
ABSTRACT

JOHNSON, ETHAN. Investigations into the Self-Starting Limitations of a Hypersonic Busemann
Inlet. (Under the direction of Dr. Venkateswaran Narayanaswamy).

Streamline traced inlets offer superior compression efficiency for dual-mode ramjet

and scramjet flowpaths since their geometry is rooted in a conical compression field. This

has made the geometry a strong prospect for practical applications due to the require-

ment of maintaining a high pressure recovery even at hypersonic Mach numbers. While

the performance of the propulsion flowpath at cruise condition has been computation-

ally demonstrated to be excellent, there exists limited information on the performance of

the flowpath at sub-design Mach numbers. In this study, the operation of a streamtraced

truncated-Busemann inlet with a design point of Mach 5.5 and an overall contraction ratio

of 3:1 is experimentally investigated in a Mach 4.0 flow. Several non-intrusive flow mea-

surement techniques are employed to provide a thorough understanding of the intricate

flowfield within these inlets at various operational conditions. The measurements include

surface pressure measurements, mean streakline patterns, off-body velocity fields and

qualitative gas density fields. Together, these datasets provided a unique understanding

of the flow evolution and load distribution within the inlet and isolator with and without

application of an external back pressure. The facility effects on the inlet operation are also

explored. Without appropriate boundary layer conditioning, the wind tunnel starting shock

could not be swallowed by the inlet; this is termed a “failed start” operation. During the

failed start operation the inlet flowfield and surface pressure field, even without external

backpressure, exhibited strong similarities with an unstarted inlet. The failed start opera-

tion enabled a unique lens to the flowfield in the unstarted inlet throat that could not be

otherwise obtained due to optical constraints.
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CHAPTER

1

INTRODUCTION

1.1 Hypersonic Propulsion

Recent advancements in hypersonics have uncovered a renewed interest in designing

an air breathing propulsion system capable of producing suf�cient thrust for sustained hy-

personic �ight. For many years, traditional two-dimensional (2D) inlets have been studied

extensively as these designs are robust over a range of off-design Mach number operations

and are feasible to build using traditional manufacturing techniques. Some of the early

works on inlet development and the empirical rules of thumb for inlet designs are summa-

rized in notable textbooks ( 1; 2). These rules of thumb were derived from the seminal works

of Waltrup & Billig ( 3), Carrol & Dutton ( 4), among others ( 5; 6) who exclusively studied

shock train development within back-pressured inlets and isolators. More recent works of

isolator shock train dynamics were also performed in ducts with asymmetric boundary layer

development (7; 8) and 2D axisymmetric con�gurations (9; 10; 11). Further research have
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also investigated the unsteadiness of the shock trains within 2D channel subject to steady

and unsteady back pressures to capture some of the coupling between the combustor and

inlet / isolator �ow processes (12; 13).

With the recent advances to additive manufacturing technology, it is now very feasible

and economically viable to create complex three-dimensional (3D) inlet geometries of

practical scales. Most notable of these 3D inlet shapes is the streamtraced variant which

offers increased inlet ef�ciencies (greater pressure recovery ratio) at design Mach number

since the design is rooted in an conical compression method ( 14; 15; 16). However, these

inlet designs come with their own tradeoffs. Since the inlet contour is designed for a single

Mach number and a zero-degree angle of attack, there remains many unknowns with

how this system would operate in a sub-design Mach environment. These unknowns are

further exaggerated as the baseline con�guration of these streamtraced geometries utilizes

a physical contraction ratio that exceeds the Kantrowitz starting limit for similar inlets

of interest ( 17). As such, there are no clear extensions of the Kantrowitz limits for the 3D

inlets; however, prior researchers have suggested using the Mach number at the cowl notch

and a revised de�nition of an internal contraction ratio to determine the starting criteria.

However, these revisions only provide a guidance on the starting Mach numbers for a given

3D inlet since the �ow evolution within different 3D inlet designs can differ considerably

(18; 19; 20).

1.2 Motivation

The lack of �ow evolution data is particularly pronounced in truncated Busemann

inlets that have engendered considerable interest in the scramjet community. The only

available open literature on these inlets is from Stephen et al. ( 20) where the researchers

tested a HIFiRE 6 inlet at sub-design Mach numbers between 3.5 through 4.3 over different

2



angles of attack. The measurements were limited to shock structure imaging in the vicinity of

the inlet leading edge and pointwise mean pressure evolution along the forebody side. The

tests were performed without applying back pressure and as such no further information is

available on these inlet �ow�elds. A greater understanding of the intricate �ow�eld within

these inlets will help provide valuable insights into their starting limitations and the �ow

processes that delimit their performance.

To address these concerns and to propel the current state of the art in developing ad-

vanced design tools for high ef�ciency inlets, the present study investigates a truncated

Busemann inlet under several off-design conditions. This inlet, also known as a “sugar

scoop” inlet, utilizes a circular cross-section which mitigates the debilitating impacts from

junction or corner boundary layers found in planar cross-section inlets. The design Mach

number was chosen to be 5.5 with a contraction ratio of 3:1. This provides an overall com-

pression of 10:1 at the inlet throat under design conditions. The rather benign contraction

ratio was chosen to minimize tunnel blockage, encourage started operation over substan-

tially sub-design Mach number operation while also providing valuable insight into some

of the fundamental �ow features present with these geometries. To evaluate the off-design

performance, a freestream Mach number of 4.0 was selected based on previous literature

on similar hypersonic inlets' ability to start (18; 19; 20).

Several non-intrusive �ow measurement techniques were utilized to obtain an unprece-

dented quanti�cation of surface and off-body �ow variables and a visualization of the

shock structure surrounding the inlet at tare (no back pressure) operation as well as with

the application of external back pressure. The surface �ow properties measured include

mean 2D pressure �eld to quantify the impact of the three-dimensional �ow evolution on

the load distribution, mean surface streakline imagery to visualize the major �ow features

within the inlet at different operation conditions, mean velocity �elds exiting the inlet

throat, a cross-sectional plane qualitative mean gas density, and a global shock structure
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quanti�cation using schlieren imaging. Together, these measurements are intended to

provide a holistic understanding of the �ow processes within the streamtraced inlet as well

as provide validation quality dataset for computational model development. The computa-

tional model development for this inlet �ow and their validation is discussed in McCready

et al. (21).
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CHAPTER

2

EXPERIMENTAL SETUP AND

METHODOLOGY

2.1 Facility and Test Conditions

All of the experiments performed throughout this research were completed at North

Carolina State University, mostly within the supersonic wind-tunnel facility. This wind-

tunnel is a variable geometry blow-down type facility capable of producing test section

Mach numbers from 1.5 to 4.0. This facility is supplied with dry compressed air at 200 psig,

regulated to a stagnation pressure of approximately 145 psig, and exhaust into atmospheric

conditions. The tunnel has an operational run time of up to 15 seconds, with steady-state
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conditions being achieved after a 2 second startup transient. The test section has a �ow-

normal cross section of 150mm x 150mm and measures 650mm in the streamwise direction.

The facility is pictured below in Figure 2.1.

Figure 2.1: Photo of the supersonic wind-tunnel facility located at NCSU's MAE West
Annex.

The tunnel nozzle was �xed to produce a test section Mach number of 4.0 for all tests in

this report. The resulting freestream conditions of the test section are tabulated below in

Table 2.1. A PID hydraulic valve control was implemented and used to maintain the settling

chamber pressure, ensuring minimal variation (less than 3%) in freestream conditions

during data acquisition. More details about the facility can be found in several earlier works
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(22; 23).

Table 2.1: Freestream Test Conditions.

Parameter Value
M 1 4.0
u 1 671 m/ s
T1 70 K
P1 6900 Pa

Re=m 5� 106

2.2 Test Article Design and Fabrication

The inner-mold-line (IML) for the streamtraced inlet was created using the NASA BUSE

tool. The procedure that ensued to create a �nal test article drawing is detailed in Johnson

et al. (24). An exploded view and the top view of the inlet test article are shown in Figure

2.2. The frontal diameter of the inlet measured 43 mm that gradually contracted to the

throat with diameter 25 mm. A constant area isolator section was extended from the throat

to 62.5 mm (2.5 times the throat diameter) and a semicircular cut of length 62.5 mm was

made along the streamwise direction to allow for optical access, as shown in Figure 2.2.

An acrylic C-section was mounted to this cutout region and sealed in place so that the

circular cross-section of the isolator was left unaffected. The test article was mounted using

a strut at the forebody side such that the leading edge of the inlet faced the wind tunnel

freestream.

Figure 2.2(b) presents the top view of the inlet / isolator and orients the reader on the

location of the various prominent features. The origin is located at the inlet forebody leading

edge, x= 0 mm, and the streamwise direction is along the positive x-axis. The cowl closure is
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located at x = 140 mm while the inlet throat is located x = 250 mm; the internal contraction

ratio measured between the cowl closure and the inlet throat (internal contraction) is 1.33,

which is suf�cient to start the inlet at Mach 4 based on ( 20). The isolator begins at the inlet

throat and extends between x = 250 mm – 310 mm; the usable optical access within the

isolator was approximately 40 mm in the middle. The test article was manufactured using

fused deposition modeling, a popular 3D printing method. The material chosen was ABS

and �lament strands were laid perpendicular to the �ow direction. This orientation was

chosen as it allowed the printer to produce more accurate and consistent results compared

to other �lament directions.

Figure 2.2: Renderings of the test article: (a) exploded view of the inlet test article with
mounting structures, and (b) top view of the inlet with the inlet and isolator marked with
physical dimensions

Given that the datasets are intended for computational model development, it was

critical to obtain the utmost information on the manufacturing features of the test article,

in terms of its surface roughness and �nish. To quantify the surface roughness of the test

article a full CT-scan of the inlet was performed using a Zeiss X-radia 510 Versa 3D X-ray

tomography system which produced a full 3D dataset of the surface topography on the inner

and outer mold line. A sample image from this scan that highlights the external contraction

region that extends from the leading edge to the cowl closure is shown in Figure 2.3(a). This
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dataset provided great detail into the surface �nish with a resolution better than 10 microns.

In addition, quick turnaround scans of the surface texture were also made using a 3D optical

pro�lometer (Model: Pro�lm 3D) detailed in ( 25). The top view and isometric view of the

inner mold line undulations are provided in Figure 2.3(b) over 1 mm × 1 mm region. These

scans provided a redundant measurement of the surface roughness over a limited domain

within the intake region of the inlet and with a similar spatial resolution as the CT-scans. It

was found that a periodic undulation was generated on the inner mold line from laying

the individual �lament strands. The peak to valley amplitude of the undulations was 60

� m while the overall root-mean-squared (RMS) of these undulations was approximately 25

� m.

Figure 2.3: Characterization of the surface �nish of test model: (a) CT-scan spanning the
region from leading edge to downstream of cowl closure, and (b) top view of the optical
pro�lometer scan over a small region of test model
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2.3 Experimental Methods

The experiments were performed over three test campaigns. In the �rst campaign,

a series of wall pressure �eld imaging using pressure sensitive paint was performed at

the external contraction region and the isolator section (obtained separately). Alongside

these measurements, schlieren imagery was performed to visualize the shock structure in

the external contraction region. In the second campaign, the same set of measurements

were obtained in a back-pressured inlet, where the back pressuring was generated by

aerodynamic blockage via high momentum jet injection counter to the inlet / isolator �ow

direction. The air injection was generated using a metal tube with a 3.5 mm inner diameter

that was placed at the center of the isolator exit cross-section, injected 1 mm downstream

of the exit. The jet injection used a fast-acting solenoid to deliver a counter�ow of high-

pressure air inside of the inlet over different jet to inlet mass �ow ratios. The rise and fall time

of the solenoid valve were measured to be 15 ms for various injection strengths employed in

this work. For all the tests, the inlet was made to remain started for approximately 2 seconds

before the backpressure line was turned on to unstart the inlet. This back pressure line was

activated for 2 seconds, and the inlet executed unstarted operation for the duration of the

jet injection. The back pressure line was subsequently turned off and the inlet was observed

to swallow the shock system and return to its started operation. The inlet remained started

for approximately 2 seconds before the test run ended.

In the third campaign, a set of laser-based off-body �ow quanti�cation was performed

over the initial distance downstream of the inlet leading edge as well as at a cross-sectional

and streamwise plane in the inlet throat; these measurements were performed without

back pressuring the inlet (“tare condition”). The details of the methodology and �gures of

merit of the tools and techniques used in these campaigns are provided below.
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2.3.1 Surface Streakline Visualization

Surface streakline visualizations were performed under tare conditions and with ex-

ternal back pressure. The visualization medium was a homogenous mixture of mineral oil

and a pigment that �uoresces when exposed to ultraviolet (UV) light. This oil / pigment

mixture was painted onto the test article before each test and remained wet until well after

shutdown. Movies of the surface streakline migration were captured at 60 Hz using a Nikon

D5200 digital camera �tted with a 50 mm f / 1.2 lens and a 600 nm bandpass �lter. These

movies provide a wealth of information about the different �ow features of interest and

the surface streakline migration trajectory (albeit signi�cantly low pass �ltered) that aided

the interpretation of the streakline patterns. Illumination for these tests was provided by a

pair of 10W UV �ash lamps (peak wavelength 400 nm, 50 nm full width at half maximum)

positioned on either side of the digital camera. From the streakline videos, the region of

low shear stress (namely regions near the separation line) could be identi�ed from where

the pigment accumulates; similarly, the vortical �ows, sense of rotation, and reversed �ows

can also be discerned unambiguously tracking the streakline trajectory. Over 200 images

were averaged to generate the mean surface streakline images presented in this work.

2.3.2 Steady State Pressure Sensitive Paint

Pressure-sensitive paint (PSP) was used to quantify the mean surface pressure �elds

within the inlet and isolator, following the recent successes made by Bustard et al. ( 26).

The PSP used was commercially available from Innovative Scienti�c Solutions, Inc (Model:

Uni-FIB). The measurement regions were �rst painted with a base coat of polymer binder

to generate a uniformly re�ective surface and minimize illumination errors. Next, several

coats of a single-luminophore UniFIB PSP were applied. The overall paint thickness was

measured to be 40 microns on an average. A single-luminophore paint was chosen over a
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binary PSP due to the superior pressure sensitivity and a simpler data reduction. UniFIB

PSP has an effective pressure range of 0 - 200 kPa with a resolution better than 5 Pa and a

response time of 300 ms. When subjected to a 400 nm excitation the PSP �uoresces red with

an intensity that is inversely proportional to the partial pressure of oxygen at the surface,

which is in linear proportion to the local static pressure. The excitation was provided by

two 10W UV �ash lamps that were also used in the surface streakline experiments. For

each set of experiments a high speed sCMOS camera (Photron Inc., Model: Nova S16)

�tted with a 50 mm f / 1.2 lens and a 600 nm �lter imaged the entire PSP �uorescence band.

For the experimental campaign at tare conditions, the pressure imaging within the inlet

and isolators were performed separately. For the campaign that involved back pressure

application, two high speed sCMOS cameras (Photron Inc., Model: Nova S16) imaged the

external contraction region and the isolator section pressure �elds simultaneously, as

shown in Figure 2.4. For all the test campaigns an imaging rate of 250 Hz was used and over

350 images were averaged to obtain the mean pressure �elds; the run-to-run variation was

also documented across four runs at nominally identical settings.

The pressure �elds were calculated from the PSP images using an intensity normaliza-

tion method. The raw PSP images were ensemble averaged and subsequently normalized

by a reference PSP image obtained on the same imaging region at 1 atm pressure and 300 K

temperature. A Stern-Volmer equation was used as a calibration between the normalized

intensity to the corresponding surface pressure. The Stern-Volmer equation did not include

the estimated 5% increase in the PSP signal counts during the test run caused by the model

surface cooling towards recovery temperature; typically, the model surface temperature

decreased by about 3 K over a test run spanning 8 seconds. A 3 ×3 pixel binning was adopted,

and the resultant digital resolution of the individual PSP �eld was approximately 0.84

mm / pixel. This provided over 7100 data points within the inlet and over 1400 data points

within the isolator.
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Figure 2.4: Schematics of the experimental setup for: (a) the dual-camera PSP experiments,
and (b) PIV of the �ow�eld exiting the inlet throat using a truncated inlet model.

2.3.3 Unsteady Pressure Sensitive Paint Measurements

A fast-response PSP, or unsteady PSP (uPSP), was used to capture unsteady pressure

�uctuations that were not captured by the commercial steady state paint. The commercial

steady paint was used to validate the results from the uPSP measurements and anchor mean

pressure measurements. An in-house fast response Polymer / Ceramic pressure-sensitive

paint (PC-PSP) was used to measure surface pressure dynamics within the intake and isola-

tor region. For these experiments, a platinum porphine (Pt(II) meso-Tetra(penta�uorophenyl)porphine

or PtTFFP from Fisher Scienti�c) was chosen as the luminophore to be the pressure sensor

because of its fast response time ( 27; 28) and superior pressure sensitivity when using

a PC-PSP basecoat (28; 29). This pressure sensitivity is key as many fast response paints

exhibit a lower pressure sensitivity compared to their FIB counterparts ( 30). In that work,

extensive measurements were conducted to characterize the relative in�uence of camera

noise and paint response time of a Ruthenium based PC-PSP. It was noted that a high pres-

sure sensitivity is required for unsteady measurements since high frame rates are required

to leverage the rapid response of the paint. These high frame rates leads to reduced camera

sensor exposure times which result in a falling unsteady signal-to-noise ratio (SNR).

The paint recipe used in this effort was based on the formulations by McMullen et al.
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(31). As recommended by McMullen et al., the paint was made up of two separate coats, a

porous basecoat, and a topcoat. The basecoat is comprised of a ceramic slurry solution that

was prepared by mixing distilled water with 12.5 milligrams of a ceramic dispersant (Rohm &

Haas D-3005) per gram of water and 1.25 grams of titanium dioxide (TiO2) per gram of water.

This mixture was then mixed using a magnetic stir rod for approximately one hour. The paint

mixture was then inspected to ensure that the titanium dioxide was completely dispersed

into the water and the entire slurry was homogenous. Next, a water-borne emulsi�er, HA-8

(Rohm & Haas) was added by a weight fraction of 3.5% ( 31; 32). This homebrewed basecoat

was then painted onto the surface of the experimental test article using an air assist spray

nozzle set to 25psi and approximately 6 – 7 cross coats were used to apply the paint to the

model. This basecoat was then cured at ambient conditions, 760 mmHg and 275 K, for one

hour. The topcoat was comprised of 0.015g of the luminophores and 50mL of methanol.

This solution was mixed for 5-10 minutes or until both the luminophore particles were

evenly dispersed throughout the solvent and no particles would separate when the mixture

was taken off the ball-stirrer.

This paint recipe has demonstrated excellent pressure sensitivity and frequency re-

sponse in other efforts studying shock boundary layer interactions ( 33). In that effort an

identical paint formulation and application technique was employed to measure shock

dynamics on an inward turning half-isolator test article. A high-frequency pressure trans-

ducer (Kulite Inc. XCQ-062-25A) was also used to provide an in-situ calibration of the mean

pressure and quantify the frequency response of the paint. From these experiments it was

determined that the paint formulation maintained excellent agreement in the frequency

domain with the transducer until approximately 10 kHz. This level of frequency resolution

was not required for the current effort, therefore the high-speed cameras were set to record

at a frame rate of 10 kHz, resulting in a maximum frequency resolution of 5 kHz. The same

camera and lens setup employed in the steady state PSP measurements were also used for
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the uPSP measurements.

Therefore, from the combination of the superior pressure sensitivity and experimentally

demonstrated high frequency response characteristics, it was concluded that this paint

formulation was optimal for measuring shock dynamics for the streamline traced inlet test

article.

A 3x3 pixel binning was also used for post-processing the dynamic datasets, which

resulted in a spatial resolution of 0.84 mm between successive data points. This bin size

was follows general guidance provided by Varigonda and Narayanswamy ( 34) where the

appropriate bin size is chosen to suppress camera noise, thereby boosting SNR, while

maintaining a high level of spatial resolution. Too large of a bin size may negatively impact

frequency resolution as both positive and negative �uctuations may be masked by the pixel

averaging process. Conversely, too small of a bin size may result in signal noise contributions

that are signi�cant enough to mask the underlying dynamics of the �ow.

Calibration of Dynamic Pressure Fields

Two approaches were taken to obtain a redundant calibration of the dynamic paint to

ensure the accuracy of the results. The �rst approach was to perform a vacuum calibration

of a painted sample in an optically accessible vacuum oven at an ambient temperature of

295 K, which corresponds to the temperature of the model surface prior to a test run. This

calibration produced a Stern Volmer curve at these conditions, which was used to initially

calibrate the intensities measured by the camera, but this calibration does not account for

a modest change in the test article surface temperature during the run.

The second approach was to calibrate the dynamic paint against a commercially avail-

able mean paint that has been demonstrated to be an accurate pressure transducer with

minimal temperature sensitivity. The mean paint used in this effort was Uni-FIB PSP by ISSI

Inc. This paint has a pressure sensitivity of 0.8% per kPa ( 35), which is nearly identical to the
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pressure sensitivity of the PC-PSP recipe used in this campaign ( 29; 36), a response time of

>300 ms (35; 37), and a modest temperature sensitivity of only 0.4% per °C (35). Due to the

high thermal stability of the UniFIB paint, it was used to correct for the temperature-induced

error of the intensity measurements from the dynamic paint. To obtain this correction,

two identical test articles were used for experiments, one painted with the dynamic PSP

while the other was painted with the UniFIB mean paint. First, a set of experiments were

performed on the test article with dynamic paint, then this inlet model was swapped out

for the model painted with UniFIB paint, and several more test runs were performed. This

produced intensity �elds for the dynamic paint and mean paint that were pixel matched

since the experimental set up remained unchanged. It was found that the two paints pro-

duced pressure values that were separated by a small constant once fully calibrated. Due

to the identical pressure sensitivity between the paints, it was concluded that this differ-

ence must be from the temperature sensitivity of the PC-PSP. This was corrected in the

PC-PSP �eld by scaling the pressure terms to match the values produced by the UniFIB

tests. Sample datasets were taken of the calibrated and corrected uPSP �eld and compared

to matching datasets from the calibration UniFIB-PSP �eld. In this analysis it was found

that this calibration technique produced pressure values that are in remarkable agreement

with each other. The average percentage difference across the isolator imaging domain was

a mere 0.26%.

2.3.4 Schlieren

A traditional Z-type schlieren system was employed with the same UV lamps providing

illumination and a high-speed CMOS camera (Photron Inc., Model SA-X2) �tted with a 180

mm f / 3.5 lens obtaining the images at 10,000 fps. The �eld of view was chosen to capture

the external shock structures occurring over the region between the inlet leading edge

through downstream of the cowl closure. It should be noted that the shock structure at the
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cowl lip was especially important as this is compared to the literature to inform the state of

the inlet operation. The digital resolution of the schlieren images was approximately 0.2

mm / pixel.

2.3.5 Particle Image Velocimetry

Particle Image Velocimetry (PIV) was performed in streamwise wall-normal plane

just downstream of the inlet throat to obtain a two-component velocity �eld exiting the

inlet into the isolator, as shown in Figure 2.4(b). A truncated inlet test model devoid of

the isolator section was specially manufactured for this campaign to allow optical access.

A dual-cavity Nd:YAG laser (Continuum Inc., model: Surelite PIV) generated the 532 nm

laser beam at 10 Hz for �ow tracer particle illumination. The laser beam was formed into

an approximately 2 mm thick sheet at the measurement domain. The laser energy was

set at 125 mJ/ p, which produced suf�cient illumination to resolve the seeding particles.

A few coats of rhodamine dye were applied to the model surface and test section walls to

mitigate the excessive wall scattering that contaminated the raw images ( 38). The tracer

particle used for this campaign was the commercially available silicone oil from Concept

Engineering Ltd (Model: Smoke Oil 180), which was injected as a thick fog upstream of

the settling chamber with an approximate median diameter of 200 nm, as quoted by the

manufacturer.

A scienti�c CMOS camera (PCO GmBH., model: PCO 2000) with a pixel resolution of

1280×1024 and a pixel size of 7.4 � m captured the laser scattering images. The camera was

�tted with a 180 mm f / 3.5 lens and a 532 nm laser line �lter to remove ambient lighting and

minimize laser re�ections. At full resolution, this camera provided frame-straddled images

at a repetition rate of 5 Hz. The camera acquisition and laser illumination were synchro-

nized using a delay generator (Stanford Research Systems, model: DG645). The PIV images

were processed using a commercial software (LaVision Inc., DaVis v8.3.1). The images were
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�rst pre-processed using a regular background subtraction and a sliding background sub-

traction to minimize the laser re�ections on the test article. Multi-pass processing was then

performed using a 50% overlap to result in a spacing between successive velocity vectors of

0.109 mm for the �nal pass. A median �lter was used to remove outliers which resulted in

nominal vector dropouts of <10% for all datasets shown. Removed vectors were replaced

through interpolation and a �nal smoothing �lter was applied to the instantaneous �elds.

For the dataset presented, approximately 250 velocity �elds across multiple runs were

collected for each con�guration to generate fully converged mean velocity �elds; it typically

required approximately 100 velocity �elds for convergence within 3%.

2.3.6 Planar Laser Scattering

Planar Laser Scattering (PLS) imaging was performed at a cross-sectional plane of the

inlet throat and encompassed the region within and outside the inlet �ow. Water vapor was

introduced into the wind tunnel stream in amounts of approximately 0.2–1% by volume

to the air stream. The water vapor condensed into ice particulates in the regions of low

temperature such as the wind tunnel freestream and across the shock, which enabled

us to visualize these features. Furthermore, since the melting point of the water is 273 K

and the surface temperature is approximately 300 K, a substantial portion of the viscous

region is occupied by the ice fog, which allows a detailed visualization of the majority of the

cross-sectional �ow�eld. Following Pickles et al. ( 39), the PLS signals correlate to local gas

density; however, unlike Pickles et al. ( 39) quantitative gas density maps were not obtained

and the PLS images are purposed to serve as a semi-quantitative delineation of the gas

density.

The particulates were illuminated using a 532 nm beam from an Nd:YAG laser (Contin-

uum Inc., model: Surelite PIV) that was made into a collimated sheet approximately 100

mm tall focused on the measurement region. The laser sheet thickness was approximately
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2 mm and variation of this thickness did not exceed 5% over the measurement domain. The

interline CCD camera �tted with a 105mm lens and a 532 nm bandpass �lter imaged the

PLS images. The resulting digital resolution was 0.053 mm / pixel and this provided 480 data

points across the throat diameter. Approximately 300 PLS images were ensemble-averaged

to generate the resultant mean PLS image that was used for further interpretation. The PLS

images are mapped to the physical coordinates using a commercial software (LaVision Inc.,

DaVis 8.3) that corrects for any skewness in the images.

2.3.7 Computational Methodology

The experimented results are compared with computational predictions obtained using

NCSU's REACTMB-IB �ow solver, where `IB' stands for immersed boundary. Complete

details of the procedures are found in ( 21), and only highlights are given in this section. The

REACTMB-IB version of NCSU's production solver contains a compressible-�ow immersed

boundary method, described more completely in earlier works ( 40; 41; 42). In this approach,

the surface is rendered as a collection of stereolithography (STL) �les – the solver detects

these objects and then imposes wall-function-like boundary conditions to the cells adjacent

to them to mimic the effects of the solid surfaces on the surrounding �ow ( 21; 40). The

primary advantage of an IB method in this effort is the ease in which design changes (new

geometries, different wall thicknesses, different mounting arrangements, angle of attack

variations, moving parts of the inlet) can be incorporated, as only the underlying STL

geometry needs to be changed and / or positioned. The mesh used for the IB simulations

renders the interior of wind-tunnel section using a Cartesian mesh containing 72 M cells.

The mesh is isotropic from X = -0.025 m to X = 0.325 m but is stretched in the X direction

from X = 0.325 m to X = 0.5 m. The mesh spacing is a uniform 0.5 mm in Y and Z directions

and in isotropic parts of the X direction. Validation of the IB method for this set of geometries

is described in ( 21), where comparisons with results obtained using traditional body-�tted
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meshing methods are presented. Though LES and RANS / LES simulations can be performed

using REACTMB-IB and have been used in the analysis of these inlets, only steady RANS

simulations obtained using the Menter SST turbulence model are presented in this work.
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CHAPTER

3

RESULTS AND DISCUSSION

3.1 Facility Effects on Inlet Operation

During any given campaign, the test articles were installed in place before the wind

tunnel �ow was started. The wind tunnel start-up process involves the passage of the

starting shock system through the test section. The effect of the tunnel start up process on

the inlet operation was �rst addressed using extensive RANS and RANS / LES simulations.

The details of the simulations are presented in McCready et al. ( 21). Summarily, these

simulations were performed by propagating an inviscid shock through the wind tunnel

nozzle and the test section into the test article. The inviscid shock was generated by a

sudden increase of the stagnation chamber pressure from ambient to the experimental
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stagnation pressure value to emulate the �ow turning on. Whereas the viscous effects within

the test section walls were not included to hasten the computations, the viscous effects

were retained within and around the test article to obtain a clear understanding of the

inlet operation. Figure 3.1(a) shows the pressure contour of the �ow within the inlet, which

reveals the starting shock of the wind tunnel being stuck approximately a quarter of the

way between the leading edge and the cowl closure. This con�guration is henceforth called

“failed start”, with a nuanced difference from the unstart operation in that this inlet had never

started, even without external back pressure. Despite the rarity of this operation in inlets at

design Mach numbers, the failed start operation can be encountered in unshrouded inlets

as they accelerate across Mach numbers that are substantially below their design. Notably,

the �ow�eld within the inlet is highly separated, exhibiting complex shock structures and

multiple shock boundary layer interaction units within the inlet. These complexities made

the “failed start” an excellent con�guration to validate the computational models.

Figure 3.1: Pressure contour from RANS simulations corresponding to: (a) failed start
operation observed without boundary layer conditioning; and (b) started operation with
boundary layer conditioning
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With the application of appropriate boundary layer conditioning, a supersonic �ow was

established within the inlet at tare conditions; this inlet operation will be called “started”.

Figure 3.1(b) shows the computed pressure �eld within the started inlet during started

operation, which evidences multiple oblique shocks within the inlet that occupies that

major portion of the inlet cross-section unlike the failed start operation where the oblique

shock train was con�ned to a very small region. It is to this started inlet that the back

pressure was applied to unstart the inlet. The injected jet mass �ow required to unstart

the inlet was 11% of the estimated mass �ow through the started inlet. However, for all the

datasets of unstarted inlet presented in this work, the jet-to-started-inlet mass �ow ratio

of 14% was employed to avoid any transitory started operation occurred during the data

collection of the unstarted inlet.

3.2 Flow Diagnostics in a Started and Unstarted Inlet

3.2.1 Steady State Measurements

Schlieren imaging was performed to anchor the key external shock structures that

will illuminate the global �ow features around the inlet. Figure 3.2(a) and (b) shows repre-

sentative instantaneous schlieren images corresponding to the started and unstart inlet

operation, respectively. Figure 3.2(a) shows that the started inlet operation provides two

distinct shock waves, one from the leading edge and the other from the cowl closure. A fan

of Mach waves was also observed within the external contraction region and certain distinct

Mach waves are identi�ed in Figure 3.2(a). The fact that these compression waves miss the

cowl closure demonstrates the �uid spillage around the inlet at the current Mach number

setting. The high repetition rate schlieren movie revealed that all the shock / compression

waves were steady and did not oscillate over any measurable range.

Figure 3.2(b) shows that the unstarted inlet does not exhibit the cowl shock identi�ed
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during the started operation. A majority of the �ow within the external contraction region is

separated and the shear layer above the separated �ow can be observed outside the inlet in

the schlieren image as dark eddies (labeled). The growth of the eddies is also clearly captured

in Figure 3.2(b); for example, the eddy length scale near the cowl closure is approximately

10 mm. Furthermore, the shocklets emanated by these eddies suggest that these eddies

propagate at supersonic Mach number relative to the inviscid �ow above the shear layer.

To evaluate the feasibility of the latter observation, the corresponding inviscid bulk �ow

Mach number downstream of the leading edge shock is estimated to be approximately 3.60

using the leading edge shock angle. Again, approximating the reverse �ow beneath the

shear layer has a very low velocity, the convective Mach number of the eddies is estimated

to be approximately 1.8, which supports the emanation of the shocklets from the shear

layer eddies.

The external shock structure of the started and unstarted inlet appears to be a more

exaggerated version of that captured on the HIFiRE 6 model that utilized a streamtraced

truncated Busemann inlet ( 20) and many other works on 3D inlets (e.g., ( 18; 19). Stephen et.

al. (20) unstarted the truncated Busemann inlet by subjecting it to a large pitch angle at sub-

design Mach number without applying an external back pressure. During started operation,

shock structure closely resembled the present work with weak oblique shocks emanating

from the inlet leading edge and the cowl. During an unstarted operation, Stephen et al. ( 20)

observed that another oblique shock of moderate strength occurred immediately upstream

of the cowl, which contrasted the present work. In other words, the authors evidence that

a locally supersonic �ow enters the cowl region even during unstart that was absent in

the present work. The large scale �ow spillage during unstarted operation was also noted

by Jacobsen et. al. (18) in a streamtraced truncated Busemann inlet. Their shadowgraph

results showed large regions of turbulent air being ejected out of the external contraction

section of the inlet that is consistent with the present study.
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Figure 3.2: Representative instantaneous schlieren image illustrating the shock structure
and overall external �ow�eld during different inlet operations: (a) started inlet and (b)
unstarted inlet
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The corresponding mean surface streakline images are shown in Figure 3.3 for started

and unstarted inlet operation; the �eld of view included only the external contraction region.

Figure 3.3(a) demonstrates a straight streakline pattern along the streamwise direction

during the started operation. Notably, there is no evidence of the separation locus and

the movies of the streakline trajectory revealed that surface streaklines within the imaging

domain migrated only along the downstream direction. The surface streaklines of the

unstarted inlet in Figure 3.3(b) shows that the separated �ow within the inlet is dominated

by a large counter-rotating vortex pair (CVP) and the accompanying reversed �ow that

extend well into the cowl closure region. The onset of separation occurs very close to the

inlet leading edge, as delineated by the accumulation of the pigment in the streakline images.

The separation onset location was also corroborated in the schlieren images of Figure 3.3(b),

where the shear layer eddies could be tracked to the vicinity of the inlet leading edge. This

shows that there is a de�nite interaction / merger between the separation shock caused by

unstart and the leading edge shock. Overall, there is an excellent consistency between the

�ow�eld discerned from the schlieren images and the surface streakline patterns.

The mean surface pressure �eld helps quantify the impact of the �ow�eld on the load

distribution within the inlet. The two-dimensional mapping of the pressure distribution has

a particular value for the streamtraced inlets because of the highly three-dimensional �ow

that develops within the inlet. The surface pressure distributions are presented in Figure

3.4(a) and 3.4(b) for the started and unstarted inlet operations, respectively. During the

started operation, Figure 3.4(a) shows that the leading edge shock jumps the inlet entrance

static pressure to twice the freestream value. This pressure elevation corresponds to an

inviscid �ow turning angle of 7.5 degrees and a shock angle of 20 degrees. Whereas the shock

angle is in excellent agreement with the schlieren image of Figure 3.2(a), the effective �ow

turning angle is slightly greater than the geometric turn of 5 degrees. The discrepancy in the

effective turn angles is due to the bluntness of the leading edge that ampli�es the effective
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