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Abstract

The program involves the fabrication of the expansion portion of the quiet nozzle of the Notre
Dame Large Mach 6 Quiet Tunnel, as well as an experiment to be performed in the new tunnel
that investigates the role of roughness on blunt cone frustum transition.The facility is designed to
accommodate models greater than 2 m. in length that reside completely within the quiet region,
and reach x-Reynolds numbers of 40M where flight tests indicate turbulent transition occurs. The
test article was designed to exploit the large test section. It consists of a 1.6m long 7deg. half-angle
right-circular cone. The cone is deigned with two nose tip sections that allow 7 different nose tips
of different radii to be installed. The larger nose radii are designed to reach conditions that result
in neutral growth of the 2nd mode instability, and ultimately transition length reversal. Continued
delays in the operation of the Notre Dame quiet tunnel resulted in performing the experiments in the
U.S. Air Force Academy Mach 6 Ludwieg tube. This utilized a repurposed 7deg. cone model whose
length was extended to achieve natural transition on the model at higher unit Reynolds numbers.
This model has three interchangeable nose tips of different radii, with the largest radius capable
of neutral 2nd mode growth at the highest unit Reynolds number. The measurements consisted
of off-wall measurements of total pressure and total temperature using specially developed high-
bandwidth pressure and temperature sensors. The preliminary results look promising, showing
differences in the boundary layer development attributable to the nose radius Reynolds numbers.



Summary Accomplishments:

Mach 6 Quiet Tunnel. The program involved the fabrication of the diverging portion of the
“quiet” nozzle of the AFOSR-UND Large Mach 6 Quiet Tunnel, as well as an experiment to be
performed in the new tunnel that investigates the role of roughness on blunt cone frustum transition.
In a quiet hypersonic tunnel, the nozzle geometry is designed to maintain for as long as possible,
laminar flow of the boundary layers on the nozzle side walls. This ultimately relies on suppressing
the growth of boundary layer instabilities, most notably Tollmien-Schlichting, Mack 2"¢ mode,
and Taylor-Gortler. The latter is addressed by designing the nozzle with a slow area expansion in
which the axial curvature maintains a sub-critical Taylor-Gortler number. In our large 2-Reynolds
number design, this results in a very long nozzle. Suppressing the Tollmien-Schlichting instability
involves a combination of boundary layer suction at the nozzle throat, highly polished nozzle walls
to minimizing surface roughness, and an additional feature in our design, nozzle wall heating. The
facility is designed to accommodate models greater than 2 m in length that reside completely within
the quiet region, and reach z-Reynolds numbers of 40 x 10% where flight tests indicate turbulent
transition occurs. The building enclosing the wind tunnel is specially designed to meet facility
clearance requirements.

The nozzle expansion was designed through a collaboration with Boeing and reported on by
Lakebrink et al. [2016]. The design deviated from the earlier (1980) approach developed at NASA
Langley[Beckwith et al., 1988] by performing a parametric design optimization that sought to
minimize the overall nozzle expansion length while maintaining sufficiently low disturbance ampli-
fication factors and uniform flow at the exit plane. The resulting design reduced the nozzle length
by 40%. This reduced the material and fabrication cost, with the savings being used to fabricate
two identical geometry nozzle expansion sections; one of highly polished stainless-steel that will be
the final nozzle expansion section, and the other a “surrogate” nozzle expansion section made of
Aluminum. The surrogate nozzle expansion is completely identical to the stainless-steel expansion
section. The surrogate nozzle expansion was installed first. This provided a check on the various
components and assembly approach that could benefit the assembly of the stainless-steel expansion
section. Although not polished to the same degree, the surrogate nozzle expansion is expected to
result in quiet flow at lower stagnation pressures. Therefore it provides a means to initially docu-
ment the tunnel operation and flow quality, including the critical first operation of the fast-acting
valve located just upstream of the nozzle throat. The experience gained at this stage is intended
to lessen the risk of damaging the final stainless-steel nozzle. To date, the surrogate nozzle is the
only one installed in the tunnel.

The nozzle is 10m in length, and has a throat diameter of 0.084m and an exit diameter of 0.60m.
The length of the nozzle expansion section is 7.04m. It is designed to deliver quiet flow at stagnation
pressures up to 1 MPa which at the stagnation temperature of 430 K results in a unit Reynolds
number of 11 x 10m™!. For these conditions, based on the quiet core length, Rey = 40 x 106.

The expansion section of the nozzle is broken into 20 segments, with the numbering beginning
at the nozzle throat. The segment lengths were determined by the maximum tool extension length
in the NC-lathe that would maintain the waviness tolerance of 0.023um that was recommended by
Schneider [1998]. The first ten segments of the nozzle expansion (both surrogate and final) have
been fabricated by the Notre Dame Hessert Lab Fabrication Shop. The last 10 segments were
machined by an outside fabricator.

A unique part of the wind tunnel is a “fast” shutter valve that is located upstream of the



Table 1: Mach 6 Quiet Tunnel Characteristics

Mach number 6.0
Nozzle exit diameter (in) 23.6
Stagnation pressure (quiet flow) (psi) 145
Stagnation temperature (F) 314
Freestream unit Re/ft (quiet flow) 3.34M
Driver tube inside diameter (in) 23.25
Driver tube length (ft) 200
Vacuum tank capacity (k-gal) 66
Run time (ms) 1000
Time between runs (min) 40
Reynolds number variation during run (%) 10
Model length (ft) 3

boundary layer suction slots that are upstream of the nozzle throat. The valve is intended to
replace traditional burst plates that in a quiet tunnel, are located at the downstream end of the
test section. The use of the fast valve has a number of advantages. The first is that it allows a
more rapid turn-around of the tunnel between runs. This changes the measurement approach from
placing a large number of sensors on the model to capture a larger spatial sample for a few number of
tunnel runs, to using a few or single sensor, that is moved to different spatial locations, particularly
off-wall locations that are compiled over a large number of tunnel runs. Another advantage is that
by placing the valve upstream of the throat, the test section and and nozzle expansion can be at
the vacuum pressure for tunnel start-up. This makes it easier to “start” larger models. Finally
the test section never experiences stagnation pressure, which allows the test section structure, and
particularly the viewing windows, to be thinner which reduces optical distortion. The reduced
loads on the windows allows them to be larger, allowing great visible access.

The overall characteristics of the tunnel are listed in Table 1. The overall cost of the tunnel
was $5.4M.

The Mach 6 tunnel was dedicated on November 30, 2018. Figure 1 shows photographs prior to
the dedication commencement. The photograph shows the tunnel with the Aluminum surrogate
nozzle diverging section. This will be replaced with an identical diverging section of Stainless Steel.
The Stainless Steel section is fully fabricated and undergoing polishing.

The tunnel has been undergoing testing. This has involved repeated cycles of the fast shutter
valve and documenting of the tunnel flow conditions. Modifications of the shutter valve were
required to eliminate binding caused by internal friction points. The redesign of the friction points
has been ongoing since the time of the tunnel dedication. However this still remains to be a problem.
Work is continuing on finding a long-term solution. This is being headed up by Co-PI Thomas
Juliano.

There have been instances when the fast valve was operating in reasonable fashion, and when
some documentation of the tunnel conditions could be performed. An example involved total
pressure measurements at the end of the nozzle diverging section at the entrance to the test section.
This is shown in the photograph in the left part of Figure 2. The right part of Figure 2 shows
time traces of the total pressure measured at the contraction inlet, Py, and at the nozzle exit,
Pys. Total pressure time series measurements reveal the characteristic “pressure stair steps” that



Figure 1: Photograph of Notre Dame Mach 6 Wind Tunnel during dedication in November 2019.

result in a Ludwieg tube arrangement as the expansion wave from the tunnel start reflects back
and forth along the driver tube. The time associated with the constant-pressure step corresponds
to the length of the driver tube divided by the speed of sound for conditions in the driver tube.
In this example, the initial stagnation pressure was 209 kPa (30.3psi). The length of a constant
pressure step was approximately 200ms. Over four pressure drop cycles (800ms), the total pressure
decreased by 7.1%,. This translates into a 7.1% decrease in the unit Reynolds number. During this
sample run, the total pressure fluctuation level, pj/ Py, was 2.2% which would signify that “quiet”
flow had not been achieved. To date, the reoccurring issues with the fast valve have prevented
further documentation of the tunnel flow quality.
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Pressure [kPa]

0 02 04 06 08 1 12
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Figure 2: Photograph showing total pressure probe at Mach 6 tunnel nozzle exit used to document flow
conditions (left), and sample time traces of total pressure during a run with a 1 atm. differential pressure.

Blunt Cone Frustum Transition. In addition to fabricating the surrogate and primary nozzle
expansions, and completing the tunnel with the surrogate nozzle, the program included an ex-
perimental component to examine the role of roughness on blunt cone frustum transition. The
experiment was originally intended to be performed in the Notre Dame Mach 6 Quiet Tunnel,
where it was designed to

1. exploit the large scale of the nozzle and test section while placing the model completely in



the quiet zone, and

2. to utilize nose radii that were large enough to have nose Reynolds numbers that were large
enough to result in neutral growth of the 2nd mode instability.

The first criterion was met in the model design shown in Figures 3 and 4. The model is a
right-circular cone with a 7° half angle. The length of the cone is 1.6 m (5.27ft) and the base radius
is 17.78 cm (7in). The model is designed to have two removable nose tip sections that allow seven
different nose tip radii. These are listed as a fraction of the cone base radius in the right part of
Figure 3. Figure 4 shows the cone design as it would appear in the Notre Dame Mach 6 Quiet
Tunnel test section. The model would fit completely within the nozzle quiet zone.
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Figure 4: Cone model design shown in Notre Dame Mach 6 Quiet Tunnel.

Figure 5 shows a photograph of the completed cone model along with four of the removable
cone tips with radii 7 /rpese = 0.0008, 0.02, 0.04 and 0.08. The removable nose tips are fabricated
in a stainless-steel alloy, and are highly polished. The surface roughness will be quantified using a
laser confocal microscope with resolution of 0.5um.



The model is attached to a 7.6 cm (2.99in) diameter hollow stainless-steel sting that is held
in the stainless steel vertical strut. A motorized traversing mechanism mounts on the sting. The
traversing mechanism positions a probe in axial, azimuthal and wall-normal directions within the
boundary layer. The traversing mechanism has removable wedge tips that can hold a variety of
sensors. These are fast-response total pressure and total temperature probes.

Figure 5: Photograph of blunt cone model mounted on the support sting with 3-D motorized traversing
mechanism, and four of the removable cone tips with different nose bluntness.

The experiments were intended to focus on two aspects of blunt cone frustum transition

2nd

1. the mechanism for mode suppression, and

2. the role of nose tip roughness on transition reversal.

The initial focus would involve the four cone tips pictured in Figure 5. At the tunnel maximum
quiet design unit Reynolds number of Re = 11M/m ( 3.34M/ft), these four cone tips have nose
Reynolds numbers of Rer, x 10* = 0.164, 3.34, 6.68 and 13.4. Simulations by Batista and Kuehl
[2019] indicate that at this unit Reynolds number, the 8%r7 /74 nose tip would result in 2"¢ mode
neutral growth. This is illustrated in Figure 6 which shows N-factor development as a function of
frequency, and wall normal profiles of air density, \/p, for r7/rp.se = 0.02 and 0.08. The premise
of Batista and Kuehl [2019] is that 2"¢ mode suppression is tied to a weakening of the basic flow
density gradient. This is evident by the contrast between the wall-normal density profiles for the
two nose radii. This is reflected in the 2"¢ mode N-factors, which for the 8% nose bluntness are
O30 times lower than that of the 2% nose bluntness.

The nose radius Reynolds number for the 8% nose bluntness tip under the maximum Reynolds
number quiet conditions is represented in Figure 7 which was taken from Paredes et al. [2018]. This
shows the length (x) transition Reynolds number as a function of the blunt nose radius Reynolds
number for the Stetson [1983] experiments (diamond symbols), and the those of Aleksanfrova
et al. [2014] (star symbols). The difference in the Aleksanfrova et al. [2014] experiments, in which
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Figure 6: N-factors and wall-normal density profiles for two nose bluntness for maximum quiet design Notre
Dame Mach 6 Quiet Tunnel of 11M/m. From Batista and Kuehl [2019].

transition reversal occurs at lower nose radius Reynolds numbers, is presumed to be the result of
minute roughness on the blunt nose.
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Figure 7: Blunt cone length transition Reynolds number as a function of the blunt nose radius Reynolds
number based on Stetson [1983] (diamond symbols), and Aleksanfrova et al. [2014](star symbols). Dashed
lines signify quiet and maximum operating conditions of the Notre Dame Mach 6 Quiet Tunnel. Solid vertical
line indicates nose radius Reynolds number for 8% bluntness based on maximum Quiet Tunnel conditions.



The horizontal and vertical lines mark the limits of operation of the Notre Dame Mach 6 Quiet
Tunnel and the design of the largest 7° half-angle circular cone that will reside completely within
the quiet zone. The largest nose radius in this case is 30% of the 17.78 c¢cm cone base radius, or
5.33 cm. The dashed lines correspond to the maximum quiet flow conditions. The solid vertical
line corresponds to the nose radius Reynolds number at the maximum quiet unit Reynolds number
for the 8% nose bluntness. This clearly intersects with the region of constant transition Reynolds
number with increasing nose radius Reynolds number. As with Batista and Kuehl [2019], Paredes
et al. [2018] predicts this region corresponds to neutral 2"¢ mode growth. At this nose radius
Reynolds number, the transition Reynolds number is higher for the Stetson [1983] experiment
compared to the Aleksanfrova et al. [2014] experiment. The perceived reason is larger nose-tip
roughness in the case of the latter.

Experimental and numerical studies|Marineau et al., 2014, Marineau, 2017] indicate that frus-
tum transition in the reversal regime cannot be explained through linear, modal instability theory.
Experimental observations such as in Figure 7 indicate that minute surface roughness near the cone
tip may offer an explanation. The experimental design is therefore aimed at validating the role of
roughness on blunt cone frustum transition. This will initially focus on the 8% nose bluntness tip.

The approach is to apply discrete roughness elements (bumps or dimples) onto the blunt cone
tips. The three critical elements of the discrete roughness design are

1. the location of the roughness,
2. the height or depth of the roughness, and
3. the azimuthal wavenumber of the roughness.

Initial guidance on this is based on simulations by Paredes et al. [2017] which are for a hemi-
sphere at Mach 7.32, the results of which are presented in Figure 8. The left plot in Figure 8 shows
critical roughness height as a function of the angular location, 8, on the hemispherical tip, where
f = 0 is the stagnation point. The location of the sonic (M, = 1) point is marked by the vertical
dashed line at § = 41.1°. The curves correspond to the critical roughness height based on three
different transition correlations relations. Based on these, an average critical roughness height is
k ~ 0.05 mm (~ 0.002 in.).

The right part of Figure 8 is used to address the optimal azimuthal wavenumbers, m and
0B, of the discrete roughness. The optimal wavenumber depends on the angular location on the
hemispherical cone tip, 6y. The choice of 6 is coupled to the critical roughness height as preciously
discussed. In some cases there needs to be a compromise between the roughness location and
optimal wavenumber based on fabrication limits, i.e., an excessive number of discrete roughness
elements.

As an example, two 8% /Tpase nose tips for the cone design shown in Figure 3 were fabricated.
One was made of stainless steel. The other was made of Torlon or Polyamide-Imide (PAI). Pho-
tographs of these are shown in Figure 9. As a test, discrete roughness “dimples” were placed on
the surface of the Torlon tip at the angular location 8 = 44°. The spacing between the roughness
corresponded to an azimuthal wavenumber of m = 400, which results in an azimuthal angular wave-
length of Ay = 0.9°. The intention was that the dimple diameter to wavelength ratio be d/\ = 0.5.
This ratio is based on discrete roughness criteria for cross-flow transition control[Schuele et al.,
2013]. However in this trial, the microscope images indicate that the dimple diameters are smaller
than desired. In the use of “dimple” roughness, the assumption is that the depth of the dimple
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Figure 8: Parameters used in the design of blunt-nose cone roughness. From Paredes et al. [2017]

correlates with the roughness height k. This needs to be proven by experiments that investigate
different depths.

More recently we have utilized laser lithography to “drill” small indentations into the surface
of cone tips. This is applicable to a number of materials including steel, aluminum, or polymers.
Figure Jreffig:tip is an example of distributed roughness “dimples” that were laser drilled on the
surface of a sharp cone tip made of Torlon. The right side of the figure shows a highly magnified
surface profile of the roughness dimples that documents their spatial uniformity. This technique
will be applied to the large radii nose tips as well.

discrete roughness

* Tp/Tpase = 0.08
s rr=1422cm

* 0 =44°

* m=400

e 1=0.1552mm
* 13 =09°

* d=0.078 mm

* d/A=05

* k; =0.051mm

Figure 9: Sample blunt tips of stainless steel and Torlon. The Torlon tip has roughness dimples with
m = 400 located at 6 = 44°.

The simulations by Batista and Kuehl [2019] provide guidance with respect to the maximum 2"¢
mode frequencies we can expect at transition in the experiments at Re = 11 x 10m~!. These are
summarized in Table for the different cone nose bluntness values. These are based on a N-factor of
10, which has been consistently observed in a number of wind tunnel experiments. Also included



Figure 10: Example of laser-drilled roughness “dimple” cone tips (left) and laser confocal microscope surface
profile of roughness showing uniformity of depth and spacing with units of pm.

Table 2: Blunt nose characteristics.

7/ Tbase (%) | r7 (mm) | Rery (x10%) [ N | fir | 24 (m)
0.08 0.150 0.164 10 | 170 0.8
2 3.048 3.34 10 | 140 1.3
4 6.096 6.68 10 | 125 1.5
8 12.192 13.40 - | 100 -

in the table are the predicted transition lengths, xy..

High-bandwidth Total Pressure Probe. In oder to document the 2nd mode development, it
was necessary to perform time-resolved total pressure measurements. This involved using a “high-
bandwidth” total pressure probe that is mounted on a removable wedge at the leading portion of
a traversing mechanism arm. Figure 11 shows a photograph of the total pressure probe wedge
mounted on the traversing mechanism. The total pressure probe design consists of a series of con-
centric hypodermic tubing that is designed with an sensing ID that provides good spatial resolution
for wall-normal profiles, along with a tubing length that extends far enough upstream of the sup-
port wedge to minimize probe interference. The general requirement is an upstream extension of 10
boundary layer thicknesses. In our case based on Batista and Kuehl [2019], this is approximately
1.2cm. Figure 11 shows the design. The ID and extension length of the Pitot tube design affect
the sensor frequency response. Thus the design is a balance between necessary frequency response,
and spatial resolution and probe interference. The sensing diameter of the total pressure probe is
0.43mm (0.017in).

The probe uses a Kulite XCS-062, 5psia pressure transducer to convert the total pressure time
series to a voltage time series. The pressure transducer is mounted at the end of the 1.2cm long,
0.043mm ID total pressure tubing. It is contained in a 1.59mm ID tubing. The total assembly is
contained in the wedge tip on the traversing mechanism. This assembly is aimed at maximizing
the frequency response of the measurement system. Dynamic pressure measurements indicated the
frequency response of the Kulite/tubing system was from 3-5kHz. Therefore in order to meet the
necessary frequency response required to measure 2nd mode waves in the experiment, frequency
compensation was needed. This was accomplished through custom-designed analog compensation
circuit.

Frequency compensation involved designing a circuit that produce the inverse of the amplitude
response of the sensor/system. Typically a tube/pressure sensor represents a 2nd-order system.
Thus the compensation circuits should be a series of amplifies with a 2nd-order frequency response.

10



Figure 11: Sensor wedge design for Kulite total pressure probe measurements of frustum transition.

Figure 12 shows the analog frequency compensation circuit designed for this purpose. This is
designed to extend the frequency response of the Kulite/tubing system from the original 5kHz to a
final cut-off frequency of 200kHz. This more than encompasses the maximum 2nd mode frequency
expected in the experiments.
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Figure 12: Analog frequency compensation circuit used to extend the frequency response of the
total pressure probe system to 200kHz..

The frequency compensation circuit consists of a series of operational amplifier circuits. The
first stage is a voltage follower that provides impedance matching. The next four stages is the
frequency compensation that extends the bandwidth of the system to 200 kHz. Each is a 2nd-
order system that provides 40dB per frequency decade amplification. The cut-in frequencies and
damping coefficients of the two 2nd-order stages is tuned to smoothly match the response of the
Kulite/tubing 40db/decade decay. The last stage of the circuit is a 2nd-order low-pass anti-alias
filter that is needed for the pressure time-series spectral analysis.

The response of the compensation circuit was initially tested by providing a known sinusoidal
input and documenting the amplitude response as a function of frequency. The result is shown
in Figure 13. This shows the amplitude output (yellow stars) of the compensation circuit as
a function of frequency. For reference, lst-order and 2nd-order responses are also shown The
amplitude response of the compensation circuit is observed to provide a 2nd-order response up to
the 200kHz cut-off frequency.

The frequency response of the total pressure system was ultimately quantified in a shock tube
using a Kulite pressure transducer without tubing as a reference. Figure 14 shows a photograph of
the shock tube built for this purpose. In the design, a Mylar diaphragm separates air at a given
differential pressure produced by pressure and vacuum sources, respectively. The shock tube uses
an electric heating wire to activate a run. The signal to the heating wire is also used to trigger

11
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Figure 13: Analog frequency compensation circuit used to extend the frequency response of the
total pressure probe system to 200kHz.

data time series acquisition. The test and reference sensors are mounted at the end of the driver
tube on the lower pressure side of the diaphragm. The frequency response is determined by the
response of the sensor to the pressure rise caused by the shock passage.

An example of the uncompensated pressure time series of the Kulite sensor without tubing
(reference) and with the probe tubing attached during the passage of a shock wave in the shock
tunnel is shown in Figure 15. Considered as a step-input, the rise time provides an estimate of the
time response of the system. This illustrates the damping effect that the added pressure tubing
has on the response of the total Kulite/tubing system.

A step input associated with the passage of a shock wave is expected to produce a broad band
of frequencies. Thus the response of the sensor can be evaluated on the basis of its frequency
spectrum. This comparison is presented in Figure 16, which shows spectrum of the response of
the reference transducer without tubing, and the spectra of the uncompensated and compensated
transducer with tubing. Clearly the compensation circuit extended the frequency response to the
designed 200kHz cut-off frequency. The peak in the spectrum at approximately 190kHz is thought
to be a resonance in the Kulite transducer circuitry, as it appears in the spectrum of the transducer
without tubing.

Fast-response Total Temperature Probe. Simulations by Batista and Kuehl [2019] indicate
that with Reyn;: = 11M/m, an 8% nose bluntness would result in neutral growth of the 274 mode.
The premise put forth by Batista and Kuehl [2019] is that 274 mode growth is tied to a weakening
of the basic flow density gradient. This is evident by the contrast between the wall-normal density
profiles for the two nose radii that were shown in Figure 6. Therefore one of the objectives of
the research is to document the wall-normal density gradient for different nose bluntness and to

12
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Figure 14: Shock tube developed for dynamic calibration of high-bandwidth total pressure probe
for use in the blunt cone frustum transition experiments.
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Figure 15: Example of the uncompensated pres- Figure 16: Spectra of the pressure time series

sure time series of the Kulite sensor without obtained during a shock wave passage for the

tubing (reference) and with the probe tubing Kulite sensor without tubing (reference), and

attached during the passage of a shock wave. for the Kulite sensor with probe tubing without
and with frequency compensation.

correlate with the nose bluntness, or more specifically with the nose Reynolds number. In order to
infer the density gradient, measurements were made of the boundary layer temperature gradient.
For the temperature measurements, we were seeking a robust sensor that was small for good
spatial resolution, and had sufficient frequency response for the short run times of a Ludwieg
tube. Ultimately we chose to develop a total temperature probe in which the sensing element was a
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miniature Type NTC thermistor. Figure 17 shows a schematic view of the total temperature probe.
The thermistor fits within the 0.43mm (0.017in) ID tubing used for the total pressure probe, and
mounted on the same wedge next to the total pressure probe. The time constant of the thermistor
is 20ms.

0.13 in (3.2 mm] reference 72 in {1830 mm) minimum

] .
Y ) v

[

|

Figure 17: Schematic drawing of total temperature probe based on a miniature Type NTC ther-
mistor.

Thermistors are devices whose electrical resistance is a nonlinear function of temperature. The
circuit diagram shown in Figure 18 was used to convert the resistance change into an output voltage
change. The output of the circuit as a function of temperature is shown in Figure‘19.

10y

Thermistor at inverting input
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Ryte f%:]_kohm §:2CK;;004M@ 7€
szi v
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+3
V, =1V |

Vip=Vv+* RZ/(R1+R2)
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Figure 18: Circuit used to produce voltage out- Figure 19: Temperature calibration of thermis-
put from thermistor sensor. tor circuit output.

Experiment Setup. As a result of the problems with the fast-valve in the Notre Dame Mach 6
Tunnel, a decision was made in January, 2020 to move the experiment to another Mach 6 wind
tunnel, either the 20-Inch Mach 6 Tunnel at NASA Langley Research Center, or in the Mach 6
Ludwieg Tube at the U.S. Air Force Academy. Both of these facilities have similar characteristics
including range of unit Reynolds numbers and test section sizes. The NASA tunnel is a blow-down
design with a run time on the order of 5 minutes. The Air Force Academy tunnel is a Ludwieg tube
design with a short run time of approximately 80ms. However we have used the tunnel in the past
as reported by Corke et al. [2018] and Arndt et al. [2020], and therefore we were very familiar with
its operation. Both facilities are conventional designs, rather than quiet designs. As preparation for
the use of either, we executed a NASA Space Act Agreement with NASA Langley for use of their
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Table 3: U.S. Air Force Academy Mach 6 Ludwieg Tube Specifications.

Mach number 5.94+0.6%
Nozzle exit diameter | 0.50 m
Test gas Dry air
To Set to avoid condensation
Reunit 30 x 106 m~!
Nominal run time ~80ms
||¢ 35m ¢||
- 27m
i il " il
I IT T I E‘ﬂiﬁ II | E—
- pa
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Figure 20: Schematic of U.S. Air Force Academy Mach 6.0 Ludwieg Tube where prior experiments
were performed. From Cummings and McLaughlin [2012].

tunnel, and a CRADA agreement with the U.S. Air Force Academy that covered the use of their
facility. As a result of the COVID-19 pandemic, the Air Force Academy was the first to become
available so that the experiments to date have been conducted there. The characteristics of the
U.S. Air Force Mach 6 Ludwieg Tube facility are listed in Table 3.

The facility is based on the design used in the Technical University at Braunschweig, Ger-
many Estorf et al. [2004]. A schematic of the facility is shown in Figure 20. It consists of a
27m long charge tube that is heated and insulated. The pressurized tube discharges through a
converging-diverging nozzle from which a Mach 6.0 flow exits into an open-jet test section. A
fast-acting plunger valve is located just upstream of the nozzle throat. When the valve opens, an
unsteady expansion wave travels both upstream and downstream. The upstream moving expansion
wave reflects at the end of the charge tube and then travels downstream until it reaches the nozzle.
The time for this sets the duration of quasi-steady flow conditions in the nozzle and the hypersonic
test section. At the conditions of the experiment needed to produce a unit Reynolds number of
10 x 10° m~!, the run time was approximately 80 ms. Further details of the facility are given by
Cummings and McLaughlin [2012].

The inside diameter of the test section is 0.5 m, and its length is 0.98 m. For optical access,
it has three 0.26 m flanged windows, two on opposite sides, and one on top. Measurements in
the test section of the sister facility Estorf et al. [2004] confirmed a non-uniformity of the Pitot
pressure in the core flow of about +1.2%, corresponding to Mach number variations of +0.6%. This
non-uniformity results from the narrow wake of the upstream fast-acting valve. To avoid this, the
cone model was offset from the centerline of the test section.

The cone model designed for use in the Notre Dame Mach 6 Tunnel is too large for either the
NASA or Air Force Academy Mach 6 tunnels. As a result the model used by Corke et al. [2018]
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and Arndt et al. [2020] was repurposed. This original model is a thin-walled right-circular cone
with a half angle of ¢. = 7°. The original length of the cone is 35.56cm (14in.). The first 4.30cm
(1.694in.) of the cone tip is removable. The length of the model was extended by 15.25cm (6in.) by
adding an aft aluminum “skirt”. The total length of the cone is then 50.8cm (20in.). A schematic
drawing and photograph of the modified cone model is shown in Figure 21. Three removable nose
tips were fabricated with nose radii, r,, of 0.15mm, 2.0mm, and 5.33m. The 5.33mm nose radius
was the largest that could be placed on the model. The photograph in Figure 21 shows the cone
with the 5.33mm nose tip.

The added length of the model was chosen to result in natural 2nd mode turbulent transition
to occur at Reyni = 22M/m that was possible in both the NASA and Air Force Academy Mach
6 tunnels. This is based in part on simulation results shown in the left part of Figure 22, which
shows streamwise N-factor distributions as a function of 2nd mode frequency for the r, = 0.15mm
(sharp) nose cone at Reynir = 22M/m. The horizontal dashed line marks N=10. We expect
transition to occur at the streamwise, x, location where the N-factor curve intersects N=10. This
is at approximately x = 0.4m, which is 10cm upstream of the end of the cone, which is marked by
the arrow on the abscissa.

A second factor in the choice of the Reyynir = 22M/m is the desire that the largest radius nose
tip Reynolds number, Repg,, be large enough to lead to neutral growth of the 2nd mode. This
condition is illustrated in the right part of Figure 22. There the vertical dashed line intersecting
the abscissa marks Reg, = 11.72 x 10* based on the r, = 5.33mm cone nose. This is observed to
intersect the region where the transition Reynolds number begins to asymptote prior to transition
reversal. Simulations[Batista and Kuehl, 2019] indicates the near neutral growth of the 2nd mode
accounts for the asymptote in the transition length. This contrast between the sharp (0.15mm) and
blunt (5.33mm) nose tips provides the conditions with which to observe changes in the behavior of
the 2nd mode growth and decay. The experimental conditions are summarized in Table 4.

43.49

NoN©NoN|

7.0° © © ©

19.9925 1

Figure 21: Schematic drawing (top) and photograph (bottom) of the 7° half-angle cone developed for the
NASA Langley and U.S. Air Force Academy facilities. These show the cone mounted on the support sting
and with 3-D traversing mechanism. Photograph shows model with the 5.3mm radius tip.

The total pressure and total temperature probes were mounted side-by-side in the probe wedge
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Figure 22: Streamwise N-factor distributions as a function of 2nd mode frequency with r,, = 0.15mm
(sharp) nose at Reg, = 0.33 x 10%, from Batista and Kuehl [2019] (left), and predicted transition Reynolds
number for largest model nose radius at Rey,s = 22M/m, from Paredes et al. [2017].

Table 4: Experimental Conditions.

Reynit (M/m) | r, (mm) | Reg, (x10%)
11 0.15 0.164
11 2.00 2.200
11 5.33 5.863
22 0.15 0.333
22 2.00 4.840
22 5.33 11.726

that was mounted at the end of the traversing mechanism arm. These could be positioned in in the
wall-normal, azimuthal and axial directions in order to document the boundary layer over the cone.
All motion was under computer control. The motion resolution in the axial direction was 0.1mm.
The resolution in the azimuthal direction is 0.035°, An optical angle encoder provides feedback to
the azimuthal positioning. The resolution in the wall-normal direction is 28um. Figure 23 shows
an image of the cone model in the Air Force Academy Mach 6 Ludwieg tube test section.

Preliminary Results. The experimental results presented here are the result of two one-week
entries in the Air Force Academy Mach 6 Ludwieg tube. These occurred in January and May of
2021. The January entry was the earliest possible as a result of the COVID-19 pandemic. The
following results should be considered to be preliminary. In particular, these were the first trials of
the new total temperature probe design, and they indicated the need for some refinement. Another
entry to continue the experiments is planned in August, 2021.

The following results correspond to measurements at x = 42.92cm (16.9in.) for Reyny =
11M/m. Note that © = 0 corresponds to the most forward location based on the sharp (r, =
0.15mm) nose tip. Figure 24 shows examples of the total pressure time series at a height above the
wall of y = 0.8mm for the r, = 0.15mm (sharp) and the 7, = 5.33mm (blunt) tipped cone. At this
unit Reynolds number, the nose Reynolds number for the sharp and blunt tips are Reg, = 0.164
and 5.863, respectively. Although the nose Reynolds number for the blunt tip is too low to produce
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Figure 23: Photograph of cone model in the Air Force Academy Mach 6 Ludwieg tube test section.

neutral growth of the 2nd mode, it is likely large enough compared to that of the sharp tip to
provide contrast in the boundary layer development.

A number of markers corresponding to vertical solid and dashed lines of different colors are
included on the figures. The solid vertical red line indicates the start of a tunnel run. This is
enabled by opening a fast valve located upstream of the nozzle. The dashed vertical red line and
the dashed vertical blue mark the beginning and end of the portion of the data time series that is
used for statistics. The solid vertical yellow line marks the detected end of a run. In general, the
run time corresponding to the time between opening and closing the fast valve was approximately
80ms. In the case of the pressure time series for the blunt tip, shown in the bottom plot in Figure 24,
the useable run time was about half that of the sharp tip case shown at the top of the figure.

Figure 25 shows an ensemble of the total pressure time series for the r,, = 0.15mm (shown in
red) and 7, = 5.33mm (shown in blue) at different heights above the wall. These were used to
generate the wall-normal distribution of the time-averaged total pressures shown in the left part of
Figure 26. These show a contrast between the sharp and blunt tips that we are seeking in order to
differentiate the effect of nose bluntness on the 2nd mode instability growth. Both profiles exhibit
an inflection that is consistent with documented boundary layer mean velocity profiles for a 7°
half-angle cone at Mach 6. An example from Neeb et al. [2018] is given in the right-side plot in
Figure 26. In our case, to obtain velocity, the total pressure obtained in the experiment needs to
account for the wall-normal variation in the temperature, which of course is one of our objectives
given its presumed tie[Batista and Kuehl, 2019] to the 2nd Mode growth rate.

An example of the time series of total temperature obtained in the experiment to date is shown
in Figure 27. These are acquired simultaneously with the total pressure time series with the two
probes placed next to each other on the probe wedge. These are the companion to the total pressure
time series that were presented in Figure 24, and use the same notation to define the useable portion
of the time series within a tunnel run. The top plot corresponds to the r, = 0.15mm (sharp) tip,
and the bottom plot to the r, = 5.33mm (blunt) tip. There are some obvious differences, although
further improvement in the measurement approach is necessary. In particular, the time constant
of the sensor is felt to be too large. Although we only seek a time-averaged temperature, the time
constant does not allow enough temporal samples to obtain a stable mean value during a 80ms run.
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Figure 24: Sample total pressure time series for the r, = 0.15mm (sharp) tip (top) and the r,, = 5.33mm
(blunt) tip (bottom) at y = 0.8mm for Reypni: = 11M/m .

To correct this, frequency compensation similar to that for the total pressure probe will be applied
to the total temperature probe prior to the next planned tunnel entry in August.

Program Summary. The following summarizes the program.

1. The nozzle expansion portion of the Notre Dame Mach 6 Tunnel was fabricated as part of
this program. The tunnel was dedicated on November 30, 2018.

2. A large 7° half-angle cone model with removable tips of different nose radii was fabricated
for the experimental portion of the program. This included a motorized traversing mecha-
nism that can position probes in the axial, azimuthal and wall-normal directions within the
boundary layer. The length of the model makes use of the large test section, and ensures
natural turbulent transition will occur on the model under quiet conditions.

3. The Mach 6 tunnel has been undergoing testing. This has involved repeated cycles of the fast
shutter valve and documenting of the tunnel flow conditions. Modifications of the shutter
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Figure 25: Total pressure time series for the r, = 0.15mm (sharp) tip (red) and the r, = 5.33mm (blunt)
tip (blue) at different y distances from the wall for Reyp,;; = 11M/m .
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Figure 26: Wall normal profiles of time-averaged total pressure time series for the r, = 0.15mm (sharp)

and 7, = 5.33mm (blunt) tips for Re,,;s = 11M/m (left) and example of mean profile for sharp-tipped 7°
half-angle cone at Mach 6 from Neeb et al. [2018] .

valve were required to eliminate binding caused by internal friction points. The redesign of
the friction points has been ongoing since the time of the tunnel dedication. However this
still remains to be a problem. Work is continuing on finding a long-term solution. This is
being headed up by Co-PI Thomas Juliano.

4. As a result of the problems with the fast-valve in the Notre Dame Mach 6 Tunnel, a decision
was made in January, 2020 to move the experiment to another Mach 6 wind tunnel, either
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Figure 27: Sample total temperature time series for the r,, = 0.15mm (sharp) tip (top) and the r,, = 5.33mm
(blunt) tip (bottom) at y = 0.8mm for Reypni = 11M/m .

the 20-Inch Mach 6 Tunnel at NASA Langley Research Center, or in the Mach 6 Ludwieg
Tube at the U.S. Air Force Academy. Both of these facilities have similar characteristics
including range of unit Reynolds numbers and test section sizes. As a result of the COVID-
19 pandemic, the Air Force Academy was the first to become available so that the experiments
to date have been conducted there. The objectives of the experiments remained the same as
those originally planned for the Notre Dame Tunnel.

5. The cone model designed for use in the Notre Dame Mach 6 Tunnel is too large for either the
NASA or Air Force Academy Mach 6 tunnels. As a result, the model used by Corke et al.
[2018] and Arndt et al. [2020] was repurposed. This involved increasing the total length of
the cone to 50.8cm (20in.) and fabricating three removable nose tips with nose radii, r,, of
0.15mm, 2.0mm, and 5.33m. The 5.33mm nose radius was the largest that could be placed
on the model. The added length of the model was chosen to result in natural 2nd mode
transition on the model at an Reyp;; = 22M/m that was possible in both the NASA and Air
Force Academy Mach 6 tunnels. A second factor in the choice of the Reyn; = 22M/m was
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the desire that the largest radius nose tip Reynolds number, Repg, , be sufficient to lead to
neutral growth of the 2nd mode.

6. A high bandwidth total pressure probe was developed and documents in a shock tube. This
performed well in the Air Force Academy experiments. A fast response total temperature
probe was also developed. This utilized a miniature thermistor located within a Pitot probe
tube. The two probes were mounted in a measurement wedge that was attached to a motorized
traversing mechanism to obtain wall-normal profiles. The total temperature probe design is
undergoing some modification that includes frequency compensation needed for the short
tunnel runs.

7. Although the experiments were delayed by the COVID-19 pandemic, two one-week wind
tunnel entries were performed in January and May of 2021. The processing of those data are
still in progress, but preliminary results are promising. Another entry, outside of the official
completed program, is planned for August.
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