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Boundary layer instabilities and transition to turbulence on a 7-degree half-angle cone with
varying nose-tip radii in Mach 6 and 7 flow are investigated using a combination of surface
heat transfer measurements, surface pressure measurements, and high speed schlieren images.
The experiments are performed at unit-Reynolds numbers ranging from [22 − 44] × 106/m in
University of Oxford’s High-Density Tunnel (HDT). The transition Reynolds number, 𝑅𝑒𝑋𝑇

,
increases with increasing nose tip Reynolds number, 𝑅𝑒𝑅𝑁

, for 𝑅𝑒𝑅𝑁
≤ 105. In this range,

evidence of second-mode wave instabilities are observed in both schlieren images and surface
pressure measurements. For 105 < 𝑅𝑒𝑅𝑁

< 4 × 105, 𝑅𝑒𝑋𝑇
remains constant and coherent

streaks above the boundary layer are observed with schlieren imaging. Images of the interaction
of these features with a boundary layer breaking down to a fully turbulent state are presented.
The freestream disturbance environment is also varied through existence of several steady state
plateaus created by the natural operation of the facility, and characterised with multi-point
focused laser differential interferometry (FLDI). 𝑅𝑒𝑋𝑇

increases by ∼ 10 − 60% with increasing
plateau number which is independent of 𝑅𝑒𝑅𝑁

. Variation in freestream fluctuation amplitude
with frequency and Reynolds number are in agreement with previous studies while variation
with plateau is not. The discrepancy is explained by receptivity functions which are sensitive
to the inclination angle of disturbances. A method for measuring the inclination angle using
correlated FLDI signals is presented and reveals a consistent trend with plateau number. The
trend is physically explained by changes in the relative contribution of entropic and acoustic
modes with time.

I. Nomenclature

𝑎 = speed of sound
𝑐𝑝 = specific heat capacity
𝑓 = frequency
𝐻𝑤 = FLDI beam radius transfer function
®𝑘 = disturbance wave-vector
𝐿𝑆𝑅 = integration length
𝑀 = Mach number
𝑀𝑟 = relative Mach number
𝑃 = pressure
¤𝑞 = heat flux
𝑟 = recovery factor
𝑅𝑖 𝑗 = cross-correlation
𝑅𝑒 = Reynolds number
𝑅𝑁 = nose radius
𝑆𝑡 = Stanton number
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𝑡 = time from tunnel start-up
𝑇 = temperature
𝑈, 𝑢 = streamwise velocity
𝑢𝑐 = streamwise convection velocity
𝑣𝑐 = spanwise convection velocity
𝑉 = voltage
𝑤0 = beam radius parameter at focus
𝑥 = streamwise distance from sharp nose tip
𝑋𝑠 = surface coordinate from stagnation point
𝑦 = vertical spanwise coordinate
𝑌𝑠 = wall normal coordinate
𝑧 = horizontal spanwise coordinate / optical axis
𝛾 = ratio of specific heats
𝛿 = boundary layer thickness
Δ𝑡 = time difference
Δ𝑥1 = intra-probe spacing
Δ𝑥2 = streamwise inter-probe spacing
Δ𝑦2 = spanwise inter-probe spacing
Δ𝜙 = phase difference
𝜃𝑐 = cone half-angle
𝜃𝑛 = inclination angle of disturbance
𝜆0 = laser wavelength
𝜌 = density
𝜏 = sample time period

Subscripts

0 = stagnation/plenum condition
∞ = freestream condition
𝑒 = boundary layer edge condition
𝑓 𝑖𝑙𝑙 = barrel condition
𝑖 𝑗 = between probe/channel 𝑖 and probe/channel 𝑗
𝑤 = wall condition

Acronyms

FLDI = Focused Laser Differential Interferometry
FOV = field-of-view
HDT = Oxford’s High Density Tunnel
PSD = power spectral density
TFG = Thin Film Gauge

II. Introduction
One of the largest challenges facing designers of hypersonic vehicles is predicting the location of laminar to turbulent

boundary layer transition on the surface of the vehicle [1]. In hypersonic boundary layers, transition to turbulence is
associated with significant increases in skin friction and heat transfer [2], which in turn affects predictions of drag, engine
inlet conditions, and thermal protection requirements. Uncertainty in the location of transition leads to over-designed
thermal protection systems and unpredictable performance.

The boundary layer transition process can be categorized into three parts: (1) laminar boundary layer receptivity
to freestream disturbances, (2) growth of instabilities inside the boundary layer, and (3) breakdown of a transitioning
boundary layer to fully turbulent flow [3]. Freestream disturbance levels have a significant influence on the location of
transition [4] and vary widely between facilities [5]. Thus, a proper transition study requires accurate measurements of
freestream noise at frequencies corresponding to the relevant instabilities in the boundary layer [6]. For sharp, slender
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cones at zero angle-of-attack in hypervelocity flow (𝑀∞ > 4), the dominant instability is the Mack, or second mode [7].
This mode, a trapped acoustic wave in the boundary layer, can exhibit frequencies in excess of 100𝑘𝐻𝑧 [7]. Thus, high
temporal resolution measurement techniques are required to resolve these waves as well as the freestream disturbances
which seed their initial amplitudes [8, 9].

As nose radius (𝑅𝑁 ) increases, the size of the entropy layer increases in turn stabilizing the second mode [10]. This
causes the transition front to move downstream with increasing bluntness until a critical Reynolds number (𝑅𝑒𝑅𝑁

∼ 106)
at which point this trend reverses [11]. Beyond the critical range, the dominant transition mechanism is believed to be
roughness near the stagnation point [3, 12–14]. For ‘moderately blunt’ nose tips near or below the critical range, the
mechanisms that lead to transition are less well understood and the subject of many recent works [15–17]. Stetson
et al. [18] were the first to report hot wire measurements of unstable disturbances above the boundary layer, but inside
the entropy layer for an 8-degree half-angle cone in Mach 8, 𝑅𝑒𝑢𝑛𝑖𝑡 = 8.2 × 106/m flow with nose tip radii ranging
from [4 − 18]𝑚𝑚. They hypothesized that these disturbances in the entropy layer could excite instabilities in the
boundary layer as the entropy layer is swallowed by the boundary layer. Downstream from here, amplification and
breakdown of the second mode would lead to transition, just as with the sharp nose case. Maslov et al. [19] conducted
similar experiments on a 7-degree cone in Mach 6, 𝑅𝑒𝑢𝑛𝑖𝑡 = [12.2 − 22.6] × 106/𝑚 flow with 2𝑚𝑚 and 20𝑚𝑚 nose tip
radii. They observed weak fluctuations in the entropy layer with hot-wires, casting doubt on the previous hypothesis.
More recently, Grossir et al. [15] reported laser induced fluorescence (LIF) illuminated schlieren images of sweeping,
wisp-like disturbances above the boundary layer on 7-degree cone in Mach 11.8, 𝑅𝑒𝑢𝑛𝑖𝑡 = [11 − 12] × 106/m flow
with a 4.75𝑚𝑚 nose tip. Simultaneously, surface mounted PCB sensors measured a dominant disturbance frequency
consistent with the second mode. Paredes et al. [16, 20] provided a comprehensive investigation of nose bluntness
effects on transition over slender cones through both wind tunnel experiments, theoretical and computational fluid
dynamics (CFD) analysis. Some relevant conclusions include: (1) nose bluntness stabilizes the second mode, (2)
transition-reversal in the critical range cannot be explained by linear stability theory (LST), and (3) a transient growth
analysis reveals significant amplification of non-modal, travelling planar waves above the boundary layer but inside the
entropy layer. The authors suggested an investigation of receptivity and the effect of freestream noise on the disturbances
in the entropy layer as useful follow-on work. Kennedy et al. [17] characterized non-modal features in the entropy layer
above a 7-degree cone in Mach 6, 𝑅𝑒𝑢𝑛𝑖𝑡 = [18 − 23] × 106/m flow with a 5.08𝑚𝑚 nose tip using high-speed schlieren
visualizations and surface pressure transducers. Notably, they identified high-frequency pressure signals coincident with
the trailing edge of the non-modal wisp-like features. They also recommended freestream characterization as important
future work, as well as direct observation of the breakdown of the non-modal features to turbulence.

The objectives of this work are to:
1) examine the effects of nose-bluntness and freestream disturbances on instabilities and transition location along a

slender, asymmetric body in hypersonic flow,
2) investigate the connections, if any, between non-modal, entropy layer instabilities and second mode waves,
3) observe the breakdown to turbulence of these non-modal entropy layer features,
4) comprehensively characterize the freestream disturbance environment upstream of these instabilities.

These objectives are accomplished with an experimental campaign in University of Oxford’s High Density Tunnel (HDT),
a heated Ludwieg tube capable of freestream Mach numbers up to 7 and unit Reynolds numbers greater than 40× 106/m
[21]. The model of study is a 7-degree half-angle cone instrumented with surface pressure sensors, thin film heat transfer
gauges (TFGs), and an interchangeable nose tip [22, 23]. The start of transition is experimentally determined from
the TFGs, the boundary and entropy layer flow-field is interrogated with high-speed schlieren visualizations, and the
freestream disturbance environment is characterized with multi-point focused laser differential interferometry (FLDI)
[8, 24–29].

III. Facility, model, and instrumentation
A schematic of Oxford’s High Density Tunnel (HDT) operating as a Ludwieg Tube [21] is provided in Fig.1,

adapted from [30]. Both Mach 6 and 7 nozzles are used in this work. The tunnel features a barrel of internal diameter
152𝑚𝑚 and length 17.35𝑚. The barrel can be heated to 550𝐾 , has a maximum pressure rating of 275𝑏𝑎𝑟 (𝑃 𝑓 𝑖𝑙𝑙), and is
separated from the nozzle plenum by an upstream facing plug valve [31]. The converging-diverging nozzles have an exit
diameter of 350𝑚𝑚 and produce a core flow of approximately 300𝑚𝑚 diameter [32]. Several plateaus of steady state
conditions are produced in the test section after the plug value opens, each lasting approximately 30𝑚𝑠. The mean
freestream conditions are found from a combination of the plenum pressure (K4, monitored for each shot) and previous
characterization studies using Pitot pressure rakes and total temperature probes [30, 32]. While the total pressure is
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Fig. 1 Schematic of HDT facility.

𝑃 𝑓 𝑖𝑙𝑙 𝑀∞ (nominal) Plateau time 𝑃0 𝑇0 𝑀∞ (actual) 𝑈∞ 𝜌∞ 𝑅𝑒𝑢𝑛𝑖𝑡

(bar) (-) (-) (𝑚𝑠) (𝑀𝑃𝑎) (𝐾) (-) (𝑚/𝑠) (𝑘𝑔/𝑚3) (106/𝑚)
1 55-65 5.6 475 6.15 918 0.190 44

6 2 120-150 4.9 448 6.15 892 0.177 42
65 3 205-235 4.3 440 6.15 884 0.158 38

1 55-65 5.9 515 7.15 973 0.096 28
7 2 120-150 5.5 465 7.15 922 0.099 31

3 205-235 5.1 455 7.15 914 0.094 30
uncertainty 0.05 30 0.2 50 0.007 2

Table 1 Typical freestream conditions in HDT

steady for ∼ 40𝑚𝑠 during each plateau, the total temperature is much less steady during the first plateau [30]. Thus,
when computing steady state averages we use a 10𝑚𝑠 time period for plateau #1 and a 30𝑚𝑠 time period for the other
plateaus. These timings as well as the corresponding typical run conditions in this campaign are provided in Table 1.
Previous freestream characterizations with Pitot probes found a significant drop in the post-shock turbulence intensity
(𝑃′

0/𝑃0 drops from 1.5% to 0.5%) from plateau #1 to plateaus #2 and #3 [32]. This variation provides a means of
studying the effect of freestream noise on the transition process.

The model under investigation is a 7-degree half-angle (𝜃𝑐) cone at zero angle-of-attack with a base diameter of
146𝑚𝑚 and a total length of 594.5𝑚𝑚 when a sharp nose tip is installed. A simplified diagram of the model, coordinate
axes, and locations of diagnostics is provided in Fig.2. It was used previously by Kerth et al. [22] for boundary
layer transition studies and full details of the manufacturing, sensor locations and calibrations are provided here [23].
Interchangeable nose tips with radius 𝑅𝑁 = 0.05, 1.25, 3, 5 & 9𝑚𝑚 are swapped during the campaign to alter the size
of the entropy layer on the model and explore the effects of nose bluntness on instabilities and transition. The 𝑥 axis
points in the direction of freestream flow and is coincident with the tunnel’s centreline and the cone’s axis of rotation.
𝑥 = 0 corresponds to the apex of the cone with a sharp tip. The 𝑋𝑠 axis follows surface streamlines with 𝑋𝑠 = 0 at the
stagnation point. 𝑋𝑠 is related to 𝑥 by

𝑋𝑠 =
𝑥

cos(𝜃𝑐)
+ 𝑅𝑁

[
𝜋

2
− 1

sin(𝜃𝑐)

]
. (1)

12 thin-film gauges (TFGs) and 19 PCB ultra high speed piezoelectric differential pressure transducers are flush
mounted on the model surface to provide heat transfer and pressure data, respectively. The PCBs of interest are located
on the bottom of the cone in the x-y plane bisecting the tunnel’s span. The TFGs are offset from the PCBs by 15°. More
detail on the sensors can be found here [23]. In addition to these surface measurements, schlieren images are acquired
over a field-of-view (FOV) spanning ∼ 150𝑚𝑚 along the back of the cone. A conventional z-type schlieren setup is
employed with a pulsed Cavitar C013 v1.0 Cavilux Smart UHS laser light source and a Phantom TMX 7510 camera.
The knife edge is rotated by 7° such that the pixel intensity is proportional to the wall normal density gradient, 𝜕𝜌/𝜕𝑌𝑠
integrated along the line of sight. During each shot, 2000 images are recorded at 250𝑘𝐻𝑧 during plateau 2 (starting at
𝑡 = 130𝑚𝑠).

The multipoint FLDI is positioned with its focus approximately 40𝑚𝑚 below tunnel centreline and 65𝑚𝑚 downstream
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Fig. 2 Schematic of moderately blunt 7° cone, coordinate axes, and locations of optical diagnostic fields of view
(FOV).

of the nozzle exit. The single-point FLDI employed in previous HDT experiments [23], which utilizes a Novanta
Photonics Ventus solid state (𝜆0 = 671𝑛𝑚) laser, is split into a 3x3 (9-point) grid with a diffractive optic element from
HOLO/OR, as first suggested by Gragston et al. [33]. The nine signals are recorded using a custom photodiode array
inspired by, and very similar to the array described by Davenport et al. [34]. The signals are recorded at 10𝑀𝐻𝑧 by
two separate Pico Technology picoscopes (4444 and 4284). Fig.3.a shows a diagram of the foci at the tunnel’s centre
(x-y) plane and Fig.3.b shows a photo of the photodiode array and amplifier detection system. Prior to the campaign, a
Thorlabs BC207VIS beam profiler camera was placed at the FLDI focus to determine the intra-probe and inter-probe
beam spacings. Using the nomenclature of Ceruzzi and Cadou [25], the intra-probe beam spacing is Δ𝑥1 = 110 ± 5𝜇𝑚
and the inter-probe spacing is Δ𝑥2 = Δ𝑦2 = 425± 25𝜇𝑚. The beam profiler camera was also translated along the optical
axis to determine the beam’s convergence/divergence angle and thus the effective beam radius parameter at the focus
[25, 35] which was found to be 𝑤0 = 5.6 ± 0.5𝜇𝑚.

IV. Results

A. Transition location
The location of the start of transition is determined from the first TFG (in stream-wise order) which registers a

heat flux above the laminar value in an effort to be consistent with the method used by Stetson et al. [18]. The TFG
calibration procedure is described here [23]. The heat flux, ¤𝑞, is reconstructed from the TFG signal with an impulse
response based post-processing software [36] and the uncertainty is estimated as 25%. Stanton number, 𝑆𝑡, is computed
as

𝑆𝑡 =
¤𝑞

𝜌𝑒𝑢𝑒𝑐𝑝 (𝑇𝑟 − 𝑇𝑤)
(2)

where 𝑐𝑝 is the specific heat capacity of dry air, 𝑇𝑤 is the wall temperature (assumed constant at room temperature) and
the recovery temperature, 𝑇𝑟 , is expressed as

𝑇𝑟 = 𝑇𝑒

[
1 + 𝑟

(
𝛾 + 1

2

)
𝑀𝑒

]
. (3)

The edge conditions with subscript 𝑒 are estimated for each freestream condition using the Taylor-Maccoll equations
[37–40], and the recovery factor, 𝑟 is taken as 0.83 [41] for a Mach 6 & 7 laminar boundary layer. The laminar and
turbulent Stanton numbers are determined from Eckert [42]. The TFG calibration constants are adjusted such that
values measured during several large-bluntness, low Reynolds number runs (𝑅𝑁 > 3𝑚𝑚 and 𝑅𝑒𝑢𝑛𝑖𝑡 < 24 × 106/𝑚) fall
within the laminar curve.
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Fig. 3 (a) FLDI foci at tunnel centre-plane. (b) Photodiode array inspired by Davenport et al. [34].

Fig.4 shows the heat flux vs distance for several Mach 7 shots during plateau #1. As markers go from red to dark red
to black the nose radius increases. Eckert’s [42] laminar and turbulent heat fluxes are represented with thin solid and
dashed lines, respectively. For the sharpest nose tip (𝑅𝑁 = 0.05𝑚𝑚, red circles), the heat flux is within the turbulent
bounds for nearly all locations. This indicates the boundary layer has transitioned far forward on the cone. The start
of transition is estimated as 𝑋𝑇 = 125 ± 30𝑚𝑚 for this case. As nose radius increases to 3𝑚𝑚, the start of transition
moves to the back of the cone, near 𝑋𝑠 = 470𝑚𝑚. Notably, for 𝑅𝑁 = 5𝑚𝑚 the heat flux distribution is similar, but
slightly larger at the back of the cone to that at 𝑅𝑁 = 3𝑚𝑚, indicating the transition front moved forward slightly. For
𝑅𝑁 = 9𝑚𝑚 the heat flux stays within the laminar bounds along the entire cone. Heat flux distributions for Mach 7
plateau #2 and #3 are given in Appendix A. The key takeaway is that the transition front moves back from plateau #1 to
#2 for all nose tips even though the Reynolds number increases slightly.

For the Mach 6 shots, we focus on the blunt nose tips of 𝑅𝑁 = 3 & 9𝑚𝑚 where the mechanisms which lead to
transition are less well understood. Fig.5 shows the heat flux distribution for several Mach 6 shots during plateau #1.
Note the unit Reynolds number for these shots, 44 × 106/𝑚, is the largest achieved in this campaign. Under these
conditions the blunter nose tip case (𝑅𝑁 = 9𝑚𝑚) transitions slightly before the sharper nose tip case (𝑅𝑁 = 3𝑚𝑚).
Heat flux distributions for Mach 6 plateau #2 and #3 are provided in Appendix A.

The results of all tests are summarized in Fig.6 which plots transition Reynolds number, 𝑅𝑒𝑋𝑇
, against nosetip-radius

Reynolds number, 𝑅𝑒𝑅𝑁
, with a comparison to similar experiments by Stetson [11] (Re-plotted on these axes by Jewell

and Kimmel [10]). 𝑅𝑒𝑋𝑇
is computed by multiplying 𝑅𝑒𝑢𝑛𝑖𝑡 by the start of transition in surface coordinate, 𝑋𝑇 . Starting

from the bottom left corner of Fig.6, the transition Reynolds number for sharp cones in HDT at Mach 7 is measured
between 3 and 6 million with slightly larger values for plateau #2 & #3 compared to #1. As bluntness Reynolds number
increases to 105, the transition Reynolds number increases up to 20 million for one shot in Mach 6 plateau #3. For
𝑅𝑒𝑅𝑁

between 105 and 4 × 105, 𝑅𝑒𝑋𝑇
remains relatively constant between 12 and 20 million. The general trend is

in agreement with that observed by Stetson [11]. For almost every case 𝑅𝑒𝑋𝑇
increases with increasing number of

plateau, with the most dramatic changes occurring between plateau #1 and #2. Significant scatter within plateau #1 is
observed as well. As indicated on the plot, the change in slope near 𝑅𝑒𝑅𝑁

= 105 is hypothesized to be caused by a
change in transition mechanism from second-mode waves to entropy-layer features [11, 17, 18]. Transition mechanisms
are investigated in the next section and changes with plateau are addressed in Section IV.C.

B. Boundary layer instabilities
In this section we present schlieren images of the instabilities and flow features present on the model. For all shots,

2000 schlieren images are acquired at 250𝑘𝐻𝑧 during plateau #2. Prior to each shot, a flow-off background video is
recorded with the same field of view and camera settings. For post-processing, this background video is subtracted from
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Fig. 4 Surface heat flux for Mach 7 freestream, plateau #1.
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Fig. 5 Surface heat flux for Mach 6 freestream, plateau #1.
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Fig. 6 Transition Reynolds number vs nose bluntness Reynolds number.

the flow-on video, frame by frame, to produce a background-subtracted video. Fig.7 shows a sequence of frames from
shot 3137 where the nosetip radius is 3𝑚𝑚 and 𝑅𝑒𝑅𝑁

= 105. The start of transition was not observed on the cone under
these conditions. The boundary layer region is easy to identify with bright, large pixel intensity compared to the dark,
black freestream above it and the boundary layer thickness, 𝛿, is approximately 1.4𝑚𝑚. A second-mode wave-packet
is observed in these frames with rope-like appearance and a wavelength of approximately twice the boundary layer
thickness [9]. Simultaneous with these images, power spectral density estimates of the PCB surface pressure fluctuations
reveal a large peak in energy between 200-300kHz, also indicative of the 2nd-mode instability. A detailed analysis
of the surface pressure is omitted here for the sake of brevity and will be included in future work. For all shots with
𝑅𝑒𝑅𝑁

≤ 105, evidence of the second-mode is observed in the schlieren images or surface pressure or both. This range
of bluntness corresponds to the range where 𝑅𝑒𝑋𝑇

increases with 𝑅𝑒𝑅𝑁
(see Fig.6).

Fig.8 displays a sequence of schlieren images from shot 3133 where 𝑅𝑁 = 9𝑚𝑚 and 𝑅𝑒𝑅𝑁
= 2.8 × 105. The start

of transition was also not observed on the cone under these conditions. The division between boundary layer and
freestream is ambiguous with density gradients and structures present as high as 5𝑚𝑚 above the surface. In the range of
𝑌𝑠 = [2 − 4]𝑚𝑚, coherent streaks and wisp-like structures convect through the flow. These structures are not observed
near the surface, have longer streamwise spatial wavelengths, and arrive in seemingly irregular intervals compared to
the second-mode wavepackets in Fig.7. These are the same types of entropy layer features observed by Grossir et al.
[15], Kennedy et al. [17], and others [20]. The surface pressure measurements below these features reveal no clear
frequency peaks and the heat fluxes remain at laminar values across the entire cone.

Finally, Fig.9 shows series of frames from shot 3141 where the nose tip radius is 9𝑚𝑚 and the unit Reynolds number
is large enough, 42.4 × 106/𝑚, to cause the boundary layer to transition on the cone. A turbulent boundary layer
is evident from the large bright, speckled region downstream in all frames. The start of transition, indicated with a
white dashed line, is estimated to be just above 𝑋𝑠 = 400𝑚𝑚 (see Fig.18). In the first (top) frame of Fig.9, between
𝑋𝑠 = [420 − 440]𝑚𝑚, a wisp-like structure appears to crest above the boundary layer and bend back down into it.
As time progresses (moving through image frames), that feature convects with the flow, highlighted by white dotted
lines, and remains visible as the boundary layer becomes brighter, thicker, and turbulent. The feature does not ‘break
down’ and disappear into the turbulent boundary layer as second-mode waves do [9]. Instead, the wisp/streak is still
clearly visible at 𝑋𝑠 = 520𝑚𝑚 in the final (bottom) frame. For all shots with 𝑅𝑒𝑅𝑁

> 1.5 × 105 these wisps and streaks
are observed above the boundary layer while second-mode waves are not observed inside the boundary layer. These
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Fig. 7 Schlieren image sequence for shot 3137, 𝑀∞ = 7, 𝑅𝑒𝑢𝑛𝑖𝑡 = 33 × 106/𝑚, 𝑅𝑁 = 3𝑚𝑚, 𝑅𝑒𝑅𝑁
= 10 × 104.

Fig. 8 Schlieren image sequence for shot 3133, 𝑀∞ = 7, 𝑅𝑒𝑢𝑛𝑖𝑡 = 30.7 × 106/𝑚, 𝑅𝑁 = 9𝑚𝑚, 𝑅𝑒𝑅𝑁
= 28 × 104.
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Fig. 9 Schlieren image sequence for shot 3141, 𝑀∞ = 6, 𝑅𝑒𝑢𝑛𝑖𝑡 = 42.4 × 106/𝑚, 𝑅𝑁 = 9𝑚𝑚, 𝑅𝑒𝑅𝑁
= 38 × 104.

bluntness Reynolds numbers correspond to the range where the transition Reynolds number remains constant with
increasing bluntness. The combination of transition location trends and observable flow features suggest a change in
transition mechanism occurs between 𝑅𝑒𝑅𝑁

= [1 − 1.5] × 105.

C. Freestream disturbances
In this section we will address the freestream disturbances which are characterized using multi-point FLDI. First, a

brief discussion of FLDI sensitivity, calibration, and post-processing is required to properly interpret the results. As
suggested by Schmidt and Shepherd [43] and Settles and Fulghum [44], the FLDI’s depth of focus increases for increasing
disturbance wavelengths. This results in non-negligible signal contribution from large-wavelength disturbances in the
nozzle shear layers. These disturbances are convecting at velocities less than or equal to the freestream, therefore their
contribution to the FLDI signal is restricted to frequencies less than a cut-off. A method for estimating this cut-off
frequency is proposed by Ceruzzi [45] and was recently employed by Gillespie et al. [27]. A simplified version of this
method is employed here: Assuming disturbances are primarily flow-parallel and convecting with velocity (𝑢𝑐) along
the stream-wise axis (x), the variation in FLDI sensitivity along the optical axis (𝑧) will only be a function of the transfer
function, 𝐻𝑤 , given by Eq.28 from Ceruzzi and Cadou [25]:

𝐻𝑤 = exp

(
−
𝜋2𝑤2

0 𝑓
2

2𝑢2
𝑐

−
𝜆2

0 𝑓
2𝑧2

2𝑤2
0𝑢

2
𝑐

)
. (4)

Eq.4 is a Gaussian distribution with maximum value at 𝑧 = 0. The integration length (𝐿𝑆𝑅) is found from the value of 𝑧
at which the sensitivity falls to 1/e of it’s maximum value. Thus, the integration length is expressed as

𝐿𝑆𝑅 =

√
8𝑤0𝑢𝑐
𝜆0 𝑓

, (5)

and plotted in Fig.10 for 𝑤0 = 5.6𝜇𝑚 and a convection velocity of 𝑢𝑐 = 1000𝑚/𝑠. Fig.10 shows that the instrument’s
integration length is ∼ 120𝑚𝑚 at 200𝑘𝐻𝑧 and grows exponentially as frequency decreases, reaching the entire length of
the core flow (300𝑚𝑚) by ∼ 100𝑘𝐻𝑧. This suggest signals below 200𝑘𝐻𝑧 will represent large spatial averages and may
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Fig. 10 FLDI integration length for a disturbance convecting at 1000m/s.

be contaminated by noise from the nozzle shear layers. Thus, in the following analysis we will restrict our focus to
frequencies above 200𝑘𝐻𝑧.

The relationship between FLDI-measured voltage (𝑉) and phase difference along the beam paths (Δ𝜙) is given by

𝑉 = 𝑉0 +𝑉0 cos(Δ𝜙 + 𝜙0) (6)

where 𝑉0 is the mean of the maximum and minimum voltage associated with total constructive and destructive
interference, respectively, and 𝜙0 is the mean phase shift between the two beams [8, 25, 46]. 𝑉0 and 𝜙0 are determined
for each FLDI channel prior to each shot by mounting the beam-splitting Wollaston prism on a motorized translation
stage and recording a range of voltages as the prism is translated along the axis of beam separation (𝑥-axis in this work).
During this calibration, six out of the nine FLDI channels were reliable while three yielded relatively small voltage
ranges or non-existent signal. These malfunctions are believed to be caused by the photodiode amplifiers and future
work will attempt to switch to a battery-biased photodiode array rather than one using amplifiers.

Phase differences are directly proportional to density gradients in the flow; the exact conversion is a complex
function of the instrument and the flow field [47–49] and is left for future work. For the present analysis we define an
‘FLDI-based turbulence intensity’, Δ𝜙/𝜌∞, which is proportional to the true density-based turbulence intensity. While
the absolute magnitude of Δ𝜙/𝜌∞ cannot be compared to other experiments, it can be compared run-to-run to measure
the relative changes in density-based turbulence intensity within this campaign.

Fig.11 shows power spectral density (PSD) estimates of FLDI-based turbulence intensity for 3 shots. The PSDs
are computed over each plateau using MATLAB’s pwelch function with 100𝜇𝑠 Hann windows and 50% overlap. A
flow-off measurement is plotted as well (in dotted lines), taken just prior to each shot. All curves in Fig.11 represent the
average of six PSDs from the six reliable FLDI channels. Very little variation in freestream spectra is observed between
shots and plateaus; all spectra decay near a slope of 𝑓 −3.5 from ∼ [200 − 700]𝑘𝐻𝑧. This slope is in agreement with
freestream measurements in many other facilities [50]. For frequencies above 700𝑘𝐻𝑧, spectra begin to coincide with
the flow-off noise floor.

Turbulence intensity is computed from the spectra by integrating the the PSDs from [195 − 605]𝑘𝐻𝑧, (using
MATLAB’s trapz function) and taking the square-root of the result. This operation is completed for each channel
and the median value is plotted vs Reynolds number in Fig.12 along with a comparison to FLDI-based turbulence
intensity measured by Gillespie et al. [27]. The data from Gillespie et al. [27] is re-scaled (by a factor of 3.6) such
that a logarithmic fit to the data crosses through the measurements made in this work. The re-scaling accounts for the
differences in FLDI transfer functions and mean turbulence intensities between the two facilities, and logarithmic fits
are found to be good fits for turbulence intensity in many other facilities [51]. With the exception of shot 3137, where
the turbulence intensity is ∼ 20% higher for plateau #1 vs #2 and #3, our data falls in line with the trend and scatter
observed by Gillespie et al. [27] and no clear change with plateau is evident. This result was initially surprising, as the
transition front consistently moved backwards with increasing plateau number. Additionally, previous studies found the
post-shock pressure-based turbulence intensity measured with pitot probes to vary as much as 300% between plateau #1
and #2 [32]. Both discrepancies can be explained by bow shock receptivity, or bow shock transfer functions, which vary
significantly with the inclination angle of the disturbance [52–54] and were not applied to the data reported previously
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Fig. 11 FLDI-measured freestream disturbance spectra.
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Fig. 12 FLDI-based (proportional to density-based) turbulence intensity over [195-605]kHz frequency band.

[32]. To investigate the inclination angles of the freestream disturbances, we will use correlations between signals in the
two-dimensional FLDI array.

The normalized cross-correlation between FLDI channel 𝑖 and 𝑗 over sample period 𝜏 is computed using MATLAB’s
xcorr function and is expressed mathematically as

𝑅𝑖 𝑗 (Δ𝑡) =
∫ 𝜏

0

Δ𝜙𝑖 (𝑡)Δ𝜙 𝑗 (𝑡 + Δ𝑡)√︁
|Δ𝜙𝑖 |2

√︁
|Δ𝜙 𝑗 |2

𝑑𝑡. (7)

Prior to this computation, each signal is band-passed between 200 and 600𝑘𝐻𝑧 to remove influence from the nozzle
shear layers and the noise floor. The maximumly-correlated time lag between channels 𝑖 and 𝑗 can be interpreted as the
relative time-of-arrival of correlated flow features and is expressed as

Δ𝑡𝑖 𝑗 = Δ𝑡@max[𝑅𝑖 𝑗 ] . (8)

The bulk streamwise convection velocity of disturbances, computed using stream-wise FLDI pairs separated by Δ𝑥𝑖 𝑗 , is
expressed as

𝑢𝑐 =
Δ𝑥𝑖 𝑗

Δ𝑡𝑖 𝑗
, (9)
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Fig. 13 Propagation of disturbance wavefront through FLDI probes.

and the absolute value of the inclination angle of disturbance waves, computed using span-wise FLDI pairs separated by
Δ𝑥𝑖 𝑗 and Δ𝑦𝑖 𝑗 , is expressed as

|𝜃𝑛 | =
����tan−1

[
𝑣𝑐Δ𝑡𝑖 𝑗 + Δ𝑦𝑖 𝑗

𝑢𝑐Δ𝑡𝑖 𝑗 + Δ𝑥𝑖 𝑗

] ���� + 90◦. (10)

The definition of 𝜃𝑛 is chosen to be consistent with the definitions used by others [50, 52–54] for backwards facing
slow acoustic waves. The spanwise convection velocity, 𝑣𝑐, is assumed negligible in the following analysis. A physical
interpretation of the streamwise convection velocity and disturbance inclination angle is illustrated in Fig.13 along with
the six FLDI foci representing the channels which yielded a reliable signal.

Using the notation in Fig.13, the four FLDI pairs used for computing convection velocity are (b,c), (b,d), (c,d), &
(e,f). The median of these four values is normalized by the respective freestream velocity for five shots & the first five
plateaus and plotted in Fig.14 which also shows a comparison to data from Laufer [55] & Duan et al. [50] for pure
acoustic waves radiated from turbulent boundary layers. The relative Mach number, 𝑀𝑟 , between the freestream and
acoustic waves is given by

𝑀𝑟 =
𝑈∞ − 𝑢𝑐
𝑎∞

, (11)

where 𝑀𝑟 = 1, plotted with a solid line, represents the maximum velocity of a backwards-facing slow acoustic wave.
For Mach 6, velocities are measured between 80-100% of the freestream while for Mach 7 velocities are 90-140%
of the freestream. These values are slightly larger than 𝑢𝑐/𝑈∞ ∼ 0.7 − 0.8 for pure acoustic waves radiating from
turbulent boundary layers under similar conditions measured by Duan et al. [56]. This could be partially explained by
the presence of non-acoustic disturbances convecting at the freestream velocity, such as entropy fluctuations originating
from the plenum. However, no clear trend with plateau is evident and the unusually fast velocities and large scatter
measured under Mach 7 conditions suggest uncertainty in the reported values is large.

Inclination angle is computed using Eq.10 with span-wise pairs (a,b), (a,c), (a,d), (b,e), (b,f), (c,e), (c,f), (d,e), &
(d,f). The streamwise convection velocities, 𝑢𝑐, reported in Fig.14 are used in the calculation. Notably, the tan−1 term
in Eq.10 is typically positive between pairs involving probes (e) & (f) and typically negative between pairs involving
probe (a). This could be explained if FLDI probe (a) is more sensitive to acoustic waves radiating from the ceiling
rather than the floor of the nozzle. The entire FLDI array is 40𝑚𝑚 below the centreline (∼ 23% of the nozzle radius)
thus we expected the acoustic waves radiating from the floor of the nozzle with positive inclination angles to dominate
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the signal. The finding suggest comprehensive modelling and bench testing with acoustic waves of known source is
required for future work. To account for positive and negative 𝜃𝑛 we take the absolute value of the tan−1 term as is
expressed in Eq.10. Fig.15 shows the median (over nine probe pairs) absolute inclination angle as well as a comparison
to [𝜃𝑛]𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 converted the from bulk disturbance velocities of Duan et al. [50], Laufer [55] which are corrected by
−7° to account for the inclination of the Mach 6 nozzle contour at the source of the acoustic waves passing through the
FLDI probes. This source location is found by tracing Mach lines backwards into the nozzle floor and ceiling where the
local inclination angle is −5° and +9°, respectively. Thus, the conversion from bulk disturbance velocity to inclination
angle [53] for the historical data is:

[𝜃𝑛]𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = 180° − cos−1


1(

1 − 𝑢𝑐
𝑈∞

)
𝑀∞

 − 7°. (12)

Fig.15 also includes the angle of a freestream Mach wave, plotted with a solid black line. The inclination angles
measured during plateau #1 (∼ 130°) are larger than those predicted for pure acoustic waves (∼ 110° − 120°) [50, 53]
and the angles decrease with increasing plateau number, reaching minimum values of |𝜃𝑛 | = [100° − 110°] for plateaus
#3-#5. This supports the theory that a significant portion of disturbances in the early plateaus have wavefronts normal to
the flow direction (𝜃𝑛 = 180°), biasing the average angle high. This behaviour could be explained by entropy fluctuations
travelling along streamlines and originating from the plenum. The theory is further supported by previous freestream
characterizations which indicated the total temperature is relatively unsteady during plateau #1 compared to the others
[30].

To summarize this section, freestream disturbances in the [200-600]kHz range are characterized with a 6-point FLDI.
Trends of disturbance amplitude with frequency and Reynolds number are in agreement with previous studies while
trends with steady-state facility ‘plateaus’ are not. A method for estimating the average inclination angle of disturbances
using cross-correlation between FLDI channels is presented and reveals a clear trend in angle with plateau number. We
hypothesise this trend reflects a change in the relative contribution of entropic and acoustic modes which would explain
the discrepancy between Pitot probe and FLDI measurements.

V. Summary and conclusions
This work presents an experimental investigation of boundary layer instabilities and transition over a 146𝑚𝑚 base

diameter, 7° half-angle cone at zero angle-of-attack in cold (𝑇∞ < 60𝐾), hypersonic flow (𝑀∞ = 6 & 7). The nose tip
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radius is varied between 𝑅𝑁 = [0.05 − 9]𝑚𝑚 with a focus on the ‘moderately blunt’ nose tips of 𝑅𝑁 ≥ 3𝑚𝑚. As the
bluntness Reynolds number, 𝑅𝑒𝑅𝑁

, increases from 𝑅𝑒𝑅𝑁
= 103 to 𝑅𝑒𝑅𝑁

= 105, the transition Reynolds number, 𝑅𝑒𝑋𝑇
,

increases from 3-6 million to 12-20 million. In this range, the mechanism which leads to transition is the amplification
and breakdown of second-mode waves which are observed in both schlieren images and surface pressure measurements.
Second-mode dominated transition has been studied extensively by others [6, 57]. For 105 < 𝑅𝑒𝑅𝑁

< 4 × 105, 𝑅𝑒𝑋𝑇

remains constant between 12-20 million. This may represent a change in the mechanism which leads to transition.
For 𝑅𝑒𝑅𝑁

> 1.5 × 105, Second-mode features are no longer observed, instead wisps and streaks with stream-wise
wavelengths longer than the second-mode convect through the entropy layer, consistent with recent studies by others
[15, 17, 20]. Schlieren images of the boundary layer transitioning to turbulence reveal the interaction of these entropy
layer features with the boundary layer ‘breakdown’.

The second part of this work presents a characterization of the freestream disturbance environment with multi-point
FLDI which was performed simultaneously with the transition study. The freestream environment varies naturally
with time (plateau) in this facility which causes the transition Reynolds number to increase with time, independent of
bluntness. Density-based turbulence intensity does not vary significantly with time over the 200-600𝑘𝐻𝑧 frequency
band, suggesting a more comprehensive characterization of the freestream environment is required. A consistent increase
of the time-lag of the maximum cross-correlation between span-wise FLDI probes with plateau number suggests the
average inclination angle of disturbances changes with time, and a method for computing this inclination angle is
presented. Future bench testing and modelling are required to confirm if this method is physically valid. The inclination
angles measured during plateaus #3-#5 are consistently smaller than those measured during plateaus #1 and #2. The
findings suggest that the changes in transition location with plateau number are primarily driven by changes in receptivity
to the waves of varying inclination, rather than changes in the overall freestream noise magnitudes. These receptivity
transfer functions would also explain the discrepancies between FLDI-based turbulence intensity and post-shock Pitot
probe turbulence intensity measured previously [32, 52, 53]. The inclination angle variation is physically explained
by total temperature unsteadiness which increases the contribution of entropic disturbance modes relative to acoustic
disturbance modes early in the facility run time [30]. The ability to directly measure inclination angles of disturbances
represents significant progress in our ability to characterize the freestream environment in hypersonic facilities.
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Fig. 16 Surface heat flux for Mach 7 freestream, plateau #2.

A. Heat flux distributions
Fig.16 shows the heat flux for the same shots as Fig.4 for plateau #2 rather than plateau #1. The key takeaway from

Fig.16 is that the transition front has moved back from plateau #1 to #2 even though the Reynolds number has increased
slightly. This behaviour is observed for all nose tips. For shots with 𝑅𝑁 ≥ 3𝑚𝑚 the boundary layer is fully laminar
across the cone and thus the extent to which the transition front moved cannot be measured. Aside the ∼ 10% increase
in Reynolds number, other changes from plateau #1 to #2 include a drop in total temperature from 515K to 465K and
any changes in the freestream disturbance environment which are addressed in Section IV.C. Fig.17 shows heat flux
distributions for Mach 7 plateau #3 which are nearly identical to those measured in plateau #2.

The heat flux distributions for Mach 6 plateau #2 are plotted in Fig.18. Compared to plateau #1, the Reynolds
number has dropped by 4% and the total temperature has dropped from 475𝐾 to 448𝐾 . The transition front has moved
back slightly (∼ 5 − 10%) for the 3𝑚𝑚 nosetip and more significantly (∼ 10 − 25%) for the 9𝑚𝑚 nosetip.

Fig.19 displays the heat flux for Mach 6 over plateau #3. The distributions are nearly identical regardless of nosetip
with the only rise in heat flux measured at the very last TFG such that the blunter tip case starts to transition earlier than
the sharper tip case. Compared to plateau #2, the Reynolds number has dropped by 10% in plateau #3 and the total
temperature has not changed appreciably within the bounds of uncertainty (±30𝐾).
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Fig. 17 Surface heat flux for Mach 7 freestream, plateau #3.
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Fig. 18 Surface heat flux for Mach 6 freestream, plateau #2.
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Fig. 19 Surface heat flux for Mach 6 freestream, plateau #3.
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