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Traveling Instability Waves in a Mach 8 Flow
over an Elliptic Cone
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Simultaneousmeasurements were carried out with three hot-� lm probes in the Mach 8 � ow over an elliptic cone
of 2:1 aspect ratio, and the data obtained were compared to the results of computations using the parabolized
Navier–Stokes equations and linear stability theory. The elliptic-cone � ow was found to be signi� cantly different
from the � ows studied in previous hypersonic-� ow stability experiments, which have focused exclusively on wind-
tunnel models with two-dimensional, planar or axial symmetry. At least two instability mechanisms appear to be
active in the present � ow: one associated with the region of maximumcross� ow in the vicinity of the shoulder of the
cone and the other associated with the in� ectional velocity pro� les on the top centerline. Between the shoulder and
leading edge of the cone, the dominant � ow instability occurred at relatively low frequency, and the direction of the
phasevelocity was signi� cantly skewed from that of the boundary-layer-edgestreamlines. The results were found to
be in rough agreement with linear stability calculationsand are suggestive of a traveling cross� ow instability mode,
which apparently has not been observed before in hypersonic � ow. The � ow in the vicinity of the top centerline
of the cone was found to be highly unstable and appeared in the experiments to be transitional. For this region
of the � ow, both the experiments and the computations showed an unstable frequency band that coincided with
the characteristic second-mode frequency. The present experimental technique was adequate to identify the two
instabilities present in the � ow, but additional work will be required to achieve a detailed validation of linear
stability computations for this con� guration.

Nomenclature
cr = phase speed
E[ ] = expectation value
f = frequency
G = one-sided autospectrum
h = enthalpy
= = imaginary part of complex number
L = length of elliptic cone, 1.016 m
l n , l g = axial and circumferential probe separations
Ma = Mach number
N = natural logarithm of disturbance amplitude ratio
< = real part of complex number
R = hot-� lm probe resistance
Rex = Reynolds number, U 1 x / m 1
S = cross-spectrum
s = hot-� lm signal
T = temperature or signal record duration
t = time
U = streamwise velocity component
x , y, z = axial, spanwise, and vertical coordinates (Fig. 1)
c 2 = coherence derived from cross spectrum
d = boundary-layer thickness (based on h0 / h01 =1.0008

in this study)
h = angle in cylindrical coordinate system (Fig. 1)
k = wavelength
m = kinematic viscosity
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n , g = axial and circumferential coordinates in tangent plane
s = time delay between detection at each sensor
u = phase of cross spectrum
W = angle between phase velocity and axial direction

Subscripts

DS = downstream probe
e = boundary-layer-edgeconditions
LAT = lateral probe
US = upstream probe
w = wall conditions
0 = stagnation conditions
1 = freestream conditions (upstream of shock)

Superscripts

¤ = complex conjugate
ˆ = Fourier transform

Introduction

M UCH of the past work on hypersonic boundary-layerstabil-
ity has focused on � ows over bodies with two-dimensional,

planaror axial symmetry.The instabilitymechanismsare now fairly
well understoodfor this class of � ows. If, in the referenceframe of a
neutral wave, part of the boundary-layer pro� le is supersonic, then
multiple modes exist.1, 2 The modes are distinguishedby their char-
acteristic functions or pro� les along the wall-normal direction.The
� rst mode is often described as vortical in nature, whereas the sec-
ond and higher modes have an acoustic character. In the hypersonic
� ow regime the � rst two modes are typicallydominant,and both are
essentiallyinviscidinstabilities.3 The directionof propagationof the
most unstable � rst-mode wave is skewed from the freestreamdirec-
tion, whereas the second mode is unskewed.The second mode has a
characteristicwavelengthof about 2 d and a characteristicfrequency
of approximatelyUe / (2 d ).

Linear stability computations4 , 5 have indicated that instability
waves in three-dimensional hypersonic boundary layers display

251



252 POGGIE, KIMMEL, AND SCHWOERKE

several unique features. Both � rst- and second-mode waves may
be skewed from the outer � ow. A new class of inviscid instability
may appear,drivenby an in� ectionpoint in the pro� le of the velocity
componentperpendicularto the � ow directionat the boundary-layer
edge (cross� ow). The character of cross� ow instability is well-
established for subsonic and moderately supersonic � ows.6 Coro-
tating vortices form with their axes aligned approximately with the
streamwisedirection.The spanwisewavelengthis on the orderof the
boundary-layer thickness, and the wave-number vector is typically
orientedat large angle to the inviscid-�ow streamlines.Stability cal-
culations indicate that the most ampli� ed disturbancesare typically
traveling waves, but experimental results are often dominated by
roughness-inducedstationary disturbances.

There are two extant experimentalstudiesof the stabilityof three-
dimensionalhypersonicboundarylayers,both involvingsharpcones
of circular cross section at an angle of attack: a test of a 7-deg half-
angle cone at Mach 7.9 in a conventionalwind-tunnel facility7 and
a � ared-cone experiment at Mach 5.9 in a quiet wind tunnel.8 Both
experiments focused on the windward and leeward rays of the cone;
no data were obtained along lateral rays.

Despite the different test articles and wind-tunnel environments,
the overall results of the two studies were substantially similar.
Both studies detected the presence of a second-mode instability
as a peak in the hot-wire power spectrum at the characteristic fre-
quency Ue / (2 d ). For the 7-deg circular cone the � ow along the
windward ray was more stable and along the leeward ray less stable
than the � ow over the same model at zero incidence;a similar trend
was seen with the � ared cone. It is dif� cult to determine whether a
cross� ow instability was present in these experiments because the
measurements were limited by facility noise and instrumentation
sensitivity,particularlyfor the � ow along the leeward ray, where the
thick boundary layer drove the characteristic instabilityfrequencies
down into the range of the facility noise. (A small peakof frequency
higher than the characteristicsecond-modefrequencywas observed
in hot-wire spectra obtained on the leeward ray of the � ared cone,8

but this result is dif� cult to interpret in the absenceof corresponding
linear stability computations.)

A different approach was adopted for the present study, which
investigated stability and transition on a fully three-dimensional
test article. Hot-� lm probe measurements were made in a Mach 8
� ow over an elliptic cone of 2:1 aspect ratio, a case designed to
induce a basic-state � ow susceptible to cross� ow instability. The
design study for these experiments9 and the mean � ow features10

have been reported previously. The focus of this component of the
study was to identify the instability modes present in the � ow and
compare their properties (such as wavelength and phase velocity)
to predictions from linear stability computations.

Methods
The experiments were conducted in the von Kármán Gas Dy-

namics Facility Tunnel B at the Arnold Engineering Development
Center. The tests were carried out under adiabatic wall conditions
at a measured freestream Mach number of Ma 1 =7.93 and a stag-
nation temperature of T0 = 728 K in the settling chamber.

The freestream � ow in Tunnel B has been extensivelymonitored
and calibrated.11 The mean Mach numberon the tunnelcenterline is
spatiallyuniform to within 1.2%. The broadbandrms mass � ux (the
disturbance level) on the centerline is between 1.2 and 1.5% of the
local mean, depending on the unit Reynolds number. RMS total-
temperature � uctuations are an order of magnitude smaller. The
freestream disturbance spectrum is similar for all unit Reynolds
numbers for both mass-� ux and total-temperature � uctuations. It
peaks at frequency of f =2–3 kHz and drops off for higher fre-
quencies as approximately 1/ f .

The experimental model was a sharp-nosed (40-l m spherical
radius) cone with a 2:1 elliptical cross section and a half-angle of
7 deg in the minor axis (Fig. 1). Additionaldetails of the experimen-
tal model and test conditions are reported in a companion paper.10

Hot-Film Probe Measurements
The hot-� lm measurements were made with custom-built probes

operated in constant-current mode. The time-series data from the

Fig. 1 Geometry and coordinate system of elliptic-conemodel. See also
Fig. 1 of Ref. 10.

Fig. 2 Diagram of hot-� lm probe array. Reference frame is a plane
tangent to the cone surface. See also Fig. 1 of Ref. 10.

probes were used primarily to determine the coherence and phase
of the cross spectra, which are independent of the calibration and
frequency response of the hot-� lm anemometry system. Thus (for
convenience) we were able to neglectprobecalibrationand to use an
anemometer ampli� er designed for hot-wire probes.The character-
istic roll off caused by thermal-lagattenuationfor a hot-wire sensor
is 6 dB per octave, but only 3 dB per octave for a hot-� lm sensor.
Because the anemometer ampli� er was designed to compensate for
the hot-wire roll off, there is a mismatch in anemometer compensa-
tion, and some quantitativedistortion of the autospectra (but not of
the cross spectra) is expected.

The relative sensitivity of hot-� lm probes to total-temperature
and mass-� ux � uctuationsdependson the local � ow conditionsand
on the overheatratio.All measurementswere made at the maximum
hot-� lm overheat attainable without risking � lm burnout. Because
of the high stagnation temperature at Mach 8, this overheat ratio
R / R0 ¡ 1 was considerably less than one. The separate mass-� ux
and total-temperature components of the hot-� lm signal could not
be computed because insuf� cient data were obtained,but past work
under similar � ow conditions has shown that the raw anemometer
output at these relatively low overheat ratios re� ects primarily total-
temperature � uctuations.12 In the absence of probe calibration, the
absolute magnitude of the signal spectra cannot be compared from
station to station because the probe sensitivity changes with chang-
ing local mean � ow conditions.

Flow� eld surveys were made using a retractable overhead drive
mechanism housed in an airlock immediately above the top of the
wind-tunnel test section. This mechanism traversed in a direction
approximately normal to the model surface: 10.4 deg from the ver-
tical, halfway between the major- and minor-axis half-angles. The
probe system on the overhead drive consisted of a probe foot with
three hot-� lm probes with a lateral spacing of 3.18 mm (shown
schematicallyin Fig. 2). Two probes (designatedLAT and US) were
positionedat the same x location to measure lateral time delay, and
one probe (designatedDS) was positioned3.18 mm downstream to
measure streamwise time delay.

Measurements at different circumferential locations were made
by rolling the model, rolling the probe foot to orient the probe
tips tangent to the model surface, and traversing the boundary
layer to the location where the maximum broadband rms signal
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was recorded. The majority of the measurements were made at
x / L =0.8 at roll angles between the top centerline (h =0 deg) and
the leading edge ( h = 90 deg). The data were taken under adia-
batic wall conditions (as determined by wall-temperature measure-
ments) at a freestream (upstream of the shock) unit Reynolds num-
ber of U 1 / m 1 =1.97 £ 106 m ¡ 1 for a local Reynolds number of
Rex =1.6 £ 106 . Some additionaldata were obtainedat x / L =0.47
(Rex = 0.93 £ 106 ), but a poor signal-to-noise ratio at this stream-
wise station allowed useful data to be obtained at only one circum-
ferential station ( h =45 deg).

Three channels of data were obtained simultaneously,band-pass
� ltered between 10 Hz and 500 kHz, and recorded using a Bell and
Howell Model VR3700B analog tape recorder. The data were later
digitized from the FM tape using a CAMAC (computer-automated
measurementand control)dataacquisitionsystemfromKineticSys-
tems, Inc., and stored on a Pentium PC for analysis. Software for
controlling the CAMAC system was written by the authors. For
convenience, the tape was replayed at half speed and sampled at
500 kHz to give an effective sampling rate of 1.0 MHz. Three chan-
nels of data were digitized simultaneously in records of 221 con-
tiguous samples per channel. (These relatively long record lengths
were selected so that convergenceof the spectral statistics could be
studied for different window sizes.)

At each measurement station a run at zero hot-� lm overheat was
carried out to assess the noise level in the measurement system.The
spectrum below about 100 kHz was relatively unaffected by noise,
but a broad noise spectrum peaking around 350 kHz contaminated
the higher-frequencyrange. Under the assumption that the noise is
uncorrelated with the signal, it is permissible to subtract the mea-
sured noise spectrum from the measured data spectrum to give an
improvedestimateof the signal spectrum.13 This procedurewas car-
ried out for the autospectra and cross spectra. The high-frequency
noise was eliminated from the data, and little apparent effect was
seen in the data for frequenciesbelow 100 kHz.

Similar measurements with multiple hot-� lm probes have been
made of the two-dimensional � ow over a circular cone in the same
wind-tunnel facility, and detailed consideration has been given to
both systematic and random errors in cross spectra derived from
the data.14 Random error in the cross spectrum, which is inversely
proportional to the square root of the number of records averaged,
should be relatively small for the large data sets considered here.
Systematic error caused by bias in the electronicsof the anemome-
ter system has been examined14 and determined to induce a phase
difference between channels of no more than 2 deg. It is dif� cult to
quantify the possible systematic error caused by the interaction of
the probes with the � ow� eld, and this issue needs to be addressed
in future work.

Signal Analysis
Signal analysis was carried out in the frequency domain. Both

the autospectra based on the signal from a single hot-� lm probe
and cross spectra based on the signals from a pair of probes were
computed. Software for analyzing the data was written by the au-
thors; the signal analysis algorithms were adapted from standard
texts.13 , 15

If the signal from a probe is denoted s(t) and its Fourier trans-
form is ŝ( f ), then the one-sided autospectrum of a random signal
is de� ned as

G( f ) = 2 lim
T ! 1

(1/ T )E[j ŝ( f, T ) j 2] (1)

where E[ ] denotes the expectation-valueoperatorover an ensemble
of experiments, approximated here by a mean value over a set of
signal records. The dependence of the � nite Fourier transforms of
the sample records on the record length T is indicated explicitly.
Note that both the expectation operation and limit operation are
required with random data to obtain a consistent estimator of the
spectrum. This contrasts with the case of periodic data, where it is
suf� cient to take only the limit. Both the autospectra and the cross
spectra (discussed next) were processed digitally in windows of
1024 points, taperedwith the Hanning window function to suppress
side-lobeleakageand averagedwith 50% overlap for a total of 4095

blocks of data per channel. Tests with windows of different sizes
(up to 16,384 points) showed no signi� cant changes in the results.

The cross spectrum of a pair of signals s1(t ) and s2(t ) is de� ned
in a similar manner:

S12( f ) = lim
T ! 1

(1/ T )E[ŝ ¤
1 ( f, T )ŝ2( f, T )] (2)

where ¤ indicatesa complex conjugate.Because the cross spectrum
is, in general, a complex quantity, it is usually more convenient to
work with measures of its amplitude and phase. One measure of the
amplitude is the coherence, de� ned as

c 2( f ) =
j S12( f ) j 2

S11( f )S22( f )
(3)

The coherence can be thought of as a frequency-dependent cross
correlation of the signal. The phase angle is de� ned as

u ( f ) = arctan{=[S12( f )]
<[S12( f )]} (4)

The phase function is related to the time delay between the two
signals as follows:

s ( f ) = u ( f ) / 2p f (5)

A constant time delay produces a phase function that is a linear
function of the frequency.

Measurements of the wavelength, speed, and propagation direc-
tion of disturbances in the boundary layer can be used to identify
the instabilitymodes present in the � ow. Such measurementsare not
straightforward in three-dimensional� ow because of the unknown
direction of wave propagation. One procedure that has been used
in studies of three-dimensional incompressible boundary layers is
to use a pair of sensors on a rotating mount and attempt to zero
the time delay between sensors.16 , 17 Rotating the probe array was
not considered to be feasible for the present study, and so a related
approach, based on analysis of the signals from the � xed array of
three hot-� lm probes, was adopted.

Keeping in mind that the phase velocity (the speed of a constant
phase surface normal to itself) does not obey the ordinary rules of
vector addition, we note that the following geometric relationship
holds for a quasi-planarwave intercepted by a pair of point probes
lying in the n – g plane tangent to the cone’s surface (see Fig. 2):

cr s = l g sin W + l n cos W (6)

The probe separationsl n and l g are known for eachpair of hot-� lm
probes, and time delay s between sensors can be computed from
Eq. (5). Thus, a pair of simultaneous equations for cr and W can
be solved for any set of two pairs of probes. With the two pairs of
probes labeled 1 and 2, the equation for the wave angle is

W = arctan[s 2l n 1 ¡ s 1l n 2

s 1l g 2 ¡ s 2l g 1
] (7)

and the phase speed can be found from

cr = (l g 1 sin W + l n 1 cos W ) / s 1 (8)

The angle W is measured from the n axis, which is the projection
of the x axis (axial direction) onto a plane tangent to the cone’s
surface (see Fig. 2) and is positive for angles outboard of the top
centerline of the cone.

Computational Procedures
A detailed discussionof the computationalmodeling of this con-

� guration, including grid-resolution studies, was presented in an
earlier paper.9 For brevity, only a short summary of the computa-
tional procedure is given here.

The basic state computationsfor the laminar boundary-layer� ow
were carried out using the UPS PNS code, as modi� ed by Lockheed
Martin Tactical Aircraft Systems.18 The code uses a second-order,
central-difference scheme for inviscid � uxes and a fourth-order
smoothingmodel. The outer boundaryconditionwas a shock-� tting
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model, and the solution for the � rst 25 mm of the cone was obtained
with a Navier–Stokes nose solution code. The computational grid
for the nose solutionconsistedof 121 £ 71 £ 31 points,and the PNS
grid was 121 £ 71 £ 875 points, for both cases distributed over one
90-deg quadrant of the cone along the radial, circumferential, and
axial directions, respectively (see Fig. 1). The basic state computa-
tions agreed,within theexperimentaluncertainty,with themeasured
wall pressure and heat � ux in the region where laminar � ow pre-
vailed in the experiment.10

The eMalik code19 was usedfor the linearstabilitycalculations.The
version of the code used in this study did not include coordinate-
system curvature terms for the elliptic cone. Nevertheless, a rough
agreement between the results of the linear stability computations
and the experimental data was observed. (Details are presented
next.) The linear stability computations were intended to serve as
a guide in interpreting the experimental results. A more thorough
study of the stability of this � ow, perhaps using the parabolized
stability equations or direct numerical simulation, is needed.

Results
Hot-� lm data were obtained at two axial stations on the cone:

x / L =0.47 and 0.8, which correspond to local Reynolds numbers
of Rex = 0.93 £ 106 and 1.6 £ 106 , respectively. Data were taken
for different circumferential locations at the wall-normal position
where the maximum broadbandrms signal was recorded. The mea-
surementstationswere chosento meet two competingrequirements.
Relatively low disturbance levels were desired to ensure that the lo-
cal � ow condition corresponded to the linear stability regime, and
a relatively high signal level was needed to obtain a good signal-
to-noise ratio. Heat-transfer measurements10 indicate that laminar
� ow prevailedin the range30 deg · h ·90 deg for Rex = 0.93 £ 106

and in the range 45 deg · h ·90 deg for Rex = 1.6 £ 106 under cold
wall conditions (Tw / T0 = 0.42). A somewhat different range may
occur for the adiabatic wall conditions under which the hot-� lm
measurements were made. Only a relatively poor signal-to-noise
ratio could be obtained in the laminar-� ow region for the lower-

Fig. 3 Power spectra (Probe LAT) for selected stations around the circumference of the cone at x/L = 0.8.

Reynolds-number case, so that the bulk of the measurements were
made at x / L = 0.8.

Basic Results
Power spectra derived from the hot-� lm signals can reveal fre-

quency bands with high integrated disturbance growth. The results
from Probe LAT are shown in Fig. 3 for selected stations around
the circumference of the cone at x / L =0.8. At the leading edge
of the cone ( h = 90 deg), a spectral peak is evident near 10 kHz,
with a smaller local maximum around 70 kHz. Proceeding around
the circumference from the leading edge toward the top centerline,
we see that both peaks retain their identity, with slight shifts in fre-
quency. Initially, the amplitude of the low-frequency peak grows,
whereas the high-frequency peak stays about the same. The trend
reverses from h = 58 deg to the top centerline (h =0 deg), with the
high-frequency component dominating the spectrum near the top
centerline.For h ·50 deg a broadbanddistributionof energy in the
autospectra,the presenceof localmaxima in the heat transferdata,10

and disturbancesvisible in schlierenphotographs10 indicate that the
boundary layer is transitional.

Figure 4 shows the frequencies corresponding to maxima in the
power spectra (where these are distinct) for differentstations around
the cone at x / L =0.8. The characteristicfrequencieslie in the range
of 60–80 kHz for the high-frequency peak and 10–20 kHz for the
low-frequency peak. Also shown on the plot are the frequencies
corresponding to the largest N factor in the linear stability compu-
tation. Because of the coarse frequency resolution of the stability
computations, only a rough comparison of theory to experiment
is possible. Nevertheless, in the range of stations where unstable
laminar � ow prevailed (50 deg · h · 90 deg), the low-frequency
spectral peak seems to be captured by the linear stability computa-
tion within the availablecomputationalresolution and experimental
scatter. Despite the transitional character of the region h ·50 deg,
there is rough agreement between the high-frequencypeak and the
characteristic second-mode frequency.

Figure 5 shows the basic spectral results for h =45 deg and
x / L =0.47, the lower-Reynolds-number case for which the best
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Fig. 4 Characteristic frequencies around the cone at x/L = 0.8.

a) Autospectrum

b) Coherence between each pair of probes

c) Phase of cross spectrum for each pair of probes

Fig. 5 Spectral data for x/L = 0.47, µ= 45 deg.

a) Autospectrum

b) Coherence between each pair of probes

c) Phase of cross spectrum for each pair of probes

Fig. 6 Spectral data for x/L = 0.80, µ= 60 deg.

signal-to-noiseratio was obtained.The power spectra from all three
probes (Fig. 5a) show a maximum between 15 and 20 kHz, in rough
correspondence with the maximum exp N ( f ) computed for this
station. A relatively broad maximum in the coherence between the
probe signals occurs between 5 and 20 kHz (Fig. 5b). The corre-
sponding phase plots are shown in Fig. 5c.

A representative station for the higher-Reynolds-numbercase is
shown in Fig. 6. The results are qualitatively the same as the pre-
ceding case. The power spectra all peak (Fig. 6a) between 10 and
20 kHz, and there is high coherence(Fig. 6b) in the5–20-kHz range.

Instability Waves
Phase speeds correspondingto the two cases just discussed were

computed according to Eq. (8) and are shown as a function of fre-
quency in Fig. 7. In the range 10 kHz · f ·30 kHz, the computed
phase speeds correspondingto each pair of probes are seen to agree
with a modest amount of scatter in the data. For both Reynolds
numbers the phase speed varies between 300 and 400 m/s.

The wave angles corresponding to the phase speeds were com-
putedusingEq. (7), and the resultsare shownin Fig.8. The anglesare
measured relative to the n axis, which is the projectionof the x axis
onto a plane tangent to the cone’s surface, and a positive angle indi-
cates a direction away from the top centerline (see Fig. 2). As with
the phase speeds, the phase angles computed from the three possi-
ble combinationsof probesagree in the range10kHz · f ·30 kHz,
with a moderateamount of scatter. The instabilitywaves are skewed
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Low-Reynolds-number case: Ue = 1131 m/s, x/L = 0.47, µ= 45 deg

High-Reynolds-number case: Ue = 1125 m/s, x/L = 0.80, µ= 60 deg

Fig. 7 Phase velocity.

from the freestream � ow direction, as expected for a cross� ow in-
stability. Here we see 45 deg · W ·60 deg, whereas the angle of
the boundary-layer-edgestreamlines from the n direction is at most
10 deg in this portion of the � ow.

The phase velocity is shown as a function of circumferential sta-
tionaroundthecone in Fig.9, for f =14.6 kHz andRex =1.6 £ 106.
The frequencywas chosen to be as close as possibleto the frequency
with themaximumcomputedampli� cationrate, and the rangeof cir-
cumferential stations shown corresponds to the best signal-to-noise
ratio obtained for the laminar-� ow regime. The experimentalvalues
for the three possibleprobe combinationsare compared to the value
predicted by the linear stability computation for f = 15 kHz. The
freestreamvelocitydistributionis includedfor reference.The exper-
imental phase velocity is in the range 300–400 m/s, whereas theory
predicts a phase velocity of 175–250 m/s over the same range of
stations. (The rapid changes in the theoretical curve for h ·15 deg
re� ect switches in the most-ampli� ed instability mode. The rapid
variation in boundary-layer thickness in this region of the � ow10

and the presence of several unstable modes with similar ampli� ca-
tion rates may lead to inaccuracies in the linear stability analysis
for this range of circumferential stations. This problem should not
signi� cantly affect the results away from the top centerline of the
cone.)

Becausewe are consideringa � xed frequency,thewavelengthplot
(Fig. 10) has the same form as the phase-velocity plot. The wave-
length predicted by linear stability theory follows the same trend

Low-Reynolds-number case: x/L = 0.47, µ= 45 deg

High-Reynolds-number case: x/L = 0.80, µ= 60 deg

Fig. 8 Angle corresponding to phase velocity.

Fig. 9 Phase velocity vs circumferential station at x/L = 0.80.
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Fig. 10 Wavelength vs circumferential station at x/L = 0.80.

Fig. 11 Wave angle vs circumferential station at x/L = 0.80.

as the boundary-layerthickness over much of the cone’s circumfer-
ence. The computation predicts wavelengths in the range of about
15–25 mm (about 2.5d ), and the experimental values are between
20 and 30 mm.

Figure 11 shows measured and computedwave angles; the angles
of the edge and wall streamlines are included for reference. All of
the angles are measured from the n axis, and a positive angle indi-
cates an orientation outboard of the top centerline of the cone. The
computation predicts wave angles in the range 60–70 deg, whereas
the experimental wave angles are in the range of 30–60 deg. De-
spite the scatter in the data, the results suggest wave propagation in
a direction signi� cantly skewed from the edge velocity vector.

The relatively large scatter in the wave angles may have a number
of causes. A differential error analysis of Eqs. (7) and (8) gives, for
example, W =48 § 12 deg and cr =304 § 24 m/s for the case DS-
US/US-LAT, f = 14.6 kHz, h =60 deg, and x / L =0.8, assuming
errors in the time delays of 1 l s. This is about the level of scatter in
the plots.Otherpotentialsourcesof error,such as mismatchbetween
probes in y / d location, differences in probe sensitivity, and probe
interference effects, are more dif� cult to quantify.

Conclusions
Simultaneousmeasurements were carried out with three hot-� lm

probes in the three-dimensionalboundary-layer� ow over an elliptic
cone of 2:1 aspect ratio at Mach 8, and the data obtained were com-

pared to the results of computations using the parabolized Navier–
Stokes equations and linear stability theory. The elliptic-cone � ow
was found to be signi� cantly different from the � ows studied in
previoushypersonic-�ow stabilityexperiments,which have focused
exclusively on wind-tunnel models with two-dimensional, axial or
planar symmetry. At least two instability mechanisms appear to be
active in the present � ow: one associated with the region of maxi-
mum cross� ow in the vicinity of the shoulder of the cone and the
other associated with the in� ectional velocity pro� les on the top
centerline. N-factor contours were double lobed, with one lobe as-
sociated with each of these two regions of the � ow (see Fig. 15 of
Ref. 9).

In the vicinity of h =60 deg at x / L =0.8, the dominant insta-
bility had a characteristic frequency between 10 and 20 kHz. For
frequencies in this range, instability waves in the elliptic-cone � ow
had a wavelength of roughly4 d and traveled at a phase speed of ap-
proximately cr / Ue =0.3, skewed outboard about 45 deg from the
edge streamlines. Rough agreement was found between the linear
stability computation and the experimental results.

There does not appear to be an easy, decisive test to identify
whether low-frequency travelingwaves represent cross� ow or � rst-
mode instability. A straightforwardapproach would be to examine
the disturbancevelocity � eld for evidenceof cross� ow vortices, but
we have not been able to identify features in our computations that
can be unambiguously identi� ed as cross� ow vortices. Malik and
Balukumar4 note that ampli� cation rates and wave angles increase
continuouslywith increasing boundary-layercross� ow but that the
disturbance wavelength is distinctly shorter at low frequency for a
cross� ow instability than for a � rst-mode instability. The relatively
short wavelengthsfound in the present study do suggest a cross� ow
instability according to this criterion.

The � ow in the vicinity of the top centerline of the cone, where
the velocity pro� les were in� ectional, was found to be highly un-
stable. Power spectra obtained in this region of the � ow showed
a peak at relatively higher frequency (60–80 kHz), which agreed
with the characteristicsecond-mode frequency (Ue /2 d ) for circum-
ferential stations on the upper part of the cone ( h ·50 deg) for
Rex =1.6 £ 106. Similar unstable frequencies were obtained in the
linear stability computations, but comparison between theory and
experiment in this region of the � ow must be made with caution
because the � ow in the experiment appeared to be transitional for
h ·50 deg.

The � ow in the vicinity of the leading edge was found to be
relatively stable, as compared to other stations around the circum-
ference, but spectral peaks of low amplitude were observed ex-
perimentally in this region. Linear stability computations showed
small ampli� cation rates and small integrated disturbance ampli-
tude on the leading edge. The direction of the group-velocity
vector was never more than about 1 deg from that of the edge-
velocity vector for all stations around the circumference of the
cone at x / L =0.8, which suggests that disturbances initiated off
the leading edge do not contribute signi� cantly to the amplitude at
the leading edge in the computations. The peaks seen in the ex-
periments may be caused by spreading of disturbance energy by a
mechanism not included in the linear stability model; more sophis-
ticated modeling could resolve this issue.

The presentstudy has demonstrateda case in which cross� ow has
a signi� cant in� uence on transition in a three-dimensionalcon� gu-
ration, under conditions that would lead to second-modedominated
transition in a similar two-dimensional con� guration. The quali-
tative differences between the two- and three-dimensional cases
are interesting from a scienti� c perspective and must be consid-
ered in engineering prediction of transition because signi� cant re-
gions of cross� ow and three-dimensionality tend to be present in
the boundary-layer� ow over actual aerospace vehicles.

Additionalwork is warranted to overcome the experimental limi-
tationsof wind-tunnelnoise and instrumentsensitivity.In particular,
detailed measurements of wave orientationand disturbance growth
rates could help to con� rm the identity of the instability modes
present in the � ow. Further, the parallel-� ow assumptionused in the
present linear stability computations is not expected to be a good
approximation for regions of the � ow with a high degree of three-
dimensionality. More complex mathematical models, such as the
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parabolized stability equations, the linearized Navier–Stokes equa-
tions, or the full Navier–Stokes equations, could yield additional
insight into the physics of this interesting � ow.
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