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Mach 6 Boundary-Layer Stability Experiments
on Sharp and Blunted Cones
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Russian Academy of Sciences, 630090, Novosibirsk, Russia

Recent studies of hypersonic boundary-layer stability and transition on cones with sharp and blunted nosetips
are presented. The experiments were carried out on a 7-deg half-angle cone at freestream Mach number 5.95.
Laminar–turbulent transition locations are measured for various flow parameters and model nose bluntness.
Mean and fluctuation characteristics of the flow are obtained using constant-temperature hot-wire anemometry.
The spectral content and amplification rates of natural disturbances are obtained. The method of artificial wave
packets is applied to obtain detailed information on the disturbances. Data on development of both natural and
artificial finite-amplitude disturbances are compared. It is experimentally shown that the wave vector of the most
unstable waves of the first mode have an inclination angle of 40–49 deg. In the frequency range of the second mode,
plane waves appear to be dominant and have the highest amplification. The bluntness of the cone nosetip results
in an increase of the disturbance amplification rate downstream of the entropy layer swallowing point. At the
same time, nose bluntness dramatically increases the transition Reynolds number because of the strong damping
of initial disturbances.

Nomenclature
A = amplitude of pulsations, arbitrary units
|A f | = amplitude of a wave at frequency f, arbitrary

units
Cx = longitudinal phase velocity of disturbances,

m s−1

F = dimensionless frequency F = 2π f/(Re1eUe)
f = frequency, Hz
M = Mach number
N = number of samples in Fourier decomposition
P = pressure, Pa
R =

√
(Re1e · x) (Reynolds number based on

distance form nosetip to hot-wire probe)
Re = Reynolds number
Re1 = unit Reynolds number, m−1

T = temperature, K
t = time, s
U = flow velocity, m s−1

V = anemometer output voltage, V
V (x, y, θ, t j ) = oscillogram of alternate hot-wire signal
x, y, z = Cartesian coordinates, mm
αi = amplification rate
αr = longitudinal wave number, rad mm−1

β = transversal (azimuthal) wave number,
rad deg−1

δ = boundary-layer thickness, mm
θ = model rotation angle, deg
λ = wave length, mm
ρ = density, kg m−3
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	 = phase of pulsations, rad
χ = incidence angle of wave vector in the xz

plane, deg
〈 〉 = rms value of parameter

Subscripts

e = parameter on the boundary layer edge
w = parameter on the model wall
0 = stagnation parameter
∞ = freestream parameter

Superscript

¯ = mean value

Introduction

O NE of the key problems with development of hypersonic air-
craft is the prediction and control of boundary-layer transi-

tion. Unlike the case of sub- and supersonic flow velocities, the
mechanisms underlying the laminar–turbulent transition in hyper-
sonic flows still remain poorly understood, because of difficulties
in performing experimental and theoretical studies of such flows,
and because of the intricate nature of the physical processes giv-
ing rise to turbulence. At hypersonic velocities, for Mach numbers
greater than M ≈ 4–4.5, in addition to the vortex instability mode,
there arises a new, acoustic type of instability (the so-called sec-
ond mode). According to numerical studies,1 the second mode in
hypersonic flows is the most unstable instability and is expected
to govern the occurrence of the laminar–turbulent transition. These
findings are confirmed by wind-tunnel experiments. However, in a
number of experiments2,3 the second mode is shown not to prevail
in hypersonic boundary layers.

For hypersonic flows, the influence of the mean-flow features of
hypersonic boundary layers on the development of vortex and acous-
tic modes and on the location of the transition point also remains
poorly understood. In particular, of practical importance are stud-
ies of the stabilizing action of the leading-edge bluntness and the
nonunique effect of bluntness radius on the degree of stabilization.
There are just a few experimental studies of the effect of bluntness
on the stability of the hypersonic boundary layer.4,5

Gaining data on characteristics of initial boundary-layer pertur-
bations is another problem with stability studies at hypersonic ve-
locities. These initial characteristics largely affect the downstream
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evolution of the spectra and amplification rates of disturbances. The
initial disturbances are usually generated near the leading edge of
the model. In this zone, the Reynolds numbers are still low, and the
boundary-layer flow represents a viscous shock layer. The present
paper describes experimental results that clarify in part some of
these questions.

Instrumentation and Measurement Procedure
The experiments were carried out in the T-326 hypersonic wind

tunnel of the Institute of Theoretical and Applied Mechanics,
Siberian Branch, Russian Academy of Sciences. This facility is a
blowdown wind tunnel of the ejector type that exhausts to atmo-
sphere. The duration of the continuous tunnel run is determined by
the configuration of the contoured nozzle, and for Mach number
5.95 the run time is 30 min. The model is placed in the open-jet
test section, which has a core flow diameter of 180 mm. To avoid
condensation, the air is heated with an electrical heater. The wind
tunnel is equipped with a three-component traversing mechanism
to move the hot-wire probe along the x , y, and z coordinates. The
position of the probe is controlled with an accuracy of 0.01 mm.
Its zero (reference) position at the model surface is identified by
an electrical contact between the probe and the model surface. The
model support provides rotation of the model around its axis with
an accuracy of 0.1 deg. To move the pitot probe in the boundary
layer, a second traversing gear with an accuracy of 0.1 mm is used.

In the stability experiments the stagnation pressure is P0 =
9.8 × 105 ± 0.1% Pa and the stagnation temperature is T0 = 380 ±
0.9% K, which correspond to a unit Reynolds number Re1∞ =
12.2 × 106 m−1. The freestream Mach number M∞ is 5.95 ± 0.8%.
In the transition location experiments the stagnation pressure is var-
ied in the range from 9.8 to 19.5 Pa corresponding to unit Reynolds
number (12.2–22.6) × 106 m−1. All experiments are carried out un-
der adiabatic wall model conditions.

The model (Fig. 1) is a 0.5-m-long steel cone with a 7-deg half-
angle. The cone is exposed to the flow at zero angle of attack by
means of surface pressure measurements at two pairs of diamet-
rically opposite locations. Accuracy of this method is defined by
the pressure measurement accuracy, which is 1.2% of measured
pressure (1250 Pa). The smallest pressure difference that can be
resolved by two sensors is 2.4%. The pressure difference between
two diametrically opposite points is about 2.5%, when the cone is
under a 0.1-deg angle of attack, which gives the cone an alignment
accuracy of 0.1 deg. The model is assembled with one of three inter-
changeable noses: a sharp nose with a bluntness radius smaller than
0.1 mm, and two blunted noses with bluntness radii of 2 and 20 mm.
Because of its relatively large mass, the cone takes a long time to
heat up to adiabatic temperature in the hypersonic flow. Therefore
the model is equipped with an internal heater, which, before each
wind-tunnel run, heats the model close to the recovery temperature
(Tw ≈ 320 K). At the beginning of each run the model is additionally
heated by the flow, and therefore a temperature distribution corre-
sponding to adiabatic conditions is more quickly attained. The wall
temperature is measured by a thermocouple that is embedded into
the model and located near its surface.

Fig. 1 Model of a 7-deg half-angle cone equipped with GDS.

To excite artificial disturbances in the boundary layer the model
is equipped with a glow discharge source (GDS). The operation of
this device is based on a high-frequency electric glow discharge in
a chamber beneath the model surface. Periodic pulsations penetrate
into the boundary layer through an orifice of diameter 0.4 mm. A
similar GDS design was used for excitation of artificial disturbances
in the hypersonic boundary layer by Arnal et al.6 This kind of distur-
bance source has some obvious advantages, such as high frequency,
stable phase, and absence of mean flow distortion. In the design
chosen for the present experiment, the sharp central electrode is the
cathode and the model body is used as the anode. The GDS is driven
by high-voltage unidirectional periodical pulses with amplitudes up
to 700 V.

The position of the laminar–turbulent transition is determined
using a pitot probe of circular section 0.7 mm in diameter. The pitot
probe is traversed in the boundary layer along the cone generatrix, at
a constant distance from the wall. The transition point is identified
as a maximum in the pitot pressure distributions, which corresponds
to the end of the transition.7 The pitot pressure is measured with an
accuracy of 0.5% by a strain-gauge transducer having a range of
0–105 Pa.

The flow parameters in the boundary layer are measured with a
custom-made constant-temperature hot-wire anemometer that has a
bandwidth up to 500 kHz. Single-wire probes made from a tungsten
wire 5 μm in diameter and 1.3 mm long are used. The overheat ratio
of the probe wire is 0.4. It is assumed in the data processing that the
anemometer is mainly sensitive to mass-flow pulsations, because
the mass-flow fluctuations are much larger than the temperature
fluctuations.6

The output signal of the hot wire is split into dc and ac com-
ponents and both components are digitized separately by means
of two 12-bit analog-to-digital converters (ADCs) with a sampling
rate of 1.25 MHz. At each location of measurement both ADCs are
started at the same instant and 32,000 samples each are recorded.
For the ac component the data are acquired in different ways for
the experiments with natural and artificial disturbances. In the case
of natural disturbances the ADC is triggered once and one continu-
ous record is acquired. In the artificial disturbance experiments the
whole record is split into 100 records of 1024 samples per record
and then averaged. The triggering is set so that the start of each
record is synchronized with the source voltage to the ADC.

Vertical profiles of voltage and mass flow fluctuations in the
boundary layer are measured. To obtain mass flow fluctuation from
hot-wire measurement data it is assumed6 that

ρU/ρU = V/V̄ · Kexp

where the coefficient Kexp is 0.25.
Measurements in the layer of maximum pulsations are made to

obtain spatial amplification rates of disturbances. For these mea-
surements the hot-wire probe is traversed along the model genera-
trix while positioned at the location of maximum pulsation in the
vertical direction. At each point of measurement a spectral analysis
of the hot-wire signal is performed.

The amplification rates αi of disturbances are calculated as

−αi = 1

2|A f |
∂|A f |
∂ R

The calculation procedure included the smoothing of the dis-
tributions of amplitude of longitudinal pulsations. The amplitude
distributions are smoothed first by a running average method, and
then by a Gaussian kernel method. After this the distributions are
fitted by fourth-order polynomials.

In the study, the method of artificial wave packets is used.8 A peri-
odic point electrical discharge is used as the source of disturbances.
It generates a wave packet that travels and develops in the boundary
layer. This wave packet can be represented as a set of plane har-
monic waves with various angles of incidence for comparison with
the hydrodynamic stability theory predictions. To isolate the plane
waves from the wave packet the following technique is applied. The
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hot-wire probe is moved in the streamwise direction, while stay-
ing in the maximum pulsation layer, and the model is rotated to
scan the region of wave packet development. At each location of
measurement the probe is stopped and hot-wire signal records are
acquired. Because the ADC is triggered together with the GDS, a
Fourier decomposition of time series is applied to extract amplitude
A and phase 	 of disturbances at each location of the hot wire:

A f (x, y, θ) · ei	(x,y,θ) = 2

N

N∑
j = 1

V (x, y, θ, t j ) · e−iωt j

To study the spatial structure of the wave packet, the spatial distri-
butions of A and 	 are expanded into series in azimuthal wavenum-
bers by applying a discrete space Fourier transform:

A fβ(x, β) = 2

N

N∑
j = 1

A f (x, θ j )e
−iβθ j

Because of the weak dependence of the disturbance phase ve-
locity Cx on the inclination angle, the phase velocity is determined
from phase measurements in the center of the wave packet.1 In
this case a longitudinal wave number αr is estimated by the for-
mula αrβ = 0 = 
	/
x and the disturbance phase velocity is given
as Cx = (λ · f )/Ue, where λ = 2π/αr is the wavelength of a dis-
turbance. The angle of wave vector inclination is calculated as
χ = arctg(βz/αr ), where βz , the wave number along the z coor-
dinate, depends on β and the local arc length.

The frequency range of the artificial disturbances introduced into
the flow is chosen based on the measured data for the evolution of
natural boundary-layer disturbances. From the frequency spectra of
the natural pulsations, two frequencies are chosen, f1 = 78 kHz and
f2 = 269 kHz, which correspond to the most unstable disturbances
of the first and second modes.

Results and Discussion
Laminar–Turbulent Transition Location

Figure 2 shows the dependence of the transition Reynolds number
Re1, calculated from the parameters at the outer edge of the bound-
ary layer, on the Mach number Me (Ref. 9). Here data from flight
experiments, calculations based on the eN method for adiabatic and
cold-wall conditions, and results of transition measurements in con-
ventional and quiet wind tunnels are shown. In the same figure, data
of the present study are also plotted. The transition Reynolds num-
bers obtained in the T-326 wind tunnel (which, as a matter of fact,
cannot be considered as a quiet facility) lie well above the gener-
alized curve of conventional wind tunnel data. The main reason is
that data from Ref. 9 show the beginning of transition, whereas our
data display the end of transition.

In the experiments with blunted cones, no laminar–turbulent tran-
sition is found; i.e., the boundary layer is found to remain laminar
along the full model length under the conditions of the experiments.
This is indicative of the strong stabilizing action of bluntness for the
chosen values of bluntness radii.

Fig. 2 Generalized data on transition Re vs Me.

Development of Natural Disturbances
Mean flow and pulsation characteristics in the boundary and en-

tropy layers are measured with a hot-wire anemometer. Figure 3
shows the distributions of the mean anemometer output signal (V )
and the rms pulsation amplitudes of the mass flux (〈ρU 〉) across
the boundary and entropy layers for all the three bluntnesses. The
anemometer output signal V is normalized to its value at the outer
edge of the boundary layer Ve; the values of 〈ρU 〉 are expressed as
percentages of the mean value of the local mass flux ρU ; and the co-
ordinate y is normalized to the boundary-layer thickness (δ). The co-
ordinate x is along the cone generatrix and is measured from the tip
of the model nose (for the blunted cones, x is measured from the
actual blunted nosetip). Distributions measured on the sharp cone
(Fig. 3a) have a shape that is typical of a hypersonic laminar bound-
ary layer. In Fig. 3a, at the last measurement section, the widening of
the disturbed region across the layer and the deformation of the mean
flowfield, which are both related to the laminar–turbulent transition
on the sharp cone, are shown.

Because the bow shock is curved ahead of a blunt cone, an entropy
layer is formed. The region of the entropy layer may be noted by the
dissimilarity of the mean-voltage profiles: at the first measurement

a)

b)

c)

Fig. 3 Vertical distributions of the mean hot-wire signal and mass flow
pulsations in the boundary layer for a) sharp model; b) blunted model,
Rb = 2 mm; and c) blunted model, Rb = 20 mm.
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Fig. 4 Fourier spectra of the hot-wire data along the sharp cone: 1,
x = 193; 2, x = 218; 3, x = 243; 4, x = 268; and 5, x = 293 mm.

station it results, for y ≈ δ, in differences from the remaining profiles
in Fig. 3b (Rb = 2 mm), and the profiles in Fig. 3c are not similar
for y > δ. In Fig. 3b the mean-voltage profiles are similar after the
first measurement station, indicating that the entropy layer has al-
ready been swallowed by the boundary layer. The coordinates of
the point where the boundary layer fully absorbs the entropy layer
are found to agree well with those predicted by Rotta’s10 method
(measured, 415 mm; predicted, 407 mm). For large bluntness radii
(Rb = 20 mm), the mean profiles exhibit changes throughout the
whole measurement region because the entropy layer in this case
does not vanish (Fig. 3c). The absorption coordinate predicted by
Rotta’s method is 8.8 m. The shape of the flow pulsation profiles in
Figs. 3b and 3c remain unchanged, which shows that the boundary-
layer flow-is laminar and the level of flow pulsations in the case of
interest is substantially lower than that in the region of laminar flow
on a sharp cone. Also, it is important to notice that the pulsation
level in the entropy layer is very small and has the same order as the
free stream pulsations.

Fourier spectra of the hot-wire data measured in the layer of the
maximum pulsation along the sharp cone are shown in Fig. 4. It
is clearly seen that the pulsations are grouped into two frequency
ranges, f = 50–200 and 250–350 kHz. The peak of flow pulsations
in the high-frequency region corresponds to the second mode and is
always present in the spectra for the sharp cone; sometimes it is also
observed in the spectra for the blunted cone with Rb = 2 mm and its
amplitude is appreciably smaller. For the cone with Rb = 20 mm,
it is never observed. With increasing R, the position of the peak
on the frequency scale is moved toward lower frequencies; this
moment is associated with the increase of δ and is typical for
the second mode. Strong amplification of the second mode is also
seen.

Figures 5a and 5b show the amplification rate −αi vs the fre-
quency f for the sharp cone and for the cone with Rb = 2 mm re-
spectively. The local maxima at low frequencies ( f ≈ 100 kHz for
the sharp cone and f ≈ 50 kHz for the blunted one) correspond to the
first-mode disturbances. The peaks at high frequencies ( f ≈ 250–
300 kHz for the sharp cone and f ≈ 180–200 kHz for the blunted
cone) correspond to the second mode. As the R increases, the fre-
quency of the second mode decreases, which is characteristic of this
type of instability (Fig. 5a). It is easy to see that the growth rates
of the second mode on the sharp cone are appreciably greater than
the growth rates of the first mode. The amplification rates of low-
frequency disturbances on the cone with the blunted nose increase
slightly, whereas the amplification rates corresponding to the second
mode increase rapidly to the values observed in the case of the sharp
cone. The rapid increase of −αi and, hence, of the pulsation ampli-
tudes corresponding to the second mode is observed in the region
downstream of the point where the boundary layer fully absorbs the
entropy layer (R ≈ 2620).

a)

b)

Fig. 5 Amplification rate −−αi vs frequency f for the a) sharp and b)
blunted cone.

Fig. 6 Dependence of −−αi for a sharp cone on the frequency param-
eter F.

Figure 6 shows the dependence of −αi on the frequency pa-
rameter F obtained theoretically by Mack, and experimentally by
Stetson et al.11 In the same graph, experimental data of the present
study (sharp cone) and results of numerical studies based on a lin-
ear stability theory (LST)12 are plotted. Stability calculations were
based on the linear stability equations (Dann–Lin equations). Mean
flow was obtained as a solution of the self-similar boundary layer
equations.

The experimental data are seen to be in good qualitative and sat-
isfactory quantitative agreement with each other. The discrepancy
between the frequencies of the disturbances with the largest −αi

obtained in the different studies is likely caused by the difference in
the Mach numbers explored. The substantial discrepancy between
the experimental and predicted values may be explained by nonpar-
allelism of the actual boundary-layer flows, which is not accounted
for in simulations. The difference in values of −αi is most likely
caused by experimental error and the derivation procedure.
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Evolution of Artificial Disturbances
To obtain the spatial structure of the boundary-layer perturbations,

artificial wave packet development was investigated on the sharp
cone. The measured phase and amplitude space distributions of the
introduced disturbances are used as the basis for the calculations of
the azimuthal wavenumbers.

Figure 7 shows the vertical distribution of pulsation amplitude for
natural and artificial disturbances compared with LST calculation.
The measured phase velocity Cx = 0.89 of artificial disturbances at
78 kHz (F = 0.38 × 10−4) is in excellent agreement with LST cal-
culation (Cx = 0.89) for the first mode. The azimuthal wave number
spectra (Fig. 8) are seen to exhibit two distinct symmetrical peaks in
the region β ≈ ±0.3 rad/deg. Depending on the position of the cross
section (x = 169–229 mm), a pair of oblique waves with wave vec-
tors is directed at angles χ = ±40–49 deg correspond to these peaks.
This agrees with theory, which predicts dominance of oblique waves
for the first mode. Taking into account the phase speed and spatial-
wave structure, it can be concluded that the excited disturbances are
waves of the first mode.

Weak waves with strong inclination angle (χ ≈ 70 deg) are no-
ticeable in all spectra. We suppose that these waves appear from
nonlinear processes. Our present investigations (not yet published)
show that the nonlinear effects in this region are weak and do not
affect the evolution of the main waves (β ≈ ±0.3 rad/deg). An esti-
mate of the amplification rates of the most unstable (χ = 40–49 deg)
disturbances gives −αi = (9–17) × 10−4.

LST calculation of phase velocity of the second mode distur-
bances at 269 kHz (F = 1.294 × 10−4) gives a value of Cx = 0.914,
which is close to the measured value (Cx = 0.9). The azimuthal
wavenumbers spectra of the artificial wave packets are shown in
Fig. 9. These spectra display a narrow peak at β = 0. At the first po-
sition there are two closely spaced components (oblique waves with
small inclinations angles), but downstream only one component,
corresponding to a wave with an inclination angle of χ = 0 deg,
is present. Figure 9 therefore shows the prevalence of a two-
dimensional wave in the packet. Thus, the most rapidly growing

Fig. 7 Vertical distribution of integral pulsation amplitude.

Fig. 8 β-spectra of the first mode artificial disturbances.

Fig. 9 β-spectra of the second mode artificial disturbances.

disturbances at the frequency of interest are two-dimensional per-
turbations. The latter confirms theoretical predictions and agrees
with the experimental data of Poggie and Kimmel.13

Conclusions
The present measurements confirm the presence of the second-

mode disturbances in boundary layers on cones. Moreover, the spa-
tial characteristics of the disturbances and growth rates of the waves,
of both the first and second instability modes, are obtained and agree
well with available experimental data and with linear stability theory
predictions for compressible boundary layers.

The rapid growth of the amplification rates of pulsations corre-
sponding to the second mode is observed downstream of the location
where the boundary layer absorbs the entropy layer. The same be-
havior was also observed by Stetson et al.4 To explain this result,
Stetson et al. put forth a hypothesis that, at this location, forced am-
plification of disturbances takes place. This hypothesis is based on
the fact that it is observed in the experiments of Stetson et al. that
there is a high level of flow pulsations in the entropy layer compara-
ble with the pulsation level in the boundary layer or even exceeding
it. According to this hypothesis, these external pulsations can act as
forcing disturbances impinging onto the boundary layer at the point
where the boundary layer absorbs the entropy layer and promoting
the growth of boundary-layer disturbances. Although our exper-
iments reveal a weak intensity of flow pulsations in the entropy
layer, the boundary-layer disturbances do display a rapid growth.
Thus, the behavior of the boundary-layer disturbances is similar to
that observed in Ref. 4, but the pulsations in the entropy layer are
too small to have an effect on the boundary layer. This casts doubt
on the hypothesis advanced in Ref. 4, in view of the fact that Mack’s
theory implies no influence of external disturbances on the growth
rates.
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