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NASA Langley Mach 6 Quiet Wind-Tunnel Performance
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The flow in the NASA Langley Mach 6 quiet wind tunnel has been investigated to quantify the effectiveness
of laminar-flow control techniques used to delay transition of the nozzle-wall boundary layer. The results of
this investigation include an assessment of the mean and unsteady nozzle flow to define the quiet core length,
and hence performance, over the operating range of the facility. A large, uniform region of Mach 5.91 flow was
documented for a variety of unit Reynolds numbers. By using a prototype constant-voltageanemometer to measure
the unsteady flowfield, acoustic radiation patterns from the transitional nozzle-wall boundary layers were mapped.
These disturbances originating at the irregular edge of the transitional nozzle-wall boundary layer were shown to
follow Mach lines into the test section of the nozzle, thereby limiting the length of the quiet core. With a virtual
origin downstream of the nozzle throat, a Reynolds number dependency was found for the amplitudes of the
acoustic radiation. The spectral evolution of noisy flow in the quiet tunnel was shown, and measurable freestream
disturbances, outside the region of quiet flow, were found to be qualitatively similar to those documented for
conventional high-speed tunnels. In sum, the laminar-flow control techniques used to delay nozzle-wall boundary
layer transition in the Mach 6 nozzle test chamber facility have succeeded in producing a substantial region of

quiet flow suitable for high-speed boundary layer stability research.

Nomenclature
M = Mach number
Ng = N-factor (integrated growth rate) of Gortler instability
Rey = freestream Reynolds number based on V, (pU V/ 1) 00

Reyr = freestream Reynolds number based on
VT, (pUVTI )

Rey = freestream Reynoqas number based
on X, (pU X/ )

= freestream Reyngf()ls number based on
AX, (pUAXI 1) o

Re o - freestream unit Reynolds number, (pU/ 1)

rms = root mean square of fluctuating component
of hot-wire signal

= mean freestream velocity

= downstream distance from the virtual origin, cm

= distance between the virtual origin and the location
of nozzle-wall boundary layer transition, cm

= downstream distance from nozzle throat, cm

= distance from apex of test cone, cm

= transverse distance from nozzle centerline, cm

= vertical distance from nozzle centerline, cm

= Mach angle, sin="(1/ M)

=nozzle exit shock angle

Reay

per m

N]
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AX = length of quiet test core, cm

i) = viscosity

P = density

00 = freestream condition
Introduction

T has been known for over 40 years that experimental, high-

speed facility flows produce significant freestream disturbance
fields!* that complicate the comparison of experimental boundary
layer stability data and theoretical predictions. These fields, which
vary with tunnel design, perturb model boundary layers differently,
producing conflicting results for similar models. To elucidate this
point, variations in transition Reynolds number for cone and flat
plate models in differenthigh-speed wind tunnels (3 < M < 8) were
correlated to wind-tunnel parameters 25 years ago.>-® This result
confirmed the detrimental effect of freestreamacoustic disturbances
radiating from the turbulent boundary layers on the walls of the test
sectionand establishedthe need for low-disturbance,high-speedtest
facilities. Clearly, the key to designinga successfullow- disturbance
high-speedtest facility lies in maximizing the extent of laminar flow
over the walls of the test section. To this end, a 25-year research
and development program at the NASA Langley Research Center
has centered on applying laminar-flow control technology to high-
speed wind tunnels, with the Mach 6 nozzle test chamber facility
representing the latest contributionto this effort.

High-speed wind tunnels generate freestream disturbances in a
variety of ways. Steady-state nonuniformities in the mean flow are
caused by nozzle geometry imperfections and can be minimized by
careful fabrication? The unsteady freestream disturbances, how-
ever, are more involved and classically have been characterized
as vorticity, entropy, and sound modes’ generated in the settling
chamber or nozzle.!:? Vorticity mode disturbances (turbulence) are
generally negligible for hypersonic nozzles because of the large
flow expansion from the settling chamber to the test section.>® En-
tropy mode disturbances (temperature spottiness) are negligible if
the heated flow has been mixed thoroughly before entering the test
section? The sound mode is the most significant source of high-
speed noise and has many acoustic sources, including Mach wave
radiation from turbulent boundary layers, shivering Mach waves
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Fig.1 Typical quiet tunnel and possible disturbance modes.

from surface irregularities, and sound wave propagation from the
settling chamber.!*? Techniques have been developed to determine
the amplitude’ and convection velocity’:* of these acoustic sources
viamode-diagramanalysisof hot-wire data. In general,acousticdis-
turbances radiating from the turbulent tunnel wall boundary layer®
are the dominant source of freestream disturbances in high-speed
flow facilities.

Quiet tunnel technology developed and implemented at NASA
Langley Research Center during the 1970s and 1980s maximizes
the extent of laminar flow over the nozzle wall through a variety of
laminar-flow control techniques (see Refs. 9-11). Certain elements
are unique to a typical Langley-design quiet tunnel as shown in
Fig. 1. They are 1) a suction slot upstream of the nozzle throat
to bleed off the turbulent settling chamber boundary layer,'? 2) a
highly polished nozzle throat to minimize the transition-promoting
effects of roughness,® and 3) a straight contour just downstream
of the nozzle throat to delay the development of Gortler vortices.'
Transition measurements obtained in a quiet tunnel environment
show transition trends closer to that of free flight than do data from
conventionaltunnels’ and confirm the effectiveness of quiet tunnels
for high-speed stability and transition research.

In conjunctionwith the Langley program for hypersonicinstabil-
ity and transition research, a quiet Mach 6 facility was developed.
This involved retrofitting a new quiet nozzle and settling chamber
modificationsto the Langley nozzle test chamber facility. The mod-
ified facility is commonly known as the Mach 6 nozzle test chamber
facility or MONTC. The nozzle flow was initially investigated in
1991 (Ref. 14) with an anemometry system highly susceptible to
electronic noise before a replating process was discovered that has
reduced surface oxidation potential and enhanced throat smooth-
ness. An abbreviated investigationof the present facility flow is doc-
umented in Ref. 10; however, it is known that transitionon the nozzle
wall in the MONTC is detectable from freestream measurements!'!
and that the frequency contentof the acousticnoise!® follows typical
trends for the disturbances in a conventional tunnel.!>

The purpose of the present research is to investigate the MONTC
facility flow by using an anemometry system with much greater im-
munity to electronicnoise (relativeto previousresearch)to quantify
the overall performance of the quiet tunnel and to demonstrate the
effectivenessof the laminar-flow control measures used in the quiet
tunnel design. An improved anemometry system has resulted in a
better signal-to-noiseratio and greater frequency resolution of the
fluctuatingdata comparedto thatused in Ref. 14 as well as enhanced
spatial resolution due to improved probing techniques. In addition,
detailed mean flow data show the uniformity of the mean flow in
the M6NTC. Research conductedafter the current investigationhas
shown conclusivelythe utility of the MONTC facility for unique sta-
bility and transition measurements over conical configurations'¢~1°
in a low-freestreamnoise environment.

Description of Experimental Apparatus

The M6NTC, traversing mechanism location, and the coordinate
systemused is shown in Fig. 2. Because of the limited space between
the nozzle exit, X = 101.00 cm, and the diffuser, traverses in the X
direction are limited to 17.78 cm for the pitot surveys and to 20.32
cm for the hot-wire surveys. Thus, overlapping surveys with probes
of various lengths were conducted to investigate the nozzle region
of interest. Pitot surveys were also made for select Z planes. The
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Fig. 2 Coordinate system, nozzle, and traverse mechanism (not to
scale).

origin of the coordinate system is the throat of the nozzle with X
increasing downstream.

For pitot surveys, a stainless steel tube (82.55 cm long and 1.27
cm outside diameter) with a tapered tip was used to supportthe pitot
probe tubing. Stainless steel tubing (0.23 cm outside diameter and
0.15 cm inside diameter) was brazed into the tip of the structural
tubing to form the pitot probe. Stagnation pressure and temperature
were monitored at the settling chamber.

The Mach number was calculated by using the normal shock re-
lations. These relations specify that the Mach number in front of the
pitottube shock is a functionof the pitot tube and stagnationchamber
pressures. The error in the Mach number was estimated to be 40.01
according to the uncertainty analysis of Kline and McClintock 2

For hot-wire surveys, a prototype constant-voltage anemometer
(CVA) was used with single-wire hot-wire probes. Operation and
theoretical discussions on the use of CVA are in the literature 2!22
This particular CVA was observed to have better immunity to high-
amplitudeelectromagneticnoise presentin the laboratorythaneither
constant-currentor constant-temperature anemometers. (Note that
the electronicfeatures of the CVA that afforded the improved immu-
nity were not investigated.) The sensing wire was oriented normal
to the mean flow and in the X-Y plane. A spot welding technique
was used to fix 2.54-um-diam platinum-plated tungsten wires to
the probe supports. The length of the sensing wire was on the order
of 100 wire diameters. A series of three 1.27-cm (outside diame-
ter) tubes of various lengths were fabricated to support the hot-wire
probes. The CVA system had a bandwidth of about 400 kHz.

Unit Reynolds Number Selection

To select the Re _range for investigation,a preliminary hot-wire
investigationwas conducted with the sensing wire fixed at the center
of the nozzle exit as Re _was varied. As shown in Fig. 3, the rms
signal of the uncalibratedhot wire rose above the CVA noise level
as Re  approached 10.04 y, 10%/m with the M6NTC nozzle lip
bleed valves open (BVO), which allows for removal of the settling
chamber wall boundary layer. (All Re __are estimatedto be accurate
to within 40.06 s, 10°/m.) With the bf’e%d valves closed (BVC), the
nozzle-wall boundary layer is fully turbulent and increasing Re
produces only slight disturbance amplitude growth. These trends
are consistent with an earlier investigation of the nozzle.!°

For the purposesof'the present investigation,quiet flow is defined
by the absence of measurable unsteady flow disturbances. With
BVO, there is a flat rms noise level from the CVA for Re
9.68 y, 10%/m that corresponds to the wind-off noise level ol U
CVAThis trend suggeststhatnone of the disturbance modes, sound,
entropy, or vorticity, have a significant, i.e., measurable, amplitude
in the BVO case for Re_ « 9.68 10%/m. Because the entropy
and vorticity modes as wel3s that portion of the sound mode as-
sociated with acoustic disturbances propagating from the settling
chamber are generated upstream and are convected into the nozzle,
the state of the bleed valves should have little effect on these modes
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Fig. 3 Variation in hot-wire response with Re  at X = 101.0 cm,
Y=7Z=0.

at a fixed Re o From comparison of the BVO and BVC cases for
Reoo< 9.68 s 10%/m, the data in Fig. 3 suggest that the radiant
sound mode dominates the BVC case. With BVC, the M6NTC be-
haves as a conventional tunnel with no region of quiet flow for the
range of Re investigated.

In an earlier investigationof a Mach 5 quiet nozzle in the nozzle
test chamber,'? mode-diagramanalysis of hot-wire data revealed an
abrupt increase in the pressure fluctuation that typified the genera-
tion of the radiant sound mode (acousticradiation). In that study, the
abrupt increase in pressure fluctuations was associated with mov-
ing acoustic sources unique to a transitionalturbulent nozzle-wall
boundary layer. It is believed that the sudden increase in rms ampli-
tude for the BVO case for Re > 9.68 . 10°/m presented in Fig. 3
is likewise indicative of acoustic radiation; i.e., the flow of com-
pressible gases over the irregular edge of the transitional M6NTC
nozzle-wall boundary layer generates weak Mach waves, which ra-
diate into the freestream and are sensed as acoustic disturbances
(pressure fluctuations) by the hot wire.

Because evidence of acousticradiation exists for Re . = 10.04x
10%/m at the center of the nozzle exit, the focus ofthe present
research was limited to the BVO case with Re _in the range of
7.87-10.04 X 10%/m. The oscillatory behavior of Be rms signal for
Re _ > 9.84°, 10°/m was not investigated because this condition
wasO%eyond the useful operating range of the facility.

Mean-Flow Measurements

The mean-flow measurements consist of Mach number data that
were reduced from the pitot pressure data as previously described.
All Mach number data were conducted at a stagnation tempera-
ture of 177 4 2«C with BVO. Note that the variations in Re
were accomplished by varying stagnation pressure for all data pre-
sented henceforth.

Figure 4 shows the Mach number contours over the centerline X-
Y plane for Re _ = 7.87 and 10.04,10%/m. Outside of the approx-
imately uniform flow region, there exist steep Mach number gradi-
entsthatrenderthe flow unacceptablefor most researchapplications.
(The data in Fig. 4 have been spatially low-pass filtered to produce
a smooth, detailed contour map.) For 73.05 < X < 101.00 cm, the
mean Mach number is approximately 5.91, and tHis will be consid-
ered the reference Mach number of the MO6NTC. Figure 4 shows
that the nozzle achieves the reference Mach number at X = 52.73
cm compared to X = 46.63 cm reported for the preplating case.'
In addition, the overall increase in Mach number as Re __increases
confirms the expected thinning of the nozzle-wall bounggry layer.

All data presented in Fig. 4 are within 1.4% of the mean Mach
number, M = 5.91, and this maximum 1.4% deviation, i.e., 40.08
M, is used here to define the region of uniform flow. The argle of
the 5.85-5.91 contours with respect to the X axis for 55.27 < X' <
73.05 cm compares well with o of the mean Mach number of the
freestream flow (see Fig. 4a). Hence, for the current discussion, the
uniform nozzle flow begins at X = 52.73 cm and is bounded by
characteristic lines that may be extrapolatedto the nozzle exit.

For the region exterior to the nozzle, uniform flow is maintained
inside a line inclined at B _ 22 deg extending from the nozzle exit

5'0 6I0 7l0 30 90 l(')O 1 iO
b) X (cm)

Fig. 4 Mach number contours at a) Reoo = 7.87 o 10°/m, contour
increment = 0.01 and b) Reoo = 10.04 X 10°/m, contour increment =
0.01.

Uniform Flow

Nozzle Wall Boundary-Layer ~ Quiet Test Core
Boundary (M=5.91)

"Transition" Boundary

s/

X=96.5 cm
x=33.7 cm

Fig.5 MS6NTC with cone model, Re_, = 9.35 X 10%/m.

to the centerline (see Fig. 4a). The bounding lines of this region are
determined by the back pressure of the nozzle because the flow is
overexpanded and the bounding lines are generally parallel to the
exit shock. Particularly striking in Fig. 4 is the blunted region at
X __ 52.73 cm where sharp-tipped contours would be expected and
have been presented in the past!®!'4 as well as the smooth 1.2%
overshoot in M centered at X = 38.10 cm. The nozzle design
procedure was iterative whereby an inviscid code solution for the
nozzle contour was coupled to a viscous code. It is thought that
the nozzle-wall boundary layer is not behaving as predicted, which
results in the blunting of the M contours and the subsequent M
overshoot as a first-order effect. Figure 5 shows the limits of the
uniform flow boundary in the MONTC that are valid for the range
of Re _investigated.(The 91-6 cone modelreferredto in Fig. 5 was
used 11 the hypersonic boundary layer stability study discussed in
Ref. 18.)

To investigate possible mean flow asymmetry in the X-Y plane
of the nozzle, surveys were conducted at locations Z = 3.81 cm
above and Z = _3.81 cm below the centerline plane at Re =
9.35, 10%/m. The percent difference in Mach number between the
two planes is plotted in Fig. 6. Regions of significant Mach number
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Fig.7 M contours.

difference exist near the exit shock and are outside the uniform flow
region defined in Fig. 5. Excluding this region, the symmetry of
the flow is well maintained with a much less than 1% difference in
Mach number.

The datainFig. 6at Re = 9.35,,10°/m confirm symmetry inthe
X-Y plane, but further datawere acquiredto verify the axisymmetric
nozzle flow. The data in Fig. 7 at Re _ = 9.35 y, 10°/m show
development of the flow for different Y -2 planes. In'the X = 62.89
cm locations, the flow is slightly off center but the extent of the
asymmetry at any given radius is within 1% of the mean Mach
number for that radius. Furthermore, for X > 93.37 cm, the entire
region investigated is well within 1% of the Tiean Mach number.

In conclusion, it has been found that the MONTC has a large re-
gion of uniform flow. The development of this uniform flow occurs
in an axisymmetric manner and extends downstream of the exit.
The uniform flow boundary defined in Fig. 5 may therefore be ro-
tated about the nozzle centerlineto define the practical uniform flow
volume of the M6NTC.

Unsteady-Flow Measurements

All hot-wire data presented are uncalibrated. Subsequent CVA
calibration procedures'® developed after the conclusion of this in-
vestigation have shown that the sensitivities of the test hot wires
are approximately constant for a fixed wire voltage over the lim-
ited range of tunnel conditions investigated. Because all data sets
were acquired at a fixed wire voltage and stagnation temperature
fluctuations are assumed to be negligibly small, the rms amplitude
measurements may be assumed to linearly approximate the mass-
flow fluctuations. The prototypical nature of the CVA precluded a
rigorouscompressibleflow erroranalysis;hence, the rms amplitudes
presentedprovidea qualitativeoverview of the Mach wave radiation.

Outside Uniform Flow Boundary Defined in Fig. 5

9b 9I5 160 1(I)5
b) X (cm)

——— 1

90 95 100 105
D) X (cm)

Fig. 8 RMS contours at a) Re_ = 7.87 , 10/m, contour increment
= 0.001; b) Reoo = 9.35 loﬁloom, contour increment = 0.001; and c)
Reoo =11.48 X 10%/m, contour increment = 0.01.
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Figure 8 showsthe contoursof constantrms amplitude for Re =
7.87,9.35, and 11.48 |, 10°/m in the region near the exit of the
nozzle. Only a small portion of the region investigated lies outside
the region of uniform flow (see Fig. 8a). In all cases except Re =
11.48,10%/m, the disturbanceamplitude map containsan extensive
region where reasonably straight contours are Mach lines of the
freestream flow. Because the entropy and vorticity modes follow
streamlines and not characteristics, the coincidence of the contours
with o implies that the disturbances are acoustic in nature and are
generated by acoustic sources on the nozzle wall; i.e., the nozzle
wall boundary layer is becoming turbulent and sound mode noise is
radiating into the otherwisequiet freestream. (For brevity, this sound
mode noise is referred to as acoustic radiation for the remainder of
this paper.) The amplitude of the disturbances radiating from the
nozzle wall increases with Re _for a fixed X location. This Re
dependency suggests that the transition of the nozzle-wallboundary
layer is not due to a roughness-inducedbypass transition mode but
is more likely due to the natural development of Gortler vortices.*

In Fig. 3 the rms amplitude slightly increased at Re = 10.04 X
106/m from the noise level value at Re = 9.35 v, 105n. The dafa
inFig. 8b show thatacousticradiationexistsat Re . = 9.35y,10%/m
but is not evident at the centerline of the nozzle exit (X = 101.0 cm,
Y = 0). Once Re _ has increased to 10.04 y, 10°/m, the transition
front has moved forward so that disturbancesradiating from several
independent acoustic sources around the periphery of the nozzle
wall impinge on the hot-wire sensor and the slight increase in rms
shown in Fig. 3 is realized. (Note that the amplitudes of Figs. 3 and
8 are not identical because different hot-wire probes were used.)
For valuesof Re > 10.04 , 10°/m, the transition front has moved
further forward and the hot-wire located at the center of the nozzle
exit measures the signal associated with numerous and potentially
interacting acoustic radiation. As Re _ increases further, the distur-
bance field takes on a nearly radial Maracter where the amplitude
of the acoustic radiation depends primarily on ¥ and characteris-
tic lines in the disturbance map can no longer be discerned. Such
is the case of Re = 11.48 , 10/m in Fig. 8c, and this would be
the expected acoustic radiation field ina conventionalaxisymmetric
high-speed wind tunnel. From this discussion, it is evident that data
on the centerline of the nozzle present only a small portion of the
transition process.

If the rms data nearest the nozzle wall are plotted for a variety of
Re_, a clear Reynolds number dependency is observed. In Fig. 9,
the Tms amplitude data for ¥ =7.62 cm, 85.75 « X «101.0 cm
over a range of Re_ _has been plotted vs Rey inélg. 93 based on
the X length scale and vs Rey in Fig. 9b based on a V-length scale
originating 37.49 cm downstream of the nozzle throat. The rms
data collapse to a single line in the latter case; hence, X = 37.49
cmmay be considereda virtual origin of the fluctuating nozzle-wall
boundary layer. No apparent geometricaberration was found for this
virtual origin; e.g., a joint location or other such flow-perturbing
roughness site. The Reynolds number relationship evidently ap-
plies only in the region of initial acoustic radiation generation (i.e.,
Re _ «10.04 10%/m). At higher Rey, the amplitude of the radi-
atedcoustic disturbances tends to reach a constant level because
the boundary layer becomes fully turbulent, the flow becomes satu-
rated with disturbances (see Fig. 8c), and a unique relationship can
no longer be discerned.

Fromthe datainFig. 9, the nozzle-walldisturbancesbecome mea-
surable when Rey exceeds3.304,10% i.e., X < 65.68 cm fora stag-
nation pressure of 896 kPa, which differs from the X' = 90.83 cm
reported in a Ref. 11 for nozzle-wall transition under similar flow
conditions. This discrepancy is explained by the different distur-
bance levels used to define noisy flow, with the present method
relying on a more sensitive criterion: an increase in disturbance
amplitude above the noise level.

The method of quantifying the performance of a quiet nozzle
requires computing the variationof Rea y with Re . The length of
the quiet test core, A X, is shown in Fig. 1 and is bounded by the
start of uniform flow on the upstream end and by initial acoustic
radiation (or noisy flow) on the centerline at the downstream end.
In Fig. 10, Reay for the present investigation has been computed
and plotted with previous nozzle data (acquired before the plating
process) and the theoretical estimation for Ng = 7.5 (Ref. 14). By
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Fig. 10 Rea x variation with Reoo.

using the virtual origin found in Fig. 9, the transition point of the
nozzle-wall boundary layer may be defined at Reyr = 3.3 , 10°.
For the present data, the following relationshipwas found for Rea y
over the range of Re Oc)investigated:

Repay = OA956Reoo+ Reyr

The present data in Fig. 10 show a higher Reay at Re =
6.56 \» 10°/m than the earlier investigation but a lower Reay at
Re ‘= 9.84 y, 10°/m. Both sets of data compare well with the
theoretical Rep y based on the growth of Gortler vortices. It is con-
cluded that the nozzle refurbishment conducted between the initial
calibrationand the present investigationhas not significantly altered
the performance of the nozzle for Re < 10.04 y, 10/m.

Overall, the acoustic radiation zoné of influence is limited. The
Ren x relationship given earlier and the uniform flow region found
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Fig. 11 Typical data spikes indicative of sound mode disturbances.

previously may be used to define the extent of quiet flow. For the
case of Re _ = 9.35, 10°/m in Fig. 5, the quiet flow bound-
ary is definq as the intersection of the uniform flow region with
the low-freestream disturbance region. As a practical application
of these data, the cone model used in later stability research'® is
shown in its test position and the extent of the quiet flow region is
apparent.

The character of the large acoustic disturbances radiating from
the nozzle wall is shown in the time trace data of Fig. 11. The probe
was fixed at the center of the nozzle exit with Re _ = 10.76+,10%/m.
These intermittent data spikes were reported earlier!! for a variety
of Re _and it was shown that the intermittency increases with Re
This increase results in the rms amplitude increase shown in F igs.og
and 8 as well as that presented in Fig. 26 of Ref. 10. As shown
in Fig. 11, these acoustic disturbance spikes are characterized by
a region of exponential growth, a sudden amplitude decrease, and
an exponential recovery to the baseline level. The instantaneous
change in spike amplitude is thought to represent a discontinuous
change in flow properties, not unlike a weak traveling shock wave
separating regions of incrementally higher and lower pressure. It
was noticed that the amplitude of the acoustic disturbanceschanges
with location. The spikes tend to be more negative-going near the
nozzle wall and are more positive-going (as in Fig. 11) near the
nozzle centerline.

Conclusions

From this investigation, there have been several important find-
ings related to the performance of the MONTC. The nozzle was
found to contain a significant volume of uniform flow with M =
5.91 startingat X = 52.73 cmand extendingbeyondthe nozzle exit.
The acoustic radiation (sound mode) was primarily responsible for
generation of freestreamdisturbancesin the M6NTC. These acous-
ticdisturbancesfollowed Mach lines intothe freestreamand have the
spectral content of disturbances found in conventional high-speed
tunnels. For regions near the nozzle wall, the disturbance amplitude
is Reynolds number dependent based on a virtual origin 37.49 cm
downstream of the nozzle throat. Overall, the laminar-flow control
techniques used in development of the MO6NTC have produced an
extensive region of quiet flow suitable for high-speed stability re-
search where the detrimentaleffects of freestreamdisturbancesmay
be minimized.
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