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Effects of High-Speed Tunnel Noise
on Laminar-Turbulent Transition

Steven P. Schneider®
Purdue University, West Lafayette, Indiana 47907-1282

It is well known that the high levels of noise present in conventional hypersonic ground-test facilities cause
transition to occur earlier than in flight. Flight measurements of incoming noise are reviewed and compared with
measurements in ground-test facilities, of both conventional and quiet design, at hypersonic and high supersonic
speeds. The low noise present in flight is apparently the reason for the very large transition Reynolds numbers
sometimes measured in flight, when roughness, crossflow, and other factors are controlled. Design will usually
involve consideration of the trend in transition when a parameter is varied. The effect of facility noise on these
trends is reviewed. In some cases, the trend of conventional-tunnel data is opposite to the trend in quiet-tunnel
data. Thus, transition measurements in conventional ground-test facilities are not reliable predictors of flight

performance, except perhaps in special cases.

Nomenclature

k = roughnessheight

M, = Mach number at the boundary-layeredge

M, = freestream Mach number

Dy rms = rms surface pressure fluctuations

Dt mean = mean pitot pressure

Di tms = rms pitot pressure fluctuations

q = dynamic head

Re, = Reynolds number based on freestream conditions
and average leading-edge thickness

Re,, = Reynolds number based on conditions in the
undisturbed boundary layer at the roughness
height, Re, = Uy ppk [ jux

Rep = Reynolds number based on nose radius

Rer = Reynolds number at transition onset, based
on arc length from the leading edge and local
conditions at the boundary-layeredge

Rey = Rey for the smooth-wall case

Re/m = unit Reynolds number per meter, usually in the
freestream

Re, = freestream unit Reynolds number

T, = temperature at the boundary-layeredge

Xend = arc length to end of transition

Xonset OF Xr = arc length to transition onset

X = streamwise distance to roughness element

Xy = streamwise location of the tip of the cone, cm

o = angle of attack, deg

8 = displacement thickness at roughness element

0. = half angle of cone, deg

Introduction

AMINAR-TURBULENT transition in high-speed boundary
layers is important for prediction and control of heat trans-
fer, skin friction, and other boundary-layerproperties. However, the
mechanisms leading to transition are still poorly understood, even
in low-noise environments.! Applications hindered by this lack of
understanding include reusable launch vehicles, high-speed inter-
ceptor missiles, hypersonic cruise vehicles, and reentry vehicles 2
The transition process is initiated through the growth and devel-
opmentof disturbancesoriginatingon the body orin the freestream
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The receptivity mechanisms by which the disturbances enter a
boundary layer are influenced by roughness, waviness, bluntness,
curvature, Mach number, and so on. The growth of the disturbances
is determined by the instabilities of the boundary layer. These in-
stabilities are in turn affected by all the factors determining the
mean boundary-layerflow, including Mach number, transverse and
streamwise curvature,pressure gradient,and temperature.! Relevant
instabilities include the concave-wall Gortler instability,' the first-
and second-modeTS-like instability waves describedby Mack,> and
the three-dimensionalcrossflow instability® The first appearance of
turbulenceis associated with the breakdown of the instability waves,
whichis determinedby various secondaryinstabilities” Local spots
of turbulence grow downstream through an intermittently turbulent
region whose length is dependent on the local flow conditions and
on the rate at which spots are generated?

In view of the dozens of parametersinfluencing transition, classi-
cal attempts to correlate the general transition point with one or two
parameters such as Reynolds number and Mach number can only
work for cases that are similar to those previouslytested. For general
flight data, the scatter is large.” Transition estimation methods that
are reliable for a broad range of conditions will need to be based on
an understanding of the physical mechanisms involved.'°

The simplest and best developed of the mechanism-based meth-
ods are the " methods, which attempt to correlate transition with
the integrated growth of the linear instability waves. Although these
methods neglect receptivity and all nonlinear effects, such as wave
interactions, nonlinear breakdown effects, roughness, and so on,
they have shown promising agreement with experiment.! Agree-
ment is fairly good for a variety of conditions where the environ-
mental noise is generally low.!!"!2 For incompressibleand transonic
flow, the ¢V method appears to be the state of the art for industrial
use, for transition caused by a single instability with primarily lin-
ear amplification.!* Where wave interactions or nonlinear wave am-
plification dominate transition, nonlinear methods must be used.'*
For supersonic flows, the situation is more uncertain, in part be-
cause of the difficulty of accurately computing the mean flows,"”
and in part due to the difficulty of making validation-quality mea-
surements. Even for a sharp round cone at zero angle of attack, reli-
able agreement of measured and computed wave growth remains to
be achieved.!® The accuracy of many existing high-speed ¢ com-
putations remains uncertain, for accurate instability computations
require highly accurate mean-flow computations,complete with ac-
curate second derivatives,and it is often not clear whether bluntness
effects, wall temperature distributions,and so on were handled with
sufficient accuracy.!” Although wave interaction effects and three-
dimensional effects can sometimes be handled with correlations,'®
eV methods are only an intermediate step along the way to reliable
mechanism-based methods.
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Direct simulations of transition'® and the recently developed
parabolized stability equations® have in some ways advanced
theoretical-numerical work far ahead of the experimental database.
The numerical work is not yet able to include complex effects such
as roughness, waviness, internal shocks, and most bypasses. Three-
dimensionalmean flows and their instabilitiesare only beginning to
be treated correctly from first principles ! The simulation of blunt-
ness effects’? and chemistry effects**?* from first principlesis only
beginning. When the numerics are based on the correct physical
mechanisms, however, they can provide much more detail regard-
ing the transitionprocess. Experimental work thatdescribesnotonly
the location of transitionbutalso the mechanismsinvolvedis needed
to improve these modern theories. The key mechanisms need to be
identified, in part throughexperimental work, and the key numerical
results need to be validated experimentally.

Unfortunately, most of the ground-test data are ambiguous, due
to operationin high-noise conventional wind tunnels and shock tun-
nels, with disturbancelevels much higher than in flight. 2> The mech-
anisms of transition operationalin small-disturbance environments
canbe changedor bypassedaltogetherin high-noiseenvironments 2

This paper updates the surveys presented earlier in Refs. 26 and
27.The flightdata surveyed here are a small subset of thatdiscussed
in Ref. 9.

Noise Levels in Flight and Ground Testing

Transition occurs much earlier in wind tunnels than it does in
flight, presumablybecauseof the highernoise levels measured there.
Flightdatatakenfrom Fig. 1 of Ref. 9 are here combined with ground
test data and shown in Fig. 1. References for the first four legend
items are detailed in Ref. 9. The reentry-F data are from Ref. 28,
and the Sherman data are from Ref. 29. The ground-testdata labeled
“DiCristina” were digitized from Fig. 15 of Ref. 30, and are from
nine sources, for sharp cones at zero angle of attack, near a unit
Reynolds number of 2 x 10° per ft, for various wall temperatures.
Full citations are given in Ref. 30. The NASA Langley quiet-tunnel
data were taken from the tabulationsin Ref. 31, for a unit Reynolds
number near 2 x 10° per ft. The noisy-facility ground-test data are
significantly below the quiet-tunnel data point and below the trend
in the flight data.

The sources of disturbances in flight and in ground testing in-
cludetemperaturespottiness,particulates,vorticity fluctuations,and
acoustic disturbances? Particulates are a common and rarely dis-
cussed problem. In many facilities, model nosetips that begin tests
as smooth are sandblasted rough by tunnel particulate 3 At low
speeds, the effect of particles is well known.>* At high speed, little
is known, although Holden has studied controlled particle impacts
in the shock tunnel

Acoustic disturbances are particularly difficult to remove from
ground-test facilities because high levels of acoustic disturbances
are radiated from the turbulent boundary layers normally present
on the test-section walls.>> The magnitude of this noise increases
with the fourth power of the Mach number, and so the effectis much
worse in hypersonicfacilitiescompared with supersonicones. In the
JPL 20-in. tunnel at Mach 4.5, Kendall had fully laminar flow on a
flat plate at Rer = 3.3 x 10°® when the tunnel sidewall was laminar
and the noise level was low. In the same tunnel at the same Mach

I Blunt flight data

< Re-entry F flight data

o] Sherman flight data

o Remainder of flight data

= DiCristina ground-test collection
a Langley quiet tunnel, run quiet
v Langley quiet tunnel, run noisy

Fig. 1 Transition on sharp
cones near zero angle of attack
in flight and ground test. (Vari-
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number, Coles as reported by Reshotko observed transition on a
plate at Re; >~ 1 x 105, under noisy flow, with turbulent sidewall
boundary layers >

As shown in Fig. 2, Pate correlated transition measurements in
conventionaltunnelsusing tunnel-wallboundary-layernoise param-
eters,independentof Mach number.*’ ~#* Here, the Pate noise param-
eter Py = (Re,)s54/(8*/C)/[0.8 +0.2(C;/C)], where (Re,)s is the
Reynolds number for the end of transition based on local conditions,
6™ is the turbulentboundary-layerdisplacementthicknessin the tun-
nel testsection, C is the tunnel test-sectioncircumference,and C, is
the circumferenceofa 30.5 x 30.5 cmtunnel (122 cm). The horizon-
tal axis plots Cr, whichis the mean turbulentskin friction coefficient
in the tunnel test section. The data from the NASA Langley helium
tunnel lie within the “He tunnel zone,” and the ‘“Pate correlation”
is givenby (Re,); = {48.5C;"*[0.8 + 0.2(C,/C)1}//(8*/C). The
high transition Reynolds numbers observed in the Langley helium
tunnels are explained by the reduced influence of radiated noise.

Stainback shows sharp-cone transition Reynolds numbers that
vary by a factor of 4, at the same edge Mach number and unit
Reynolds number, for measurements in six different tunnels at
NASA Langley*' Figure 3, redrawn from Fig. 3 of Ref. 41, shows
the variation of transition Reynolds number with measured tunnel
noise for several datasets. Here, Rey for the Pate data is taken at the
end of transition, although for the other datasets, it is for transition
onset. For the M >~ 0 data, the horizontalaxisis the rms velocity fluc-
tuations divided by the mean, u’/u, and for the rest of the data, the
horizontal axis shows the rms pressure fluctuations divided by the
mean, p’/p. Transition Reynolds number decreases with increasing
noise, in a manner dependent on model geometry and tunnel condi-
tions. Dougherty correlated pressure fluctuations measured on the
surface of a cone with transition, and related noise directly to Pate’s
correlation*? Stainback et al. related freestream fluctuation mea-
surements to cone-surface fluctuation measurements*** Clearly,
noise has a dramatic effect on transition.

Mateer and Larson made transition measurements in the Ames
3.5 ft hypersonic tunnel, which was unusual in that cold gas was
injected into the nozzle wall boundary layer using a slot placed in
the subsonicregion of the tunnel.*> When the gas injected at the wall
was changed from air to helium, transition moved downstream. As
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Papamoschou has shown for a jet, this is almost certainly due to
a reduction in the noise radiated from the wall boundary layer.*®
Figure 4, redrawn from Mateer and Larson’s Fig. 3a, shows a more
important result. The variation of transition Reynolds number is
plotted against unit Reynolds number. Both datasets were obtained
on 5-deg half-angle cones, at edge Mach numbers of about 6.8. For
the Stainback et al. data, obtained in a conventional tunnel at Lang-
ley, transition Reynolds number increased with unit Reynolds num-
ber, as is commonly observed. However, the Ames tunnel shows no
variationof transition Reynolds number with unit Reynolds number,
as has also been observed in the Ludwieg tubes at Géttingen *’

Pate*® reviews the data in detail, arguing that much of the unit
Reynolds number effect is due to changes in radiated noise. He
concludes that “if a true Mach number effect exists, it is doubtful
it [a Mach number effect] can be determined from data obtained
in conventional supersonic/hypersonic wind tunnels because of the
adverse effect of radiated noise.” What are the noise levels in flight
and in ground-testfacilities?

Measurements of Free-Air Noise in Flight

There are few measurements of noise levels in flight that are car-
ried out at sufficiently high frequencies to be useful for transition
studies. The available literature was reviewed by Bushnell,> who
cites 61 references. The primary source is the work of Fisher and
Dougherty,”*-*° who performed measurements with a 5-deg half-
angle cone and a pitot tube in wind tunnels and in flight. Micro-
phones were used for static-pressure measurements at the cone
surface, and a fast-response pressure transducer was used for the
impact-pressuremeasurements. The bandwidth for bothinstruments
was roughly 0-25 kHz. Both cone and pitot tube were placed ahead
of the F-15 aircraft. As might be expected, the rms pressure fluctu-
ations on the pitot tube decrease by a factor of about 5 as the Mach
number increases from 0.4 to 1.6. This is presumably caused by
the inability of aircraft noise to propagate forward in a supersonic
flow. At the highestMach number flown, Mach 2, Table 1 in Ref. 49
shows that p; /P mean Was 0.020% for flight 346 and 0.0057 % for
flight 340. Both flights were at about 12 km altitude.

Fisher (private communication, August 1996) believes that both
of these values were obtained with good signal-to-noise ratio and
thatthe differencereflects real variationsin small-scale turbulenceat
altitude. The correspondingvaluesof p; . /g are0.058and0.016%.
Considerable care was required to achieve these measurements;
for example, Fisher commented that it was necessary to require
that the pilot not use the radio during periods of data acquisition.
Static-pressuremeasurements were obtained on the cone surface for
these same two flights; the values for the forward microphone are
Di ims/@ =0.059 and 0.033%, respectively. Fisher and Dougherty
compare these flight results for noise and transition on the cone
to values measured in various supersonic wind tunnels around the
world. They show that the flight noise level is at least three times
smaller than in the best wind tunnels, even at Mach 2.

Haigh et al.’! performed the only known hypersonic noise mea-
surements. Details are sparse because much of the work is classified.
A 10-200 kHz microphone was placed flush with the surface of a
cone that reentered the atmosphere at a speed of about 7 km/s. Haigh
etal.reportthat p; /g was 0.003-0.0055% at transitiononset, and
0.055-0.09% for “fully turbulent” conditions.

Measurements of Freestream Noise in Conventional Wind Tunnels

Donaldsonand Coulter’? report measurements of freestream fluc-
tuations carried out at Mach numbers ranging from 4 to 8 in AEDC
tunnels A and B. These measurements are less conservative than
Fisher’s flight data, for the wind-off noise was directly subtracted
from the measurements during flow. A direct subtraction assumes
completecorrelationof the two random signals; a more conservative
approach would be to difference the squares of the signals and take
the square root.>* The mass-flow fluctuations at Mach 8 in tunnel B
are about 1-2% of the mean; the total temperature fluctuations are
about 0.1% of the mean. The levels measured at Mach 6 are similar.
Although the scaling among pitot-pressure fluctuations, mass-flow
fluctuations, and static-pressure fluctuations remains unresolved,
available data indicate these quantities normalized by their mean
values are generally within a factor of 2 (Ref. 54). The high level
of mass-flow fluctuations reflects the high levels of acoustic noise
radiated from the nozzle walls. These noise levels are 10-100 times
larger than those measured in flight by Fisher.

Wagner measured fluctuations in the 1.5-m helium wind tun-
nel at NASA Langley, using a constant-current hot wire.”> Mass-
flow fluctuations were about 2%, and total temperature fluctuations
were about 0.03%. Stainback et al.’® correlated transition location
and noise measurements for sharp cones in several wind tunnels
at NASA Langley. They also correlated pressure fluctuations at the
cone surface with freestreamfluctuations.Figure 6ain Ref. 39 shows
that an insufficiently low dewpoint can also affect transition.

Measurements in Quiet Wind Tunnels

Quiet wind tunnels have been constructed to reach much lower
levels of freestreamnoise. >’ In these tunnels, the fluctuationlevels
normalized by their averages are reduced to less than 0.1%. How-
ever, the clearest indication of quiet flow is the absence of noise
radiated from the turbulent spots that form on the wind-tunnel walls
when the flow is not quite quiet.®> Hypersonic tunnels may be
considered quiet when such turbulent spots pass by only a small
percentage of the time and the rms fluctuation levels are less than
0.1%. Rare intervals of noise contamination will have to be dealt
with using filtering or repeated sampling. Although the fluctuation
level in these tunnels is an order of magnitude smaller than that
measured in conventional tunnels, it still appears to be larger than
that measured by Fisher in flight. Figure 5 shows that transition
Reynolds numbers measured in the Mach 3.5 quiet tunnel are for
the first time in the range of flight data.®® The “conv. tunnel” and
“flight” regions enclose areas in which the conventional-tunneland
flightdatafall,asreportedin Fig. 4 of Ref. 60. Both the conventional-
tunnel and the flight data are for M, =1.4-4.6. The “quiet tunnel
run noisy” data were obtained with flow through the throat-region
suction slot turned off. Both the noisy and quiet quiet-tunnel data
are for x;, = 12.7 cm, where x; is the streamwise location of the tip
of the cone.

References 61 and 62 show that the noise levels in the Mach 3.5
quiet tunnel are in the range of flight noise levels, and that noise
incident on the forward portion of the model is the most important
for transition. In many of the Langley experiments, the aft end of
the model was placed outside the quiet region, and high transition
Reynolds numbers nevertheless resulted. The residual effect of the
aft-impinging acoustic radiation was rarely determined.

10°- ——o—— conven. tunnel data
[ a quiet tunnel, run noisy
F o quiet tunnel, run quiet
| ————— flightdata
Fig. 5 Comparison of
[cln:o'] iy transition-onset Reynolds
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I M Bupn Adapted from Ref. 60.
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Measurements of Freestream Noise in Shock Tunnels

It is sometimes said that the noise levels in shock tunnels may
be lower than in conventionalhypersonic wind tunnels®* This argu-
ment is usually made by comparing transition measurements carried
out in conventional wind tunnels and in flight, and by assuming a
particular scaling. Unfortunately, direct measurements of the fluc-
tuation levels in shock tunnels are sparse. Ross et al.%* measured
heat-transfer fluctuations to a thin-film gauge positioned on a small
wedge, at Mach 14, with a bandwidth reported at 800 Hz-1 MHz.
The rms heat transfer divided by the mean ranged from 1.5 to 3%.
These measurements are in the same range as those in conventional
wind tunnels. These high noise levels might be expected, because
turbulent boundary layers should still form on the nozzle walls,
and, in addition, there are likely to be substantial fluctuations in
entropy or stagnation temperature. Holden et al. have argued that
the Pate correlationdoes not apply to shock tunnels, because transi-
tion occurs at Reynolds numbers well below those computed from
the correlation #*%° However, it could also be argued that transition
occurs earlierbecause large fluctuationsin stagnation conditionsin-
creasefluctuationlevels well above those due to tunnel-wallacoustic
radiation alone.

Bergstrom® reports hot-wire measurementsin a Mach 7 gun tun-
nel, with static-pressurefluctuations of 1-3%. Bergstrom’s hot-wire
mode diagrams indicated that the primary source of disturbances
was the turbulent boundary layer on the nozzle walls.®’

He and Morgan measured pitot-pressure fluctuations in the T4
free-piston shock tunnel using fast pressure transducers, with re-
sponse frequencies up to about 250 kHz.®® The rms pitot pres-
sure was roughly 3% of the mean, although varying over a large
range between roughly 2 and 8%. The power spectrum showed a
large, dominant peak of unknown origin, whose frequency varied
with the square root of the temperature.

Comment on the Ballistic-Range Data

A number of measurements have also been made of transition
in free flight in ballistics ranges.$~"? The range complements the
wind tunnelbecauseit uses independenttechniquesand can be made
free of radiated noise.* However, the range suffers from its own set
of difficulties. The unit Reynolds number effect observed there re-
mains to be conclusively explained, and the transition Reynolds
numbers that are observed do not seem to be characteristic of flight
values.’ Because the model is usually destroyed at the end of the
shot, measurements are generally limited to transition location and
angle of attack is difficult to control. Roughness, tip radius, angle
of attack, vibration, and suspended dust are possible causes of early
transition® Figure 12 in Ref. 73 shows transition Reynolds num-
ber varying by a factor of 3 during a single shot, due apparently
to angle-of-attack oscillations with a 1-deg amplitude, for a 5-deg
half-angle cone. Pate’ speculates that Potter’s relatively large nose
radius may have caused early transition, although the smaller ra-
dius used by Sheetz”> may explain the higher transition Reynolds
numbers that he has sometimes observed. It must be remembered
that nearly all of these data were obtained when our understanding
of transition was much less sophisticated. In particular, nonlocal
effects due to convection from upstream were often neglected. For
example, Potter’s examination of roughness effects mostly neglects
roughness present near the tip,* although some discussionis given
on pages 106-112 of Ref. 76. Although range data can be acquired
free of radiated noise, they suffer from another set of experimental
difficulties, which remain to be resolved.

Summary of Noise-Level Data

For predictions of hypersonicboundary-layertransition in flight,
one would like to have measurements of the noise levels at appro-
priate altitudes. Detailed measurements of the three-dimensional
spectra of the entropy, vorticity, and acoustic fluctuations are de-
sirable, along with measurements of the particle content and so
on. A consistent set of measurements is also needed for ground-
test facilities, using a consistent method for determining instrument
bandwidth and signal-to-noiseratio. The difficulty of making low-
noise, high-frequencymeasurements is second only to the difficulty
of fabricating a quiet tunnel.

Some preliminary conclusions can nevertheless be drawn. Al-
though there are few flight data above Mach 2, the fluctuation level
in the atmosphere should not be affected by the (supersonic) speed
of the aircraft carrying the measurement device. The key limita-
tion to the Fisher data is rather the limited and poorly understood
bandwidthand therelativelylow altitudes.The Fisherdatado clearly
show that the fluctuationlevels presentin the atmosphereat low spa-
tial frequenciesare very small, and that they correspondto pressure-
fluctuationlevels that are 10-100 times smaller than in conventional
wind tunnels. Even the “quiet” wind tunnels appear to suffer from
fluctuation levels that are larger than in flight.

It is often argued (e.g., Stetson et al.””-7®) that most of the
freestream noise is not important for instability and transition stud-
ies; the only part of significance is said to be that which is at fre-
quencies similar to those of the dominantinstabilitieson the model.
A conventional hypersonic wind tunnel is thus sometimes said to
be effectively quiet because the noise at the high frequencies of the
second-mode instability may be small. However, there is at present
no direct evidence to substantiate this interesting conjecture. True,
the noise measurementsin tunnel B reach a signal-to-noiseratio of 1
atabout70-200kHz (Ref. 52); however, AEDC has not yet reported
a quantitative upper bound for noise in the high-frequency second-
mode band, nor has it been shown that this noise does not affect the
measurements. In fact, second-mode transition in tunnel B occurs
at a computational N-factor of about 5 (Ref. 79). Because second-
mode transition occured at a computational N-factor of about 8 in
the NASA Langley Mach 6 quiet tunnel (cf. Figs. 2 and 9 in Ref. 80),
it seems probable that the low N-factor is caused by the large noise
level.

The work of Stetson et al. and also of Kosinovetal. (e.g., Ref. 81)
is based on the idea that the local growth of the instability waves is
unaffected by the broadband noise environmentin which the waves
grow. The problemis clearly very difficult, and measurements based
on this assumption clearly are more useful than measurements of
transition onset only. However, the assumption neglects all nonlin-
ear and three-dimensionalinteractions, whereas three-dimensional
interactions in particular have been shown to be significant in low-
speed flow (e.g., Ref. 82). It would be interesting to see the as-
sumption tested by repeating some of the existing measurements
in a different facility with a substantially different noise level, al-
though in this case it might be difficult to rule out the effects of unit
Reynolds number.

As Stetson et al. have noted, it is possible that some unit Reynolds
number effects may be traced to changes in the local boundary-
layer profiles. Such changes might make the integrated growth of
the instability waves scale with something other than the overall
length Reynolds number of the model (e.g., temperature effects
or transverse curvature). For example, Mack shows that changes
in stagnation temperature can affect stability and transition on
sharp adiabatic cones at identical Mach and Reynolds numbers,
through temperature-dependernt changes in thermal conductivity
and viscosity®3% Experimental verification has been provided by
Kimmel and Poggie®3 It would seem that quiet-tunnel measure-
ments will be needed to determine the effect of tunnel noise on
instability measurements in conventional tunnels.

Measurements of Transition at High
Reynolds Numbers

The flight data were recently reviewed in Ref. 9. The following
selects some cases where transition occurred at very high Reynolds
number, as sometimes can occurunder quiet conditionswhen rough-
ness, three-dimensionality, and other early transition factors are
controlled.

Reentry F

This flight test was of a 4-m-long berylliumcone with a half angle
of 5 degand an initial nose radius of 0.25 cm (Ref. 28). Surface heat-
transfer and pressure data were obtained during reentry at altitudes
ranging from 30.5 to 18.3 km. The freestream Mach number was
about 20, and the ratio of wall temperature to total temperature
was about 0.1. The angle of attack was controlled within a degree
of zero, and the total enthalpy ranged from 18.3 to 16.9 MJ/kg.
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Length Reynolds numbers at transition, based on edge conditions,
ranged from 40 x 10° to 60 x 10° at the higher altitudes. Limited
eV computations indicate the transition was dominated by second-
mode disturbances 3¢

Sternberg V-2 Flight Test

Sternberg®” conducted a cold-wall flight test of a 10-deg half-
angle cone at nearly zero angle of attack and about Mach 3. The
nose radius was small, and the cone was more than 2.4 m long. The
length Reynolds number at transition was more than 40 x 10°.

Flight Tests of Reentry Vehicles

Although much of this literatureis classified, some of it is openly
available. Haigh et al.>' summarize various flight tests, most of
which are classified. Their Fig. 48 shows that some zero angle-of-
attack flight data exhibited local length Reynolds numbers at transi-
tion that were about 20 x 10° or more. Figure 27a in Ref. 88 shows
that local arc-length transition Reynolds numbers above 10 x 10°
have been measured numerous times.

Rumsey and Lee Flight Test

This cold-wall 1956 flight test of a 7.5-deg half-angle cone with a
0.25-mm nose diameter exhibited local length transition Reynolds
numbers as high as 30 x 105 at a local Mach number of 2.91
(Ref. 89). The ratio of wall to static temperature was 1.2.

Ground Tests in NASA Langley Mach 3.5 Quiet Tunnel

The only comparable high-speed ground-test results were ob-
tained in the Mach 3.5 quiet tunnel at NASA Langley.%’ These re-
sults were obtained under conditions that were only partially quiet:
only the forward portion of the model was in the quiet-flow region.
Transition onset on a flat plate with a nose bluntness of 0.02 mm
occurred at length Reynolds numbers as high as 17.9 x 10° (see
Ref. 31). Transition onset for a 5-deg half-angle cone occurred as
late as 9.1 x 10°; this cone was at zero angle of attack and had a
sharp tip. Both these models were studied at adiabatic wall tem-
peratures. A small bluntness would be expected to delay transition
further; however, quiet flow can only be maintained in this facility
to a length Reynolds number of about 10 x 10°. Thus, the Rumsey
and Lee flight test still cannot be duplicated in this facility.

Other Hypersonic Ground Tests

Softley et al. report transition at length Reynolds numbers of
10 x 10% or more, on sharp cones at an edge Mach number of
12 in a shock tunnel, in a residual favorable pressure gradient.”’
Maddalon and Hendersonreported values as high as about 50 x 10°
for measurements at an edge Mach number of 16 in the NASA
Langley helium tunnel’! These length Reynolds numbers are again
based on edge conditions. Although it is sometimes argued that
these (and other) high transition Reynolds numbers are an indica-
tion of relatively low levels of facility noise, the shock-tunnelnoise
measurements discussed here suggest that a receptivity or instabil-
ity mechanism must instead be sought. This is directly shown by
Fischer and Wagner,”> who measured high freestream noise levels
above a sharp cone in the helium tunnel at NASA Langley, while at
the same time measuring transition-lengthReynolds numbers in the
range of 30 x 10%-40 x 10°. Recall that Pate’s correlationincluded
these helium-tunnel data (Fig. 2).

The use of local-length Reynolds number as an appropriate scal-
ing for hypersonic transitionis, of course, open to question. For ex-
ample, Adam and Hornung report measurements at high-enthalpy
conditions and Mach 5, on a sharp cone, in the free-piston shock
tunnel T5.°3 Their transition-length Reynolds numbers, scaled on
edge conditions, were 2 x 10°-4 x 10°, an order of magnitude be-
low the flight data; but both the T5 measurements and the reentry F
measurements show transitionat length Reynolds numbers of about
1 x 10° when based on the reference temperature. In view of the
differing Mach number, the difference in wall temperature, and
the high noise levels in T3, this agreement is probably fortuitous.
The comparison points out clearly how flight and ground tests car-
ried out under different conditions can appear to agree or disagree
depending on the scaling chosen.

Summary of High Reynolds Number Transition Data

It is clearly possible to delay transition in flight to very high
Reynolds numbers, when roughness, crossflow, ablation, and other
effects are controlled appropriately. It is also possible to achieve
high transition Reynolds numbers in ground tests (especially in the
helium tunnel). Noise levels are clearly a significant factorin ground
tests, so transition Reynolds numbers reported without measure-
ments of freestream noise levels are of limited value. The 50-year
search for a single correlating parameter that will reconcile the var-
ious flight and ground-test measurements appears futile, in view of
the many factors influencing transition.

Effect of Tunnel Noise on Parametric Trends
Ratio of Transition Reynolds Numbers for Cones and Flat Plates

Although an e” estimation suggests that transition should oc-
cur on flat plates at length Reynolds numbers higher than those
on round cones, measurements in conventional wind tunnels con-
sistently showed the opposite behavior®® Figure 6, redrawn from
Ref. 60, shows aregion containingPate’s collectionof conventional-
tunnel data, along with measurementsin the Langley quiet tunnel (at
Xy = 12.7 cm). When the bleed valve is closed, the Langley tunnel
becomes noisy, yet even in this case, the results are substantially
different from those measured in conventional tunnels. Figure 7,
again redrawn from Ref. 60, shows the comparison to e” theory,
along with a few correlationsto conventional-tunnelmeasurements.
The conventional-tunnel,flat-plate transition Reynolds numbers in-
crease with tunnel size and show the usual unit Reynolds number
dependence.The AEDC dataare forthe end of transition,and therest
of the data are for transition onset. The quiet-tunnel measurements
are independentof unit Reynolds number and in general agreement
with an N = 10 prediction. These quiet-tunnel results did much to
validate the e" approach.

Note that a designer relying on the conventional-tunnel data in
Fig. 6 would seek to create a conical forebody to delay transi-
tion; only with quiet-tunnel data does the designer now see that
the flat-plate geometry is to be preferred. The cause of the anomaly
in the conventional-tunneldata is addressed by Stetson and Kimmel
in their Sec. 5.4 (Ref. 10). Low-frequency disturbances below the
first-mode band are amplified on the flat plate in the Mach 8 con-
ventional tunnel, although they are not amplified in the cone case.
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These low-frequency disturbances are presumably the result of the
high level of tunnel noise. This example emphasizes the main point:
although stability measurements in conventional facilities can be
applicableto flight, transition measurements in such facilities suffer
from uncertain and uncontrollable ambiguities.

Bluntness Effects Are Influenced by Noise Levels

Figure 8 shows transition Reynolds numbers measured on flat
plates in various wind tunnels with various bluntnesses. The figure
was inspiredby Fig. 4 in Ref. 94 but was redrawn from tabulateddata
in Refs. 31 and 48. The data for the AEDC 16 x 16 ft tunnel were
omitted, because the data in Ref. 48 indicate they are contaminated
by high dewpointproblems. For the Langley data from Ref. 31, only
the data for x;, = 12.7 cm are used, because this is the lowest noise
position for the model. The Langley data are for transition onset,
and the AEDC data are for the end of transition. The highest-noise
data, from the conventional tunnel D at AEDC, show not only the
lowest transition Reynolds number, but also the strongest effect of
bluntness. Noise affects not only the levels of the curves but the
slope. The quantitative significance of the effect remains unclear, as
Stetson has commented, because the slopes are fairly similar except
for the tunnel D data. See Pate*® for a detailed discussion of the
AEDC data. The Langley data were obtained with four bluntnesses
(all less than 0.025 mm), and so the accuracy with which these
bluntnesses could be controlled appears uncertain.

Figure 9, digitized from Fig. 13 of Ref. 95, shows measurements
of transitiononsetmade using a thin-skinmodel with thermocouples
on aroundcone at zero angle of attack. The data taken with the bleed
valve open were obtained under quiet conditions, and the data ob-
tained with the bleed valve closed were under noisy conditions. The
Reynolds number based on nose radius is plotted on the horizontal
axis. Under noisy conditions, small increases in nose bluntness do
not delay transition, but under quiet conditions, with sufficient nose
bluntness, they do. Figure 7 in Ref. 60 also shows a larger effect
of bluntness for the low-noise flow. These trends appear to be op-
posite from those suggested by the flat-plate data shown in Fig. 8.
However, this may be because Fig. 8 compares high and very high
noise levels, and Fig. 9 compares low and moderately high noise
levels. The geometry also differs. Further investigation is clearly
needed.

Angle of Attack and Crossflow Effects Are Influenced by Noise Levels
Transition on a sharp, slender cone is known to be strongly sen-
sitive to angle of attack. Transition measurements can be made on
a smooth, sharp cone at zero angle of attack and then compared
to measurements at angle of attack. Figure 10 shows data from
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seven sources, in different facilities, with different cone angles and
freestream Mach numbers. The transition onsetlocationsin the first
six datasets were taken from heat-transfer measurements. The data
labeled “McCauley” were digitized from Fig. 6 in Ref. 96, and
they were apparently taken at Re,, =5.2 x 10%/m. The “Holden”
data were digitized from Fig. 12 in Ref. 65 and were taken at
Re,, =10 x 10%/m. The “Muir” data are from Fig. 18 in Ref. 97;
the leeward data are at Rey, ~9.2 x 10°/m, and the windward, at
Rey, 3.2 x 10"/m. The two differentunit Reynolds numbers were
used to keep transition on the instrumented section of the model; it
is not certain if no other datasets also varied unit Reynolds number.
Such a variation does, of course, also vary tunnel noise at the same
time. The data labeled “Stetson 1981” were digitized from Fig. 3
of Ref. 98 and were taken at Re,, = 3.2 x 107/m. The data labeled
“Stetsonand Rushton” were digitizedfrom Fig. 7 of Ref. 99 and were
taken at Re,, =4.9-15.4 x 10%/m. There is a 4% error in the anchor
point at zero angle of attack, which is due to the limited accuracy
of the original figure. The data labeled “Krogmann” were digitized
from Fig. 7 of Ref. 47 and were taken at Re,, = 1.78 x 107/m.

Inall cases, transitionmoves aft on the windward ray and forward
on the leeward ray. However, the large scatter in the figure shows
the limitations of a simple nondimensionalizatian, which cannot
account for all of the variables that differ between the datasets.
To the author’s knowledge, these data have never been explained,
althoughvarious attempts have been made to correlate subsets of the
data. Unit Reynolds number, noise, freestream Mach number, and
cone angle are all parameters for this complex problem; bluntness
can also be added. Although the crossflow instability is obviously
critical away from the windward and leeward rays, flow on those
rays is affected only indirectly by crossflow, through changes in
the boundary layer profiles. One would thus expect that transition
on the windward and leeward rays is caused by the first-mode or
second-mode instabilities, at least for small bluntness.

Available quiet-tunnel data show that noise has a major impact
on this flow, as is also shown in Fig. 10, using King’s data from
the Langley Mach 3.5 quiet tunnel.!% Tabulated data were supplied
by King (private communication, Dec. 1996); the onset of transi-
tion was obtained from Preston tube measurements. On the leeward
ray, transitionmoves forward for both quiet and noisy flow; it moves
forward by a greateramountin the quiet flow. However, on the wind-
ward ray, transition moves aft only in the noisy flow; for the quiet
flow, the windward ray transitionlocation stays approximatelyat the
zero angle-of-attackvalue. Quiet-tunnel measurements of transition
location for various unit Reynolds numbers and nose bluntnessesare
not yet available in the open literature.

King’s data are sometimes used to argue that the crossflow insta-
bility is not affected by tunnel noise. However, Fig. 9 of Ref. 100
shows only that the delay in transition due to quiet flow decreases
fromabout 100% atlow angle of attack to about25% at higher angle
of attack. The results are not conclusive because the aft end of the
cone was outside the quiet region in a way that varied with angle of



SCHNEIDER 329

Re =6.6E6/m, noisy
Re_=1.0E7/m, noisy

Re_=6.9E6/m, quiet

Re,=1.0E7/m, quiet

Re_=1.4E7/m, quiet
———— model centerline
————— model outline

n)
A
& Re_=1.4E7/m, noisy
.
a
*

Fig. 11 Effects of noise
level on transition on a
swept-wing, leading-edge
model for various free-
stream unit Reynolds num-
bers.

-
(=]

(5]
T T T

O

z (spanwise), cm
h o

'
-
(=]

1 1 -
10 20 30
X (streamwise), cm

attack (Figs. 1-3 of Ref. 100), and King measured only transition
location.

Cattafesta et al. made measurements on a swept-wing model at
Mach 3.5, under both quiet and noisy conditions.!"-192 Although
the comparison of the effect of noise has not previously been pub-
lished, it is presented here as Fig. 11, drawn from data provided by
Cattafesta (private communication, Oct. 2000). For these measure-
ments, = —2degand M, = 3.5. The noisy-tunneltransition-onset
location is drawn below the model centerline only to clarify the
figure; transition onset was determined from thermocouple mea-
surements that were all obtained on the same side of the model
centerline. Transition moves forward in the noisy flow, compared
with the quiet flow at the same unit Reynolds number. It also ap-
pears that the pattern of transition onset may vary between quiet
and noisy flow for Re,, 2~ 6.6 x 10%/m. Cattafestaet al. present ev-
idence to suggest that transition on their smooth-wall model was
caused by the traveling form of the crossflow instability, which is
likely to be strongly affected by tunnel noise. With the addition of
small roughness dots, stationary crossflow vortices seemed to ap-
pear; however, the effect of tunnel noise on these vortices remains
to be studied. Reference 102 also correlated transition onset with an
envelope-methode” computation with N = 13. At low speeds, the
evidence indicates that freestream turbulence s critical to traveling
crossflow instabilitiesbut not to stationary ones.'®® However, the ef-
fect of tunnel noise on the high-speed crossflow instability remains
to be established clearly.

Effect of Noise on Roughness and Waviness Effects

The limited data of Morrisetteet al.'® show little effect of surface
waviness for transition on round cones at zero angle of attack. In
measurements in the Mach 3.5 quiet tunnel at Langley, transition
moved forward about 20% when a surface waviness with height-
to-length ratio of 0.01 was introduced. Morrisette et al. also show
that the trends appeared similar with high and low levels of tunnel
noise.

Figure 10a from Pate,'% redrawn here as Fig. 12, shows the effect
of tunnel noise on roughness effects for a round cone at zero angle
of attack with hemisphericalroughness elements. Although tunnels
A and D are both conventional, the noise level in tunnel A is smaller
because it is larger*® For both sets of data, the roughness height
is 0.25 mm and the roughness was located approximately 125 mm
downstreamof the nosetip. The figure shows that for smoothmodels,
transition indeed occurs later in tunnel A. However, it also shows
that the parametric effect of roughness also enters differently. As
the roughness Reynolds number Re; is increased, there is a gradual
forward movement of transitionin tunnel A, but transitionmoves aft
in tunnel D (region I-A). At an Re; of about 2500, transition moves
suddenly forward in tunnel D, with the same sudden movement
occuring in tunnel A at a slightly higher Reynolds number. The
10% forward movement of transition that occursin tunnel A for Re;
between 1000 and 2500 is opposite to the 20% rearward movement
that occursin tunnel D. What variation would occur under the much
lower noise conditions expected in flight?

For roughnesses large enough to cause transition directly at the
roughness element (“effective” roughnesses), it appears that noise
has little effect. However, in the case of design for flight, what is
needed is a specification of the roughness that will not move tran-
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sition forward too far; this roughness will not be an “effective”
roughness, and the level of noise in a ground-test facility appar-
ently has a major influence on the determination of these kinds of
roughness effects. It is the ambient noise levels interacting with the
roughness that cause transition; both are important. This has been
clearly shown in various low-speed receptivity experiments (e.g.,
Wilezian!0),

Dryden collected low-speed data to show the combined effect
of freestream noise and roughness effects.'”-1% Figure A,5h of
Ref. 107 was used as a model to generateFig. 13. The vertical axis is
the transition Reynolds number normalized by the average smooth-
wall value, Rer g, and the horizontal axis is the roughness height
normalizedby the displacementthicknessat the roughnesselement.
The data were regenerated from the tables of Ref. 109 and Ref. 110;
see also Ref. 111. These data are for low-speed, flat-plate transi-
tion, tripped by a single two-dimensionalcylindrical-wireroughness
element. Data where transitionoccurs less than 100 element heights
downstreamof theroughnesselementlocationare notshown. Where
Rer , is larger, the turbulencelevel is expected to be larger, although
it was apparently not measured directly. Dryden’s Fig. A,5h con-
tains additional data that are not shown here, along with curve fits
apparently developed from the semiempirical theory of Ref. 108.
Dryden’s figure also presents turbulence levels for the Tani source
data; these were apparently obtained by using a monotonic correla-
tionbetween tunnel turbulenceand smooth-wall transition Reynolds
number.!%!!! Dryden states that these data “disprove” his earlier
and often-quoted hypothesis that transition Reynolds number de-
pends on roughness Reynolds number alone.!'? Although there is
considerable scatter, Fig. 13 shows that transition depends on both
freestream turbulence and on the roughness height. Again, this is
expected from receptivityresearch (e.g., Ref. 113). Further research
is still needed.

Additional measurements were recently obtained by Ito et al.
on a blunt axisymmetric shape with two compression corners.!'
Measurementswere obtainedunder quiet and noisy conditions,both
with and without roughness. The measurements were carried out
with arrays of hot-film sensors at the wall; the time traces were used
to compute intermittency. Noise affected the onset of transition on
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quiet and noisy conditions. From Ito et al.!'4

both the smooth and the rough models. The transition process was
dramatically affected, as shown in Fig. 14. Here, time traces are
shown from the hot films. Under quiet conditions, turbulent spots
develop as shown in the upper frame, where the intermittency is
22%. Under noisy conditions, the flow is fully turbulentat the same
mean-flow condition, as shown in the middle frame. Even at lower
Reynolds numbers, as shown in the lower frame, turbulent spots
do not appear in the noisy-freestream flow; the hot-film fluctuation
level just increases smoothly. In the general case, both noise and
roughness must be taken into account, and noise can change the
whole transition process.

Preliminary measurementsof roughness effects were also carried
out by Morissette and Creel in the NASA Langley Mach 3.5 quiet
tunnel. These transition measurements showed that noise changed
the criticalroughnessheightof hemisphericalelementsby only 10%,
so the sparse available data are not clearcut.!’®

Effect of Noise on Attachment-Line Transition

Creel et al. measured transition on swept cylinders at Mach 3.5
in the Langley quiet tunnel.''® When no end plates or trips were
present, transition appeared to be independent of tunnel noise.
Creel et al. speculate that this noise independence is a result of
the spanwise-independentattachment-line boundary layer contain-
ing no streamwise variation at which receptivity to acoustic distur-
bances can occur. However, this was also the case for the limited
measurements taken off the attachmentline, perhaps due to a domi-
nance by the stationary crossflow instability. When trips were used,
the forward movement of transition was larger in noisy flow com-
pared with quiet flow, so both roughnessand tunnel noise were then
important.

Measurements of the transition mechanisms on the attachment
line of a swept cylinder were obtained by Coleman et al. under
low-noise conditions at Mach 1.6.'"”!"8 Unfortunately, the wall-
temperature distributions differed between the noisy and quiet-flow
cases. Figures 4-25 and 4-27 of Ref. 118 show that the instability-
wave spectra on the attachment line differ significantly between
quiet and noisy flow, although Fig. 4-28 therein shows no net effect
on transition onset. Coleman et al. believe that the effect of the in-
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Fig. 15 Ratios of transition locations measured on a sharp cone. From
Chen.®

creased freestream disturbance level was counteracted by the effect
of alower wall temperature. In addition, they found that tunnel noise
has a substantial effect on roughness-inducedtransition.

It thus appears that tunnel noise has an important effect on
roughness-induced transition on attachment lines. This is again in
the case where transition occurs downstream of the roughness el-
ements. For a nominally smooth-wall model, the effect of tunnel
noise is not yet established clearly.

Effect of Noise on Free Shear-Layer Transition

King et al. measured transition in the free shear layer above a
cavity at Mach 3.5 under both quiet and noisy conditions.!'® They
found that tunnel noise had a minimal effect on transitionand spec-
ulated that this was due to disturbances fed back upstream within
the cavity, from the oscillations impinging on the downstream lip.
Because their cavity was nominally two-dimensional, end effects
are also a concern.

Effect of Noise on Transition Extent

A last example, taken from Chen,” shows the effect of noise on
measurements of transition extent (the length of the region of inter-
mittent flow between the onset of transition and its end). Figure 15
shows measurementsfor a round cone at zero angle of attack;the aft
end of the cone is outside the quiet-flow region. At the highest unit
Reynolds number, at noisy conditions with the bleed valve closed,
transition onset occurs at about 50% of the distance to the end of
transition. This ratio of onset to end is typical of measurements in
conventional wind tunnels.!?® Under low noise conditions, with the
bleed valve open, at the same unit Reynolds number, transitiononset
occurs at about 70% of the distance to the end of transition. Both
datasets show a unit Reynolds number dependence, the cause of
which is unknown. This trend, of transition onset occuring closer to
the point where transition is complete as noise decreases, appears
to agree with the flight measurements of Fisher and Dougherty,>
who show transition onset occurring at about 85% of the length to
transition end.

Conclusions

Laminar-turbulent transition is affected by a substantial num-
ber of parameters, including freestream fluctuations (or noise). In
high-speed, conventional-tunnelexperiments, high levels of acous-
tic noise radiate from the turbulent boundary layer on the nozzle
wall. Any variationin tunnel conditions varies both the model flow-
field and the impinging noise field. Even for a fixed noise field,
variations in the model flowfield may change the spectral sensitiv-
ity of the instabilities, thus yielding a tunnel-dependent transition
process. Conventional-tunnel measurements of transition location
thus suffer from the contaminating ambiguity of unknown variable
noise. This ambiguity is seldom resolvable, and it can contaminate
parametric trends as well as absolute magnitudes.

Shock tunnels have high levels of fluctuations in the stagnation
conditions, in addition to the nozzle-wall acoustic radiation. Thus,
transition measurementsin shock tunnels also suffer from the noise
contamination. Even in a quiet wind tunnel, with noise levels com-
parable to flight, the trends in transition location must depend on
both the model characteristicsand on any variationsin residual tun-
nel fluctuations. However, low-speed transition measurements have
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been generally useful, even when incompletely controlled, as long
as the tunnel fluctuations are representative of flight.

Although the ballistic range can be made free of radiated noise,
ballistic-range experiments have not been able to reproduce flight
measurements of transition, probably because of other difficulties.
Reliable estimates of transition must be based on detailed insta-
bility experiments that yield an understanding of the mechanisms
underlyingtransition. As Stetson pointed out some two decadesago,
detailed study of the instability mechanisms is at least as important
as development of quiet tunnels.

Even in conventional tunnels, however, transition measurements
do have residual value. In all cases currentknown, the conventional-
tunnel transition location represents a worst-case Reynolds num-
ber, as tunnel noise appears able only to move transition forward.
Furthermore, when transition occurs at or very near a roughness
element, so that it is completely roughness dominated, transition
appears to be insensitive to tunnel noise. A similar dominance of
nonfreestream disturbances was apparently observed in the cavity-
flow transition case and in one example of the attachment-linecase.

When transitionis caused by stationary streamwise vortices, such
as Gortler or stationary crossflow vortices, it may be that receptiv-
ity to surface roughness dominates any effects of freestream noise.
However, this conjecture remains to be supported by detailed mea-
surements at high speed, and, in any case, can only be true when
roughness-derived mechanisms are so strong that they completely
dominate mechanisms dependent on freestream noise. When tran-
sition involves general geometrical changes, angle of attack, blunt-
ness, smaller roughness or waviness, an attachment line, or other
factors, any other use of conventional-tunnel transition measure-
ments is suspect and may be misleading.

However, most quiet-tunnel experiments to date have only mea-
sured transition locations. Just as in the low-speed case, detailed
measurements of the mechanismsof transitionunder controlledcon-
ditions are needed. Linear amplification may be independentof tun-
nel noise, as has been assumed in several conventional-tunnelstud-
ies. Quiet facilities are needed to determine the noise dependenceof
conventional-tunnelmeasurements; they will probably be required
for receptivity and nonlinear amplification work, at least for travel-
ing instabilities. Reliable transition prediction methods will have to
be developed and validated based on detailed measurements of the
actual transition mechanisms. Such mechanism-basedmethods will
need to incorporate knowledge of the freestream disturbance envi-
ronment. Predictionsof transitionin flight will thus requireestimates
of the disturbance environment.
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