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ABSTRACT

Inlet distortion research has become increasingly important over the past several years as
demands for aircraft flight efficiency and performance has increased. To accommodate these
demands, research progression has shifted the emphasis onto airframe-engine integration and
improved understanding of engine operability in less than ideal conditions. Swirl distortion, which
is considered a type of non-uniform inflow inlet distortion, is characterized by the presence of
swirling flow in an inlet. The presence of swirling flow entering an engine can affect the
compression system’s performance and operability, therefore it is an area of current research.

A swirl distortion generation device created by Virginia Tech, identified as the
StreamVane™, has the ability to produce various swirl distortion flow profiles. In its current state,
the StreamVane methodology generates a design swirl distortion at the trailing edge of the device.
However, in many applications the plane at which the researcher wants a desired distortion is
downstream of the StreamVane trailing edge. After the distortion is discharged from the
StreamVane it develops as it moves downstream. Therefore, to more accurately replicate a desired
swirl distortion at a given downstream plane, distortion development downstream of the
StreamVane must be considered.

Currently Virginia Tech utilizes a numerical modeling design tool, designated StreamFlow,
that generates predictions of how a StreamVane-generated distortion propagates downstream.
However, due to the non-linear physics of the flow problem, StreamFlow cannot directly calculate
an accurate inverse solution that can predict upstream conditions from a downstream boundary, as
needed to design a StreamVane. To solve this problem, in this research, an efficient estimation
process has been created, combining the use of the StreamFlow model with a Markov Chain Monte
Carlo (MCMC) parameter estimation tool to estimate upstream flow profiles that will produce the
desired downstream profiles. The process is designated the StreamFlow-MC? Estimation Process.

The process was tested on four fundamental types of swirl distortions. The desired
downstream distortion was input into the estimation process to predict an upstream profile that
would create the desired downstream distortion. Using the estimated design profiles, 6-inch
diameter StreamVanes were designed, then wind tunnel tested to verify the distortion downstream.
Analysis and experimental results show that using this method, the upstream distortion needed to
create the desired distortion was estimated with excellent accuracy.

A Root-Mean-Square-Error in swirl angle was calculated between the experimentally
measured and the desired distortions. It showed that, depending on the type of swirl distortion, the
RMSE between the measured and desired swirl angles ranged from 1.38° to 1.71°. SAE S-16 Swirl
Descriptors were also calculated and compared for both the measured and desired distortions. From
these results, it was found that the estimation process can accurately account for the downstream
development of distortions. In conclusion, the analysis of computational and experimental results
verify the success of the StreamFlow-MC? Estimation Process.
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GENERAL AUDIENCE ABSTRACT

Inlet distortion research has become increasingly important over the past several years as
demands for aircraft flight efficiency and performance has increased. To accommodate these
demands, research progression has shifted the emphasis onto airframe-engine integration and
improved understanding of engine operability in less than ideal conditions. Swirl distortion, which
is considered a type of non-uniform inflow inlet distortion, is characterized by the presence of
swirling flow in an inlet. The presence of swirling flow entering an engine can affect the
compression system’s performance and operability, therefore it is an area of current research.

A swirl distortion generation device created by Virginia Tech, identified as the
StreamVane™, has the ability to produce various swirl distortion flow profiles. In its current state,
the StreamVane methodology generates a design swirl distortion at the trailing edge of the device.
However, in many applications the plane at which the researcher wants a desired distortion is
downstream of the StreamVane trailing edge. After the distortion is discharged from the
StreamVane it develops as it moves downstream. Therefore, to more accurately replicate a desired
swirl distortion at a given downstream plane, distortion development downstream of the
StreamVane must be considered.

Currently Virginia Tech utilizes a numerical modeling design tool, designated StreamFlow,
that generates predictions of how a StreamVane-generated distortion propagates downstream.
However, due to the non-linear physics of the flow problem, StreamFlow cannot directly calculate
an accurate inverse solution that can predict upstream conditions from a downstream boundary, as
needed to design a StreamVane. To solve this problem, in this research, an efficient estimation
process has been created, combining the use of the StreamFlow model with a Markov Chain Monte
Carlo (MCMC) parameter estimation tool to estimate upstream flow profiles that will produce the
desired downstream profiles. The process is designated the StreamFlow-MC2 Estimation Process.

The process was tested on four fundamental types of swirl distortions. The desired
downstream distortion was input into the estimation process to predict an upstream profile that
would create the desired downstream distortion. Using the estimated design profiles, 6-inch
diameter StreamVanes were designed then wind tunnel tested to verify the distortion downstream.
Analysis and experimental results show that using this method, the upstream distortion needed to
create the desired distortion was estimated with excellent accuracy. Based on those results, the
StreamFlow-MC? Estimation Process was validated.
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1 Introduction

1.1 Introduction to Research Motivation
This work reports an investigation supporting the development of desired inlet swirl

distortion profiles using StreamVane Technology. StreamVane technology can replicate desired
inlet secondary flow profiles, or produce fundamental vortical profiles. The most common goal in
using StreamVanes is to match a desired distortion at the Aerodynamic Interface Plane (AIP). The
AIP is a measurement plane defined between the inlet and the engine. When investigating
distortion effects on turbomachinery, inlet distortions are determined at the AIP.

In many StreamVane applications, the AIP and trailing edge of the StreamVane do not
align with each other. Typically, the StreamVane and the distortion it creates, is some distance
upstream of the AIP. Therefore, to create a desired distortion at the AIP, it is necessary to solve an
inverse flow problem to determine the distortion that must be generated at the trailing edge of the
StreamVane that will develop into the desired distortion at the AIP.

StreamFlow is a numerical modeling design tool for the propagation of StreamVane
discharge profiles utilized at Virginia Tech. StreamFlow generates predictions of how a
StreamVane-generated distortion propagates downstream. However, due to the non-linear physics
of the flow problem, StreamFlow cannot directly calculate an accurate inverse solution that can
predict upstream conditions from a downstream boundary, as needed to design a StreamVane.

To solve the inverse problem presented, one could manually create possible upstream flow
profiles until the desired distortion was created at the AIP. However, given the multi-dimensional
nature of the problem, this is not considered an efficient approach for use as a design tool.
Therefore, in this research, an efficient estimation process has been created combining the use of
the StreamFlow model with a Markov Chain Monte Carlo (MCMC) parameter estimation tool.
This method allows for the rapid, efficient exploration of different possible upstream flow profiles
to converge on the optimal upstream flow profile that produce the desired downstream profile.

The estimation process developed in this work enables the design of StreamVanes that will
replicate desired AIP distortions more accurately. It was tested on four fundamental types of swirl
distortions. The desired AIP flow profiles were input into the estimation process to predict an
upstream profile that would create the desired AIP flow profile. Using the estimated design

profiles, 6-Inch diameter StreamVanes were designed and wind tunnel tested. The analysis and
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experimental results at the AIP show that using this method, the inverse solution can be produced
efficiently in design, and that the predicted upstream distortion needed to create the desired
distortion at the AIP produces the desired downstream distortion with excellent accuracy. The
Streamflow-MC?2 inverse design method was thus validated by the experimental measurements.
This work details the new design and flow prediction process which combines preexisting

methods, technology and software to address the inverse flow problem.

1.2 Literature Review

This section discusses the motivation for inlet distortion research and its current state. It
also briefly discusses the preexisting methods, technology and software implemented in the

estimation process.

1.2.1 Inlet Distortion Research

Inlet distortion research has become increasingly more important over the past several
years as demands for aircraft flight efficiency and performance has increased. To accommodate
these demands, research progression has shifted the emphasis onto airframe-engine integration and
improved understanding of engine operability in less than ideal conditions. In the commercial
realm of flight, new design configurations, such as the Double-Bubble, Hybrid-Wing-Bodied
(HWB), or Boundary Layer Ingestion (BLI) engine configuration call for departure from the
current, typical tube and wing aircraft design [1, 2]. These new hybrid designs have the engines
embedded into the fuselage, as in the example shown in Figure 1.1. By embedding the engines,
more elaborate inlets are created that may distort the air going into the engine [2]. The presence of
distorted flow entering an engine can affect the blade incidence and aerodynamic loading of the
blades within the compression system of the engine. Ultimately, this can lead to effects on the
operability, performance, and structural integrity of the engine. Inlet distortion can also occur in
other gas turbine engine applications. One case study found that in many applications ranging from
fighter-aircraft operations to APUs, static-ground operations can all be impacted by inlet distortion

issues [3].



Figure 1.1. Hybrid-Wing-Body (HWB) Aircraft Concept. Image from Reference 1.

Inlet distortions can take the form of total-temperature distortions, total-pressure
distortions, or non-uniform inflow [4]. Swirl distortion, which is considered a type of non-uniform
inflow, is the main focus of inlet distortions discussed in this thesis [3]. A swirl distortion is
characterized by the presence of swirling flow in an inlet. Swirl angle, or tangential flow angle, is
the circumferential component of the flow angularity and is defined in Equation 1.1 and seen in
Figure 1.2 [3].

g =tan™* () (1.1)

Figure 1.2. Definition of Swirl Angle, 5. Image courtesy of AIR 5686 [3].

The S-16 Turbine Inlet Flow Distortion Committee published an Aerospace Information
Report (AIR 5686) outlining a method for assessing swirl distortions to help expand the
understanding of the effects inlet distortions may have on the operability of an engine [3]. The
report offers guidelines on characterization of inlet swirl, as well as the assessment of their effects

on the engine and inlet-engine compatibility.



The report also carries out an extensive case study on the most common types of swirl
distortions present in various flight scenarios to develop a characterization method for swirl
distortions. Figure 1.3 shows a 2D representation of the swirl distortion characterizations contained
in AIR 5686. A bulk swirl distortion (Figure 1.3 (a)) is characterized by an entire flow field rotating
in one direction about the axis of compressor rotation, as in the presence of a large rigid body
vortex in the flow. Paired swirled flow (Figure 1.3 (b)) is characterized by two or four vortices
counter-rotating. The third type of swirl distortion is characterized as a tightly-wound vortex
(Figure 1.3 (c)) where there is a small, compact, dynamic vortex in the flow. The last type of the
distortion (Figure 1.3 (d)) is characterized as a cross flow swirl distortion, defined by swirl

primarily in the cross flow direction [3].

S0 =

(a) Bulk Swirl (b) Paired Swirl (c) Tightly-Wound (d) Cross Flow
Vortex

Figure 1.3. 2D Representations of the S-16 Swirl Distortion Characterizations [3].

This work focuses on the first two characterizations of swirl distortion types, bulk swirl
and paired swirl. AIR 5686 also explicitly calls for two important elements in its methodology, a
way of generating specific swirl patterns, and generic database of data on the engine while having
these distortions. The research presented here and other research conducted at Virginia Tech with
StreamVanes aims to target those elements.

1.2.2 StreamVane Distortion Generator Device

Over the past several years, the Virginia Tech Turbomachinery and Propulsion Laboratory
has invested substantial time and effort into the design of a swirl generation device, and swirl
distortion research. The swirl distortion generation device created by Virginia Tech is identified
as the StreamVane, and has the ability to produce various swirl distortion flow profiles following

4



the StreamVane design method [5]. Following the method, a desired, circular duct, distortion
velocity profile is used with MATLAB software to define a 3D vane pack. First, multiple 2D
turning vane paths are placed running perpendicular to the streamlines throughout the distortion
flow profile. Then, the software uses a vane model and the desired distortion to calculate and
generate 3D vane geometries that will produce the desired turning at the vane trailing edges. Next,
a similar procedure creates the support vanes. Support vanes are turning vanes with zero turning
placed parallel to the streamlines of the desired distortion profile that interconnect the turning
vanes and increase the rigidity of the vane pack. The resulting 3D vane pack, consisting of turning
and support vanes, is then exported to a CAD application to generate a solid 3D part. This 3D part
is then exported for manufacturing [5].

Due to the intricacy of some of the vane pack designs and vane shapes, the 3D part is most
commonly manufactured using a Fused Deposition Modeling (FDM) additive manufacturing
technology. The 3D part can then be installed in a various ground testing experimental setups to
produce swirl distortions in a physical testing environment.

StreamVane technology has been successfully used in research at Virginia Tech to measure
the effect of swirl in a turbofan engine inlet. Guimarées, et al. were able to use StreamVane
technology to investigate the interaction of swirl distortion with a transonic fan [6]. StreamVane
technology was also used to investigate the fan rotor response to a swirl distortion by
experimentally measuring and quantifying the swirl distortion as it passed through a fan [7, 8].
These investigations were carried out using a StreamVane, shown in Figure 1.4, which simulated
the swirl distortion produced in the engine inlet from a HWB aircraft (shown in the previous
section). As the inlet distortion work continues, the advancement of the StreamVane technology

also continues.



Figure 1.4. StreamVane Swirl Generation Device. Image from Reference 6.

In its current state, the StreamVane methodology generates a design swirl distortion at the
trailing edge of the device. However, in most applications the plane in which the researcher wants
a desired distortion (such as the AIP) is downstream of the StreamVane trailing edge. Figure 1.5
shows a schematic of a typical experimental setup using the StreamVane device in a circular duct
where the AIP is located 1.00 duct diameters (1.00D) downstream of the StreamVane trailing edge.
As the flow exits the StreamVane, the distorted flow interacts with itself, developing into a
possibly very different distortion downstream. If a specified distortion at a particular distance
downstream is desired, the development of the flowfield can dramatically affect the distortion

profile created.

0.00D 1.00D

|
|
Trailing Edge I
/
I\
AN

\ AIP Measurement

StreamVane™ Plane

!

Figure 1.5. Schematic of Typical StreamVane Experimental Setup.



Depending on the type of swirl distortion being generated and the distance of the AIP
downstream, the StreamVane’s 0.00D design distortion could greatly differ from the distortion
produced at the AIP. In previous investigation of swirl distortions, such as a bulk swirl and twin
swirl distortion, the swirl distortion measured 1.00 duct diameters (1.00D) downstream of the
StreamVane was found to contain swirl angle Root-Mean-Square-Errors (RSME) of 0.73° for the
Bulk Swirl and 1.64° for the Twin Swirl when compared to the design distortion [5]. In another
study, distortion characterized by a tightly wound vortex was investigated with two different
StreamVanes designs. The swirl distortion produced at 0.67D downstream showed a swirl angle
RMSE of 2.50° to 3.18° of the design distortion, depending on the StreamVane design [9]. As the
flow continues downstream of the StreamVane, the distortions continued to develop, increasing
the error between the design and measured distortion.

Therefore, to more accurately replicate a desired swirl distortion at a given downstream

position, flow development downstream of the StreamVane must be considered.

1.2.3 StreamFlow 2D+t Model

In order to generate a desired distortion at a specific location downstream of a StreamVane,
changes in the swirl profile between the StreamVane trailing edge and desired location
downstream must be determined. Therefore, a model that predicted the propagated flow
development from a StreamVane was necessary. For this purpose, a low fidelity model, designated
StreamFlow (SF), was developed by Virginia Tech. SF was intended as a design tool to support
the design of StreamVanes. Previous experimental work has proved that swirl distortions produced
by StreamVanes are mainly described by vortex dynamics and do not scale with Reynolds number
[10]. This finding was utilized in the creation of the StreamFlow model.

The model utilizes a 2D+t modeling technique with an open source Computational Fluid
Dynamics (CFD) software (OpenFOAM) that allows for the estimation of secondary ‘in-plane’
flow under an assumed uniform bulk flow in the streamwise direction [11]. Due to its purpose as
a design tool, which should compute as fast as practically possible, only the minimum necessary
physics to simulate this flow problem are used. Physics modeled by SF are based on
incompressible, inviscid flow, with slip wall boundary conditions [11]. SF takes a 2D velocity

field input to a circular duct and propagates the flow the desired distance downstream calculating



the resulting 2D velocity field as the model steps down the duct to the desired distance. Equations
1.2 and 1.3 define the non-dimensionalized momentum equations and Equation 1.4 define the non-

dimensionalized continuity equation SF uses to calculate the velocity fields [11].
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SF’s ability to accurately predict downstream flow profiles was previously investigated by
Schneck, et al., through the validation of the SF model against stereo Particle Image Velocimetry
(PIV) measurements [11]. Schneck, et al. investigated the propagation of a distortion in a circular
duct dominated by a single vortex [11]. Computational and experimental velocity data from two
different StreamVanes were collected and compared on multiple measurement planes to assess the
performance of SF. From this analysis, it was found that SF could predict the studied swirl
distortion very well, within a Root-Mean-Square-Difference of 1.77° to 2.43°, depending on the
StreamVane design [11].

Once validated, the SF design tool was be used by Virginia Tech as a means of quickly
checking the development of the StreamVane output flow distortion. Due to its rapid
computational speed, SF is an ideal tool for use with other iterative solution schemes that can
predict upstream distortions. The present work presents the use of SF with one such statistical

iterative solution scheme, introduced in the next section, to solve the inverse problem.

1.2.4 Markov Chain Monte Carlo (MCMC) Numerical Simulations

In the inverse problem presented in this work, the StreamVane needs to create some
unknown distortion so that it develops into a desired distortion at a certain distance downstream.
However, with the current design tools, there is no easy way of directly simulating or calculating
this unknown distortion upstream. In its current form, SF cannot calculate flow propagation
backwards due to the instabilities that reverse propagation creates in the OpenFOAM solver it

utilizes. Therefore, it may be helpful to think of the inverse problem in a Bayesian framework of
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thought. For instance, consider that the unknown upstream distortion can be defined by a set of
parameters. Instead of having the set of parameters as singular discrete values, the parameters are
treated as random variables with a set of possible values. These possible values span the entire
possible parameter space, where some values are more probable than other values [12]. If the
distribution of the possible values for the parameters is known or can be simulated, then a point
estimate for the parameters can also be calculated. And ultimately, the unknown upstream
distortion can also be defined.

Unfortunately, forming the distribution of the parameters can be difficult analytically, since
not much is known about the parameter space or its distribution. However, one common way of
simulating target parameter distributions is the Metropolis-Hastings (MH) algorithm, which is a
generalized Markov Chain Monte Carlo (MCMC) method [13]. MH MCMC methods have been
utilized in parameter estimation across many disciplines including geophysics [14], manufacturing
engineering [15], and chemical reaction kinetics [12]. MH MCMC methods create a Markov
Chain! using random sampling so the chain has samples that are regarded to be from the target
distributions of the parameters [12].

Algorithms such as this one are particularly useful when sampling from multi-dimensional
target distributions. The more they sample, the more the sample set begins to represent the target
distribution. Through each iteration of the process, a sample is proposed and, based up an
acceptance probability criteria, it is either accepted or rejected. This allows the chain to generate a
sample set of parameters that are within the target distribution. Therefore, it defines a sample set
that describes a particular system from which the parameters and target distribution are based.
Further statistical analysis can then be conducted on the sample set to offer insight into the way
the system behaves and calculate estimates for the parameters.

Virginia Tech Turbomachinery and Propulsion Lab has developed an in-house MH MCMC
software named MC?. This software can be implemented into use with various models that rely on
parameters to generate data. In the case of this research, MC? will be implemented with the

StreamFlow 2D+t model to develop a method of predicting what upstream distortions are

Ia sequence of random elements X3, X... of some set is said to be a Markov Chain if the conditional distribution
of Xn+1 given Xi, Xa, ... Xy is only dependent on X, [16. Brooks, S., et al., Handbook of Markov Chain Monte
Carlo. 2011: CRC Press.]



necessary to create known desired distortions downstream. Further details of the MC? software

implementation and its methods of operation are presented in Chapter 3.

1.3 Summary Introduction to the Present Research

In summary, in this work, the StreamVane swirl generator device, StreamFlow 2D+t
model, and MC? software were incorporated into an estimation process, designated the SF MC?
Estimation Process, that expands the StreamVane technology capabilities. This process allows
StreamVane technology to more accurately produce desired swirl distortions at specific locations
downstream of the device. The produced distortions can then be utilized in the research of inlet
swirl distortions and their effects on a gas turbine engine.

To conduct the investigation, the estimation process was designed and verified for four
swirl distortions. A flow chart which describes the steps in this investigation, including the steps
in the SF MC? Estimation Process, is seen in Figure 1.6. First, four idealized swirl distortion
profiles were created for the 0.00D location?. Then SF was used to extract the resulting distortion
profiles at a chosen AIP location, one duct diameter (1.00D) downstream. Then, four versions of
the estimation process were constructed to estimate a StreamVane design profile needed to produce

the resulting distortion profiles at the AIP.

2 The 0.00D location will ultimately be the exit plane of a StreamVane® generated from the estimated design profile
resulting from the estimation process described in this work.
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Figure 1.6. Flow Chart of SF MC? Estimation Process Investigation.

SF, MC?, and surrounding MATLAB software were combined in the generation of the
estimation process. The surrounding MATLAB software and MC? iteratively created proposed
StreamVane design distortions. SF was then used to propagate the flow pattern “proposals” to the
AIP, where they were compared with the desired distortion in an acceptance evaluation. Statistical
analysis was performed on the resulting set of accepted solutions to create a final estimated design
distortion for each of the four swirl distortions. Subscale 6 StreamVanes were then designed using
the estimated design distortion profiles, and were tested in a low speed wind tunnel facility.
Experimental results measured at the AIP were then compared with the desired distortion. The

comparison was then used to quantify and verify the accuracy of the estimation process.
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The following material reports the specific methodology used in the creation of the
idealized and desired swirl distortions and the estimation process. It also presents the results from,

and experimental verification of, the estimation process.

12



2 Creation of Distortion Profiles for this investigation

2.1 Creation of Idealized Design Flow Profiles

A Virginia Tech flow profile generation code was used to create the various 2D idealized
swirl distortion profiles to develop and test the estimation capabilities of this process. The four
flow configurations consisted of distortions inspired by the characterization of a Bulk Swirl and
Paired Swirl by SAE International S-16 Turbine Engine Inlet Flow Distortion Committee and the
swirl distortions used by Sheoran, et al. in their computational work on the influence of paired
swirl on compressor performance [3, 17].

The swirl distortion profiles studied in this research are the bulk swirl, twin paired swirl,
and two offset paired swirl flow configurations. They are some of the common swirl types
discussed in the SAE case studies which, as mentioned earlier, were conducted to determine the
common types of swirl distortions that gas turbine engine installations may experience.

A bulk swirl profile is defined by the entire flow field rotating in the same direction, and
there is no radial flow. The flow profile used in this research, designated as Bulk Swirl, will be
designed as a single rigid body vortex. A rigid body vortex, or a vortex in solid body rotation, is a
vortex that has constant vorticity everywhere so that the u-velocity increases proportionally to the
radius [18]. The Bulk Swirl flow profile was created using a MATLAB code in which the
maximum tangential flow angle was defined at the outermost radius. Using the rigid body vortex
definition, the tangential flow angle at all radii is defined from the center of the profile to the
maximum tangential flow angle. Figure 2.1 shows the linear relationship between the tangential

flow angle (swirl angle, ) and the radius.
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Figure 2.1. Relationship between Swirl Angle and Radius for Bulk Swirl Design Distortion Profile.
Once the tangential flow angle across the span of one radius is defined, the entire profile is
created by sweeping that radial profile circumferentially. The full 2D velocity profile is then
calculated from the tangential and radial flow angle across the entire profile using Equations 2.1-
2.4.

Radial Velocity = C, = tan(a) (2.1)
Tangential Velocity = Cy = tan (B) (2.2)
U = C,cos(6) — Cy sin(B) (2.3)

V = C,sin(0) + Cy cos(0) (2.4)

Figure 2.2 shows flow angle contour plots and vector plot of the idealized Bulk Swirl
profile. All contour plot results are presented Forward-Looking-Aft (FLA) with a black solid line
representing the outer boundary of the profile or wall of the circular duct. The counter-clockwise Bulk
Swirl shown is based on a maximum of 15° in tangential flow angle. This angle was chosen so that
when tested in the low speed wind tunnel, the flow angle could be accurately measured with the
current five-hole pressure probe setup. More information about the experimental setup and

pressure probe is included in the experimental test methods section.
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Bulk Swirl Idealized Profile — 0.00D Downstream
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Figure 2.2. Bulk Swirl Idealized Distortion Profile.

The remaining profiles under investigation are the twin paired swirl profile (designated
Twin Swirl), and the two offset paired swirl profiles (designated as Offset Swirl 1 and Offset Swirl
2). The Twin Swirl profile is created with two vortices equally spaced from the center of the profile
with equal size and strength, rotating in opposite directions. Offset Swirl 1 is two equally spaced
and sized vortices rotating opposite of each other but one vortex is 10% stronger than the other.
Offset Swirl 2 is two equally spaced vortices rotating opposite of each other but one vortex is 10%
stronger and 10% larger than the other.

The Twin Swirl, Offset 1, and Offset 2 idealized flow profiles generated in this work were
created using the Virginia Tech in-house vortex generator MATLAB function called nVort. The
nVort function generates a 2D velocity profile of a distortion in circular duct by placing Lamb-
Oseen vortices and their mirror images in a 2D plane. The solid boundary of the circular duct is
simulated by the image vortices. The vortices and resulting flow profile are generated based on
four user defined vortex parameters. The parameters that the user defines for nVVort include: vortex
strength (designated LOgam), vortex diameter (designated aLO), and the vortex center location in
the form of x and y coordinates (designated (xc, yc)). The user designates these parameters for
each desired vortex in the profile and the nVVort code produces the resulting flow profile. One key

feature of using the nVort code to define the profiles is that the entire flow profile can be reduced



to a few key parameters, thus reducing the number of parameters the MC? must estimate to define
the distortions.

Based on the definition of the paired swirl flow profile, it is known that two vortices are
present in the flow. For the Twin Swirl some other conditions are required as well; the two vortices
must be identical and counter rotating of each other. Therefore, the input nVVort parameters must
be manipulated to match these conditions.

To produce the Twin Swirl idealized profile, eight parameters were input into the nVort
function; four parameters for each vortex. The vortex diameter and vertical center location
parameters were kept the same for both vortices. The vortex strength and horizontal center location
for the vortices were of the same magnitude but opposite in sign. This choice in parameter values
ensured that the profile consisted of two vortices of equal size and strength rotating counter to each
other, and equidistant from the center of the profile.

The flow angle contour plots and streamlines of the generated Twin Swirl idealized profile
are shown in Figure 2.3, again for a FLA view. The flow is dominated by the two counter rotating
vortices of the same size in the center of the duct. The Twin Swirl idealized profile was designed
with a maximum swirl angle constraint of 20° to ensure that the entire profile could be accurately
measured in the experiment. The diameter of the vortices was chosen to be one quarter of the duct
diameter and the vortices were positioned vertically in the center (yc=0). From there the horizontal
center location (xc) and vortex strength were adjusted so that the vortices filled the entire duct and
achieved the maximum measurable swirl angle. In the streamline plots shown in Figure 2.3 and
presented throughout this section, a negative vortex strength results in a negative, clockwise,
rotation of the vortex. The idealized profiles were created on a normalized circular profile with a
diameter of 1 inch and uniform axial flow velocity. Once the design profile was obtained, the
normalized 2D velocity profile was scaled to match the desired experimental dimensions. The
resulting nVort parameter values and their relationships to each other were as follows:

Vortex 1: LOgam = 1.243 in?/s; aLO = 0.250 inch; xc = 0.083 inch; yc = 0.000 inch

Vortex 2: LOgam = -1.243 in%/s; aLO = 0.250 inch; xc = -0.083 inch; yc = 0.000 inch
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Twin Swirl Idealized Profile — 0.00D Downstream
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Figure 2.3. Twin Swirl Idealized Distortion Profile.

Offset swirl profiles 1 and 2 allowed studies into more complex flow patterns by removing
some of the symmetry of the twin swirl profile. Therefore, the Offset 1 and 2 idealized profiles
were created in the same manner as the Twin Swirl idealized profile, but with some changes to the
eight nVort parameters. The Offset Swirl 1 idealized profile was created by reducing on the second
vortex’s strength by 10%, therefore

LOgam2 = —09LOgam1l (2.5)
The resulting nVVort parameters were defined as follows:
Vortex 1: LOgam = 1.304 in%/s; aLO = 0.250 inch; xc = 0.083 inch; yc = 0.000 inch
Vortex 2: LOgam = -1.174 in?/s; aLO = 0.250 inch; xc = -0.083 inch; yc = 0.000 inch

The Offset Swirl 2 idealized profile was created in a similar manner, but both the second

vortex strength and diameter were reduced, therefore
LOgam2 = —0.9L0Ogaml (2.6)
al02 = 0.9aL01 (2.7)

Resulting in nVVort parameters defined as follows:
Vortex 1: LOgam = 1.178 in%/s; aLO = 0.250 inch; xc = 0.083 inch; yc = 0.000 inch
Vortex 2: LOgam = -1.061 in?/s; aLO = 0.225 inch; xc = -0.083 inch; yc = 0.000 inch
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Figure 2.4 and Figure 2.5 show the corresponding idealized profile results for the Offset

Swirl 1 and Offset Swirl 2 flow configurations.

Offset Swirl 1 Idealized Profile — 0.00D Downstream
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Figure 2.4. Offset Swirl 1 Idealized Distortion Profile.

Offset Swirl 2 Idealized Profile — 0.00D Downstream
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Figure 2.5. Offset Swirl 2 Idealized Distortion Profile.

2.2 Creation of Desired Distortion at AIP

The desired distortion profiles presented in this section were used in the acceptance
evaluation of the proposed distortion profiles generated by each iteration of the MC? process.

Additionally, these profiles were compared to the experimental data collected from the wind tunnel
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tests of the StreamVanes generated from the estimated design distortion profiles resulting from the
estimation process. This comparison will evaluate how well the StreamVanes produced the
desired distortion at the AIP.

The SF model was used to propagate each of the idealized profiles presented in the previous
section to the AIP 1.00D downstream to create the “desired” distortion profiles. These desired
profiles were used to calculate 1.00D plane flow angles, which can be seen in the contour and

streamline plots of Figure 2.6-Figure 2.9.

Bulk Swirl Desired Profile — 1.00D Downstream
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Figure 2.6. Bulk Swirl Desired Distortion Profile at AIP.

Twin Swirl Desired Profile — 1.00D Downstream
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Figure 2.7. Twin Swirl Desired Distortion Profile at AIP.
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Offset Swirl 1 Desired Profile — 1.00D Downstream
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Figure 2.8. Offset Swirl 1 Desired Distortion Profile at AIP.

Offset Swirl 2 Desired Profile — 1.00D Downstream

Tangential Flow Angle Radial Flow Angle Streamline Plot

Positive Counter-Clockwise Positive Counter-Clockwise /ﬁr'

O&

3 |dﬁ|

20 115 -10 -5 0 5 10 15 20 -20 15 10 -5 0 5 10 15 20

Figure 2.9. Offset Swirl 2 Desired Distortion Profile at AIP.

With reference to the idealized distortion profiles presented in the previous section,
significant differences are evident in the profiles at 1.00Dseen as a result of the flow development
downstream for the two offset swirl flow profiles. In the case of the Bulk Swirl and Twin Swirl

profiles, the profiles appear to be very similar and, in fact, only a small amount of development
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has occurred. Therefore, the desired distortion at the AIP is very similar to what the upstream
StreamVane needs to produce. However, in the case of the Offset Swirl flow configurations, the
differences are substantial downstream as the shape and position of the distortion begins to change.
One would have a significant error when trying to replicate this distortion downstream if the
magnitude of the change in the profile was not considered. Therefore, the estimation process
developed here aims to reduce this error by simulating the distortion development and considering
it during the estimation process.

Based on the assumptions and nVVort parameters used in the generation of these distortions,
each type of distortion had a different number of independent variables needed to define it. These
independent variables are the parameters the estimation process will estimate. The Bulk Swirl flow
configuration is defined by only one parameter, the maximum tangential flow angle at the
outermost radius. The paired swirl flow configurations, which need a total of 8 n\Vort parameters
to be generated, are further constrained by applying the assumption presented earlier.

For all the paired swirl flow configurations and the estimation process setup, it was

assumed that
ycl = yc2 = 0.00 inches (2.8)
therefore, the vertical position of the center of the vortices (2 of the nVort parameters) did not need
to be estimated. For the Twin Swirl flow configuration, the assumptions reduced the remaining 6
nVort parameters to 3 parameters following
LOgaml = —LOgam?2 al01 = al02 xcl = —xc2 (2.9)
so that only the strength, diameter, and horizontal center location of one vortex needed to be
estimated. The Offset Swirl 1 flow configuration assumptions reduced the remaining 6 nVort

parameters to 4 parameters following

alL01 = al02 xcl = —xc2 (2.10)
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so that the diameter and horizontal center location of one vortex, and the strength of both vortices
needed to be estimated. Lastly, the Offset Swirl 2 flow configuration assumptions reduced the

remaining 6 n\VVort parameters to 5 parameters following

xcl = —xc2 (2.11)

so that the horizontal center location of one vortex, and the diameter and strength of both
vortices needed to be estimated.

SF’s implementation as the model in the estimation process will be fully discussed in the
next section. SF’s run time of approximately 1.5 seconds allows implementation in iterative
simulations, in which long computation times can be costly. Furthermore, it is also beneficial to
reduce dimensionality of the problem by defining these type of flow configurations with only a
few parameters. Reduced dimensionality reduces the parameter space that needs to be explored,
therefore fewer iterations may be necessary to reach the desired solution. SF’s rapid run time and
the problem’s reduced dimensionality enabled the use of the MC? iterative solution scheme in the

solution of this inverse flow problem.
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3 Distortion Profile Estimation Methodology

3.1 SF MC? Estimation Process Overview

The methodology presented in this work, designated the SF MC? Estimation Process, is
designed to estimate the parameters required to generate an upstream flow profile which, when
propagated 1.00D downstream to the AIP, will produce the desired distortion. The parameters
discussed in this section and estimated in this process are the previously defined parameters for
the creation of vortical flow profiles using MATLAB and the nVort code.

The SF MC? Estimation Process consists of three main parts, the MCMC method (MC?
software), the model (combination of MATLAB, nVort, and SF software), and post processing
software. The first part, MC?, uses the MCMC method to generate a chain containing samples of
parameter sets. Each parameter set contains random guesses for each parameter required to define
the distortion profile.® A parameter set is used by the model to generate an estimate flow profile
and propagate it downstream to the AIP. This occurs in the same manner as described in Chapter
2 for generating the desired distortion profile. MC? then compares the propagated estimated
distortion profile with the desired distortion profile to evaluate the performance of the
corresponding parameter set. Parameter sets are generated and evaluated repetitively for a desired
number of iterations. Once the chain is completed, the post processing software analyses the entire
sample of parameter sets in the chain to generate a final parameter set that defines an estimated
StreamVane design profile.

Four different setups for the SF MC? Estimation Process were created in this effort, each
estimating a different number of parameters. The parameters for each setup were based upon which
flow configuration they were intended to estimate. As described in Chapter 2, the initial design 2D
velocity profiles were defined using different MATLAB and nVort parameters. The Bulk Swirl
profile was defined by a single parameter, the maximum tangential flow angle at the outermost
radius of the profile. The Twin Swirl, Offset Swirl 1, and Offset Swirl 2 velocity profiles were

defined using nVort parameters and additional assumptions defining vortex properties resulting in

3 For example, in the Estimation Process for the bulk swirl configuration, one parameter set will contain one value, a
single random guess of the maximum tangential flow angle. For the other flow profile configurations, one
parameter set will be a vector containing a random guesses for each of the n\Vort parameters needed to define that
flow profile.
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a total of 3, 4, and 5 parameters for each configuration, respectively. The parameters used to define
the desired distortion profiles are the same parameters for which the SF MC? Estimation Process
aims to estimate in each setup.

The user inputs required for each estimation process include:

= the elements of the 2D desired distortion velocity profile at the AIP

= the covariance of those elements

= an initial guess for the parameter(s) being estimated

= the expected covariance of the parameter(s)

= aconstant factor used to scale the expected covariance of the parameter(s)
(referred to as the parameter covariance scaling factor or scaling factor)

The details of setting these inputs and their effects on the SF MC2 Estimation Process are
discussed in the next section.

The remainder of this section focuses on the SF MC? Estimation process. One iteration of
the process will be explained in detail for the Bulk Swirl flow profile configuration which estimates
one parameter. The process and logic is extended to the other three flow profile configurations,
which estimates more parameters in the same manner.

During each iteration of the SF MC? Estimation Process of the Bulk Swirl flow profile
configuration, a proposed parameter, pprop, IS generated by choosing a random guess for the
maximum tangential flow angle. The random guess is generated using MATLAB’s multivariate
normal random number generator that chooses the guess randomly from a normal distribution with
a mean and variance. The mean is set to the most recently accepted parameter guess, pcurrent, and
the variance is set as the expected covariance defined in the user inputs.

The guess is then used by the model to create a 2D Velocity Profile at 0.00D and propagate
it to 1.00D downstream. The elements from the 2D velocity profile results at 1.00D, Yprop, and the
proposed parameter are used to calculate the performance of the proposed step, defined here as the
Figure of Merit (FOM). The FOM is defined in Equation 3.5, and is dependent on the log
likelihood of the proposed and current parameter and velocity results following Equations 3.1-3.4:

log(Lp)prop = [_ % (pprop - po)zz;l(pprop - pO)T] +1 (3-1)
log(Lp)current = [_ % (pcurrent - pO)Zz;l(pcurrent - pO)T] +1 (3-2)
log(Ly)pmp = [_%(yprop - YO)Z;l(yprop - YO)T] +1 (3.3)
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1 -
log(LJ/)current = [_ 3 Veurrent — yo)zy 1(ycurrent - yo)T] +1 (3.4)

FOM — 108(1y) gy 198(10) 1oy (3.5)

IOg(LJ/)Current log(Lp)current

where po is the initial guess for the maximum tangential flow angle, yo is the element of the desired
2D-velocity profile, Xy is the expected variance of the parameter being estimated, and Xy is the
covariance of the elements of the desired 2D-velocity profile. The FOM is used in the
determination of whether the proposed set of parameters will be accepted. For each iteration, a
random cutline is also generated. If the FOM is greater than the cutline then the proposed step is
accepted, and if not, it is rejected. Due to the method in which the cutline is generated, if the
likelihood of the proposed step is greater than the likelihood of the most recently accepted, or the
current step, then the proposed step is accepted. However if the likelihood of the proposed step is
not greater than the current, there is still a chance that it still may be accepted if the calculated
FOM is still greater than the cutline.

The process is repeated for a set number of iterations defined by the user. The number of
iterations necessary depends on how rapidly the chain converges to target distribution and starts
sampling around the true parameter values. The accepted parameter values throughout the chain
are post processed to calculate an estimate for the desired maximum tangential flow angle. Due to
the difference in the number of parameters being estimated for the different test cases, it was found
that the rate of convergence for each flow configuration was different, and therefore was taken
into consideration when running the estimation processes. The rate of convergence and overall
performance of the estimation process was also affected by initial guess and covariance values set
at the beginning of the process. The next section defines and explains the methodology of
determining the initial guess and covariance values in further detail and their resulting effects on

the estimation processes.

3.2 SF MC?Estimation Process User Inputs

It is critical that the user inputs be correctly set for the MCMC to be able to converge and
produce logical, correct answers representative of the distributions they are supposed to be
simulating. The main assumption of this inverse flow problem is that, although there is some

knowledge about what the upstream distortion may look like, the initial guess parameters are still
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very inaccurate. Therefore, to support this assumption, the SF MC? Estimation Process had to be
designed in a robust manner. The process is developed and tested so that, with only minor changes,
it can be applied to other distortions and other types of distortions in the future. The process needed
to be able to step its way to a result that could be very far away from the user’s initial guess.
However, it is also important to note and understand that slight changes in n\Vort parameter values
could have a large effect on the 2D velocity profile developed 1.00D downstream. Therefore, it
was also necessary that the process have the ability to have adequate resolution and sensitivity to
generate estimates that were judged accurate enough to match the desired distortion.

There is a general rule for MCMC processes using MH algorithms, that acceptance rates
for a one-dimensional Gaussian distribution aims to be approximately 50% percent, while the
acceptance rate for N-dimensional Gaussian relationships aims to be around 20% [19]. Therefore,
the user inputs for the MC2 software were chosen with the goal of achieving these high acceptance
rates. After running many estimation processes, the expected parameter covariance and parameter
covariance scaling factor were found to have the strongest effect on the performance of the
estimation process As stated previously, the parameters proposed during each iteration were
generated based upon a previously accepted value and the product of the expected parameter
covariance and its scaling factor. Comparison of many failed chain processes revealed that if either
the expected parameter covariance or the scaling factor were incorrectly specified, the performance
of the estimation process would suffer greatly.

The expected parameter covariance and the scaling factor set up the prior distribution from
which MC? generates samples. If the covariance and scaling factor are set to values that are too
large, the chain has more values to randomly choose from, therefore increasing the chance that a
proposed step is rejected. Also, if too many steps are rejected, the chain will have a low acceptance
rate and not properly sample from the target distribution. Furthermore, if both the covariance and
scaling factor are set to values that are too small, two errors in the process can possibly occur. A
scaling factor that is too small will cause the estimation process to take an excessive amount of
iterations to converge and therefore take more time to generate an accurate estimate. If the expected
parameter covariance is too small, the chain will converge on values that are not correct or not
converge at all.

In the calculation of the log likelihood for the proposed parameters in Equation 9, the

inverse of the expected parameter covariance matrix (defined also as the precision matrix) is used
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in a manner that scales the difference between the proposed parameter and the initial guess of the
parameter. In an application such as this, where there is the assumption that the initial guess is
very far off from the true parameter value, this scaling can have a large effect on the simulation. If
the expected parameter covariance is set to a very small number, the difference between the
proposed parameter and the initial parameter is magnified in an undesirable way. As the proposed
parameters move away from the initial guess, the likelihood of those proposed parameters
decreases, and therefore those proposed steps are less likely to be accepted. In other words, if the
expected parameter covariance is too small, the chain will not have a chance to get away from the
poor initial guess values to the true parameter values. With this possible error in mind, the expected
parameter covariance was set to ensure that the chain would have the mobility to converge on the
correct parameter values.

Based on the effects of the user inputs and the need for a robust estimation tool, the user
inputs were chosen using engineering judgement to achieve an acceptable level of chain
performance. The method and judgment for setting the user inputs was applied in the same or
similar manner throughout the all the SF MC? Estimation Process software configurations. More
information on the performance of the chains is presented in Chapter 4 where the computational

results are discussed.
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4 Computational Results and Discussion

4.1 SF MC2Estimation Process Results

The SF MC? Estimation Process described above was used to obtain an estimate for the
upstream distortion for all four flow configurations. Due to the rapid convergence of the chains in
the Bulk Swirl flow configuration, multiple estimates were run to ensure that the process was
working as desired. Once verified with the Bulk Swirl flow configuration, one longer chain was
run for each of the paired swirl flow configurations. This section will present the chains ran and
used in the generation of the final parameter estimates for each flow configuration as well as the

final values of those parameters.

4.1.1 Bulk Swirl Estimation Process

The estimation process for the Bulk Swirl flow scenario converged very rapidly since it
only had to estimate one parameter, the maximum tangential flow angle. The process required few
iterations and little time to complete, therefore it was conducted multiple times with varying initial
guesses and number of iterations. Four chains with 500 iterations were conducted, each taking
approximately 15 minutes to complete, with various initial guesses for the maximum tangential
flow angle. Figure 4.1 shows the four separate chain walks and the accepted parameter (P1, Max
TFA) values through the 500 iterations. Within the 500 iterations, all the chains converge to the
true answer, a maximum tangential flow angle of 15°. The acceptance rate for the 500 step chain
was an average of 45%. The chains that were started with initial guesses closer to the desired
parameter value converge much faster. This is expected as the chain has to travel less, or have a

shorter burn-in period, before it starts generating samples that are truly from the target distribution.

28



Bulk Swirl Chain Walks
Parameter 1: Max TFA - - - -Idealized P1 Value ----— Burn-in Cutoff
25 T T T T T T =
20 - b
L il i il
10 b

0 50 100 150 200 250 300 350 400 450 500

25F ' ' ' B
20 - .
15p=----oo ===
10+ 8

0 50 100 150 200 250 300 350 400 450 500

25 F I I I R
20 - R
15F-=--=-----=
10+ .

Accepted Parameter Value

0 50 100 150 200 250 300 350 400 450 500

25F ' ' ' s
20 .
e il
10+ .

0 50 100 150 200 250 300 350 400 450 500
Iteration Number

Figure 4.1. Four 500 Iteration Bulk Swirl Chain Walks with Varying Initial Guesses.

One long chain consisting of 10,000 iterations was also run, seen in Figure 4.2. The longer
simulation took approximately 5 hours to complete and was run to ensure that the chain was truly
converged and that it would not drift off to another answer. Due to the rapidly converging nature
of the estimation process for the Bulk Swirl profile, it was feasible to run this check. The chain
still converged on the true answer within the first 500 iterations, similar to the smaller duration
run. Also, even after being converged, the chain still continued to generate and accept samples,

maintaining a relatively high acceptance rate of 33.55%.
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Figure 4.2. 10,000 Iteration Bulk Swirl Chain Walk.

Table 4.1. Final Parameter Estimates from the Bulk Swirl Flow Configuration Chains.
shows the final estimated values for the maximum tangential flow angle. The final parameter
values are estimated by taking an average of the accepted parameters from the chain after the chain
is converged. The samples generated before the chain is converged are said to be generated in the
burn-in period and are not included in the final calculations of the parameters. The burn-in cutoff
is marked in each of the above chain walk figures, and all of the accepted values after this mark
are used in the calculation of the final parameters. As seen in Table 4.1. Final Parameter Estimates
from the Bulk Swirl Flow Configuration Chains., analysis of each of the chains run for the Bulk
Swirl flow configuration show that they can be used to estimate the correct maximum tangential

flow angle.

Table 4.1. Final Parameter Estimates from the Bulk Swirl Flow Configuration Chains.

Iterations | Final Parameter Estimate Value
Chain 1 500 15.00°
Chain 2 500 15.00°
Chain 3 500 15.00°
Chain 4 500 15.00°
Chain 5 10,000 15.00°

Running a longer chain as shown in Figure 4.2 can be beneficial in that a longer converged
chain generates a larger sample set from which to estimate the parameters. However, in the case
of the Bulk Swirl configuration the larger sample set is not necessarily needed. Given the
experimental uncertainty of £1.5°, described later in Chapter 5, the accuracy desired in these
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estimated answers was to be within +£0.15°. The maximum swirl angle estimates generated by the
short and long chains were in better mathematical agreement than the desired accuracy, in fact
they were identical to the fourth decimal place. Therefore, the longer run provided no additional
benefits in the case of the Bulk Swirl flow configuration.

4.1.2 Paired Swirl Estimation Processes

In the paired swirl flow configurations there were more parameters being estimated,
therefore more iterations were needed for the chains to converge. This is expected, since with
more parameters the dimensionality of the problem increases, therefore there are more possible
answers for the sampling process. For the paired swirl flow configurations, the chains were run for
50,000 iterations. Chains of this size took approximately 24 hours to complete on the computer
available for this research. A run time of 24 hours was chosen after considering the tradeoff of run
time and number of iterations. In the research, it was found that 50,000 iterations gave all of the
chains a sufficient amount of samples to converge and accurately estimate the distortions, while
still having an acceptable run time. A run time of 24 hours is considered acceptable, noting that
the simulation run time is still on the order of hours instead of days or weeks. The number of
iterations can be easily changed if the user wishes, depending on the available hardware and time
constraints of the project.

An initial guess set of parameters for these distortions was designed to test particular
aspects of the estimation process. The initial guess follows the assumption, mentioned earlier in
Chapter 3, that we have an initial guess distortion that is very different from any of the desired or
idealized distortions. One initial guess distortion profile was created in the same manner as the
idealized profiles using the following nVort parameter values and was used for all of the paired
swirl test cases.

Vortex 1: LOgam = 2.0 in2/s; aLO = 0.250 inch; xc = 0.250 inch; yc = 0.000 inch

Vortex 2: LOgam = -2.0 in2/s; aLO = 0.250 inch; xc = -0.250 inch; yc = 0.000 inch

Recalling the values used in the generation of the idealized distortions presented in Chapter
2, it can be seen that the vortex strength and horizontal center locations of the initial guess are very
different from any of the values used in the design distortions. But, the vortex diameter for the
initial guess was the same as the idealized value of at least one of the parameters in each flow

configuration. The initial guess was set up this way to test the estimation process, so as to prove
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that even when given a mixture of correct and incorrect initial parameters, the process would still
discern correct parameter estimates. Figure 4.3 shows the flow angle contour plots and streamline

plot of the initial guess flow profile.

Initial Guess Profile — 0.00D Downstream

Tangential Flow Angle Radial Flow Angle Streamline Plot
Positive Counter-Clockwise Positive Counter-Clockwise r —

a [deg]

-50 -25 0 25 50 -50 -25 0 25 50

Figure 4.3. Initial Guess Profile Used in the Paired Swirl Estimation Processes.

Figure 4.4 shows the chain walk for the Twin Swirl flow configuration consisting of the
estimation of three parameters: the horizontal location of the center of the vortices (P1, xc), the
diameter of the vortices (P2, aLO1), and the vortex strength (P3, LOgam1). Using these three
parameters and following the symmetry assumptions previously presented in Chapter 2, a twin
swirl distortion was created. The acceptance rate for this chain was 27.4% and the chain is
approaching convergence after approximately 3,000 to 4,000 iterations.
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Figure 4.4. Twin Swirl Chain Walk.

To reach convergence, the chain in the Offset Swirl 1 flow configuration needed twice as
many iterations as the twin swirl flow configuration to converge. Figure 4.5. Offset Swirl 1 Chain
Walk. shows the chain walk for the Offset Swirl 1 flow configuration consisting of the estimation
of four parameters: the horizontal location of the center of the vortices (P1, xc), the diameter of
the vortices (P2, aLO1), the vortex strength of the first vortex (P3, LOgaml), and the vortex
strength of the second vortex (P4, LOgam2). The acceptance rate for this chain was much lower
than desired, at 10.1%. However, after consideration of the satisfactory performance of the chains
in the previous flow configurations, the acceptance rate was determined high enough to be

acceptable.
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Figure 4.5. Offset Swirl 1 Chain Walk.

The chain in the Offset Swirl 2 flow configuration required slightly fewer iterations than
the Offset Swirl 1 flow configuration to converge. Figure 4.6. Offset Swirl 2 Chain Walk shows
the chain walk for the Offset Swirl 2 flow configuration consisting of the estimation of five
parameters: the horizontal location of the center of the vortices (P1, xc), the diameter of the first
vortex (P2, aLO1), the diameter of the second vortex (P3, aLO2), the vortex strength of the first
vortex (P4, LOgam1), and the vortex strength of the second vortex (P5, LOgam2). The acceptance
rate for this chain was higher than the Offset Swirl 1 flow configuration at 14.7%. The acceptance
rate for this chain was closer to the desired acceptance rate than the Offset Swirl 1 chain, therefore
it was also determined to be acceptable.
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Figure 4.6. Offset Swirl 2 Chain Walk

In the beginning of all of the chain walks, the accepted parameter values rapidly approach
the true parameter values. The vortex horizontal center location converges directly down to the
true value in all flow configurations. The values of vortex diameters slightly oscillate from the true
value in the beginning as the chain samples values away from the initial guess provided. However,
within a few thousand iterations, its value quickly settles near to the expected value.

Unlike the other parameters, even once the chain is converged, there seems to be a larger
variation in the vortex strength accepted values. The change and variation in the accepted
parameters values can be explained after considering the relationship of the parameters being
estimated. For instance, if the horizontal center location of the vortices changes and the vortices
are closer to each other, they will interact differently with each other, and produce less swirl than
they would if they were separated further from each other. Something similar to this effect is seen
in the estimation of the parameters. The two vortices start out stronger and farther apart than
needed to generate the desired velocity profile. Therefore, immediately the vortex strength drops
well below the desired vortex strength to account for the vortices being very far apart. Then after
the chain generates enough samples to “understand” this relationship, both the vortex center
location and vortex strength creep toward and settle near their true parameter values.

This is also why there seems to be more variation in the values of vortex strength even after
the chain has converged. Small changes not easily seen in the horizontal center location parameter

walks allow for larger, more noticeable changes in the vortex strength. Similar relationships occur
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in all of the paired swirl flow configuration estimation processes and is something that is inherent
in the way the model and parameters are defined and used.

It is important to note that, even with the same chain settings for each different set up of
the estimation process, the process is robust enough to converge to the true parameter values for
the three different profile scenarios. This was one of the major goals in the design of this process.
With a robust design, it is hoped that in the future this process could be easily adapted to other

types of flow distortions with various parameter estimation requirements.

4.1.3 Final Parameter Results

Once each chain was finished, the data was post processed to give a final set of estimated
design parameters for each profile. The values were calculated by taking the mean of the accepted
data values after the chains burn-in. The burn-in cutoff was determined by the likelihood of the

current profile results, log(Ly)current’ shown in Equation 12 in Chapter 3. The likelihood value

began as a very large negative number at the beginning of all the estimation processes when the
proposed distortions were very inaccurate. As the chain rapidly approached the idealized answers,
understandably, the likelihood of the current profile results also rapidly improved. The likelihood
value would increase until the chain started to converge, then it would begin to oscillate. A
threshold likelihood value of -4 was chosen as the cutoff, which corresponds to a distortion within
0.5° of the desired distortion. Therefore, iterations producing results with a likelihood of -4 or
greater were used in the calculation of the mean parameter values.

Table 4.2 shows the final estimated design parameter values for the paired swirl chains,
and the percent error between the estimated design and idealized parameters. The error is
calculated as a standard percent error between the estimated parameter value and the true, idealized

parameter value as shown in Equation 4.1.

|Pideatized—Pestimate|
% Error = 100  Pidealized"Pestimate @.1)
[Pideatized!

The error is very small for the Twin Swirl flow case, but is larger for the Offset Swirl cases.
At first this was worrisome, but with further investigation into the nature of the problem, some of
these worries were mitigated. When designing the idealized flow profiles for the Offset Swirl
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cases, this research revealed that some of the n\Vort parameters, mainly the vortex center location
and strength of the vortices, were linked. Determining the exact nature of this relationship is
beyond the scope of this research. However, the recognition that multiple initial profiles could
generate the same, or very similar, downstream profiles is relevant to understanding the nature of
the errors reported in Table 4.2. Ultimately, in the type of scenario studied in this work, the true
value of the idealized parameters will not be known, therefore it much more critical to consider
how closely the measured flow profiles match the desired profiles, as discussed in the following

chapter.

Table 4.2. Final Parameter Estimates from the Paired Swirl Flow Configuration Chains.

xc (in.) aL0o1(in.) LOgam1(in.?/s) | LOgam2(in.%s) | aLO2(in.)

Est. Error Est. Error Est. Error Est. Error Est. Error

Twin Swirl 0.083 | 0.0% |0.250 | 0.0% |1.248 | 0.4% N/A N/A N/A N/A

Offset Swirl1 | 0.089 | 7.2% | 0.249 | 04% | 1.217 | 6.8% -1.086 | 7.5% N/A N/A

Offset Swirl 2 | 0.087 | 4.8% |0.250 | 0.0% | 1.134 | 3.7% -1.015 | 4.3% 0.223 | 0.9%

4.2 StreamVane Design

After obtaining the final set of estimated parameters, the parameters were used to generate
a velocity profile as discussed in Chapter 2. The velocity profile generated with the estimated
parameters represents the distortion that the StreamVane needs to create at its trailing edge so that
it develops into the desired distortion downstream. In other words, this represents the StreamVane
design profile.

The StreamVane design profiles thus obtained were then used to design and manufacture

StreamVanes for experimental testing.

4.2.1 Estimated StreamVane Design Profiles

Due to the complexity and run time of the SF MC2 estimation process, there is a tradeoff
between run time and number of iterations. As stated earlier, the number of iterations was cut off
at 50,000 for the paired swirl cases. Chains of 50,000 iterations were long enough to produce
parameter values that were considered accurate enough in a reasonable time frame. Determining
more accurate parameters could require an unacceptable number of iterations and time. Therefore,

the goal established to generate the upstream distortion within £0.15° of swirl across the entire
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profile. Note that this is an order of magnitude smaller than the experimental uncertainty, defined
as £1.5° in the next section. Thus, any error shown later in the experimental verification could be
attributed to error in experimental setup or in the model matching the physical experiment.

With that being said, a comparison was made between the idealized profiles at 0.00D and
the estimated design profiles at 0.00D generated by the SF MC2 Estimation Process. In this study,
the idealized distortion profiles at 0.00D were known, therefore the estimated design profile could
be directly compared with the idealized profiles shown in Chapter 2. This knowledge offered
another form of method validation before experimental testing and verification of the method was
conducted. Figure 4.7 through Figure 4.9 show the contour plots of the idealized profile, the
estimated design profile, and a delta plot showing the difference between the two of them for each
of the paired swirl test configurations. In all paired swirl flow configurations, the goal of being
within £0.15° of swirl across the entire profile was achieved at the 0.00D plane. The average
difference between the idealized and estimated swirl angle across all profiles was 0.0003°, with
the maximum absolute difference in swirl angle across all profiles being 0.09°. Since the Bulk
Swirl flow configuration is only based on one parameter, and the estimated parameter is same as
the idealized parameter, this comparison is not shown.

The estimated profiles surpass the goal even though some of the final estimated parameter
values presented in the last section, especially those of the Offset Swirl configurations, were very
different from the parameters for the idealized distortions. Therefore, the 50,000 iterations and 24-

hour run time are judged to have resulted in an adequate estimate.
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Twin Swirl Estimate — 0.00D Downstream
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Figure 4.7. Comparison of Twin Swirl Idealized and Estimated Design Distortion Profiles.

Offset Swirl 1 Estimate — 0.00D Downstream
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Figure 4.8. Comparison of Offset Swirl 1 Idealized and Estimated Design Distortion Profiles.
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Offset Swirl 2 Estimate — 0.00D Downstream
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Figure 4.9. Comparison of Offset Swirl 2 Idealized and Estimated Design Distortion Profiles.

4.2.2 6-Inch StreamVanes for Experiments

Using the estimated design velocity profiles at 0.00D, 6-inch diameter StreamVanes were
designed following the StreamVane Method and manufactured using in-house 3D printing
technologies. Figure 4.10 shows photos of the 3D printed StreamVanes. The design of the Bulk
Swirl StreamVane (Figure 4.10(a)) resulted in a StreamVane with an axial length of 1.4 inches, 18
turning vanes, and 1 support vane. The Twin Swirl, Offset Swirl 1, and Offset Swirl 1
StreamVanes, all and an axial length of 0.94 inches and two support vanes. The Twin Swirl
StreamVane (Figure 4.10(b)) and the Offset Swirl 1 StreamVane (Figure 4.10(c)) had 22 turning
vanes. Lastly, the Offset Swirl 2 (Figure 4.10(d)) StreamVanes consisted of 21 turning vanes. Then
the StreamVanes were tested at the 6-Inch Wind Tunnel Facility at Virginia Tech. Results were

collected with the 5-hole prism probe at the 1.00D measurement plane.
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(a) Bulk Swirl (b) Twin Swirl (c) Offset Swirl 1 (d) Offset Swirl 2

Figure 4.10. 6-Inch StreamVanes.
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5 StreamVane Experimental Verification

5.1 Low Speed Wind Tunnel Facility

After the design estimates were generated from the estimation process, StreamVanes were
manufactured and tested in the 6-Inch Low Speed Wind Tunnel Facility at Virginia Tech
Turbomachinery and Propulsion Laboratory. The low speed wind tunnel and experimental setup
is shown in Figure 5.1. Low Speed Wind Tunnel Facility at Virginia Tech Turbomachinery and
Propulsion Laboratory.. The Low Speed Wind Tunnel Facility setup, which is very similar to the
experimental setup presented by Hoopes in 2013 [5], consists of a blower connected to a settling
chamber containing a honeycomb flow straightener and multiple flow straightening screens. The
settling chamber is nozzled into a 12-by-12 inch square section. A bell mouth is then inserted and
bolted into the 12-by-12 inch square section reducing down to a 6-inch diameter circular duct
section. A 6-inch diameter PVC pipe section connects to the rotator and traverse system. The
rotator and traverse system consists of a rotator section in which the StreamVane is mounted,

followed by another circular duct test section that attaches to the probe housing and probe traverse.

Figure 5.1. Low Speed Wind Tunnel Facility at Virginia Tech Turbomachinery and Propulsion
Laboratory.
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Experimental pressure data was collected on each StreamVane at one measurement plane
1.00 duct diameters (6 inches) downstream of the trailing edge of the StreamVane. The pressure
data was collected using a United Sensors 0.125 inch diameter 5-hole prism probe. Using the five
pressures, the flow angles were calculated using the Treatser and Yocum probe calibration method
briefly outlined in Appendix A: 5-Hole Pressure Probe Calibration [20]. Each of the five pressure
ports on the probe was attached to a Dwyer 616-3 10-inches of water pressure transducer that was
calibrated before and after each test.

Before each StreamVane test, open tunnel data was taken from the wind tunnel. The open
tunnel tests were conducted by placing a circular duct section with no vanes in place of the
StreamVane. Data from one of the open tunnel tests is shown in Figure 5.2. On the figure horizontal
axis, 0 inches represents the center of the tunnel and 3 inches represents the wall of the tunnel. The
data shows that the tunnel produces a flow at approximately Mach 0.145. It also shows that the
tunnel in clean flow produces negligible swirl until a radius of 2.9 inches. This result is considered
an effect of probe-wall interaction.

Similar wall-probe interaction affects were documented by Treaster and Yocum in their
prism probe calibration study. They found that within approximately two probe diameters of the
wall, the swirl measurements can be affected by the presence of the wall [20]. This is important to

note, and its effect on the experimental results will be discussed in Chapter 6.

Open Tunnel Conditions
Swirl Angle Mach Number

7 (deg)
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r(in) r{in.)

Figure 5.2. Open tunnel conditions of the Low Speed Wind Tunnel.
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5.2 StreamVane Positioning and Data Acquisition

The entire data collection was fully automated collecting at multiple locations in the 1.00D
measurement plane. Figure 5.3 shows the rotator and traverse system powered by stepper motors
that were used to position the probe and StreamVane to the appropriate measurement locations.
The data collection and StreamVane positioning were automated using LabVIEW software. The
probe was traversed to 19 radial measurement locations. After one pass of the radial traverse was
completed, the StreamVane was rotated five degrees. One test measurement plane consisted of 19
radial locations and 72 circumferential locations, resulting in a total of 1,368 measurements. Figure
5.4 shows a schematic of the 2D measurement plane in the circular duct, and the locations of the

measurements.

(
- I

Figure 5.3. StreamVane Rotation and Probe Traversing System.
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Figure 5.4. Schematic of Test Measurement Locations.

After arriving at measurement location, the probe pressures were allowed to settle for 2
seconds to ensure adequate time to respond to the changes in pressure. The data at each point was
taken for a total of 2 seconds at a sampling rate of 1000 Hz. The data were then time averaged.

5.3 Experimental Uncertainty Estimation

Unfortunately, due to the nature of this experimental setup, there are many sources to
experimental uncertainty that are difficult to quantify. Therefore, this section will attempt to define
the largest sources to provide a conservative estimate for the actual swirl angle experimental
uncertainty.

As mentioned earlier, the swirl angle is calculated using the Treaster and Yocum
Calibration method. Paul, et al. studied this and other methods finding that there is an error and
uncertainty of +0.332° associated with the interpolation schemes used to calculate the flow angles
[21]. There was an also an uncertainty associated with the angles used in the probe calibration
itself contributed to the uncertainty by another =0.5°. The uncertainty in the pressure transducers
used was * 0.25% which according to methods presented by Hoopes and Paul, et al., translates to

an uncertainty of £0.1° in swirl angle [5, 21].
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Lastly, the largest sources of uncertainty in the experimental setup are the uncertainties
associated with how the StreamVane and probe are installed in the rotator and traverse. Both the
StreamVane and probe are installed and aligned in the system by hand. It is estimated that the
StreamVane can be aligned within a tolerance of +1° resulting in an estimated uncertainty of £1°
in the swirl angle measurement. The probe can be aligned within a tolerance of £0.03 inches also
resulting in an estimated uncertainty of =1° in swirl angle measurements.

Using the RMS method to combine uncertainty [22], the final estimated experimental
uncertainty for a swirl angle measurement is +1.5°. This experimental uncertainty will be applied

to the swirl angle measurements presented in Chapter 6.
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6 Experimental Results and Discussion

6.1 Tangential Flow Angle Results Comparison

The experimental results are compared to the desired distortion results in the next chapter
to verify and provide an assessment of the overall performance of the estimation process. The
experimentally measured swirl angles are compared to the desired swirl angles across the entire
flow profile at the AIP 1.00D downstream of the StreamVane. The measured and desired distortion
are also compared through the calculation of swirl descriptors that are defined in section 6.2.1.
Both of these comparisons offer insight into the performance and accuracy of the SF MC?

Estimation Process in the design of StreamVanes.

6.1.1 Tangential Flow Angle Profile Comparisons

One way in which the measured distortion can be compared to the desired distortion is
through a comparison of contour plots. Figure 6.1 shows the contour plots of the desired distortion
at 1.00D (left), the measured distortion produced by the StreamVane at 1.00D (center), and a delta
plot showing the difference in the measured and the desired results. Overall, the Bulk Swirl
StreamVane performs very well. In most of the regions, the measured distortion matches the
desired distortion within the experimental uncertainty of 1.5°. A major difference between the
measured and desired distortion is that the desired distortion profile is produced by analysis, and

the distortion produced by the StreamVane contains wakes and turbulence.
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Bulk Swirl Results — 1.00D Downstream

Tangential Flow Angle Tangential Flow Angle ) )
Desired Results Experimental Results Tangent'al Flow Angle Difference
Positive Counter-Clockwise Positive Counter-Clockwise Experiment - Desired
/3 [deg] 3 [deg] Ap [deg]
EE 4 HE 4 s BN 4 .
0 5 10 15 20 0 5 10 15 20 5-4-3-2-1012 3435

Figure 6.1. Comparison of Desired and Measured Bulk Swirl Distortion.

Unfortunately, this is an unavoidable characteristic of a swirl generator device such as the
StreamVane. In order to turn the straight duct flow into the desired distortion, there have to be
turning vanes, but the vanes create wakes as well. The wakes from the vanes start to mix out
immediately downstream of the StreamVane. However, they do not completely mix out to form a
smooth distortion at the measurement plane. The wake effects can be seen, but are not fully
resolved due to the low response time of the pressure probe and the time averaged data used. The
presence of wakes in the flow is very clear if we look at the delta plot between the measured and
desired data. The areas of difference that we are attributing to wakes disrupting the turning are
distributed in a very similar manner to the vane spacing. Although these differences are very
apparent in the plot, the magnitudes of the delta in swirl angle is still small relative to the maximum
turning of 15°.

Figure 6.2 through Figure 6.4 show the results of the distortion produced by the paired
swirl (Twin Swirl, Offset swirl 1, Offset Swirl 2) StreamVanes compared to the desired distortions.
Throughout the majority of the duct the StreamVanes are able to produce the desired distortion
within £1.5°. Similar to the Bulk Swirl results, regions in which there are smaller isolated peaks

of differences are believed to be due to the presence of vane wakes.
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However, there is also the presence of larger regions of differences between the desired and
measured distortion not seen in the Bulk Swirl results. In all three flow configurations, similar
regions of larger differences exist. There is the presence of larger regions of difference near the
center of the profiles. Within these regions the flow is under turned, or in other words the
StreamVane is not turning the flow enough. Although these regions of difference near the center
are clearly seen in the difference plots, the magnitude of the differences is small relative to the
maximum swirl angle present in the flow, and it is not as obvious when comparing just the two
contour plots. Despite these regions being relatively small in magnitude, these areas are still
believed to be areas of under turning. If one were to look to mitigate this difference, a method

would need to be developed to identify and increase StreamVane turning in these areas.

Twin Swirl Results — 1.00D Downstream

Tangential Flow Angle Tangential Flow Angle
Desired Results Experimental Results Tangential Flow Angle Difference
Positive Counter-Clockwise Positive Counter-Clockwise Experiment - Desired

3 [deg] /3 [deg] A 3 [deg]
HE e HE e
20 1510 -5 0 5 10 15 20 20 -15-10 -5 0 5 10 15 20 5 -4-3-2-1012 3475

Figure 6.2. Comparison of Desired and Measured Twin Swirl Distortion.
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Offset Swirl 1 Results — 1.00D Downstream

Tangential Flow Angle Tangential Flow Angle
Desired Results Experimental Results Tangential Flow Angle Difference
Positive Counter-Clockwise Positive Counter-Clockwise Experiment-Desired

3 [deg] /3 [deg]

A 7 [deg]

20 16 10 -5 0 5 10 15 20 -20 15 10 -5 0 &5 10 15 20 54321012 3 45
Figure 6.3. Comparison of Desired and Measured Offset Swirl 1 Distortion.

Offset Swirl 2 Results — 1.00D Downstream

Tangential Flow Angle Tangential Flow Angle
Desired Results Experimental Results Tangential Flow Angle Difference

Positive Counter-Clockwise Positive Counter-Clockwise Experiment - Desired

20 156 <10 -5 0 5 10 15 20 20 15 110 -5 0 S5 10 15 20 5 -4 -3-2-10 12 3 45
Figure 6.4. Comparison of Desired and Measured Offset Swirl 2 Distortion.

The other, larger region of difference between the measured and desired distortion occurs
near the left wall of the duct. In this region, the StreamVanes are not producing enough negative
swirl. The paired swirl flow configurations seem to produce a systematic error in this region where
there is supposed to be negative flow near the wall. This error occurs in regions with a radius of
2.8 inches or greater and only occurs with the negative swirl angles. Although this is present in all
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three pair swirl experiments, there is still not enough evidence to show that it is purely based on
the performance of the StreamVane. In fact, there is more evidence that shows that this may be a
systematic error in the experimental setup. As stated earlier in the discussion of the experimental
setup, the prism probe could measure negligible swirl in the clean tunnel up until a radius of
approximately 2.9 inches. At this point, the probe tip would begin to start interacting with the wall
and producing inaccurate swirl measurements. It is unclear as to why the inaccuracies are increased
when there are negative swirl values. Since these measurement locations at larger radii are possibly
inaccurate, they are not included in the rest of the results analysis presented throughout this work.
To verify the swirl magnitude in this region, a different type of probe or measurement technique
would need to be applied to resolve the swirl angle close to the wall.

In areas where there are believed to be wake effects, the difference in turning between the
desired and measured profiles are small. However, if further mitigation is desired, measures should
be taken to reduce the wake production of the vanes. This could be in the form of changing the
vane geometry from cambered flat plate to a more aerodynamic shape such as an airfoil, reducing
the vane thickness, or reducing the number of vanes used. In areas where the under turning is not
necessarily a problem caused by wakes, future improvements might include the development of a

method to identify and increase StreamVane turning in these regions.

6.1.2 Tangential Flow Angle Error Analysis

Another calculation was done to quantitatively represent how well the experimentally
generated distortion matched the desired distortion. An RMSE, defined in Equation 6.1, was
calculated across the measured dataset. The RSME values, presented in Table 6.1, offers a
comparison of the experimental swirl angle measured and the desired swirl angle at each point.
The value indicates that on average, the measured swirl is within the RSME value stated in the
table.

: . 2
RMSE = \/%Z;\Ilzl(ﬁre;xpenmental N ﬁgemed) (6.1)
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Table 6.1. Swirl Angle RMSE for All Flow Configurations.

Swirl Angle RMSE
Measured S vs. Desired g at 1.00D Downstream
Bulk Swirl 1.38°
Twin Swirl 1.63°
Offset Swirl 1 1.71°
Offset Swirl 2 1.57°

There was a slight variation in these values across the different flow configurations. The
values in error are small when considering that the distortions studied had maximum flow angles
over ten times the size of the errors. The RMSE values are considered to represent the error
associated with both the estimation process and the experimental setup in measuring the desired

swirl distortion at a specific distance downstream of a StreamVane.

6.2 Comparison of Swirl Descriptors

Since the profiles studied in this research were inspired by the S-16 common swirl profile,
the swirl descriptors outlined and defined in the AIR 5686 were also used to compare the generated

distortion to the desired distortions.

6.2.1 Definition of Swirl Descriptors

Swirl descriptors were originally designed by Sheoran and Bouldin as a guideline to
characterize swirl patterns [23]. They are defined in ARP 5686 as follows:

Sector Swirl (SS): quantifies the average positive (co-rotating) swirl content, +SS;, and

average negative (counter-rotating) swirl content, —SS;, of the swirl distortion at a given radial
ring.

Swirl Intensity (S1): represents an average of the absolute, circumferential swirl angle in

degrees for each ring at the AIP.
Swirl Directivity (SD): identifies the generalized rotational direction of the swirl distortion

with respect to the compressor rotation at each ring. Swirl directivity has a value that ranges from
-1to +1.
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Swirl Pairs (SP): is a numerical indicator of the effective number of pairs of positive and

negative swirl direction changes that are represented in the swirl measured at each ring.

These swirl descriptors are calculated along a radial ring at the AIP. Equations 6.2 through

6.6 define the calculation of the swirl descriptors described above for the i radial ring at the AlP.

SS? = 57 Jys B(8)ido (6.2)
SS; = 5= Iy B(8)ido (63)
SI, = SSfx@f:!;‘Sﬂx@{ (6.4)
SDi = S (65)
sp, = sstxof +|ss;|x6; (6.6)

"~ 2xMax of {|SS;x67 |} or {|sS; 67|}

where theta plus (8;") is defined as the circumferential extent of the positive (co-rotating) swirl
region and theta minus (68;") is defined as the circumferential extent of the negative (counter-

rotating) swirl region.

6.2.2 Comparison of Calculated Swirl Descriptors

Five radial rings were chosen for a closer comparison of the swirl angle and the calculation
of the swirl descriptors. The radii were chosen to reflect the areas of interest in the swirl distortion,
where there were regions of large swirl angle and flow patterns of interest. The radii chosen were
0.4, 1.0, 2.0, 2.5, and 2.8 inches. The radii at 0.4 and 1.0 were chosen to compare the area of large
swirl angles near the center of most of the profiles. The radii of 2.0, 2.5, and 2.8 were chosen to
compare the larger regions of swirl along the walls of the duct. The outermost radius chosen in the
comparisons was limited to a radius of 2.8 inches due to the previously-described issues that the
prism probe encounters with measuring flow angle near the duct wall. As discussed earlier, serious
measurement limitations occur with the prism probe at radii larger than 2.8 inches.

Figure 6.5. Swirl Angle vs. Circumfrential Position at Five Radii for Bulk Swirl Flow

Configuration. shows the five radial ring plots of the swirl angle versus circumferential position
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for the Bulk Swirl flow configuration for both the experimentally measured and the desired swirl.
Table 6.2 shows the calculation of the swirl descriptors defined above for both the desired
distortions and the experimentally generated distortions for comparison. The swirl descriptors
agree very well between the measured and desired distortions. The disruption in turning caused by
wakes is very evident throughout all of the swirl angle plots at the different radii. The wakes cause
the swirl angle to fluctuate and drop to a lower value than the desired swirl, therefore affecting the
swirl intensity calculated across that radii. Across all radii the swirl intensity is slightly lower than,
but still very close, to the desired values.
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Figure 6.5. Swirl Angle vs. Circumfrential Position at Five Radii for Bulk Swirl Flow

Configuration.

Table 6.2. Bulk Swirl Results for Calculated Swirl Descriptors, Measured vs. Desired at Five Radii.

r=04 r=1.0 r=20 r=25 r=28
Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired
SS* 1 0.74° 1.89° 4.68° | 4.71° 9.49° | 9.47° 10.7° | 11.81° 12.7° | 13.1°
SS- | -0.16° | O° 0° 0° 0° 0° 0° 0° 0° 0°
SI 1 0.69° |1.89° 4.68° | 4.71° 9.49° | 947° 10.7° | 11.81° | 12.7° | 13.1°
SD |0.96 1.0 1.0 |10 1.0 |10 1.0 |1.0 1.0 |1.0
SP 1051 |05 05 |05 05 |05 05 |05 05 |05
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The swirl descriptors offer more insight for the paired swirl configurations, since the
changes in swirl angle across the radial rings are larger. Figure 6.6 shows the swirl descriptors
calculated for the Twin Swirl flow configuration. Throughout almost all of the rings on all radii,
the swirl angle of the measured distortion matches the trends of the desired distortions within the
experimental uncertainty of £1.5°. Table 6.3 shows the calculated swirl descriptors along each of
the radii. Again, the swirl descriptors between the desired and measured distortions come very
close to each other. The extents are calculated within 1° for all but one of the radii. The swirl
intensities are slightly lower than the desired, which is expected due to the presence of losses and
wakes as described in the Bulk Swirl flow configuration. The swirl directivity at all radii is
practically zero and swirl pairs are equal to one, which as defined in the AIR 5686 for the case of

a twin paired swirl distortion.
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Figure 6.6. Swirl Angle vs. Circumfrential Position at Five Radii for Twin Swirl Flow
Configuration.

Table 6.3. Twin Swirl Results for Calculated Swirl Descriptors, Measured vs. Desired at Five Radii.

r=04 r=10 r=20 r=25 r=28
Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired
SS+ | 9.15° 9.95° 5.04° 4.53° 5.40° 5.73° 7.96° 7.81° 8.38° 8.13°
SS | -9.04° | -9.57° -5.40° | -4.36° -5.89° | -5.98° -7.64° | -8.13° -6.68° | -8.48°
SI 9.10° |9.77° 5.23° | 445 5.65° | 5.86° 7.81° | 7.97° 7.54° | 8.31°
SD |[0.00 |0.02 -0.07 | 0.02 0.02 |-0.02 0.02 -0.02 0.11 |-0.02
SP 1100 [0.98 093 10.98 096 [0.98 0.98 0.98 090 [0.98
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Figure 6.7 shows the radial ring plots of the swirl angle for the Offset Swirl 1 flow
configuration. Similar to the Twin Swirl configuration, the trends in swirl angle at each radii are
very well matched. In all but a few areas at all radii, the swirl values are within the experimental
uncertainty of £1.5°. Table 6.4. Offset Swirl 1 Results for Calculated Swirl Descriptors, Measured
vs. Desired at Five Radii. shows the swirl descriptors calculated along the radii for the measured
and desired distortions. The extents between the measured and desired distortion match within 5°
at all radii except at a radius of 2.8. At a radii of 2.8 inches, there is about 10° more positive swirl
than desired. Similar trends in the comparison in swirl intensity are seen as in the previous two
distortion configurations, where the measured swirl intensity is almost always slightly lower the
desired swirl intensity. Lastly, the swirl directivity and swirl pair calculations are similar between
the measured and desired distortion. Throughout the entire profile, these descriptor values reflect
that the swirl in the distortion is unbalanced, and there is more counter-clockwise swirl present in

the distortion.
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Figure 6.7. Swirl Angle vs. Circumfrential Position at Five Radii for Offset Swirl 1 Flow

Configuration.

Table 6.4. Offset Swirl 1 Results for Calculated Swirl Descriptors, Measured vs. Desired at Five Radii.

r=04 r=10 r=20 r=25 r=238
Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired
SS* | 9.66° 10.5° 6.04° 5.75° 7.07° 7.16° 8.40° 9.21° 8.81° 9.48°
SS | -9.16° | -8.88° -4.01° | -4.3%° -4.20° | -4.38° -5.96° | -6.55° -5.43° | -6.96°
SI [9.42° |9.74° 521° | 4.65° 5.93° |6.03° 7.39° | 8.03° 7.47° |8.36°
SD [0.04 |0.12 0.36 |0.47 043 |0.40 0.33 |0.28 042 ]0.25
SP |096 |0.88 0.73 |0.68 069 |0.71 0.75 |0.78 0.70 ]0.80
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Figure 6.8 shows the radial ring plots of the swirl angle for the Offset Swirl 2 flow
configuration and Table 6.5 shows the swirl descriptors calculated along each radii. The
differences in calculated swirl descriptors follow the previously seen trends in the other flow
configurations. However, these difference are very small. The trends in the measured swirl angle
across all radii match the trends in the desired swirl angle. Even after developing downstream of
the StreamVane, the measured distortion matches the flow patterns of the desired distortion very

well.
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Figure 6.8. Swirl Angle vs. Circumfrential Position at Five Radii for Offset Swirl 2 Flow

Configuration.

r=04 r=10 r=20 r=25 r=238
Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired | Exp. | Desired
SS+ | 9.04° 9.77° 4.86° 4.32° 5.75° 6.21° 8.06° 8.33° 8.45° 8.69°
SS- | -8.75° | -9.73° -4.69° | -4.21° -5.30° | -5.64° -6.35° | -6.96° -5.13° | -6.98°
SI 890" |9.75° 4.78° | 4.26° 5.54° | 5.94° 7.27° | 7.70° 6.97° | 7.8%°
SD |0.01 |-0.01 0.01 |-0.02 0.09 |0.10 0.18 |0.16 034 10.19
SP 1099 ]0.99 099 10.98 092 091 0.84 |0.86 0.74 |0.84
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From the radial rings plots of all the flow configurations, it is very evident that the
estimation process enables the design of StreamVanes to produce distortions that will very closely
match the desired distortion when migrated downstream. Throughout almost all of the calculations,
the swirl intensity and peak swirls value were lower than the desired profile. This is a problem for
which the estimation process does not account. However, the values for which it undershoots are
typically very small in comparison to the values of the magnitude of the swirl angles being

generated.

6.3 Overall Conclusions on Application of SF MC? Estimation Process

The main goal of the design and application of the SF MC? Estimation process was to
enable the design of StreamVanes to more accurately produce a desired swirl distortion
downstream. Depending on the type of swirl pattern desired, the flow pattern develops as a
distortion propagates downstream. To measure the magnitude of this development, an RMSE was
calculated between the distortions used to design the StreamVanes and the distortion measured at
the 1.00D measurement plane. The RMSE was calculated in the same manner as shown in

Equation 6.1. The results of those calculations for each swirl distortion are shown in Table 6.6.

Table 6.6. Swirl Angle Development Downstream of StreamVane

Swirl Angle RMSE
Measured g at 1.00D vs. StreamVane Design £ at 0.00D

Bulk Swirl 1.51°
Twin Swirl 2.32°
Offset Swirl 1 2.58°
Offset Swirl 2 2.62°

In essence, these values represent the magnitude of the changes in each distortion type as
they propagate downstream. After the distortions have propagated downstream, on average, the
measured swirl at 1.00D is within 1.51° to 2.62° of what was produced by the StreamVane at
0.00D. In the Bulk Swirl flow configuration, not much development takes place as the distortion
propagates downstream. But as the distortion becomes more complex, more development occurs,
as is the case of the Twin Swirl, Offset Swirl 1, and Offset Swirl 2 configuration. These

calculations show that depending on the degree of development, the estimation process may or
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may not be required. In the Bulk Swirl configuration, there is little development therefore the
estimation process, which helps account for the development, is not very beneficial. However, in
the case of the paired swirl cases, where more development occurs, an estimation process such as
the SF MC? process, which accounts for the development, can truly increase the ability to match a
desired downstream distortion.

These findings will are very beneficial in all StreamVane applications, including testing of
larger scale StreamVanes. As previously stated, vortex patterns produced by StreamVanes do not
scale on Reynolds Number. Therefore, the results presented in this work can be utilized in other
larger scale StreamVane applications (larger StreamVane diameters, or in higher Mach number

flows).
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7 Conclusions

7.1 Summary of Conclusions

A new method was developed combining the StreamVane distortion generator device, SF,
and MC? to improve the design capabilities of the StreamVane. The new method, designated the
SF MC? Estimation Process, enables the StreamVanes to match desired distortions at specified
distances downstream. The process is able to generate an estimate StreamVane design flow profile
needed to create a desired flow profile at a specific distance downstream.

The estimation process was designed and verified for four different swirl distortion flow
configurations. The process was able to generate estimated StreamVane design profiles within less
than +0.15° of swirl angle when compared to the idealized distortions. The estimated StreamVane
design profiles were used to generate experimental 6-inch StreamVanes. The StreamVanes were
tested to measure the distortion created at the AIP. Errors found between the experimentally-
measured swirl distortion and desired distortion at the AIP were found to be very small compared
with the maximum swirl generated throughout the profiles. Depending on the flow configurations,
the RMSE between the measured and desired swirl angle ranged from 1.38" to 1.71°.

Calculated swirl descriptors were also compared for the measured and desired swirl
distortions. Across all profiles there was very good agreement between the measured and desired
swirl descriptors. Based on this analysis, it was also found the estimation process helped match
trends and swirl patterns that developed downstream of the StreamVane. Therefore, the process

enabled StreamVanes to account for the downstream development of distortions.

7.2 Future Work

Although the estimation process improved the StreamVane technologies capability for
producing desired distortion downstream, there are still areas of the process where the matching
of desired distortion could be improved. Suggestions to improve the design method include the
implementation of a process similar to this with better vane geometries to reduce wakes and losses.
Alternatively, experimental scaling methods could be developed to identify and alter the design

for areas in the flowfield that need to produce more turning.
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Improvements to the actual estimation of the upstream flow profile could also be made. In
this first application of the process, the goal was to design a robust tool that could be used in
multiple flow configurations with minimal changes to the actual MC? inputs. Therefore, to improve
convergence on the true idealized parameters and idealized upstream flow profile, the MC? user
inputs discussed in Chapter 3 could be further tuned for each flow configuration. This could
possibly reduce the run time of the estimation process, and increase accuracy. Also, as seen in the
Bulk Swirl flow configuration, the estimation can also be improved by inputting a better initial
guess distortion and parameters for all of the flow configurations. Lastly, since the process uses a
model to predict how the flow propagates downstream, improvements to the StreamFlow model

would help the process more accurately predict both upstream and downstream distortions.
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Appendix A: 5-Hole Pressure Probe Calibration

During the experiment presented in this research, a 5-hole prism probe, similar to one
shown in Figure A.1, was used to collected distortion data. Using the method of Treaster and
Yocum [20], briefly presented in this section, three dimensional flow data was able to be extracted
from the collected pressure data.

The pressures collected by the probe are used to calculate the pressure coefficient in the

yaw () and pitch (a) directions shown in Equations A.1 and A.2

CPB:(PZ—P3)/(P1—P) (A1)
Cpy = (P, — Ps)/(P, — P) (A.2)
P= (P,+P;+P,+P)/4 (A.3)

where, P1, P2, P3, P4, and Ps, represent the pressure at the corresponding pressure port. With the
way the probe is setup in the tunnel, the yaw angle corresponds to the tangential flow angle and
the pitch relates to the radial flow angle. During calibration, the probe is mounted in a rig that
positions the probe into known yaw and pitch angular positions, and pressure data is collected. The
coefficients are then calculated using these pressures to create a map relating the coefficient to
particular yaw and pitch locations. Figure A.2 shows the calibration maps generated of the 5-hole
prism probe used in the wind tunnel experiments presented in this research. In each of the subscale
StreamVane tests, pressure data is collected on the entire distortion profile. To extract the flow
angles from the experimental pressure data, the pressure coefficients are calculated at each data
point and then related back to interpolated coefficients on the calibration map. From the

coefficients and the calibration map the tangential and radial flow angles can be extracted.
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Figure A.1. Schematic of Five-Hole Prism probe.
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Figure A.2. Five—Hole Prism Probe Calibration Maps.
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