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In this paper, aQ-FLDI systemwas constructed to correlate disturbances inside and outside
of the boundary layer over a blunted cone in high-enthalpy, hypersonic flow at T5, the free-
piston-driven reflected-shock tunnel at California Institute of Technology. We present results
for three shots representing a fully-turbulent case with a 5 mm nose-tip radius, an unstable
case with a 5 mm nose-tip radius at moderate enthalpy (6 MJ/kg), and an unstable case with a
2 mm nose-tip radius at higher enthalpy (10.5 MJ/kg). In the fully-turbulent case, the spectra
indicate the possibility of a region where there is a power-law variation in the spectrum. For
the unstable case with a 2 mm nose-tip radius at higher enthalpy (10.5 MJ/kg), the FLDI
detected the second mode instability at approximately 1 MHz. This agrees well with results
obtained using the schlieren technique for experiments performed in this campaign at similar
conditions. The mismatch when compared to stability calculations for this case could be
attributed to run-condition calculation error. An unstable case with a 5 mm nose-tip radius at
moderate enthalpy (6 MJ/kg) is also presented. In this case, there is more content measured
outside of the boundary layer than inside. For this case, computations of the mean flow show
that the entropy-layer had not been swallowed at the point of measurement suggesting the
elevated energy content outside the boundary layer could be due to entropy layer instabilities
or oblique waves not considered in the stability analysis.

I. Introduction
At the centerline of the blunted leading edge of a slender cone in hypersonic flow, gas passes through a nearly

normal shock. However, further away from the centerline, the oblique shock becomes curved and the flow is processed
by a shock with a shallower shock angle. As the entropy increase across a shock is proportional to the shock strength,
the entropy increase at the leading edge is greater than the entropy increase away from the body centerline, creating
an entropy gradient that flows downstream along the surface of the body. As the classical boundary layer grows, it
eventually "swallows" the entropy layer. Rotta [1] notes that stability analysis of such a flow may be complicated,
relative to a sharp cone, because “[t]he entropy layer caused by the curved shock associated with nose blunting provides
a rotational external stream through which the boundary layer develops.”
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The design of hypersonic vehicles is highly dependent on determining the point of boundary layer transition.
Transition from a laminar to a turbulent boundary layer can increase surface heating loads by a factor of 4-10 [2],
increasing the cooling requirements and therefore the weight of the thermal protection system. The inability to reliably
predict the transition location leads to a conservative design of the hypersonic vehicle.

The study of hypersonic flow is made difficult by the high velocities, stagnation temperatures, and broad ranges
of length and time scales characteristic of this flow regime. These unique features present limitations for traditional
flow-diagnostic techniques. For example, hot-wire anemometers are encumbered by wire breakage, limited frequency
response, flow intrusion, and signal interpretation problems and heat-flux gauges and pressure transducers have limited
bandwidth and are restricted to on-surface measurements. With recent improvements in imaging, electronics, and laser
technology, non-intrusive optical diagnostic techniques have gained popularity [3–5].

Focused laser differential interferometry (FLDI) is a novel nonparticle-based optical flow diagnostic technique
pioneered by Smeets[6–11] and Smeets and George[12] in the 1970s. From the 1980s to the 2000s, other researchers
have used laser differential interferometry (LDI) to make measurements in high-speed flows.[13–18] More recently,
Parziale et al.[19–25] used the FLDI technique to characterize the facility disturbance level and boundary-layer
instability and transition in the Caltech T5 reflected-shock tunnel. Additional advancements to the technique have
been made since that time allowing for the reliable measurement of convective velocity between two closely spaced
FLDI probe volumes,[26–33] facility disturbance-level characterization[34–36], and novel beam shaping techniques for
application in hard-to-access flows.[37–41] Additionally, researchers have devised controlled problems[42–44] to test
the data-reduction strategies developed by Fulghum[45], Settles and Fulghum[46], Schmidt and Shepherd[47], and
Hameed and Parziale[57].

II. Facility and Experimental Setup

A. T5 Reflected-Shock Tunnel
The experiments in this campaign were performed at T5, the free-piston-driven reflected-shock tunnel at California

Institute of Technology. This facility is designed to simulate high-enthalpy, real gas effects on the aerodynamics of
vehicles flying at hypervelocity speeds through the atmosphere. Additional information regarding the capabilities of T5
can be found in Hornung [48].

In T5, a 120 kg aluminum piston is loaded into the compression tube/secondary reservoir junction. A 127 µm thick
Mylar secondary diaphragm is inserted at the nozzle throat and a 7-10 mm thick stainless steel primary diaphragm is
inserted between the compression tube and the shock tube. After the facility is evacuated, the shock tube is filled with
the test gas (for these experiments, ALPHAGAZ air), the compression tube is filled with a He/Air mixture, and the
secondary reservoir is pressurized with air. The air in the secondary reservoir is released, launching the piston into the
compression tube. The driver gas in the compression tube is adiabatically compressed by the piston until the primary
diaphragm ruptures. The rupture of the primary diaphragm causes a shock wave to propagate in the shock tube. The
shock wave reflects off the end wall, bursts the secondary diaphragm, and re-processes the test gas to high temperature
and pressure with negligible velocity. The test gas is then expanded through a convering-diverging contoured nozzle to
a hypersonic Mach number in the test section.

The freestream run conditions are determined from the nozzle reservoir conditions. To first determine the
reservoir conditions, the shock tube pressure, %1, and the measured incident shock speed, *B, are used to evaluate
the thermodynamic state of the test gas in the nozzle reservoir. It is assumed that this state isentropically expands
to the reservoir pressure, %', accounting for weak expansion or compression waves that are reflected between the
contact surface and the shock tube end wall. These calculations are performed using Cantera [49], with the Shock and
Detonation Toolbox[50]. The calculated reservoir conditions are inputted into the University of Minnesota Nozzle Code
to determine the freestream conditions once the gas has been steadily expanded through the contoured nozzle [51–54].
The reservoir and freestream run conditions for all of the shots performed thus far in this experimental campaign are
presented in Table 1 and Table 2. The freestream conditions are chosen to be an areal average of the DPLR output at
700±10 mm from the throat because this was the location of the nose tip.

A blunted 5-degree half-angle cone was used as the model in this experimental campaign. Two cone nose-tip
bluntnesses were used in these experiments, one with a 5 mm radius and another with a 2 mm radius. The cone was
placed at zero angle of attack in the center of the test section.
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Table 1 Reservoir Conditions

Shot Gas %' ℎ' )' d' HN2 HO2 HN$ HN HO '# Diag
(MPa) (MJ/kg) (K) (kg/m3) (-) (-) (-) (-) (-) (mm) (-)

2947 Air 53.8 9.33 5901 28.8 0.700 0.057 0.137 0.004 0.103 5 FLDI
2948 Air 59.2 8.60 5616 33.9 0.699 0.073 0.141 0.002 0.085 5 FLDI
2949 Air 58.5 7.39 5096 37.9 0.702 0.102 0.139 0.001 0.057 5 FLDI
2950 Air 30.2 4.51 3654 28.5 0.729 0.180 0.082 0.000 0.009 5 FLDI
2951 Air 38.9 3.89 3298 40.8 0.738 0.196 0.062 0.000 0.003 5 FLDI
2952 Air 36.0 4.17 3467 35.8 0.734 0.189 0.072 0.000 0.006 5 FLDI
2953 Air 29.3 4.80 3810 26.4 0.725 0.172 0.090 0.000 0.013 5 FLDI
2954 Air 28.6 5.49 4152 23.4 0.718 0.152 0.106 0.000 0.024 5 FLDI
2955 Air 26.0 6.35 4533 19.2 0.711 0.125 0.119 0.000 0.044 5 FLDI
2956 Air 60.0 9.05 5811 32.9 0.699 0.064 0.140 0.003 0.095 2 FLDI
2957 Air 57.2 10.45 6378 27.8 0.699 0.039 0.129 0.008 0.125 2 FLDI
2958 Air 58.3 10.22 6289 28.8 0.699 0.043 0.132 0.007 0.120 2 Schlieren
2959 Air 57.8 9.76 6099 29.7 0.699 0.050 0.135 0.005 0.111 2 Schlieren
2960 Air 57.5 9.90 6154 29.3 0.699 0.048 0.134 0.006 0.114 2 Schlieren
2961 Air 58.5 9.78 6108 30.1 0.699 0.050 0.135 0.005 0.111 2 Schlieren
2962 Air 58.7 9.31 5915 31.5 0.699 0.058 0.138 0.004 0.101 2 Schlieren
2963 Air 60.6 9.30 5915 32.5 0.698 0.059 0.139 0.004 0.100 2 Schlieren
2964 Air 58.5 9.60 6035 30.6 0.699 0.053 0.137 0.005 0.107 2 FLDI

B. FLDI Setup
To develop the Q-FLDI setup used in this experimental campaign, a linearly polarized laser beam was first expanded

using a diverging lens. The expanding beam was then split into 1 row of 6 "spots" using a Holo/Or MS-474-Q-Y-A
diffractive optic [55, 56]. The position and orientation of this diffractive optic set the streamwise interspacing of the
FLDI beams. Another Holo/Or diffractive optic (DS-192-Q-Y-A) was used to make an additional row of the already split
beams. This diffractive optic set the wall-normal interspacing of the FLDI beams. The 2 rows and 6 columns of beams
generated by the diffractive optic were sent through a quarter-wave plate before being split once more by a 2-arcminute
Wollaston prism to generate the intraspaced beam pairs in the FLDI setup. The beam pairs were then focused on top of
the center of the cone using a converging lens of appropriate focal length. A second Wollaston prism of equal separation
angle and a linear polarizer was used to recombine the intraspaced beams. Four of the twelve "spots" generated by the
diffractive optics were selected to be directed onto photodetectors. The interference of the intraspaced beam pairs was
measured by a change in intensity measured by the photodetector. Fig. 1 shows the positioning of the components used
to generate the Q-FLDI setup.

Fig. 1 Components used to generate Q-FLDI setup in this experimental campaign. The diffractive optics
generated a 2 row by 6 column grid of beams. The Wollaston prism generated the orthogonally polarized
intraspaced beam pairs, four of which were recombined and focused onto individual photodetectors.
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Table 2 Freestream Conditions

Shot *- d- %- )- )E- "- '4*
-

HN2 HO2 HN$ HN yO
(m/s) (kg/m3) (kPa) (K) (K) (-) (1/m) (-) (-) (-) (-) (-)

2947 3894 0.074 31.1 1436 1433 5.09 5.35e+06 0.733 0.184 0.073 0.000 0.010
2948 3772 0.085 31.6 1290 1285 5.21 6.31e+06 0.733 0.188 0.074 0.000 0.006
2949 3544 0.087 25.8 1029 1032 5.49 7.05e+06 0.731 0.189 0.078 0.000 0.002
2950 2844 0.055 8.1 508 610 6.28 5.77e+06 0.737 0.198 0.065 0.000 0.000
2951 2676 0.078 9.5 420 533 6.50 8.77e+06 0.741 0.203 0.057 0.000 0.000
2952 2756 0.069 9.1 459 563 6.41 7.47e+06 0.739 0.200 0.061 0.000 0.000
2953 2921 0.052 8.3 553 642 6.19 5.25e+06 0.735 0.196 0.069 0.000 0.001
2954 3101 0.048 9.4 672 731 5.96 4.56e+06 0.732 0.192 0.074 0.000 0.001
2955 3299 0.042 10.1 834 867 5.68 3.64e+06 0.731 0.188 0.078 0.000 0.003
2956 3858 0.085 34.1 1388 1383 5.13 6.17e+06 0.733 0.186 0.073 0.000 0.008
2957 4080 0.074 35.8 1648 1646 4.96 5.10e+06 0.733 0.178 0.073 0.000 0.016
2958 4045 0.077 35.9 1607 1605 4.99 5.30e+06 0.733 0.180 0.073 0.000 0.014
2959 3973 0.078 34.7 1524 1521 5.04 5.51e+06 0.733 0.183 0.073 0.000 0.011
2960 3994 0.077 34.8 1548 1545 5.02 5.40e+06 0.733 0.182 0.073 0.000 0.012
2961 3978 0.079 35.3 1528 1525 5.04 5.58e+06 0.733 0.183 0.073 0.000 0.011
2962 3904 0.082 34.4 1441 1438 5.09 5.90e+06 0.733 0.185 0.073 0.000 0.009
2963 3902 0.085 35.4 1438 1434 5.10 6.10e+06 0.733 0.186 0.073 0.000 0.009
2964 3950 0.080 35.0 1496 1493 5.06 5.70e+06 0.733 0.184 0.073 0.000 0.010

The beams were oriented such that the streamwise interspacing and intraspacing were parallel to the cone’s surface
and the wall-normal interspacing was perpendicular to the cone’s surface. For these experiments, a wall-normal
interspacing of 2.03 mm was achieved and a streamwise interspacing of 2.74 mm was selected. The lower set of beams
were positioned approximately 600 µm above the cone’s surface, within the 1 mm boundary layer that was estimated for
these experiments. Given the wall-normal beam interspacing, this placed the second set of beams at roughly 2.6 mm.
The beams were placed approximately 650 mm away from the tip of the 5 mm blunted cone and approximately 680 mm
away from the tip of the 2 mm blunted cone.

Fig. 2 Picture of Q-FLDI beam pairs taken at the focus above the cone using an Ophir-Spiricon LT665 beam
profiling camera. The middle column of FLDI beam pairs were not chosen to be focused onto photodetectors as
they did not allow all four beams to be centered on their respective fringes.

A picture showing the beam inter- and intraspacing is provided in Fig. 2. The positioning of the beams above the
center of the cone is shown in Fig. 3.
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Fig. 3 Location of Q-FLDI beams relative to the 5 degree cone with blunt nose. Depending on the bluntness
of the cone nosetip used for the experiment, the beams were located 650 mm or 680 mm along the cone. The
wall normal position of the lower set of beams was adjusted to be approximately 0.6 mm above the cone surface.
The wall normal position of the upper set of beams was set by the beam interspacing. The beams were oriented
to be parallel to the cone’s surface in the streamwise direction.
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III. Results and Discussion
In this section, we present results for shots 2951, 2955, and 2957. These experiments represent a fully-turbulent

case with a 5 mm nose-tip radius, an unstable case with a 5 mm nose-tip radius at moderate enthalpy (6 MJ/kg), and an
unstable case with a 2 mm nose-tip radius at higher enthalpy (10.5 MJ/kg).

Shot 2951 is an example of a fully-turbulent experiment, evidenced by the broadband response shown in the
associated spectrogram (Fig. 4a). We zoom in to 25 µs of test time to show the correlation between two closely-spaced
FLDI probes at the same wall normal distance. Using MATLAB’s xcorr function [27], we determine the peak
lag between the signals occurs at approximately 1.43 µs, and using the measured streamwise beam interspacing, we
approximate a convective velocity of 1916 m/s.

(a)
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-14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

0

0.5

1

(b)

Fig. 4 (a) Spectogram for shot 2951 showing broadband turbulent response as measured by an FLDI probe.
(b) Cross correlation of two closely spaced FLDI probes for shot 2951 showing the measured phase change (top)
and the maximum lag time between the signals (bottom).

The corrected PSDs of the disturbances measured by all four FLDI probes are presented in Fig.5. These PSDs are
corrected only by the differencing effects between the interfering FLDI beams in a beam pair. As shown, all four FLDI
probes exhibit a similar response and may have a power-law variation in the spectrum. Further analysis of the correction
to the FLDI data is still required in this case.

10
4

10
5

10
6

10
7

10
-12

10
-10

10
-8

Fig. 5 Corrected PSDs of Shot 2951 showing turbulent response. PSDs are corrected only by incorporating
the differencing effects of the FLDI instrument. All four FLDI probes exhibit a similar response.

Shot 2957 is an example of an experiment where the second-mode instability was measured. The spectrogram in
Fig. 6a shows the second-mode instability being intermittently present during the test time. Corrected PSDs for the two
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upstream FLDI probes at different wall normal distances are presented in Fig. 6b. These PSDs were corrected using the
process detailed in Hameed and Parziale [57]. The transfer function representing a two-dimensional disturbance field
occupying a discrete domain was used to correct the PSD. A convective velocity of 2884 m/s was calculated. The FLDI
probe closer to the wall shows the second-mode instability occuring at approximately 1022 kHz. The sharp peaks at
1300 kHz and 1430 kHz are most likely local AM radio stations KAZN and KMRB, respectively. In the future, efforts
will be made to mitigate this electrical noise. Stability calculations were made for this case with PSE-Chem, which is a
part of the STABL software package described in Johnson et al.[53, 58]. The linear stability diagram for shot 2957
is presented in Fig. 6c. A vertical black line is placed in Fig. 6c, at a position 680 mm along the cone, representing
the measurement location for this shot. The growth rate as calculated by STABL across the frequency range at this
measurement location is presented in Fig. 6d and shows the most-amplified frequency to be approximately 1200 kHz.
The width, and the shape at high frequencies, of the most amplified frequency at this condition is a unique feature, and
could be indicative of a case where the supersonic mode would be present. This feature was not seen in Parziale et
al. [25], which were experiments and STABL calculations performed at similar conditions in T5, but with a sharp cone.
We also note that for this case, the maximum N factor was 11.5 with a peak disturbance frequency of approximately
1500 kHz, which is appreciably different from the experimental observation.

(a)
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(b)

(c)

800 900 1000 1100 1200 1300 1400 1500 1600
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0

5

10

15

20

(d)

Fig. 6 (a) Spectrogram for shot 2957 showing some second-mode wave packets at about 1000 kHz. (b) Spectra
showing measurement of second-mode. (c) Linear stability diagram for shot 2957. Vertical black line represents
the measurement location, which is at 680 mm along the cone. (d) Growth rate at the measurement location
denoted by the black line.
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We next present results for shot 2955. As seen in the in the spectra for the four FLDI probes, the probes further away
from the surface show different behavior than those close to the wall. Relative to the probes near the wall, there is more
energy content over a relatively broad band as well as a narrow band peak at 580 kHz. We note that the boundary-layer
thickness calculated by DPLR was 1.6 mm at this measurement location, meaning that the content at the wall normal
position of 2.6 mm is outside of the boundary layer. Stability calculations were also performed for this case and appear
in Fig. 7c and Fig. 7d. We note that the maximum N factor at the measurement location was 3.5 at 690 kHz. We note
that in Fig. 7d, there does not appear to be an unstable region at high frequnecy as there was in Fig. 6d, likely because of
the lower enthalpy (wall-temperature ratio) and lower Reynolds number. One potential explanation for the elevated
disturbance content outside the boundary layer is the entropy layer.

(a)
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(c)

300 400 500 600 700 800 900 1000
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0

5

10

15

20

(d)

Fig. 7 (a) Spectrogram and (b) spectra for shot 2955. The spectrogram is for a downstream FLDI probe with
a wall normal distance of 2.6 mm. The spectra shows content measured further away from the cone surface that
is not present near the surface.

One way to identify where the effects of bluntness are important is to find the swallowing distance (-(), or the
distance where the boundary-layer thickness becomes larger than the entropy-layer thickness, and relate the swallowing
distance to the location where the FLDI experiments were performed (-) ). To do this, we compute the entropy change
in reference to the freestream as

3B = 2? log()/)∞) − ' log(%/%∞), (1)

where 2? and ' are the mass-specific heat at constant pressure and the gas constant, respectively. We define the entropy-
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layer thickness as the wall-normal location where the mass-specific entropy increases above the post-normal-shock
mass-specific entropy. In Fig. 8, we show the change in entropy per Eq. 1, the entropy-layer thickness as a dashed
line, and the boundary-layer thickness as a solid line for shot 2955 and 2957. The swallowing distances for these two
experiments were computed to be 745 mm and 120 mm, respectively (noting that the FLDI measurement location was at
650 mm for shot 2955 and 680 mm for shot 2957). That is, the entropy layer had still not been swallowed for the data in
Fig. 7, whereas for the data in Fig. 6, the entropy layer had been swallowed 560 mm upstream (over 100 boundary-layer
thicknesses). This elevated level of disturbance outside of the boundary layer could be oblique waves not considered in
the stability calculations, or an entropy-layer instability.

Fig. 8 Method for computing the entropy layer swallowing distance. Left is shot 2955, right is shot 2957.
Entropy computed as change from freestream. Dashed line represents entropy layer, solid line is boundary-
layer.

IV. Conclusions
In this paper, we constructed an Q-FLDI system intended to correlate disturbances inside and outside of the boundary

layer over a blunted cone in high-enthalpy, hypersonic flow. We present results for shots 2951, 2955, and 2957. These
experiments represent a fully-turbulent case with a 5 mm nose-tip radius, an unstable case with a 5 mm nose-tip radius at
moderate enthalpy (6 MJ/kg), and an unstable case with a 2 mm nose-tip radius at higher enthalpy (10.5 MJ/kg). In the
fully-turbulent case, the spectra indicate the possibility of a region where there is a power-law variation in the spectrum.
Additional work reducing the FLDI signal will be required to make further assessment. For the unstable case with a
2 mm nose-tip radius at higher enthalpy (10.5 MJ/kg), the FLDI detected the second mode at approximately 1 MHz.
This agrees well with the result measured by Paquin et al. using the schlieren technique for shots 2958 and 2959 [59].
The convective velocities and second-mode frequencies measured with the two methods differ by less than 5% for the
three tests ranging Re = 5.1-5.5 ×106 1/m and h = 9.8-10.5 MJ/kg. However, the corresponding stability calcuations for
shot 2957 predicted a max N factor at 1.5 MHz. This mismatch could be due to run-condition calculation error resulting
in an incorrect calculation of the mean flow. However, researchers have performed experiments measuring the mean
flow in T5 showing reasonable agreement between the measured and computed nozzle flow [60–62]. We also present an
unstable case with a 5 mm nose-tip radius at moderate enthalpy (6 MJ/kg) where there is more content measured outside
of the boundary layer than inside. We made computations of the mean flow to show that the entropy-layer thickness had
not yet been swallowed in this case. Furthermore, two possible explanations for these disturbances outside the boundary
layer include oblique waves not considered in the stability calculations or an entropy-layer instability.
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