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Filtered Rayleigh Scattering with an Application to
Force Component Decomposition

Sean William Powers

(ABSTRACT)

Filtered Rayleigh scattering (FRS) is a powerful optical-based technique that allows for
simultaneous, non-intrusive measurement of three-component velocity, static temperature,
and static density. It is uniquely suited to measure turbomachinery forces, which can be
divided into core and bypass forces, as well as thrust and drag, using control volume analy-
sis, specifically the extended parallel expanded streamtube method developed in this work.
However, post-processing raw FRS data into usable data and defining the control volume
can be challenging. The post-processing scheme uses non-linear fitting methods, such as
non-linear least-squares or particle swarm optimization, to minimize the fit error between a
simulated spectrum and an experimentally measured spectrum. Once the minimum error
solution is obtained, the fitted variables, including static temperature, static density, and
velocity, can be extracted while accounting for unwanted scattering sources, such as Mie and
background scattering. To validate this model, several experiments were conducted, culmi-
nating in a planar FRS measurement in the exhaust of the Honeywell TFE731-2 turbofan
engine. The core and bypass flow streams were separated using classic turbulence model
schemes, such as the maximum transverse gradient of the mean velocity. The results of
this test showed a minimal difference of only 0.2% between the FRS-measured total force
and the force balance-measured total force, with an uncertainty of approximately 2% in the
FRS total force. The core and bypass separation allowed the bypass ratio to be calculated
with an error of approximately 2%. However, the uncertainty of the core and bypass forces
was approximately 10% due to the uncertainty in the dividing location between the two
flow streams. Overall, this combined methodology provides a way to accurately measure
forces and decompose those forces into individual components in aerodynamic flows, specif-
ically turbomachinery. These results pave the way for future in-flight force measurement
capabilities.
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Filtered Rayleigh Scattering with an Application to
Force Component Decomposition

Sean William Powers

(GENERAL AUDIENCE ABSTRACT)

Filtered Rayleigh scattering (FRS) is a laser-based measurement technique that makes
use of the scattering of light off particles that are much smaller than the wavelength of
light that hits them (i.e., Rayleigh scattering of air molecules). The scattered laser light is
altered after encountering particles in predictable ways that can be related to changes in
velocity, temperature, and density. However, other sources of scattered light interfere with
the pure Rayleigh scattering signal such as Mie and background scattering. Mie scattering
is the scattering of light off particles that are much bigger than the wavelength of light that
hits them (i.e., dust particles suspended in air). Background scattering is the laser light
scattered off physical objects that reflect back into the region of interest. The different types
of scattering are accounted for with intensive modeling and iterative fitting schemes where
the error between simulated data and experimental data is minimized. This fit allows for
velocity, temperature, and density information to be extracted from the measured scattered
light. This iterative scheme is then applied to experimental measurements on the ground
with mini turbojet engines as well as full-scale turbofan engines. A data grouping technique
is derived such that the total measured force using FRS can be divided into individual
contributions from different parts of the engine. These developed techniques have laid the
foundation for future in-flight measurements of engine forces.
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Chapter 1 - Introduction
Direct measurement of in-flight forces remains an elusive, high-value, piece of informa-

tion for not only engine manufacturers but airframers as well. The challenge of installing the
instrumentation needed to take this data on a moving vehicle, in real flight conditions, has
so far proven to be insurmountable due to the time, money, and physical hardware needed
to do so. To overcome this challenge, a plethora of studies have been conducted to establish
reliable techniques that use data gathered in a ground test to correlate to in-flight conditions.
While these wide-ranging techniques have advantages and disadvantages they all result in
low-uncertainty force calculations on the ground. However, the correlation to in-flight force
is complex and long-winded. This introduces a significant increase in uncertainty compared
to the ground force result. On top of the correlated force problem, engineers have very
little to work with when considering flow visualization. Currently, engineers must largely
rely on computational fluid dynamics (CFD) for in-flight flow visualization using correlated
boundary conditions from ground tests.

The ultimate dream of any experimental aerodynamicist is an experimental technique
that can provide flow visualization and temporal/spatial resolutions comparable to CFD
solutions. Such a technique would require several key characteristics; 1) non-intrusive, 2)
three-dimensional capability, and 3) hardware to support spatial/temporal needs and design
space constraints. Three-dimensional measurement capabilities and the hardware needed for
such a technique have been demonstrated in seeded techniques like particle image velocimetry
(PIV) and Doppler global velocimetry (DGV). However, due to the seeding particles, these
are intrusive measurements. The seeding particles can be expensive, time-consuming to
manufacture or introduce, and may be highly difficult to inject into the flow.

An emerging technique called filtered Rayleigh scattering (FRS) promises non-intrusive
planar measurements of three-component velocity, static temperature, and static density.
The only key characteristic it cannot currently meet is a fully three-dimensional volume
measurement and time-resolved values. Imagine using fiber optics to route a laser line/sheet
anywhere onto a flight vehicle along with fiber imaging bundles for the cameras. This kind
of application would allow for actual in-flight measurements of time-averaged forces. It
should be noted that recent pushes for time-resolved filtered Rayleigh scattering have begun
chipping away at this constraint.

This research aims to combine theoretical control volume methods with the FRS tech-
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nique to provide a state-of-the-art measurement and flow visualization technique. This dis-
sertation will focus on expanding the fidelity of FRS data processing and gathering with an
experimental application of theoretical measurements to prove novel in-flight force measure-
ment techniques. This includes exhaust measurements in a mini turbojet engine (JetCat),
high-accuracy boundary layer measurements in the inlet of a Honeywell TFE731-2 turbofan,
and full planar exhaust measurements in the same Honeywell TFE731-2 turbofan engine.
These experiments are used to validate the combination of the FRS technique and extended
parallel expanded streamtube method (control volume method) through static ground force
measurement comparisons. This work paves the way for future in-flight force measurements
using the combined control volume and FRS technique.

1.1 Dissertation Structure and Contents

This dissertation is divided into the following chapters:

Chapter 1: Provides a general introduction to the topic, the motivation of the re-
search, and an overview of the dissertation.

Chapter 2: Provides the background for the research and an extensive literature re-
view of the topics discussed within this dissertation.

Chapter 3: Presents the processing algorithm needed for the work in this disser-
tation. Several models are compared and a detailed description is given to the modeling
process. This is the long-form version of a manuscript titled ”Numerical Benchmarking and
Experimental Validation of a Model-Based Processor for Filtered Rayleigh Scattering Flow
Measurements” that is planned to be submitted to .
This work provides the benchmarking and validation needed for this model-based method
for interpreting FRS measurement data.

Chapter 4: Presents a research manuscript under review for journal submission and
accepted into the titled ”Filtered Rayleigh
Scattering Measurement Technique Validation in Engine Applications and Boundary Layers.”
This work addresses the opportunity to replace physical rakes with optical rakes through fil-
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tered Rayleigh scattering. A combination of specially designed boundary layer total pressure
probe rake measurements, FRS measurements, and computational fluid dynamics (CFD)
results in the inlet of a Honeywell TFE731-2 turbofan are presented. These results are com-
pared and contrasted with a focus on results from the centerline of the inlet down to near
the wall where a significant portion of the boundary layer has been measured. The inlet
efficiency is calculated and compared from all three methods. This work was also nominated
for best paper.

Chapter 5: Presents a research manuscript in preparation for submission to
titled ”Control Volume Analysis for Experimental Force Accounting.” This work

shows a control volume methodology framework (extended parallel expanded streamtube
method) including uncertainty analysis that has been extended from previous work. This
work allows for a rigorous definition and decomposition of forces in aerodynamic flows.
Backing to the analysis is given through a simple analytic example. This framework can be
applied to many different measurement techniques that extend past FRS.

Chapter 6: Presents a research manuscript in preparation for submission to
titled ”Experimental Turbofan Ground Force Measurement and Accounting using

Filtered Rayleigh Scattering and Control Volume Analysis.” This work is the culmination of
all other works in this dissertation. A planar FRS exhaust measurement in the Honeywell
TFE731-2 is taken which is then used in conjunction with the extended parallel expanded
streamtube method to calculate the total force and then decompose that force into core and
bypass components. These results are compared to a force balance with high accuracy.

Chapter 7: Presents the conclusions regarding the overall research efforts and an
outline for the remaining learning needed for in-flight applications is provided. Challenges
associated with both control volume methodology and filtered Rayleigh scattering are dis-
cussed. Emphasis is put on cutting-edge FRS technology that is pushing the boundaries of
what is possible and may open up future possibilities with this work.

Formatting of each chapter’s contents and citation style may deviate due to the different
publication guidelines of the journal in which they have or will be published
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1.2 Achievements

Key outcomes of the present research include:

• Development of an auto-processing algorithm for raw FRS data that is capable of pro-
ducing planar scattering angle, static temperature, three-component velocity, static
density, Mie scattering intensity ratio, and background scattering intensity ratio val-
ues. The algorithm uses a non-linear multi-variable least-squares iterative approach to
retain high speeds and accuracy with an option to use a particle swarm optimization
algorithm to increase accuracy but at slower speeds.

• Investigation of existing Rayleigh (Rayleigh-Brillouin) scattering models (analytic, nu-
merical,a nd machine-learned) with comparison at different flow properties including
combustion gas mixtures for implementation towards engine measurements.

• FRS primary uncertainty quantification through Monte Carlo simulations with com-
parison to Cramér-Rao Lower Bound (CRLB) analysis. Derived uncertainty analysis
including random, and bias error using propagation of uncertainty.

• FRS validation experiments to compare simulated data to experimental data including
random and bias uncertainty.

• First quantitative FRS boundary layer measurement through inlet testing on the Hon-
eywell TFE731-2 high-speed inlet.

• Physical rake replacement argument made with FRS results from measurement inlet
testing on the Honeywell TFE731-2 high-speed inlet where statistical methods were
used to characterize FRS as well as drive down FRS measurement uncertainty.

• Control volume methodology for force decomposition derived and an uncertainty frame-
work built considering random, bias, and control volume error using propagation of
uncertainty.

• Planar FRS measurement in the exhaust of the Honeywell TFE731-2 turbofan re-
sulted in highly accurate force measurement with core and bypass force contribution
decomposition. First-of-its-kind measurement.
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Chapter 2 - Literature Review
The following sections will present the literature review that was completed for in-flight

force measurement techniques including control volumes and filtered Rayleigh scattering
(FRS) techniques. The literature between the two will be bridged by briefly explaining the
concept of combining the techniques and showing relevant literature on comparable work.

2.1 In-Flight Control Volume Development

The following subsections are meant to give a detailed look into current in-flight force
measurement techniques, describe the experimental and simulation work applying these tech-
niques, and then describe the gap in the current literature. A large emphasis has been given
to current industry standards and the complexity behind those techniques. The current work
aims to present a methodology that can circumvent the current complexity while retaining
the same magnitude of uncertainty. To do this, new and old theoretical methods will be
discussed which are then used and extended in this dissertation.

2.1.1 Description of Current Industry Practices and Methods

The current resource for guiding and standardizing approaches to in-flight force mea-
surements is the SAE aerospace information report 1703A (SAEAIR 1703A [1]). This article
reviews the major processes for in-flight forces and gives a detailed look into basic definitions,
analytical methods, and ground-based methods. However, this document states ”There are
no industry or government standards for determining in-flight forces or the associated uncer-
tainty at present”. Therefore, this document as well as its accompanying document (SAEAIR
1678B - Uncertainty of In-Flight Thrust Determination [2]), are only meant to serve as guides
for the selection of methodologies. These two documents serve as the main body of infor-
mation for the current in-flight force ”in-practice” or ”industry standard” methodologies.
However, many more SAE documents exist for specific applications such as SAEAIR 4605-
Propeller/Propfan In-Flight Thrust Determination [3], SAEAIR 5450 - Advanced Ducted
Propulsor In-Flight Thrust Determination [4], and SAEAIR 5771A - The Measurement of
Engine Thrust in an Altitude Test Facility [5]. The following descriptions will aim to define
current methods for turbojets and turbofans so only SAEAIR 1703A and SAEAIR 1678B
will be examined thoroughly.
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SAE AIR1703A - In-Flight Thrust Determination

Distinguishing between in-flight thrust and drag forces can be ambiguous because the
forces acting on the propulsion system can be difficult to define and nearly impossible to
measure. Therefore, a consistent station numbering system must be used. These station
numbers increase from inlet to exhaust as well as from the core to the bypass duct as seen in
Fig. 2.1 from Ref. [1]. This is consistent with SAE ARP755D - Aircraft Propulsion System
Performance Station Designation and Nomenclature [6].

Figure 2.1: Industry standard station numbering system.

SAE AIR1703A points to three major methods that could be used for determining in-
flight forces. The first is called the ”Overall Performance” method. This method requires no
special instrumentation within the engine gas flow path. Instead, the method relies on the
use of an engine model or correlation curves that predict engine performance with minimal
inputs. The model requires a large test matrix that encompasses all of the parameters that
might be varied in-flight. Generally, these matrices can be completed with ground-level test
facility (GLTF) data and altitude test facility (ATF) data that is accompanied by simulation
data. The uncertainty of this method is generally higher than others because it cannot easily
account for things such as environmental effects, inlet distortion, nozzle pressure ratio, engine
deterioration, the thermal state of the engine, and control tolerances, to name a few. These
uncertainties cause this method to be rarely utilized in practice. Instead, gas-path/nozzle
methods that utilize gas-path instrumentation to determine engine performance with the
accompanying overall performance method have become the industry standard. The overall
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performance method is used as a sanity check for more complex methods.

An example of the overall performance method as applied to a turbojet can be seen in
Fig. 2.2 from Ref. [1]. Little, but specific, information is needed to calculate the net thrust
(Eq. 2.1). N is the engine rotational speed in RPM, Tt is the total temperature, Pt is the
total pressure, Ps, is the static pressure, A is the area at that station, FG is the gross thrust
(Eq. 2.2), W is the mass flow rate, V is the velocity, �t is the ram-temperature ratio, and
�t is the ram-pressure ratio. As stated previously and obvious from Fig. 2.2, this method
relies heavily on correction factors and calibrations. This makes the final net thrust result
reliant on uncertain parameters resulting in an even more uncertain final result.

FN = FG � FR = W9V9 + (PS9 � PS0) A9 � W0V0 (2.1)

FG = W9V9 + (PS9 � PS0) A9 (2.2)

The ”Gas-Path/Nozzle” methods make use of calibrated measurements of gas-generator-
flow properties at various stations in the engine (Fig. 2.1). The basis of these methods is
the determination of nozzle gross thrust and ram drag, which is often done separately. Such
measurements require detailed knowledge and low uncertainty values for geometry, operat-
ing conditions, and secondary flows such as fuel addition, service bleed, and leakage. This
type of information is available at the cost and time for the design, installation, calibration,
and potential maintenance of special hardware needed to take these measurements. The
pay-off is that this force determination method is insensitive to core performance as well
as installation effects and lower uncertainty compared to the overall performance method is
achievable.

The two most common examples of gas-path/nozzle methods are the area-pressure
method (F/AP ) and the mass flow-temperature method (F/W

p
T ). For both of these

techniques, the engine is considered to be a ”gas generator” supplying flow at pressure and
temperature to the exhaust nozzle. Thrust is then calculated from predicted nozzle perfor-
mance. Therefore, the measurement of inlet total pressure and nozzle exit static pressure
is important. On top of this, the mass flow-temperature method requires the nozzle inlet
mass flow and total temperature to be known. The only difference between the F/AP and
F/W

p
T methods is how the ideal thrust is calculated. In practice, both methods are gen-

erally mixed in different ways depending on the engine application. The gas-path/nozzle
method as applied to a turbojet can be seen in Fig. 2.3 from Ref. [1].

S. Powers 2023 8 Chapter 2



Figure 2.2: Overall performance method for a single-spool fixed-nozzle turbojet.

Figure 2.3 shows a methodology combining the F/AP and F/W
p

T methods. Many
of the same definitions are used in the overall performance method. However, note that
the engine RPM is based on the low-pressure engine spool, and stations 8 and 16 must
also be measured. This can be compared directly to Fig. 2.2. It is seen that the gas-
path/nozzle method does away with all of the correlations/calibrations making it attractive
to the industry as it is easier to bookkeep.
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Figure 2.3: Gas-Path/Nozzle method for a single-spool fixed-nozzle turbojet.

Figure 2.4 from Ref. [1] serves to show that as the application increases in complexity
(turbojet vs. turbofan), so too does the method for calculating forces. The complexity of
this method has increased interest in a newly proposed method based on compound flow
analysis (CFA). As before, this method requires detailed information about the geometry
and operating conditions. These can be found in two ways. The first is through extensive
rig test data. The second is through computational fluid dynamics (CFD). Once the data
is processed, a control volume is drawn around the exhaust. The control volume is drawn
assuming three distinct flow streams exist. These are the unmixed bypass flow, the mixed
flow, and the unmixed core flow. These regions are placed with the assumption that no
mixing occurs between the duct exit and the nozzle exit. Several constant static pressure
assumptions at the exit plane are also needed. An example control volume can be seen in
Fig. 2.5 from Ref. [1]. In practice, these control volume bounds will not be easy to define.
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This definition leads to an approximate answer with errors varying depending on how these
bounds are drawn. More to come on this later.

Figure 2.4: Gas-Path/Nozzle method for a turbofan.

Figure 2.5: Control volume used to solve the compound flow analysis method.

Iterative numerical schemes are used to solve for flows that satisfy pressures and tem-
peratures at the nozzle inlet and the static pressure at the mixing plane as well as retain
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continuity. This scheme can be seen in Fig. 2.6 from Ref. [1]. Calculating the parameters
needed in steps 1 through 4 are non-trivial and are laid out in great detail in SAEAIR 1703A.
These details have been omitted here.

All three of these methods (overall performance, gas-path/nozzle, and CFA) have varied
levels of fidelity and work required to get the data needed. As the operating conditions,
geometry, and engine type increase in complexity, the force determination also increases in
complexity. At a certain point, physical probe limitations are met. This could be the sheer
number of probes needed, challenging operating conditions (Ex. combustor), or simply the
time and money needed to manufacture and install such a measurement scheme. The next
section will examine some examples of how the industry has done this in the past.

Figure 2.6: CFA process flow map.

In-Flight Force Probe Measurement

Getting the parameters in flight to solve any of the previously mentioned methods is a
non-trivial task. Especially in the exhaust. While relatively mundane to do on the ground,
even the simplest of measurements must be thoroughly thought out when transitioning to
in-flight. Up until recently, a nozzle exit traverse method was the preferred method to
calculate such parameters [1]. A probe rake attached to a traverse would measure the gas
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properties at the nozzle exit and integrate over the area to obtain velocity, pressure force,
and mass flow. To do this, the rake must measure the total and static pressure, as well as the
total temperature. However, this method suffers from two major problems. The first is the
ability of the probes to withstand such a harsh environment for prolonged periods of time.
The trade-off between survivability and data acquisition time must be considered carefully.
Secondly, the physical size of the probes will limit the spatial resolution of the measurement.
The required spatial resolution will have to be carefully considered when making the trade-
offs between physical size which affects both spatial resolution and temporal resolution.

The location and number of individual measurements required are highly reliant on the
specific application. A simple turbojet with mostly uniform exhaust gas properties would
need fewer measurements/measurement locations than a large turbofan, for example. To
properly evaluate how many probes are needed, ground tests are required. The rake size
and pivot locations have to be designed in a way that allows the rake to gather data over
the entire exhaust plane. Examples of such hardware can be seen in Fig. 2.7 from Refs. [1]
and [7]. Today, the use of this method has fallen out of favor in the industry for its limited
application due to engine complexity and probe design complexity.

Figure 2.7: Left: Example traversing rake arrangement. Right: Traversing rake used on a
North American Vigilante with J-79 engines.

Although not gone into detail here, a force balance can be installed inside the airframe
mounts (trunnions) to directly measure the force of the engine and nozzle assembly. This
method has traditionally had limited success. This is due to the high degree of difficulty of
applying the instrumentation to mounts, recording the loads, and determining the in-flight
tare forces between the airframe and engine. However, Ref. [8] by Conners et al. shows that
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this can be done accurately, albeit with careful consideration.

Summary

Many methods exist to realistically measure in-flight forces. All of the methods pre-
sented so far have been proven and used extensively. However, none remain easy to execute
and no consensus has been made on which one to use. Almost all require some sort of
ground testing before flight testing. This ranges from creating models based on ground data
to simple testing of hardware on the ground. The key takeaway here is that ground testing
and flight testing are very different. In terms of flight testing, the methodology must be
proven and agreed upon before ever seeing any of the data. These problems will be touched
upon again at the end of this section.

Uncertainty of in-flight forces can be determined through the combination of statistical
and engineering concepts which must be applied to each step in the calculation process. A
detailed breakdown of how this directly applies to in-flight forces can be found in SAEAIR
1678B [2]. The steps described in this document follow standard error build-up practices for
generalized probe measurements. The only difference is that the document provides uncer-
tainty values/equations for specific models used in in-flight force methods. This procedure
has been optimized to save time and money. The details of this optimization can be found
in SAEAIR 5925 - Measurement Uncertainty Applied to Cost-Effective Testing [9].

2.1.2 Theoretical Methods

While the SAEAIR documents are extremely important, they lack detail for methods
that are widely used in experimentation and research. This section will look at methods
that are available at a wind tunnel scale and then build up to how some of these can be
used on a full-scale, in-flight thrust measurement which is different than as described by the
SAE AIR documents. All known methods will be touched upon with a specific emphasis on
the most up-to-date methods near the end. A graphical interpretation of the control volume
development timeline is shown in Fig. 2.8.

In general practice, wind-tunnel balance measurements are used to determine perfor-
mance values such as lift and drag without the presence of a propulsion device [10]. In the
presence of a propulsor, the balance measurement will only provide the net force in the axial
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direction, therefore, no breakdown of thrust and drag can be made. Even without a propul-
sor, the resulting drag data cannot be broken down into components such as parasite drag
and induced drag. To address this, many methods have been published that analyze the flow
of an aerodynamic body using a control volume (CV), which is used to relate the body forces
to the wake and flow far-field [11]. These methods focus primarily on determining the drag
breakdown from wake measurements and offer little to no analysis for determining thrust.
However, they are still worth reviewing as a few minor tweaks allow these to be thrust and
drag measurement methods.

Figure 2.8: Control volume development timeline.

The far-field approach outlined in Méheut et al. [10] is the simplest control volume
approach and is directly comparable to the balance measurements that can be determined
inside a wind tunnel. This approach is based on the integration of the momentum equa-
tion inside of a closed volume, however, only the total drag (no breakdown of individual
components) can be found. It is used as the basis for all methods to follow and laid the
groundwork for more complex analysis. Simplifications to the far-field approach were un-
dertaken by Betz et al. [12], Jones et al. [13], and Oswatitsch et al. [14], which allow for
simple drag calculations in non-lifting flows and adiabatic flows without vorticity. Maskell
et al. [15] took these ideas a step further and introduced the general incompressible method
capable of separating parasite and induced drag into distinct components using a Trefftz
plane. To deal with the three-dimensional compressible flow, the Van der Vooren formula-
tion [16, 17] is needed, which builds on the work by Maskell. This formulation uses only a
wake survey and the assumption that the flow is both isentropic and adiabatic from the wake
survey plane location to the Trefftz plane. However, the Van der Vooren method can only be
used when the entire flow field stagnation pressure remains higher than the upstream static
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pressure. If this is not the case, the drag of this area cannot be computed. The Kusunose
[18] and Van Dam [19] methods can be used to get around this. They are based on the
small-perturbation assumption. But these methods are arguable since in some cases, the
perturbations of velocity are not small, particularly in scenarios such as high-lift, or if the
propulsor is included in the analysis.

Méheut et al. [10] compared all the previously mentioned control volume methods
to their new methods called the ONERA formulations [20, 21]. These formulations are
very similar to the Kusunose and Van Dam methods. Upon comparison with numerical
simulations, the various force methods led to different results. As expected, the various
assumptions allow them to work well in some cases but not in others. Overall, the Van
der Vooren method worked best across several different flow cases. These methods have an
inherent flaw, the more successfully they compare to numerical analysis, the more complex
they get. The separation of drag components into parasite and induced drag, as well as the
contributions from each physical body, get harder to interpret as complexity rises. Drela [11,
22] aims to simplify the analysis by introducing two new methods termed the ”Power Balance
Method” and the ”Jones/Young Method”. The power balance method is derived using a
control volume approach based on mechanical power and kinetic energy flow with little to
no assumptions needed. The Jones/Young method is derived from Jones’ [13] incompressible
method and Young’s [23] compressible method. Both of these methods will be detailed in the
following subsections as they are the most up-to-date and most applicable to applications
that this Ph.D. dissertation will focus on.

Power Balance Method

In this method, Drela [11] aims to simplify the analysis by deriving a control volume
approach based on mechanical power and kinetic energy flow. This kind of approach accounts
for interference effects that are not captured by the previous methods. The energy control
volume approach relies on little to no assumptions and is, therefore, more rigorous, and
allows for a much more detailed energy breakdown. The control volume is subdivided into
two different sub-volumes. The outer volume referred to as So, has flat surfaces upstream
and downstream. The side outer volume is a cylindrical surface. This makes the forward
and aft surfaces circular. This cylindrical surface is referred to as SSC

o . The aft surface is
a Trefftz plane and is referred to as ST P

o . Note that the front circular surface is not given
a special identifier as the future breakdown of this method will show that no information is
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needed from this plane, only the freestream flow values. Finally, the inner volume is referred
to as SB and lies on the body’s surface. The three-dimensional control volume can be seen
in Fig. 2.9 as a 2D planar slice.

The defined control volume must follow several rules for the analysis to work and
remain simplified. The outer boundary must be oriented such that 1) the Trefftz plane is
perpendicular to the freestream velocity, and 2) the outer cylindrical boundary is parallel to
the freestream velocity. Using Fig. 2.9 as a reference, this means the Trefftz plane must sit
in the YZ-plane and the entire cylindrical boundary must remain parallel to the X-axis. Two
more rules are used to keep the analysis simple 1) all the vortical fluids must leave out of the
Trefftz plane and 2) the rear boundary is big enough to capture all energy except supersonic
oblique waves, which will leave through the side cylindrical boundary. This means the Trefftz
plane will need to be quite large and will vary from system to system. In summary, these
limits are imposed so that a large Trefftz plane can be used to capture all flow effects besides
potential shock waves.

Figure 2.9: Cutaway view of three-dimensional energy method control volume.

Drela’s method, like the previous control volume methods, starts with the time-averaged
momentum equation in its divergence form (Eq. 2.3). The left side of this equation is the
divergence of momentum, the right side of the equation has the negative gradient of static
pressure plus the divergence of the viscous stress tensor. Dotting this equation with velocity
leads to the mechanical (kinetic) energy in divergence form (Eq. 2.4).

(momentum) r � (�VV) = �rp + r � � (2.3)

(mechanical energy) r �
�

�V1

2
V 2

�
= �rp � V +

�
r � �

�
� V (2.4)
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Equation 2.4 can be expanded using standard vector identities and integrated over the
entire control volume after applying the divergence theorem (Gauss’ theorem) which results
in the integral mechanical power balance equation (Eq. 2.5).

PS + PV + PK = _� + � (2.5)

Where PS is the shaft power, PV is the volumetric power, PK is the kinetic energy inflow
rate, _� is the mechanical energy outflow rate, and � is the viscous dissipation rate. The power
terms on the left side of Eq. 2.5 represent the total mechanical power supply/inflow. The
two terms on the right represent the power consumption/outflow. The major goal of this
energy method is to determine the total power required for flight, which is done through the
prediction of the right-hand side terms. The integral equations for the left-hand side power
terms will not be explored here but can be found in the article by Drela [11]. The expansion
of the mechanical energy outflow rate can be seen in Fig. 2.10. The expansion of the viscous
dissipation rate can be seen in Fig. 2.11.

Looking at Fig. 2.11, given the required streamwise gradient information, the dis-
sipation term is not easily calculated outside of a computational domain. Drela provides
some simplifications that can be used in specific cases to aid in the dissipation calculation
(dissipation sources described by Denton et al. [24, 25]). However, in an actual physical
application, this will lead the final answer to have some error. Especially if it cannot be
measured at all. Besides this, Figs. 2.10 and 2.11 describe the energy method well.

A major difference between the energy method and all force methods discussed in this
review is that the force methods are all drag-breakdown methods and do not attempt to
account for thrust. In other words, all models in these methods have no thrust-producing
propulsion elements. They do, however, take the pylon and engine nacelles supporting
these propulsion elements into account. This is true both in numerical analysis and in any
supporting experiments. On the other hand, Drela’s energy method accounts for propulsion
elements including thrust-producing elements. If the control volume was drawn just around
a wing-mounted engine and not the entire airplane, the energy method would result in the
net energy coming from both the thrust and drag of those components. This energy can
be related to the net force via the freestream velocity. However, as stated previously, the
individual thrust and drag components cannot be obtained. Whereas the force methods can
provide a complete drag-breakdown, albeit without a propulsor. It is possible to draw the
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control volume in such a way with the energy method to determine the individual drag and
thrust components. However, the control volume bounds would be somewhat ambiguous
leading to inaccuracies. This is a common theme and will be discussed in detail later.

Figure 2.10: Mechanical energy outflow rate expansion.

Figure 2.11: Viscous dissipation rate expansion.

Jones/Young Method or Parallel Expanded Streamtube Method

A simpler approach compared to the energy method described above is an approximate
force method. Drela [22] refers to this method as either the ”Jones/Young Method” or the
”Parallel Expanded Streamtube Method”. This approach is used to estimate the thrust of
the propulsor and the profile drag of the airframe. It does this by estimating the streamwise
momentum in the Trefftz plane. All transverse forces are not considered (no induced drag).
Importantly, the measurement plane does not have to be the Trefftz plane. It can be any
convenient transverse planar surface. These surfaces can be seen in Fig. 2.12 from Ref. [22].

The profile drag can be written as seen in Eq. 2.6. Again, this integration is performed
at any transverse planar surface SN downstream of the aircraft as shown in blue in Fig. 2.12.

DpJY
=

ZZ
(V1 � �V )�V � n̂dSN (2.6)

(�V � n̂)T P dST P = (�V � n̂)NdSN (2.7)
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The reason Eq. 2.6 can be taken anywhere and is equivalent to taking it over the Trefftz
plane (TP subscript) is via the mass conservation relation for any trailing streamtube (seen
in Eq. 2.7). The symbol �V represents the ”expanded” speed that a streamtube has after it
flows from one state (local: V; p; pt; ht) to a far state (Trefftz plane: �V ; �p; �pt; �ht). �V can be
represented by rewriting the stagnation pressure for either incompressible or compressible
flow (Eqs. 2.8 and 2.9). The use of Eqs. 2.8 and 2.9 means that the streamtube from SN

to ST P is assumed to be isentropic such that �pt = pt and �ht = ht, and also that ST P is at
freestream pressure.

(Incompressible) �V (pt) =

r
2

pt � p1

�
(2.8)

(Compressible) �V (pt; ht) =

vuut2ht

"
1 �

�
p1

pt

� 
−1



#
(2.9)

Figure 2.12: Parallel-streamtube force estimation method, with thrust definition streamtubes
(red), and profile drag definition streamtubes (blue).

Equation 2.6 can be transformed from a drag equation to a thrust equation by noting
that when applied to a propulsor, the thrust will produce a negative profile drag and the
net mass outflow (fuel flow) must be included. The result is Eq. 2.10. The approximate
application of this equation can be seen in red in Fig. 2.12. Equations 2.6 and 2.10 can be
compared to the exact force equation which must be integrated at the Trefftz plane (Eq.
2.11). These equations are very similar.

TJY =

ZZ
( �V � V1)�V � n̂dSOut + _mfuelV1 (2.10)

Fx =

ZZ
[�u(V1 � u) + p1 � p] dST P � _mOV1 (2.11)
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As stated when discussing the energy method, drawing the control volume is somewhat
ambiguous. For example, Fig. 2.12 does not show streamtubes over the nacelle surface.
These streamtubes could be included in the thrust calculation resulting in a net thrust or
they can be included in the drag build-up which would result in gross thrust. This example
highlights the trouble in deciding which streamtubes get included in the numbers being
reported (thrust versus drag).

Summary

A timeline of the development of the control volume methodology spanning 100 years
was given and briefly explained. Two methods were focused on, the power balance method
as well as the Jones/Young method for their versatility and modernity. The power balance
method relies on equations in the form of energy and can be used anywhere downstream
of the model, albeit with several assumptions and the inability to calculate the dissipation
terms in an actual experiment. The Jones/Young method is a far-field method that uses
near-field data and an ”expanded” streamtube velocity correction term to correlate the near-
field results to the far-field Trefftz plane.

Many more control methods exist for specific applications. A few of note are described
by Spalart et al. [26] for incompressible highly vortical flows, add-ons to the energy method
by Sato et al. [27], Sanders et al. [28], and Arnts et al. [29], and finally, hybrid near-
field/far-field methods by Zucrow et al. [30], Hill et al. [31], and Kerrebrock et al. [32].

2.1.3 Comparison of Industry Methods and Theoretical Methods

The main difference between current industry-standard practices and theoretical meth-
ods is that the industry relies on ”on-engine” measurements and theoretical models largely
rely on ”off-engine” measurements. ”On-engine” measurements refer to point/plane mea-
surements taken on or in the engine and various stations like what is shown in Figs. 2.2, 2.3,
and 2.4. ”Off-engine” measurements refer to point/plane measurements taken downstream
of the engine in the near or far-field. ”On-engine” measurements are generally tried and true
and can currently be done in-flight at a substantial cost. ”Off-engine” measurements are
generally reserved for wind tunnel or ground test experimentation and can be achieved at a
much lower cost.
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An ideal validation experiment with little interaction would make use of both the
”on-engine” and ”off-engine” methodologies. For example, combining the gas-path/nozzle
method and Jones/Young method would lead to two independent force results at the same
time. The data needed for both is completely different and of different complexity lev-
els. This Ph.D. dissertation will have a large focus on technique development allowing the
Jones/Young method to extend past theory and CFD simulations into a real, in-flight force
diagnostic technique.

2.1.4 Simulation and Experimental In-Flight Force Examples

This section will give brief descriptions of the literature involving simulated and ex-
perimental applications of the techniques discussed thus far. The simulation examples will
come first which will be followed by the experimental examples.

Simulations

Shirazi et al. [33] investigated a simple axisymmetric configuration that models a
simplified submarine shape (DARPA SUBOFF model) using the wake integration method
(method described by Drela [22]). This kind of method is widely deployed in many wind
tunnels. Shirazi completed many simulations at varying angles of attack using the more
common surface integration technique and compared that to the wake integration method
in a simulated domain. A schematic of the model, control volume and equations used can
be seen in Fig. 2.13 from Ref [33].

Figure 2.13: Drawn control volume, drag equations, and SUBOFF configuration.

As discussed previously in the energy control volume method [11], the dissipation terms
are hard to measure. Instead, Shirzai uses an isotropic turbulence disturbance assumption to
neglect the 2�(@u/@x) term seen in Fig. 2.13 since it is very small relative to the Reynolds
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stress component. While this is a simplifying method for CFD simulations, it is still a
challenge to measure the turbulence kinetic energy (k) experimentally. However, the results
are still highly applicable and informative. The results can be seen in Fig. 2.14 from Ref.
[33]. The left side of this figure shows the comparison of the surface integral to the wake
integral method for different aspect ratios of the length-to-diameter. The results line up
very well validating that the wake integral method is viable. The right side of the figure
is highly informative about what is important to measure downstream of the model. In
this case, turbulence has very little effect on the total drag far downstream of the model.
Near the model, pressure and momentum dominate while pressure falls off relatively quickly.
Therefore, far downstream, momentum is the dominant contributor to drag. This finding
is incredibly important for situations where turbulence may not be able to be measured
or pressure measurements may not be as accurate. These results can inform experimental
applications.

Figure 2.14: Left: Comparison of the surface integral and the wake integral results. Right:
Contribution of pressure and momentum fluctuation terms.

It should be noted that the next step up from Shirzai in fidelity, is the work by Ueno
et al. [34]. No figures/results will be shown here to save space but Ueno investigated the
far-field drag analysis of NASA’s common research model [35] in the simulated domain. No
engine was modeled in these simulations but key insight was gained into how one might
perform CFD on such a model and the associated techniques needed to get the drag. In
particular, Ueno used Maskell’s techniques [15] to derive induced drag from the far-field
data.

Again taking a step up in fidelity, Blaesser [36] looked at the interference drag due to
the engine nacelle location on transonic aircraft. This includes full CFD modeling of the
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plane as well as the nacelle/engine. However, the pylon connecting the engine to the plane
was not modeled. Blaesser did not use far-field techniques to determine drag. Instead, the
interest was local, and drag counts (0.0001 of a drag coefficient) were used to report the
results. However, the modeling methodology and mesh constraints/boundary conditions are
noteworthy to inform future CFD ventures. Some examples of the meshing techniques used
can be seen in Fig. 2.15 from Ref. [36].

Figure 2.15: Left: Example engine boundary conditions w/o modeling engine internals.
Right: Engine/wing combination meshing.

Similar to Blaesser, Destarac et al. [37] investigated drag on transonic aircraft. How-
ever, Destarac looked at more drag components than just interference drag including the
wing-body-pylon-nacelle model. A brief venture into drawing a control volume for drag/thrust
bookkeeping was introduced but the thrust was later dropped in favor of separate, more de-
tailed, control volumes for viscous and wave drag. These concepts as well as some preliminary
results can be seen in Fig. 2.16 from [37].

Figure 2.16: Left: Jet-propelled aircraft; control volumes/boundaries. Middle: Integration
volumes VV and VW for viscous drag and wave drag. Right: Drag bar chart.

Looking at Fig. 2.16, the left side shows a potential control volume for the wing-pylon-
nacelle configuration. To separate thrust and drag, Destarac et al. [37] have separated the
volume into two sub-volumes. The first is labeled VV which encompasses all of the drag-
producing components outside of the engine. The second is labeled VJ which is for the jet
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inlet and exhaust only. Drawing a control volume like this is still ambiguous due to the
uncertainty in shear layer bounds, as previously touched upon.

Destarac et al. [37] fall short of actually modeling thrust. Instead, a through-flow
nacelle is opted for so that only drag needs to be accounted for. This simplification allows
for easier separation of the control volume for viscous and wave drag calculations. Since the
model is 3D, the control volume becomes complicated as seen in the middle of Fig. 2.16. The
control volume was iteratively solved and changed using automatic mesh refinement and is
based on flow velocity values compared to the known freestream velocity.

Destarac et al. [37] end by comparing near-field and far-field simulated results to
experimental drag results. This can be seen on the right side of Fig. 2.16. The far-field
method works better than the near-field method. This validates Drela’s assumptions [11, 22].

Finally, the highest-fidelity simulations were done by Goulos et al. [38]. Goulos et al.
simulated both thrust and drag on an entire model. However, only surface integration and a
near-field approach were applied. Goulos et al.’s work is still applicable given the high detail
of mesh and domain generation that were used and proven to be accurate. These insights
must be used in any future simulation computations.

Experiments

Building off the theoretical ONERA wake drag methods [10], Meheut [39] experimen-
tally tested a KH3Y half-model in the Airbus Deutschland low-speed wind tunnel of Bremen
at a Mach number of 0.174 with and without the nacelle. A variety of wake force method-
ologies were applied and tested. The results of this test can be seen in Fig. 2.17 from Ref.
[39].

Figure 2.17: Left: Half-model KH3Y. Right: Methodology comparisons.

S. Powers 2023 25 Chapter 2



The KH3Y half-model is in a high-lift configuration meaning that the induced drag
will not be negligible. This is clear when examining the table on the right side of Fig.
2.17 where dc stands for drag counts (0.0001 of a drag coefficient). The only methods
capable of measuring induced drag by themselves are ONERA 1-3 and Kusunose. All four
of these methods align well with the balance measurements taken. Meheut also shows that
the addition of the nacelle complicates the flow with changes in the wake vortex structure.
These changes need to be accounted for by expanding the control surface at the wake plane.
These findings are consistent with Drela [22].

Other examples of experimentation, especially those involving in-flight software can
be found in the report by Mei et al. [40]. This report details the information provided by
the Aerial Instrumentation Workshop that is put on by the U.S. Department of Energy.
Although much of the information is not applicable here, several examples of wing and
fuselage-mounted instrumentation packages are pictures and detailed. This type of infor-
mation will be needed when designing where and how to mount the hardware needed for a
near/far-field measurement of an in-flight vehicle.

The in-flight force measurements just discussed all require field measurements of flow
properties at low uncertainties for evaluation. Laser and imaging technologies offer an op-
portunity for making such measurements for aircraft using non-intrusive techniques. In the
case of my work, filtered Rayleigh scattering is targeted due to the breadth of information
available from this measurement such as static density, pressure, and temperature as well as
three-component velocity.

2.2 Filtered Rayleigh Scattering

The following subsections are intended to give a detailed description of what filtered
Rayleigh scattering is, how it is processed, what the current applications are, and what some
of the hardest challenges look like. This is done through extensive discussion and presentation
of current and past works by the broader community that has continually improved and
expanded the technique. Many of the details discussed have been covered by Cutler and
Lowe in the AIAA book titled ”

”, specifically in Chapter 3 titled ”
” [41].
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2.2.1 Fundamental Description

To understand filtered Rayleigh scattering (FRS), the fundamental phenomenon of
Rayleigh scattering must be understood. In the nineteenth century Lord Rayleigh described
what is now known as Rayleigh scattering, as a general wave scattering phenomenon that
results from the interaction of light and matter on a scale much smaller than the wavelength
of the incident light [42, 43, 44, 45, 46, 47]. The background and impact of Rayleigh’s
work have been outlined in detail by Twersky [48] and Young [49]. This impact continues
today through the experimental aerodynamics community as the characteristics of Rayleigh
scattering directly relate to the aero/thermodynamic properties of air. These properties have
been extensively outlined by Miles et al. [50]. The general characteristics of laser Rayleigh
scattering (LRS) have been outlined by Boyda et al. [51] and in Fig. 2.18 as follows:

1. Rayleigh scattering occurs down to molecular levels.

2. The Rayleigh scattering resulting from the interaction between light and matter is
elastic; meaning there is no energy transfer between them.

3. The probability of photons scattering from a gas molecule (scattering intensity) in-
creases with the amount of matter in the volume and the scattering cross-section of
the gas. (Static Density)

4. Light scattered off matter in motion is Doppler shifted in frequency proportional to
its bulk velocity. (Velocity)

5. In a stagnant gas, individual molecules are always in motion, (kinetic theory of gases)
imparting a Doppler shift proportional to the speed of the individual molecules. (Static
Temperature)

Items 1 & 2 are what allow for truly non-intrusive measurement of the scattering from
the gas molecules. Item 3 defines that Rayleigh scattering is linearly dependent on the
number density of molecules and therefore, can be used to find the static density of the flow.
Items 4 and 5 allow for the measurement of velocity and static temperature, respectively.
Finally, static pressure can then be derived using the state equation. Figure 2.18 gives a
visual representation of these points. The lineshapes in this figure were generated using the
Tenti S6 model [52, 53] which will be reviewed in more detail later.
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Figure 2.18: Upper left: No flow reference signal. Upper right: Higher temperature. Bottom
left: Higher density. Bottom right: Higher velocity.

Figure 2.19: Rayleigh scattering after a molecular filter is used to attenuate the laser light.

Doll et al. [54] describe an important aspect of experimental Rayleigh scattering in
that the flow environment will not be perfect. As Rayleigh scattering is an optical-based
measurement, background scattering and/or Mie scattering [55] will affect the measurement.
An example of background scattering would be when stray laser light bounces off of surfaces
and then the resulting signal is superimposed onto the Rayleigh scattering signal. The same
is true for Mie scattering which could occur with any sort of particles in the air. Therefore, a
molecular filter can be used with known absorption levels to attenuate the scattering signals
and leave behind just the Rayleigh scattering signal. This is known as filtered Rayleigh
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scattering (FRS) and can be seen in Fig. 2.19 from Ref. [54].

Boyda et al. [56] describe that the actual signal received by the measurement device
(camera) is the convolution of the transmission spectrum of the molecular filter and the
Rayleigh, Mie, and background (geometric) spectrum. This can be seen in eq. 2.12.

SSignal(�) = SMie+Geo+Rayliegh 
 �iodine =

Z 1

�1
SMie+Geo+Rayleigh(�)�iodine(� � �)d� (2.12)

SMie+Geo+Rayliegh is the combined Mie, geometric, and Rayleigh spectrum that is cen-
tered on the incident laser frequency and �iodine is the transmission spectrum of the iodine
vapor cell (used as the molecular filter). The iodine vapor cell works very well with 532nm
(green) laser light [57] and is also shown in the molecular filter spectrum shown in Fig. 2.19.
The specific iodine transmission spectrum model used at Virginia Tech with the 532nm green
laser is the same as that developed by Forkey and colleagues [58, 59, 60]. However, alterna-
tive combinations of laser light and molecular filters do exist such as Mercury at 253.77nm
[61], Cesium at 389, 852, and 894nm [62, 63], and Barium at 355nmm [64]. A generalized
illustration of eq. 2.12 can be seen in Fig. 2.20 from Ref. [65] and represents the convolution
of the Rayleigh scattering signal and a molecular absorption spectrum that could represent
any of the aforementioned laser wavelength and gas pairs.

Figure 2.20: FRS signal created from molecular Rayleigh scattering and background scat-
tering (from walls and/or windows). Left: Background and molecular Rayleigh scattering
spectra. Middle: Transmission profile of the atomic/molecular filter. Right: Convolution of
the scattered light spectrum and transmission profile resulting in the FRS signal.

In terms of velocity, the Doppler shift will be sensed in a direction that is likely not
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orthogonal. This can be seen on the left side of Fig. 2.21 from Ref. [66]. The actual
sensed velocity direction is defined by the difference between the camera vector and the
laser propagation vector. Therefore, the matrix transformation from orthogonal velocities
to sensed velocities can be seen on the right side of Fig. 2.21 from Ref. [67]. This matrix
simply needs to be rearranged to go the other way. These components are known through
camera calibration/registration. However, it is important to note that any error in the sensed
velocities will carry into the transformation matrix. This will cause the resulting orthogonal
velocities to always have more error. To mitigate this, the error in the sensed velocities must
be minimized. This can be done by maximizing the sensitivity which means making the
vector difference large to get as much Rayleigh scattering signal as possible. In practice, this
cannot be optimized due to experimental constraints. It should also be noted that another
major contributor is any error in computing the vectors themselves. This error will also
propagate through. This has all been outlined in detail by Cadel et al. [66].

Figure 2.21: Left: FRS geometry and measured velocity components for a single camera/laser
pair. Right: Transformation matrix of the velocity into a global, orthogonal system denoted
U, V, and W in modified form for three cameras.

On the surface, FRS is not that complicated. However, details have been omitted here
for explanation simplicity. A deep dive into the equations and theory is shown by Cutler et
al. [41] and Boguszko et al. [65].

2.2.2 Data Processing Techniques

Current processing efforts by the author rely on fitting simulated spectrums to exper-
imental spectrums by way of various iterative processes. This subsection aims to present a
high-level overview of what the author and others currently do to post-process the raw FRS
data. This includes FRS spectrum modeling, camera placement, and calibration, as well as
final image processing techniques.
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Step 1 is to take the raw images. Each image represents a specific laser frequency. As
the frequency passes through the absorption region of the iodine cell, the intensity decreases.
This is seen in the raw images provided. Step 2 is to use the camera calibration and known
world coordinates and apply those coordinates to the raw images. Step 3 then uses these
coordinates to warp the images such that they can be seen as if the viewer was head-on
(perpendicular). These warped images are then cropped to the region of interest. These
steps have been labeled as the global process since the image is being altered on a global
basis instead of pixel by pixel (locally). Step 4 begins the local process. If a single pixel
is considered, an experimental FRS spectrum can be generated by plotting the intensity of
each image for that pixel against the known laser frequency or wavenumber. This step must
be repeated for all pixels. A simulated spectrum is generated for each pixel. The simulated
spectrum is iteratively matched to the experimental spectrum via a coded FRS model. A
tolerance is set for the matching. Once matched, the next pixel undergoes the same process.
Finally, in step 6, the individual pixels are recombined to show the measured planar values.
Visual details will be shown later.

FRS Spectrum Modeling

As stated previously, the best current method to determine all of the parameters made
available by an FRS measurement is to use an iterative method to fit a simulated spectrum
to an experimental one [51, 68]. The first step is to find an accurate model for which the
Rayleigh line shape can be modeled. The current best model is the Tenti S6 model [52, 69].
This model is a slight correction to the original Hanson-Morse model [70, 71] where the
correction is done to an approximation that had been made. The model is a set of six linear
equations that must be solved making it simpler than previous models.

The numerical Tenti S6 model has been looked at specifically for FRS purposes by
Mcmanus et al. [69]. Specifically, Mcmanus investigated the Tenti S6 model for combustion-
relevant gases using an experimental setup. This was done by comparing measured FRS
signals to simulated FRS signals that were generated by combining the Tenti S6 model and
an experimentally verified iodine absorption model. It was experimentally shown that over a
temperature range of 300K to 2400K, with representative exhaust gases from a combustion
cycle, the Tenti S6 model was sufficiently accurate (less than 4% average difference). It was
also shown that the combined FRS signal from a gas mixture can be treated as the mole
fraction-weighted average of the FRS signals from each component. This statement will be
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important later in this document when talking about experiments performed.

A newer, simpler, Rayleigh line shape model was introduced by Witschas et al. [72].
This model is an easily processable, analytical alternative to the highly complex Tenti S6
model. The author does acknowledge that the Tenti S6 model is still the best. However,
in limited applications, the Witschas model can be faster and with an error smaller than
0.85%. The application is limited to the ratio of the acoustic wavelength to the mean free
path between collisions. This ratio must be between 0 and 1.027. Such a model may be
useful if processing time or computation power is limited.

Hunt et al. [73] assert that the Tenti S6 model can be computationally expensive,
especially when using it in an iterative scheme. Again, an iterative scheme is being used
to match simulated data to experimental data. This assertion is not unlike that made by
Witschas. Instead of an analytical model like Witschas, Hunt opts for a machine learning
approach. This method is called the support vector spectrum approximation (SVSA). This
uses vector regression and singular value decomposition to create an efficient, accurate, and
well-conditioned approximation of any existing spectral lineshape. In practice, the author
has noted that the SVSA method is approximately four orders of magnitude faster than the
original Tenti S6 model with less than 1% error (see Fig. 2.22 from Ref. [73]). Specifically,
this method was developed to optimize the design of an FRS experiment of a complex flow.

Early indications show that the SVSA model can be used to cut the timing process
into a quarter of what it has traditionally been with the Tenti S6 model. This is off from
four orders of magnitude as previously stated as it was found that more points were needed
in the SVSA model to get the desired uncertainty. Slight errors arise at the peak of the
transmissions if not enough points are used. This is not easy to see in Fig. 2.22 but small
wiggles near the peak transmissions can be seen in the top two plots if examined closely.
Overall, the author has noted the time savings of the SVSA model and will explore its
usefulness in chapter 3.

Finally, Doll et al. [74] experimentally calculated the Rayleigh lineshape from a highly
controlled experiment. The experimentally found, analytic, Rayleigh lineshape model has
limitations based on the experimental conditions. An analytical model was built around the
experimental data as well as the original Tenti S6 model. This analytical model is more
complex than that by Witschas due to the number of coefficients used. All of these models
will be investigated in detail within chapter 3.
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Figure 2.22: Examples of Rayleigh scattering lineshapes. The black lines are modeled by
the S6 model. The red lines are the SVSA approximation.

Camera Placement and Calibration

Currently, the author and groups like Doll [54] choose camera positions based on
physical room, experimental applicability, and FRS sensitivities. However, techniques do
exist to help with camera placement with the intent to minimize errors in 3D measurements.
This will not be talked about extensively here. It is worth mentioning a paper by Olague et al.
[75] which uses a multi-cellular genetic algorithm to produce optimal camera locations. This
is done by defining a criterion on which error propagation may be analyzed (FRS sensitivity
in the context of this document) and then using a global optimization process to minimize
the criterion. This is something to keep in mind as the fidelity of FRS measurements keeps
increasing.

Camera calibration to find the camera locations and map grid corners is of the utmost
importance in an FRS measurement. The camera locations are used to determine the camera
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viewing vectors and the grid corners are later used to warp the images so that all of the images
line up with one another. If this is not done correctly, 3-component velocity and mapping
back to world coordinates is not possible.

Many camera calibration methods and codes exist. Only a few will be highlighted here
as codes that are currently in use or are closely related to codes in use by the author. The
first is the CalTech camera calibration toolbox for MATLAB [76]. This is an open-source
toolbox built for MATLAB that allows for the intrinsic and extrinsic parameters to be found
for any number of cameras. It is very simple to use but does require manual user intervention
to select the region of interest. It has been found by the author that anything less than using
three cameras at a time for calibration can lead to poor results. This is just a general rule
as other variables such as how close the cameras are to each other and what angle they are
viewing the calibration plate also play a role. An example calibration using real data can be
seen in Fig. 2.23. It should be noted that in this case, two cameras were placed side-by-side
to achieve three sets of two cameras. This is exactly what is seen.

Figure 2.23: Left: Example images using a calibration plate with six different cameras.
Right: Calibration results show all six cameras in 3D space compared to the calibration
plate.

To get around the issue of high error with a low camera number using the CalTech
code, a single-camera calibration method by Tsai [77] was implemented as a check. This
method is less accurate when a high number of cameras are present and the CalTech code
is used but it is much more accurate when only calibrating a single image. If the results
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from the Tsai calibration and the CalTech calibration are reasonably close, the calibration
is deemed a success. It is still important to have a physically measured idea of where the
cameras are in space to compare back to the calibration results.

Image Processing and Meshing

Image processing and meshing are of growing importance as the time it takes to process
each pixel of data increases. Processing time increases as the technique fidelity increases.
For example, processing for velocity (one parameter) versus velocity and static temperature
(two parameters) versus the full-fidelity, multi-parameter fit of velocity, static temperature,
pressure, and density. Each variable added significantly increases the time needed to fit
the experimental and simulated spectrums. On top of this, each pixel is relatively noisy.
Therefore, an averaging/denoising technique is of interest to decrease both the time it takes
to process the raw data as well as increase the signal-to-noise ratio.

Figure 2.24: From left to right: noisy image, Gauss filtering, Total variation, Neighborhood
filter, translation invariant wavelet thresholding, and NL-means algorithm.

Since FRS is an optical-based measurement of relatively low-intensity light, the noise
in an image can be a hard challenge. Applying an image-denoising technique such as that
presented in Buades et al. [78] could have a large impact on the final results. This work is
called the NL-means algorithm and is based on a non-local averaging of all pixels in an image.
Without going into too much detail, weighted averaging is used to find large structures and
differences in an image. This method is compared to many different methods as seen in Fig.
2.24 from Ref. [78]. Figure 2.24 shows the power of the NL-means algorithm. Although it
works well for a brick wall, it is yet to be seen if the small differences in FRS images would
be enough to make this algorithm worthwhile when compared to Gauss filtering or some
other easier method.

The results of the averaging techniques are important so that accurate structures can
be examined and then a secondary, much larger, averaging scheme applied. The reason
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