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A series of slender-body hypervelocity boundary-layer instability and transition exper-
iments were performed in the Caltech T5 Reflected-Shock Tunnel. During this campaign,
it became clear that the condition of the T5 shock tube would significantly affect the con-
sistency of the instability and transition measurements; a regimen of cleaning was iterated
on until satisfactory repeatability was achieved. In this work, a description of the cleaning
regimen is given. Additionally, boundary-layer instability measurements and a statistical
analysis of the boundary-layer transition scatter are presented for experiments before and
after cleaning regimen implementation.

I. Introduction

The prediction of high-speed boundary-layer transition (BLT) location is critical to hypersonic vehicle design;
this is because increased skin friction and surface heating rate after transition result in increased weight of the
thermal protection system (TPS). Studying this phenomena from a fundamental perspective is a necessary
approach to advance the state of the art in BLT predictive science.

Typically, the approach is to perform experimental and computational studies in concert to elucidate the
driving mechanisms of BLT. The free-stream disturbances in supersonic and hypersonic wind tunnels include
acoustic waves, entropy inhomogeneity, and vortical perturbations, in addition to microscale and macroscale
particulates.1 These disturbances, in whatever form, can undermine BLT studies by altering the measured
quantity such that confidence in the experimental measurements is compromised. Therefore, time should be
invested in eliminating, or at the very least, minimizing and characterizing free-stream disturbance levels.

Hypersonic wind tunnels exist where there are low disturbance levels, such as those at Purdue2–4 and Texas
A&M.5–7 Currently, the parameter space available to low-disturbance hypersonic wind tunnels does not
permit the study of the interaction of boundary-layer instability and thermo-chemistry; this is because low-
disturbance hypersonic tunnels have a low ordered kinetic energy, or total enthalpy, in the free-stream relative
to relevant chemical or vibrational energy scales.
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To study the effects of thermo-chemistry on BLT in ground-test, the total enthalpy of the flow must be suffi-
ciently high. One such ground-test facility to generate “high-enthalpy” flows is the reflected-shock tunnel. In
the HEG reflected-shock tunnel, Laurence et al.8–10 report a schlieren-based technique for the investigation
of disturbances in hypervelocity boundary layers. In those reports, high-resolution and time-resolved images
of the second-mode instability of a hypervelocity boundary layer on a slender cone are presented. At Caltech
in the T5 reflected-shock tunnel, Germain and Hornung,11 Adam and Hornung,12 Rasheed et al.,13 Jewell
et al.,14 and Parziale et al.15 studied hypervelocity BLT on a slender cone; those researchers performed
approximately 1000 experiments and made significant progress in developing visualization and direct mea-
surement techniques. These diagnostic advances made possible the investigation of real-gas effects on BLT
and hypervelocity BLT control by porous coatings. However, for the data in those reports, the researchers did
not focus their efforts on performing experiments in the cleanest possible environment. Recently, Fedorov16

has examined receptivity to particulate-laden flows, modeling the particulates as spherical solids impacting
the supersonic boundary layer, and making numerical estimates for particulate-driven transition onset for
various sizes and densities. Fedorov found that both N factor and transition Reynolds number were strongly
influenced by particle characteristics, including size and number density.

In this work, we describe a shock-tunnel operation procedure that was necessary to our more recent ef-
forts17–23 where we achieved repeatable results while performing slender-body hypervelocity instability and
transition ground-testing in T5. Through careful selection of conditions and cleaning of the shock tube, it
is possible to systematically prescribe transition locations that are estimated to correspond to second-mode
amplification factors eN of N ≈ 8-12.22, 23 These amplification values are high as compared to the more
typical value of N ≈ 5-6 usually characterizing a “noisy” tunnel.2 However, the high N factors are consistent
with the expected difference in receptivity for the high-frequency second-mode instability as compared to
the relatively low-frequency noise in the T5 free stream as measured by Parziale et al.21 This is supported
by the recent analysis of Gronvall et al.24 who found a transition onset value of N ∼ 8 for the shock-tunnel
experiments of Tanno et al.25 Examples of data are presented from experiments before and after the cleaning
regimen was instituted, and these results are compared.

II. Facility

All measurements are made in T5, the free-piston driven reflected-shock tunnel at the California Institute of
Technology (Fig. 1). It is the fifth in a series of shock tunnels designed to simulate thermo-chemical effects on
aerodynamics of vehicles flying at hypervelocity speeds through the atmosphere. More information regarding
the capabilities of T5 can be found in the literature.26

Figure 1. A schematic of T5 with a blown up view of each of the major sections.

An experiment is conducted as follows: a 120 kg aluminum piston is loaded into the compression tube/secondary
reservoir junction. A secondary diaphragm (mylar, 127 μm thick) is inserted at the nozzle throat at the end
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of the shock tube near the test section, and a primary diaphragm (stainless steel, 7 mm thick) is inserted
at the compression tube/shock tube junction. The test section, shock tube, and compression tube are evac-
uated. The shock tube is filled with the test gas (in the present study, air and N2 to 40-120 kPa), the
compression tube is filled with a He/Ar mixture to ≈50-100 kPa and the secondary reservoir is filled with air
to ≈2-10 MPa. The air in the secondary reservoir is released, driving the piston into the compression tube.
This piston motion adiabatically compresses the driver gas of the shock tunnel to the rupture pressure of
the primary diaphragm (≈30-100 MPa). Following the primary diaphragm rupture, a shock wave propagates
in the shock tube, is reflected off the end wall breaking the secondary diaphragm, and re-processes the test
gas. The test gas is then at high temperature (≈4000-9000 K) and pressure (≈20-60 MPa) with negligible
velocity, and is then expanded through a converging-diverging contoured nozzle to ≈Mach 5.5 in the test
section.

Measured primary shock speed and reservoir pressure are used to compute the reservoir conditions for
each shot. Thermo-chemical equilibrium calculations are performed using Cantera27 with the Shock and
Detonation Toolbox.28 The appropriate thermodynamic data are found in the literature.29, 30

The steady expansion through the contoured nozzle from the reservoir to the free stream is modeled by the
axisymmetric, reacting Navier Stokes equations as discussed by Candler31 and Wagnild.32 The boundary
layer on the nozzle wall is assumed to be turbulent and modeled by one equation as in Spalart-Allmaras33

with the Catris-Aupoix34 compressibility correction. The grid is generated by the commercial tool, Gridgen.
The mean flow over the cone is computed by the reacting, axisymmetric Navier Stokes equations with a
structured-grid, and is part of the STABL software suite, as described by Johnson35 and Johnson et al.36

The boundary layer profiles and edge properties are extracted from the mean flow solutions during post-
processing.

III. Shock Tube Fill Gas Quality and Cleaning Procedure

Throughout the testing campaign for this work, it became apparent that there was opportunity to increase
the quality of the flow over the model from a technical standpoint. Improvement was achieved by using
higher quality gas to fill the shock tube and cleaning the shock tube more thoroughly between experiments.
Because consistent instability measurement results were obtained, the quality of the shock tube fill gas and
shock tube cleaning procedure were fixed after shot 2760.

There is no apparent record of what grade of gas was used to fill the shock tube in previous work, but it
was most likely “Industrial,” as it was when this test campaign started. According to specification sheets
for “Industrial” air from Air Liquide (the gas bottle supplier), there is a large bound on the relative O2 to
N2 balance (±2.5% by partial pressure), and no clear quantification of total hydrocarbons (THC). According
to the supplier, it is intended to be used for such purposes as powering pneumatic tools and inflating tires.
Similarly loose specifications were found for “Industrial” grade N2 and CO2. Throughout the development
campaign, there was a switch to “Breathing Air,” then finally to the “ALPHAGAZ” line of gases. This last
line of gases is intended to be used for research applications. The relative O2 to N2 balance is tighter (±0.5%
by partial pressure), and the THC are specified to be less than 0.05 ppm. Specifications for N2 and CO2 at
this grade were found to be similarly acceptable.

At the beginning of this test campaign, standard shock tube cleaning practice in T5 was to roll four shop
towels into a cylinder and drag them through the shock tube. It was hypothesized that reducing the
particulates in the shock tube prior to the run could reduce the number of unexpected occurrences of
particulate induced transition. The cleaning procedure between each experiment was changed to: 1) clean
the shock-tube end with a Scotch-Brite pad, 2) clean the shock-tube end with acetone on a mop, 3) pass
four shop towels rolled into a cylinder and drag them through the shock tube, the outer-most towel being
misted with acetone, 4) repeat step 3 until the outermost towel does not become dirty after a pass through
the shock tube.

The region at the end of the shock tube in a reflected-shock tunnel is an additional area of practical concern.
In T5, this region (referring to left and top left of Fig. 1) is comprised of a copper insert and sleeve, shown
in a larger view as Fig. 2. Taylor and Hornung37 note that wall roughness in the reflected-shock region
can increase the shock bifurcation asymptotic height. This behavior is undesirable because of the induced
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Copper Sleeve

Copper Insert

Figure 2. The copper sleeve and insert at the shock tube end. This is a larger view from Fig. 1.

non-uniformity of the reservoir gas38 and decreased test time due to driver gas contamination of the reservoir
gas.39

After completing the cleaning regimen described previously, the copper insert and copper sleeve had a smooth
finish. The roughness of the 90 mm diameter shock tube is estimated to be less than 25 μm. Throughout
the test campaign the copper insert and sleeve were maintained in this condition to avoid the detrimental
effects of shock bifurcation as much as possible.

IV. Focused Laser Differential Interferometry (FLDI) Results

Boundary-layer instability measurements were performed during this testing campaign, and the results from
these measurements supported the need to make efforts to clean the shock tube prior to experimentation. A
benefit of working in T5 at this time is the extensive database of run conditions that have been established by
prior researchers; the run condition database permits current researchers to perform experiments at specified
Reynolds numbers and total enthalpy. For run conditions at lower Reynolds number, laminar response
would be expected based on past heat-flux measurements. However, in some instances where laminar flow
was expected, boundary-layer instability measurements revealed that a sporadic and unexplainable period
of broadband response would pass through the probe volume of the focused laser differential interferometer
(FLDI).a

To show these occurrences, spectrograms of two runs are compared. An example of sporadic response shows
a large swath of broad-band response, followed by a period where minimal disturbances are detected, followed
by a period of narrowband response (Fig 3, (top)). This is in contrast to data recorded after the cleaning
procedure was implemented, as in Fig. 3 (bottom). A stochastic but sensible series of narrowband peaks is
observed. Hofferth et al.5 present spectrograms of slender-body hypersonic boundary-layer instability data
obtained with the focused-schlieren method. This data, which appears as Fig. 7 in that work,5 was recorded
in a low-disturbance facility, and appears qualitatively similar to the FLDI data in Fig. 3 (bottom).

During some experiments, the FLDI system would register near zero voltage just after the tunnel startup
period (Fig. 4 left); this behavior inhibits FLDI measurement. Steady flow over the cone begins ≈ 1 ms after
the trigger and lasts approximately 1 ms. The trigger is the primary shock wave registering a response by
the reservoir pressure transducers, and indicates a reference time-zero for all data acquired in T5. Vibration
is eliminated as a candidate cause of the FLDI blackout by accelerometer measurement. Small, constant
amplitude vibrations begin at the test section ≈ 100 ms before the trigger. After ≈ 4− 5 ms from the trigger
the vibration environment becomes harsh, but this is after the end of the test time, and does not affect
the FLDI measurements. The vibration environment timing is approximately the same for all shots in T5.
Details of these measurements can be found in Parziale.20

We conclude that the difference in response between Fig. 4 (left) and (right) is that the gas is exhibiting
characteristics consistent with opacity. The opacity may have be caused by material in the flow from an

aThe FLDI18, 40–42 is a optical technique which permits the high-speed and non-intrusive interrogation of small-amplitude
density perturbations.
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Figure 3. Arbitrary logarithmic units of change in density, the spectrum is estimated by the short time Fourier
transform. Darker shading indicates larger amplitude. BBR is broadband response, NBR is narrowband response.
Top: An example of sporadic response shows a large swath of broad-band response, followed by a period where minimal
disturbances are detected, followed by a period of narrowband response (shot 2702). Bottom: An example of a stochastic
but sensible series of narrowband peaks (shot 2789).

oxidation/ablation process in the shock tube or nozzle throat. The problem is more evident as the reservoir
enthalpy is raised, and even more so as the reservoir pressure is raised. Consistently executing experiments
near the T5 performance limits without the described cleaning procedures leads to results as in Fig. 4 (left).
Following a rigorous cleaning procedure permits results as in Fig. 4 (right) to be reproducibly demonstrated.
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Figure 4. Raw time traces of photodiode response of the FLDI. The ordinate range represents the peak (0.0 volts) and
trough (1.6 volts) of a fringe; before each experiment the interferometer set to the middle of a fringe, 0.8 volts. The

dashed lines represent the data acquisition system Trigger and the Test Time period. Left: During startup period

of shot 2726 (CO2) the flow becomes opaque. Right: No opacity problems are evident for shot 2773 (N2).

V. Transition Measurements

The main body of the cone was instrumented with a total of 80 flush-mounted thermocouples evenly spaced
at 20 lengthwise locations beginning at 221 mm along the surface from the tip of the cone, with each
row located 38 mm in the lengthwise direction from the last. These thermocouples have a response time
on the order of a few microseconds and have been successfully used for boundary layer transition onset
determination by Adam and Hornung,12 Rasheed et al.,13 and Jewell et al.,22 as well as for tracking the
propagation of turbulent spots by Jewell et al.17 Time- and spatially-resolved heat flux data allows the
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Figure 5. Heat flux frames from shot 2702 at 0.075 ms intervals covering a total time of 0.6 ms, during which a turbulent
spot is observed (first frame, top left) and seen to propagate downstream and eventually off the end of the cone in the
subsequent three frames. The location of the FLDI is marked with an “X” at 665 mm from the tip.
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Figure 6. Heat flux frames from shot 2789 at 0.075 ms intervals covering a total time of 0.375 ms. While turbulent
intermittency is observed near the end of the cone, no propagating turbulent bursts are visible during the experiment.
The location of the FLDI is marked with an “X” at 627 mm from the tip.
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presentation of a “movie” of heat flux over the entire instrumented surface of the cone by interpolating the
processed thermocouple signals. Fig. 5 presents several heat flux frames from the test time of shot 2702
(corresponding to the FLDI result shown in the top half of Fig. 3), and Fig. 6 presents several heat flux
frames from the test time of shot 2789 (corresponding to the FLDI result shown in the bottom half of Fig. 3).
The boundary layer edge conditions for these two shots are recorded in Table 1. In the former result (2702),
a turbulent spot is observed and seen to propagate downstream, crossing the location of the FLDI sensor
at the same time as broadband response is observed in the spectrogram for shot 2702 (Fig. 3 (top) and
Fig. 5 at ≈ 1250 − 1350 μs). This spot is generated independently of the other transition events that are
typically observed in natural transition and is therefore believed to be the result of particulate impact on
the boundary layer during the test time. In the latter result (2789), no turbulent spots are observed near
the FLDI during the test time, although turbulent intermittency typical of natural transition is observed
near the end of the cone. This observation is consistent with the lack of broadband response observed in the
spectrogram for shot 2789 (Fig. 3 (bottom) and Fig. 6).

Table 1. Summary of edge conditions for shots 2702 and 2789 in air.

Shot hres Pres Ue Pe Te Tve ρe Me unit Ree

(MJ/kg) (MPa) (m/s) (kPa) (K) (K) (kg/m3) (-) (1/m)

2702 8.45 49.9 3680 36.9 1420 1419 0.090 4.84 6.61×106

2789 11.9 56.4 4250 47.1 2088 2088 0.077 4.57 4.78×106

VI. Transition Onset Correlations

In this section, we perform a statistical analysis of transition Reynolds number data. We seek correlations
between transition Reynolds number and tunnel parameters for the purpose of assessing the ability to
reproducibly prescribe transition locations via tunnel parameters. The ability to accurately and repeatedly
prescribed transition location enables researchers to study the fundamentals of hypervelocity BLT. We chose
the coefficient of determination of correlation between tunnel-parameters and transition Reynolds number
as a metric. A higher coefficient of determination indicates higher repeatability, or fewer outliers.

Transition onset measurements, described in Jewell23 and Jewell and Shepherd,43 were more consistent in
experiments after the shock tube cleaning procedures described in Section III were implemented (n = 34)
than in those prior (n = 40). Jewell et al.23, 44, 45 showed that the tunnel parameters hres and Pres could be
used as predictor variables to construct statistically significant linear models for both the present data sets
and the historical T5 transition data of Germain and Hornung11 and Adam and Hornung12 for air, CO2,
and N2. In the present work, only air transition data is considered. These linear models take the form:

ReTr(Pres, hres) = Reintercept +CPres Pres +Chreshres

Here, the coefficients that define the regression plane, CPres , Chres and the Re intercept are computed using
the Matlab Statistics Toolbox. The regression plane fit to the clean tunnel results is presented along
with the clean tunnel data in Fig. 7. The complete model results before the implementation of new shock
tube cleaning procedures are recorded in Table 2, and the results after the implementation of the cleaning
procedures are recorded in Table 3.

The position of the best-fit Re plane computed relative to the hres-Pres plane (i.e., the intercept) is 5.90× 105

for the dirty tunnel data and 1.83 × 106 for the clean tunnel data. The larger intercept value for the
clean results is an indication that the tunnel cleaning procedure tends to increase transition onset Reynolds
number. Moreover, the clean tunnel results are less scattered than the dirty results, which is consistent
with the stochastic effect that would be expected in dirty flow from an unknown and probably inconsistent
variation in particle size and number density, which Fedorov16 showed each have a significant influence on
transition Reynolds number. Linear regression analysis performed using the tunnel parameters, reservoir
enthalpy (hres) and reservoir pressure (Pres), as the predictor variables and the edge Reynolds number at the
transition onset location (ReTr) as the response variable had a modeled R2 value of 0.50 for the experiments
prior to cleaning procedure implementation, and an R2 value of 0.80 subsequent to the implementation
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Figure 7. Regression plane (R2 = 0.80) fit to “clean tunnel” ReTr data (n = 34) in reservoir enthalpy–reservoir pressure
space. The Re (vertical) intercept of this plane is at Re = 1.83 × 106 (±0.40 × 106).

of the cleaning procedure. When the same regression analysis is performed using the Reynolds number
calculated at reference conditions at the transition onset location (Re∗Tr), R2 = 0.70 prior to cleaning procedure
implementation and R2 = 0.86 subsequently.

Table 2. Multivariable linear regression analyses with ReTr (R2 = 0.50) and Re∗Tr (R2 = 0.70) as the response variables for
“dirty” tunnel results (n = 40) acquired before the implementation of the new cleaning regimen. We use a significance
level of 5% (i.e., requiring a p-value less than 0.05 to reject the null hypothesis that a given coefficient is zero). The
coefficients found to be statistically significant under this criterion are in bold print.

ReTr Re∗Tr

Re intercept 5.90 × 105 −1.38 × 106

p-value 0.37394 0.00834

CPres 4.82 × 104 3.54 × 104

p-value 2.18 × 10−4 2.99 × 10−4

Chres 9.18 × 105 2.98 × 105

p-value 0.34578 2.12 × 10−4

Table 3. Multivariable linear regression analyses with ReTr (R2 = 0.80) and Re∗Tr (R2 = 0.86) as the response variables for
“clean” tunnel results (n = 34) acquired after the implementation of the new cleaning regimen. The coefficients found
to be statistically significant (p< 0.05) are in bold print.

ReTr Re∗Tr

Re intercept 1.83 × 106 −1.08 × 105

p-value 6.86 × 10−5 0.73991

CPres 7.20 × 104 3.54 × 104

p-value 2.30 × 10−10 1.29 × 10−9

Chres −2.01 × 105 3.39 × 104

p-value 0.00718 0.55180
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VII. Conclusions and Future Work

In this work, we emphasize the need for researchers utilizing impulse facilities for hypervelocity boundary-
layer instability and transition research to operate the facility in a manner least likely to introduce particulate
to the test flow. We compare FLDI (boundary-layer density disturbances) and heat transfer (surface mounted
heat-transfer thermocouples) results before and after a cleaning regimen was implemented.

Prior to the implementation of the cleaning regimen, unpredictable turbulent spots were observed in both
FLDI and thermocouple data at locations uncharacteristic of natural transition; we believe that it is likely
these turbulent spots are the result of bypass transition initiated by particulate striking the model surface.
Also prior to the implementation of the cleaning regimen, behavior consistent with flow opacity was observed
in the FLDI data. Following the implementation of the cleaning regimen, these anomalous results have been
nearly eliminated.

A statistical analysis which correlates tunnel parameters to transition location indicates that the coefficient
of determination was significantly increased after the cleaning regimen implementation. We consider this
increase in the coefficient of determination to be consistent with a more repeatable experiment. Most impor-
tantly, through careful selection of conditions and cleaning of the shock tube, it is possible to systematically
prescribe transition locations on the test article in a repeatable manner. Jewell et al.22, 23 estimate that the
transition locations correspond to second-mode amplification factors eN of N ≈ 8-12. This ability to repeat
transition locations facilitates hypervelocity boundary-layer stability and transition research.
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