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Abstract

For more than half a century, researchers have been
aware that freestream fluctuations have an impor-
tant effect on laminar-turbulent transition. A cen-
tury of effort has also been devoted to the devel-
opment of theory and experiment for the instabil-
ity mechanisms that lead to transition, in order to
develop more reliable prediction methods. Both of
these long efforts are now beginning to bear fruit
in the subarea of hypersonic transition. At hyper-
sonic speeds, it was necessary to develop quiet tun-
nels with laminar nozzle-wall boundary layers in or-
der to achieve low fluctuation levels that are com-
parable to flight; three such tunnels are now in op-
eration, worldwide. Hypersonic instability mecha-
nisms are also more complex than at low speeds,
and the computer resources and computational tools
necessary to compute them are only now becoming
fairly widely available, along with the instrumenta-
tion necessary to measure these mechanisms in a rea-
sonably affordable way. The present review begins
to show how these two steps are aiding in the de-
velopment of physics-based methods for estimating
transition in flight.

Introduction

General

Laminar-turbulent transition at hypersonic
speeds causes large changes in heat transfer, skin
friction and boundary-layer separation. Thus, it af-
fects aerodynamic lift and drag, aerodynamic sta-
bility and control, the design of the thermal pro-
tection system, and maintainability. It also affects
the aerooptics above seeker windows. Transition is
the readily-observed result of a subtle and complex
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laminar-instability process. Although the vast low-
speed literature gives much insight into the phenom-
ena, hypervelocity flow involves additional instabili-
ties, disturbance sources, and parametric influences
that are not present at low speed. Disturbances orig-
inate on the body or in the freestream [1]. The recep-
tivity mechanisms by which the disturbances enter
a boundary layer are influenced by ablation, rough-
ness, waviness, bluntness, curvature, Mach number,
and so on [2]. The various disturbances are ampli-
fied by one or several instabilities, which may or may
not interact.

The first-mode instability is similar to low-
speed Tollmien-Schlichting waves, although it is
most amplified when the wavefronts are oblique to
the stream direction [3]. It is damped by wall
cooling. The second-mode instability is similar to
a trapped acoustic wave, and is most amplified
when the wavefronts are normal to the stream di-
rection. It grows more rapidly on cold walls and
occurs at higher Mach numbers [3, 4]. The cross-
flow instability occurs in three-dimensional bound-
ary layers, and has both traveling and stationary
forms [5, 6, 7]. The Görtler instability is important
for boundary layers on concave walls, and perhaps in
some regions of concave streamline curvature [8, 9].
Attachment lines [10], entropy layers [11], rough-
ness [12, 13, 14, 15], and ablation [16] may generate
additional instabilities. Transient growth can also
lead to large amplification ratios [17]. The first ap-
pearance of turbulence is associated with the break-
down of the instability waves, which is determined
by various nonlinear mechanisms [18].

These instabilities are in turn affected by all the
factors determining the mean boundary layer flow,
including Mach number, transverse and streamwise
curvature, pressure gradient, chemistry, ablation,
and enthalpy [17]. Local spots of turbulence grow
downstream through an intermittently-turbulent re-
gion whose length is dependent on the local flow
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conditions and on the rate at which spots are gen-
erated [19]. Aeroheating in the transitional region
often exceeds that which is computed in a fully-
turbulent analysis.

In view of the dozens of factors influencing tran-
sition, classical attempts to correlate the general
transition ‘point’ with one or two parameters such as
Reynolds number and Mach number can be reason-
ably accurate and reliable only for cases that are sim-
ilar to those previously tested. Even for relatively
simple geometries, Ref. [20] shows the large scatter
that is observed in those rare instances when a corre-
lation is attempted using a moderately wide-ranging
dataset. Transition-estimation methods that are re-
liable for a broad range of conditions will need to be
based on an understanding of the physical mecha-
nisms involved [21]. Although these are in regular
use at lower speeds [22], they are only beginning to
become available at hypersonic speeds.

The simplest and best developed of the
mechanism-based methods are the eN methods,
which attempt to correlate transition with the in-
tegrated growth of the linear instability waves [23].
These methods neglect freestream noise variations,
receptivity, and all nonlinear effects, such as wave
interactions, nonlinear breakdown effects, and so
on. However, they have shown promising agreement
with experiment for a variety of conditions where the
environmental noise is generally low [24, 25]. Fur-
thermore, there is a long history of extending and
calibrating these methods using semi-empirical cor-
rections, with fairly good success (see, for example,
Ref. [26]). Although wave interaction effects and 3D
effects can sometimes be handled with these kinds
of correlations, eN methods are only an intermedi-
ate step along the way to reliable mechanism-based
methods. Recent experiments have shown there are
substantial limitations to the traditional N ' 10
approach, even under hypersonic wind-tunnel con-
ditions [27]. Improvements in techniques for esti-
mating the location and extent of transition will de-
pend on improvements in our understanding of the
physical mechanisms involved.

Direct simulations of transition [28, 29, 30] and
the Parabolized Stability Equations [31] provide ad-
vanced theoretical-numerical tools that are capable
of simulating very complex physical processes. How-
ever, the capabilities of these tools seem far in ad-
vance of our understanding of the actual physics of
these flows. Many assumptions are still needed to
compute realistic flows. It is expensive and difficult
to measure the flow details that are necessary to de-
velop and validate the assumptions needed, and few

such measurements have been performed. Some of
the desirable measurements may not be feasible at
all.

For example, very little is known about the
freestream disturbance fields that develop into the
instability waves. To date, most direct simulations
are carried out using arbitrarily-assumed incoming-
disturbance fields with very simple forms. This
is partly because real-world incoming-disturbance
fields are difficult or impossible to measure com-
pletely. A full characterization of a wind-tunnel
freestream requires measurements of the unsteady
vector fields for the vorticity and acoustic waves,
of the unsteady scalar field for the entropy spotti-
ness, of the full particulate content, and of all un-
steadiness in the freestream chemistry. The mea-
surements should include not only the mean and the
spatial variations in the mean, but the spectra of
the fluctuations, their spatial variations, and per-
haps even two-point correlations of these spectra.
These measurements should have substantial signal-
to-noise ratio out beyond the second-mode instabil-
ity frequencies, which may exceed 1 MHz, and where
the amplitude of the freestream disturbances is very
small [32, 33]. A full set of measurements of these
fields is thus far more challenging than at low speeds,
and the cost is far higher than at low speeds, due to
the energy necessary to generate these flows. Al-
though it is critical to measure as much as possible
of this complex disturbance field, feasible measure-
ments within the foreseeable future will be limited
to some small fraction of all the desirable quantities.
Measurements of the disturbance field in flight will
be even more challenging.

Much progress can nevertheless be made by
combining advanced computational studies with fea-
sible measurements of the disturbance fields, insta-
bility processes and transitional properties. The nec-
essary computational assumptions must be based on
the available experimental data and on sensitivity
analyses. It will probably be necessary to calibrate
the disturbance-field inputs by comparing the com-
putational results to the measurements that are fea-
sible. For example, in the future, it appears that
direct simulations will need to use computed and
calibrated incoming-disturbance fields if they are
to be compared with realistic experiments or flight
tests [34].

Even with all the computational advances, nu-
merical work is only beginning to include complex
effects such as roughness, waviness, and internal
shocks. Three- dimensional mean flows and their in-
stabilities are only beginning to be treated correctly
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from first principles [35, 36]. The simulation of ab-
lation and chemistry effects is only beginning [37].
When the numerics are based on the correct physical
mechanisms, however, direct numerical simulations
can provide much more detail regarding the transi-
tion process [38, 39]. Efficient and effective progress
in understanding hypersonic instability and transi-
tion will require the use of all available approaches,
developed in a coordinated way.

Thus, experimental work that describes not only
the location of transition but also the mechanisms
involved is needed in order to improve these mod-
ern theories. The key mechanisms need to be identi-
fied, in part through experimental work, and the key
numerical assumptions and results need to be vali-
dated experimentally. Unfortunately, most of the
ground-test data are ambiguous, due to operation
in high-noise conventional wind tunnels and shock
tunnels, with disturbance levels much higher than
in flight [40, 41]. The boundary layer on the wind-
tunnel nozzle wall is usually turbulent, and this radi-
ates high levels of noise onto the model. The mecha-
nisms of transition operational in small-disturbance
environments can be changed or bypassed altogether
in such high-noise environments [42, 32]. Just as at
low speed, it is best to conduct ground tests at noise
levels comparable to flight, in order to provide re-
liable and unambiguous measurements of transition
mechanisms and trends. However, these quiet noise
levels require laminar nozzle-wall boundary layers,
and are presently available only in three wind tun-
nels at Mach 6 and moderate Reynolds numbers, in
cold flow [41, 43, 44].

Thus, no single wind tunnel is able to simulate
the enthalpy, Mach number, Reynolds number, sur-
face temperature, roughness, scale, freestream per-
turbations, and surface properties of ablating hy-
pervelocity flight. As for other hypersonic phenom-
ena, simulation of transition therefore involves the
art of combining partial experimental simulations
using approximate theories and approximate numer-
ical simulations [45]. Flight tests are free from fa-
cility noise issues and must constitute the final ba-
sis for evaluating transition-estimation techniques.
However, they have their own limitations and are
very expensive. Accurate and reliable prediction of
hypersonic transition for new vehicles will remain
a challenge for many years. The ability to lead in
these kinds of critical engineering-science areas will
contribute to determining who will lead the world in
defense technologies.

Mechanisms Likely to be Important
for Various Vehicle Classes

Tractable approaches to the complex physics of
hypersonic transition will therefore require a focus
on the mechanisms that seem most relevant to var-
ious types of vehicles. It must be possible to com-
pute the critical aspects of the mechanisms in flight
and also for the conditions in preparatory ground
tests. It will also be necessary to verify the pres-
ence of these mechanisms via measurements during
ground tests. It will be necessary to use the compu-
tational simulations to compare results from ground
tests in different facilities with different kinds of lim-
itations relative to the flight environment. Some
ground tests may be able to match Reynolds num-
ber and Mach number but only under cold flow
with conventional noise levels, some may match en-
thalpy and scale but only for cold model tempera-
tures and conventional noise levels, some may have
quiet noise levels but low Mach and Reynolds num-
bers. Thus, the computational mechanism-based
simulations must account for tunnel noise, enthalpy,
Mach and Reynolds number effects. Feasible simula-
tions will need to be calibrated using the ground-test
data and previous flight data; thus, they need cap-
ture only the critical trends, and not every detail of
the complex physical processes.

Timely progress on such a complex problem will
require collaboration, even for a carefully restricted
subset of the full parameter space. Defense missions
will generally involve slender vehicles with lift. If the
nose radius is sufficiently small, the second-mode in-
stability may dominate, so it is probably the most
important mechanism to focus on. Lifting vehicles
will generate three-dimensional flow, and thus the
crossflow instability, which might cause transition
at lower Reynolds numbers. It may be possible to
design the vehicles to minimize crossflow, but some
approximate method for estimating the effect of the
crossflow instability will still be necessary in order to
design away from it. The crossflow instability comes
in traveling and stationary forms, which have differ-
ent sensitivities to tunnel noise and surface rough-
ness. Two different kinds of instrumentation will
be needed to measure these two forms of the cross-
flow instability. For lower freestream Mach numbers,
higher nose radii, and larger angles of attack, the
first-mode instability may become important, and it
will be necessary to determine via computations and
measurements whether it is observed under various
conditions, and whether it serves an important role
in the overall transition process.

Linear and nonlinear growth for these three in-
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stabilities can already be computed, at least for
perfect-gas conditions, and the second-mode insta-
bility has now been measured in numerous perfect-
gas tunnels. Codes to compute the instabilities of
high-enthalpy three-dimensional flows are in devel-
opment, although not yet available [46]. Prelimi-
nary measurements of the second-mode instability
in shock tunnels are becoming available under per-
fect gas conditions, but the capability is not yet well
developed, and is only beginning to be extended to
measure the second mode in these same facilities un-
der high-enthalpy conditions [47, 48, 49]. Methods of
measuring the traveling and stationary crossflow in-
stability are only beginning to become available [50].
Progress is being reported in all these areas, with
several papers being presented at the present confer-
ence. The remainder of the present paper will dis-
cuss some of the overall issues in these various areas,
with emphasis on the contribution from quiet-tunnel
measurements.

The author has worked almost exclusively on
transition since 1985, and on high-speed transition
since 1990, but even an 8000-paper library and
database is far from complete; the author still has
much to learn about the vast literature for high-
speed transition. Thus, the author would appreciate
hearing of errors and omissions.

The reader may note that the present paper fo-
cuses primarily on the second-mode mechanism. In
part, this is because more is known about the second
mode; however, in large part this is simply because
there wasn’t enough time to write a more detailed
review of recent progress regarding the other mech-
anisms.

Mechanism-Based Methods
for Second-Mode Transition

Overall Concepts
During the last several years, a number of re-

searchers from Japan, the United States, Germany,
Russia and Belgium have been measuring second-
mode instabilities and tunnel noise using fast pres-
sure sensors and also fast heat-transfer sensors. Nu-
merous publications have appeared, and a brief sum-
mary of some of this work appears in Ref. [51]. If
the cold-tunnel work can determine the physics that
explains Pate’s correlation [52], this same physics
could then be used to predict transition induced by
second-mode waves on other geometries [53]. Since it
is much easier to measure and compute in cold flow,

progress is much more rapid. Approaches that are
successful in cold flow can then be extended to high-
enthalpy flow, as methods are developed to measure
second-mode waves in the necessary short-duration
shock or expansion tunnels [49].

The second-mode instability on slender cones
with small nose radii near zero angle of attack ap-
pears to be one of the simplest yet most impor-
tant cases where the work of various groups is being
compared and combined. To simplify comparisons,
most researchers are using a 7-deg. half-angle cone
and the smallest feasible nose radius (which may
not be ’sharp’ in the high-enthalpy tunnels). Sur-
face pressure sensors can be readily used to measure
the instability waves in most tunnels. The perfor-
mance of different kinds of sensors can be compared
and calibrated, under various conditions. Compu-
tations can then extrapolate the measured waves
to the onset of instability to infer an initial am-
plitude. Freestream pitot-pressure measurements
can provide an initial characterization of fluctua-
tions, and these can be compared to surface pres-
sure measurements underneath the laminar bound-
ary layer. Freestream stagnation-heating measure-
ments can also be carried out on small probes in
most tunnels, to help determine temperature spot-
tiness [54].

If these fluctuation measurements can be ex-
tended or extrapolated to the second-mode frequen-
cies [55], with sufficient signal-to-noise ratio, an ef-
fective receptivity coefficient can be computed. Does
receptivity happen primarily near the leading edge,
even under conventional-noise conditions? Since the
freestream fluctuations in cold tunnels are probably
dominated by the noise radiated from the turbulent
boundary layers on the nozzle walls, much is known
about them, and much could be determined using di-
rect numerical simulations of the radiated acoustic
noise for sample configurations, combined with clas-
sical theory for boundary-layer radiated noise, mea-
surements of the nozzle- wall boundary-layer proper-
ties, and the measured fluctuations. Initial compu-
tations of the noise were recently reported by Duan
and Choudhari [34]. How do the measured pitot fluc-
tuations compare to the predictions from Pate’s cor-
relation? Can the changes in the initial wave ampli-
tude explain Pate’s correlation, or is it necessary to
also account for the effect of noise on the breakdown
amplitude? What is the effect of the freestream par-
ticles that are inevitably present [56, 57]?

The amplification of the waves can then be com-
pared to the computations. When the waves amplify
linearly, tunnel noise should not affect the results,
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but any nonlinear receptivity processes may be af-
fected by tunnel noise. At what point does the wave
amplification become nonlinear? At what conditions
do the waves begin to break down to turbulence?
Direct numerical simulations are beginning to be-
come available, but these must make many assump-
tions [58, 59]. Certainly one would expect tunnel
noise to affect the nonlinear breakdown as well as
the initial amplitude, but can the effect of tunnel
noise be sorted out? What correlates with the break-
down conditions for the waves? What affects these
breakdown conditions? Measurements in two differ-
ent Mach-6 tunnels under similar conventional noise
yielded similar wave amplitudes at breakdown [60],
suggesting that the breakdown is not that dependent
on the small details of the disturbance environment.

However, it doesn’t seem that this will hold true
in general, for Refs. [61, 62] show that the break-
down amplitude increased with Mach number, from
5% at Mach 5 to 12% at Mach 6 and 24% at Mach
8. Whether the increase with Mach number is asso-
ciated with changes in tunnel noise is not yet clear.
To help determine the effect of tunnel noise on the
breakdown amplitudes, quiet tunnel measurements
will be needed. Since existing quiet tunnels can-
not obtain natural transition under fully quiet con-
ditions for a sharp 7-deg. half-angle cone at zero
angle of attack, it will be necessary to use special
geometries designed to achieve the largest possible
second-mode waves, or to use controlled perturba-
tions, or both. A flared cone was designed using the
Univ. Minnesota STABL code to achieve very high
N factors under fully quiet flow in the Purdue tunnel,
and natural transition was apparently achieved un-
der fully quiet flow in the latest iteration [27], so the
passive approach seems promising so far. Theoreti-
cal and computational advances are greatly needed
to complement this kind of experimental approach,
but the three research methods must be closely coor-
dinated to achieve effective results, and this is chal-
lenging to achieve in practice.

Earlier Measurements of Wave Amplitudes

For many years, it has been possible to com-
pute the linear growth of second-mode waves, and
compare the results to experiments under perfect-
gas conditions. Most of these experiments have been
carried out on slender cones near zero angle of at-
tack (see, for example, Ref. [63]). Reasonably good
agreement has been obtained, once the wave am-
plitude rises above the background noise, and be-
fore the waves become large enough to be nonlinear.
However, under conventional noise conditions, this

s
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Figure 1: N-factor comparison for Stetson experi-
ment. From Ref. [63, Fig. 11]

range of amplitudes is often fairly small. For exam-
ple, in Ref. [63] it is about e2 or less, for both the
Stetson and ITAM experiments.

Lyttle’s comparison to the Stetson experiments
is shown in Fig. 11 of Ref. [63], reproduced here
as Fig. 1. Here, the arbitrary offset in the vertical
scale for the N factors is set so the experiment and
computation match up at N = 0, at an arc-length
location that is 195 nose radii from the stagnation
point. Unlike in typical analyses, N = 0 is not at
the onset of the computed amplification. However,
the paper notes that the waves grew by about e1.7

before rising above the background noise, at about
N = −1 in Fig. 1. This analysis is for a frequency of
about 130kHz. Transition did not occur on Stetson’s
model for these conditions, so the wave amplitude at
transition onset is not available.

With a little more effort, the initial amplitude
of the second-mode waves can be inferred from these
computations. The Stetson measurements were
made on a 7-deg. half-angle cone with a 3.81-mm
nose radius at a stagnation pressure of 4.00 MPa and
a stagnation temperature of 750 K, as described in
more detail in Ref. [64, pp. 13-19]. At an arclength
of 195 nose radii or 29.25 inches, this location is
very near to s = 29.231, where quantitative am-
plitude data from Stetson’s Run 59 is available in
Figs. 21 and 22 of Ref. [64]. Since the massflow
fluctuations are much larger than the total temper-
ature fluctuations, the former will be the focus here.
The Stetson massflow spectra are here replotted as
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Figure 2: Massflux spectra for Stetson blunt cone.
Detail near s = 29.23 inches. From Ref. [64, Fig.
21]

Fig. 2, modified so as to show the appropriate de-
tail. Although the normalizations are a little con-
fusing and uncertain, it appears they are given in
terms of the amplitude ratio for each spectral in-
terval of 600 Hz. The massflux amplitude of the
130kHz wave is then roughly 0.0013, or 0.13% of the
mean massflux. Since the computations show that
the waves have grown by e1.7 at this point, we can
infer an equivalent initial amplitude of about 0.02%.
Of course, the instability may be receptive to the
high levels of tunnel noise over a large region on the
cone, even downstream of the neutral point for this
wave; nevertheless it seems useful to infer this initial
equivalent amplitude, as a first approximation.

Preliminary comparisons to the freestream noise
in this tunnel could almost be made, using the mea-
surements reported in Ref. [65] (see also Ref. [66]).
Fig. 6b in Ref. [65] confirms that the freestream
massflow fluctuations are an order of magnitude
larger than the freestream total-temperature fluctu-
ations. Figs. 7 and 8 in Ref. [65] report normal-
ized power spectra for these fluctuations. However,
the signal above 100kHz is a very small fraction of
the overall RMS fluctuations of 1-2%, and the sig-
nal disappears into the noise near 200kHz at a unit

Reynolds number of about 3 × 106/ft. In principal,
it should be possible to determine the signal ampli-
tude at 130kHz, and compare it to the 0.02% inferred
above, but this would require knowledge of the nor-
malization for Fig. 7 in Ref. [65], or integration of
this spectrum so the normalization can be inferred
from Fig. 6b. The original data would be needed to
make progress in an effective manner; unfortunately,
these have apparently been lost. New and improved
measurements are therefore needed.

The comparisons to the ITAM experiments are
shown in Fig. 18 of Ref. [63], reproduced here as
Fig. 3. Here, the waves grew by about e1.3 before ris-
ing above the background noise, at about N = −0.1
in Fig. 3. Here, N = 0 at a location that is 300
nose radii in arclength from the stagnation point,
or about 0.225 m. The experiment measured a 7-
deg. half-angle cone in a Mach-6 blowdown tunnel
at a stagnation pressure of 1.0 MPa and a stagnation
temperature of 380-395 K. Controlled perturbations
were used to enhance the signal-to-noise ratio for
the ITAM data shown here [67], so it is not mean-
ingful to infer the initial amplitude at the onset of
instability and compare this to the Stetson results.

Under conventional noise, the waves must be-
come fairly large, in order to rise above the back-
ground disturbance level that is created by the
tunnel-wall radiated noise within the boundary
layer. Once the waves become this large, they can-
not grow too much larger without becoming nonlin-
ear. However, the waves also begin with a larger
amplitude, since they are initialized from a much
higher level of freestream fluctuations. Are the on-
set and development of nonlinearity affected by tun-
nel noise? If so, how? Quantitive measurements of
wave amplitude are needed to help answer this ques-
tion, and these have always been very challenging, at
these high frequencies and small amplitudes. In ad-
dition, quiet tunnel measurements are also needed.

Measurements of Wave Amplitudes in
the Langley Mach-6 Quiet Tunnel

Part of the answer was obtained during the ini-
tial hypersonic quiet-tunnel measurements at NASA
Langley during the 1990’s [68]. Initially, only tran-
sition was measured in the Langley quiet tunnels,
to determine the effect of tunnel noise on transi-
tion location [41]. However, during the 1990’s, three
instability-wave projects were carried out before the
Mach-6 quiet tunnel was decommissioned. There
were no measurements of absolute wave amplitudes
due to difficulties with electronic noise and high-
frequency hot-wire anemometry. The calibrations
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Figure 3: N-factor comparison for ITAM experi-
ment. From Ref. [63, Fig. 18]

that were feasible limited the measurements to rela-
tive wave amplitudes, not absolute amplitudes. Note
that to measure instability waves, it is necessary for
them to grow large enough to rise above both the
fluid-dynamic background noise and the electronic
background noise. The latter was a particularly dif-
ficult issue for the Mach-6 quiet nozzle as it was
installed at the time.

However, Fig. 11 in Ref. [68], reproduced here
as Fig. 4, reports N factors (the natural logarithm
of the relative wave amplitudes) for two different
flared-cone models at two different wall temperature
conditions, for a total of three datasets. For the 91-
6 model with a cold wall, the 306-kHz second-mode
waves rose above the background noise at about
N = 7 and grew to about N = 11 before saturating,
apparently at transition onset. For the 91-6 model
with an adiabatic wall, the 275 and 291 kHz waves
rose above the background noise at about N = 5 and
grew to about N = 9 before transition onset. The
93-10 model with the adiabatic wall yielded 220kHz
second-mode waves that were measured from about
N = 6 to breakdown at N = 9 or so. In all cases,
transition onset occurred near the end of the quiet
region, so it seems possible or likely that transi-
tion was affected by noise radiated onto the model
from the transitional boundary layer on the nozzle
wall [41]. However, this issue remains to be clarified.

In the quiet tunnel, therefore, the waves had
to grow much more before their amplitude rose
above the background noise – they had to grow by

Figure 4: N-factor comparison for NASA Langley
experiments. From Ref. [68, Fig. 11]

N ' 5− 7, rather than by N ' 1− 2, as in the two
conventional tunnels. There is a large difference of
roughly e4−5. This can be expected, since the ini-
tial wave amplitudes are much smaller in the quiet
tunnels, due to much smaller freestream disturbance
levels. Estorf et al. measured second-mode wave
amplitudes that were about 450 times smaller un-
der quiet flow than under conventional noise levels,
for a 7-deg. half-angle cone in the Purdue tunnel
at Mach 6 [60]. Although a factor of 450 or about
e6 is larger than the factor of e4−5 described above,
it may be that the Purdue tunnel is somewhat qui-
eter than the Langley tunnel was, since Steen mea-
sured freestream pitot-pressure fluctuations as low
as 0.01% [69]. Further measurements are needed to
sort out the effects of electronic noise, freestream
fluctuations, and wave amplitudes.

Note also that in the Langley quiet tunnel, the
waves grew by factors of about e4, e4, and e3 be-
tween the points where they rose out of the noise,
and where they became nonlinear. These measur-
able linear regions are larger than the e2 regions
in the conventional-noise comparisons, but they are
still small compared to the nominal e10 growth that
is expected prior to transition. The Langley data
shown in Fig. 4 seems to support the traditional N-
factors that are expected at transition (about 9-10),
since those are the maximum values achieved prior
to the onset of transition. However, these data are
only indicative, since tunnel-wall radiated noise af-
fected the model boundary layer near the point of
transition, and thus the tunnel noise may have led
to an earlier onset of transition on the model.
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Difficulties with Hot-Wire Measurements
in Short-Duration Tunnels

When the Purdue Mach-6 tunnel first became
quiet at high Reynolds numbers, Rufer was in the
process of measuring second-mode waves on a 7-deg.
half-angle sharp cone at zero angle of attack, using
hot wires, the traditional technique [70, 71]. During
the development of the Purdue Mach-6 tunnel as a
Ludwieg tube, there were concerns about hot-wire
survivability, but preliminary assessments suggested
that the difficulties would not be large. However, the
second-mode waves could only be measured under
conventional noise conditions, since their amplitude
was below the electronic noise floor under quiet con-
ditions. Furthermore, difficulties with survival and
calibration of the high-frequency hot wires yielded
very limited quantitative data, despite considerable
efforts. Because of the intrusive nature of the hot-
wire probe, the data were also limited to a single
point per run, although it is often very useful and
sometimes critical to be able to put the sensor at
a particular position above the wall and within the
flowfield [39].

The long run times available at NASA Langley
and at the Jet Propulson Lab [72] vastly reduced
the difficulty in getting hot wires to survive startup
and shutdown, but these long run times (measured
in hours) are also very expensive and no longer read-
ily affordable. The Langley Mach-6 quiet nozzle is
now running again at Texas A&M University, with
moderate run-times of 30-40 sec., which enable the
hot wires to be parked in a protected location during
startup and shutdown [73]. This longer runtime will
enable traversing the hot wires from a parking po-
sition, measuring in a variety of locations, and then
parking the hot wire again before shutdown. The
A&M facility will therefore have much more capa-
bility for operating with hot wires, complementing
the optical-access capabilities of the Purdue facility.
However, these moderate run times require the use of
ejectors to achieve low pressures downstream of the
nozzle, and the inefficiency of ejectors again leads to
increased operating costs. Even with the longer run-
time, difficulties with the frequency response and
productivity of hot wires has lead the Texas group
towards other instrumentation [43]. Progress within
the Texas A&M effort is to be reported in the fol-
lowing paper at the present conference [74].

Low-speed experiments with hot wires are of-
ten carried out over tens of hours consecutively,
moving the hot wires with an automated traverse,
and mapping the flowfields in great detail (e.g.,
Refs. [75, 76]). This has been a very productive ap-

proach at these speeds. With the larger budgets that
were at one time available, a similar approach might
be productive even at hypersonic speeds, where the
energy requirements and associated costs are orders
of magnitude higher. In the early 1960’s, for exam-
ple, the Univ. of Minnesota operated a continuous-
flow tunnel with a 6x9-inch test section at Mach 5,
using 4800HP, and supported by the Air Force Of-
fice of Scientific Research, probably only in part [77].
A somewhat smaller facility operated at Caltech for
many years in the 1950’s and 1960’s, but was shut
down when the funding decreased and it became too
expensive to operate (e.g., Ref. [78]).

However, when the author began working on
hypersonic transition in 1990, near the end of the
Cold War, it seemed clear that budgets of this kind
were no longer feasible. Measurements of hyper-
sonic instability and transition would only be fea-
sible if funding for them could be sustained over a
long period of time, in order to develop the neces-
sary high-frequency low-amplitude instrumentation.
Probable budgets would require new facilities to be
much more affordable, which meant relatively short
runtimes [79]. High-speed experiments would gener-
ate high-frequency instabilities, and relatively short
run times would be sufficient to measure these, if
the instrumentation could be successfully developed.
Circa 2005, it became evident that hot wires were
not robust enough to achieve good productivity even
in the Mach-6 quiet tunnel with its highly filtered
air. More robust sensors were needed; furthermore,
if they could be developed, they could also be used
in other tunnels, enabling the study of the mecha-
nisms of transition at a variety of Mach numbers and
enthalpies.

Measurements with Fast Pressure Sensors

These difficulties with hot-wire survivability and
productivity led to an increased effort to find alter-
native instrumentation. Fortunately, in Jan. 2005
Fujii et al. reported that second-mode waves could
be measured with PCB-132 surface pressure sen-
sors [80, 81]. If these sensors could be used suc-
cessfully at Purdue and other sites, measurements
of second-mode waves might become common, and
comparisons between different tunnels could then be
made. In Jan. 2005, Dr. Fujii was kind enough
to communicate the exact type of sensors that were
used, and a sample sensor was purchased by Pur-
due, arriving in Feb. 2005. However, this effort then
sat on the back burner, with the Purdue researchers
focused on getting the nozzle to run quiet at high
Reynolds numbers. Progress occurred only due to a
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cooperation with T.U. Braunschweig, who sent Es-
torf on a visit to Purdue in Jan. 2007, with his own
cone and sensors. Estorf very quickly became pro-
ductive with the tunnel and sensors, and reported
very interesting results in Jan. 2008 [60].

Estorf measured using the same 7-deg. half-
angle sharp cone, apparently with the same sensors,
in the Mach-6 tunnels at both Purdue and Braun-
schweig. Fig. 5 shows measurements in the Pur-
due tunnel under quiet flow at Mach 6, compared
to measurements under noisy flow in the same tun-
nel at Mach 5.8 (the noisy flow measurements are
at a slightly lower Mach number due to the thicker
nozzle-wall boundary layer). A second-mode insta-
bility wave is evident under both noisy and quiet
flow, at a Reynolds number Rex ' 2.21×106, where
x is the axial position of the sensor. The tunnel
conditions are reported with the figure; the quiet
tunnel run is at a slightly higher stagnation pres-
sure, in order to match the Reynolds number at the
slightly higher Mach number. The model tempera-
ture is near 300K, since the run-time is short.

The wave has almost the same frequency under
both quiet and noisy flow, about 220 kHz. Estorf
reports that the waves are about 450 times smaller
under quiet flow. Thus, the same cone operated at
almost the same mean-flow condition yields the same
frequency of second-mode wave, presumably the one
that is most amplified between the neutral curve and
the measurement location. The waves are smaller
under quiet flow because their initial amplitude is
lower. If the receptivity is linear, the freestream
content at 220kHz under quiet and noisy flow might
be expected to differ by this factor of 450, but this
would be very difficult to measure, particularly un-
der quiet flow when the signals are exceedingly small,
even at lower frequencies. Thus, it is very difficult
to check a linear receptivity assumption here.

As Estorf notes, it would be good to check the
amplification of the waves under quiet and noisy
flow, to see if the amplification rates or amplitude
ratios vary with the wave amplitudes. This is a clas-
sic method of checking linearity. However, this was
not feasible under quiet flow, since the waves were
too small to measure with any accuracy.

Estorf also measured the surface-pressure fluctu-
ations on this same cone in the Braunschweig tun-
nel, along with the pitot-pressure fluctuations in the
freestream. The composite plot is shown in Fig. 6.
For the lower Reynolds number of Rex = 0.95×106,
the most amplified second-mode wave at this partic-
ular sensor is at a frequency where the pitot-pressure

frequency f [Hz]
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Figure 5: Spectra of pressure fluctuations measured
in noisy and quiet flow at the same Reynolds num-
bers on the same cone with the same sensor. Re-
plotted from Ref. [60, Fig. 8]
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signal appears to be well above the noise. Thus,
it would be possible to take the amplitude of this
second-mode wave, infer the amplitude at the on-
set of instability, and infer an effective receptivity
coefficient with respect to the freestream pitot fluc-
tuations. This effective receptivity coefficient could
then be compared to theoretical and computational
models. At the higher Reynolds number, the most
amplified frequency is higher, near the maximum
that can be resolved in the pitot-pressure signal with
acceptable signal-to-noise ratio, so this comparison
is more difficult. It seems likely that further com-
parisons of this type would be fruitful, if reasonably
accurate measurements of the signal amplitudes can
be obtained.

Estorf also compared noisy-flow wave ampli-
tudes in the Purdue and Braunschweig tunnels, as
shown in Figs. 7 and 8. As the waves grow, satu-
rate and break down to turbulence, the wave am-
plitude increases, reaches a maximum, and then de-
creases. This pattern has been seen many times in
the last few years (see, for example, Ref. [61]). For
the same cone operated at nearly the same Mach
number, and very similar mean-flow conditions, this
nonlinear breakdown occurs at almost the same lo-
cation in the two tunnels. Since the details of the
nonlinear breakdown process are expected to depend
on the details of the freestream fluctuations [82], it
is remarkable to see this level of agreement for two
different tunnels that are expected to have signif-
icantly different noise levels. The figure suggests
that the dependence of the nonlinear breakdown on
freestream disturbances may not be all that sensi-
tive. It also suggests that more comparisons of this
kind are likely to be fruitful.

In Fig. 7, the spectral interval is 2000Hz, and
in Fig. 8, the spectral interval is 5000Hz, but the
amplitudes are corrected by

√
2.5 to match the am-

plitudes that would be seen with a spectral inter-
val of 2000Hz. When the quiet-tunnel valve that
controls the bleed-slot flow is closed, the flow spills
over the bleed lip and trips the downstream bound-
ary layer. Although one might think that this would
yield a tunnel noise level that is higher than in a con-
ventional tunnel without the bleed slot, it does not
seem to, apparently because the noise radiated from
the nozzle-wall boundary layer dominates. This was
tested in the Purdue tunnel at high unit Reynolds
numbers, where the nozzle-wall boundary layer is
turbulent even with the bleeds open [69, 83]. How-
ever, the freestream fluctuations in the Purdue and
Braunschweig tunnels will still be significantly dif-
ferent, even though the Mach numbers are almost

the same, and the stagnation conditions are almost
the same, since the Braunschweig nozzle is about
0.5m in diameter, and the Purdue nozzle is 0.24m
in diameter. The change in the diameter and length
of the nozzle will change the nozzle-wall turbulent
boundary layer and thus the radiated noise in the
freestream [52].

Effects of Tunnel Noise on the
Nonlinear Breakdown

To obtain natural transition under fully quiet
flow, where transition occurs well upstream of the
onset of noise radiated from transition in the nozzle-
wall boundary layer, it is necessary to build either
a more-laminar quiet tunnel, or a more-unstable
model. Since the Purdue nozzle became laminar
past the exit to about 170 psia stagnation pressure,
it provides about twice the quiet Reynolds number
as the earlier NASA Langley nozzle. If the Lang-
ley work to flare a cone to enhance instability were
also extended to a systematic stability-based design
of the most-unstable axisymmetric model, natural
transition under fully quiet flow might be achieved.

This approach was pursued back beginning in
fall 2008, as described in Ref. [84] and a series of
AIAA Paper sections [85, 83, 86, 87]. At first, transi-
tion was expected to occur near a computed N-factor
near 10, as in the previous Langley data. Surpris-
ingly, however, laminar flow was maintained to N
factors near 17. Fig. 9 shows pressure-fluctuation
spectra from the downstream sensor on the original
flared cone, with a 1-mm nose radius, at stagnation
temperatures near 160◦C, and four different stagna-
tion pressures. For the first time, very large waves
were successfully measured under fully quiet flow.
As expected, the frequency of the amplified waves
near 300kHz increases with stagnation pressure, as
the boundary layer becomes thinner, and the am-
plitude of the waves increases. The largest waves
become nonlinear, as evidenced by the appearance
of a second harmonic near 600kHz.

The large amplitude of these waves becomes
most evident when time traces are examined. Fig.10
shows a time-trace from the furthest-upstream sen-
sor at the highest pressure shown in the previous
plot. The signal is very clearly near-sinusoidal, with
a peak-peak amplitude near 30% of the mean pres-
sure. Since the waves had previously been barely
detectable under quiet flow, it was really remark-
able to obtain such simple measurements of really
large waves.

The next set of measurements used a needle-like
nose with a tip radius of 0.16 mm, in order to in-
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[60, Fig. 9]
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Figure 7: Spectra of pressure fluctuations measured
in noisy Mach-5.8 flow at Purdue. Replotted from
Ref. [60, Fig. 7a]
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crease the amplitude of the waves. With sufficiently
larger waves, transition might occur on the cone
even under fully quiet flow. Although transition was
not clearly observed, surprising streamwise streaks
were evident in the temperature-sensitive paint im-
ages, as shown in Fig. 11. Even more surprisingly,
the amplitude of the streaks increased, decreased,
and then increased again. At the time, there was
no known mechanism that could explain this phe-
nomenon. However, at nearly the same time, a sim-
ilar phenomena was observed in straight-cone com-
putations by Laible and Fasel [59], thereby providing
a possible mechanism. Görtler instabilities must of
course also be considered on the flared cone, as dis-
cussed by Li et al. [88]. These streamwise streaks oc-
curred only under quiet flow, which provided strong
evidence that the nonlinear breakdown process for
second-mode waves was strongly dependent on the
background fluctuation environment. It may be that
the earlier Langley experiments on the flared cones
were affected by the higher levels of tunnel noise that
were radiated onto the aft end of the models [89, 41].

These effects of freestream noise on breakdown
amplitude are likely to be of practical importance,
as suggested by Fig. 12, which shows the computed
N-factors for instability waves on the flared cone
used for Fig. 10, at a slightly higher tunnel pres-
sure. Surprisingly, there is no indication of transi-
tion near N = 10. Rather, transition is delayed to
N ' 17−20, if in fact it really occurs on the cone be-
fore the end of the model. Perhaps the more highly
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Figure 10: PCB time-trace showing large second-
mode waves under quiet flow. P0 = 138.8 psia with
sensor at x = 0.2m. From Ref. [85, Fig. 17]
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Figure 12: Computed N-factor for the flared cone at
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Gronvall[86]. From Ref. [83, Fig. 26]

disturbed freestream that occurs under noisy flow
causes larger 3D perturbations in the second-mode
waves, leading to breakdown at smaller amplitudes.

The spanwise-average heat-transfer for a similar
case is plotted vs. streamwise distance in Fig. 13.
At x ' 0.35 m, the heat-transfer begins to rise
above the computed laminar value, although the
well-organized streamwise vortices suggest that the
flow remains laminar, as in Borg’s data on the X-
51A forebody [90]. The heat-transfer rises by more
than a factor of 2 as the vortices strength, but then
falls by nearly a factor of 2 as the vortices weaken
again. It seems that transition may occur near
x = 0.44m, when the heat-transfer rises for the sec-
ond time. This complex behavior was very surpris-
ing when first measured, but yields good qualitative
agreement with the computations by Fasel’s group
for similar geometries [58, 91, 92]. However, quanti-
tative comparisons remain to be obtained.

A series of experiments has been carried out to
reduce the uncertainty in the location of the on-
set of transition for these flows. Although quiet
flow can only be sustained to moderate Reynolds
numbers, recent improvements in the quiet-flow
Reynolds number enabled obtaining similar TSP im-
ages at slightly higher pressures. Fig. 14 shows
the same pattern of streaks which appear and then
weaken and then strengthen again. However, in this
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Figure 13: Streamwise heating and heat-transfer for
the flared cone at To = 160◦C. Adapted from Ref.
[83, Fig. 25]

case, it appears that the flow may proceed all the
way to full turbulence, at least towards the lower side
of the nominally axisymmetric flow. The surface-
pressure fluctuations near the aft end of the cone
also suggest that the flow there is becoming fully
turbulent [87, p. 17]. However, further experiments
are clearly needed.

The nonlinear breakdown of the second-mode
waves on these flared cones also yields evidence for
the nonlinear saturation of the second-mode waves.
To show this, Chou compiled data from Refs. [83, 87]
and [84] to develop Fig. 15, which was not previously
published. The computed N factors are shown us-
ing the solid line, referred to the right-hand axis, for
this flow with T0 near 160◦C. The PCB signal am-
plitudes are shown using the red circles, referred to
the left-hand axis. The RMS second-mode wave am-
plitudes that are obtained from the power spectra
show clear evidence of nonlinear saturation, which
is somewhat similar to the saturation that occurs
for stationary crossflow waves on swept wings [93].
However, the PCB surface-pressure signals are lim-
ited by spatial averaging and uncertainties in their
calibrations [94], so further experiments are again
needed.

Some further experiments were carried out by
Luersen [95]. These focused on improving techniques
for the application of small controlled roughness, in
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Figure 15: N-factor comparison for Purdue flared-
cone experiment

order to induce the streamwise streaks under con-
trolled condition. Luersen also performed success-
ful experiments with a larger cone, achieving higher
quiet Reynolds numbers. However, this work was
only partially successful. The effort is now being
carried on by Brandon Chynoweth.

The series of experiments on the flared cone
shows fairly clearly that there is a dramatic effect of
tunnel noise on the breakdown of large second-mode
waves. It shows that this nonlinear breakdown is of
practical significance, since the N factors at transi-
tion can be much larger than expected under quiet
flow. It also shows that small upstream roughness
can trigger the streamwise vortices that were an ele-
ment of the breakdown process on these flared cones;
thus, small upstream roughness can affect the tran-
sition location.

However, much remains to be resolved. The
flare is needed to generate large second-mode waves
under available quiet-flow conditions, but the flare
also induces the Görtler instability, which may
change the second-mode breakdown process. The
degree to which the nonlinear breakdown can be con-
trolled or influenced by small upstream roughness re-
mains mostly unknown. Quantitative comparisons
are needed between measurements and computa-
tions; such an effort seems likely to require several
years of focused and coordinated work, which may
be difficult to organize.

Mechanism-Based Methods for
Crossflow-Induced Transition

A 7-deg. half-angle cone near 6-deg. angle of at-
tack is being used by several researchers as another
canonical configuration for experimental and compu-
tational study at Mach 6 (e.g., Refs. [96, 97, 98, 99,
100, 101]). Although much can be inferred from the
extensive literature on swept wings at low speeds,
it is not yet clear how much will be different. The
bow shock that is present on realistic geometries con-
verts freestream acoustic and vorticity perturbations
into all other forms [32], so the low-speed informa-
tion here must be adapted with care. Small sur-
face roughness seems likely to trigger the station-
ary crossflow instability, as at low speeds, but al-
though this phenomena has been observed at Mach
3.5, it is only beginning to be observed at hyper-
sonics speeds in a clearcut way [102]. It is also not
yet clear how tunnel noise will affect the receptiv-
ity, growth and nonlinear breakdown of these waves.
The 7-deg. cone at 6-deg. AoA is a good generic
geometry that is being studied by many researchers
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in an effort to work out some of these issues. The
2:1 elliptic cross-section cone flown for HIFiRE-5 is
also being studied by several researchers.

A substantial effort will be needed to review this
developing body of literature. Here, there is space
and time only to highlight some surprising recent
results from Borg’s measurements on the HIFiRE-5
geometry [103]. Fast pressure sensors were placed
off the centerline of the model, near the aft end, in
a region where traveling crossflow waves were pre-
dicted to reach N ' 13. [104] Based on low-speed ex-
periments on swept wings, the traveling waves were
expected to dominate under noisy conditions, with
the stationary waves dominating under quiet condi-
tions [6].

Surprisingly, a different effect has been observed
in the Purdue quiet tunnel at Mach 6, as shown in
Figs. 16 and 17. The measurements are again all at
T0 near 160◦C, on a model near room temperature,
at various stagnation pressures, with the freestream
unit Reynolds numbers listed in the legends. Fig. 16
was obtained under quiet flow. Traveling crossflow
waves are evident near 40-50kHz, with amplitudes
that increase with Reynolds number. The wave
angle and phase speeds of these waves agree well
with the computations, so these are clearly traveling
crossflow waves, as shown in Ref. [103]. Surprisingly,
Fig. 17 shows that under noisy flow, there is no evi-
dence of traveling crossflow waves, even at very low
Reynolds numbers.

The cause of this unexpected phenomena is not
clear. It seems possible that transition occurs due
to a different mechanism under noisy flow, leading
to the broadband spectra observed in the right-hand
part of the figure. However, this seems very unlikely
at the lower Reynolds numbers. Further research is
needed to understand this effect.

Mechanism-Based Methods for
Transition Induced by
Isolated Roughness

Roughness can have many different effects on
hypersonic transition, depending on the properties
of the mean flow and the smooth-wall instabili-
ties [14, 15]. One particular example is the possible
generation of transition behind an isolated rough-
ness due to the instabilities of the roughness-induced
mean flow. Both computations and experiments are

Figure 16: Traveling Crossflow Waves on the HiFire-
5 Elliptic Cone Under Quiet Conditions. From Ref.
[103]

Figure 17: Traveling Crossflow Waves on the HiFire-
5 Elliptic Cone Under Noisy Conditions. From Ref.
[103]
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being carried out in this area by several researchers,
with promising results to date. Here again, time and
space are sufficient only to cite a few of the recent
papers [39, 105, 38, 106, 107].

Mechanism-Based Methods for
First-Mode-Induced Transition

Even at hypersonic speeds, transition may be in-
duced by the first-mode instability, if the edge Mach
number is lowered by bluntness, angle of attack, or
some other phenomena, or if the surface tempera-
ture is sufficiently high. For example, a possibly-
dominant first-mode instability was computed in
2009 for the Mars Science Laboratory vehicle [108].
However, modern computations of this kind have
not yet been verified with instability-wave measure-
ments, due in part to the fragile nature of the hot-
wire instrumentation that was once the only method
available. It seems probable that the same kinds of
fast surface pressure sensors that are now used to
measure second-mode waves might also be used to
measure these first-mode waves. However, this idea
remains to be confirmed [102].

Methods for Predicting Transition
Induced by Other Mechanisms

Although the first-mode, second-mode and crossflow
instabilities are fairly well known, technological sur-
prise remains a substantial risk for future vehicle de-
signs, if a number of other phenomena are not better
understood. A small-bluntness circular cone at angle
of attack is representative of gliding hypersonic vehi-
cles, yet there is presently no theory that can explain
some of the critical phenomena observed in previous
ground tests. For a hypersonic slender cone at zero
angle of attack, transition first moves aft as the nose
bluntness is increased from near-sharp radii. This is
because the entropy layer generated by the bluntness
stabilizes the cone boundary layer, as is reasonably
well understood. However, for further increases in
nose radius, transition reverses, and begins to move
forwards again [109]. The mechanism for this rever-
sal is not known, although it seems that the reversal
mechanism suddenly makes frustum transition sen-
sitive to nosetip roughness.

There is a second surprising phenomena which
may be closely related. When cones with small
bluntness are placed at angle of attack, transition
often occurs first on the leeward ray. The low-
momentum fluid within the boundary layer is swept

around to the lee ray by the crossflow pressure gra-
dient, generating a thick and highly unstable lee-ray
boundary layer. Thus, transition is usually initi-
ated by the crossflow instability on the yaw sides
of the cone, or by a streamwise instability on the
lee ray. This much is reasonably well understood.
However, when the nose radius or Reynolds number
is increased further, transition then occurs first on
the windward ray [109]. The mechanism for this is
again unknown, although several concepts have been
proposed.

Lacking any clear understanding of these mech-
anisms, it is not yet possible to scale these phenom-
ena, or to determine when they might occur, so they
create a substantial risk of expensive surprises in fu-
ture development programs. These kinds of tech-
nological surprises will remain a risk for new hy-
personic programs, yet such risks must be accepted
and addressed in order to remain a world leader in
aerospace.

Summary

Transition is famously sensitive to apparently small
factors like tunnel noise, surface roughness, and so
on. There may be new hypersonic transition mecha-
nisms that remain to be identified. Hypervelocity in-
stability and transition is not yet well understood, so
an effective research and development effort should
combine theory, numerical simulation, ground and
flight experiments to efficiently retire these risks, re-
duce uncertainties, and improve designs. Since no
single ground-test facility can simulate all aspects of
hypersonic flight, it appears necessary to make mea-
surements of instability and transition in a variety
of facilities, comparing the results from each to vari-
ous numerical simulations, in order to determine the
critical instability mechanisms and to develop and
validate the computations. This will require measur-
ing the flow quality in the various facilities so that
the effect of necessarily limited flow quality can be
determined. In cold tunnels, the freestream fluctua-
tions form the dominant flow-quality issue, although
high-enthalpy tunnels may also need to investigate
their chemical composition. The past half-century
has shown that it is not possible to sort out the var-
ious parametric effects using only measurements of
transition itself. Rather, the experiments must mea-
sure the instability mechanisms and the freestream
fluctuations as well as the transition location. One
element in such a program must remain the develop-
ment and use of quiet hypersonic wind tunnels, with
low noise levels that are comparable to flight.
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