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Stereoscopic Particle Image Velocimetry Measurements of Swirl Distortion on-&daldi
Turbofan Engine Inlet

Michael A. Nelson

ABSTRACT

There is a present need fmmulation and measuring the inlet swirl distortion generated by
airframe/engine system interactions to identify potential degradation in fan performance and
operability in a fullscale, ground testing environment. Efforts are described to address this nee
by developing and characterizing methods for complex, prescribed distortion patterns. A relevant
inlet swirl distortion profile that mimics boundary layer ingesting inlets was generated by a novel
new method, dubbed the StreamVane method, and measuradsut scale tunnel using
stereoscopic particle image velocimetry (SP&g)a precursor for swirl distortion generation and
characterization in an operating turbofan research eniagnostic development efforts for the
distortion measurements within thesearch engine paralleled the StreamVane characterization.
The system used for research engine PIV measurements is described. Data was obtained in the
wake of a total pressure distortion screen for engine conditions at idle and 80% corrected fan
speed, ad of full-scale StreamVane screen at 50% corrected fan speed. The StreamVane screen
was designed to generate a swirl distortion that is representative for hybrid wing body
applications and was made of Ultem*9085 using additive manufacturidglditional
improvements to the StreamVane method are also descbl¢a reduction algorithms are put
forth to reduce spurious velocity vectors. Uncertainty estimations specific to the inlet distortion
test rig, including bias error due to mechanical vibration, ardemResults indicate that the
methods develop may be used to both generate and characterize complex distortion profiles at
the aerodynamic interface plane, providing new information about airframe/engine integration.
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1. Introduction

The future of commerciaand transport aircraft configuration design is being heavily
influenced by avironmental concernand isdriven by requirements teimultaneouslyreduce
cumulative airframe noisduel burn, and Landing Take Off (LTO) momdrogen oxides (NQ
emissions NASAO6s Environmentally Respomenifybahd Avi a
develop the importardoncepts antechnologieghat enable the realization thfese goals for the
N+2 timeframg1-4]. Technologies under investigation include, among nuuseitems, the use
of ultra high bypass (UHB) engines and a highly integrated engine/airframe hybrid wing body
(HWB) configuration(see [1]. The need for tbseefforts in UHB engines has been motivated by
wind tunnel studies of HWB configuration&4tlin & al. [5]). Therein, an HWBmodel was
placed in thel4- by 22foot subsonic tunnel at NASA Langley Research Center; its angle of
attack (AOA) and angle of side slip (AOSS) were varied along with configuration parameters.
For AOA=15.6° and AOSS=6° a vortéarmed by the leading edge of the airframe was ingested
by the engine, evident by the swirling flow around the nacséle (5). Flow fields generated to
simulate the HWB vortex being ingested into the UHB engindramestigated in detail in this
thesis

Another configuration design under the ERA project that would experience inlet distortion is
a modified tube and wing design that featuresnaftinted turbofan engiseon top of the
fuselage[6-7]. The traditional, less efficient tube and wing configimattypically hangs
turbofan engines from the wings, ensuring uniform flow to the engine inlet. Complicated
engine/airframe integration distorts the uniform engine inlet flow for which engines are
designed introducing total pressure distortion and swirlsit or t i on at t he engi
interface plane (AIP) and infterent stages of the engine.

Total pressure distortion can be caused by extreme inlet geometry, airframe boundary layer
ingestion,proximity to the groundand severe flight maneuveiSor many yearsotal pressure
distortion was considered the primary source of engine/airframe incompatibility and has thus
beenan important topic of research recent year$8-17]. Swirl distortion is the presence of
flow angle noauniformity in the inlé duct and is characterized by swirl angl#, the angle
between the tangentidUy) and axial(Uy) flow velocity, which is counterclockwise positive



(Figure 1., top. There are several types of swirl distortion as showRigure 1, namely bulk

swirl, twin swirl, tightly wound vortices, and theiombinatiors.
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Swirl Angle Definition
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Bulk Swirl

Twin Swirl

Tightly Wound Vortex

Figure 1. Swirl angle is defined; examples of the three types of swirl distortion are also de

As a rotor blade passes through regions of swirl distortion, the tangential velocity component

changes the angle of incidence experienced by the blade which affects the output flow turning

angleand the resulting flow gst the stato(Fig. 2). These changes from the design condition

affect the stage pressure rise, mass flow, work dame stage efficiencystrongswirl distortion,

coupled with total pressure distortion, can cause flow separation and engine opeaszhiis/

such as a shifting stall margin, stall, and sydgd. Swirl distortion has also been linked to high

cycle fatigue and other aeroelastic effems$srotor blades continuously pass through regions of

highly distorted flon[19-22].
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Figure 2A. Zero swirl angle at design incidence
and normal blade loading.
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Figure 2B. Co-rotating bulk swirl showing reduced
incidence and smaller loading.
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Figure 2C. Counter-rotating bulk swirl showing
increased incidence and higher loading.

Figure 2. The effect of swirl di®rtion on rotor incidence.
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1.1 Summary of Present Research

Losses and instabilities due to inlet swirl distortion can negatively affect all three of the
major aims of the ERA project, as wels overallaircraft safety.An important first step in
understanding the effects of a specifitet swirl distortion on parameters like fan performance
and engine operability is to accurately simulate and measure the inlet svartialistat the
aerodynamic interface plan&lP) of the enginethe measurement, characterization, and analysis
of a real world inlet swirl distortions the focus of the current work. In the first part of this thesis
the experimental setup of both the small scale and full scale test rigs is described as well as
efforts to estimate uncertainty that is specific to the $alile inlet distortion test rig. This is

followed by experimental resultésxdan explanation of data validation.

1.2 Literature Review

One of the earliesidentified cases of airframe/engine compatibility issues was the twin
turbofanengine fighter/bombeTornado aircraft, which underwent prototyping in the 1@y 0s.
During initial flight testingengine surg®ccurredat high angles of attack during subsonic flight
and during level, supersonic flight in spite of ground testing to determine the effectsilof
pressure distortion on engine operability. Inlet separation generateddurkerswirl due to a
thickened boundary lay¢i8]. A retrofit fence was installed in the inlet to minimize the effects
of inlet swirl and the compatibility issues werealeed [18]. This experience brought to light
the need to improve ground test procedure to identify and test engines for swirl distortion in
addition to total pressure distortion. The challenges of said ground testing ispeciécaly
identifying the swrl distortion that the engine will experience for extreme flight conditions,
accurately simulating the distortion feeld the
with enough spatial and time resolution to be able to understand how the ahstdfticts fan
andbr compressor performance and overall engine operaldwgr the past several decades

theseground testhallenges have been addressed to varying degrees

1.2.1Swirl Generation
A significant challenge in assessing fan response agideepperabilityin the presence of an

inlet distortionis the abilityto accurately recreate a thréenensional velocity vector field at a
given plane, th&lP, of an operating jet engin€he goal is to recreate aniight condition that

3



the engine wold experience without theequired cost and time of manufacturing arcraft
model or prototypeAfter the experiences of the development of the Tornado aireeaféral
methodsof swirl generatiorhave been implemented with succesauitificially creding generic
swirl profiles, includingthe use of turned van¢®3], a delta wing to generatevortex pair[23],
and a swirl chambg@4-25]. These methods are often difficult to control or adapt and none are
able to recreate a complex swirl distortioketa from actual engine/airframe systems.

The most recent efforts have culminated in the invention of the StreaniSdhenethod for
inlet swirl distortion generatiofi26]. This methods able toreproduce specific swirl profilethat
are present in real gme/airframe applicationand is used to create swirl distortion profiles in
the current work. The method is defined by the following stepsietailed further ir2p].

First, a threedimensional velocity vector field must be specified, typically usd#d, at a
given plane(Figure 3). This plane is often chosen to be the AIP, where it is assumed that a
duplication of the flowfield will result in the same engine response as the real engine/airframe
installation. Second, turning vanes are placed evemavberpendicular to the 4plane velocity
vector field with variable vane spacing to best characterize large turning angle gradignts
local extremaStructural supports placed parallel to the fiiogld provide reinforcement to hold
turning vanesn place andto reducedeflection andstress concentratiohird, the geometry of
the cross section along each vane line must be chosen in order to achieve the required turning of
the flow. In the current work thBACA A4Kg camber ling[27] is used in combinain with a
constantthickness profile, chosen for good performance over a large range of output turning
angles and easy implementatidiaurth, the vane/support lines and their respective profiles are
expated to a CAD package tautomaticallycreate solidbodies of the vanes/supports, add a
flange for mounting the screen in the inlet digtm test rig, and add a shroud. Finally, additive
manufacturing isised to create the swirl distortion screen, enabling the reproduction of complex

swirl profiles in bah intensity (swirl angle) and pattern<{hane velocity vector field).



1. Determine desired swirl 2. Create vane lines (blue) and 3. Vane Geometry and model
distortion profile structural supports lines to produce required turning

-
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4. Export to CAD package 5. Advanced Manufacturing
Figure 3. An overvew of the StreamVane methadshown as a series of steps, starting from ¢

input swirl distortion profile and ending with a 3D distortion screen.

Reference [26ftates a humber sgEcommendationfor improvementghat can be made to
the StreamVananethod toadvancee he met hodés r ob wd tncegangyOf per f o
these itemsa onedimensional structural analysis of the StreamVane distortion sctieen
convection of vortices generated by the scresa redesign of the turning vane leading estge
addressed ithe appendixand represent contied efforts to optimize the inlet swirl distortion

screen creation process.

1.2.2Computational and Experimentatudies on Distortion

With the experience of the Tornado fighter as a catalyst, a great body of work has been
completed to create and measudi#ferent inlet distortions and their effect on different
components of an engin&.majority of the existing, published research focuses on generic total
pressure distortions that are created using screens with regions of varying porosity. A few efforts
have artificially created swirl distortion in a ground testing environment to determine fan

response and engine operability. Another group of work focuses on full scale flight testing that
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includes maneuvers that produce both swirl and total pressuretidistowith real time
measurement and characterization of the distortion embedded in the engine inlet. This past
research has contributed importansights into the study of inlet swirl distortion creation,

measur ement , and interaction with the engineb

Generic Total Pressure Distortion

There are two relategpapersdone by researchers #te University of Cambridge that
computationallystudy a generic total pressure distortion on a single stag€itigo et al[16]
developed a CFD simulation did transonic fan test rig to demonstrate an accurate simulation
and to better understand what is happening between the plane where a distortion is introduced
and the fan, as well as the interaction of the distortion with the fan. The inlet distortid20s a
degree total pressure distortion (RE€of 83%) with the fan at 90% design speed, which
corresponds to a mass flow of 32 kg/s. The RRtilyce HYDRA CFD solver was used for the
simulation. Experimental daf28-31] from the test rig on which the simtilan was based was
collectedby NASA nearly 30 years agesing laser Doppler velocimetry (LDV), static pressure
taps, cobrand wedge pressure probestotal pressure rake, and a total temperature rake. It was
found that the fan rotor sucks harder on wegiof lower total pressumnd just in front of the
rotor, the gradients in the static pressure field induce swirl distortion, which intensifies moving
closer to the rotorThe spinner was also found to be a contributor to the generation of swirl
distottion in front of the rotor where a neaxisymmetric &atic pressure field is created. Gunn et
al. [17] performed experimental work on a similaw speedest rig using aHole probe and a
60 degree sector of total pressure distortibio significant swil was measuredt the AIP. Just
as with Fidalgo et al., static pressure gradients induced swirl distortion close to the fan rotor,
including a 50% increase in mass flow rate in the distorted sector. Where swirl was present, it
decreased from hub to tiph& concentrated interest in the topic of swirl distortion generated by

a total pressure distortion has been investigated by numerous others who havé rsthmites



Representative Total Pressure and Swirl Distortions: Simulated

Aside from generic dtal pressure distortions, representative swirl profiles have been
recreated and measured in sub scale and full scale experjsesnasd2, 33]. Park et al[34]
developed a-Ich diameter, 3D printed screen that generates a cenmriéting vortex pa. The
design was basedon Mileh ompsonds circle theorem and the
to create turned vanes. Several parameters were varied to obtain the best design; the screens were
tested in a blow down wintlinnel driven by a leaf bloweising a 7hole probe to obtain three
component velocity measurements. All screen iterations produced a vortex pair with a single
iteration chosen as the most effective at recreating the theoretical flow field. The convection of
the vortex pair was alsotuglied by making measurements one, three, and five diameters
downstream of the screewhi | e t hi s study doesndét include 't
other important systems, the development of a more specific swirl distortion has been
demonstratednd measured

Another effort to create and measure a courgtating vortex pair was completed by Pazur
et al.[35], who used an inclined delta wing model to create the swirl distortion. The model was
traversed and inclinetl5 fan diameterm front of a two-spool turbofan Larzac 04 enginghich
did not have inlet guide vane3he Larzac 04 has a two stage transonic fan with an inlet
diameter of 17.8 inchesAgain, 5hole probes were used to measure the fi@d. A stable
vortex pair was formed andeasured in front of the fan. A swirl distortion representative of a
wing tip vortex was created and measured by Mitched] in the Lewis 10 by 10foot
supersonic wind tunnel. A nearly symmetric, tapered wing was mounted to the tunnel wall 8.2
wing tip dhord lengths upstream of a 2D, external compression inlet designed for operation at a
Mach number of 2.2The inlet was connected to a J8E-13 turbojet engine. A rake of three
dimensional flow angularity probes was used to measure the distortion inofrdiné inlet,
primarily to determine the wing position that created the vortex with the largest rotational
velocity (found to be an angle of attack of +11 degrett®)se probes had a calibration range of
-35 degrees to 35 degre®y varying the wing agle of attack, both coand counterotating
vortices were generate@D flow angularity probes and total pressure probes were used at the
compressor face to measure the flow fiditeasurements showed that from the inlet to the

compressor face, the courg®ckwise vortex drifted across the compressor face, moving toward



the hub and then away toward the inlet wBl&fore entering the inlet, the wing tip induced
vortex core diameter was 14% of the wing tip chord length and had a maximum tangential
velocity of 51% of the frestreamaxial velocity. At the compressor face the core had enlarged to
18% wing tip chord lengtland a maximum tangential velocity of 30% the fse®am velocity.
Maximum total pressure and static pressure defects of 5% and 3% tikespewere measured

at the compressor face.

Gunn et al[37], utilizing both the previously mentioned low speed, single stage fan test rig
and the CFD computational domain of a transonic research fan, created a total pressure distortion
of mild complexiy representative of a boundary layer ingesting (BLI) profile using a 3D printed
screen of varying porosity.-Bole measurements were made at five axial locations. Similar
results as previously described were obtained, with swirl being induced by gradights
pressure field and interacting with the spinner, which was replicated in BfFDmportant
finding was that both the transonic and low speed data exhibited similar fan response to a BLI

distortion

Representative Total Pressure and Swirl Distersid=light Test

The final subgroup of related work is that work which did not artificially create a total
pressure or swirl inlet distortion, but utilized the full scale airframe with the engine installed and
a variety of boundary conditions to create, sura, ad analyze an inlet distortigsee als®38&-
39.

First, and perhaps most prominent, is the development of 8&BHift fan inlet by Sylvester
et al.[19]. Because of strict constraints, the lift fan is highly integrated with the airframe, which
included a bellmouth to condition the inlet flow. High bellmouth curvature induced separation
due to localized flow accelerati@nd regions of high total pressure loss were experienced. The
primary concern was the identification of excited resonance mauddkei lift fan, raising
concerns about high cycle fatigue (HCF). The relationship between inlet distortion and high
cycle fatigue has also been documeniéds occurred in spite of having inlet guide vanes. The
magnitude of total pressure distortion was severe for traditional porous distortion screens, so
CFD was used to define aniight lift fan aerodynamic stream tube, which was made into a
physical inlet distortion generator. While the intent was to generate a specific total pressure

distortion,the stream tube device also mimicked the swirl distortion pre&ést. a redesign of



the inlet bellmouth using static pressure ports in extensive wind tunnel testirfgll-scale
stream tubes were ground rig tbtwith the lift fan to determine lifian operability margins.
Relationships were drawn between the subscale wind tunnel tests and the full scale stream tube
tests. Further, it was shown that the redesigned inlet reduced inlet pressure distortion by more
than 50% for appropriate IGV angles.elfesearch was capped with flight testing of the first F
35 STOVL aircraft, comparing lift fan distortion models developed during the ground test stage
to in-flight data.

Walsh et al.[40] detailed flight test data acquired for an FI8A High Alpha Reseah
Vehicle (HARV), which contains inlet guide vanes before the three stage fan. Instrumentation on
board the aircraft included accelerometers, rate gyros and surface position measurements.
Pressure measurements were made at the AIP using a rake ahbwgh-frequencyresponse
total pressure probes, which rake was designed to be insensitive to flow angularity; the range of
yaw angles was +25 degrees and the range of pitch angles2vas +15 degrees. Static
pressure ports were distributed throughoetitiiet wall. During the flight ted¥lach numbef0.3
to 0.4) angle of attack (0° to 60°), and angle of side sl0{ to 10°) were variedinlet
recovery, turbulence, and circumferential distortion were adversely affected with increasingly
negative ang@ of side slip and increasing angle of attack.

Similar testing was completed by Southwick e{41-42] in the high stability engine control
(HISTEC) program, whose goal wasobtain inflight measurements of total pressure distortion
in the inlet of anF-15 flight test aircraft with the purpose of enhancing engine stability and the
in-flight distortion database. The experimental test flight included a modified production F100
PW-229 inlet case which was instrumented with five high response static pgressur
measurements, the electrical average of five inner diameter pressure measurements, and four
static pressure taps located between struts on the OD and ID inlet case shrouds. This static
pressure instrumentation would allow for real time measurements tneidg in the inlet from
which a distortion pattern would be characterized (Distortion Estimation System, DES). A
temporal Fourier transform of instantaneous measurements is performed to provide distortion
component intensity, which are multiplied by a freqcy domain distortion sensitivity function
to determine the instantaneous fan/compressor ratio surge margin debit. This debit is
communicated to the engine control unit to modify the fan and compressor operating lines to

maintain an acceptable stabilityargin. Additionally, for algorithm validation purposes, an array



of 35 high response total pressure sensors were installed in the leading edges of the inlet guide
vanes as well as a total temperature sensor placed at thepamdof each instrumented inle

guide vane leading edge. The total pressure measurements were used to verify the
characterization of distortion from the DES algorithm duringflight testing; the DES
calculation of stability margin debit was within 2% of measurements by the totalupges
system, following similar trends in pattern, intensity, and an increasing loss in stability margin
with increasing aircraft angle of attack for both steady state angles of attack and an angle of
attack sweep. Further flight tests allowed the DES syst#ata to be used to successfully modify

the engine pressure ratio (nozzle exit area) during an aircraft maneuver as desired. While this
testing does not quantify or address the effeftswirl distortion o fan performance, engine
operability is quantied and controlled successfully for the full turbofan system in the presence
of real distortions. The distortion patterns that are published are all relatively simplpernee
distortion patterns and are only performed for the right engine.

Advanced fow measurements wer e [#%3 dsing, BryongSDthdrr “ der
technologies, stereoscopic particle image velocimetry (described in the following section) at the
inlet and nozzle of an IA/2527 engine mounted to an Airbus A320 MSN 659 inside a sound
attenuating hangar. The objective was to develop a measurement database of noise producing
regions within the engine, which is generated by lagge turbulent fluctuations in velocity
and density. SPIV was employed to obtain dathéplane normal téhe flow just in front of the
inlet and parallel to the flow in the shear layer of the exhaust jet. Reseaatdesttemptedb
obtain instantaneous measurements of a ground vortex, which forms due to the close proximity
of the engine to the hangar flpahey were unsuccessful because of the complexity of the flow
field, imaging, and seeding challengéswever, the average flowfield was obtained. Detailed
instantaneous 3D flow fields of the turbulent shear layer in the exhaust were obtained in addition
to the average. This work highlights many of the challenges present in obtaining acceptable
SPIV data for turbine engine inlet flonand emphasizes the need for a controlled testing

environment
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1.23 Stereoscopidarticle ImageV elocimetryUncertainy
Stereoscopic particle image velocimetry (SPIV) was used at the measurement plane of

interest in order to obtain instantaneous planar velocity measurements. SPIV is a noninvasive,
planar laser diagnostic techniq(f&g. 4) that directly measurdtow tracer displacemenbver a
precise increment itime in order to calculate velocif#4]. The flowtracers, commonly termed

flow seed or seeding, aseall particles with a diameter on the order of onerometer Ideally

these particles are neutrally buoyanair and are small enough to follow the trajectory of a local
streamline (Stokes number << ir) practice this is difficult in air and literature exists to address
particle lageffects[45, 46]. A dual pulse laser is used to illuminate a planar measne
volume through which the seed particles pass. The circular, Gaussian laseexigarg the
laseris passed through a series of lenses to form a sheet of light which is typically a few
millimeters thick or smaller. Two digital cameras with a chargegpled devicg CCD) or a
CMOSsensor record images of light that is scattered from the seed particles that follow the flow.
Another image pair is recorded after a small, known time (for example, several microseconds),
allowing the seed particles to dispgaa small amount. The images are mapped to a common
coordinate system and broken down into small interrogation windows. Corresponding
interrogation windows arerosscorrelatedto obtain the displacement of groups of particles.
Given four equations fohtee velocity variableg.e., simultaneous planar pixel displacements in

2 stereoscopic imagesinowing the displacement of particle groups and the time in between
image sets, three components of velocity are calculated everywhere seed was present.

In spte of the development of PIV methods and algorithms over its 30 year history, there is
no widely accepted framework for reliably quantifying PIV measurement uncertainty, which is
an important current field ofesearci46-48]. Determining PIV uncertaintis very complex
because the velocity field is calculated as a result of several successive steps, each of which has
its own error sources which cascade through to the end result. The intent of this portion of the
paper is not to introduce a new methodylafbal uncertainty quantification, but rather to accept
current error analysis for general PIV experiments and to determine and quantify sources of error

that are specific to the inlet distortion test rig employed in full So@asurements
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Some experimental setypas the present on@clude vibrations which arenavoidably
transmitted to the CCD cameras used to record imageéto the optics that position the laser
sheet These vibrations cause the cameras to move relative tmeasurement plane aethtive
to one anothefThe laser sheet can also potentially move relative to the measurement plane and
the camerasThe cameras are calibrated such that each is registered to a common coordinate
system; small changes in cameralaser shegposition during data acquisition will credbeas
registrationerrors in each measuremenhe apparatus of the present work includes an operating
turbofan jet engine which caustss relative motion. This topic has not been widely addrdss

in current literature, though some solutions have been successful.
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In a dissertation byacobg49] a nonreinforced camera mount was vibrating during testing
with an RMS displacement of 7.52 pixels. Camera displacement was determined by plotting the
surface of the test article, an airfoil, for all sample images. Reinforcement of the camera mount
reduced this value to 0.62 pixels, which was deemed acceptable without any further analysis of
the related PIV uncertainty.

Bian et al[50] both identified cenera movement through image processing and corrected for
the bias error in post processing. To identify camera movement, a stationary wall was chosen as
a reference and a vertical line of pixel intensity was extracted from each image, which region
experierwes a peak in light intensity. A third order Gaussian function was fit to the pixel intensity
data to find the peak; the change in peak location indicated movement of the camera, which
displacement was plotted with the transverse velocity component. bwed a coupling
between the camera movement and the velocity component. To correct for the error, velocity
fluctuations were subtracted on a fralmeframe basis.The uncertainty due specifically to
camera movement was not cited, however, since they vioally eliminated.For reference
purposes, the overall uncertainty was found to be +6% for the streamwise velocity component
and +10% for the vertical velocity component. The laser sheet was aligned with the streamwise
velocity.

LaVi si on 6 s walked5st]ihas a ®uiltsnoféature that computes a cross correlation
between a single interrogation window of user defined size in a reference image to the same
interrogation window in each image of the data set. Both translation and rotation of the camera
can be accounted for. The bias is then applied to each individual .intage feature can
effectively be used when, like the work in Bian et al., there is consistency in light intensity of the
reference objects.

The movement of the laser sheetative to he calibration/measurement plane is also a
significant concern; its effect is coupled with the error due to relative motion of the cameras.
Several researchers have addressed the importance of correcting for misalignment of the laser
sheet. Beresh et gb2] found the errors in mean velocities were small, while turbulent stresses
were reduced because of this ersddditionally, a misalignment of one vector spacing resulted
in an error of 5% to 15% of the turbulent stress. Doorne gb3].determined thia for an

experimental setup with large eof-plane motion, an error of 1% of the centerline velocity
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would require a misalignment of 0.1mm or less. Bemgsal. [52] applied a self calibration to

reduce the laser sheet alignment eimdurbulent stresby 20%.

1.3 Relationship of Present Research to Other Methods
The present research seeks to build upon the previous work ddhe field of ground

testing of swirl distortion generation and measurement. Previous work has focused on total
pressure distrtions in front of a single stage fan test rig or a full scale turbofan engine. This
knowledge has added to the understanding of how a fan responds to a distortion, which indeed
includes swirl distortion directly in front of the rotor. Very little workshaeen done to address
swirl distortion present not just directly in frbof the rotor, bufurther upstream at the AlP.
Ultimately it is under investigation to understand the relationship between the measured total
pressure field, the swirl angle fieldnd engine fan response in the presence of distorted flow.
Sylvester et al. [19] have successfully used stream tubes to recreatetbtathpsessure field
and swirl field at the AIP, but no swirl data was presented. The lift fan on-83Hs a very
non-traditional inlet and represents an extreme case.

This work seeks to add to the database and understanding of inlet swirl disbyrtioth
sale, full system validation of the artificial generation akalistic swirl distortion induced by
airframe/egine system interactions. It is important to include the entire system of the turbofan
engine (inlet, fan, compressor, combustor, turbine, nozzle, etc.) in order to more completely
understandhe influence of a distortion on fan response and even ovegiles performance
the realization of configuration benefits of these highly integrated airframe/engine designs
depends on a clear picture of these important issues. A good place to start is to generate,
measure, and characterize an appropriate distoffiois. thesis lays the ground worfkom sub
scale to full scaleof validation and performancef the StreamVane methpdcluding three
dimensional time averaged velocity fields, swirl angle, Reynolds stress, and turbulent kinetic
energy. The validationfdhe method will give confidence to future work on the investigation of
the effects of fundamental, arbitrary swirl distortion from real airframe/engine systems on fan

response and engine operability.
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2. Apparatus and Instrumentation

The work for this esearch was divided into two major groups, 1) the design and construction
of a suitable turbofan inlet flow distortion generator and 2) the design and implementation of
appropriate instrumentation to measure the distorted flow at the engine inlet. Tdra\Gire
method, as described §1.2.1, addressed the goal of generating an arbitrary inlet flow distortion.
The development and maturing of the StreamVane method was completed in a small scale wind
tunnel using particle image velocimetry (P1V) and a-ade probe.A full scale test rig was
then designed and built for the full scale testing of StreamVane screens. The experimental setup
and instrumentation for both experiments is herein described, as well as efforts to estimate the

uncertainty in PIV measament® uncertainties specific to the inlet distortion test rig.

2.1PIV Instrumentation

For all experiments, the following SPIV equipment was used to obtain instantaneous velocity
measurements. Images were illuminated with a dual pulse 532nm Nd:YAGNeserWave
Research Solo 200X Tated at 200mJ/pulse that operatesi@tto 15Hz. The laser beams are
round, roughly Gaussianand overlap one another. Two LaVision Imager ProX CCD cameras,
each with a resolution of 2048x2048 pixels and a 24mm prime Nés) were used to record
images. Each camera lens has atop rangeof 2.8 to 22 In between the lens and the camera
sensor is a Scheimpflug adapter to correct for the varisgeh focusing requiredly the oblique
viewing angle of the stereoscopicget The cameras are synchronizeith each other and the
laser and are mounted on metal rails. The laser sheet is formed udidmraor -20mmfocal
length cylindrical lens to expand the width of the sheet and a 500mm focal length spherical lens
to focusthe thickness of the sheet I82mm at the center of the measurement volume. A
LaVision laser delivery arm is used to position the initial laser beam above the test section. The
beam passes through the two sHeahing lenses at the end of the affine sed particles used
are an atomized o{used both DEHS and PA®)ith an expected mean particle diameter of 0.5
to 1 micron. Images were recorded, calibrated, and -casslatedinitially usi ng LaVi si o
DaVis 7.2 softwarean update to DaVis 8 was obtath before the final data was acquired.

Furtherpostprocessingvasdone inMATLAB .
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2.2 Small Scale Experimental Setup: StreamVane Development

In order to validate the StreamVane method, several scaled down tests were completed as a
proof of concept. A wid tunnel consisting of a large blower followed by a settling chamber,
flow straightening screens, and contraction to @nth by 12inch square section with a square
to-circle adapter was used to generate flow throughirect® inner diameter pipe designéal
simulate the engine inlet. At typical run speeds o%8 the facility achieves a similar Mach
number as the full scale engine tests when run at idle throttle conditions. The pipe was split into
two sections, with a plastic screenholder sandwicheddsat the pipes. The swirl distortion
screen, printed out of ABS plastic using the Fused Filament Fabrication (FFF) technique, was
bolted inside the screen holder (Figa5e6).

Wind Tunnel s Laser Delivery Arm

_'-—m h

-

CCD Cameras ' 1

Figure 5. Image of the sub scale test apparatus stereoscopic PIV setup.
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Figure 6. A top view diagram of the sub scalgpeximent.

2.2.1PIV
The measurement plane i®thlane normal to the flow at the exit of the pipe, which is one

diameter downstream from the swirl distortion screen. The car(fesésp 2.8)were positioned

on a metal rail that was mounted to a tripod downstream of the pipe exit at oblique angles of
approximately 40 degrees relative to the pipenterline A LaVision seedercontaining 4
pneumatic nozzles was used to atomize $emd di-ethylhexylsebacate (DEHS) oiSeed was
introduced upstream of the swirl screen on the suction side of the winel,tompunted on a

metal grating. In this manner seed could mix sufficiently and be evenly distributed before being
illuminated. For SPIV results from a StreamVane screen in this tunnel§4é&eThe end and
interior of the pipe was spray painted flat blgokt shown)}o minimize laser glare and to better

resolve the seed particles near the wall.

2.2.2 FiveHole Probe
As the StreamVane method progressed, the SPIV system was not available ard a five

hole probe was used for further small scale measuremtr@se probe measuremerdee

presented for comparison purposes only with full scale deta. screenholder previously

17



mentioned was made with an external gear so that the screen could be rotated by a stepper motor.
A linear traverse was placed one diameli@vnstream at the measurement plane such that, when
combined with the screen rotator, a probe can be positioned at ardiniwosional location

within a quarter inch of the tunnel wall. For more information 86 [

2.3 Full Scale Inlet Distortion Tedig

Stereoscopic PIV measurements of swirl inlet distortion in front of an operating turbofan jet
engine were completed on a full scale research turbofan engine based upon the Pratt & Whitney
Canada (P&WC) JT150 turbofan engine. This low bypass engisedesigned for smaller,
business class aircraft. Taldlgoresents a summary of the design and performance specifications
of the JT15DB1.

Tablel. P&WC JT15D1 Design Specifications

Parameter Value

Fan 100% RPM 16,000
Engine Mas&low [Ik,/s] 73
Bypass Ratio 3.3
Fan Pressure Ratio 15

Compressor Pressure Ratio, 8

Fan Diameter [in.] 21
Thrust (SL, Takeoff) {Ib 2,200
TSFC (SL, Takeoff).[#lby] 0.54

The general design of the experimental rig has been used extensitiety Tyrbomachinery
and Propulsion Research Lab at Virginia Tech to measure the effects of total pressure distortion
on fan responsgs4]. The current test rig, pictured in Figaré through9, is comprised of an
inlet, a seed distribution device, a disimm screen, a tunnel section with optical access, smooth
tunnel sections to connect the subsystems together, and the research engine, which is mounted to
a test stand. Each tunnel section is one fan diameter long and is constructed using twenty gauge

alumnum sheet metalhich isrolled to a twenty one inch diameter circle and riveted together
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(countersunk in the gas path) with circular flanges for bolting sections together. Each tunnel
section is further reinforced with-thannel brackets.

The optical tunel section contains four windowstwo for camera access and two for laser
entry/dump. This tunnel section mounts directly to the engine fan flange. Optically clear, cast
acrylic is compressed between layers of sheet metal and bolted in place usirajesjtwihich
are riveted to the thin tunnel wall. Weather stripping acts as a gasket to pre@deBecause
the tunnel wal | is so thin (0.0320) and not
that were flush with the tunnel inside surfaés a result, a cavity with a depth of approximately
1/160 is present where each window i s, result
the edges of the window. Though it was not possible to obtain data near the wall due to window
flare fromthe laser, any data that would be collected near the wall is suspect until a smoother
optical access can be implementéde cameras and windows were covered with a black cloth
during testing to reduce glare on the windoddditionally, because the experent is located in
a test cell thatsiopen to the environment, testing was performed after sunset to minimize light
saturation in the second time exposure of image pahs.interior of the test rig was spray
painted flat black to minimize glare and Iaseflections that can compromise SPIV images
though glare from the laser dump window was problemdttee two CCD cameraswere
mounted to a metal rail that was bolted to an aluminum frame designed to minimize the
movement of the CCD cameras and laseeshaative to the test rifsee Fig.8). The cameras
were oriented at oblique angles of approximately 37 degrees relative to the test rig centerline,
looking upstream and away from the fan faBg directing the cameras toward the oncoming

seed particlefforward scatter orientationthe amount of imaged scattered lightmaximized
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HWB StreamVane Screen in the Inlet Measurement Volume Illuminated by the
Distortion Test Rig Pulse Laser

Figure 9. The StreamVane distortion screen (left) is shown inside the test rig, with the
of the tunnel painted flat black to reduce laser glane. measurement volume is illuminat
on the right.

The threecomponent velocity vector field was measured at the AIP, defined as one fan
diameder upstream fnm the fan face, in order to provide information applicable to realistic
airframe/engine installation scenarios. Measurements were acquired in a 45 degree sector (Fig.
9), the size of which was driven by several factors. Seeding the test rig was verggihglkes
discussed in the following section and particle seeding requirements were minimized. The
circular nature of the test section prevented a wide field of view being used due to the edges of
the measurement volume being cut off, as well as opticdbrdesn effects. A smaller
measurement volume would require a smaller window for optical access, which would not
di srupt the test rigébs boundary | ayer as muc!l
intensity in a smaller region to obtain ateetraw image with lower signab-noise ratio given
the difficult seeding arrangement. Duridgta acquisition, images were captured with the inlet
distortion screen in the vertical position; the screen wiislly rotatedevery45 degrees and
images tken again, repeating the process until the entire distortion-seati®n has been

measuredFor the full scale StreamVane data, the distortion screen was rotated every 22.5
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degrees to obtain a 50% data overBBpcause the screen was rotated by handetigine was
spun down and powered off between measurements such that each measurement in independent
of therest In order for each run to be comparable, the fan speed was corrected for changes in
atmospheric conditions, according to equatiorAfter crosscorrelating and posgtrocessing
each set of images, the resulting vector fields are rotated and spliced together.

. . Y 1

U 0] -

v (1)

where N is the actual fan speed;Nis the corrected fan speed, i¥ the ambient temperat,

andTg, is the sea level temperature.

It has been observed that the research turbofan engine employed in this work operates in a
steady manner and free of operability issues in the range of power settings frofB6ktie
uncorrected fan speett) 80% corread fan speed. The data presented in this thesis were made
with a distortion at both engine powssttingsfor the total pressure distortion screen, and at 50%
corrected fan speed for the StreamVane distortion scidem range of the cleamxial flow
velocity for these power settings #6m/s (idle), 67m/s (50% cfs), anti20m's (80% cfs)with
corresponding Mach numbers ofl@0, 0.193,0.346, respectivelyFig. 10).

Idle
oy I 4 55

Figure 10. Undistorted axial velocity for idle and 80% corrected fan speed:
measured at the AlRegions are whitened due to poor seeding.
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2.3.1Seeding the Full Scale Test Rig
Particle seeding is a major concern e tcurrent application due to the complexity of the

distorted flow and challenges of seeding in full scale applicatiims.seeder used for full scale
testing is a pressure vessel that atomizes-glpliyaolefin (PAO) oil through an array of twelve
Laskin nozzles arranged symmetrically around a center feedpipe, producing large quantities of
polydisperse liquid aerosol with an average particle diametérrofcron A smoke generator
(ViCount Compact 5000) was also used to test seeding methods, but waseddfou any
presented data.

Because of the importance of seeding a complex flow, the author felt it significant to include
what was both successful and unsucces$fukaddress the issue, several methods of seeding the
flow were tested with the goal of aeking a uniform seed distribution throughout the image.
Ninemet hods were tested: ( A) Three stainless ¢
di ameter holes spaced 1/ 20 apart, mounted to
airflow upsteam of the swirl distortion screen. These tubes are positioned circumferentially at
11.25°, 0°, and 11.25°, where 0° is the top center of the duct, to ensure uniform seed distribution
throughout the 45° sector, assuming symmetric and even spreading nd afithe jets of
aerosol ejecting from the holes; (B) The seeadas placed 7.5 feet and 11 feet in front of the
engi ne wi t-haped pkéti8tabe to Diredt the seed cloud toward the engine; (C) The
seeder was placed at the same location8awithout any ducting, ejecting a vertical plume of
seed; (D) The seeding bar assembly described in (A) was removed placed 11 feet in front of the
engi ne; (E) The seed was ducted through 206 P\
frontofthenl et pl ane; (F) Seed was ducted through
test cell at the centerline of the tunnel, 24
PVC pipe to a location above the tunnel line with the inletigkthe center of the tunnel; ()
smoke generator was placed in the right corner of the test cell in the front entrance plane and was
ejected as a free jet toward the inlet; (I) Two seeders were used, each in combination with a leaf
blower to direct the s&l and diffuse it so as to enhance mixing and encourage a more uniform
and consistent distributiorAll configurations are shown in Figudel and listed in Table.2Test
images with six Laskin nozzles were performed for all cases at two different tbettitegys, dle
and 80% corrected fan speed to determine which method achieved the highest perfasnance

previously defined
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Figure 11. Numerous different methods of seeding the flow were attempted. Methods A thrc

are depicted above. All seed images are from the perspective of camera 1, first time expos
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Figure 11 Continued Seeding methods E through G.
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Smoke

Generator

Figure 11 ContinuedMethods H and | are shown. These images were taken with a slightly

different laser sheet configuration; the laser sheet originated from the bottom of the tunnel ¢
up. The bright spot ithe middle is a refocusing of laser light due to the circular reflective sur
(window). APl uso mar ks were included to

laser sheet oriented from the top down.
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Table2. Nine different seeding methods were tested with a goal of consistent, uniform seeding at
the measurement volume. Results varied. Method | has performed the best to date.

Method Configuration

A Laskin nozzle seeder; three seeding tuhiés perforated holes, interior to tunng

Laskin nozzle seeder; ducted (3/ 8¢

Laskin nozzle seeder; unducted, in front of engine

Laskin nozzle seeder; seeding tube apparatus, in front of the engine

Laskin nozzle seederydct ed (20 PVC) to engine

Laskin nozzle seeder; ducted (20 H

Laskin nozzle seeder; ducted (20 H

I @ T m O O W@

Smoke Gener at or ; VQA),ama bloweranttest cell nocnere d

I Laskin nozzle seederaVision pneumatic nozzk combined with blowers

Method(A) achieved the stated goal, however, it also strongly altered the natural flow in the
test rig by introducing wakes (pressure logswfdistortion) from the cylindrical tubes, which
was undesirable. The remaining methods were external to the test rig, allowing for natural flow.
A consequence of the test rig being in a test cell was the presence of a ground vortex that formed
due to theclose proximity of the engine inlet with the floor and walls of the test[&&]l.
Methods (B) through (G) all experienced a similar phenomenon. The ground vortex entrained a
majority of the seed, generating regions of very dense seed in the imagety Blivatesults
require seed to be present where velocity components are desired and an appropriate seed
density, neither of which were occurring at the quality desired. The Turbomachinery and
Propulsion Research Lab at Virginia Tech has often used armngorosity, wire mesh screen
for obtaining baseline, undistorted test conditifs®. This screen was placed in the test rig one
diameter upstream from the measurement plane, the seeding methods (sans methods A through
D; it was realized that methodsBt ough D wer e, to some extent,
tube and the methods were rejected) were repeated, and the effects of the ground vortex were
mitigated. Method G wasitially chosen as the best option because of consistent, relatively
uniform sed density where seed is present at both throttle setBegause the seed cloud is
ejected above the tunnel, it is ingested by the engine in thmitile region of the inlet, in the

exact region of the measurement volume.
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Method G was used for thetéb pressure screen data. Wheeceptable resultsvere
producedmethods H and | represectintinued efforts to improve the quality of seed distributio
and density in the raw images, whighprove the quality of crossorrelated processing and
reduce theamount of posprocessing required to extract relevant informatidethod H gave
the desired seed uniformity, however, the seed density was excessive and too much scattered
light was recorded by the CCD cameras. The mean particle diameter for the smekatay is
0.3 microns, three times smaller than the Laskin nozzle seeder. This made it exceptionally
difficult to bring individual particles into focus without having access to the cameras during data
acquisition. Method | produced above average seegliadjity with particles that were in focus.
Glare from the laser dump window overwhelmed the signal present in the top of the
measurement volume. This problem is being remedied with windows that have-gaflactive
coating also being considered is thee of a fluorescent paiapplied to thanside the optical
tunnel section instead of flat blackhe paint absorbs the green laser light (wavelength 532nm)
and remits the light at a higher wavelength. The cameras are equipped with narrepassmnd
filters that are designed to allow green laser light through, filtering the reflected3@jht his
issue isindependent of the seed configuration. Method | was used for the full scale StreamVane
distortion data, and performed well enough to be used fantalle testing.

As an additional note, methods H and | were also conducted with the entrance to the test cell
covered in a turbulence screen, which is standard porositpgdiich) window screen. Five
pieces were used to cover thefbOt by 16foot openng and were connected using hot glue.
The screen, to some extent, conditions the flow entering the test cell, providing for repeatable

higher quality seeding results. A portiontbé screen can be seen in Fig..11l

24 Inlet Swirl DistortionCharacterizaon and Generation

In order to allow comparison of swirl distortion of varying shape and magnitude in different
inlet systems, the-$6 Turbine Engine Inlet Flow Distortion Committee rasommended as
industry standard sevenabn-dimensional parameteramed swirl descriptorshich are detailed
in SAE AIR-5686[18]. These parameters include swirl angle, sector swirl, swirl intensity, and
swirl directivity, which are sampteat different radial ringe the flowfield. The mathematical
definition of eachs given in the following equations. Swirl angi#, is the flow angularity due

to the circumferential velocity component, directly affecting the angle of incidence on the first
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stage fan rotor. Sector swiS, quantifies the average -cor countefrotaing swirl content for
the " ring. Swirl intensity,Sk, quantifies the average absolute swirl angle for each ring and the
swirl directivity, SD, identifies both the general direction of swirl with respect to the fan rotation

and the general pattern sWirl distortion.
Y
— OAT 2
© Y

o B E o

o Y'YO— SY'YsO—
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oQT
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The angular position around tH&ring is defined asl. The circumferentiatlistortion extent
for positive and negative swirl angle até and d, respectively.The parameters will be
calculated and plotteas a function of radius and will primarily be used to compare analytical
and experimental data.

In addition to swirl distortion, total pressure distortion was also investigated in the full scale
test rig in order to identify any basic relationships betwthe two types of inlet distortiohe
traditional nondimensional parameters for total pressure distortion will not bebesadse

comparisons are not being drawn.
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24.1 Boundary Layer Ingesting Profile
Initial swirl distortiontestng was condu@d usingthe NASA Inlet-A swirl distortion profile

[57, 58, which is representative of a distortion that a boundary layer ingesting engine would
experience. Such a configuration features engine inlets that are partially embedded in the rear
fuselage on tp of the aircraft via a serpentine inlet, ingesting 30% of the boundary [FBxjer

that forms on the top surface of the fuselage. This has benefits such as reduced drag, but the fan
experiences severely distorted flole to the Sluct nature of BLI inletThe profile (Figurel2)

includes a pair of tightly wound, counteatating vortices and maximum swahgle magnitudes

of 15 degrees.

2 A 0 1 3 Y 3 2 E] 0 1 2 s
In-plane Velocity Vector Field Swirl Angle StreamVane Screen

3

Figure 12 The desired velocity field (left) and swirl angle profile (center) of the NASA-Kle
swirl inlet distortion profile are made into a distortion screen (right) using the StreamVang

method.

CFD was performed to estimate the distortion profile at the AIP of an engine, which is used
as the inpufor the StreamVane method. Given this input, five different radii are sampled and the
swirl angle is plotted in Figur&3 for concentic circles at the stated radii. The top half of the
profile shows swirl angles of five degrees or less. The bottom halieoprofile exhibits a
sinusoidal pattern of swirl angle consistent with twin swirl where flow is moving with the rotor

in some regions while opposing it in others.
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Figure 13. The swirl andg profile was sampled at various radii. A twin swirl pattern is evide

The distortion profile was made into a-$inch diameter, ABS plaist screen(Fig. 12) using
the StreamVane method (s8k2.]) for use in small scale experimentatidiurning vanesre of
uni form thickness of 0.03940 with a structura
A flange is added for mounting ingtsmall scale tunnel. This particular screen was made early
on in the development of the StreamVane metnudlis representative of a distortion of medium
complexity.

In order to test and validate SPIV instrumentation in the full scale test rig a sirtgdle to
pressure distortion screen was made which was designed to replicate the total pressure field that
i's consistent with the shAaThes préfile lexhipts @ énepere o f N
revolution low total pressure region in the bottom centeanfface A backing screen made of
0.50 stainless steel wi r e mesh with a poros
undistorted flow and was used as a base for finer layers of stainless steel wire mesh, each layer

having a porosity of 77.5. Four lens of the finer mesh were used as shown in Fitydrevhich
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layers were secured together with dental floss and a thin application of hot glue. The overall

porosity in each region of layers was not determined.

Figure 14. The wire mesh total pressure screen used to simulate a BLI type inlet distortiol

diameter of the mesh region is 21 inches. Note that tkersdayering is not symmetric.

2.42 Hybrid Wing BodySwirl Profile andStreamVanécreen
As described in the introduction agd.2.2 the hybrid wing body aircraft configuration is

being investigated by NASA for the Environmentally Responsible Aviation project. An
important concern in the design of this configunati® the production of large scale, streamwise
vortices by the body of the aircraft that are ingested by the engines and the response of the
enginesodo fans to the distortion. I n order to
the engine inle Boeing Research and Technology has performed CFD studies of the flow
produced by the HWB aircraft. Using CFD, a swirl profile was calculated at the nacelle inlet of
an advanced HWB configuration in simulated, extreme flight conditions (Figbxelt is
important because it is representative of the swirl distortion present in a real inlet system.

This profile is characterized by a countdockwise vortex with a radius of the naceNéh
an offset center of 0 . 6 @ndoydirectionk, rdspefti@elyforian t he
diameter of 21inches) A ti ghtly wound vortex is |l ocated
The interaction of the vortices creates a saddle point between their cores and regions of intense
swirl distortion with swirl agles ranging from54.24 degrees to 33.95 degreksshould be
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Figure 15. The velocity vector field and resulting swirl angle profile for the hybrid wing boc

aircraft. Swirl angle ranges frorb6° to +34°.
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noted that the bulk swirl is not a true vortex and hasifst@gnt regions of radial flow, hence the

much lower swirl angle in the bottom portion of the profile.

180°. Significant radial flow is evident in the fourth quadrar
33
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Figure 16. Rings of swirl anlg are plotted for the given radii. The highest magnitude swirl is

confined to the region of theta



Five different radii are sampled and the swirl angle is plotted in Figeifer concentric
circles at the stated radii. Inner rings of swirl angle show purely positive swirl; moving outward,
strong regions of negative swirl are encountered due togihidy wound vortex rotating against
the fan direction.

This inlet swirl profile is very complex both in pattern and intensity and represents the most
severe inlet distortion conditions calculated during CFD simulatibimsse swirl descriptors will
be revisited in the results section to compare the experimental and computational swirl profiles.

The StreamVane screen for the HWB profile is shown in FigQréany aerodynamic and
efficiencyimprovements were made to the SV method since the scr&ih was made, the
final details of which are given ir2@]. More recent improvements the method, including the

consideration of vortex convection, stress analysis, and CAD model generation are elaborated on

in the appendix The screen is fully shrouded/(B 6 wal | thickness) to m

conditions of a fixed end beam for each turning vane, to reduce the amount of deflection a vane
experiences, thus maintaining ttlesiredamount of turning, and to facilitate smooth rotation of

the screen in theest rig. The shroud is chamfered at its trailing edge to smoothly transition back
to the duct wall, having a trailing edge thickness of 0.3amu a diffusion angle of 8 degrees

The leading edge of the turning vanes is offgsed.25 from the upstreamdnge face to place a

fillet at all vane/structure intersectiosach vane section has a flat plate profile with a thickness
of 0.1380 except for the | eadingxiedgef Wh25adh
minor semiaxis of half the vanehickness.The screen was printed as a single piece out of
ULTEM™ 9085, a high strengtto-weight ratio thermoplastic chosen for having the highest
tensile strengtfb9] of plastic materials avaitde for additive manufacturing.he screen was not

made ofmetal becausef size restrictions that prevented printithg screen as a single pigne

any metal materials.
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3. Uncertainty Analysis

Typical primary sources for PIV uncertainty measurements include shear, displacement,
seeding density, particle diater, system calibration, timing errors, and the optical setup, as well
as other systematic and random souildey. It has been showf@4, 48] that observed PIV
accuracy in most experiments is 0.1 pixels. While the quantification of PIV uncertainty
measuement can be very complex, the author seeks to identify and estimate sources of
uncertainty that are specific to the inlet distortion test rig. First, the uncertainty of measurement
repeatability will be addressed, followed by analysis of a major contrgpdactor to PIV

uncertainty that is specific to the inlet distortion test rig.

3.1 Uncertainty of Measurement Repeatability

The uncertainty of measurement repeatability is calculated at 95% confidence by applying a
student 4distribution to the data beg compared. When acquiring data the screen was rotated by
hand which necessitated shutdown of the turbofan engine in between data sets. Because of this,
each data set is independent. The top three data setd {Fig.the distortion profile are very
similar, most clearly seen in the axial velocity component, and are treated as being nearly
identical. This assumption does not hold in the half of the data set closest to the center because of
asymmetry and influence from the applied distortion. Repedtabifis calculated by finding the
standard deviatignd, of the three data points at each point in the plane of data, multiplying
sigma by 4.303 (2 DOF, 95% confidence), and normalizing it on the average profile velocity

(~135m/s) to obtain uncertainty pentages for the measurements.
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o v o
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Axial Velocity (80% CFS)

Figure 17. Uncertainty of measurement repeatability is calcdlate95% confidence using the

indicated three data sets (lef@sulting in an uncertainty less than or equ&l%o



In regions of quality data the repeatability uncertainty is approximately 5% or les&{Fig.
In regions where spurious vectors are dominant, this uncertainty is higher and will be resolved by
collecting more coparable data, which can further reduce this uncertainty by a factor of nearly
2. The quality of global seed densitythe set of raw images from which this was calculated

could also be improved.

3.2 Uncertainty5PIV Measuremenis due to Relative Motiom of CCD Cameras

There are many potential sources of error that are not captured in the repeatability that was
previously examined, including unsteadiness through the test cell, cross winds through the test
cell, ground vortices ingested by the test hgttintroduce secondary flow, imperfections in the
test rig manufacturing that influence the boundary laygermittentseedingmisalignment of
the measurement volume with the machine asl the influence of rig vibrationghich cause
a small displeement of the cameras relative to the testivigst of these error sources are very
difficult to quantify, and others have been addressed in past research. In the current work the
alignment of the measurement volume with the machine axis was achieved lgitbl. The
levelness of the calibration plate was compared to the levelness of the test rig; this levelness was
comparableTo ensure that the plate was normal to the machine axis, the distance from the front
edge of the plate to a fixed surface was soead on the far sides of the plate and was made
equal. Small misalignments in the yaw or pitch direction will have a varyirfgcefon the
measured flowfield, depending on the size and importance of secondary flow. For the
measurements of the profile repentative of a hybrid wing body configuration, the secondary
flow is the same order of magnitude as the axial flow such that small misalignments will not
significantly affect what is measured. The alignment of the laser sheet with the calibration plate
has been widely studiefb2,53] and has important uncertainty implications. To achieve this
alignment, the calibration plate was fixed in place and the laser sheet was positioned using an
optical post and thin sheet metal shims. While boundary layer meastsem the test rig were
beyond the scope of this research, the influence of the test rig on boundary layer growth and
general boundary layer growth along the test rig wall are expected to have a negligible effect on
measurements, which is of even lessicgsn given the fact that laser glare prevented PIV

measurements close to the wall.
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Of the described uncertainty sources previously mentiomednfiuence of rig vibrations
was chosero further estimate its camibution to overall uncertainty becausenibst strongly
affects the measurement of displacen@iarticles.In an attempt to mitigate thghenomenon
the cameras wenaitially mounted directly to the test rig visskbtted extruded aluminum and
are thus subject to the same vibrations thatttineofan jet engine transmits to the test rig;
however, some relative motion still occu@nce theinitial analysis was completed and the
severity of the bias error realized, tbenfiguration was updated such that the cameras were
mounted to the skid dghe test stand to try and reduce the transmitted vibrations even more, with
success. The following analysis applies to the more extreme case where the cameras and laser
sheet optics are mounted directly to the distortion test rig, which is still an anport
consideration for other extreme testing environmehtsile these small displacements have a
negligible effect on the mean flow field, higher order statistics such as Reynolds stress can suffer
from larger errors if not corrected for.

The displacemerfor each camera was determined as a function of time IB)gby using
MATLABOSi nbufiuntcti on Ai mregtformd to perform
taken when the engine is off and without any se¢leel state of the system just after calibmtin

the cameras

Cameral
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Figure 18. Displacement of both cameras in theard ydirections is found via image
registration in MATLAB. Ttere are larger displacements in thdivection for camera 1. The
sanple size is 300 images.
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Each raw image from data acquisition is then compared to the reference and registered in
the % and ydirection, an example of which shown in Fig. 19. It was assumed that displacement
occurred as pure translation in theard y-directions of the local camera coordinate system.

This would determine the pixel displacement bias error due to mechanical vibration of the
engine. The amplitude of the vibration, taken from Figure 18, for each camera in each direction
is defined in Rble 3.

Reference 3 e
Raw Image

Before Registration After Registration

Superimposed Reference + Raw Image

Figure 19. On the left, a raw data image (pink) is superimposed on a reference/calibration ime
(green) and the images are registeredetermine thelisplacement between the images. In this
exampl €,. 1@x3 pi x 1.9l pigels.d @y =

Table3. Root mean square camera perturbation due to engine vibration.

px (pipy (pi
Camera l 10.61 7.07
Camera 2 354 4.24

The correlation coefficient, jRcan be calculated for the and ymovement for the two
camera system. A R of +1 indicates a positive linear correlatiorf, a negative linear
correlation, and an ;Rf 0 indicates no linear correlation. Values that lie between these ranges
indicate the strength of the correlatidalling somewhere between linear and random, or
nonlinear
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3.2.1 Correlated Camera Motion
It was first assumed that the correlation was perfectly linear, meaning thabteenent

of thetwo CCD camerass synchronized with one anothéro estimate the uncertaynof the

SPIV measurements due to rig vibrations a Monte Carlo simulation was conducted wherein the
camera displacement was modeled by spacially perturbing the mean flowfield by small amounts
in x and y where the perturbation is randomly chosen from asBau distributed PDF. The
values from Tabl& were used as the standard deviation of the random data set in the simulation.
The input state (CFD for NASA Inl&t) was perturbed 10,000 times and the uncertainty was
calculated (Fig20). The uncertainty dut® vibrational effects for correlated camera motias a
maximum value 0f0.275%. The largest values lie predictably along the largest velocity
gradients.The meandering of the mean flow due to the vibration of the engine generates an
apparent turbulencgevhich is actually just movement of the bulk mean on the camera sensor.

Mean Axial Velocity Profile Uncertainty estimation of error
from CFD due to relative motion of PIV
cameras

Figure 20. The input CFD profile (left) was perturbed in a Monte Carlo simulation to obtain
uncertainty (right), which peaks alongettelocity gradients.
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3.2.2 Uncorrelated Camera Motion
Next the camera movement was correlated (Eiy.and it was found that the correlation

coefficient for xmovement, R was-0.024and R was-0.115. Both were sufficiently low to be

categorized as random, meaning that the two cameras are perturbed independently of each other

as a result of turbofan engine vibration.
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Figure 21. The correlation coefficient for thedisplacement (left) and-gisplacement (right) for

the two cameras was calculated, showing no correlation. The cameras move independentl

To quantify the uncertainty for the uncorrelatedtion case, another Monte Carlo simulation
was performed which would account for not only the random motion butf@gbe oblique
viewing angle of the camerawo hundredbaseline SPIV imagesets were taken of an
axisymmetric jet with an exit velocityf 8m/s in an environment where vibration is negligible.
This raw i mage set was processed with LaVi
MATLAB ; the timeaverage velocity field is shown in Figuza.
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Figure 22. SPIV was performed for an axisymmetric jet; the mean flowfield (top) and the error

perturbation (bottom).
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Figure 22 Continued.The displacement due to a simulated mechanical vibration was corrected

removing the bias error fromdlSPIV measurements.

In order to simulate the movement of the cameras such as is experienced on the distortion test
rig, one of the two hundred imagetswas chosen as the input stated was perturbed 2,000
times in a similar wayas described ithe previous sectiorin order to scale the perturbation

properly to the different magnification of the axisymmetric jet experiment, equétias used:

Y 5 . 1 "Q AY ’?’Y 3 .Q \ ;Q Y
1 ‘ he L .Q%Y Lheefs o

1eeRa =Y Yo o —
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To obtain the scaled down displacement uncertainty,p bxi¥nethe)normalized full scale (TJ)
velocity uncertainty is multiplied by the scaled length of the axisymmetric iexgetr. HereU is
the velocity componentpts the time between image fram@s¢/L is the image scaling of the
experiment, andi ( p ijxiethe)calculated displacement from thd &cale experiment (see
Table 3) This scaling resulted in a perturbatistandard deviation of 3 pixels in thedkection
and 1.67 pixels in the-glirection for camera 1, and 1 pixel in theaxd ydirection for camera 2.

After the raw images were perturbed in the and ydirections, the image sets were
processed with Lawii ondés DaVis 7.2 sof tAMAB.dheancertaimyo st pr ¢
was estimated by calculating the standard deviation of the perturbed data, shown i2Eigure

Similar results occurred where the largest uncertainty lies along the strongest vebutigynts,
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however the magnitude of the uncertiyris much higher. Maximumalues are 2.95%, 4.225%,
and 6.B525% for the transverse, axial, and normal velocity compon&his.transverse and
normal velocity components are 10% the magnitude of the domanaait velocity, which is
comparable to inlet swirl distortion datd&he uncertainty in this simulation is an order of
magnitude higher than the correlated motion simuldbecause the perturbation is occurring in
the raw signal instead of the mean valaad small changes cascade through the calculation of
the camera calibration and the velocity vectditsis uncertainty will have a minimal effect on
the timeaveraged velocities and a stronger effect on turbulence calculations.

While the uncertainty valgdall within reasonable limitsit is still desirable to mitigate the
vibration effects to reduce the uncertairifie displacement of the cameramild be accounted
for via image processings previously demonstrateshd the perturbation removédbm ead
raw, lowering the uncertainty due to test rig vibration from the engee Fig. 22)While the
image registration is robysthere are images whose displacement is not properly detected, so
someoutliers will still occur. Stationary markingSee Figll, methods H and fyere drawn on
the test rig interior wall to help improve the robustness of the image registfatidature
correction of camera vibrationn addition to improving the effectiveness of the image
registration using deliberate, highntast markings, the mounting configuration of the CCD

cameras and laser sheet could also be modified (Fig. 9) to reduce vimdtiord uncertainty.
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Figure 23. The displacement in the &nd ydirections of camera fbr the tunnel mounted and skic
mounted camera configurations during data acquisition for the HWB StreamVane screen
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The improvement of the stabilized setup over that previously discussed is showna8, Fig.
where a comparison of the displacement for the two configurations is shown. In the skid
mounted configuration, the cameras are mounted via extruded aluminum to the test stand skid.
There are dampers in the connection between the engine and thente$d skacouple the engine
vibration from the test stand. The test stand is bolted to a steel skid, which is bolted to the floor.
While some vibration is B8t transmitted to the skid andtherefore, the camera mount
configuration, the effects are minimdlhe root mean square (RMS) displacement for the tunnel
mounted camera is 9.293 and 5.968 pixels in tharx ydirections, respectively. The RMS
displacement for the skid mounted setup is 0.179 and 0.359 in -tlendk ydirections,
respectively, a reductn of 51.9 and 16.6 times, effectively removing camera vibration.

Because the cameras are moving during data acquisition, it was of interest to understand if
any of that movement was fApermanento or i f th
spdial state by the end of a test. Images were taken with the engine off after calibrating the
cameras and in between every data set. Then each image was compared to the image taken
before testing using methods previously described; the results in Figdizdtenthat there is
little to no change the horizontal orientation of the camera. There was an immediate change in
the vertical orientation, which steadily became worse over successive runs in a linear trend. The
change from run 1 to run 16 in thadiredion is 2.32 pixels. It is possible that the violent, rapid
spin up of the engine causes these very small changes in position from one run to another. The
uncertaintycreated byhis phenomenon has not been estimated.
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Figure 24. Permanent changes in theaxd yspatial orientation of camera one for each ¢
set. The engine is turned off between data sets.
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3.3 Uncertainty in Calcated Results
In previous sections the uncertainty due to significant mechanical vibration was estimated for

the three velocity components. Other important quantities such as swirl angle and Reynolds
stress components are reported in the results secti@yvdlbcity components as calculated
using PIV algorithms also have a general, baseline uncertainty, which is common to most
experiments. These items will be addressed and summarized here.

The uncertainty in derived results can be calculated using eqUatidmereR is the derived

result anda, b, and,c are primary measurements.

TY . TY . TY . .
' S R S 7
1Y TcISw T(I;)oo T(Iboo E (7)

Velocity is calculated according to equat&nwvhere the uncertainty in the displacement,
OXp, IS given to be 0.1 pixels for a majority of real dataler ideal conditions

(v

. Yo D 1O Y

The uncertainty in the timbetween imagesp}is negligible compared to the displacement
uncertainty. The cal i bration performed by LaVisionos
6.5948pixels/mm. Using the scale factor, a displacement uncertainty of 0.00001516 m is
calculated. The time between images fsauts the 5
in a velocity uncertainty of 1.68m/s, or 2.41% of the average profile velocity magnitudesfor t
50% corrected fan speed data. This agrees well with the repeatability uncegasiety more
samples to increase the degrees of freedom of the datehgst,reduces the uncertainty by half.

Following the same procedbie uncertainty in swirl anglgor definition, see Fig. 2¢an be
calculated to b&.41%, which applies only to data subject to severe mechanical vibrations and in
regions of velocity grient. The uncertainty in swirl angle without consideration of vibration is
0.022%. While this value is very small, it again reflects real data under ideal conditions and only

accounts for stereBIV uncertainty.
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Reynolds stress is calculatadcording teequation 9. The unsteady velocity can be expressed
as a sum of the average part, denoted with a bar over it, and the fluctuating part, denoted by an
apostrophe.

tek”060 0'IiAQ o0 Ok (9)
The turbulent kinetic energy, the remeansquare of the velocity fluctuations, is

characterized by equation 10.
“YO O g 0 Ox O (10)
By applying equation 7 to the Reynolds stress and the turbulent kinetic energy (TKE), the

uncertainty for a point in the measurement space can be calculaied is reported in Tabk

Table4. Calculated uncertainties for velocity, shangle, Reynolds stress, and turbulent kinetic
energy for both the general PIV measurements and for vibration affected measurements.

Quantity Uncertainty
Velocity, General 2.41%
Velocity, Vibration 8.5%
Swirl Angle, General 0.052%
Swirl Angle, Vibraton 5.41%

Reynolds Stress, General | 0.2145 m/s”
Reynolds Stress, Vibration 0.857 ni/s”
TKE, General 0.1709 /s’
TKE, Vibration 0.742 Ml
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4. Results and Discussion

Using the experimental apparatus discusse@Zinseveral inlet distortion pfiles were
measured using stereoscopic particle image velocinbetoptain the three component velocity
vector field The smallscale test was completed as initial validation of the StreamVane method,
with further validation using a fivhole probe beingeported in 26]. Full scale testing was
performed using a distortion screen designed to recreate a total pressure profile at the AIP and
another distortion screen designed to generate a swirl profile at the AIP. The swirl descriptors

will be used for comgrison ofanalyticandexperimental distortiodata.

4.1 Small Scale InleA Swirl Distortion

Two hundred imagewere calibrated and processed using DaVis 7.2 with a typical image
interrogation of three iterations; one pass was done using 64x64 pixebgat®on windows
followed by two passes witB2x32 pixel interrogation windows ansD% overlapto oversample
the velocity field One pixel unit in image spads equivalent td0.0431 inches (1.094mmip
world spaceThe resulting vector fields were validd based upon image sigitainoise ratio,
correlation peak ratio, andormal distribution of data for time, which validation methods are
further described i84.4.

Contour plots of the thretme-averaged velocity components along with the resulting 2D
velocity vector field and swirl angle are given in F&. The primary featuresiwo vortex
cores can be seen clearly, particularly time velocity field and the location of the cores and
strength of the vortices are comparable to the model profilegivey 61 nl et Ab6. The
the swirl angle is slightly larger in the teal and light red regions of the top efthex cores,
just inside the 1& r a d i Gomparkd totte CFD input thevortex coreshave moved in the
positive vertical directioty 0.3683 inches (9.355mm) and have both moved toward one another
by 0.006 inches and 0.004 inches for the left and right vortices, respecliiese experimental
values differ from the expected valure part because of coraction downstream of the sere
the turned vanes of the screen produce streamwise vortices which interact with each other and
the solid surface of the tunnel due to induced velocities as predicted by the law of Biot and
Savart and the method of images. In order to correct for tHitgure work, a vortex convection

model has beemadeto predict the movement of the vortidgaghe test rig
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Figure 25. StereePIV measurements of the 3D velocity vedietd and swirl angle for the Inle
A swirl distortion profile. A prominent vortex pair is measured in the bottom of the profile.

Because this has not yet been implemented experimentally, it is presented in the appendix
and is not reflected in any datantained inthe present workit is proposed tcstart with the
model profile at the AIP and step upstream to get the desired swirl distribution at the plane of the
StreamVane screen

Aside from vortex position and swirl magnitude, there are small regiosscondary flow at
50° and 140° near the wdhat are likely a result of either n@mooth transitions in the tunnel
test section or from imperfections in screen manufactufihg.three velocitgomponents again
show similar pattern and magnitude as @FD input, though the axial velocity lacks a deficit in
the bottom center of the dafBhe regions of wavy dark red in the axial velocity component are
wakes from the turning vanes which have not yet mixed out in the @bwnore interest is the

comparson of swirl descriptors for the anabdl and experimental data
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Figure 26. Analytic (CFD) and experimental sector swirl(top left), swirl directivity (bottom I
and swirl intensity (right) are plotted as a function of profile radius for the Antbstortion.

Figure26 shows the sector swirl, swirl intensity, and swirl directivity as a function of profile
radius. The analytic sector swirl is characterized by a gradualasere both positive and
negative swirl in an equal manner; as radius increases the vortices are approached. Likewise, the
swirl intensity increases with radius with a local maximum of 5 degrees just below the vortex
pair followed by an increase to the lgfd maximum of 5.7 degrees at the wall. The swirl
directivity is a flat line with an average of 0.003, indicative of twin swirl as expected.

The experimentakector swirl parameter is nearly constant with radius, experiencing small
fluctuations, through & of the radius after which both positive and negative swirl increase
significantly. The swirl due to the vortices was appropriate created, however the remainder of the
profile does not transition as well. The swirlansity again has a similar trend oicreasing
intensity with a local maximum, but the local maximum occurs closer to the center of the profile
and the global maximum 2 degrees more. The swirl directivity indicates that the experimental
data represents a pattern in between twin swirl andsiiymoffset swirl with an average value
of 0.136.As noted in 26|, these differences could be caused by many factors, including the

validity of the CFD profile from which the screen was designed, effects of scaling the CFD
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profile, the location and exté of support structures, vane deformation, the nonlinearity of the
cascade turning, the mixing of individual vane wakes, and downstream diffusion of the swirl
profile. In spite of any differences between the analytical input and the experimental
measurema, an importantrealswirl distortion wagyenerated ancheasured that consistefla
vortex pair which would have an impact on the performance fahaystemand subsequent

engine systems.

4.2 Full Scale Inlet Distortion Test Rig

4.2.1 Total PressarDistortion Screen
Five hundred images were calibrated and processed using DaVis 7.2 with the same three

iteration image interrogation as described in the previous section. One pixel unit in image space
is equinalent to 0.00591 inches (0.015mim world gace.The spatial resolution in the &and y
direction is 2.35mmThe vector fields were again validated as describé&d.ih

Contour plots of the timaveraged radial, tangential, and axial velocity components along
with the resulting 2D velocity vectdreld and swirl angle are given in Fig&7 and 28 for the
two engine power settings. Both the radial and tangential velocity components are small
(maximum values +7.27%) compared to the spacially averaged axial velocity. There are regions
of apparent disantinuity and local minima/maxima which are believed to be due to inconsistent
seeding and the presence of at least one ground vatiexedge of the complete measurement
volume is flower shaped because of a reflection of the laser sheet that wasmetsistgh all
images acquired. Data in the center of the profile has been removed because of insufficient
seeding. There is a slight asymmetry in the measurement due to imperfections in the

manufacturing of the screen.
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Figure 27. Inlet-A total pressure distortion profile at idle power setting produced the 3D velocity
vector field and swirl angleneasured by SPIV.

The axialvelocity component exhibits an expected velocity deficit in the region of lowest
porosity, transitioning in the circumferential direction to the highest porosity region in the top of
the profile. In the strongest region of the distortion the velocityiéti 55.66%.

The purpose of acquiring data at with the total pressure distortion screen was not to recreate a
specified swirl distortiorat the AIP but to better understand the interaction between the gradients
in a total pressure field and swirl disiort. It was anticipated that the differences in total
pressure wouldnfluence the static pressure field, causamgto move from regions of high to
low static pressure and would generatepiane velocity components that contribute to swirl
distortion. hstead, no significant swirl is detected at the ATRe maximum swirl angle is 6°
and the profile average magnitude is 1.5°. Maximum swirl angles in the analytic NASA Inlet
profile are 15° with an average magnitude of 6°. This is important becaude#tés that at the

AIP the total pressure field and the swirl angle field are not coupled together and the effects of
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each on fan performance and engine operability can be studied independently. This could also
indicate that a total pressure distortior awirl distortion could be added together to obtain the
desired combined flow field. A recent study by Gunn et al. confirms the finding that significant
swirl was notmeasuredht the AlPdue to a total pressure distortion alone. Gunn did measure
swirl ande directly in front of the fan, indicating that much is still happening between the AIP

and the fan face, which has yet to be investigated in the inlet distortion test rig.
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Figure 28. Inlet-A total pressure distortion profile measurements at 80% corrected fan spee

The higher fan speed SPIV measurements show the same a®itkde idlecase but at a
higher magnitude except for the velocity deficit, which stayed the same at 55.72%. The swirl
angle has local maxima of 9° to 10° though the profile average is approximately 3.5° which is
2.333 times higher than the idle case. Bseaswirl angle can change so much with nominal

axial flow speed, care must be taken to choose an appropriate corrected fan speed for matching

52



the swirl profile, though in this case 80% corrected fan speed represents a mass flow that is close
to engine sthbecause of the strength of the distortion. Because the total pressure screen was not
designed to recreate a specific swirl distortion and because no meaningful swirl angle was

measured at the AIP, the swirl descriptors were not applied to this poofderhparison.
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Figure 29. The normal components of the Reynolds stress tensor, a shear component,uabd|ére t
kinetic energy are plotted for the idle power setting; Total pressure distortion.

Because each PIV image pair represents an instant in time, other interesting aerodynamic
guantities such as Reynolds stress and turbulent kinetic energy (TKE) can be easily calculated.
Velocity in an unsteady flowfieldan be split into a mean partdaa fluctuating partWhen the
NavierStokes equations are written given the mean and fluctuating parts and averaged, a term
exists which is the Reynolds stress, a correlation of fluctuating parts of the velocity field.
Reyndds stress is indicative of the average turbulence present from combinations of different
velocity components and must be modeled in CFD software to close or complete the Navier

Stokes equations. Turbulent kinetic energy is the square root of the sumaifaarares of the
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principal Reynolds stress components and indicates the total magnitude of turbulence in the
flowfield.

The Reynolds stress tensor is plotted in Figt@dor theidle fan speed data. The TKE for
the same data edsoplotted in Figure29.

4.2.2 HWB Swirl Distortion Screen
Five hundred images were taken for each measurement volume, with 50% overlap, such that

1,000 images per measurement volume were available for averaging and higher order statistics.
This was important to account for yamnconsistencies in seeding uniformity. Images were
processed using DaVis 8 with settings previously described. One pixel unit in image space is
equivalent to 0.00591 inches (0.015mm) in world space. The spatial resolution matie ¥
direction is 2.3mm. Contour plots of the tirreveraged radial, tangential, and axial velocity
components along with the resulting 2D velocity vector field and swirl angle are given 80Fig.

for a corrected fan speed of 50%. The data does not extend to the full éxtesmtnoaximum

radius because of laser glare from the top window. Positive bulk swirl encompasses the majority
of the profileandis evident in the ifplane velocity vector field. The intersection with the other
vortex is also clearly seen, though the migjoof the tightly wound vortex is cut off. The edges

of that vortex are seen in the extreme blue and red regions in the radial velocity component. The
remainder of the measured profile is nearly entirely tangential flow except for the first quadrant,
which exhibits minimal radial flowTangential flow is intensified in the region where the two
vortices meet. Of great interest is the swirl measurement, which is characterized by positive bulk
swirl with an average magnitude of approximately 15 degrees. hNes\axre present in the center

of the screen, which is essentially the center of the bulk swirl vortex so the swirl is near zero.
The maximum swirl is measured where the vortices interact, with a maximum value of 35
degrees. This matches the same pock86balegree swirl distortion in the input profile. While it

is anticipated that an even higher value of swirl exists near the wall as defined in the input
profile, this cannot be validated with this measurem&he input profile includes regions of
significant radial flow, especially in the bottom of the profile, which could be the influence of the
inlet lip of the turbofan engine. In practice, though that radial flow may be generated directly
behind the StreamVane screen, the flow in the test rig becanme vadrcal in nature and is

more representative of flow in an inktct
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Figure 30. Hybrid wing body swirl distortion profile at 50% corrected fan speed; Contour plots of
3D velocity vector field and swirl gte.

Portions of the Reynolds stress tensor for the HWB profile are shown in Fig. 31, which again
indicates turbulence generated by the screen, specificallyrtivéusal supports.
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Figure 31. The normal components of the Reynolds stress tensor, a shear component, ar
turbulent kinetic energy are plotted for 50% corrected fan speed; HWB swirl distortion.

4.3 Performance anBffect of Scale on the Measured Distortion

The swirl descriptors were used to best understand how the full scale StreamVane screen
performed compared to the CFD input. It is also of intetestinderstand the relationship
between the measured flow field of the sub scale and full scale screen. arite ycoordinates
of all three profiles were normalized to obtain a radius of uRiure32 shows a comparison of
rings of swirl angle unwramga. Each subplot is identified by the top left depiction of the swirl
profile. At every radial location the normalized sub scale and full scale data match well. There is
a small circumferential offset, which is due to the fact that the full scale Streans¢esen did
not begin in a vertical position in the tunnel, but was slightly clocked due to tunnel
manufacturing imperfections. In the fourth (green) and fifth (yellow) rings, the full scale data did
not reach the same magnitude as the sub scale datatimgl that perhaps the fan weakens the

flow angularity. Overall the StreamVane produced a flowfield with similar patterns as the CFD
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input and, most importantly, generated one of the two extreme values of swirl anglelt 34°.

also important to noténat the CFD input did not include the effects of a fan.

Figure 32. Spatiallynormalized rings of swirl
angle are compared for the CFD input and th
sub and fullscale StreamVane distortion scre
data at 50% corrected fan speed.
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