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Abstract

Two phase impinging injector sprays were reconstructed using the novel view synthesis
method, Neural Radiance Fields. This reconstruction technique is applied to injector sprays
of two geometries, pentad and triplet, at four values of P, 40, 100, 150, and 200 psi, with
stiffness ratio kept constant. The resulting spray geometry is reconstructed in three dimen-
sions. Sprays are also analyzed non-dimensionally using Re; and Reg for scaling. NeRF
proved promising as a reconstruction method for sprays by being able to discern between areas
dense with liquid and areas with no liquid, as well as being able to reconstruct large individual
droplets. In addition, NeRFs optical density parameter is reinforced through Beer-Lambert law
and exhibits the same trends as liquid mass flow, indicating a link between optical density and

liquid volume content.
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Chapter 1

Introduction

In all liquid based combustion processes, one of the fundamental steps to ensure complete
combustion is the mixing of the oxidizer and fuel. Proper mixing of reactants is achieved when
the reactants are evenly distributed throughout a volume, and areas that are only fuel or only
oxidizer are minimized. When this mixture is ignited, a complex process of dissociation and
recombination occurs. Ensuring that the fuel and the oxidizer are in close proximity to each
other allows this process to progress quickly and completely. If any of the regions are more
dense with oxidizer or fuel, the combustion process can become slower and lead to hot or cold
spots in the reaction zone that can create unwanted and potentially destructive pressure gradi-
ents. When liquid reactants are used, the liquid must first be atomized into small droplets in
order to properly mix with its counterpart. To achieve this, liquid based combustion devices
rely on injectors to atomize the liquid and mix it with its counterpart. This process is usually
carried out at high pressures and creates high liquid velocities that make it difficult to quantify
the distribution within the spray. In addition, many sprays are dense and optically opaque, mak-
ing visualization of the core of the spray almost impossible. This distribution is dependent on a
variety of factors such as injector type, pressure drop, and stiffness ratio. Due to the challenges
in observing the phenomena, it is of extreme interest to visualize the liquid distribution within
a spray.

Various imaging and reconstruction methods have been used to observe and quantify
opaque sprays. These methods include, but are not limited to, the use of phase Doppler in-
terferometers, x-rays, and shadowgraphy. [3, 8, 14] Phase Doppler interferometers (PDI) are

costly and require the volume of interest to be time averaged for droplet sizing and velocity



calculations. However, PDIs are one of the few methods with the ability to accurately calculate
droplet diameter and velocity. The velocity calculation is a large advantage of PDI systems, as
droplet velocity is difficult to quantify. [17] X-ray tomography facilities are commonly used
because of their ability to ’see through’ sprays and reconstruct core structures of sprays by
leveraging the absorption of the liquid and taking advantage of its small wavelengths. [16] This
is often done by slowly rotating the spray and creating time averaged liquid distributions. Shad-
owgraphy is one of the simplest methods and is limited to finding spray characteristics such as
spray cone and penetration depth due to its lack of three dimensional information. [14] When
looking at the current state of spray reconstruction methods, it is clear that there is a correlation
between high cost and complexity and high quality reconstructions. This creates a barrier of
entry into spray characterization for many labs attempting to study sprays. Therefore, it is of
great academic interest to discover an easily accessible and instantaneous method to visualize
a three dimensional representation of optically dense liquid sprays.

This study investigates the combination of deep learning based volume rendering with
line of sight imaging techniques in order to reproduce the liquid volume of a spray in three
dimensions. Neural Radiance Fields (NeRF) have previously been utilized to reconstruct static
objects in three dimensions. [18] To reconstruct a volume, NeRF only requires a set of images
taken at different locations. A deep neural network is then trained on these input images to
create a continuous three dimensional volume function. This volume function approximates
the color of every location in the volume, as well as optical density , a quantity that represents
the differential probability that an object exists at a given location and is used to place objects
in space. Although this method has been demonstrated on static objects, it has yet to be applied
to liquid sprays.

Liquid sprays are historically difficult to image due to the large range of droplet sizes,
combination of sheets and droplets, and large amounts of liquid that blocks core features. By
analyzing images from many angles, NeRF has the potential to reconstruct traditionally hard to
image features by utilizing the cumulative information provided from different poses. There is
also a direct correlation between the loss assignments in NeRF and the Beer-Lambert law that is

commonly used in liquid distribution calculations, creating a link between the network outputs



and liquid distribution. The network also estimates the volume as a continuous function. This
allows the volume to be sampled at any location. All of these factors indicate that NeRF has
the potential to create quality liquid distribution reconstructions.

The objective of this work is to perform a proof-of-concept for 3D volumetric reconstruc-
tions of liquid distribution in sprays using open source NeRF implementations. This study is
intended to demonstrate NeRFs feasibility as a spray reconstruction method, and create funda-
mentals upon which more rigorous and physically grounded validation methods can be applied
to this reconstruction method. In order to achieve this, injector sprays were imaged with 18
cameras positioned so that they visualized 180 degrees of the spray. Two phase gas-liquid im-
pinging injectors were imaged at a variety of manifold pressure drop conditions, as well as gas
and liquid centered flow configurations. These injectors were designed for use in liquid rocket
engines. NeRF was utilized via InstantNGP to provide three dimensional reconstructions of
the spray. These results are presented as isosurface plots and slices through the core of the
spray. The network outputs were also used to estimate a liquid volume correlation for each test

condition.



Chapter 2

Background

2.1 Injection and Atomization

The atomization of reactants is a core mechanism for any combustion device. Engines of all
types utilize injector schemes that complement the application. The reactant distribution can
change as a result of many parameters, such as density, available pressure, space limitations,
and time limitations. Injectors are utilized in almost all engines, such as internal combustion
diesel engines, air breathing turbine engines, and rocket engines. All of these engines are reliant
on atomization driven by injector design customized to the engines requirements. Internal
combustion engine injectors are designed to fill a cylindrical volume with fuel quickly to allow
for a reaction throughout the volume. Some injectors are designed for constant combustion,
which requires the mixing to take place away from the injector face. Each of these applications
can be achieved with proper injector design.

The process by which a mass of fluid transitions into small droplets is termed atomization.
The dominant atomization mechanism for a fluid is constantly shifting and is dependent on the
geometry of the liquid and the conditions under which the fluid resides. These conditions are
commonly characterized by the non-dimensional quality Weber number, W e. The Weber num-
ber is the ratio between the inertial forces that a fluid is subject to and the surface tension of the
fluid. This ratio allows for the calculation of a critical droplet size. The critical droplet size is
the diameter at which the inertial forces of a system can no longer overpower the surface ten-
sion of the droplet. Once a droplet diameter becomes smaller than this value, the droplet will no

longer break down. Droplet sizes within a spray are commonly characterized using the Sauter



mean diameter (SMD). The SMD of a droplet is favored because it represents the volume to
surface area ratio for a spray. Because of its dependence on both volume and surface area, SMD
is ideal for correlation with different physical representations such as chemical reaction rates.
The Weber number also allows for the characterization of different atomization regimes. These
atomization regimes are dependent on the strength of the inertial force on the liquid, and each
regime is host to different atomization mechanisms. There are two main types of atomization.
The first is primary atomization, the process by which any liquid structure breaks down into
droplets. Different flow structures, such as liquid jets or liquid sheets, are subject to different
primary atomization processes. Once droplets are formed, the process of breaking them down
into smaller droplets is termed secondary atomization. Secondary atomization occurs until the
droplets reach the critical droplet size, or the point at which the inertia a droplet feels is no
longer strong enough to overpower the surface tension of the droplet. These processes and
their flow regimes are thoroughly documented for many liquid structures.

Primary atomization for a jet of liquid is dominated by the growth of surface oscillations
created by interior flow gradients. This is commonly due to shear effects along the interior
wall of the injector. [5] Eventually, the strength of these oscillations overpowers the surface
tension of the liquid, and the stream splits. This split will either create smaller liquid cylinders
or droplets. The liquid cylinders will still be subject to internal oscillation, and will split again.
Cylinders will continue to break down until droplets are formed. Once droplets are formed,
secondary atomization takes over. Liquid sheet breakup is extremely similar to jet breakup, with
slightly different primary atomization processes. Primary liquid sheet breakup, as often seen in
high pressure swirl atomizers, can be described by the linearized instability sheet atomization
(LISA) model developed by Schmidt et al. [2, 23, 25] This model describes liquid sheet breakup
as due to oscillations within the sheet that grow larger as the fluid travels away from the injector
face. There are three methods sheets can undergo to break up. Rim, wave, and perforated sheet
disintegration. [15] Rim breakup is characterized by free edges of liquid sheets contracting
into a thick rim. These rims then break up the same way jets do. This creates large droplets,
and is commonly found in high viscosity and high surface tension systems. Perforated sheet

disintegration occurs when holes are generated in the middle of a sheet, and thick rims are



generated on the edges of this hole. These holes grow until they bump into each other and the
rims create a column. This column breaks off of the sheet and creates liquid cylinders subject
to the same breakdown process as cylinders generated by jets. Finally, wave breakup is seen
when the oscillations on the face of the sheet create a force greater than the surface tension, and
a ligament is directly broken off of the sheet. The LISA model makes common assumptions
about the fluid, such as incompressible, viscous, and two dimensional flow. These assumptions
are leveraged to create mathematical relations between spray geometry and maximum wave
growth rate, and in turn droplet sizes. The ligaments formed from the first oscillations break
into droplets once the amplitude of the waves are equal to the radius of the ligaments. Here,
the wave number is the same as the Weber result for the wave number for a cylindrical column
with its maximum growth rate. This highlights a similarity between sheet breakup and jet or

column breakup by likening the ligaments created from sheet breakup to liquid jets.
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Figure 2.1: Schematic illustration of a drop breakup caused by Kelvin—Helmholtz (KH) or
Rayleigh—Taylor (R-T) instabilities. The breakup mechanisms are classified with respect to the
(increasing) Weber number as bag, stripping (shear) and catastrophic breakup. Figure repro-
duced from Ashgriz. [2]

When jets are placed in coflowing or shearing gas, the momentum flux, or the ratio of the
gas momentum to the liquid momentum, has a large effect on the primary atomization of the

jet. That is, it gives rise to an array of breakup regimes. Lasheras and Hopfinger used this to



develop a well known plot that compares Reynolds number to Weber number, and quantifies
primary atomization regimes based on these numbers, shown in Figure 2.2. [13] This plot was
made with specific reference to coaxial injectors, but Xia et al. experimentally proved these
regimes are also accurate for impinging injectors. [29] This then extends the same breakup
regimes, based on W e, to be applicable to impinging injectors. Rayleigh breakup occurs when
We is the lowest. The dominant force here is surface tension, and the jet or sheet is unstable
due to capillary instability. As W e increases, the next regime is shear breakup. This is where
the aerodynamic shear is the dominant force and waves are created in the jet or sheet. These
waves eventually shed into droplets as the oscillations grow larger. Another increase in We
leads to membrane breakup. The sheets and droplets now begin to rupture and give rise to sec-
ondary atomization as the droplets flatten and the edges become thick, as mentioned earlier and
termed bag breakup. The terms membrane and bag breakup are commonly used interchange-
ably. Once the bag shape, or membrane, ruptures, large droplets generate off the edges and
small droplets generate from the center. This is visualized in Figure 2.1. The highest Weber
number is representative of fiber type atomization. [15] This is when the jet or sheet stretches
into long ligaments that then split into smaller droplets. Oftentimes, these droplet sizes are
lower than the critical droplet size. It is within this region that the sprays become very fine with
a wide volume distribution, making this regime ideal for liquid rocket engines. This process
is very similar to the unified spray breakup model described earlier, developed by Faeth et al.

(2, 5]



1 06 § T [l“”: T T TTTTm T T rrrmr T T TTTT T T U1 L T[Tl"‘ T T T TTTI LI l]l_l'lg
i atomization : ) 1
g 10 T
FE Ly AR ’ | ]
r 4 wind stres§ - L l .
_// h L . \ Af type . 7
10 E7 shear breakup . atomization; E
E /‘C‘UI = Uq' \ ® A \QQ E

’—"Y 7/\\  non-axisymmetric\ | ‘ ,/,:[,

= i :
10° E Y ~ 1i fibertypeand
' Oh Rayleigh ?)reakup \\ _ recirculating ]
N ‘ \ gas cavity :
axisymmetric )
10? E \‘ \ i *I | E
E ; ; membrane 3
= } ! breakup ]
e I i1 lllllli I NI 1 lll!llli 1 ltlll)li 4 L L L1l
10

10° 102 10" 10° 10 102 10° 10* 10°
We

Figure 2.2: Atomization regime plot based on liquid Reynolds number and gaseous Weber
number. Figure reproduced from Lasheras et al. [13]

Once droplets have been formed, secondary atomization takes over. There are a variety
of ways secondary atomization can occur under the unified spray breakup model developed by
Faeth et al and summarized by Ashgriz. [2, 5] This model describes four secondary atomiza-
tion regimes, all functions of the Weber number. Under a We of 12, no atomization occurs.
Between a We of 12 and 20, bag breakup occurs. Between 20 and 80, multimode breakup
is observed. From 80 to 800, shear and stripping breakup dominate. Above 800, the breakup
mode is termed catastrophic breakup. Diagrams of these breakup processes are shown in Figure
2.1. Mathematically, the secondary atomization is commonly described by the Taylor analogy
breakup (TAB) model developed by O’Rourke and Amsden. [21] This model is used for the
modeling of many forms of secondary breakup, and was derived by making a comparison be-
tween the oscillation and distortion of a droplet and a spring-mass system. This assumption
was then utilized to create an equation of motion with coefficients that describe the atomization
limits of the applied scenario. The main drawback of this model is that it only uses one oscil-

lation mode when more than one exists. Both characterization models are accurate, however



TAB is used to describe and model breakup physics over time, while the unified spray breakup
model simply links regimes to We.

From a combustion standpoint, the atomization process aims to create small droplets be-
cause large fluid droplets will travel through the combustion chamber without being vaporized.
Although this hinders combustion efficiency, it can also lead to combustion instability. This
can be due to time delayed heat release, where the droplet is vaporized later than intended,
or ’popping’ events with high local heat release, where the large droplet is vaporized quickly.
[4] Another factor that must be taken into account is the atomization distance from the injec-
tor face. When atomization occurs too close to the injector face, the flame front will sit close
enough to the face that it can degrade the injector face, leading to potentially catastrophic re-
sults. [11] In addition, if the propellant velocities are mismatched, this can lead to imbalances
in the desired mixture ratio at the location of the flame, which can create temperatures that are
higher or lower than desired. All of these factors contribute to the importance of proper injector
design.

These instabilities are functions of acoustic frequencies. The frequency of the instabil-
ity is indicative of the effect felt by the engine. Low frequency instabilities (40-100 Hz), or
chugging, are caused by coupling between the combustion chamber and the propellant feed
system. High pressure instabilities (2-20 kHz), or screeching, are caused by the combustion
chamber acoustic modes and unsteady heat release. At the intermediate frequencies (400 -
2,000 Hz), buzzing occurs. [9] This is mainly due to injector acoustics and combustion time
delays. Physically, buzzing can be caused by the erosion of the injector face or an unsteady
flame attachment. Buzzing, and the unsteady head release in screeching, can all be removed
with proper atomization and injector design. Therefore, it is ideal to have even liquid droplet
sizes and mass flows in order to decrease combustion instabilities.

Due to the wide range of injector applications, there is a multitude of injector schemes,
each with ideal applications. Impinging jet injectors, such as the injectors imaged in this study,
have at least two fluid jets that collide with each other. The atomization state resulting from
this impingement is a function of the momentum ratio, impingement angle, and pressure drop.

These injectors can create good atomization for a variety of reactants and are easy to machine



and manifold. However, on a large scale they can be subject to acoustic coupling, which can be
a source of buzzing. [11]

Coaxial injectors are characterized by two concentric circles, the core often containing
fluid, and the outer ring often containing gas. This injector scheme relies on the aerodynamic
shear between the two phases to break down the fluid. These injectors are common for two
phase flow as they are extremely compact, a quality ideal for manifolding. The geometry is
also scalable to high combustion chamber pressures. However, they are often subject to the
requirement of higher manifold pressure drops to achieve ideal atomization. [26]

Swirl injectors add energy to the injection process by swirling reactants before atomiza-
tion. This has been done with coaxial injectors and single fluid injectors that produce a rotating
sheet. The coaxial application of this process allows for more shear force, which produces a
shorter mixing time. Although this may be ideal in some scenarios, poor design can also lead
to injector face erosion. [10] Single orifice swirl injectors are common for small engines, as
they are extremely simple. However, these injectors are sensitive to backpressure and utilize
only one reactant, which requires pairing. [12]

Pintle injectors are characterized by a spike, similar to a cone, surrounded by an annulus.
One fluid will flow through the interior and come in contact with the cone, ejecting it away
from the centerline of the injector. The other fluid will flow on the outer wall of the annulus
that contains the central flow, parallel to the centerline. Both fluids will impinge on each other
after the central fluid is redirected outward. The central pintle has the ability to move up and
down, allowing throttling of the center fluid. The ability to throttle the reactants comes at the
cost of an overall larger droplet size, making them not optimal when efficiency is required. This
is ideal for engines that require a wide range of throttling, such as lunar landers. [27]

Overall, there are a variety of ways to design injectors to provide the atomization that a
combustion system requires. There are multiple injector schemes, each with their own approach
to atomization. These approaches have pros and cons that are leveraged to achieve complete
and stable combustion. Some may be more susceptible to a certain type of instability and some
may have limited applications due to droplet sizes. However, they all leverage momentum to

break down reactants. Because the resulting spray is optically dense, characterization of the
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liquid distribution is an extremely difficult task, the results of which are highly sought after to

inform manifold design.

2.2 Flow Imaging

The imaging of liquid sprays is a thoroughly researched topic. The interactions light has with
liquid droplets often make it difficult to properly image a spray. On top of this, dense sprays
with large amounts of droplets, and therefore light scattering, make it nearly impossible to
image the core of said sprays. The physical consequences of light interacting with droplets is
well defined through mathematical work, namely Mie scattering and Beer-Lambert law. The
defining equations set by the aforementioned solutions and laws are subsequently leveraged
to image sprays. For example, the equations that define Beer-Lambert law are used in x-ray
imaging to reconstruct liquid content. The complexity of this problem has given rise to a
multitude of observation methods, a select few outlined below.

One of the most important features of liquid droplets is absorbance. Absorbance is quan-
tified by Beer-Lambert law. The base math for Beer-Lambert law is outlined in Equation 2.1,
and the most common application of the law is shown in Equation 2.2. These equations con-
sist of concentration (C), path length (L), molar absorptivity ('), absorbance (A), transmittance
(T), measured intensity (I), and original intensity (lp). Imaging techniques that leverage Beer-
Lambert law to reconstruct liquid content, like x-rays, often operate by emitting light with a
known intensity (lp) and measuring the intensity (I) on the opposite side of the spray. 2.5 By
knowing the path length and the molar absorptivity of the spray, the concentration along a given
path can be calculated. Absorbance is also commonly referred to as optical density, a logarith-
mic measure of how much light a material blocks or absorbs. This definition is leveraged in the
loss assignments of the NeRF network to calculate transmittance and reinforce a value termed

, an artificial optical density. [18] This value is then used as an indicator to extract object
positions. The connection between the learning of the NeRF model and the Beer-Lambert law
is integral to this work, and will be expanded upon in more detail in Section 2.3. With multiple
applications, Beer-Lambert law has proven an integral part of spray reconstructions by linking

liquid absorbance and concentration to light intensity ratios.
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In addition to the Beer-Lambert law, another mathematical relationship pertinent to spray
imaging and reconstruction is Mie scattering. Mie scattering refers to an exact solution of
Maxwells equation for the interaction between plane electromagnetic waves and perfectly
spherical droplets. This solution creates a relationship between incoming intensity, diameter
of the particle, the wavelength of light, and the resulting intensity at any scattering angle. The
trends exhibited by this relationship are heavily dependent on the size parameter, X = =-,
where r is the radius of the droplet and is the wavelength of light. [1] If everything is held
constant and droplet size changes, multiple trends can be seen. A general trend is that as droplet
size increases, more light passes directly through the droplet. In addition, reflection on the back
side of the droplet becomes structured. This trend is also seen on the front side of the droplet,
surrounding the main core of light. These structures present themselves as peaks and troughs,
the distribution of which changes with droplet size. The spacing of these peaks and troughs are
dependent on the governing equations outlined by the solution of the Maxwell equations. These
oscillations are commonly refereed to as Mie resonances or Mie oscillations. It is thruogh the
leveraging of these governing equations that some reconstruction techniques, such as phase
Doppler interferometers, are able to calculate values such as droplet diameter.

Shadowgraphy is one of the simplest imaging techniques used for sprays. This technique
consists consists of positioning an illumination source on one side of the spray with a camera on
the other side. This produces shadow images of the spray. The liquid will image as black, and
the background will be white. This imaging technique is extremely simple but offers limited
insight into the spray. It is often used to visualize spray cone angle, penetration, and breakup
location. With a single camera, it is impossible to quantify any three dimensional qualities of

the spray using this method. One of the major challenges with this observation method is the

"freezing’ of the liquid droplets. With the speed of liquid ejecta in sprays, the lighting source
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must be pulsed rapidly enough so that no blur appears in the images. This imaging method
also suffers in the imaging of dense sprays. Areas with small droplets will scatter light in
many directions, resulting in large areas of black in the images. In order to image only the
interior flow structures, time gated ballistic photon imaging is used. When sprays are backlit,
photons that pass straight through the spray exit the quickest. Photons that are scattered many
times and in many directions due to passing through small droplets take much longer to reach
the image sensor. Therefore, reducing the imaging time in a specific manner will result in
smaller droplets not appearing in the final image due to the time it takes the scattered photons
to reach the image sensor. This results in images that consist only of large core structures in the
spray. This adjustment to shadowgraphy has allowed for greater understanding of atomization
processes close to the injector face that traditional shadowgraphy would be unable to view.
Phase Doppler interferometry, or PDI, is a measurement technique that leverages the in-
terference of two planar laser beams with the same light wavelength. This technique was first
proposed by Bachalo and Houser. [3] When these two laser beams intersect, they create inter-
ference patterns that are known based on the angle of separation between the beams. The spray
of interest then flows through this intersection area. The spacing between these two fringes is
a function of only the wavelength of light and the intersection angle, shown in Figure 2.3a. On
the opposite side of the spray, multiple detectors are placed at different known angles. When
a droplet passes through this intersection area, the interference pattern scatters and creates an
oscillating intensity. The frequency of this *Doppler burst’ is a function of the droplet velocity
and the spacing between the two fringes. Measurement of this intensity oscillation allows for
the calculation of the droplet velocity. Along with intensity oscillation, the interference fringe
will refract, focusing then expanding the known interference pattern, shown in Figure 2.3b.
The detector array will then receive this fringe spacing. The phase lag between two detectors
and the period of the signal can then be used to find the projected fringe spacing. The pro-
jected fringe spacing is inversely proportional to droplet diameter, therefore calculation of this
value allows for calculation of the droplet diameter, shown in Figure 2.3c. Using multiple laser
wavelengths, this method can also be utilized in three dimensions. [17] A schematic of this

technique is shown in Figure 2.4, reproduced from the original method paper by Bachalo and
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Houser. [3] PDIs are extremely accurate for sprays in which the droplets have spacing large
enough that they can be discerned in the detectors. The method relies on the droplets being far
enough apart that they are individually indistinguishable from each other. If they are not, then
the calculations for diameter and velocity will be inaccurate. Therefore, this method performs
poorly on dense sprays. In addition, this method has an extremely small analysis area. In order
to find droplet size and velocity of an entire spray, the anaysis area must be moved throughout
the spray. This is extremely time consuming, and does not give any indication of how the spray
may vary temporally as the results are time averaged. Despite these shortcomings, the method
is extremely accurate in its calculations. Due to this, private companies offer PDI systems that
have already been designed to be a standalone instrument. These systems are costly, therefore

their use is limited.
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Figure 2.3: Visualization of the light interference patterns, and how this phenomena is
leveraged to make droplet measurements. Figure reproduced from Meyer et al. [17]
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Figure 2.4: Schematic of the PDI measurement process, reproduced from the original paper by
Bachalo and Houser. [3]

Due to Mie scattering being a dominant phenomenon for small droplets, observation meth-
ods that are not subject to this scattering are of extreme value for the observation of liquid
sprays. Since Mie scattering occurs when droplet diameters are on the order of the wavelength
of illumination, using smaller illumination wavelengths, or x-rays, can then decrease the ob-
servable droplet diameter. By eliminating Mie scattering, the droplets only undergo absorption
and refraction. When a detector is placed on the opposite side of the spray, the measured
intensity then leverages the Beer-Lambert law to calculate the amount of liquid in the spray.
This is commonly referred to as absorption imaging. An experimental setup utilizing x-rays is
shown in Figure 2.5, reproduced from Halls et al. [8] The x-rays used for absorption imaging
are tube x-rays, similar to the ones used in medical imaging. These x-rays have a relatively
low intensity. An issue with this technique is that it is only able to find the amount of liquid
when seen from one direction. In order to calculate the true liquid distribution, the spray must
be imaged in all directions, similar to a CAT scan. Absorption data can take about 45 min-
utes for all 360 degrees, in turn making this method ’time averaged’ and unable to find exact
spray parameters instantaneously. [17] However, there are ways to use x-rays instantaneously.
This requires generating x-rays with a much higher and continuous intensity via a synchrotron
source. Rather than slamming electrons into an anode, synchrotrons accelerate electrons to
near light speed in a circle. Magnets are then used to make the electrons oscillate. It is this

oscillation that generates x-rays. After accelerating electrons for long enough, the generated
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x-rays are then allowed to exit the circle in the direction of the spray, with a detector on the
other side. Despite this imaging being instantaneous, it is still subject to some of the shortcom-
ings of absorption imaging. That is, it still generates just intensity absorption data. To account
for this, many synchrotron facilities have the ability to focus the x-rays on specific areas of the
spray. This enables a raster scanning approach to modeling the spray in three dimensions. [16]
These methods suffer the same access shortcomings as PDI. The volume must be scanned over
a long period of time to reconstruct a full spray, leading to long data acquisition times and time
averaged results. Despite this, new methods that utilize multiple x-rays and high frequency sen-
sors imaging phosphor plates have shown the ability to reconstruct sprays in extremely small

volumes over extremely small time scales. [8]
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Figure 2.5: Multiview imaging system composed of three x-ray tube sources and intensified
imaging systems, reproduced from Halls et al. [8]

2.3 Neural Radiance Fields

Neural radiance fields (NeRF) were created to generate new views of a scene with limited input
data. This led Mildenhall et al. to create a network that reconstructs the geometry and color
of a scene using only images. [18] This process begins with knowing the poses, position, and
viewing direction of every input image. After this, rays are marched through the image planes
into the real world volume, and voxelized to create a three dimensional grid of real world

coordinates. The coordinates and their viewing directions are passed into a fully connected deep
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network, shown in Figure 2.6a. This network has 8 fully connected layers and 256 channels
per layer. It will first output the optical density ( ), and then pass through a last layer that
will output the view dependent color, shown in Figure 2.6b. Here, is representative of the
differential probability that a ray terminates at this location in space. The higher the value, the
more likely a ray terminates at this voxel. Using this last layer, the network ensures that it learns
the location independent of color. Therefore, the optical density, , is learned independent of
the viewing direction. The network will create a function of  over the entire ray length, shown
in Figure 2.6¢. The color of a specific voxel is then a function of the direction from which the
voxel is being viewed. In order to create views of the scene, the color of a specific pixel is
estimated by calculating the color of a ray, C(r), through said pixel using a definite integral
that leverages transmittance, T (t) and from the near to far bounds, shown in Equation 2.3.

The transmittance integral, T (t) = exp r(s) ds ,isderived from Beer-Lambert law,

tn
shown in Equation 2.2. Therefore, the learned, or artificial, optical density has its value
reinforced by the physical Beer-Lambert law. This creates a direct link between a non-physical
learned , and a real world optical density representing absorbance at a given location. This
suggests that  has a link to the real world optical density, and could be used to quantify
physical values of sprays, such as liquid content. This integral is then used to generate images
of the scene reconstructed by the network. This is done at the exact poses of the input images,
and are then compared to the ground truth input images. A loss is calculated based on the
difference of the reconstructed image and the ground truth image, which is then passed into the
network to continue iteration until the reconstructed images are nearly identical to the ground
truth images, Figure 2.6d. This generates a continuous function for the entire volume, such that
x;v;z; ; ) =F (R;G;B; ), where F is representative of the network. The network can

be sampled at any location and output values at this point due to the continuous nature of the

network. In order to present volume reconstructions, the volume must be sampled on a grid.
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Figure 2.6: NeRF Pipeline. a) Input locations and viewing direction into the MLP. b) Output
color and optical density c) Accumulate output colors and density into image. d) Compare real
image and rendered image for loss. Figure reproduced from Mildenhall et al. [18]
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There are some aspects of training that can be optimized. The first is called positional
encoding It has been shown that deep networks are biased towards learning low frequency,
simple features. [22] Mapping inputs to higher frequencies has shown to push the network to-
wards learning more complex features. In the context of volume reconstruction, these complex
features are fine details in the volume, such as surface roughness on concrete. The original
NeRF implementation utilized a frequency based mapping. This process takes the coordinates
and viewing directions that would serve as the network inputs and uses Sin and cos functions to
create high frequency maps. These maps are applied to each input value independently. This
mapping drastically improves model quality and allows fine features to be properly captured in
the final model. However, this comes with a costly time penalty. By mapping every input value
individually, retrieving encoded values for the inputs takes longer than is ideal for a process
that needs to be iterated thousands of times. The benefit in this process is that the encoding is
strictly algebraic and is not learnable through the network. This makes it a very low memory
function, which is helpful for low memory computing systems. Therefore, frequency mapping
allows for the trainability of fine details in scenes, using low memory and a longer computation

time.

18



The second major optimizable aspect is called hierarchical volume sampling. The first
sample of the network for each iteration assumes a fixed grid of three dimensional coordinates.
Plain gridding can be detrimental to the quality of the model, as there are often large areas of
blank space without objects. Having points in empty coordinates only hurts the reconstruction,
and having as many possible sample points located in and around the objects of interest yields
better reconstructions. NeRF addresses this problem by adjusting the location of the coordinate
points after the first gridded run. The first unmodified gridded run is termed coarse coordinates.
After this run, a probability density function (PDF) is calculated. The purpose of this function
is to locate areas of the model in which solid objects are more likely to exist and to generate a
new set of coordinates based on that probability. This new coordinate set is created to be much
denser near areas with a high  value, therefore increasing the fidelity of areas with objects.
By combining the coarse coordinates with the new refined coordinates, the fine coordinates are
created. The network is then sampled at every point in the fine coordinate set, and the loss of the
iteration is calculated. The iteration then proceeds as normal, querying the network on coarse
coordinates, calculating new points based on the PDF and combining them with the coarse to
create a fine coordinate set, querying the model on that set, rendering a pose identical to an
input image, and calculating loss compared to the input image. The addition of hierarchical
volume sampling allows the network to refine its own volume as iteration progresses, allowing
for a much more accurate model.

The work outlined above is the vanilla implementation of NeRF, created by Mildenhall
et al. [18] Several improvements to the technique were made while holding most of the core
processes the same, in a method termed instant neural graphics primitives, or InstantNGP, by
Miiller et al. [20] InstantNGP makes multiple improvements to the method, namely a new
encoding method that allows significant time savings when training models. Models that would
have taken 36 hours or more to train have had their training times reduced to just a few minutes
using this technique. Miiller et al. identified that the portion of training NeRFs that took the
longest was the encoding of every parameter individually. Therefore, the most significant time
savings were made with the implementation of hash encoding instead of frequency encoding. In

addition to the hash encoding addition, the authors of InstantNGP also created custom CUDA
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(complete unified device architecture) drivers to speed up the process. CUDA drivers are what
allow program instructions to be interpreted by the GPU. This allows deep learning models
to leverage GPU hardware to accelerate training. The vanilla NeRF used traditional CUDA
drivers to connect their python code to the GPU for acceleration. InstantNGP was written in
C, allowing for direct communication through CUDA drivers to the GPU. The custom CUDA
drivers that were optimized for GPU training also increased the speed of training. All of these
changes allows for the netowrks to be tuned as well. Instead of one network training all outputs,
InstantNGP utilizes two separate networks. One for R; G; B and the other for . The network
has 3 layers with 64 neurons each. The R; G; B network has 4 layers with 64 neurons each.
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Figure 2.7: InstantNGP Hash encoding. Figure reproduced from Miiller et al. [20]

Instant NGPs hash encoding works by creating different resolution levels, or grids, in
three dimensional space. When attempting to encode a specific X;Y; z point, it will lie within
overlapping grid cells. This can be thought of as two differently sized cubes that are slightly
overlapping. The point of interest will exist somewhere in the area that both cubes occupy. The
indices of the corners of the overlapped cubes are then used to look up dimensional feature
vectors taken from the hash table. The location of the point is then interpolated from each
edge to get a more specific location within the overlapped cell. These values are combined
into a single concatenated vector that the network takes as input. The encoding parameters are
then also trained within the network using back propagation. Loss gradients are calculated and
passed all the way from the MLP to the interpolation, and then used to adjust the looked-up

feature vectors. A diagram depicting this process for a 2-D case can be seen in Figure 2.7,
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reproduced from Miiller et al. [20] The only downside of this method is that it comes with an
increased memory penalty. Storing all features in bins uses significantly more memory than
the original NeRF. This is a small penalty compared to the time savings offered by the method,
especially with modern computing systems having significantly more memory. In short, this
process creates bins in which features are stored and creates an indexing process that allows
for coordinates to be matched with their features extremely quickly. By making the process
learnable, the process can become faster and more accurate with each iteration.

Overall, NeRF was developed as a way to create novel views of a scene. This process
leveraged deep learning architecture to learn locations and colors within a volume and iterate
upon them to create an accurate scene geometry. This process was slow and left room for many
improvements. The authors of InstantNGP took a deep dive into what made NeRF work and
found the areas that would allow the greatest improvement. They discovered that the portion
of NeRF that took the most time was not the training itself, but rather the encoding. There-
fore, they developed and applied a hash encoding that stores features in memory, significantly

speeding up the process while adding the requirement for more memory.
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Chapter 3

Methodology

This study aims to investigate the application of NeRF to reconstructions of liquid sprays. This
is done for two injector schemes, pentad and triplet, at both liquid and gas center configura-
tions. These two injectors were chosen due to their their high performance in atomization in a
previous iteration of this work. [19] The stiffness ratio is kept at 1, meaning the gas and liquid
orifices have the same pressure drop. The triplet injector with a liquid center is shown in Fig-
ure 3.1b. Here, liquid is flowed through the center orifice, and gas is flowed through the outer
orifice. When injectors are flowed with a gas center, the liquid flows through all outer orifices,
and the gas flows through the center orifice. Tests were conducted at P values of 40, 100,
150, and 200 psi (275, 689, 1034, and 1379 kPa) in all configurations. A table showing all test
conditions is presented in Table 1. The two candidate injectors, pentad and triplet, are shown
in Figure 3.1a. The pentad injector is characterized by 4 outer orifices, and the triplet injector
by 2 outer orifices. Figure 3.1b displays a triplet injector in a liquid center configuration, la-
beling which orifices correspond to which phase. Although the injectors used in this study are
impinging injectors designed for rocket engines, it is expected that this reconstruction method

holds for all injector sprays.
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Pentad Triplet

Liquid Center | Gas Center | Liquid Center | Gas Center
40 40 40 40
100 100 100 100
Pressure Drop (psi)
150 150 150 150
200 200 200 200

Table 3.1: Test Matrix

(a) Candidate injector geometries. Pentad on (b) Orifice identification of a triplet injector with
left, Triplet on right. a liquid centered configuration.

Figure 3.1: Volume estimation results

3.1 Experimental Facility

A high-pressure, cold flow, 3-D imaging spray facility, (Figure 3.2a), was developed to safely
conduct cold flow testing of injector elements. The facility and methods for this study are
based on previous injector spray studies [6, 7, 19]. Water and nitrogen serve as surrogates for
oxidizer and fuel, respectively. The facility features independent, pressurized, liquid and gas
supply paths to the injector element. Both paths are driven by high-pressure nitrogen, controlled
by regulators, enabling independent pressure control of the liquid and gas supply.

The gas supply line contains a mass flow meter, solenoid valve, and pressure gauge posi-
tioned upstream the injector. The mass flow meter and pressure gauge are used to monitor the

flow rates and pressures being supplied to the injector element while the solenoid valve is used
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