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Boundary-layer transition over a 5° half-angle straight cone model was examined in University
of Maryland’s Multiphase Flow Investigations Tunnel (MIST), a Mach 4 Ludweig tube. In order
to prepare for future studies with particle-laden flow, this study was conducted to characterize
the boundary-layer of the cone under dry conditions. Furthermore, both first-mode (Tollmien-
Schlichting) and second-mode (Mack) boundary-layer instabilities are expected at Mach 4 [16],
with the former being not widely studied. The boundary layer on the top surface of the cone was
visualized using high-speed Schlieren and analyzed using image and signal processing techniques.
Experimentation was conducted over a range of unit Reynolds numbers from 31.3-40.3 x 106 m~!
in order to vary the transition location. Power Spectral Density (PSD) and Spectral Proper
Orthogonal Decomposition (SPOD) revealed the most coherent wave packets propagating within
the boundary layer at frequencies ranging from 10 to 40 kHz, frequencies that are consistent
with the first mode. Spatial PSD showed that a unit Reynolds number of 3.13 x 10 m~* is

ideal for transition comparison studies with multi-phase flow. Frequencies between 110-140 kHz



contained additional content consistent with the first mode but less coherent. The presence of
these structures was verified with a bandpass filter allowing 10-40 kHz applied to the original
footage. Future work is planned to compare the results of this paper with multi-phase flow

experiments conducted with the same model at the same freestream conditions.
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Chapter 1: Introduction

One of the main challenges in designing hypersonic vehicles is determining where boundary-
layer transition occurs. The boundary-layer is a thin region near the surface of a body where the
effects of friction slow the free stream ow down until it reaches zero at the body surface [1, 2].
The boundary-layer starts off laminar, with streamlines parallel to the body surface before it
breaks down into turbulence. The location where this transition takes place is a major focus of
current hypersonic research. A turbulent boundary-layer can increase the viscous heating rate
on a vehicle by up to a factor of eight, which presents a signi cant challenge in designing the
thermal protection system for hypersonic vehicles as the location of transition could be anywhere

from 20 to 80 percent along the length of a vehicle [2, 3].

1.1 Historical Boundary-Layer Studies

Early research into boundary-layer transition includes Osborne Reynolds' ow visualization
experiments, in which he introduced a ow similarity law which included the dimensionless

parameter now known as the Reynolds nunt®erthe value of which is de ned as

Re= — (11)



where is the densityu is the ow velocity, d is a characteristic linear dimension ands the

uid viscosity [4]. Further experimentation by Lord Rayleigh and Ludwig Prandtl around the
turn of the century showed that viscous effects on a body could be con ned to the thin region
of uid near the surface known as the boundary-layer, and that drag was highly dependent on
whether the region was laminar or turbulent [5-11]. Figure 1.1 provides a general illustration of

a boundary-layer transitioning from laminar ow to turbulent ow.

Figure 1.1: Flow regions of a typical high-speed boundary-layer from Ref. [17]

Taylor, Tollmien and Schlichting further developed linear stability theory and applied it
to the problem of boundary-layer transition [5, 12, 15]. Tollmien-Schlichting (T-S) waves were
theorized by both researchers to arise in a bounded shear ow (boundary-layer) when a disturbance
enters into the boundary-layer receptive region and the resulting wave grows as it travels downstream,

shown in Figure 1.2 [12,13].

Figure 1.2: lllustration of boundary-layer receptive region from Ref. [14]



1.2 High-Speed Boundary-Layer Studies

More recent studies focusing on transition at supersonic and hypersonic velocities have
investigated the disturbances within the boundary-layer that lead to transition. Boundary-layer
transition in general goes through three phases: 1) introduction of disturbances via unstable
modes, 2) ampli cation of unstable modes, and 3) breakdown to turbulence [14]. Once disturbances
are introduced to the boundary-layer (i.e. particulates), they may grow until they transmit suf cient
energy to the boundary-layer to cause transition. Linear stability theory can be used to predict
how these disturbances propagate and grow. By separating an unspeci ed ow prQpieitty

an average valu&)) and uctuating value Q%, where

Q= Q(x;t) + QYx;t); (1.2)

analysis of disturbance growth becomes easier by only looking at the uctuating @&luin

turn,

QYx;t) = qly)expli(x + z  !t)]; (1.3)

whereq is the local property amplitude at heigiht and are the disturbance wavenumbers

in the streamwise and spanwise directions respectively,! amslthe temporal frequency, all
assuming parallel ow [15]. Taking a look at how these disturbances grow in the streamwise
direction, the complex component of the wavenumbhesan be integrated to obtain thefactor,

which provides a measure of the local disturbance amplitudempared to the amplitude at the



point of neutral stabilityAg as shown in Equation 1.4.

Z X
N = In( :0) = dx (1.4)

Xo

These disturbance waves initially grow linearly within the boundary-layer, but when transition
occurs their growth becomes nonlinear, typically atNrfactor of around eight or nine [17,
18]. Mack [16] categorized these disturbance waves into distinct modes. The rst mode is
analogous to Tollmien-Schlichting waves in subsonic ows, even though the viscous mechanism
that generates them weakens above Mach 3. The second mode and higher are acoustic in nature
[5,16]. The rst mode is dominant substantially below Mach 3.7, and the second mode becomes
dominant well above Mach 4. However, in the intermediate region around Mach 4, both modes
are present and which is dominant at this crossover point is of particular interest. Mack calculated
the spatial ampli cation rate (wave amplitude growth as a function of distance downstream),
of each mode as a function of the freestream Mach number in Figure 1.3. Just below Mach 4, the
theorized dominant mode switches from the rst to the second. As Mach number increases, the
viscous mechanisms that produce the rst mode instabilities weaken and the inviscid mechanisms
that produce the second mode take over. Mach 4 ow deserves further study because it is where

the second mode waves start to grow in theory.

1.3 Boundary-Layer Studies at Mach 4

Mack's boundary-layer stability theory predicts a sharp change from rst mode dominance
to second mode dominance at Mach 4. Experimental studies by Kendall [24], Butler et al. [21]

and Sousa et al. [25] have shown that at Mach 6 the second Mack mode is the dominant instability.
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Figure 1.3: Mack instability modes spatial ampli cation rate as a function of freestream Mach
number [16] at Re = 1500. Note how just before M = 4 the dominant mode changes

However, it only becomes dominant starting at around Mach 5.6 [24]. At Mach 4, the high
frequency waves associated with the second mode were not detected in experimental studies with
a at plate conducted by Flood et al. [26]. Figure 1.4 shows the power spectral density (PSD)

of PCB pressure transducer readings from a at plate at Mach 4. PSD is a signal processing
technique that calculates the strength of a signal across the frequency spectrum. In this case,
since the signal is a timeseries of pressure transducer readings the power of each frequency has

units of ps¥Hz *. Flood et al. found that the rst Mack mode was dominant on the at plate,



Figure 1.4: Power Spectral Density of PCB pressure measurements on a at plate at Mach 4, Re
=397 10 m ! from Ref. [26]

peaking at 20-40 kHz. For the present work, the dominance of the rst mode is expected because
of the similar Mach and unit Reynolds number conditions. However, direct comparison is not
possible between a at plate and cone due to different geometry and in this case nose bluntness.
The rst mode is expected at a similar order of magnituti®#,Hz, while the second mode wave
frequencies detected on the same model by Butler et al. [21] at a similar unit Reynolds number

but at Mach 6 were on the order b&® Hz.



1.3.1 Particle-Induced Transition

Boundary-layer transition can be induced by a variety of mechanisms, with freestream
disturbances from a variety of sources including vorticity, acoustic waves, and entropy layers
often being responsible [2]. Disturbances introduced upstream can affect the ampli cation rates
of instability modes. One patrticular disturbance that may trip a boundary layer are small atmospheric
particles known as aerosols. Aerosols are any ne particles suspended in the atmosphere including
water droplets, pollution, volcanic ash, and more. Atmospheric measurement studies have shown
that there is a layer of aerosol in the stratosphere known as the Junge layer, which is composed
of various sulfur products and ranges from 15 to 25 km in altitude, [22, 23] which encompasses
the likely cruise altitude for a hypersonic vehicle. An illustration (Figure 1.5) from Kremser et
al. [23] shows the various sources of atmospheric aerosols and the stratospheric aerosol layer. The
interaction between these particles and the boundary-layer is of great interest as it is theorized that
they may lead to transition. The role of atmospheric particles in causing supersonic boundary-
layer transition has been theorized and numerically studied over the years by Bushnell [27],
Fedorov [30], Russo et al. [29] and Hasnine et al. [28], although experimental validation is
needed. These studies have shown the ability of a particulate to cause the growth of boundary-

layer instability mechanisms which can lead to transition.

1.3.2 Chapter Overview

The motivation for this work is to investigate the conditions leading to boundary-layer
transition on a 5half-angle cone at Mach 4. A hypersonic vehicle of similar design would be

expected to encounter atmospheric aerosols and a changing Reynolds number. The aim of this



Figure 1.5: The various sources of atmospheric aerosols and a qualitative overview of their
distribution from Kresmer et al. [23]

thesis is to determine the dominant instability mode and to establish a baseline characterization of
the cone boundary-layer at Mach 4 for comparison with future multi-phase ow studies. Chapter

2 outlines the experiments conducted and the facilities utilized to do so. Chapter 3 describes the
data collected and the methods used to process and visualize it. Finally, Chapter 4 discusses the

relevant conclusions of this work.



Chapter 2: Methodology

2.1 Introduction

A 5 half-angle cone was tested in the University of Maryland High Speed Aerodynamics
and Propulion Lab (HAPL) Multi-phase Investigations Supersonic Tunnel (MIST) at Mach 4.
Tests were conducted over a range of Reynolds numbers without droplet ow in order to pinpoint

the best conditions at which to compare dry and multi-phase ow.

2.2 MIST

In order to conduct tests with multi-phase ow, a specially designed facility was required.
The HAPL group at UMD has recently commissioned a purpose built Ludweig tube for multi-
phase ow testing known as MIST. Ph.D. student Antonio &ufich designed and built the
MIST in 2023 with this work being some of the rst experimentation conducted within the
facility. MIST is a conventional Ludweig tube with ow started by a fast-acting valve driven
by a compressed air piston, shown in Figure 2.2. The charge tube section is 851 cm long, has an
inner diameter of 20.3 cm and is lled with nitrogen gas. The MIST is out tted with a Mach 4
converging-diverging nozzle with a 6 cm diameter throat and an exit diameter of 20.8 cm. The

nozzle leads to a 30.5 cm diameter free-jet test section, tted with two 15.2 cm diameter NBK7



windows on each side of the model mount. The steady test time is approximately 20 ms as seen
in the tunnel characterization studies of 8ohich [20]. The theoretical freestream Mach number

at the test section is 4.02.

Figure 2.1: MIST Pitot-rake study pressure traces for a 1.0 bar charge tube pressure shot from
Ref. [20]. The horizontal dashed line represents the Pitot pressure for Mach 4. Note the period
of relatively constant pressure for each Pitot tube from 0.09 to 0.11 seconds (between vertical
dashed lines); this indicates the steady test time to be approximately 20 ms

The MIST was designed to conduct multi-phase ow experiments by dividing the charge
tube into two sections. The tunnel may be operated in normal mode, in which case, the butter y
valve shown in Figure 2.3 is simply left open after the charge tube is pressurized with nitrogen test
gas. In order to conduct experimentation with multi-phase ow, the butter y valve is closed after

the tunnel is pressurized and the charge tube section from the nozzle face to 113 cm upstream
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(@)

(b)

Figure 2.2: Picture (a) and CAD model (b) of MIST fast-acting valve, from Ref. [20]
(location of the butter y valve) is injected with the speci ed aerosol. By only injecting the
downstream portion of the charge tube, the turnaround time between tunnel shots is greatly
reduced. Since the pressure on each side of the butter y valve is equal during operation, when
the butter y valve is opened the aerosol remains downstream. After opening the butter y valve,

the tunnel is quickly red by actuating the fast-acting valve.
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Figure 2.3: MIST side view taken from Ref. 20. Note the location of the butter y valve, which
separates the aerosol injected portion from the rest of the charge tube

2.3 Experimental Setup

2.3.1 Cone Model

The experimental model used was a sharphalf angle cone previously employed for
other research campaigns by the UMD HAPL [21]. The model consists of a stainless steel nose
tip screwed into a stainless steel frustum section, followed by a hollow plastic base attached to a
steel sting, which was mounted to the test section. While the model is capable of attaching ared

bases, only th& half angle base was used to create a straight cone, seen in Figure 2.4. The cone

Figure 2.4: CAD drawing of the cone model with straight are

model is capable of rigging PCB pressure transducers along its longitudinal axis, however the

holes for the transducers were lled as none were utilized in this campaign. Great care was taken

12



to ensure there was no signi cant pitch angle after the model was mounted in the test section, by
placing and reading a digital level along the longitudinal axis on top of the cone. It was found
that the model initially had a 0:3 pitch angle and shims were inserted under the mounting plate

until the pitch angle was within 0:1 .

Figure 2.5: Cone model inside MIST test section

2.3.2 Schlieren Imaging

Schlieren imaging was utilized in order to view the boundary-layer on the surface of the
cone model. The Schlieren setup was a standard Z-type horizontal knife-edge Schlieren with
60-inch focal length spherical mirrors (6-inch diameter) and a Cavilux HF laser with 20 ns
pulse width as a light source. For high speed imaging a Phantom v2640 camera was used.
All relevant components were mounted on optical equipment tables on either side of the MIST

test section. The camera was aligned with the cone's upper surface so that the upper surface

13



appeared completely horizontal. In order to capture potential second-mode frequency content,
the framerate was set to 550 kHz with a resolution of 64@8 pixels, with each pixel being
equal to 0.154 mm or 0.00605 in. The viewing window starts at 9.3 in. (236 mm) along the
top surface of the cone and ends at 13.2 in. (334.3 mm). The scale factor was calculated by
taking a reference image of the model with a screw of known diameter placed on top prior to

experimentation.

2.3.3 Flow Conditions

Experiments were conducted in the MIST over a range of charge tube pressures in order
to capture footage over multiple Reynolds number conditions. The footage was reviewed after
each shot to visually judge how transitional the boundary-layer was and to gauge the approximate
frequency of turbulent ow spots. Ambient temperature was constant at approximately 296 K.
The theoretical Mach number for all shots was 4.02, and freestream conditions were calculated
based off of this number as seen in Table 2.1. Figure 2.6 contains experimental results from a
Pitot-rake study conducted by Suteich [20] showing the actual Mach number and unit Reynolds
number at a charge tube pressure of 0.7 bar. Throughout the rest of the present work each shot is

referred to as Re XX.X, the unit Reynolds numbef(®® m 1.
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Figure 2.6: Pitot-rake study results from Ref. [20] with the same charge tube pressure as shot Re
31.3

Shot Charge Flow Unit| p; (10 2 1 (10 2 | pp (bar)
Name Tube Reynolds | bar) kg/m?3)

Pressure | Number

(bar) (1 m Y)
Re 26.9 | 0.6 2.69 3.6 1.76 0.54
Re 31.3 | 0.7 3.13 4.2 2.06 0.63
Re 35.8 | 0.8 3.58 4.8 2.35 0.73
Re 40.3 | 0.9 4.03 5.4 2.64 0.82
Re44.8 | 1.0 4.48 6.0 2.94 0.91
Re67.2 |15 6.72 9.0 4.40 1.36

Table 2.1: Flow conditions for each shot of the experimental campaign
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Chapter 3: Results

3.1 Introduction

The ow eld above the cone surface was analyzed with power spectral density (PSD) and
spectral proper orthogonal decomposition (SPOD) which used the intensity of individual pixels
as inputs. By tracking the change in relative brightness over time periodic uid mechanical
structures become clear. Multiple techniques were employed to determine the frequencies at

which these structures oscillate and visualize them.

3.2 High-Speed Schlieren Processing

3.2.1 Raw Footage

After the test campaign was completed, the raw footage was reviewed to verify that the test
points showed signs of boundary-layer transition. Visual inspection revealed both periodic wave
packets and turbulent spots within the boundary-layer. An example of a frame of unprocessed
Schlieren imaging is shown in Figure 3.1. The ow direction is from left to right, and the solid
black bar on the bottom of the image is the cone surface. Note how the boundary-layer transitions
from laminar on the left of the image to fully turbulent at the right edge. Only footage from the

Re 31.3- 40.3 shots was analyzed because within this range transition started to occur at the rear

16



of the frame, while above this range turbulent spots were frequent and contaminated frequency
data while below this range the signal to noise ratio was not great enough due to a lower intensity

gradient.

Figure 3.1: Example of unedited Schlieren frame from Re 44.5 shot. The camera was rotated so
that the cone surface (dark region) was completely horizontal within the frame

While the boundary-layer is discernible in Figure 3.1, background subtraction can help
to make the transient uid mechanical structures stand out more. Using MATLAB's image
processing toolbox, the average pixel intensity of the raw footage was subtracted from each pixel
and the contrast adjusted to make uctuations stand out. Figure 3.2 shows background subtracted
footage of a typical structure seen within the boundary-layer as it transitions to turbulence. The
ow contains spots of instability leading to turbulence which appear to be groups of rst-mode
waves, or wave packets. The vertical red line demarcates the approximate boundary of the wave
packet. For the rst two images it represents the front of the wave packet as the rear is out of
view, and then it represents the rear for the next two frames as the front moves past the viewing
window. The wave packet suf ciently energizes the boundary-layer to transition to full turbulence
by Figure 3.2 (d). The average propagation speed of the wave packets throughout the entire
duration of the shot was estimated using the multiple signal identi cation (MUSIC) method to be

548.8m s 1 with a standard deviation of 72.46 s 1.
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(b)

(©)

(d)

Figure 3.2: Journey of a wave packet as it transitions to turbulence at condition Re 44.5. Time
between each frame is 45.5

3.2.2 Power Spectral Density

In order to understand the nature of the disturbance wave packets seen in Figure 3.2,
multiple analysis techniques were employed to characterize the frequencies at which these periodic
structures propagate. Power spectral density (PSD) is an analysis technique that determines the
power of each frequency within a broadband signal, where the signal in this case is the intensity
of each pixel. To start, the PSD of each intensity signal was averaged across the entire steady
test time. Of interest is the location in the boundary-layer where the uctuations generated by
the T-S wave packets are the strongest. PSD analysis was conducted using the built in Welch's
method MATLAB function, using 30 temporal bins with &overlap Hamming windows, and
212 Fourier transform points. Figure 3.3 is the average PSD of the Re 31.3 shox fro289:8
mm tox = 292:9 mm at various heights above the cone surface. The PSD was averaged over
about 3 mm in order to improve the signal-to-noise ratio. This shot was chosen to illustrate

the steps in which the data was reviewed because of its good signal-to-noise ratio as compared

18



to the other shots and the streamwise window is near the center of the frame. On the x-axis
the frequency (Hz) of each average signal is plotted on a logarithmic scale and on the y-axis the
power (arbitrary units) of each average signal is plotted on the same logarithmic scale. The power
of the signals was averaged in the streamwise direckdarid plotted for various wall-normal

heights y).

Figure 3.3: Average power spectral density (PSD) for the Re 31.3 shotfrer@89:8 - 2929
mm. Note the “hump” from approximately 10 kHz to 20 kHz at a wall normal heiglts1:92
mm

The boundary-layer height for the Re 31.3 shot was determined th3demm above

the cone surface by visually locating the edge height pixel row and cone surface pixel row

and multiplying the number of pixels in between by the scale factd:t#4 mm pix 1. The
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y = 2:6 mm andy = 4:1 mm spectra represent locations well outside the boundary-layer. All
spectra show high power content at very low frequencies and drop off in power as frequency
increases. However, between around 10-40 kHz there exists a pause in the sharp power dropoff
for the wall-normal locations that are within the boundary-layer. Since this “hump” is not present
at wall normal locations outside of the boundary-layer, it is safe to hypothesize that at these
frequencies there exist uid-mechanical wave structures within the boundary-layer that oscillate
within this frequency range. Furthermore, these frequencies are consistent with the expected
order of magnitude of the rst-mode T-S waves seen by Flood [26] on a at plate, although
the model geometry is different. Frequencies bel® Hz can be disregarded because the
spectra in that range are highly contaminated by tunnel noise and turbulent spots. The maximum
frequency of the spectra is the Nyquist frequency of the camera 275 kHz. No obvious content
is visible at frequencies above 100 kHz, where the second Mack modes would be expected. For
further comparisons the frequency window will be limited to greater than 3 kHz in order to better
visualize meaningful content. Figure 3.3 also shows that there is clearly stronger content towards
the middle of the boundary-layer fropn= 0:61 mm toy = 0:92 mm, so the focus of further
analysis will be directed there.

Figures 3.4, 3.5, and 3.6 contain the average PSDs at different wall-normal heights at three
distinct locations downstream. Across all three shots, it is clear that oscillations between 10-40
kHz are present and that the relative power of these oscillations grows downstream. However,
care must be taken to distinguish the meaningful frequencies from tunnel noise and artifacts in
the image sequences. For example, in the Re 35.8 (Figure 3.5) shot there is a clear spike at
10 kHz across all wall-normal heights. This would not represent a uid mechanical structure

within the boundary-layer as it is clearly present far above the boundary-layer as well. The 10

20






	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Introduction
	Historical Boundary-Layer Studies
	High-Speed Boundary-Layer Studies
	Boundary-Layer Studies at Mach 4
	Particle-Induced Transition
	Chapter Overview


	Methodology
	Introduction
	MIST
	Experimental Setup
	Cone Model
	Schlieren Imaging
	Flow Conditions


	Results
	Introduction
	High-Speed Schlieren Processing
	Raw Footage
	Power Spectral Density
	Spatial PSD
	Spectral proper orthogonal decomposition (SPOD)
	Band-Pass Filter


	Conclusions
	Future Work
	Summary of Results


	Bibliography

