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ABSTRACT

Three-dimensional shock wave–boundary-layer interactions generated by a cone-
slice-ramp geometry were experimentally investigated in the T5 Free-Piston Re-
flected Shock Tunnel. Four air test conditions were examined, spanning Re4364 =
2 � 106 to 6 � 106 m�1 at nominal �0 = 8 MJ kg�1, with one higher enthalpy condi-
tion at �0 = 14 MJ kg�1 and Re4364 = 3�106 m�1. Surface heat flux measurements,
high-speed schlieren imaging, focused laser differential interferometry, and surface
dynamic pressure measurements were used to characterize the mean interaction,
surface heating, and separated shear layer unsteadiness.

The test conditions produced both laminar and transitional incoming boundary
layers, with separated shear layers that either remained laminar or transitioned within
the separation region. Increasing unit Reynolds number at �0 = 8 MJ kg�1 promoted
earlier transition within the separated shear layer, reducing the separation extent and
altering both the streamwise and spanwise heating distributions on the ramp. For
all test cases, the reattached flow transitioned to turbulence on the ramp surface,
and peak streamwise heating was measured in this turbulent region downstream
of reattachment. Increasing stagnation enthalpy at constant unit Reynolds number
delayed transition onset, causing the separated shear layer to remain laminar and
increasing the separation extent.

A separated shear layer instability was observed whose dominant frequency de-
creased and whose amplitude increased downstream. These disturbances appeared
above the separated shear layer as Mach radiation and inside the separation bubble as
coherent wave-like density gradient structures. The instability frequencies were not
collapsed by either Rossiter-type scaling based on the separated shear layer length or
Kelvin-Helmholtz scaling based on the separated shear layer thickness. In contrast,
wall-normal acoustic scaling based on the shear layer height above the wall collapsed
the dominant frequencies upstream of the ramp, suggesting acoustic communication
between the separated shear layer and the model surface. Downstream of the ramp
leading edge, this scaling breaks down and the phase relationship between structures
inside and above the separation bubble changes, indicating that a different, presently
unresolved mechanism influences the downstream shear layer instability.
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C h a p t e r 1

INTRODUCTION

1.1 Motivation

Shock wave-boundary-layer interaction (SBLI) can create complex, potentially un-

steady, �ow regions that can impose highly localized heating and pressure loads on

a super/hypersonic vehicle (Clemens and Narayanaswamy, 2014; Dolling, 2001).

SBLI may occur near de�ected control surfaces, where the adverse pressure gradient

can result in boundary layer separation from the vehicle surface, with the separated

shear layer subsequently impinging downstream. Flow separation can reduce control

authority, increase unsteady surface loading, and generate highly localized heating

near or downstream of reattachment. In hypersonic �ight, these shock-dominated

�ows are also susceptible to real gas (thermochemical) e�ects, both in the mean

�ow and unsteady interactions.

SBLIs have been the subject of extensive studies. Comprehensive reviews of both

two and three-dimensional interactions, particularly at supersonic conditions, can

be found in Babinsky and Harvey, 2011; Dolling, 2001; Gaitonde and Adler, 2023;

Sabnis and Babinsky, 2023. The present discussion focuses on summarizing the

recent work most relevant to the current experiments.

1.2 Cone-Slice-Ramp Geometry

During �ight, vehicle control surfaces are subject to inherently three-dimensional

SBLI e�ects. Recommendations have therefore been made for future SBLI studies

to place greater emphasis on �ight relevant three-dimensional geometries, help-

ing bridge the gap between insights gained from two-dimensional canonical stud-

ies and �ight (Dolling, 2001; Settles and Dodson, 1994). One geometry devel-

oped to address this need for three-dimensional SBLI data was the Computational/

Experimental Aerodynamics Program (JCEAP, or Oberkampf) model (Oberkampf

and Roy, 2013; Oberkampf and Aeschliman, 1992b). This model consists of a

slender cone with a horizontal slice cut into its aft end, over which a ramp spans

the top of the slice to emulate a de�ected control surface. This con�guration is

referred to hereafter as the cone-slice-ramp geometry. A �ow feature unique to

this geometry, relative to two-dimensional SBLI con�gurations, is the presence of

a counter-rotating vortex pair that impinges on the compression ramp (Figure 1.1).



2

This vortex pair has been shown to produce heating and pressure �streaking� on

the control ramp surface (Thome et al., 2018). Experiments have quanti�ed these

streaks as sharp spanwise variations in surface loading; under certain experimental

conditions, blowdown facility measurements showed surface heating varying from

approximately 7•6 kW m�2 to 3•6 kW m�2 over distances of 2 mm or less (Francis

et al., 2025).

Figure 1.1: Streamlines in black highlighting the counter-rotating vortex pair that
impinges on the compression ramp resulting in heating and pressure �streaking� on
the ramp. Based on the simulations of Thome et al., 2018.

From the standpoint of model complexity, the cone-slice-ramp provides an interme-

diate geometry between canonical SBLI geometries and �ight representative ones

(Figure 1.2). Simple axisymmetric or nominally two-dimensional cases remain

valuable because they allow for the isolation of certain SBLI mechanisms and de-

tailed characterization of the incoming boundary layer; however, they cannot fully

reproduce the three-dimensional �ow e�ects associated with �nite-span de�ected

control surfaces. The cone-slice-ramp retains this canonical upstream condition

on the fore-cone, while introducing a �nite span compression surface that gen-

erates more �ight relevant three-dimensional SBLI behavior. Although an even

more �ight realistic con�guration would include a non-canonical incoming bound-

ary layer, doing so would signi�cantly increase the complexity of the problem. The

cone-slice-ramp is therefore a valuable intermediate geometry, as it captures key

three-dimensional e�ects of de�ected control surfaces while preserving the relative

simplicity of a canonical incoming boundary layer.



3

Figure 1.2: Schematic illustrating the range of possible geometries that can be used
to study de�ected control surface SBLI, from canonical con�gurations (left) to �ight
relevant ones (right).

1.2.1 Development of Cone-Slice-Ramp Geometry�JCEAP

The Joint Computational/ Experimental Aerodynamics Program (JCEAP) was ini-

tiated by Sandia National Laboratories from 1990 to 1997 as a coordinated com-

putational and experimental program intended to improve both hypersonic CFD

capability and wind tunnel testing, while also establishing how the two could be

used together in rigorous validation studies (Oberkampf and Roy, 2010). Over the

course of the program, it produced an extensive database of force, moment, and

surface pressure measurements on the cone-slice-ramp geometry and helped de�ne

many of the principles now associated with high quality validation experiments

(Aeschliman and Oberkampf, 1998; Aeschliman et al., 1995, 1994; Oberkampf and

Aeschliman, 1992a; Oberkampf and Blottner, 1998; Oberkampf et al., 1993, 1995,

1996; Walker and Oberkampf, 1992).

A central design requirement for the JCEAP geometry was that the �ow over the

model remain fully laminar, since only laminar conditions were considered suitable

for the CFD validation. This requirement drove the selection of the test condition

in the Sandia Hypersonic Wind Tunnel (HWT), operating at the lower pressures of

the performance envelope with a Mach 8 nozzle (Oberkampf and Roy, 2010). The

model geometry was chosen to balance �ow simplicity, computational tractability,

and relevance to maneuvering hypersonic �ight vehicles. The �nal con�guration was

a 10-degree half angle spherically blunted cone with a longitudinal slice beginning

at 70% of the body length and �tted with interchangeable �aps de�ected at 0�30

degrees in 10 degree increments. The slice and �ap represented a control surface

con�guration of practical interest, while the geometry remained simple enough for
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careful CFD comparison. The nose was deliberately blunted to 10% of the base

radius to provide a well-characterized tip that would survive multiple experiments,

and also avoid rarefaction e�ects associated with a sharper nose, for computational

comparisons.

1.2.2 Cone-Slice-Ramp Blowdown Facility Experiments

Experiments on the cone-slice-ramp geometry under quiet and conventional noise

conditions were conducted in BAM6QT at Purdue University (Chynoweth et al.,

2017; McKiernan, 2020). The model consisted of a 7-degree half angle cone with

ramp angles ranging from 10 to 30 degrees. Transition on the ramp surface, for

unit Reynolds numbers from 2.2 to 9.2 �106 m�1 , was identi�ed through broadband

increases in the power spectra measured by surface-mounted pressure transducers.

Under quiet �ow conditions, no distinct frequency peaks were detected on the ramp

surface; however, the introduction of arti�cial disturbances produced convective

instabilities in the 50�90 kHz range. These measurements were complemented by

temperature sensitive paint, which con�rmed the presence and structure of heating

�streaks� on the ramp surface.

Extensive work on instability measurements for the cone-slice-ramp geometry has

also been carried out at Sandia National Laboratories in the Sandia HWT facility

at Mach 5 and 8 (Pandey and Casper, 2021; Pandey et al., 2024, 2020, 2022b).

Surface pressure sensors, high-speed schlieren imaging, and scanning FLDI were

used to investigate instability frequencies on a 7-degree half angle cone with a 30-

degree ramp angle. These studies showed that second mode instabilities on the cone

surface (130�280 kHz) propagated along the separated shear layer and remained

present in the reattached boundary layer. A medium frequency instability (10�50

kHz) was also observed in both the separated shear layer and on the surface across

the separation region, with the instabilities peak frequency decreasing downstream.

This instability was attributed to a shear layer ��apping� motion, which radiated

pressure waves toward the surface and Mach radiation above the shear layer. Ultra

low frequency bubble breathing motion (<3 kHz) and separation shock/shear layer

unsteadiness (3�10 kHz) were also observed. Infrared thermography was later

applied to the same cone-slice-ramp model at both Mach 5 and Mach 8 conditions

to obtain spatially resolved surface heat �ux measurements over the slice-ramp SBLI

region (Lee et al., 2026). These heat �ux results were quantitatively compared with

several Reynolds averaged Navier�Stokes simulations, which struggled to accurately

predict both the peak heating and the separation location.
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1.2.3 Cone-Slice-Ramp High Enthalpy Facility Experiments

High enthalpy SBLI experiments have recently been performed on the cone-slice-

ramp geometry in Sandia's Hypersonic Shock Tunnel using the same 7-degree half

angle cone and 30-degree ramp con�guration as in Sandia's blowdown HWT facility,

with the aim of examining real-gas e�ects. Jans et al., 2025 used 100 kHz NO-PLIF

together with fast response surface pressure sensors to characterize complex SBLI

transients during the facility startup. NO-MTV was also used to produce velocity

pro�les for �ow above and below the separated shear layer at �0 = 3•8 MJ kg�1 ,

Re1 = 7•9 � 105 m�1 .

Rubio et al., 2026 used double-pass schlieren to measure the separation and reat-

tachment locations of the separated shear layer while independently varying stag-

nation enthalpy from 4.15 to 12.6 MJ kg�1 at a constant unit Reynolds number of

3�10 5 m�1 . Increasing stagnation enthalpy shifted both the separation and reattach-

ment positions downstream and reduced the overall size of the separation bubble.

These results support earlier �ndings that incipient separation and the characteristic

scales of separated SBLI regions may be strongly in�uenced by thermochemical

e�ects (Holden, 2018).

1.2.4 Theoretical Overview of the Cone-Slice-Ramp SBLI

Drawing on prior experimental studies of the cone-slice-ramp geometry, this sub-

section provides a conceptual overview of the key �ow features that develop within

the SBLI region (Figure 1.3).

Figure 1.3: Illustration of the principal �ow features in the cone-slice-ramp shock-
wave/boundary-layer interaction. The red line denotes a representative streamline.

Freestream �ow1 �rst passes through the conical shock formed at the vertex of the

cone resulting in a conical �ow �eld whose edge conditions are set approximately
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by the Taylor�Maccoll solution 1 . As this �ow reaches the leading edge of

the slice, it encounters an expansion corner, which can relaminarize the incoming

boundary layer, making it more susceptible to the downstream compression induced

separation (Pandey et al., 2024).

Downstream of the slice expansion2 , the ramp compression imposes an adverse

pressure gradient on the slice boundary layer. This adverse pressure gradient slows

the low momentum �uid nearest the wall more than the outer �ow, promoting an

in�ected velocity pro�le, �ow reversal, and eventual separation at location S. This

separation is accompanied by a separation shock SS and the formation of a separated

shear layer SSL that spans over a recirculating separation bubble on the slice. The

�ow above the shear layer3 remains supersonic, while the region beneath it is a

low speed recirculation zone bounded by the separation (S) and reattachment (R)

points.

Within this separated shear layer, instabilities can develop as the shear layer convects

downstream. Cone-slice-ramp experiments observed a streamwise waviness of the

shear layer which produces Mach radiation above the shear layer (Pandey et al.,

2022b). Farther downstream, the separated shear layer impinges on the ramp and

reattaches at location R. This reattachment is associated with a reattachment shock

RS. As the reattached boundary layer in the post reattachment shock region4

convects downstream along the ramp, it may undergo transition T� , yielding a

turbulent boundary layer and elevated heat �ux on the ramp surface.

1.3 Separated Shear Layer Instabilities

Separated hypersonic shear layers, such as the one formed in the cone-slice-ramp

SBLI, can support several distinct classes of instability. The most familiar is the

Kelvin�Helmholtz instability, which is associated with large scale shear layer wavi-

ness and vortex roll-up and has been studied extensively in incompressible (Ho and

Huerre, 1984) and compressible free shear layers (Papamoschou and Roshko, 1988).

Linear stability analysis of compressible mixing layers also predict additional vor-

tical instability modes above a critical Mach number, commonly referred to as the

fast and slow branches, which are distinct from acoustic boundary layer instabili-

ties (Jackson and Grosch, 1989). In addition, hypersonic shear layers can support

Mack mode disturbances. Although these disturbances are commonly associated

with high speed boundary layers, experiments have shown that they can also persist

within separated shear layers (Benitez et al., 2023a; Butler and Laurence, 2021a).
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1.3.1 Kelvin�Helmholtz Instability

Kelvin�Helmholtz instability is a �uid dynamic instability that develops at the inter-

face between two �uids, when a velocity di�erence exists across a shearing region.

The vortices that form have been observed to amalgamate via three separate mecha-

nisms; vortex pairing, vortex tripling, and vortex tearing. Vortex pairing, observed

by Freymuth, 1966 and Winant and Browand, 1974 at low Reynolds number, occurs

when coherent structures moving downstream at nearly constant speed merge so that

the characteristic scale grows linearly in the downstream direction. Vortex tripling,

reported by Dimotakis and Brown, 1976, refers to the merger of three vortices into

a single structure. Vortex tearing, proposed by Moore and Sa�man, 1975 and later

observed by Hernan and Jimenez, 1982 and Dimotakis and Brown, 1976, occurs

when a vortex is destroyed by neighboring vortices and absorbed into them. These

studies also indicate that vortex pairing is the dominant amalgamation process.

The study of compressibility e�ects on free jets and mixing layers showed that large

velocity gradients exert a stronger in�uence on instability growth rates than large

temperature gradients (Crane, 1957; Crane and Pack, 1957). Maydew and Reed,

1963, studying turbulent mixing in free jets over the range M1 = 0•7 to 1.96, found

that the growth rate remains roughly constant in subsonic �ow and decreases as

Mach number increases into the supersonic regime. Brown and Roshko, 1974, using

�ow visualization of plane turbulent mixing between nitrogen and helium streams,

concluded that the instability growth rate depends primarily on compressibility

e�ects rather than on the density ratio between the two streams.

Bogdano� �rst introduced a shear layer compressibility parameter, M¸ , by estimat-

ing the convection velocity of the large coherent structures and forming the Mach

numbers of these structures relative to the high and low speed streams (Bogdano�,

1983). Building on this interpretation, Papamoschou and Roshko, 1988 argued that

compressibility e�ects in turbulent shear layers are most naturally described in a

reference frame moving with the dominant large scale coherent structures, rather

than in the laboratory frame. They therefore de�ned the convective Mach number,

M2 , in terms of the convective velocity of the large scale vortical structures, U2, as,

M21 =
U1 � U 2

01
– M22 =

U2 � U 2

02
– (1.1)

where 08 and U8 is the sound speed and velocity of the corresponding streams

respectively.
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For equal pressure across both streams, U2 can be expressed as,

U2 = U1

1 ¸
U2

U1

�
d2

d1

� 1•2

1 ¸
�
d2

d1

� 1•2
(1.2)

for estimating the convective velocity of the large structures in the shear layer.

1.3.2 Fast and Slow Shear Layer Instability Modes

Linear stability analysis has also been used to study the inviscid spatial stability

problem for the compressible mixing layer. Using linear, inviscid theory, Mack

studied Mach 3 single jet and wake pro�les showing that the most ampli�ed distur-

bance was the lowest sinuous mode rather than an acoustic mode. In these con�ned

free shear �ows, the unstable waves included both subsonic and radiating distur-

bances (Mack, 1990). For parallel compressible mixing layers, Jackson and Grosch

found that once the Mach number exceeds a critical value, the instability separates

into two groups of unstable waves: a fast branch with phase speeds greater than 1/2,

supersonic relative to the stationary stream, and a slow branch with phase speeds

less than 1/2, supersonic relative to the moving stream. They emphasized that these

fast and slow supersonic modes are vorticity modes, not acoustic modes (Jackson

and Grosch, 1989).

1.3.3 Mack Mode Instabilities

A key instability mechanism relevant to hypersonic boundary layers is the acoustic

second (Mack) mode. Mack, 1984 showed that, at su�ciently large edge Mach

numbers and especially for cold wall conditions, the dominant linear instability can

shift from lower frequency viscous modes to a higher frequency trapped acoustic

mode. The boundary layer acts as an acoustic waveguide, amplifying acoustic

disturbances at frequencies that scale approximately as 5 � :U4364

2X (Fedorov, 2011).

This scaling was later supported experimentally by Kendall, 1975, Demetriades,

1977, and Stetson et al., 1983, 1984, 1989.

The second mode instability has been measured in the boundary layer over a slen-

der 5-degree cone in T5 at high stagnation enthalpy conditions by Rasheed et al.,

2002, Jewell, 2014, and Parziale et al., 2015. Parziale used Focused Laser Di�er-

ential Interferometry (FLDI) to measure the second mode frequency directly. In

related numerical work, Bitter and Shepherd, 2014 examined the e�ect of wall tem-
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perature on instability growth and found that, for the wall-temperature ratios and

Mach numbers typical of high enthalpy impulse facilities, the �rst mode remained

stable while the second mode was highly unstable.

The second mode instability is not limited to attached boundary layers and has also

been observed experimentally within the separated shear layers of SBLI. Butler

and Laurence, 2021a and Benitez et al., 2023a reported second mode disturbances

propagating through the separated shear layer in canonical cone-�are and cone-

cylinder-�are geometries in blowdown facilities. Pandey et al., 2022b likewise mea-

sured second mode disturbances traversing the SBLI region through the separated

shear layer on a cone-slice-ramp geometry, with the disturbance later reappearing in

the reattached boundary layer. Surface pressure measurements showed no second

mode peak beneath the separated shear layer, suggesting that the instability remained

con�ned to the shear layer itself.

1.3.4 Separated Shear Layer Instability Experiments

The instability mechanisms discussed above have been examined in a wide range of

free shear layers and separated SBLI �ows. Rather than provide a comprehensive

review of this broader literature, the present subsection highlights a limited set of

canonical experiments that more closely resemble the separated shear layer formed

in the current cone-slice-ramp experiments. Emphasis is placed on studies per-

formed in blowdown and high-enthalpy facilities where instability measurements

were obtained in separated shear layers produced by cone-�are, cone-cylinder-�are,

double-cone, and double-wedge interactions. These studies provide useful context

for interpreting the instability frequencies measured in the present work.

1.3.4.1 Canonical Blowdown Facility Experiments

Experiments on an asymmetric cone-�are geometry at the University of Maryland's

HyperTERP facility investigated the e�ects of a compression corner on laminar

boundary layer disturbances (Butler and Laurence, 2020; Butler and Laurence,

2021a, 2022). The model consisted of a 5-degree cone with a �ared compression

corner of 5 to 15 degrees, tested at a unit Reynolds number of 3•3 � 106 m�1 .

Instability frequencies were measured using high-speed schlieren imaging, spectral

proper orthogonal decomposition (SPOD), and on-surface pressure sensors. For

the 10-degree compression corner, second mode disturbances at 200�300 kHz were

observed in both the upstream boundary layer and the separated shear layer. A
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separate shear layer disturbance at 60�90 kHz was also identi�ed, independent of

the second mode. This instability grew in amplitude as it convected downstream

through the separated shear layer and then decayed, but did not disappear, in the

reattachment region. As the compression ramp angle increased, the dominant modal

content shifted toward lower frequencies. At a 15-degree ramp angle, shear layer

disturbances at 40�50 kHz dominated, with no evidence of second mode waves in

the separated shear layer.

Shear layer instabilities on a cone-cylinder-�are geometry have also been investi-

gated under quiet-�ow conditions in BAM6QT at Purdue University (Benitez et al.,

2020, 2023a; Benitez et al., 2023b). These experiments combined o�-surface fo-

cused laser di�erential interferometry (FLDI) measurements with on-surface PCB

pressure measurements at a high unit Reynolds number (Re1 = 12 � 10 6 m�1 ),

while maintaining fully laminar separation and reattachment. Initial experiments

with a 10-degree �are angle observed second mode instabilities along the detached

shear layer and in the reattached boundary layer at frequencies between 170 and 290

kHz. A second shear layer instability at 50�170 kHz was observed o�-surface just

upstream of reattachment and both on- and o�-surface downstream of reattachment.

These �ndings were supported by computations showing that this shear layer insta-

bility is oblique and becomes ampli�ed along the shear layer Paredes et al., 2022.

Later experiments performed with a 12-degree �are measured similar instability

frequencies, but also observed turbulent spots downstream of a laminar separation

bubble that were believed to evolve from shear layer instability wave packets.

1.3.4.2 Canonical High Enthalpy Facility Experiments

In the T5 Free-Piston Re�ected Shock Tunnel at Caltech, SBLI experiments were

performed over a canonical 25�55 degree double-cone geometry (Yu et al., 2026;

Yu, 2024). Focused laser di�erential interferometry (FLDI) was used to measure

instability frequencies in the separated shear layer for both air and nitrogen test

conditions (�0 = 8 MJ kg�1 , Re1 = 2 � 10 6 m�1 ). Low frequency wave packets

(� 50 kHz) were observed and attributed to Kelvin�Helmholtz instabilities in the

separated shear layer. Broadband medium frequency peaks (� 370�450 kHz) were

also observed in the same FLDI signal. These peak frequencies decreased mono-

tonically along the length of the shear layer. Yu argues that, upstream of the corner,

this trend is consistent with an acoustic scaling based on the local shear layer height

above the wall, H¹Gº, but notes that the scaling breaks down downstream of the cor-



11

ner. Higher frequency peaks (� 1 MHz) were also observed in some experiments

and were attributed to second mode disturbances propagating through the separated

shear layer.

Knisely, 2016 conducted T5 experiments at �0 = 8 MJ kg�1 in air and nitrogen on

30�55 degree double-wedge, 25�55 degree double-cone, and 25�48 degree double-

cone geometries to study high enthalpy SBLI and the associated heat �ux response.

For the double-cone cases, Type V interactions on the 25�55 degree model and Type

VI interactions on the 25�48 degree model were identi�ed. Highly localized peak

aft-body heating was demonstrated to be caused by the post-reattachment impinging

shock location.

Experiments focusing on changes in separation length due to real-gas e�ects were

also conducted in T5 (Davis, 1999; Davis and Sturtevant, 2000). These experiments

used nitrogen at stagnation enthalpies spanning roughly 3.9 to 28 MJ kg�1 over

two-dimensional double-wedge geometries with various ramp angles. For laminar

interactions, the high-enthalpy cases exhibited scaled separation lengths approxi-

mately three times larger than the corresponding low enthalpy cases. This increase

became apparent only when the scaling included the parameter �1, which accounts

for wall temperature e�ects on a nonreacting boundary layer. Davis attributed

this increase in scaled separation length to an internal real-gas mechanism, likely

recombination e�ects in the free shear layer downstream of separation.

1.4 Project Outline and Scope

The primary objectives of this thesis are twofold. First, it investigates the streamwise

and spanwise heating produced by the three-dimensional cone-slice-ramp shock

wave/boundary-layer interaction across a range of freestream Reynolds numbers in

hypervelocity �ows. Second, it examines the unsteadiness of the interaction, with

particular attention to how the observed instabilities vary with Reynolds number,

stagnation enthalpy, and streamwise location.

The thesis is organized as follows. Chapter 2 describes the experimental facility,

freestream conditions, model geometry, and the instrumentation and diagnostics

used throughout the study. Chapter 3 presents the surface heat �ux measurements

used to characterize the incoming boundary layer, including comparisons with

boundary layer theory, and then examines the streamwise and spanwise heating of

the three-dimensional SBLI in relation to �ow visualization observations. Chapter

4 investigates the unsteadiness of the interaction using FLDI, SPOD, and surface
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pressure measurements to identify the dominant instability frequencies. It also

explores scalings of these instability frequencies and the coupling between di�erent

SBLI �ow features. Finally, Chapter 5 summarizes the main �ndings of the thesis

and outlines directions for future work.
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C h a p t e r 2

EXPERIMENTAL FACILITY & DIAGNOSTICS

This chapter describes the T5 Free-Piston Re�ected Shock Tunnel used in this

study, together with the test model and diagnostic instrumentation employed in the

experiments. It �rst summarizes the operation of the facility and the methods used

to determine the freestream test conditions. It then presents the cone-slice-ramp

model and the diagnostics used to measure the relevant �ow and surface quantities.

2.1 T5 Free-Piston Re�ected Shock Tunnel

The experiments in this study were conducted in the T5 Free-Piston Re�ected Shock

Tunnel at the California Institute of Technology, a high-enthalpy impulse facility

designed to generate �ight-relevant conditions for hypervelocity aerothermodynam-

ics research (Hornung et al., 1992). T5 is the �fth facility in a series of re�ected

shock tunnels and is capable of producing freestream stagnation enthalpies on the

order of 5�25 MJ kg�1 . The facility consists of �ve principal sections: the sec-

ondary reservoir (2R), compression tube (CT), shock tube (ST), test section (TS),

and dump tank (DT), as shown in Figure 2.1. A stainless steel primary diaphragm

initially separates the CT and ST, while a 0.003 inch Mylar secondary diaphragm

at the nozzle throat separates the ST from the TS and DT. To improve shot-to-shot

repeatability, the primary diaphragm is mechanically scored so that rupture occurs

at the desired burst pressure.

Prior to a shot, the CT, ST, TS, and DT are evacuated to below 0.04 kPa, after

which the ST is �lled with the test gas and the CT is charged with a prescribed

helium/argon driver mixture. The 2R is then �lled with compressed air, and a 120

kg piston is positioned at the upstream end of the CT. A small release of air behind

the piston initiates its motion, uncovering the ports between the 2R and CT and

allowing the compressed air in the 2R to accelerate the piston downstream. As the

piston travels through the CT, it adiabatically compresses the helium/argon mixture

until the primary diaphragm bursts. This generates a strong incident shock that

propagates through the ST, re�ects from the end wall, and establishes a stagnant,

high temperature, high pressure nozzle reservoir. The re�ected shock also vaporizes

the Mylar secondary diaphragm, allowing the reservoir gas to expand through the

contoured converging-diverging nozzle of area ratio 100:1 and into the test section,
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where the �nal freestream condition is produced.

Facility operation is monitored using vacuum gauges, static pressure transducers,

and dynamic pressure transducers (PCB 119M44). During �lling and evacuation,

the static pressure transducers on the DT, ST, CT, and 2R are used to verify the pre-

scribed initial �ll conditions, after which these gauges are isolated to prevent damage

during the shot. Dynamic pressure transducers record the primary diaphragm burst

pressure, the incident shock speed in the ST, and the nozzle reservoir pressure near

the end wall. The reservoir pressure signal is also used to trigger diagnostic data

acquisition. These pressure signals are recorded on National Instruments PXIe-6368

16-bit depth DAQ cards at 2 MS/s for post shot analysis. The measured burst pres-

sure, shock speed, and reservoir pressure are then used as inputs for the calculation

of the freestream test condition.

Figure 2.1: Schematic of the T5 Free-Piston Re�ected Shock Tunnel.

2.2 Freestream Conditions

A set of test conditions was chosen to allow for the boundary layer on the cone

surface upstream of the slice-ramp region of the model to remain fully laminar

for most test conditions, through to transitional for the highest Reynolds number

considered. Prior boundary layer transition work on slender 5-degree cones in T5

has experimentally measured the transition length GTr � 0.68 m for the nominal

� 0 = 8 MJ kg�1 , Re1 = 2 � 10 6 m�1 test condition and GTr � 0.51 m for the nominal

� 0 = 8 MJ kg�1 , Re1 = 6 � 10 6 m�1 test condition (Jewell, 2014). Since the

cone length upstream of the slice is 0.638 m, these conditions allow both laminar
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and transitional incoming boundary layers to be investigated over the available

Reynolds number range. The �0 = 8 MJ kg�1 – Re1 = 2 � 10 6 m�1 condition has

been thoroughly characterized through laser-absorption spectroscopy together with

static-pressure and pitot-probe measurements (Finch et al., 2023; Yu et al., 2025).

An intermediate freestream unit Reynolds number of Re1 = 3 � 10 6 m�1 was

explored between the bounding freestream unit Reynolds numbers at �0 = 8 MJ kg�1

to isolate the e�ects of changing freestream unit Reynolds numbers on the SBLI

region. A higher stagnation enthalpy of �0 = 14 MJ kg�1 was also explored at the

same freestream unit Reynolds number to isolate stagnation enthalpy e�ects on the

SBLI region. The nominal freestream properties for these cases are summarized in

Table 2.1, with shot speci�c values provided in Appendix A.2.

Table 2.1: Nominal T5 freestream conditions.

Condition
M1

[-]
U1

[m/s]
d1

[kg/m3]
T1

[K]
P1

[Pa]
Re1

[1/m]

H8-Re2-Air 5.54 3516 0.0201 984 5751 1•71 � 106

H8-Re3-Air 5.47 3633 0.0304 1081 9551 2•54 � 106

H8-Re6-Air 5.46 3747 0.0765 1163 25740 6•31 � 106

H14-Re3-Air 4.98 4708 0.0379 2080 23876 2•83 � 106

For each T5 shot, the freestream state is determined through a two stage proce-

dure. In the �rst stage, the nozzle reservoir condition is reconstructed from the

initial shock tube �ll pressure, P1, the measured primary shock speed, UB, and the

measured reservoir pressure during test time, PA4B. The post re�ected shock state

is then computed in Cantera using the Shock and Detonation Toolbox (EDL, 2023)

with an equilibrium normal shock calculation, after which the gas is isentropically

expanded up to the nozzle throat to record the reservoir pressure PA. This yields the

thermodynamic state supplied to the nozzle calculation.

In the second stage, the University of Minnesota Nozzle Code (Candler, 2005) is

used to simulate the steady expansion through the contoured nozzle using the recon-

structed nozzle reservoir state as input. The solver treats the �ow as an axisymmetric

reacting Navier�Stokes expansion with a turbulent nozzle-wall boundary layer. Tur-

bulence is modeled with Spalart�Allmaras (Spalart and Allmaras, 1992) together

with the Catris�Aupoix (Catris and Aupoix, 2000) compressibility correction, and

implicit time integration is performed using the data-parallel line relaxation method

(DPLR) (Wright et al., 1998). Inviscid �uxes are evaluated with Steger�Warming
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�ux splitting (Steger and Warming, 1981) and the van Leer limiter to obtain second-

order spatial accuracy (Liou and Van Leer, 1988). The chemistry model employs

the Park two-temperature formulation with the updated Bose�Candler nitric-oxide

reaction rates (Bose and Candler, 1996, 1997). The nozzle geometry was discretized

using a structured mesh with 492 axial cells and 219 radial cells. For each con-

dition, the reported freestream properties were extracted at the nozzle centerline at

the exit plane. Across the exit plane, the freestream conditions varied by less than

approximately 0.5% between the centerline and the nozzle wall boundary layer edge.

Boundary layer edge conditions reported along the cone surface were computed by

taking the freestream conditions obtained at the nozzle exit, as described above,

and solving the Taylor�Maccoll equations for inviscid, axisymmetric conical �ow.

Under the conical-�ow similarity assumption, the governing Euler equations reduce

to an ordinary di�erential equation in the polar angle, with local �ow properties

remaining constant along rays emanating from the cone vertex. Following the

solution approach outlined in Anderson, 1990, the inviscid outer �ow solution

evaluated at the cone surface polar angle was taken as the local boundary layer edge

condition. To assess the e�ect of the perfect gas assumption, the edge conditions

were computed in Cantera using both frozen composition and chemical equilibrium

models. The resulting edge unit Reynolds numbers di�ered by less than 1%. The

nominal equilibrium boundary layer edge properties for each shot condition are

summarized in Table 2.2, with shot speci�c values provided in Appendix A.3.

Table 2.2: Nominal boundary layer edge conditions.

Condition
M4364

[-]
U4364

[m/s]
d4364

[kg/m3]
T4364

[K]
P4364

[Pa]
Re4364

[1/m]

H8-Re2-Air 5.23 3382 0.0265 1083 8376 1•99 � 106

H8-Re3-Air 5.18 3489 0.0400 1185 13794 2•92 � 106

H8-Re6-Air 5.17 3601 0.1007 1272 37063 7•22 � 106

H14-Re3-Air 4.75 4379 0.0483 2244 32845 2•92 � 106

2.3 Cone-Slice-Ramp Model

The cone-slice-ramp model used in this study consisted of a slender 5-degree half-

angle cone with an axial length of 0.75 m. A 10 mm deep tangential cut was

introduced from the outer aft diameter of the cone to form the slice section of the

model. The fore-cone length was selected to permit investigation of both laminar

and transitional incoming boundary layers over the range of freestream conditions
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available in T5, as described in Section 2.2. A 20-degree ramp was mounted to the

slice, with a spanwise width of 38.5 mm and a streamwise length of 77 mm. The

leading corners of the ramp were coincident with the hyperbola formed by the slice,

similar to the JCEAP cone-slice-ramp model. The model was mounted to a sting in

the T5 test section and aligned to a zero-degree angle of attack.

The model was machined from 4340 steel, except for the cone nose tip, which was

made of molybdenum. The nose tip was initially machined sharp to a radius of 0.1

mm, but eroded during the test campaign to a radius of 0.25 mm. A sharp nose tip

was selected to isolate the in�uence of the entropy gradient associated with nose

bluntness on the SBLI region of the model. Throughout the experimental campaign,

the nose remained su�ciently sharp for the entropy layer to be swallowed well within

the conical portion of the model, with a maximum estimated entropy-swallowing

distance of approximately GBF � 50 mm based on measurements for a 5-degree

half-angle cone reported by Lachowicz, 1996. Figure 2.2 shows the CAD design of

the cone-slice-ramp model, and Figure 2.3 shows the model mounted to its sting in

the T5 test section.

Figure 2.2: CAD model of cone-slice-ramp model with sensor locations annotated.
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Figure 2.3: Cone-slice-ramp model installed in T5 test section.

2.4 Surface Diagnostics

The cone-slice-ramp model was instrumented extensively to characterize both aero-

dynamic pressures and thermal loading over both the cone surface and the slice-ramp

SBLI region. The instrumentation suite consisted of 46 thermocouples for heat �ux

measurements, 9 static pressure sensors, and 5 dynamic pressure sensors. For clar-

ity, Figure 2.4 summarizes the sensor types, locations, and naming convention used

in this study.
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Figure 2.4: Sensor type and naming convention for all surface mounted sensors on
the cone-slice-ramp model.

2.4.1 Surface Heat Flux Measurements

Surface heat �ux measurements were obtained using 2.4 mm diameter, Type E

(constantan�chromel) thermocouples manufactured in-house. They are based on

the design and operating principles of Sanderson, 1995 for use in T5. Established

test time for this work (Section 3.1.2) are on the order of 1 ms making the reported

e�ective response times of the gauges 1 `s (Sanderson and Sturtevant, 2002) to

7 `s (Damazo, 2013) adequate for the experiments.

The thermocouple voltage output is passed through a signal conditioner with a

nominal gain of 100 and recorded using the National Instruments DAQ system at a

sampling rate of 2 MS/s. The measured voltage is converted to temperature using

standard NIST thermocouple tables. Surface heat �ux is then recovered through

spectral decomposition. The thermocouple is modeled as a one-dimensional semi-

in�nite solid undergoing unsteady heat conduction under the assumption of small

temperature gradients. The governing heat equation is,

m2)
mG2

=
1
U

m)
mC

(2.1)

with boundary conditions,
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Here, G is the coordinate normal to the surface, U is the thermal di�usivity, ¤@ is

the surface heat �ux, ) is the temperature, and C is time. The thermal di�usivity is

de�ned as

U =
:
d2

– (2.4)

where : is the thermal conductivity, d is the density, and 2? is the speci�c heat.

Material properties used are averaged between the constantan�chromel as reported

by Sundqvist, 1992.

Because the conduction equation is linear, the temperature response of the thermo-

couple can be represented through a convolution integral,

�) ¹G– Cº =
¹ C

0
6¹G– C � gº ¤@ 3g (2.5)

where �) is the temperature rise and 6¹G– Cº is the impulse response function,

6¹G– Cº =

r
U

c: 2C
exp

�
�

G2

4UC

�
– C ¡ 0• (2.6)

In this expression, G is the thermocouple junction depth. Based on the measurements

of Davis, 1999, a junction depth of 1 `m is used in the present calculations.

The heat �ux signal is recovered by transforming the measured temperature history

into the frequency domain using a discrete Fourier transform and then applying the

inverse transform after deconvolution,

¤@ = ��) �1
�
�/
�

�
• (2.7)

Here, / is the Fourier transform of the measured temperature time series, � is the

�lter function, and � is the Fourier transform of the impulse response 6¹G– Cº. A

low-pass Butterworth �lter with a cuto� frequency of 20 kHz is then applied to the
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recovered heat �ux signal. Further details of this procedure are given by Sanderson

and Sturtevant, 2002 and Davis, 1999.

Uncertainty in the mean heat �ux arises from several sources, including uncertainty

in the NIST temperature conversion tables, uncertainty in the thermocouple material

properties, and shot-to-shot �uctuations in the freestream conditions. According

to Davis, 1999, the NIST temperature conversion introduces an uncertainty of

1.7%, while the material properties contribute an uncertainty of 8%. The e�ect

of freestream �uctuations is represented using a 95% con�dence interval following

Flaherty, 2010. These sources are combined and reported as error bars on the mean

heat �ux measurements.

Each thermocouple was installed in the cone-slice-ramp model using a jig to maintain

a consistent junction depth across all gauges. After curing, the gauges were sanded

�ush with the model surface to ensure that no step remained. Eleven thermocouples

were placed at regular 38 mm intervals along the slender cone upstream of the

SBLI region to characterize the incoming boundary layer as laminar or transitional.

Twenty additional thermocouples were positioned along the centerline of the slice-

ramp at 5 mm intervals to measure the streamwise development of the SBLI through

the separation region. A further �fteen thermocouples, arranged in four spanwise

rows with 4 mm spacing, were installed on the slice-ramp to examine �nite-span

e�ects associated with the three-dimensional �ow. The streamwise thermocouple

locations are overlaid on the high-speed schlieren image in Figure 2.5 for visual

reference.

Figure 2.5: Annotated locations of surface thermocouple sensors.
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