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SUMMARY

Direct injection studies of liquid jets in supersonic crossflows (JICFs) are critical for

understanding combustion in scramjet engines. Exploring these fluid dynamic interactions

is not only an important step towards characterizing fundamental liquid breakup properties

but also key for improving engine design and increasing efficiency. Current engine designs

lack precise injector optimization and, therefore deliver inefficient fuel sprays. To rem-

edy this, previous studies in the literature have examined how supersonic crossflows affect

gaseous and liquid jet breakup characteristics using backlit imaging or schlieren techniques.

In this work, we aim to study jet instabilities and droplet breakup characteristics in JICFs

for the first time using digital in-line holography techniques. Experiments are conducted in

a heated Mach 1.71 crossflow with a transitional regime liquid jet (slenderness ratio L/D of

19) with a diameter of 0.5 mm. High-speed and high-resolution digital in-line holography

techniques are utilized to spatially resolve the jet breakup characteristics near the injec-

tion point. Results show that the front-edge instability wavelength spacing ranges from

68.3 to 104.5 microns, decreasing as the injected liquid pressure increases from 100 to

500 psi. These results show an inverse relationship between these instabilities and the in-

jected pressure. Both windward and leeward droplet velocities and sizes are also measured

using digital holography and analyzed to determine trends. Findings show a clear relation-

ship between the liquid jet injection pressure and the velocity profile of the droplets on

the windward side of the jet in the streamwise direction. Droplet size distributions showed

small droplet diameters ranging from 3.8 to 25 microns. The unique experimental results

acquired in this work can be used to understand entrainment effects, improve mathematical

multiphase flow breakup models, optimize injector geometry, and refine future scramjet

engine designs.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

The evolution of supersonic flight technologies has led to the need for a deeper under-

standing of the physics of fuel injection in combustion chambers at high Mach number

conditions. Jet in crossflow (JICF) configurations are commonly used in gas-turbine com-

bustors, supersonic/hypersonic vehicles, and many other military systems. Understanding

the unsteady nature of droplet breakup in this regime is important for developing more re-

liable and efficient engines with concepts that extend into several engineering disciplines

[1]. Typically, large-diameter droplets are undesirable for high-efficiency combustion due

to slow vaporization rates. The fuel residence time within the combustion chamber, which

tends to be short on the order of milliseconds, is also an important factor for achieving

stable combustion [2].

Based on these criteria, liquid jets in crossflows are an efficient way to break up fuel

streams into small droplets that quickly mix with the high-speed crossflow air. Because

of complex interactions between fluid breakup phenomena, boundary layer separation, and

shocks, the injected liquid atomizes to a broad distribution of droplet sizes that can drive

combustion efficiency [3]. When the upstream supersonic air interacts with the jet, a high

shear layer, which occurs at the interface of the fluids, forms recirculation zones on the

windward and leeward sides of the jet near the combustion chamber floor [2]. The mixing

creates several vortices, namely counter-rotating pairs, horseshoe vortices, and other vor-

tices in the steady wake, which are all three-dimensional flow features that can be observed

using traditional optical techniques, highlighted in Figure 1.1. To better understand the flow

phenomena, this chapter will discuss the physics that govern the supersonic jet in crossflow

regime. This includes a review of existing literature and a discussion of the motivation be-

hind this research. The goal of this work is primarily focused on characterizing the effect
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of the penetration depth on instability propagation, droplet velocity characterization, and

droplet size distributions generated during the JICF process. The overarching goals of this

work are to:

1. Develop a facility capable of delivering variable water jet injection pressures and

cross-stream conditions, which can be accurately measured.

2. Measure jet penetration depth trends for various injection pressures and compare

measurements with existing curve fits from the literature.

3. Implement schlieren, Digital Inline Holography (DIH), and coherent imaging (CI)

optical techniques to visualize flow features.

4. Show that DIH can be successfully used within the supersonic JICF regime to fulfill

the roles of multiple techniques. Specifically, show that DIH can be used to visualize

flow structures, estimate density gradients due to shock waves, characterize insta-

bility wavelengths, quantify droplet velocities, and determine droplet diameters at

several locations in the flow.

5. Observe and characterize front-edge droplet pinch-off characteristics on the wind-

ward side of the jet for the first time in flows from larger diameter injectors.

1.1 Scramjet Applications

Supersonic ramjet engines, or scramjets, utilize the simple jet in crossflow injection method

to generate thrust and propulsion for supersonic and hypersonic vehicles. Unlike rocket

engines and other air-breathing jet engine designs, scramjets and ramjets lack mechanical

rotating parts, making them an efficient and cost-effective way to power vehicles. One

conventional design is a converging-diverging nozzle that accelerates the incoming super-

sonic crossflow air to a fixed design Mach number. When combined with fuel, the mixture

combusts, generating the necessary thrust [4]. To visualize the overall design, Figure 1.2

2



Figure 1.1: Two views of a gas jet in supersonic crossflow (JICF) is illustrated. (a) shows
a two-dimensional view of several flow features. (b) portrays a three-dimensional view,
showing the vortices and structures of the jet. [2].

shows the geometry of a one-sided divergent scramjet combustor. This particular design

was created to induce higher mixing rates and positive flow characteristics [5].

Figure 1.2: Schematic of one-sided divergent scramjet engine is illustrated, showing the
different features including a typical wall-normal injector. (a) A side view of the design
used for the simulations is presented, showing the divergent angle. (b) Top views of two
different cases are shown with different jet injection arrays [5].

Downstream of the nozzle, an injector at a chosen slenderness ratio, L/D, is utilized

to inject either gas or liquid into the stream. The flame propagation from this interaction

determines the power output of the scramjet engine. However, one of the major challenges

that plague this design is the inherent unsteadiness of the jet oscillations due to instabili-

ties, boundary layer effects, and the limited mixing between the fuel and air [6, 7]. Thus,
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researchers in this field have devised numerous variations of the transverse jet system in

an attempt to increase the mixing effect. Design concepts such as the swept ramp injector,

cavity-based injectors, and wall-normal injectors have been devised. Aerodynamic ramp

injectors, for example, are an array of injectors that tilt at differing degrees, distributed in

rows along the streamwise air path. These reduced the mixing effect compared to a tradi-

tional baseline 15-degree flush-wall injector and led to a less uniform fuel-air distribution

before combustion [8]. Flameholding is, thus, not optimal using swept ramp injectors.

The open cavity flameholder design, on the other hand, increases the mixing effect and

reduces drag in the scramjet engine because the majority of the shear layer clings onto the

rear edge of the cavity. Cavities can be classified as open (cavity length to diameter ratio

< 7 to 10) or closed (cavity length to diameter ratio < 10 to 13). Here, the closed cavity

tends to have a higher drag coefficient as the separated shear layer flows into the aft wall [9,

10]. Flame stabilization is enhanced in the open cavity due to lower drag, so it is usually

chosen as the preferred method. Moreover, the scramjet net power output is also greatly

improved in cavity injectors as compared to other methods [9]. The two cavity methods are

illustrated in Figure 1.3.

Finally, wall-normal injection is also commonly used in scramjet designs, as illustrated

in Figure 1.1, where the injector is perpendicular to the flow of the crossflow gas. This in-

jector design is well-known for its high mixing rate. Especially in hypersonic applications,

the autoignition of the fuel-air mixture from this configuration is particularly attractive.

However, it is difficult to sustain combustion and flame holding in this design in steady-

state, as illustrated in the OH-PLIF data taken by Ben-Yakar and Hanson [12]. Here, the

instabilities formed from the bow and separation shocks interact with the shear layer and

greatly enhance the mixing rate in the supersonic regime. These instabilities also have

rotational inertia, much like vortex structures.
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Figure 1.3: (a) Open and (b) closed cavity flow designs for scramjet combustion are shown.
Closed cavities have a higher drag coefficient and thus are not often used for practical
designs [11].

1.2 Flow Structures in Supersonic JICF

Both fuel atomization and fuel-air mixing are factors that govern the efficiency of an injec-

tion spray. The flow structures, such as shocks, instabilities, and ligaments, all contribute

to the mixing behavior. Thus, the trajectory of the jet and the subsequent penetration into

the crossflow has been extensively studied in experimental and computational domains to

develop correlations between these variables. In traditional supersonic JICF, Equation 1.1

has been developed to measure the liquid jet momentum ratio with respect to the gas cross-

flow [13, 14]. The momentum ratio can be described as,

J =
ρliquidv

2
liquid

ρgasv2gas
. (1.1)
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As the free-steam gas is typically uniform, gas velocity and density will only be a function

of the local pressure and temperature. Thus, the momentum value can be readily changed

as the liquid injection velocity varies. Consequently, as the jet momentum ratio increases,

the penetration depth tends to increase.

Scramjet flame holding, anchoring, and stabilization are closely related to other spray

features such as fuel jet penetration depth, which can be readily characterized in non-

reacting experiments. Several detailed empirical correlations for jet penetration depth have

been made in the literature related to air-breathing engine applications. Depending on the

gas temperature and composition, fuel injection conditions, and flow characteristics, differ-

ent functions have been created to describe the jet penetration including,

1. Logarithmic: h
d
= Aqα(1 + β x

d
),

2. Power Law: h
d
= Aqα(x

d
)b,

3. Exponential: h
d
= Aqα[1− exp(β x

d
)][1 +Bexp(γ x

d
)][1 + Cexp(δ x

d
)].

Different fitting constants have been generated for these functions by Iyogun [15], Mc-

Donnel [16], No [17], Ragucci [18], and Stenzler [19] and many others. Note that some

literature defines momentum flux ratio as J and some as q. Likewise, some publications

refer to penetration depth as h and some as y. In this thesis, h will always refer to the

penetration depth, as seen in these correlations above, and y will denote a vertical spatial

coordinate in the flow.

In this present study, two main empirical fits were tested to fit the data: one power law

fit and one logarithmic fit. Kim [20] has produced a single orifice injector (SOI) curve fit

with a heated gas crossflow that builds on the power law. This is described as,

h

d
= 2.241q0.417(

x

d
)0.410. (1.2)

Inamura [21] produced a logarithmic correlation with similar experimental conditions to
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this current study, which is described as,

h

d
= (1.18 + 0.24d) ∗ q0.36 ∗ ln[1 + (1.56 + 0.48d)

x

d
]. (1.3)

Several instabilities and competing forces also contribute to leading-edge breakup.

Kelvin-Helmholtz (K-H, “shear-driven”) and Rayleigh-Taylor (R-T, “density-driven”) in-

stabilities are present inside the crossflow and contribute to breakup features. K-H insta-

bilities are known to form in environments where fluids of differing velocities shear past

each other. R-T instabilities occur when fluids of two densities intermix. Because this

work demonstrates a crossflow of air and water, at different velocities and densities, both

phenomena are expected to contribute to flow features. A visual representation of how K-H

vortex rings tilt and stretch in a typical gas-gas JICF setup is shown in Figure 1.4. In gas-

gas flows, the effect of front-edge instability propagation to contra-rotating pairs (CRVP)

is a major component leading to an increased mixing rate between the two gases.

In liquid JICF environments, however, this horseshoe structure does not appear to be

present. Despite this effect, the three-dimensional waves from the front-edge instabilities

are likely to help with liquid mixing and entrainment in the leeward side of the flow. Fur-

thermore, unlike gas-gas jets, surface tension and inertial breakup effects (as described by

the Weber number) can contribute to K-H and R-T instabilities, creating shearing ligaments

and droplet pinch-off. The capillary Rayleigh-plateau can also contribute to the number of

propagated waves on the front-edge [23]. Because water has considerable surface tension,

the intensity of the R-T instability will likely decrease as compared to gas-gas injections for

small wavelengths [24]. Since multiple instabilities occur simultaneously, it is difficult to

attribute flow features to a single source. Nevertheless, unsteady vorticial structures form

in these flows, and eventually, the jet expands as droplets break up [25].

For the liquid supersonic JICF environment, previous work has shown some evidence

that R-T instabilities are more persistent than K-H instabilities and are responsible for the
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Figure 1.4: This gas jet in a supersonic crossflow diagram shows the contra-rotating vortex
pairs (CRVP) formed in part from the front-edge instabilities which wrap around into the
vortex. This increases the mixing rate between the crossflow and injector [22].

liquid breakup as the density ratio between the two fluids increases [26]. In fact, a study

by Beale shows that when the K-H and R-T instabilities are introduced into a model, both

were responsible for turbulent mixing and could successfully predict several flow parame-

ters, like jet penetration, Sauter Mean Diameter (SMD), and jet shape [24] However, high-

resolution liquid breakup near the front of the jet has not been previously examined using

time-resolved diagnostics. Therefore, the R-T and K-H instabilities as they relate to liquid

jet breakup need to be examined in more detail.

Taking a look at Figure 1.1 again, notice some other flow features, such as the separation

(lambda) shock, windward bow shock, and recirculation zones, which have implications on

breakup in the windward side of the jet. Due to the high-density difference between gas

and liquid, the water acts as a physical flow barrier. Therefore, it interrupts the incoming air

boundary layer, which leads to it separating and creating a separation shock. Underneath

8



this, a windward recirculation zone forms due to the pressure difference. In a reacting

flow, this zone traps products and anchors the flame, so engineers typically attempt to uti-

lize this effect for flame stabilization. Moreover, a three-dimensional bow shock connects

to the separation shock and follows the curvature of the jet trajectory. This shock thick-

ens the boundary layer and causes it to separate. It has also been found within literature

that this flow feature slightly deviates from a mean spatial location [27]. The shocks and

boundary layer separation add to the oscillations and instabilities on the front-edge of the

jet. The complex interaction between these features has not been studied extensively in the

literature, which motivates new experiments in this area.

1.3 Dynamic Liquid Breakup in Supersonic JICF

As discussed in the previous sections, the boundary layer separation and complex shock

systems contribute to the dynamic instabilities on the shear interface between the two fluids.

They also contribute to ligament and droplet formation on the front-edge of the liquid

plume and within the downstream liquid breakup area. Figure 1.5 shows a schematic of the

liquid jet in supersonic crossflow with liquid jet instability growth at the front of the jet and

droplet breakup on the leeward side. An important distinction from gas-gas experiments

is that there is no droplet formation in a gas jet because there is no surface tension, only a

mixture of the two fluids occurs in those environments.

Important parameters that describe droplet formation include the non-dimensional Reynolds

number of the jet, Weber number, Ohnesorge number, momentum-flux ratio (J), and pene-

tration depth. In this work, the liquid Reynolds number of the jet as it passes through the

injector is defined as,

Rel =
ρlVlD

µl

, (1.4)

where ρl is the water density, Vl is the water injection velocity, D is the water jet diameter,

and µl is the liquid dynamic viscosity. This non-dimensional number helps determine the
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Figure 1.5: A liquid jet in supersonic crossflow is illustrated with flow features. The rotat-
ing arrows correspond to recirculation zones that can generate ligaments and droplets and
lead to improved flame anchoring closer to the ground of the combustion chamber.

penetration depth and momentum-flux ratio [14]. For example, a laminar jet will penetrate

the crossflow less and bend earlier than a transitional or turbulent jet. The Weber number

is typically found in multiphase flows and compares the inertial to surface tension effects

to determine the droplet breakup morphology. It is calculated using,

We =
ρgV

2
g D

σ
, (1.5)

where ρg is the gas density, Vg is the gas velocity, and σ is the surface tension [28].

Another important related parameter is the Ohnesorge number, defined as,

Oh =
µl√
ρlσD

, (1.6)

which determines the effect of viscosity on droplet breakup [29, 30]. Another important

non-dimensional number that helps determine the influence of R-T instabilities is the den-

sity ratio,

ρl/ρg =
ρl

ρg,∞
. (1.7)
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Table 1.1: Water injection testing conditions and calculated parameters for a 0.5 mm jet.

The momentum-flux ratio, as defined earlier, determines the relationship between the water

jet injection and air crossflow momentum. If the value is very small, the air crossflow moves

with more momentum than the injected liquid [14], which will influence the penetration

depth and jet trajectory during break up. Finally, the penetration depth is simply the vertical

distance the liquid jet travels relative to the diameter of the jet. This parameter partially

determines the amount of liquid-gas interface mixing, as a higher penetration depth enables

more gas to interact with the liquid. This can lead to lower droplet densities and higher

droplet velocities. These non-dimensional numbers are critical for characterizing the flow

as well as comparing results with the literature [31].

In this work, water jet injection pressures between 100 and 500 psi were tested using a

0.5 mm jet. This enabled the visualization of flow behavior for different momentum flux

ratios, J . In Table 1.1, the non-dimensional numbers used to describe the fluid motion

have been calculated for each of the liquid injection pressures. The Reynolds number for

the airflow is Reg = 8.42 × 106, computed at the injection point. The Ohnesorge number

for these experiments is Oh = 5.25× 10−3 (<<0.1), indicating little to no influence from

viscosity. The gas Weber number is We = 1307, indicating that the inertial forces are high

and that the liquid surface tension plays a large role in breakup. It is expected that the edges

of the column will shed droplets on the leeward side of the jet.

Values in the table were computed using an Engineering Equation Solver (EES) and

water pressure changes were used as an independent variable. To calculate the values,

the thermophysical properties of water and air were pulled from the EES library, which is

derived from a NASA gas properties library.
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These non-dimensional numbers form the foundations for the analysis of liquid breakup

in supersonic JICF. Particularly, the water jet velocity, and therefore the Reynolds number,

greatly influences the momentum flux ratio. Since the momentum flux ratio is a key fac-

tor in penetration depth, this quantity is especially important for quantifying the mixing

efficiency and comparing breakup behaviors at different conditions.

1.4 Thesis Overview

In order to study liquid breakup in supersonic JICF in more detail, this thesis aims to

provide a novel framework for applying digital inline holography (DIH) to a liquid jet in

supersonic crossflow. Outside of a few experiments on aerated jets [32, 33, 34, 35] there has

been no application of holography in these supersonic JICF environments. Thus, this work

is the first to utilize holography to examine dense liquid jets in JICF. Two regions of the jet

are observed using this optical technique: the windward side of the penetrating liquid and

the downstream droplets breakup on the leeward side of the jet. While there has been some

previous work analyzing jet penetration, droplet velocities, and droplet sizes using schlieren

techniques [27], there are currently no experimental observations in the literature of liquid

breakup in the recirculation zone at the windward side of the jet. Thus, this work also shows

unique flow phenomena that occur in large-diameter jets. Because holography can also

be used to measure changes in density gradients, bow shocks can also be observed using

this technique, which has not been previously described using DIH in these environments.

Thus, schlieren is presented in this work as a confirmation of intermixing, a visual marker

for flow dynamics, and a comparison tool to DIH. By quantitatively analyzing the different

breakup and flow features in a liquid jet in supersonic JICF, numerical models [36] can be

validated. Additionally, using DIH characterization tools, new scramjet injection methods

can also be evaluated for future vehicle applications.

In Chapter 2, the design modifications needed to use a supersonic wind tunnel facil-

ity [37] for liquid breakup experiments are presented. First, a liquid injection system was
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designed in order to (a) support pressurized water up to 500 psi with limited pressure drop

and (b) ensure a relatively low droplet breakup flow field density. For these reasons, a

0.5 mm diameter injector was designed and modeled on Solidworks. The L/D slenderness

ratio of the injection system is 19 and the liquid Reynolds number is turbulent, putting the

output profile of the water jet in the transitional regime. A 2.0 mm diameter injector was

previously manufactured for this rig and is presented in comparison to the 0.5 mm jet. To

deliver pressurized water to these injectors, a piping and instrumentation diagram (P&ID)

was developed. In this diagram, several hand valves, safety disks, and regulators are drawn

to control the flow of water. Coupled with an updated LabVIEW program, the rig operator

can control the water flow remotely from 0 to 500 psi. To physically capture the data at

the front-edge and liquid plume, a 532 nm continuous wave laser and pulsed PIV laser are

spatially filtered and expanded. The beams pass into the wind tunnel through fused silica

glass windows that can withstand the temperatures and pressures of the rig operating at

Mach 1.71.

Chapter 3 discusses the optical techniques used to visualize the morphology of the

supersonic JICF. With the naked eye, intermixing between fluids cannot be seen, so high-

magnification optics are utilized. High magnification schlieren methods are first imple-

mented for capturing bow shock features and jet penetration data. This data is then com-

pared with images captured using high-magnification digital inline holography (DIH) meth-

ods. This technique uses two-dimensional imaging sensors to capture three-dimensional

flow features. Thus, this method allows the user to adjust the focal plane in post-processing

using numerical refocusing MATLAB codes, enabling users to analyze three-dimensional

features. Additionally, DIH can be used to analyze density gradients in the flow, which

includes the motion of the bow shock. Lastly, coherent imaging is used to capture in-focus

images of the jet. This technique uses the same optics as DIH but places the focal point

at the centerline of the jet. This produces clear images that do not need to be refocused in

post-processing but flattens the line of sight data into a single two-dimensional image. All
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these techniques are used to examine the flow dynamics at different testing conditions while

highlighting how the novel capabilities of DIH can be used for supersonic JICF analysis.

Chapter 4 uses optical techniques to analyze the windward side of the jet. The most

important parameters to study in this region are the jet penetration depth and instabilities

that form on the liquid jet as the injection pressure changes. Holding the crossflow air

pressure and temperature constant, jet penetration depths were measured and compared

with correlations developed in the literature. Both schlieren and DIH were used to capture

the data at the front-edge and a custom edge-tracing MATLAB was used. To quantify the

instability propagation along the jet edge, different tracking codes are used to analyze the

wavelength spacing. The growth and spacing between these instabilities are analyzed as a

function of the momentum flux ratio (J) and the penetration depth (h).

Chapter 5 examines droplet breakup behaviors on the leeward side of the jet. When the

jet is injected against the crossflow, breakup occurs and droplets with varying diameters are

formed. The type of breakup depends on non-dimensional parameters, such as the Weber

number and Ohsenege number. Since the Ohneserge number is much lower than one, the

Weber number dominates the droplet breakup morphology [29, 30]. The goal of this chap-

ter is to track the droplet velocities as a function of physical height and length along the jet.

To achieve this, a continuous wave laser is utilized in a coherent imaging setup. Because

the droplets are (a) in a single frame for hundreds of nanoseconds and (b) move in and

out of the chosen focal plane, the diffraction rings produced by the droplets can be tracked

using an ultra-high-speed camera (up to 5 MHz) and multi-frame correlation techniques.

Using an instantaneous pulsed laser and high-resolution camera, the diameters of droplets

at different spatial locations are also captured. Knowing both the droplet velocities and

diameters allows precise characterization of droplet breakup phenomena that have not been

previously captured in the literature.

Finally, Chapter 6 ties all the findings of this work together and discusses their appli-

cation to air-breathing vehicles. The contributions of the work are summarized and future
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work is identified. The new DIH tools described in this work can potentially be used to

expand the analysis capabilities for new injector designs in future vehicles. Additionally,

the quantitative flow trends found in this research can be used for model validation and for

improving our understanding of liquid breakup phenomena in supersonic JICF.
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CHAPTER 2

FACILITY DESIGN AND MODIFICATIONS

In this chapter, the designs and modifications of the JICF facility components are out-

lined and discussed. The original supersonic windtunnel facility [37] was used to study

gas-gas supersonic JICF. Since liquid is being injected in this work, a pressurized water

pipeline was designed and built to provide a range of injecting pressures into the crossflow,

thereby allowing various momentum flux ratios to be tested. The a new liquid injector was

also designed to reduce the density of the liquid breakup droplets. A transitional L/D was

adopted for this injector that captures benefits from both turbulent and laminar jets. Next,

this chapter describes several test section designs with optical glass for applying imaging

diagnostics. The safety factors for selecting window materials and thicknesses are also out-

lined. Afterward, the flow condition instruments, which measure temperature and pressure

measurements in both fluids, are discussed. Then, the LabVIEW VI that was built to re-

motely control and monitor these instruments is presented. Finally, the thermal expansion

of the rig up to 550 K is quantified in order to enable accurate measurements of phenomena

that occur in different locations inside the facility.

2.1 Experimental Facility Operation

This research was conducted in one of the four high-pressure labs the Ben T. Zinn (BTZ)

combustion laboratory at the Georgia Institute of Technology. The lab houses a high tem-

perature, high pressure compressor system, which can be used to generate a supersonic

crossflow. The custom facility used in this work went through several design iterations to

convert from a gas jet to a liquid jet system. This section is devoted to outlining the water

pipeline, injector, test section, and instrument designs. The parts were designed to be ac-

cessible and easy to dismantle and/or replace. The metal components for the facility were
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manufactured at the Aerospace or Mechanical Engineering machine shops. An overview

of the rig with the computer-aided design (CAD) and final facility image are shown in

Figure 2.1.

Figure 2.1: (a) A CAD model of the rig and optics as well as (b) an in-lab image are
presented.

2.1.1 Air Compressor System

In order to get high-velocity air into the converging-diverging nozzle of the test section, a

3000 psig Norwalk air compressor system compresses the air and diverts it to the rig for

operation. The compressor has a 105,000 scf storage capacity and pumps compressed air to

a series of storage tanks, as shown in Figure 2.2. The storage tanks have an automatic relief

valve that releases any excess moisture. The maximum delivered pressure to each of the

high-pressure rooms is 720 psig but the maximum used in these experiments is 200 psig.

This corresponds to a stagnation pressure of approximately 34 psi.

There are several systems that allow the compressor to operate efficiently, including the

air inlet section, chiller/cooling tower, lubrication oil system, dryer system, exhausts, and

electrical network. Figure 2.3 showcases these systems. First, the compressor control unit

is used to start the system operation. When started, the compressor inlet pulls in humid

ambient air and compresses it through five stages. The lubrication oil system lubricates
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Figure 2.2: The 3000 psig Norwalk compressor and accompanying array of air tank reser-
voirs are displayed. The air from the tanks is distributed into four high-pressure labs in
BTZ.

all the moving parts to prevent overheating and wear on the moving parts. In tandem with

this, a chiller/cooling tower works as a heat exchanger and passes relatively cool water into

the compressor to reduce gas temperatures between stages. The air dryer then removes the

humidity from the compressed air and the air is directed to the storage reservoirs. After the

air is compressed and humidity reduced, a block valve is opened, allowing pressurized air

into the test cell and supersonic JICF rig. An instrument air system controls the exhaust

(backdraft) damper, which allows the expulsion of the water/air mixture.

Finally, a Stahl air heater, which operates at a maximum of 995 ◦F and a mass flow rate

of 300 lbm/minute, is utilized to heat the crossflow air to target stagnation temperatures

of 550 to 600 K. The target temperature range is chosen to avoid freezing after isentropic

expansion and the calculated critical stagnation temperature was determined to be 433 ◦F.

The heater is controlled by the furnace, which provides heat flux to the crossflow air, as

shown in Figure 2.4. This is further controlled by a heater control panel in the rig control

room. Here, the core burner temperature is constantly regulated to ensure that the process

air temperature does not reach more than 1300 ◦F. It is important to note that there are often

18



Figure 2.3: The components of the compressor system are shown indicating (a) the com-
pressor electrical control panel, (b) the oil lubrication system, (c) the dryer and instrument
air systems, and (d) the chiller and exhaust plenums.

fluctuations in the temperatures and pressures between testing days, as the outside ambi-

ent air conditions (temperature and humidity) affect the compressed air storage tanks. The

positive displacement of the exhaust system also slightly influences the wind tunnel oper-

ating pressure on a day-to-day basis, which can cause variations in test conditions. Overall,

however, these variations tend to have only a small effect on measurement repeatability.

Once the heated compressed air enters the high-pressure cell, it enters the supersonic

JICF rig, which was originally built by Dan Fries [37]. The high-pressure gas first enters

an inlet pipe which is controlled by a hand valve. Then, the flow enters a stagnation tank.
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Figure 2.4: The Stahl heater furnace, located in the open outdoor bay is illustrated.

Following this section is a homogenizer section with several stages of wire screens and a

flow-straightening honeycomb. There are two types of wire screens used in this rig: fine

and coarse. Both filters have the purpose of filtering out particulates of varying diameters.

The two coarse meshes have square grids with a 66% open area and an opening size of

6.9 mm whereas the two fine meshes have a 57% open area and an opening size of 3.2 mm.

The honeycomb patterned flow straightener insert has a wall thickness of 0.5 mm and an

opening diameter of 5 mm. Prior to collecting substantial data, the piping had to be opened

to extract these meshes. As the screens were saturated with seed particles used for particle

image velocimetry (PIV), they needed to be thoroughly cleaned and reassembled. Down-

stream of the screens and honeycomb is a converging-diverging nozzle, which accelerates

the air to Mach 1.71 while reducing temperature and pressure. This leads into the wind

tunnel test section where the water jet is injected and visualized. A side view of all of this,
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including the modified wind tunnel design, is shown in Figure 2.5.

Figure 2.5: A side view of the CAD model for the rig is illustrated. The stagnation
tank, homogenizer section, which includes the meshes and honeycomb flow straightener,
converging-diverging nozzle with a design Mach number of 1.71, and the test section are
shown.

2.1.2 Water Pressurization Pipeline Design

The liquid pressurization pipeline was developed in order to deliver high-pressure water

into the supersonic JICF facility. Before purchasing piping, instruments, and fittings, a

piping and instrumentation diagram (P&ID) schematic was designed to ensure that safety

constraints and peak operating pressure conditions were met. Figure 2.6 and Figure 2.7

show the P&IDs for the system, with the first page showing the liquid water flow section

before the injector and the second page detailing injection into the wind tunnel.

These diagrams outline the instrumentation used to direct water from the domestic wa-

ter supply to the wind tunnel. Here, nitrogen from two tanks flows through a hand regulator

with a maximum outlet pressure of 500 psi into a cylindrical water storage tank. The water

used in the supersonic liquid JICF system is first filtered through a Pentek low-pressure
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Figure 2.6: First page of the water piping and instrumentation diagram shows how nitrogen
is used to pressurize and control water flow. The critical temperatures and pressures are
shown in bounding boxes (PG = Pressure Gauge, PT = Pressure Transducer). The outgoing
arrow to the injection plate continues on the second page.

pre-filter (model number: 158005), capable of removing solid particulates down to 10 mi-

crons in diameter. Then, water flows into the 68-liter storage tank and through a hand gate

valve and solenoid valve. The solenoid is controlled via LabVIEW, remotely. Afterward,

the now pressurized water flows through three 9052-10 Arrow Pnuematics in-line high-

pressure filters to further filter out particles that are 10 microns or larger in case any solids

were picked up in the tank or pipes. The liquid then passes into an air-actuated regulator,

allowing a range of pressures to be remotely chosen. Finally, the liquid is directed through

an injector plate and into the crossflow air stream. Positive displacement exhaust expels
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Figure 2.7: Second page of the water piping and instrumentation diagram shows the inlet
air from the Norwalk air compressor into the stagnation tank. The inlet water from the first
page is shown on a flag on the left. The mixed fluids are evacuated through the exhaust.

this air/water mixture out to the atmosphere. The total length of the pipe, throttling ac-

tion in the regulators, and bends in the system all contribute to a pressure drop, which is

quantified and discussed in subsection 2.1.6.

Safety is critical when working with relatively high water pressures. All Swagelok

pipes used in this system had a maximum allowable pressure of 3500 psi, which gives this

system a factor of safety of 7 to support the maximum tested injection pressure of 500 psi.

The connectors, such as T-splitters, 90-degree bend connectors, and end caps, were further

rated for 4500 psi. If the nitrogen pressure exceeds 700 psi in the case of regulator failure,

the burst disk situated at the top of the water tank activates and vents both nitrogen gas

tanks to the room exhaust. This avoids over-pressurization of the water tank, which would

cause it to burst leading to more significant damage. Additional safety features and design

considerations are outlined in a Standard Operating Procedures (SOP) document listed in
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the Appendix.

Figure 2.8: (a) CAD drawing and (b) image of the 0.5 mm diameter injector. The Aerospace
Engineering machine shop handled the manufacturing of this component.

2.1.3 Injector Design

Creating a low-density droplet field is critical for applying optical diagnostics. A dense

droplet field would (a) reduce the amount of laser light that the camera receives, and (b)

make it immensely difficult to measure the droplet diameters when several droplets are

overlapping with each other. Here, a 0.5 mm jet diameter is selected to minimize droplet

densities behind the jet, which improves DIH data acquisition close to the jet [38] and fur-

ther downstream for droplet sizing [39]. Another advantage of using a smaller jet diameter

is that the slenderness ratio (L/D = 19) places the injected liquid in the transitional fluid

flow regime, which is between laminar flow (L/D <= 10) and turbulent flow (L/D >=

100) regimes [40]. A turbulent L/D produces a more unpredictable and unsteady breakup,

which enhances the atomization of individual particles, producing finer droplets. Smaller

atomized particles also facilitate more complete combustion downstream [40].

2.1.4 Test Section Design

The 80 × 80 × 508 mm test section underwent several design iterations to (a) allow for

easier window replacement if windows are soiled/broken, (b) provide enough optical access
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for imaging of the front-edge and downstream droplets, and (c) maintain a high safety

factor to prevent window breakage. The original window design from Dan Fries provided

optical access throughout the entire test section, as the windows spanned the entire width

and height of the wind tunnel. This design is illustrated in Figure 2.9.

Figure 2.9: (a) CAD model and (b) image of the original test section design fitted with
large quartz glass windows is illustrated.

One major downside of this design is that it utilized two large quartz glass windows that

are 343 × 140 × 19 mm, making them expensive to replace. On top of this, the windows

filled the entire test section, meaning that the entire wind tunnel had to be deconstructed to

replace or clean the windows. After extensive use in prior work, the windows had perma-

nent aberrations and laser burns engraved in the glass, causing issues with image quality.

Additionally, PIV seed particles that were used in prior campaigns were also lodged in the

homogenizer and stagnation tank. These particles would occasionally come loose and col-

lide with the test section windows, permanently discoloring the interior of the windows, as

shown in Figure 2.10. This necessitated either a glass replacement or a redesign of the wind

tunnel test section with a more cost-effective window selection. To prevent seed particles

from affixing to the windows in the future, the entire rig was dismantled and thoroughly

cleaned.
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Figure 2.10: The scratched windows caused by PIV seed prompted a new design for the
test section windows. Multiple attempts were made to remove the defect, including using
isopropyl alcohol and a window lens cleaner.

In order to improve the optical quality of the windows, a second design of the wind

tunnel test section was manufactured using 304 stainless steel. This design contained four

high-precision anti-reflection coated BK7 windows that were 76.2 × 76.2 × 3 mm. As

shown in Figure 2.11, this window design was unclamped and were were only held to

the inside lip of the test section wall by a high-temperature gasket made of RTV silicone

(600 ◦F max). Instead of using a single machined component, each side of the tunnel has

3 parts: (1) the brace where the windows are held, (2) the first set of flanges that bolt to

the brace and the inlet piping, and (3) the second flange that bolts to the brace facing the

exhaust. Because of this design, manufacturing time and material costs are reduced as it

was not necessary to source a large block of 304 stainless steel and machine it down to the

desired size.

This second design also had some drawbacks. First, because the windows were affixed
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Figure 2.11: (a) CAD model and (b) image of the second window design for the wind
tunnel test section is shown with 4 square windows. The three different parts that comprise
the wind tunnel test section are denoted as the brace set, the first flange set, and the second
flange set. The right-most pair of windows is used to collect data near the jet injection point
and the left-most pair of windows is used for collecting droplet data far downstream.

to the lip via RTV, the only way to replace them would be to remove the entire test section

like in the original design (although it weighed much less). The second issue was the choice

of BK7 glass dimensions. Prior to committing to the design, safety factor calculations were

conducted using Equation 2.1,

t = lw

√
PKSF

2M(l2 + w2)
. (2.1)

Here, t is the thickness of the glass, L and W are the length and width, P is the max-

imum pressure on the inner window, K = 1.125 for unclamped designs, SF is the safety

factor, and M is the modulus of rupture for a particular material type. This equation was

used to calculate the safety factor, which was found to be 3.45, assuming a crossflow pres-

sure of 200 psi. It should be noted that this maximum estimated pressure after the isentropic

expansion is unrealistic and the actual pressure is much lower. When compared to the elas-

tic limit of the BK7 glass, plastic deformation should not occur either. However, some of

the glass still shattered during experimentation and was sucked into the tunnel and expelled

through the exhaust. This could potentially be due to thermal expansion effects that are not

included in the safety factor calculations.
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Figure 2.12: (a) CAD model and (b) image of the third window design shows circular
window slots, one with a fused silica window in place and one with a metal window blank.
If far downstream locations are desired, the blanks can be easily replaced with circular
fused silica windows.

To further improve window performance, a third design was devised. An important as-

pect of window choice here was the ability to source windows quickly in case replacements

were needed. Hence, off-the-shelf fused silica windows from Thorlabs with a low thermal

expansion coefficient were selected. Figure 2.12 shows the third design of the wind tunnel

test section and its implementation in the lab.

The three pieces of the new brace system for the wind tunnel test section are largely the

same as the second design and still use 304 stainless steel. As the thermal expansion coeffi-

cient of BK7 was high, fused silica was chosen to remedy this issue as it has a significantly

lower thermal expansion coefficient. Moreover, the new windows have no corners with a

50 mm diameter and thickness of 12.7 mm, raising the safety factor to 146 at atmospheric

pressure conditions. Equation 2.2 shows the safety factor calculation for a double-clamped

window design. The thickness, maximum stress, and safety factor can be found using,

t = D
√
KD2, (2.2)

Smax =
KD2P

4T 2
, (2.3)

Smax =
Fa

SF
. (2.4)
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Here, Fa corresponds to the elastic limit of the glass. Equation 2.3 and Equation 2.4 are

utilized in conjunction with Equation 2.2 to find the maximum stress on the windows after

the safety was determined. Based on these equations, it was found that the original quartz

glass used in the first design had a safety factor of 35.6. Therefore, the third design has

approximately a 4 × increase in safety factor over the first design. Thus, the maximum

pressure on the glass would not cause the window to break, which was successfully tested

in the experimental setup. Also, for this double-clamped method, the maximum pressure

is actually on the edges where the glass touches the metal instead of in the center of the

window. Thus, high-temperature RTV silicone was used to pad and affix the front and

back edges of the window onto the frame of the brace and into the clamping plate, which

uses eight screws to hold the window in place. Finally, this third design achieves enables

quick and easy removal of the windows. Removing the clamping plate allows access to

the windows, which can be pulled right out and replaced if the windows become damaged

or dirty. The wind tunnel does not need to be disassembled in this design, which greatly

improves maintenance and usability.

2.1.5 Exhaust Reducer Section

Previously, the supersonic JICF rig flowed inert gasses and no additional hardware was

needed to connect the wind tunnel to the exhaust. However, with a liquid JICF system, sig-

nificant quantities of liquid can leak out of the test section and flood the room if the cross-

flow velocity is not sufficiently high. Therefore, an exhaust reducer section, which joins

the gap of the larger cross-section wind tunnel to the smaller diameter exhaust opening,

was produced. Figure 2.13 shows the CAD model of the reducer and the implementation

of the design in the test section.

A 80/20 aluminum frame was built to support the reducer and clamp it securely to the

frame of the rig. It has been observed that during experimental runs at the steady state

crossflow velocities, no water leaks past the exhaust reducer.
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Figure 2.13: (a) CAD model and (b) image of the exhaust reducer is shown attached to the
test section of the wind tunnel.

2.1.6 Flow Condition Measurements

Pressure transducers and thermocouples are added to the liquid as well as the gas flow paths

to measure the pressure and temperature. All of the thermocouples used in these experi-

ments are type J with a temperature range of 273 to 704 K (32 ◦F to 970 ◦F ). Since the

maximum stagnation temperature is approximately 600 K, sensors with a higher tempera-

ture range, like type K, were not necessary. Two known temperatures, the freezing point

(273 K or 32 ◦F ) and the boiling point (373 K or 212 ◦F ) of water, were used to calibrate

and determine the accuracy of the thermocouple measurements. These type J devices have

a reported reading accuracy of ± 0.75% and a response time of 0.6 seconds. Experimen-

tally, the accuracy of the thermocouples was typically found to be within ±1 K, which

contributes to a small amount of uncertainty in the measurements.

For gas pressure measurements, two Omega PX309-500GI pressure transducers are

used. One is tapped into the stagnation tank while the other is added to the conditioning

section of the homogenizer. For water pressure measurements, a single Omega PX309-

500A5V pressure transducer situated on the injector plate was used. In Figure 2.14, the

target water injection pressure and the actual measured pressure are shown in relation to

time. The dashed line shows the mean pressure over the data collection period of 6.30 sec-
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Figure 2.14: The difference between the desired and measured water injection pressures is
shown as a function of time. The desired water injection pressure was 400 psi. The data
taken during the first 6.30 seconds of injection shows that the deviation from the desired
pressure is not very significant.

onds. For a commanded water injection pressure of 400 psi, the average injection pressure

was measured to be 395.19 psi, which is a deviation of 4.81 psi from the target pressure.

Pressure drop within the bends of piping and through the filters and instruments are likely

the main causes of the deviation. These pressure drops represent a ∼1% deviation from the

commanded values, which introduces a small amount of uncertainty into the measurements.

These small pressure drops are repeatable for all pressures tested from 0 to 500 psi.

Here, the data were averaged from 5 sets of data taken on different days, spanning up to

400 data points per experiment. Indeed, for all pressures, the deviation from the desired

pressure fell in the range of only 4.81 to 5.53 psi. The deviation over the entire data col-

lection time for all pressures was also within 1 psi. Furthermore, results also show that as

the pressure increased, the difference between the measured and desired injection pressures

decreased, signifying that the transducer control system is more responsive at higher pres-

sures. Potential sources of this effect could be a calibration offset or a steady state error

31



between the commanded and measured pressures. In future work, an integrator term could

be added to the pressure feedback controller in order to remove this effect.

2.1.7 LabVIEW Controls

In prior work, two sets of LabVIEW programs were used as the instruments needed to run

the water injection system and the airflow system were split between two control boxes. In

this work, all of the instruments were moved onto the supersonic JICF rig and combined

onto a single control device (cRIOs). In order to accomplish this, input and output wires

from existing instruments were rewired into the JICF rig. This included the solenoid valve,

the control relay for the solenoid valve, the air-actuated valve, the feedback loop pressure

transducers for the air-actuated valve, and several pressure transducers. After the instru-

ments were re-routed to the JICF cRIO, new inputs and control algorithms were added to

LabVIEW VI, and the combined VI is shown in Figure 2.15.

Because the water pipeline was new to this facility, a critical step was wiring the cRIO to

the air-actuated pressure regulator and passing the correct control current to the instrument.

Thus, the following conversion in Equation 2.5 between the desired injecting pressure and

the current supplied to this regulator is computed within the LabVIEW environment and

the current is passed from the acquisition device to the regulator. The conversion equation

with pressure in units of psi is,

I = (Pdesired + 14.7)
0.016

1000
. (2.5)

This current value is then converted to a fixed point data type to be read by cRIO in order

to control the regulator.
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2.2 Rig Thermal Expansion

When the rig is run at its maximum stagnation temperatures of about 550 to 600 K, the

sustained heat flux from the air causes the metal to thermally expand. Thus, the test section

moves in both the lateral and longitudinal directions. When high magnification optics are

used, it is difficult to accurately track the location of the field-of-view with respect to the

water injection location. In order to improve the positioning of optical diagnostics, ref-

erence measurements were taken near the bottom of the test section. Figure 2.16 depicts

the relative longitudinal motion, measured by the pixel displacement of the ground (the

black box) over time. The lateral movement was determined by injecting at low pressure

Figure 2.15: The combined LabVIEW VI is illustrated during an experimental run. Values
for the stagnation and conditioning pressure and temperature are shown on the CAD model
of the rig in the top right corner. Other important metrics including the liquid control
system and temperature/pressure graphs are also shown.
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Figure 2.16: An example of the rig motion in the longitudinal direction is shown. (a) A
DIH image taken at a stagnation temperature of 292 K and (b) a DIH image taken at 550 K
are compared. The expansion is denoted in between the two yellow dotted lines in (a).

and watching the column move as the temperature of the rig was increased. It is deter-

mined that the rig moved in the streamwise direction and upwards over time due to thermal

expansion.

After the pixel displacements were found in this study, Figure 2.17 was constructed

to show the test section movement as a function of temperature. Here, each temperature

was held for at least five minutes before the image was taken to ensure that the tunnel

temperatures are close to steady-state. Because the flow rate of air is high for the desired

stagnation crossflow pressure condition (around 33 to 34 psi) this drains the compressed

air tank very quickly. Thus, longer test times were not used for these experiments.

In this figure, the horizontal error bars represent the measured standard deviation in

temperature of approximately 10 K that was captured during the experiment. Assuming

that thermal expansion is linear, an expected expansion line is calculated by using,

∆L = Loα(T1 − T0). (2.6)
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Figure 2.17: The longitudinal and lateral thermal expansion graphs are shown as a function
of temperature. This rig tends to move more than the predicted amount in the longitudinal
direction and less than the predicted amount in the lateral direction. The error bars corre-
spond to the measured temperature standard deviation.

Here, α is the linear expansion coefficient for 304 stainless steel and is estimated to be

17.3 × 10−6 m
m◦C

. The test section dimensions Lo of 508 mm in length and 80 m in height

are then used to estimate the amount of thermal expansion. Overall, this rig tends to move

more than the predicted amount in the longitudinal direction and less than the predicted

amount in the lateral direction. While the expansion is small, on the order of 1 to 2 mm, this

is a significant amount for high magnification experiments. Thus, prediction and external

reference techniques were used in this work to improve positioning accuracy.
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CHAPTER 3

OPTICAL MEASUREMENT TECHNIQUES

Mixing between the liquid and air in a wall-normal supersonic JICF configuration is depen-

dent on the flow characteristics that are generated by the liquid jet injection process. This

chapter discusses the optical setups, theoretical foundations, and processing codes that are

implemented in order to investigate flow features in the windward and leeward sides of the

water jet.

3.1 Windward Side of Jet - Schlieren Technique

The first technique that is utilized to observe the front-edge of the jet is schlieren. This

variation of shadowgraph imaging relies on the density differences inside the flow, which

causes light refraction disturbances and light intensity fluctuations. There are several dif-

ferent types of schlieren systems, but in this work, the Toepler lens setup is used in order

to achieve high magnification measurements. Figure 3.1 shows some of the optical setups

for schlieren methods that can be used to visualize density gradients in a transparent (or

semi-transparent) flow field.

The main components needed for the Toepler configuration are a broadband light source,

a collimating lens, a knife-edge, a receiving lens, and a camera. In this non-intrusive mea-

surement method, density gradients or refractive index gradients, ∂n/∂y, cause light prop-

agating through the flow field to bend. This angle of refraction in the y-direction is then

given by,

ϵy =
1

n

∫
∂n

∂y
dz. (3.1)

If a knife edge is placed at a focal point in the flow, the knife edge can be used to block some

of the refracted light, thereby enhancing images of the density or refractive index gradient
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Figure 3.1: Five schematics showing typical schlieren experimental configurations are il-
lustrated. (a) A Toepler lens setup, (b) Z-type schlieren system (which has been used in
this rig before) (c) direct shadowgraphy, (d) background-oriented schlieren (BOS), and (e)
focusing schlieren configurations are shown [41].

features. Note that because schlieren systems have an inherent minimum threshold value

for ∂n/∂y, there is a minimum angle that can be visualized. This angle can be calculated

if the second lens (the lens placed in the light path after the medium) has a known focal

length (FL2) such that,

ϵy =
a

FL2

. (3.2)

Equation 3.2 displays this new equation, with a representing the vertical distance between
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the refracted ray and the knife-edge plane. If quantitative schlieren techniques (which

include calibrated schlieren, rainbow schlieren, and BOS [42]) are used, this distance can

be calculated from measured data. With the distance analyzed, the refractive index n can be

found from solving Equation 3.1. In this discussion, it is important to mention Gladstone

and Dale, who discovered that the relationship between the refractive index n and the gas

density ρ can be represented with a constant k for different mixtures such that,

k = (n− 1)/ρ. (3.3)

This relation forms the basis for using schlieren and similar shadowgraph techniques

for to study gaseous flows. In cases where the refractive index is known, these relationships

can also be used to find the line-of-sight gas density [43]. Despite the clear relationships

between density, refractive index, and light deviation, quantitative schlieren methods are

extremely difficult to calibrate accurately. Thus, most schlieren techniques are used to pro-

vide a qualitative measurement of shock wave locations. In this work, grayscale schlieren

is used to help image the bow shock and simple jet penetration features.

3.1.1 Experimental Schlieren Setup

Utilizing this information, a schlieren system was constructed for the supersonic JICF ex-

periments. Figure 3.2 shows the Toepler configuration implemented in these experiments,

which uses 100 mm focal length (FL) plano-convex collimation and receiving lenses. This

lens combination allows for a high magnification field-of-view of flow features in the test

section.

A pulsed single-element white LED light (DRAGON Series HPLS-36D7500) is used

to provide illumination for the experiment. Here, the LED emission is synchronized with

the exposure timing of different cameras used for high-speed and high-resolution measure-

ments. On the receiving side of the wind tunnel, a vertical knife edge is placed at the
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Figure 3.2: The Toepler configuration schlieren setup is used to characterize supersonic
JICF flow features. All optics in this setup are placed on rails so that the system can be
easily moved to image different locations in the flow.

focal point of the second lens to block approximately 60 to 70% of the rays and create the

schlieren image. Here, 35 mm and 50 mm FL lenses are placed in front of the camera

detector and are adjusted to focus on features in the water jet plane. For low-speed camera

applications, the LED light driver voltage is maximized and the pulse duration was mini-

mized to approximately 100 ns to effectively freeze motions in the flow. High-resolution,

low-speed images are captured using a Blackfly camera (BFS-U3-32S4M, 2048 × 1536

pixels, 126 Hz sampling frequency, 3.45 µm pixel size, 5 µs minimum exposure time,

10-bit depth).

For high-speed camera applications, the LED is left on and timing is controlled using

the camera exposure time. Here, a high-speed Shimadzu HPV-X2 camera (400 × 250

pixels, 5 MHz maximum sampling frequency at full frame, 200 ns exposure, 10-bit depth)

is used to capture flow dynamics at higher imaging rates but at lower spatial resolutions.

After testing both of these camera configurations, it was determined that the higher spatial

resolution camera provided clearer images due to the higher pixel count and shorter pulse

duration, which reduced blurring effects.
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3.2 Windward Side of Jet - Digital Inline Holography Technique

The majority of JICF experiments conducted in subsonic and supersonic wind tunnels and

expansion tubes focus on measuring front-edge deformation, droplet breakup, and injector

design variations [44, 45, 46]. Typically, imaging diagnostics, such as low-speed schlieren

imaging, OH* chemiluminescence, and OH planar laser-induced fluorescence (PLIF), are

used to investigate the shock wave structure and combustion phenomena [44, 45, 47, 48,

49, 50]. These techniques use either LED or laser light sources and can be adjusted to

interrogate different portions of the liquid jet breakup. While the aforementioned imaging

diagnostics excel in producing high spatial and temporal resolution data, multiple diagnos-

tics are typically needed to study density gradients, jet instabilities, and droplet breakup

features.

Digital inline holography (DIH), on the other hand, has not been previously explored

for use in supersonic JICF experiments to study injection point jet instabilities [51]. Out-

side of a few experiments on aerated jets [32, 33, 34, 35], DIH has not been previously

used to study liquid jet in supersonic crossflow problems in general. DIH differs from

other techniques because it uses numerical refocusing to allow the camera focal depth to

be altered in post-processing [52, 38]. Even when the camera is focused to a plane outside

of the liquid jet injection plane, the focal plane can be shifted into the center of the flow

in post-processing to accurately determine the size, morphology, and three-dimensional lo-

cation of droplets as small as a few microns. By utilizing image segmentation of multiple

frames and a high-speed camera, droplet velocities can also be deduced [52]. DIH has

been successfully implemented for studying the impulsive breakup of liquid jets, droplet

formation in aerated jets, and particle generation in propulsion applications [53, 54, 55,

56, 57, 58, 59, 35, 34, 33, 32]. By using DIH to study droplet breakup in liquid jet in super-

sonic crossflow applications, more droplets from multiple focal depths can be accurately

determined. Additionally, jet, droplet, and bow shock morphologies can be studied using a
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single, high depth-of-field three-dimensional imaging technique.

In digital inline holography, three-dimensional information is essentially stored in the

interference fringes that are generated when the laser is passed through the object field,

creating a hologram. This raw hologram data is then collected on a two-dimensional sensor,

which can be numerically refocused in post-processing. This method is attractive because

it is simple to set up, can use all of its pixels for high-resolution imaging, and has a larger

phase sensitivity compared to other holography techniques, like off-axis holography. The

downside to this technique is that there is no reference beam for directly calculating phase

delays, not only making it more difficult to use for phase measurements but also creating a

twin-image effect during numerical refocusing [59]. However, because of its simplicity, it

can be used to study flow fields that have a moderate number of particles. In Figure 3.3, a

raw hologram of a droplet spray field is presented showing a nozzle spraying pressurized

water into the field of view. Interference diffraction patterns are clearly visible in this raw

hologram. As the droplets are reconstructed to the correct focal plane, the edges of the

droplets become sharper and the interference patterns are reduced. The work presented in

this thesis aims to reconstruct the droplet field like in this example but in a supersonic JICF

scenario rather than in a free-stream droplet plume experiment.

In DIH, when the laser beam is introduced to the object field, some light diffracts off

the particles while some pass through to the other side. The beam that diffracts off the

objects is called the object beam while the beam that passes through is used as the reference

beam. Those two beams combine and are superpositioned onto the camera sensor array,

or the charged coupled device (CCD), which causes interference diffraction rings. This

diffraction pattern can be described by the Kirchoff-Fresnel integral [60],

Γ(ξ
′
, η

′
) =

i

λ

∫ ∞

−∞

∫ ∞

−∞
h(x, y)ER(x, y)

exp(−i2π
λ
ρ

′
)

ρ′ dxdy, (3.4)
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Figure 3.3: (a), (b) Two frames of raw out-of-focus holograms of a free-stream water spray
are shown. (c), (d) These images can then be numerically reconstructed or refocused to the
focal plane do the droplets showing clear droplet edges [38].

where,

ρ
′
=

√
(x− ξ′)2 + (y − η′)2 + d. (3.5)

Once the raw hologram is captured, it can be reconstructed into a virtual image via a process

called numerical refocusing. This allows the raw image to be moved from an out-of-focus

plane to the focal plane where droplets occur, as shown previously in Figure 3.3. The

raw electric field of the hologram Γ relies on the convolution of the particle field function

h(x, y) and reference electric field ER(x, y). By estimating the pixel sizes ∆x and ∆y, it
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is possible to successfully refocus the image to the desired focal plane. These distances

are easily computed with a physical calibration grid (such as a dot grid) to map the spatial

measurement to pixel space on the camera CCD.

Once the raw intensity of the flow field In is captured on the camera, forward and

inverse Fourier transforms can be used to compute the reconstruction of the raw hologram

intensity Õ to different focal planes using,

Õ(x, y, z) = F−1[F(In(x, y) ·R∗(x, y)) ·G∗(fx, fy, z)], (3.6)

where x and y are the spatial coordinates, z is the reverse propagation distance, E∗
R is de-

fined as the conjugate reference wave (typically set to unity for collimated DIH) and G∗ is

the conjugate of the Kirchhoff-Fresnel diffraction kernel [38]. Here, λ is the laser wave-

length. The terms fx and fy are the x and y frequency coordinates. By using the numerical

refocusing equations to back-propagate the DIH images, the reconstruction enables visu-

alization and refocusing of the objects in the flow field for accurate droplet sizing. There

are other viable techniques to compute the reconstruction of the raw hologram, like the

convolution method, but the fast Fourier transform method via MATLAB is used to refocus

the images in this work due to its speed and efficiency.

In some extreme environments, thermal gradients and shock waves can cause optical

distortions that obscure particle diffraction patterns. In those cases, phase conjugate mir-

ror [61, 62], a polarized reference beam [59], or a tilted reference beam [59, 63] can be

introduced so that the hologram is not self-referenced. The tilted reference beam method is

also called off-axis holography, and it can significantly reduce noise and distortions when

phase objects are present, making object edges more clear, discernible, and sharp. Using

this method, it is possible to remove the aberrations using post-processing numerical meth-

ods. While there are shock waves present in these experiments, it has been determined that

there are no phase distortions since the shock waves are far from the jet and droplet regions
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Figure 3.4: The 532 nm digital inline holography setups using continuous wave and pulsed
lasers are illustrated using the same optical path into the test section, with the exception
of a removable mirror. The laser beams are spatially collimated and expanded to ensure a
uniform light distribution. Two different cameras can be used.

of the flow. Therefore, off-axis holography was not needed for these experiments.

3.2.1 Experimental DIH Setup

For the digital inline holography experiments, two lasers are utilized - a continuous wave

(CW) laser and a pulsed nanosecond laser. To quantify the jet penetration, front-edge

breakup, and droplet velocities, the continuous laser is used. Here, a continuous 532 nm

Photonics Industries (DS20-527 532 nm, 700 mW) laser beam is expanded, collimated,

and passed through the 80 mm × 80 mm square test section. Collimation and spatial

calibrations are executed using a shear plate and dot grid (1 mm spacing). The light that

is diffracted off of the flow field is magnified using either a CF-3 objective (3.56 to 2.29×

magnification) or a CF-4 objective (6.1 to 4.57× magnification) and K2 Distamax long-

distance microscope, as displayed in Figure 3.4.

In this system, the RM (removable mirror) is displaced when the pulsed laser is non-

operational so that the CW laser light can freely pass through the test section. The laser
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is redirected several times until it reaches the BE (beam expander). The BE is essential

for proper hologram capture because it not only expands the beam, but it allows the user

to control how convergent or divergent the beam is. The divergence is calibrated using a

shear plate to ensure that the magnification of objects in the test section does not change

with depth. For data acquisition with the CW laser, the sampling rate and exposure on the

high-speed Shimadzu HPV-X2 is set to 5 MHz and 110 ns in order to minimize motion blur

and acquire a series of time-resolved frames. The CW laser power is approximately 800

mW, measured with a PM100D Thorlabs power meter. This meter is capable of measuring

laser energy from 100 pW to 200 W.

While holography is useful for numerical refocusing, it is also possible to put the focal

plane of the camera directly in the plane of interest to capture a coherent image of the flow

field. While these images cannot be accurately refocused due to twin-image effects, this

method enables the capture of high resolution jet edges. Examples of coherent images at

the centerline of the water jet are shown in Figure 3.5. The first image is a 100 psi, or J

= 7.3, jet in a supersonic crossflow. Alongside it is an image at subsonic crossflow speed

with a 30 psi water injection pressure. Here, caustics can be seen inside the water jet from

the refraction of the laser light. Because of the low velocity of the crossflow air, the water

column stays relatively straight and its penetration depth greatly increases.

3.3 Leeward Side of Jet - Pulsed Digital Inline Holography Technique

While high-speed DIH is great for time-resolved information, the low resolution of the

Shimadzu HPV-X camera severely limits the size of droplets that can be captured inside

the flow. Thus, a pulsed nanosecond Litron laser (model: L 135-15 PIV)synchronized

with a Blackfly camera (BFS-U3-32S4M) and Navitar 12× magnification lens are used

to drastically increase the resolution and capture instantaneous shots of droplets at several

downstream locations. The experimental setup of this is also shown in Figure 3.4. Here,

the laser beam uses the same optics as the windward DIH setup by adding the removable
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Figure 3.5: (a) Coherent image of a 100 psi water jet injected in a supersonic crossflow
is shown. Here, front-edge instabilities on the shear interface layer are visible, along with
the bend of the jet. (b) A coherent image of a 30 psi water jet injected into a subsonic
crossflow is shown. Here, there is a lack of strong surface waves from instabilities leading
to a relatively straight water column. Caustics from light refraction are also visible.

mirror. To test different horizontal positions in the flow, the beam expander path and the

camera are both put on translational stages. To access different vertical positions in the

flow, mirrors are used to move the beam upward and a vertical jack is used to adjust the

camera location.

To accurately time the Litron laser pulses (10 Hz in these experiments) with the camera

exposure, the signals that control the laser flashlamp and Q-switch were sent to an oscil-

loscope and timing box. Here, the timing box was used to set the flashlamp signal 14 ms

before the Q-switch signal to maximize the laser output intensity. Then, the camera trigger
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time was set so that the camera exposure overlaped with the Q-switch signal. All these

signals are visualized in Figure 3.6.

Figure 3.6: The camera exposure, flashlamp signal, and Q-switch signal are observed for
the pulsed DIH setup. The optimal delay between the flashlamp signal and Q-switch signal
was found to be 14 ms.

3.4 Leeward Side of Jet - Phase Doppler Particle Analyzer

Particle Doppler Phase Analyzers (PDPA) are commonly used in JICF experiments to re-

trieve droplet velocities and diameters, as well as deduce constants for penetration depth

fits. To capture the information, this technique uses two Phase Doppler Interferometer

(PDI) lasers. The probes, a transmitter and a receiver, are typically oriented at off-axis

angles. Then, the two laser beams are crossed to form an intereference pattern inside the

flowfield filled with droplets or particles. When the droplets and particles interact with the

interference pattern, particle sizes can be inferred from the resulting signal. As its name

suggests, a Doppler effect occurs at the intersection of the laser beams because the particles

are moving. Thus, the droplet velocities can also be characterized as it is proportional to
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Figure 3.7: The PDPA phase doppler interferometer is shown here with the transmitting
probe and receiving probe. Two 532 nm laser beams cross in the particle field so that
droplet velocities and diameters can be characterized.

the Doppler difference frequency measured at the receiver [64]. In this technique, particle

diameters are inversely proportional to the frequency, so both velocity and size are deduced

using this method. As this technique is dependent on the wavelength of the laser and not the

intensity, there are no beam attenuation errors that occur in denser areas of a spray. In this

work, a quick PDPA campaign was done at several locations downstream of the 0.5 mm in-

jector. Figure 3.7 shows the experimental setup that was utilized to simultaneously extract

droplet diameters and velocities.

Light refraction and scattering and its accompanying Doppler effect are the governing

mechanisms for PDPA. The amplitude functions for light scattering for the two beams

that cross can signify the variation of scattering of different particles. Both beams have a

separate function, given as,

S11(m, θ, d) =
√
i1exp(jσ1), (3.7)

S12(m, θ, d) =
√
i2exp(jσ2), (3.8)
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where the beams are assumed to be linearly polarized, reflection and focal line phase shifts

of π and π
2
, respectively, are neglected, and double subscript indices (S11) signify that only

polarization of the first beam is taken into consideration. The θ constant refers to the angle

of the incident ray and the divergent ray, d is the diameter of the particle, and m is its cor-

responding refractive index. Because the two beams can be considered independent when

a particle flows into the cross-path region, separate scattered light waves can be described

as,

E1(m, θ, d) = S11(m, θ, d)
exp(−jkr + jω1t)

jkr
, (3.9)

E2(m, θ, d) = S12(m, θ, d)
exp(−jkr + jω2t)

jkr
, (3.10)

where the wave number is given as k = 2π
λ

and the angular frequency is ω. With these

pieces of information, combining the complex amplitudes from the beams results in the

total intensity. The general equation for the relationship of the phase difference of the

scattered light, σ, follows the van de Hulst approach [65] and is given as,

σ = ωDt+ η1n − η2n, (3.11)

where η, the trajectory factor, is the proportion of the spatial coordinate in the z direc-

tion to the incident beam radius. If the phase difference in the scattered wave fields, σ, is

known, then the following equation, Equation 3.12, can be computed such that,

I(m, θ, d) = (|E1|2 + |E2|2 + 2|E1||E2|cosσ). (3.12)

This equation describes the sinusoidal intensity variation seen in the interference pat-

tern as 2|E1||E2|cosσ. One last defining feature of the PDPA technique is the ability to

compute the phase shift in particle movement. The phase shift forms the Doppler differ-

ence frequency, which can be calculated by examining the time delay collected at the two

detectors τ1−2. This is then divided by the Doppler period τD. The phase shift is calculated
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using,

ϕ1−2 =
τ1−2

τD
× 360◦. (3.13)

The particle velocity and diameter can finally be analyzed by the computer system

attached to the probes. PDPA uses two beams to create diffraction fringes within a trans-

parent or semi-transparent flow medium and then uses the Doppler effect to compute the

phase shift. Therefore, it is a viable technique that can be applied to the leeward side of

the jet to determine the droplet size and velocity at the same time. However, it should be

noted that, in practice, PDPA data can be difficult to interpret. In many cases, PDPA data

can often be thrown out by the system, making it difficult to ascertain if the measured data

is biased. Additionally, it is also difficult to determine if shock wave distortions or dense

particle fields are skewing the data. Because the sampling regions for this work are small

and close to the tunnel floor, it is also difficult to determine if reflections from the tunnel

are contributing to the measurement. Therefore, alternative direct imaging methods like

DIH are recommended for confirming PDPA results.

50



CHAPTER 4

WINDWARD SIDE OF JET - RESULTS AND DISCUSSION

There are numerous features at the front edge of the jet that can be used to determine jet

penetration, droplet breakup, and liquid entrainment. These values are useful for estimat-

ing the overall efficiency of the combustor. This chapter delves into the optical techniques

used to visualize flow features, penetration depth, K-H and R-T instabilities, and wind-

ward droplet breakup. As windward droplet breakup near the tunnel floow has not been

discussed before in the literature, the findings in this work form the basis for improving

our understanding of new flow features observed at the shear interface between the liquid

and gas flows. Because these features occur only for higher-diameter injectors, injector

diameter effects can also be inferred.

4.1 Schlieren Imaging

The Toepler schlieren technique was used in these experiments to obtain two-dimensional

images of the jet as it penetrated into the crossflow. In this setup, a pulsed white LED is

connected to an oscilloscope and timing box in order to synchronize the light output with

the camera exposure. To control the Blackfly camera, a custom control box was designed

to split the camera control signals. The “optical out” line is connected to the oscilloscope

where the exposure time wave can be visualized. The timing box sends a trigger signal

to the “optical in” line. Because the camera has its own internal delay, the rising edge of

the camera waveform is set a few milliseconds before that of the LED. For this setup, two

100 mm FL lenses are placed in the light path, one before the test section to expand the

beam and one after to refocus the beam. A knife edge was placed at the focal plane of

the receiving lens in order to block the deflected light rays. The camera captured the image

with a 35 mm or 50 mm FL imaging lens. Right before rig testing, the focus at the injection

51



Figure 4.1: Example schlieren image of a compressed gas nozzle placed at the jet injection
imaging plane. The density difference is visualized on the Blackfly camera.

point was tested by spraying compressed gas into the test section. This confirmed the focal

point was in the correct spot and that a schlieren image was correctly displayed. One such

test is shown in Figure 4.1.

After completing the experimental setup and capturing calibration images, the rig is

preheated to 550 to 600 K and the gas flow velocity is increased, hitting the Mach 1.71

condition. At this condition, it is expected that a bow shock would form due to the liq-

uid jet forming a physical barrier as well as a high-shear interface inside the flow. When

the liquid jet interacts with the crossflow, the shear interface and surface tension of water

cause the formation of sinusoidal waves on the windward and leeward portions of the wa-

ter column. Each period of the sinusoidal effect is caused by these instabilities and can be

described by the wavelength spacing. As the sinusoidal waves propagate through the wa-

ter column, ligaments form and water peels off from the edges, atomizing as it progresses

downstream. This enables mixing with air, which leads to combustion further downstream

in reactive flows. Figure 4.2 shows these flow characteristics, specifically the bow shock,

liquid column edges, and droplet breakup. This image was captured with the Blackfly
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Figure 4.2: Several flow characteristics of a liquid jet in supersonic crossflow are found in
an instantaneous schlieren image at J = 21.8 (300 psi) for a 0.5 mm jet. The bow shock,
water column edges, and droplet breakup can clearly be seen. The particle density is the
lowest near the bottom of the test section and steadily increases as y/D is increased in the
vertical direction.

camera (2048 × 1536 pixels) that is gated with a pulsed white LED.

For the schlieren study, experiments were carried out with momentum flux ratios rang-

ing from J = 7.3 to 36.3 (100 to 500 psi) for the 0.5 mm jet to observe the effect of the

increase in penetration depth and the decrease in droplet field density. Additionally, a

2 mm diameter injector was also measured in order to examine the relative difference in

droplet density. Figure 4.3 depicts the penetration of a 200 psi jet with an injector diameter

of 2 mm. This image clearly shows that no light can penetrate the dense droplet field, de-

picted by the large black area behind the jet. Thus, the 2 mm diameter injector was replaced

with a 0.5 mm jet for droplet breakup analysis.

Figure 4.4 shows a series of four schlieren images at the same crossflow conditions,

illustrating the difference between momentum flux ratios for a 0.5 mm jet. Notice how

the jet bends earlier in the J = 7.3 case than in the subsequent images. Because of this,

it is determined that the droplet field is much denser near the floor of the combustor for
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Figure 4.3: A schlieren image of water injection at J = 14.5 (200 psi) is shown for a 2 mm
jet. The entire area behind the jet is dark, meaning no light is able to penetrate through
the dense flow field. No droplet statistics could be analyzed in this case, so the 0.5 mm
diameter injector is used in DIH droplet experiments.

the J = 7.3 case than for cases with higher momentum flux ratios. In this work, schlieren

enabled the identification of typical supersonic JICF features while spatially characterizing

additional features particular to liquid injection. It also proved to be useful for picking

locations of low particle density in the flow field for further DIH measurements.

4.2 Digital Inline Holography

In this section, DIH is used to observe the windward side of the jet. A 532 nm continuous

wave Photonics Industries laser was chosen to provide coherent light for analyzing the

semi-transparent flow field. The laser beam is directed to the wind tunnel through several

directional mirrors and spatially expanded through a beam expander. The beam expander

has a dial that controls the divergence/convergence of the laser beam, which is calibrated

using a shear plate. A high-speed Shimadzu HPV-X2 camera running at a frequency of
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Figure 4.4: Four momentum flux ratios for a 0.5 mm diameter jet are displayed here. It is
clear that moving from (a) to (d), the momentum flux ratio increases and the local penetra-
tion depth for each x/D increases with it. The jet column bends later and the droplet field
density decreases near the bottom of the test section as the momentum flux ratio increases.

5 MHz (400 × 250 pixels, 110 ns exposure) is attached to a K2 long-distance microscope

with a CF-3 (3.56× to 2.29×) or CF-4 (6.1× to 4.57×) objective. Before running an

experiment, the desired magnification is selected and two dot grids of 1 mm or 125 µm

spacing between dots are placed in front of the lens. The laser light is unshuttered and

passes through the dot grid into the CCD of the camera. Initially, the dots are unfocused,

but because the camera system is on a rail, the camera position can be adjusted until the

focus is reached. Coherent images of the grids are displayed in Figure 4.5 for a CF-4

objective.

Because the physical spacing is known for the dot grid, a scale bar can be developed

and the total vertical distance of the image is found to be approximately 2.875 mm for
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Figure 4.5: Two dot grids are used to calibrate the spatial distance on the CCD prior to
running DIH experiments. (a) An image with 1 mm spacing between the center of the dots
and (b) an image with 125 µm spacing between successive dot centers are shown. The
calibration accuracy is increased when using the smaller spacing dot grid.

this configuration. The horizontal distance of this particular configuration is calculated to

be approximately 1.80 mm. The pixel resolution, in this case, is 7.14 × 10−6 m/pixel.

In the numerical refocusing code, this resolution is used as the ∆x and ∆y step sizes.

With a collimated laser beam, the imaging resolution does not change when the image is

numerically refocused. After calibrating the images, the camera is slid back into position

with the image plane placed either in the jet plane (for coherent imagining) or just outside

the jet plane (for DIH). Data is then collected to visualize flow characteristics such as the

penetration depth (h/d), instability spacing, and front-edge droplet breakup.

A series of coherent images for momentum flux ratios of J = 7.3 to 36.3 are shown in
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Figure 4.6: Coherent images at the focal plane are displayed for all five momentum flux
ratios from (a) to (e) corresponding to J = 7.3 to 36.3 (100 to 500 psi). As the momentum
flux ratio is increased, the jet becomes more straight.

Figure 4.6, captured with the CF-4 objective. Visually, it is clear that increasing the mo-

mentum flux ratio directly affects flow characteristics, especially how the water jet bends.

When the crossflow air mass flow rate is held near constant for these experiments, the in-

crease in liquid flow rate for the jet will coincide with an increase in penetration depth.

When the jet bends heavily at low momentum flux ratios, the amount of instability mixing

is decreased. For engine applications, it is therefore advantageous to increase the momen-

tum flux ratio. However, if the momentum flux ratio is increased, this would also result in

more fuel being used for combustion inside the vehicle. Thus, understanding jet penetration

can help engineers optimize mixing and fuel use.
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4.2.1 Penetration Depth

In this section, DIH and coherent imaging with a Shimadzu HPV-X2 (5 MHz, 110 ns expo-

sure) and CF-4 objective are used to quantify the penetration depth for different momentum

flux ratios. Figure 4.7 shows a custom edge tracing code designed for extracting penetration

depth data applied to a J = 7.3 jet. The binarization process and contrast filtering allow the

precise edge to be recorded while matrix operations are used to extract edge information.

In this example, an instantaneous shot is obtained in the flow field. However, for a

series of frames, some variation in edge oscillation is expected as the jet is unstable and

instabilities tend to propagate downstream. In this case with J = 7.3 and x/D = 0.35, all

128 frames of the 0.5 mm diameter jet were analyzed and the mean penetration depth was

estimated at h/D = 0.83 or 1.66 D. However, the instantaneous vertical spray penetration

depth is found to vary slightly from 1.00 D to 2.90 D. For comparison, a similar study with

the same momentum flux ratio at x/D = 1.78 was done to analyze downstream penetration

depth effects. This investigation yielded an oscillation of 3.50 D to 4.72 D, centered around

a mean of 3.88 D.

After the penetration depths for every pressure are tabulated, a comparison to existing

depth correlations in the literature can be made. Many researchers in the supersonic JICF

use different optical techniques like PIV and shadowgraphy to develop constants for curve

fits. Curve fitting software can extract the constants for different functional forms, but these

constants tend to be very specific to the experimental apparatus and setup. The constants

can vary with the length of the test section, crossflow temperature, and Mach numbers

of the fluids. A table of several curve fits from the literature are delineated in Table 4.1,

corresponding to the functions outlined in section 1.2.

Of the seven listed curve fits, only four are chosen to examine in more detail. These

four curve fits have experimental conditions similar to those tested supersonic JICF rig,

including similar momentum flux ratios, diameters, and L/D ratios. The fit that seems to

best approximate the experimental data from this work is the one defined by Inamura et al.
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Figure 4.7: The process for tracing the edge of a DIH image and extracting the penetration
depth is shown. (a) The original out-of-focus DIH image and (b) map of the pixel intensities
are first obtained. (c) Contrast limits are then applied to define the edge. (d) The pixel
intensity map is then extracted after the contrast limits are changed. (e) The edge is traced
after an region of interest (ROI) is applied and then (f) the points are extracted. Droplets
are clearly being traced, as well as the floor boundary, so these are removed, leaving only
information on the front edge instabilities.

(1991), as all the flow parameters coincide closely with the conditions in this work. Other

tested fits tested include Kim et al. (2012), Wu et al. (1997), and Rothesein & Wartuck

(1992) [21]. Figure 4.8 through Figure 4.12 show the expected penetration depth from

using each of these curves to the mean of the measured data.
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Table 4.1: List of experimental supersonic curve fits for penetration depth.

As seen in these figures, the predicted h/D from the curve fits and the experimental h/D

are plotted against each other for all five momentum flux ratios corresponding to injection

pressures of 100, 200, 300, 400, and 500 psi. If the points fall on the 45-degree line, then the

predicted h/D from the correlations fit perfectly with the experimental data. These results

show that the Inamura fit consistently fits the experimental data better for all pressures and

contained a mean absolute error (MAE) of h/D of only 0.308 for J = 7.3, 0.229 for J =

14.5, 0.236 for J = 21.8, 0.308 for J = 29.0, and 1.19 for J = 36.3. MAE is a measure of the

weighted average penetration depth distance needed to close the gap between the 45-degree

line and the plotted points, given by the equation,

MAE =

∑n
i=1 |ypredicted − yactual|

n
. (4.1)
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Figure 4.8: All four tested fits for the penetration depth of J = 7.3 (100 psi) are shown in
this figure. The best fit for the experimental conditions is the Inamura fit for x/D < 9.

Figure 4.9: All four tested fits for the penetration depth of J = 14.5 (200 psi) are shown in
this figure. The best fit for the experimental conditions is the Inamura fit for x/D < 9.
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Figure 4.10: All four tested fits for the penetration depth of J = 21.8 (300 psi) are shown in
this figure. The best fit for the experimental conditions is the Inamura fit for x/D < 9.

Figure 4.11: All four tested fits for the penetration depth of J = 29 (400 psi) are shown in
this figure. The best fit for the experimental conditions is the Inamura fit for x/D < 9.
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Figure 4.12: All four tested fits for the penetration depth of J = 36.3 (500 psi) are shown in
this figure. The best fit for the experimental conditions is the Inamura fit for x/D < 9.

The results from comparing the experimental data with the Inamura fit all correspond

to a difference of less than 0.6 mm. While this is not perfect, for these conditions over

the tested x/D, it is not extremely divergent, like the rest of the fits. All the experimental

penetration depths were plotted and compared to the Inamura fit in Figure 4.13. This figure

shows that the error between the experimental and predicted is relatively small for each

pressure. For a small x/D, each experimental mean curve matches well against the pre-

dicted curve fits from Inamura. Overall, the Inamura fit over-predicts the penetration depth

slightly for small momentum flux ratios and under-predicts the penetration depth slightly

for large momentum flux ratios.

Figure 4.14 places all the injection pressure data points together in one graph with the

Inamura fit to show the deviation from the 45-degree angle. The next step here would be to

fit a curve based on these mean penetration depths that further reduces the error.

These results have several applications for supersonic air-breathing vehicles. For a
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Figure 4.13: Experimental penetration depth curves as a function of x/D are compared to
the predicted Inamura (1991) curve fits. All tested momentum flux ratios from J = 7.3 to J
= 36.3 are displayed.

Figure 4.14: All experimental penetration depths are correlated to the expected depth from
the Inamura (1991) fit. All tested momentum flux ratios from J = 7.3 to J = 36.3 are
displayed.
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controlled time period, a deeper penetration depth will expel more fuel than a shallower

penetration depth, which is can be desirable for high fuel to air ratios. An example of

this is when a scramjet is launching rather than cruising. Moreover, because the liquid

column begins shedding droplets at a higher depth, there is more fuel per unit area higher

in the plume, making the flow field much denser high in the plume but less dense lower in

the plume. This study demonstrates that DIH paired with an edge tracing data processing

tool is a viable and non-intrusive method to quantify the penetration depth. Many other

techniques require complicated setups, the introduction of particles, and/or the introduction

of dyes to capture this information. Thus, this work shows how penetration depth can be

estimated using DIH methods.

4.2.2 Holography Numerical Refocusing Discussion

Numerical refocusing is an important component of the DIH technique that enables the

focal point to be moved in post-processing. This technique will be used later for studying

the front-edge and downstream droplets. However, it is also used to estimate the bow shock

location. To demonstrate this, Figure 4.15 displays refocusing to two areas of interest: the

front-edge and the bow shock using a CF-3 objective on the Shimadzu HPV-X2 camera.

The stagnation temperature and pressure for this experiment are 543 K and 28 psi, respec-

tively. The injected water temperature is a constant 293 K. After the images are taken, the

focal depth (z) is increased. This results in the focal point moving closer to the centerline

of the liquid jet, allowing the structures to come into focus. In this case, the horizontal and

vertical pixel resolutions are 1.81× 10−5 m/pixel, which is used to calibrate the numerical

refocusing code. The horizontal field-of-view is 7.5 mm and the vertical field-of-view is

4.5 mm. These results show that DIH can be used to refocus to both the bow shock and

the liquid jet edge, which occur in different focal planes. Note that because the bow shock

is a phase object, its focal plane tends to be different from its physical location, but only

typically offset by a few millimeters [62]. However, it should also be noted that the bow
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Figure 4.15: DIH images of the jet and bow shock for the J = 7.3 (100 psi) case show (a)
the raw data, (b) refocused hologram to the jet focal plane, and (c) refocused hologram
to the bow shock focal plane. DIH images of the jet and bow shock for J = 29 (400 psi)
case show (a) the raw data, (b) refocused hologram to the jet focal plane, (c) and refocused
hologram to the bow shock focal plane.

shock tends to move over time and the sharpest transition point for the bow shock may

occur at a plane different from the liquid jet. This can be clearly noted by the difference

between the focal planes for the jet in the two example cases outlined in Figure 4.15.

4.2.3 Instability Spacing and Trends

R-T instabilities and K-H instabilities are present in both liquid-gas and gas-gas supersonic

JICF. In gas-gas experiments, the density ratio is low, so R-T instabilities are not as domi-

nant as in liquid-gas cases. Because the density ratio of the water to air at the test conditions

is 2152, more R-T-driven instabilities are expected within this regime. Additionally, the K-

H instabilities occur at a shear interface where one fluid has a much higher velocity than

the other. For these experiments, the free-stream velocity ranges from approximately 640

to 668 m/s at 550 K to 600 K while the water jet velocity ranges from about 37 to 83 m/s at

100 to 500 psi. Ignoring the difference in direction, the maximum velocity ratio between

the incoming gas and injected liquid is ∼18 and the lowest is ∼8. This considerable veloc-

ity difference should lead to the intense formation of K-H instabilities. Thus, it is expected
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that both instabilities exist in this regime. It is also important to note, however, that some of

the front-edge oscillations can be driven by the initial conditions in the jet. Thus capillary

effects and turbulence inside the jet nozzle can also contribute to the initiation of instabili-

ties inside the jet. Overall, the front edge instabilities are important to characterize because

they control ligament and droplet breakup at the front of the jet, which can control droplet

sizes further downstream.

To characterize the windward instabilities and relate them to droplet breakup param-

eters for scramjet combustion, a method to determine the wavelength of each successive

instability peak is devised. Fundamentally, the instabilities can be modeled as a sum of

sinusoidal functions with successive peaks and troughs. Figure 4.16 shows and example

that has a dominant breakup wavelength.

Figure 4.16: The method for estimating the windward instabilities is shown for a J = 7.3
jet. (a) The raw coherent image and (b) the edge-traced image are illustrated.

Here, the wavelength is defined as one trough-to-through distance. Using a set of 128

coherent imaging frames acquired at 5 MHz, the surface wavelengths of the instabilities

were measured by examining the peak-to-peak or trough-to-trough spacing in a custom
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MATLAB code. This is plotted as a probability distribution (PDF) for each injected pres-

sure, as shown in Figure 4.17. For each PDF, 80 to 100 individual waves were identified.

A kernel distribution was assumed and fit to the distributions for comparison. The kernel

distribution used here is a smoothing function used to fit a PDF to the actual data without

assuming the shape of the graph. Thus, using this function avoids pre-emptive assumptions

regarding the underlying distribution shape.

Looking at this data, it is clear that the wavelength spacing of the instabilities on the

windward side consistently decreases as the penetration pressure increases. The spacing

for the peak wavelength of each pressure for J = 7.3, 14.5, 21.8, 29, and 36.3 (100, 200,

300, 400, and 500 psi) are 104.5, 102.5, 88.4, 74.4, and 68.3 mum, respectively. The

greatest difference is between 200 and 300 psi, at 14.1 µm, while the other points are more

tightly grouped. There are several factors that could lead to the decrement of the spacing

as the pressure increases. One important factor is surface tension forces, which can lead to

grouping within the R-T and K-H wavefront. The liquid entry conditions, governed by the

L/D ratio and roughness factor, can also affect the propagation of the instabilities. More

investigation is needed to understand the driving forces behind this effect but these findings

can help improve mixing forecasting in models, since the smaller the spacing, the more

fluid mixing occurs. Better fluid mixing and entrainment can lead to a more steady power

output of the engine, which is beneficial for vehicle operation.

Another interesting feature in these graphs is the secondary peak on the 100 psi case

at around 275 µm. This feature is likely due to the jet bend and breakup from ligament

shearing for this low water jet pressure condition. The height of the image is restricted for

the cases between J = 14.5 and 36.3 (200 and 500 psi), likely obscuring the second peak

in those other cases. Additional investigation is needed to characterize this effect higher in

the flow for the higher water injection pressures. Another important note to mention is that

there are wavelengths present in the flow outside of the dominant trough-to-trough spacing.

In order to analyze these wavelengths, additional work is needed in the future to look at the
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Figure 4.17: Instability spacing probability distributions show the frequency of appearance
for different trough to trough spacings. The distributions for (a) J = 7.3 (100 psi), (b) J =
14.5 (200 psi), (c) J = 21.8 (300 psi), (d) J = 29 (400 psi), and (e) J = 36.3 (500 psi) are
shown. (f) The overlayed normalization of all cases is also illustrated. The results show
that the instability spacing decreases as the water injection pressure increase, creating an
inverse relationship.

Fourier transform of the front-edge data.

69



4.2.4 Front-Edge Droplet Breakup

One interesting and novel finding from these supersonic JICF experiments is droplet breakup

at the front-edge of the jet near the bottom of the test section for the 2.0 mm diameter

jet. The holography setup used to capture this data includes the Photonics Industries CW

532 nm laser, Shimadzu HPV-X2 camera, K2 distamax microscope, and CF-4 objective

lens. The original objective of the experiment was to measure the front-edge instabilities

with both coherent imaging and out-of-focus DIH imaging. However, when injecting with

the 2.0 mm jet, a new front-edge phenomenon was found. Interestingly, droplets in this en-

vironment were found spewing off the edge heading towards the bottom of the test section.

A potential reason for this is interaction with the recirculation zone that forms ahead of the

jet. The oscillatory motion of the bow shock and accompanying boundary layer interaction

may also affect the behavior of the front-edge breakup. Additionally, when more liquid

mass per unit area is contained in the column, liquid breakup near the front of the jet could

also be enhanced. As this effect has not been discussed in literature, it is currently unknown

what mechanisms contribute to this effect and why exactly the phenomenon only occurs at

higher-diameter jets.

For these experiments, the 0.5 mm diameter injector was replaced by the 2 mm diameter

injector. The magnification of the CF-4 in this setup was 6.1× to 4.57×. Using a higher

magnification lens is paramount for visualizing the individual droplets as they breakup right

at the injection point. Figure 4.18 shows that, for the jet diameter of 2 mm injected at J =

14.5 (200 psi), front-edge breakup indeed occurs and droplets plunge toward the bottom of

the test section.

Next, the velocity of the droplets are measured by examining both the u and v compo-

nents, correspondig to the x and y direction velocities. Here, images were captured with

the Shimadzu HPV-X2 camera with a CF-4 objective at 5 MHz and then processed with a

fast Fourier transformation (FFT) window deformation algorithm within a selected region

of interest (ROI). The code correlates two consecutive frames and draws a velocity vector
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Figure 4.18: Front-edge droplet correlations are shown for a 2 mm diameter jet at J = 14.5
(200 psi). (a) The first frame corresponds to 0 µs and is shown in pink circles. (b) The
10th frame at 2 µs is shown in green circles. (c) A MATLAB comparison code is used to
overlay (a) and (b) images. (d) An exploded view of (c) with boxes shows the downward
movement of the droplets from frame 1 to frame 10.

Figure 4.19: The front-edge velocity components for the 2.0 mm diameter jet at J = 14.5 are
computed with a FFT window deformation code. The green arrows point in the direction
of the water particle displacement from two correlated frames. A blue dotted bounding box
encapsulates the analysis area. The two images here are the same frame but analyzed at (a)
y/d = 2.875 for the left image and (b) y/d = 5.2 for the right image.

where a particle has translated. The resulting velocity vectors are shown in Figure 4.19 for

two y/D (2.875 and 5.2) areas at the front-edge, near x/D = -2.5 to 0.

The droplets at the front-edge in these experiments are subject to vastly different con-

ditions than those of the downstream droplets. As previously found for this facility, the
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Figure 4.20: The front-edge droplet (a) u and (b) v velocity components for the 2.0 mm
diameter jet is shown. There seems to be no definable trend for either the horizontal or
vertical directions. The standard deviation calculated from up to approximately 10,000
velocity vectors in all 128 frames defines the uncertainty along the x-axis. The uncertainty
along the y-axis is the normalized height of the regions of interest used to estimate the
average.

boundary layer thickness is ∆95% = 5.3 mm [37], although this value can vary slightly

depending on the state of the upstream air. A thicker boundary layer has been found to

augment the mixing between the vortex coupling and the instabilities on the front-edge of

the jet [66], which could contribute to this effect. Another feature is that the bottom of the

bow shock can intersect the layer, causing more unsteadiness and breakup.

Figure 4.20 displays the u and v components of velocities found at the windward side of

the jet for the 2.0 mm diameter injector. In these experiments, the ROI was chosen to be as

close to the jet as possible to eliminate any uncertainty from location estimation. Overall,

droplets farther away from the front-edge (going against the streamwise velocity) tend to

have a significantly higher velocity than those at the edge. However, from these graphs,

there appears to be no correlation between the momentum flux ratio and the horizontal

velocity. Some particles tend to move with the freestream fluid while others tend to move

against the freestream, but this may be caused due to the initial particle acceleration from

the breakup of the ligaments or the presence of the recirculation zone. In the y direction, it
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Figure 4.21: Ligament breakup for a 2.0 mm jet at J = 21.8 (300 psi) is shown. Progressing
from (a) to (f), the instability is first shown, which later produces a ligament. This ligament
then breaks up into a large number of small droplets.

was expected that the particles would accelerate as they fall to the ground. This occurred

for some pressures and diameter jets, but for others, it did the exact opposite. It is unknown

if the boundary layer plays a part in this for different diameter jets.

For the u-velocity components, the magnitudes are much lower than the free-stream

velocity. For example, the free-stream velocity for the 2 mm case in the u-direction is ap-

proximately 650 m/s at 550 K, but the droplets are, on average, traveling at about 40 m/s.

The droplets are about 16× slower than that of the free-stream in this case. High droplet

velocity magnitudes are likely skewed by initial ligament breakup, which generates the

high-velocity droplets. As this seems to be a very unstable and unpredictable phenomenon,

it may be difficult to model or correlate with other effects. More work is needed to under-

stand the dynamics behind this phenomenon and if the statistics can be correlated to other

meaningful jet parameters.

Figure 4.21 illustrates a time series of images of the ligament breakup at J = 21.8

73



(300 psi) for a 2 mm jet. Ligament formation can occur in both the 0.5 mm and 2.0 mm di-

ameter injectors, but the most defined images are those from the 2.0 mm jet where droplets

can be sent downwards toward the test section floor. As these droplets move further down-

stream, they continue to atomize, potentially enhancing breakup. For engine applications,

initial ligament breakup near the jet could help promote the start of combustion or improve

flame stability. Thus, future work in this area could help improve combustion for ramjets

or scramjets.
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CHAPTER 5

LEEWARD SIDE OF JET - RESULTS AND DISCUSSION

The previous chapter outlined the jet penetration depth and the innate unsteadiness of the

jet, which leads to oscillations along the front of the liquid jet. These characteristics affect

the droplet atomization, leading to variations in the velocities and diameters of the droplets

on the leeward side of the jet. Studying the downstream atomization will also improve our

understanding of front-edge mixing and momentum flux ratio effects on atomization in the

supersonic regime. This chapter shows how DIH can be used to image the droplet field

to determine particle sizes and how DIH can be combined with FFT window deformation

code to extract droplet velocities at several x/D and y/D locations.

As discussed in chapter 3, rig thermal expansion makes it nearly impossible to image a

fixed location in the flow, especially at high magnifications near the tunnel floor. Without

a reference, there is no way to replicate the sampling location. Therefore, a 2 × 3 wire

grid was constructed and affixed to the test section to serve as a point of reference when

the rig expands. Here, ∼0.5 mm diameter wire was used to form each line in the grid.

Figure 5.1 shows a schematic of the circular window overlaid with the wires, corresponding

to x locations of 2.5 mm, 12.7 mm, and 20.3 mm from the liquid injection point and y

locations of 2.5 mm, 6 mm and 9 mm above the tunnel floor. These points were chosen

because they sit within the breakup plume for most momentum flux ratios and droplet

velocities are expected to vary across these regions. The origin of these locations was

estimated by placing a long wire into the injector hole and illuminating it with the CW laser.

From there, the measurements for each location were accurately made with a micrometer

(accuracy of ± 0.001 mm). Based on the literature, translating up the y-axis at any of

these locations should result in entering the droplet plume and the shear interface, causing

a “C” shape pattern in the droplet velocity, as observed by Medipati et al. [27]. Translating
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Figure 5.1: (a) A schlieren image shows the approximate locations where the data was
collected for studying downstream droplets. The green boxes correspond to the field of
views for the Shimadzu camera and CF-4 objective. (b) The wire grid schematic affixed
to the wind tunnel side window is also illustrated. The x locations are displayed along the
bottom of the wires while the y locations are shown on the side of the wires.

along the x-axis along the crossflow direction should result in an increased velocity, as the

crossflow gas accelerates individual droplets.

5.1 Leeward Side of Jet - Phase Doppler Particle Analyzer

PDPA provides a method of simultaneously quantifying both droplet velocities and di-

ameters in a particle field. These parameters directly influence the residence time of the

atomized fuel in the combustion chamber and can change how well the fuel mixture burns.

In off-the-shelf devices, the control system receives the Doppler information and correlates

the parameters in real time. For this work, a TSI Instruments representative brought a PDPA

Itasca 2D control system to demonstrate the optical technique on the supersonic JICF rig.

The combustion lab provided the transmitting and receiving lenses, but it was later deduced

that there were ring defects in the transmitted beam, which is indicative of contamination

on the fiber end of the probe. Unfortunately, both components were affected, reducing the

confidence in the gathered results. On top of this, the slit in the receiver had been tampered

with and was held in place with masking tape. The slit limits the size of the measurement
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Figure 5.2: PDPA experimental setup from the receiving probe side.

volume and the standard size is about 125 µm. However, the slit on this receiver seemed to

be approximately 500 µm, which would decrease the reliability of the diameter measure-

ments. A final source of error is the upstream PIV seeds that were obstructing flow in the

homogenizer section. These seeds have a fixed diameter and are picked up as false read-

ings, affecting both the diameter and velocity measurements. After this effect was noted,

the facility was cleaned so that DIH measurements would not be affected. All of the DIH

data in this work was collected after the facility cleaning.

PDPA configurations are typically built on angular stages so that the transmitter is at

an angle in relation to the receiver. The PDPA setup at an approximate location of one

inch downstream of the injector is shown in Figure 5.2. The PDPA tests include two down-

stream locations: one immediately after the injector and one about one inch (25.4 mm)

downstream. Both points are right above the ground of the test section. The diameter of the

injector is 0.5 mm for these tests. For calibration, a line was run to an oil droplet generator

and placed in the exhaust section of the wind tunnel, spewing droplets toward the injector.

This calibration method was used to verify that the control unit is correctly retrieving ve-

locity and data from the probes. Next, the oil generator line is removed and the crossflow

air was preheated to the 550 K. Because thermal expansion could not be counteracted, the
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setup was translated once the conditions reached steady state. It is important to note that

near the end of the test slot, the air ran low, which caused fluctuations in the crossflow

air pressure. Eventually, the stagnation pressure decreased, which stopped the experiment.

Figure 5.3, Figure 5.4, Figure 5.5, and Figure 5.6 show some preliminary velocities and

diameters from a J = 5.4 (75 psi) and J =36.3 (500 psi) jet at a location immediately after

the jet injection.

Both pressures were captured at the same location right after the jet injection point near

the tunnel floor. Because of the aforementioned issues with the equipment, a few cautious

conclusions can be drawn from these results. First, the mean droplet velocity for the 75

psi and 500 psi cases are 16.8 m/s and 15.0 m/s, respectively. Their corresponding average

diameters are 2.92 and 2.21 µm. The velocity histograms differ slightly in the fact that the J

= 5.4 (75 psi) graph is slightly negatively skewed, which raises the mean velocity compared

to that of the J = 36.3 (500 psi) data. Unexpectedly, the mean particle diameter is greater

Figure 5.3: (a) The droplet velocity spread over a 45-second collection time for J = 5.4
(75 psi). (b) A probability distribution (PDF) of velocities is also shown. The location of
the measurement is right after the jet injection near the tunnel floor.
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Figure 5.4: (a) PDF of the droplet diameters with the intersecting lines denoting the mean
for J = 5.4 (75 psi). (b) The droplet diameter-to-velocity relationship is also shown. The
location of the measurement is right after the jet injection near the tunnel floor.

Figure 5.5: (a) The droplet velocity spread over 61 seconds of collection time at J = 36.3
(500 psi). (b) A PDF of velocities is also shown. The location of the measurement is right
after the jet injection near the tunnel floor.
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Figure 5.6: (a) The PDF of the droplet diameters with the intersecting lines denoting the
mean for J = 36.3 (500 psi). (b) The droplet diameter-to-velocity relationship is also shown.
The location of the measurement is right after the jet injection near the tunnel floor.

in the J = 5.4 (75 psi) case yet the velocities are slower. Both pressures show the expected

correlation between the particle size and the velocity, as larger particles tend to translate

slower than their counterparts.

Overall, however, the measured velocities appear to be low for the point right after in-

jection, especially compared to the findings that will be discussed later in this chapter. This

preliminary PDPA study shows that there exist some inaccuracies in the measurements,

particularly for the droplet diameters. In the future, PDPA should be retested in the su-

personic JICF facility with equipment that is in good working condition. Since this data

only represents one data collection series, the results may not be accurate or repeatable.

Repeated instances of the tests in the future would also increase the reliability of the re-

sults. Because PDPA data cannot be visually confirmed, there are many uncertainties in

the results. Unlike PDPA, more accurate velocity and diameter data can be obtained and

visually/manually checked with DIH, since DIH is inherently an imaging technique.
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5.2 High-Speed Digital Inline Holography

High-resolution DIH can also be used to gather information on droplet velocity and diame-

ter distributions. For estimating droplet velocities, time-resolved data and cross-correlation

codes are used. The cross-correlation technique uses all the droplets in the line of sight

and relies on multiple frames to compute an average displacement inside the flow. Because

individual droplets are not tracked in this method, particle velocities can be obtained in the

denser regions of the flow field. Note, however, that if a plume is too dense, then the laser

cannot penetrate through the flow field and velocity data cannot be accurately measured.

While this velocity measurement method has advantages over single-droplet tracking meth-

ods, additional work is needed to determine if the method has any biases towards different

locations in the flow.

5.2.1 Droplet Velocity Trends

Here, the downstream droplet velocities were analyzed the same way as before where a

series of time-resolved frames are obtained, cross-correlation using the FFT method is

implemented, and velocity magnitude vectors are estimated for different regions in the

flow. The same DIH experimental setup with the Shimadzu HPV-X2 camera, CF-4 lens,

and CW laser was also implemented here. The only difference, in this case, is that the

camera moves to three downstream positions at an x of 2.5 mm, 12.7 mm, and 20.3 mm.

This corresponds to an x/D of approximately 5, 25, and 41, respectively. The y distances

were dependent on the maximum frame height after the Shimadzu was rotated on its side.

This allowed 400 pixels in the vertical direction and 250 pixels in the horizontal direction so

more information could be captured along the vertical axis for each position. Thus, the total

y/D in the vertical direction was about 5.8, or a y of approximately 2.9 mm. Experiments

were also carried out at three vertical points at y/D of 5.8, 9.3, and 10.6.

The goal of this downstream study was to track the droplet velocity at different down-
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Figure 5.7: Droplet velocity curves in the x-direction for several y/D and pressure cases
with a 0.5 mm diameter injector are shown. The x-direction velocity decreases from y/D =
5.8 to 9.3 as the droplets are in the dense region of the flow. The particle velocities increase
in the y/D = 10.6 region because the droplets are outside the thick plume.

stream positions. For this test, it is hypothesized that the droplets would be accelerated by

the flow as they reach full atomization, with velocities at each subsequent location being

higher than that of the previous location. The curve should, in theory, eventually reach an

asymptote were droplet velocities no longer increase. The graphs in Figure 5.7 display the

results of this study. Here, the 0.5 mm diameter jet is used and the reported mean horizontal

velocities are shown. The standard deviation of the measurements from thousands of data

points within the flow is also included.

From this data, a clear trend is noted from y/D = 5.8 to y/D = 9.3, where the velocities

decrease for all cases but the J = 7.3 (100 psi). The reason for this is that these locations
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Figure 5.8: (a) The velocity vectors for x/D = 5 and y/D = 5.8 and (b) for x/D = 5 and y/D
= 12.0 are illustrated for a J = 21.8 (300 psi) water jet. The droplet velocity magnitudes
slightly increase moving from y/D = 5.8 to 12.0 as the droplets are closer to the shear
interface edge. The diameter of the jet is 0.5 mm.

are inside the droplet plume, which is known to have a lower droplet velocity due to the

increased droplet diameter. However, the J = 7.3 case has a lower penetration depth, which

means that the y/D is closer to the shear interface region than for other cases. Droplets are

of a smaller diameter and faster velocity here. Therefore, the velocity at y/D = 9.3 is higher

than at y/D = 5.8. The y/D = 10.6 region is slightly outside of the highest-density droplet

plume, so the particle velocities are greater than at y/D = 9.3. The J = 7.3 case could not

be captured for this set of locations because the laser beam is far above the shear interface

layer and no droplets are present.

Next, velocity curves as a function of y/D were developed using the cross-correlation

method from the front-edge droplets. Figure 5.8 shows the result of applying the method

to a J = 21.8 (300 psi) water jet at two different locations: y = 2.9 mm and y = 6.0 mm at
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the same x location. The blue bounding box of the region of interest defines the analysis

area. The magnitude of the velocity vectors clearly changes as the camera moves into the

droplet plume area and near the shear interface edge.

Because a specific ROI can be chosen, a single image can be partitioned into multiple

different areas to observe and extract velocity information. Figure 5.9 is the compilation of

all the velocity curves for the 0.5 mm diameter jet at different positions in the flow. Here,

the x-direction velocity curves for every case resemble that of the letter “C” because the

droplets decrease in velocity as the plume thickens and increase in velocity when approach-

ing the shear interface. This finding agrees with the findings by Medipati et al. [27] and can

have repercussions on where flame holding begins in the flow. For droplets in the center

of the “C” shape, the velocity is reduced, which increases the residence time the mixture

has to combust. However, if the droplets have a higher diameter in this region, then the

chance of complete combustion decreases. Experiments with reactive fuels are needed to

explore this effect in more detail. Overall, it is expected that the droplet diameters increase

with plume density and decrease with droplet velocity (due to drag). To help determine the

relationship between size and velocity, droplet velocities are explored in the next section.

While the FFT method is used to obtain velocity vectors, it is also possible to check

the droplet velocities manually by tracking individual droplet diffraction rings. Here, fifty

droplet velocities were tracked manually to determine if there is deviation between the

manually tracked data and the automated FFT code. The average standard deviation of

all points is 0.52 pixels in the x/D direction between the two methods. This error falls

within the acceptable range, which would be a deviation of 1 pixel or less. Thus, the

error between the automated code and the manual process is most likely due to pixel-level

quantization in the manual tracking process, since the FFT process can track motions that

are sub-pixel. Thus, the velocities measured using the FFT method are likely to be a fairly

accurate representation of the droplet velocities in the flow.
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Figure 5.9: The droplet velocities in the x-direction as a function of vertical height in the
jet for all 5 jet injection pressures is displayed here. Each pressure is tested at 3 different
horizontal locations, denoted by x/D. The diameter of the injector is 0.5 mm. The measured
velocities form a “C” curve where higher velocities are measured at the top and bottom of
the flow.
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5.3 Pulsed Instantaneous Digital Inline Holography

In order to analyze the droplet diameters and determine trends that are found at different

injection parameters, a high-resolution DIH system is implemented to study the leeward

side of the jet. The pulsed instantaneous DIH setup included a pulsed Litron laser at a

timing box-driven frequency of 10 Hz. A Blackfly camera was synchronized to the Q-

switch of the laser to ensure that the camera would capture the images at the correct time.

Figure 5.10: Droplet sizing holograms are shown for J = 29 ( 400 psi at x/D = 5 and y/D =
2. The arrows in both images show droplets in the (a) raw hologram and (b) the refocused
hologram. The focal depth of the image is denoted in (b). More particles will come into
focus as this depth is adjusted.
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The laser power was set to a high level to keep the laser output intensity steady between

the frames. To avoid overexposure, the beam was attenuated with a half waveplate and a

polarizing beam splitter, which allows the light intensity to be varied based on the waveplate

angle. In order to analyze droplet sizes accurately, images are taken slightly behind the

jet in a low-density region of the flow so that clear Fresnel diffraction patterns can be

visualized. Here, the DIH codes are used to refocus the diffraction rings. As the droplets

come into focus, the fringes move in tighter to the droplet edge before they come into sharp

focus at the focal depth of the droplet. Figure 5.10 shows a pair of downstream images of

the water jet at J = 29 (400 psi) at a downstream position of 2.5 mm. One of the images

shows a raw hologram and the other shows an image refocused to the droplet focal plane.

For all experiments, the 0.5 mm diameter jet was used to maintain low droplet densities in

the flow.

5.3.1 Droplet Diameter Trends

Another important parameter in liquid supersonic JICF is the droplet diameters on the lee-

ward side of the jet. In far downstream locations, these droplet sizes are expected to follow

a backward “S” shaped curve along the cross-streamwise direction because the droplet

plume and shear layer have direct effects on particle atomization [27, 67]. In this work,

however, it was determined that for the maximum x/D attainable within the first window

(x/D ∼ 41), the particle field was too dense for accurate measurements. Furthermore, for

the downstream location of x/D ∼ 250, the completely atomized particles are so small that

a higher magnification setup than the one currently available is needed for accurate mea-

surements. For this facility, further magnification is difficult because of the fixed minimum

standoff distance between the window and the centerline of the facility.

After scanning several locations in both the x/D and y/D directions, the location x/D

∼ 5 and y/D ∼ 2, located only 2.5 mm downstream of the jet injection, was found to

have a droplet breakup field with the lowest density. Thus, droplet diameters for all of the
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Figure 5.11: An droplet tracking example for J = 36.3 (500 psi) is shown at x/D ∼ 5 and
y/D ∼ 2. (a) The raw hologram and (b) refocused hologram with pink circles indicating
tracked droplets are shown. The image has been refocused from z = 0 to z = 13 mm and 67
droplets have been recorded from this image.

momentum flux ratios were tested at this location and an in-house diameter tracking code

(provided by Ph.D. candidate Andrew Marsh of the Sensing Technologies Laboratory [59,

63]), was used to refocus and find the particle sizes. Figure 5.11 shows the raw hologram

next to the numerically refocused and tracked image with overlaid pink circles indicating

the location of tracked particles. Because the image is processed automatically and can find

droplets from multiple focal depths, it provides a relatively unbiased estimate of particle

sizes inside the flow.

These experiments were magnified to give a spatial resolution of ∼0.7 µ m/pixel, al-

lowing the diameters to be transformed into a physical size measurement. For each data set,

five frames out of a set of 100 with the clearest droplet diffraction patterns were chosen and
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Table 5.1: Mean droplet diameters for various injection pressures.

were numerically refocused in multiple focal depths. Droplet diameters were automatically

found using a minimum amplitude and maximum Tenengrad method [68, 59]. The set of

five frames yielded 200 to 300 individual particles, with the mean diameter and population

standard deviations shown in Table 5.1.

The droplet diameter PDFs are visualized in Figure 5.12. Again, the kernel smoothing

function was used here to fit the PDFs. These PDFs show that there seems to be a bimodal

right-skewed diameter distribution at each of the tested momentum flux ratios. All pres-

sures appear to have very close dominant peak diameters, at 4.90, 4.65, 4.65, and 4.77 µm,

corresponding to injection pressures of 200, 300, 400, and 500 psi, respectively. Particle

diameters for this location are in the range of 3.65 to 30.58 microns. In this data set, the

100 psi jet was not plotted as the particle field for this case was too dense for accurate mea-

surements. More work needs to be done to understand if there are unaccounted droplets at

each of these locations that would change or skew the graphs.

Because there are two peaks in each of the PDFs, there is a possibility that diameters

are correlated with height in the flow. Thus, the diameters were plotted against y/D location

in Figure 5.13 to determine if there are any height-related statistics. These graphs consis-

tently show that the larger diameter droplets are closer to the floor of the test section and

that the diameters decrease as a function of height. Lin et al. [67] found that the droplet

diameters follow a backward “S-curve” in the flow, where droplets tend to be larger near

the combustor floor and decrease as the height increases. Lin et al. also estimates that the

average droplet diameters increase and decrease several times depending on the location

within the plume. In this study, the data shows that the droplets follow the initial part of the

curve, where the diameter tends to decrease as the y/D position increases. However, be-
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Figure 5.12: Several probability number density curves for J = 14.5 to 36.3 (200 to 500 psi)
jets at x/D = 5 are shown with a 1 µm bin width. (a) PDFs for J = 14.5 (200 psi), (b) J
= 21.8 (300 psi), (c) J = 29.0 (400 psi), and (d) J = 36.3 (500 psi) are illustrated. (e) A
combination of all of the curves overlaid on each other is also shown. All curves resemble
a bimodal right-skewed distribution.
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Figure 5.13: The droplet diameter spread in the y/D direction at a fixed x/D = 5 is displayed.
(a) Curves for J = 14.5 (200 psi), (b) J = 21.8 (300 psi), (c) J = 29.0 (400 psi), and (d) J =
36.3 (500 psi) are illustrated. Larger droplets are seen near the bottom of the test section,
agreeing with previous studies [67].

cause the number of droplets identified decreases with height, it is uncertain if the observed

trend is biased due to density. Furthermore, because of the high droplet density further up

in the plume, more cross-streamwise locations cannot be currently tested for the 0.5 mm

jet. Thus, it is not possible to observe if the predicted curve holds for the entire column and

more data is needed.

Overall, this chapter showed how the interactions between the liquid jet and the cross-

flow air result in droplet velocity and diameter variations. Definitive velocity trends have

been quantified in this work, which agree with other measurements in the literature. In the

case of droplet diameters, initial analysis also indicates some agreement with literature val-
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ues. However, additional work is needed to verify these results. In general, this chapter has

shown how DIH can be used to measure both droplet velocity and droplet diameter. DIH

techniques and automated codes can greatly enhance the number of particles observed per

test because numerical refocusing can be used to accurately measure particles at multiple

focal depth. This further improves our understanding of droplet statistics, which will can

be used to improve supersonic JICF models and enhance our understanding of combustion

processes in an air-breathing vehicles.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

In this work, liquid jets in supersonic crossflow are tested at several injection velocities and

diameters in order to quantify flow features, windward instabilities, and droplet breakup.

Several optical techniques are employed to gather information about the jet. Schlieren

imaging is first utilized to characterize the flow features and examine the motion of the

bow shock in front of the liquid jet. This technique assists in forming the primary frame-

work for penetration depth and provided a first look into the droplet density within the

plume. Digital Inline Holography (DIH) was then utilized and a spatially collimated beam

of laser light was passed through the flow field, refracting off the liquid droplets. A three-

dimensional hologram is captured and reconstructed through the use of numerical refo-

cusing and back propagation algorithms developed using in-house codes. This is used to

capture flow dynamics and droplet breakup behaviors at the front-edge of the jet as well as

droplet velocities at the leeward side of the jet with a high-speed Shimadzu HPV-X camera.

A Blackfly high-resolution camera and a nanosecond pulsed laser are then used to take in-

stantaneous images of the downstream droplet field to extract droplet diameters. This work

forms a foundation for the use of DIH in supersonic JICF as a diagnostic tool that can be

used to measure bow shock locations, density gradients, flow features, droplet velocities,

and droplet diameters.

This work makes several novel contributions to the fields of liquid supersonic JICF and

optical diagnostics. Some of the major contributions and takeaways include:

1. The design, construction, and characterization of a liquid jet in a supersonic cross

flow rig enable the collection of unique liquid jet breakup data.
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2. The measurement of jet penetration depth trends for various injection pressures and

comparison with existing curve fits show that some modifications are needed to ex-

isting logarithmic correlations in order to explain the experimental data.

3. Initial analysis of the jet instability shows an inverse relationship between the dom-

inant instability wavelength and the momentum ratio. Additional analysis is needed

to confirm this result.

4. This work is the first to use DIH to characterize liquid jet breakup in a supersonic

JICF. Data collected in this work shows that the bow shock, windward instabili-

ties, droplet velocities, and droplet sizes can be captured using this single technique.

Numerically refocusing enables the analysis of droplet diameters in multiple focal

depths, which enables more droplets to be characterized per experiment than other

techniques.

5. Droplet breakup is found to occur for the first time in the literature at the front of the

jet for large-diameter orifices. The 2.0 mm diameter jet, for example, had repeatable

instances of droplets shearing off the front edge and falling toward the test section

ground following the vectors of the recirculation zone. Although it is unknown how

this will affect combustion, these results can be added to improve mathematical mod-

els of supersonic JICF.

6. Velocity trends for downstream droplet breakup are described for a variety of y/D

locations in the flow. In literature, a droplet velocity C-curve has been found showing

that droplets decrease in velocity as the particle density increases. Then, the droplet

velocities drastically increase near the shear interface [27]. This phenomenon is

confirmed in these experiments using only DIH cross-correlation velocity estimates

in the 0.5 mm diameter jet.

7. For x/D ≤ 41, droplet velocities increase as the horizontal distance increases. This
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suggests that the droplets are accelerating due to the freestream air.

8. Droplet diameter data collected at a fixed downstream position (x/D ∼ 5 and y/D ∼

2.5) currently do not show any trends with the momentum ratio. Preliminary data

appears to show some of the trends outlined by Lin et al. [67]. Future work is needed

to confirm these results.

6.2 Future Work

Future work into liquid jets in supersonic crossflows can greatly improve the design of

scramjet combustors. This includes experiments that study different types of liquids with

differing viscosities and surface tensions. Because liquid fuels, like Jet-A, are commonly

used for scramjets, it would also be beneficial to study the instability and droplet breakup

effects in real fuels.

Because liquid jets have three-dimensional features, it would also be extremely useful

to reconstruct the jet and extract information at multiple planes or cross-sections. Peering

into different planes can help shed some light on the role of the recirculation zones and

the direct effect of shocks on mixing. As these factors have a direct impact on the flame-

holding steadiness, these factors are also worth exploring using holography or tomography

techniques.

The incoming crossflow boundary layer thickness can also have a profound influence

and could control how the instabilities propagate, especially within the boundary layer. PIV,

for example, is one technique that can be used to estimate the boundary layer thickness for

each test case [37]. This data can then be used to examine if there is a direct correlation

between the boundary layer flow and front-edge breakup phenomenon.

The bow shock can also contribute to front-edge breakup phenomena. Bow shocks are

known to fluctuate slightly and interact with the boundary layer. Additionally, measure-

ments from the experiments conducted in this work have shown how they can move with

oscillations in the liquid jet. Thus, their variation over time in the streamwise direction
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should be explored in the future. The closer the shock is to the jet, or the more downstream

it is, the lower the penetration depth will be, which has effects on entrainment. Even if the

bow shock cannot be directly controlled, information on its position is valuable to quantify

in order to better understand the steadiness of the jet. One way to capture this information

is to move the optical diagnostic to regions where the bow shock, boundary layer, and liq-

uid jet can be viewed simultaneously. Then, in-house edge tracing codes could be used to

binarize the image and extract the instantaneous bow shock locations. Using this data, the

mean shock path and standard deviation from oscillation can be quantified to help improve

our understanding of the role of the bow shock in instability growth and breakup dynamics.

Furthermore, an updated wind tunnel design with more windows would allow the rig

operator to target more downstream locations. Currently, the ranges for x/D are x/D ≤ 50

and 250 ≤ x/D ≤ 350. Another set of windows in the middle would elongate that range to

cover more intermediate positions. Because full droplet atomization is predicted to occur

at an x/D of < 100, new windows could be placed right after the first set to get a full droplet

size variation from start to finish. The current wind tunnel could most likely be modified

to accommodate this. By adding new optical access points, the specific location where full

atomization occurs could also be quantified.

To help integrate DIH into droplet breakup in supersonic JICF, an even smaller diameter

jet than 0.5 mm can be tested in the future. Smaller jet diameters help reduce fluid droplet

densities in the leeward portion of the flow. By using a smaller injector diameter, it is also

potentially possible to observe and quantify droplet breakup in more detail.

Lastly, while these experiments only use a single orifice injector, it would be inter-

esting to see the effects of using two orifices at the same time. Double orifice injectors

typically have a higher diameter so the droplet plume field would be very dense. However,

the interaction between the two jets could enhance the mixing process, thereby improving

flameholding stability. To decrease the plume density for measurement, injector diameters

that are less than 0.5 mm could be used so that droplet diameters can be characterized at
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more downstream locations.

In this work, we successfully characterized many flow parameters in a liquid jet in

supersonic crossflow with a small 0.5 mm orifice diameter. DIH is used for the first time to

study several different features in this flow. Jet penetration data from this work shows good

agreement with previous literature with some slight modifications needed to improve fitting

parameters. For higher diameter orifices, a unique breakup phenomenon was noticed at the

front of the jet with droplets moving downwards toward the test section floor. This work is

the first to note this phenomenon and additional work is needed to elucidate the mechanisms

that drive this flow feature. This work is also the first to use DIH to measure droplet

velocities and diameters, showing good initial agreement with other experiments in the

literature. Because the eventual goal of this work is to increase the fidelity of mathematical

models, produce more efficient combustor designs for scramjets, and increase engine power

output, testing with fuels would be an interesting next step. The optical measurement

techniques developed in this work can not only be used in reacting supersonic JICF systems

but can also be improved in the future to study density gradients generated by vaporization

and flame propagation effects.
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Figure 6.1: The 532 nm CW laser beam is shown as it passes through the setup.
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APPENDIX A

DATA PROCESSING EDGE TRACING CODE

Many MATLAB codes were produced to analyze video data, but the developed edge tracing

code is especially important for this research. This code provides a robust way to trace any

edge in an image and creates arrays to tabulate the penetration depth of the jet. It is easy to

implement into a loop to produce edges and depths for all frames in a video. The only user

input required is contrast limits (0 to 1 for both lower and upper limits), which allows the

cross-correlation algorithm to extract the data more consistently. Optional data truncation

is included to delete boundaries that are not of interest to the analysis, such as the droplets

or physical limits of the test section.
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APPENDIX B

PARAMETER ENGINEERING EQUATION SOLVER CODES

The following code calculates several injector, water, and nozzle exit parameters. A para-

metric chart is presented, which utilizes an independent variable that is iterated to determine

how dependent variables are affected. Note that the nozzle exit parameters is approximated

to be the same as the freestream air at the point where the water jet is injected.
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"Look at this equations for p_exitnozzle and v_exitnozzle on pages 12 and 13: http://imartinez.etsiae.upm.es/~isidoro/bk3/c17
/Nozzles.pdf "
"Using Ma = 1.71"
 
"P_water = 100*convert(PSI,kpa) convert to kpa"
T_water = 20 "C"
density_water =density(Water,T=T_water,P=P_water)
V_Water = sqrt(2*1000*P_water/density_Water) "Bernoulli's equation m/s, convert kpa to pa"
 
 
"For air velocity calculations"
T_entry = 550 "deg K, stag temp"
P_entry = 34*convert(PSI,kpa) "converted to kpa, stag press"
R_air = 287 "J/kgK"
Gamma_air = 1.381
 
v_exitnozzle = sqrt((2*Gamma_air*R_air*T_entry/(Gamma_air-1))*(1-(1/(1+(Gamma_air-1)/2*1.71^2)))) "m/s"
p_exitnozzle = P_entry/((1+1.71^(2)*(Gamma_air-1)/2)^(Gamma_air/(Gamma_air-1))) "kPa"
p_exitnozzlePSI = p_exitnozzle*convert(kpa,PSI) "PSI"
T_exitnozzle = T_entry*(p_exitnozzle/P_entry)^((Gamma_air-1)/Gamma_air) "deg K"
T_exitnozzleCel = T_exitnozzle - 273.15 "degC"
 
Density_air_at_injection = density(Air_ha, T=T_exitnozzleCel,P=P_exitnozzle)
 
r_injector = 0.0098425 [in]
d_injector = 2*r_injector "in"
h_injector = 0.375 [in]
V_injector = (pi*r_injector^(2)*h_injector)
A_surface_injector = (2*pi*r_injector*h_injector)
Lc_injector = V_injector/A_surface_injector
mu_water = viscosity(Water,T=T_water,P=P_water)
 Re_water = (density_water*V_water*Lc_injector)/mu_water
 
J_xwaterpsi = (density_water*(V_water)^2)/(density_air_at_injection*(v_exitnozzle)^2)
 
"Using Parametric Table with P = 100,200,300,400,500 respectfully."

Look at this equations for p_exitnozzle and v_exitnozzle on pages 12 and 13: http://imartinez.etsiae.upm.es/~isidoro/bk3/c17/Nozzles.pdf

Using Ma = 1.71

Pwater = 100*convert(PSI,kpa) convert to kpa

Twater   =  20 C

densitywater   =   water , T = Twater , P = Pwater

VWater   =  2  ꞏ 1000  ꞏ 
Pwater

densitywater

Bernoulli's equation m/s, convert kpa to pa

For air velocity calculations

Tentry   =  550 deg K, stag temp
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Pentry   =  34  ꞏ 6.895  ꞏ 
kPa

psi
converted to kpa, stag press

Rair   =  287 J/kgK

air   =  1.381

vexitnozzle   =  2  ꞏ air  ꞏ Rair  ꞏ 
Tentry

air  – 1
 ꞏ 1  – 

1

1  + 
air  – 1

2
 ꞏ 1.71 2 m/s

pexitnozzle   =  
Pentry

1  + 1.71 2  ꞏ 
air  – 1

2

 air

 air  – 1
kPa

pexitnozzlePSI   =  pexitnozzle  ꞏ 0.145  ꞏ 
psi

kPa
PSI

Texitnozzle   =  Tentry  ꞏ 
pexitnozzle

Pentry

 air  – 1

 air deg K

TexitnozzleCel   =  Texitnozzle  – 273.15 degC

Densityair,at,injection   =   Airha , T = TexitnozzleCel , P = pexitnozzle

r injector   =  0.0098425  [in]

dinjector   =  2  ꞏ r injector in

hinjector   =  0.375  [in]

Vinjector   =    ꞏ r injector
2  ꞏ hinjector

Asurface,injector   =  2  ꞏ   ꞏ r injector  ꞏ hinjector

Lcinjector   =  
Vinjector

Asurface,injector

water   =  Visc water , T = Twater , P = Pwater

Rewater   =  
densitywater  ꞏ VWater  ꞏ Lcinjector

water

Jxwaterpsi   =  
densitywater  ꞏ VWater

2

Densityair,at,injection  ꞏ vexitnozzle
2

Using Parametric Table with P = 100,200,300,400,500 respectfully.
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Parametric Table: Table 1

Jxwaterpsi Pwater Rewater VWater pexitnozzlePSI Texitnozzle vexitnozzle

[kPa]

Run 1  7.252  689.5  182349  37.16  6.831  353.2  639.8 
Run 2  14.5  1379  257976  52.55  6.831  353.2  639.8 
Run 3  21.76  2068  316070  64.35  6.831  353.2  639.8 
Run 4  29.01  2758  365098  74.29  6.831  353.2  639.8 
Run 5  36.26  3447  408339  83.05  6.831  353.2  639.8 



APPENDIX C

STANDARD OPERATING PROCEDURES (SOP)

The following pages show the standard operating procedure for the supersonic rig when

operating with a data acquisition system (DAQ). The steps used to successfully start the

compressor, turn the burner on, and run the rig are outlined. Safety precautions and emer-

gency protocols are discussed. The document is also hung on the lab door for ease of

reference.
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Effective Date: Revision Date: Laboratory Location: 

12/22/2021 4/29/2023 BTZ Lab 130 

 

Ben T. Zinn Combustion Lab 130: Standard Operating Procedures (SOP) 

PURPOSE: This document outlines the several safety and operational procedures needed to 
utilize LabView 2019 with a cRIO, temperature and pressure sensors, and the supersonic rig. 

SCOPE: Graduate Student Joshua Johnson and Georgia Tech Research Personnel seek to 
characterize the breakup characteristics of a water jet in a supersonic crossflow (JISCF), placed 
in an air tunnel. Optical techniques will measure the parameters of the water jet while the rig is 
running. 

PERSONNEL RESPONSIBLE: Research Engineers and Graduate Student Joshua Johnson. 
The rig can be run alongside these personnel if and only if they have completed their safety 
review.  

 

NORMAL PROCEDURES: 

LabView Procedures 

1. There is one NI-DAQ CompactRIO that needs to be connected to the computer to control 
the supersonic rig instruments. Locate the ethernet cable for the NI-DAQ CompactRIO 
and plug it into the computer. The cable is run through the firewall of the control room.  

2. Flip the switch on the DAQ mounting box to turn it on. 
3. Verify using the program “NI MAX” that the DAQ is seen on the local network under 

“Remote Systems” 
a. SS-Mix-NI-cRIO9024-01717387 is the Supersonic Mixing/JICF Rig. 
b. In the windows command prompt, we can ping them to make sure communication 

is coming through 192.168.0.11 (mixing). 
4. Open the respective folders to run the projects’ FPGA as a check - “LabView JICF Rig”. 
5. Close the FPGA after running and open the main VI to display all parameters. Run these. 

 

Preliminary Lab Check Procedures 

1. Make sure to put on safety goggles and earplugs & headphones for the entirety of the 
experiment. 

2. Check that the compressor is running. If not, press "START” on the control panel and 
“LOAD” after both low and high stages of the lubricant system are >0 PSI on the gauges. 

a. Make sure the oil level in the cylindrical tube by the lubricant pump is above the 
first two partition rings. If not, switch the oil fill control knob to “AUTO” and 
allow it to fill back up. 

b. Allow the compressor to reach 2,500 PSI. 
c. If you’d like to calculate how long it will take for the compressor to reach this 

pressure, contact jjohnson475@gatech.edu for the excel file for it. 
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3. Check all surrounding lab rooms to make sure the natural gas and air lines are in the 
closed position. (labs 133, 126, 127, 128, and the black hand valve outside 132). 

4. Turn the physical switch in lab 127 to “remote”. In lab 132, use the tablet to switch to 
“local”.  

5. Using the key above the sign-in sheet, unlock the air valve inside lab 130. 
6. Make sure all items are secured in lab 130 and turn on the exhaust on the control panel 

near lab 119. 
7. Put tape up on the two doors leading to lab 130 and alert other research personnel that the 

rig will be run. 
8. Test the regulator downstream of the water filters by turning it on and off in the LabView 

environment & listening for activation noise. 
9. Ensure all valves are open on the piping, allowing the water and nitrogen to flow.  
10. Open the domestic water valve open and fill the water tank. Open the vent valve. Once 

the water drips out of the vent, the tank is full. Close the domestic water valve and use a 
wrench to disconnect the water pipe on the pre-filter. Run this water line all the way to 
the drain in the room and switch the hand valve to the “CLOSE” position. This is to 
depressurize the tank after running the rig. Switch the valve from vent to the nitrogen 
tanks. Open the valve at the bottom of the tank going to the filters and pressurize the tank 
using the nitrogen supply. Open both nitrogen tanks all the way up and use the pressure 
regulator to set the downstream low-pressure side to a desired PSI (max is 500PSI). Note, 
the burst plate is set at 700 PSI in case the regulator fails. 

a. Initially, you can test which direction the valve needs to be turned to vent by 
running a small nitrogen supply and observing the vent line. 

b. Ensure all valves are open in the water line! The pressurized water will stop at the 
solenoid valve until we manually turn it on and set a pressure to it within 
LabVIEW. 

11. Open the instrument air line (125 PSI) that is used to power the pressure regulator’s 
actuator.  

 

Running the Rig Procedures  

1. Select AFOSR Supersonic Mixing project on one laptop and the Supersonic Mixing 
project on the other laptop at myRIO menu interface. 

2. Right click on each RIO and connect. 
3. Test FPGAs under the dropdowns to make sure raw data is being transmitted by sensors. 
4. Ensure the tablet control panel is operational and displaying an accurate tank pressure. 

a. If this cannot be seen, log into the tablet by pressing “Login” -> [username] 
operator -> [password] (Talk to building manager for the password). 

5. Press “ON” and “START” to open the valve to flow air into lab 130. 
6. Set SP (air pressure control) to 10-20 PSI starting out. 
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7. Start air temperature blower by “POWER ON” -> “START” ->  
BURNER START” and ensuring the burner control panel successfully runs through all 
checks. If on “AUTO”, preheat the air and try to stay under 1300F. Use the hot gas 
indicator if using “AUTO”. 

8. If using “SOAKING”, use the process air temp controller to modify the temperature.  
9. Increment the air heat and pressure until the target stagnation conditions are met. 
10. Target stagnation temperature and pressure is approximately 600K/620F and 54 PSI, so 

SP should be around 200 PSI on the tablet near steady state target conditions. 
11. Inject the pressurized water stream into the test section by turning on the solenoid valve 

and setting a desired pressure within the LabView environment. Make sure to turn on the 
“MAIN” power switch within the environment as well. Switch them both off when 
you’re done injecting. 

12. Decrement the air flow down to 10-20 PSI once again and decrease the temperature to 
zero on the burner.  

13. Hit “AUTO SHUTDOWN” to allow the burner to completely shut down and “STOP” 
then “OFF” on the air control pressure system. Switch the tablet communication back to 
“Remote”. 

14. Stop the LabVIEW VI and close the program to avoid corruption. 
15. Close nitrogen tank valves and all water line valves. If desired, ensure the tank pressure is 

>175 PSI then open the hand valve connected to the water pipe at the bottom of the tank 
to depressurize and release the tank of all water. Go to the drain and control the flow of 
the pressurized water. 

16. Depressurize the system by venting the tank nitrogen to atmosphere and ensure all visual 
gauges go to 0 PSI.  

17. Turn off the exhaust and proceed with locking valves and returning the key.  
18. Turn off both cRIOs by flipping the switch on the two mounting boxes. 
19. If needing to flush entire pipeline of water (for example, if leaving for weeks), uncap the 

drain underneath the injection plate and cap the connector to the injection plate. Run 
<100 PSI of nitrogen into the entire system, making sure the water fill valve is closed. 
Allow all water from pipes to drain out into a bucket.  

LIST OF MAXIMUM PRESSURES: 

General 

1) All tubing – 3500 PSI. 
2) All connectors – 4500 PSI. 

 

 

Nitrogen-pressurization system 
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3) Pressure regulator – 500 PSI. 
4) Burst disk – 700 PSI. 
5) Tank – 3000 PSI. 

Water System 

6) Pre-Filter – 90 PSI. 
7) Green fill/drain hose – 175 PSI. 
8) Black connecting tank rubber hose – 1500 PSI. 
9) Post filters (3) – 3000 PSI. 
10) Visual gauge 1 – 3000 PSI. 
11) Air actuated pressure regulator – 600 PSI. 
12) Visual gauge 2 – 1000 PSI. 

EMERGENCY PROCEDURES: 

During Preliminary Lab Check 
• Wear proper PPE. You must be wearing long pants, closed toe shoes, ear plugs, and 

safety goggles in lab 130. All of these must be worn when the rig is running in the control 
room, 132, as well. Remember to place goggles and earplugs on when walking into the 
compressor room. 

o If compressor fails, press “EMERGENCY STOP” on its control panel. 
• Make sure all objects are off the rig’s frame. It will heat up and vibrate at high 

temperatures/pressures. 
• Make sure exhaust is turned on! 
• Nitrogen cannot be detected with the overhead tree lights. If you detect a large leak or 

start feeling lightheaded, leave the lab to outside and allow the tanks to completely drain.  
• If a yellow overhead tree light, shut the burner off and leave lab 130. Find a lab manager 

for next steps. Allow the air tank to run down. If the red overhead light is detected, 
proceed in the same steps but leave the entire combustion lab.  

• There are 3 gas detectors outside of lab 130, mounted on the wall. They report gas inside 
130 in PPM. If a certain threshold is met, the tree inside will light yellow or red, so check 
the detector periodically to make sure they’re at 0.  

 
During Startup and Running the Rig 

• Do NOT walk into the room when air pressure is of excess of 20PSI.  
• If there is any problem within the combustion lab, hit “AUTO SHUTDOWN” on the 

combustion air blower control panel and leave the lab. 
• Shut the water/air injection control off and solenoid off before switching the air off. 
• If LabView is lost, turn the air pressure down below 20 PSI and reduce the burner. Go 

into the lab and restart the cRIOs. If this doesn’t work, shut the experiment down and 
figure out the issue. 
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• If building power is lost, shut down the STAHL combustion air blower to 0F if it’s still 
operating.  

• If there is excessive noise from the rig, turn the air pressure down to 10-20 PSI. If noise 
still exists, DO NOT enter the room, and shut everything down. If it’s a nitrogen bottle, 
let it deplete and vent to exhaust. 

 
During Shutdown 

• Do not allow the combustion burner to be at an elevated temperature when the air 
pressure is low without “SOAKING” button enabled. 

 
Special Cases 

• If an object flies off the rig/tank due to a pressure failure and hits a water source 
(sprinkler head/water line), evaluate the issue and salvage expensive equipment, like a 
camera, if possible. If there is standing water, do not enter as there is a shock potential. 

 
 
CLOSING REMARKS: 
If you have any questions about this guide, please contact Graduate Student Joshua Johnson at: 
jjohnson475@gatech.edu. 
 
 
 

Revision Block 
Revision Revision Personnel  Date Modifications Made 
0 Joshua Johnson 12/22/2021 INITIAL REVISION 
1 Joshua Johnson 1/25/2022 1) Created maximum pressure list. 

2) Revised “Running the Rig Procedures” to include 
soaking and auto procedures. 

3) Fixed some emergency procedures following safety 
review. 

4) Changed target stagnation temperature from 620K to 
600K/620F. 

5) Added instrument air instructions. 
2 Joshua Johnson 4/29/2023 1) Revised DAQ systems after moving all instruments to a 

single DAQ. 
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