presence of a generalized inflec-
tion point in the basic state profiles.> The most unstable first mode
wave is two-dimensional in incompressible flow, but becomes in-
creasingly skewed to the freestream direction as the Mach number
increases from zero. The second mode (the first acoustic mode or
Mack mode) is also an inviscid instability associated with a gener-
alized inflection point. It has no counterpart in incompressible flow
and is unskewed for two-dimensional boundary-layer flows.

Boundary-layer transition is a function of receptivity (response of
the boundary layer to external disturbances ) and amplification his-
tory. As adisturbance of constant frequency propagates downstream
in a typical two-dimensional hypersonic boundary layer, a first mode
component is initially most amplified, and farther downstream a sec-
ond mode component is most amplified.*~® For experiments in quiet
wind tunnels and conventional tunnels with relatively low noise en-
vironments, the second mode instability is usually the dominant
cause of transition.””!! For arelatively lower hypersonic Mach num-
ber, however, transition may be dominated by the first mode.'?'!3

Previous experimental work'* !> has shown that, at least in a con-
ventional wind-tunnel environment, disturbances in the boundary
layer extend over a limited streamwise and circumferential distance.
Disturbances begin their life as wave packets and evolve toward the
coherent structures typically seen in turbulent boundary layers.'®
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For sections parallel to the wall, cross-correlation data suggest that
the wave packets appear as elliptical patches traveling in the direc-
tion of the freestream flow. In sections perpendicular to the wall,
highly inclined structures are seen concentrated near the boundary-
layer edge. As the Reynolds number increases, the streamwise and
circumferential extent of the disturbances decreases rapidly, and the
structures become more erect with greater extent along the wall-
normal direction.

Three-Dimensional Boundary Layers

In general, the boundary-layer flow on a three-dimensional body
experiences strong lateral pressure gradients that turn the stream-
lines away from the axial direction. The low momentum fluid closer
to the wall experiences greater turning, inducing a skewed boundary-
layer velocity profile with a component perpendicular to the local
flow direction at the boundary-layer edge. This component is called
crossflow. The crossflow velocity component is zero at the wall and
in the freestream, and the profile typically has a single maximum
toward the middle of the boundary layer and an inflection point
somewhat farther from the wall. The inflected crossflow velocity
profile exhibits an inviscid instability.

The character of the crossflow instability is well-established for
subsonic and moderately supersonic flows over swept wings and for
certain model problems, such as rotating disks, cones, and spheres. 7
Corotating vortices form with their axes aligned approximately with
the streamwise direction. The spanwise wavelength is on the order
of the boundary-layer thickness, and the wave-number vector is typi-
cally oriented at large angle to the inviscidfl ow streamlines. Stability
calculations indicate that the most amplified disturbances are typi-
cally traveling waves, but experimental results are often dominated
by roughness-induced stationary disturbances. Crossflow vortices
may undergo a secondary instability process that produces horse-
shoe vortices.

Relatively few studies of three-dimensional boundary layers have
been carried out for hypersonic flow. The experiments have gener-
ally been limited to sharp and blunt cones at angle of attack,'®!
but some data do exist for the elliptic cone geometry.? Stability
computations 2! > show some interesting trends: crossflow increases
the amplification rate and skewness of the most unstable first mode
wave, and the most amplified second mode wave can be oblique to
the freestream flow.

The objective of the present investigation was to examine stabil-
ity and transition on a fully three-dimensional configuration and to
demonstrate a case in which a crossflow instability had a significant
influence on boundary-layer transition. An elliptic cone was chosen
because it should induce significant crossflow, is easily described
analytically, and resembles a realistic hypersonic vehicle. The de-
sign study for these experiments was documented in a previous
paper.? The present paper reports results on the overall features of
the elliptic cone flow, including surface pressure measurements, sur-
face heat-flux measurements, flow visualization, and a computation
of the basic state laminar flow based on the parabolized Navier-
Stokes equations. A companion paper® reports measurements with
hot-film probes, as well as linear stability calculations.

Procedure
Experiments

The experiments were carried out in the von Kdrman Gas Dy-
namics Facility Tunnel B at the Arnold Engineering Development
Center. Tunnel B*~%" is a closed-circuit continuous-run facility with
a 1.27-m diam test section. Incoming air is heated with a natural gas
combustion heater, and the walls of the entire tunnel are cooled with
external water jackets. The facility is equipped with two axisymmet-
ric nozzles that allow the tunnel to be run at a nominal Mach number
of either 6 or 8. The present tests were carried out at a measured
freestream Mach number of M, =7.93 and a stagnation tempera-
ture of 7p =728 K in the settling chamber. The experimental model
was tested under both adiabatic wall and cold wall conditions, as
described next.

The freestream flow in Tunnel B has been extensively monitored
and calibrated. >’ The mean Mach number on the tunnel centerline is
spatially uniform to within 1.2%. The broadband rms mass flux (the
disturbance level) on the centerline is between 1.2 and 1.5% of the
local mean, depending on the unit Reynolds number. Root-mean-

square total temperature fluctuations are an order of magnitude
smaller. The freestream disturbance spectrum is similar for all unit
Reynolds numbers for both mass flux and total temperature fluc-
tuations. It peaks at a frequency of f =2-3 kHz and drops off for
higher frequencies as approximately 1/f.

The experimental model was a sharp-nosed cone with an elliptical
cross section. The nominal nose radius was 40 um along the major
axis. The aspect ratio of the cross sections was 2.0:1, and the cone
half-angle was 7 deg in the minor axis. The model was composed
of a solid nose section and three hollow frusta, each with a nominal
wall thickness of 6.4 mm. The overall length of the model was
L =1.016 m. The nose section was 0.1524 m long, the next two
frusta were 0.2794 m long, and the final frustum was 0.3048 m
long. All four sections were constructed of 17-4 PH stainless steel
with better than 0.81 wm rms finish.

The wind-tunnel model and the coordinate systems used in the
present paper are illustrated in Fig. 1. A Cartesian coordinate system
fixed to the model nose was aligned so that the x axis was along the
axial direction. The z coordinate was taken to be vertical, and the
y direction was chosen to make the system right-handed. Using a
cylindrical coordinate system with & =0 deg at the top centerline
(minor axis endpoint) and 6 =90 deg at the leading edge (major
axis endpoint) was also convenient. The four quadrants were inter-
changeable because of the symmetry of the model. One quadrant
of the model was devoted to pressure instrumentation, and one was
devoted to heat transfer (Fig. 2). One entire side was devoid of
pressure taps and heat transfer gauges and was devoted to hot-film
probe measurements of the boundary layer. Heat-transfer gauges

b) Side view of model inside tunnel

¢) Coordinate system

Fig. 1 Model geometry and coordinate system.
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Fig. 2 Locations of pressure taps and heat transfer gauges. Vertical
scale is exaggerated for clarity.

and pressure taps near the leading edge of the model were displaced
toward the instrumentation side by 2 deg to keep the model leading
edges clean.

The pressure taps consisted of 1-mm-inside-diameter stainless-
steel tubing, and were arranged in the configuration shown by open
symbols in Fig. 2. Pressure surveys were made under near adiabatic
wall conditions. Four pressure taps at x /L = 0.925 were located on
the endpoints of the major and minor diameters. Each pair of diamet-
rically opposed pressure taps was connected to a single transducer.
The model angle of attack was adjusted to O deg = 0.1 deg by nulling
the differential pressure for each pair of taps.

The heat-transfer gauges consisted of 4.8-mm diam Schmidt-
Boelter gauges and were arranged in the configuration shown by
closed symbols in Fig. 2. A Schmidt-Boelter gauge is an aluminum
wafer wrapped with constantan wire and half-plated with copper
to create a thermopile of 35-40 thermocouple junctions. A con-
stant heat flux to the front surface generates a constant temperature
difference across the wafer, which is measured by the thermopile.

Heat-transfer measurements were made for a wall temperature
to stagnation temperature ratio of 7,,/7,=0.42. Both tempera-
tures were monitored continuously during the tests. The stagna-
tion temperature was held fixed by the tunnel heater system, and
the model temperature was controlled by the following process.
Between runs the model was cooled to room temperature. For
each test the model was injected into the tunnel airflow, the out-
put of the Schmidt-Boelter gauges was recorded before any sig-
nificant increase in the model wall temperature occurred, and the
model was retracted from the tunnel. Reynolds numbers based on
model length of Re;, =1.7 x 10°, 2.0 x 10°, 2.7 x 10, 3.3 x 10°,
4.0 x 10°, 5.0 x 10°, 6.0 x 10°, and 6.7 x 10° were tested.

Extensive flow visualization studies were carried out under near
adiabatic wall conditions. Surface oil-flow patterns were generated
by applying a mixture of silicone oil and silicone pigment in lines
either along one leading edge or around the circumference of the
wind-tunnel model, then injecting the model into the flow and video-
taping the flow pattern. Schlieren photographs were also obtained.
The wind-tunnel sting mount allowed the model to be rolled at dif-
ferent angles from the viewing direction in order to examine the
boundary layer in different planes around the cone.

Numerical Simulations

As part of the design process for this experiment, parabolized
Navier-Stokes (PNS) calculations of the basic state laminar flow
and linear stability calculations for the disturbance flowfield were
carried out for several different elliptic cone configurations.? Lyttle
and Reed?®+? obtained very similar results in computations for a 2:1
elliptic cone at Mach 4. The experiments discussed here were carried
out under somewhat different test conditions than those modeled in
the original design calculations. Some new PNS calculations are
presented in this paper for the actual test conditions. Computations
were carried out for both the cold wall conditions corresponding to

the heat-transfer measurements and the adiabatic wall conditions of
the other measurements.

A detailed discussion of the computational modeling of this con-
figuration, including grid resolution studies, was presented in an
earlier paper.”® For brevity, only a short summary of the compu-
tational procedure is given here. The basic state computations for
the laminar boundary-layer flow were carried out using the upwind
scheme (UPS) PNS code, as modified by Lockheed Martin Tactical
Aircraft Systems.® The code uses a second-order central difference
scheme for inviscid fluxes and a fourth-order smoothing model. The
outer boundary condition was a shock-fitting model, and the solution
for the first 25 mm of the cone was obtained with a Navier-Stokes
nose solution code. The computation grid for the nose solution con-
sisted of 121 x 71 x 31 points and the PNS grid was 121 x 71 x 875
points, for both cases distributed over one 90-deg quadrant of
the cone along the radial, circumferential, and axial directions,
respectively.

To validate the basic state computation, we compared the pre-
dicted surface pressures and heat-transfer rates to the experimental
data from the laminar flow region on the cone. As will be shown
next, the computations agreed with the measured wall pressure and
heat flux within the uncertainty in the experimental data.

Results
Wall-Pressure Measurements

To achieve the best possible instrument resolution, wall-pressure
measurements were carried out at the highest stagnation pressure,
corresponding to Re; = 6.7 x 10°. Laminar flow computations were
carried out for adiabatic wall conditions at the same Reynolds num-
ber. The results are shown in Fig. 3, and the computation is seen to
agree with the experiment within 5%, which is approximately the
experimental uncertainty.

The circumferential pressure profiles (Fig. 3a) illustrate a fun-
damental difference between the elliptic cone flow and a typical
axisymmetric flow: there is a pronounced rise in pressure along the
circumference of the cone between the shoulder (0 =45 deg) and the
leading edge (6 =90 deg). The data from the three streamwise sta-
tions (x /L = 0.325, 0.625, and 0.925) lie generally along a common
curve, indicating an approximate conical similarity for the inviscid
flow between the shock and the boundary-layer edge.

The pressure is nearly uniform along rays of the cone (Fig. 3b),
except for a small region near the nose. Rapid growth of the
boundary-layer displacement thickness in that region induces
slightly increased wall pressures that relax downstream (the viscous
interaction effect). The effect is most pronounced near the top center-
line (6 =2 deg) because of the thick boundary layer in that vicinity.

Flow Visualization

The strong circumferential component of the pressure gradient
in the elliptic cone flow drives the boundary-layer fluid from the
leading edge toward the top centerline. The basic state computa-
tions show that the boundary-layer edge streamlines (solid lines in
Fig. 4) are driven slightly inboard of the conical rays that would be
seen in flow over an axisymmetric cone. The low momentum fluid
closer to the wall experiences greater turning, and the limiting sur-
face streamlines (dashed lines in Fig. 4) are highly skewed inboard,
converging toward a stable bifurcation line just off the centerline.

Surface oil-flow images were obtained for comparison with the
computed wall streamlines. (Wall conditions were between the adi-
abatic and cold wall reference cases.) Sample oil-flow images are
shown in Fig. 5 for Re;, =2.0 x 10°. Here the model was rolled so
that the top centerline was visible through a side window in the
wind tunnel. A mixture of silicone oil and silicone pigment was
applied either along one leading edge of the model (Fig. 5a) or in
lines around the circumference (Fig. 5b). Oil streaks on the forward
one-third of the model, where laminar flow prevailed, show the same
pattern as the computed wall streamlines.

Indications of transition appear in the oil-flow pattern in the re-
gion toward the top centerline and the aft portion of the model (see
Fig. 5b). Oil in a roughly triangular region on the top side of the
cone has been dragged farther downstream, indicating higher mean
shear stress caused by turbulent flow. The corresponding streaks ap-
pear to be roughly aligned with the axial direction, in contrast to the
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significant skewness seen elsewhere. With the enhanced momentum
transport in the wall-normal direction in the turbulent flow region,
the magnitude of the crossflow is reduced, and the wall streamlines
are more closely aligned with the edge streamlines.

The influx of fluid from around the the model circumference leads
to substantial thickening and deceleration of the boundary layer in
the vicinity of the centerline on the flat side of the model. Fig-
ure 6a shows the computed boundary-layer thickness for different
circumferential positions at x /L = 0.802. At this streamwise station
the boundary-layer thickness at the centerline is about seven times
greater than at the leading edge. Boundary-layer profiles also tend
to be inflectional in this region, as seen in the examples in Fig. 6b.

Schlieren photographs were taken under approximately adiabatic
wall conditions with the model rolled at different angles from the
viewing direction in order to examine the boundary layer in different
planes around the cone. Three examples are shown in Fig. 7. A

a) Marker material along leading edge

b) Marker material around circumference

Fig. 5 Surface oil-flow visualization for Re; =2.0 x 10°.

3 x 3 sharpen kernel has been applied to the images to enhance the
contrast of features in the boundary layer. A field of view through
the wind-tunnel window of about 0.4 L is visible in each image (see
Fig. 1b). The dark triangular region in each image represents the
wind-tunnel model, the boundary layer is evident as a light band
just above the model, and the shock appears as a slightly wrinkled
dark line somewhat farther from the model surface.

Figure 7ais a plan view of the model for Re;, = 6.7 x 10°. The thin
boundary layer in the 6 =90 deg plane is visible in the image, and
rope-waves are just discernible. Figure 7b shows an intermediate
roll angle, displaying the 6 = 63 deg plane for Re; =2.0 x 10°. The
increased boundary-layer thickness at this station is evident, and
striking elongated streaks are present in the boundary-layer flow,
oriented at about 5 deg from the cone surface. The boundary layer
appears still thicker in the side view (9 =0 deg plane visible) at the
same Reynolds number shown in Fig. 7c, and the elongated streaks
are still present. Farther downstream, structures with wavelengths
of roughly 26-34 are visible. Boundary-layer breakdown appears to
occur at the rightmost station visible in the image.

Heat-Transfer Measurements

Figure 8 shows profiles of Stanton number vs streamwise
Reynolds number for three rays along the surface of the cone. Ex-
perimental data and the corresponding cold wall computations are
shown for Re; = 1.7 x 10° and 6.7 x 10°. We first focus on the por-
tion of the cone where laminar flow prevails. In this regime the ex-
periment and the laminar flow computation agree within the appar-
ent scatter in the experimental data. (Measurements with Schmidt-
Boelter gauges in two-dimensional flows typically have an uncer-
tainty of +10%. Greater scatter is apparent in the present data,
which were obtained in a complex, three-dimensional flow.) For
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Fig. 6 Computed conditions at x/L =0.802 for adiabatic wall case at
Rep =2.0 x 10,

the rays near the leading edge (9 = 88 deg; Fig. 8a) and along the
shoulder (6 =45 deg; Fig. 8b), the results closely follow the trend:
Cy ocRe; '/, This trend is not evident along the top centerline (6 =
0 deg; Fig. 8c), where the boundary-layer profile is thick and inflec-
tional.

Along each ray transition appears in the experimental data as an
abrupt rise in the heat-transfer rate and a concomitant departure from
the computation. A moderate unit Reynolds number effect on tran-
sition location was present, as illustrated in Fig. 8b. The relative sta-
bility of the leading edge where transition occurs at Re, = 5.5 x 10°
and the relative instability of the top centerline where transition oc-
curs at Re, =0.5 x 10° are of note. In contrast, transition on a 7 deg
half-angle cone occurs at the intermediate value of Re, = 2.7 x 10°
under similar test conditions in the same tunnel.?'- 3> For the highest-
Reynolds-number data the Stanton number profiles indicate that the
flow is approaching a fully turbulent state, and the data follow the
trend Cy ocRe;'/°.

Figure 9a shows the corresponding circumferential heat-transfer
distributions over one quadrant of the cone at x /L = 0.65. Peak heat-
ing occurs at the leading edge and falls off toward the shoulder of
the cone, a trend typical of laminar flows over blunt leading edges.**
With transition we see the heat-transfer rate increase again and
peak near the top centerline. For the lowest-Reynolds-number case

Fig. 7 Schlieren photographs: a) plan view, plane 6 =90 deg visible,
Re; =6.7 X 10%,0.6 < x/L < 1.0; b) intermediate view, plane 6 = 63 deg
visible, Re; =2.0 x 10%, 0.6 < x/L < 1.0; and c) side view, plane 6 =
0 deg visible, Re; =2.0 x 10%,0.1 < x/L < 0.5.

(Re;, = 1.7 x 10°) transition begins at about @ =30 deg, whereas
for the highest-Reynolds-number case (Re;, = 6.7 x 10°) transition
begins around 6 = 60 deg.

Studies of low-speed, three-dimensional boundary-layer flows
have shown that roughness-induced stationary disturbances can have
astrong effect on transition. !” The effect of roughness on the present
flow was examined by attaching spheres to the surface of the cone
upstream of the measurement station. Two circumferential configu-
rations were tested: roughness elements of 2 mm diam and 1.3 mm
diam spaced four diameters on center and distributed around one
quadrant of the cone at x/L =0.225. An additional configuration
aligned along a ray was tested with 1.3-mm-diam elements affixed
near the leading edge of the model (6 =86 deg) in a 0.165-mm strip
centered at x/L =0.45.

Because the roughness strips covered large regions of the model,
the boundary-layer thickness varied along the strips. For the
two circumferential configurations the ratio of roughness height
to boundary-layer thickness at 6 = 45 deg was approximately
k/8=0.4 and 0.6 for the 1.3- and 2.0-mm-diam elements, respec-
tively. The corresponding Reynolds numbers based on conditions at
the top of the roughness elements were about Re, = 100 and 400. For
the configuration placed at & =86 deg, the nondimensional rough-
ness height was about k/8 =0.7 with Re, = 1100.

Figure 9b shows the circumferential heat-transfer distribution at
x/L=0.65 and Re; = 1.7 x 10° with and without the roughness
strips. Increased heat-transfer occurs in the range 20 deg <0 <
70 deg for the two cases in which the roughness elements were dis-
tributed around the circumference of the cone, and a double-peak
feature in the heat-transfer distribution in the vicinity of 6 =45 deg
appears to amplify with increasing roughness diameter. In contrast,
the roughness placed at the leading edge (not shown) did not have
a detectable effect on the heat-transfer distribution.

The crossflow wavelength is expected to be approximately
13.7 mm (6.2 deg) at =45 deg and x /L = 0.65 (Ref. 24). Spacing
on center for the 2- and 1.3-mm-diam roughness was 7.9 mm
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Fig. 8 Stanton number profiles along rays of the cone.

(3.2 deg) and 5.2 mm (1.8 deg), respectively. The five heat-transfer
gauges in the range 38 deg < 6 < 52 deg are spaced at 3.5-deg inter-
vals. Heat-transfer data from these transducers show a circumferen-
tial periodicity of about 7 deg. Given these results, the temptation is
to claim agreement between the circumferential period in the data
and the crossflow wavelength, but the circumferential transducer
spacing is near the Nyquist wave number, and the possibility exists
for bias error, given that the measurements were not repeated with

a) Baseline case
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@
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0 1 [l [l [l
0 20 40 60 80
6, deg

b) Roughness effects (Re; = 1.7 x 105)

Fig. 9 Stanton number profiles around the circumference of the cone
for x/L = 0.65.

different transducers. Nevertheless, the fact that the heat-transfer
pattern persists and amplifies with increasing roughness diameter
(regardless of the circumferential spacing of the roughness ) is sug-
gestive of a stationary crossflow vortex signature.

Further, the roughness placed at the leading edge had essen-
tially no effect on heat transfer at this station. Linear stability
calculations?* indicate that stationary crossflow vortices will have
their axes aligned with the boundary-layer edge streamlines. The
greater sensitivity of the flow to the circumferential roughness dis-
tribution than to the leading-edge roughness distribution suggests
that disturbances engendered by the roughness elements propagated
along the same directions as the crossflow vortices, rather than the
surface streamlines.

Contours of Stanton number Cy as a function of Re, and 6
were constructed with data obtained at each of the freestream
unit Reynolds numbers tested, assuming similarity with Reynolds
number. The results are shown in Fig. 10. Discontinuities in heat
transfer at Re, = 1.0 x 10° and 4.8 x 10° are artifacts of sparse
transducer coverage of these regions. A maximum in the heat-
transfer rate is seen at the leading edge (0 =90 deg), and a local
maximum in heat transfer around the circumference of the model
indicates boundary-layer transition. Transition occurs first on the
top centerline of the cone and is very much delayed along the lead-
ing edge, in qualitative agreement with the pattern observed in the
surface flow visualization of Fig. 5b.

To quantify the transition location, the measured heat transfer
was divided by the calculated laminar-flow heat transfer to obtain a
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Fig. 10 Stanton-number contours: 1, measured transition front; and
, polynomial fit to data.

ratio r, which was near unity for laminar flow and greater than unity
for turbulent flow. A threshold of r =1.5 was chosen to indicate
transition. This threshold is arbitrary, but the transition location was
found to be relatively insensitive to the level of the threshold. Square
symbols indicate in the figure the locations where the transition front
defined in this fashion intercepted aray or arc of heat-transfer gauges
(see Fig. 2) at a given unit Reynolds number. A third-order, least-
squares polynomial was fitted through these data and is indicated
by the solid line in Fig. 10.

Despite the fundamental limitations inherent in correlations based
on local basic state conditions, these correlations are still widely
used in the design of aerospace vehicles because there is a com-
pelling need for simple tools for preliminary design. One of the most
commonly used criteria states that transition occurs when the ratio of
local momentum thickness Reynolds number to the local edge Mach
number exceeds some threshold value, typically Rey/M, =100-
300. Numerous researchers have pointed out the shortcomings of
the Rey/M, correlation. In an axisymmetric cone flow, for exam-
ple, Re, goes as the square root of x, and M, is nearly constant, so
that a factor of three uncertainty in the threshold of Rey/M, corre-
sponds to a factor of nine uncertainty in transition location.** Cross-
flow Reynolds number Re.; has also been used to correlate three-
dimensional boundary-layer transition at various Mach numbers. >
A modification to the crossflow Reynolds number has been proposed
to take into account Mach number and wall-temperature effects,®
but this correlation has been shown to be equivalent to Re, /M., at
least for the present configuration.

Given the popularity of correlations based on local flow parame-
ters, comparing the transition front measured in the elliptic cone flow
to the Rey /M, and crossflow correlations was considered useful.
The results show a surprisingly good correlation between Re, /M, =
100-150 and the measured transition location (Fig. 11). This result
cannot, of course, be extrapolated to flight conditions or other ge-
ometric configurations. It does, however, indicate that Re, /M, can
perhaps take into account qualitative trends in the three-dimensional
transition front. No single value of Re, correlates with the measured
transition front (Fig. 12), as might be expected in a configuration
with pronounced traveling wave instabilities on the leading edge
and centerline. Around the shoulder of the model (40 deg <6
< 70 deg) where crossflow is strongest, the measured transition
front lies between Re s = 1000 and 1200.

The flow in the vicinity of the leading edge of the cone seems to
be highly stable, with the measured transition front shifted far down-
stream relative to other stations around the cone’s circumference.
Work at lower speeds!” has indicated that attachment-line bound-
ary layers are usually very stable in the absence of contamina-
tion from other parts of the flow. The leading-edge Reynolds
number Rep, at transition was 6.8 x 10°. Leading-edge transition
on swept cylinders without end plates in hypersonic flow has
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Fig. 11 Experimental transition front compared to contours of
Reg/M,: m,measured transition front; - - -, Reg/M, for Re; =1.7 x 105;
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Fig. 12 Experimental transition front compared to contours of cross-
flow Reynolds number: B, measured transition front; and —, Re, for
Rep =6.7 x 105,

been measured®” * at Rep =8 x 10°-12 x 10°. (Measurements*
at Mach 3.5 showed transition on swept cylinders without end plates
to occur at Rep =7 x 10°-8 x 10°, with little effect of wind-tunnel
noise.) Leading-edge transition on the elliptic cone thus appears to
be predicted by traditional leading-edge transition correlations.

Conclusions

To examine the influence of crossflow on transition from laminar
to turbulent flow in a hypersonic boundary layer, an experimental
and computational study was carried out in a Mach 8 flow over a cone
of 2:1 elliptic cross section. Experimental data included flow visu-
alization and surveys of the mean pressure and heat flux at the cone
surface. A computation of the laminar basic state flow was carried
out using the parabolized Navier-Stokes equations. The basic state
laminar flow itself was found to be relatively complex, with highly
skewed velocity profiles and a pair of symmetric vortices on the
top centerline of the cone. The transition process was significantly
different from that observed in previous studies of configurations
with planar and axial symmetry where the second mode is typically
the dominant instability.

The transition front was found to be nonuniform. Concomitant
with the thick boundary layer and inflectional velocity profiles in
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the vicinity of the top centerline was the earliest appearance of
boundary-layer transition relative to other stations around the cir-
cumference of the cone. The flow in the vicinity of the leading edge
of the cone appeared to be highly stable with the measured transi-
tion front shifted far downstream relative to other stations around
the cone’s circumference.

Transition on the top centerline may be related to an instability of
the inflectional boundary-layer velocity profiles in that region, and
atraveling crossflow instability is probably important in the vicinity
of the shoulder of the cone. Some tentative evidence of stationary
crossflow vortices was obtained when artificial roughness elements
were placed around the circumference of the cone.

The present work has documented the overall features of tran-
sition in the elliptic cone flow and represents a first step toward
understanding the transition process on relatively complex configu-
rations in hypersonic flow. Much additional work is needed before
accurate computations of transition location can be made for this
class of flows. In particular, little is known about the receptivity
process by which external disturbances are transformed into the ini-
tial perturbations in the boundary-layer flow. One promising avenue
of receptivity research is the use of controlled disturbances in quiet
wind-tunnel facilities. Quiet facilities also offer the possibility of de-
termining transition Reynolds numbers that can be extrapolated to
flight conditions with reasonable accuracy. Additional experimenta-
tion on the elliptic cone configuration in such a facility is warranted.
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