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A series of experimental campaigns were conducted to study the hypersonic shock-
wave/boundary-layer interaction (SWBLI) generated by a sharp fin on a flat plate. A cam-
paign focusing on the case of a transitional incoming boundary layer was investigated in
the HyperTERP reflected-shock facility. This campaign demonstrated the viability of fast-
response temperature-sensitive paint as a diagnostic technique for a facility of this scale and
also showed the value of a plan-view schlieren made possible through flush-mounted win-
dows. Results showed the presence of quasi-conical symmetry for this transitional SWBLI
and a significant level of unsteadiness in the inception region and near the separation line.
Schlieren results showed the ability to identify the line of upstream influence from a power
spectral density analysis of the plan-view data.

The new high-temperature Ludwieg tube (HTLT) facility at the University of Maryland,
College Park was characterized for both Mach-6.25 and Mach-8 configurations. The Mach-
6.25 Pitot rake survey showed test times of ~100ms with a core flow diameter >184 mm.
In the Mach-6.25 configuration, the facility is able to generate Reynolds numbers of up

to 44 x 10> m~!'. The Mach-8 Pitot rake survey showed test times of 40-80ms with a



core flow diameter of roughly 300 mm with the ability to reach Reynolds numbers of 13 x
10° m~!. These measurements were corroborated by schlieren imaging and Femtosecond
Laser Electronic Excitation Tagging velocimetry. Neither the Pitot rake surveys nor the
velocimetry measurements showed any evidence of the presence of a wake generated by
the piston system through which the facility operates.

Subsequently, an experimental campaign was conducted in the HTLT facility investi-
gating the fin-induced SWBLI in the case of a turbulent incoming boundary layer. Heat-
flux distributions show the progression through different flow regimes and the presence of
quasi-conical symmetry. At higher interaction strengths, the appearance of a tertiary peak
and secondary trough in the heat flux may be indicative of the onset of secondary sepa-
ration and reattachment. A survey over the parameter space shows an influence of both
Reynolds number and interaction strength on quantities such as maximum surface heating
and the spatial distribution of the heat flux. High-speed plan-view schlieren imaging shows

broadband elevated energy levels between the shock wave and the fin surface.
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Chapter 1: Introduction

1.1 Motivation

The study of hypersonic aerodynamics is an immensely interdisciplinary and difficult
one. A large part of this difficulty arises from the range of scales that hypersonic flight
encompasses. At the largest scale, the design of a flight path for a high-speed vehicle
will include considerations of meteorology, atmospheric science, and possibly even orbital
mechanics if the craft in question is experiencing reentry. Juxtaposed to this are the micro-
scopic effects of the fluid as it interacts with the surface of the vehicle itself: accounting
for phenomena such as surface ablation and aerodynamic heating requires an incorporation
of physical chemistry and elements of quantum mechanics to accurately model the dynam-
ics between the fluid molecules and vehicle body. This does not even include all of the
classical problems that arise when designing conventional low-speed aircraft such as flight
dynamics, controls, performance, and so on. Moreover, these classical problems can be-
come substantially more challenging in the hypersonic regime, and quantities that may be
relegated to insignificance for low-speed aircraft may become limiting design parameters
in the configuration of a hypersonic vehicle.

Hypersonic flight has been studied for decades; however, due to this complexity and the
extreme environments in which it takes place, it still remains an active area of research. In-
deed, even gathering experimental data on these flows can prove exceptionally challenging.

Since there are still many unanswered questions around the dynamics of hypersonic flight,



flight testing can prove risky and oftentimes prohibitively expensive. Ground-testing facil-
ities, such as wind tunnels, provide an alternative through which data can be gathered at a
lower risk and cost, but they are not without their trade-offs in that they typically produce a
less realistic flow environments or only one portion of the flight envelope. Computational
fluid dynamics offer another approach to gathering data on these flowfields; however, due
to an incomplete theoretical understanding of the relevant physics and the computational
expense of these simulations, they are likewise limited by the model implemented and the
machine resources available.

With obstacles like these ever-present in the study of hypersonic aerodynamics, many
of the challenges to achieving practical hypersonic flight seemed insurmountable and in-
terest in the topic waned over the decades. Nonetheless, in recent years, there has been a
resurgence in the interest in hypersonics. This has been driven by both defense and com-
mercial forces: the defense industry views hypersonic systems as a key part of its future
strategic defense; several industry leaders have expressed interest in developing commer-
cial hypersonic flight in the coming decades. With the renewed and burgeoning interest in
hypersonic flight, the investigation into its fundamental flow physics is once again at the
forefront of research. Moreover, with the growing number of real-world applications of
hypersonic technologies, it appears that this area of research is here to stay, and a better
understanding of these problems is imperative to the proliferation of hypersonics and to the

fulfilling of these goals.

1.2 Shock-wave/boundary-layer interactions

There are numerous aspects of high-speed aerodynamics that still lack a comprehensive
understanding, one of these being that of shock-wave/boundary-layer interactions. Because

these interaction can occur in a variety of different forms and will be specific to a given



vehicle, it can be useful to consider them in simplified canonical forms. Several of these
canonical SWBLI configurations can be seen in Fig. 1.1. By gaining an understanding of
these simplified geometries, insights can be made into their analogous counterparts on a

given hypersonic vehicle.

Figure 1.1: Canonical shock-wave/boundary-layer-interaction configurations: (a) imping-
ing shock, (b) sharp fin, (c) swept compression ramp, (d) double fin, (e) blunt fin or cylinder
on plate, (f) cone above plate. From Gaitonde and Adler [1].

The importance these interactions is pervasive throughout the entirety of the vehicle
design process. The sharp fin (Fig. 1.1a), swept ramp (c), and blunt fin (e) configurations
are very similar to control surfaces such as ailerons or rudders. The impinging shock (a and
f) and double-fin (d) may be crucial design considerations for the inlet of an air-breathing
propulsion system. Examples of where geometries such as these may be relevant can be
seen in Fig. 1.2, which highlights flowfield locations on a generic hypersonic aircraft where
specific interactions may be present. However, it is not only the ubiquity of these interac-

tions which make them such an important design consideration but their effects as well.
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Figure 1.2: SWBLIs on a high-speed aircraft. From Korkegi [2].

In hypersonic flight in particular, many of the limitations of the aircraft system are im-
posed by thermal loads and materials limitations. When SWBLIs occurs, they can often
exacerbate these exact problems: an shock wave impinging upon the surface of an aircraft
can cause high heating loads at that location; a SWBLI may cause boundary-layer separa-
tion and the separated region can generate low-frequency unsteadiness, which can resonate
with the natural frequency of the structure and lead to structural fatigue and failure; the
interaction may change the boundary-layer transition location which can drastically in-
crease aerodynamic heating over downstream portions of the craft. The list of potential
complications that can arise from SWBLIs is extensive and nuanced; therefore, a more
comprehensive study of these flowfields is necessary.

The specific SWBLI that will be focused upon in the current study is that of the sharp fin
attached to a flat plate (Fig. 1.1b). This canonical geometry is particularly representative
of a rudder or other vertical control surface on a hypersonic vehicle. A survey of the
characteristic flow features of this SWBLI and the current understanding of this interaction,
as well as some of the open areas of research and the scope of the current work, is thus given

below.



1.3 Historical studies and canonical features

One of the first studies focusing specifically on the sharp-fin/flat-plate configuration was
that of McCabe [10] in 1966. Over the subsequent decades, the problem was studied with
varying degrees of focus by many others, sometimes being the only geometry considered
and other times being part of campaigns studying a wider breadth of SWBLIs. Although
many of the canonical components of the flowfield were identified individually by different
investigations over this period, a comprehensive physical model of the sharp-fin/flat-plate
configuration with a turbulent incoming boundary layer was finally compiled by Alvi and
Settles [S] in 1992. One of the important behaviors discussed in Alvi and Settles” seminal
work is the nature of flowfield evolution as the strength of the interaction increases. Despite
this evolution, there are several characteristic features of the SWBLI that are typically
present at most interaction strengths, which are shown in the sketch by Mears et al. [3] in

Fig. 1.3.

Section normal to oblique shock

Inviscid
Shock N

Flow
-.__Slip Line

Fin

Separation
14_ Shock

Incoming BL

Figure 1.3: Sketch of primary flow features; adapted from Mears et al. [3].

To understand the development of these flow structures, it is convenient to consider a
two-dimensional cross-section (the Xy — Y plane in Fig. 1.3) of the SWBLI which is or-
thogonal to the shock wave and plate surface. This shock wave, which in the inviscid case

is planar, extends from the top of the fin down into the boundary layer. The interaction



with the viscous boundary layer causes the shock wave to bifurcate and form a I-shock
structure. The leg of the I -shock that reaches upstream is known as the separation shock;
the leg that reaches downstream is known as the rear shock. As the undisturbed incom-
ing boundary layer approaches the interaction, it is first affected by the separation shock
at the point of upstream influence (UI). This location is important because it marks the
farthest outboard/angular extent of the SWBLI. A short distance downstream, the separa-
tion shock, which induces a large adverse pressure gradient, causes the boundary layer to
undergo separation (SL). Separation at this location in the interaction is known as primary
or incipient separation and is often denoted S;, a distinction that will become important
later when separation may occur at other locations within the interaction as well. This in-
cipiently separated boundary layer subsequently forms an open helical vortex (sketched in
green) above the surface of the plate. Closer to the fin, the boundary layer reattaches to
the plate surface (RL) in what is known as primary reattachment and denoted R;. Addi-
tionally, due to the difference in shock strengths above and below the bifurcation point of
the shock wave, a different velocity is imparted by the shock system above and below this
point, forming a slip line. When considered in the X, — Y plane, the locations of farthest
upstream influence, separation, and reattachment correspond to points; however, when the
full three-dimensional flowfield is considered, the respective loci of these points form lines
which, when extrapolated upstream, all converge at a point known as the virtual conical
origin (VCO), about which the flowfield exhibits a quasi-conical symmetry. This symme-
try makes spherical coordinates centered about the VCO the natural framework in which
to study this problem. It is important to note that this symmetry is only observed in the far
downstream region. Near the fin leading edge, the SWBLI has not yet fully developed and
the quasi-conical symmetry is not observed; this upstream portion of the flowfield is known
as the inception region. Using this terminology, some of the more nuanced characteristics

of this SWBLI can be discussed.



As mentioned, an important aspect of this SWBLI is its progression through a series of
flow regimes as the strength of the interaction changes. Some of the earliest work identify-
ing the presence of different flow structures as the fin angle was increased was performed by
Korkegi [11], who noted the occurrence of secondary separation and reattachment. How-
ever, many also point to the work of Zheltovodov et al. [4] in identifying the surface flow

features of the different flow regimes, which are reproduced in Fig. 1.4.
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Figure 1.4: Surface flow features for different flow regimes. From Zheltovodov et al.[4]

These surface flow patterns correspond to the flow features later visualized by Alvi
and Settles [5, 12]. Because frequent reference will be made to these flowfield sketches,
they are included in Appendix A. From these sketches, the features that were discussed
in relation to Fig. 1.3 can been seen in more detail; however, it is also clear that there are
other flow structures present. In particular, one can see, for moderate interaction strengths,
the indications of a secondary region of separation inside the primary separation bubble,

first identified by Korkegi [11]. This secondary separation is occurring within what is



called the reverse flow region (so called since it is moving in the opposite direction of
the incoming boundary layer) underneath the primary separation bubble that forms after
the boundary layer reattaches at Ry. At even higher interaction strengths, the reverse flow
region is actually accelerated to supersonic speeds and can terminate in a small I-shock
system as is shown in Fig. A.1f. Looking between the primary separation bubble and the
slip line, it can be seen that the flow which is not entrained by the primary separation vortex
is turned and forms a jet that impinges upon the plate surface at the location of primary flow
reattachment [13]. This turning of the flow is accomplished via a series of Prandl-Meyer
expansion fans which also form compression waves as they reflect off the slip line. These
compression wave coalesce into ’shocklets” and, at high enough interaction strengths, can
form a “normal shock™ that terminates the supersonic flow of the jet before it impinges
upon the plate surface [12].

Because of the dependence of the characteristic flow features on the strength of the
interaction, it is important to define a parameter which governs the strength of the interac-
tion. Settles and Lu [14] found that a suitable parameter is the normal component of the
incoming Mach number, defined for this SWBLI as M,, = Mysinb. Using this governing
parameter, the different structures seen can be assigned to different flow regimes that are
determined by the value of M,. This is shown in Fig. 1.5, which shows primary separa-
tion occurs at My = 1:2, secondary separation at M, = 1:5, “normal shock” formation at
M, = 1:9, and finally supersonic reverse flow at M, = 2:1.

Despite these variations in the canonical features of the flowfield as M, is changed, for
all of these interaction strengths the flowfield still obeys quasi-conical symmetry. That is,
when viewed in a conical coordinate system with an appropriate origin, the features that
vary azimuthally should collapse. The appropriate origin for this coordinate system is the
virtual conical origin. As previously mentioned, this location is determined by tracing fea-

tures such as the separation and reattachment lines, the line of upstream influence, and an
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Figure 1.5: Flow regimes and their dependence on M,. From Alvi and Settles [5]

extension of the inviscid shock wave upstream until their common intersection point. By
basing the conical coordinate system about this location, the collapse of the flow features
along arcs centered about this origin is achieved. It should be noted, as is argued by Rodi
and Dolling [8], that this symmetry is not conical in the strictly mathematical sense. Pure
conical symmetry requires a decay in gradient-dependent quantities as I, distance from the
coordinate origin, decreases whereas, in the current case, they remain constant. Nonethe-
less, this terminology is used throughout the literature and in the present work.

It is also important to recall that this quasi-conical symmetry is only present in the
downstream or farfield region. Nearer the leading edge is the inception region; in this
region, the SWBLI is still developing and quasi-conical symmetry is not yet observed [15,
16]. The length of the inception region is a quantity of interest as its termination marks
the beginning of the symmetric region. However, this is also a difficult variable to quantify
since this process occurs asymptotically and the length of this region also varies with the
strength of the interaction from negligibly short to longer than the length scale of a given
test article [14]. The locations of the VCO, inception region, and farfield region for a given

test case are visualized in the sketch from Lu et al. [6] provided in Fig. 1.6.
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Figure 1.6: Characteristic flow features of the SWBLI including the virtual conical origin,
inception region, and farfield region. From Lu et al. [6].

Other than these canonical flow features, another significant part of the fin-induced
SWBLI problem is the pressure and heat-flux distributions that are generated on the plate
surface. In fact, these values may be more relevant than the flow structures when consid-
ering their effects in terms of high-speed vehicle design. Over the years, numerous studies
[5, 7, 8, 16-24] have investigated the spanwise or azimuthal pressure distribution gener-
ated by this SWBLI and, from these studies, several characteristic features of the pressure
distribution have been identified. These features are shown in the sketches of the typical
distribution provided by Holden [7] and Rodi [8]. From these sketches, it can be seen that
the pressure shows a slow rise from the freestream starting at the line of upstream influence.
Further inboard, near the shock-wave location, the pressure maintains a relatively constant
value at what is typically referred to as the pressure plateau region. This plateau region can
also exhibit a local peak and trough, as is shown in Fig. 1.7b. Moving closer to the fin,
the pressure experiences a rapid increase as it reaches its peak near the location of primary

reattachment.
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Figure 1.7: Typical heat-flux and pressure distributions from (a) Holden [7] and (b) Rodi
[8].

Despite there being substantially less historical data available which includes the heat-
flux distribution generated by this SWBLI, there are nonetheless certain features that have
appeared consistently across the extant literature [7, 8, 23, 25-27]. Like the pressure dis-
tribution, there is a gradual rise from the unaffected freestream followed by a plateau or
peak and trough near the inviscid shock-wave location. Once again, further inboard, near
the location of primary reattachment, the maximum heat-flux of the distribution is reached.

From these studies, it can be seen that this fin-induced SWBLI results in a complex
flowfield which varies drastically as one moves throughout the parameter space. This does
not even include many of the more specific studies that may focus on other quantities of
interest such as pressure fluctuations, unsteadiness, or surface features on the fin. With such
a large number of relevant parameters and the wide variation of the physics throughout the
parameter space, many open research questions remain about this SWBLI. This motivates

the current work.
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1.4 Open research questions and scope of current work

From the aforementioned studies, it is clear that a substantial research effort has gone
into characterizing the fin-induced SWBLI. Both experimental and computational inves-
tigations have been conducted over the years; however, they have been restricted almost
exclusively to cases where the boundary layer is either fully laminar [17, 28] or, more com-
monly, fully turbulent [3, 5-8, 12, 14, 18-27, 29—44]. Most studies have focused on super-
sonic as opposed to hypersonic flows. Specifically, of those cited above, the majority are
focused on supersonic Mach numbers between 2 —4 [3, 5, 6, 12, 14, 17, 18, 20-22, 25-36],
with only a limited number in the hypersonic regime at Mach numbers of 5 [8, 19, 24, 37—
42], 6 [23], 8.2 [43, 44], and 11 [7]. Additionally, there are a number of parameters that
can be varied in these experiments: fin sharpness, deflection angle, and sweep are all vari-
able along with the usual flow properties of Mach number, Reynolds number, incoming
boundary-layer state, et cetera. This has resulted in many campaigns including the sharp-
fin-induced SWBLI as part of a broader survey of SWBLIs as opposed to a detailed in-
vestigation of its specific geometry, which, in term, has left several specific, yet important,
behaviors without a comprehensive description.

Two of the foremost among these behaviors are the surface heat flux generated by the
SWBLI and the unsteadiness of the interaction [1, 45]. Despite the studies that have been
conducted focusing on these behaviors, such as that by Rodi [8] referenced in Fig. 1.7
where heat flux is analyzed or those by Schmisseur [24, 41] and Gibson et al.[38] examin-
ing unsteady wall pressure fluctuations, there is by no means a comprehensive understand-
ing of these phenomena. With this in mind, it is clear that the area of transitional hypersonic
flows poses a situation of particular importance since transition at high Mach numbers is
known to be associated with high levels of both heating and unsteadiness. Although, intu-

itively, one may expect the behavior of a transitional hypersonic flow to fall between that
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of laminar and turbulent flows, this is not the case. For example, Sandham et al. [46] con-
cluded that, for the case of an externally-generated shock wave impinging upon a flat plate
(Fig. 1.1a), the highest levels of wall heat transfer occurred when the flat-plate boundary
layer was transitional, not fully turbulent. Similarly, experiments by Murphree et al. [47]
showed that the separated flow region generated by the SWBLI of a cylinder mounted on
a flat plate (similar to Fig. 1.1e) exhibited larger variations in both scale and shape for a
transitional incoming boundary layer compared to a turbulent one. Experimental studies
on flared cones have shown that high-frequency second-mode disturbances, known to be
the dominant instability for axisymmetric bodies [48], can be significantly modified by
a SWBLI [49]. These disturbances can display nonlinear behavior as they develop in a
transitional boundary layer [50] and have significant implications on hypersonic vehicle
design. With these examples in mind, it is clear that transitional hypersonic SWBLIs have
an important influence on the flow properties for a variety of geometries and deserve further
examination.

Although there is a particular need to focus on the transitional case, there are also
notable gaps in the understanding of the surface heat transfer for the turbulent case [45].
As mentioned, several investigations have been made into the heat-flux distribution of this
SWBLI; however, many of them were done a relatively low spatial distribution. More
significantly, virtually none of these studies focusing on heat transfer have any description
of how this surface heating varies with time. For an interaction that may exhibit significant
unsteadiness, a temporal description of the heat flux, a possible design-limiting parameter,
is essential.

A more easily overlooked but nonetheless important feature of this flowfield that has
not been studied in great detail is the evolution of the boundary layer and other flow struc-
tures as they are processed through the SWBLI. Of the studies that have been conducted

using optical diagnostics, many rightly take advantage of a fin-align optical axis to utilize
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the quasi-conical symmetry of the interaction. This results in a clear pictures of the flow
features in the X, — Y plane of Fig. 1.3, yet it does not provide any information of how the
flowfield develops in a streamwise direction. This is a critical shortcoming when consider-
ing this problem in relation to boundary-layer transition over the entirety of the vehicle.

Finally, a particularly difficult aspect of this SWBLI is the behavior at low fin angles.
This is a challenging problem to approach experimentally because, with fin-aligned optical
diagnostics, the facility would need an immense streamwise spacing between test-section
windows to be able to investigate such angles. However, when considering these geome-
tries as analogues to control surfaces on hypersonic vehicles, these small fin angles are
exactly the ones that would be encountered when implemented in these situations. Many
of the larger angles considered are not realistic for control surface deflection angles.

With these open questions in mind, it is the goal of this study to investigate both the
surface heat flux and streamwise development of the flowfield for the transitional and turbu-
lent sharp-fin-induced SWBLI. This investigation is done through a series of experimental
campaigns in the University of Maryland’s HyperTERP and high-temperature Ludwieg
tube (HTLT) facilities. Both of these campaigns make use of fast-response high-sensitivity
temperature-sensitive paint (TSP) for heat-flux measurements and a novel implementation
of high-speed schlieren imaging, with the optical axis passing through the test article via
flush-mounted windows, as an optical diagnostic.

The transitional case is investigated first with an experimental campaign conducted in
the HyperTERP facility. This campaign also functioned as a validation for the plan-view
high-speed schlieren and the TSP methodology, which had not been previously imple-
mented in a facility of this scale. The results of the transitional campaign are discussed in
Ch. 4. Since the HTLT facility was only recently commissioned, a characterization of the
freestream flow was necessary before any further scientific investigations could be made.

Chapter 3 discusses this characterization process and its results. Subsequently, a second
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experimental campaign was conducted in the HTLT facility to investigate the fin-induced
SWBLI with a turbulent incoming boundary layer. Due to the greater range of capabilities
of this facility as well as the lessons learned during the transitional campaign, a more com-
prehensive and detailed study of the turbulent case was able to be conducted. The results
of this campaign are presented in Ch. 5. Lastly, Ch. 6 summarizes the key findings of these
investigations and discusses their contributions in the broader context of the ever-evolving
understanding of these complex interaction and their implications for hypersonic vehicle

design.
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Chapter 2: Experimental Methodology

2.1 Facilities

2.1.1

HyperTERP reflected-shock tunnel

All experiments focusing on the transitional fin-induced SWBLI were conducted in

the University of Maryland’s HyperTERP reflected-shock tunnel. A schematic view of

this facility is presented in Fig. 2.1. The test section of the HyperTERP facility is of the

free-jet type, with an internal diameter of 30:5cm and a nozzle exit diameter of 22cm.

The test section is equipped with four 15:2cm windows, mounted at 90-degree intervals,

for optical access. This tunnel was operated using nitrogen as the test gas and a mixture

of nitrogen and helium as the driver gas; to maximize the available test time, the tunnel

was run under (approximately) tailored conditions, which, together with the desired flow

enthalpy, dictated the nitrogen/helium ratio in the driver gas and the pressure ratio of the

driver/driven gases [51].
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Figure 2.1: Schematic of the HyperTERP reflected-shock tunnel
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Condition pg [MPa] Ty [K] Rem-10° [I/m] My Uy [m/s] py [kPa] Ty [K] Iy [kg/m3] d< [mm]

A 1.81 614 10.0 6.15 1065 0.98 72 0.0458 2.33
1.82 572 11.3 6.15 1027 0.99 67 0.0496 2.19
Cc 2.13 571 13.3 6.15 1026 1.16 67 0.0582 2.02

Table 2.1: HyperTERP test conditions.

Three test conditions were employed for the transitional SWBLI investigation, each of
which was found to result in a transitional boundary layer (of varying maturity) within the
region of interest on the flat-plate test article. The flow parameters for these conditions are
provided in Table 2.1. The reservoir pressure was measured directly and the reservoir tem-
perature was determined from the measured pressure and incident shock speed, by assum-
ing an isentropic transition from the post-reflected-shock conditions. The steady test time
was typically 7 — 8 ms and was determined based on the reservoir pressure trace gathered
during each test. An example of a typical reservoir trace with the steady test time indicated
can be seen in Fig. 2.2. All results presented in the transitional case analysis (Ch. 4) are
taken from the steady-flow time unless otherwise indicated. From Pitot-probe measure-
ments, the freestream Mach number was determined to be 6:15 4 0:06, where the standard
deviation is determined from the square root of the mean variance throughout the steady
test time of the centerline probe at conditions A and C. The freestream conditions provided
in Table 2.1 were calculated assuming a perfect-gas, isentropic expansion to the freestream
Mach number. The laminar boundary-layer thickness at the leading edge of the fin, d-, was
calculated assuming a compressible, self-similar boundary layer according to the method
described by Anderson [52]. Note that the values presented in Table 2.1 are nominal values
and vary slightly between each run. Over the steady test time, the reservoir-pressure un-
steadiness is around 2% (standard deviation), variation in the mean pressure between shots

is roughly 1.3%, and the measurement has a systematic uncertainty of approximately 1.6%;
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the accuracy of the shock-speed is estimated to be within +5 m/s, resulting in a 0.4% un-
certainty in the reservoir temperature. The exit Mach number deviates from the centerline

value by no more than 1% within 76 mm of the centerline [49].
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Figure 2.2: Reservoir pressure trace for condition A with the steady test time boxed.

2.1.2 High-temperature Ludwieg tube facility

Charge Tube
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Figure 2.3: Schematic of the high-temperature Ludwieg tube facility.

All experiments focusing on the case of the turbulent fin-induced SWBLI were con-
ducted in the University of Maryland’s recently commissioned high-temperature Ludwieg
tube (HTLT) facility. The freestream flow characterization of this facility was a significant
portion of the present work; therefore, a detailed description of the facility’s construction
and operating principles is given below. The characterization process is discussed in detail

in Ch. 3.
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The HTLT facility is composed of four main sections, namely the charge tube, the
converging-diverging nozzle, the test section and a large vacuum (dump) tank, as shown
in Fig. 2.3. The charge tube of the tunnel is made up of an 8 m-long, 121 mm-diameter
hot section, a 12m-long, 139 mm-diameter cold (but still heated) section, and a dog-leg
transition which is 1.7 m long with a vertical offset of 0.405m and a diameter of 119.7 mm.
The vertical displacement provided by the dog leg allows the gas in the two sections to be
held at two separate temperatures without thermal stratification. Since only a portion of the
gas within the hot section of the charge tube will be used for a given test, the gas within
the cold section of the charge tube can be kept at a lower temperature without affecting
the freestream flow conditions. This allowed the cold section of the charge tube to be
constructed from more economical stainless steel than the Inconel alloy needed for the hot
section without sacrificing overall performance. There are two interchangeable nozzles for
the tunnel: a Mach-6.25 nozzle which is 1.97m long with an exit diameter of 35.7cm and
a Mach-8 nozzle which is 2.34m long with an exit diameter of 45.0cm. The test section
is of the free-jet type with an internal diameter of 60cm. The test section has four 32-cm
diameter windows mounted at 90-degree intervals for optical access, with four additional
feedthrough locations allowing for instrumentation of test articles. The entirety of the
tunnel exhausts into a dump tank that is approximately 14.5m? in volume. Photographs of

the facility can be seen in Fig. 2.4.
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(a) (b)

Figure 2.4: High-temperature Ludwieg tube facility (a) piston housing, nozzle, test section,
and (b) dog leg.

The tunnel flow is initiated through the use of a fast-acting piston system which is
depicted in Fig. 2.5. The system is composed of a free-floating copper piston, a piston
housing mounted inside the hot section of the charge tube, and a series of fast-acting valves.
The piston housing isolates a small volume of gas behind the piston body from the rest of
the charge tube, making one side of the piston (front) exposed to the charge tube pressure
and one side (back) exposed to this isolated volume. This small volume is connected via
piping to the charge tube and an atmospheric exhaust vent; each of these lines contains a

fast-acting valve.

Piston housing

Flow direction Copper Piston head

Charge tube

Fast acting piston

Nozzle throat

Figure 2.5: Piston block.
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Before a test, the valve to the charge tube is kept open, ensuring the pressure on the
front and rear faces of the piston are exposed to the same pressure. To begin a test, the valve
connecting the volume within the piston housing to the charge tube is actuated, isolating the
piston chamber from the charge tube. Next, the valve connecting the piston housing to the
atmospheric exhaust vent is actuated, allowing the volume behind the piston to be reduced
to ambient pressure. This generates a pressure difference across the piston which retracts
the piston head from the nozzle throat and allows the main tunnel flow to begin. After the
steady test time has ended, this process is conducted in the reverse order and causes the
piston to move forward, sealing it against the nozzle throat and concluding the test. This
entire sequence is typically concluded in less than 200 ms.

The facility is able to operate at charge tube pressures from 10-60bar and charge tube
temperatures ranging from approximately 500-850 K (hot-section temperature). The lower
limit of the pressure range is set by the requirement of a sufficient pressure gradient to move
the fast-acting piston and allow the tunnel to start. The low temperature limit of 500K is
determined by temperature ratio between the hot and cold sections of the charge tube which

is given as:

d 4
Teold = Thot d—“ = 0:5742 - Thyt 2.1)

c

where dp, and d; are the diameters of the hot and cold section of the charge tube, re-
spectively [53]. This ratio is used to minimize the reflection of the expansion wave which
propagates through the charge tube at tunnel startup. With this relation in mind, a hot-
section temperature of 500K requires a cold-section temperature of 287K or 14 °C which
is roughly the ambient temperature of the laboratory which houses the tunnel. Since there

is no active cooling on the cold section, this marks the lower limit of the facility’s operating
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temperature range. The upper limits on both pressure and temperature are set by the safe
operating limits of the materials used to construct the facility. Several cases at which the

facility is able to operate near these limits are outlined in Table 2.2.

Mach Number prype [bar]  Tyupe [K]  po [kPa] T [K] Rep- 10° [1/m]
6.25 10 500 911 487 7.28
6.25 10 850 913 830 3.10
6.25 60 500 5465 487 43.7
6.25 60 850 5477 830 18.6
8 10 730 954 721 2.23
8 10 850 954 840 1.73
8 60 730 5727 721 13.4
8 60 850 5729 840 10.4

Table 2.2: Example tunnel operating conditions.

To see the effects of deviating from the temperature ratio prescribed by Eq. 2.1, a series
of tests were conducted at Mach 6.25 with various offsets for Teo1q. For each test, Prype =
30bar and Thot = 565K were held constant, while Tgog Was offset in increments of 10K;
the resulting Pitot rake traces are plotted in Fig. 2.6. From these results, it can be seen
that variations away from the theoretically prescribed value of Teg g result in only small
changes to the Pitot rake traces. Any slight differences in flow steadiness or steady test time
seen in Fig. 2.6 could also be caused by anticipated shot-to-shot variations of the facility.
Therefore, all subsequent runs were conducted using the theoretical value of T g as given
by Eq. 2.1. Additionally, tests with offsets in Tgog are included among the calibration data

presented in Ch. 3.
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Figure 2.6: Pitot rake traces at different offsets of T¢g|q.

H Condition  prupe [bar] Trube [K] po [MPa] To[K] Rem-10°[1/m] My Uy [m/s] py[kPa] Ty [K] ry[kg/m’] d- [mm] H

20 550 1.82 536 12.4 6.25 977 0.897 61 0.0514 2.69
B 30 550 2.73 536 18.6 6.25 977 1.35 61 0.0771 2.20
C 40 550 3.64 536 24.9 6.25 977 1.79 61 0.1027 1.90
D 50 550 4.56 536 31.1 6.25 977 2.24 61 0.1284 1.70

Table 2.3: HTLT campaign test matrix.

Four test conditions were used in the investigation of the turbulent fin-induced SWBLI
and are presented in Table 2.3. Through the use of high-speed spanwise schlieren (similar
to that described in §2.2.2), it was verified that each of these test conditions resulted in a tur-
bulent incoming boundary layer at the region of interest. This boundary-layer development

and transition to turbulence is shown from the leading edge of the test article in Fig. 2.7a,
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where transition begins near X = 175 mm; Fig. 2.7b shows a fully turbulent boundary as it

enters the region of interest at X = 350 mm.

260 280 300 320 340 360 380

X [mm]

(b)

Figure 2.7: Spanwise schlieren showing (a) the leading edge of plate with a turbulent
boundary layer at X ~ 200mm and (b) a fully turbulent boundary layer in the region of
interest. Note: region of interest starts at X = 350 mm.

For each of these test conditions, the reservoir pressure and temperature were measured
directly. Because of the high temperatures encountered within the charge tube, a calorically
imperfect gas model is implemented when calculating the stagnation conditions according

to

gp—1

1+ @+ DI o

=14+

(2.2)
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where p is the heat capacity ratio under perfect gas assumptions, gy is the character-
istic vibrational temperature, and T is the temperature of the charge tube. To obtain the
freestream conditions given in Table 2.3, an isentropic expansion from the charge tube
reservoir through the nozzle is assumed. The laminar boundary-layer thickness at the fin
leading edge is again given for reference and was calculated in the same manner as that in
Table 2.1. With these test conditions, the typical steady test time was roughly 100ms. Anal-
ysis of the spanwise schlieren showed that the time frame from approximately 40 — 70 ms
after flow arrival contained the steadiest flow; therefore, this time frame is considered the
steady test time and all data presented in the turbulent case analysis (Ch. 5) will be from
this period unless otherwise noted. These are again nominal operating conditions and vary
slightly from shot to shot. Further details on the flow environment are provided with dis-

cussion of the freestream characterization process in Ch. 3.

2.1.3 Test articles

Flow
Deflectors

(a) (b)

Figure 2.8: Test articles used in the HyperTERP campaign configured for (a) temperature-
sensitive paint and (b) schlieren.

The test article used throughout the transitional campaign in HyperTERP was a mod-

ular flat-plate/fin model. This model consisted of a flat, hollow steel plate that measured
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160mm wide by 350mm long by 22:2mm thick, with a nominally sharp leading edge and
a lower incidence angle of 20°. In the center of the plate, cutouts allowed for the placement
of inserts for various diagnostic techniques: in this case, windows for optical techniques
(i.e., schlieren) or engineering thermoplastics for temperature-sensitive-paint (TSP) mea-
surements. The steel fin measured 44:5mm tall, 127mm long, and had a sharp leading
edge with a 20-degree angle on the leeward side. The fin was secured to the main plate
via an adjustable base, which allowed the deflection angle of the fin to be varied continu-
ously from 0° to 15°; rotation was about the fin’s leading edge, which remained at 198 mm
downstream of the plate leading edge and offset 25:4 mm from the model centerline. For
the transitonal SWBLI tests, deflection angles of 5°, 10°, and 15° were investigated as well
as a case with no fin attached. The center cutout region of the plate was roughly rectan-
gular with a streamwise length of 120:7 mm and a spanwise width of 50:8 mm. The entire
assembly was mounted into the HyperTERP test section on sharp-leading-edged legs which
attached to the sides of the flat plate and were positioned so as not to influence the flow in
the region of interest. Mounting the model to the side of the tunnel (i.e., so that the flat
plate was vertical) facilitated the implementation of the schlieren imaging to be discussed
shortly. A schematic of the model configured for temperature-sensitive paint experiments
can be seen in Fig. 2.8a. For experiments where schlieren was employed, flow deflectors
were installed both above and below the test article (on either side when mounted). These
deflectors served the purpose of preventing the flow on the underside of the flat plate or
the shear layers exiting the nozzle from corrupting the data being collected in the region
of interest on the top surface of the plate (initial experiments without the upper deflector
showed that the boundary-layer content in schlieren images was completely overwhelmed
by the shear-layer disturbances). This latter setup can be seen in Fig. 2.8b. The short flow
length of the upper deflector ensured that its boundary layer remained laminar and had a

negligible effect on the acquired data.
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Figure 2.9: Test articles used in the HTLT campaign configured for (a) temperature-
sensitive paint and (b) schlieren.

Likewise, a similar flat-plate/fin test article was fabricated for use in the HTLT facil-
ity. The HTLT model measured 279:4 mm wide by 565 mm long by 38:1 mm thick with
a nominally sharp leading edge and a lower incidence angle of 20°. The fin was 63:5mm
tall by 190:5mm long with a 20-degree leading-edge angle on the leeward side of the fin.
The leading edge of the fin was maintained at a distance of 355:6 mm downstream of the
plate leading edge. As in the HyperTERP model, the fin was able to be rotated about its
leading edge continuously from 0° to 15°. For the turbulent SWBLI tests, fin angles of
2:5°, 5°, 7:5°, 10°, 12:5°, and 15° were investigated as well as the case with no fin at-
tached. The center cutout region had a streamwise length of 127 mm and a spanwise width
of 101:6 mm. Inserts made of thermoplastic were installed for TSP measurements, whereas
windows were used for schlieren measurements. The test article was mounted into the
HTLT test section on sharp-leading-edged legs with a vertical orientation to facilitate the
implementation of diagnostics. As with the HyperTERP test article, a pair of flow deflec-
tors were installed both above and below the main test article in an effort to isolate the flow
directly over the plate. The upper flow deflector plate was situated 96:8 mm above the main

plate surface (33:3 mm above the top of the fin). When assembled, the deflectors measured
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500mm from the top of the upper deflector to the bottom of the lower deflector, ensuring
that any shear flows that develop on the surfaces of the 35:7cm Mach-6.25 nozzle would
be directed away from the region of interest. Renderings of the HTLT test article for each

configuration can be seen in Fig. 2.9.

2.2 Diagnostics

2.2.1 Fast-response temperature-sensitive paint

Time-resolved TSP measurements were gathered in both the transitional and turbulent
campaigns. To implement this technique the cutout region in the center of the flat plate
was fitted with a thermoplastic insert. For the transitional campaign, both Ketron PEEK
1000 and Delrin acetal homopolymer were used. These materials were chosen for their
density, thermal conductivity, and specific heat capacity, the values of which are listed in
Table 2.4 (note that the reported physical and thermal properties of these materials vary
among manufacturers; therefore, the values presented should be taken as nominal ones).
Temporarily assuming the paint layer has a negligible effect on the heat-conduction process,

the surface heat-transfer rate is given by Schultz and Jones [54]:

ok Z tdT=dt
n= ¢ Tt 23

Similarly, the temperature rise on the surface is given by:

Z 4
T=p1: @dt (2.4)
prck ot—t
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Therefore, the square root of the product of these values, that is pm, determines the
extent of the temperature rise on the surface of the model, which, in turn, determines the
resolution of the desired heat-flux measurements. Since the temperature rise on the surface
(i.e. in the paint) should be maximized, pm for the base material should be minimized to
avoid heat conducting out of the paint layer and into the base material. PEEK was found to
give superior results, but, since not all configurations in the transitional campaign test ma-
trix were tested with PEEK and several runs were contaminated by diaphragm fragments
passing through the field of view, Delrin results are also provided in the discussion pre-
sented in Ch. 4. For the subsequent turbulent campaign, PEEK is exclusively used for TSP

measurements.

H Material r, Density [kg/m®] K, Thermal Conductivity [W/m K] ¢, Specific Heat [J/kg K] pﬁ [J/m? K s12] H

Delrin 1410 0.360 1465 743634
PEEK 1310 0.252 1240 409349
P-70 Polymer 1132 0.1968 2070 461150

Table 2.4: Material properties.
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Figure 2.10: (a) Surface plot of paint thickness measurement and (b) mean surface profile.
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Upon these inserts, a thin layer of high-sensitivity TSP was applied to the inset surface
using an airbrush paint gun. This paint consisted of an ethanol base, a polyethylenimine P-
70 binder, and a ruthenium tris(1,10-phenanthroline) dichloride (Ruphen) luminophore [9].
For the transitional test article, the thickness of the paint layer was estimated to be between
1:6 —2:6 m thick, as measured independently by a white-light interferometer and a pro-
filometer. For the analyses presented in Ch. 4, a thickness of 2mm was used and treated as
a constant. For the turbulent case, a more precise measurement of the paint thickness was
able to be made through the use of a Keyence interferometer. This interferometer measure-
ment was able to provide a surface profile over a small region (roughly 8 mm x0:75 mm) of
the insert near the edge of the paint layer with an accuracy of +£2:5mm; this surface profile
is shown in Fig. 2.10a. The profile was averaged along the y—direction (Fig. 2.10b), and
the mean distance of 10:5mm between the painted and unpainted surfaces (dashed lines)

was treated as a constant and used for the analyses in the turbulent case in Ch. 5.
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Figure 2.11: (a) Schematic of TSP setup and (b) photograph of TSP setup with illumination.
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Once installed into the test section, the painted surface was illuminated using a set of
blue (I =460nm) LEDs focused through a grouping of lenses. A Phantom v2512 camera
was used to acquire the emitted light; a bandpass filter centered at 590 nm with a full-width-
half-max bandwidth of 60nm was placed in front to remove reflections and extraneous
emissions. A schematic of the TSP setup and a photograph of the illuminated test article
are shown in Fig. 2.11. This excitation and measurement method was determined based on

the absorption and emission spectra of the Ruphen luminophore, shown in Fig. 2.12.
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Figure 2.12: Absorption and emission spectra of the Ruphen luminophore overlaid with
the output of the blue LED light source. From Ozawa [9].

The typical camera frame rate for the transitional campaign ranged from 25;000 —
30; 000 frames per second, with corresponding exposure times of 39:5 —32:9ms. The cam-
era resolution was 512 x 208 with 4:11 pix/mm for the 5° and 10° tests and 896 x 400 with
7:54 pix/mm for the no-fin and 15° tests. For the turbulent campaign, the frame rate for all
tests was 70; 000 frames per second with a corresponding camera exposure time of 13:8 s.

The camera resolution was 640 x 480 with 3:76 —4:19 pix/mm.
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Figure 2.13: Paint calibration curve.

Once the raw TSP data were gathered during the tests, the time-resolved surface temper-
ature distribution of the test article was determined using the calibration curve (Fig. 2.13)
from Ozawa et al.[9]. The temperature change for the transitional case over the steady test
time is shown for each configuration in Fig. 2.14. We see that the total temperature rise
is around 1K for the no-fin case and 3K for the 15° case. These changes, occurring over
a steady test time of 7 — 8 ms, motivates the need for the high-sensitivity TSP formulation
employed here.

Heat fluxes were computed using the Green’s function approach described by Whalen [55].
This approach accurately models the influence of the finite thickness of the paint layer,
which is less accurately treated by the alternative Liu et al. method [56] and neglected
entirely in the method of Cook and Felderman [57]. While less important for mean mea-
surements, accounting for the effect of this layer becomes more critical for the short time
scales of interest here. Tikhonov regularization is implemented within the method to reduce

noise in the derived instantaneous heat-flux distributions.

There are several sources of uncertainty that influence the heat-flux calculations. Ozawa
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Figure 2.14: Surface temperature changes over the steady test time for the (Transitional,
Condition A, Delrin).

et al. [9] found roughly 11% uncertainty due the temperature-intensity calibration, a 4.5%
contribution to the uncertainty from the paint thickness, and a further 1% from temper-
ature interpolation. Another contributor is the deviation of the thermal properties of the
base layer from those given in Table 2.4. Although the supplier of these materials did not
provide an estimation of these variations, they are assumed to be within +5%. Finally, an
additional 1% will be assumed from the Green’s function heat-flux reconstruction. This re-
sults in an overall experimental uncertainty of 13% which will be assumed for all heat-flux
results shown; however, it will not be plotted as it is common to all experiments in both the

transitional and turbulent campaigns.

2.2.2 High-speed schlieren

A standard Z-type schlieren with a vertical knife-edge, Phantom v2512 camera, and a

Cavilux HF laser as the light source was used throughout the transitional campaign. The
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two spherical mirrors used to collimate and refocus the light beam are 152 mm in diameter
and have focal lengths of 1.52m. The schlieren method employed an optical path through
the surface of the flat plate, this being possible with windows installed flush with the upper
and lower surfaces of the plate, as illustrated in Fig. 2.15. The camera frame rate for a
given test ranged from 74;000 — 320;000 frames per second; the corresponding camera
resolution was 768 x 400 with 6:94 pix/mm for the low frame rate tests and 768 x 80 with
6:45 pix/mm for the high frame rate tests. The pulse width of the laser in all cases was
20ns. The camera was typically mounted horizontally, but in some cases (for which the

higher frame rate was desired) rotated to match the fin angle and maximize the field of
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view at the reduced resolution.
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Figure 2.15: Schematic of the schlieren setup in the HyperTERP facility.

For the turbulent case, a similar schlieren setup was used with the substitutions of an
LED as the light source and parabolic as opposed to spherical mirrors. The parabolic
mirrors are 304.8 mm in diameter and have focal lengths of 2.54m. Again, the optical

axis passed through the upper and lower surfaces of the test article. For the no-fin case, a
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frame rate of 3800 frames per second with 256128 and 188 pix/mm was used; for
tests at angles of attack betweeb 2 125 the frame rate was 32000 frames per second
with 384 128 and 198 2:87 pix/mm. To account for the larger spanwise extent of the
interaction in the 15case, the camera resolution was set to 2384, all other properties

were unchanged.

Figure 2.16: Schematic of the schlieren setup for HTLT characterization.

For the HTLT characterization, a Z-type schlieren with a horizontal-knife edge, Phan-
tom v2640 camera, spherical mirrors, and a LED light source was used to visualize the
ow structures passing over the center portion of the Pitot rake. A schematic of this setup
is shown in Fig. 2.16. For these tests a camera frame ratg80D5rames per second was
used with a camera resolution of 1408600 and 15pix/mm. This visualization helped
give con dence that the transducer measurements were not being corrupted by any possible
shear ows generated by the nozzle or test-section walls and also enabled identi cation of
the end of tunnel startup and the arrival of the unstart shock. A typical schlieren image
is shown in Fig. 2.18b, and the sequence in Fig. 2.17 demonstrates how the unstart shock

propagating upstream disrupts the steady ow in the test section.
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