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SUMMARY

Direct injection studies of liquid jets in supersonic cross�ows (JICFs) are critical for

understanding combustion in scramjet engines. Exploring these �uid dynamic interactions

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

but also key for improving engine design and increasing ef�ciency. Current engine designs

lack precise injector optimization and, therefore deliver inef�cient fuel sprays. To rem-

edy this, previous studies in the literature have examined how supersonic cross�ows 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 �rst time using digital in-line holography techniques. Experiments are conducted in

a heated Mach 1.71 cross�ow 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 pro�le 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 �ow breakup models, optimize injector geometry, and re�ne future scramjet

engine designs.

xiii



CHAPTER 1

INTRODUCTION AND BACKGROUND

The evolution of supersonic �ight 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 cross�ow (JICF) con�gurations 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 ef�cient engines with concepts that extend into several engineering disciplines

[1]. Typically, large-diameter droplets are undesirable for high-ef�ciency 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 cross�ows are an ef�cient way to break up fuel

streams into small droplets that quickly mix with the high-speed cross�ow air. Because

of complex interactions between �uid breakup phenomena, boundary layer separation, and

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

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

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

windward and leeward sides of the jet near the combustion chamber �oor [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 �ow features that can be observed

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

phenomena, this chapter will discuss the physics that govern the supersonic jet in cross�ow

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 �ts from the literature.

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

optical techniques to visualize �ow features.

4. Show that DIH can be successfully used within the supersonic JICF regime to ful�ll

the roles of multiple techniques. Speci�cally, show that DIH can be used to visualize

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

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

several locations in the �ow.

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

ward side of the jet for the �rst time in �ows from larger diameter injectors.

1.1 Scramjet Applications

Supersonic ramjet engines, or scramjets, utilize the simple jet in cross�ow 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 ef�cient and cost-effective way to power vehicles. One

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

sonic cross�ow air to a �xed 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 cross�ow (JICF) is illustrated. (a) shows
a two-dimensional view of several �ow 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 �ow 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 �ame 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,

3



researchers in this �eld 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 �ush-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 �ameholder 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 classi�ed 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 coef�cient as the separated shear layer �ows 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 �ow of the cross�ow 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 con�guration is particularly attractive.

However, it is dif�cult to sustain combustion and �ame 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.

4



Figure 1.3: (a) Open and (b) closed cavity �ow designs for scramjet combustion are shown.
Closed cavities have a higher drag coef�cient 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 ef�ciency of an injec-

tion spray. The �ow 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 cross�ow 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-

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

J =
� liquid v2

liquid

� gasv2
gas

: (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 �ame 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 �ow characteristics, differ-

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

1. Logarithmic:h
d = Aq� (1 + � x

d ),

2. Power Law:hd = Aq� ( x
d )b,

3. Exponential:hd = Aq� [1 � exp(� x
d )][1 + Bexp(
 x

d )][1 + Cexp(� x
d )].

Different �tting 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 de�nes momentum �ux ratio asJ and some asq. Likewise, some publications

refer to penetration depth ash and some asy. In this thesis,h will always refer to the

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

coordinate in the �ow.

In this present study, two main empirical �ts were tested to �t the data: one power law

�t and one logarithmic �t. Kim [20] has produced a single ori�ce injector (SOI) curve �t

with a heated gas cross�ow 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 cross�ow and contribute to breakup features. K-H insta-

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

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

work demonstrates a cross�ow of air and water, at different velocities and densities, both

phenomena are expected to contribute to �ow 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 �ows, 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 �ow. 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 dif�cult to

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

in these �ows, 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 cross�ow 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 cross�ow and injector [22].

liquid breakup as the density ratio between the two �uids 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 �ow 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 �ow 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 �ow barrier. Therefore, it interrupts the incoming air

boundary layer, which leads to it separating and creating a separation shock. Underneath
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this, a windward recirculation zone forms due to the pressure difference. In a reacting

�ow, this zone traps products and anchors the �ame, so engineers typically attempt to uti-

lize this effect for �ame 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 �ow 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 �uids.

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 cross�ow 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 �uids occurs in those environments.

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

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

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

injector is de�ned as,

Rel =
� lVlD

� l
; (1.4)

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

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

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

the cross�ow less and bend earlier than a transitional or turbulent jet. The Weber number

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

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

We =
� gV 2

g D

�
; (1.5)

where� g is the gas density,Vg is the gas velocity, and� is the surface tension [28].

Another important related parameter is the Ohnesorge number, de�ned as,

Oh =
� lp
� l �D

; (1.6)

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

non-dimensional number that helps determine the in�uence of R-T instabilities is the den-

sity ratio,

� l=� g =
� l

� g;1
: (1.7)
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Table 1.1: Water injection testing conditions and calculated parameters for a 0.5 mm jet.

The momentum-�ux ratio, as de�ned earlier, determines the relationship between the water

jet injection and air cross�ow momentum. If the value is very small, the air cross�ow moves

with more momentum than the injected liquid [14], which will in�uence 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 �ow

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 �ow behavior for different momentum �ux

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

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

the air�ow is Reg = 8:42� 106, computed at the injection point. The Ohnesorge number

for these experiments isOh = 5:25� 10� 3 (<< 0.1), indicating little to no in�uence from

viscosity. The gas Weber number isWe = 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 in�uences the momentum �ux ratio. Since the momentum �ux ratio is a key fac-

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

ef�ciency 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 cross�ow. 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 �rst 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 �ow 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 con�rmation of intermixing, a visual marker

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

breakup and �ow 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 modi�cations 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 �ow �eld 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 pro�le 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 �ow of water. Coupled with an updated LabVIEW program, the rig operator

can control the water �ow 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 �ltered 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 �uids cannot be seen, so high-

magni�cation optics are utilized. High magni�cation schlieren methods are �rst imple-

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

pared with images captured using high-magni�cation digital inline holography (DIH) meth-

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

�ow 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 �ow, 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 �attens the line of sight data into a single two-dimensional image. All
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these techniques are used to examine the �ow 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 cross�ow 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 �ux 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 cross�ow, 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 �ndings 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 identi�ed. 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 �ow 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 modi�cations 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 cross�ow,

thereby allowing various momentum �ux 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 bene�ts 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 �ow condition instruments, which measure temperature and pressure

measurements in both �uids, 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 quanti�ed 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

cross�ow. 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 �nal 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 CompressorSystem

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 ef�ciently, 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 �ve 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 �ow rate

of 300 lbm/minute, is utilized to heat the cross�ow 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 �ux to the cross�ow 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
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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.

�uctuations 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 in�uences 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 �rst enters

an inlet pipe which is controlled by a hand valve. Then, the �ow 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

�ow-straightening honeycomb. There are two types of wire screens used in this rig: �ne

and coarse. Both �lters have the purpose of �ltering 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 �ne meshes have a 57% open area and an opening size of 3.2 mm.

The honeycomb patterned �ow 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 modi�ed 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 �ow straightener,
converging-diverging nozzle with a design Mach number of 1.71, and the test section are
shown.

2.1.2 WaterPressurizationPipelineDesign

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

into the supersonic JICF facility. Before purchasing piping, instruments, and �ttings, 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 �rst page showing the liquid water �ow 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 �ows 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 �rst �ltered 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 �ow. 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-�lter (model number: 158005), capable of removing solid particulates down to 10 mi-

crons in diameter. Then, water �ows 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 �ows through three 9052-10 Arrow Pnuematics in-line high-

pressure �lters to further �lter 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 cross�ow 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 �rst
page is shown on a �ag on the left. The mixed �uids 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

quanti�ed 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 signi�cant 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 InjectorDesign

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

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

make it immensely dif�cult 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 �uid

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

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

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

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

2.1.4 TestSectionDesign

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 �tted 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

�lled 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 af�xing 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-re�ection 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 �rst set of �anges that bolt to

the brace and the inlet piping, and (3) the second �ange 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 af�xed
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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 �rst �ange set, and the second
�ange 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

s
PKSF

2M (l2 + w2)
: (2.1)

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

imum pressure on the inner window,K = 1:125for unclamped designs,SF is the safety

factor, andM 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 cross�ow 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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