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A 20%-scale X-51A foreb ody mo del was tested in the Bo eing/AF OSR Mac h-6 Quiet
Tunnel. Rep olishing the nozzle throat has restored quiet 
o w at high Reynolds num bers.
The e�ect of a smo oth blank and t wo di�eren t trip strips on windw ard-foreb ody transi-
tion was measured using temp erature-sensitiv e pain t and hot-wire anemometry . Reducing
freestream noise from conventional to quiet lev els increased the smo oth-w all transition
Reynolds num ber by a factor of at least 2.2. In addition, the transition Reynolds num-
ber based on the distance from the trips increased by a factor of 2.4 for the smaller trips
and by a factor of 1.7 for the larger trips. Th us, tunnel noise had a substan tial e�ect on
roughness-induced transition.

I. Hyp ersonic Laminar-T urbulen t Transition

Laminar-turbulen t transition in hypersonic boundary layers is important for prediction and control of
heat transfer, skin friction, and other boundary layer properties. Vehiclesthat spend extended periods at
hypersonicspeedsmay be critically a�ected by the uncertainties in transition prediction, depending on their
Reynolds numbers. Although slender vehiclesare the primary concern, blunt vehiclesare also a�ected by
transition. 1 However, the mechanisms leading to transition are still poorly understood, even in low-noise
environments.

Many transition experiments have beencarried out in conventional ground-testing facilities over the past
50 years.2 However, these experiments are contaminated by the high levels of noise that radiate from the
turbulent boundary layers normally present on the wind tunnel walls.3 Thesenoise levels, typically 0.5-1%
of the mean, are an order of magnitude larger than those observed in 
igh t. 4, 5 Thesehigh noise levels can
causetransition to occur an order of magnitude earlier than in 
igh t. 3, 5 In addition, the mechanisms of
transition operational in small-disturbanceenvironments canbe changedor bypassedaltogether in high-noise
environments; these changesin the mechanisms change the parametric trends in transition. 4 Mechanism-
basedprediction methods must be developed, supported in part with measurements of the mechanisms in
quiet wind tunnels.

I I. Dev elopmen t of Quiet-Flo w Wind Tunnels

Only in the last two decadeshave low-noisesupersonicwind tunnels beendeveloped.3, 6 This development
hasbeendi�cult, sincethe test-sectionwall boundary-layersmust be kept laminar in order to avoid high lev-
els of eddy-Mach-wave acoustic radiation from the normally-present turbulent boundary layers. A Mach-3.5
tunnel was the �rst to be successfullydeveloped at NASA Langley.7 NASA also operated a protot ype quiet
Mach 6 facilit y through 1995. It wasremoved from servicedue to operational con
icts and changing research
priorities. The facilit y is now housedat Texas A&M. The Langley Mach-6 tunnel was used as a starting
point for the new Purdue nozzle.8 The Purdue Mach-6 tunnel is presently the only operational hypersonic
quiet tunnel, anywhere in the world. Further details regarding the development of quiet hypersonic tunnels
can be found in Ref. 9.
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I I I. The Bo eing/AF OSR Mac h-6 Quiet Tunnel

Quiet facilities require low levels of noise in the inviscid 
o w entering the nozzle through the throat,
and laminar boundary layers on the nozzle walls. To reach these low noise levels, conventional blow-down
facilities must be extensively modi�ed. Requirements include a 1 micron particle �lter, a highly polished
nozzlewith bleedslots for the contraction-wall boundary layer, and a large settling chamber with screensand
sintered-meshplates for noise-reduction.3 To reach these low noise levels in an a�ordable way, the Purdue
facilit y, the Boeing/AF OSR Mach-6 Quiet Tunnel (BAM6QT), has beendesignedas a Ludwieg tube.10 A
Ludwieg tube is a long pipe with a converging-diverging nozzle on the end, from which 
o w exits into the
nozzle, test section, and secondthroat (Figure 1). Care is taken to keep the air in the tunnel as dry as
possibleto avoid water condensationin the nozzle. The dewpoint of the air in the tunnel, measuredwith a
Panametrics Moisture Target Series-5dewpoint meter, was typically on the order of � 20� C.

Figure 1: Schematic of Boeing/AF OSR Mach-6 Quiet Tunnel

A pair of diaphragmsis placeddownstream of the test section. When the diaphragmsburst, an expansion
wave travels upstream through the test section into the driver tube. Since the 
o w remains quiet after
the wave re
ects from the contraction, su�cien t vacuum can extend the useful runtime to many cyclesof
expansion-wave re
ection, during which the pressuredrops quasi-statically.

The contraction-wall boundary layer is bled o� just upstream of the throat, beginning a freshundisturb ed
boundary layer for the nozzlewall. The nozzle-throat bleed air can be ducted to two alternate locations. A
fast valve remains connecteddirectly betweenthe bleedsand the vacuum tank, allowing the bleed air to be
dumped directly into the tank. In addition, the original plumbing connecting the bleed air to the di�user
enablesa faster startup, if the jets of air into the di�user are not a problem.

Figure 2 shows the nozzle. Here, z is an axial coordinate whose origin is at the nozzle throat. The
region of useful quiet 
o w lies between the characteristics marking the onset of uniform 
o w, and the
characteristics marking the upstream boundary of acoustic radiation from the onset of turbulence in the
nozzle-wall boundary layer. A 7.5-deg. sharp coneis drawn on the �gure. The rectanglesare drawn on the
nozzleat the location of window openings,all but one of which are presently �lled with blank metal inserts.
Imagesof the tunnel are available at http://roger.ecn.purdue.edu/ � aae519/BAM6QT-Mach-6-tunnel/,
along with earlier papers and other documentation.

IV. Status of Tunnel Performance

Tunnel performancefrom February 2005through December 2006is reported in Reference11. Performance
from January to April 2007is reported in Reference12.

The air compressorfor the BAM6QT failed in late April, 2007. No runs were conducted for two months
until late June, while a replacement air compressorwas purchasedand installed. There was no change in
tunnel quiet performanceafter the extendeddowntime. The maximum quiet pressurewas P0=95 psia. Two
runs at very high pressure(initial P0 > 250 psia) were conducted, with the intention of blowing dust out of
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Figure 2: Schematic of Mach-6 Quiet Nozzlewith Model

the nozzle. However, there was no changein maximum quiet pressureafter theseruns.
The nozzlewas detached both at the throat and 30 in. downstream of the throat, twice in each case,for

careful cleaningof this nozzlesegment. No scratcheswere evident. Somedust was present and was removed
as thoroughly as possible. After the �rst cleaning, the maximum quiet pressuredropped to 66 psia. The
secondcleaning resulted in a quiet pressureof 73 psia.

A third cleaningwasconductedon August 2 and achieveda small increasein quiet pressureto 80psia. On
this occasion,two roughly-circular, approximately 1/16 in.-diameter spots were noticed at about 5 o'clock,
3 in. from the lip (2 in. behind the throat). They felt smooth to the touch and did not changewhen cleaned
with acetone. Photos were taken, but they did not comeout well due to the curved, highly-polishedsurface.

The electroformednickel and steelnozzlewasswapped out for the aluminum surrogatenozzleon August
24. Upon a closeinspection of the electroformed nozzle, a scratch was noticed about 2 in. from the bleed
lip between 7 and 8 o'clock. It was 0.3{0.5 in. long and parallel to the 
o w. Another mark was noticed
at 12 o'clock, not far past the throat. It felt smooth and might have only been a discoloration. It was
approximately 0.2 x 0.4 in. and perpendicular to the 
o w. The two small spots noticed before were still
present and unchanged. The maximum quiet pressureof the surrogate nozzlewas 60 psia.

While the BAM6QT continued to operate with the surrogatenozzle,the electroform wastaken to Optek,
Inc., the polisher that had done the previous work on the nozzle. They removed the scratch and other blem-
ishes,which they described as corrosion marks. The nozzlewas returned and reinstalled in late September.
Initial tests demonstrated quiet 
o w when P0 < 140 psia and several turbulent bursts (10{40 per run). Two
high pressureruns had no e�ect on the performance. In the two months since installation, the maximum
quiet pressurehas decreasedslightly to 135 psia and the number of turbulent bursts is typically about 3{8
per run, though occasionally there are closer to 30. This latest repolish of the nozzleachieved a substantial
increasein performance,which has returned to about 90%of the target quiet pressureof 150psia. However,
the performanceremainsshort of the previous record of 153psia, perhapsdue to imperfectionsin the surface
�nish.

V. Exp erimen ts on the X-51A Foreb ody

Purdue University is examining boundary-layer stabilit y and transition on the X-51A forebody. The
Purdue model is 20%scalefor the portion of the vehicle forward of the engineinlet. Experiments using tem-
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perature sensitive paint (TSP) and hot-wire anemometrywererecently conductedto characterizethe e�ect of
tunnel noiseon transition. Theseexperiments were conducted on the windward side in the Boeing/AF OSR
Mach-6 Quiet Tunnel (BAM6QT). When operated quietly, the nozzle-wall boundary layer remains laminar
producing freestream noise levels on the order of 0.05%. When operated conventionally , the nozzle-wall
boundary layer is turbulent and the noise level increasesto about 3%.

For supersonic and hypersonic speeds,there have been only a few experiments that explore the e�ects
of tunnel noise on roughness-inducedtransition. 4 Creel et al.13 performed experiments on swept circular
cylinders at Mach 3.5 under low freestreamnoiselevels and also nearly-conventional levels. For the smooth-
walled case,changing the tunnel noise levels was found to have no e�ect on transition. When small trips
were added to the model, the transition Reynolds number was found to increasewhen the tunnel noise
levels were decreased. Ito et al.14 performed a low Reynolds number experimental study on a model of
an axisymmetric scramjet forebody at Mach 4. The model included two compressioncorners. Data were
collected with di�eren t-sized boundary-layer trips under low freestream noise levels and freestream noise
levelsapproximately six times higher. Ito found that reducing the tunnel noiselevelsdramatically decreased
intermittency and delayed transition signi�cantly .

In order for the X-51A to operate as intended, the boundary layer entering the enginemust be turbulent.
This reducesthe risk of unstart due to shock/b oundary-layer interactions in the isolator and alsoallows more
rapid mixing and burning within the combustor. To ensurea turbulent boundary layer, boundary layer trips
must be addedto the vehiclegeometry upstream of the engineinlet. If the trips are too small, the boundary
layer may remain laminar into the engineand prevent it from starting. If the trips are oversized,they will
add unnecessarydrag to the vehicle. Oversizedtrips may also reduceengineperformance.

Such trips must be designedusing empirical measurements. However, most hypersonicwind tunnels have
turbulent wall boundary layers that radiate a good deal of acoustic noise into the 
o w. Given this inherent
limitation of high-noise facilities, the e�ects of tripping should be evaluated in a low-noise environment in
order to determine the e�ects of facilit y noiseon transition.

The experiments reported herewereall on the windward sideof the model at an inviscid Mach number of
6.0 with an initial stagnation temperature of T0=160� C at 4.0� angle of attack. The Purdue model consists
of a stainless steel nose section with an aluminum afterbody, as shown in Figure 3. The model includes
a nylon 6/6 insert on both the windward and leeward sides. The nylon inserts were included to act as a
thermal insulator layer for temperature sensitive paint (TSP). Liu and Sullivan15 present a good background
of the physicsof TSP. Matsumura16 successfullyemployed the TSP technique on a genericscramjet forebody
in the BAM6QT. The methodology usedin the present experiments is very similar to his.

The assembled model is 13.55 in. long. The windward nylon insert is approximately 9.4 in. long and
1.0 in. wide. The insert is composedof a 0.4-in.-long 
at surface followed by a compressioncorner. The
remainder of the insert maintains a constant angle to the 
o w and a constant width. The nylon is coated
with Ru(bpy) luminophore moleculesin DuPont ChromaClear paint. It was calibrated to give quantitativ e
surfacetemperatures. A photograph of the windward surfaceof the model is seenin Figure 3. For all of the
data, the entire nylon insert was imaged. Flow is from left to right.

Figure 3: Photograph of windward side of model

A Photometrics SenSysBscienti�c-grade CCD camera was used to obtain all TSP images. Light at
464 nm from a 4-in. diameter ISSI LM4 blue LED array was used to excite the paint. During each TSP
run, photographs were taken as fast as the hardware would allow, about one imageevery 600ms. When the
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oscilloscopestrigger, the camerabegins taking pictures with a manually-set exposure length. The exposure
was generally set to about 200 ms. The cameraoutputs a signal when the shutter is open. This signal was
recorded and used in subsequent data processingto calculate Reynolds numbers for each image. The `x'
coordinates reported are not arclength, as the outer mold line data of the model have not been provided.
Rather, they are a projection of the arclength onto a plane at 0� angle of attack above the model surface.
Given the slight inclination of the model surface,using this de�nition of `x' is not much di�eren t than using
actual arclength.

A smooth strip and two trip strips with two di�eren t roughnesseswereusedin the model at a streamwise
location of x=2.48 in. One of the trip strips is composed of diamond-shaped roughnesselements while
the other has ramp-shaped trips. A photograph of the three strips can be seenin Figure 4. The ramp
roughnesseshave the sameshape as those used by Berry17 on the Hyper-X model. Here, the 
o w is from
top to bottom. The upstream edgeof the ramp roughnessesare at the sameheight as the model surface.
Moving downstream, they rise up above the model surface and also becomeincreasingly narrow. At the
downstream edge,the ramps have a maximum height of 0.030 in. Due to di�culties in getting the strip to
�t in the model, a 0.005 in. shim was placed under the insert. This causedsmall forward-facing steps at
both the upstream and downstream edgesof the strip. A skilled machinist measuredthe step heights along
the centerline and found them to be about 0.005and 0.003 in., respectively. The diamond-roughnessstrip
has diamond-shaped roughnesselements which are 0.120-in.-wideacrossthe diagonal and 0.060-in. high.

VI. E�ect of Tunnel Noise

Figure 4: Trip inserts for model

Runs were made with an initial stagnation pres-
sure of 95 psia with all three inserts in the model.
The tunnel was run under noisy and quiet condi-
tions to assessthe e�ects of noise on natural and
roughness-in
uencedtransition.

It should be noted that when the tunnel is run
noisy (with the throat bleedsuction turned o� ), the
total mass
ux out of the driver tube decreasesby
about 38% from the bleeds-open case, the nozzle-
wall boundary layer becomesturbulent, the 
o w
becomesnoisy, and the mean Mach number de-
creasesfrom about 6.0 to about 5.8. This, in turn,
means that the freestream Reynolds-number drop
with time is less with the bleeds closed than with
the bleedsopen. This e�ect becomesimportant for the data that will be presented. When comparing data
taken under noisy and quiet conditions, a choice neededto be made regarding whether to comparedata at
the samefreestreamReynoldsnumber or to comparedata taken at the sametime after the start of the run.
The problem with comparing data at the sameReynoldsnumber is that thesedata weretaken at signi�cantly
di�eren t times during the run. It has been observed that over the courseof a run, the mean temperature
of the nylon increases.Additionally , there may also be non-negligible lateral heat conduction in the nylon.
Thus, imagestaken at a time signi�cantly into the run do not always accurately re
ect the instantaneous
surfaceconditions. It was therefore decided to compare data taken at similar times into a run. This leads
to a small variation in Reynolds numbers when comparing thesedata.

In addition to the TSP data, an uncalibrated Dantec Dynamics hot �lm was located 10.5 in. downstream
of the leading edgeand about 1.25 in. o� the centerline. The manufacturer-supplied temperature coe�cien t
was 0.34%/� C. It was always operated with an in-house constant temperature anemometer (CTA) at an
overheat ratio of 1.31, basedon resistances,giving the �lm a temperature of 116� C. This hot �lm was used
to determine if the boundary layer was laminar or turbulent. Schmisseur18 et al. useda similar technique in
Purdue's Mach-4 quiet tunnel. The data were recordedon a Textronix DPO7054 oscilloscope at a sampling
rate of 2 million samplesper second.The oscilloscope was operated in `Hi-Res' mode whereby the data are
sampledat a higher frequencyand then averagedon the 
y into memory at the set sampling frequency.
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VI.A. Smo oth Insert

Figure 5 shows the surfacetemperature distributions with the smooth insert under quiet and noisy conditions,
at freestreamReynoldsnumbersof 2.01and 2.25� 106/ft, respectively. The freestreamReynoldsnumbersare
calculated using isentropic theory for Ludweig tubesdeveloped by Schneider et al.19 This theory takes into
account the falling stagnation pressureand temperature inherent in a blow-down facilit y. The stagnation
temperatures (T0) and pressures(P0) were T0=418K and P0=85 psia with the tunnel running quietly. With
the noisy tunnel, T0=424K and P0=90 psia. The dashedred line indicates the compressioncorner. Figure 6a
shows the streamwisetemperature distribution on the centerline. The large spikesare due to the registration
marks on the model surface. The compressioncorner is marked by the dashedblack line.

(a) Surface temp erature for quiet 
o w, smooth insert, Re=2.01 � 106 /ft

(b) Surface temp erature for noisy 
o w, smooth insert, Re=2.25 � 106 /ft

Figure 5: Surface temperature (K) under quiet and noisy conditions with smooth trip insert for Re=2.01
and 2.25� 106/ft

Under quiet conditions, both the TSP image and the centerline temperature distribution show that the
temperature increasesdownstream of the compressioncorner followed by a nearly monotonic decreasefor
the rest of the extent of image. This strongly suggestsa laminar boundary layer over the entire length of
the nylon insert. Faint streaks are also visible in the TSP image. They are most likely due to the presence
of streamwise vortices near the model surface. Figure 6b shows hot-�lm spectra that also suggestthat the
boundary layer is laminar toward the aft end of the model. The low power of the low frequencies,especially
when comparedto the noisy tunnel data, are indicativ e of a laminar boundary layer. A turbulent boundary
layer is expected to have much higher power, especially for low frequencies.

The results for the noisy tunnel caseare very di�eren t and clearly discernible in Figures 5 and 6. After
the expected rise at the corner, the temperature risesat an increasedrate starting at about x=7.0 in., peaks
at about x=10.6 in., and then decreasesto the end of the model. This suddenrise in surfacetemperature is
a strong indicator of transition. The high-power low-frequency signal contributions of the hot-�lm spectra,
as well as the overall much higher magnitude power spectra when comparedto the quiet case,also strongly
suggesttransition under noisy tunnel conditions. From Figure 6a, it is reasonableto assumethat centerline
transition onset takes place at around x=5.5 in. This is where the centerline surface temperature under
noisy conditions signi�cantly departs from that under quiet conditions.

It is di�cult to know whether the distancefrom the leadingedge,distancefrom the strip, or distancefrom
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(b) Hot-�lm spectra for smooth insert, quiet and noisy

Figure 6: Centerline temperature (K) and hot-�lm spectra with smooth insert under quiet and noisy condi-
tions for Re=2.01 and 2.25� 106/ft

the compressioncorner is the dominant length parameter for transition. The presenceof the compression
corner almost certainly has a destabilizing e�ect on the the boundary layer. However, it may be that the
distance from the trips is the most important length factor. For the smooth-walled case, however, the
distance from the nose is the most important length. Transition Reynolds numbers based on freestream
conditions and all three lengths will be reported. It would be better to calculate the Reynoldsnumber based
on edgeconditions, but, at present, there is no way to obtain this information.

Reducing freestreamnoiselevels from conventional to quiet levelscausedthe transition Reynoldsnumber
basedon distance from the noseto transition onset to increaseby at least a factor of 2.2 from 1.03� 106 to
greater than 2.27� 106. The actual value cannot be determined sincethe 
o w is laminar past the end of the
model under quiet conditions at the maximum quiet Reynolds number. The transition Reynolds number
basedon distance from the strip increasesby at least a factor of 3.2 from 0.57� 106 to at least 1.85� 106.
Basedon distance from the corner, the transition Reynoldsnumber increasesby a factor of at least 8.9 from
0.17� 106 to 1.50� 106.

The vortices observed under quiet 
o w suggestthat the dominant natural, untripp ed transition mecha-
nism may not be the ampli�cation and breakdown of �rst or secondmode waves. Spanwise spreadingof the
streamwisevortices indicates outward directed cross
o w. Natural transition may be dominated by vorticit y
from the leading-edgeor 3D cross
ow. Transition may alsobe due to somecomplex coupling of leading edge
vorticit y, cross
ow, and �rst or secondmode waveswith a shear layer instabilit y above a separation bubble
at the corner.2

VI.B. Ramp Roughness Insert

Figure 7 shows the surface temperature distribution with the ramp roughnessstrip under quiet and noisy
conditions for Re=2.02 and 2.27� 106/ft, respectively. For the quiet case,T0=418K and P0=85 psia while
under noisy conditions T0=424K and P0=91 psia. Figure 8 shows the centerline temperatures for both cases
as well as spectra computed from the surfacehot �lm.

The signi�cant di�erence between quiet and noisy 
o w is immediately evident from the images. For
the quiet case, the temperature increasesby about 6K from the compressioncorner to x=6 in. This is
signi�cantly higher heating than for the smooth insert caseshown in Figure 6a, which increasedby only
about 1K downstream of the corner. This region of high heating is followed by a decreasein temperature
from x=6.1 to x=8.5 in. At this point, the temperature increasessharply to a secondpeak at x=10.1 inches
followed by a gradual decreaseto the end of the model.

It seemedlikely that the �rst temperature rise wasdue to the combination of compressionheating aswell
as heating due to laminar vortices near the model surface. The decreaseafter the �rst peak was attributed
to the thickening laminar boundary layer. The secondtemperature increase,starting at around x=8.5 in.,
was thought to be due to the onset of transition. Schneider2 states that the maximum surfacetemperature
generally corresponds to the middle of transition. Thus, at x=10.5 in., it seemedthat the boundary layer
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(a) Surface temp erature for quiet 
o w, ramp trips, Re=2.02 � 106 /ft

(b) Surface temp erature for noisy 
o w, ramp trips, Re=2.27 � 106 /ft

Figure 7: Surfacetemperature (K) distribution with ramp trips under quiet and noisy conditions for Re=2.02
and 2.27� 106/ft
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Figure 8: Centerline temperature (K) and hot-�lm spectra with ramp trips under quiet and noisy conditions
for Re=2.02 and 2.27� 106/ft
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was well on its way to being fully turbulent with the subsequent temperature decreasedue to the thickening
turbulent boundary layer.

Under conventional noise levels, this type of behavior is not seen. Rather, there is a sharp rise in
temperature from the corner (x=4.60 in.) to x=5.5 in. This high-temperature peak is then followed by a
nearly monotonic decreaseto the end of the model. The sudden rise in surface temperature suggeststhat
the boundary layer transitions just downstream of the corner. The hot-�lm spectra in Figure 8b supports
the contention that the windward boundary layer has transitioned at the hot �lm (x=10.5 in.)under both
quiet and noisy 
o w. The spectra lie almost on top of each other and show high power levels at the lower
frequencies.

At present, the TSP technique is not able to provide reliable quantitativ e heat-transfer levels. Rather,
they produce quantitativ e surfacetemperatures. In order to verify what was suspected from the TSP data,
a hot wire boundary-layer probe was then used to determine the state of the windward boundary layer at
di�eren t streamwise locations for the quiet runs with trip strips.

The problem with obtaining thesedata was that for the �rst hot-wire tunnel entry , the maximum quiet
pressurein the BAM6QT had dropped from 95 psia to around 80 psia. This meant that hot wires could not
be usedat the sameconditions as those in the previous measurements. It was thought that the 11%drop in
initial Reynoldsnumber would not make much di�erence in the results. Nevertheless,for completeness,new
TSP imagesat the reducedquiet 
o w conditions wereobtained for the ramp and diamond roughnessinserts.
Matters were further complicated when it was noted that when the tunnel was started at the somewhat
reduced maximum quiet pressure, the nozzle-wall boundary layer nearly always separated for about one
secondsometime between1.0 and 2.5 secondsinto the run. This proved to taint the TSP results for images
taken during and after the separation event. Thus, imagesshown for the reducedquiet pressureruns were
always the secondimage captured, generally about 0.6 secondsinto the run.

Figure 9 shows the windward temperature distribution at Re=1.79� 106/ft (T0=427K, P0=78 psia) for
the ramp-roughnesstrip at the reducedmaximum quiet pressure.On the TSP image, the solid yellow lines
mark the streamwise locations of the hot wire measurements. Qualitativ ely, the temperature behaves very
similarly to what was seenin Figures 7a and 8a. There is an initial temperature rise downstream of the
corner followed by a decrease,a sharp rise, and then a steady decreaseto the end of the model. Because
of the qualitativ e similarities, it was decided to proceedwith the hot wire measurements to determine the
state of the boundary layer. The results could then be extrapolated to the TSP imagesat the slightly higher
Reynolds numbers usedearlier.

In order to accurately determine the state of the boundary layer, runs were �rst made with the hot wire
traversing through the boundary layer in order to determine its thickness. The samehot wire was used for
all three runs. Its typical square-wave frequency responsewas about 240 kHz. The overheat ratio basedon
resistanceswas about 1.8, making it most sensitive to mass-
ux. It was a Platin um/10% Rhodium (Pt/Rh)
wire with a diameter of 0.00015in. and an L/D ratio of around 107. The hot wire was always used with
the 1:1 bridge of a TSI IFA-100 constant temperature anemometer. The Textronix DPO7054 oscilloscope
operating in Hi-Res mode wasusedto sampleall hot-wire data. The sampling frequencywasalways 2 million
samplesper second.

Generally, the hot wire was placed 0.7 or 0.9 mm from the model surface. Over the courseof about 6
seconds,it moved away from the model in 0.1 mm increments, stopping at each location for 200 ms. The
distance from the wall at each step was then plotted against the averageCTA bridge voltage. From this
plot, Figure 10a, the approximate boundary layer thicknesswas deduced.

It should be noted that over the courseof a typical run, the Reynolds number dropped by about 35%.
This meansthat by the end of the run, when the points furthest away from the model were recorded, the
boundary layer wasconsiderablythicker than at the beginning of the run. Sincethe hot-wire spectra wereto
be computed for data at around t=0.6 sec.,but the boundary layer edgewasnot usually crosseduntil about
t=4.5 sec.,a scaling procedurewas found to approximate the boundary layer thicknessat t=0.6 sec. given
a measuredthicknessat t=4.5 sec. This scaling assumesthat transition did not move over the streamwise
station of interest while the probe was traversing the boundary layer. It also assumesthat the thickness
is proportional to the inversesquareroot of the Reynolds number. Thus, the approximate boundary layer
thicknessat t=0.6 sec. canbedeterminedfrom the thicknessmeasuredat t=4.5 secondsthrough the following
relation:

� (t = 0:6)
� (t = 4:5)

�

s
Re(t = 4:5)
Re(t = 0:6)

�

s
p(t = 4:5)
p(t = 0:6)
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(a) Surface temp erature for quiet 
o w, ramp trips, Re=1.79 � 106 /ft
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(b) Centerline temp erature for quiet 
o w, ramp trips,
Re=1.79 � 106 /ft

Figure 9: Full surfaceand centerline temperature (K) distribution under reducedquiet 
o w for ramp rough-
nesses
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where � is the boundary layer thicknessand p is the stagnation pressure.The value of this ratio is generally
around 0.85. Thus, a location about 15% lessthan the experimentally measurededgeis usually chosenas
the location to place the hot wire. This ensuredthat the hot wire was inside the boundary layer and near
the edgeat the time the spectra was computed. Also, it is expected and has beenexperimentally shown by
Rufer20 in the BAM6QT that the amplitude of secondmode instabilit y wavesis greatest near the boundary
layer edge. Thus, if secondmode waves were present, it was thought that they would be visible in the
hot-wire spectra.

Figure 10a shows the results of the boundary-layer pro�le runs for streamwise locations of x=4.5, 5.9,
10.0,and 12.0in. The large voltage spikesfor locations lessthan 2 mm above the wall should be disregarded.
Thesewere causedby the aforementioned nozzle-wall boundary layer separation. It is not a simple matter
to obtain a value for the boundary layer edgelocation. As can be seen,the voltage gradually approaches
a peak value and then generally decreasesagain. An approximate value for the edge location is all that
could be readily obtained. Finding a more accurate value for the boundary layer edgeat a speci�c time was
beyond the scope of the current investigation.

Figure 10b shows the power spectra at Re� 1.8� 106/ft for streamwise hot wire locations of x=5.9, 10.0,
and 12.0 in. as well as spectra computed for the x=10.0 in. pre-run signal. The corresponding distances
above the model surfacewere2.7, 3.0, and 3.0 mm, respectively. The spectra werecomputed over a 200msec
interval. As much as was possible, they were computed over a portion of the signal that did not have any
turbulent bursts in it. Each spectra was the averageof 100 FFTs, with each FFT computed from 4000data
points. Welch's averaged,modi�ed periodogram method with a Hamming window was used.
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(b) Hot wire spectra for ramp roughness, Re� 1.8� 106 /ft

Figure 10: Boundary layer pro�les and hot-wire spectra for ramp roughness

As can be seenin Figure 10b, the spectrum when the hot wire was located at x=5.9 in. (very near the
local peak in the centerline temperature) falls nearly on top of the pre-run spectrum. This indicates that
there arevery few disturbancesin the boundary layer at that location and that it is laminar, aswaspreviously
suspected from the paints data. The spectrum for x=10.0 in. is very di�eren t from that at x=5.9 in. The
location x=10.0 in. is just downstream of where the centerline temperature beganto increasefor the second
time. It was suspected that this location was near to the midpoint of transition. The spectrum supports
this notion. The power levels, especially for the lower frequencies,are orders of magnitude higher than the
pre-run and x=5.9 in. spectra. It appears that the boundary layer at x=10.0 in. may not be completely
turbulent, but there are signi�cant disturbancespresent at that location. The spectrum at x=12.0 in., where
it was suspected that the boundary layer had becomefully turbulent, shows power levels generally at least
a factor of two greater than for the x=10.0 in. case. These high levels of broadband noise are due to a
turbulent boundary layer at x=12.0 in.

Becausethe hot wire and TSP data agreeabout the state of the boundary layer at the reduced quiet
pressure, conclusions can be drawn from the TSP images at higher pressure even though there are no
supporting hot-wire measurements. Transition is taken to be at about x=8.25 in. under quiet conditions
at P0=85 psia (Figure 8a). It happens immediately downstream of the compressioncorner under noisy
conditions. Reducingfreestreamnoiselevels from conventional to quiet levelscausedthe transition Reynolds
number based on distance from the nose to increaseby a factor of 1.6 from 0.87� 106 to 1.39� 106. The
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transition Reynolds number basedon distance from the strip increasesby a factor of 2.4 from 0.40� 106 to
0.97� 106. Basedon distance from the corner, the transition Reynoldsnumber increasesfrom 0 to 0.68� 106.
Under the reducedquiet pressureconditions, transition was taken to be at x=9.5 in. For the three di�eren t
length parameters, this gave transition Reynolds numbers 1.42, 1.05, and 0.79� 106, respectively.

This large e�ect of freestream noise levels on transition is not altogether surprising. The wake behind
large roughnesselements is often unstable. When freestreamnoiselevels are elevated, increaseddisturbance
levels can be intro duced into the unstable wake via a receptivity process. The growth of wake instabilities
thus starts at a higher level which can then lead to earlier breakdown and transition of the boundary layer.21

VI.C. Diamond Roughness Insert

A similar set of experiments was carried out with the diamond trips in the model. Figure 11 shows the
surface temperature distribution with the diamond roughnessstrip under quiet and noisy conditions for
Re=2.05 (T0=422K, P0=88 psia) and 2.24� 106/ft (T0=424K, P0=89 psia), respectively. Figure 12 shows
the centerline temperature for both casesas well as spectra computed from the surfacehot �lm.

(a) Surface temp erature for quiet 
o w, diamond trips, Re=2.05 � 106 /ft

(b) Surface temp erature for noisy 
o w, diamond trips, Re=2.24 � 106 /ft

Figure 11: Surfacetemperature (K) with diamond trips under quiet and noisy conditions for Re=2.05 and
2.24� 106/ft

As the �gures show, qualitativ ely, the surfacetemperature behavesvery similarly to the ramp roughness
case.Under quiet conditions, just downstream of the compressioncorner, there is an initial temperature rise.
This is followed by a decrease,another sharp rise, and then a gradual reduction of the surfacetemperature.
Additionally , high-temperature streaks are visible from upstream of the corner to the secondtemperature
rise. The locations of the temperature peaksare upstream of the ramp roughnesscase,however, occurring
at x=5.4 and 8.4 inches instead of x=6.1 and 10.1 inches, respectively.

Due to the qualitativ e similarities to the ramp roughnesscase,it was thought that the �rst temperature
rise was again due to compressionheating at the corner and the presenceof laminar vortices near the model
surface. The secondpeak was again believed to be due to transition. The hot-�lm spectra support this
theory for the runs at 95 psia initial stagnation pressure,showing high power levels in the low frequency
band.

Again, due to the reducedmaximum quiet pressurefor the later hot-wire experiments in the BAM6QT,
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(a) Centerline temp erature for quiet and noisy 
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(b) Spectra for noisy and quiet 
o w with diamond rough-
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Figure 12: Centerline temperature (K) distribution and hot-�lm spectra with diamond trips under quiet and
noisy conditions for Re=2.05 and 2.24� 106/ft

a TSP image was again taken under reduced pressureconditions before checking the boundary layer state
with a hot wire. Here, Re=1.78� 106/ft, T0=427K, and P0=78 psia. The surface temperature distribution
can be seenin Figure 13a. The dashed red line is the compressioncorner and the solid yellow lines are
the locations for which spectra were computed. A brief comparison shows very similar behavior to that of
Figure 11a, the TSP image for quiet 
o w at 95 psia. The locations of the temperature peaks are moved
somewhatdownstream from the similar peaksobserved at Re=2.05� 106/ft, but the qualitativ e similarities
are su�cien t reasonto believe that the boundary layer behaves in the sameway as for the higher Reynolds
number case.

Figure 14 shows hot wire spectra at x=4.2, 5.5, 8.0, and 12.0 in. for distances from the model of 3.0,
2.7, 2.8, and 3.0 mm, respectively. It should be noted that x=4.2 in. is 0.4 in. upstream of the compression
corner. A power spectrum was also computed for 200 ms of pre-run data for comparison.

It was at �rst surprising to �nd that the boundary layer was thicker at x=4.2 in. than for locations
further downstream. Given the unique nature of the 
o w, however, this is not too di�cult to explain. The

o w at these locations is downstream of large roughnesselements. In addition, it seemslikely that there is
a separation bubble at the compressioncorner. The e�ects and extent of such a separation, upstream and
downstream, are not fully understood. Boundary layer separationsin hypersonic 
o w have been shown to
extend up to 100boundary layer thicknessesupstream of the initial causeof the separation.22 It may alsobe
that downstream of the reattachment point it takesa considerabledistance for the boundary layer to fully
processthe e�ects of the separation. Also, it is clear from the vortices in the TSP imagesthat there is some
outward-directed cross
ow. This certainly a�ects the boundary layer thickness.

The power of the lower-frequencydisturbancesin the boundary layer at x=4.2 in. are not quite as low in
magnitude as the pre-run spectra. For higher frequencies,they are of the sameorder. At x=5.2 in., about
0.6 in. downstream of the compressioncorner, for frequenciesfrom 20-75kHz and 200-300kHz,the power
levels are very similar to those at x=4.2 in. From 75-200kHz, the power levels were generally around an
order of magnitude higher at x=5.2 in. than at x=4.6 in. The spectra at x=8.0 and 12.0 in. show still higher
power levels that are very similar in magnitude to each other, with the x=8.0 in. caseexhibiting the slightly
lower power levels of the two.

Thesedata again support what the TSP imagessuggest.Due to lower power levels at x=4.2 and 5.5 in.
compared to locations further downstream, it is concluded that the boundary layer is laminar at those
locations. However, the power levels are higher and much more uneven than for the ramp roughnessinsert.
This is not surprising though. The diamond roughnessesare 0.060in. high, while the ramps have a maximum
height of 0.030in. The larger roughnessgivesrise to greater disturbances in the boundary layer, evidenced
by higher and more uneven power levels in the power spectra. The trends in the spectra at x=8.0 and
12.0 in. suggesta turbulent boundary layer. This is somewhatsurprising for the x=8.0 in. location. From
Figure 13b, this location is just downstream of onsetof the secondtemperature rise. It wasthought that this
secondrise marked the onset of transition. As such, generally higher power levels were expected, but not to
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(a) Surface temp erature for quiet 
o w, diamond trips, Re=1.78 � 106 /ft
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(b) Centerline temp erature for quiet 
o w, diamond trips,
Re=1.78 � 106 /ft

Figure 13: Full surfaceand centerline temperature (K) distribution under reduced quiet 
o w for diamond
roughnesses

0 50 100 150 200 250 300

10
-12

10
-10

10
-8

10
-6

Frequency (kHz)

P
ow

er

 

 

Pre-run
x = 4.2 in.
x = 5.5 in.
x = 8.0 in.
x = 12.0 in.

Figure 14: Hot wire spectra for diamond roughness
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the degreeas those that were observed. It is possible that either the larger roughnessesand the resultant
large disturbances causethe boundary layer to complete transition over a very short streamwise distance
or that the boundary layer has not completely transitioned at x=8.0 in. At x=8.0 in., the power levels are
lower than those at x=12.0 in. for all frequencies,signifying that it may not yet be entirely turbulent.

Transition onset is observed to occur at x=6.5 in. under quiet conditions. Under noisy conditions,
a fully turbulent boundary layer is seenjust downstream of the corner. Reducing freestream noise levels
from conventional to quiet levels causedthe transition Reynolds number basedon distance from the nose
to increaseby a factor of 1.3 from 0.86 million to 1.11 million. The transition Reynolds number basedon
distance from the strip increasesby a factor of 1.7 from 0.40 million to 0.69 million. Based on distance
from the corner, the transition Reynolds number increasesfrom 0 to 0.39 million. Under the reducedquiet
pressureconditions, transition was taken to be at x=7.2 in. For the three di�eren t length parameters, this
gave transition Reynolds numbers of 1.07, 0.70, and 0.45� 106, respectively.

This increaseis not assubstantial asobserved with the ramp trips. This result is not surprising, however,
given the larger height of the diamond trips and the fact that both the ramp and diamond trips induced
transition at the corner and, apparently , not upstream of it under noisy conditions. Thus the diamond
roughnessshould serve to intro duce much larger disturbances into the boundary layer and causeearlier
transition under quiet conditions.

VI I. Conclusions

The e�ect of tunnel noise on natural and roughness-dominatedtransition was clearly seenon the 20%-
scaleX-51A forebody model in the BAM6QT. On the smooth model, no transition wasobserved in the TSP
under quiet 
o w at Re=2.01� 106/ft. When the tunnel was noisy, however, a clear transition front was seen
by about x=7 in. Although no hot-wire measurements were made to con�rm these conclusions,hot-wire
measurements with transition induced by roughnessstrips support these conclusions. Reducing freestream
noisefrom conventional to quiet levels increasedthe transition Reynolds number by a factor of at least 2.2,
3.2, and 8.9, where the length parameters were the distance from the nose, distance from the strip, and
distance from the corner, respectively.

With the ramp roughnessstrip in the model under quiet conditions at Re=1.79� 106/ft, an initial tem-
perature rise downstream of the compressioncorner was observed and attributed to laminar vortex heating.
Further downstream, at about x=8.25 in., the onset of transition was observed with TSP and con�rmed
by hot-wire spectra. Under noisy conditions at Re=2.27� 106/ft, the ramp roughnessescausedtransition
almost immediately downstream of the corner. Reducing freestreamnoise from conventional to quiet levels
increasedthe transition Reynolds number by a factor of 1.6 and 2.4 where the length parameters were the
distance from the noseand distance from the strip, respectively. When basedon the length from the corner,
the transition Reynolds number increasedfrom 0.0 to 0.68 � 106.

The diamond roughnessinsert provided results qualitativ ely similar to those of the ramp roughness.
Under quiet conditions at Re=1.78� 106/ft, the location of peak laminar vortex heating aswell aspeak tran-
sitional heating was found to move upstream by around 2 in. when comparedto the ramp roughnessresults.
Under noisy conditions at Re=2.24� 106/ft, the boundary layer transitioned immediately downstream of the
compressioncorner. Reducing freestream noise from conventional to quiet levels increasedthe transition
Reynolds number by a factor of 1.3 and 1.7 where the length parameters were the distance from the nose
and distancefrom the strip, respectively. When basedon the length from the corner, the transition Reynolds
number increasedfrom 0.0 to 0.39 � 106.

It is well known that tunnel noisecan have a profound e�ect on transition. In addition, a few previous
experiments have shown an e�ect of tunnel noiseon roughness-inducedtransition. However, to the author's
knowledge, the present paper reports the �rst hypersonic measurements of roughness-inducedtransition
under low noise levels that are comparableto 
igh t.

If the trip size for the X-51A 
igh t vehicle were basedon results from wind tunnels with conventional
noise levels, it is possible that the trips would be undersized. Thus, transition on the vehicle would be
delayed too far under the quiet conditions of the atmosphere. Clearly, quiet tunnel results should be used
to help determine the heights of such trips. However, it is not clear how to account for facilit y noise nor
how to scalethe trip sizesfrom facilit y to facilit y to 
igh t. Further research is neededto develop methods of
predicting the e�ect of roughnesselements. The e�ect of tunnel noiseshould be one part of theseimproved
prediction methods.
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