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ABSTRACT 

 

Hypersonics is of current national interest, but improved understanding of fundamental 

flow physics is required for safe and efficient vehicle design. The objective of the present study 

was to expand the knowledgebase of shock wave boundary layer interaction flows during transi-

tion at a high Mach number since these interactions are likely to occur on hypersonic aircraft. The 

approach was to experimentally determine how the dynamics of the shock structure, the fluctua-

tions within it, and the resulting thermal and acoustic loads, change as the flow evolves through 

its transitional regime. Tests were conducted on a canonical cylinder-induced 3-D shock wave 

boundary layer interaction geometry at Mach 5.8 in the Actively Controlled Expansion hypersonic 

wind tunnel. The model was tested in different configurations to isolate the effects of the boundary 

layer trips and the shock generator. The interaction excited a 40 kHz (possibly second mode) in-

stability, causing transition just downstream of the separation shock. A transitional boundary layer 

was only achieved on the baseline model with trips at Re=7M/m, which demonstrated that a tran-

sitional incoming boundary layer is not required to produce a transition interaction. Time-resolved 

schlieren imaging revealed disturbances emerging from the supersonic jet and ascending the cyl-

inder with a characteristic frequency near 20 kHz. The separation shock motion frequency was 

O(1 kHz) and was fed by disturbances originating near the base of the cylinder. The film coefficient 

was found to be the heat transfer parameter of interest since it scaled roughly linearly with Reyn-

olds number. It revealed fundamental differences in heating at the reattachment arc for configura-

tions with and without trips and indicated higher heating in that region for a laminar SBLI. Cylin-

der sweep had an impact on fluctuation levels and thermal loads. Sweeping the cylinder back 15 
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degrees significantly reduced the extent of the interaction and dropped the RMS pressure fluctua-

tions and heating loads at the base of the cylinder by roughly 50%. Alternatively, sweeping the 

cylinder forward 15 degrees led to fluctuations on the order of the freestream static pressure and 

the highest heating levels observed for this campaign.  
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A Area, Hot-wire Calibration Constant 
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M Mach Number 
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O( ) Order 
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V Voltage 
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cp Specific Heat 
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d Cylinder Diameter 

f Frequency 

h Height of Trips or Film Coefficient 

k Thermal Conductivity 

n Number of Shock Crossings or Hot-wire Calibration Constant 

p Pressure 

q Heat Flux 

t Time 

w Spacing of the Trips 

x Streamwise Coordinate from Leading Edge 

x’ Streamwise Coordinate from Front of Cylinder 

y Distance Above Model 

z Spanwise Coordinate from Model Centerspan 

α Thermal Diffusivity 

β Local Shock Angle 

γ Intermittency or Specific Heat Ratio 

δ Boundary Layer Thickness 

ε Emissivity Coefficient 

ζ Distance into Model 

θ Cylinder Angular Coordinate 

µ Dynamic Viscosity 

ρ Density 
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B Bridge 

c Crossing 

e Boundary Layer Edge 

i Intermittent 

n Normal to Surface 

sep Separation 

t Total or Throat 

trip Relating to the Trips 

w Wall 

x Related to the Coordinate x 

0 Total 

1 Upstream of the Shock 

2 Downstream of the Shock 

∞ Freestream 
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DARPA Defense Advanced Research Projects Agency 

DC Direct Current 

DNS Direct Numerical Simulation 
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FSO Full Scale Output 

HEG High Enthalpy Shock Tunnel Göttingen 

HIFiRE Hypersonic International Flight Research Experimentation 

 Program 

LabVIEW Laboratory Virtual Instrument Engineering Workbench 

LaRC NASA Langley Research Center 

LE Leading Edge 

LED Light-emitting Diode 
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MATLAB Matrix Laboratory 

NACA National Advisory Committee for Aeronautics 
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ONR U.S. Office of Naval Research 

PDF Probability Density Function 
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PIV Particle Image Velocimetry 

PLIF Planar Laser Induced Fluorescence 

PLS Planar Laser Scattering 

PSD Power Spectral Density 

PSP Pressure Sensitive Paint 

RANS Reynolds-Averaged Navier-Stokes 

RMS < > Root Mean Square 

SBLI(s) Shock Wave / Boundary Layer Interaction(s) 
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1. INTRODUCTION 

 

1.1 Motivation 

1.1.1 The Nature of Hypersonic Flight 

Hypersonics is characterized by several distinct features that separate it from other flow 

regimes. Hypersonic flow over a body results in thin shock layers, thick entropy layers, viscous 

interactions between shock waves and boundary layers, low density effects, and high temperature 

effects where real gas calculations, nonequilibrium ramifications, and chemical reactions become 

important [1]. The physical manifestation of these phenomena on a vehicle is shown in Figure 1.  

 

 

 

Figure 1. A hypersonic vehicle and its associated flowfield (reprinted from [1]) 
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Sometimes, hypersonics can allow for simplifications [1]. The Mach number independence 

principle asserts that certain aerodynamic quantities such as pressure coefficients, lift, wave-drag, 

and flowfield structures – like shock wave shapes and Mach wave patterns – become independent 

of Mach number. The shock relations can reach a hypersonic limit, and Newtonian impact theory 

can predict the pressure distribution on a surface based solely on incident flow angle. While these 

simplifications make the calculations much easier, the cost is accuracy. Some of the greatest chal-

lenges holding back progress in the development of hypersonic flight vehicles fall within uncer-

tainties in the fundamental aerodynamics.  

An order-one issue in hypersonics is kinetic thermal loading. Its importance cannot be 

overstated as it dictates the configuration design of most hypersonic vehicles. Overprediction of 

the heat flux will lead to an unnecessarily bulky and inefficient design which will add cost to the 

mission. Underprediction in any region on a vehicle could have catastrophic consequences [2]. 

The regions of highest heat transfer occur at or near areas of the body where the flow stagnates. 

Where stagnation occurs, the kinetic energy from the flow is converted into heat, some of which 

is convectively transferred into the body. 

There are a few regions on a vehicle where the flow will stagnate. Most apparent are the 

upstream surfaces that see the flow first, like the nose or leading edges of wings or fins. Significant 

steps or cavities, which may be present due to fabrication tolerances or sensor installations, can 

lead to recirculating, stagnating flow [3]. A third and perhaps less intuitive region of separated and 

stagnated flow can be caused by shock wave boundary layer interactions (SBLIs). While the sites 

of stagnation point heating on upstream surfaces are obvious, the exact location, spatial extent, and 

magnitude of heat transfer – which can be several times higher than upstream stagnation heat 

transfer rates – for an SBLI are not always well known [4]. 
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1.1.2 The Prevalence of Viscous Interactions 

Interactions between a shock wave and a viscous boundary layer represent complex flow 

phenomena that are associated with a wide range of features, including transonic airfoils, high-

speed inlets and control surfaces, wing-fuselage junctions, missile base flows, reaction control jets, 

and over-expanded nozzles [5]. Some of these flows and interactions are diagrammed in Figure 2. 

Essentially, an SBLI will occur wherever the vehicle shape deviates from a simple, smooth surface.  

 

 

Aside from the extreme thermal loads found at flow reattachment, unsteady pressure waves 

can also precipitate deleterious effects, including aircraft buffeting, inlet instability, and aerostruc-

ture fatigue when the low-frequency, high-amplitude (up to 185 dB or more) pressure oscillations 

couple to panel resonant frequencies [6]. For example, the associated wall pressure fluctuations 

have significant energy content between 10 and 1000 Hz [5], the range of typical resonant fre-

quencies of flat panels on high Mach number aircraft [7]. Pozefsky et al. indicate that such loading 

 

Figure 2. Regions of strong viscous interaction on a high Mach number vehicle 

 (reprinted from [4]) 
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for a generic air-breathing trans-atmospheric vehicle, combined with high heating, poses a severe 

threat to local structural integrity [8]. Accurate predictions of fluctuating loads are vital to struc-

tural and materials engineers who must account for these phenomena in designing aerospace struc-

tures with adequate fatigue life, particularly for high Mach number vehicles. 

The topic of SBLIs has been studied extensively in the time since the first manned super-

sonic flight. One of the earliest reviews by Green identified four important areas where SBLIs will 

occur: transonic airfoils, high-speed inlets, nozzles at off-design conditions, and near control flaps 

[9]. Many other reviews on SBLIs exist. In the decades that followed, there were several that pro-

vided chronological snapshots of the state-of-the art at the time with extended discussions of the 

physics as well as experimental and numerical techniques [10-16]. Dolling [6] and Smits and 

Dussauge [14] reviewed work in supersonic SBLIs through the early to mid-1990s, including dis-

cussions of the unsteady flowfields and some early thoughts on driving mechanisms. In 2001, 

Dolling reviewed the topic, and presented the experimental and computational capabilities after 

50 years of research as well as areas that should be of focus moving forward [17]. Points of em-

phasis included the need for more closely tied experimental and computational campaigns and the 

need for experimental work on interactions involving transitional boundary layers to potentially 

shed light on how the transitional boundary layer state affects the interaction properties. He also 

anticipated further study could provide insight into the peak heating and unsteady characteristics 

of turbulent flows. Clemens and Narayanaswamy [5] recently reviewed the topic with a focus on 

the origin of the low-frequency unsteadiness within the interaction. Knight reviewed experimental 

and computational efforts for interactions involving hypersonic transitional boundary layers dating 

back to the 1990s [18].  
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As previously alluded, SBLIs can arise from a number of geometric configurations. One 

example flow structure is a shock wave cast off by an upstream object impinging on an established 

boundary layer. The structure is described by Green [9] and diagrammed as Figure 3.  

 

 

The incoming shock causes an adverse pressure gradient which may or may not be strong 

enough to separate the flow. If flow separation occurs, there will be a circulation bubble, and the 

surface may be subjected to temperatures on the order of the total conditions. Heat transfer will be 

even more extreme at reattachment. This is the type of interaction that infamously occurred on an 

X-15 test flight in 1968 when a shock cast from the dummy ramjet met and burned through the 

pylon that was securing it to the fuselage. The aftermath is given by Neumann [19] in Figure 4. 

The black bars (across the bottom of the pylon and on the left side of its root) indicate the burned 

interaction regions. 

 

Figure 3. Schematic of an impinging shock wave / boundary layer interaction  

(modified from [1]) 
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A second SBLI configuration is geometry-based and manifests as a shock offset from some 

downstream feature interacting with the boundary layer. Control surfaces, fins, corners, and junc-

tions can all trigger this type of interaction. In this case, the region of flow separation is upstream 

 

Figure 4. Damage to the X-15 from shock wave impingement (modified from [19]) 
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of the body that triggers the shock. The 2-D version of this interaction caused by a compression 

ramp is sketched in Figure 5. Note that the adverse pressure gradient from the corner is strong 

enough to cause the flow to separate. The compression waves at the separation point coalesce into 

a separation shock wave. Another shock reattaches the flow downstream of the corner. The re-

search presented in this dissertation will focus on a 3-D version of this geometry-based interaction. 

 

 

The spatial extent and the dynamics within the separated region depend on the state of the 

incoming boundary layer, and being able to predict the state of the boundary layer on a hypersonic 

vehicle is a significant aerodynamic challenge in its own right [20]. The region of separated flow 

will be largest for an incoming laminar boundary layer. As a boundary layer transitions, stream-

wise momentum is drawn closer to the wall and works to resist flow separation. Therefore, the 

region of separation will be at a minimum for a fully turbulent boundary layer, and the spatial 

extent of a transitional SBLI will fall somewhere in between.  

This experimental effort is part of a recent push to better understand SBLIs that occur in 

instances where the incoming boundary layer is transitioning from laminar to turbulent flow. Until 

 

Figure 5. A two-dimensional separated SBLI structure (modified from [9]) 
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recently, very few studies have been conducted on such interactions, with the bulk of the experi-

mental effort going into understanding the fundamental behavior of interactions within a fully 

developed turbulent boundary layer [21]. This has been argued to be the most probable type of 

interaction to occur on actual aerospace vehicles [4]. Conversely, computational resources have 

been diverted into the study of laminar SBLIs since they are fully resolvable, aside from cases with 

considerable flow nonequilibrium [22]. Unfortunately, laminar SBLIs rarely occur on actual vehi-

cles, so our understanding of them means little in practice.  

Much less research has been conducted on transitional SBLIs. Currently it is not possible 

to fully resolve a transitional or turbulent SBLI using a direct numerical simulation (DNS) due to 

the complexity of the interaction and the large range of scales. In fact, most hypersonic simulations 

are done using either a RANS or LES approach. Unfortunately, turbulence models are lacking for 

both of these methods. A cause for concern is that the transition location often must be specified, 

which is undesirable as the transition location must either be determined empirically or tuned in 

order to give the best results on a case by case basis [23]. Transition also cannot evolve naturally 

using these models. 

Even more motivating into the study of transitional SBLIs is the recent emphasis on the 

development of unpowered boost-glide systems such as the DARPA/AF Falcon HTV-2 and the 

Army Advanced Hypersonic Weapon (AHW) [24], which have led to the significant interest in the 

design of vehicles with substantial runs of laminar flow for aerodynamic efficiency. On these ve-

hicles, boundary layer transition will occur farther aft where SBLIs are more prevalent. In addition, 

a recent campaign in the Purdue Boeing/AFOSR Mach 6 Quiet Flow Ludwieg Tube examined the 

effectiveness of boundary layer trips on the initial compression surface of a representative X-51 
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forebody using temperature sensitive paint to characterize the increase in surface heating that re-

sults from the onset of turbulent flow [25]. The tunnel was run under noisy (nozzle bleed slots 

closed) and quiet (bleed slots open) conditions. Under noisy conditions, conditions in which the 

freestream disturbance levels are similar to those in a conventional wind tunnel, the inlet trips were 

seen to be effective in transitioning the flow almost immediately. In contrast, when the tunnel was 

run in quiet mode, where the freestream disturbance levels are similar to flight-like conditions, the 

trips were shown to be less effective and transition was delayed. This study shows that many hy-

personic inlets are potentially closer to the margin between transitional and turbulent flow than 

previously thought.  

 

1.2 Research Objectives, Approach, and Contributions 

1.2.1 Research Objective and Approach 

The overarching research objective of the present study is to expand the basic understand-

ing of shock wave boundary layer interaction flows during transition at a high Mach number.  

The approach to accomplish the research objective was to experimentally document the 

flow structure in a canonical shock wave boundary layer interaction flow as the interaction state 

was varied from fully laminar to fully turbulent. The primary test configuration is shown in Figure 

6, where the shock generator is a cylinder normal to a flat surface. A parametric study on cylinder 

sweep angle was also performed as part of the study. With high levels of computuational uncer-

tainty for key quantites in transitional SBLIs, including separation distance and thermal and pres-

sure loads, there is a need for high-quality, archival data for validating computational efforts and 

for future comparisons with DNS simulations. The Actively Controlled Expansion hypersonic 
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wind tunnel, housed within the Texas A&M University National Aerothermochemistry and Hy-

personics Laboratory, was employed for this measurement campaign. This facility is well suited 

for this problem due to the available broad Mach (5- 8) and Reynolds number (Re/m ~ 2x105 – 

1x107) ranges, and a freestream environment that has received considerable characterization 

[26,27]. A combination of boundary layer tripping and Reynolds number regulation allowed for 

the interaction to be swept from fully laminar through transition to fully turbulent [28].  

 

 

The principal question addressed in this study was: How do the dynamics of shock struc-

ture, especially the motion of the separation shock foot, triple point, shock-induced supersonic jet, 

and fluctuations within the separated region, change as the interaction evolves through transition?  

A multitude of analyses methods were employed. First, high-speed schlieren flow visuali-

zation was used to monitor the motion of the shock structure. Second, high-frequency response 

pressure transducers were used to monitor the surface pressure spectral response within the inter-

action as the interaction is swept from fully laminar through transition to fully turbulent. Third, 

 

Figure 6. Unsteady features amenable to dynamical study 
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infrared thermography provided the surface temperature of the model and the shock generator for 

all flow conditions. Fourth, to enhance the usefulness of the study for simulation and model as-

sessment, the freestream was characterized using a high-frequency response pitot (Kulite) and a 

hot-wire probe. Fifth, the model geometry and roughness were documented using laser profilom-

etry. With these instruments, profile and surface data were acquired at different streamwise and 

spanwise positions to characterize the state of the tripped boundary layer. 

 

1.2.2 Expected Contributions and Impact 

 The primary contributions to the field from this study are the database and the subsequent 

analyses that extend the current state of knowledge on transitional SBLIs. The impact has the po-

tential to be substantial as the data fill a clear void in the knowledgebase, where these measure-

ments on a comparable geometry for any interaction state at a freestream above Mach 5 are una-

vailable. Additional scientific contributions include the first use of focused schlieren to examine 

specific planes within a 3-D SBLI, and the use of a swept cylinder to provide insight directly 

translatable to the advantages of geometric sweep on hypersonic vehicles.  
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2. LITERATURE REVIEW 

 

This chapter first describes the SBLI being investigated – the flow structure resulting from 

the interaction of a right-cylinder mounted upright on a flat plate. This simplified geometry is 

analogous to a blunted fin on a vehicle body or a wing-fuselage junction and allows for effective 

study of the structure of a 3-D SBLI. It is important to note that the upstream features and scaling 

of the interactions between a cylinder or a hemicylindrically-blunted fin and the flat plate on which 

it is affixed are nearly identical [29]. Results from both configurations will be referenced from the 

literature. The similarity of the SBLI for these configurations is consistent with the free interaction 

hypothesis [30]. That is, a boundary layer undergoes separation in a manner that is independent of 

the original cause. Since the separation commences well upstream of the disturbance, the flow near 

the separation point is unaffected by the geometric detail of the protuberance.  

After discussion of the structure, diagnostic techniques used to study the structure of this 

SBLI in past experiments are described. From there, a historical background is provided for this 

experimental configuration chronicling the evolution of supersonic cylinder-mounted flat plate 

experiments in step with the sophistication of wind tunnel diagnostics. A comprehensive table 

showing all supersonic experiments involving a cylinder or a blunted fin mounted on a plate is 

given as Appendix A. Following that section is a short review of the recent hypersonic experi-

mental campaigns that have set out to study XSBLIs. The table for those experiments is given as 

Appendix B. The next section describes the two other XSBLI campaigns involving similar geom-

etries: that by Murphree et al. at the University of Texas at Austin Mach 5 wind tunnel and the 

concurrent campaign by Lash et al. at the University of Tennessee Space Institute (UTSI) Mach 2 
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wind tunnel. The final section of this chapter details the flat plate boundary layer transition cam-

paign by Semper and Bowersox, which set the stage for the experiments presented herein. 

 

2.1 General Structure 

To visualize the 3-D SBLI that results from a cylinder mounted on a flat plate in a super-

sonic freestream, it is instructive to first look at the features on the plane of symmetry – at the plate 

centerspan. A schematic of a turbulent SBLI is given as Figure 7. The prominent flow feature is 

the lambda shock structure, which can be broken into three regions: the central region, the free 

end, and the root [31]. The central region, which is characterized by the inviscid bow shock gen-

erated by the cylinder, only exists if the cylinder is tall enough relative to its diameter. Once the 

cylinder reaches an asymptotic height, increasing the height further only works to extend the cen-

tral region. Dolling and Bogdonoff suggested as a general rule that H/d should be larger than 2.4 

to achieve the asymptotic result [32]. At the free end, the shock curves over the top of the cylinder 

and continues to propagate downstream, eventually relaxing to the Mach angle.  

 

 

 

Figure 7. Centerspan cylinder-induced SBLI structure 
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The root region contains the features of interest for this study. The presence of the cylinder 

facilitates an adverse pressure gradient upstream of it, which is strong enough to separate the flow. 

As a result of the separation, the incoming flow is deflected, and a separation shock forms. This 

shock is the upstream leg of the lambda shock and intersects the bow shock at the triple point. The 

downstream leg of the lambda is the weaker flow reattachment shock, which causes high heating 

rates near the base of the cylinder. An important feature that leads to heat transfer rates and total 

pressures above the stagnation values on a small portion of the cylinder is the supersonic jet, which 

is the result of a Type IV Edney interaction [33].  The flow that passes just below the triple point 

encounters two oblique shock waves (the separation and reattachment shocks) and remains super-

sonic closer to the protuberance. The Edney interaction is given in Figure 8, where incoming su-

personic freestream flow is from the right. This jet impingement even leads to higher heating rates 

than would an incident shock wave [34]. 

 

 

 

Figure 8. Type IV Edney interaction flow features (modified from [33]) 
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The structure for a cylinder-induced transitional SBLI has an additional feature. An up-

stream influence shock is positioned upstream of the forward shock. The upstream influence shock 

is weaker as it has a smaller shock angle but still separates the boundary layer. Its intersection with 

the bow shock may be at or above the triple point depending on the stage of transition. The up-

stream reach of the upstream influence shock also varies with the state of the interaction. As the 

interaction tends toward turbulent, the upstream influence shock will collapse and may be indis-

tinguishable from the forward shock. An annotated schlieren image displaying a cylinder-induced 

transition SBLI from the present campaign is pictured in Figure 9. 

 

 

Just downstream of the separation shock, the separated boundary layer rolls up to form a 

system of vortices within the lambda shock structure. The primary vortex, located at the separation 

line, induces a system of counter-rotating vortices within the separated region. This vortex system 

is swept around the base of the cylinder and each vortex assumes the characteristic shape which 

led to its name - the horseshoe vortex. The number and spread of these vortices are determined by 

 

Figure 9. Shock structure for a cylinder-induced XSBLI in a Mach 6 freestream 
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the state of the boundary layer and the Reynolds number [35]. A diagram showing the centerspan 

structure and the horseshoe vortices along the span is given as Figure 10. 

 

 

Since the SBLI is unsteady, due to the intrinsic oscillatory behavior and pulsating, scav-

enging action of the horseshoe vortices, the spatial influence of the interaction changes with time 

[36]. The movement of the separation point about its mean position, and the fluctuating pressures 

ahead of the fin, are an order of magnitude larger than for comparable two-dimensional flows [37]. 

The vortices comprising the separated flow bring high-energy flow into close proximity with the 

surface, resulting in extremely high pressures and heating rates on the surface in the immediate 

vicinity of the fin leading edge. In this small region, surface pressures approaching the pitot pres-

sure of the freestream flow, and heating rates exceeding 10 times the undisturbed surface values, 

have been measured [36]. 

 

Figure 10. Centerspan and vortical structure within a blunt fin-induced SBLI  

(modified from [34]) 
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Focusing back to the plane of symmetry, the separation distance, Lsep, is the minimum dis-

tance from the front of the cylinder to the separation line. The intermittent length, Li, is the differ-

ence in the maximum and minimum separation distances. The upstream influence (UI) location, 

which is characterized by an initial rise in temperature or pressure from the undisturbed values, is 

just upstream of the flow separation.  

For a cylinder that meets the asymptotic result, at a given boundary layer state, the most 

significant flow separation scaling parameter is the cylinder diameter (d). As mentioned in the 

introduction, the amount of separation largely depends on the state of the boundary layer. For a 

laminar interaction, the separation distance ranges from 6-9 cylinder diameters [34], with maxi-

mum UI distances measured between 9d and 12d [38]. Separation distances measured from oil 

flow are typically 10-20% less than UI distances estimated from the initial pressure rise [39]. For 

turbulent interactions, the separated region collapses significantly. Westkamper used oil-flow vis-

ualization data from his own experiments and results from others to conclude that the separation 

distance is 2.65d for a Mach numbers 2 to 21 and a wide range of Reynolds numbers [40].  

The wake of the cylinder has its own distinct flow regions. Couch produced a sketch (Fig-

ure 11) of surface streaklines, based on oil flow visualization, on the plate in the vicinity of the 

cylinder [41]. The flow regions were divided as (1) the reversed-flow region upstream of the cyl-

inder, (2) the flow impingement or vortex region downstream of Region 1, and (3) the wake core. 

The flow features that comprise Region 1 have already been discussed. Region 2 is characterized 

by a “herringbone” flow pattern [42], which is indicative of flow impingement on the plate surface. 

The flow passing over the reversed flow in Region 1, continues around the cylinder and is the 

source of the impingement downstream of it. The horseshoe vortices that constitute the separation 
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produce wakes and unsteadiness far downstream of the cylinder. It is hypothesized that unsteadi-

ness in Region 2 is caused by a jet of high-momentum fluid that originates at the shock system in 

front of the cylinder [43,44]. Region 3 is located within the wake-core neck compression shock 

and consists of streamlines that are directed away from the plane of symmetry toward the bounding 

shock. At downstream distances greater than 5d, the flow on each side of the boundary is aligned 

and the wake boundary is indistinct.  

 

 

 

2.2 Diagnostic Techniques for Studying SBLIs 

Quite a few diagnostics have been used for studying SBLIs of this configuration. Several 

of these techniques have been available since the 1950s for the first cylinder-induced SBLI wind 

 

Figure 11. Cylinder wake surface streaklines (modified from [41]) 
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tunnel tests and have evolved to become what they are today, while other nascent diagnostics have 

arisen from the development of technology.  

 

2.2.1 Oil Flow Visualization 

Surface oil flow has been used since the beginning to characterize the flow pattern at the 

surface of the plate. The oil can take different forms. Commonly used is silicone oil mixed with 

some sort of a pigment such as fluorescent powder. Kerosene-based mixtures have also been used. 

Methods for oil application have varied, but generally the oil is applied uniformly or in some pat-

tern prior to a run.  

Oil flow visualization allows the experimentalist to determine the average location of cer-

tain flow features like separation because the oil will collect at these locations. The oil tends to 

follow streamlines near the surface as it spreads, so tracking its motion can be useful. This tech-

nique does have its drawbacks. Often, the oil patterns are difficult to interpret. It is important to 

document the initial application as it may have an effect on the resultant pattern. The oil must be 

the correct consistency. If the viscosity is too low, the oil could blow away, and if it is too high it 

won’t move quickly enough.  There have been experiments where the oil is injected from inside 

the model to the surface during a run. While this insures oil will remain for longer runs, the injec-

tion of mass changes the flowfield. Tunnel unstart and subsequent depressurization of the supply 

line may drastically change the oil pattern. It is best to film the spread of the oil throughout the run 

to ensure that the end pattern is representative of the flow condition. The oil composition can also 

help to combat unstart effects as the kerosene-based mixtures dry in large gradient regions during 

the run. 
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For this SBLI configuration, the oil allows the experimentalist to see the separation dis-

tance, Lsep. That is, the oil tends to collect at the most downstream position of separation for this 

unsteady interaction [45]. Vortices within the separation and the form of the wake are also evident 

from the oil pattern. Streaklines on the cylinder itself can also be identified.  

 

2.2.2 Surface Pressure Measurements 

SBLIs are often studied by measuring the pressure on the model surface. These measure-

ments are made by machining a hole into the model and either filling that port with a pressure 

transducer or a segment of tubing that runs to a pressure measurement device. The transducer or 

tubing should be sealed and flush with the model surface to minimize disturbances to the flowfield 

and fluctuation measurement inaccuracies [46]. 

Assuming the pressure transducer or measurement device is well calibrated and suited for 

the range of study, fairly accurate measurements can be made for the duration of a run. Some 

drawbacks are that these are “point” measurements and the model must be machined for sensor 

insertion. Larger transducers will add some uncertainty as to where the measurement is actually 

being made. To map out the entire surface with sufficient resolution would require many transduc-

ers, which will add to the cost of the campaign. Potting the transducers into the model can be 

difficult, and it is impossible to get most transducers flush with a curved surface. While tubing 

allows for the transducer or measurement device to be away from the model, it reduces the fre-

quency response and adds the possibility of leaks.   

A less intrusive diagnostic for obtaining the surface pressure field is pressure sensitive 

paint. Generally, the paint is sprayed on the model surface. Once in the tunnel, an ultraviolet light 

source causes the paint to fluoresce. The intensity of the fluorescent light is quenched by oxygen 



 

21 

 

molecules and therefore depends on the pressure of the flow. Pressure sensitive paint gives the 

pressure field for the entire surface, and the resolution is only limited by that of the camera taking 

the images of the light intensity. However, these measurements are less accurate than those of 

pressure transducers. Painting in even coats can be difficult, and any imperfections will show up 

in the final pressure mapping. The coating may alter the wall surface roughness or geometry, 

changing the flowfield. The pressure range is generally fairly large, so sensitivity may be a prob-

lem. Also, the paint photo-degrades relatively quickly, so a campaign may require multiple cali-

brations of the same sample or reapplications. The highest frequency response is order 10 kHz, 

compared to O(100 kHz) for a Kulite pressure transducer and O(1 MHz) for a PCB pressure trans-

ducer. 

Mean pressure measurements at different streamwise positions upstream of the cylinder 

allow the experimentalist to determine where the flow begins to separate and the pressure profile 

in the separated region. Measurements on the cylinder itself indicate a pressure rise from the su-

personic jet as well as the profile and point of circumferential separation on the cylinder. Trans-

ducers with high-frequency response can resolve the pressure fluctuations at the separation shock 

and the high-frequency content within the interaction. 

 

2.2.3 Surface Heat Flux Measurements 

The main quantity of interest for early SBLI studies was heat flux. Heat flux can be deter-

mined from several different devices. Most commonly, heat flux is derived from surface tempera-

ture measurements by way of a heat conduction model. Thermocouples can be mounted at the 

surface in the same manner as pressure transducers in Section 2.2.2. Infrared (IR) cameras are non-
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intrusive and give surface temperature maps by measuring the irradiance of light within a wave-

length band that can be converted to temperature through a calibration. Thin film gauges can be 

applied to the model surface and will output heat flux based on the temperature of each side of the 

film and a 1-D conduction model. 

Thermocouples are cheap and accurate but again only produce point measurements. Care 

must be taken at the junction as the output will be the mean temperature of the junction. IR cameras 

produce full surface temperature maps but are expensive, require a special tunnel window, and 

necessitate the model be made of (or coated with) a material with high emissivity and low thermal 

conductivity. Thin film sensors can output heat flux directly but, again, are point measurements 

and generally suffer from poor frequency response like most thermocouples and IR cameras. More 

recently developed heat flux probes with much higher frequency response, including Schmidt-

Boelter gauges and Atomic Layer Thermopiles (ALTPs), have not been used yet in these studies.  

Heat flux measurements allow the experimentalist to determine the locations of highest 

heating and to quantify the heat flux of the jet on the cylinder. Measurements on the plate indicate 

the horseshoe heating bands of the vortices in the separated region and the highest heat transfer at 

the reattachment shock just upstream of the cylinder.  

 

2.2.4 Pitot Pressure 

Pitot measurements have been made on this interaction in an effort to map out the flowfield 

above the surface of the plate [47]. These measurements are generally made with tubing facing the 

flow, either with a small pressure transducer embedded or with the tubing leading to a transducer. 

Generally, the tubing is attached to a traverse which allows for taking measurements of a segment 

of the flow during a run. 
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Traversing a pitot probe allows for the quick acquisition of spatially precise measurements, 

especially if there are several probes in the flow forming a rake. The spatial resolution can be as 

precise as the smallest tubing. Again, with tubing leading to a transducer, there is a possibility for 

leaks and the frequency response will be lessened. Pitot measurements are highly intrusive and 

will change the flowfield.  

Pitot measurements do not give good results in the separated region and any measurements 

upstream of the cylinder interfere with interaction.  

 

2.2.5 Hot-wire/Hot-film Anemometry 

Hot-wires have not been used to study this interaction, but thin platinum hot-films have 

been used to measure surface fluctuations [45]. Hot-wire or hot-film anemometers serve as one 

element in the Wheatstone bridge. The sensor is connected to a unit, which balances the bridge 

and contains a feedback loop to maintain the wire at a set resistance defined by a temperature for 

a constant temperature anemometer (CTA). The voltage across the bridge is the output and is a 

function of total temperature and mass flux. 

Hot-wires provide a means for obtaining precise, high-resolution, high-frequency response 

(usually greater than 100 kHz) flowfield measurements. They are commonly used for boundary 

layer surveys or measurements across shock waves. Hot-films provide the same information either 

in the flow or on the surface, but generally have a lower frequency response. Unfortunately, hot-

wires are extremely fragile and difficult to manufacture and repair. 
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Hot-wires are not a viable option for characterizing this interaction due to their intrusive 

and fragile nature. Optimally placed surface hot-films allow the experimentalist to study the mo-

tion and intermittency of the separation shock wave and potential disturbances within the separated 

region.  

 

2.2.6 Schlieren Imaging 

 Schlieren imaging is ubiquitous in high-speed wind tunnel testing. A standard z-type 

schlieren setup, given by Settles [48], is shown in Figure 12. The light going through the test 

section is collimated and any density gradients cause the light to refract. The knife edge on the 

imaging side cuts half of the light, which causes flow features that have density gradients – notably 

shock waves – to appear light or dark compared to the remaining image.  

 

 

 

Schlieren is great for imaging shock waves and determining boundary layer thickness and 

flow separation. Today, high-speed cameras allow for time-resolved images. In standard form, 

schlieren is a path integrated technique, so it may be unclear which plane is contributing the flow 

 

Figure 12. Standard Z-type schlieren configuration (reprinted from [48]) 
 

 

 

 

 



 

25 

 

features in the image. Shutter speed is an important parameter. Features are only sharp for short 

integration times, but reducing the exposure reduces the light in the image.  

Schlieren in the streamwise-wall normal plane allows the experimentalist to visualize the 

lambda flow structure and the incoming boundary layer. Streamwise-spanwise schlieren con-

ducted in concert with oil flow provide an image containing the inviscid bow shock as well as the 

surface streaklines [49]. 

 

2.2.7 Flow Tracer Methods 

Flow tracer methods have only been used in recent campaigns to characterize this cylinder-

induced SBLI. These are optical techniques that use seeded particles or molecules to map flow 

properties. In particle image velocimetry (PIV), particles are seeded into the tunnel supply and a 

laser beam is conformed into a sheet directed into the flow to illuminate a plane. The particles 

within that plane scatter the light and the points of scattered light are traced with time. Back-to-

back images are processed to give the “instantaneous” velocity on that plane. Averaging velocity 

fields from many image pairs gives the mean velocity. 

Another flow tracer method is planar laser scattering (PLS). This method takes advantage 

of tracer state properties to indicate temperature characteristics within a plane. For example, finely 

atomized ethanol may be seeded into the settling chamber of a supersonic tunnel, where it evapo-

rates and mixes with the air supply. As it expands through the nozzle, it becomes a fog. Similar to 

PIV particles, the fog scatters the light from a laser sheet which is projected into the area of interest. 

In regions of higher heating – like the separated region for this interaction – the ethanol evaporates 

and there is little scattering.  
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Flow tracers can elucidate many types of flow features. PIV provides instantaneous and 

average velocity fields. From there, flow separation and vorticity can be identified. PLS provides 

information on the flow temperature and density. A decrease in scatter could indicate separated 

flow, a turbulent boundary layer, or the presence of a strong shock. Scatter increases across a 

“weak-enough” shock since the particle density increases while the temperature doesn’t increase 

enough to keep it in a fog state. As such, PLS results are sometimes difficult to interpret. They also 

provide very little quantitative data. Both of these methods require particles small enough to faith-

fully trace the flow. Samimy and Lele recommend a Stokes number of <0.5 for PIV [50]. Flow 

densities and seed densities must be high enough for adequate imaging. 

These techniques provide the experimentalist with much information otherwise lacking 

regarding the structure of the separated region. PIV on a plane just above the surface provides a 

velocity map, clearly showing the extent of flow separation. PLS indicates incoming boundary 

layer states, the separation shock, and the separated region upstream of the cylinder.  

 

2.3 Cylinder-Induced SBLI Historical Background 

This section discusses the majority of all cylinder, or blunt fin, induced SBLI experiments 

that have ever been performed. The subsections categorize the experiments by objective, which 

generally aligns with chronology. The table given in Appendix A may be a helpful reference when 

reading this section. 

 

2.3.1 Early Years (1952-1968) 

The experimental configuration consisting of a cylinder mounted on a flat plate has been 

tested in supersonic wind tunnels for a long time. The first study was conducted by Gowen and 
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Perkins at NACA Ames in 1952 [49]. That study worked to characterize the pressure distribution 

on cylinders at low supersonic Mach numbers (1.49, 1.98, and 2.9) with turbulent plate incoming 

boundary layers. Although it mainly focused on the measurements away from the plate, and the 

pressure measurement spatial resolution was sparse, Figure 13 taken from their research memo-

randum clearly shows a local rise in the cylinder drag coefficient that can be attributed to increased 

leading edge pressure from the SBLI.  

 

 

In 1957, at Wright Patterson Air Force Base, Bloom and Pallone measured elevated heat 

flux levels on a thermocouple instrumented plate upstream of various-sized cylinder protuberances 

with Mach 6 incoming flow [51]. The cylinders, perpendicularly mounted to the plate, generated 

heating levels of 2-4 times the undisturbed value on the plate surface located upstream of the cyl-

inder. Plates with cylinders swept 45 degrees forward or back showed slightly higher or lower 

 
Figure 13. Longitudinal drag coefficient distribution on a circular cylinder with and 

without an end plate for Re=7.4E5 and Mach 1.98 (modified from [49])  
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values, respectively. In 1958, Burbank and Strass ran a campaign in the then NACA Langley Uni-

tary Tunnel to map out the heat flux on the plate, which had a turbulent incoming boundary layer, 

and on the cylinder for Mach 2.65 and Mach 3.51 freestream flows [52]. In addition to plate heat 

flux contour maps, the heat flux profile on the leading edge of the Mach 3.51 cylinder demonstrated 

elevated heating near the area of the expected supersonic jet. Additional results from the campaign 

were published in Burbank et al. [42]. The heat flux was measured on the plate at different bound-

ary layer heights, which were achieved by either positioning the plate flush with the tunnel wall or 

moving it into the freestream. Results showed that the heat transfer was locally higher for the 

thinner boundary layer case, suggesting that a thicker boundary layer provides a damping effect.  

Surber [53] used these data to create a model for calculating the heat transfer in the vicinity of 

protuberances, while Truitt [54] created boundary layer growth angle, skin friction, and pressure 

rise models.  

In 1962, Sykes produced the most complete study on cylinder-induced SBLIs up until that 

point [31]. His tests at Mach 1.96 gave the first schlieren images to clearly show the separation 

shock structure and higher resolution surface pressure contour maps. He also determined that the 

root shock structure, which he noted as the lambda-shock, and the triple point location do not 

change shape once the cylinder reaches a certain length relative to its diameter. Figure 14 gives a 

sketch of the centerspan shock structure upstream of the cylinder and the pressure coefficient on 

the front of the cylinder as a function of the cylinder height. 
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Experiments were conducted on a hemicylindrically-blunted fin configuration in 1963 by 

Kaufman and Meckler [55]. Testing was done at Wright Patterson to map out pressure and heat 

flux for Mach 5 and 8 freestream flow. Ray and Palko studied the effect of sweeping a blunt fin 

on an inclined plate [56]. These experiments were conducted at the Arnold Engineering Develop-

ment Complex (AEDC) with Mach numbers of 6, 8, and 10, and with laminar incoming boundary 

layers. Their configuration produced two separate SBLIs, one caused by the impingement of the 

plate leading-edge shock on the cylinder and one caused by the bow shock and the plate boundary 

layer. However, when the cylinder was swept back such that the angle between the plate and cyl-

inder was larger than 120 degrees, the separation of the plate boundary layer was no longer ob-

served. Beckwith made a similar finding with a cylinder at LaRC at Mach 4.15 [57]. The 20-degree 

swept cylinder showed boundary layer separation in the schlieren image, but it was not observed 

when the cylinder was swept back 60 degrees. Bushnell used this lack of separation to effectively 

 
 

Figure 14. Shock shape and stagnation pressure distribution at root (modified from [31]) 
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isolate the effect of the leading-edge shock impingement on the cylinder for highly swept cylinders 

[58].  

Price and Stallings conducted a more systematic study on swept fins for sweep angles rang-

ing from 0 to 75 degrees with Mach 2.3 to 4.44 freestream [59]. Pressure measurements were made 

on the plane of symmetry to map out separation. Increasing the leading-edge sweep from 0 to 30 

degrees sharply decreased both the extent of the upstream disturbed flow (the separation area) and 

the root pressure level. At a sweep angle of 75 degrees, the effect of the protuberance was barely 

perceptible. Despite the impact of the sweep, this study concluded that a given sweep angle pro-

duces a separation distance that still varies linearly with diameter. The peak pressure ratios within 

the interaction increased with freestream Mach number.   

Several Soviet studies were performed near the end of this era using all of the diagnostic 

tools mentioned previously [60-63]. Voitenko et al. investigated the form of the separation line, 

the pressure distribution, and the flow direction on the surface near cylinders of different diameter 

and height for a Mach 2.5 freestream with a turbulent flat plate boundary layer [60]. They noted 

that for cylinders of “infinite effective height,” the separation distance varies linearly with the 

cylinder diameter. They also offered a streamline model, which demonstrates the lambda shock, 

flow reversal, and centerspan and horseshoe vortices of the SBLI based on their surface oil flow 

and schlieren. The same group completed a subsequent study with better spatial resolution on the 

pressure measurements at Mach 3.11 [61]. Avduevskii and Medvedev ran a similar campaign for 

swept cylinders with both laminar and turbulent boundary layers for freestream Mach 2 to 6 [63]. 

They focused mainly on the effect of increasing the cylinder sweep angle on the separation dis-

tance. 
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Other experiments were run at different Mach numbers and/or with slightly different con-

figurations (cylinders or fins, upright or swept, yaw [64]). All of these experiments focused on 

some combination of heat flux, surface pressure, schlieren/shadowgraph, and surface oil flow sep-

aration measurements [65-78].  

During these early years of supersonic testing, there were several experiments with similar 

configurations tested at NASA Langley. These included flow over a plate with a ramp mounted 

upstream of a cylinder [79], plates with multiple cylinders to demonstrate the interaction between 

them [42,52,80], and flow over a pitched plate with the cylinder offset from the plate. Using this 

last configuration, Bushnell aimed to study the SBLI from the plate leading-edge shock impinging 

on the cylinder without the influence of the SBLI being investigated in this work [81]! 

 

2.3.2 Separation Scaling and Flow Structure (1968-1984) 

In 1968, Edney provided a physical explanation for the large increase in the local heat-

transfer rate near the impingement point of a shock on a blunt body [33]. He took schlieren images 

along with pressure and temperature measurements on a glass hemisphere at Mach 4.6. A plate 

was mounted below the hemisphere at different angles of attack to generate impinging shocks at 

different locations on the hemisphere model. These different impingement locations led to differ-

ent shock formations. When impingement occurred within the subsonic portion of the bow shock 

layer – as will always be the case on the front part of a cylinder – Edney noted a triple-shock 

interference pattern that leads to the formation of an embedded supersonic jet. High peak heating 

rates and total pressures above the stagnation pressure result in this region. Edney demonstrated 

that the total pressure could be estimated by preforming the first few oblique shock computations. 
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The structure and flow properties of the shock formation upstream of glass hemisphere is given in 

Figure 15.  

 

 

The supersonic jet is a hallmark feature of the cylinder-induced SBLI, and the shock for-

mation now bears his namesake as the Type IV Edney interaction.  

Westkaemper ushered in this era by introducing a separation distance correlation for cyl-

inder-induced SBLIs involving incoming turbulent boundary layers [40]. Westkaemper used sep-

aration data from nine experimental campaigns, including his own, which were conducted at dif-

ferent Mach numbers, with different boundary layer thicknesses, and with cylinders of different 

height and diameter. The separation distance was defined based on the experimental diagnostic as 

either the outer edge of separated oil or the first rise in temperature or pressure when compared to 

the same plate without a cylinder. Like Sykes, Westkaemper implied that there is an asymptotic 

height for a given cylinder – an H/d for which the separation region will not change. For cylinders 

 
Figure 15. Supersonic embedded jet upstream of blunt object (modified from [33]) 
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of H/d > 1.13, he concluded that S/d=2.65. For shorter cylinders, the correlation is given by Eq. 

(2.1), below. 

 𝑆

𝑑
= 2.42 (

𝐻

𝑑
)

0.7

 (2.1) 

Figure 16 shows data from Westkaemper, and the sourced data, along with the correlation. 

 

 

In 1969, Mashburn followed up Westkaemper with many more experiments in the same 

tunnel [82]. He characterized separation by the initial rise in pressure rather than the farthest point 

influenced in the oil flow. The cylinders ranged from 4.8 to 38.1 mm in diameter (3/16 to 1.5 in.) 

and 1.6 to 38.1 mm in height (1/16 – 1.5 in.). In general, the separation distance data showed strong 

 
Figure 16. Separation distance based on cylinder length and diameter  

(modified from [40]) 
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agreement with Westkaemper. The main discrepancy was at the asymptotic solution, where Mash-

burn saw S/d=3 or 3.25 from the pressure transducers, while Westkaemper saw very near 2.65 for 

every case from the oil.  Another interesting note is that Mashburn never observed separation from 

his transducer data with the 4.8 mm diameter cylinder, even at 38.1 mm height. He suggested that 

enough flow was able to escape around the protuberance so that the resulting adverse pressure 

gradient was not strong enough to initiate separation. 

Also, in 1969, Couch was the first to comprehensively measure the wake of the cylinder 

using a rake for total pressure and temperature measurements as well as surface mounted pressure 

transducers [37]. Her measurements at LaRC included copious boundary layer profiles at several 

streamwise locations and were used to map out the mean wake flow. Since then, data characteriz-

ing the wake of a mounted cylinder have been sparse. Recent studies by Danehy et al. [83] and 

Bathel et al. [84] have used advanced optical techniques to measure the velocity and temperature 

downstream of cylindrical roughness elements. Based on positioning suggestions from Danehy, 

Wheaton and Schneider measured the shedding frequency behind such an element using a pitot 

probe and a hot-wire [85]. 

In 1971, Lucas attempted to measure the pitot pressure in the separated region for Mach 

2.99 in a tunnel at AEDC [47]. However, he found that the probe, which was traversed in the 

streamwise direction by extension from the front of the fin, interfered with the flowfield based on 

the data from the sensor and the high-speed, 1 microsecond exposure, schlieren images.  

In 1972, Kaufman et al. conducted the first study aimed at looking at separation distances 

based on the known incoming boundary layer states [34]. A fin was placed at different streamwise 

positions on the plate and the separation distance was determined from high-speed schlieren im-

ages. The resulting plot for Mach 2.5, 3, and 4 transitional and turbulent boundary layers is given 
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as Figure 17. Here, S/d is plotted as a function of cylinder position on the plate, where a position 

value of unity corresponds to the first point of fully turbulent flow. They noted a large variation in 

separation distance for given points within the transitional boundary layer. Although their Reyn-

olds and Mach number ranges were limited, Kaufman et al. noted separation distance appeared 

independent of both parameters. The group added to the campaign the following year by showing 

the variation in separation distance and surface pressure for a Mach 3 turbulent incoming boundary 

layer on a fin [36].  

 

 

From experiments by Young et al. [86], Korkegi described the effects of a transitional 

boundary layer on the separation line shape [87]. As the fin bow shock location moves outboard 

 
Figure 17. Separation distance for transitional and turbulent incoming boundary layers 

(modified from [34]) 
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and downstream, it crosses the location for undisturbed boundary layer transition on the plate sur-

face. At this point, there is an inflection in the separation line shape, as shown in Figure 18. Down-

stream of this location, the transitional separation line approaches the turbulent separation line 

shape. 

 

 

Sedney commenced his experiments on this SBLI configuration in 1966 at the Ballistic 

Research Laboratories, Aberdeen Proving Ground, in Maryland. His simultaneous oil flow and 

shadowgraph imaging to map the structure of a Mach 2 turbulent interaction was not published 

until 1972 [88], but it gave similar conclusions regarding the presence of vortices within the sep-

aration region as tests conducted with pressure transducers [60]. Building on that study, Sedney 

and Kitchens conducted tests from Mach 1.5-4.5 on turbulent incoming boundary layers [35]. They 

used mostly “small” obstacles, which were defined as cylinder height less than boundary layer 

height. From this study they concluded that the separation distance does not scale with diameter 

for small protuberances and that the Westkaemper correlation often predicts a larger separation 

than was observed. Their data show that the separation distance increases with Mach number, but 

 
Figure 18. SBLI oil flow separation for different incoming boundary layer states  

(reprinted from [87]) 
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since boundary layer thickness also grows with Mach number, it is unclear from the study which 

parameter has more influence on the separation. Surface flow patterns on cylinders of different 

aspect ratios are given in Figure 19. Note that boundary layer thickness is used as the normalizing 

parameter. Side view sketches of the separated region (like that in Figure 20a) were generated 

based on the number of separation and attachment points observed in the oil (Figure 20b) and the 

jet-maze model of Norman [89].  

 

 

 

 
Figure 19. Sketches of surface flow patterns on (a) large and (b) small protuberances 

(modified from [35]) 

 

 

 
Figure 20. Four vortex system (a) side view on plane of symmetry configuration and  

(b) plan-view sketch of separation and reattachment (modified from [35]) 
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Sedney and Kitchens [90] also created a separation distance model in the same vein as 

Westkaemper for each Mach 2.5 and Mach 3.5 datasets, suggesting the dependence of separation 

distance on Mach number.  

In 1979 [91] and 1980 [92], Baker gave further insight into the structure of the separation 

vortices for laminar and turbulent incoming boundary layers, respectively. Baker conducted his 

experiments in a subsonic smoke tunnel, which allowed for velocimetry measurements of the vor-

tex system, through frame-by-frame analysis of images collected at 64 Hz. He also took hot-wire 

and surface pressure measurements. The hot-wire measurements suggested that increasing the 

Reynolds number for a laminar incoming boundary layer causes the separated region to first in-

crease from 2 to 4 to 6 vortices, then exhibit a regular oscillatory motion, and finally an irregular 

unsteady behavior. A diagram of a 4-vortex system is given as Figure 21. This system looks nearly 

identical to the one sketched by Sedney and Kitchens [35]. 

 

 

Hung and Clauss conducted an extensive study at NASA Ames using Mach 5.3 flow with 

cylinders of different heights and diameters at varying Reynolds numbers to produce incoming 

laminar and turbulent boundary layers [38]. Their primary goal was to improve the database and 

 
Figure 21. Sketch of subsonic 4-vortex system side view on plane of symmetry  

(reprinted from [91]) 
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generate correlations relating separation distance for short cylinders. From surface heat flux meas-

urements, they found that every cylindrical protuberance eventually triggered boundary layer tran-

sition on an otherwise laminar plate. Within the separation region, they noted reattachment points 

from the horseshoe vortices, with the number determined from Winkelman’s postulation that heat-

ing peaks correspond to reattachment points [93]. Hung and Patel generated heat flux contour maps 

for both plate and cylinder surfaces [94]. In addition, they tested with block protuberances and 

showed that the equivalent width block produces heating of greater magnitude and extent than its 

cylindrical counterpart.  

Beginning in the late 1970s, Dolling et al. published several papers that involved measuring 

the separation distance ahead of a blunt fin with oil flow, pressure transducers, and copper slug 

calorimeters [32,39,95-101]. They also took pressure measurements on the fin leading edge. These 

Princeton campaigns were conducted in a Mach 3 freestream with turbulent incoming boundary 

layers. The first major conclusion the group made was that the separation scales with the diameter 

of the fin, and therefore, caution should be taken in making comparisons with a 2-D step as that 

scaling parameter is the incoming boundary layer thickness [97]. Schlieren photos of their inter-

action showed differences in the flow features in that some had a distinct separation shock, while 

others showed several fainter waves. Dolling and Bogdonoff then clarified what should be consid-

ered a “large” protuberance [99]. Sedney previously described small protuberances as h<δ and 

stated “the asymptotic result is obtained rather quickly for h<δ” [35]. Dolling and Bogdonoff as-

serted that this is not necessarily true since the asymptotic result depends on the location of the 

triple point, which is highly dependent on the cylinder diameter. They suggested it is misleading 

to consider the protuberance as tall if it does not have an asymptotic result. Dolling and Bogdonoff 
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further stated that the cylinder should have an H/d >=2.4 to be considered semi-infinite for the 

asymptotic result [32]. 

Dolling et al. continued testing at Princeton with fins of different diameter, plate or tunnel 

floor mounted, for different d/δ ratios [100]. They observed that thicker boundary layers relative 

to the diameter worked to damp the interaction, pushing separation farther upstream but reducing 

the peak pressure. They also mapped out the surface pressure along the span to provide surface 

pressure contour maps. One of these is given as Figure 22. 

 

 

In 1984, Ozcan and Holt wrapped up the era by conducting tests with a laminar incoming 

boundary layer at Mach 2.36 freestream [102]. Their oil flow showed surface horseshoes consistent 

with the vortex configuration in Figure 8, but laser velocimetry could not confirm the flow struc-

ture and instead indicated that the flow within the region is unsteady. Ozcan and Yuceil later 

 
 

Figure 22. SBLI surface pressure contour map (reprinted from [100]) 
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mapped out the static pressure for a turbulent incoming boundary layer with different cylinder 

aspect ratios in the transonic tunnel at the Istanbul Technical University [103].  

 

2.3.3 Quantifying Unsteady Effects (1969-1971; 1980-present) 

In 1969, Robertson started a campaign to characterize frequencies within the separated 

flow region [37,104]. His tests were conducted at transonic speeds from Mach 0.6 to 1.6 and were 

the first to quantify the unsteady fluctuations. His surface-mounted microphone pressure transduc-

ers provided a linear response to 20 kHz. Robertson concluded from his oil flow visualization that 

there should be two vortices opposing the flow. He observed the highest fluctuation levels between 

these two vortices and at the inner region, just upstream of the cylinder base.  

More than a decade later, Dolling and Bogdonoff were next to make pressure fluctuation 

measurements upstream of the cylinder [100]. They used Kulite pressure transducers in their tur-

bulent Mach 3 interaction studies. These Kulites have a resonance peak above 100 kHz, but pro-

tective screens limit the maximum linear response to around 50 kHz. From their measurements, 

Dolling and Bogdonoff could not definitively say the proposed vortical structures were correct, 

but they did map out the flow region in terms of static pressure and RMS fluctuation levels and 

relate it to what they observed from kerosene lampblack surface flow visualization. On the center-

span, starting outside of the interaction and moving toward the fin: they first observed a peak in 

the static pressure fluctuations, followed by the primary separation line from oil flow visualization, 

then a peak in static pressure, a peak in fluctuations, the inviscid bow shock, and finally a peak in 

both pressure and fluctuations just ahead of cylinder. This sequence is summarized in Figure 23. 

Dolling and Bogdonoff also observed that the intensity of the fluctuations increases with increas-

ing d/δ. Fomison and Stollery [105] later showed that the pressure fluctuation levels ahead of a 



 

42 

 

sharp fin are an order of magnitude less than those measured by Dolling and Bogdonoff on their 

hemicylindrically-blunted fins. 

 

 

In 1986, at the University of Texas Mach 5 tunnel, Gramman and Dolling investigated how 

the location of the oil flow separation line – which has a frequency response of near zero and 

intuitively represents a mean location for separation – compares to the separation location deter-

mined from thin hot-film sensors [45]. The sensors had a frequency response of 10 kHz and were 

positioned on the plate surface at the location of oil flow separation arc initially and then progres-

sively moved upstream. The intermittency of the signal was calculated at each sensor position. For 

this study, intermittency was determined using a conditional sampling method, where fluctuation 

levels above a certain threshold indicated that the sensor was within the interaction. An intermit-

tency of one corresponds to a sensor always being within the interaction. Gramman and Dolling 

 
Figure 23. RMS surface pressure fluctuations (top left), surface pressure (bottom left), 

and sequence of surface diagnostic features (right) (reprinted from [100]) 
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found an intermittency value near unity at the oil separation line, meaning the separation shock is 

generally located upstream of the oil-indicated separation line. They also provided a flowfield 

model explaining how mean shear stress at the wall can be in the downstream direction even when 

the flow is separated for a major fraction of the time. They asserted that the instantaneous separa-

tion point is at the extension of the separation shock foot to the surface of the plate. 

Dolling and his group continued characterizing separation shock-induced surface pressure 

unsteadiness using Kulite pressure transducers on this turbulent SBLI configuration for the next 

decade. Dolling and Brusniak developed a conditional sampling algorithm capable of discriminat-

ing between shock-induced pressure fluctuations and those generated by the turbulence in the 

boundary layers upstream and downstream of the shock [106]. This method used a two-threshold 

approach that converted the raw pressure signal into a box-car plot, showing when the separation 

shock was upstream or downstream of the transducer. This conversion is shown in Figure 24.  

 

 

 
Figure 24. Conversion of pressure signal into a “boxcar” using a two threshold  

approach (reprinted from [106]) 
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They added “zero-crossing frequency” to the analysis in 1989, which is the number of 

times the shock crosses the transducer in a second [106]. This is given as Eq. (2.2).  

 

𝑓𝐶 =  [
1

𝑛
∑ 𝑡𝑟

𝑖+1 − 𝑡𝑟
𝑖

𝑛

𝑖=1

]

−1

 (2.2) 

where n is the number of shock crossings. 

Figure 25 shows the zero-crossing frequency as a function of the intermittency (where the 

sensor is located relative to the separation shock) for cylinders of different diameters. The figure 

indicates that fc is higher for the smaller diameter cylinder. Dolling and Brusniak suggest this is 

because the separation shock travels less distance with a smaller cylinder, while the speed in either 

direction remains roughly the same. 

 

 

In the same tunnel, Baade used cross-correlations and other more direct statistical methods 

to determine the shock speeds in the upstream and downstream directions and the effects of cylin-

der diameter and boundary layer thickness on those speeds [107]. He showed that the maximum 

shock speed was around 15% of the freestream velocity and that the maximum speed does not 

 
Figure 25. Zero-crossing frequency plot for different cylinders (reprinted from [106]) 
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depend on the location of the separation shock or the size of the cylinder. From that campaign and 

previous experiments, the group concluded that the shock motion is not closely linked to the struc-

ture of the incoming boundary layer, but rather the downstream separated flow. This similar con-

clusion was postulated by Thomas [108].  

Dolling and Smith showed the effect of separation shock intermittency on power spectral 

density (PSD) plots [109]. To generate Figure 26, five Kulite transducers were mounted at different 

locations relative to the interaction. Low-frequency content is dominant in the intermittent region, 

while the content is broadband and at higher frequencies in the separated region. Dolling and Smith 

also noted that a smaller incoming boundary layer increases the frequency corresponding to the 

peak signal in the PSD. 

 

 

From previous work Dolling and Brusniak asserted that the shock motion is low-frequency 

O(1 kHz) and separation distance fluctuates O(d) from the location of the oil separation line to the 

 
Figure 26. Evolution of the power spectrum through the intermittent region  

(reprinted from [109]) 
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UI line [110]. They also postulated that the separation bubble expands and contracts randomly like 

a balloon. The pulsating nature of the separation was reemphasized by Dolling [6]. In that study, 

surface mounted Kulites were lined up on the centerspan from the intermittent region to the sepa-

rated region. Cross correlations between the signals show large negative maxima that increase in 

time with increased distance between transducers into the separation, suggesting that pressure dis-

turbances propagate upstream. Ensemble-averaged pressure histories indicate upstream propaga-

tion of large pressure pulses prior to changes in direction of the shock. Brusniak and Dolling con-

cluded that the high-frequency boundary layer fluctuations continue into the separated region, and 

pulses within this region trigger the motion of the separation shock [29], which differs from the 

prior belief that the separated flow is solely responsible for the shock motion [107]. Brusniak and 

Dolling also suggested that mean wall pressure distributions can be used to predict unsteady as-

pects of the separated flowfield. Ünalmis and Dolling followed up on sourcing the unsteadiness 

by relating upstream pitot measurements to surface pressure measurements outside and within the 

interaction [111]. 

Gonsalez and Dolling studied the unsteadiness of interactions caused by blunt fins, sharp 

fins, and compression ramps at different angles of yaw [112]. They calculated effective Strouhal 

numbers based on the frequency corresponding to the peak observed in the PSDs for different sized 

cylinders. The effective Strouhal number was calculated using Eq. (2.3).  

 
𝑆𝑟 =  

𝐿𝑖𝑓𝑐

𝑈𝑒
 (2.3) 

where Li is the length of the intermittent region defined as the distance from γ=0.05 to γ=0.95, fc is 

the maximum zero-crossing frequency, and Ue is the streamwise component of the velocity at the 

undisturbed boundary layer edge. A value near 0.022 was found for multiple cylinder diameters as 
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well as for the other shock generator geometries tested. An inverse relationship between intermit-

tent length and zero-crossing frequency works to keep the Strouhal number constant and is shown 

in Figure 27. Gonzales and Dolling also took measurements off-centerspan and stated that the 

mean shock speed, in both the upstream and downstream directions, is around 3% of the magnitude 

of the freestream. 

 

 

Dolling and Rodi experimented with protuberances of disparate leading edges including 

hemicylindrical, flat, wedge-shaped, and elliptical [113]. They found that the leading-edge drag 

coefficients correlated well with the separation distance. Hence, a fin with a hemicylindrical lead-

ing edge and one with a 53-degree wedge leading edge have the same drag coefficient and create 

the same upstream flow separation distance. Kleifges and Dolling built on the extensive mean 

surface pressure swept protuberance data of Price and Stallings [59] and Hussain [114]. Both of 

those studies noted the interaction scale decreases dramatically as a blunt fin is swept back from 0 

 
Figure 27. Maximum zero-crossing frequency as a function of intermittent length  

(reprinted from [112]) 
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to 30 degrees. Hussain concluded from surface oil flow visualization that the same structure of 

counterrotating horseshoe vortices is present but becomes more compressed with the sweep. 

Kleifges and Dolling added pressure fluctuation data for swept blunt fins as well as sharp 

and flat-faced fins [115]. They used five different angles of sweep on the blunt fins from 0 to 45 

degrees. Kleifges and Dolling noted a decrease in the magnitude of pressure fluctuations as well 

as the same decrease in interaction size that was previously observed. The centerspan wall pressure 

as a function of upstream distance for the five sweepback angles is plotted in Figure 28. The inter-

mittent length also decreased but to a proportionally lesser extent than the separation length. The 

shock frequency was shown to increase, which is consistent with the postulation of a same shock 

speed over a smaller intermittent distance. Cross-correlations gave evidence of upstream turbulent 

boundary layer disturbances influencing shock movement. Increasing the bluntness (flattening the 

leading edge) created larger separation but a smaller intermittent distance for the same separation 

distance [116].  

 

 

 
Figure 28. Effect of sweep on mean centerspan wall pressure (modified from [115]) 
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There were contributions from other research groups as well during this time. Work con-

tinued in the high Reynolds number tunnel at Princeton, where a Mach 3 blunt fin-induced inter-

action was imaged using Rayleigh scattering [117]. Surface pressure measurements were also 

taken within the interaction [118], and the continuous wavelet transform was later performed on 

these data to provide insight regarding the motion of the separation shock and incoming turbulent 

boundary layer pressure fluctuations [119]. Poggie et al. later suggested that the Plotkin model 

provides justification for the conversion of broadband turbulent boundary layer disturbances to 

low-frequency shock motion [120] using datasets from [29,112,118]. 

Several campaigns commenced abroad near the turn of the millennium. In Japan, Aso et 

al. generated fast response heat flux measurements using thin film gauges and fluctuating pressure 

measurements with Kulites on a Mach 4 turbulent interaction [121,122,123]. From these measure-

ments they computed standard deviations and higher moments of the pressure fluctuations as a 

function of position and concluded that sophisticated turbulent modeling would be necessary to 

resolve the interaction. More recently, Itoh and Mizoguchi used high-speed schlieren and surface 

mounted Kulites in a Mach 10 gun tunnel to examine the unsteadiness for a laminar cylinder-

induced SBLI [124]. They observed the same low-frequency separation shock movements and 

attributed the source as the pulsating vortex system within the separation, which is fed by the high-

speed freestream. Ozawa and Laurence used ultra-fast-response temperature sensitive paint and 

high-speed schlieren imaging for large and small cylindrical protuberances in Mach 1.2 flow [125]. 

In China, Shifen and Qingquan utilized fast response heat flux and surface pressure meas-

urements at Mach 7.8 and 5 to show that both quantities are intermittent, and the frequency of the 

separation shock motion is less than 2.5 kHz [126]. In South Korea, Yu et al. performed oil flow 
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visualization and IR thermography to measure the heat transfer to the model surface for cases of 

different cylinder sweep [127]. 

At the University of Southampton, liquid crystal thermography was the primary method 

for estimating heat flux for laminar [128,129] and turbulent [130] interactions in Mach 6.7 

freestream. Raju et al. at the National Aerospace Laboratories in Bangalore, India, used pressure 

sensitive paint for investigating turbulent interactions [131]. Houwing et al. [132] and Fox et al. 

[133] at the Australian National University used NO PLIF to visualize the shock structure and flow 

features for laminar and transitional boundary layers, respectively. 

 

2.4 Recent Hypersonic Transitional SBLI Campaigns 

 The previous section asserts a great many laminar and turbulent SBLI studies of similar 

geometry. However, experimental campaigns employing any geometry to study hypersonic tran-

sitional SBLIs are scarce. There were some early studies [134-136] that noted three major effects 

of a transitional interaction compared to a laminar interaction. These include a reduced upstream 

influence, a larger pressure gradient at reattachment, and a higher surface pressure spike within 

the separation. Correlations were also generated to predict the peak heat transfer [137,138].  

More recently, complementary experimental and computational efforts were made com-

paring static pressure and heat transfer on a hollow cylinder flare [139-141]. Close agreement 

between computations and experiments were observed on the cylinder upstream of the interaction; 

however, the peak computed heat transfer and pressure are substantially below the experimental 

peak values [140]. The experimentally measured peak heat transfer rate for a naturally occurring 

transitional SBLI was 3.4 times that of a fully turbulent SBLI [142], a result consistent with Longo 

[143]. Bur and Chanetz measured heat transfer rates 4-5 times lower for a tripped transitional 
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boundary layer than a naturally occurring one [141]. Benay et al. suggest that the higher heating 

may be due to the presence of observed Görtler vortices [140].  

There have been several campaigns within the past decade that have put more emphasis 

into the interaction dynamics. The following subsections will examine the accomplishments of 

those experiments. 

 

2.4.1 Impinging Shock 

2.4.1.1 Willems et al. (2013, 2015) 

The setup for this Mach 6 campaign consisted of a flat plate testbed with a shock-generating 

wedge positioned above it. The wedge was mounted at a 4-degree deflection and could be traversed 

to impart the shock at different streamwise positions on the plate. The tunnel Reynolds number 

was also varied to influence the state of the incoming boundary layer. A schlieren image depicting 

the configuration is given as Figure 29. The plate had removable inserts for different diagnostics. 

A PEEK insert allowed for IR thermography. A second insert was instrumented with Kulites to 

look at low-frequency shock motion, and another insert was instrumented with PCBs and an ALTP 

to measure the second mode instability. 

 

 

 
Figure 29. Impinging shock generated by wedge above model (reprinted from [145]) 
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 The study concluded that the impact of the impinging shock on the downstream boundary 

layer depends on the “free transition” location – where the boundary layer would transition without 

the influence of the shock [144]. If impingement is close to this location, a turbulent boundary 

layer will result. If the incoming boundary layer is laminar and far from transitional, it will relam-

inarize after the interaction. This study also showed that higher heat transfer rates occur for an 

incoming transitional boundary layer a turbulent one. 

 Willems et al. provided further insight to the same experimental dataset and concluded that 

the shock motion from the Kulites was near or below 1 kHz. A wavelet analysis of the PCB and 

ALTP signals showed that these modes were similar to naturally occurring second modes but at 

much lower frequencies [145].  The analysis also allowed for visualizing the breakup of the wave-

let packages into turbulent structures.  

 

2.4.1.2 Schülein (2014), Sandham et al. (2014) 

Schülein conducted Mach 6 experiments using the same geometry as Willems and varied 

the incoming boundary layer state through freestream Reynolds number regulation. Schülein used 

high-speed shadowgraphy and introduced a transition intermittency factor (γ) based on the surface 

heat flux distribution to describe the state of the boundary layer. He found that a shock impinging 

on a BL with γ=0.05 (nearly laminar) produced the highest heat-flux intensification levels, and 

suggested this to be a consequence of the shock being the shortest way from a thin laminar bound-

ary layer to a fully turbulent state [146]. 

Sandham et al. compared the data from Willems and Schülein with DNS computations and 

with high enthalpy data from HEG. The cross-validation between the experiments and DNS was 

considered a success, adding confidence that DNS will be able to provide data not accessible to 
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experiments [147]. Complementary DNS could not be provided for the experiments in HEG due 

to the low cold wall viscosity values. The experimental setup was similar in HEG, except the model 

had a slightly rounded leading edge of radius 0.16 mm to achieve a transitional incoming boundary 

layer. Thermocouples were used to obtain heat flux distributions and thin film gauges provided 

high-frequency data to extract the intermittency.  

 

2.4.1.3 Erdem et al. (2013) 

The testbed for this Mach 5 campaign was a hollow cylinder PEEK model. It was sur-

rounded by a cowl, which deflected the flow 7 degrees and generated an impinging shock around 

the model circumference. Figure 30 depicts the configuration. The cowl was positioned at different 

streamwise stations to impart a shock on different model boundary layer states (1 laminar state and 

4 transitional from IR thermography). A number of diagnostics were used in this extensive cam-

paign including schlieren imaging, IR thermography, shear sensitive liquid crystals, PSP, PIV, and 

surface mounted Kulite transducers.  

The IR thermography showed that the impingement on “laminar” point caused the largest 

heat flux values. Since the free transition location was determined from IR, it is possible that the 

boundary layer at the “laminar” location was unstable or in the early stages of transition. The liquid 

crystals revealed high levels of wall shear inside the separated region, downstream of the imping-

ing shock position. PIV indicated high levels of turbulence above the separated region, signifying 

shock-triggered transition behavior [148]. 



 

54 

 

 

 

2.4.2 Geometry-based Shock 

2.4.2.1 Estruch-Samper et al. (2012, 2013) and Vanstone et al. (2013) 

This set of Mach 8.9 experiments was performed on a blunted cylinder with downstream 

flare in the Imperial College gun tunnel. The model was designed with a large nose radius for a 

laminar boundary layer at the interaction, and trips were added to study transitional and turbulent 

cases. A sketch of the model and flow features is given in Figure 31. Estuch-Samper et al. used 

thin film gauges and high-speed schlieren imaging to track turbulent spots and to visualize the 

influence of the boundary layer state on separation at the 8-degree flare [149]. 

 

 
Figure 30. Impinging shock generated by a cowl surrounding a hollow cylinder  

(reprinted from [148]) 
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The following year, the group performed a systematic trip study in which diamond and 

square shaped trips of different heights were placed at one of two streamwise locations on the 

model. Additional thin film gauges and Kulite pressure transducers were added for heat transfer 

and static pressure comparisons with computations. Heat transfer rates within the transitional and 

turbulent interactions were measured as an order of magnitude higher than those for the laminar 

cases [150].  

Vanstone et al. used a trip configuration that brought a high intermittency of turbulent spots 

into the SBLI. Based on Kulite pressure measurements at different axial locations, the group con-

cluded that the length of the separation bubble and the time taken for a turbulent spot to convect 

past a given point are important length and time scales, respectively [151].  

Vanstone further analyzed these experiments and examined a reduced turbulent spot inter-

mittency case where the spot spacing was large enough to consider the collapse and reestablish-

ment pairs to be independent. He concluded that the separation bubble collapse time was short 

compared to turbulent spot passage and was also short in relation to the adjustment of the sur-

rounding flow. Surface pressure measurements within this transitional SBLI were higher than 

 
Figure 31. Blunted cylinder with downstream flare (reprinted from [149]) 
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those for the laminar fully separated and the turbulent collapsed cases. Vanstone made some pre-

liminary measurements using toluene PLIF, and compared his results to CFD simulations that used 

an in-house operator split Godunov solver with a Baldwin-Lomax turbulence model [23]. 

 

2.4.2.2 McKiernan et al. (2016, 2017) 

Edelman et al. introduced a finite span compression corner model and provided preliminary 

TSP and PCB measurements. The model was tested under quiet and noisy conditions in the 

BAM6QT to highlight the effect of freestream disturbances on the interaction for a given Reynolds 

number. Drawings of the model are given as Figure 32. This study presented results for a ramp 

angle of 30 degrees. Heat transfer maps suggest that transition occurs upstream of the slice under 

noisy flow, and the PCB spectra corroborate this since there is no indication of flow separation. 

The spectra for quiet flow suggest that the boundary layer transitions just prior to reattachment 

[152]. The resulting reattachment gives heat transfer rates around 2.5 times those with noisy flow. 

In Gray et al., oil flow visualization was added as a diagnostic for 10, 20, and 30 -degree ramps 

[153].  
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In Chynoweth et al., the flow reattachment ramps were extended in order to determine the 

effect of the free shear layer on transition. This also meant the start of the ramp was moved 4 cm 

upstream. Only a 20-degree ramp was used for these TSP and PCB experiments. By varying the 

Reynolds number, they were able to achieve laminar, transitional, and fully turbulent boundary 

layers at reattachment for noisy flow and laminar and transitional (or at least broadband unstable) 

for quiet flow. The heat transfer mapping was noted as different for quiet flow as hot streaks ex-

tended along the edges of the ramp, and a region of heating was present about 1 cm off the center-

span [154].  

 

2.4.2.3 Wagner et al. (2017) 

Wagner et al. tested a flat plate / compression corner configuration in the high enthalpy 

HEG at Mach 7.4. The model wall temperature was varied from Tw/T0 of 0.1 to 0.3. A sharp leading 

 
Figure 32. Conic model with downstream ramp (reprinted from [152]) 
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edge and a heated wall proved to be destabilizing and resulted in an incoming transitional boundary 

layer of high intermittency [155]. The blunted leading edge resulted in a transitional boundary 

layer of low intermittency, which produced higher heat flux values and pressure spikes consistent 

with the results of Sandham et al. [147]. Complementary 2-D RANS-based simulations were also 

performed. The effect of the leading edge on the state of the boundary layer and separation within 

the SBLI is depicted in the schlieren images below (Figure 33). 

 

 

 

2.5 Other Cylinder-Induced Transitional SBLI Campaigns 

This section will summarize the findings of two experimental campaigns – a Mach 5 cam-

paign by Murphree et al., which was completed in 2009, and a Mach 2 campaign by Lash et al., 

which is current. 

 

 

 

 
Figure 33. Transitional interactions at a compression corner for (a) high intermittency 

and (b) low intermittency (reprinted from [155]) 

 

 

 

low 
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2.5.1 Murphree et al. – Mach 5 

The experiments by Murphree et al. followed a long line of cylinder-induced turbulent 

SBLI studies in the University of Texas Mach 5 tunnel. Prior to their campaign, Hood showed that 

transitional SBLI tests were possible in the tunnel by running at a lower total pressure and by 

positioning the shock-generator more upstream on the plate [156]. In Murphree et al., the group 

used PLS to image the spanwise-streamwise plane just above the surface of the plate [157]. They 

were able to distinguish different boundary layer states with this technique based on the identifi-

cation of turbulent spots as dark patches. PLS was also used to identify the separation shock and 

flow separation for different incoming boundary layer states. Spark schlieren photography and 

surface visualization were also conducted. In Murphree et al., they showed that PLS and PIV give 

the same qualitative flow separation fields ahead of the cylinder [158]. They also concluded that 

transitional interactions resulting from an untripped boundary layer exhibit similar flow separation 

as those generated by tripping. 

For his dissertation work, Murphree ran at a freestream unit Reynolds number of 50 million 

per meter (M/m), compared to 65M/m for the turbulent studies, and with the 9.53 mm (0.375 in.) 

diameter cylinder positioned between 96.8 and 125 mm (3.8-4.9 in.) downstream of the leading 

edge [159]. He used surface visualization, planar laser scattering, schlieren photography, and sur-

face pressure measurements to provide a new description for both the mean interaction flowfield 

and its unsteadiness. From the schlieren, Murphree saw multiple separation shocks. The most up-

stream shock was termed the “upstream influence shock,” and was a relatively weak shock since 

its inclination angle was just slightly above the Mach angle. Closer to the cylinder, Murphree ob-

served several more separation shocks had a larger inclination angles up to the triple point. He 

suggested the region upstream of the cylinder was comprised of two separated regions. The order 
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of diagnostic features from upstream to downstream within the first separated region is: an initial 

rise in pressure, the upstream influence shock, a plateau in the pressure, dry kerosene solution, and 

the development of fingerlike structures in the PLS, which is indicative of reattachment. Closer to 

the cylinder, the separated region extends farther from the wall, leading to steeper shock waves at 

the separation and higher surface pressures within it. A proposed model accounting for these ob-

served features is presented as Figure 34. 

 

 

In terms of surface pressure fluctuation levels, the Kulite transducers showed low-fre-

quency content consistent with interaction motion previously documented by the group. Within 

the reattached region, the fluctuations turned more broadband. Similarly, near the turbulent sepa-

ration shock, the low-frequency disturbances were more prevalent but became broadband close to 

the cylinder face. A map showing the frequency distribution of the pressure fluctuations on the 

centerspan corresponding to scaling from the sketch is given as Figure 35. 

 

Figure 34. Conceptual model of the centerspan flowfield (modified from [159]) 
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2.5.2 Lash et al. – Mach 2 

The experiments by Lash et al. take place in the UTSI Mach 2 tunnel, run at a unit Reynolds 

number near 30M/m. Oil flow visualization was first conducted to determine the streamwise posi-

tioning of the 3.18 mm (0.125 in) diameter cylinder for transitional flow [160]. When positioning 

the cylinder closer to the leading edge, the oil showed separation was nonuniform, and there was 

evidence of unsteadiness in the separation distance – both indications of transitional incoming 

flow. With the cylinder positioned farther downstream, the separation front was pushed back into 

a symmetric arc about the centerspan – indicative of turbulent incoming flow. A comparison of 

 

Figure 35. Pressure fluctuation frequency content on the plane of symmetry  

(modified from [159]) 
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the oil flow with the cylinder positioned 8 and 25 diameters downstream of the leading edge is 

given as Figure 36(a) and Figure 36(b), respectively.  

 

 

Lash et al. also used high-speed schlieren and a MATLAB script to track the shock struc-

ture, in particular the motion of what are termed the upstream influence shock, the forward shock 

foot, and the trailing shock foot. These are indicated by the green, red, and blue lines, respectively, 

of the SBLI below in Figure 37. Some specifics regarding the shock tracking code are presented 

in Combs et al. [161]. 

 

 

Figure 36. Oil flow visualization of the interaction in a (a) transitional boundary layer 

and (b) fully turbulent boundary layer (reprinted from [160]) 
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Lash et al. noted that the maximum unsteadiness in shock position occurred when the cyl-

inder was positioned in the same location on the plate as what was concluded a transitional bound-

ary layer from the incoming oil flow. Probability density functions of forward shock positions 

indicate both transitional and turbulent incoming boundary layers follow roughly Gaussian distri-

butions with the mean turbulent position slightly closer to the cylinder (2.15d vs 2.4d), much more 

variance in the transitional position, and slightly more skew upstream for the transition forward 

shock position. The mean upstream influence shock, which was not present in all images, averaged 

a distance of 4d with some instances between 5d and 6d. 

Further high-speed schlieren analysis was done in Lash et al. [162]. In this paper they con-

cluded that sampling at 100 kHz provides time-resolved shock motion, that the upstream influence 

shock appears to be emanating from the forward shock, and that the upstream influence shock 

intermittency decreases as the cylinder is moved farther back on the plate. They also looked at 

representative frequencies defined by the shock crossing a set position, both from the schlieren 

 

Figure 37. Shock waves identified by MATLAB code (modified from [160]) 
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and from a Kulite pressure transducer positioned near the mean forward shock position. Combs et 

al. compared the scaling found from the schlieren to PIV and PLS results [163]. Although that data 

contained more noise, the same trends were shown in terms of UI and forward shock positions. 

Figure 38 shows the qualitative diagnostic comparison, with positions of the upstream influence 

shock, forward shock foot, inviscid bow shock, delineated by (a), (b), and (c) respectively.  

 

 

 

Figure 38. Plane of symmetry comparison between PLS, schlieren, and PIV  

(reprinted from [163]) 
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 Lash et al. continued the campaign by introducing fast-response pressure sensitive paint to 

map the plate surface pressure [164]. They used the combined diagnostics of PSP with schlieren 

and oil flow with schlieren to determine if the surface methods had an influence on the shock 

structure, observed from the schlieren. A streamwise aligned comparison of the independent diag-

nostic results is given in Figure 39. The PSP surface mapping and the high-speed schlieren prob-

ability density function (PDF) indicate a larger influence from the cylinder than does the separation 

indicated by the oil, consistent with the findings of Gramann and Dolling [45]. 

 

 

 

Figure 39. Scaling comparison between schlieren, PSP, and oil flow  

(reprinted from [164]) 

 

 

 

 



 

66 

 

The PSP provided dynamic pressure data within the interaction. Every pixel in the Figure 

40(a) map indicates the maximum frequency observed in its corresponding power spectral density 

plot. Similar to Figure 35 from Murphree, the low frequencies dominated in bands near the sepa-

ration region. Likewise, the turbulent interaction, given in Figure 40(b) had higher frequency con-

tent separating bands of low-frequency dominance. Based on their position, Lash et al. attributed 

the low-frequency bands to the motion of the forward and trailing shock feet. 

 

 

Following that effort, Combs et al. [165] and Lindörfer et al. [166] conducted a joint ex-

perimental / computational effort to determine the impact of incoming turbulent boundary layer 

thickness on the separation distance. Combs et al. tested with cylinder diameters ranging from 1.6 

mm to 19 mm and the cylinders were mounted on the tunnel wall and the flat plate. These test 

conditions resulted in a total range of δ/d values spanning 0.13-1.20. Lindörfer et al. used steady-

state RANS simulations to determine the separation distance, defined as the first point of flow 

 

Figure 40. Dominant pressure fluctuation frequency maps for (a) transitional and  

(b) turbulent interactions (reprinted from [164]) 
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reversal. The main conclusion from this joint effort was that the simulation overpredicted the ex-

tent of separation by up to a cylinder diameter in some cases. This combined effort also confirmed 

that the separation distance does indeed depend on the boundary layer thickness. Thicker boundary 

layers, for a given cylinder diameter, result in greater separation but lower peak pressures. Figure 

41 shows the schlieren separation experimental data from this campaign (given by circles), along 

with the simulated conditions (triangles) and oil flow separation data from the literature (black 

squares).  

 

 

 

2.6 Previous Boundary Layer Transition Experiments in ACE 

The Actively Controlled Expansion (ACE) wind tunnel is the sister tunnel to the NASA 

Langley Mach 6 Quiet tunnel (M6QT) at the National Aerothermochemistry and Hypersonics La-

boratory (NAL). ACE was designed to have similar mass flow to the M6QT so that both tunnels 

 

Figure 41. Separation distance dependence on boundary layer thickness  

(modified from [165]) 
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could share the same infrastructure. ACE is a conventional wind tunnel with an adjustable nozzle 

throat which allows for Mach 5-8 flow. Section 3.1 discusses the tunnel in greater depth. The throat 

height is often set to its Mach 6 configuration which provides the NAL the ability to conduct 

sensitive boundary layer transition experiments by running the same models in both the M6QT 

(low “flight-like” pressure fluctuation levels) and ACE (conventional tunnel pressure fluctuation 

levels).  

Tripping a hypersonic boundary layer is difficult, particularly at the low Reynolds numbers 

in the ACE wind tunnel. Semper and Bowersox conducted experiments in ACE to examine a tur-

bulent boundary layer at low Reynolds numbers [167]. The test model was a flat plate with a 

spanwise array of NASA diamond-shaped “pizza box” boundary layer trips positioned near the 

leading edge. Hot-wire anemometry was used to characterize the boundary layer at four stream-

wise positions and different stations along the span at the most downstream location – where tur-

bulent flow was established.  

Semper produced a contour map from pitot surveys at the most downstream location which 

showed little influence of the trips on the boundary layer uniformity [28]. His hot-wire measure-

ments were transformed using Van Driest methods to match the laminar sublayer and log layer 

regions of the law of the wall. However, derived velocity fluctuations – based on Morkovin scaling 

– from the hot-wire measurements fell an order of magnitude short of what was expected from the 

literature. This could be due to the Strong Reynolds Analogy (SRA) assumptions in the conversion 

of fluctuation types or the strong variation in density across the boundary layer.  

This experiment provided several lessons for the current campaign. Most importantly, it 

not only showed that boundary layer transition on a plate could be attained in ACE, but that the 

transitional region could take up an extensive portion of the plate. The model design for this current 
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campaign was based off his recommendation that the model should not span the tunnel due to 

sidewall effects which turn streamlines inward as flow progresses over the plate. The trips chosen 

for this study are similar to the trips used by Semper and his recommendation of performing 

spanwise surveys to reveal information about the periodicity of the trip wakes will be followed. 

Other boundary layer transition experiments conducted in ACE include the Orion CEV 

transient growth campaign [168] and the current 2:1 elliptic cone HIFiRE-5 crossflow campaign 

[169]. The roughness-induced transient growth campaign was the first to heavily employ IR ther-

mography in the ACE wind tunnel, which has now become routine for transition experiments at 

the NAL. The HIFiRE-5 crossflow instability campaign uses many of the same diagnostics as the 

current study to show the evolution of the instability to fully turbulent flow. 
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3. TECHNICAL APPROACH 

 

To fulfill the research objectives and answer the questions presented in Section 1.2, a cam-

paign was conducted in a hypersonic wind tunnel on a canonical geometry with diagnostics capa-

ble of characterizing the high-frequency dynamics of the interaction. 

 

3.1 The ACE Wind Tunnel 

The Actively Controlled Expansion wind tunnel was a continuous open-circuit hypersonic 

blowdown-vacuum tunnel housed at the NAL. The nozzle contour was designed using a combina-

tion of method of characteristics (custom program written by R.D.W. Bowersox) with viscous 

corrections, and full three-dimensional computational fluid dynamics (CFD). The tunnel could 

achieve Mach 5-7+ [26]. The Mach number was changed by inserting or removing shims between 

the frame and the planar contours, and the necessary throat height for a desired Mach number could 

be approximated by the inviscid area-Mach number relation, Eq. (3.1).  

 
(

𝐴

𝐴𝑡
)2 =  

1

𝑀2
∗ [

2

𝛾 + 1
∗ (1 +

𝛾 − 1

2
𝑀2)]

(𝛾+1)
(𝛾−1) (3.1) 

where M is the downstream Mach number, A is the downstream cross-sectional area, At is the 

cross-sectional area of the throat, and γ is the specific heat ratio (1.4 for air in this case). ACE had 

a maximum run time of 40 seconds, and the wait time between runs was approximately 3 hours. 

The unit Reynolds number range was 0.3-10M/m, which was directly tied to the regulated settling 

chamber pressure. A SolidWorks drawing of ACE is shown in Figure 42. 
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3.1.1 Supporting Infrastructure 

The compressed air supplying the tunnel was stored at a maximum pressure of 17.3 MPa 

(2500 psi) in an A.D. Smith 23.2 m3 (820 ft.3) cylindrical storage tank. The air supply was gener-

ated by two CompAir Reavell 5442 compressors, each with a pumping capacity of 3.7 standard 

cubic meters per minute (130 standard cubic feet per minute) [27]. Particulates, oil, and water, 

were removed from the air before it enters the tank from the compressors. Air from the tank trav-

eled through a stainless steel 50.8 mm (2 in.) diameter pipeline until reached the “heater room,” 

where it was regulated (Stra-Val) to a maximum pressure of 5.17 MPa (750 psi) and entered a 

Chromalox 535 kW circulation heater model GCHI-108-535P-E4. The primary reason for heating 

the air was to prevent liquefaction of the oxygen molecules as the air expanded through the nozzle.  

From the “heater room”, the air entered the laboratory through fiberglass insulated lines 

and passed through a second Stra-Val regulator, which was the primary control of the tunnel supply 

pressure. The air then passed through a 1-micron filter into the settling chamber of ACE. Electronic 

rope heaters were wrapped around the incoming pipes and filter. Electronic heating elements were 

fastened on the settling chamber. A tunnel run was not conducted until the settling chamber was 

elevated to the total temperature of the next anticipated run. To facilitate that, a tunnel preheating 

 

Figure 42. ACE wind tunnel schematic 
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that typically lasted between 5 and 10 minutes preceded a run to heat the components and promote 

thermal uniformity. 

A run was generally initiated by pulling down a vacuum on the downstream end of the 

tunnel through a two-stage Venturi ejector. Air supplying the ejector traveled from the same com-

pressed air storage tank through a carbon steel 0.102 m (4 in.) diameter pipeline. The air supply 

was regulated twice on the ejector at both stages using similar Stra-Val regulators. These regulators 

were heated during the winter to keep them functioning since the tolerances were tight. The Stage 

2 regulators have historically proven to be the most sensitive and require annual servicing. The 

ejector typically established a back pressure of less than 1300 Pa (10 torr). Supporting infrastruc-

ture elements are displayed in Figure 43-46. 

 

 

 

Figure 43. CompAir Reavell 5442 compressors 
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Figure 44. Air storage tank 

 

 

 

 

Figure 45. Chromalox heater 
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3.1.2 Tunnel Design 

Air entered the settling chamber of ACE through four 38.1 mm (1.5 in.) diameter braided 

steel hoses. Within the settling chamber, the air was conditioned as it passed through two “aer-

ogrids” and three wire cloth mesh screens. The “aerogrids” were designed to promote flow uni-

formity, and the screens broke up large-scale turbulent structures into smaller, more easily dissi-

pated, turbulent structures. Figure 47 shows a drawing of the settling chamber. Heat loss was min-

imized by virtue of three heating elements mounted to the sides and top of the settling chamber. 

 

 

Figure 46. Two-stage ejector 
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From the settling chamber, the air entered the nozzle and passed through the throat; the 

throat height was adjusted by changing the thickness of shims placed between the nozzle contour 

support brackets and the supporting frame. The shim locations are marked in Figure 48. As men-

tioned above, modifying the throat height alone controlled the Mach number since the downstream 

opening of the nozzle had a fixed height. 

 

 

 

Figure 47. ACE settling chamber schematic 

 

 

 

Figure 48. Adjustment shims at nozzle / settling chamber interface 
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Beyond the nozzle throat, the air expanded, reached condition, and entered the test section. 

The test section had constant cross-sectional dimensions of 0.232 m x 0.359 m (9.13 in. x 14.13 

in.) and was 0.686 m (27.0 in.) long. It had three 0.127 m diameter (5 in.) access ports on the roof 

and floor that allowed for 0.152 m (6 in.) windows or plugs. The sidewalls on ACE were remova-

ble, so custom doors for mounting and optical access could be fabricated for a given experimental 

campaign.  

After the air passed through the test section, it entered the diffuser where it once again 

became subsonic before exiting the laboratory through the ejector. The diffuser throat height 

should be adjusted in order to achieve the maximum efficiency and, correspondingly, a maximum 

Reynolds number range for a given testing configuration. More information on the diffuser can be 

found in Appendix C. 

 

3.1.3 Instrumentation 

The settling chamber pressure and temperature and the nozzle exit static pressure were the 

baseline flow measurements taken for every run in ACE. A pitot probe was welded to the top 

access port of the settling chamber and was connected to an Endevco 8540-200 (0–1.38 MPa full 

scale) piezoresistive pressure transducer to give the total pressure. An Omega exposed end type K 

thermocouple measured the temperature. Figure 49 shows the placement of these two measurement 

devices. An MKS Baratron 631C-10 capacitance manometer (0–1.33 kPa range) that was inter-

nally heated to 473 K, with no appreciable drift in zero or linearity at high temperatures, gave the 

static pressure reading. It was mounted on the nozzle sidewall, downstream of the last character-

istic. The Baratron is shown in Figure 50. From this measurement and the total pressure, the Mach 

number of the freestream flow could be calculated using the isentropic flow relation, Eq. (3.2).  



 

77 

 

 𝑝𝑡

𝑝
=  (1 +

𝛾 − 1

2
𝑀2)

𝛾
𝛾−1 (3.2) 

or directly, Eq. (3.3) 

 

𝑀 =  √
2

𝛾 − 1
∗ [(

𝑝𝑡

𝑝
)

𝛾−1
𝛾

− 1] (3.3) 

where M is the Mach number of the freestream flow, pt is the total pressure as measured in the 

settling chamber, p is the static pressure as measured at the end of the nozzle contour, and γ is the 

specific heat ratio (1.4 for air). 

 

 

 

 

Figure 49. Settling chamber instrumentation 

 

 

Figure 50. Static pressure measurement 
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More information about the design, installation, and preliminary calibration of the Actively 

Controlled Expansion tunnel can be found in Semper et al., Tichenor et al., and Tichenor 

[170,171,172]. More information about the infrastructure and instrumentation can be found in Mai 

[27]. Appendix D provides the ACE standard operating procedures. 

3.1.4 Testing Conditions 

The testing conditions for this campaign are summarized in Table 1. Note that the Mach 

number varies with freestream Reynolds number since increasing the Reynolds number leads to 

earlier transition on the nozzle walls and thicker boundary layers at the exit. This reduces the ef-

fective area ratio, which decreases the Mach number.   

 

Table 1. Tunnel Conditions 
 

Mach  Reynolds number Total Temperature 

5.75-5.9 0.5-8.5 M/m 430 K 

 

 

3.2 Model Design and Evolution 

3.2.1 Flat Surface 

As mentioned in Section 2.6, the initial model design was based off the recommendations 

of Semper [28]. That is, to avoid tunnel sidewall effects the model should not span the entire test 

section and should have its sides tapered back at the Mach angle. The plate was machined of pol-

yether ether ketone (PEEK) due to its high deflection temperature, high emissivity, and low ther-

mal conductivity. These properties are especially beneficial for IR thermography since the material 

prevents surface reflections and mitigates lateral conduction that would smear the surface heating 

patterns from the flow features. The leading edge of the plate was blunted to a 1.6 mm (1/16 in.) 

radius and spanned 0.279 m (11 in.). The plate was swept back at the Mach 6 Mach angle of 9.6 
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degrees. The plate was mounted in the tunnel, centered spanwise, at a 2-degree downward angle-

of-attack to promote stagnation on the top surface, which discouraged instabilities and flow sepa-

ration on the leading edge.  

Oil flow visualization was the first test conducted on this model. The oil was applied in 

streamwise segments across the span, as shown in Figure 52. This test made it clear that there was 

an influence near the lateral edges of the plate – not from the tunnel sidewalls, but from a difference 

in pressure on the upper and lower surfaces. The pressure gradient was caused by the top of plate 

having a higher pressure due to less of an entropy change from a smaller shock angle at the leading 

edge. 

Building on this knowledge, a second PEEK model was designed, this time as a wedge. 

The model was a 1.3-degree half-angle wedge with a width of 0.279 m (11 in.), later trimmed to 

0.248 m (9.75 in.). The leading edge was designed with a polynomial fit to match slope and cur-

vature of the downstream wedge profile. Curvature mismatch can produce a pressure spike and 

receptivity source [173]. The polynomial and the natural incline of the wedge allowed for the 

leading edge to have a relatively small bluntness that should prevent flow separation [174]. The 

upper curve was defined by Eq. (3.4). 

 𝑋 =  373555𝑌6 − 354050𝑌5 + 49669.4𝑌4 (3.4) 

where Y is the tunnel-based vertical coordinate, and X is the streamwise coordinate, and X=0 is the 

leading edge. Both variables have units of inches and 0<X<1.8 and 0<Y<0.1. The lower curve is 

symmetric about the X-axis.  
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Figure 51 shows a side view of the 1.3-degree half-angle wedge as well as a close-up com-

parison with a 1.3 mm radius rounded leading edge of the same wedge angle (dashed profile on 

zoomed images). Note that the polynomial fit matches the slope and curvature at the interface with 

the wedge angle, which should improve the flow quality over the model.  

Figure 52 gives a geometric comparison of the solid PEEK model designs as well as the 

preliminary oil flow for the front half of each model. Flow is from left to right in the figure. Oil at 

the surface is extremely sensitive to pressure effects due to low momentum near the wall. From 

the oil flow it is evident that the pressure gradient between the upper and lower surfaces no longer 

dominated the flowfield on the wedge. The wedge model provided for streamlines that were di-

rected relatively straight downstream over much of its span, whereas the tapered plate gave fewer 

streamlines of that character near the leading edge, and the span of streamlines continued to shrink 

downstream because of the edge effects and the taper.   

 

 

Figure 51. Side view of wedge model and leading edge 
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Oil flow was also conducted on the wedge to observe the effect of span reduction on the 

extent of downstream streaklines. The original 0.279 m (11 in.) wedge was reduced by machining 

15.9 mm (5/8 in.) off each side for a resulting span of 0.248 m. These results are presented in 

Figure 53.  

 

 

Figure 52. View of plate (left) and wedge (right) and preliminary oil flow (bottom) 
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The model was mounted from its left (picture bottom) on a strut which was attached to the 

door on the left side. While the edge effects may have been reduced by trimming the wedge for 

the right wall, the interaction with the strut remained the same for the reduced span, which resulted 

in an effective decrease in testing area.  

The wedge PEEK model was used for tests reported in Leidy et al. [175]. While the model 

provided an excellent testbed for honing diagnostic techniques and collecting preliminary data on 

the SBLI, the leading edge was machined with some spanwise curvature, which can be observed 

in the profilometer scans in Appendix E. This prompted the development of another wedge model. 

A new composite model was created for increased durability. The model frame was stain-

less steel, which worked to prevent warping of the leading edge during the machining process. The 

 

Figure 53. Edge effects before (top) and after (bottom) trimming the span of the wedge 
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cylinder was fastened to a PEEK insert, which allowed for IR thermography of the flow separation 

ahead of the cylinder. The boundary layer trips were the same height, spacing, and streamwise 

positioning as those used for past experiments. The insert directly downstream of the trips allowed 

for design flexibility in using this wedge for other experiments. These front two inserts were both 

secured from the back of the wedge so that the interfaces between the frame and the inserts had 

minimal steps. The inserts were taped on the back to prevent suction or blowing effects. 

 

 

Some key dimensions are given in Figure 55. The wedge was approximately 0.482 m (19 

in.) long and 0.254 m (10 in.) wide, which left a 5.1 cm (2 in.) gap between the wedge and the 

sidewall on both sides. The 6.35 mm (0.25 in.) PEEK insert began 0.152 m (6 in. or 8d) upstream 

of the cylinder, which allowed for visualizing the full interaction with IR thermography. The most 

upstream part of the mounting strut was 15.9 mm (5/8 in.) upstream of the cylinder, compared to 

114 mm (4.5 in.) previously, which mitigated the influence of the strut on the interaction being 

studied.  

 

Figure 54. Test model: stainless shell and PEEK insert 
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 Figure 56 is a diagram of the wedge from the bottom view. The diagram indicates the bolt 

types and locations. The back of the PEEK insert had tapped holes for 6-32 bolts. During assembly, 

it was important to apply pressure to the PEEK surface, so the bolts would not strip the threads. 

The diagram does not include the 1.6 mm (1/16 in.) thick steel cover plate in order to allow for the 

viewing of the pressure ports on the underside of the PEEK. The positioning of these holes will be 

discussed further in Section 4.2 

 

Figure 55. Top view of wedge with dimensions in centimeters 
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3.2.2 Boundary Layer Trips 

A study aimed at characterizing the efficacy of arrays of diamond-shaped, “NASA pizza-

box,” trips was carried out on the solid PEEK wedge model in the preliminary studies of Leidy et 

al. [175]. Semper used the same trip shape at a spacing wtrip=2δ and height htrip=1.33δ, where δ 

was defined as the point at which the total enthalpy recovers to 99.5% of the freestream value [28]. 

Knowing that transition could be initiated by relatively close and tall trips, the purpose of the trip 

study was to determine if other configurations could trip the flow more effectively with less of a 

lasting effect to the mean flow.  

Reshotko and Tumin suggested that the spanwise disturbance wavelength should be 3 to 

3.5 times the boundary layer thickness for optimal disturbance growth [176]. Therefore, trips were 

 

Figure 56. Bottom view of wedge with dimensions in centimeters 
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made with wtrip ranging from 2-5δ, where δ is approximately 3.2 mm (0.125 in.) as estimated from 

schlieren imaging and analytically from [177] for a freestream Reynolds number of 3M/m. Figure 

57 shows a top view of the solid PEEK wedge with the geometry defined and the parameters that 

were adjusted in preliminary testing denoted in red. The corner-to-corner trip span was set to the 

boundary layer thickness. Trip heights of htrip=0.3δ, htrip=0.6δ, and htrip=δ were tested. 

The trips inserts were printed of polycarbonate in layers 0.18 mm (7 µin.) thick. They were 

fastened to the back of the wedge with #2-56 screws that could be adjusted to make the insert-

wedge interface flush on the testing surface. The inserts were taped over on the back of the model 

to prevent jets or suction to the upper surface. Preliminary tests showed the front row of trips to be 

most effective, so the rear row was fitted with a blank insert for the data presented here.   

 

 

Separation distances observed in oil flow visualization (Lsep) were used for these prelimi-

nary experiments to characterize the state of the SBLI based on the dependence of separation on 

 

Figure 57. Top view of wedge and trip row details with adjustable parameters in red 

 



 

87 

 

boundary layer state reported in literature. Tests were conducted at two Reynolds numbers (5M/m 

and 7M/m) for the spanwise trip arrays described above. A summary is given in Table 2.  

 

Table 2. PEEK model oil flow visualization summary 
 

Run  

Number 

Cylinder x-loc 

(cm) 
Re (M/m) wtrip (δ) htrip (δ) Lsep (d) 

2957 38.1 5.1 2 0.6 3.5-4.0 

2958 38.1 4.9 3 0.6 5.5-6.0 

2959 30.5 5.0 3 0.6 6.0-6.5 

2963 30.5 7.0 2 0.6 2.7 

2964 30.5 5.2 4 0.6 5.5-6.0 

2965 30.5 7.1 4 0.6 3.5-4.5 

2966 30.5 7.1 5 0.6 3.5-4.0 

2967 30.5 4.8 5 0.6 6.0-6.5 

2969 30.5 4.9 5 0.3 6.0-6.5 

2971 30.5 7.0 5 0.3 6.0-7.0 

2972 30.5 5.0 4 0.3 6.5-7.0 

2973 30.5 7.0 4 0.3 6.0-6.5 

2984 30.5 7.1 4 0.6 3.5-4.5 

2985 30.5 5.0 4 0.6 5.5-6.0 

 

 

These tests showed separation scaling consistent with laminar, transitional, and turbulent, 

boundary layer states. Figure 58 gives a representative run for each state.  
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Table 2 suggests that the farther spaced trips were less effective in triggering transition 

based on larger oil flow separation distances (Lsep) when compared wtrip=2δ for the same Reynolds 

number. The Lsep value of 2.7d from ACE Run 2963 is consistent with the data presented by West-

kaemper for a turbulent incoming boundary layer [40]. This trip configuration was the only to 

produce a pattern consistent with a turbulent interaction at Re=7M/m.  Since all three interaction 

states could be achieved by varying the Reynolds number, the htrip=0.6δ, wtrip=2δ array (32 total 

elements on the composite wedge) was used for all subsequent testing.  

 

3.2.3 Cylinder Characteristics and Placement 

Preliminary IR thermography runs were conducted with either a 19.1 mm (0.75 in) or 31.8 

mm (1.25 in.) diameter cylinder positioned 26.7 cm (10.5 in.) downstream from the leading edge. 

The cylinder height was only 31.8 mm (1.25 in.) for both diameters tested, so it did not meet the 

minimum H/d=2.4 criteria set forth by Dolling and Bogdonoff [32]. From these tests, it was evident 

 

Figure 58. Oil flow showing the effect of different trips on the interaction state.  

The interaction is laminar (left), transitional (center), and turbulent (right) 
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that the 31.8 mm diameter cylinder that met the asymptotic height criterion would cause too much 

blockage and the interaction region was quite large, so it could be influenced by edge effects on 

the wedge. Under the same train of thought, more recent oil flow and schlieren runs were con-

ducted using a 12.7 mm (0.5 in.) diameter cylinder. Diameter reduction to this extent did not prove 

to be helpful as the separation line still extended to the span, a smaller cylinder would reduce the 

resolution of measurements when scaled to the cylinder diameter, and, most importantly, using the 

12.7 mm diameter cylinder significantly reduced the interaction disturbances, which lessened the 

quality of the schlieren. Therefore, a cylinder 19.1 mm (0.75 in.) in diameter and 57.2 mm (2.25 

in.) in height was used for all composite model testing. The cylinder was made of black PEEK, 

allowing for IR thermography on its surface. 

The placement of the cylinder was optimized based on the ability to generate three inter-

action states and minimize other factors that could influence the SBLI. From the oil flow runs in 

[175], it was clear laminar, transitional, and turbulent interactions could be established, given our 

tunnel unit Reynolds number range, with the cylinder positioned 0.305 m (12 in.) downstream of 

the leading edge. This position was not optimal for the schlieren as the interaction could not be 

observed given the existing doors. Therefore, tests were conducted with the cylinder positioned 

0.406 m (16 in.) downstream of the leading edge, which still allowed for the boundary layer states. 

However, other flow features came into view at that position. A shock originating from the nozzle 

/ test section interface met the cylinder just above the supersonic jet. Also, the strut would have 

more of an influence of the left side of the wedge with the cylinder that far downstream. Therefore, 

the cylinder was placed 0.305 m downstream and new doors were fabricated to facilitate schlieren 

imaging of the separated region.  
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Following tests with a right cylinder perpendicularly mounted to the wedge, various (15-

degree forward, 15-degree back, and 30-degree back) swept 19.1 mm diameter cylinders were 

tested at the same streamwise mounting location to determine the effect of sweep angle on the 

separation region extent and dynamics for different SBLI states. A sketch depicting the cylinder 

configurations relative to the wedge is given as Figure 59.  

 

 

 

3.2.4 Model Mounting 

The model was bolted to a strut which was fastened on a removable door. A triple-jointed 

monitor display frame connected the door to the external extruded aluminum frame that sur-

rounded the tunnel and allowed for the door to easily move into and out of position. A cut-away 

schematic showing this configuration as well as the position of the IR camera for most of the early 

 

Figure 59. Side view showing swept cylinder positioning 
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runs (up to ACE 3010) is given in Figure 60. For the composite model runs, the camera utilized a 

50-mm lens and was positioned farther from the model (Figure 69). 

 

 

 

Tunnel preheating was executed with a blank door in place. When preheating was com-

pleted, the blank was removed and the model rotated into position. Positioning the model outside 

of the flow during the tunnel preheating allowed for the initial model temperature to be consistent 

between runs. It also allowed for larger changes in temperature to occur, which works to reduce 

the uncertainty in the calculated heat flux. Another benefit to this setup was that oil could be ap-

plied more easily outside of the tunnel for surface visualization runs.   

 

 

 

 

Figure 60. Cutaway image showing removable door 
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3.3 Experimental Characterization 

Surface laser profilometer scans from the leading edge to behind the trips of both wedge 

models were made to provide, with more precision than the design drawings, the exact geometry 

tested. These scans also provide information regarding surface roughness height and periodicity. 

Scans from the fully PEEK model and the composite model are given in Appendix E. 

The freestream conditions were characterized at the location of the model leading edge 

using a hot-wire anemometer and a Kulite pressure probe. The data collection techniques were 

similar to those reported in Sections 3.4.1 and 3.4.3, respectively. These results are presented in 

Section 4.3.  

 

3.4 Diagnostics 

Section 2.2 reviews the techniques used in past experimental campaigns to characterize 

cylinder-induced SBLIs. This section will describe the facility-specific methods for the techniques 

related to this campaign.  

 

3.4.1 Hot-wire Anemometry 

In addition to characterizing the freestream environment, a hot-wire anemometer was used 

to evaluate the incoming boundary layer at various streamwise and spanwise positions, measure 

the jump across the leading-edge shock at three streamwise stations, and assess content in the wake 

of the cylinder. Hot-wires are sensitive to both total temperature and mass flux. The wire temper-

ature loading factor was set to τ=0.8 (Tw=774K), which was intended to effectively isolate the mass 

flux sensitivity. Mass flux measurements were made using a 6.3 micrometer (0.25 µin.) diameter 
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TSI hot-wire and manually-adjusted A.A. Lab Systems AN-1003 constant temperature anemom-

eter (CTA), set in its 1:1 symmetric bridge mode and shown in Figure 61. 

 

 

 

The wire was tuned in the flow by adjusting the damping and ferric screws on the interface 

to maximize the flat-response frequency range. The wire responses to pulses before, during, and 

after the tuning run are shown in Figure 62. These plots were monitored in real-time using a Na-

tional Instruments PC1-5122 digitizer/oscilloscope card and an NI SignalExpress Project. The 3-

dB roll-off, as indicated by the horizontal dashes in Figure 62 (right) did not occur until above 180 

kHz at the tuning Reynolds number of 5M/m. In general, the tuning tends to improve slightly with 

increased Reynolds number until a point where the wire becomes unstable. No effort was made to 

adjust for the reduced response from 10-180 kHz relative to the response below 10 kHz.  

 

Figure 61. TSI hot-wire probe (left) and A.A. Lab Systems user interface (right) 
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The tunnel was started at a low Reynolds number for each run to maximize the chance for 

wire survival. With the flow established, the anemometer was switched to “operate”, and the tunnel 

pressure was quickly ramped above the testing condition, held for a few seconds, and then brought 

to condition. This procedure was done to minimize the variation in total temperature during the 

run. Following data collection, the Reynolds number was intentionally reduced prior to unstart to 

help preserve the wire.  

Calibration Run 3346 shown in Figure 63 underscores the effect of total temperature on 

the output voltage for a given mass flux. The total temperature was continually increasing with 

Reynolds number on the ramp up. At the peak mass flux, the tunnel was near its nominal 430 K 

and held that condition for the duration of the ramp down. The curve representing the ramp up 

portrays a lower mass flux than that on the ramp down due to the total temperature difference. The 

power law fit constants (general form of Kings Law [178] – Eq. (3.5)) for the two calibration up 

and down ramps are presented in Table 3.  

 𝑉𝐵
2 =  𝐴 + 𝐵(𝜌𝑢)𝑛 (3.5) 

where 𝑉𝐵
2 is the bridge voltage, 𝜌𝑢 is the mass flux and A, B, and n are calibration constants. 

 

Figure 62. Hot-wire tuning pulse test: temporal (left) and frequency response (right) 
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Table 3. Hot-wire calibration constants for King’s Law 
 

Wire S/N Run number Re∞ range (M/m) A n B 

71331007 3346 1.7→5.9 0.881 0.694 1.997 

71331007 3346 5.9→0.55 0.499 0.859 2.456 

71331006 3481 2.6→5.7 1.345 0.569 0.793 

71331006 3481 5.7→0.72 0.495 0.824 2.333 

 

 

The power law fit can be modified to account for the variation in total temperature by 

adding a normalization factor [179]. The total temperature normalized equation is given as Eq. 

(3.6), and these curve-fit constants are in Table 4. Figure 64 shows data from the same Run 3346 

and the corresponding fit. The data from the Reynolds number ramp up and down show signifi-

cantly better agreement. Temperature normalized calibrations were used to calculate mass flux for 

the hot-wire surveys presented in Section 5.1.  

 𝑇𝑡

430𝐾
𝑉𝐵

2 =  𝐴 + 𝐵(𝜌𝑢)𝑛 (3.6) 

where Tt is the tunnel total temperature in K. 

 

 

 

Figure 63. Temperature effect on hot-wire calibration curve 
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Table 4. Temperature normalized hot-wire calibration constants 
 

Wire S/N Run number Re∞ range (M/m) A n B 

71331007 3346 0.55-5.9 0.599 0.804 2.298 

71331006 3481 0.72-5.7 0.586 0.776 2.168 

 

 

 

The motion of hot-wire was coupled to a two-axis traversing system consisting of two 

Aerotech PRO165 linear stages with stated 6-micron resolution in both directions (vertical and 

spanwise relative to the model). Due to tunnel vibration and potential misalignment of the traverse 

structure relative to the tunnel, the estimated uncertainty in the distance above the model and the 

spanwise coordinate was estimated as 0.1 mm based on schlieren and infrared imaging, respec-

tively. Figure 65 depicts the experimental setup and the positioning of the diagnostics. Figure 66 

provides a closer look at the sliding seal that enables transverse motion of the probe (left), along 

with the hot-wire anemometer positioned in the tunnel (right). 

 

Figure 64. Total temperature normalized hot-wire calibration curve 
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Figure 65. Photograph of hot-wire setup 
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Figure 66. Hot-wire traverse sliding seal (left) and probe in tunnel (right) 
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From the anemometer interface, the “anemometer output” signal is the raw bridge voltage, 

and the “amplifier output” signal is the bridge voltage with an applied gain and offset from within 

the anemometer. Four different signals were sampled at 500 kHz for each run. These signals in-

cluded (1) the amplified output (x1.5 gain), (2) the amplified low-pass output – filtered at 200 kHz 

using an 8-pole Bessel filter element in a Krohn-Hite chassis, (3) the amplified low-pass filtered 

output – split from (2), and then – AC coupled (1 kHz) and gained (x2) by a Stanford Research 

Systems SR560 low-noise preamplifier and filter, and (4) the raw bridge voltage output directly 

from the anemometer. All of these signals were evaluated against each other for consistency in 

terms of output voltage magnitude and fluctuation levels. Similarly, AC- and DC- coupled signals 

were sampled for the freestream pressure measurements. Sampling time for each point was gener-

ally 100 ms.  

Data were acquired by a linking of two NI USB-6366 X-Series DAQ systems, each of 

which had 8 channels and a maximum sampling rate of 2 MS/s per channel (the FastDAQ). Three 

channels were used to obtain tunnel conditions (total temperature, total pressure, and static 

pressure), leaving up to 13 fast-channels to sample the hot-wire anemometer, pressure transducers, 

or a camera trigger. A LabVIEW code, written in-house and modified by this author, controlled 

the traverse and was generally configured to sample only the number of channels required for a 

given test in order to minimize each file size. The front panels of this and other virtual instruments 

(VIs) utilized during the campaign are presented and explained in Appendix I. The motion of the 

Aerotech PRO165 linear stages could also be controlled using Ensemble Motion Composer 

software. 
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3.4.1.1 Boundary Layer Surveys 

Accurate measurements of the inflow conditions are critical to the evaluation of the behav-

ior of the SBLI. Hot-wires were chosen for the boundary layer profiles because they enable higher 

frequency measurements at finer spatial resolution than pitot probes. The purpose of these meas-

urements was to characterize the boundary layer entering the interaction region, so the cylinder 

was removed from the wedge for these experiments. It should be noted that these are not true 

boundary layer profiles as the traverse moves vertically within the tunnel and the surface of the 

wedge is 1.3 degrees relative to horizontal; however, the difference is streamwise position that this 

creates is negligible for the analysis conducted herein. Boundary layer surveys were executed with 

(Runs 3357-73; 3378-90) and without (Runs 3471-75) the trip array. The positions for survey 

points were determined prior to each run and were saved as a .csv file that was read into the Lab-

VIEW VI.  

The initial probe position was generally outside of the boundary layer. The probe was typ-

ically stepped down to the wall in 6 relatively large steps. It was then raised in millimeter or sub-

millimeter increments. The purpose of this strategy was to provide a coarse survey of the entire 

boundary layer in case the tunnel unstarted or the wire broke during the upward traverse. The 

upward moving survey was typically given more clout due to its finer resolution and less variation 

in the tunnel conditions. However, the mass flux and fluctuation profiles rarely had much discrep-

ancy for repeated points on the upward and downward surveys. After each traversing step, the 

probe would settle and was sampled at 500 kHz for 100 ms. Several samples were taken at each 

position for initial surveys. The data (mass flux, mass flux fluctuations, and spectra) were similar 

for each sample at a given location, providing confidence that the probe was properly settled for 
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each measurement after movement.  Figure 67 depicts the location of the surveys relative to the 

surface of the model. A summary of hot-wire surveys is provided in Table 5. 

 

 

 

 

 

 

 

 

Figure 67. Hot-wire measurement locations 
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Table 5. Placement of hot-wire surveys 
 

Run Number Streamwise coordinate, 

x (mm) 

Spanwise coordinate, 

z (mm) 

Normal distance 

range, y (mm) 

Rex   

3357 187 -0.7 1.5-10.9 9.2E5 

3358 187 -0.7 2.9-21.9 9.1E5 

3359 187 0.9 2.5-19.0 9.4E5 

3360 187 3.4 3.2-21.7 9.2E5 

3361 187 -2.5 3.4-21.4 9.0E5 

3362 187 -4.1 2.8-18.8 9.0E5 

3363 187 -6.1 3.0-17.5 9.1E5 

3364 187 -24.6 2.4-16.4 9.5E5 

3365 187 -24.0 2.2-20.7 9.3E5 

3366 187 -24.2 3.1-19.1 9.1E5 

3367 187 -29.0 2.7-20.2 9.4E5 

3368 187 -27.2 2.7-22.2 9.5E5 

3370 187 -24.8 3.2-21.7 9.1E5 

3371 213 -1.6 2.7-19.7 1.06E6 

3372 213 2.0 2.8-21.3 1.06E6 

3373 213 -1.0 3.2-15.6 1.09E6 

3374 106 ≈0 16.4-46.4 5.2E5 

3375 106 ≈0 16.1-42.1 5.3E5 

3376 58 ≈0 16.9-36.9 2.9E5 

3377 82 ≈0 5.8-38.8 4.2E5 

3378 264 9.9 5.6-29.6 1.31E6 

3379 264 9.9 5.4-29.4 1.29E6 

3380 264 0.0 3.8-28.8 1.32E6 

3381 276 0.6 4.3-32.3 1.35E6 

3382 302 0.6 3.2-28.1 1.48E6 

3384 302 0.5 3.5-28.5 2.26E6 

3385 302 0.8 3.4-28.4 2.25E6 

3387 302 1.0 2.3-27.2 2.08E6 

3388 302 0.8 15.0 11-22E5 

3389 302 0.8 15.0 2-15E5 

3390 346 0.8 3.0-20.0 2.57E6 

3471 187 0.4 1.6-21.6 9.0E5 

3472 187 -1.6 0.8-20.8 8.9E5 

3473 187 0.0 1.5-21.5 8.9E5 

3474 293 -1.2 2.9-22.9 1.36E6 

3475 293 0.7 3.3-23.3 1.42E6 
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3.4.1.2 Leading-Edge Shock Traverses 

 Hot-wire measurements were made across the leading-edge shock, near the center span, at 

different streamwise locations to quantify the effects of the shock on freestream disturbances (Runs 

3374-3377). The process for taking these data was essentially the same as for the boundary layer 

surveys without emphasis on getting close to the wall. Line sketches of the approximate vertical 

extent of the scans are overlaid on a schlieren image in Figure 68. Note that the schlieren setup 

was not aligned perfectly with the model. This manifests in some distortion in the image, most 

notably on the trip array and shocks, which appear thicker than they were in reality. 

 

 

 

3.4.1.3 Cylinder Wake 

 The cylinder was added to the wedge testbed for these hot-wire runs in an effort to measure 

dominant shedding frequencies within the wake. Surveys were taken at two stations. The first was 

above a surface mounted Kulite sensor and the second was 1.7d downstream of the cylinder center 

 

Figure 68. Approximate hot-wire probe paths (vertical yellow lines) for 

characterization of the leading-edge shock, overlaid on a schlieren image. 

R3374/5

R3377

R3376



 

103 

 

and 2.0d off centerspan, the position recommended by Danehy and measured by Wheaton behind 

a cylindrical roughness element [85]. The sampling time was extended for these wake surveys 

from 100 ms to 400 ms at each point. This reduced the uncertainty due to random errors and was 

made possible because fewer sampling points were required since the spatial resolution for these 

measurements was not as critical as for boundary layer surveys. 

 

3.4.2 Oil Flow Visualization 

 The fluorescent oil was a well-mixed solution of Blaze Orange pigment sample from Day-

Glo Color Corp. and 100 cSt (10-4 m2s-1) Esco silicon fluid in a volumetric ratio of 1/4 teaspoon to 

1 fluid ounce (1:24). Preliminary oil flow tests were conducted on each model to test for flow 

directionality and uniformity over the model surface. The oil was distributed as roughly 13 mm 

(0.5 in.) diameter dots spaced approximately 38 mm (1.5 in.) apart along the span at different 

streamwise stations. Tests to observe the surface streaklines within and around the SBLI involved 

painting a thin coat of oil across the span from roughly 152 mm (6 in.) upstream of the cylinder to 

the back of the wedge. This essentially meant painting the entire PEEK insert on the composite 

model. 

Prior to every run, the model surface was wiped with an acetone-covered cloth to remove 

any residual dust or oil from prior tests. The elimination of oil from previous tests was especially 

important as its signature would be seen in subsequent testing. New oil was applied to the model 

after the tunnel preheating, immediately prior to its insertion for testing. A Nikon D5000 camera 

was mounted above the test section center window port to track the oil flow during the preliminary 

model runs and the initial interaction runs. Blacklights were directed through the same window to 

illuminate the fluorescent oil. 
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The oil flow visualization test runs required a modification to the ACE standard operating 

procedure. After running the tunnel for 15 seconds (the surface streakline pattern was well-estab-

lished by this time), the tunnel supply ball valve located just upstream of the settling chamber was 

closed prior to the normal shutdown sequence. Therefore, only a small amount of air passed over 

the model following the tunnel unstart. The Nikon footage indicated there was never an appreciable 

shift in the oil pattern due to the unstart, or ensuing air passage, when following this procedure. 

The model was then removed from the tunnel, and a door-blank was secured in its place. The 

blacklights were quickly positioned above the model. Pictures were taken using a 16-megapixel 

Motorola Moto G4 Plus phone camera of the final oil configuration. These were taken within 5 

minutes of model removal since, after that time, the oil and pigment showed signs of separation 

and spread, creating unnecessary additional uncertainty in the measurement. The image capturing 

process was generally performed in concert with the tunnel operator draining the supply line. 

 

3.4.3 High-Frequency Surface Pressure Measurements 

 PCB and Kulite fast-response pressure transducers provided dynamic surface pressure 

measurements on the solid PEEK and composite wedge models. The PCB and Kulite specifica-

tions are listed in Tables 6 and 7, respectively. The PEEK model utilized two PCB model 132A31 

sensors, each of which had split black and red leads connected back to the sensor. The composite 

model used as many as six of the newer model 132B38 sensors for a given run. The 132B38 sensors 

have a coaxial cable attachment, a round (as opposed to square) sensing element, and better place-

ment of the sensing element in the center of the sensor face. Both PCB models were powered by 

an in-line signal conditioner from the manufacturer. The conditioner provided a constant 4 mA 
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excitation current to the built-in amplifier. The PCB output is high-pass filtered by built-in elec-

tronics and has a stated 3-dB cutoff at 11 kHz. The stated resonant frequency for both models is 

above 1 MHz, and the response is reported to be flat to approximately 300 kHz [180]. Attempts to 

calibrate the sensors in a shock tube are ongoing at Purdue University [153]. 

 

Table 6. PCB 132B38 transducer specifications 
 

Property Value 

Measurement Range 345 kPa 50 psia 

Full-Scale Output 7V (nom.)  

Resolution 7 Pa 0.001 psi 

Temperature Range 248 to 352 K -13 to 175 ⁰F 

Diameter 3.18 mm 0.125 in. 

Resonant Frequency >1MHz  

 

 

 The Kulite pressure transducers used in this campaign were model XCE-062-15A. These 

sensors are described by the manufacturer as “high temperature and ultraminiature,” but they also 

share the same sensitivity specifications as the XCS-062-15A sensors used by Murphree [159]. 

The sensors used in this campaign were A-screen, meaning the sensing element for each transducer 

is recessed in a cavity. While the diaphragm resonant frequency is around 200 kHz, the screen 

limits the flat response to roughly 80 kHz [181].  

    The Kulite transducers were connected to a custom-built power supply and conditioning 

box built by J.W. Hofferth. The circuit design was modified from one developed by the S.P.  

Schneider research group at Purdue University. The box provided a DC and AC signal output for 

each sensor. The original signal was gained by 100 and low-pass filtered with a first-order RC 

circuit at 482.5 kHz to generate the DC output. This signal was further refined by high-pass filter-

ing at 842 Hz and gaining by 28.9 to produce the AC output.  
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Table 7. Kulite XCE-062-15A transducer specifications 
 

Property Value 

Measurement Range 0-103 kPa 0-15 psia 

Full-Scale Output 100 mV (nom.)  

Diameter 1.7 mm 0.066 in. 

Resonant Frequency 200 kHz  

Combined Error (non-linearity,  

hysteresis, and repeatability) 
0.1% FSO BFSL (typ.)  

Compensated Temperature Range 298 to 508 K 80 to 450 ⁰F 

Temperature Sensitivity Shift ± 1.8%/100 K ± 1%/100 °F 

Temperature Zero Shift ± 1.8%/100 K ± 1%/100 °F 

 

 

 The AC-coupled PCB and Kulite signals were generally low-pass filtered at 1 MHz and 

200 kHz, respectively, using 8-pole Bessel filters of unity gain for anti-aliasing. The filtering units 

were housed within 2-channel Krohn-Hite FMB3002 chassis. Occasionally, a PCB was instead 

low-pass filtered at 1 MHz and unity gain through a Stanford Research Systems SR560 low-noise 

preamplifier and filter.  

The oil flow visualization results aided in determining the location of the pressure ports on 

both models. Justification for the positioning of each port on the composite model is provided in 

Section 4.2.  

Many pressure sensor configurations were tested on the composite model, but no more than 

5 PCBs and 4 Kulites were ever run at a time. These sensors were rotated to take measurements at 

all port locations. The configurations for all runs are defined in the Pressure Transducer Configu-

ration Table (Appendix G). Unused ports were plugged using either steel or Teflon rod stock. 

Effort was made to mount both the sensors and plugs flush with the surface, and both plugs and 

sensors were sealed from the back of the PEEK insert with fingernail polish. Testing different 
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sensors at the same port for similar flow conditions was important to verify repeatability. It also 

helped to indicate whether features within the spectra were sensor specific. 

Spectra (PSDs) from these measurements were generated using Welch’s method. In gen-

eral, a Hamming window was used of size 1024 (210) with 50% overlap, which led to a frequency 

resolution of roughly 2 kHz. 

 

3.4.4 Infrared Thermography 

 The FLIR SC8100 was used to measure the surface temperature of the model. The indium 

antimonide detector is sensitive to mid-wavelength infrared radiation within the range of 3-5 mi-

crometers. The camera can sample at 132 frames-per-second (fps) at a resolution of 1024 x 1024 

pixels and is capable of detecting temperature differences as small as 25 mK [182]. Tests con-

ducted on the fully PEEK model utilized a 17-mm lens, with the detector positioned approximately 

0.18 m (7.0 in.) above the wedge surface. Tests performed on the composite model utilized a 50-

mm lens, with the detector located 0.61 m (24 in.) from the surface. The later configuration proved 

to introduce less barrel lens distortion.   

 The camera was generally positioned above the wedge and directed vertically down to 

visualize the interaction heating on the model surface. However, there were some runs where the 

heating on the cylinder was of interest, so the camera was moved upstream and directed back at 

34 degrees with respect to vertical for those runs. Figure 69 presents a diagram of both configura-

tions. 
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 The camera was calibrated using an anodized aluminum calibration plate for 4 different 

integration times (1 ms, 2 ms, 4 ms, 8 ms), known as “presets” in the FLIR ResearchIR software, 

which was configured to collect the data. More details about the calibration are reported in Ap-

pendix F. Most of the test runs in this campaign used the 1 ms and 8 ms exposure presets, with 

each sampled at 15 Hz. The 1 ms exposure allowed for measurements up to 415 K, which was 

higher than the temperature seen at any location within the interaction region at any time during 

the run. The 8 ms exposure allowed for more precise temperature measurements below 325 K, 

which proved helpful for characterizing the flow upstream of the SBLI.   

 Data collection was manually triggered at the opening on the 4 in. air-line supplying the 

ejector. From there, 1024 x 1024 resolution data were sampled at 15 Hz for the duration of the run 

 

Figure 69. IR camera configuration for measurements on (a) wedge surface and 

 (b) cylinder face 
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and tunnel unstart. The unstart of the tunnel caused a sudden frame-to-frame jump in surrounding 

temperature that was used to link the IR dataset to the tunnel conditions for each run. 

In order to achieve a better understanding of the heating distribution on the front of the 

cylinder, a first-order coordinate transformation was applied to produce maps in the local 

spanwise-normal (z-y) coordinate system, followed by some interpolation to get the cylinder co-

ordinates theta-wedge normal (theta-y). The coordinate transformations for a sample temperature 

map are shown in Figure 70. 

 

 

There are, however, some cautions when interpreting these temperature values. For exam-

ple, the coordinate transformation is first-order, so no correction has been made for distance from 

the lens; it is purely a rotational transformation. As a consequence, there is minor distortion in the 

transformed images that manifests in contraction at the base of the cylinder and stretching near the 

 

Figure 70. Temperature map coordinate transformation from (a) raw field-of-view to 

(b) front of cylinder to (c) around front of cylinder, for a sample frame within Run 

3484 
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top. Another caution is the effect of directional emissivity. The emissivity coefficient (ε) of the 

surface depends on the angle (θ) between the direction normal to the emitting surface and the 

direction of the emitted radiation (the viewing angle). This relationship is described by Eq. (3.7). 

 
휀(𝜃) =  휀𝑛cos (𝜃)

𝑎
𝑏𝑐𝑜𝑠(𝜃) (3.7) 

where εn is the emissivity value when viewed normal to the surface, and a and b are fitted constants. 

Cerasuolo [183] studied the directional emissivity of PEEK and found εn=0.91, a=0.030, and 

b=1.35. The camera signal is a function of the emissivity, and its effect can be propagated through 

the non-linear relationship to temperature. Running [184] suggested viewing angles greater than 

60 degrees reduce the emissivity enough to lead to significant uncertainties in heat flux. For this 

experimental setup, the viewing angle θ is computed using Eq. (3.8). 

 𝜃 =  arccos (cos(𝜃1) ∗ cos(𝜃2)) (3.8) 

where θ1 is the angle formed by the camera orientation and the front normal of the cylinder, and 

θ2 represents the circumferential position on the cylinder with respect to its front. For a perpendic-

ular cylinder, θ1≅55, θ2 values above 30 degrees will map heat flux values considerably lower 

than reality. 

IR data from the full run were exported into MATLAB to perform calculations to convert 

surface temperatures to heat flux values using an in-house code, written by I.T. Neel [185], similar 

to that of Juliano et al. [186] and Borg et al. [187]. The heat flux map at each sampled frame was 

approximated from the base equation for one-dimensional conductive heat transfer, given below 

as Eq. (3.9). 

 
𝑞 =  −𝑘

𝜕𝑇

𝜕휁
 (3.9) 
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where T is the temperature and 휁 is the distance into the wedge, directed opposite the wall-normal. 

This process followed approximating the temperature distribution within the wedge from the gen-

eral equation, Eq. (3.10). 

 𝜕𝑇

𝜕𝑡
=  𝛼

𝜕2𝑇

𝜕휁2
 (3.10) 

where t is time and 𝛼 is the thermal diffusivity, defined as Eq. (3.11). 

 
𝛼 =  

𝑘

𝜌𝑐𝑝
 (3.11) 

where 𝑘 and 𝜌 are the thermal conductivity and the density, respectively, as provided by the dis-

tributor of the PEEK (Professional Plastics), and 𝑐𝑝 is the estimated specific heat capacity based 

on specifications from other distributors. These thermal properties as well as code parameters for 

the heat flux calculation are presented below in Table 8. 

 The derivatives in Eq. (3.10) were approximated using a forward-time, central-space 

(FTCS) scheme. This finite difference scheme is presented as Eq. (3.12).  

 𝑇𝑖+1,𝑗 −  𝑇𝑖,𝑗

∆𝑡
=  

𝛼(𝑇𝑖,𝑗−1 − 2𝑇𝑖,𝑗 + 𝑇𝑖,𝑗+1)

(∆휁)2
+  𝒪(∆휁2) (3.12) 

where the first temperature index is temporal and the second is spatial, ∆𝑡 is the temporal step size 

given by the camera sampling frequeny of 15 Hz, and ∆휁 is the spatial step size, which was set just 

above √2𝛼∆𝑡 to maximize the nodes while still maintaining scheme stability. The initial temper-

ature distribution within the wedge was set to the initial wall temperature. The time dependent 

surface temperature provided by the IR thermography was used as the surface boundary condition. 

The back-boundary condition for the solid PEEK model was isothermal (initial surface tempera-

ture) at a penetration depth of roughly half the model thickness. The PEEK insert for the composite 

model is backed by air, so the back-boundary condition was set to adiabatic at a depth of 6.35 mm. 
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For comparison, the code was also run with an isothermal boundary at the same depth, and the 

maximum difference in heat flux values was less than 0.1%. This is in agreement with the inability 

of the camera, with a <25mK sensitivity, to detect the steel frame beneath the edges of the PEEK 

plate during a run. 

 With the temperature distribution within the model approximated for the entire run, the 

temperature gradient at the surface was evaluated from the wall temperature and the two nodes 

below it. The heat flux approximation is given in Eq. (3.13). 

 

𝑞 ≈  
−𝑘(−

3
2 𝑇𝑛,0 + 2𝑇𝑛,1 −

1
2 𝑇𝑛,2)

∆휁
 (3.13) 

where i=n is a given time and j=0 is the surface.  

 
 

Table 8. Heat flux calculation values 
 

Thermal Properties Code Parameters 

Thermal Conductivity 𝑘 0.26 W m-1 K-1 Time step ∆𝑡 0.0667 s 

Density 𝜌 1310 kg m-3 Node Step ∆휁 0.13 mm 

Specific Heat 𝑐𝑝 1500 J kg-1 K-1 Material thickness  6.4 mm 

Thermal Diffusivity 𝛼 1.3E-7 m2 s-1    

 

 
 An important consideration when interpreting heat flux results is that heat flux varies for a 

given Reynolds number because the surface temperature increases during the run. More heat is 

transferred to a colder wall. Therefore, a more appropriate parameter that should be independent 

of exposure is the convective heat transfer coefficient (film coefficient), defined by Eq. (3.14). 

 ℎ =  
𝑞

𝑇0 − 𝑇𝑤
 (3.14) 

where q is the local surface heat flux, T0 is the tunnel total temperature (replacing the more con-

ventionally used Taw), and Tw is the local surface wall temperature. Independence from the 
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freestream conditions is achieved through further reduction to the Stanton number, which is a non-

dimensional parameter that indicates the ratio of convective heat transfer to the thermal capacity 

of the fluid. In effect, it further normalizes the film coefficient by the freestream mass flux and 

specific heat of the air. Stanton number is defined by Eq. (3.15). 

 𝑆𝑡 =  
𝑞

𝜌∞𝑢∞𝑐𝑝 (𝑇0 − 𝑇𝑤)
 (3.15) 

 

3.4.5 High-Speed Schlieren Imaging 

 High-speed schlieren images were captured using a Photron FASTCAM SA-Z CMOS 

camera, which has a maximum frame rate of 2.1 million fps at a reduced resolution. Multiple frame 

rates and resolutions were used throughout this campaign to visualize the extent and dynamics of 

the interaction region. The shutter time was generally set to 1/800k seconds (1.25 µs) to effectively 

freeze the flow structure within each frame, yielding clearer images of the SBLI. The setup was 

similar to the z-type configuration, diagrammed in Figure 12. The light source was a red-amber 

(616 nm) LED lighting module model PT-121-RAX-L15l-MPH. The LED was typically run con-

tinuously at 3.4 V and 21.5 A, which was the maximum output of the adjustable power supply 

(Extech 382275). The light was oriented through a Nikon camera lens, which was used as a con-

denser to focus it onto a cut-off slit. The lens and slit were positioned such that the light was 

concentrated but would also fully and uniformly illuminate the parabolic mirror (Edmund Optics). 

After reflection off the other parabolic mirror on the imaging side of the tunnel, the light was 

focused onto a black razor blade, which served as the knife edge and was positioned to reduce the 

light intensity by a factor of approximately two. Following the cutoff, it was focused using one of 
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two plano-convex lenses, depending on the desired field-of-view, onto the camera detector. A 

photo of the high-speed schlieren imaging system is shown in Figure 71. 

 

 

 

Figure 71. Schlieren setup around ACE: source side (top) and collection side (bottom) 
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 The camera interfaced with the M6QT-DAQ PC via Ethernet cable and was controlled 

using the Photron FASTCAM Viewer (PFV) software package. Screenshots from the software and 

the settings are provided and explained in Appendix I. 

 Each tunnel run had a specific schlieren imaging objective. For example, some tunnel runs 

were Reynolds number sweeps, for which the schlieren images were acquired at 500 fps, to study 

the impact of the changing state of the boundary layer on the interaction region. This frame rate 

allowed the entire run to be captured at full 1024 x 1024 resolution. For other runs, schlieren im-

ages were sampled at much higher rates. A second group of runs were conducted to track the 

motion of the upstream influence separation shock. The frame rate was set to 150k fps and the 

resolution was 456 x 128 for the perpendicularly mounted cylinder configuration. Sampled con-

tinuously, the camera would only be able to sample for 2.616 seconds using these settings. There-

fore, the camera was triggered to acquire 50k frames every six seconds. During the run, the tunnel 

Reynolds number was stepped rather than swept. Conditions were held constant during the data 

acquisition period (1/3 second every 6 seconds). A third group of runs was directed on the triple 

point and area directly upstream of the cylinder. The sampling rate was 240k fps and the resolution 

was 120 x 256. A similar stepped Reynolds number procedure followed. A diagram showing the 

positions of the boxes of reduced resolution relative to the model and flow structure is given as 

Figure 72. The resolutions and sampling rates varied slightly for the swept cylinder runs. These 

quantities are outlined in the Campaign Run Log and the High-speed Schlieren Table (Appendix 

G). 
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 An unfortunate feature of the FASTCAM SA-Z is the inability to choose the position of 

reduced resolution on the sensor – it is set to the center of the detector. Therefore, the camera was 

traversed up/down and right/left to position it properly for each run. 

 The time-resolved schlieren images were reduced through spectral analysis and shock 

tracking. Spectral analysis utilized Welch’s method to determine the PSD for each pixel in the 

schlieren images. 256 points comprised each periodogram. The frequency resolution was 586 Hz 

and 938 Hz, for 150 kHz and 240 kHz sampling, respectively. By generating a power spectrum at 

each pixel, maps indicating locations of dominant frequencies could be assembled.  

The shock and disturbance waves for each frame were detected using the following line-de-

tecting algorithm.  

(1) Subtract the mean of the 50k frame batch from every frame. 

(2) Set each pixel value to 1 or 0 based on its intensity relative to pixels above and below it. 

Shocks and disturbances of interest are dark, so if the intensity of the pixel is less than the 

 

Figure 72. High-speed schlieren resolution placement 
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[mean(pixels 2:7)-threshold] above and below the given pixel, that pixel is assigned a value 

of 1. (using pixels offset 2 through 7 proved to give narrow, well-defined lines) 

(3) Reduce noise by setting each pixel value to 0 if all of its surrounding pixels are 0. 

(4) Conduct a Hough transform [188] on each frame to detect lines present in the frame. 

Threshold values will need to be set depending on the desired features for detection. 

(5) Eliminate lines outside of the anticipated slope range. 

(6) Convert from the polar Hough coordinates back to Cartesian coordinates and relate these 

to the field-of-view positions given in Appendix G. 

This procedure is illustrated in the figures below and allows for viewing the progression of shock 

and disturbance waves with time. Figure 73 shows the isolation of lines. Figure 74 demonstrates 

the application of the Hough transform. Figure 75 presents the geometry in terms of the model-

based coordinate system. The detected lines were placed in model-based coordinates by relating 

points on the lines to the coordinates of the vertices of the field-of-view box. Shock-tracking results 

were converted into the model-based coordinate system for propagation of the shocks to the sur-

face, which allowed for estimation of movement distance along the surface and comparison with 

findings of the surface-based diagnostics. 
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Figure 73. Line isolation procedure demonstated for Frame 24, Run 3443, Re=3.7M/m 
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Figure 74. Hough transform demonstration and resulting fit lines 
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3.4.6 Focused Schlieren Deflectometry 

 A focused schlieren imaging setup built by J.W. Hofferth [189] based on the lens-and-grid 

configuration detailed by Weinstein [190] was utilized to view the shock structure in different 

planes of this 3-D SBLI. The focused schlieren technique is essentially the culmination of multiple 

conventional schlieren systems, with multiple sourcing lines and cut-off lines, imaged together 

through one lens. The advantage of this configuration is it allows for the visualization of density 

gradients in a single spanwise-normal plane, whereas conventional schlieren integrates across the 

span. With a conventional schlieren system, flow features outside the region of interest, or even 

outside of the tunnel (air currents in the room), are visible in the final image. A schematic of the 

layout is given as Figure 76. The components for this campaign remained unchanged from those 

used by Hofferth [189], with the exception of the source and cut-off grids and the detector. F. 

Siddiqui commissioned the printing (FineLine Imaging) of higher quality grids that had sharper 

 

Figure 75. Transformation to model-based coordinates 
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lines separating regions of increased opacity from regions of increased transparency, which im-

proved the quality of the image. The FASTCAM SA-Z was set in place of the avalanche photode-

tector since visualizing a portion of the interaction was desired over measuring frequency content 

at a specific point. Photographs of the setup are given in Figure 77. 

 

 

 

 

 Due to space limitations, with only 0.66 m (26 in.) separating the tunnel side wall from the 

source grid, the model was fixed in the tunnel. Therefore, the wall temperature was elevated for 

 

Figure 76. Lens-grid type focused schlieren schematic using nomenclature from 

Weinstein [190] 

 

Figure 77. Focused schlieren setup: camera side (left) and source side (right) 



 

122 

 

these runs, with the initial temperature averaging around 360 K on the PEEK insert. Focused 

schlieren imaging was the only diagnostic technique for which the model was not removed while 

preheating. The technique was utilized for two SBLI configurations: (1) cylinder swept 15 degrees 

forward on model and (2) cylinder mounted perpendicularly on wedge. The trip array was in po-

sition for both configurations and the tunnel conditions were held constant at Re=5M/m.  

 A feature of the focused schlieren technique is that the focal plane is directly tied to the 

image plane. Therefore, traversing the camera in the direction of the optics shifts the spanwise-

normal plane of focus in the same tunnel spanwise direction. For Run 3490, the camera was trav-

ersed at a velocity of 250 µm/s (moving the plane of focus 640 µm/s), and the entire run was 

captured at 500 fps. Subsequent runs (Run 3492 and 3494) were conducted by stepping the position 

of the camera in small increments toward the center plane, and acquiring at reduced resolutions 

(232 x 384 and 184 x 512, respectively) at a frame rate of 150k fps, in order to track the flow 

features for a given plane in a time-resolved fashion.  

 

3.5 Uncertainty Analysis 

3.5.1 Tunnel Conditions 

Uncertainty values for the Endevco 8540-200 (settling chamber pressure) and the MKS 

Baratron 631C-10 (static pressure) are provided by the manufacturer. The combined uncertainty 

of the Endevco, due to temperature dependence, non-linearity, non-repeatability, and pressure hys-

teresis, is 2.4% full scale output (FSO) assuming 430 K testing conditions. The Baratron is much 

more accurate, with an uncertainty of 0.5% of its reading. However, measuring static pressure 

through a port in the tunnel wall adds a fair bit of uncertainty. The uncertainty in the static pressure 

was assumed to be 5%. The total temperature was measured using an Omega type K thermocouple 
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(with a standard uncertainty of 2.2 K) in the settling chamber. By definition, isentropic expansion 

assumes the total temperature remains the same. Some heat is lost to the nozzle, so the total tem-

perature is estimated to be within 1% of the value reported. The Mach and Reynolds number are 

derived values based on the measured quantities. From Clark [191] the relative uncertainty in Mach 

number as a function of the relative total and static pressure uncertainties is given by Eq. (3.16). 

 𝐸𝑀∞
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= (𝜃𝑀∞
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where 𝜃𝑀∞

′  is the relative sensitivity coefficient, defined by Eq. (3.17). 
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The uncertainty in Mach number depends on the flow conditions since the uncertainty in the total 

pressure is a fraction of the FSO of the transducer, rather than the value it measures. For Re=5M/m, 

the uncertainty in the Mach number is 1.5%. The value increases with decreasing Reynolds num-

ber. 

The uncertainty in the freestream Reynolds number is given by Eq. (3.18). 
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 (3.18) 

where the 3 uncertainty values are a direct or indirect function of the instrumentation uncertainty 

(ρ∞ = f(pt ,Tt), u = f(M,Tt), and µ∞ = f(Tt)) and are calculated in a similar manner. The resulting 

uncertainty in Reynolds number is 7% for Re=5M/m. Relative uncertainty increases with decreas-

ing Reynolds number. 
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3.5.2 Diagnostic Specific 

3.5.2.1 Hot-wire Anemometry 

Improvements were made on the analysis of the hot-wire data from [193], which cited the 

calibration as a significant source of error, since the total temperature for a given run is not exactly 

the same as that during the calibration. Temperature normalization, as detailed in Section 3.4.1, 

makes the tunnel total temperature dependence negligible. The analysis does not take into consid-

eration the total temperature variation throughout the boundary layer. Deviation from the expected 

values is observed near the surface, where heat from the wire is lost through radiation to the wall. 

The resulting heat flux values at positions within ~3 mm of the surface are higher than reality. The 

uncertainty in hot-wire position, above the wall and spanwise, is 0.1 mm. The uncertainty in 

streamwise position is 1 mm.  

Random errors are a major contributor to the spectral and RMS uncertainties. The PSD 

plots were generated from 97 averages, which corresponds to an uncertainty of 10.2% at a given 

PSD value. The RMS fluctuations were calculated by using the trapezoid rule approximation of 

the PSD integration, which added a maximum uncertainty of 14%. The uncertainty from the inte-

gral approximation constitutes an overestimation since the data are skewed toward higher frequen-

cies, and much content is held in the first few points.  

 

3.5.2.2 Surface Pressure Measurements 

The contributors to uncertainty in the Kulite output are combined error (non-linearity, hys-

teresis, and repeatability), temperature effects on sensitivity and zero shift, and calibration. The 

uncertainty for most Kulite transducers is low since the majority of the model does not heat up 

significantly during the run. Upstream Kulites (T5-T7; T12-T14) have a maximum uncertainty of 
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0.8%. The downstream Kulites heat up a bit more, particularly T20. The uncertainty for a sensor 

at that port is 3.1%. PCBs were created as time of arrival sensors, so precise specifications are not 

reported. They are calibrated dynamically by the manufacturer using a single 50 psia test point. 

The sensitivity values are generally close (within a few percent) to the stated calibration but can 

also be very far off. This author knows of an instance when a group of sensors was sent back to 

the manufacturer for different connectors and ended up coming back with very different calibra-

tions! 

The uncertainty in the position of the transducers on the composite model relative to the 

leading edge is 0.5 mm and relative to other transducers and the base of the cylinder is 0.1 mm. 

Uncertainty in the relative positioning of the transducers to the cylinder on the PEEK model is 

higher since that model had no alignment holes for positioning the cylinder. 

There are a few contributing sources to the spectral and RMS uncertainties. Many of the 

spectra for the baseline cases hit the noise floor at frequencies within the presented domains or 

even within the RMS integration bounds. Therefore, the spectra portray overestimations of the 

actual energy content at frequencies where the content is below the noise floor. The RMS values 

are impacted by overestimation as well, but the contribution of the noise floor to the RMS is gen-

erally negligible. The PSD plots were generated from 390 averages, which corresponds to an un-

certainty of 5.1% at a given PSD value due to random error. As with the mass flux fluctuations, 

the RMS pressure fluctuations were calculated by using the trapezoid rule approximation of the 

PSD integration. The uncertainty from the integral approximation tended to overestimate the val-

ues but to a lesser extent than for the hot-wire anemometer since the spectra were not as far skewed.  
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3.5.2.3 Infrared Thermography 

The calibration curves for eight trials presented in Appendix F demonstrate less than 2 K 

variability between all curves over the entire temperature range (290-415 K). These calibrations 

were done using a similar configuration to the experiments, with the exception of quiescent air, 

which is expected to have a negligible impact. There may also be a slight difference in the emis-

sivity of the PEEK model (or insert) compared to the black camera calibration plate. Uncertainties 

in these values propagate directly to uncertainties of the model surface temperature. For the present 

study, the emissivity values were assumed to be equal, except for at extreme viewing angles.  

 The heat transfer parameter values have uncertainties originating from the material prop-

erties, data processing, and initial condition assumptions. The PEEK thermal specifications (Table 

8) are from the distributor, but it is unclear what methods were used to measure these values and 

the dependence on temperature. The heat conduction equation provides some relief in that uncer-

tainties in the material properties only tend toward a square-root effect on the heat flux. For exam-

ple, a thermal diffusivity that is 10% too high will only increase the heat flux by around 5%. The 

1-D heat conduction processing code introduces some uncertainty in the estimation of heat flux by 

way of temperature gradient at the surface, which has some convergence time and is influenced by 

changing freestream conditions. The model typically sat in the tunnel for 1-2 minutes before a run, 

which caused the surface temperature to increase.  

The assumption that the temperature on the model surface and throughout the material was 

the same at the start of the run is a major contributor of uncertainty to the heat flux and derived 

parameters. Figure 78 (right) demonstrates the effect of changing the initial internal material tem-

perature on the heat flux. Run 3428 considers the average heat flux in the reattachment arc region, 

and Run 3398 considers an upstream region (Regions 1 and 3, respectively, from Section 6.3.1). 
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Heat flux values were computed using different initial temperature distributions for both runs. The 

first distribution, “Tsurf,” is explained above and was used for the analysis in the current campaign. 

This temperature was 309.6 K for Run 3428 and 308.1 K for Run 3398. A second initial tempera-

ture distribution assumed that all nodes below the surface were equal to room temperature (293 

K). The figure indicates a significant difference in heat flux that is slow to converge. The heat flux 

within the reattachment arc is much higher in magnitude; however, the difference in heat flux is 

not proportionally greater than the upstream heating. Rather, the offsets, which are severe initially 

and vary from 0.8-2.0 kW/m2 for t>8 s, show good agreement for a given time across the duration 

of both runs.  

The example above demonstrates some initial condition uncertainty bounds. The two runs 

chosen had high initial temperatures relative to the majority of IR runs (most had initial tempera-

tures between 299 K and 303 K). The true heat flux for the given regions falls between the profiles 

and is likely much closer to the result obtain from the surface temperature internal distribution. 

However, without a better model for the initial internal temperature distribution, its contribution 

to the uncertainty will be high. 
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Neglecting lateral conduction gives a slight underestimation of heat transfer in areas of 

highest temperature. Normalization of heat flux introduces further uncertainty from the total tem-

perature measurement (Section 3.5.1). Uncertainties in film coefficient and Stanton number are 

affected by uncertainties in total temperature, particularly in regions where the difference between 

total temperature and model wall temperature are the lowest. 

 

3.5.2.4 High-speed Schlieren Imaging 

 Several factors contribute to the estimate in the uncertainty of the shock position. Many of 

the time-resolved schlieren runs did not have reference geometry (surface or cylinder) in the field-

of-view. Therefore, snapshots were taken after each of those runs using a 50.8 mm square (2”x2”) 

glass line grid target. The lines on the target were spaced every millimeter. The position of the 

reduced resolution field-of-view was related back to the full frame through the target. This method 

contributes to an uncertainty of 0.2 mm in the relative positioning of the field-of-view vertices. 

 

Figure 78. Heat conduction code sensitivity to initial conditions 
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However, there is also uncertainty due to slight movement in the model upon tunnel startup. The 

combined field-of-view position uncertainty, for the values listed in Appendix G, is 0.5 mm. 

 Many of the shocks are not well-defined and do not form straight lines in the schlieren 

images, which leads to uncertainties in shock tracking. Extrapolating lines of uncertain slope to 

the surface further contributes to an uncertainty of 2 mm for the location of shock intersection with 

the wedge. As with the other diagnostics, the PSD analysis is subject to random errors. The data 

generally provide 390 periodogram averages, which results in an uncertainty of 5.1%.  

  

3.6 Proposed Run Schedule 

This section presents objective questions along with preliminary answers based on capa-

bility expectations of the diagnostics. The proposed run matrix (Table 9) was designed to answer 

the following questions. 

1. How do the dynamics of shock structure, especially the motion of the separation 

shock foot, triple point, shock-induced supersonic jet, and fluctuations within the 

separated region, change as the interaction evolves through transition?  

High-speed schlieren will be used to monitor the motion of the shock structure. High-fre-

quency response pressure transducers will monitor the surface pressure within the interac-

tion. Reynolds number sweeps will be conducted by increasing the total pressure within a 

run to vary the interaction state from laminar, through transition, to turbulent. 

2. What effect do the trips have on the downstream boundary layer profiles at differ-

ent streamwise and spanwise positions? 
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Pitot and/or hot-wire boundary layer profiles will be generated at different streamwise po-

sitions. For a given streamwise position, profiles will be generated at different spanwise 

positions to determine the influence of the trip wakes on the evolving boundary layer.  

3. How does the spanwise positioning behind the trips affect the surface pressure dy-

namics with and without a shock generator? 

The positioning of the high-frequency pressure transducers is such that some will be 

roughly centered behind a trip and underneath its wake and some are behind a gap and out 

of the wake. Monitoring adjacent transducers will indicate the positional effect. 

4. How does the protuberance sweep angle affect the separation scaling and dynamics 

for a transitional SBLI? 

High-speed schlieren, high-frequency pressure transducers, and IR thermography will be 

used to monitor the interaction with cylinders of different sweep angles. 

 

The following run matrix was generated following the oil flow visualization experiments 

and the machining of the pressure ports in the composite model. It represents what was believed 

to be the minimum required to answer the objective questions. 
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Table 9. Proposed run matrix 
 

Run  Question  

addressed 

Description Re 

1 characterization Freestream hot-wire at wedge LE location (no model) Sweep 

2* characterization Hot-wire traverse across leading-edge shock: upstream of trips High 

3* characterization Hot-wire traverse across leading-edge shock: downstream of trips High 

4* 3 
Pressure sensor config 1, IR on wedge: trip wake heating,  

Full run schlieren on LE and trips 
Sweep 

5* 3 
Pressure sensor config 2, IR on wedge: trip wake heating,  

HS schlieren on LE and trips 
Stepped 

6* 3 
Pressure sensor config 3, IR on wedge: trip wake heating,  

Full run schlieren downstream 
Sweep 

7* 3 
Pressure sensor config 4, IR on wedge: trip wake heating,  

HS schlieren downstream 
Stepped 

8* 2 
HW (Kulite) traverse BL survey: directly upstream of a most  

upstream PCB 
High 

9* 2 
HW (Kulite) traverse BL survey: directly upstream of an  

adjacent most upstream PCB 
High 

10* 2 
HW (Kulite) traverse BL survey: directly upstream of a  

transitional interaction located PCB 
High 

11* 2 
HW (Kulite) traverse BL survey: directly upstream of an  

adjacent transitional interaction located PCB 
High 

12* 2 HW (Kulite) traverse BL survey: at cylinder face location High 

13* 2 
HW (Kulite) traverse BL survey: adjacent to cylinder face  

location 
High 

14 3 Pressure sensor config 1, Full run schlieren, IR on wedge Sweep 

15 3 Pressure sensor config 2, Full run schlieren, IR on wedge Sweep 

16 3 Pressure sensor config 3, Full run schlieren, IR on wedge Sweep 

17 3 Pressure sensor config 4, Full run schlieren, IR on wedge Sweep 

18 1,3 
Pressure sensor config 1, HS schlieren on separation shock, 

IR on wedge 
Stepped 

19 1,3 
Pressure sensor config 2, HS schlieren on separation shock, 

IR on wedge 
Stepped 

20 1,3 
Pressure sensor config 3, HS schlieren on separation shock, 

IR on wedge 
Stepped 

21 1,3 
Pressure sensor config 4, HS schlieren on separation shock, 

IR on wedge 
Stepped 

22 1,3 
Pressure sensor config 1, HS schlieren on supersonic jet, 

IR on cylinder 
Stepped 

23 1,3 
Pressure sensor config 2, HS schlieren on supersonic jet, 

IR on cylinder 
Stepped 
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Table 9 Continued 
 

Run  Question  

addressed 

Description Re 

24 1,3 
Pressure sensor config 3, HS schlieren on supersonic jet, 

IR on cylinder 
Stepped 

25 1,3 
Pressure sensor config 4, HS schlieren on supersonic jet, IR-cyl-

inder 
Stepped 

26 
additional 

contribution 

Focused Schlieren – HS on separation shock, adjusting spanwise 

plane of focus 
Constant 

27 4 
15 deg swept cylinder, IR – camera angled to see cylinder and 

wedge, Full run schlieren 
Sweep 

28 4 
30 deg swept cylinder, IR – camera angled to see cylinder and 

wedge, Full run schlieren 
Sweep 

29 4 
30 deg swept cylinder, IR – camera angled to see cylinder and 

wedge, HS schlieren on separation shock 
Stepped 

30 4 
15 deg swept cylinder, IR – camera angled to see cylinder and 

wedge, HS schlieren on separation shock 
Stepped 

* No cylinder mounted 

It may be instructive to repeat BL surveys at a given location for a couple additional, lower Reyn-

olds numbers. More angles of sweep could be tested. 
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4. PRELIMINARY RESULTS 

 

This chapter presents IR thermography, surface pressure measurements, and high-speed 

schlieren imaging on the solid PEEK wedge model as well as oil flow measurements on the com-

posite wedge model. The oil flow visualization directly influenced the placement of high-fre-

quency surface pressure transducers on the composite model. Tunnel freestream measurements are 

presented in Section 4.3. A complete run log outlining the testing conditions and diagnostic tech-

niques for all models used in this campaign is given in Appendix G. 

 

4.1 Solid PEEK Wedge Model 

With flow uniformity and directionality requirements met, preliminary experiments were 

conducted using the solid PEEK model as the testbed. Oil flow visualization was primarily used 

to identify the efficacy of the different trip arrays. As such, the interaction separation distances are 

noted in Section 3.2.2.  

Simultaneous IR thermography and surface pressure measurements were carried out on 

this model for three Reynolds number sweep runs: (Run 3007) model with no trips and no cylinder, 

(Run 3008) model with trips and no cylinder, and (Run 3010) model with trips and cylinder. Heat 

flux maps for these three configurations at four Reynolds numbers were obtained through the cal-

culations outlined in Section 3.4.4 and are given in Figure 79. A comparison of the first two rows 

in Figure 14 (Run 3007 and Run 3008) shows the effect of the trips on the heat transfer rate. At 

low Reynolds numbers, like Re=3.0M/m and Re=3.5M/m, the maps look much the same between 

the two runs, but as the Reynolds number increases, the heat transfer rate elevates to much higher 
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levels with the trips. The effect of the trips on the heat transfer is substantial. The lower heat trans-

fer rates seen for Run 3007, at all Reynolds numbers, are consistent with those of a laminar bound-

ary layer. The much sharper increase in heat transfer rate with Reynolds number over the course 

of Run 3008 is indicative of the changing state of the boundary layer.   

The final two rows give the effect of adding a shock generator to a flowfield where the 

state of the boundary layer is governed by the Reynolds number. Upstream of the separated region, 

the surface heat transfer for Runs 3008 and 3010 look virtually identical, indicating an upstream 

bound for the interaction. The vortices within the separated region pull the high energy mean flow 

closer to the wall, elevating the surface heat transfer. The highest heating is where the flow reat-

taches at the base of the cylinder. At the low Reynolds numbers, Lsep is measured between 5.5d 

and 6.0d depending on the position along the span. This value agrees with the measured separation 

shock offset distance from the oil flow. 
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 The locations for the two Kulite and two PCB pressure transducers, relative to the heat flux 

map at Re=3.5M/m are provided in Figure 80. The dimensioned positions relative to the cylinder 

are given in Leidy et al. [175].  

 

Figure 79. IR thermography derived heat flux maps 
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The power spectral density plots for Run 3007 (no trips, no cylinder) for each of the four 

pressure transducers are in Figure 81. The legend gives the freestream Reynolds number in mil-

lions. The Kulite sensors are plotted over a frequency scale of 0-100 kHz, while the PCB trans-

ducers are on a scale of 0-500 kHz. The Kulites and PCBs indicate that signal increases with 

Reynolds number across the entire frequency range, although the signal is near the noise floor for 

much of the range. The spectra do not appear to change shape across the frequency range with 

increasing Reynolds number for any sensor, and, therefore, there is no indication of a change from 

a laminar boundary layer. 

 

 

 

Figure 80. Pressure transducer locations 
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The trips were in place for Run 3008, and the PSD plots for each sensor are shown below 

as Figure 82.  

 

Figure 81. Run 3007 PSDs: no trips, no cylinder 
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All of the transducers indicate a change in PSD form with increasing Reynolds number. 

The Kulite and PCB sensors give nearly identical spectral content over the lowest two freestream 

Reynolds numbers (3.0M/m and 3.5M/m) as compared with Run 3007. The spectra at Re=4.5M/m 

break form from the previous run and also portray broadening of shape. There is much more broad-

ening of the spectra over the frequency range at the highest two Reynolds numbers (6.0M/m and 

6.5M/m). For the Kulite transducers, the signal at these Reynolds numbers is nearly entirely inde-

pendent of the noise floor. Although the Kulites show the stronger signal at these Reynolds num-

bers for the frequency range up to 100 kHz, the PCBs give the true extent of the broadening on the 

 

Figure 82. Run 3008 PSDs: trips, no cylinder 
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frequency range. The upstream PCB shows elevated signal at Re=6.5M/m up to 250 kHz, while 

the downstream PCB demonstrates continued broadening and elevated signal up to 300 kHz. Sen-

sor P1 indicates a local signal peak just below a frequency of 100 kHz from Re=5.5M/m to 

Re=6.5M/m. Downstream, at P2, the peak is near this frequency for Re=5.0M/m to Re=5.5M/m, 

while a spectral shift blankets this peak into higher frequencies at higher Reynolds numbers, char-

acteristic of the transitioning boundary layer. Therefore, the frequency just below 100 kHz may be 

representative of an instability caused by the trips. 

The 1.9 cm diameter cylinder was added to the previous configuration for Run 3010, and 

the PSD plots are shown below as Figure 83.  
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The positioning of the transducer with respect to the cylinder clearly affects the spectral 

content. For example, PCB transducer P1 is measured 5.8 cylinder diameters upstream of the front 

of the cylinder and is offset 5.1d from the centerspan. The oil flow and IR show this sensor to be 

near the separated region at low Reynolds numbers. While the signal is slightly strengthened at 

low frequencies and low Reynolds numbers when compared to Run 3008, it changes little at the 

higher Reynolds numbers. This is consistent with the reduction of Lsep as the interaction transitions. 

P2 is measured only 2.5d upstream of the cylinder and is also offset 2d. The oil flow and IR show 

it to be located just outside of the separation shock for a turbulent interaction. The PSD values for 

 

Figure 83. Run 3010 PSDs: trips and cylinder 
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frequencies less than 70 kHz jump by more than an order of magnitude across the Reynolds num-

ber range when compared to Run 3008. However, the highest Reynolds number case produces a 

similar signal between frequencies of 150-300 kHz. This may be because the sensor is located 

upstream of the separation at Re=6.5M/m.  

The Kulite transducers tell a similar story. K5 is measured 4.1d upstream of the cylinder 

and only 0.3d off the centerspan. The oil flow and IR indicate this sensor to be in the separated 

region at low Reynolds numbers. The lowest Reynolds numbers have PSD values that are over an 

order of magnitude higher for frequencies less than 40 kHz. The highest two Reynolds numbers 

show nearly the same spectral content as for Run 3008, meaning the separated region does not 

reach far enough upstream to impact the measured signal. The local PSD signal maximum for 

Re=4.0M/m to Re=4.7M/m at frequency just under 40 kHz is interesting in that the separation 

shock is expected just upstream of the sensor for these conditions. This dominant frequency may 

be related to the transient nature of the shock or the separation vortex. K12 is measured 2.8d up-

stream of the cylinder and 0.3d off the centerspan. The oil flow and IR show this sensor just outside 

of the separation shock for a turbulent interaction. The PSD plots for all Reynolds numbers across 

the entire frequency range are elevated from the previous run. This result makes sense because the 

total pressure, and therefore, the magnitude of the fluctuations should be highest in the recircula-

tion region near the cylinder. There is another frequency peak for Re=4.5M/m to Re=5.0M/m at a 

frequency near 40 kHz. This peak is not as distinct and occurs at a slightly higher Reynolds num-

ber, meaning the separation shock is farther downstream and closer to this sensor. Again, the 40 

kHz frequency is believed to be characteristic of the separated region within this transitional 

shock/boundary layer interaction. 
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Following these tests, the cylinder was removed and positioned 0.406 m (16 in.) down-

stream of the leading edge, so the interaction region could be imaged with schlieren. Schlieren 

videos were taken of a full Reynolds number sweep run (at 500 fps) run at low exposure times 

(about 1.25 μs). Although these images are not time-resolved, they provide insight into the struc-

ture and further corroborate the separation scaling from the oil flow. Since the cylinder is posi-

tioned farther downstream, the freestream Reynolds number is less for transitional and turbulent 

interactions.  

Sample schlieren images for (a) laminar, (b) transitional, and (c) turbulent interactions are 

shown in Figure 84. Flow is from left to right. The shock wave coming into the interaction from 

the middle left is from the nozzle / test section interface and is a contributing reason for positioning 

the cylinder farther upstream in subsequent testing.  The viewing diameter of the window is 0.127 

m (5 in.).  
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4.2 Composite Wedge Model 

The diffuser height was optimized for maximum Reynolds number and oil flow visualiza-

tion was conducted on the composite model to verify similar flow patterns regarding the trips and 

edge effects as the solid PEEK model (Runs 3203-14). A series of oil flow runs were conducted at 

different Reynolds numbers to determine separation distances across the transitional boundary 

layer range (Runs 3269-77). These results are given as Figure 85. 

 

Figure 84. Schlieren images showing different interaction states 
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The positioning of the oil flow separation line resulting from the upstream influence shock 

follows the expected trend with increasing Reynolds number. For a freestream Reynolds number 

of 2.8M/m, the separation distance is between 5.2d and 5.5d upstream of the cylinder. At 4.6M/m, 

there is more variation across the span and the distance is between 3.3d and 3.9d. By Re=7.6M/m, 

the separation and flow features are consistent with those of a turbulent SBLI. The interaction 

appears symmetric across the span and there is little variation in the separation distance (2.5-2.7d). 

The measured separation values for all runs are given in Table 10. 

 

 

 

 

 

  

 

Figure 85. Oil flow maps for a series of Reynolds numbers 

Pt1 = 37psia
Re = 2.8M/m

Pt1 = 46psia
Re = 3.6M/m

Pt1 = 57psia
Re = 4.6M/m

Pt1 = 65psia
Re = 5.4M/m

Pt1 = 75psia
Re = 6.1M/m

Pt1 = 85psia
Re = 6.9M/m

Pt1 = 52psia
Re = 4.2M/m

Pt1 = 92psia
Re = 7.6M/m
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Table 10. Composite model oil flow separation summary 
 

Run Number Re∞ (106 m-1) Lsep (d) 

3270 2.8 5.2-5.5 

3271 3.6 5.0-5.2 

3277 4.2 3.8-4.5 

3269 4.6 3.3-3.9 

3272 5.4 3.2-3.8 

3273 6.1 2.8-3.4 

3274 6.9 2.5-2.7 

3276 7.6 2.5-2.7 

 

 

Another interesting feature is the evidence of separation and reattachment in the form of 

additional horseshoe vortices downstream of the primary vortex. For instance, three additional 

horseshoes are clearly defined at Re=2.8M/m. The most downstream of these three is near the base 

of the cylinder and signifies flow reattachment. At 4.2M/m, two full-bands downstream of the 

primary vortex are observed. By 4.6M/m, the band directly downstream the primary band begins 

to merge with the primary band out near the center of the span but is still distinct outboard. The 

merging progresses as the Reynolds number increases and the interaction region shrinks; however, 

there is still outboard evidence of this secondary band at 7.6M/m.  

The oil flow separation lines were traced and overlaid. The resulting map was used to sys-

tematically distribute surface pressure ports. Two Kulite ports and a PCB port from the solid PEEK 

model were placed in the same location on the composite model for comparison.  

A composite map featuring the separation lines at each Reynolds number (Figure 86) was 

generated to provide insight as far as the positioning of the sensors upstream and within the SBLI. 

Ahead of the oil separation line, three PCB ports were inserted to measure pressure fluctuations in 

the incoming boundary layer for all test runs. The spanwise spacing was such that two sensors 

were positioned directly downstream of trips, while the third was directly downstream of the center 
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of a gap. This was to characterize the spanwise influence of the trips. Another row of three PCBs 

and two rows of three Kulites were positioned farther downstream to quantify the influence of the 

trip wakes both within and outside of the SBLI. Several more PCB and Kulite transducer ports 

were added to the centerspan to achieve more measurements for comparison with Murphree [159]. 

PCBs were positioned outboard from the centerspan to determine that spatial effect on high-fre-

quency fluctuations. Kulites were positioned in the wake of the cylinder to measure if similarities 

in the frequency content exist in the upstream separation and the wake.  

These justifications are consistent with the general priorities of characterizing the spectral 

content (1) along the centerspan (2) at several ports for a given streamwise location (influence of 

the trips), (3) far off-centerspan within the interaction, and (4) in the wake. Figure 86 also indicates 

the position of the transducers on the previous model, labeled in red as P1 (now T3), P2, K5 (T7), 

and K12 (T12). A dimensioned diagram demarcating the position of each transducer port (T1-T28) 

is given as Figure 87. The dimensions are in terms of cylinder diameter (19.1 mm), which is the 

first-order scaling parameter for the interaction. Table 11 summarizes the sensor positions. Coor-

dinates are referenced to the front and center of the cylinder. The distribution of these pressure 

ports should provide insight to measurement goals listed above. 
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Figure 86. Separation lines from oil flow visualization and pressure port locations 

 

Figure 87. Transducer port locations relative to the front of the cylinder 
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Table 11. Transducer port locations 
 

Sensor Type x’ (mm/in./d) z’ (mm/in./d) 

T1 PCB (-)  114 / 4.5” / 6d 0 

T2 PCB (-)  114 / 4.5” / 6d (-)  12.7 / 0.5” / 0.67d 

T3 PCB (-)  114 / 4.5” / 6d (-)  22.2 / 0.88” / 1.17d 

T4 PCB (-)  88.9 / 3.5” / 4.67d 0 

T5 Kulite (-)  82.6 / 3.25” / 4.33d 15.9 / 0.63” / 0.83d 

T6 Kulite (-)  82.6 / 3.25” / 4.33d 6.4 / 0.25” / 0.33d 

T7 Kulite (-)  82.6 / 3.25” / 4.33d (-)  6.4 / 0.25” / 0.33d 

T8 PCB (-)  74.1 / 2.92” / 3.89d 22.2 / 0.88” / 1.17d 

T9 PCB (-)  74.1 / 2.92” / 3.89d 0 

T10 PCB (-)  74.1 / 2.92” / 3.89d (-)  22.2 / 0.88” / 1.17d 

T11 PCB (-)  65.6 / 2.58” / 3.44d 0 

T12 Kulite (-)  57.2 / 2.25” / 3d 6.4 / 0.25” / 0.33d 

T13 Kulite (-)  57.2 / 2.25” / 3d (-)  6.4 / 0.25” / 0.33d 

T14 Kulite (-)  57.2 / 2.25” / 3d (-)  15.9 / 0.63” / 0.83d 

T15 PCB (-)  49.2 / 1.94” / 2.58d 38.1 / 1.5” / 2d 

T16 PCB (-)  47.6 / 1.88” / 2.5d 50.8 / 2” / 2.67d 

T17 PCB (-)  47.6 / 1.88” / 2.5d (-)  50.8 / 2” / 2.67d 

T18 PCB (-)  31.8 / 1.25” / 1.67d 0 

T19 Kulite (-)  25.4 / 1” / 1.33d 0 

T20 Kulite (-)  6.4 / 0.25” / 0.33d 0 

T21 Kulite 44.5 / 1.75” / 2.33d 6.4 / 0.25” / 0.33d 

T22 Kulite 44.5 / 1.75” / 2.33d 0 

T23 Kulite 44.5 / 1.75” / 2.33d (-)  6.4 / 0.25” / 0.33d 

T24 Kulite 69.9 / 2.75” / 3.67d 12.7 / 0.5” / 0.67d 

T25 Kulite 69.9 / 2.75” / 3.67d 6.4 / 0.25” / 0.33d 

T26 Kulite 69.9 / 2.75” / 3.67d 0 

T27 Kulite 69.9 / 2.75” / 3.67d (-)  6.4 / 0.25” / 0.33d 

T28 Kulite 69.9 / 2.75” / 3.67d (-)  12.7 / 0.5” / 0.67d 

 

 

4.3 Tunnel Freestream Measurements 

Tunnel freestream measurements were made using a pitot probe and hot-wire anemometer 

positioned at the same streamwise location as the model leading edge [193]. The primary purpose 
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for the measurements was to provide accurate inflow conditions necessary for computational sim-

ulations.  

 

4.3.1 Pressure Fluctuations 

Total pressure measurements were acquired using a pitot probe, instrumented with a high-

frequency Kulite pressure transducer (XCEL-100-5A). These were made at the tunnel center span, 

106 mm (4.18 in.) downstream of the nozzle-test section interface. Four signals were sampled at 

400 kHz using a NI USB-6366 X-Series DAQ system. The signals included DC coupled (gain 

x100) and low-pass filtered at 100 kHz using a 8-pole Bessel filter in a Krohn-Hite chassis, AC 

(842 Hz) coupled (gain x2890) with the same 100 kHz low-pass filter, as well as the raw DC and 

AC coupled signals without the 100 kHz anti-aliasing filter. PSD plots were formed from the AC 

filtered signal using Welch’s method. 2048 points comprised each periodogram, which utilized a 

Hamming window. The frequency resolution was 195 Hz. ACE run 3290 and 3291 were both 

conducted by sweeping through Reynolds numbers anticipated for testing on the model. The fluc-

tuation levels presented from these runs were generated by integrating the PSDs using the trape-

zoid rule over the range of approximately 1 kHz to 100 kHz. PSD plots for Run 3291 are given in 

Figure 88 (left), and the fluctuation levels for both freestream pitot runs are plotted in Figure 88 

(right). 
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The pressure fluctuation levels are similar for both runs and consistent with those reported 

by Mai and Bowersox [192] and Semper et al. [26]. The most notable feature in the fluctuation 

profile is the jump from roughly 0.6% to 1.7% near a Reynolds number of 3M/m, which is due to 

the transitioning of the nozzle sidewalls. This is an important characteristic of the ACE tunnel 

because it allows for investigation into the effects of freestream noise on the transition process. 

This same jump is observed in the spectra, where the greatest energy gap is between 3.0 and 3.5 

M/m. The energy rise across the frequency domain is nearly uniform with increasing Reynolds 

number. The shape of the spectra and the slope from 25 to 100 kHz are similar for all conditions. 

Most of the energy is held in the lower frequencies (<25 kHz), and no dominant frequency mani-

fests at any Reynolds number. 

 

 

 

 

 

Figure 88. Freestream pitot PSD plots (left) and normalized RMS pressure fluctuations 

(right) 
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4.3.2 Mass Flux Fluctuations 

Mass flux measurements were made using a hot-wire anemometer set to a high overheat. 

The specifications, signals acquired, and data processing are all outlined in Section 3.4.1. Meas-

urements from Runs 3340 and 3341 were taken at the same position as the pitot measurements. 

PSD plots for Run 3340 are given in Figure 89 (left), and the mass flux fluctuation levels for both 

freestream hot-wire runs are plotted in Figure 89 (right). The plot indicates the points on the Reyn-

olds number ramp up and ramp down for each run. The fluctuation levels appear to be path inde-

pendent.  

 

 

The mass flux fluctuation and pressure fluctuation trends are similar in that the spectra 

show energy concentrated in the lower frequencies, and the disturbance levels roughly triple near 

Re=3M/m. The mass flux fluctuations represent a smaller fraction of the total in comparison to the 

pressure fluctuations and taper off more quickly as the Reynolds number is reduced below 3M/m.  

 

 

Figure 89. Freestream hot-wire PSD plots (left) and normalized RMS mass flux  

fluctuations (right) 
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5. INCOMING BOUNDARY LAYER CHARACTERIZATION 

 

This chapter presents data from hot-wire boundary layer surveys, infrared thermography, 

and surface mounted Kulite and PCB fast-response pressure transducers, taken with and without 

the array of boundary layer trips. These measurements were made without the shock generating 

cylinder in an effort to characterize the inflow. 

 

5.1 Hot-wire Anemometry 

Hot-wire boundary layer surveys were taken at different stations to achieve the following 

goals: (1) quantify dominant frequencies to classify instabilities, (2) determine the effect of 

spanwise position behind the trips on the boundary layer profile and fluctuation levels, and (3) 

establish the inflow conditions required for transitional and turbulent SBLIs [193]. The surveys 

were generally conducted at Re=5M/m since that flow condition was shown to produce a transi-

tional SBLI. Several surveys with trips were made at Re=7M/m for comparison. 

 

5.1.1 No Trips 

 Boundary layer profiles were generated at two axial locations (x=187mm and x=293mm) 

without the trip array to characterize the baseline laminar boundary layer. Boundary layer profiles 

from Run 3473 (x=187mm) and Run 3475 (x=293mm) are given in Figure 90 (left). The profiles 

indicate that the boundary layer height is roughly 11 mm at x=187mm. The fluctuation profiles for 

all runs are also plotted below (Figure 90, right). The fluctuations are very low throughout the 

boundary layer (~0.2%), which suggests the anticipated laminar flow. The spectra from Run 3473 

are plotted in Figure 91. Note that they are similar in shape (nearly all energy concentrated <25 
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kHz) and even lower in magnitude (static vs. pitot) than the freestream measurements shown in 

Figure 89. 

 

 

 

 

 

 

Figure 90. Untripped boundary layer profiles (left) and fluctuations (right) 

 

Figure 91. Untripped boundary layer spectra (Run 3473) 



 

154 

 

5.1.2 With Trips 

5.1.2.1 Axial Measurements 

Profile data were acquired at several axial locations near the centerspan of the model. The 

untripped (Runs 3471-3473) and tripped (Runs 3357-3363) surveys at x=187mm are compared in 

Figure 92. The mass flux (top) and fluctuation (bottom) profiles are provided in absolute (left) and 

normalized (right) units.  

 

 

Figure 92. Mass flux (top) and fluctuation (bottom) profiles at x=187mm 
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In general, the tripped and untripped boundary layers produced similar mean mass flux 

boundary layer profiles. There is more variation near the wall for the tripped runs, and the bound-

ary layer appears to be roughly 1.0 to 1.5 mm (~10%) thicker. When normalized by the boundary 

layer thickness and the freestream mass flux, the curves collapse further, particularly for y/δ >0.5. 

This suggests that the tripped boundary layer was laminar at x=187mm for a freestream Reynolds 

number of 5M/m. However, the fluctuation profiles show a significant difference between the un-

tripped and tripped cases. First, the RMS fluctuation magnitudes outside the boundary layer are 

nominally 15% higher for the tripped cases. This is not surprising given that the trips produced 

waves and shear layers, which could yield additional fluctuations. For the untripped cases, the 

fluctuation amplitudes lessen near the wall, and the profiles possess a local minimum at y/δ=0.5, 

an inflection near y/δ=0.4, and a local maximum at y/δ=0.3. For the tripped cases, there appear to 

be a slight systematic peak near y/δ=1, which is consistent with Semper and Bowersox [167]. The 

z=-2.5mm profile is the exception. Moreover, the shapes of the profiles generally follow those for 

the untripped cases, including the minimum, inflection, and maximum. However, the amplitudes 

and locations of the extrema are dependent on spanwise position. This is not too surprising given 

that the trips are expected to generate a complex system of shear layers and secondary flows. Ad-

ditional inspection is required to discern systematic dependency on z for the tripped cases with 

respect to the streak locations. This is discussed in Section 5.1.2.2. 

Three boundary layer profiles were acquired 213 mm downstream of the leading edge at 

different spanwise locations as listed in Table 5 (Runs 3371, 3372, and 3373). All three showed 

higher fluctuation levels within the boundary layer compared to x= 187, 264, 276, and 302 mm, at 

the same flow condition (Re=5M/m). The x=213mm profiles are plotted in Figure 93. The fluctu-

ation levels are highest near the wall (around 2 percent of the local mass flux). Spectra from Runs 
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3371 and 3372 (Figure 94) demonstrate instability growth between 40 and 80 kHz when compared 

to the “no trips, no cylinder” spectra in Figure 91. The spectra are broadest at a height of roughly 

6-7 mm above the model, which is above the position of maximum fluctuations and just more than 

half-way to the boundary layer edge. The sharp spectral peaks are attributed to either strain gauging 

or prong vibrations.  

 

 

 

 

 

Figure 93. Mass flux (left) and fluctuation (right) profiles at x=213mm 

 

Figure 94. Hot-wire spectra for Run 3371 (left) and Run 3372 (right) 
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 Farther downstream, fluctuation levels remain comparatively low to the experiments per-

formed by Semper and Bowersox at a similar Reynolds number [167]. That study indicates late 

transitional or turbulent boundary layers at the same positions. Earlier transition is not surprising 

for that study since taller trips that extended past the boundary layer edge were utilized. The lower 

fluctuation levels in this study suggest that the boundary layer is still laminar. However, the fluc-

tuation profile shapes at x = 264, 276, and 302 mm are qualitatively similar to Semper and Bow-

ersox. Specifically, the peak in the fluctuations near y=7mm (roughly 60% of the boundary layer 

height) agrees with the far downstream observations in Ref. [167]. Boundary layer and fluctuation 

profiles for the five axial locations are given in Figure 95.  

 

 

 Higher Reynolds number tests, near Re=7M/m, were also performed at x = 302 and 346 

mm. Boundary layer and fluctuation profiles from those runs are plotted in Figure 96, and spectra 

from Run 3387 (x=302mm, Re=6.9M/m) and Run 3390 (x=346 mm, Re=7.5M/m) are plotted in 

Figure 97. The wire was not calibrated above 22 kg/m2/s, so points near the boundary layer edge 

extend beyond the calibration.  

 

Figure 95. Mass flux (left) and fluctuation (right) profiles at different axial locations 
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Spectral deviations from the laminar signature for both runs are most pronounced between 

10 and 12 mm above the wall, which is also near the boundary layer edge. The broadening of the 

spectra for Run 3387 appear to be characteristic of the beginning stages of transition, where energy 

from the instability peak begins to cascade down to higher frequencies. The survey for Run 3390 

was conducted at a higher model Reynolds number, and the spectra for this run appear to be further 

down the transition process, with higher energies across the frequency domain. The boundary lay-

ers do not appear to be fully turbulent for either of these surveys; the fluctuation levels are too low. 

 

 

 

Figure 96. Mass flux (left) and fluctuation (right) profiles for Re=7M/m 
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5.1.2.2 Streak Effects 

 One of the goals of this study was to determine the effect of the trip wakes on the boundary 

layer profiles and fluctuation levels by acquiring data at different spanwise stations. Figure 92 

displays evidence of this dependency. Hence, a systematic inspection was performed during Runs 

3364-3370 at x=187mm, which is near the outside PCB (z between -29 mm and -24 mm) where 

the trip wakes are well-defined. Infrared imaging was used to visualize the hot-wire position rela-

tive to surface heating streaks and the PCB pressure sensor ports. The infrared images of the wire 

at the closest point to the model are given in Figure 98. The bright streaks are areas of higher 

surface heating where the high energy flow from the freestream penetrates closer to the model. 

The probe was positioned above a hot-streak in slightly different spanwise positions for Runs 

3364-3366, 3370. It was above a cold streak for Runs 3367 and 3368. The boundary layer profile 

and fluctuation levels are plotted in Figure 99. The probe position is summarized in the left figure 

legend. In the outer 50% of the boundary, the mean flow profiles overlapped (left plot in Figure 

99). Runs 3364 and 3370 showed similar profiles, as expected since they were essentially at the 

 

Figure 97. Hot-wire spectra for Run 3387 (left) and Run 3390 (right) 
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same location directly over a hot streak. The profiles for Runs 3365 and 3366 were also similar as 

both were shifted by 0.5 mm, but still over a streak. Runs 3367 and 3368 were on opposite sides 

of the same cooler region between streaks, and Run 3368 showed the largest difference in the inner 

half of the boundary layer. This was likely the result of the secondary flow created by the trips.  

 

 

 

 

 

 

Figure 98. Hot-wire position relative to surface streaks and PCB ports 

 

Figure 99. Spanwise variation in mass flux (left) and fluctuations (right) behind trips 
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The fluctuation profiles appear repeatable and show systematic dependence on location 

with respect to location of the hot streak. First, the profiles directly over the hot streak (Runs 3364 

and 3370) have a peak near the outer edge of the boundary layer (y≈12 mm), which is similar to 

the instability growth seen in Semper and Bowersox [167]. Moving closer to the wall, two extrema, 

similar to those in Figure 92, are observed. The two off-center runs (3365 and 3366) do not show 

the peak in the outer layer, but do show the extrema near the wall, but with a minimum near 

y=4mm. Trends for the profiles over the cold streaks (Runs 3367 and 3368) are difficult to discern. 

None of these runs reached fluctuation levels, at any point, as high as those seen ~4 mm above the 

wall at x=217mm. 

 

5.1.2.3 Leading-Edge Shock Surveys 

Since the leading edge is blunted according to the polynomial in Section 3.2.1, the resulting 

model shock has curvature. The measured shock angle with respect to the freestream is noted in 

Table 12 for each of Runs 3374-77. Although these shock angles do not seem much larger than 

the Mach angle or oblique shock angle (9.9 and 10.7 degrees, respectively) for the Mach 5.82 

freestream, they work to significantly increase the density and hence mass flux across the shock 

(see CFD solution – Appendix J). Table 12 provides the theoretical jump in mass flux across the 

shock, which can be calculated using a reduction of the Rankine-Hugoniot oblique shock jump 

relations, Eq. (5.1).  

 
𝜌2𝑉2

𝜌1𝑢1
= √𝑠𝑖𝑛2𝛽 + (

𝜌2

𝜌1
)

2

𝑐𝑜𝑠2𝛽 (5.1) 

where 𝛽 is the local shock angle measured from the schlieren (see Figure 68).  
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Table 12. Leading-edge shock traverses 
 

Run Number Streamwise Position, 

x (mm) 

Measured Shock 

Angle (deg) 

Freestream Mass Flux 

(kg/m2/s) 

Mass Flux Across 

Shock (kg/m2/s) 

3374 (3375) 106 14.6 17.7 (17.9) 30.4 (30.7) 

3376 58 16.3 17.8 35.3 

3377 82 15.3 18.2 33.2 

 

The mass flux and fluctuation levels are provided in Figure 100. It is important to note that 

the wire was not calibrated above 22 kg/m2/s. The higher mass flux values plotted are curve-fit 

estimates and are intended to show the sharp jump in mass flux across the shock and the relaxation 

as the wire approaches the wedge. Although the agreement with the theoretical mass flux values 

directly across the shock is very good, there is significant experimental uncertainty regarding these 

points. The effect of the shock angle on the response complicates the interpretation of the data in 

Figure 100. These data show that, while moving toward the wedge from the freestream, the fluc-

tuations appear to “relax” to values below those observed in the freestream above the upper shock 

jump. This trend is readily seen in the fluctuation profile at x=82mm (Run 3377). In the freestream 

(y=35mm), the fluctuation level is ~0.055 kg/m2/s. The shock is located near y=30mm, and below 

that, the root-mean-square of the fluctuations appears to steadily drop to ~0.045 kg/m2/s at 

y=17mm. The jump at y=12mm is the result of trip generated shocks that are portrayed in Figure 

68. The Run 3375 spectra (Figure 101) do not indicate appreciable differences within any of the 

regions but show broadband elevated content at shock crossings (leading edge at y=39.1mm and 

trips at 22.1 mm). As the fluctuation levels “relax” after both shock crossings, the spectra maintain 

form but slowly reduce in magnitude.  
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5.2 High-frequency Surface Pressure Measurements 

5.2.1 No Trips 

Run 3469 served as the baseline configuration in that neither the cylinder nor the trips were 

present. Sample PCB (T1) and Kulite (T14) spectra, plotted to 500 kHz and 200 kHz, respectively, 

are given in Figure 102. Perhaps the most notable feature when comparing these plots is the ele-

 

Figure 100. Leading-edge shock mass flux (left) and fluctuation (right) profiles 

 

Figure 101. Hot-wire spectra from shock crossing (Run 3375) 
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vated signal in the PCB from 0-50 kHz, roughly two orders of magnitude higher than the corre-

sponding Kulite signal. This elevated low-frequency content is not believed to be physical and will 

receive further consideration later in Section 6.2.1. Both sets of spectra show little content overall 

but indicate some growth with Reynolds number. The Kulite spectra suggest that most of the en-

ergy is contained within the low frequencies (<20 kHz) but give some indication of instability 

growth by the hump near 40 kHz. This frequency is in excellent agreement with the expected 

second mode instability frequency based on boundary layer scaling, Eq. (5.2). 

 
𝑓 ≅  

𝑈𝑒

2𝛿
 (5.2) 

where Ue is the boundary layer edge velocity and 𝛿 is the boundary layer thickness. The model 

boundary layer edge velocity about 860 m/s and the boundary layer thickness was measured near 

11 mm (Section 5.1). Spectra for all Reynolds numbers merge with the noise floor by 100 kHz. 

The background noise in the PCBs is too high to observe the instability growth at 40 kHz, and 

there is no signal change across the Reynolds number range above 200 kHz. RMS surface pressure 

fluctuations from all sensors in terms of Reynolds number are plotted in Figure 103. These levels 

were calculated by integrating the PSDs over a frequency range using Eq. (5.3). 

 

𝑔𝑅𝑀𝑆 =  √∫ 𝑃𝑆𝐷(𝑓)𝑑𝑓
𝑓2

𝑓1

 (5.3) 

The Kulites were integrated from 0-100 kHz and the PCBs from 50-300 kHz. The Kulite fluctua-

tions show some influence from the freestream as there is a peak just above Re=3M/m. The RMS 

values for both transducer sets are artificially high due to the signal proximity to the noise floor. 

Still, the lack of spectral content and the fluctuation levels suggests that the incoming flow is lam-

inar. 
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5.2.2 With Trips 

The addition of trips prompted change in the frequencies of energy concentration. Spectra 

from the Kulite transducers at an upstream (x=222mm) and a downstream (x=298mm) location are 

 

Figure 102. PCB (left) and Kulite (right) spectra for “no trips, no cylinder” 

 

Figure 103. RMS fluctuations from all transducers for “no trips, no cylinder” 
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given in Figure 104. There are signs of growth near 40 kHz, but the peak is far from distinct, and 

the frequency response of the sensor is such that the signal is naturally expected to roll off near 80 

kHz. A change in slope in the Re=6M/m spectra is observed near 120 kHz. The Kulites display 

signal growth with increasing Reynolds number and a broadband jump in signal near 7M/m. 

While no discernable features are observed in the baseline PCB spectra (Run 3469, Figure 

102), the addition of trips prompts growth of an instability near 115 kHz. This feature starts to take 

shape around a Reynolds number of 5M/m and becomes the dominant feature at 6M/m. A sudden 

elevation in and broadening of the spectra past 300 kHz is observed when the Reynolds number 

exceeds 7M/m. The spectra suggest there is no dependence on spanwise position. For a given 

streamwise station, the signal is roughly the same for a sensor located directly downstream of a 

trip as for a sensor downstream of a gap. The influence of streamwise position is depicted in Figure 

105, where Port T1 (left) is located roughly 83 mm upstream of T18 (right). The instability peak 

becomes less distinct farther downstream, and that energy appears to redistribute to higher fre-

quencies. A 115 kHz frequency corresponds to a Strouhal number of 0.43 based on the trip width 

and edge velocity. 

The redundancy of testing different sensors in the same port allowed for spectral compari-

sons. This was especially important for the PCB sensors, which have been known for erroneous 

factory calibrations. PCB sensors 7705, 7629, and 7707 were all tested in T1, and Kulite sensors 

728 and 726 were tested in port T6 for the same “trips, no cylinder” model configuration. The 

spectra at several commonly tested Reynolds numbers are plotted below in Figure 106. While there 

is some variability in the signal levels across the frequency domain, the spectra follow the same 

trends and are at the same levels for a given Reynolds number. This suggests that the manufacturer 

supplied PCB calibrations are accurate and corroborates the static in situ Kulite calibrations. PCB 
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content for frequencies 0-50 kHz is discussed in Section 6.2.1. Comparisons using other runs and 

involving all other sensors were made, and the variation in the data is similar [194].  

 

 

 

 

Figure 104. Kulite spectra at x=222mm (left) and x=298mm (right) for  

“trips, no cylinder” 

 

Figure 105. PCB spectra at x=191mm (left) and x=273mm (right) for 

“trips, no cylinder” 
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5.3 IR Thermography 

5.3.1 No Trips 

Run 3469 served as the focus for “no trips, no cylinder” surface measurement characteri-

zation. The IR camera was directed at the wedge surface and temperature maps were acquired 

throughout the run. Surface temperature was converted to heat flux, film coefficient, and Stanton 

number following the process described in Section 3.4.4. Maps of these three parameters at differ-

ent Reynolds numbers are presented in Figure 107. It is easier to determine boundary layer transi-

tion from heat flux than surface temperature; however, both of these parameters are influenced by 

the temperature of the flow relative to the model surface. Temperature normalization is achieved 

through the film coefficient, and the Stanton number further promotes facility independence 

through mass flux normalization. Further analysis of these parameters is presented in Section 6.3.1.  

 

Figure 106. Spectral comparison between different PCB (left) and Kulite (right) 

transducers located at the same port 
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The maps in Figure 107 indicate that the convective heat transfer to the model wall is min-

imal. Heat flux values range from roughly 400-800 Wm-2, film coefficient from 3-6 Wm-2K-1, and 

Stanton numbers from 0.0001-0.0004, over the Reynolds number range of 4.0-7.0 M/m. These 

 

Figure 107. Surface heating parameter maps for base model at different  

Reynolds numbers 
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baseline values are provided for comparison with the other configurations. A notable feature from 

these plots is that both the heat flux and the film coefficient distributions increase with Reynolds 

number, but the Stanton number decreases, meaning that the mass flux normalization outpaces the 

heat transferred into the model.  

 

5.3.2 With Trips 

The addition of trips adds defining features to the heating maps. The wakes, which trail 

downstream behind the center of all trips, induce elevated heat transfer to the surface. Evidence of 

the wakes is observed in the maps of all heat transfer parameters (q, h, St) for Run 3421 plotted in 

Figure 108. The cooler streaks still demonstrate heating levels above those of the reference non-

tripped configuration. For Reynolds numbers between 4.0 and 6.0 M/m, the Stanton number for a 

given segment of the map is roughly twice the unperturbed configuration. The ratio jumps further 

near Re=7M/m, where the heat flux suddenly ascends and Stanton number values are 3-4 times the 

nontripped values. Figure 109 provides a finer look at the sudden rise in Stanton number by plot-

ting maps for Reynolds number between 6.5 and 7.4 M/m with a resolution of 0.1M/m. It is clear 

from Figure 108 that the Stanton number does not rise much between Re=4.0M/m and Re=6.0M/m, 

but there is a significant difference between maps on different rows in a given column (0.5M/m 

difference) of Figure 109. These maps do not present a well-defined transition front; however, the 

sudden jump in Stanton number supports the idea that the boundary layer is becoming transitional 

near Re=7M/m.  

Figure 110 provides profile plots at two different streamwise locations (x=187mm and 

x=292mm) for several different Reynolds numbers during the same upsweep of Run 3421. These 

profiles provide insight to the magnitude of the heating oscillations caused by the trip wakes. The 
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amplitudes are higher at the x=187mm location, with peak-to-valley Stanton number values of 

roughly 0.0002, which is around twice the mean value at x=292mm. The trip insert is positioned 

at x=64mm, so this result indicates that the influence of the trips on the mean flow weakens farther 

downstream. The profile plots also clearly represent the difference in Stanton number across the 

span between Re=6.5M/m and Re=7.0 M/m. In fact, for z-values of -40 to 20 mm, there is not 

much difference in the Stanton number profiles from 3.0-6.5 M/m. Between z of 20 to 40 mm, the 

Re=6.5M/m curve is elevated a bit from the lower Reynolds number curves, possibly suggesting 

earlier transition on that portion of the model. The profiles at both streamwise stations are all much 

higher for Re=7.0M/m to Re=8.0M/m.  
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Figure 108. Surface heating parameter maps for model with trips at different  

Reynolds numbers 
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Figure 109. Stanton number maps showing jump in heating near Re=7M/m 

 

Figure 110. Stanton number spanwise profiles in the upstream (left) and  

downstream (right) portions of view 
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5.4 Summary 

The diagnostics suggest that the incoming boundary layer on the model without trips is 

laminar. The hotwire surveys and PCBs indicate low fluctuation levels that grow across the fre-

quency domain with increasing Reynolds number. The Kulites portray the development of an in-

stability near 40 kHz, which is the expected frequency for second mode. IR thermography shows 

that heat transfer to the model is minimal for all conditions. 

The addition of trips promotes spectral growth at higher Reynolds numbers for the hotwires 

and pressure transducers. Some hot-wire traces indicate instability growth between 40 and 80 kHz 

at Re=5M/m. The spectra broaden and appear transitional, albeit at the beginning stages, at 

Re=7M/m. The Kulite spectra maintain evidence of the 40 kHz instability across the Reynolds 

number range but show traces of another instability near 115 kHz. They also indicate a sudden 

broadband rise in content around a Reynolds number of 7M/m. The PCB spectra more prominently 

display the 115 kHz trip-induced instability since a PCB responds better to those higher frequen-

cies than does a Kulite. The instability peak is generally more pronounced in the upstream PCB 

spectra, which suggests that the wakes weaken as they progress downstream. PCBs also show a 

broadband spectral jump around Re=7M/m, and content is observed out to 300 kHz.   

While the surface mounted pressure transducers indicate no spanwise variation in spectra 

due to positioning behind the trips, the hot-wire anemometer portrays some variation – most nota-

bly in the mass flux fluctuation levels. The trip wakes in the IR thermography are significantly 

more conspicuous. Hot streaks trail each element and continue downstream over the length of the 

model. This leads to a spanwise profile of heating peaks and valleys. The Stanton number profiles 

show that the amplitude of the oscillations decreases farther downstream, which is expected since 

there should be less distortion to the mean flow as the distance increases and the wakes lose energy. 
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As with the pressure spectra, there is a jump in Stanton number near 7M/m, indicative of a transi-

tioning boundary layer. 
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6. SBLI RESULTS 

 

This chapter summarizes the testing configurations and offers the results obtained from the 

surface mounted pressure transducers, IR thermography, and high-speed schlieren imaging. Hot-

wire measurements from the wake of the cylinder and focused schlieren images and spectral maps 

are also presented Finally, the influence of freestream noise on the state of the interaction is con-

sidered. 

 

6.1 Campaign Structure 

Several stages of measurements were made on the composite model in an effort to inde-

pendently investigate the variables influencing the SBLI. The model configurations and diagnos-

tics are summarized in Table 13, and show some semblance to the proposed runs in Section 3.6. 

The complete run log is in Appendix G. Following the hot-wire characterization tests reported in 

Section 5.1, surface pressure and heat flux measurements were made for “trips, no cylinder” con-

figuration (Sections 5.2 & 5.3). The next wave of tests more prominently featured the high-speed 

schlieren in addition to the surface diagnostics on the “trips, cylinder” configuration. These diag-

nostics were all performed simultaneously for the remainder of the campaign. The transitional 

SBLI was achieved for this set of runs. The fourth major wave of tests removed the trips, but kept 

the cylinder. Following those experiments, a single baseline run was performed on a no trips, no 

cylinder configuration. The final group of tests included the trips and focused on the effect of 

cylinder sweep. A sketch showing side-views of the swept cylinder mounting is given in Figure 

59. The front and center of the base was in the same position for all sweep angles, and the cylinder 

height was constant. Centerspan measurements were the focus for the swept cylinder runs. 
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Table 13. Testing configurations and diagnostics 
 

Run Numbers Configuration Diagnostics 

3357-3390 Trips, no cylinder Hot-wire, IR, HS schlieren (full run) 

3391-3403, 

3421 
Trips, no cylinder PCBs & Kulites, IR, HS schlieren (full run) 

3422-3444 Trips, cylinder 
PCBs & Kulites, IR (wedge and cylinder),  

HS schlieren (full run and time-resolved) 

3458-3468 No trips, cylinder 
PCBs & Kulites, IR (wedge and cylinder),  

HS schlieren (full run and time-resolved) 

3469 No trips, no cylinder 
PCBs & Kulites (single arrangement), IR (wedge),  

HS schlieren (full run) 

3471-3475 No trips, no cylinder 
Hot-wire, PCBs & Kulites (single arrangement),  

IR (wedge), HS schlieren (full run) 

3476-3480 Cylinder wake 
Hot-wire, PCBs & Kulites (single arrangement),  

IR (wedge), HS schlieren (full run) 

3482-3489 

3482-3484 

3485-3486 

3487-3489 

Trips, angled cylinder 

15 deg back 

30 deg back 

15 deg forward 

PCBs & Kulites (single arrangement), IR (wedge and 

cylinder), HS schlieren (full run and time-resolved) 

3490-3494 

3490-3492 

3494 

Trips, cylinder 

15 deg back 

perpendicular 

PCBs & Kulites (single arrangement), IR (wedge),  

focused schlieren (full run and time-resolved) 

 

The surface pressure and temperature measurements were taken simultaneously with the 

high-speed schlieren imaging. The goals of the schlieren dictated the acquisition of the pressure 

measurements [194]. For example, schlieren images were taken at 500 fps for an entire Reynolds 

number sweeping run to track the evolution of the shock structure. With constantly changing 

freestream conditions, many small duration high-frequency pressure measurements were made 

with sampling times of 100 ms. The resulting spectra from those measurements have higher un-

certainty due to the changing conditions and random errors but allow for tracking progression of 

energy in the frequency domain with Reynolds number. The Reynolds number stepped runs, which 

were held at condition for the time-resolved schlieren imaging, also allowed for longer pressure 

samples. The transducers were sampled for 1.5 seconds at each condition during those runs. A 

comparison in tunnel conditions for a swept and a stepped run is shown below in Figure 111. IR 
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measurements were sampled at 15 Hz for two different integration times for all test runs. The IR 

camera defaulted to position A (directed straight down on the wedge) but was generally in position 

B (directed at the cylinder face) when the impinging jet predominated the high-speed schlieren 

field-of-view.  

 

 

 

6.2 High-frequency Surface Pressure Measurements 

6.2.1 General 

Many surface pressure transducer configurations were utilized during this campaign to ver-

ify repeatability and to determine if features within the spectra were sensor specific. The “no trips, 

no cylinder” PCB spectral data in Section 5.2.1 indicated the signal between 0-50 kHz as nearly 

two orders of magnitude higher than the corresponding Kulite signal. Elevated PCB signal was a 

common theme for all runs and for all PCB sensors. Reviewing the data from every sensor and for 

all runs provided some answers regarding the inconsistencies in the spectra [194].  

 

Figure 111. Representative tunnel conditions for (a) swept Re run and (b) stepped  

Re run. Mach number is denoted by the blue dotted line 
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For example, in the “trips, no cylinder” configuration, sensors S/N 7705 and 7707 were 

positioned in port T1 for Runs 3391-2 and 3402-3, respectively. A comparison of the spectra, 

plotted to 300 kHz, is given in Figure 112. From 0 to 50 kHz, the 7707 signal is peakier compared 

to the broader band, but lower amplitude, 7705 signal. However, the low-frequency behavior was 

not simply sensor dependent. Sensor 7705 was also run in T8, where it produced a sharp peak near 

25 kHz. A comparison between the spectral content of sensor 7705 for ports T1 and T8 is given in 

Figure 113. Therefore, the observed elevated <50 kHz content is neither location dependent nor 

sensor dependent and cannot be physical since there is no evidence in the Kulite spectra. Addi-

tionally, this noise is not consistent for a given run or data collection channel.  

PCB sensors have some sensitivity to acceleration, so it was believed that the signal could 

be due to some small-scale movement of the model. However, personal correspondence with M. 

Wason, who calibrates these transducers in the Purdue shock tunnel, gave indication that vibrations 

were not the cause since the spectra do not have the same signature (elevated broadband peaks at 

multiple frequency bands out to ~1 MHz). Whatever the cause, it is clear that content below 50 

kHz from the PCB sensors cannot be trusted for this campaign. Therefore, PCB spectra are pre-

sented from 50-300 kHz in the following subsections. 
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6.2.2 Baseline “no trips, cylinder” 

Evaluating the SBLI without trips provided for a low disturbance laminar incoming bound-

ary layer for comparison. The PCB transducers (Figure 114, left) indicate minimal content above 

the baseline for Ports T1-T4 and T9. The spectra broadened at locations closer to the cylinder 

 

Figure 112. Different PCB sensors located at the same port (T1); Run 3391 (left) and 

Run 3402 (right) 

 

Figure 113. PCB 7705 spectra for Run 3391 (left) and Run 3403 (right) 
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(Figure 114, right), but the RMS fluctuations are still only one-half to two-thirds of the corre-

sponding signal with trips at the measured positions. 

 

 

The Kulites demonstrate noteworthy cylinder-induced instability growth. The presence of 

the cylinder appears to excite the existing 40 kHz potentially second mode instability, elevating 

the magnitude of the energy peak. The most upstream Kulites, located 4.33d upstream of the cyl-

inder, and represented by Port T5 in Figure 115 (left), clearly show the growth of the instability 

with Reynolds number; however, higher frequency spectral content is minimal as the cylinder 

alone is not enough to transition the boundary layer at this position. Things appear to change farther 

downstream. Figure 115 (right) give the spectra at the next downstream Kulite station (x’=-3d). 

The signal at T12 is higher for all Reynolds numbers, and the instability peak near 40 kHz is less 

distinct. The spectra are also broader, suggesting the boundary layer may be more transitional in 

nature. 

 

Figure 114. PCB spectra for the “no trips, cylinder” configuration. T9 (left) spectra have 

minimal content, while T18 (right) spectra are elevated and broad 
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6.2.3 Transitional “trips, cylinder” 

The spectra appear very much the same as the “trips, no cylinder” configuration in the most 

upstream PCBs (T1-T3), given in Figure 116 (left). Spectra from Re=4-5M/m begin to show some 

nonuniform marginal growth in T4, located 4.67d upstream of the cylinder, but the 115 kHz insta-

bility remains a prominent feature in the T4 spectra (Figure 116, right). 

 

 

 

Figure 115. Kulite spectra for the “no trips, cylinder” configuration. T5 (left) shows 

instability growth, and T12 (right) depicts growth and broadening of the spectra 

 

Figure 116. Upstream PCB spectra for “trips, cylinder” at T1 (left) and T4 (right) 
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More significant changes are observed at the x’=-4.33d Kulite transducer ports. The spectra 

for Port T5 are presented in Figure 117 (right). Like T4, there is some growth at the Reynolds 

numbers near 4M/m when compared to the previous model configuration. More significantly, there 

are low-frequency peaks near the same Reynolds numbers. These peaks represent the motion of 

the separation shock. The maximum amplitude occurs at Re=4.2M/m, and these lower frequencies 

will be examined more closely later in this subsection. 

More substantial differences are also witnessed in the T9 (x’=-3.89d) spectra (Figure 117, 

left). The signal is slightly elevated for all Reynolds numbers, which effectively washes out the 

115 kHz instability peak. The highest Reynolds number spectra are least affected since the surface 

influence of the interaction generally does not reach this far upstream. 

 

 

Continuing downstream, PCB Port T11 is located 3.44d upstream of the cylinder, and its 

spectra are given in Figure 118 (left). The elevation in content from the previous port is quite 

apparent. For example, the T9 spectrum for Re=5.6M/m reaches the noise floor around 200 kHz. 

 

Figure 117. PCB (left) and Kulite (right) spectra indicating the first significant 

deviations from the baseline “trips, no cylinder” spectra 
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The T11 spectra are above the 300 kHz noise floor for Reynolds number at or above 3.4M/m. The 

RMS fluctuations see the most significant rise for Reynolds numbers between 4 and 6 M/m. This 

makes sense since the flow is separated above both ports below 4M/m, and the schlieren only 

indicates high fluctuation levels at the base of the cylinder for low Reynolds numbers [193]. There 

is not much of an RMS increase above 6M/m since the bulk of the interaction is downstream of 

both ports at that Reynolds number. 

 The next streamwise station (x’=-3d) features three Kulites, which provide particularly in-

teresting results. Spectra from T14 are shown in Figure 118 (right), and a closer look is provided 

in Figure 119 (right). These spectra show evidence of modal growth. For this set of spectra, an 

instability peak becomes evident at Re=3.4M/m. It grows and shifts right until it reaches its highest 

amplitude at Re=4.9M/m at a frequency just above 40 kHz. As the Reynolds number continues to 

increase, the magnitude of the instability peak decreases, but the spectra broaden, leading to an 

increase in RMS fluctuations. This same behavior was observed near the same frequencies in the 

transducers K5 and K12 on the solid PEEK model [175]. 

Another feature of the T14 spectra is the elevated low-frequency content, which reaches a 

maximum for Re=6.4M/m. This indicates that the separation shock at 4.9M/m is located upstream 

of T14 and suggests that the modal instability growth occurs just downstream of the separation 

shock. The low-frequency peaks from T5 and T14 were better resolved using the stepped Reynolds 

number Runs 3439 and 3428, in which each Reynolds number was held constant while sampling 

for 1.5 seconds. The window size was changed from 1024 (210) to 4096 (212) and 16384 (214) to 

plot these spectra, for frequency resolutions of 488 Hz and 128 Hz, respectively. Spectra for T5 

are plotted in Figure 119 (left), with the bold lines representing the spectra from the 214 window. 

For T5, the highest peak is for Re=3.9M/m at a frequency of 1.22 kHz. For T14 (Figure 119, 
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center), this occurs for Re=6.9M/m at a frequency of 1.47 kHz. These values are consistent with 

frequencies previously observed for separation shock motion at Mach 5 [159]. The position of the 

sensors is also in agreement with the position of the separation shock for the Reynolds numbers 

represented based on the schlieren imaging (Section 6.4). 

 

 

 

 

 

Figure 118. PCB (left) and Kulite (right) spectra for transducers placed near separation 

for transitional SBLIs 

 

Figure 119. A closer look at the low-frequency Kulite peak due to separation shock 

motion (left and center) and modal instability growth (right) 
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The most downstream centerspan PCB sensor is Port 18, located 1.67d upstream of the 

cylinder. This sensor is positioned within the interaction for all Reynolds numbers, and the spectra 

reflect it (Figure 120, left). The signal is at least an order of magnitude higher across the frequency 

domain for Re>6.5M/m when compared to the baseline “trips, no cylinder” spectra. Content is 

even observed for Re=2.9M/m beyond 150 kHz. The Kulite transducer in Port 19 (x’=-1.33d) 

measured a signal two orders of magnitude above the baseline value for all Reynolds numbers in 

frequencies of 0-50 kHz. Its spectra are in Figure 120 (right). 

 

 

Several PCB transducers were placed well off the centerspan in order to characterize the 

effect on the spectra. T16 and T17 are symmetrically located 2.67d off the centerspan and 2.5d 

upstream of the cylinder. T15 is located 2d off-centerspan and 2.58d upstream (near P2 on the 

solid PEEK model). The spectra from transducers at Ports 15-17 are compared to the spectra from 

a transducer at T11 in Figure 121. The composite oil flow separation map (Figure 86) indicates 

that separation occurs for all four of these ports near Re=6M/m. The spectra all look similar to 

 

Figure 120. PCB (left) and Kulite (right) spectra for transducers positioned within the 

SBLI at all Reynolds numbers 
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each other. The outboard sensors do not seem to present any more or less high-frequency content 

than what is observed on the centerspan. 

 

 

 Spectra from Kulites positioned in the wake were also considered. Figure 122 presents 

these at ports T21 (first row behind cylinder, outboard), T22 (first row, centered), T24 (second row 

behind cylinder, outboard), and T25 (second row). The spectra are broadband, similar to those of 

T19 (Figure 120, right), but do not show any signs of the 40 kHz instability. All wake spectra 

indicate broad low-frequency peaks, with local maxima near 20 kHz. The RMS pressure fluctua-

tions measured with all four transducers in the wake are roughly 50% of those measured at T19.  

 

Figure 121. Spectral comparison of outboard PCBs to a PCB at centerspan port T11 
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6.2.4 Effect of Cylinder Sweep 

The shock generator sweep angle has a significant impact on the extent of the interaction 

as well as the amplitude of the pressure fluctuations within the interaction. Run 3485 was con-

ducted with a 30-degree swept cylinder and instrumentation in place along the model centerspan. 

Although the RMS values are higher than the baseline “trips, no cylinder” configuration for all 

ports, the spectra appear much the same in form (Figure 123, left) as the baseline through Port 

T11. At that port, the RMS value of the 30-degree swept cylinder configuration is roughly 25% 

higher across the full Reynolds number range than the baseline value. Significant differences from 

 

Figure 122. Spectral comparison of Kulites in the wake 
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the baseline do not become apparent until Port T18 (x’=-1.67d), spectra pictured in Figure 123 

(right), and even then the magnitudes of the fluctuations are only at the same levels as for T9 (x’=-

3.89d) in the conventional perpendicular cylinder case. 

Higher levels are observed for the 15-degree swept cylinder configuration. The RMS fluc-

tuation levels for this setup are marginally higher than for the 30-degree setup for the four most 

upstream centerspan PCB ports (T1, T4, T9, T11). The only perceptible difference in the T11 

spectra for the 15-degree swept configuration (Figure 124, left) and those for the 30-degree swept 

setup is a slight increase in content for Reynolds numbers near 6M/m. By Port T18, the differences 

are more apparent as the spectra (Figure 124, right) are broader and higher in magnitude. The RMS 

levels are just above those from T11 (x’=-3.44d) for the perpendicular configuration and are nearly 

identical to the levels, at the same T18 port, for the “no trips, cylinder” configuration. 

 

 

 

Figure 123. PCB spectra for the 30-degree swept back cylinder 
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Sweeping the cylinder forward significantly increases fluctuation levels across the board 

and greatly extends the upstream influence. A 15-degree forward sweep produced spectra at Port 

T1 (Figure 125, left), which is 6d upstream of the cylinder base, similar to those at T11 for the 

perpendicular configuration. Closer to the cylinder, at T18, the spectra (Figure 125, right) are at 

substantially higher levels at all frequencies for all Reynolds numbers than for any other configu-

ration. The RMS pressure fluctuations, integrated from 50-300 kHz, hover around 50% of the 

freestream static pressure for Re=4.0-7.5M/m. 

 

Figure 124. PCB spectra for the 15-degree swept back cylinder 
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A look at the spectra from centerspan Kulite T19 (x’=-1.33d) is provided in Figure 126. 

The frequency range has been plotted to 100 kHz in this figure. The low-frequency peaks in the 

30-degree swept cylinder spectra suggests that the separation shock periodically passes over this 

transducer at the highest freestream Reynolds number conditions, comparable to what is seen in 

the spectra for the perpendicular cylinder at x’=-3d. From there, the spectra increase in magnitude 

across the frequency domain as the cylinder sweep angle trends forward.  The spectra are roughly 

two orders of magnitude higher for the 15-degree forward swept cylinder configuration as com-

pared to the 30-degree swept back setup.  

 

Figure 125. PCB spectra for the 15-degree swept forward cylinder 
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6.2.5 Summary and Trends 

RMS fluctuation profiles were generated for each port along the centerspan for the different 

testing configurations. The first five plots in Figure 127 give these fluctuation levels for PCB sen-

sors at Ports T1, T4, T9, T11, and T18. These RMS values were computed by taking the square 

root of the integrated spectra from 50-300 kHz. The Kulite RMS values in the final plot are for 

T19 and involved spectral integration from 0-100 kHz. 

A great deal can be gathered from this figure. First it should be noted that the baseline 

values from the “no trips, no cylinder” and the “trips, no cylinder” configurations are higher than 

reality and are largely set by the noise floor. That is a reason why the normalized RMS values are 

not plotted below Re=3M/m. It is interesting that the measured fluctuation levels with a shock 

generator are always higher than the baseline, even for cases where the interaction appears to be 

confined to a region downstream of the transducer location. For example, T1 and T4 should be 

well upstream of an interaction caused by a 30-degree swept back cylinder or even a perpendicular 

 

Figure 126. Spectral comparison for a Kulite at T19 for different cylinder sweep angles 
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cylinder with a high freestream Reynolds number; however, the observed higher fluctuation levels 

suggest that the cylinder has some far-reaching influence through the boundary layer. 

Another significant point is the effect of cylinder sweep on fluctuations. While sweeping 

the cylinder forward 15 degrees produces fluctuations on the order of the freestream static pressure, 

sweeping it back 15 degrees greatly reduces the extent of the interaction and reduces the RMS 

fluctuations near the shock generator (T18 and T19) by roughly 50 percent when compared to the 

perpendicular cylinder case.  
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Figure 127. RMS fluctuations of pressure transducers positioned at different ports 
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6.3 IR Thermography 

6.3.1 General 

While a goal for this campaign is to provide precise measurements for a CFD validation, it 

is also important to report data in terms of normalized quantities that experimentalists at other 

facilities can use for comparison. As mentioned in Section 5.3.1, and further demonstrated in this 

section, heat flux values vary dramatically in the regions of highest heating over the course of a 

run in the same freestream. The film coefficient and Stanton number are normalized parameters 

that should provide more consistent results [194].  

To illustrate why heat flux is not the primary heat transfer parameter reported in this paper, 

heat flux maps on the cylinder face from the same run at times t1 and t2 are shown in Figure 128 

and are labeled as Q(t1) and Q(t2). These maps are wildly different, and the washed-out map at t2 

is not indicative of the nature of heat transfer at that Reynolds number. The character of this run is 

shown in the upper left plot of the figure. The conditions considered are roughly the same Reynolds 

number, but are taken more than 20 seconds apart. This time difference leads to a nearly uniform 

increase of 50K on the cylinder face. The temperature and heat transfer parameter profiles are 

given in the bottom plot of Figure 128. The squares denote parameters at t1, and the triangles are 

for t2. 

The profile plots demonstrate that the heat flux parameters Q, h, and St follow the same 

trends at t1, but only h and St show any semblance of these trends at t2. Again, the heat flux plot 

is washed-out because less heat is transferred to regions that are already at higher temperatures. 

While the film coefficient and Stanton number trends are consistent for a given Reynolds number, 

the magnitudes show some variation. There are several potential reasons for this as reported in 
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Section 3.5.2.3, but the variation in the data was minimized for the reported results by only con-

sidering points on the downward Reynolds number ramps or steps. More time at a set condition 

and less dramatic changes in condition allow the heat flux code to generate a more representative 

material internal temperature distribution that is important for accurate heat flux estimation at the 

surface. 

 

 

 

 

Figure 128. Surface temperature influence on heat transfer parameters 
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 In addition to the full field-of-view and cylinder surface maps, this section will consider 

heating parameters in the regions illustrated in Figure 129. Region 1 is a 12.7 x 3.2 mm box that 

is located at the reattachment arc where the highest heating occurs. It is centered spanwise and is 

positioned between the upstream face of the cylinder and the trailing edge of K20. Region 2 rep-

resents the centerspan of the model. The region is a 19.1 x 134 mm box with its downstream edge 

centered on and tangent to the front of the cylinder. Region 3 (20.9 x 20.9 mm) is an outboard 

region used to contrast the high-heating region of the reattachment arc. The center of Region 3 is 

located 80 mm upstream of the cylinder and 32 mm off the centerspan. 

 

 

 

Figure 129. Regions for consideration on heating parameter maps 
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 Figure 130 presents tunnel conditions and surface heating parameters over the course of a 

Reynolds number stepped run for Regions 1 and 3. The Reynolds number for Run 3467 was ini-

tially brought to just above 8M/m. This ramp quickly brought the tunnel total temperature to con-

dition. On the surface, the reattachment arc average temperature rose over 70K in 5 seconds, while 

the average temperature in the outboard region only increased a couple degrees in that same time 

span. The tunnel unstarted on the first step down. The unstart resulted in a sudden decrease in 

surface temperature at the reattachment arc and an increase everywhere else. The impact of the 

unstart is apparent in all of the heating parameter plots. After hypersonic flow was reestablished, 

all of the heating parameters resumed trends observed prior to the unstart. The temperature at re-

attachment continued to increase throughout the run which worked to reduce the convective heat 

flux into that region. The temperature increase in the outboard region was much more gradual, so 

the heat flux was more reflective of the changing run conditions. By normalizing the heat flux by 

the difference in total and wall temperature, the film coefficient represents the stepped nature of 

the Reynolds number in both regions. The relationship between h and Re appears to be nearly 

linear, which is why the film coefficient was chosen as the primary heat transfer parameter of 

interest in the following sections. Mass flux normalization essentially leads to a constant value of 

Stanton number on the back half of the run which makes sense given the relationship between h 

and Re. 
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 For comparison, the outboard Region 3 of Run 3490 was evaluated. The wall temperature 

was elevated for this run because the focused schlieren setup necessitated that the model remain 

in the tunnel for its preheating. The Reynolds number was held near a constant 5M/m. As a result, 

the wall temperature rise was less and the heating parameters reflected it with lower magnitudes. 

Despite the near constant freestream conditions, all of the heating parameters demonstrate a grad-

ual slope down with time, which essentially demonstrates that the normalizations are not perfect. 

 

Figure 130. Testing conditions and heating parameters for Run 3467  

(typical stepped run with an unstart) 
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6.3.2 Baseline “no trips, cylinder” 

Adding the shock generator caused the heat transfer to increase by one or two orders of 

magnitude in some locations above “no trips, no cylinder”. Figure 132 shows film coefficient maps 

at roughly the same Reynolds numbers as in Figure 107 for comparison. The top row of Figure 

132 plots h from 0-50 Wm-2K-1 scale for an appreciation of the heating extent of the SBLI. The 

bottom row plots h on a 0-400 Wm-2K-1 scale to demonstrate the magnitude of maximal heating 

and its proximity to the base of the cylinder. The cylinder is drawn in as a circle on the right side 

of all of these maps for clarity. 

 

Figure 131. Testing conditions and heating parameters for Run 3490  

(elevated model wall temperature) 
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 Central region (Region 2 on Figure 129) film coefficient profiles were extracted from Run 

3458 at different Reynolds numbers over the sweep. The profiles (Figure 133, left) show the same 

trends as the maps in Figure 132, but make for easier film coefficient magnitude comparison for 

many Reynolds numbers. The maps indicate an initial rise (dark blue to medium blue) at x’/d=-4.0 

for Re=4M/m and x’/d=-4.7 for Re=6.8M/m. The profiles show shallow ramps up at the same 

offset distances. This trend agrees with the observations of [91] that the interaction size increases 

with Reynolds number for a laminar SBLI. A second rise in heat transfer occurs between x’/d=-

3.1 and -2.5 for Re = 7.0 and 4.0 M/m, respectively. This rise continues for all Reynolds numbers 

until a local maximum is reached around x’/d=-1.5. The heat transfer then decreases and reaches a 

 

Figure 132. Film coefficient maps for “no trips, cylinder” at different Reynolds numbers 

(columns) on different scales (rows) 
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local minimum near x’/d=-0.8 (now slightly farther away for lower Re and slightly closer for higher 

Re). From there it rises precipitously, reaching a peak value near x’/d=-0.1. This represents the 

location of the reattachment shock, which is most easily estimated from the zoomed plot in Figure 

133 (right). 

 

 

 A closer look at the arc heating (Region 1) for multiple runs is presented in Figure 134. 

The lines represent swept Reynolds number runs, while the symbols are for stepped Reynolds 

number runs. Runs 3458 and 3461 were both quick ramps up and slow ramps down, and the lines 

plotted are from the ramps down. Run 3466 was a slow ramp up. The stepped runs involved quick 

ramps up and decreasing Reynolds number at each step. Data points on the stepped runs were 

taken roughly 1 second before the end of the step to allow the internal material temperature time 

to respond to the new condition.  

The data agree nicely. With the exception of Run 3466, all of the tests show a near linear 

fit between h and Re, with similar slope and offset. Run 3466 was conducted differently and shows 

 

Figure 133. Film coefficient profiles along the model centerspan (Region 2) for Run 3458 

from x’/d=[-7,0] (left) and x’/d=[-1,0] (right) 
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a more gradual slope; still, there is less than 50 Wm-2K-1 deviation from all the runs over the 

Reynolds number range.  

 

 

 

6.3.3 Transitional “trips, cylinder” 

 The addition of trips changes the form of the interaction heating. Figure 135 illustrates the 

influence of the trips and the heating characteristics of a transitional SBLI. The rows in the figures 

put the plots on different scales, and a circle is drawn in each plot to represent the cylinder. The 

heating for the “no trips, cylinder” laminar SBLI configuration is roughly uniform in extent and 

seems to scale with Reynolds number. The areas of highest heating are closely confined to within 

0.5d of the base of the cylinder. Conversely, the extent and magnitudes of heating for the “trips, 

 

Figure 134. Reattachment arc (Region 1) heating as a function of Reynolds number 

without trips 
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cylinder” setup changes with Reynolds number as the boundary layer transitions. The interaction 

collapses to the base of the cylinder, while the separation distance extends only slightly for the 

laminar SBLI. As the interaction collapses, the region of elevated heating becomes more expan-

sive. 

 

 

  Center region (Region 2 on Figure 129) film coefficient profiles were extracted from Run 

3442 at different Reynolds numbers over the sweep. Both the maps and the profiles demonstrate 

the spatial collapse in initial temperature rise with increasing Reynolds number. The profiles show 

essentially the same values of h at x’/d=-2.2 for all Reynolds numbers. This distance represents 

the initial rise in heating for Re=7.5M/m. Re=3.0M/m reaches a local maximum near x’/d=-1.5, 

 

Figure 135. Film coefficient maps for “trips, cylinder” at different Reynolds numbers 

(columns) on different scales (rows) 
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which is the same distance as that for all Reynolds numbers for “no trips, cylinder”. The higher 

Reynolds numbers achieve progressively higher local maxima at positions that are increasingly 

close to the cylinder. The Re=7.5M/m reaches its local maximum at x’/d=-0.9. The value of 76.1 

Wm-2K-1 is considerably higher than the corresponding “no trips, cylinder” value of 34.9 Wm-2K-

1. The ensuing local minima also show significant offset distance variation with Reynolds number, 

ranging from x’/d=-0.8 to -0.5 for Re=3.0 and 7.5 M/m, respectively. The heating peak is located 

closer to the cylinder than for “no trips, cylinder”; however, the value of 320 Wm-2K-1 for “trips, 

cylinder” is lower than the 374 Wm-2K-1 for the no trips run.  

 

 

 

Figure 137 presents a closer look at the arc heating for a number of runs. Again, the swept 

Reynolds number runs are lines, and the stepped runs are symbols. Runs 3422 and 3427 are down-

ward swept runs. The reattachment arc heating does not follow the same linear form with Reynolds 

number as for the “no trips, cylinder” configuration. There appears to be a linear region between 

Re= 3.5 to 6.5 M/m for most runs; however, the heating slope tends to tail off above that Reynolds 

 

Figure 136. Film coefficient profiles along the model centerspan (Region 2) for Run 3442 

from x’/d=[-7,0] (left) and x’/d=[-1,0] (right) 
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number range. This contributes to film coefficient values that are lower than corresponding values 

for “no trips, cylinder”, which is a surprising result since “no trips, cylinder” produces a laminar 

SBLI, while “trips, cylinder” produces a near turbulent SBLI above Re=6.5M/m. Another feature 

from Figure 137 is the sudden rise in film coefficient at a Reynolds number of just over 3M/m. 

This rise corresponds almost perfectly with the increase in freestream disturbances, which suggests 

that there is some coupling between the freestream disturbances, the 40 kHz (potentially second 

mode) instability, and the instability from the trips, to produce this effect.  

 

 

 

 

 

 

Figure 137. Reattachment arc (Region 1) heating as a function of Reynolds number  

with trips 
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6.3.4 Effect of Cylinder Sweep 

Film coefficient maps of the region upstream of the cylinder were created (Figure 138) to 

evaluate the effect of sweep angle on heating distribution. The top row of maps is for the configu-

ration with a cylinder swept back 30 degrees. The center row is for a cylinder swept back 15 

degrees, the bottom row gives maps for a cylinder swept forward 15 degrees. As expected, the 

interaction involving the cylinder swept back 30 degrees features minimal heating, particularly at 

the low Reynolds numbers. The film coefficients within the interaction at 4M/m are not much 

higher than those produced by the trips alone. The heating footprint is also comparatively small. 

Heating from the 15-degree swept back configuration is higher but still significantly reduced from 

that produced by the perpendicular cylinder. The film coefficients produced by the 15-degree for-

ward case are substantially higher, and the elevated heating arc extends roughly a cylinder diameter 

farther upstream than that from the perpendicular cylinder. 
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The position of the camera for the maps in Figure 138 makes it impossible to measure the 

peak heating caused by the reattachment shock for the 15-degree swept forward case since the 

cylinder is blocking the view. Therefore, the angled camera images were used to evaluate this 

feature. Figure 139 provides film coefficient maps for three different Reynolds numbers at each 

cylinder sweep angle. The colorbar is scaled to highlight the salient features for each configuration. 

 

Figure 138. Film coefficient maps with trips and swept cylinders at different Reynolds 

numbers (columns). The cylinder is swept 30 degrees back in the top row, 15 degrees 

back in the center row, and 15 degrees forward in the bottom row 
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These maps indicate that the heat transfer to the model is highly dependent on the sweep angle. 

Heating at the reattachment arc is significantly lower when the cylinder is swept and is much lower 

than what is seen on the cylinder itself. However, the heat transfer at reattachment for the 15-

degree swept forward case is higher (>800 Wm-2K-1) than was observed at any location for any 

other run during this campaign.  

 

 

The film coefficient maps shown in Figure 139 were transformed to view the heating on 

the cylinder and are given for the 30 degrees back, 15 degrees back, and 15 degrees forward con-

figurations as Figures 140-142. The cylinder heating maps are on the same 0-500 Wm-2K-1 scale 

 

Figure 139. Film coefficient maps (tilted camera) for different cylinder sweep angles at 

different Reynolds numbers 
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as those reported in the previous subsection. The maps for the 30-degree swept cylinder appear a 

bit different since the top part of the cylinder is blocked from view by the tunnel. As a result, the 

height is reduced and curvature appears at the top of the maps from the coordinate transformation. 

Heating at any Reynolds number for this case is comparatively low. As expected, the 15 degrees 

swept back case produces heating levels between 30 degrees and perpendicular. The 15-degree 

swept forward configuration maps are in Figure 142. It should be noted that the minimum camera 

viewing angle for these measurements is 70 degrees, which not only leads to increased perspective 

image distortion but also directional emissivity concerns. The surface heating values depicted in 

this figure are lower than in reality and should only be considered qualitatively. It is, however, 

noteworthy that this configuration seems to be the only one with elevated heating near the cylinder 

base. 

 

 

 

Figure 140. Film coefficient maps of the cylinder: 30 degrees swept back (with trips) 
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Figure 141. Film coefficient maps of the cylinder: 15 degrees swept back (with trips) 

 

Figure 142. Film coefficient maps of the cylinder: 15 degrees swept forward (with trips) 



 

212 

 

6.3.5 Summary and Trends 

The highest Reynolds number film coefficient maps for each configuration were converted 

to profile plots for easier comparison (Figure 143). The highest heating regions occurred for Runs 

3429 and 3441, which were both of the “trips, cylinder” configuration. Film coefficients in excess 

of 700 Wm-2K-1 resulted from supersonic jet impingement and were concentrated roughly 17 mm 

above the base of the cylinder. Sweeping the cylinder back lowered both the magnitude of heat 

transfer and the position of the jet. Film coefficients on the cylinder with trips were higher than 

those without trips across the profile. 

 

 

 

 

Figure 143. Film coefficient profiles up the center face of cylinder at Reynolds numbers 

near 7M/m 
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6.4 High-speed Schlieren Imaging 

6.4.1 Shock Structure 

The Reynolds number swept runs with full resolution 1024 x 1024 schlieren images al-

lowed for tracking the evolution of the shock structure as the interaction was swept through tran-

sition. The SBLI interaction extent and positioning of the relevant flow features is highly depend-

ent on the interaction state, which was dictated by the freestream Reynolds number and the con-

figuration. Schlieren images demonstrating the effect of sweeping through transition on the shock 

structure for “trips, cylinder” (Run 3424) are shown in Figure 144. Flow is from left to right in 

these images and the cylinder is the vertical right boundary. The upstream distance from the base 

of the cylinder, normalized by the cylinder diameter is sketched below the images. It should be 

emphasized that the features at all of the Reynolds numbers tested are unsteady. The wave motion 

is time-resolved when sampling at 150k and 240k fps. Spatially, the interaction region contracts 

as it transitions from laminar to turbulent flow. Increasing momentum closer to the wall forces the 

shock structure to collapse, and the extent of the interaction is at its minimum when the boundary 

layer is turbulent. 

As first reported in Leidy et al. [193], the contraction of the interaction is not the only 

feature that can be observed in these images. The evolution of the incoming boundary layer is 

striking. At Re=3M/m, it is faint and blurred with no visible structure, characteristic of laminar 

flow in a low-density facility. At Re=5M/m, flow structure commences within the boundary layer, 

and by the maximum Reynolds number tested, 8M/m, the structures appear sharper and better 

defined. This is expected from a transitioning boundary layer. Also, at Re=3M/m, there is very 

little visible near the base of the cylinder. The upstream influence separation shock is clear, but 

the forward shock foot that precedes the chaotic separation at higher Reynolds number is not. By 
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Re=4M/m, more structure begins to form at the base of the cylinder and the position of the forward 

shock foot can be inferred. The intersection of the upstream influence shock and the bow shock is 

above the triple point. At 5M/m, the intersections of the upstream influence shock, the forward 

shock, the bow shock, and the reattachment shock are at roughly the same point. At 6M/m, the 

forward shock foot is well-defined. As the Reynolds number continues to increase, the triple point 

height is reduced. Its movement seems to cast off structures, which propagate up and down the 

cylinder. These disturbances are very distinct at Re=5M/m. The frequency content of these struc-

tures will be explored later in the section. Another feature evident from the schlieren is the propa-

gation of disturbance waves from the separation at the base of the cylinder toward the upstream 

influence shock. The outward movement of the disturbance waves is most apparent at the lower 

Reynolds numbers since the waves travel a greater distance. Tracking of the separation shock and 

the disturbance waves is also reported later in this section. 
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Conversely, the interaction structure does not change nearly as much when no trips are 

present. The sequence of schlieren images for “no trips, cylinder” is presented in Figure 145. The 

images at Re=3M/m look nearly identical for both runs, with the separation shock extending far 

upstream and few disturbances within the interaction. The differences become increasingly appar-

ent as the Reynolds number increases because the separation shock never collapses down for “no 

trips, cylinder”; in fact, the separation distance appears to slightly increase. To be sure, disturb-

 

Figure 144. Schlieren images showing the evolution of the XSBLI with Reynolds number 
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ances do increase within the interaction with increasing Reynolds number. Several discrete dis-

turbance waves appear by Re=5M/m, but the large region of chaotic features at the base of the 

cylinder, bounded by a distinct forward shock, never appears.  

 

 

The effect of angling the cylinder back 15 degrees (Run 3483) is demonstrated in Figure 

146. In comparison to “trips, cylinder” (Figure 144), the shocks and features are much fainter, 

which indicates lower disturbance levels. Sweeping the cylinder back reduces the streamwise ex-

tent of the interaction. The separation distance is closer to the cylinder at Re=3M/m, and continues 

 

Figure 145. Schlieren images of the “no trips, cylinder” laminar SBLI 
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to be throughout the Reynolds number sweep. Although the disturbances are reduced, the swept 

cylinder, in conjunction with the trips, produces a transition SBLI at the higher Reynolds number, 

as indicated by the collapsing shock structure and the definitive presence of both an upstream 

influence shock and forward shock.   

 

 

The reduced disturbance trend continued for Run 3485 where the cylinder was swept back 

30 degrees (Figure 147). It is difficult to even identify a separation shock at the lower Reynolds 

numbers. The structure is evident at Re=6M/m, but the reach of the separation shock is signifi-

cantly reduced as are the features at the base of the cylinder. 

 

Figure 146. Schlieren images with the cylinder swept back 15 degrees 
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On the other hand, sweeping the cylinder forward increases the disturbances which works 

to enhance the contrast of the features. The cylinder was swept forward 15 degrees for Run 3487 

(Figure 148). The structure already begins collapsing to the cylinder around Re=2M/m. An addi-

tional feature only observable in the forward swept configuration for all conditions is a small re-

circulation bubble at the base of the cylinder. At 3M/m, the intersections of the upstream influence 

shock and two weaker disturbance shocks with the bow shock appear to cause weak jets, similar 

in form to the supersonic jet on the perpendicular cylinder. At 4M/m, a forward shock foot 

emerges, establishes a triple point, and produces higher intensity jet impingement on the cylinder. 

As the Reynolds number increases, the upstream influence shock contracts to the forward shock 

 

Figure 147. Schlieren images with the cylinder swept back 30 degrees 



 

219 

 

and the disturbances at the base of the cylinder show more structure and energy. The upstream 

influence shock merges with the forward shock at Re=7M/m. In addition to increasing the disturb-

ance levels at every flow condition, the forward swept cylinder appears to accelerate the transi-

tioning process in comparison to the perpendicular cylinder.  

 

 

 

Figure 148. Schlieren images with the cylinder swept forward 15 degrees 



 

220 

 

6.4.2 Spectral Content 

 Dominant frequencies within the interaction were observed by taking PSDs of pixels for a 

set of the 50k images. As mentioned above, the disturbances that ascend the cylinder from the 

supersonic jet are an interesting flow feature, and their time-resolved motion could be tracked 

using the 120 x 256 pixel, 240k fps, viewing window. Images from high-speed videos (Run 3429) 

are presented in Figure 149 at the four Reynolds numbers surveyed for the analysis. Flow is again 

from left to right with the cylinder on the right and the base model below. The points sampled are 

indicated by crosshairs on the Re=6.6M/m image in Figure 149. The annotated points 1-3 are phys-

ically located 0.4 mm upstream of the cylinder and 27.4, 26.8, and 26.1 mm above the wedge 

surface, respectively. Point 4 is located upstream of the bow shock, 9.2 mm upstream of the cyl-

inder and 24.9 mm above the wedge; it serves for comparison.  

For each point, a PSD was generated using 50k consecutive images. The spectra are plotted 

in Figure 150, where the frequency resolution is 938 Hz. The PSD plots give results consistent 

with what is expected from the high-speed videos. At Re=6.6M/m, the disturbances are most dis-

tinct, and a broadband peak around 20 kHz appears clearly in the spectra. The magnitude of the 

Point 3 peak is the highest, which makes sense if the disturbances emanate from the triple point 

since Point 3 is the closest. It follows that the ascending disturbances lose an increasing amount of 

energy for Point 2 and Point 1. Point 4 gives no content of note, which is encouraging because no 

features are present at the higher Reynolds numbers. By Re=5.4M/m, Point 3 is no longer highest 

in magnitude. This is because the triple point rises with decreasing Reynolds number. The rising 

disturbances cannot ascend past the sampled point if the triple point is covering it. The triple point 

brings its own frequency content which explains the broadening of the spectrum. This trend con-
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tinues at Re=4.4M/m. The overall energy is less which is expected because the jet-induced dis-

turbances are blurred and no longer distinct. By Re=3.8M/m the broadband peak at 20 kHz is not 

observed, and there is additional low-frequency content. This is the result of the separation shock 

crossing over all four points sampled. 

 

 

 

Figure 149. Sample images from disturbance ascension analysis 

Re = 6.6M/m Re = 5.4M/m Re = 4.4M/m Re = 3.8M/m

1
2
34
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 Following the above results, which were first reported in [193], PSDs were taken at every 

pixel for every condition to produce maps of dominant frequencies and maps of energy content. 

The dominant frequencies maps were generated by taking the frequency that corresponded to a 

peak in the PSD, for each pixel, and plotting that frequency value as a contour over the space. The 

energy content maps represent the PSD value for the frequency in the dominant frequency maps. 

In other words, this is the maximum PSD value for the spectrum at each pixel. The frequency 

resolution was enhanced to 500 Hz for these computations.    

 Figure 151 displays the maps described above (right) as well as a schlieren image showing 

points and lines probed for later consideration (far left) and an RMS counts fluctuations map (left 

center), which was produced by integrating the spectra from 0.5 to 120 kHz. The points were 

 

Figure 150. Disturbance ascension PSD plots for 4 locations at each Reynolds number 

Re∞ = 6.6M/m Re∞ = 5.4M/m

Re∞ = 4.4M/m Re∞ = 3.8M/m
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chosen to be representative of the features in the interaction. Point 1 is outside of the interaction, 

Point 2 is across the bow shock, Point 3 is on the upstream influence shock, Point 4 is on the 

forward shock, Point 5 is on the supersonic jet, and Point 6 is within the separated region. The 

lines were chosen because they demonstrate significant variation in the spectra. L1 crosses through 

the triple point and passes through the disturbances that roll up from that point, L2 is just above 

the model wall, and L3 crosses the bow shock. 

 The RMS map provides insight to the distribution of energy. The incoming flow above the 

interaction has the lowest fluctuation levels; these increase across the bow shock. The highest 

fluctuation levels are on the cylinder side of the triple point, at the supersonic jet. High RMS levels 

continue, from the jet, up the cylinder and physically represent the disturbances described above. 

The upstream influence and forward shocks are positioned relatively close together for this flow 

condition, so they produce a large region of elevated fluctuations, and the shocks are not distin-

guishable from each other. The intensity within the separated region is higher than the freestream 

but lower than the shock structure. The fluctuation levels near the model wall increase in the region 

closest to the base of the cylinder.       

 The dominant frequencies map indicates that the majority of points in the interaction have 

peak PSD values at zero frequency, despite the mean values being subtracted before evaluation. 

Therefore, the non-zero frequency values truly represent foremost frequencies. The map indicates 

low frequencies (500 to 1500 Hz) are prevalent for both forward shocks (as expected), but also for 

the triple point and the entirety of the supersonic jet. The only region where high frequencies (17 

to 27 kHz) are dominant is above the jet, near the face of the cylinder. This is the region in which 

cylinder ascending disturbances are at their highest intensity.  
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 Comparisons can be made between the peak PSD value map and the RMS map to give 

clues regarding the spectra. For example, the upstream influence shock and the forward shock are 

distinct in the dominant frequency map, which indicates that the PSD value is a sharp peak. Like-

wise, the supersonic jet shows better definition. Conversely, there is little evidence for the disturb-

ances rising from the jet, or any activity at the base of the cylinder, on the peak PSD value map. 

The RMS map shows these features because the peaks are broadband. 

 

  

 Analysis of the PSD plots in Figure 152 gives better clarity to the dynamics of the interac-

tion. The upper left plot shows PSDs at the points depicted on the schlieren image in Figure 151. 

The spectrum for Point 1 indicates baseline fluctuation level outside of the interaction. The levels 

increase for Point 2 across the bow shock, as the content shifts up nearly uniformly for all frequen-

cies. The spectrum at Point 6 (within the separated region) is similar in its broadband shape and 

still higher in energy than the spectra at the first two points. The spectra representing the upstream 

 

Figure 151. Schlieren-based maps for Run 3429, Re=6.6M/m. From left to right: raw 

high-speed schlieren image indicating positions for later PSD display, RMS fluctuations,  

dominant frequencies, and maximum PSD values 
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influence shock (Point 3), forward shock (Point 4), and supersonic jet (Point 5) are all similar in 

shape with comparatively high fluctuation levels concentrated in the lower frequencies. The UI 

shock is less intense than the forward shock. The supersonic jet has PSD values roughly 3-5 times 

the shock values across the frequency domain. 

 Line L1 is positioned approximately 0.4 mm upstream of the cylinder. Spectra from 10 

points on the line, at different heights above the model, are plotted in the upper right of Figure 152. 

The first two spectra are below the supersonic jet and show fairly broadband content that increases 

in intensity with proximity to the jet, where the highest levels are seen. The disturbances that travel 

up the cylinder take form above the supersonic jet. The broad spectral peak (15 to 30 kHz) from 

the disturbances is highest in magnitude and frequency close to the jet, and both decrease with 

increasing height above the surface. 

 Line L2 is located approximately 1.1 mm above the surface of the wedge. The spectra from 

x’<-7.7mm are essentially the same. Between 7.7 and 3.6 mm from the cylinder surface, the spectra 

increase across the frequency domain and again overlap for the final points that are displayed. The 

spectra near the base of the cylinder indicate a peak between 20 and 25 kHz. Line L3 is located 

around 26.2 mm above the model surface and crosses through the bow shock, which is located 

near x’=-4.2mm. The spectra from the points closest to the cylinder show effects from the disturb-

ances that rise from the jet. Points near the shock indicate elevated low-frequency content up to 10 

kHz, before a sharp drop-off.  
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 The same maps displaying RMS fluctuations, dominant frequencies, and corresponding 

PSD values are given in Figure 153 for Re=5.4M/m and in Figure 154 for Re=4.4M/m. The color 

scale for all maps is the same as previous. The intensity in the main features (shocks and supersonic 

jet) decreases with Reynolds number. The dominant frequency maps show the low frequencies of 

the upstream influence shock and the jet but only partially define the forward shock. The high-

frequency peaks related to the jet-induced disturbances exist but no longer rises to absolute max-

ima levels. The overwhelming presence of zero-frequency content washes out physical features in 

the maximum PSD values maps. The specific spectra that comprise the lower Reynolds number 

 

Figure 152. PSD plots for the points and lines indicated in Figure 151 
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maps are presented for the points (Figure 155) and for line L1 (Figure 156) as outlined in Figure 

151. The points are not at the same pixel locations for each Reynolds number; rather, the points 

were chosen to be in the same position relative to the features (shocks). 

 

 

 

 

 

 

Figure 153. Schlieren-based maps for Run 3429, Re=5.4M/m. From left to right: RMS 

fluctuations, dominant frequencies, and maximum PSD values 

 

Figure 154. Schlieren-based maps for Run 3429, Re=4.4M/m. From left to right: RMS 

fluctuations, dominant frequencies, and maximum PSD values 



 

228 

 

 The spectra for Points 1 and 2 (upstream and downstream of the bow shock) look similar 

through transition. Point 6, located within the separation, is fairly consistent as well but indicates 

some spectra broadening with increasing Reynolds number. The spectra for Point 3 (on the up-

stream influence shock) are generally lower in magnitude than those for Point 4 (on the forward 

shock). However, the low-frequency content, which is dominant for both separation shocks, is 

higher for the upstream influence shock at lower transitional Reynolds numbers. This follows since 

the upstream separation shock appears better defined at those conditions. The most precipitous rise 

in content throughout the transition process is observed at the supersonic jet. The spectra increase 

by nearly an order of magnitude throughout across the frequency domain as the interaction transi-

tions through a Reynolds number range of 4.4 to 6.6 M/m. The spectra on L1 indicate that disturb-

ances continue to rise up the cylinder throughout the transition process, and the characteristic fre-

quency is near 20 kHz. However, the magnitudes of the disturbance peaks at Re=5.4M/m and 

Re=4.4M/m are not higher than the zero-frequency PSD value. That only occurs when the inter-

action state becomes more turbulent.  

 

 

 

Figure 155. PSD plots for the points indicated in Figure 151 at Re=5.4M/m (left) and 

Re=4.4M/m (right) 
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6.4.3 Shock Tracking 

The shock tracking results provide significant insight to the disturbance wave and upstream 

influence separation shock motion. Both of these features are observed in the schlieren image of 

Re=4M/m in Figure 144 where the disturbance wave is between the forward shock foot and the 

upstream influence shock. That disturbance wave originated from the high-frequency, high-inten-

sity, circulation at the base of the cylinder and progressed outward toward the separation shock. 

Shock tracking, even displayed in terms of the Hough coordinate, ρ, elucidates some important 

trends. Figure 157 portrays such results for the first 1000 frames of Run 3443 at 3.7M/m. The 

distance, ρ, is the magnitude of the distance from the upper left corner of the field-of-view. A 

larger ρ value means that the shock or disturbance wave is closer to the wedge surface. The primary 

wave is the farthest shock away from the wedge for a given frame and represents the position of 

the upstream influence shock. Secondary and tertiary waves are additional disturbance waves that 

are within the same frame. 

 

Figure 156. PSD plots for points on L1 at Re=5.4M/m (left) and Re=4.4M/m (right) 
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Inspection of Figure 157 provides insight to the character of the motion. The prevailing 

trend is that primary wave points originate at high ρ values and tend to lower ρ with increasing 

frame. Once at a ρ between 90 and 110, the slope of descent levels out and the ρ value is held more 

or less constant for several frames. Physically, this indicates that once the shock reaches a distant 

position, it stalls at that position rather than continuing farther upstream. After a period of time, 

the shock dies out, and another shock, positioned closer to the cylinder, becomes the new primary 

shock and repeats the trend. This “shock replacement” dynamic contrasts the literature, where the 

separation shock is reported to be oscillatory [5,29]. It is unclear if the motion observed in the 

schlieren imaging is representative of all SBLIs or is a function of the geometry for the present 

transitional interaction; however, it may be related to the “disappearing” of the upstream influence 

shock observed in [162]. The slope formed by the data points in the figure is related to the shock 

speed, and the offset between the lines of sloping points is related to the characteristic frequency 

of separation shock motion. 

 

 

 

Figure 157. Shock tracking with Hough coordinate ρ (Run 3443, Re=3.7M/m)  
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The coordinates were transformed to model-based, and the lines representing shock and 

disturbance waves were extrapolated to the wedge surface to determine the streamwise intercept 

position relative to the base of the cylinder. The same data are plotted in Figure 158 in terms of 

wedge intercept position and time. At first glance, Figure 158 appears to be Figure 157 mirrored 

about the horizontal axis. While it is not a perfect mirror, the trend makes sense because the refer-

ence distance is from below, rather than above the wave. The data show that the greatest percentage 

of wedge intercept values are from x’/d = -7 to -5 for the 1000 frames presented at Re=3.7M/m.  

 

 

 The wedge intercept values for the primary waves are displayed in a histogram format in 

Figure 159. The left plot shows that nearly 40% of frames from the same 1000 frame dataset have 

intercept values between x’/d of -6.5 and -6.0. The data are skewed toward lesser separation, 

demonstrating the tendency of the upstream influence shock to pause near the end of its travel. The 

histogram built from the full set of frames at Re=3.7M/m indicates no significant changes to the 

 

Figure 158. Upstream influence shock / wedge intercept from shock tracking  

(Run 3443, Re=3.7M/m) 
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trend. The overall shape of the histogram is similar to that of the upstream influence probability 

density function presented by Lash et al. [162]. Both sets of data have similar variation about the 

mean separation and comparable skew. 

 

 

 The outward motion of the waves is more difficult to perceive visually at Reynolds num-

bers above 4M/m since the shock structure collapses and the disturbances travel a lesser distance. 

The shock tracking code still indicates that “shock replacement” motion applies at higher transi-

tional Reynolds numbers as evidenced by Figure 160, which presents the motion for 1000 frames 

at Re=5.2M/m. Figure 161 gives the wedge intercept position for frames at Re=6.9M/m. The in-

teraction is close to turbulent at that Reynolds number. The data do not show a distinct pattern, 

partly due to the shape of the shocks, which have reduced length and are often not linear. The 

motion may be oscillatory at this condition, but it is unclear visually or based on the intercept 

positions.  

 

Figure 159. Shock / wedge intercept histogram for 1000 sample dataset (left) and for all 

samples of Run 3443, Re=3.7M/m (right) 
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Figure 160. Upstream influence shock / wedge intercept from shock tracking  

(Run 3443, Re=5.2M/m) 

 

Figure 161. Separation shock / wedge intercept from shock tracking  

(Run 3443, Re=6.9M/m) 
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6.5 Other Measurements 

6.5.1 Cylinder Wake 

 Hot-wire surveys were conducted in the wake of the cylinder in an effort to compare spec-

tral content with that observed upstream of the shock generator. The first survey (Run 3476) was 

made without the trip array in place above K3 in port T24. The following run (Run 3477) surveyed 

the location studied by Wheaton [43], and Run 3479 consisted of identical measurements on the 

model with trips. The probe was held in a fixed position for Run 3480, and the Reynolds number 

was swept in an effort to identify a dominant frequency.  

 Mass flux and fluctuation profiles (Figure 162) indicate that the surveys with and without 

trips were conducted in the wake. Both the mass flux and fluctuations are elevated significantly 

above what was observed in the upstream boundary layer. The trips configuration results in far 

greater fluctuations in the wake, particularly away from the wall. However, the spectra from both 

of these runs, as well as the other two runs, indicate no notable frequency peaks (Figure 163).  
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Figure 162. Mass flux (left) and fluctuation (right) profiles in cylinder wake without 

(top) and with (bottom) trips 

 

Figure 163. Hot-wire spectra in cylinder wake: Run 3477 (left) and Run 3479 (right) 
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6.5.2 Focused Schlieren 

The first focused schlieren run, Run 3490, was sampled in full resolution as the imaging 

plane was swept into focus. The field-of-view was considerably smaller than that of the conven-

tional schlieren; the full 1024 x 1024 resolution corresponded to only a 34 x 34 mm square for the 

focused schlieren. Nevertheless, it was able to capture the features near the triple point, including 

the supersonic jet, for the 15-degree swept forward cylinder. Figure 164 depicts the relative fields-

of-view for 216 x 256 conventional schlieren (Run 3488, left) and 1024 x 1024 focused schlieren 

(Run 3490, right). The 232 x 384 reduced resolution used for time-resolved motion is inset on the 

full focused schlieren image. 

 

 

 

Figure 164. Field-of-view comparison of conventional (time-resolved) schlieren (left) and 

focused schlieren (right), with the time-resolved focused resolution inset 
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Time-resolved focused schlieren imaging was performed for the same model configuration 

in Run 3492. The resolution was reduced, so the field-of-view was only 7.7 x 12.8 mm, which was 

barely enough to capture the supersonic jet. Figure 165 displays a progression of image as the 

plane of focus was moved to the centerspan of the model (z=0). 

 

 

 Comparisons were made between the observed dynamics for conventional and focused 

schlieren. Maps of dominant frequency and maps of RMS normalized by the maximum RMS value 

are given in Figure 166 for conventional (top, Run 3488, Re=5.1M/m) and focused (bottom, Run 

3492, Re=4.9M/m) schlieren at the z=0 plane of focus. It was necessary to normalize the fluctua-

tions due to lower overall lighting for focused schlieren versus conventional. Although the focused 

schlieren only captures the supersonic jet and a small portion of the forward shock foot, the data 

between the two imaging techniques show excellent agreement over the region. The low-frequency 

nature of the supersonic jet and forward shock foot motion, and the intensity distribution, are cap-

tured well with focused schlieren. The consistency between these diagnostics inspires confidence 

that the interaction features observed in the conventional schlieren for this campaign were present 

at or near the plane of symmetry.  

 

Figure 165. Focused schlieren images as the plane of focus was stepped in Run 3492, 

with focal plane z=0 on the right 
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The perpendicular cylinder was traded in for the swept cylinder for the Run 3494. Unfor-

tunately, the image lighting was reduced for this run because much of the illumination was blocked 

by the tunnel wall due to the proximity of the window edge to the front edge of the cylinder. The 

 

Figure 166. Comparison of dominant frequencies (top) and RMS fluctuations (bottom)  

between focused schlieren (left) and conventional schlieren (right) 
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jet was positioned near the bottom of the field-of-view in an effort to visualize the ascending dis-

turbances. The left image in Figure 167 gives the focused schlieren field-of-view relative to a full 

resolution, conventional schlieren image (Run 3427, Re=5.0M/m). The center image is a sample 

focused schlieren image at the model centerspan. The jet is visible toward the bottom of the image, 

but there is little contrast, particularly in the upper portion. PSDs (Figure 168) were taken at points 

on line L. The right image of Figure 167 is the map of dominant frequencies, which shows low-

frequency content, ranging from 500 Hz to 2 kHz, in the region near the triple point. These fre-

quencies are consistent with those observed with the conventional schlieren. 

 

 

The RMS fluctuations are given in Figure 168 (left). The highest content is observed near 

the triple point and the supersonic jet, as expected. The image also shows higher fluctuation levels 

near the cylinder, above the triple point. The elevated levels are due to the disturbances that ascend 

 

Figure 167. Conventional schlieren image with the focused schlieren resolution inset 

(left), sample focused schlieren image at z=0 (center), and dominant frequency map 

from all z=0 images (right) 
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the face of the cylinder. PSDs from points along the aforementioned line L are presented in Figure 

168 (right). The spectra look similar to those presented in Figure 156, albeit noisier and at lower 

levels, caused by the poor lighting and lack of contrast in the group of focused schlieren images. 

 

 

 

 

6.6 Influence of Freestream Noise on Transition 

Results from the present study suggest that freestream noise had a significant impact on 

the interaction transition process. Spectral plots in waterfall format are presented for Kulite sensors 

placed within the interaction in Figure 169. The upstream Kulites (x’=-4.33d) are depicted above 

the downstream Kulites (x’=-3d) in the figure. The spectra at the same streamwise locations look 

similar. This is expected since the total spanwise spacing between the three sensors is only 22.2 

 

Figure 168. RMS fluctuation map (left) and PSDs from points along line L (right) from 

the focused schlieren images at z=0 
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mm. It should be noted that ports T12 and T13 are directly behind T6 and T13, respectively. T5 

and T14 are offset to the left and right, respectively, to measure the influence of spanwise position 

behind the trips. The effect of placement behind a trip or a gap appears negligible.  

The spectra at all locations show a sudden rise in amplitude and broadening just below 

Re=3.5M/m, which is consistent with the rise in freestream noise (Figure 170, bottom). Both sets 

of spectra, upstream and downstream, indicate high amplitudes at low frequencies. These occur 

near Re=5M/m upstream and near Re=6M/m downstream, which are the expected conditions for 

separation shock motion. The upstream plots show instability growth near 40 kHz around 4M/m. 

They also indicate the transition of the incoming boundary layer around 7M/m since the interaction 

is downstream of the transducers at that Reynolds number. The downstream plots provide higher 

amplitudes of the 40 kHz instability at 4M/m and also show another peak near 5.5M/m. The spectra 

broaden considerably above that Reynolds number, indicative of the interaction transitioning.  
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 Figure 170 presents the average film coefficient within the reattachment arc as a function 

of Reynolds number for several runs, both with and without trips. This plot is a combination of 

Figure 134 and Figure 137. It allows for easier comparison between the two configurations and 

the freestream noise, which is plotted at the bottom of Figure 170. The heating comparison shows 

that both configurations have roughly the same heating at the reattachment arc at low Reynolds 

numbers. At around 3M/m, both the freestream noise and the heating for the configuration with 

trips increase substantially. The heating slope for the transitional SBLI is roughly constant between 

3.5 and 6.0 M/m, but is lower than that for the laminar SBLI, which has a constant slope across 

 

Figure 169. Spectral maps for Kulite transducers demonstrating transition in the “trips, 

cylinder” configuration. T12 is behind T6. T13 is behind T7 
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the entire Reynolds number range. The laminar SBLI heating overtakes that of the transitional / 

turbulent SBLI for Reynolds numbers above 6M/m. 

 

 

The extrapolation of the separation shock to the wedge is plotted as a function of Reynolds 

number for the “trips, cylinder” and “no trips, cylinder” configurations in Figure 171. The shock / 

wedge intercept was determined using the shock tracking code described in Section 3.4.5 and im-

plemented in Section 6.4.3. The separation distance increases slightly with Reynolds number for 

“no trips, cylinder”, as suggested by Figure 145. The shock intercept distance begins decreasing 

 

Figure 170. Reattachment arc heating (top) with trips (blue) and without trips (black) 

and freestream pressure fluctuations (bottom) 



 

244 

 

just below Re=3.5M/m for the configuration with trips. Therefore, the shock structure begins to 

contract under conditions of elevated freestream noise. The interaction collapses most rapidly be-

tween 3.5 and 4.5 M/m and continues to reduce in extent until around Re=7M/m. The extrapolated 

intercept of the separation shock with the wedge is around 3d from the front of the cylinder at the 

highest Reynolds numbers tested, when the interaction is near its turbulent state. 

 

 

In summary, a jump in freestream noise is a feature in the ACE wind tunnel, characterized 

by RMS pressure fluctuations increasing by a factor of three near Re=3M/m. The freestream noise 

levels were not anticipated to be a catalyst for transition in the present campaign as it was believed 

that some combination of trip disturbances and cylinder-induced adverse pressure gradient would 

lead to transition at a suitably high Reynolds number. However, the surface pressure spectra within 

 

Figure 171. Separation shock / wedge intercept with Reynolds number from schlieren 

images 
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the separated region of the interaction, the surface heating at the base of the cylinder, and the 

initiation of interaction contraction, all indicate that freestream noise played a role in the transition 

process in conjunction with the 40 kHz base model instability, the trips, and the cylinder. 
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7. CONCLUDING REMARKS AND RECOMMENDATIONS 

 

This chapter reviews the impact of the study in terms of the available literature, addresses 

the research objective questions with results obtained from the experiments, and provides recom-

mendations for follow-up tests that would offer further insight into 3-D transitional shock wave 

boundary layer interactions. 

 

7.1 Impact of Study 

The primary contributions to the field from this study are the database and the subsequent 

analyses that aim to extend the current state of knowledge on transitional SBLIs. The long-term 

impact has the potential to be substantial as the data fill a clear void in the knowledgebase. Prior 

to this campaign, high-frequency surface pressure measurements, time-resolved high-speed schlie-

ren images, and heat transfer maps on comparable geometries for any incoming boundary layer 

state at a freestream above Mach 5 were unavailable. 

SBLIs of similar configuration to the present experiment have been studied extensively. 

The present study provides a comprehensive list that puts this work in context with the literature 

and provides future researchers a starting point for a literature review. Early cylinder-induced 

SBLI experiments focused on measuring thermal and pressure loads, in particular magnitudes and 

locations of maxima. Oil flow visualization and schlieren imaging then became important tools to 

map out the interaction structure. Also, during that time, the effects of cylinder height and incom-

ing boundary layer thickness were evaluated. Following those studies, the dynamics for turbulent 

interactions took the forefront. Dolling and Bogdonoff [32,39,100] began using surface mounted 

Kulite pressure transducers at Princeton University. Dolling continued work studying the motion 
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of the separation shock with his group at the University of Texas. Most recently, advanced laser 

diagnostics have been used to measure more specific features within the interaction and in the 

protuberance wake. In total, over 100 campaigns have been conducted on similar geometries but 

few of the studies have been devoted to transitional SBLIs.  

The present campaign was carefully conducted with future CFD validation efforts in mind. 

The geometry and surface roughness were measured across the model. Freestream pressure and 

mass flux fluctuations were quantified at the same streamwise position as the model leading edge. 

The model was designed to minimize the pressure gradient between the upper and lower surfaces. 

It was mounted 50.8 mm away from each sidewall to minimize that influence. The strut was posi-

tioned on the downstream portion of the model to minimize impact on flow upstream of the cylin-

der. Oil flow visualization indicated these strategies to be successful as streamlines were directed 

straight back for the majority of the span. The model was set outside of the tunnel during the 

preheating and inserted just before the run, which led to consistent surface temperatures. Hot-wire 

surveys were taken at different streamwise and spanwise positions within the boundary layer and 

across the leading-edge shock. Every effort was made to mount the transducers and plugs flush 

with the model surface. The IR camera was calibrated prior to the campaign using the same tunnel 

setup, with the exception of quiescent air. The pressure transducer data, high-speed schlieren, and 

IR thermography were all synchronized to the tunnel operating conditions.  

For transitional interactions, Murphree [159] raised the question if the incoming boundary 

layer were transitional or if transition were caused by the protuberance. This campaign showed 

that the presence of the cylinder excited the 40 kHz (potentially second mode) instability and led 

to boundary layer transition just downstream of the separation shock. The interaction state proved 

to be ahead of the incoming boundary layer state in the transitioning process. Hot-wire boundary 



 

248 

 

layer surveys indicated instability growth for Re=5M/m, while oil flow visualization and schlieren 

imaging showed a transitional SBLI under the same conditions. Stanton number maps and surface 

pressure transducer spectra suggested incoming boundary layer transition near Re=7M/m. At that 

Reynolds number, the interaction was near turbulent based on the observed separation distances 

from the oil flow and schlieren. 

A particularly important feature of the present campaign was the goal to isolate key varia-

bles through configuration modifications. Pressure fluctuations and thermal loads were quantified 

for all configurations, and fluctuations in the schlieren images were evaluated for interactions with 

and without boundary layer trips as well as at different sweep angles. This made it possible to 

explain many of the results. For instance, Kulite spectra revealed a 40 kHz peak on the base model. 

This peak grew with the protuberance in place, but the roll-over signature of instability-induced 

transition was not observed. The trip array without the protuberance prompted an additional insta-

bility peak near 115 kHz. With both the trips and cylinder in place, the 40 kHz instability was 

excited to the point of transitioning just downstream of the separation shock.  

Many other discoveries were made during this campaign. An important, and unexpected 

result, was the film coefficient dependence on Reynolds number at the reattachment arc. The reat-

tachment arc represents the region of highest heating on the wedge portion of the model. Heating 

was shown to be higher for a laminar SBLI (configuration without trips) than for transitional or 

turbulent SBLIs at the same freestream conditions. This finding may be related to those of Benay 

et al. [140] and Bur and Chanetz [141], who observed higher heat transfer for untripped interac-

tions. The present study also suggested reattachment arc heating dependence on the freestream 

noise for the transitional SBLI.  
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Data from this campaign will be useful for contemporary studies. Cylinder-induced 

XSBLIs experiments using similar diagnostics are currently taking place in the Mach 2 blowdown 

tunnel at the University of Tennessee Space Institute. Comparisons will be made between the pre-

sent campaign, the UTSI (Lash et al.) Mach 2 campaign, and the UT (Murphree et al.) Mach 5 

campaign, to determine the role of Mach number on interaction dynamics and thermal loading. 

Clemens and Narayanaswamy [5] recently reviewed the cause for low-frequency separation shock 

oscillations. The present study observation of low-frequency waves which propagate outward from 

the chaotic recirculating flow at the base of the cylinder to the separation shock provides additional 

evidence for disturbance-fed separation shock motion.  

This campaign clearly demonstrates separation shock motion that is not oscillatory, a dis-

covery not mentioned in literature. The present study shows that the separation shock primarily 

moves away from the cylinder when the interaction is transitional. As the interaction becomes 

turbulent, the nature of the shock motion becomes less clear in the schlieren because less distance 

is traveled. The separation shock may oscillate for turbulent interactions, which would be con-

sistent with what is reported in literature. 

 

7.2 Objective Questions Revisited 

The experiments conducted during the present campaign provided insight to the transition 

process, separation shock motion, and thermal and acoustic loading, that is potentially more sig-

nificant than the answers to the original research questions. The original questions posed in Section 

3.6 are answered below. 
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How do the dynamics of shock structure, especially the motion of the separation shock foot, 

triple point, shock-induced supersonic jet, and fluctuations within the separated region, 

change as the interaction evolves through transition? 

The surface fluctuations were measured using PCB and Kulite pressure transducers, and 

the separation shock motion and fluctuations within the interaction were tracked using schlieren 

photography. The defining feature of the interaction as it was swept through transition was the 

modal growth of a 40 kHz instability that transitioned just downstream of the upstream influence 

separation shock. The representative low-frequency (1.0-1.5 kHz) of the shock was similar to re-

ports from other studies; however, the character of its motion was not oscillatory. Rather, shock 

tracking of the time-resolved schlieren images showed the separation shock motion could be better 

described as “shock replacement”. The forward shock and supersonic jet were likewise character-

ized by high-amplitude, low-frequency fluctuations, which significantly increased in intensity 

through transition. The fluctuations within the separation, between the legs of the lambda shock 

structure, were broadband throughout but were elevated in magnitude near the merger of the model 

and cylinder. A 20 to 25 kHz peak was observed just upstream of the cylinder base. Disturbances 

were cast up the shock generator from the triple point. They appeared vortical in nature and re-

sulted in broadband spectral peaks near 20 kHz. The disturbances that rise up from the supersonic 

jet were present throughout the transition process but only became the dominant frequency of the 

region when the interaction became close to turbulent. 

 

What effect do the trips have on the downstream boundary layer profiles at different stream-

wise and spanwise positions? 
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The influence of the trips was more prominently displayed by some diagnostics than others. 

The oil flow visualization and IR thermography demonstrated evidence of trip wakes back to the 

trailing edge of the model. The wakes caused streaks of higher temperature behind the center of 

every trip. The spanwise temperature variation caused by the wakes decreased distances farther 

from the trip array.  

Hot-wire anemometry was used to characterize the boundary layer. At one streamwise sta-

tion (x=187mm), the mean profile had the same shape at Re=5M/m, with and without trips, but the 

tripped boundary layer was about 10% thicker. The fluctuation levels were significantly higher (2-

3x) with trips throughout the boundary layer. Fluctuation profiles showed more variation when the 

trip array was in place. Surveys were taken at different spanwise positions relative to wakes (ob-

served using IR thermography). Surveys at similar positions produced similar fluctuation profiles. 

Fluctuation profiles and spectra from x=213mm demonstrated signs of instability growth at 5M/m 

with the trips. Spectra indicated the beginning stages of transition at stations farther downstream 

at Re=7M/m. 

 

How does the spanwise positioning behind the trips affect the surface pressure dynamics with 

and without a shock generator? 

Surface mounted PCB pressure transducers (and to a lesser extent, the Kulites) measured 

a 115 kHz trip-induced instability peak. The peak was not influenced by spanwise position; sensors 

located directly behind trips gave similar spectra to sensors located between the gaps. The insta-

bility peak became less pronounced farther downstream on the model. The addition of the cylinder 

increased the surface pressure levels tremendously within the interaction. However, no spanwise 

dependence was observed. The interaction trailed back as position deviated from the centerspan. 
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Comparing spectra from similar separation locations (as observed by the oil flow), revealed no 

additional features on the centerspan or outboard.  

 

How does the protuberance sweep angle affect the separation scaling and dynamics for a 

transitional SBLI? 

Sweeping the cylinder back contracted the shock structure, decreased the observable fluc-

tuations within the separation, and reduced the surface RMS pressure fluctuations to near baseline 

levels in many of the upstream transducers. Closer to the base of the cylinder, the RMS fluctuations 

were reduced by roughly 50% when using a cylinder swept back 15 degrees compared to one 

mounted on the model perpendicularly. Conversely, sweeping the cylinder forward increased the 

extent and intensity of the interaction. As a result, pressure fluctuations rose across the board. RMS 

fluctuations at the base of the cylinder were measured to be on the order of the freestream static 

pressure. The highest heating levels detected during this campaign were at the reattachment arc 

for the forward swept cylinder. 

The interaction dynamics were similar for comparable positions within each interaction. 

Deep within the separation, elevated levels of broadband surface pressure fluctuations were ob-

served. High-frequency content was noted on the face of the cylinder. Low-frequency (~1 kHz) 

shock motion occurred for all configurations.  

 

7.3 Recommendations for Future Work 

The present experimental campaign provided a wealth of insight to 3-D transitional SBLIs. 

However, some of the data raise additional questions, and the following recommendations for fu-

ture work are made. 
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From a model design perspective, the surface mounted transducers should be easier to ac-

cess for configuration changes. Currently, to access the back cover on the underside of the model, 

the entire model must be removed from the strut on the removable door, and all of the cables must 

be disconnected and fed through a Conax fitting on the door. After resetting the transducers, the 

model must be remounted and the cables reconnected. The ability to swap the transducers in place 

would save time, as the current exchange took a minimum of six hours. Also, the trip array for the 

present campaign allowed for sweeping through transition, but future trip arrays should be ma-

chined for greater precision. 

Additional effort should be made to find and eliminate the cause of the low-frequency noise 

in the PCBs. That noise was particularly unfortunate in this campaign as it obscured the primary 

feature in the spectra – the growth and evolution of the 40 kHz instability peak. The Kulites cap-

tured this peak well. For future campaigns, it would be helpful to have more Kulite transducers, 

placed both on the centerspan and outboard. The outboard PCBs did not indicate any differences 

in the spectra, but there could be some low-frequency discrepancies that would be better suited for 

the Kulites to detect.  

Additional work should be undertaken in processing the IR thermography data. The heat 

flux is very sensitive to initial conditions, and the current practice of assigning the mean surface 

temperature as the initial temperature value to all nodes within the material is not accurate. Solu-

tions for reduction of heat flux uncertainty include inserting the model into the tunnel immediately 

prior to the start of hypersonic flow to minimize the change in temperature on the surface, moni-

toring the temperature constantly from the moment the model is in the tunnel, using the high-speed 

data recorder to sample up to 132 Hz (while keeping the node spacing near the same value) to 

minimize the effect of the initial temperature values, and/or developing a better model for the 
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temperature distribution throughout the material with time (prior to the actual run) based on the 

temperature on the front and rear surfaces and the time in the tunnel. 

Positioning the model lower in the test section may also be beneficial. Weak shocks from 

the nozzle / test section interface impinged on the interaction with the current setup. No impact 

from this impingement was observed in the schlieren, but clearance of these shocks above the 

cylinder would make for a better experiment.  

Boundary layer surveys should be done using a pitot probe in addition to a hot-wire ane-

mometer. Comparing spectra using different instrumentation allows for more confidence in differ-

entiating between flow features or noise. Using a pulsed light source for the schlieren would allow 

for more light during the camera exposure, which would sharpen the contrast in the flow features. 

This could allow for a campaign involving cylinders of different diameters (including smaller) as 

smaller disturbances could be visualized. Examining the flow structure within the separation at 

different spanwise-normal planes is of interest. Testing this geometry in a high Mach number 

(thick boundary layers) facility that is more amenable to PIV (higher Reynolds numbers) would 

allow for better characterization of the separation.  

The heating levels and pressure fluctuations within the interaction clearly indicate that the 

transition process was impacted by freestream noise in the present campaign. Repeating a similar 

study in a quiet facility would provide insight to the effect of freestream noise on transition for 

SBLIs. 
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APPENDIX A 

CYLINDER (OR BLUNT FIN) -INDUCED SBLI EXPERIMENTS 

 

Ref. Authors Year Location (Affiliation) Mach 
Shock 

Gen.1 

Reynolds 
(M/m) 

BL 
state2 Diagnostics3 

[49] 
F.E. Gowen & 

E.W. Perkins 
1952 NACA Ames 1.49, 1.98, 2.9 C 5.1 to 51.2 T OF, P(cylinder), S(top down) 

[51] 
M.H. Bloom & 

A. Pallone 
1957 Wright Patterson 6 C  T TCs(model) 

[65] P.S. Yip 1958 NACA Langley 2.65,3.51 C  T TCs(model) 

[52] 
P.B. Burbank & 

H.K. Strass 
1958 NACA Langley 2.65,3.51 C 4.4 to 77 T TCs(model&cylinder) 

[31] D.M. Sykes 1962 Univ. of Manchester 1.96 C 13.4 T P(cylinder), S 

[42] P. B Burbank et al. 1962 NASA Langley 2.65,3.51,4.44 C 4.3 to 15.4 T OF, P&TCs(model), Pitot(BL rake) 

[55] 
L.G. Kaufman & 

L. Meckler 
1963 Wright Patterson (Grumman) 5,8 F   P&TCs(model) 

[57] I.E. Beckwith 1964 NASA Langley 4.15 C 56.7 to 142 T P&TCs(model), S 

[66] R.A. Jones 1964 NASA Ames 6 C 2.36 to 28.7 L&T TCs(model) 

[67] L. Siler & H. Deskins 1964 AEDC 19 C 0.94 L P&TCs(cylinder) 

[68] E.A. Price et al. 1964 NASA Langley 3.51,4.44 F 8.2 to 13.8 T TCs(model) 

[80] 
T.E. Surber & 

R.B. Luning 
1965 North American Aviation, Inc. 12 to 21 C  L P&TCs(model) 

[58] D.M. Bushnell 1965 NASA Langley 8 C 3.0-34 L&T P&TCs(cylinder) 

[56] A.D. Ray & R.L. Palko 1965 AEDC 6,8,10 F 1.9-11.6 L OF, P(Wiancko)&TCs(fin), Sh 

[69] R.W. Halprin 1965 UCLA (Douglas Aircraft Company, Inc.) 2.71 C  T OF, P(model), S 

[70] W.L. Francis 1965 JPL (Ford) 9 F 0.59 to 3.7 L P&TCs(fin) 

[71] E.F. Lucero 1966 APL (Johns Hopkins Univ.) 2.17 C  T OF 
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[72] W. Miller 1966 Univ. of Texas 4.88 C  T P(cylinder), S 

[60] D.M. Voitenko et al. 1966 Moscow 2.5 C 132 T OF, P(model&cylinder), S 

[61] D.M. Voitenko et al. 1967 Moscow 3.11 C 134 T 
P(model&cylinder),  

Pitot(sep. region) 

[63] 
V.S. Avduevskii & 

K.I. Medvedev 
1967 Moscow 2-6 C  L&T OF, Pitot, S, Sh 

[73] 
R.S. Hiers & 

W.J. Loubsky 
1967 NASA Ames 14 F 0.63 L OF, TCs(fin), S 

[59] 
E.A. Price & 

R.L. Stallings 
1967 NASA Langley 2.3-4.44 F 4.9-14.7 T OF, P(model), Sh 

[74] J. Uselton 1967 AEDC 3,5 F   P(model) 

[64] J.P. Thomas 1967 Wright Patterson (Ohio St. Univ.) 11.26 F 2 L P(model) 

[75] D.G. Hall et al. 1968 APL (Univ. of Maryland) 2.2 C 9.8 T P(model), S 

[86] F.L. Young et al. 1968 Wright Patterson 3 and 5 F 1.77 to 4.65 X,T OF, P(model), Pitot, Sh 

[76] S. Dendrinos 1968 NASA Marshall (Wyle Labs) 1.15,1.96 C 21, 24 T OF, P(model), S 

[40] J.C. Westkaemper 1968 Univ. of Texas 4.9 C 37.8 T OF, S 

[82] J.H. Mashburn 1969 Univ. of Texas 4.8 C 42.3 T P(model) 

[41] L.M. Couch 1969 NASA Langley 2.49, 4.44 C 4.9,9.8 T Wake: P(model), Pitot, total T 

[77] A.H. Whitehead 1969 NASA Langley 6.8 C 2 to 15 L OF, P(cylinder) 

[37] J.E. Robertson 1969 AEDC (Wyle Labs) 0.6 to 1.6 C 4.9 to 14.8 T 
OF, P(model), FP(to 20kHz), Pi-

tot(BL) 

[78] E.F. Lucero 1970 APL (Johns Hopkins Univ.) 2.17 F 9.8 T P(model) 

[93] A.E. Winkelmann 1970 Naval Ordinance Laboratory 5 F 9.2 and 24.3 T 
OF, azobenzene sublimation,  

Pitot(BL) S, Sh 

[47] E.J. Lucas 1971 AEDC 2.5 to 4 F 18.8 to 31.6 T OF, Pitot, S(1µs exp.) 

[195] A.E. Winkelmann 1972 Naval Ordinance Laboratory 5 F 9.2 and 24.3 T 
OF, sublimation, P(model),  

RDF HF gauge, S 

[34] L.G. Kaufman et al. 1972 Wright Patterson 2.5, 3, 4 F 18.5, 31.5 X&T 
OF, P(model&fin), Pitot(from fin),  

S(1µs exp.), Sh 
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[88] R. Sedney 1972 
Ballistic Research Laboratories, Aberdeen 
Proving Ground, Maryland (Martin Mari-

etta Corp.) 
2 C 13 T OF, S(top down), Sh 

[196] 
J.W. Keyes & 

F.D. Hains 
1973 NASA Langley (Bell Aerospace) 6 F 7.9, 25.6 T P&TCs(fin), S 

[36] L.G. Kaufman et al. 1973 Wright Patterson 2.5, 3, 4 F 18.5, 31.5 X&T OF, P(model), S(1µs exp.) 

[35] 
R. Sedney & 

C.W. Kitchens 
1975 

Ballistic Research Laboratories, Aberdeen 
Proving Ground, Maryland 

1.5-4.5 C 2 to 25 T 
OF, vapor screen, S, Sh(top 

down) 

[90] 
R. Sedney & 

C.W. Kitchens 
1977 

Ballistic Research Laboratories, Aberdeen 
Proving Ground, Maryland 

1.5-4.5 C 2 to 25 T OF, Sh(top down) 

[95] D.S. Dolling et al. 1977 Princeton Univ. 3 F 62 T 
OF, P(model),  

HF(TCs&slug calorimeter) 

[96] D.S. Dolling et al. 1978 Princeton Univ. 3 F 62 T OF, P(model), Sh 

[97] D.S. Dolling et al. 1979 Princeton Univ. 3 F 63 T P(model&fin), S, Sh 

[38] F.T. Hung & J.M. Clauss 1980 NASA Ames 5.3 C 3.3, 16.4 L&T TCs(model&cylinder) 

[98] 
D.S. Dolling & 

S.M. Bogdonoff 
1980 Princeton Univ. 3 F 63 T P(model&fin), S, Sh 

[39] 
D.S. Dolling & 

S.M. Bogdonoff 
1980 Princeton Univ. 3 F 63 T P(model-Kulites), S, Sh 

[100] 
D.S. Dolling & 

S.M. Bogdonoff 
1981 Princeton Univ. 2.95 F 63 T OF, P(model-Kulites&mean), S 

[32] 
D.S. Dolling & 

S.M. Bogdonoff 
1982 Princeton Univ. 3 F 65 T OF, P(model-contour&fin), S 

[197] O. Özcan 1982 Univ. of Cal. 2.36 C 2.5-16 L,X,T OF, Laser vel., P(model), S 

[101] D.S. Dolling 1983 Princeton Univ. 3 F 65 T P(model-Kulites) 

[94] F.T. Hung & D.K. Patel 1984 
NASA Ames (Aerospace Corp. & Rockwell 

Intl. Corp.) 
5.3 C 3.3,16.4 L&T TCs(model&cylinder) 

[102] O. Özcan & M. Holt 1984 Univ. of Cal. 2.36 C 2.5-3.5 L OF, Laser vel., P(model), S 

[198] N. Saida & H. Hattori 1984 Aoyama Gakuin Univ., Japan 1.98, 2.48 F 3.3, 16.4 L&T P(model) 
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[199] N. Saida 1985 Aoyama Gakuin Univ., Japan 2.48 F 40 T OF, P(model), S 

[114] S. Hussain 1985 Cranfield Inst. of Tech., England 2.4 F 3 T OF, T liquid crystals, P(model), S 

[45] 
R.A. Gramann & 

D.S. Dolling 
1986 Univ. of Texas 4.96 C 55 T OF, thin hot-films 

[105] 
N.R. Fomison & 

J.L. Stollery 
1987 Cranfield Inst. of Tech., England 2.4 F 2.6 T 

OF, P(model-Kulites&mean),  

vapor screen, S 

[200] 
D.S. Dolling & 

J.C. Narlo 
1987 Univ. of Texas 5 C 55 T FP(model-Kulites) 

[113] D.S. Dolling & P.E. Rodi 1988 Univ. of Texas 5 F 53 T FP(model-Kulites) 

[201] 
D.S. Dolling & 

D.R. Smith 
1988 Univ. of Texas 5 C 53 T FP(model-Kulites) 

[107] H.A. Baade 1988 Univ. of Texas 5 C 55 T FP(model-Kulites) 

[121] S. Aso et al. 1989 Kyushu Univ., Japan 3.95 F 61.5 T 
HF(thin-film) and P(model-Ku-

lites) 

[109] 
D.S. Dolling & 

D.R. Smith 
1989 Univ. of Texas 5 C 53 T FP(model-Kulites) 

[122] S. Aso et al. 1990 Kyushu Univ., Japan 4 F 12 T 
OF, HF(thin-film),  

P(model-Kulites), S 

[118] T. Evans et al. 1990 Princeton Univ. 2.87 F 60 T FP(model-Kulites) 

[117] D.R. Smith et al. 1991 Princeton Univ. 2.87 F 65 T Rayleigh scattering 

[110] 
D.S. Dolling & 

L. Brusniak 
1991 Univ. of Texas 5 C 53 T OF, FP(model-Kulites) 

[123] S. Aso et al. 1991 Kyushu Univ., Japan 3.95 F 61.5 T OF, FP(model-Kulites), S 

[130] Z. Haq et al. 1991 Univ. of Southampton, England 6.9 F  T T sensitive liquid crystals 

[126] 
W. Shifen & 

L. Qingquan 
1992 Academia Sinica, China 7.8, 5 C 35,47 T 

HF(thin-film) and P(model-Ku-
lites) 

[103] O. Özcan & B.K. Yuceil 1992 Istanbul Tech Univ., Turkey 1.7, 2.2 C 14.7, 12 T OF, P(model-mean) 

[112] 
J.C. Gonsalez & 

D.S. Dolling 
1993 Univ. of Texas 5 F 53 T OF, FP(model-Kulites) 
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[115] 
K. Kleifges & 

D.S. Dolling 
1993 Univ. of Texas 4.95 F 49 T FP(model-Kulites) 

[29] 
L. Brusniak & 

D.S. Dolling 
1994 Univ. of Texas 4.95 F 53 T OF, FP(model-Kulites) 

[202] 
S. Johnson & 

K. Murphy 
1994 NASA Langley (Dryden & Langley) 10 C 1.6 to 6.6 T P(cylinder-alt. for pitot rake) 

[116] 
K. Kleifges & 

D.S. Dolling 
1995 Univ. of Texas 4.95 F 49 T FP(model-Kulites) 

[203] 
D. Barberis & 

P. Molton 
1995 Chatillon Cedex, France 1.97 F 9.27 T OF, LDV, P(model), S 

[204] S.B. Verma & V. Gupta 1995 IIT Kanpur, India 1.6 C 36 T OF 

[205] 
P.J. Barnhart & 

I. Greber 
1997 Case Western Reserve Univ. (NASA Lewis) 2 to 5 F 10 T OF, P(model-Kulites&mean), S 

[111] 
Ö.H. Ünalmis & 

D.S. Dolling 
1998 Univ. of Texas 4.95 F 48 T 

FP(model-Kulites) & Upstream Pi-
tot 

[128] 
P.H. Schuricht & 

G.T. Roberts 
1998 Univ. of Southampton, England 6.7 F 4.3 L OF, T liquid crystals, S 

[133] J.S. Fox et al. 2001 Australian National Univ. 6.4 F 5.9 X NO PLIF, TCs(model) 

[132] A.F.P. Houwing et al. 2001 Australian National Univ. 7.5 F 4.5 L NO PLIF 

[156] E.S. Hood 2003 Univ. of Texas 5 C 50 X OF 

[206] D.S. Dolling et al. 2003 Univ. of Texas 5 C 50 X OF, S 

[207] R. Mukund et al. 2003 Nat. Aerospace Laboratories, India 1.8, 2.47 F  T OF, P(model-mean) 

[208] Y.X. Hou et al. 2004 Univ. of Texas 5 F 50 T FP(model-Kulites), PIV 

[131] 
C. Raju & 

P.R. Viswanath 
2005 Nat. Aerospace Laboratories, India 1.8 F  T PSP 

[209] P.C. Bueno et al. 2005 Univ. of Texas 2 C 33 T Cinematographic PIV 

[210] P.C. Bueno et al. 2006 Univ. of Texas 2 C 33 T PIV and PLS adding VGs to flow 

[157] Z.R. Murphree et al. 2006 Univ. of Texas 5 C 50 X OF, PLS, S 

[158] Z.R. Murphree et al. 2007 Univ. of Texas 5 C 60 X PIV, PLS 
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[211] K. Kontis et al. 2008 Univ. of Manchester, England 0.8 and 1.4 F 18.4, 32.1 T OF, P(model-mean), PSP, S 

[159] Z.R. Murphree 2009 Univ. of Texas 5 C 50 X OF, PIV, PLS, FP(model-Kulites), S 

[85] 
B.M. Wheaton & 

S.P. Schneider 
2010 Purdue Univ. 6 C 5.6 to 6.6 L Wake: Pitot, hot-wire 

[84] B.F. Bathel et al. 2010 NASA Langley 10 C 1.7, 3.3 L NO MTV 

[83] P.M. Danehy et al. 2010 NASA Langley 10 C 1.7, 3.3, 6.1 L NO PLIF 

[127] M.S. Yu et al. 2012 Yonsei University, S. Korea 3 C 2.3 T OF, IR 

[212] D.P. Wang et al. 2012 Nat. Univ. of Defense Tech., China 2.68 C  L PLS 

[129] O.R. Tutty et al. 2013 Univ. of Southampton, England 6.7 F 5 L OF, T liquid crystals, S 

[213] 
C.S. Kumar & 

K.P.J. Reddy 
2014 Indian Inst. of Science 8 C 1 L HF(thin-film) 

[214] E.J. Stephen et al. 2014 US Air Force Academy 3 C 3.5 T OF, P(model-Kulites), S 

[215] P. Quan et al. 2015 Changsha Univ., China 3.4 F 39 T NPLS, PIV 

[216] F. Avallone et al. 2015 Delft Univ. of Tech., Netherlands 7.5 C 14 L PIV, IR 

[124] H. Itoh & M. Mizoguchi 2016 Nat. Defense Academy of Japan 10 C 2.9 L P(model-Kulites), S(HS) 

[163] C.S. Combs et al. 2016 Univ. of Tennessee Space Inst. 2 C 30 X&T PIV, PLS, S(HS) 

[160] E.L. Lash et al. 2016 Univ. of Tennessee Space Inst. 2 C 30 X&T OF, S(HS) 

[162] E.L. Lash et al. 2017 Univ. of Tennessee Space Inst. 2 C 28 X&T P(model-Kulites), S(HS) 

[164] E.L. Lash et al. 2017 Univ. of Tennessee Space Inst. 2 C 28 X&T OF, PSP, S(HS) 

[165] C.S. Combs et al. 2018 Univ. of Tennessee Space Inst. 2 C 30 T S(HS) 

[217] B.E. Rice et al. 2018 
Univ. of Tennessee Space Inst. (AFRL, UTSI, 

& Auburn Univ.) 
2 C 33 T PIV 

[125] 
H. Ozawa & 

S.J. Laurence 
2018 

Tokyo Metropolitan Univ., Japan (TMU & 
Univ. of Maryland) 

1.2 C 2.2 to 3.9 L TSP&TCs(model), S(HS) 

1The shock generator is either a cylinder (C) or a blunt fin (F) 

2The boundary layer (BL) state is either laminar (L), transitional (X), or turbulent (T) 

3The diagnostics are abbreviated as follows: OF=Oil Flow, P=Pressure(generally static), FP=Fluctuating Pressure, PSP=Pressure Sensitive Paint, T=Temperature,  

TCs=Thermocouples, HF=Heat Flux, IR=Infrared Thermography, LDV=Laser Doppler Velocimetry, MTV=Molecular Tagging Velocimetry, PIV=Particle Image Velocimetry,  

PLIF=Planar Laser Induced Fluorescence, PLS=Planar Laser Scattering, Sh=Shadowgraph, S=Schlieren, S(HS)=High-speed Schlieren(for time-resolved motion)
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APPENDIX B 

HYPERSONIC TRANSITIONAL SBLI EXPERIMENTS 

 

Ref. Authors Year Location Mach 
Reynolds 

(M/m) 
Configuration Diagnostics4 

[144] 
S. Willems &  

A. Gülhan 
2013 DLR 6 3,6,12 

Impinging shock caused by a wedge positioned 
above a sharp leading-edge flat plate model 

FP(Kulites & PCBs), T(IR & coax 
TCs), HF(thin film & ALTP), S 

[145] S. Willems et al. 2015 
DLR (German Aerospace 

Center) 
6 3,6,12 

[146] E. Schülein 2014 
DLR (German Aerospace 

Center) 
6 1.9 to 8.1 

Impinging shock caused by a wedge positioned 
above a sharp leading-edge flat plate model 

IR, Sh 

[147] 
N.D. Sandham et 

al. 
2014 

DLR & Univ. of South-
ampton, England 

6 14.2 TCs, HF(thin film) 

[148] E. Erdem et al. 2013 
AeroPhysics Lab U of 

Glasgow 
5 15.9 

impinging shock caused by a cowl surrounding a 
hollow cylindrical model 

FP(Kulites & PSP), IR, PIV, S 

[149] 
D. Estruch-

Samper et al. 
2012 Imperial College London 8.9 47.4 

blunted cylinder with a downstream flare 

HF(thin film), S(HS) 

[150] 
D. Estruch-

Samper et al. 
2013 Imperial College London 8.9 47.4 

FP(Kulites), HF(thin film),  

toluene PLIF, S(HS) 

[151] L. Vanstone et al. 2013 Imperial College London 8.9 47 FP(Kulites), HF(thin film), S(HS) 

[23] L. Vanstone 2015 Imperial College London 8.9 47 
blunted cylinder with a downstream flare  

and, separately, shock impingement from a cowl 
FP(Kulites), HF(thin film), S(HS) 

[152] J.B. Edelman et al. 2016 Purdue 6 12.4 

compression ramp on sharp cone subjected to 
quiet and noisy conditions 

FP(PCBs), TSP,  

HF(Schmidt-Boelter) 

[153] K.A. Gray et al. 2017 Purdue 6 10.5-12.1 OF, FP(PCBs) 

[154] 
B.C. Chynoweth 

et al. 
2017 Purdue 6 1.1-10.9 

FP(PCBs), TSP,  

HF(Schmidt-Boelter) 

[155] A. Wagner et al. 2017 DLR 7.4 6.65 
compression corner on flat plate with either a 

sharp or blunted leading edge 
P, TCs, S(HS) 

4The diagnostic abbreviations are the same as those listed in 3 at the end of Appendix A
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APPENDIX C 

NEW (STAINLESS) ACE DIFFUSER 

 

Wind tunnel diffuser design is not an exact science. As [218] describes, “the tunnel designer 

must choose a configuration that he can reasonably expect to work on the basis of previous diffuser 

studies and hope it works well in his tunnel.” An ideal diffuser would have a Mach number of 1 at 

the second minimum (resulting from upstream oblique shock reflections), and a normal shock 

downstream of this point to minimize entropy losses. For an empty test section, assuming perfectly 

uniform flow, and no viscous effects, the theoretical contour angle can be determined for a given 

second minimum streamwise position. However, getting a diffuser to perform at maximum effi-

ciency in practice is difficult because the Mach number is variable, viscous effects are prominent, 

and the optimal second minimum area depends on test section blockage; it is model dependent. 

Therefore, the ability to adjust the diffuser throat height is paramount. With this in mind, the goals 

for the new diffuser were threefold. 

Make adjustment of second minimum easier – as alluded above, there is an optimal diffuser 

throat height for each model. The throat height of the previous diffuser was modified by adjusting 

the position of nuts on a threaded rod both within and outside of the tunnel, seen in Figure C-172. 

The contours tended to be bound, so force was required to move the contour over any amount of 

distance. Accessing the rods was tedious as they had to be covered to prevent leaks. During ad-

justment, the contours appeared to bend rather than pivot. The new design keeps the throat height 

adjustment within the diffuser by fixing the contours to jacks which are secured to the floor and 

ceiling of the diffuser box. The jacks are accessed by opening a single door on the box, and bound-

ing is eliminated through use of piano hinges and rails. 
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Extend the Reynolds number range of facility – the maximum freestream Reynolds number 

using the previous diffuser was about 7M/m. Tests are often done using the same model in both 

ACE and the M6QT, which is quiet to near 11M/m. Extending the Reynolds number range in ACE 

allows for a larger overlap in Reynolds number for comparison of freestream disturbance effects. 

The previous diffuser was bolted together and was sealed with O-rings that occasionally came out 

of position. Fixing the leaks by creating a diffuser that is welded together allows for a better vac-

uum and an increase in efficiency. The present diffuser is also longer, while keeping the second 

minimum in the same location relative to the test section. This reduces the angle between the con-

tours downstream of the second minimum [218].  

Use a material suitable for nitric oxide (and nitrogen dioxide) – NO is a common flow 

seed in our laboratory. It allows for simultaneous velocimetry and thermography [219], but is toxic 

and highly corrosive. The previous diffuser was comprised entirely of carbon steel, which readily 

oxidizes in the presence of NO and NO2. The present diffuser is fully sealed and stainless. 

 

 

 

Figure C-172. Contour of old diffuser: nuts on threaded rods for throat adjustment 
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The throat height for the present diffuser is adjusted by jacks located at the second mini-

mum. These jacks are fastened to rails which allow for the streamwise kinematic motion due to 

changing contour angle with throat height; this prevents binding and bending of metal. A similar 

arrangement of rails is located at the downstream end of the diffuser. A model of the full contour 

is given in Figure C-173 and the rail assemblies are pictured in Figure C-174. The external box 

assembly is shown in Figure C-175 from both sides of the tunnel. 

 

 

 

 

 

Figure C-173. Diffuser contour assembly 

 

Figure C-174. Diffuser rail assemblies 
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 Table C-14 gives the material list. Once the parts outlined in the table were machined, the 

interior was assembled. Parts were generally fastened with 1/4-20 thread-locking screws. The ex-

ternal box was built around the contour and was welded along all seams for an airtight assembly. 

Figure C-176 displays the diffuser during fabrication in the welding shop. Figure C-177 is a picture 

of the diffuser with the jack adjustment door removed. 

 

 

 

Figure C-175. Side views of external diffuser box 
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Figure C-176. Fabrication of stainless diffuser 

 

Figure C-177. View inside diffuser from jack adjustment door 
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Table C-14. ACE diffuser material list 
 

Outside 

    

SolidWorks Part Name Material Size Quantity 

left outside wall stainless steel 100.5" x 21" x 0.25" 1 

right outside wall stainless steel 100.5" x 21" x 0.25" 1 

wall mount stainless steel 90" x 1" x 1/2" 2 

outer top and bottom stainless steel 100" x 17" x 0.25" 2 

remove wall aluminum 90" x 17" x 3/4" 1 

square stainless steel 96" x 1.5" x 0.12" thick 4 

top and bottom square stainless steel 17" x 1.5" x 0.12" thick 12 

door aluminum 17" x 10" x 5/8" 1 

aluminum cbeam aluminum 84" x 2" x 1" x 0.13" thick 2 

upstream square stainless steel 48" x 1.5" x 0.12" thick 2 

downstream square stainless steel 20" x 1.5" x 0.12" thick 2 

cbeam holes steel 26" x 3" x 1.5" x 0.25" thick 6 

window aluminum 14" x 8" x 5/8" 4 

ACE diffuser - Test section end plate stainless steel 24.5" x 20.5" x 0.50" 1 

ACE ejector - Test section end plate stainless steel 24.5" x 20.5" x 0.50" 1 

    

Inside 

Note: all interior dimensions that are 14" cannot exceed 14" and must be cut if larger 

    

SolidWorks Part Name Material Size Quantity 

Contour 

upstream plate stainless steel 58" x 14" x 0.25" 2 

upstream hinge stainless steel 14" x 3" x 0.12" thick 2 

upstream angle stainless steel 14" x 2" x 0.25" thick 2 

mid hinge stainless steel 14" x 2" x 0.090" thick 4 

middle plate stainless steel 14" x 6" x 0.25" 2 

downstream plate stainless steel 31.25" x 14" x 0.25" 2 

hinge_back stainless steel 14" x 3" x 0.12" thick 2 

last plate stainless steel 14" x 1.4" x 0.25" 2 

upstream contour sup stainless steel 52" x 1" x 1" x 0.1875" thick 8 

downstream contour sup stainless steel 22" x 1" x 1" x 0.1875" thick 8 

    

Downstream slide assembly 

back angle stainless steel 14" x 5" x 2" 2 

cart stainless steel 4 
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rail stainless steel 6" long 4 

cart plate stainless steel 12" x 6 " x 1" 2 

    

Central slide assembly 

mid base plate stainless steel 10" x 8" x 0.5" 2 

mid rail stainless steel 5" long 4 

cart stainless steel 4 

mid base jack plate stainless steel 8" x 4" x 0.5" 2 

L490 jack   2 

mid contour jack plate stainless steel 10" x 4" x 3/8" 2 
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APPENDIX D 

ACE STANDARD OPERATING PROCEDURE 

 

Starting a Work Day 

-Turn on pipe, filter, and settling chamber heaters several hours before a run. 

-Ensure compressors are set to “AUTO” and are without error. 

 

Before a Hypersonic Run 

Outside the lab: 

-Open manual 2” ball valve. 

-Switch on 2” and 4” actuators in compressor building. 

-Open ejector covers and ball valves. 

-Ensure ejector regulator heaters are on if air temperature is below 55°F. 

-Turn on Chromalox supply heater. 

Inside Lab: 

-Supply 2.4 MPa (350 psi) to ejector regulators. 

-Feed shop air to tunnel supply regulators. 

-Ensure tunnel is secure. 

-Find a second tunnel operator. 

-Warn others in the lab that a run is about to happen. 

-Open ACE knife gate valve. 

-Open manual hypersonic tunnels ball valve. 

-Verify SHR and M6QT valves are closed. 

-Open manual ACE tunnel supply ball valve.  

-Check cameras and set warning lights to yellow. 

 

Preheating the Tunnel 

-Open actuated 2” pipeline valve. 

-Switch on Chromalox heating elements. 

-Open actuated tunnel supply valve. 

-Monitor the supply and heater element temperature closely. 

-Preheat settling chamber to around 430 K for a Mach 6 run. 

-Turn off tunnel supply and allow air to bleed through tunnel. 

Immediately Prior to a Run 

-Remove tunnel preheat door and rotate model into test section. 

-Ensure data acquisition is ready. 

-Check cameras, sound warning horn, and switch lights to red. 
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Hypersonic Test Run 

-Open actuated 4” pipeline valve and switch on ejector regulators. 

-Open tunnel supply when back pressure reaches 1300 Pa (10 torr). 

-Conduct test. Tunnel can run for nearly 40 seconds. 

 -Shut down tunnel when done or when tank pressure drops below 1400 psi. 

-Switch off ejector regulators, 4” pipeline valve, and 2” pipeline valve. 

-Allow air to bleed through tunnel. 

-Close actuated tunnel supply valve. 

-Close manual ACE supply ball valve. 

-Close ACE knife gate. 

 

Shutting Down for the Day 

-Close manual hypersonic ball valve. 

-Close ejector regulator line at wall 

-Depressurize shop airline. 

-Close ejector valves and replace covers. 

-Turn off Chromalox heater. 

-Close manual 2” ball valve. 

-Turn off actuators in compressor building. 
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APPENDIX E 

MODEL PROFILOMETER SCANS 

 

A series of laser profilometer scans were conducted on the composite and wedge models 

to characterize the geometry and surface roughness. The setup is pictured below in Figure E-178. 

The profilometer assembly was secured atop an optical table and the model was placed on a pre-

vious wedge model in order for the geometry of interest to be relatively flat compared to the trav-

ersing laser. This is important because the laser range must fall within a 6 mm bound, and the laser 

is most precise near the center of the range. The profilometer has the ability to traverse near 1 m 

in its x-direction and 80 mm in its y-direction.  

 

 

 

Figure E-178. Setup of laser profilometer and model for leading-edge scans 
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 A number of scans were done on both geometries and those comparing the upstream 75 

mm of the composite and PEEK models are depicted in Figure E-179. These scans were performed 

starting at a front edge of the model, traversing across the span of the leading edge, stepping a Δy 

downstream, traversing back, and repeating downstream for the 75 mm distance. Δy was 0.5 mm 

for the PEEK model and 0.25 mm for the composite model. There were some small bands of 

readings that were clearly erroneous (NaN or extreme values) and these were smoothed with the 

remaining data. Data were not collected for the white square region in the PEEK wedge scan. The 

reason for this is not currently known. The contour maps in Figure E-179 were rotated be repre-

sentative of the wedge models near zero AOA.  
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Spanwise profiles from the above contour plots are presented in Figure E-180. 

 

Figure E-179. Leading edge contour scan of composite model (left) and PEEK model 

(right) 
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Figure E-180. Spanwise profiles of the composite model (top) and PEEK model (bottom) 
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The above figures quantitatively display the justification for a composite model. The lead-

ing edge is a significant improvement in uniformity, and the contours are directed across the span. 

The profile plots show that the measured trip height is roughly 1.8 mm, or 0.07 in. as defined. 

Surface roughness profiles were also generated for each traverse across the span. A series 

of charts showing the process for obtaining a roughness profile for scan 20 of the composite model 

(5 mm downstream of the leading edge) is given in Figure E-181. This example only considers the 

central 10 cm of the span. The raw scan was first median filtered to account for the width of the 

laser beam. A best fit polynomial (here a quadratic) was then subtracted from the profile to leave 

only model waviness and roughness. From there, a length factor – lambda – was defined to separate 

these two components; each scan was broken into segments of lambda length (0.3 mm), and the 

roughness parameters are assessed for each segment. Peak-to-valley roughness height and RMS 

roughness as a function of streamwise position on the model are plotted in Figure E-182. The peak-

to-valley values are roughly three times the RMS for all scans, as expected. The peak-to-valley 

roughness hovers near 4 microns for the composite model, which was lightly polished, compared 

to around double that for the machine finished PEEK. A more thorough description of this process 

and the roughness parameters is presented in [220].   
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Figure E-181. Scan processing sequence to obtain surface roughness (composite model) 

 

Figure E-182. Average roughness for composite model (left) and PEEK model (right) 
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APPENDIX F 

FLIR SC8100 IR CAMERA CALIBRATION 

 

Precise measurement of surface temperature was imperative for this campaign. The 

SC8100 has a factory calibration, but it gives no consideration for experimental setup, most nota-

bly, measuring irradiance through a 9.5 mm (3/8 in.) thick zinc selenide window. Therefore, an in 

situ calibration was performed on the IR camera.  

The setup consisted of a high emissivity flat black aluminum calibration plate (from FLIR), 

resting on a hot plate and propped to the center of the test section. The camera was directed through 

the IR transmissive window from above the plate (Figure F-183) at different heights depending on 

which lens was used (plate was put into focus). The camera was wrapped in a cloth to minimize 

reflections from the room. A Type K thermocouple was mounted on the surface of the plate and 

connected to a DMM to read out the temperature. This readout was verified to be accurate by first 

measuring the temperatures of ice water and boiling water, which indicated 0.3° C and 100.0° C, 

respectively.  

The calibration plate was slowly heated and points were only recorded when its tempera-

ture reached a steady value. A typical calibration from 20° C to 140° C took around 45 minutes to 

complete. The FLIR ResearchIR software was used for the calibration. The temperature readout 

from the DMM was input into the software at user-defined times. The measured temperatures were 

matched to camera counts (on a segment of the plate near the thermocouple) for 4 predefined 

integration times (1 ms, 2 ms, 4 ms, and 8 ms exposures). The radiance value is a value that is 

automatically generated by the software based on the input temperature and user-defined emissiv-

ity.  
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 Several methods for calibration were used prior to the final approach that was found to give 

consistent results. The first approach was to tape the thermocouple onto the plate using Kapton 

tape, which is rated to 260° C, well above what was needed for the calibration. A piece of silicone 

with adhesive backing was secured on top to reinforce the hold. At first glance, the calibration 

curves looked reasonable as there were no discontinuities in the temperature vs counts curve. How-

ever, after the calibration was finished, rearranging the thermocouple wire caused the reading to 

increase by roughly 5° C.  That prompted the second approach which involved weighing down the 

junction onto the plate using the stainless cylinder on the right of Figure F-184. After that calibra-

tion, the cylinder was removed and the junction rotated, again causing a rise in the displayed tem-

perature.  

 

 

Figure F-183. IR camera calibration setup 
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The theory for this increase was that the temperature measured throughout the calibration 

was too low since only one side of the thermocouple junction was in contact with the plate and the 

other parts were either in contact with surrounding air or the tape, both of which were cooler than 

the surface of the plate. Therefore, rotating the junction on the hot surface after the calibration 

exposed the other sides of that bead to higher temperatures, which increased the displayed temper-

ature. 

The final mounting method involved drilling a hole into the plate, angled to the surface, as 

draw in Figure F-185. The thermocouple was then positioned in the hole and carefully backfilled 

with solder. Care was taken to not create a second junction. Slow, meticulous calibrations were 

even more critical (minimize temperature gradients through the calibration plate) for this configu-

ration since the thermocouple was below the surface. 

 

Figure F-184. Thermocouple taped to calibration plate (left) and held down by stainless 

cylinder (right) 
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Calibrations were performed with the imbedded thermocouple using both the 17 mm and 

50 mm lenses through two different (nominally identical) IR windows. Most calibrations were 

performed with the camera directed at the calibration plate surface but several were done at view-

ing angles of either 20 or 30 degrees. Figure F-186 plots all calibrations for the 1 ms exposure 

time. Note that the minimal variability in the data despite different windows and lenses.  

 

Figure F-185. Port for thermocouple in calibration plate. Dimensions are in mm 
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The tables give all of the calibrations for all of the exposure times tested. 

06T3 - "New 3-O6". Unused window and 17mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

33.7 8693.2 4478 2335.4 1303.1 

56.2  8252.6 4244.6 2342 

65.8  10603.2 5440.9 2993.9 

74.7  13314.1 6830 3755 

104.7   13780.5 7591.3 

126.8    12067.2 

130.5    13018.8 

137.3    14816.9 

 

06T4 - "Zoom 1-O6". Used window and 50mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

 

Figure F-186. Calibration points for all calibrations. Slight deviation only observed in 

O7T4, which was a 30° viewing angle 
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27.2 7224.2 3739.4 1962.8 1100.2 

33 8422.7 4346.1 2267.2 1265.4 

39.8 10179.6 5233.8 2714.6 1508.8 

45.9 12057.2 6179.7 3194 1769.6 

51.8 14158.1 7257.8 3736.8 2063.3 

56.4  8200.3 4220.4 2326.3 

61  9274.8 4764.5 2622.2 

65.7  10484.8 5380.6 2955.5 

78.7  14523.2 7457.6 4095.4 

82.1   8114.9 4455.3 

88.7   9479.5 5205.1 

91.9   10209.4 5608.8 

99.8   12204.2 6706.1 

106.3   14084.8 7754.2 

117    9729.2 

127.6    12066.5 

130.2    12714.6 

135.5    14105.2 

138.9    15034.7 

141.5    15785 

 

07T1 - "Zoom 2". Used window and 50mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

19.2 5476.3 2857.5 1520.6 858.4 

27.5 7000.8 3622.8 1905.6 1067.3 

34.2 8494.7 4375.9 2284.3 1272.8 

40.6 10200.9 5244.6 2718.8 1508.6 

51.2 13695.1 7012.2 3614.1 1995.1 

55.9  7972.3 4102.8 2260.5 

60.3  8972.2 4610.7 2536.3 

64.6  10052.5 5156.5 2832.8 

69  11281.7 5779.2 3172.8 

78.5  14318 7343.9 4029.2 

82.2   8033.5 4404.9 

90.9   9897.3 5429.8 

94.5   10764.5 5906.5 

102.2   12816 7037.4 

108   14539.3 8004.8 

115.3    9373 
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128.2    12195.2 

130.9    12906.2 

133.4    13540.6 

138.2    14837.2 

139.9    15332.8 

 

07T2 - "Zoom 3". Used window and 50mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

25 6690.5 3464.1 1826.9 1025.1 

31.8 8101.9 4178.6 2184.4 1220.1 

38.3 9699.2 4992.3 2593.6 1442.8 

44.1 11421.7 5862.6 3029.3 1679.5 

49.5 13265.8 6791.7 3500 1936.4 

54.8  7842.3 4033.7 2226.2 

66.4  10655.2 5465.7 3006.5 

85.7   8843 4860.5 

89.8   9737.2 5353.7 

92.8   10430.3 5735.7 

98.8   11960.5 6581.9 

101.7   12778.4 7030.5 

109.5    8344.9 

123.8    11248.2 

127.2    12062 

129.2    12575 

138    14918.4 

141    15764 

 

07T3 - "Zoom-20deg". Used window and 50mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

20 5680.8 2963.4 1573 886.7 

27.7 7083.5 3664.9 1925.4 1079.9 

33.9 8464.4 4362.9 2275.8 1271.6 

40 10063.8 5175.3 2681.2 1493.1 

45.7 11820.8 6056.7 3128.1 1737.3 

50.6 13543.9 6938.1 3574.7 1980.9 

55.1  7834.3 4021.6 2226.3 

60.7  9102.9 4670.6 2580.5 
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65.6  10351.3 5302.2 2927.5 

75.1  13200.9 6759.7 3730 

80.6   7752.9 4277.4 

88.7   9403.5 5191.4 

94.7   10824.2 5981.7 

98.3   11738.2 6489.1 

114.1   14969.5 9191.4 

122    10839.7 

124.8    11458.3 

131    12982.2 

135.1    14058.9 

136.5    14478.1 

138.8    15098 

 

07T4 - "Zoom-30deg". Used window and 50mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

25 6620.2 3417 1810.8 1009.3 

31.7 8011.8 4127.3 2163.8 1189 

51.4 13945.8 7155.1 3682.9 1963.2 

56.5  8233.6 4218.4 2235.8 

63.9  10030.3 5131.3 2700.1 

67.6  11060.1 5650.5 2965.5 

81.4  15645.4 7976.9 4159.3 

85.4   8808.5 4585.7 

100.4   12448.9 6463.2 

110.4   15484.1 8051.2 

119.3    9717.1 

126.5    11240.9 

128.7    11719.5 

135.7    13450.7 

139.1    14367.3 

 

08T1. Used window and 17mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

18.9 5449 2846.1 1514.3 854.6 

26.7 6837.2 3541 1863.3 1043.2 

33.6 8353.6 4307.3 2249.2 1251.5 
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39.6 9913.6 5092 2644.5 1465.2 

45.3 11655.2 5975.9 3087.3 1704.8 

50.4 13437.2 6877.4 3544.6 1951.7 

55.5  7915.3 4069.1 2234.9 

60.2  8969.7 4613.2 2529.6 

65.1  10217.9 5245 2871.6 

74.2  12902.7 6622.7 3619.6 

78.2  14211.4 7307.2 3993.8 

82.4   8115.2 4432.8 

93.5   10536 5757.4 

96.5   11290 6171 

102.3   12876.6 7041.8 

105.5   13794.6 7553.6 

114    9072.1 

128.8    12321.8 

133.5    13494.2 

135.6    14071.8 

137.6    14629.1 

139.2    15058.7 

 

08T2. Used window and 17mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

20.1 5654.8 2948.9 1566.1 882.4 

26.8 6863.9 3557.7 1869.9 1046.8 

33.9 8447.3 4348 2270.9 1263.1 

40.1 10076.8 5177.1 2684.8 1486.4 

45.9 11905.4 6092.6 3151.4 1737.3 

47.8 12600 6451.5 3332.6 1835.2 

52.8 14431.7 7386.5 3807.1 2090.8 

58  8498.4 4372.5 2395.7 

63.5  9824 5050.2 2761.4 

74.5  13038.5 6691 3651.1 

87.9   9271.2 5057.6 

96.8   11377.1 6208.3 

105.4   13804.6 7540.6 

114.1    9077.9 

126.8    11799 

132.5    13224.7 

137.8    14617.7 
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139.5    15094.8 

 

08T3 - "New 4-O8". Unused window and 17mm lens. 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

23.3 6490.8 3367.4 1775.8 997.4 

29.3 7681.4 3961.1 2076.1 1159.4 

36 9271.8 4761.5 2478.4 1377.6 

42.8 11205.2 5740.4 2969.7 1643.1 

55.1  8014.8 4125.4 2268.3 

60.1  9151 4694 2576.1 

70.6  12019.3 6157.9 3370.4 

78  14447.9 7411.6 4054 

81.5   8079.5 4419.8 

101.1   12723.4 6964.1 

107.7   14639.5 8037.6 

118.8    10163.6 

128.8    12475.9 

137.1    14651.7 

138.3    14994.4 

 

Old calibration used for SciTech 2017 

Temperature Counts 

 8 ms 4 ms 2 ms 1 ms 

22.1 6089.3 3166.4 1815.9 1020 

25 6754.9 3504.3 2004.7 1114.6 

28 7132.9 3691.1 2105.1 1164.7 

31 7970.7 4120 2344.4 1284.3 

34 8469.8 4354.8 2470.7 1347.9 

37 9373.8 4801.8 2719.2 1472.3 

40 9929.6 5092.1 2874.8 1550.3 

43 10993.9 5587.3 3162.7 1694.3 

46 12132.4 6177.8 3483.2 1854.2 

49 13115.1 6656.6 3754 1989.8 

52 14068.4 7226.5 4061.4 2127.3 

55 14901.9 7646.1 4286.9 2256.4 

58  8209.1 4605.8 2415.9 

61  8738 4888 2557 

64  9485.4 5305.6 2766.1 
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67  10119.6 5661.9 2944.9 

70  10297.7 5748.1 2988.4 

73  11421.7 6397.7 3315.7 

76  12530.3 7024.3 3630.1 

79  13245.9 7429.7 3834.9 

82  14348.7 8045.2 4145.4 

85  14949 8439.2 4344.3 

88   9117.1 4686.6 

91   9555.8 4908.8 

94   10539.5 5407.5 

97   11160.5 5721.6 

100   11937.2 6117.1 

103   12700.2 6503.8 

106   14613.1 7481.8 

109   16050.2 8263.3 

112    8784.6 

115    9324.6 

118    10041.6 

121    10714.9 

124    11424.9 

127    12078.9 

130    12925 

133    13550.2 

136    14484.8 

139    15291.6 

141    15799.7 
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APPENDIX G 

CAMPAIGN RUN LOG 

 

Run # Date Test Description/Notes Diagnostics 

First Model: Flat Plate at angle of attack. Span swept back at the Mach angle. Diffuser Height = 7.0" 
M=6.05@ Re =3.5M/m , M=5.89@ Re=7.8M/m 

2814 24/Nov/2015 
Model mounted at -1.9° AOA. Reynolds number sweep 3.5-
7.8M/m.    

Schlieren (Nikon) 

2815 24/Nov/2015 
AOA of -1.9°. Re near 4.3M/m. First oil flow taken. Oil band applied 
parallel to leading edge.  

Oil Flow Visualization 

2816 25/Nov/2015 
Similar to 2815. Re near 5.2M/m. Too much oil applied initially. 
Swirls are evident and streamlines are not straight back. 

Oil Flow Visualization 

2817 30/Nov/2015 
Oil flow with rows of dots. Re held constant near 4.9M/m. Video 
taken. 

Oil Flow Visualization 

2818 1/Dec/2015 
Repeated 2817. Re held near 4.8M/m. Streamlines on edges of 
plate are pulled over by the lower pressure of the bottom surface. 

Oil Flow Visualization 

2819 16/Dec/2015 
Plate now shimmed to -1.1° AOA. Re held near 4.8M/m. Similar but 
less extreme curvature in oil pattern streamlines compared to 
2814-2818. 

Oil Flow Visualization 

2820 20/Jan/2016 
Shimmed to -1.1° AOA. Re near 4.5M/m. 3" Velcro trip centered on 
the span and near the leading edge. Heat streaks are evident 
downstream. 

SC8100 

2821 21/Jan/2016 
Shimmed to -1.1° AOA. Re near 4.3M/m. Velcro trip spanning and 
near the leading edge. Streak pattern recorded. 

SC8100 

2822 21/Jan/2016 
Shimmed to -1.1° AOA. Re near 4.3M/m. No Velcro. No discernable 
streak pattern in the IR. 

SC8100 

Second Model: 1.3-degree aluminum wedge model 

2834 16/Feb/2016 
Aluminum 1.3-degree wedge. Re held near 3.4M/m. Oil streaks 
traveled downstream with little influence from model edge. 

Oil Flow Visualization 

Third Model: 1.3-degree PEEK wedge model. Diffuser Height = 7.0" 
M = 6.09@ Re=2.8M/m, M=5.94@ Re = 6.7M/m 

2847 20/Apr/2016 

Wedge with 3-D printed polycarbonate trip insert in the back plug. 
Trip height = 0.17". 1 trip every 0.25" on span. Smooth insert in 
front trip port. Started tunnel at Re=3.5M/m, held, then swept up 
to 5.7M/m and held. 

SC8100, Schlieren (Nikon) 

2848 21/Apr/2016 
Wedge with same trip insert in the front port. Smooth insert in 
downstream port. Started tunnel at Re=3.6M/m, held, then swept 
up to 5.8M/m and held. 

SC8100, Schlieren (Nikon) 

2849 21/Apr/2016 
Wedge with RP poly trip insert in rear port. Smooth insert in front. 
Started tunnel at 3.5M/m, held, then swept up to 5.6M/m and 
held. 

SC8100, Schlieren (Nikon) 

2850 26/Apr/2016 
Schlieren video of wedge with both sets of trips in place. Started at 
3.6M/m, then driven up to 5.8M/m and held. 

Schlieren (Nikon) 



 

313 

 

2851 26/Apr/2016 
Oil flow of wedge with both sets of trips. Re sweep from 3.5 to 5.4 
M/m. 

Oil Flow Visualization 

2855 29/Apr/2016 

Wedge run with new IR window. Re held constant near 3.3M/m. 
Camera view through top middle window looking forward. Camera 
positioned near tunnel using 17-mm lens. Viewing area from first 
trip to 7.5" behind rear trip (which is also 7.5" measured up from 
the back edge). Both trips. 

SC8100 

2856 2/May/2016 
Re held near 7.0M/m. Camera view through top middle window 
looking upstream. Both trips. 

SC8100 

2857 2/May/2016 
Re held near 6.5M/m. Middle window looking downstream. Can 
see from 2.5" to 11" from the back edge. Both trips. 

SC8100 

2858 3/May/2016 
Re held near 6.9M/m. Camera directed straight down the down-
stream window. Can see from back edge to 5.5" up from back. Tur-
bulent front or some edge effect on downstream edge? Both trips.  

SC8100 

2859 5/May/2016 
Re held near 6.5M/m. Rear window looking straight down. Can see 
from back edge to 5.5" up from back. New 0.07" height trips with 
same 0.25" spacing in both trip ports. 

SC8100 

2860 6/May/2016 
Re held near 3.2M/m. Rear window looking straight down. Can see 
from back edge to 5.5" up from back. Same trips as 2859. 

SC8100 

2862 6/May/2016 
Re held near 4.8M/m. Rear window looking straight down. Can see 
from back edge to 5.5" up from back. Same trips. 

SC8100 

2863 11/May/2016 
Re held near 6.3M/m. Rear window looking straight down. Only 
front set of 0.07" height trips in place. 

SC8100 

2864 12/May/2016 
Re held near 6.5M/m. Rear window looking straight down. Same 
trips. 

SC8100 

2865 12/May/2016 
Re held near 6.5M/m. Middle window looking straight down. Same 
trips. 

SC8100 

2866 12/May/2016 
Re held near 6.4M/m. Front window looking straight down. Same 
trips. 

SC8100 

2867 13/May/2016 
Re near 6.7M/m. No trips. Camera straight through front window. 
Symmetric, hotter, streaks from leading edge still evident. 

SC8100 

2868 13/May/2016 
Re near 6.6M/m. No trips. Camera straight through middle win-
dow. Streaks continue back. 

SC8100 

2869 17/May/2016 

Re stepped and held at 3.3, 5.0, 6.4 M/m for ~8 sec at each. Cam-
era focused on leading edge of wedge to see start of heat streaks. 
Streaks identified as potentially coming from machining lines on 
wedge 5.2" apart. Unclear why these cause such elevated heating 
over other machining lines.  

SC8100 

First Cylinder Runs 

2870 20/May/2016 

Re stepped 3.4, 5.1, 6.3 M/m. A 0.75" diameter, 1.25" tall wooden 
dowel spray painted black was superglued to a position ~2.1" from 
the leading edge. It was positioned 0.5" toward the centerspan 
from one of the hot streaks. Camera was moved closer to tunnel 
for most zoomed look. 

SC8100 

2871 20/May/2016 
Re stepped 3.4, 4.7, 6.6 M/m. Wedge model was shifted down-
stream in tunnel about an inch (door was rotated so windows 
would be at back of wedge). 

SC8100 

2877 31/May/2016 
Re = 2.8, 3.4, 4.4, 6.7 M/m. 0.75" wooden dowel superglued 10.5" 
downstream from leading edge centered on span. No trips. 

SC8100 
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2878 31/May/2016 
Re = 2.8, 3.2, 4.3, 6.4 M/m. First set of short (0.07"), 0.25" spaced 
trips in front port. 

SC8100 

2879 1/Jun/2016 
Re = 2.9, 3.3, 4.3, 6.7 M/m. Same trips, but with a 1.25" diameter, 
1.25" tall wooden dowel. 

SC8100 

2880 1/Jun/2016 Re = 2.8, 3.3, 4.5, 6.5 M/m. Same 1.25" cylinder, but with no trips. SC8100 

Mach number change. Additional shims measure 0.084" 
M=7.58@ Re=2.4M/m, M=7.28@ Re=4.3M/m 

2881 2/Jun/2016 

Same config as 2880. Attempted change to Mach 7. Felt leak on up-
per right side of settling chamber nozzle junction during preheat. 
Went through with run. Mach number closer to 7.5. Tunnel started 
near 3.8 M/m, then swept down to 2.4 and stepped to 3.4, and 4.3 
M/m.  

SC8100 

Mach number change. Additional shims measure 0.094" 
M=7.06@ Re=3.2M/m, M=6.66@ Re=6.4M/m 

2884 6/Jun/2016 Redid run 2881 at new throat settings. Re = 3.2, 3.6, 5.0, 6.4 M/m. SC8100 

2885 7/Jun/2016 
1.25" cylinder positioned 10.5" from leading edge. With same trip 
array. Re stepped 3.1, 3.5, 5.1, 6.3 M/m.  

SC8100 

2886 7/Jun/2016 
Re = 2.9, 3.6, 4.9, 6.2 M/m. Configuration with trips and 0.75" di-
ameter dowel.  

SC8100 

2887 7/Jun/2016 Re = 3.0, 3.6, 5.0, 6.5. Same 0.75" cylinder, but with no trips. SC8100 

2888 20/Jun/2016 
Cylinder moved downstream on wedge to 16.5" from the LE, cen-
tered on span. No trips. Re = 3.3, 3.8, 5.1, 6.7 M/m. 

SC8100 

2889 20/Jun/2016 
0.75" diameter cylinder with front set of short, closely spaced trips. 
Re = 3.1, 3.6, 5.2, 6.6 M/m. 

SC8100 

2890 21/Jun/2016 1.25" cylinder with front set of trips. Re = 3.1, 3.7, 5.2, 6.6 M/m. SC8100 

2891 21/Jun/2016 Same config as 2890. Re = 3.0, 3.7, 4.9, 6.6 M/m. SC8100 

2892 21/Jun/2016 1.25" cylinder with no trips. Re = 3.0, 3.5, 5.0, 6.6 M/m.  SC8100 

2898 18/Jul/2016 
Front row of trips and no cylinder. IR camera at rear window. Some 
streaks form at the end of run (higher Re) on left side in the line 
with a machine mark at front of wedge. Re = 3.0, 3.5, 4.9, 6.4 M/m. 

SC8100 

New Diffuser Installation. Diffuser Height = 7.0" 
M=7.00@ Re=3.2M/m 

2945 17/Oct/2016 

Mach 7 Runs with 1.3° half angle wedge and cylinder shock genera-
tor. Runs were conducted at a settling chamber total pressure 60-
65 psi (Re near 3.3M/m.) The temperature increased throughout 
each run. The front edge of the cylinder was 12" downstream of 
the leading edge with the front set of trips installed (0.07" tall, 
0.25" spaced trips). 

Oil Flow Visualization 

2946 17/Oct/2016 
Previous run repeated with less oil, and blacklights directed on up-
stream influence for better recording with Nikon. Re near 3.2M/m. 

Oil Flow Visualization 

2947 18/Oct/2016 Same cylinder position with no trips. Re near 3.3M/m. Oil Flow Visualization 

2948 18/Oct/2016 
Front of cylinder 18" from leading edge with trips. Upstream influ-
ence not as defined as previous. Re near 3.2M/m. 

Oil Flow Visualization 

2949 19/Oct/2016 
Front of cylinder 15" from the leading edge. Upstream influence re-
turns. Re near 3.1M/m.  

Oil Flow Visualization 

Mach number change. Nozzle O-rings replaced. Additional shims measure 0.172" 
M=5.89@ Re=5.0M/m, M=5.82@ Re=7.0M/m 
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2957 7/Nov/2016 

Mach 6 Runs with 1.3° half angle wedge and 0.75" diameter, 2.25" 
tall cylinder shock generator. Cylinder positioned 15" from the 
leading edge. Re held constant at 5.1M/m. Front trips ~1 boundary 
layer thickness between each trip (spacing of 0.25") and ~60% BL 
height (0.07").  

Oil Flow Visualization 

2958 8/Nov/2016 
Re held at 4.9M/m. Front trips ~2 boundary layer thicknesses be-
tween each trip (spacing of 3/8") and ~60% BL height (0.07").  

Oil Flow Visualization 

2959 11/Nov/2016 
Front of cylinder shock generator move up to 12" from leading 
edge of wedge. Re = 5.0M/m. Front trips ~2 boundary layer thick-
nesses between each trip and ~60% BL height (0.07"). 

Oil Flow Visualization 

2960 13/Nov/2016 
Front trips ~1 boundary layer thickness between each trip and 
~60% BL height (0.07"). Pressure ramp up until unstart at 8.3M/m. 

Oil Flow Visualization 

2961 13/Nov/2016 
Front trips ~1 boundary layer thickness between each trip and 
~60% BL height (0.07"). Ramp up to 7.6M/m and tried to hold con-
dition. Only held for 2 seconds (maybe tape). 

Oil Flow Visualization 

2962 14/Nov/2016 
Front trips ~1 boundary layer thickness between each trip and 
~60% BL height (0.07"). Similar test but tunnel was not able to hold 
condition at Re = 7.8M/m. 

Oil Flow Visualization 

2963 14/Nov/2016 
Front trips ~1 boundary layer thickness between each trip and 
~60% BL height (0.07"). Held condition at 7.0M/m for 15 seconds 
until intentional unstart of the tunnel by closing supply ball valve. 

Oil Flow Visualization 

2964 17/Nov/2016 
Re held at 5.3M/m. Front trips ~3 boundary layer thicknesses be-
tween each trip (0.5" spacing) and ~60% BL height (0.07").  

Oil Flow Visualization 

2965 17/Nov/2016 
Re held at 7.1M/m. Front trips ~3 boundary layer thicknesses be-
tween each trip and ~60% BL height (0.07"). 

Oil Flow Visualization 

2966 18/Nov/2016 
Re held at 7.1M/m. Front trips ~4 boundary layer thicknesses be-
tween each trip (5/8" spacing) and ~60% BL height (0.07"). Ptot = 
93psi.  

Oil Flow Visualization 

2967 18/Nov/2016 
Re held at 4.8M/m. Front trips ~4 boundary layer thicknesses be-
tween each trip and ~60% BL height (0.07"). 

Oil Flow Visualization 

2968 20/Nov/2016 

Front trips ~4 boundary layer thicknesses between each trip and 
~30% BL height (0.035"). Failed run - ejector regulator seemed 
stuck. Unscrewed both covers and regulator pistons/ packing nuts 
seemed fine. Determined it was just cold and raining - Heated bags 
of rice were added for future runs conducted when outside tem-
perature was below 55⁰F. 

Oil Flow Visualization 

2969 20/Nov/2016 
Re held at 4.9M/m. Front trips ~4 boundary layer thicknesses be-
tween each trip and ~30% BL height (0.035"). 

Oil Flow Visualization 

2970 20/Nov/2016 
Re set to 7.3M/m. Front trips ~4 boundary layer thicknesses be-
tween each trip and ~30% BL height. Failed run - tunnel unstarted 
as tape came off bottom of wedge and off tunnel floor. 

Oil Flow Visualization 

2971 20/Nov/2016 Same as 2970 but worked. Re held at 7.0M/m. Oil Flow Visualization 

2972 21/Nov/2016 
Re held at 4.9M/m. Front trips ~3 boundary layer thicknesses be-
tween each trip and ~30% BL height (0.035"). 

Oil Flow Visualization 

2973 21/Nov/2016 
Re set to 7.3M/m. Front trips ~3 boundary layer thicknesses be-
tween each trip and ~30% BL height (0.035"). Failed run (tape). 

Oil Flow Visualization 

2974 21/Nov/2016 
Re set to 7.5M/m. Front trips ~3 boundary layer thicknesses be-
tween each trip and ~30% BL height. Failed run (unstarted - not 
sure why). 

Oil Flow Visualization 
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2975 21/Nov/2016 
Re held at 7.0M/m. Front trips ~3 boundary layer thicknesses be-
tween each trip and ~30% BL height.  

Oil Flow Visualization 

Diffuser height change - 8.0" now 

2984 23/Nov/2016 

Re held at 7.1M/m. Wedge with 5/8" cut off each side (checking for 
sidewall and sting influence elimination) with front trips ~3 bound-
ary layer thicknesses between each trip (0.5" spacing) and ~60% BL 
height (0.07"). Cylinder was placed 12" from the leading edge.  

Oil Flow Visualization 

2985 25/Nov/2016 
Re held at 5.0M/m. Front trips ~3 boundary layer thicknesses be-
tween each trip and ~60% BL height (0.07"). Cylinder was placed 
12" from the leading edge.  

Oil Flow Visualization 

2986 25/Nov/2016 
Stepped Re = 3.3, 4.9, 7.0. Front trips ~3 boundary layer thick-
nesses between each trip and ~60% BL height (0.07"). Cylinder 12" 
from LE. 

SC8100 

2987 26/Nov/2016 
Stepped Re = 3.5, 5.2, 7.3. Front trips ~3 boundary layer thick-
nesses between each trip and ~60% BL height (0.07"). Cylinder was 
removed.  

SC8100 

Diffuser height change - 7.125 now - SciTech 2017 runs 
M=6.02@ Re=3.0M/m, M=5.87@ Re=7.0M/m 

3007 17/Dec/2016 

Instrumented wedge (2 PCB 132A31 sensors and 2 Kulite XCE-062-
15A sensors). Sampled at 1MHz. PCBs filtered at 500kHz, Kulites at 
100kHz. Model with no trips, no cylinder. Re sweep from 2.9 down 
to 1.9 up to 6.7 M/m.  

SC8100, PCBs, Kulites 

3008 17/Dec/2016 
Instrumented Wedge, w=2*delta (1 delta btw each trip) 
h=0.6*delta trips, no cylinder. Re sweep from 2.7 to 2.0 to 6.7 
M/m. 

SC8100, PCBs, Kulites 

3010 19/Dec/2016 
Instrumented Wedge, trips and 0.75" diameter, 2.25" tall cylinder. 
Re sweep from 2.7 down to 2.0 up to 7.3 M/m.  

SC8100, PCBs, Kulites 

Mach number check 
M=5.91@ Re=3.0M/m, M=5.77@ Re=6.7M/m 

3046 16/May/2017 

PEEK wedge. Closely spaced w=2*delta (1 delta btw each trip), 
h=0.6*delta pizza box trips in front wedge insert. Reynolds number 
sweep from 3.0 to 1.8 to 6.9 M/m. No leading-edge separation ob-
served. 

Schlieren (Nikon) 

3047 16/May/2017 
Re sweep from 3.0 up to 6.7 M/m. No signs of leading-edge separa-
tion. 

Schlieren (Olympus) 

3048 17/May/2017 

Re sweep from 3.0 up to 6.7 M/m. Door was reversed and addi-
tional mounting holes were drilled in the bottom of the model to 
look at the cylinder/boundary layer interaction. Cylinder was 16" 
downstream of LE. Video captures later part of run with 
Re>=6M/m. Shock structure and separation scale look close to 
those for a turbulent SBLI. 

Schlieren (Olympus) 

3049 17/May/2017 

Reynolds number sweep from 2.9 to 5.1 down to 1.8 M/m. Looking 
at SBLI. Cylinder is 15.5" downstream of LE. Video captures part of 
run with Re~=4M/m. Shock structure looks to be on laminar side of 
transitional - extends much farther upstream than Run 3048. 

Schlieren (Olympus) 

3050 18/May/2017 
Reynolds number sweep from 3.3 to 6.8 M/m. Cylinder is 15.5" 
downstream of LE. Video captures part of run with Re>=6M/m. 
Shock structure looks close to turbulent. 

Schlieren (Olympus) 

3051 22/May/2017 Reynolds number sweep from 3.2 up to 7.1, down to 2.7 M/m. Cyl-
inder is 15.5" downstream of LE. Video captures entire run at 500 

Schlieren (Fastcam SA-Z) 
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frames per second. Shutter speed is 1/800000 sec. Shock structure 
is directly influenced by the changing Re. 

3052 23/May/2017 

Closely spaced trips removed and blank inserted. Re sweep from 
3.2 to 7.0 to 1.7 M/m. Cylinder is 15.5" downstream of LE. Video 
captures entire run at 500 frames per second. Shutter speed is 
1/800000 sec. Shock structure characteristic of laminar BL. Partial 
tunnel unstart in viewing area (did not reach static pressure tap) in 
the middle of run as pressure began ramping down. 

SC8100, Schlieren (Fastcam 
SA-Z) 

3053 23/May/2017 

Blank still in both trip ports. Re held near 4M/m. Cylinder is 15.5" 
downstream of LE. Captured just over a second of runtime at 60k 
fps. Video shows 300 consecutive frames of that run spanning 5ms. 
Shutter speed is 1/800000 sec. Shock structure characteristic of 
laminar SBLI. Shocks/disturbance waves seem to propagate up-
ward, away from the BL, until they meet the UI shock. 

Schlieren (Fastcam SA-Z) 

3054 23/May/2017 

Closely spaced trips reinserted into upstream trip port. Reynolds 
number held near 4.5M/m. Cylinder is 15.5" downstream of LE. 
Captured just over a second of runtime at 60k fps. Video shows 300 
consecutive frames of that run spanning 5ms. Shutter speed is 
1/800000 sec. Shock structure still characteristic of laminar BL 
(maybe onset of transitional, but interaction region did not seem to 
change much).  

Schlieren (Fastcam SA-Z) 

3055 24/May/2017 

Closely spaced trips. Reynolds number held near 5.7M/m. Cylinder 
is 15.5" downstream of LE. Captured just over a second of runtime 
at 60k fps. Video shows 300 consecutive frames of that run span-
ning 5ms. Shutter speed is 1/800000 sec. Shock structure transi-
tional/turbulent.  

Schlieren (Fastcam SA-Z) 

3056 24/May/2017 

Closely spaced trips. Reynolds number held near 5.1M/m. Cylinder 
is 15.5" downstream of LE. Captured just over a second of runtime 
at 60k fps. Video shows 300 consecutive frames of that run span-
ning 5ms. Shutter speed is 1/800000 sec. Shock structure transi-
tional with a larger upstream influence than Run 3055. 

Schlieren (Fastcam SA-Z) 

3057 26/May/2017 

No trips. Re held near 5.3M/m. Cylinder is 15.5" downstream of LE. 
Captured just over a second of runtime at 360k fps. Reduced reso-
lution of 512 x 64. Shutter speed is 1/800000 sec. Laminar BL shock 
structure - rectangle focuses on region just below UI shock. Video 
shows 720 consecutive frames (2ms). Looking at upward move-
ment of disturbance waves. 

Schlieren (Fastcam SA-Z) 

3058 28/May/2017 

Closely spaced trips reinserted into upstream trip port. Used green 
LED as light source. Reynolds number held near 6.7M/m. Cylinder is 
15.5" downstream of LE. Captured just over a second of runtime at 
60k fps. Resolution of 896 x 368. Shutter speed of 1/4032000 sec. 
Near turbulent shock structure. First 300 frames saved at 10fps. 

Schlieren (Fastcam SA-Z) 

3059 28/May/2017 

Closely spaced trips. Reynolds number held near 6.5M/m. Cylinder 
is 15.5" downstream of LE. Captured just over a second of runtime 
at 60k fps. Resolution of 896 x 368. Shutter speed of 1/6300000 
sec. Near turbulent shock structure. First 300 frames saved at 
10fps. More contrast in BL. 

Schlieren (Fastcam SA-Z) 

3060 28/May/2017 

PEEK wedge. Closely spaced trips reinserted into upstream trip 
port. Used green LED as light source. Re held near 6.3M/m. Cylin-
der is 15.5" downstream of LE. Captured just over 2 seconds of 
runtime at 288k fps. Resolution of 256 x 128. Shutter speed of 
1/6300000 sec. Near turbulent shock structure. First 300 frames 
saved at 10fps. More contrast in BL. Screw is 3/4" x 1/4"-20 SHCS. 

Schlieren (Fastcam SA-Z) 
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Tunnel supply regulator serviced. Initial chatter but settled down by these runs 
Fourth Model:  Composite Wedge Model on new removable door. Diffuser height = 7.9" 

Initial runs (3206-3248) with a 0.5" diameter, 2" tall Teflon cylinder 
Runs (3249-end) used the familiar 0.75" diameter, 2.25" tall cylinder 

M=5.88@ Re=3.5M/m, M=5.71@ Re=9.6M/m 

3203 9/Oct/2017 

Oil flow on new composite wedge mounted on new door. No trips 
and an initial band of 50cs orange pigment oil painted right on 
leading edge. Re of 6.2M/m held for 3 seconds before unstart. Oil 
did not make it back past the second trip/plasma location. Need 
more bands/streaks of oil and longer run time. 

Oil Flow Visualization 

3204 10/Oct/2017 
Reynolds number bounds test run. Tunnel stayed started to 118 
psia (9.6M/m). 

n/a 

3205 10/Oct/2017 
Held tunnel at 88 psi (Re=6.9M/m) for 12 seconds before manually 
close ACE supply ball valve to kill flow. 

Oil Flow Visualization 

3206 11/Oct/2017 
Added 0.5" diameter, 2" tall cylinder and ran at 30 psia (Re = 
2.4M/m). Held the condition for 20s. 

Oil Flow Visualization 

3207 11/Oct/2017 
Tried to run the same config at Re=7.0M/m. Tunnel unstarted after 
12s.  

Oil Flow Visualization 

Start of a series of diffuser height change runs to optimize for the cylinder configuration 

3208 12/Oct/2017 
Diffuser height changed to 8.125". Ramped tunnel up to 7.4M/m. 
Tunnel unstarted after 2 seconds.  

Oil Flow Visualization 

3209 12/Oct/2017 
Diffuser height changed to 7.75". Ramped tunnel up to 7.1M/m. 
Tunnel unstarted after 9 seconds. 

Oil Flow Visualization 

3210 12/Oct/2017 

Diffuser height changed to 7.6". Ramped tunnel pressure up to 88 
psia. It wandered on its own from 88 to 91 (6.9 to 7.2 M/m) and 
back again a few times. Brianne closed the manual ball valve at 
1600 psia to unstart it. 20 second run. 

Oil Flow Visualization 

3211 12/Oct/2017 
Tried to repeat the same test as 3210. Re held at 7.1M/m. Tunnel 
unstarted after 14s. 

Oil Flow Visualization 

3212 13/Oct/2017 Diffuser height changed to 7.5". Re of 7.2M/m held for 6s.   

Diffuser height set at 7 3/8" from here until end of campaign 

3213 13/Oct/2017 Re of 7.0M/m held for 13s. Still no trips. Oil Flow Visualization 

3214 13/Oct/2017 
Re held near 5.0M/m for 23 seconds. Resulting oil pattern looks 
fairly clean. 

Oil Flow Visualization 

3218 19/Oct/2017 
Schlieren using incandescent light source looking at the leading 
edge of the model. Sampled at 500 fps and 1/20k sec exposure. Re 
sweep from 3.1 to 1.1 up to 7.7 M/m. 

Schlieren (Fastcam SA-Z) 

3222 21/Oct/2017 
Rigged up a voltage divider as the adjustable power supply got 
plasma-zapped at SHR. Sampled at 500 fps and 1/200k sec expo-
sure. Re sweep from 3.2 to 1.2 to 7.4 M/m.   

Schlieren (Fastcam SA-Z) 

3223 21/Oct/2017 
Same setup and same exposure but sampled at 140k fps to look at 
steadiness of flow passing over the leading edge. There appears to 
be no movement or indication of separation. Re held near 5.2M/m. 

Schlieren (Fastcam SA-Z) 

Start of schlieren struggles with 0.5" diameter cylinder 

3237 1/Nov/2017 
Schlieren using incandescent light source looking at interaction re-
gion. Sampled at 500 fps and 1/20k sec exposure. Quality was poor 
with this long of an exposure. The separation was clearly present 

Schlieren (Fastcam SA-Z) 
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but flow features were not. Reynolds number sweep from 3.2 up to 
7.7 M/m. 

3239 2/Nov/2017 

Adjustable Extech 382275 30V, 20A power supply purchased. The 
red LED was used, set to the power supply maximum 3.4 V and 
21.5 A. The frame rate was 500 fps and exposure of 1/4M sec. Re 
sweep from 3.2 to 8.2 M/m. 

HS Schlieren, SC8100 

3240 2/Nov/2017 
Similar run as 3239, trying to adjust cutoff better during run. Re 
sweep from 3.2 to 6.7 M/m. The frame rate was 500 fps and expo-
sure of 1/4M sec. 

HS Schlieren, SC8100 

3241 2/Nov/2017 
Again, trying to adjust cutoff, but contrast does not seem to be im-
proving. Re held at 2.4 for a while, then swept up to 4.3 M/m. 

HS Schlieren, SC8100 

3242 3/Nov/2017 
Condenser lens and slit were positioned to put brightest portion 
(shape of LED) through the slit. The quality did not improve. Re 
sweep from 3.5 to 2.4 to 5.9 M/m. 

HS Schlieren 

3244 3/Nov/2017 

For Runs 3237-42, optics were not all the same height. This was 
done to try to match the slope of the model in the tunnel relative 
to the lab floor and to eliminate glare off the model. Prior to 3244, 
the optics were made the same height again and the reflection was 
masked. However, the quality of the schlieren looked the same. Re 
sweep from 2.5 to 6.2 M/m.  

HS Schlieren 

3245 4/Nov/2017 
Changed optic heights with Bowersox (effort to eliminate reflec-
tions off wedge surface). Same quality schlieren. Re swept from 3.0 
to 5.3 M/m. 

HS Schlieren 

3246 6/Nov/2017 
Optics changed back and wedge leveled in tunnel. No improvement 
to quality. Re sweep from 2.5 to 6.6 M/m. 

HS Schlieren 

3247 6/Nov/2017 
Light slit on source side made smaller. This seemed to just make 
the entire image darker but did not improve the contrast. Re sweep 
from 2.5 to 6.5 M/m. 

HS Schlieren 

3248 8/Nov/2017 
Substituted the red LED for the green LED which produces more lu-
mens but the SA-Z is less sensitive to that band. The quality of the 
images was still poor. Re sweep from 2.5 to 6.5 M/m. 

HS Schlieren 

After this series of runs, it was concluded the optical setup was not the problem 
The 0.5" diameter cylinder did not produce the same levels of disturbances as the 0.75" diameter cylinder 

3249 8/Nov/2017 
Returned to using a 0.75" diameter, 2.25" wooden dowel cylinder. 
The disturbances were much more distinct in the schlieren. Re 
sweep from 2.4 to 6.5 M/m. 

HS Schlieren 

3250 9/Nov/2017 

The Re was stepped at 4.5, 5.0, 5.5, and 5.9 M/m (thought to be 
the transitional range). The rate was 500 fps, capturing the entire 
run. 1/4M sec shutter. The tunnel unstarted while holding the 
5.9M/m condition for some reason.  

HS Schlieren 

3251 9/Nov/2017 
High-speed sampling at 200k fps, reduced resolution, 1/6.3M sec 
shutter time. Re held near 2.8M/m. 

HS Schlieren 

3252 9/Nov/2017 
Repeat of Run 3251, but more cutoff at light source trying to get 
more contrast in image. Re held near 2.8M/m. Disturbance waves 
may be more distinguishable. .tif files saved. 

HS Schlieren 

3253 9/Nov/2017 
Similar fast sampling run at 200k fps. Re held constant around 
3.5M/m. 

HS Schlieren 

3254 9/Nov/2017 Similar sampling. Re held near 4.3M/m.  HS Schlieren 

3255 10/Nov/2017 
Similar sampling. Re held near 6.4M/m. Vortices appear to roll up 
and down the cylinder above and below the triple point.  

HS Schlieren 
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3257 12/Nov/2017 

Higher frame rate: 480k fps. Shutter 1/6.3M sec. Schlieren resolu-
tion restricted to triple point and just above. 100k frames were 
sampled per trigger (every 3 seconds) with 13 triggers over the 
course of the run. Re stepped and not adjusted during each sam-
pling. First 3 points before flow established. Images are good but 
dark. Re = 2.7,3.0,3.3,3.8,4.1,4.4,4.9,5.3,5.5,5.9 M/m. 

HS Schlieren 

3259 12/Nov/2017 
Same style run as 3257 with less cut-off. Re = 
2.6,2.8,2.9,3.1,3.3,3.6,4.0,4.2,4.5,4.9 M/m. Not sure if last point at 
5.1M/m was captured. 

HS Schlieren 

3260 12/Nov/2017 
Same style run. Wanted to get to higher Reynolds numbers. Re = 
3.3,3.6,3.8,4.1,4.4,4.7,5.0,5.1,5.6,5.8 M/m.  

HS Schlieren 

3261 13/Nov/2017 

Region of interest changed to separation shocks. Larger resolution, 
so frame rate reduced to 200k fps. 40k frames/interval, 14 inter-
vals, 1/6.3M sec shutter. Re = 2.6,2.8,2.9,3.2,3.4,3.7,3.8,4.3,4.4,4.8 
M/m 

HS Schlieren 

3265 21/Nov/2017 
IR run looking straight down through the central top window port 
using the 50-mm IR lens. Re sweep from 2.8 to 7.5 M/m.  

SC8100 

3266 21/Nov/2017 

IR run looking from upstream, with the camera rotated ~30° look-
ing back at the wooden cylinder to see the heating pattern from 
the interaction and other tunnel features, like the trip shocks and 
interface shock. Re sweep from 2.6 to 7.5 M/m. 

SC8100 

Start of interaction oil flow campaign 
Thin coat of fluorescent oil mixture painted on entire PEEK insert just before model insertion 

Reynolds number set and held for ~15 seconds 

3267 22/Nov/2017 
Re set at 3.0M/m. Oil looked smeared and messy. Repeated this 
condition in Run 3270. 

Oil Flow Visualization 

3268 22/Nov/2017 
Re set at 3.7M/m. Oil looked smeared and messy. Repeated this 
condition in Run 3271. 

Oil Flow Visualization 

3269 22/Nov/2017 
Cleaned wedge much more thoroughly with acetone before this 
run and all other oil flow runs. Re set at 4.6M/m. Measured separa-
tion distance between 3.3-3.9d. 

Oil Flow Visualization 

3270 22/Nov/2017 
Re set at 2.8M/m. Measured separation distance between 5.2-
5.5d. 

Oil Flow Visualization 

3271 22/Nov/2017 
Re set at 3.6M/m. Measured separation distance between 5.0-
5.2d. 

Oil Flow Visualization 

3272 27/Nov/2017 
Re set at 5.4M/m. Measured separation distance between 3.2-
3.8d. 

Oil Flow Visualization 

3273 27/Nov/2017 
Re set at 6.1M/m. Measured separation distance between 2.8-
3.4d. 

Oil Flow Visualization 

3274 27/Nov/2017 
Re set at 6.9M/m. Measured separation distance between 2.5-
2.7d. 

Oil Flow Visualization 

3276 28/Nov/2018 
Re set at 7.6M/m. Measured separation distance between 2.5-
2.7d. 

Oil Flow Visualization 

3277 28/Nov/2018 
Re set at 4.2M/m. Measured separation distance between 3.8-
4.5d. 

Oil Flow Visualization 

Tunnel freestream characterization at model LE streamwise location 
4.18" DS of Nozzle-Test Section Interface 

3290 20/Jan/2018 Pitot probe mounted on sting through the top central window port. 
The tip of the probe was centered on the span and centered 

Kulite XCEL-100-5A 
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heightwise. The tunnel was started around 3.0M/m, ramped down 
to 1.8 and up to 6.5M/m. Points 24 to 129 apply. Data were sam-
pled in 200ms increments at 200kHz. Low-pass filtered using 
Krohn-Hite 8-pole Bessel filter at 100kHz. Noticed a weird 60kHz 
peak, so decided to sample faster. 

3291 21/Jan/2018 
Similar run as 3290 but sampled at 400kHz. Re sweep from 2.3 to 
6.7 M/m. Points 21 to 98 apply. 

Kulite XCEL-100-5A 

3340 14/Mar/2018 

Wire was positioned in same location as pitot probe. Sampled in 
100ms increments at 500kHz and filtered at 200kHz. Re swept from 
1.7 to 5.8, down to 1.1 M/m. Points [30:78,84:135,139:172] apply. 
There were two brief unstarts on the ramp down. The ramp down 
temperature was 433 +-3 K. Cal coeff (temp norm-see 3346) 
a=0.7694, n=0.7359, b=2.066. 

AA Systems Hot-wire Ane-
mometer 

3341 15/Mar/2018 
Repeatability run. Re sweep up from 1.7 to 5.5 M/m. Ramp down 
unstarted frequently at first but able to get to 0.5M/m.  

Hot-wire 

3346 20/Mar/2018 

Hot-wire calibration run for 0.25 micro-inch (6.3 micro) TSI plati-
num iridium hot-wire, S/N 71331007. Positioned 2.5" downstream 
of nozzle/test section interface on center. Reynolds number sweep 
was from 1.7 up to 5.9, down to 0.55 M/m. Power law curve fit 
y=a*x^n+b established, where y=(Bridge Voltage)^2, x=rho*u, and 
a,b,c are constants. a=0.499, n=0.859, b=2.456 for points (118) 
starting at Re=5.52, ramp to max, and ramp down to 0.55 M/m. Up 
and down with temperature normalization (i.e. y=(Bridge Volt-
age)^2*T_t/430K) yields constants A=0.599, n=0.804, b=2.298. HW 
ovh set to 0.8. 

Hot-wire 

3349 27/Mar/2018 

Calibration of the wire behind the leading-edge shock. Wire was 
positioned 2" downstream of the PEEK interface on the model and 
9mm below the oblique shock. Later learned that every calibration 
will be different behind the shock depending on the location (shock 
curvature). Re sweep from 1.9 to 6.1 to 0.5 M/m. 

Hot-wire 

3350 30/Mar/2018 

Prior to this run a thru hole was drilled in the rear corner of the 
model opposite the strut mount. A threaded rod allowed the 
model to be fixed to the tunnel to help consistently level the model 
within 0.1°. This run started at the location of 3349 and traversed 
up 25mm. Timing did not work for this run and needed to be re-
peated. Re held near 4.9M/m. 

Hot-wire 

3351 30/Mar/2018 

Repeat of 3350. Moved 25mm in 0.5mm steps across the LE shock. 
Schlieren were taken at 500fps for the run, but the intersection of 
the LE shock and wire was already out of view. Fluctuation levels 
indicate the crossing of 3 features on this traverse. Re held near 
4.8M/m.  

Hot-wire and HS Schlieren 

Start of Boundary layer survey campaign - With trips, no cylinder 
Hot-wire surveys sampled at 500kHz for 100ms at each point 

Schlieren (Fastcam SA-Z) was used to track the vertical distance of the wire off the wedge during the traverse 
The SC8100 indicated when the wire turned on and its spanwise location and relation to heat streaks 

The 50-mm IR lens was used, usually looking back at the probe at some angle 

3354 2/Apr/2018 

Dummy probe positioned above front/center PCB located 1" DS of 
PEEK interface on model. IR camera angled to look back at probe 
through the top front window port. Schlieren through the down-
stream window. Wakes from trips do not look as uniform as re-
membered. Re held constant at 4.9M/m.  

SC8100, HS Schlieren 
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3355 2/Apr/2018 
Traverse was removed and IR camera was shifted to be above cen-
ter window. This run showed that the streaks take distance to de-
velop uniformity at Re near 5M/m.  

SC8100 

3356 2/Apr/2018 

Dummy probe looking at movement during start/unstart and a 
traverse. There is a slight shift in either the model or traverse 
<1mm prompted by the start. Schlieren is necessary to estimate 
distance off model. Re held near 4.9M/m. 

SC8100, HS Schlieren 

3357 3/Apr/2018 

Re held near 5.0M/m. x=187mm downstream of leading edge. z=-
0.7mm off centerspan. The wire was traversed from 1.5 to 10.9 
mm above the surface. Points were repeated during this survey to 
determine if the same signal was given after traverse motion. 
Points 9 to 47 are valid. This first group was taken near the most 
upstream SBLI influence location, near the centerspan - just up-
stream of the PCB port located there.  

Hot-wire, SC8100, HS 
Schlieren 

3358 3/Apr/2018 

Re held near 4.9M/m. x=187mm downstream of leading edge. z=-
0.7mm off centerspan. The wire was traversed from 2.9 to 21.9 
mm above the surface. This survey was in the same position as Run 
3357 and the resultant survey and fluctuation levels look similar. 
Points 7 to 54 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3359 3/Apr/2018 
Re held near 5.0M/m. x=187mm downstream of leading edge. 
z=0.9mm off centerspan. The wire was traversed from 2.5 to 19.0 
mm above the surface. Points 7 to 42 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3360 4/Apr/2018 
Re held near 4.9M/m. x=187mm downstream of leading edge. 
z=3.4mm off centerspan. The wire was traversed from 3.2 to 21.7 
mm above the surface. Points 7 to 45 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3361 4/Apr/2018 
Re held near 4.8M/m. x=187mm downstream of leading edge. z=-
2.5mm off centerspan. The wire was traversed from 3.4 to 21.4 
mm above the surface. Points 7 to 44 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3362 4/Apr/2018 
Re held near 4.8M/m. x=187mm downstream of leading edge. z=-
4.1mm off centerspan. The wire was traversed from 2.8 to 18.8 
mm above the surface. Points 7 to 40 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3363 4/Apr/2018 
Re held near 4.9M/m. x=187mm downstream of leading edge. z=-
6.1mm off centerspan. The wire was traversed from 3.0 to 17.5 
mm above the surface. Points 7 to 37 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3364 5/Apr/2018 

Re held near 5.1M/m. x=187mm downstream of leading edge. z=-
24.6mm off centerspan. The wire was traversed from 2.4 to 16.4 
mm above the surface. This group was taken near the most up-
stream SBLI influence location, off the centerspan where the trip 
wakes appeared more distinct. Points 7 to 36 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3365 5/Apr/2018 
Re held near 5.0M/m. x=187mm downstream of leading edge. z=-
24.0mm off centerspan. The wire was traversed from 2.2 to 20.7 
mm above the surface. Points 7 to 45 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3366 5/Apr/2018 
Re held near 4.9M/m. x=187mm downstream of leading edge. z=-
24.2mm off centerspan. The wire was traversed from 3.1 to 19.1 
mm above the surface. Points 7 to 40 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3367 5/Apr/2018 
Re held near 5.0M/m. x=187mm downstream of leading edge. z=-
29.0mm off centerspan. The wire was traversed from 2.7 to 20.2 
mm above the surface. Points 7 to 43 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3368 5/Apr/2018 
Re held near 5.1M/m. x=187mm downstream of leading edge. z=-
27.2mm off centerspan. The wire was traversed from 2.7 to 22.2 
mm above the surface. Points 7 to 47 are valid. 

Hot-wire, SC8100, HS 
Schlieren 
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3369 6/Apr/2018 Failed run. Traverse jam 
Hot-wire, SC8100, HS 

Schlieren 

3370 6/Apr/2018 
Re held near 4.8M/m. x=187mm downstream of leading edge. z=-
24.8mm off centerspan. The wire was traversed from 3.2 to 21.7 
mm above the surface. Points 7 to 45 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3371 6/Apr/2018 

Re held near 5.0M/m. x=213mm downstream of leading edge. z=-
1.6mm off centerspan. The wire was traversed from 2.7 to 19.7 
mm above the surface. This group was taken near the centerspan 
about an inch downstream of the first group - near another PCB 
port. Points 7 to 42 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3372 6/Apr/2018 
Re held near 5.0M/m. x=213mm downstream of leading edge. 
z=2.0mm off centerspan. The wire was traversed from 2.8 to 21.3 
mm above the surface. Points 7 to 45 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3373 7/Apr/2018 
Re held near 5.1M/m. x=213mm downstream of leading edge. z=-
1.0mm off centerspan. The wire was traversed from 3.2 to 15.6 
mm above the surface. Points 7 to 33 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3374 7/Apr/2018 

Re held near 4.9M/m. Start of Leading-Edge Shock traversing runs. 
x=106mm downstream of LE at approximate centerspan. Traversed 
from 16.4 to 46.4 mm above surface. This location also crossed the 
trips shock. Points 1 to 33 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3375 7/Apr/2018 

Re held near 5.0M/m. x=106mm downstream of LE at approximate 
centerspan. Same placement and goals as Run 3374, different trav-
ersing steps. Traversed from 16.1 to 42.1 mm above surface. Points 
1 to 38 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3376 7/Apr/2018 
Re held near 4.9M/m. x=58mm downstream of LE at approximate 
centerspan (located upstream of trips). Traversed from 16.9 to 36.9 
mm above surface. Points 1 to 43 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3377 8/Apr/2018 
Re held near 5.1M/m.  x=82mm downstream of LE at approximate 
centerspan. Picks up trips shock and shear layer as well. Traversed 
from 5.8 to 38.8 mm above surface. Points 1 to 43 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3378 8/Apr/2018 

Re held near 5.0M/m.  x=264mm downstream of LE at z=9.9mm. 
Traversed from 5.6 to 29.6 mm above surface. Start of boundary 
layer surveys farther downstream. Points 13 to 35 are valid. (Probe 
wire grounded to tunnel for points 1 to 12). 

Hot-wire, SC8100, HS 
Schlieren 

3379 8/Apr/2018 
Re held near 4.9M/m.  x=264mm downstream of LE at z=9.9mm. 
Traversed from 5.4 to 29.4 mm above surface. Points 1 to 43 are 
valid. 

Hot-wire, SC8100, HS 
Schlieren 

3380 9/Apr/2018 
Re held near 5.0M/m. x=264mm downstream of LE at z=0.0mm. 
Traversed from 3.8 to 28.8 mm above surface. Points 1 to 42 are 
valid. 

Hot-wire, SC8100, HS 
Schlieren 

3381 9/Apr/2018 
Re held near 4.9M/m. x=276mm downstream of LE at z=0.6mm. 
Traversed from 4.3 to 32.3 mm above surface. Points 1 to 41 are 
valid. 

Hot-wire, SC8100, HS 
Schlieren 

3382 9/Apr/2018 
Re held near 4.9M/m. x=302mm downstream of LE at z=0.6mm. 
Traversed from 3.2 to 28.1 mm above surface. Points 1 to 39 are 
valid. 

Hot-wire, SC8100, HS 
Schlieren 

3383 9/Apr/2018 
Re held near 7.2M/m, but a short run to see if tunnel would stay 
started with dummy probe. 

SC8100, HS Schlieren 
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3384 10/Apr/2018 
Re held near 7.5M/m, but a short run. x=302mm downstream of LE 
at z=0.5mm. Traversed from 3.5 to 28.5 mm above surface. Points 
1 to 16 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3385 10/Apr/2018 
Re held near 7.5M/m, but a short run. x=302mm downstream of LE 
at z=0.8mm. Traversed from 3.4 to 28.4 mm above surface. Points 
1 to 18 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3386 10/Apr/2018 Re held near 7.0M/m. Traverse jam. 
Hot-wire, SC8100, HS 

Schlieren 

3387 10/Apr/2018 
Re held near 6.9M/m. x=302mm downstream of LE at z=1.0mm. 
Traversed from 2.3 to 27.2 mm above surface. Points 1 to 40 are 
valid. 

Hot-wire, SC8100, HS 
Schlieren 

3388 10/Apr/2018 

Re sweep from 2.4, up to 7.4, and back down to 3.5M/m. Hot-wire 
probe was held in a fixed position where fluctuation levels seemed 
the highest in Run 3387. The position was x=302, y=10.0, z=0.8 
mm. Points 2 to 86 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3389 11/Apr/2018 

Re sweep from 1.8 to 5.0 to 0.6 M/m. Hot-wire probe was held in a 
fixed position where fluctuation levels seemed the highest in Run 
3387. The position was x=302, y=10.0, z=0.8 mm. This run was 
done because Run 3388 did not go low enough and stopped right 
where the fluctuation levels increased due to the spike in F.S. noise 
near 3-3.5M/m. Points 2 to 117 are valid. 

Hot-wire, SC8100, HS 
Schlieren 

3390 11/Apr/2018 

Re held near 7.5M/m, but run cut short by the tunnel unstarting 
and the wire breaking. x=346mm downstream of LE at z=0.8mm. 
Traversed from 3.0 to 20.0 mm above surface. Points 5 to 27 are 
valid. 

Hot-wire, SC8100 

Start of Surface Pressure (PCB and Kulite) Measurements Campaign 
Baseline Measurements:  Trips and No Cylinder 

The SC8100 looked at heating and trip wakes in relation to the sensors 

3391 12/Apr/2018 

Re sweep up from 2.7 to 8.3 M/m. Tunnel unstarted on way down 
at 7.7. Restarted from 7.3 down to 0.7 M/m. Points (52:59,74:150) 
apply. Sensor config included 5 PCBs and 3 Kulites, most sensors on 
centerspan. 100ms sample at 2MHz. PCBs filtered at 1MHz (K-H 8-
pole Bessel for 4, SRS for 1). Kulites filtered at 200kHz (K-H 8-pole 
Bessel).  

PCBs, Kulites, SC8100 

3392 13/Apr/2018 
Same configuration as Run 3391. Re stepped: 7.2, 6.0, 5.4, 4.9, 4.5, 
4.0, 3.5, 3.1 M/m. 1.5s samples while holding condition. Points 4 to 
11 apply. 

PCBs, Kulites, SC8100 

3393 14/Apr/2018 

Re sweep up from 2.1 to 8.3 M/m. Tunnel unstarted on way down 
at 7.8. Restarted from 6.8 down to 0.8 M/m. Points (47:50,71:140) 
apply. Sensor config included 5 PCBs and 3 Kulites, looking at 
spanwise variation at same streamwise position (first PCB and Ku-
lite rows). 100ms samples. 

PCBs, Kulites, SC8100 

3394 14/Apr/2018 
Same configuration as Run 3393. Re stepped: 7.2, 5.5, 5.0, 4.5, 4.1, 
3.6, 3.2, 2.7, 2.4 M/m. 1.5s samples while holding condition. Points 
4 to 12 apply. 

PCBs, Kulites, SC8100 

3395 15/Apr/2018 

Re sweep up from 2.4 to 8.4 M/m. Tunnel unstarted on way down 
at 8.3. Restarted then unstarted and restarted from 6.8 down to 
2.2 M/m. Points (84:155) apply. Sensor config included 5 PCBs and 
3 Kulites, looking at spanwise variation at same streamwise posi-
tion (2nd PCB row, first Kulite row). 100ms samples. 

PCBs, Kulites, SC8100 

3396 15/Apr/2018 Non-run. Tunnel supply ball valve mishap.  PCBs, Kulites, SC8100 
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3397 15/Apr/2018 
Re sweep up from 2.1 to 6.4 to 3.2 M/m. Points (21:53) ramp up; 
points (54:110) ramp down. Goal of a clean run without an unstart. 
Sensor config same as Run 3395. 100ms samples. 

PCBs, Kulites, SC8100 

3398 15/Apr/2018 
Re sweep up from 2.3 to 8.5 to 3.0 M/m. Points (41:123) apply. 
Sensor config same as Run 3395. 100ms samples. 

PCBs, Kulites, SC8100 

3399 16/Apr/2018 
Re sweep run that unstarted twice. Sampled for 1s by mistake. Will 
redo. 

PCBs, Kulites, SC8100 

3400 16/Apr/2018 

Re sweep up from 2.2 to 8.4 M/m. Tunnel unstarted on way down 
at 8.0. Restarted from 7.1 down to 3.1 M/m. Points (60:118) apply. 
Sensor config included 5 PCBs and 4 Kulites, looking at outboard 
PCBs and 2nd row of Kulites. 100ms samples. 

PCBs, Kulites, SC8100 

3401 16/Apr/2018 
Same configuration as Run 3400. Re stepped: 7.0, 5.6, 4.6, 4.0 
M/m. 1.5s samples while holding condition. Points 4,7 to 9 apply. 

PCBs, Kulites, SC8100 

3402 17/Apr/2018 

Re sweep up from 2.4 to 8.5 M/m. Restarted from 6.7 down to 2.5 
M/m. Points (61:127) apply. Sensor config included 5 PCBs and 4 
Kulites, looking at spanwise variation at same streamwise position 
(second PCB and Kulite rows). 100ms samples. 

PCBs, Kulites, SC8100 

3403 17/Apr/2018 
Re sweep up from 2.5 to 7.6 M/m. Restarted from 7.3 down to 2.7 
M/m. Points (53:110) apply. Same config as Run 3402. 100ms sam-
ples. 

PCBs, Kulites, SC8100 

IR Runs using similar Reynolds number sweep 
M=5.9@ Re=3.0M/m, M=5.77@ Re=7.0M/m 

3421 25/Apr/2018 
Re sweep starting at 4.0, down to 2.0, back up to 8.0 M/m. Trip 
configuration with no cylinder. Schlieren looking at incoming 
boundary layer. 

SC8100, HS Schlieren 

3422 25/Apr/2018 
Re sweep starting at 4.0, down to 2.1, back up to 7.6 M/m. Trip 
configuration with new cylinder (see below). Schlieren at 500 fps, 
1.25 µs shutter. 

SC8100, HS Schlieren 

Surface Pressure (PCB and Kulite) Campaign 
Measurements:  Trips and 0.75" diameter, 2.25" tall black PEEK cylinder 

3424 26/Apr/2018 

Re sweep up from 1.8 to 8.0 M/m. Tunnel unstarted on way down 
at 7.5. Restarted from 6.8 down to 2.4 M/m. Points (65:137) apply. 
Sensor config included 5 PCBs and 3 Kulites, most sensors on cen-
terspan. 100ms samples at 2MHz. PCBs filtered at 1MHz (K-H 8-
pole Bessel for 4, SRS for 1). Kulites filtered at 200kHz (K-H 8-pole 
Bessel). IR down on wedge straight through top center window. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3425 27/Apr/2018 

Reynolds number stepped, Re = 6.6, 5.9, 5.6, 4.8 M/m (points 3 to 
6). Same sensor config as 3424. Sampling for 1.5s. IR straight down 
on wedge. Schlieren resolution reduced (456 x 128) looking at sep-
aration shocks. 150k fps. Collected 50k frames (0.333s) every 6 sec-
onds, corresponding to the stepped Re. Same 1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3426 27/Apr/2018 

Reynolds number stepped, Re = 6.2, 5.3, 4.8, 4.4, 4.1 M/m (points 3 
to 7). Same sensor config as 3424. Sampling for 1.5s. IR angled back 
to look at face of cylinder/near interaction of wedge. Schlieren res-
olution reduced (120 x 256) looking at the jet and cylinder base. 
240k fps. Collected 50k frames (0.208s) every 6 seconds, corre-
sponding to the stepped Re. Same 1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3427 27/Apr/2018 

Re sweep down from 3.8 to 2.0 and up to 7.7 M/m. Clean run, tun-
nel stayed started. Points (45:124) apply. Sensor config included 5 
PCBs and 4 Kulites, looking at spanwise variation at same stream-
wise position (first PCB and Kulite rows). 100ms samples. Schlieren 

HS Schlieren, PCBs, Kulites, 
SC8100 
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sampled at 500 fps. IR down on wedge straight through top center 
window. 

3428 27/Apr/2018 

Reynolds number stepped, Re = 6.7, 5.7, 5.3, 4.8, 4.6, 3.9 (points 2 
to 7). Same sensor config as 3427. Sampling for 1.5s. IR straight 
down on wedge. Schlieren resolution reduced (456 x 128) looking 
at separation shocks. 150k fps. Collected 50k frames (0.333s) every 
6 seconds, corresponding to the stepped Re. Same 1.25 µs expo-
sure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3429 27/Apr/2018 

Reynolds number stepped, Re = 6.6, 5.4, 4.4, 3.8, 3.1 M/m (points 4 
to 8). Same sensor config as 3427. Sampling for 1.5s. IR angled back 
to look at face of cylinder/near interaction of wedge. Schlieren res-
olution reduced (120 x 256) looking at the jet and cylinder base. 
240k fps. Collected 50k frames (0.208s) every 6 seconds, corre-
sponding to the stepped Re. Same 1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3436 28/Apr/2018 

Re sweep up from 2.5 to 8.2 M/m. Tunnel unstarted on way down 
at 7.5. Restarted from 7.4(6.6?- steep sweep at beginning) down to 
1.9 M/m. Points (56:150) apply. Sensor config included 5 PCBs and 
4 Kulites, looking at spanwise variation at same streamwise posi-
tion (second PCB and Kulite rows). 100ms samples. Schlieren sam-
pled at 500 fps. IR down on wedge straight through top center win-
dow. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3439 28/Apr/2018 

Reynolds number stepped, Re = 6.9, 5.9, 5.3, 4.9, 4.5, 3.8, 3.2 
(points 2 to 8). Same sensor config as 3436. Sampling for 1.5s. IR 
straight down on wedge. Schlieren resolution reduced (456 x 128) 
looking at separation shocks. 150k fps. Collected 50k frames 
(0.333s) every 6 seconds, corresponding to the stepped Re. Same 
1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3441 28/Apr/2018 

Reynolds number stepped, Re = 7.3, 5.6, 5.2, 4.7, 4.4, 4.1 M/m 
(points 3 to 8). Same sensor config as 3436. Sampling for 1.5s. IR 
angled back to look at face of cylinder/near interaction of wedge. 
Schlieren resolution reduced (120 x 256) looking at the jet and cyl-
inder base. 240k fps. Collected 50k frames (0.208s) every 6 sec-
onds, corresponding to the stepped Re. Same 1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3442 29/Apr/2018 

Re sweep up from 2.1 to 8.4 M/m. Tunnel unstarted on way down 
at 8.2. Restarted from 7.7 down to 2.7 M/m. Points (45:139) apply. 
Sensor config included 5 PCBs and 3 Kulites, outboard PCBs, down-
stream Kulites. 100ms samples. Schlieren sampled at 500 fps. IR 
down on wedge straight through top center window. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3443 29/Apr/2018 

Reynolds number stepped, Re =6.9, 5.6, 5.2, 4.8, 4.3, 3.7 (points 3 
to 8). Same sensor config as 3442. Sampling for 1.5s. IR straight 
down on wedge. Schlieren resolution reduced (456 x 128) looking 
at separation shocks. 150k fps. Collected 50k frames (0.333s) every 
6 seconds, corresponding to the stepped Re. Same 1.25 µs expo-
sure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3444 29/Apr/2018 

Reynolds number stepped, Re = 6.8, 5.8, 5.3, 4.7, 4.0, 3.3 M/m 
(points 2 to 7). Same sensor config as 3442. Sampling for 1.5s. IR 
angled back to look at face of cylinder/near interaction of wedge. 
Schlieren resolution reduced (120 x 256) looking at the jet and cyl-
inder base. 240k fps. Collected 50k frames (0.208s) every 6 sec-
onds, corresponding to the stepped Re. Same 1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

Surface Pressure (PCB and Kulite) Campaign 
Measurements:  Without Trips and With 0.75" Diameter, 2.25" Tall black PEEK Cylinder 
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3458 5/May/2018 

Re sweep up from 2.7 to 8.8 M/m. Tunnel unstarted on way down 
at 8.4. Restarted from 7.5 down to 2.2 M/m. Points (48:140) apply. 
Sensor config included 5 PCBs and 3 Kulites, most sensors on cen-
terspan. 100ms samples at 2MHz. PCBs filtered at 1MHz (K-H 8-
pole Bessel for 4, SRS for 1). Kulites filtered at 200kHz (K-H 8-pole 
Bessel). Schlieren sampled at 30 fps. Exposure 1.25 µs. IR down on 
wedge straight through top center window. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3459 5/May/2018 

Reynolds number stepped, Re = 6.9, 5.5, 5.0, 4.6, 4.2 (points 3 to 6, 
7?-psd higher at low f). Same sensor config as 3458. Sampling for 
1.5s. IR straight down on wedge. Schlieren resolution reduced (456 
x 128) looking at separation shocks. 150k fps. Collected 50k frames 
(0.333s) every 6 seconds, corresponding to the stepped Re. Same 
1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3460 5/May/2018 

Reynolds number stepped, Re = 6.1, 4.9, 4.3, 3.6, 3.2 M/m (points 3 
to 7). Same sensor config as 3458. Sampling for 1.5s. IR angled back 
to look at face of cylinder/near interaction of wedge (not focused). 
Schlieren resolution reduced (120 x 256) looking at the jet and cyl-
inder base. 240k fps. Collected 50k frames (0.208s) every 6 sec-
onds, corresponding to the stepped Re. Same 1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3461 6/May/2018 

Re sweep up from 2.7 to 8.7 M/m. Tunnel unstarted on way down 
almost immediately. Restarted from 7.3 to 2.3 M/m. Points 
(54:150) apply. Sensor config included 5 PCBs and 4 Kulites, looking 
at spanwise variation at same streamwise position (first PCB and 
Kulite rows). 100ms samples. Schlieren sampled at 500 fps. IR look-
ing back on cylinder face. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3462 6/May/2018 

Reynolds number stepped, Re = 6.4, 5.6, 5.1, 4.6, 4.2 (points 4 to 8, 
HS schlieren for 4-7). Same sensor config as 3461. Sampling for 
1.5s. IR straight down on wedge. Schlieren resolution reduced (456 
x 128) looking at separation shocks. 150k fps. Collected 50k frames 
(0.333s) every 6 seconds, corresponding to the stepped Re. Same 
1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3463 6/May/2018 

Reynolds number stepped, Re = 6.4, 5.8, 5.2, 4.8 M/m (points 5 to 
8). Same sensor config as 3461. Sampling for 1.5s. IR angled back to 
look at face of cylinder/near interaction of wedge (not focused). 
Schlieren resolution reduced (120 x 256) looking at the jet and cyl-
inder base. 240k fps. Collected 50k frames (0.208s) every 6 sec-
onds, corresponding to the stepped Re. Same 1.25 µs exposure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3464 7/May/2018 DAQ failed to record. 
HS Schlieren, PCBs, Kulites, 

SC8100 

3466 7/May/2018 

Re sweep down from 3.8 to 2.0 and up to 7.7 M/m. Clean run, tun-
nel stayed started. Points (45:124) apply. Sensor config included 5 
PCBs and 4 Kulites, looking at spanwise variation at same stream-
wise position (second PCB and Kulite rows). 100ms samples. Schlie-
ren sampled at 500 fps. IR down on wedge straight through top 
center window (out of focus). 

HS Schlieren, PCBs, Kulites, 
SC8100 

3467 7/May/2018 

Reynolds number stepped, Re = 8.0, 6.6, 5.8, 5.3, 4.9, 4.3 (points 2, 
4-8). Same sensor config as 3465. Sampling for 1.5s. IR straight 
down on wedge. Schlieren resolution reduced (456 x 128) looking 
at separation shocks. 150k fps. Collected 50k frames (0.333s) every 
6 seconds, corresponding to the stepped Re. Same 1.25 µs expo-
sure. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3468 8/May/2018 Reynolds number stepped, Re = 6.1, 5.3, 4.7, 4.4, 4.0, 3.3 M/m 
(points 3 to 8). Same sensor config as 3465. Sampling for 1.5s. IR 

HS Schlieren, PCBs, Kulites, 
SC8100 
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angled back to look at face of cylinder/near interaction of wedge. 
Schlieren failed due to optical blockage. 

Surface Pressure (PCB and Kulite) Campaign 
Measurements:  Without Trips and Without Cylinder 

3469 8/May/2018 
Quick Re ramp from 1.9 to 7.9 and slow ramp down to 2.0 M/m. 
Clean IR run without unstart. Schlieren looking at incoming BL. 
100ms samples. 

PCBs, Kulites, SC8100, HS 
Schlieren 

Surface Pressure (PCB and Kulite) Campaign 
Measurements:  Without Trips and Without Cylinder - Hot-wire Boundary Layer Surveys 

Hot-wire surveys sampled at 500kHz for 100ms at each point 

3470 8/May/2018 
Re held near 4.8M/m. Traverse jam and DAQ error, no HW/sensor 
data. 

Hot-wire, PCBs, Kulites, 
SC8100, HS Schlieren 

3471 9/May/2018 

Re held near 4.9M/m. x=187mm downstream of leading edge. 
z=0.4mm off centerspan. The wire was traversed from 1.6 to 21.6 
mm above the surface. This group (3471-73) was taken at the same 
upstream location as Runs 3357-63 (those with trips). Points 1 to 
35 are valid. 36 to 38 sweep down, but some higher signal in p-sen-
sors. 30 ends traverse. 100ms samples. 

Hot-wire, PCBs, Kulites, 
SC8100, HS Schlieren 

3472 9/May/2018 

Re held near 4.8M/m. x=187mm downstream of leading edge. z=-
1.6mm off centerspan. The wire was traversed from 1.6 to 21.6 
mm above the surface. Points 1 to 44 are valid. 45 to 48 sweep 
down. 38 ends traverse. 100ms samples. 

Hot-wire, PCBs, Kulites, 
SC8100, HS Schlieren 

3473 9/May/2018 

Re held near 4.7M/m. x=187mm downstream of leading edge. 
z=0.0mm off centerspan. The wire was traversed from 1.6 to 21.6 
mm above the surface. Points 1 to 38 are valid. 39 to 46 sweep 
down. 38 ends traverse. 100ms samples. 

Hot-wire, PCBs, Kulites, 
SC8100, HS Schlieren 

3474 10/May/2018 

Re held near 4.7M/m. x=293mm downstream of leading edge. z=-
1.2mm off centerspan. The wire was traversed from 1.6 to 21.6 
mm above the surface. Points 1 to 42 are valid. 43 to 56 
downsweep. 36 ends traverse. 100ms samples. 

Hot-wire, PCBs, Kulites, 
SC8100, HS Schlieren 

3475 10/May/2018 

Re held near 4.9M/m. x=293mm downstream of leading edge. 
z=0.7mm off centerspan. The wire was traversed from 1.6 to 21.6 
mm above the surface. Points 1 to 46 are valid. 47 to 57 
downsweep. 36 ends traverse. 100ms samples. 

Hot-wire, PCBs, Kulites, 
SC8100, HS Schlieren 

Surface Pressure (PCB and Kulite) Campaign 
Measurements:  Cylinder Wake Study - Hot-wire 

3476 11/May/2018 
The hot-wire was positioned above K3(SN725) and traversed from 
40 to 20 to 40 mm above surface (Points 1 to 21). Re held constant 
near 4.9M/m. 400ms samples. No trips. 

Hot-wire, SC8100 

3477 11/May/2018 

The hot-wire was positioned at the coordinates suggested by 
Danehy and tested by Wheaton, HW at x’’= 1.7d downstream of 
center, z' = 2.0d lateral of center. The wire was traversed from 3.0 
to 25.0 (Points 6 to 28). Re held constant near 4.7M/m. 400ms 
samples. No trips. 

Hot-wire, SC8100 

3478 13/May/2018 The traverse jammed during this run. No data collected. Hot-wire, SC8100 

3479 13/May/2018 
Same position and traverse as Run 3477. Trips were reinserted into 
the model. Re held constant near 4.9M/m. 400ms samples. 

Hot-wire, SC8100 

3480 14/May/2018 
Hot-wire fixed in same position at a height of y= 5mm. Reynolds 
number was swept from 4.4 to 5.8 to 1.9 M/m. Points 6:118 apply. 
100ms samples.  

Hot-wire, SC8100 
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3481 14/May/2018 

Hot-wire calibration run for same wire, S/N 71331006. Re sweep 
was from 2.6 up to 5.7, down to 0.72 M/m. Power law curve fit 
y=a*x^n+b established, where y=(Bridge Voltage)^2, x=rho*u, and 
a,b,c are constants. a=0.495, n=0.824, b=2.333 for points (153) 
starting at Re=5.69 ramped down to 0.72 M/m. Up and down with 
temperature normalization (i.e. y=(Bridge Voltage)^2*T_t/430K) 
yields constants A=0.586, n=0.776, b=2.168. HW ovh set to 0.8. 
100ms samples. 

Hot-wire 

Surface Pressure (PCB and Kulite) Campaign 
Measurements:  Swept Cylinder With Trips 

3482 17/May/2018 
15° swept back cylinder. Tunnel unstarted several times. Last con-
tinuous segment provided some points. 100ms samples (pts 98-
143). 

HS Schlieren, PCBs, Kulites, 
SC8100 

3483 17/May/2018 
15° swept back cylinder. Repeat of Run 3482 trying to get those 
higher Re. 100ms samples (pts 36-147). 

HS Schlieren, PCBs, Kulites, 
SC8100 

3484 17/May/2018 

15° swept back cylinder. The interaction is so small that only 1 fast 
schlieren run is needed. Re stepped (points 3-8): 7.0, 6.1, 5.7, 5.3, 
4.7, 4.3. 208 x 256 resolution, 200k fps, 50k images, 1.25 µs. 1.5s 
samples. 

HS Schlieren, PCBs, Kulites, 
SC8100 

3485 17/May/2018 30° swept back cylinder. 100ms samples (pts 50-151). 
HS Schlieren, PCBs, Kulites, 

SC8100 

3486 18/May/2018 

30° swept back cylinder. 1.5s samples looking at interaction. The in-
teraction is so small that only 1 fast schlieren run is needed. Re 
stepped (points 4-8): 6.9, 6.1, 5.7, 5.3, 4.9. 208 x 256 resolution, 
200k fps, 50k images, 1.25 µs.  

HS Schlieren, PCBs, Kulites, 
SC8100 

3487 18/May/2018 15° swept forward cylinder. 100ms samples (pts 33-127). 
HS Schlieren, PCBs, Kulites, 

SC8100 

3488 18/May/2018 
15° swept forward cylinder. 1.5s samples looking at jet/base. Re 
stepped (points 3-9): 7.1, 6.1, 5.6, 5.1, 4.7, 4.2, 3.6. 216 x 256 reso-
lution, 200k fps, 50k images, 1.25 µs.  

HS Schlieren, PCBs, Kulites, 
SC8100 

3489 18/May/2018 

15° swept forward cylinder. 1.5s samples looking at separation 
shock. Re stepped (points 3-9): 7.4, ?, 5.3, 5.9, 4.5, 4.1, and 3.4 
M/m. Point 4 is questionable but schlieren indicates tunnel was 
started. 256 x 256 resolution, 150k fps, 50k images, 1.25 µs.  

HS Schlieren, PCBs, Kulites, 
SC8100 

3490 19/May/2018 
15° swept forward cylinder. Focused schlieren plane sweeping trav-
erse. Re held near 4.9M/m. 100ms samples (pts 51-157). 

Focused Schlieren, PCBs, 
Kulites, SC8100 

3492 20/May/2018 
15° swept forward cylinder. Focused schlieren plane stepped trav-
erse.  Re held near 4.9M/m. 1.5s samples (pts 3-8). 232 x 384 reso-
lution, 150k fps, 30k images, 1/4.032M sec exp.  

Focused Schlieren, PCBs, 
Kulites 

3494 20/May/2018 
Right cylinder. Focused schlieren plane stepped traverse. Re held 
near 4.9M/m. 1.5s samples (pts 3-8). 184 x 512 resolution, 150k 
fps, 30k images, 1/1.2444M sec exp.  

Focused Schlieren, PCBs, 
Kulites 
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Pressure Transducer Configuration Table 

This table indicates the distribution of surface mounted PCB and Kulite pressure trans-

ducers for each run. It gives the structure of the run, the Reynolds number range, and the points 

that were extracted to produce the PSDs given in Appendix H.  

"Trips, no cylinder" - Sampled at 2MHz. Kulite LP=200kHz. PCB LP=1MHz.  

Swept Re sampled for 0.1s per point. Stepped for 1.5s per point. 

Configuration 1 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3391 swept 52 59 74 150 8.2-7.5, 7.2-1.0 

3392 stepped 4 11 

  

7.2, 6.0, 5.4, 4.9, 4.5, 4.0, 3.5 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7705 1 T1 

PCB 7707 2 T4 

PCB 7706 3 T9 

PCB 7709 4 T11 

PCB 7629 5 T18 

Kulite 726 1 T19 

Kulite 729 2 T20 

Kulite 728 3 T28 
 

Configuration 2 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3393 swept 47 50 71 140 8.2-7.8, 6.8-1.6 

3394 stepped 4 12 

  

7.2, 5.5, 5.0, 4.5, 4.1, 3.6, 3.2, 2.7, 2.4 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7705 1 T3 
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PCB 7707 2 T2 

PCB 7629 3 T1 

PCB 7709 4 T15 

PCB 7706 5 T16 

Kulite 729 1 T7 power wire broke 

Kulite 728 2 T6 

 

Kulite 725 3 T5 

Kulite 726 4 T26 
 

Configuration 3 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3395 swept 84 155 

  

6.8-2.9 

3397 swept 21 53 54 110 2.0-6.4, 6.4-3.3 

3398 swept 41 123 

  

8.4-3.1 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7705 1 T10 

PCB 7709 2 T9 

PCB 7707 3 T8 

PCB 7706 4 T17 

PCB 7629 5 T16 

Kulite 728 1 T7 

Kulite 726 2 T6 did not respond for 3395 

Kulite 729 3 T5 

 

Kulite 725 4 T22 
 

Configuration 4 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3399 swept sampled for 1 sec 

 

3400 swept 60 118 

  

7.2-3.1 
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3401 stepped 4 4 7 9 7.0, 5.6, 4.6, 4.0 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7629 1 T4 

PCB 7705 2 T11 

PCB 7706 3 T18 

PCB 7709 4 T17 

PCB 7707 5 T15 

Kulite 726 1 T14 

Kulite 728 2 T13 

Kulite 729 3 T12 

Kulite 725 4 T19 
 

Configuration 5 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3402 swept 61 127 

  

6.7-2.5 

3403 swept 35 40 53 110 7.6-2.8 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7709 1 T3 

PCB 7706 2 T2 

PCB 7707 3 T1 

PCB 7629 4 T10 

PCB 7705 5 T8 

Kulite 728 1 T14 

Kulite 729 2 T13 

Kulite 725 3 T12 

Kulite 726 4 T20 
 

"Trips, cylinder" - Sampled at 2MHz. Kulite LP=200kHz. PCB LP=1MHz. 
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Swept Re sampled for 0.1s per point. Stepped for 1.5s per point. 

Configuration 6 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3424 swept 39 44 65 137 8.0-2.5 

3425 stepped 3 6 

  

6.6, 5.9, 5.6, 4.8 

3426 stepped 3 7 

  

6.2, 5.3, 4.8, 4.4, 4.1 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7705 1 T1 

PCB 7707 2 T4 

PCB 7706 3 T9 

PCB 7709 4 T11 

PCB 7629 5 T18 

Kulite 728 1 T26 broken signal wire 

Kulite 729 2 T20 

 

Kulite 725 3 T22 

Kulite 726 4 T19 
 

Configuration 7 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3427 swept 45 124 

  

2.1-7.4 

3428 stepped 2 7 

  

6.7, 5.7, 5.3, 4.8, 4.6, 3.9 

3429 stepped 4 8 

  

6.6, 5.4, 4.4, 3.8, 3.1 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7707 1 T1 

PCB 7706 2 T2 

PCB 7709 3 T3 

PCB 7705 4 T8 

PCB 7629 5 T10 
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Kulite 729 1 T7 

Kulite 726 2 T6 

Kulite 725 3 T5 

Kulite 728 4 T28 
 

Configuration 8 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3436 swept 56 150 

  

7.4-2.0 

3439 stepped 2 8 

  

6.9, 5.9, 5.3, 4.9, 4.5, 3.8, 3.2 

3441 stepped 3 8 

  

7.3, 5.6, 5.2, 4.7, 4.4, 4.1 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7629 1 T4 

PCB 7705 2 T11 

PCB 7706 3 T18 

PCB 7709 4 T17 

PCB 7707 5 T16 

Kulite 726 1 T14 

Kulite 728 2 T13 

Kulite 729 3 T12 

Kulite 725 4 T19 
 

Configuration 9 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3442 swept 45 139 

  

7.7-2.9 

3443 stepped 3 8 

  

6.9, 5.6, 5.2, 4.8, 4.3, 3.7 

3444 stepped 2 7 

  

6.8, 5.8, 5.3, 4.7, 4.0, 3.3 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7707 1 T8 
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PCB 7709 2 T9 

PCB 7705 3 T10 

PCB 7629 4 T16 

PCB 7706 5 T15 

Kulite 726 1 T20 shorted signal wire 

Kulite 729 2 T21 

 

Kulite 728 3 T24 

Kulite 725 4 T25 
 

"No trips, cylinder" - Sampled at 2MHz. Kulite LP=200kHz. PCB LP=1MHz. 

Swept Re sampled for 0.1s per point. Stepped for 1.5s per point. 

Configuration 10 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3458 swept 48 140 

  

7.5-2.9 

3459 stepped 3 7 

  

6.9, 5.5, 5.0, 4.6, 4.2 

3460 stepped 3 7 

  

6.1, 4.9, 4.3, 3.6, 3.2 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7705 1 T1 

PCB 7707 2 T4 

PCB 7708 3 T17 

PCB 7709 4 T11 

PCB 7629 5 T18 

Kulite 725 1 T19 

Kulite 729 2 T20 

Kulite 728 3 T24 
 

Configuration 11 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3461 swept 54 150 

  

7.1-2.4 
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3462 stepped 4 8 

  

6.4, 5.6, 5.1, 4.6, 4.2 

3463 stepped 5 8 

  

6.4, 5.8, 5.2, 4.8 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7629 1 T1 

PCB 7707 2 T2 

PCB 7709 3 T3 

PCB 7705 4 T15 

PCB 7708 5 T16 

Kulite 725 1 T5 

Kulite 728 2 T6 

Kulite 729 3 T7 
 

Configuration 12 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3466 swept 45 124 

  

2.0-6.7 

3467 stepped 2 2 4 8 8.0, 6.6, 5.8, 5.3, 4.9, 4.3 

3468 stepped 3 8 

  

6.1, 5.3, 4.7, 4.4, 4.0, 3.3 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7707 1 T8 

PCB 7708 2 T9 

PCB 7705 3 T10 

PCB 7709 4 T17 

PCB 7629 5 T18 

Kulite 729 1 T12 

Kulite 728 2 T13 

Kulite 725 3 T14 
 

"No trips, no cylinder" - Sampled at 2MHz. Kulite LP=200kHz. PCB LP=1MHz.  
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Swept Re sampled for 0.1s per point. Stepped for 1.5s per point. 

Configuration 13 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3469 swept 35 128 

  

7.6-2.1 

*same transducer configuration kept through R3475 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7705 1 T1 

PCB 7707 2 T4 

PCB 7708 3 T9 

PCB 7709 4 T11 

PCB 7629 5 T18 

Kulite 728 1 T14 

Kulite 725 2 T19 

Kulite 729 3 T20 
 

Cylinder wake studies - Sampled at 500kHz for 400ms. 

Configuration 14 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

Configuration for R3476-R3480 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7707 1 T1 

PCB 7709 2 T4 

PCB 7629 3 T9 

PCB 7705 4 T11 

PCB 7708 5 T18 

Kulite 728 1 T19 

Kulite 729 2 T20 broke on install 

Kulite 725 3 T24 

 



 

338 

 

 

"Trips, angled cylinder" - Sampled at 2MHz. Kulite LP=200kHz. PCB LP=1MHz. 

Swept Re sampled for 0.1s per point. Stepped for 1.5s per point. 

Configuration 15 Applicable Points 

 

Run Re Style Start1 End1 Start2 End2 Re (M/m) 

3482 swept 98 143 

  

6.8-3.0 

3483 swept 36 147 

  

7.3-1.0 

3484 stepped 3 8 

  

7.0, 6.1, 5.7, 5.3, 4.7, 4.3 

3485 swept 50 151 

  

7.4-1.6 

3486 stepped 4 8 

  

6.9, 6.1, 5.7, 5.3, 4.9 

3487 swept 33 127 

  

7.6-1.5 

3488 stepped 3 9 

  

7.1, 6.1, 5.6, 5.1, 4.7, 4.2, 3.6 

3489 stepped 3 9 

  

7.4, ?, 5.3, 5.9, 4.5, 4.1, 3.4 

3490 5M/m 51 157 

  

5 

Sensor Distribution 

 

Type SN Channel Position 

 

PCB 7705 1 T1 

PCB 7707 2 T4 

PCB 7629 3 T9 

PCB 7709 4 T11 

PCB 7708 5 T18 

Kulite 728 1 T19 

Kulite 725 2 T24 
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IR Thermography Table 

This table indicates the camera configuration, specifics for resolution reduction (x min, x 

max, y min, and y max are pixels on the full frame representing the bounds of the new resolution), 

frame syncing to the tunnel DAQ (tunnel end is DAQ unstart – condition every 1/10 sec, IR end 

is IR unstart – frame every 1/15 sec), and other notes for each run. 

Trips, No cylinder - zoom lens using O7-T1 (2nd zoom calibration), IR maps reduced to 700x700 resolution.  

All processing from preset 0. 

Run Reynolds number style tunnel 
end 

IR 
end 

x 
min 

x 
max 

y 
min 

y 
max 

Initial 
T (K) 

Notes 

3391 QU, ramp D. 1 US 466 734 235 934 20 719 300.6 
 

3392 small file - computer error 
      

 
 

3393 QU, ramp D. 1 US 455 639 184 883 149 848 302.3 
 

3394 QU, step down 476 679 189 888 150 849 303.0 
 

3395 QU, ramp D. 2 US 482 704 190 889 147 846 301.6 
 

3396 Tunnel fail 
      

 
 

3397 QU, ramp D. short run 332 479 187 886 156 855 306.0 
 

3398 QU, ramp D 369 578 191 890 155 854 308.1 
 

3399 QU, ramp D. 2 US. short run 292 422 191 890 152 851 300.4 
 

3400 QU, ramp D. 1 US 353 515 192 891 158 857 303.3 
 

3401 QU, step down. 1 US 374 580 184 883 160 859 300.6 
 

3402 QU, ramp D. 1 US 381 556 182 881 156 855 301.3 
 

3403 QU, ramp D. 1 US 327 430 185 884 162 861 306.1 
 

3421 ramp D, ramp U 387 593 168 867 155 854 301.7 
 

Trips and Cylinder - zoom lens using O7-T1. Both wedge surface (700x700) and cylinder (600x400) reduced.  

"Default" preset=3. Also converted over P0. 

3422 ramp D, ramp U 359 552 167 866 150 849 300.1   

3424 QU, ramp D. 1 US 426 650 166 865 160 859 299.7   

3425 QU, step D 370 478 167 866 150 849 296.9   

3426 QU, step D 363 508 50 449 150 749 302.4 out of focus 

3427 ramp D, ramp U 379 532 186 885 140 839 303.3   

3428 QU, step D 390 599 189 888 133 832 309.6   

3429 QU, step D 450 604 66 465 200 799 302.0   

3436 QU, ramp D. 2 US 473 723 196 895 126 825 299.2 out of focus 

3439 QU, step D 477 636 190 889 130 829 301.1 out of focus 

3441 QU, step D, 1 US 431 653 18 417 185 784 299.2   

3442 QU, ramp D. 1 US 439 614 173 872 139 838 298.9   
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3443 QU, step D 447 658 179 878 144 843 300.9 starts skipping frames at 
39.4sec 

3444 QU, step D 428 511 50 449 150 749 302.7 starts skipping at 33.6sec 

Cylinder, no trips - zoom lens using O7-T1. Both wedge surface (700x700) and cylinder (600x400) reduced. 

Preset=3. 

3458 QU, ramp D. 1 US 447 645 195 894 139 838 300.8   

3459 QU, step D. 1 US 409 589 200 899 138 837 305.8   

3460 QU, step D 412 584 85 484 180 779 305.5 out of focus 

3461 QU, ramp D. 1 US 463 672 81 480 184 783 301.2   

3462 QU, step D. 1 US 451 653 168 867 142 841 306.4   

3463 Slow ramp U, step D 434 610 87 486 205 804 304.2   

3464 QU, ramp D. 1 US 409 573 87 486 200 799 300.6   

3466 ramp D, ramp U 404 616 162 861 96 795 304.6 out of focus 

3467 QU, step D. 1 US 460 700 141 840 93 792 301.7   

3468 QU, step D 430 575 110 509 213 812 303.5   

No trips and no cylinder. Maps reduced to 700x700 resolution. Preset=0. 

3469 QU, ramp D 400 606 150 849 140 839 299.5 
 

Angled Cylinder. Both wedge surface (700x700) and cylinder (600x400) reduced. Preset=3. 

3482 QU, ramp D. 4 US 437 522 134 833 153 852 298.9 4 unstarts-lot of lost 
frames starting 33.3s 

3483 QU, ramp D 449 692 131 830 156 855 301.4 
 

3484 QU, step D 473 721 76 475 154 753 304.1 
 

3485 QU, ramp D. 1 US 456 700 169 868 160 859 305.6 
 

3486 QU, step D 425 653 85 484 160 759 302.4 
 

3487 QU, ramp D 392 601 176 875 166 865 299.0 out of focus 

3488 QU, step D 493 753 66 465 168 767 302.9 
 

3489 QU, step D. 1 US 480 730 139 838 164 863 304.0 
 

3490 Constant 5M/m 480 730 203 902 178 877 357.3 preheated model 

Blue denotes the camera in position (b) – having view of cylinder, D=Down, QU=Quick Up, U=Up, US=Unstart 
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High-speed Schlieren Table 

This table provides the conditions, resolution, sampling specifications, and position relative to the model for each high-speed 

schlieren run. The coordinates are for each vertex defining the location of the high-speed time-resolved schlieren box with respect to 

the front of the cylinder and the wedge surface. The cylinder base and a representative upstream point on the model surface (to find 

the angle of the model relative to the camera) are given in full resolution (FR – taken before the run to define the position) and re-

duced resolution (actually used for the run) coordinates. 

"Trips, cylinder" Resolution model-based coordinates (mm) cylinder base (px) upstream (px) 
 

Run Re (M/m) Frame 

(x x y) 

Spatial 
(px/cm) 

-x'1 y1 -x'2 y2 -x'3 y3 -x'4 y4 x y x y samples per 
condition 

rate 
(fps) 

3422 2.1-7.6 1024 x 1024 74 
 

948 474 53 484 
 

500 

3424 8.0-2.5 1024 x 1024 74  961 478 40 488  500 

3425 6.6, 5.9, 
5.6, 4.8 

456 x 128 74.3 5.9 26.4 67.3 27.0 67.5 9.8 6.1 9.1 FR785 FR643 FR11 FR652 50k 150k 

3426 6.2, 5.3, 
4.8, 4.4, 4.1 

120 x 256 74.3 -2.7 29.2 13.4 29.4 13.9 -5.0 -2.3 -5.2 93 

FR545 

220 

FR604 

0 

FR245 

221 

FR607 

50k 240k 

3427 2.1-7.4 1024 x 1024 74 
 

949 490 33 501 
 

500 

3428 6.7, 5.7, 
5.3, 4.8, 
4.6, 3.9 

456 x 128 74.7 5.8 25.0 66.8 25.5 67.0 8.4 5.9 7.8 FR784 FR633 FR5 FR640 50k 150k 

3429 6.6, 5.4, 
4.4, 3.8, 3.1 

120 x 256 74.4 -3.0 31.3 13.1 31.5 13.5 -2.9 -2.7 -3.1 93 

FR545 

233 

FR617 

0 

FR282 

234 

FR620 

50k 240k 

3436 7.4-2.0 1024 x 1024 74 
 

940 489 17 498 
 

500 

3439 6.9, 5.9, 
5.3, 4.9, 

4.5, 3.8, 3.2 

456 x 128 73.7 5.8 26.1 67.7 26.6 67.8 9.2 6.0 8.7 FR782 FR640 FR27 FR646 50k 150k 
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3441 7.3, 5.6, 
5.2, 4.7, 
4.4, 4.1 

120 x 256 73.7 -0.1 31.3 16.2 31.5 16.5 -3.2 0.2 -3.4 114 

FR566 

234 

FR617 

0 

FR268 

233 

FR620 

50k 240k 

3442 7.7-2.9 1024 x 1024 74 
 

954 501 28 512 
 

500 

3443 6.9, 5.6, 
5.2, 4.8, 
4.3, 3.7 

456 x 128 74.3 5.3 25.6 66.7 26.3 66.9 9.1 5.5 8.3 FR780 FR637 FR12 FR647 50k 150k 

3444 6.8, 5.8, 
5.3, 4.7, 
4.0, 3.3 

120 x 256 74 -1.0 32.6 15.2 32.7 15.5 -1.9 -0.7 -2.0 111 

FR562 

241 

FR625 

0 

FR282 

242 

FR627 

50k 240k 

 

"No trips, cylinder" model-based coordinates (mm) cylinder base (px) upstream (px) 
 

Run Re (M/m) Frame 

(x x y) 

Spatial 
(px/cm) 

-x'1 y1 -x'2 y2 -x'3 y3 -x'4 y4 x y x y samples per 
condition 

rate 
(fps) 

3458 7.5-2.9 1024 x 1024 76 
 

970 487 88 493 
 

30 

3459 6.9, 5.5, 
5.0, 4.6, 4.2 

456 x 128 76.3 0.2 32.4 60.0 32.8 60.1 16.1 0.3 15.6 FR742 FR688 FR15 FR693 50k 150k 

3460 6.1, 4.9, 
4.3, 3.6, 3.2 

120 x 256 76.3 -3.0 35.6 12.7 35.7 13.0 2.2 -2.7 2.0 FR549 FR648 FR227 FR651 50k 240k 

3461 7.1-2.4 1024 x 1024 76 
 

987 481 69 490 
 

500 

3462 6.4, 5.6, 
5.1, 4.6, 4.2 

456 x 128 76 0.4 32.4 60.4 32.9 60.5 16.1 0.5 15.5 FR743 FR694 FR26 FR700 50k 150k 

3463 6.4, 5.8, 
5.2, 4.8 

120 x 256 76.3 -2.6 37.7 13.1 37.9 13.4 4.3 -2.3 4.2 FR552 FR672 FR256 FR674 50k 240k 

3466 2.0-6.7 1024 x 1024 76 
 

962 470 68 481 
 

500 

3467 8.0, 6.6, 
5.8, 5.3, 
4.9, 4.3 

456 x 128 75.3 4.3 28.5 64.8 29.0 65.0 12.0 4.4 11.5 FR772 FR662 FR3 FR668 50k 150k 

 

"Trips, angled cylinder" model-based coordinates (mm) cylinder base (px) upstream (px) 
 

Run Re (M/m) Frame 

(x x y) 

Spatial 
(px/cm) 

-x'1 y1 -x'2 y2 -x'3 y3 -x'4 y4 x y x y samples per 
condition 

rate 
(fps) 
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3482 6.8-3.0 1024 x 1024 96 
 

960 538 6 545 
 

50 

3483 7.3-1.0 1024 x 1024 96 
 

951 533 32 538 
 

50 

3484 7.0, 6.1, 
5.7, 5.3, 
4.7, 4.3 

208 x 256 96 -7.1 24.1 14.5 24.2 14.7 -2.5 -7.0 -2.6 141 

FR548 

234 

FR619 

0 

FR145 

232 

FR621 

50k 200k 

3485 7.4-1.6 1024 x 1024 96 
 

934 621 21 627 
 

50 

3486 6.9, 6.1, 
5.7, 5.3, 4.9 

208 x 256 95.7 -8.8 24.4 12.9 24.5 13.0 -2.2 -8.7 -2.3 124 

FR531 

233 

FR618 

0 

FR129 

234 

FR620 

50k 200k 

3487 7.6-1.5 1024 x 1024 76.5 
 

944 448 41 453 
 

500 

3488 7.1, 6.1, 
5.6, 5.1, 

4.7, 4.2, 3.6 

216 x 256 76.4 -2.7 28.9 25.6 29.0 25.7 -4.6 -2.5 -4.7 194 

FR598 

221 

FR605 

0 

FR194 

221 

FR606 

50k 200k 

3489 7.4, ?, 5.3, 
5.9, 4.5, 
4.1, 3.4 

256 x 256 76.3 6.4 38.0 40.0 38.2 40.1 4.6 6.5 4.5 FR687 FR673 FR13 FR676 50k 150k 

 

Focused schlieren model-based coordinates (mm) cylinder base (px) upstream (px)   

Run Re (M/m) Frame 

(x x y) 

Spatial 
(px/cm) 

-x'1 y1 -x'2 y2 -x'3 y3 -x'4 y4 x y x y samples per 
condition 

rate 
(fps) 

3490 4.9 1024 x 1024 300  500 

3492 4.9 232 x 384 300  30k 150k 

3494 4.9 184 x 512 300  30k 150k 
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APPENDIX H 

RUN CONDITIONS AND DATA 

 

This appendix provides plots of the tunnel conditions as well as configurations and some 

relevant data. Tunnel unstart is indicated by a precipitous fall in Mach number or “jump” in Reyn-

olds number on the condition plots. 

Model 1: Flat plate at AOA 

Run 2814 

Model mounted at -1.9° AOA. Schlieren imaging of Re sweep (DSC_0446.avi). 

 
 

Run 2815 

Model mounted at -1.9° AOA. Re near 4.3M/m. Oil flow visualization with initial band applied parallel to leading 
edge. 
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Run 2816 

Model mounted at -1.9° AOA. Re near 5.2M/m. Oil flow visualization. 

 
 

Run 2817 

Model mounted at -1.9° AOA. Re near 4.9M/m. Oil flow visualization with row of dots. 

 
 

Run 2818 

Repeat of previous run. 
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Run 2819 

Model mounted at -1.1° AOA. Re near 4.8M/m. 

 
 

Run 2820  

Model mounted at -1.1° AOA. Re near 4.5M/m. 3" Velcro trip centered on the span, near the leading edge. IR ther-
mography. 

 
 

Run 2821 

Similar run as previous. Re near 4.3M/m. 
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Run 2822 

Model mounted at -1.1° AOA. Re near 4.3M/m. IR thermography with no Velcro. 

 
 

Model Positives: 

-no influence from the tunnel sidewalls was observed 

-IR thermography proved to be a success on the PEEK material 

 

Model Drawbacks: 

-a flat plate at negative AOA is necessary for leading edge flow attachment, but the pressure will 

always be higher on the upper surface of the model, which causes streamlines to curve over the 

edge 

-sweeping the model at the Mach angle leads to a narrow span on downstream portion of model 
 

 

 

Model 2: 1.3° aluminum wedge 

Run 2834 

Oil flow visualization with Re near 3.4M/m. Video is DSC_0523.avi. 
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Model Positives: 

-no influence from the tunnel sidewalls was observed 

-streamlines trended straight back on model 

 

Model Drawbacks: 

-aluminum material is not suited for IR 

 

 

Model 3: 1.3° PEEK wedge  

Run 2847 

IR thermography and schlieren on model with 0.17” diamond trip array in rear port. Re sweep. 

 
 

Run 2848  

Trips moved to front port and Re sweep. Same diagnostics as previous. 
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Run 2849 

Trips again in rear port for Re sweep. Same diagnostics as previous.  

 
 

Run 2850 

Schlieren with both sets of trips in place. Re sweep. 
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Run 2851 

Oil flow with both sets of trips. Re sweep. 

 
 
 

Run 2855 

IR thermography through middle window port looking upstream. Both trips. Re held near 3.3M/m.  
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Run 2856 

Same configuration and view as previous but Re held near 7M/m. 

 
 

Run 2857 

IR thermography through middle window looking downstream. Re held near 6.5M/m. 

 
 
 

Run 2858 

IR thermography directed straight down through downstream window. Re held near 6.9M/m. 
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Run 2859  

Same IR configuration as previous with new 0.07” trip heights. Re held near 6.5M/m. 

 
 

Run 2860 

Same configuration as previous with Re held near 3.2M/m.  

 
 
 

Run 2862 

Same configuration as previous with Re held near 4.8M/m. 
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Run 2863 

Only front set of 0.07” trips in place with IR straight down view through downstream window. Re held near 6.3M/m.  

 
 

Run 2864 

Same configuration and view as previous. Re held near 6.5M/m. 

 
 
 

Run 2865  

Same configuration but view straight through center window. Re held near 6.5M/m.  
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Run 2866  

Same configuration but view straight through upstream window. Re held near 6.4M/m. 

 
 

Run 2867 

Same view but no trips. Re held near 6.7M/m.  
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Run 2868 

Same configuration as previous with camera directed through center window. Re near 6.6 M/m.  

 
 

Run 2869 

Camera again at upstream window looking at leading edge hot streaks and Re stepped. 
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First cylinder runs 

Run 2870 

A 0.75” diameter, 1.25” tall cylinder was placed 2.1” downstream of the leading edge near a hot streak. IR thermog-
raphy was conducted at several Re. No trips.  

 
 

Run 2871  

Same type of run with model positioned 1” farther downstream in tunnel.  
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Run 2877 

The same cylinder as previous was affixed 10.5” downstream of the leading edge. No trips. IR thermography. 

 

 
 
 

Run 2878  

Same configuration and run type with 0.07” trips in front port. 
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Run 2879 

IR thermography on same trips but now a 1.25” diameter, 1.25” tall cylinder located 10.5” downstream of LE. 
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Run 2880 

IR thermography on same cylinder but no trips. 

 

 
 
 

Run 2881 

IR thermography on same configuration as previous run but Mach number changed to near 7.5. 
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Mach 7 runs 

Run 2884 

IR thermography on same configuration as previous.  
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Run 2885 

IR thermography on same 1.25” diameter cylinder but now with trips.  

 

 
 

Run 2886 

IR thermography on model with trips and 0.75” diameter cylinder. 
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Run 2887 

IR thermography on model without trips and with a 0.75” diameter cylinder positioned 10.5” downstream of the 
leading edge.  
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Run 2888  

IR thermography on model without trips and with a 0.75” diameter cylinder positioned 16.5” downstream of the 
leading edge.  

 
 

Run 2889 

Same test as previous but with front set of 0.07” trips.  

 
 

Run 2890 

Same test as previous but with 1.25” diameter cylinder.  
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Run 2891 

Repeat of previous run. 

 
 

Run 2892 

Same test as previous but with no trips.  

 
 

Run 2898  

Front row of trips and no cylinder with IR camera directed through downstream window.  
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Run 2945 

Oil flow visualization on the model with front set of trips and 0.75” diameter cylinder positioned 12” downstream. 
Re near 3.3M/m. 

 
 

Run 2946 

Repeat of previous run with less oil. 

 
 

Run 2947 

Same run as previous with no trips.  
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Run 2948 

Oil flow on model with trips and with 0.75 diameter cylinder positioned 18” downstream. Re near 3.2 M/m. 

 
 

Run 2949 

Oil flow on model with trips and with 0.75 diameter cylinder positioned 18” downstream. Re near 3.1 M/m. 

 
 
 

Return to Mach 6 

Run 2957 

Oil flow visualization on model with a 0.75” diameter, 2.25” tall cylinder placed 15” downstream from the leading 
edge. Re held near 5.1M/m. Front set of 0.07” trips with 2δ (0.25”) spacing.  



 

367 

 

 
 

Run 2958 

Oil flow visualization with 0.375” trip spacing. Re held near 4.9M/m. 

 
 

Run 2959 

Oil flow on the same trips but cylinder moved upstream to 12” from leading edge. Re near 5.0M/m. 
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Run 2960 

Oil flow with cylinder in same position but with 0.25” trip spacing. Re ramp until unstart at 8.3M/m. 

 
 

Run 2961 

Oil flow with same configuration. Ramped up to Re of 7.6 M/m but tunnel unstarted after 2 seconds. 

 
 

Run 2962 

Oil flow with same configuration. Tunnel did not hold Re of 7.8M/m. 
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Run 2963 

Oil flow with same configuration. 0.07” tall trips with 0.25” spacing and 0.75” diameter, 2.25” tall cylinder located 
12” downstream of leading edge. Re held near 7.0M/m. 

 
 

Run 2964 

Oil flow with same configuration, except 0.5” spacing between trips. Re near 5.3M/m. 

 
 

Run 2965 

Oil flow on same configuration as previous with Re near 7.1M/m. 
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Run 2966 

Oil flow on same configuration, except 0.625” spacing between trips. Re near 7.1 M/m. 

 
 

Run 2967 

Oil flow on same configuration as previous but Re near 4.8M/m. 

 
 
Run 2968. Same configuration as previous but shorter (0.035”) trips. Tunnel did not start as ejector regulators failed 
from cold temperatures.  
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Run 2969 

Oil flow on configuration kept from 2968. Re held near 4.9M/m. 

 
 

Run 2970 

Oil flow on same configuration as previous run, but tunnel did not hold Re of 7.3M/m. 

 
 

Run 2971 

Repeat of 2970. Tunnel held Re of 7.0M/m. 
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Run 2972 

Oil flow on model with same cylinder and 0.035” tall trips and 0.5” spacing. Re held near 4.9M/m. 

 
 
 

Run 2973 

Oil flow on same configuration. Re of 7.3M/m failed. 

 
 

Run 2974 

Repeat of previous again failed. 
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Run 2975 

Repeat of previous held at Re of 7.0M/m. 

 
 

Model span reduced from 11” to 9.75” 

 

Run 2984 

Oil flow on model with 0.75” cylinder located 12” downstream of leading edge and front 0.07” tall, 0.5” spaced trips. 
Re held near 7.1M/m. 
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Run 2985 

Oil flow on same configuration as previous, but Re held near 5.0M/m. 

 
Run 2986 

IR thermography on the same configuration at stepped Re. 
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Run 2987 

Same run as previous but without the cylinder.  

 

 
 

 

Run 3007 

IR thermography and fast-response pressure measurements (2 Kulites, 2 PCBs) on the model with no trips and no 
cylinder.  
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Run 3008 

IR thermography and fast-response pressure measurements (2 Kulites, 2 PCBs) on the model with 0.07” tall, 0.25” 
spaced trips in front trip port and no cylinder.  
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Run 3010 

IR thermography and fast-response pressure measurements (2 Kulites, 2 PCBs) on the model with 0.07” tall, 0.25” 
spaced trips in front trip port and 0.75” diameter, 2.25” tall cylinder located 12” from leading edge.  
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Run 3046 

Schlieren (Nikon) on model for a Re sweep. Not seeing leading edge separation.  

 
 

Run 3047  

Schlieren (Olympus) on model for a Re sweep. Not seeing leading edge separation.  

 
 

Run 3048  

Door was reversed and mounting holes were drilled in model to allow for schlieren (Olympus) of interaction.  Cylin-
der was positioned 16” downstream of leading edge. Video captures near Re of 6M/m. 
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Run 3049 

Cylinder repositioned to 15.5” downstream of leading edge. Re near 4M/m captured with schlieren video. 

 
 

Run 3050 

Same configuration as previous run with schlieren of interaction near Re of 6M/m. 

 
 

Run 3051 

Schlieren for a Re sweep captured with the SA-Z at 500fps with an exposure of 1/800k seconds.  
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Run 3052 

Same configuration as previous except trips were removed. Interaction was monitored using IR thermography and 
schlieren imaging with the same settings as the previous run. 

 
 

Run 3053 

Schlieren imaging at 60k fps for the same configuration, holding a Re near 4M/m. 

  
 

Run 3054 

Trips reinserted and a similar schlieren run was conducted as the previous. Re near 4.5M/m. 
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Run 3055 

Same configuration and acquisition as above with Re near 5.7M/m. 

 
 

Run 3056 

Same configuration and acquisition as above with Re near 5.1M/m. 
 
 

Run 3057.  

Schlieren imaging at 360k fps of region just below separation shock without the trips in place. 
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Run 3058.  

Schlieren imaging at 60k fps of region near cylinder with trips reinserted. Re near 6.7M/m. 

 
 

Run 3059.  

Similar run as previous. 

 
 

Run 3060.  

Schlieren imaging at 288k of same configuration. Re near 6.3M/m. 

 
 



 

385 

 

Model Positives: 

-no influence from the tunnel sidewalls was observed 

-streamlines trended straight back on model 

-PEEK material allowed for IR thermography 

 

Model Drawbacks: 

-leading edge was machined with a spanwise bow 

-mounting prevented high-speed schlieren of interaction 
 
 

Model 4: 1.3° composite wedge 

Preliminary Runs 

 

Run 3203 

Oil flow visualization on new model with a thin spanwise stripe painted on the leading edge.  

 
 

Run 3204 

Reynolds number sweep up to find testing bounds. 
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Run 3205 

Oil flow visualization on model holding condition near 6.9M/m. 

 
 

Run 3206 

Oil flow visualization on model with a 0.5” diameter, 2” tall cylinder positioned 12” downstream of leading edge. Re 
held near 2.4M/m. 
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Run 3207 

Same test as previous at Re of 7.0M/m. 

 
 

Run 3208 

Repeat of previous test at a different diffuser setting. 

 
 

Run 3209  

Repeat of previous test at a different diffuser setting. 
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Run 3210  

Repeat of previous test at a different diffuser setting. 

 
 

Run 3211  

Repeat of previous test at a different diffuser setting. 

 
 

Run 3212 

Repeat of previous test at a different diffuser setting. 
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Run 3213  

Repeat of previous test at a different diffuser setting. Oil flow visualization on model with a 0.5” diameter, 2” tall 
cylinder positioned 12” downstream of leading edge. Re held near 7.0M/m. 

 
 

Run 3214  

Repeat of previous test at a Re near 5.0M/m. 

 
 

Run 3218  

Schlieren using incandescent light source looking 500 fps at leading edge of model. 

 



 

390 

 

Run 3222  

Schlieren using LED light source looking 500 fps at leading edge of model. 

 
 
 

Run 3223  

Schlieren looking 140k fps at leading edge of model. 

 
Run 3237  

Schlieren at 500 fps using incandescent light source looking at interaction region from 0.5” diameter cylinder. Expo-
sure time could only be reduced to 1/20k seconds and quality was poor. 
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Run 3239 

Schlieren of same interaction at 500 fps with LED for 1/4M exposure.  

 
 

Run 3240 

Repeat of previous run attempting to better adjust the cutoff.  

 
 

Run 3241 

Repeat of previous run with still different cutoff and no improvement in contrast.  
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Run 3242 

Repeat of previous run with slight adjustment of condenser lens and slit and no improvement. 

 
 

Run 3244 

Repeat of previous adjusting optical heights. No improvement.  

 
Run 3245 

Repeat of previous adjusting optical heights. No improvement. 
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Run 3246 

Repeat of previous adjusting optical heights. No improvement. 

 
 

Run 3247 

Repeat of previous with source slit made smaller. Darker, but no improvement in contrast. 

 
 

Run 3248 

Repeat of previous substituting red LED for green LED. No improvement.  
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Run 3249 

Returned to use of the 0.75” diameter, 2.25” tall cylinder, and schlieren quality improved.  

 
 

Run 3250 

Schlieren at 500fps for a Re stepped run using an exposure of 1/4M seconds.  

 
Run 3251 

High-speed schlieren sampled at 200k fps. Re held near 2.8M/m. 
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Run 3252 

Repeat of previous run but with more cutoff. 

 
 

Run 3253 

Same run configuration and sampling but at a Re of 3.5M/m. 

 
 

Run 3254  

Same run configuration and sampling but at a Re of 4.3M/m. 
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Run 3255  

Same run configuration and sampling but at a Re of 6.4M/m. 

 
 

Run 3257  

Schlieren run at 480k fps with 100k frames sampled every 3 seconds, allowing for Re steps. 

 
 

Run 3259 

Similar run as previous with less cut-off.  
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Run 3260 

Similar run as previous but to a higher Re. 

 
 

Run 3261 

Region of interest shifted to separation shock and frame rate reduced to 200k. Similar stepped Re. 

 
 

Run 3265 

Infrared thermography looking straight down the central top window for a Re sweep. 
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Run 3266 

Infrared thermography angled back to measure temperature on the cylinder for a Re sweep. 

 
 
 

Oil flow mappings 

Run 3267 

Oil flow visualization at 3.0M/m. 
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Run 3268 

Oil flow visualization at 3.7M/m. 

 
 

Run 3269 

Oil flow visualization at 4.6M/m. 

 
 

Run 3270 

Oil flow visualization at 2.8M/m. 
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Run 3271 

Oil flow visualization at 3.6M/m. 

 
 

Run 3272 

Oil flow visualization at 5.4M/m. 

 
 

Run 3273 

Oil flow visualization at 6.1M/m. 
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Run 3274 

Oil flow visualization at 6.9M/m. 

 
 

Run 3276 

Oil flow visualization at 7.6M/m. 

 
 

Run 3277 

Oil flow visualization at 4.2M/m. 
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Tunnel freestream 

Run 3290 

Pitot measurement using a Kulite XCEL-100-5A at location in tunnel where model leading edge would be. Sampled 
at 200 kHz. Re sweep.  

 
 

Run 3291 

Repeat of previous run but sampled at 400 kHz. 

 
 
 

  



 

403 

 

Run 3340 

Hot-wire anemometry using AA Systems anemometer and TSI hot-wire. Wire was located at what would be the 
center of the model leading edge. Sampled at 500 kHz for a Re sweep. Ovh=0.8. 
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Run 3341 

Repeat of previous run. 

 
 

Run 3346 

Hot-wire calibration run with wire positioned 1.7” upstream of what would be the model leading edge.  
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Run 3349 

Hot-wire calibration behind the leading-edge shock.  

 
 

  



 

406 

 

Run 3350 

Hot-wire traverse behind the leading-edge shock. DAQ timing was off. 

 
 

Run 3351 

Repeat of previous run adding schlieren to track wire path. 

 
 
 

Hot-wire surveys 

Run 3354 

Dummy probe positioned above front/center PCB located 1" DS of PEEK interface on model. IR camera angled to 
look back at probe through the top front window port. Schlieren through the downstream window. Re held near 
4.9M/m.  
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Run 3355 

IR thermography was done through the central window to examine the heating streaks. 

 
 

Run 3356 

Dummy probe in same position as for 3354 to look at movement during start and unstart. Schlieren was used to 
estimate distance off model.  
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Run 3357 

Hot-wire traverse at x=187mm, z=-0.7mm. Re near 5.0M/m.  

 

 

 
 

  



 

409 

 

Run 3358 

Repeat of previous run. Re near 4.9M/m.  
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Run 3359 

Hot-wire traverse at x=187mm, z=0.9mm. Re near 5.0M/m.  
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Run 3360  

Hot-wire traverse at x=187mm, z=3.4mm. Re near 4.9M/m.  
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Run 3361 

Hot-wire traverse at x=187mm, z=-2.5mm. Re near 4.8M/m.  
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Run 3362  

Hot-wire traverse at x=187mm, z=-4.1mm. Re near 4.8M/m.  
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Run 3363 

Hot-wire traverse at x=187mm, z=-6.1mm. Re near 4.9M/m.  
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Run 3364 

Hot-wire traverse at x=187mm, z=-24.6mm. Re near 5.1M/m.  
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Run 3365 

Hot-wire traverse at x=187mm, z=-24.0mm. Re near 5.0M/m. 
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Run 3366  

Hot-wire traverse at x=187mm, z=-24.2mm. Re near 4.9M/m. 
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Run 3367 

Hot-wire traverse at x=187mm, z=-29.0mm. Re near 5.0M/m. 
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Run 3368 

Hot-wire traverse at x=187mm, z=-27.2mm. Re near 5.1M/m. 

 

 

 
 
 
Run 3369. Failed run. Traverse jam. 
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Run 3370 

Hot-wire traverse at x=187mm, z=-24.8mm. Re near 4.8M/m. 

 

 

 
 

  



 

421 

 

Run 3371 

Hot-wire traverse at x=213mm, z=-1.6mm. Re near 5.0M/m. 
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Run 3372 

Hot-wire traverse at x=213mm, z=2.0mm. Re near 5.0M/m. 
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Run 3373 

Hot-wire traverse at x=213mm, z=-1.0mm. Re near 5.1M/m. 
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Run 3374 

Hot-wire traverse across leading-edge shock at x=106mm, z=0mm. Re near 4.9M/m. 
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Run 3375 

Repeat of same position as previous run, changing resolution. Re near 5.0M/m. 
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Run 3376 

Hot-wire traverse across leading-edge shock at x=58mm, z=0mm. Re near 4.9M/m. 
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Run 3377 

Hot-wire traverse across leading-edge shock at x=82mm, z=0mm. Re near 5.1M/m. 
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Run 3378 

Hot-wire traverse at x=264mm, z=9.9mm. Re near 5.0M/m. Probe grounded to tunnel for points 1-12. 
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Run 3379  

Repeat same traverse. Re near 4.9M/m. 
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Run 3380 

Hot-wire traverse at x=264mm, z=0.0mm. Re near 5.0M/m. 
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Run 3381 

Hot-wire traverse at x=276mm, z=0.6mm. Re near 4.9M/m. 
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Run 3382 

Hot-wire traverse at x=302mm, z=0.6mm. Re near 4.9M/m. 
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Run 3383 

Same traverse with Re near 7.2M/m and dummy probe for higher Re. 

 
 

Run 3384 

Repeat similar traverse with Re near 7.5M/m. 
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Run 3385 

Repeat similar traverse with Re near 7.5M/m. 
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Run 3386 

Repeat similar traverse with Re near 7.0M/m. Traverse jammed. 
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Run 3387 

Repeat similar traverse with Re near 6.9M/m. 
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Run 3388 

Hot-wire held in position at x=302mm, y=10.0mm, z=0.8mm. Re sweep. 
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Run 3389 

Repeat of previous going to lower Re. 
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Run 3390  

Hot-wire traverse at x=346mm, z=0.8mm. Re near 7.5M/m. Tunnel unstart broke wire.  

 

 

 
 
 

Trips, no cylinder 
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Run 3391 

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3392 

Surface pressure measurements and IR thermography made over Re steps. 
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Run 3393 

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3394 

Surface pressure measurements and IR thermography made over Re steps. 
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Run 3395  

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3396. Not a run. Tunnel supply ball valve error. 
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Run 3397 

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3398 

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3399  

Surface pressure measurements and IR thermography made over a Re sweep. Accidentally sampled transducers for 
1s instead of 0.1s. Not a good looking run. 
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Run 3400 

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3401 

Surface pressure measurements and IR thermography made over Re steps. 

 



 

461 

 



 

462 

 

 

 



 

463 

 

 
 

Run 3402 

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3403 

Surface pressure measurements and IR thermography made over a Re sweep. 
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Run 3421 

IR thermography on a Re sweep. 
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Trips, cylinder 

 

Run 3422 

IR thermography on a Re sweep. 
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Run 3424 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. 
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Run 3425 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 

` 
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Run 3426 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3427 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. 
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Run 3428 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3429  

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3436 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. 
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Run 3439 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3441 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3442 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. 
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Run 3443 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3444 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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No trips, cylinder 

 

Run 3458 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. 
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Run 3459 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3460 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3461 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. 
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Run 3462 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3463 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3464. DAQ Error. 
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Run 3466  

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. 
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Run 3467 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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Run 3468 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. 
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No trips, no cylinder 

 

Run 3469 

Surface pressure measurements and IR thermography made over Re steps. 
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Run 3470. Attempted hot-wire traverse but jam and DAQ error. 
 
 

Run 3471 

Hot-wire traverse at x=187mm, z=0.4mm. Re near 4.9M/m. 
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Run 3472 

Hot-wire traverse at x=187mm, z=-1.6mm. Re near 4.8M/m. 
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Run 3473 

Hot-wire traverse at x=187mm, z=0.0mm. Re near 4.7M/m. 
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Run 3474 

Hot-wire traverse at x=293mm, z=-1.2mm. Re near 4.7M/m. 
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Run 3475 

Hot-wire traverse at x=293mm, z=0.7mm. Re near 4.9M/m. 
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Cylinder wake 

 

Run 3476 

Hot-wire was positioned above K3(T24) and traversed from 20 to 40 mm above surface. Re near 4.9M/m. 
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Run 3477 

Hot-wire positioned at x/D = 1.7, z/D = 2.0, and traversed from 3.0 to 25.0 mm. Re near 4.7M/m. 
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Run 3478. Traverse jam. 
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Run 3479  

Hot-wire positioned at x/D = 1.7, z/D = 2.0, and traversed from 3.0 to 25.0 mm. Re near 4.9M/m. With trips. 
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Run 3480 

Wire fixed at same position as previous run at a height of 5mm. Reynolds number sweep from 5.8 to 1.9 M/m. 
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Run 3481 

Hot-wire calibration run with wire positioned 1.7” upstream of what would be the model leading edge. 
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Trips, angled cylinder 

Run 3482 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. Cylinder was angled back 
15°.  
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Run 3483 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. Cylinder was angled back 
15°.  
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Run 3484 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. Cylinder was an-
gled back 15°.  
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Run 3485 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. Cylinder was angled back 
30°.  
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Run 3486 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. Cylinder was an-
gled back 30°.  
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Run 3487 

Surface pressure measurements, IR thermography, and schlieren made over a Re sweep. Cylinder was angled for-
ward 15°.  
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Run 3488 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. Cylinder was an-
gled forward 15°.  
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Run 3489 

Surface pressure measurements, IR thermography, and high-speed schlieren made over Re steps. Cylinder was an-
gled forward 15°.  
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Focused schlieren 

 

Run 3490 

Focused schlieren on model with trips and 15° forward cylinder. Camera traverse was swept to sweep position of 
plane of focus. Re held near 4.9M/m. 
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Run 3492 

Focused schlieren on model with 15° forward cylinder. Camera traverse was stepped to step position of plane of 
focus. 150k fps and 30k images at each step. Re held near 4.9M/m. 
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Run 3494 

Focused schlieren on model with perpendicular cylinder. Camera traverse was stepped to step position of plane of 
focus. 150k fps and 30k images at each step. Re held near 4.9M/m. 
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APPENDIX I  

SOFTWARE SNAPSHOTS 

 

A number of different software packages were used to configure the instrumentation and 

to monitor, collect, and process the data. The software and most commonly used files are listed in 

Table I-15. This section describes the utility of the software in terms of the data collected for the 

present campaign. 

 

Table I-15. Software utilized in present campaign 
 

Software Filename Purpose 

Labview NALDAQ 2013.vi 

 

-Monitors tunnel/operating condi-
tions in real-time 

-Writes conditions to file 

Labview OperatorPanel.vi -Displays tunnel conditions on mon-
itor above the regulators 

Labview HW_Traverse Controller_AL_DualDAQ_all channels.vi -Moves traverse and samples all 
FastDAQ channels 

Labview ANLDoubleDAQsweep.vi 

ANLDoubleDAQhold.vi 

-Samples FastDAQ channels and 
alerts user when sampling 

-Writes data to binary file 

NI SignalExpress HW Frequency Response_180304.seproj -Displays wire response in real-time 
to aid in tuning 

ResearchIR  -Samples infrared irradiance at user 
specified integration times 

-Exports data in various file formats 

Photron FASTCAM Viewer  -Controls the Photron SA-Z camera 

-Exports data in different file for-
mats 

Ensemble Motion Composer  -Verifies motors are enabled 

-Moves traverse 

MATLAB  -Data processing 

 

The LabView Virtual Instruments (VIs) used during the present campaign were written by 

previous NAL students (most notably J.W. Hofferth), but some were modified to fit the data col-

lection needs of this study. NALDAQ 2013 and OperatorPanel were VIs used to monitor tunnel 
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conditions during preheat and during every run. NALDAQ 2013 output two excel files for every 

run. The “raw data” file contained conditions for all transducers on the supply line, ejector line, 

and on ACE and the M6QT. These values were tabulated at 100 Hz for 60 seconds. The reduced 

data file tabulated the same conditions at 10 Hz and formed relevant plots.  

The VI HW_Traverse Controller_AL_DualDAQ_all channels allowed for control of the 

traverse and sampling of all FastDAQ channels. Figure I-187 shows the front panel. An excel file 

was created before each hot-wire run, and read into the VI, giving the traverse coordinates that 

defined a survey. Data collection began once the tunnel conditions were reached by clicking the 

“MOVE AND RECORD” button on the front panel. Tunnel conditions (Tt, pt, p, and M) and the 

FastDAQ samples were written to a binary (.sbi) file. The FastDAQ data included DC filtered, DC 

raw, AC filtered, and raw bridge voltage values. It also included surface pressure transducer volt-

age values for applicable runs.  

 

 

 

Figure I-187. Front panel of the VI used to collect hot-wire data 
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Either ANLDoubleDAQsweep (shown in Figure I-188) or ANLDoubleDAQhold was used 

to sample the FastDAQ for the bulk of the campaign. They were essentially the same program but 

sampled at different rates to reflect either the Reynolds number sweeping or stepping nature of the 

run. The programs sampled every channel of the FastDAQ, which allowed for tunnel conditions, 

five PCBs, and 4 Kulites (both AC and DC signals). The large, red LED was illuminated when 

data were being sampling, which allowed the tunnel operator to time his pressure regulation out-

side of the time of sampling. 

 

 

 

Figure I-188. Front panel of the VI used to collect surface pressure data 
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FLIR ResearchIR was used to perform calibrations (Camera -> User Calibration -> Per-

form) and to sample IR data during each run. A snapshot of the software playing back a video is 

given in Figure I-189. The “Record Settings” (Figure I-190) were verified for every run, ensuring 

the correct Prefix and run number were input. Snapshots were often taken with a ruler to know the 

field-of-view on the model. The presets and sampling rate were set in the “Camera Control” box 

on the main screen. The most commonly used options under the “Tools” tab were “File Operation” 

and “Make Self Viewing File”. “File Operation” allowed for background subtraction of a vacuum 

frame from frames for the entire run, which gave an effective sequence of ΔT maps. These maps 

often gave greater contrast for clarity in heating patterns. The file extension (.ats) was able to be 

read into MATLAB for data processing, so files were generally kept as they were sampled. How-

ever, File -> Export allowed for saving as other file types, and File -> Extract enabled reduction 

of frames and / or presets. 
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Figure I-189. FLIR ResearchIR primary interface 

 

Figure I-190. FLIR ResearchIR record settings 



 

586 

 

Photron FASTCAM Viewer (PFV) controlled the FASTCAM SA-Z CMOS camera. Fig-

ure I-191 gives a screen shot of the software. A live view of the image took up the majority of the 

screen. Information for future recording settings was displayed in the upper left corner. The right 

panel, under the “LIVE” tab, allowed for the settings to be changed. The “Frame Rate” and “Res-

olution” were the most commonly changed parameters between the runs. The “Variable Setting 

(Resolution)” dialog box (Figure I-192, left) was utilized to set the parameters. Once these were 

set, “Shading”, was enabled to clear up the image. The trigger mode was set to “Random”, which 

allowed the camera to be triggered from a TTL pulse from the FastDAQ. The number of frames 

taken at each sampling period in “Random Mode” depended on the run type. Once a run was 

completed, the frames could be replayed at different rates under the “SAVE” tab. Clicking “Save” 

prompted a “Save Options Settings” dialog box (Figure I-192, right). This interface allowed the 

user to select a file path, format, and options to save data at different frame rates. 

 

 

 

Figure I-191. PFV primary interface 
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MATLAB was used for data reduction. The most relevant segments of code for 1-D heat 

conduction, shock tracking, and schlieren dynamics are given below. 

 

MATLAB Scripts 

Heat flux 

%QCALC.m – Calculates heat flux from a series of surface temperature maps 
%They were saved as the 3 dimensional (space,space,time) variable "frame" in IR_3xxx.mat files 
 
[filename,pathname]=uigetfile('.mat')         % have user select IR file location 
Run-
Number=[3391,3393,3394,3395,3397,3398,3399,3400,3401,3402,3403,3421,3422,3424,3425,3427,3428,3436,3439,3442,3443,
3458,3459,3462,3466,3467,3469,3482,3483,3485,3487,3489,3490];       %all run numbers 
 
for j=RunNumber 
 clearvars -except j RunNumber pathname 
 filename=['IR_',num2str(j),'.mat']; 
 load(filename); 
 
 
 %Read in IR image files and metadata 
 frame_avg = 20;          %The number of frames averaged at the beginning of the run for the initial temperature 
 
 %Get initial surface temperature and average 
 for i=1:size(frame,3) 
    Tint2(i)=mean(mean(frame(420:450,200:250,i)));     %average of a small patch of upstream pixels 
 end 

 

Figure I-192. PFV commonly utilized dialog boxes 
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 Tinitial = mean(Tint2(1:frame_avg));     %initial temperature set to average small patch temperature of first 20 frames 
 initial_frame = sum(frame(:,:,1:frame_avg),3)/frame_avg;    %initial frame set to average of first 20 frames 
 
 for i=1:length(Time) 
    frame(:,:,i)=frame(:,:,i)-initial_frame;    %calculate delta T for the full run 
 end 
 
 %Compute heat flux  
 Qout=zeros(size(frame,1),size(frame,2),size(Time,2)-frame_avg);   %initialize heat flux matrix 
  
 %PEEK properties 
 k=0.26; cp=1500; rho=1310; 
 
 bc1=Tinitial; 
 bc2=Tinitial; 
 
 frame= frame + bc1;   %bring frame back from delta T to T (reduces reflections) 
  
 %Parameters to write to file 
 TI(1,:)=frame(300,300,(frame_avg+1):end); 
 NTHI=size(TI,2); NODES=49; THICK=6.35/1000; 
 dt=Time(2)-Time(1);  
 
 %Solves function "Leidydiff.m" (given after this m-file) 
 h = waitbar(0,'I"m Working on it Geeze'); 
 for i=1:size(frame,1) 
    for j=1:size(frame,2)   %solves for one pixel at a time 
        T1(:,1)=frame(i,j,(frame_avg+1):end); 
        Qout(i,j,:)=Leidydiff(k,cp,rho,Time(1:end-frame_avg),dt,THICK,T1,bc1,bc2); 
    end 
    %i 
    waitbar(i/size(frame,1)) 
 end 
 close(h) 
 
 save(['IR_Q_',num2str(runnum)], 'Qout','k','cp','rho','Tinitial','NTHI','NODES','THICK','dt','frame8','-v7.3'); 
end 
 

%Leidydiff.m - This function is essentially neeldiff.m (developed by Ian Neel) but adds one line for the adiabatic 
instead of isothermal boundary condition. The bottom node is set to the same temperature as the node above 
it. (T slope at bottom wall is zero) It uses both a central difference forward time scheme and a 5 point symmetric 
forward time scheme to compute the temperature profile.  
 
function [q,T] = Leidydiff(k,cp,rho,Time,dt,len,T,bc1,bc2)     %values passed from QCALC.m 
 
%inputs 
surfacetemps=T;    %surface temperature value from "frame" in QCALC.m 
 
a=(k/(rho*cp));        %thermal diffusivity 
s=0.5;                        %convergence parameter 
dx=sqrt(a*dt/s);      %node spacing into material based on sampling rate 
 
Maxtime = Time(end)-Time(1);        %final time step 
 
Jmax = round(len/dx+1);            %number of nodes along “pixel rod” 
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Maxex = Jmax-1;                       %number of terms in exact solution 
 
%Prepare coefficients 
jmap = Jmax-1; 
AJM = jmap; 
 
%Create array of X locations for plotting 
x=zeros(1,Maxex+1); 
for i=2:Maxex+1 
    x(i)=x(i-1)+dx; 
end 
 
T = NaN(round(Maxtime/dt)+1,AJM+1);        %initialize matrix for temperature storage 
T= NaN(size(surfacetemps,1),AJM+1); 
 
%Initial conditions 
for i = 2:(size(T,2)-1) 
    T(1,i)= bc2;             %sets initial temperature in "pixel rod" to value from QCALC.m    
end 
% boundary conditions 
for i= 1:size(T,1) 
    T(i,1)=surfacetemps(i);          %sets upper surface to frame values for all time 
    T(i,end)=bc2;                      %this one will be overwritten below in the loop 
end 
 
%FTCS Finite Difference Loop  (internal temperature) 
t=zeros(1,size(T,1)); 
for n=2:size(T,1) %loop time 
    for j=2:size(T,2)-1  %loop j 
        T(n,j)=s*T(n-1,j-1)+(1-2*s)*T(n-1,j) +s*T(n-1,j+1);    %sets temperature throughout the material 
        T(n,(size(T,2))) = T(n,(size(T,2)-1));                 %new line that sets bottom element to same Temp as element above it 
    end 
    t(n) = t(n-1)+dt; 
end 
       
%Heat Flux 
q=zeros(1,size(Time,2)); 
for i=1:size(Time,2) 
    q(i)=-k*((-(3/2)*T(i,1)+2*T(i,2)-0.5*T(i,3))/(dx));   %calculates heat flux from nodes at and near surface 
end 
end 

 

 

 

 

 

Shock Tracking 

%Line finding and propagation to model from schlieren images 
appd1 = [782 640];   %cylinder base coordinates (px) 
appd2 = [27 646];    %upstream point on model surface coordinates (px) 
phi = atand((appd2(2)-appd1(2))/(appd2(1)-appd1(1)));    %model angle 
origin = [67.7 26.6];    %upper left pix of reduced resolution box in mm units 
res = 73.7;      %px/cm 
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FileList=dir('Re3p8/*.tif') 
FileList={FileList.name}'; 
 
kk=1; 
for i = 1:length(FileList) 
    I = imread(['Re3p8/',FileList{i}]); 
    pix(:,:,kk)=int16(I(:,:));      %stores all images 
    kk=kk+1; 
end 
 
out = int16(mean(pix,3)); 
p2 = pix-out;            %mean subtracted images 
 
ht = 128;          %height of image in pixels 
wd = 456;          %width of image in pixels 
threshold = 75;    %counts value difference 
reach =7;           
reachlow=2;        %2-7 pixels above/below defines window for comparison 
 
%Defines the lines. The interrogated pixel value was compared to pixels offset between 2 and 7 above and below it. If the 
interrogated pixel value was below (mean-threshold) for pixels above and below it, it was taken as a potential line point. 
p6 = zeros(ht,wd,length(FileList)); 
h = waitbar(0,'Runnin...isolate lines'); 
for k = 1:length(FileList) 
    for i=1+reach:ht-reach 
        for j=1:wd 
            if(p2(i,j,k)<mean(p2(i-reach:i-reachlow,j,k))-threshold&&p2(i,j,k)<mean(p2(i+reachlow:i+reach,j,k))-threshold) 
                p6(i,j,k) = 1; 
            else 
            p6(i,j,k) = 0; 
            end 
        end 
    end 
    waitbar(k/length(FileList),h) 
end 
close(h) 
 
%Cleans up maps of potential line points. If surrounding points are not part of lines, interrogated point is not on a line either 
p7=p6; 
for k = 1:length(FileList) 
for i=2:ht-1 
    for j=2:wd-1 
        if(p6(i,j)==1&&p6(i-1,j)==0&&p6(i+1,j)==0&&p6(i,j-1)==0&&p6(i,j+1)==0) 
            p7(i,j) = 0; 
        end 
    end 
end 
end 
 
%Runs a Hough transform to find lines in the maps of potential line points 
h = waitbar(0,'Runnin...hough'); 
for k = 1:length(FileList) 
    [N,T,R] = hough(p7(:,:,k)); 
    P = houghpeaks(N,10,'threshold',ceil(0.1*max(N(:)))); 
    lines = houghlines(p7(:,:,k),T,R,P,'FillGap',60,'MinLength',200);      %Minimum length of lines considered was 200 pixels, with 
a 60 pixel allowable gap size 
    if length(lines)==0   %if lines are not found, values are set as zero for that image 
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        rh(k,1) = nan;  th(k,1) = nan;  sl(k,1) = nan;  ynau(k,1) = nan;  x1pt(k,1) = nan;  y1pt(k,1) = nan;  x2pt(k,1) = nan;  y2pt(k,1) = 
nan; 
    end 
    for m =1:length(lines) 
        if (lines(m).theta < 80 && lines(m).theta > 72)  %only considers lines in the anticipated direction (between bounds) 
            rh(k,m) = lines(m).rho; 
            th(k,m) = lines(m).theta; 
            sl(k,m) = (lines(m).point2(2)-lines(m).point1(2))/(lines(m).point2(1)-lines(m).point1(1)); 
            ynau(k,m) = lines(m).point1(2)-sl(k,m)*lines(m).point1(1); 
            x1pt(k,m) = lines(m).point1(1);                                 %2 points defining every line detected are pulled out 
            y1pt(k,m) = lines(m).point1(2);                                 %these are in units of pixels in image coordinates 
            x2pt(k,m) = lines(m).point2(1); 
            y2pt(k,m) = lines(m).point2(2); 
        else 
            rh(k,m) = nan;  th(k,m) = nan;  sl(k,m) = nan;  ynau(k,m) = nan;  x1pt(k,m) = nan;  y1pt(k,m) = nan;  x2pt(k,m) = nan; 
y2pt(k,m) = nan; 
        end 
    end 
    waitbar(k/length(FileList),h) 
end 
 
%Sets zeros to nan 
rh(rh==0) = nan;  th(th==0) = nan;  sl(sl==0) = nan;  ynau(ynau==0) = nan;  x1pt(x1pt==0) = nan;  y1pt(y1pt==0) = nan;  
x2pt(x2pt==0) = nan;  y2pt(y2pt==0) = nan; 
 
%If multiple lines are found in an image, they are sorted so the most leftmost line (upstream shock) is first in the array 
[rho,I] = sort(rh,2,'ascend') 
for k = 1:length(rho) 
     for j = 1:size(rho,2) 
        theta(k,j) = th(k,I(k,j));  slope(k,j) = sl(k,I(k,j));  y0(k,j) = ynau(k,I(k,j));  px1(k,j) = x1pt(k,I(k,j));  py1(k,j) = y1pt(k,I(k,j)); 
        px2(k,j) = x2pt(k,I(k,j));  py2(k,j) = y2pt(k,I(k,j)); 
     end 
end 
 
%Coordinate transformation and shock-model intercept 
for k = 1:length(rho) 
     for j = 1:size(rho,2) 
        tp1(k,j) = atand(px1(k,j)/py1(k,j))+phi;     %rotation of pt1 from image origin (pt2 in table) reference to wedge 
        x1pix(k,j) = sqrt(px1(k,j)^2+py1(k,j)^2)*sind(tp1(k,j));  %xdistance in ref to model from image origin 
        y1pix(k,j) = sqrt(px1(k,j)^2+py1(k,j)^2)*cosd(tp1(k,j));  %ydistance in ref to model from image origin 
        tp2(k,j) = atand(px2(k,j)/py2(k,j))+phi; 
        x2pix(k,j) = sqrt(px2(k,j)^2+py2(k,j)^2)*sind(tp2(k,j)); 
        y2pix(k,j) = sqrt(px2(k,j)^2+py2(k,j)^2)*cosd(tp2(k,j)); 
        xcor1(k,j) = origin(1)- x1pix(k,j)/res*10;               % xdistance from model origin(mm) 
        ycor1(k,j) = origin(2)- y1pix(k,j)/res*10;               % ydistance from model origin(mm) 
        xcor2(k,j) = origin(1)- x2pix(k,j)/res*10; 
        ycor2(k,j) = origin(2)- y2pix(k,j)/res*10; 
        lnslp(k,j) = (ycor2(k,j)-ycor1(k,j))/(xcor2(k,j)-xcor1(k,j));   %slope of lines 
        xint(k,j) = (xcor1(k,j)-ycor1(k,j)/lnslp(k,j))/(0.75*25.4);    %extrapolating line to wedge intercept (in terms of cylinder d) 
     end 
end 
close(h) 
 
save('G:\Raw_Data\M4-Composite_Wedge\C2-Cylinder\schlieren\ace3439\Tr3p8'); 
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Schlieren Dynamics 

%Generation of PSD maps for a series of time resolved schlieren images 
FileList=dir('Re6p6/*.tif') 
FileList={FileList.name}'; 
 
stPic = 1; 
endPic = 50000;   %number of images at a condition 
 
ht = 128;          %height of image in pixels 
d_wd = 76;         %width was split up to keep "pix" variable size manageable through processing 
fs = 150*1000; 
 
%Section was repeated through all width segments (in this case, 6) 
kk=1; 
for i=stPic:endPic 
    I = imread(['Re6p6/',FileList{i}]);   %reads in an image 
    pix(:,:,kk) = I(1:ht,1:d_wd);   %stores all image segments (partial width) 
    kk=kk+1; 
end 
pix=double(pix);   %converts to appropriate datatype for PSD 
 
pctoverlap = 50; 
numpts=300;        %chosen for frequency resolution of 500Hz 
noverlap = floor(pctoverlap/100*numpts); 
 
%Runs a PSD for every pixel in the image segment 
h = waitbar(0,'Runnin wd1/6..') 
for i = 1:ht 
    for j = 1:d_wd 
        [Rpsd,f] = pwelch(squeeze(pix(i,j,:))-mean(squeeze(pix(i,j,:))),numpts,noverlap,numpts,fs); 
        allpsds(i,j,:) = Rpsd; 
    end 
    waitbar(i/ht,h) 
end 
close(h) 
clear pix         %frees up space for next image segment 
 
%...Above section repeated 5 more times for other width segments 
 
save('N:\NAL\Users\Andrew\Documents\XSBLIs\Data\Model\cylinder\schlieren\ace3425\r6p6f500'); 
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APPENDIX J 

CFD BASIC STATE SOLUTION 

 

The computational results in this appendix represent the laminar flow basic state 2-D solu-

tion for the base model (no trips and no cylinder) in a Mach 5.8 freestream with Re=5M/m. The 

CFD solution was generated to obtain a more complete picture of the effects of the slightly blunted 

leading edge. Its impact on mass flux was experimentally demonstrated using a hot-wire anemom-

eter. Credit to Daniel Mullen for gridding the geometry and running the simulation.  

Figure J-194 shows Mach number contours for flow above the model. The top image gives 

the distribution over the entire model, while the bottom image examines the leading 6 cm. The 

theoretical Mach number across the shock should be 5.63 using the oblique shock relation. The 

image that is zoomed on the leading edge clearly demonstrates streamwise and wall-normal vari-

ation in Mach number with maximum values lower than the theoretical oblique shock value.  The 

leading-edge curvature results in a reduction of Mach number to a maximum of 5.2 at x=10cm and 

5.4 at x=20cm. 

Figure J-195 shows mass flux contours for flow over the full model (top) and the first 20 

centimeters (bottom). The effect of the leading-edge curvature on mass flux is that the jump in 

mass flux across the shock decreases with streamwise position (as the relative shock angle be-

comes more oblique). The mass flux also grows with wall-normal distance, from the model to the 

leading-edge shock. This trend was demonstrated in the boundary layer and leading edge hot-wire 

surveys. A comparison between a “no trips” boundary layer survey from Run 3471 and a compu-

tational survey at the same streamwise position (x=187mm) is presented in Figure J-. There is 
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excellent agreement overall. The mass flux throughout the boundary layer is a near perfect match, 

and the points just outside of the boundary layer demonstrate a similar gradient with a slight offset. 

 

 

 

 

 

Figure J-193. Mach number distribution over entire model (top) and distribution near 

leading edge (bottom) 
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Figure J-194. Mass flux distribution over entire model (top) and distribution near  

leading edge (bottom) 

 

 

Figure J-195. Mass flux distribution over entire model (top) and distribution near lead-

 

Figure J-195. Hot-wire and CFD mass flux surveys at x=187mm 


