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Investigation of Turbofan Engine Response to
Simultaneous Inlet Total Pressure and Swirl Distortion

Dustin J. Frohnapfel
ABSTRACT

As a contribution to advancing turbofan enggreund test technology support of propulsion
system integration in modern conceptual air¢radt novel inlet distortion generator
(Screenvang!) was invented. The device simultaneousiproducescombinedinlet total
pressure and swirl distortion elentg in a tailored profile intended to matchlefinedturbofan
engineinlet distortion profile. The device design methodology was intended to be sufficiently
generic to be utilized in support of any arbitrary inlet distortion profile yet adequatelyicpecif
generate higtidelity inlet distortion profile simulation.

For the current investigatiom,specific inlet distortion profile was defined using computational
analysis of a conceptual boundary layer ingesthuy& turbofan engine inlefThe resulng inlet
distortion profile consisting of both total pressure and swirl distortion elemesais,used as the
objective profile to be matched by the ScreenVane in a turbofan engine ground test facility.

A ScreenVane combinethlet total pressure and swirl distortion generator was designed,
computationally analyzed, and experimentally validated. The design process involved specifying
a total pressure loss screen pattern and organizing a unique arrangement of swirl inducing turning
vanes. Computational results indicated that the ScreenVane manufactured distortion profile
matched theredictedS-duct turbofan engine inlet manufactured distortion profile with excellent
agreement ipatternshape, extent, and intensit@omputationaldll-field total pressure recovery

and swirl angle profiles matched within approximately 1% and 2.5° (RMSD), respectively.
Experimentalturbofan engine ground teesults indicated that the ScreenVane manufactured
distortion profile matched the predict&lduct turbofan engine inlet manufactured distortion
profile with excellent agreement patternshape, extent, and intensit{Experimental dll-field

total pressure recovery and swirl angle profiles matched within approximately 1.25% and 3.0°
(RMSD), repectively.

Following the successful reproduction of thel&t turbofan engine inlet manufactured distortion
profile, a turbofan engine response evaluation was condusiiegl the validated ScreenVane inlet
distortion generator Flow measurements colled at discrete planes immediately upstream and
downstream of the fan rotor isolated the component for performance analysis. Based on the results
of this particular engine and distortion investigafithre adiabatic fan efficiency was negligibly
altered wile operatingwith distorted inflow conditions when compared to nominal inflow
conditions. Fuel flow measurements indicated that turbofan engine inlet air mass flow specific
fuel consumption increased by approximatelyifdhe presence of distortion

While a single, specifiturbofan enginenlet distortion profile was studied in this investigation,
the ScreenVanenethodology, design practices, analysgproachesmanufacturingechniques
andexperimental procedureseapplicable to any arbitrary, réstic combinednlet total pressure
and swirldistortion
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GENERAL AUDIENCEABSTRACT

As acontribution to advancing turbofan engine ground test technology in support of propulsion
system integration in modern conceptual aircraft, a novel inlet distortion generator
(Screenvane!) was invented. The device simultaneously reproduces comimhetdtotal
pressure and swirl distortion elements in a tailored profile intended to match a deflnadn
engne inlet distortion profile. The device design methodology was intended to be sufficiently
generic to be utilized in support of any arbitrary frdestortion profile yet adequately specific to
generate higtiidelity inlet distortion profile simulation.

For the current investigation, a specific inlet distortion profile was defined using computational
analysis of a conceptual boundary layer inggs8uluct turbofan engine inlet. The resulting inlet
distortion profile, consisting of both total pressure and swirl distortion elements, was used as the
objective profile to be matched by the ScreenVane in a turbofan engine ground test facility.

A Screevane combinedinlet total pressure and swirl distortion generator was designed,
computationally analyzed, and experimentally validated. The design process involved specifying
a total pressure loss screen pattern and organizing a unique arrangementdseung turning

vanes. Computational and experimental results indicated that the ScreenVane manufactured
distortion profile matched the predictedd8ct turbofan engine inlet manufactured distortion
profile with excellent agreement in pattern shap&mtxand intensity.

Following the successful reproduction of thel&t turbofan engine inlet manufactured distortion
profile, a turbofan engine response evaluation was conducted using the validated ScreenVane inlet
distortion generator. Flow measurertgecollected at discrete planes immediately upstream and
downstream of the fan rotor isolated the component for performance anBlgsed on the results

of this particular engine and distortion investigation, the adiabatic fan efficiency was negligibly
altered while operating with distorted inflow conditions when compared to nominal inflow
conditions. Fuel flow measurements indicated that turbofan engine inlet air mass flow specific
fuel consumption increased in the presence of distortion.

While a sinde, specificturbofan enginenlet distortion profile was studied in this investigation,

the ScreenVane methodology, design practices, analysis approaches, manufacturing techniques,
and experimental procedures are applicable to any arbitrary, realistiineatimlet total pressure

and swirl distortion.
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Chapter 11 Introduction

1.1 Dissertation Overview

Modern conceptual aircraft designs are increasingly shifting turbofan engine installations away
from pylon mounts in conventional twaadwing airframes toward highly integrated, often
embedded, engine/airframe arrangements associated with boundaipdagting blended wing

body architectures. These unified engine/airframe systems offer supempuisiveefficiency

and performance in terms of Hfb-drag ratio, fuel consumption, range, and noise abatement and
are currently viewed as the most promgssolution to rising fuel costs aeder tightening airfield
restrictions.

While thepotentialadvantages of highly coupled engine/airframe architecturesuanerousthe
integrated turbofan engines afrequently exposed tonortuniform inlet conditions typically
referred to as inlet flow distortions, emanating from interactions between the engine, airframe, and
any associated inlets or nearby control surfaces. Left unmitigated, the inlet flow distortions pose
a significant risk to turbofan engine opton. In order to achieve an optimized vehicle, these
interactions must be understood and accountethfoughsafety, operability, and performance
margins. This requirement leads to the necessity of improved design methodology, updated
simulation modks, enhanced analysis techniques, and rigorous test procedures.

The research presented in the following dissertation is the culmination of a comprehensive
investigation into turbofan engine response to simultaneous inlet total pressure and swirlrdistortio
The specific inlet distortion profile was defined from computational analysis of a turbofan engine
inlet associated with an embedded installation in a blended wing body aircraft subjected to
significant amounts of boundary layer ingestion. A novelodi®n device, designated
ScreenVane, was invented and designed with the goal of producing a tailored combined total
pressure and swirl distortion matching the conditions exitiveg turbofan engine inlet duct
Computational verification of the Screen\adesign methodology was completed as well as
experimental ground test validation of computational models. Additionally, turbofan engine
response experimental ground tests were conducted to quantify the implications of subjecting a
turbofan engine to comuous inlet flow distortion. All computational anadgsand experimental
ground tests were conducted at the Virginia Tech Turbomachinery and Propulsion Research
Laboratory in Blacksburg, VA.
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This chapter (Chapter 1) outlines the future applicationsmfentional turbofan engines installed

in unconventional arrangements, reviews the current-gtatee-art for turbofan inlet distortion

ground test procedures and apparatus, and places the current investigation into the context of
ongoing research throhgut the turbomachinery and aviation industi@hapter 2 presents a
computational case study involving an embedded turbofan engine installation attached to an S
duct inlet subjected to varying amounts of boundary layer flow ingestion. Chapter 3 e#ptains
methodology involved in design and manufacture of the ScreenVane combined total pressure and
swirl distortion generator. Chapter 4 documents the computatrenéitation while Chapter 5
documents the experimental ground test validation of the S¢a@ercombined total pressure and

swirl distortion generator. Chapter 6 then demonstrates the application of the ScreenVane as a
combined total pressure and swirl distortion generator for utilization in turbofan engine ground
tests. Chapter Summarizeste significant outcomes ai@hapter 8eports all conclusions based

on the results obtained throughout the investigation.

While a singular distortion profile is presented in the following document, it is merely intended to
serve as an exampl&he Screeviane methodology should not be considered limited to only this
example profile, but should be considered a valid means to simulate nearly any realistic combined
total pressure and swirl distortion.

1.2 Literature Review and Background
1.2.1 The Futureforurbofan Engine Installation Configurations

Future aircraft designs appear to be trending toward a paradigm shift, opting for highly integrated
configurationghat combingoropulsion and control subsystems into blended wing body airframes
rather than conventional discrete fuselage, wings, and engines common in present designs. This
is the case for a wide range of aircraft in both commercial and military applications.clessh

has specific requirements sacrificing performance for efficiency or vice versa, but nearly all
modern concepts feature some level of propulsion integration to achieve goals that are currently
unobtainablaising conventional designs-[i1].

Focusingon commercial subsonic transport aircraft, the prospect of incorporating propulsion
systems into airframe structures is leading to exciting breakthroughs in efficiency, fuel
consumption, range, and noise abatement. Highly integrated aircraft typicadigrnaller frontal

area, greater lifto-drag ratio, and enhanced fuselage noise shielding. Additionally, these
integrated aircraft concepts readily allow for boundary layer ingestion due to the close coupling of
turbofan engingwith the aircraft liftingsurfaces. Boundary layer ingestion is a process in which
the turbofan engine inlet is located within the boundary layer flow. The engine therefore ingests
the relatively low energy boundary layer flow, reenergizes the flow, and exhausts a jet stteam tha
more closely matches the freeam. The benefits of boundary layer ingestion include reduced
aircraft drag, reduced aircraft wake, and reduced required thrust culmina&stinratedfuel
savings of greater than 10% when compared to conventionafagompleting identical missions
[1,4,1222].
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Figure 11 illustrates increasing advantages with increasing levels of turbofan engine integration.
The initial concept (top) features a blended wing body airframe with pod mounted engines located
sufficiently above the lifting surface to avoid ingesting boundary layer flow. This is likely the
nearest term concept to reach maturation. Because the poopsystem in this arrangement is
simply moved from below the wing to above the wing, conventional turbofan engines can be
installedwith little modification. This arrangement provides the least system benefit as both ram
drag and boundary layer parasitirag remain comparable to conventional tabdwing aircraft.
Increasing complexity (middle), the turbofan engines are installed near the aircraft lifting surface
either within or just above the boundary layer flow. The significant benefit of thisgament is

a reduction in frontal area resulting in decreased ram drag. In applications without boundary layer
ingestion, turbofan engines may occasiondll exposed to leading edge vortices or flow
distortion arising from aggressive flight maneuvdnsapplications with boundary layer ingestion,
boundary layer parasitic drag and aircraft wake are reduced; however, the turbofan engine is
subjected to more severe and continuous distortions. Advancing the technology(lhattiosn)
turbofan engines arembedded within the aircraft lifting surface witbwf entering via ducted

inlets This arrangement offers the greatest system benefit in terms of drag reduction and required
thrust reduction as the aircraft frontal area is minimized and aircraft wakearly eliminated
through engine ingestion and-eeergization. Turbofan engines will be subjected to continuous
boundary layer ingestion likely leading to continuous inlet flow distortions. While the system
benefits increase with increasing complexétgd amounts of boundary layer ingestion, the
turbofan engines must operate with high efficiency and survive high cycle load fluctuations to
achieve the greatest return.

Boundary Layer Profile

Largest Frontal Area Li
Without Boundary Layer Ingestion
Thick Boundary Layer

Flow Separation Risk

BLI Boundary Layer Profile

Reduced Frontal Area{ Surface Mounted Boundary Layer Ingesticﬁk\

Thin Boundary Layer
Reduced Flow Separation Risk

S-Duct BLI Boundary Layer Profile

-
1
= _
Minimized Frontal Area Submerged Boundary Layer Ingestion )
- Re-energized Boundary Layer

Reduced Wake

Figure 11: Boundary Layer IngestinBlended Wing Bodircraft i Schematic
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1.2.2 The Challenges Surrounding Turbofan Engine Inlet Flow Distortion

From high level inspection of the Breguet range equation (Equation 1.1), an increade-uir&fj

ratio or, more simply a reduction in aircraft drag results increased range for equivalent
propulsion system efficiency, flight conditions, and aircraft weight. It is therefore imperative that
turbofan engines installed in highly integrated engine/airframe configurations operate with
performance and efficiencydels matching or exceeding conventionally mounted counterparts to
exploit aircraft drag advantages.

2P 2y (1.1)

This is currently not the case.

Propulsion system installations in highly integrated, boundary layer ingestion aircraft rarely
operate in nominal inlet flow conditions. Because the flow properties vary within the boundary
layer, turbofan engines installed in boundary layer ingestiorigtoations are exposed to
continuous inlet distortion conditions. These distortions typically consist ctiniborm total
pressure andarge amounts of secondary flow entering the engine and lead to operability
challenges, performance and efficiency degtions, anceromechanical stress intensification
[13,14,2343].

Before studying the effects of complex inlet flow distortions, it is important to understand the
mechanisms that generate the distortions. Inlet total pressure distortions typicalfyoanisow
energy boundary layer flow ingestion and flow separation withinax@symmetric inlet duct
geometry. Inlet swirl distortions typically arise from upstream wake shedding, secondary flow
mixing, andaggressive flight maneuvei25,26].

Studiesof inlet flow distortion have concluded that turbofan engines operating in continuous
distorted inlet conditions suffer significant propulsive efficiency losses, operability margin
reduction, and high cycle fatigue intensification. Propulsive efficieregyratiation produces
thrust specific fuel consumption penalties of up to 15% increase compared to nominal inlet
conditions [23,27,388]. Rapidly changing fan rotor incidence angle sederecircumferential
pressure gradients result in operability margiduction as the compressor operates closer to stall
conditions at lower spool speeds {28,39,40]. Due to repeated circumferential distortion
patterns, the fan cycles through areas of varying distortion levels, inducing dynamic blade loading,
and exacdrating high cycle fatigue [24,31,344B].

These challenges to the propulsion system in highly integrated aircraft deserve attention but it
should be noted that system level benefits of engine/airframe integration reduce the propulsive
demands and offselegradations in turbofan engine performance and efficiency. Revisiting the
Breguet range equation, it can be seen that increasing lift to drag ratio offsets increasing thrust
specific fuel consumption for equivalent flight conditions and aircraft weighherefore,
conventional turbofan engine technology may already be capable of achieving a more efficient
flight vehicle in highly integrated aircraft (even with a short term increase in thrust specific fuel
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consumption). As engine technology advancdsetter cope with inlet flow distortion, the thrust
specific fuel consumption penalty diminishes and the benefit margin expands.

1.2.3 The Statef-the-Art Turbofan Engine Inlet Flow Distortion Testing

Clearly, a substantial amount of work is still regdi to understand turbofan engine interactions
with inlet flow distortion and to develop mitigation techniques for advancing integrated turbofan
engines to performance and efficiency levels equivalent to conventionally pylon mounted
counterparts. This wkrinvolves reduced order analytical models, simplified and comprehensive
computational models, stdzale and fulscale ground testing, and eventually flight testing leading
to airworthinesgertification

The earliest discovered documentation of inletvldistortion generation for turbomachinery
propulsionapplications dates back to initial integration of jet engines into military aircraft over
half a century ago [44]. The research utilized low porosity screens to produ€esectir of
reduced total pressure upstream of the initial axial compressor stage. Since then, devices and
techniques have been continually upgraded with the primary goal of simulating flight conditions
either computationally or experimentally.

Computational analysis has recently becomendispensable tool enabling hifldelity design
verification and rapid iteration at a relatively inexpensive cost compared to most experimental
tests. Computational analysis is largely utilized on isolatkdsimlevoid of turbofan engines to
observe baseline distortion profiles or on coupled inlet/turbofan arrangements to observe the
impact of inlet manufactured distortions on turbomachinery. The results of these studies are then
used to modify inlet desigmspecify limits of the turbomachinery, or define fluid conditions for
expermental ground test replicatidd5-52].

Turbofan engine inlet flow distortion experimental ground tests are conducted at baitakib

and fulkscale. In both cases, flow condits can be manufactured by simplified distortion
generatorr replica inlets operating at realistic flight conditions. At the most complex end of
these experimental ground tests, -Rdhle, powered inlets are tested at operational flight
conditions preiding the best match of flight conditions. Decreasing the test complexity through
the use of sulgcale models provides an excellent representation of flight conditions at reduced
operational costs. Isolated or powered inlets are commonly tested istumimels with scaled
conditions closely matching fudicale flight conditions. While the results may not be in exact
agreement with fulscaleflight tests, design flexibility is gained. [538].

Further reduction oéxperimentatomplexity results in deges that simulate the flow distortion

at the turbofan inlet without the use of complicated, rigid, and often expensive inlet geometry
models. While the resulting distortions from such devices may be limited in capabilities of truly
representing inlet daananufactured distortions, rapid design iteration as well as analytical or
generic distortions are possible. These devices typically create decoupled distortion elements of
separate total pressure and swirl distortion.
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Total pressure distortions haveeeclassically generated usilugs inducingvire meshscreens

as early as the 195006s [ 44] . usdddvaneed methods fora | pro
generating tailored total pressure distortion. Varying the porosity or number of wire iy&sh la

results in custom total pressure distortion generators that produce a specific proéi@.[59

Additive manufacturing has improved the capabilities of total pressure distortion generators with

the ability to include continuously vable porosity pterns for higkfidelity profile simulation

[64,65]. Recently, actively variable total pressure distortion generators have been deployed to
recreate dynamic total pressure distortions through the use of actuated blockage deé8gs [66

Investigations bswirl distortion have been relatively limited when compared to inlet total pressure
distortion; however, recently this imbalance has started to close. Swirl distortion generators for
inlet flow distortion can be esproducedeherioavolk t he
distortion profiles relating to ground vortex ingestion and relativelgomplicatedengine inlet
geometries [69]. Variable localized vortex generators appeared later which allowed greater
flexibility in distortion generation buemained limited to generic distortion profiles due to rigid
arrangement of the variable vortex generators [70]. Inlet duct adapters are also currently used to
introduce secondary flow distortions perpendicular to the streamwise axi¢l].7JAgain, thee

devices produce relatively generic distortion profiles according to classic swirl distortion patterns.
Most recently, StreamVanes haveehaetilized in turbofan engine ground tests to generate-high
fidelity, tailored swirl distortion profiles. Thesewces consist of a unique arrangement of turning
vanes that reproduce secondary flow conditidoselymatching desired distortion profiles 75

91].

While total pressure distortion generators and swirl distortion generators simulate decoupled
pressuread swirl distortions, the devices fail to accurately replicate the coupled total pressure and
swirl distortions generated by inlets operating at realistic flight conditions. Therefore, the current
investigation attempts to provide an advanced distortienegtor capable of accurate
reproduction of combined total pressure and swirl distortions feséalle experimental turbofan
engine ground tests. It @nticipatedhat the enhanced distortion producing features of this novel
device will support integited engine/airframe conceptaircraft development and allow greater
design flexibility and verification.

1.3 Research Motivation, Objectives, and Hypotheses

Boundary layer ingestion is a potentially revolutionary technology advancement for theraviati
industry. Capitalizing on the benefits of boundary layer ingestion requires focused research and
development of propulsion system components into integrated engine/airframe configurations.
Significant challenges encountered by turbofan engines edtall conceptual next generation
aircraft designs center on inlet flow distortion interaction with the initial stages of the
turbomachinery. Solving these challenges requires innovativagtest equipment that enhance
experimental investigatigrallowing for design optimization. This ground test hardware must be
costeffective, rapidly produced, easily iterated, and accurate.

Short of fulkscale coupled turbofan engine/inlet wind tunnel tests, there currently exists no
extensively validatedechnologycapable of accurately simulating complex, fumiform inlet
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flow conditions composed of both total pressure and swirl distortiflmgurbofan engine ground

tests. Previously, inlet total pressure distortion elements and inlet swirl distortion elbments

been decoupled for ground test purposes. As a contribution to the ongoing turbofan engine
integration research efforts throughout the aviation industry, a novel technology, the ScreenVane
combined total pressure and swirl distortion device, wasniedeand motivated the current
investigation.

The current statef-the-art total pressure distortion generators claim profile reproduction accuracy
within £1.0%total pressure recovewyhile swirl distortion generators claim profile reproduction
accuracywithin £1.5° swirl angle Therefore, as an aggressgaal, the new combined devicesva
intended to match both inlet total pressure and swirl distortion profiles within similar margins.
Once validated, the remaining ebjive of the current research ss@ quantify effects of inlet
distortion on turbofaengineperformance and efficiency through component and system analysis.

At the onset of this investigation, the following hypotheses were formulated:
A Inlet duct generated flow distortions can be regitd by a ScreenVane combined total
pressure and swirl distortion generator.

A Inlet duct generated flow distortions and ScreenVane generated flow distortions interact
similarly with turbofan components.

A Inlet flow distortions alter turbofan engirefficiency and/or performance at both the
component and system level.

A series of computational analyses and experimental groundwestsonducted tdesteach
hypothesis. The conclusion of these analyses and tests verify and validate the ScreenVane
technology for use in future turbofan engine inlet distortion investigatiBggroving this novel
device, a new tool will be available for use thrbagt the turbomachinery andviation industry.
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2.1 Overview

The first step toward understanding turbofan engine response to complex inlet flow distortions is
to define the distortion profile. This can be accomplished in several ways: analytically, using
mathematic equations defining the significant distortion rpatars; computationally, using
computational fluid dynamics (CFD) models of aircraft/engine/inlet architectures; or
experimentally, using data gained via ground or flight testing. Analytical models are the most
flexible when specifying a distortion pradilas nearly all variables (both flow and geometry
related) can be controlled and altered. Computational models are slightly less flexible, requiring
geometry specification and adherence to physical laws of fluid dynamics; however, the geometry
and fluid poperties can be altered with relative ease in the computational domain. Experimental
data is the most rigid method of specifying a distortion profile as it requires strict adherence to
physical laws of fluid dynamicaith relative difficulty of alteringgeometry or test conditions.
While there are no incorrect methods of definandistortion profile, it should be understood that
analytical and computational models can exceed physical laws of fluid dynamics and lead to
potentially norphysical flow condions.

For the current investigation, the distortion profile was defined using computational analysis of a
conceptual boundary layer ingestingi@ct turbofan engine inlet. The geometry was modeled at

an appropriate scagland computational analysis wesnducted at flow conditions matching the

size and capabilities of the turbofan engine ground test platform at the Virginia Tech
Turbomachinery and Propulsion Research Laboratory. Defining the initial distortion using a
predetermined engine/inlet configdion produced results that were readily applicable to
distortion device design. While this analysis approach is not necessarily required, it does remove
any scaling of the distortion profile geometrically, aerodynamically, or otherwise.

The following clapter documents a computational case study involving an embedded turbofan
engine installation attached to ariGct inlet subjected to varying amounts of boundary layer flow
ingestion. Specifications of the geometry, flow conditions, and analysis settm@xplained.
Resulting flow profiles extracted at the aerodynamic interface plane (AIP) are then presented to
demonstrate the effects of boundary layer ingestion on the flow properties entering the attached
turbofan engine.
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2.2 The Turbofan Inlet Dua Computational Analysis
2.2.1 Turbofan Inlet Duct Geometry

The turbofan inlet duct selected for the current investigation was basecearmbadded turbofan
engine installation attached to ard&ct inlet subjected to large amounts of boundary layer flow
ingestion. The specific inlet design, designated {Aletvas originally developed by NASA as

part of a wind tunnel case study examining boundary layer ingestion aircraft and passive flow
control for distortion attenuatid®2-103]. This inlet was chosedue to the substantial amount of
available published literature and the significance of embedded engines in conceptual, next
generation aircraft. While this exact inlet may never be installed in an aircraft, it was speculated
that many of the associatédatures and accompanying distortions will be apparent in future
integratedairframe/engine architectures

The single bend turbofan engine inlet duct, shown schematicafigure 21, featured a semi
circular entrance which transitioned into a circular exith an area expansion gA;) of
approximately 107% The duct featured a length-diameter ratio (L/I) of approximately three
exit diametersand an entranem-exit centerline shift ratiogH/D¢) of approximately one exit
diameter.Table 21 summarizes the significant geometric parameigtise NASA provided Inlet
A sub-scale model.

< L #!

Figure 21: S-Duct Turbofan Engine Inlét Schematic

Table 21: S-Duct Turbofan Engine Inlét NASA Inlet-A S-Duct Geometric Parameters

Length L 7.539 in
Entrance Height Hi 1.706in
Entrance Width Wi 3.255in

Entrance Area A 4,402 irt

Exit Diameter De 2.448 in

Exit Area A 4.705 irt

Centerline Shift oH 2.543in
Lengthto-Diameter Ratio L/De 3.080
Centerline Shift Ratio gH/De 1.039
AreaRatio AJA; 1.069
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The subscale model was uniformly scaled to match an exit diameter equivalent tirlibéan
engine ground test platform at the Virginia Tech Turbomachinery and Propulsion Research
Laboratory The scaled geometry was designated JRlefTable 22 summarizes the significant
geometric parameters of the Inleimodel used in the computatidiséudy.

Table 22: S-Duct Turbofan Engine Inlét VT Inlet-F SDuct Geometric Parameters

Length L 64.676 in
Entrance Height Hi 14.632 in
Entrance Width Wi 27.921in

Entrance Area A 323.947 i

Exit Diameter De 21.000 in

Exit Area Ae 346.361 i

Centerline Shift oH 21.819in
Lengthto-Diameter Ratio L/De 3.080
Centerline Shift Ratio gH/De 1.039
Area Ratio AJA; 1.069

Specification of the aerodynamic interface plane (AIP) was required before computational
geometry couldbe finalized and analysis could commence. This arbitrarily defined plane is often
used by airframe/engine designers to identify the transition from the exit of the inlet duct to the
entrance of the turbofan engine. For the purpose of this investigdwtoA)JP was desired to be
located sufficiently far downstream of thed8ct circular transition to allow flow reattachment
and distortion stabilization yet maintain significant levels of distortion for testing purposes. Based
on coarse initial analysishe streamwise distance between theu$t circular exit plane and the

AIP was selected as oimalf the exit diameter. Furthermore, based on the prior existence of
experimental ground test hardware, the streamwise distance between the AIP and the fan case inlet
flange was fixed at approximately otenth theexit diameter. Theseaxial separatiordistances

were accomplished through the use of constant area cylindrical ducts connectingdtioe S
circular exit plane to the AIP and connecting the AIP to the fan case inlet flange.

2.2.2 Isolated Computational Domain

In order to obtain a baselim®mputationaflow distortion profile definition, devoid of turbofan
engine interactions, two empty cylindrical exit ducts were attached to theFli8etuct inlet
geometry at the circular exit planeA onehalf fan diameter axial length cylindrical duct
represented théistance from the-8uct circular exit plane to the AIP. This standoff allowed flow
separation from the lower wall of thedsict to reattach upstream of the AIP. A second empty
cylindrical exit duct was attached at the AIP. This five fan diameter laxigth cylindrical duct
supplied sufficient distance between the AIP and the exit boundary to eliminate boundary
condition interactions from propagating upstream to the analysis @dladie Figure 22 illustrates

the isolated computational domain.

The computational domain was discretized using native meshing algofiM®&YS CFX].

Unstructured, tetrahedral elements were used throughout the fagito simplify the meshing
procedure. Near the outer wall boundaries, a structured inflation mesh was applied to enhance the

10
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resolution within the boundary layer at the fhadlid interfaces. Table 23 summarizes the
statistics for the final mesh of the baseline computational domain geometry.

r INLET BOUNDARY
- ~——

S-DUCT EXIT
. AERODYNAMIC INTERFACE PLANE OUTLET BOUNDARY T

3.08D >4 LU-;bﬁD 5.00D

Y

Figure 22: S-Duct CFD Case Studylsolated Computational Domain

Table 23: S-Duct CFD Case Studylsolated Computational Mesh Parameters

Method Unstructured Tetrahedrons
Element Sizing 0.250 in
Growth Rate 1.10
Inflation, y+ Approx. 25
Inflation, First Layer Thickness 0.004 in
Inflation, Number ofLayers 20
Inflation, Growth Rate 1.20
Nodes Approx. 9.3M
Elements Approx. 38.0M

2.2.3 Coupled Computational Domain

In order to analyze interactions between thduSt manufactured distortion and the turbofan
engine, a simplified model of the turbomachinery was attached to thé&I8lduct inlet geometry.

A onehalf fan diameter axial length cylindrical duct repréednthe distance from the-daict

circular exit plane to the AIP. Next, to represent ground test hardware;tandhdan diameter

axial length cylindrical duct was attached at the AIP. The fan case was then attached to the short
ground test hardware ducln this setup, the nose cone of the turbofan engine penetrated the AIP
producing an annular, rather than circular, data plane. The radially outward curving wall of the
nose cone along with the radially inward tapered fan case produced a signife@anéduction

from the empty duct caseA five fan diameter axial length aolar exit duct was attached to the

exit of the fan case. This constant area, annular duct supplied sufficient distance between the AIP
and the exit boundary to eliminate boundeoydition interactions from propagating upstream to

the analysis planelp4]. Figure 23 illustrates the coupled computational domain.

The computatinal domain was discretized using nativeeshing algorithms [ANSYS CFX]
Unstructured, tetrahedral elements were used throughout the fluid domain to simplify the meshing
procedure. Near the outer wall and centerbody surface boundaries, a structured méah was
applied to enhance the resolution within the boundary layer at thestilidlinterfaces.Table 24

11
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summarizes the statistics for tfieal mesh of the simplified turbofan computational domain
geometry.
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Figure 23: S-Duct CFD Case StudyCoupled Computational Domain

Table 24: S-Duct CFD Case StudyCoupled Computational Mesh Paraprst

Method Unstructured Tetrahedrons
Element Sizing 0.250 in
Growth Rate 1.10
Inflation, y+ Approx. 25
Inflation, First Layer Thickness 0.004 in
Inflation, Number of Layers 20
Inflation, Growth Rate 1.20
Nodes Approx. 9.6M
Elements Approx. 34.8M

2.2.4 Fluid Properties

For both case studies, with and without the centerbody modeled, several parameters were held
consistent. In all analyses, a steady state solution was desired for simplicity. The working fluid
was set to air with ideal gas assuiops to ensure a compressible solution. The energy equation
was coupled with the mass and momentum solution. While no heat or work was added to the
working fluid, the energy equation ensured the most complete solution and accounts for any
compressibilityeffects. The kr Shear Stress Transport turbulence model was used due to the
separated flow conditions associated with thdust lower wall. This turbulence model was
specifically designed to best predict reattachment length of separated flows acohsidsred
superior to all other steadtase turbulence approximations [ANSYS CFEX]

2.2.5 Inlet Boundary Conditions

In a realistic integrated airframe/engine architecture, a reduced energy boundary layer forms on
the aircraft skin leading into the engiinlet duct. To simplify this boundary layer development,
the flow profile entering the-8uct wassimulated as turbulent flat plate velocity boundary layer.

12
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Equation 2.1 defines a turbulent flat plate velocity boundary layer profile as a piecemdgerf

with components inside and outside of the boundary layer. This analytical approach to specifying
the inlet conditions agreed well with previdupublishedcomputational and experimental work
[98,99107.

2.1)
v 6 Ao

The case study examined a varying boundary layer height as a percentagecoiriet height
from zero percent to fifty percent in intervals of five percéfgure 24 illustrates the normalized
boundary layer profile computed for each boundary layer height percentage.
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Figure 24: S-Duct CFD Case StudyTurbulent Flat Plate Boutary Layer Profiles

The one dimensional normalized turbulent flat plate boundary layer profiles were then mapped to
a two dimensional surface equal in size and shafieetolet-F entrance. The normalized profile

was scaled to an average velocity eqaahe velocity generated by a defined mass flow. In the
case of Inlef, the corrected mass flow rate generated by the turbofan engine ground test platform
at test conditions was approximately 5@/that sea level standard atmospheric conditions. This
mass flow rate equated to an average inlet velocity of approximately 290 ft/s at sea level standard
atmospheric conditions. The resultimgrmalizedinlet velocity profiles are shown figure 25.
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Figure 25: S-Duct CFD Case StudyInlet Velocity Profiles

2.2.6 Outlet Boundary Conditions

The most robust outlet boundary condition for a specified inlet velocity pre#lspecified static
pressure [ANSYS CFX] This boundary condition set ensures an explicit calculation of pressure
throughout the fluid domain. With the boundary layer inlet velocity profiles seiteeative
approach was utilized to find the averagelet static pressure (with an allowed one percent profile
blend). By altering the outlet static pressure, the total pressure was monitored until the maximum
total pressure in the duct matclegchospheric pressure within opercent. In the isolated eaef

Inlet-F, the average outlet static pressure required to drive a mass flow rate @fs50dkfound

to equal 13.696 psia, or exactly 1.000 psi vacuwmfatmospheric total pressure. the coupled

case of Inlef, the average outlet static presswguired to drive a mass flow rate of 5e/bwas
foundto equal 13.000 psia, or exactly 1.696 psi vacuurmfatmospheric total pressure.

2.2.7 Other Boundary Conditions

In the isolated case of Ini&; only the exterioduct wall surfacerequiredboundary condition
specification. For this analysis, the wall was defined asslippsmooth, stationary wall. In the
coupled casef Inlet-F, the exterioductwall and centerbody surfaces required boundary condition
specification. For this analysite exterior wall was defined as a-slp, smooth, stationary wall
while the centerbody surface was defined as -&lipp smooth wall with a rotational velocity
equivalent to the experimental test condition (12800 rpm).

2.2.8 Convergence Criteria

In the isolated case of Inket, the convergence criteria for mass and momentum equatamset

to an RMS residual of 1xI0 The energy equation convergence criteria was relaxedl@ %o

aid solution convergence and increase solution efficiency. sliassumed appropriate to relax the
convergence criteria for the energy equation due to the lack of heat transfer and assumed zero work
input to the fluid.

Because the true engine geometry was not modeled in the coupled caserfitmets assumed
thatthe computational data would not identically match the experimental data; therefore, to assist
in solution efficiency, the convergence criteria for mass, momentum, and energy equations was
set to an RMS residual ok%0°. The slightly relaxed convergemcriteria produced valuable
engineering data without the expense of high precision design data.

14



Chapter 4 Defining the Distortion

2.3 The Turbofan Inlet Duct Computational Results

2.3.1 Total Pressure Distortion Profile

Total pressure distortion results are typically represented alspi@ssure recovery factors
normalized by either the atmospheric total pressure or the maximiptanea total pressure.
Normalizing by the atmospheric total pressure demonstrates the cumulative total pressure changes
between the entrance of the inlet dant the AIP. Normalizing by the maximumpiane total
pressure more appropriately demonstrates only the total pressure changes that the engine will
encounter, essentially operating in a reduced total pressure environment. Because the maximum
in-plane btal pressure measured was within one percent of standard atmospheric pressure, the
normalizing factor has no significant difference in the computational study; however, for
convenience when comparing to experimental data, the total pressure normabrimgnas
selected to be the maximumptane total pressure, Equation 2.2.

, 0
Y TR@ (22
The AIP total pressure distortion profiles exiting the isolatedl& (top) and coupled-&uct
(bottom) are shown iRigure2.6. The results are presentedgftright in increasing amounts of

boundary layer ingestion percentagdl results are presented forwdabking-aft.
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Figure2.6: S-Duct CFD Case StudyAIP Total Pressure Recovery Profiles

The AIP total pressure recovery profiles illustrated a grergewvolution low pressure recovery
region in the lower senwircular sector with nearly fully recoven total pressure in the upper
semicircular sector. This profile shape was attributed to exacerbated flow separation along the
lower duct wall due to decreased fluid energy entering the inlet from the boundary layer ingestion
profiles Figure 25). Further analysis of the geometric symmetry plane (vertical centerline plane),
Figure 27, better illustratethe onset of flow separation along the lower duct wall.
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Chapter 4 Defining the Distortion

In both case studies, the satyeof the total pressure loss increased with increasing amounts of
boundary layer ingestion. The trend had a stronger effect at lower BLI percentages with the extent
of the low total pressure recovery region growing significantly. At approximately 239%He

change in extent and intensity of the low total pressure recovery region stabilized, and a nearly
constant total pressure distortion profile existed for the remainder of the study results.

The addition of the turbofan nose cone altered the tatakpre recovery profile from the isolated
case study. With the nose cone modeled, flow acceleration in the axial direction (due to changing
area) and flow redistribution (due to solid body avoidance) decreased the extent and intensity of
the lowest totapressure recovery region, while increasing the radial total pressure gradients along
the vertical centerline.

2.3.2 Swirl Distortion Profile

Swirl distortion arises from the existence of secondary fowmpntaxial fluid motion within the

inlet duct and entering the turbomachinery. This distortion is typically driven by fluid/solid
interactions (wake ingestion and/or duct geometry) and flow redistribution (boundary layer
ingestion). Swirl distortion isneasured as the swirl gle, Equation2.3, and is a form of
circumferential flow normalized by axial flow.

| OA1l (2.3)

O=| O=

The AIP swirl distortion profiles exiting the isolateedd8ct (top) and coupled-&uct (bottom) are
shown inFigure 28. The results are presented {@fright in increasing amounts of boundary
layer ingestion percentag@ll results are presented forwalabking-aft.
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Figure 28: S-Duct CFD Case StudyAIP Swirl Angle Profiles
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The AIP swirl angle profiles demonstrated the onset of pavwed located near bottordead
center in the lower senraircular sector. The ingestion of increasing boundary layer amounts
produced low energy flow along the lower duct wall, while the sibgtel Sduct forces relatively
high energy flow downward. The resulting redistribution created a tumblingpf@momenon
exiting the Sduct pation of the inlet. This motion manifested itself in streamwise vorticity as the
predominant flow direction retas to axial in the straight duct section.

In both case studies, the amplitude of swirl angle increased with increasing amounts of boundary
layer ingestion from BLI percentages of 0% to 20%. At very low BLI percentages (0% and 5%)
almost negligible swirbistortion was measured at the AIP. This discovery led to the conclusion
that the swirl distortion at these conditions (BLI less than 20%) was primarily attributable to the
velocity gradient entering the inlet and flow redistribution as opposed tattiésdlid interactions

with the Sduct geometry. Similar to the total pressure recovery profile, at approximately 20%
BLI, the change in extent and intensity of the significant swirl distortion region stabilizes, and a
nearly constant swirl angle profigxists for the remainder of the study results. This discovery led
to the reversal of the early conclusion; the swirl distortion at these conditions (BLI greater than
20%) was primarily attributable to the fluid/solid interactions with #uri& geometras opposed

to the velocity gradient entering the inlet and flow redistribution within the inlet.

The addition of the turbofan nose cone altered the swirl angle profile from the isolated case study.
With the nose cone modeled, flow acceleration in thaladkirection (due to changing area)
attenuated the swirl angle intensity in the area of strongest distortion (along the lower wall).
Examination of Egation 2.3 explains this phenomenon; without a mechanism to increase the
tangential fluid velocity, the veirl angle decreasesvith accelerating axial fluid velocity.
Conversely, the swirl angle netiire centerline was increased in the presence of the nose cone.
This amplification resulted from flow redistribution (due to solid body avoidance) and increased
total pressure gradients forcing fluid direction from areas of relatively high total pressure (upper
semicircular region) to areas of relatively low total pressure (lower-sacular region).

2.3.3 S16 Distortion Descriptors

As another method to qofy inlet flow distortions in turbofan engines, the SAEL& Turbine

Engine Inlet Flow Distortion Committee has developed and issued an Aerospace Recommended
Practice (ARP1420) for inlet total pressure distortions and an Aerospace Information Report
(AIR5686) for inlet swirl distortionglL05,106] The guidelines outline data collection, processing,

and reporting procedures for significant distortion parameters. While many of the parameters
require additional information about the turbomachifegmpressor maps, stability margins, and
operating limits), distortion intensity values may be obtained using only distorted flow profiles.

In the case of total pressure distortions, tHE6SCommittee defines distortion elements in terms
or circumferentl distortion intensity (Egation2.4) andradial distortion intensity (Equatidhb).

For swirl distortions, the -26 Committee defines only the circundatial distortion intensity
(Equation2.6). The intensity values are calculated along concenttial nangs corresponding to
centers of equal area annuli. The resulting values are then reported as radial trend$ eidiath
ring (Figure 29).
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From the figures, the inlet distortions in this investigation were concentrated near the outer wall.
The total pressure circumferential distortion intensity increased from centerline, reached a
maximum value at approximately 90% radiuggrt attenuated along the wall. The total pressure
radial distortion intensity and the swirl intensity trends were nearly identical, beginning with
negligible distortion at centerline, then rapidly increasing at approximately 90% radius before
reaching maxnum values at the wall.

The addition of the nose cone geometry had no significant effect on either total pressure distortion
intensity parameter, with the only reportable change relating to an increased radial gradient in the
circumferential distortionntensity. The swirl intensity was more significantly impacted by the
addition of the nose cone geometry. As previously discussed, the flow redistribution associated
with the amplified total pressure gradients resulted in increased fluid motion fros afrea
relatively high total pressure to areas of relatively low total pressure. Aside from one anomaly
(swirl intensity at 0% BLI), the maximum values of each parameter increased with increasing
amounts of BLI; however, maximum values were observed toimenearly constant with BLI
increasing beyond 20%.

2.4 Summary

A computational case study was conducted to develop a portfolio of turbofan engine inlet flow
distortion profiles. A single bend-@uict boundary layer ingesting turbofan engine inlet seaged

a candidate inlet geometry grounded in reality and relevance. Varying amounts of boundary layer
ingestion spanned a predicted range for aircraft inlets of this design. Baseline flow analysis
performed with the inlet duct isolated from turbofan hamdwaas compared to turbofan flow
analysis performed with the inlet duct coupled to simplified turbofan hardware.

By systematically varying the amount of boundary layer ingestion, the case study produced
corresponding AIP flowprofile results with varyingextents and intensities of total pressure and
swirl distortion. From analysis and observations, the underlying features (including-pesnce
revolution total pressure distortion and paisedrl swirl distortion) of the distortion profiles were
largely ndependent of the amount of boundary layer ingested. This was especially true at the
upper end of the tested boundary layer heigiresater tharmpproximately 20% entrance height.
Further evaluation of the AIP results indicathdt the generated distmns generally increase in
intensity with increasing amounts of boundary layer ingestion. This was especially true at the
lower end of the tested boundary layer heiglgss thamapproximately 20% entrance height,
where distortion intensities rapidlydreased in magnitude.
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Chapter 31 Designing the Distortion Generator

3.1 Overview

Due to the complexities associated with ground testing boundary layer ingestirag t8rbofan
inlets at flightconditions, a novel method of replicating specific flow properties matching-the S
duct distortion was inventeat Virginia Tech The ScreenVane. This new device combined a total
pressure distortionceen with a swirl distortion StreamVane to simultanBogsnerate a tailored
inlet total pressure distortion and a tailonatet swirl distortion. The necessity of such a device
for turbofan engine ground testing was governed by extreme technical difficulties and efpense
the current test method$=abri@ating a full sale inlet ductgenerating boundary layer ingestion
inlet conditions (either through the useaoivind tunnel or boundary layer fengesianeuvering

an asymmetric inlet ductelocating or duplicatingheasurement devices ¢btain complete ata
coverage and rapidly modifying the geometry or flight conditioase just some of the
complications solved with a ScreenVane device

In the current investigation, a single AIP distortion profile from thdu& turbofan inlet
computational case studgsults was selected ascandidate profile for ScreenVane design,
validation, and ground testing. The candidate profile was desired to produce significant levels of
combined total pressure and swdi$tortion to demonstrate the current stafi¢he-art ScreenVane
methodology while maintaining realistic flow conditions simulating embedded turbofan engine
installations.

The following chapter explains the methodology involved in design and manufacture of the
ScreenVane combined total pressure and swstbdion generator. Dowselection of a single
distortion profile candidate is explained. Necessary flow propagation from the desired
aerodynamic interface plane to the device design plane is presented. Individual ScreenVane
component design and manuiae is then discussed, culminating in the completed design of
testable hardware.

3.2 The Desired Distortion Profile
3.2.1 Selection of Aerodynamic Interface Plane Distortion Profile

Computational case studies, such as the one presented in Chaptefide plargeamount of
information spanning many boundary conditions and allow for relatively inexpensive analysis of
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Chapter 3 Designing the Distortion Generator

geometry, installation, and condition combinations. At this point, engine/aircraft integration
optimization can be performed, geomedrégan be altered and-amalyzed, and down selection of
testable hardware can be finalized. Depending on the application, any or all inlet conditions may
be desirable for experimental investigations. Moving from the computational domain to the
experimerdl domain can become relatively expensive and test hardware design is much more
rigid; therefore, the number of potential cases, setups, and analyses mpistiozed

For this investigation, dowselection of one candidate distortion problesed on the-8uct case
studywas performed. This profilwasused to generate distortion devices that simulate the inlet
flow distortion conditions in the inlet of a fedicale turbofan engine ground test platform. The
computational case study of th@dt-F S-duct resulted in several key findings that assisted in the
selection of a single candidate test profile.

A Realistic: The candidate test profile must arise from realistic conditions while advancing
the stateof-the-art. Published literature propes that conceptual boundary layer ingestion
aircraft will feature a boundary layer thickness of approximatel$5% of duct entrance
height.

A Significant: The candidate test profile must contain significant distortion elements that are
testable. Conveéimnal measurement uncertainties of approximately 1% total pressure
recovery and 15swirl angle suggest maximum pressure losses of at least 5% and
maximum swirl angles of at least 7.8 maintain asubstantiafactor above uncertainty.
Results of thesmagnitudes were discovered for BLI percentages exceeding 15%.

A Multi-use: The candidate test profile should attempt to encompass as many similar
distortion elements as possible. Because tHac geometry remained constant while the
inlet boundary corition was varied, a nearly constant distortion profile was discovered for
BLI percentages exceeding 20%.

For the above reasons, the single case for test hardware development was selected to be 25% BLI.
This case was determined to align with predictecceptual aircraft, yield distortion levels that
weremeasurable, and encompass attributes of resulting distortion profiles from over half of the
case study.

Figure 31 summarizes the AIP total pressure recovery profile for the selected case. The circular
cross sections (left) are simply enlarged views of the selected data from the set previously
discussed irChapter 2 Section 2.3.1. The circumferentiaends (right) unwrap the distortion
profile beginning at tojleadcenter (0), moving counterclockwise through bottaieadcenter

(18C°), and returning counterclockwise to tdpadcenter (360). The colors displayed here
correspond to normalized radiu The total pressure distortion was concentrated near the outer
wall, where recovery values experienced the largest fluctuations. In the uppecirsatar

region, the total pressure was nearly fully recovered with values greater than 98% for.alhradii

the lower semcircular region, recovery values descended to a minimum of approximately 93% at
the outermost radiiAll results are presented forwalabking-aft.
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Figure 32 summarizes the AIP swirl angle profile for the selected case. The circular cross sections
(left) are simply enlarged views of the selected data from the set previously discussed in Chapter
2, Section 2.3.2. The circumferential trends (right) unwrap the distortion profile beginning at top
deadcenter (0), moving counterclockwise through bottadteadcenter (18€), and returning
counterclockwise to topeadcenter (360). The colors displayeldere correspond to normalized
radius. Similar to the total pressure distortion, the swirl distortion was concentrated near the outer
wall where swirl angles reach maximum values of approximatEl§. All results are presented
forwardlooking-aft.

3.22 Inverse Flow Propagation to Distortion Generator Design Plane

Installation of the distortion generator upstream of the AIP was required for compatibility with the
experimental turbofan ground test facility. Essentially, the physical distortion gendeaice

must be placed upstream of the desired measurement plane to allow for clearance of
instrumentation. The ground test facility consists of an assembly of modular cylindrical duct
sections attached to the inlet of a turbofan engine. Based oaldgaluct sections, a standoff
distance of one diameter between the exit plane of the distortion generator and the AIP was chosen.
This distance was considered sufficient for removing unintentional wake effects generated by the
submerged solid body of thdistortion generator and allowed clearance for experimental
instrumentation. It is important to note that the standoff distance is arbitrary and does not
necessarily align with distances in thel&t hardware.

With the desired AIP distortion profile kmwn, a new upstream distortion profile was necessary
that, once generated, would develop naturally into the desired distortion profile at the downstream
AIP. To accomplish this reverse propagation of the target profileyersevorticity transport
methal with an ex post facto total pressure and axial velocity correction was emplayesl
method was related to previously published reseald)¥,10§. The process of reverse
propagation of the target profile and prediction of the distortion profileeatistream @vice

plane advances as follows.

[Note: Specifics regarding the reverse propagation methodology are considered proprietary
intellectual property othe Virginia TechTurbomachinery and Propulsion Research Laboratory
Unfortunately, only a linted overview of the methodology is available at this time. Specific
profiles or elements of profiles are designated with numbers while transport processes are
designated with letters.]

1) The desired swirl di st orti o+DuctwAalsP ePxrtorfaicltee
computational results for use in Step 2. Because the currentobthateart flow
propagation solver (StreamFI6W) was built on vorticity transport theory, a two
dimensional, planar vorticity profile and a temporal term were required.stidmmwise
vorticity served as the former term while the average axial velocity and desired propagation
distance produced the latter. Meanwhile, the total pressure distortion and axial velocity
profile were extr @aoctAPdProfiled o mompat At sohat edef
in Step 5.
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2) Using the Discretized Poissonbés Equation t
ATwD mensi onal I ntermedi at e Al P Profileo
vorticity, effectively reversing Step With the exception of assuming a uniform axial
velocity in the calculation.

3) The swirl distortion profile was calculated from the equivalentdoensional irplane
velocity profile. The application of a uniform axial velocity profile typically resuitan
attenuated swirl distortion profile; therefore, a uniform scaling factor is applied to the
vorticity profile to minimize the RMShetween the Buct swirl distortion profile and the
equivalent twedimensional implane swirl distortion profile. This ew profile is
consi der eldi meres indlrmweol Best Match AI P Profile

A) Employing the incompressible, inviscid vorticity transport theory, the scaled
streamwise vorticity from Step 3 was reverse propagated using the vorticity transport
equation with anegated temporal term equivalent to the ratio of propagation distance
to average axial velocity.

4) Using the Discretized Poissonbés Equation t
ATwD mensi onal ScreenVane Desi gnmropagated i | e 0
streamwise vorticity.

5  The desired total pressure and axial- vel oc
Duct AI P Profileo anbDi memdbi omral wBd ht t Mat dihl
The resulting profileP (RSofielaem&) owa 8Be s bn i

possible match of thredgimensional combined total pressure and swirl digtorti
achievable using the curresifateof-the-art ScreenVane technology.

B) Using the resulting flow profiles from Step 4 and Step 5 as the tanypgpstream and
downstream flow conditions, respectively, streamlines connecting the planes were
approximated.

C) Using the streamlines from Method B as particle tracks, the total pressure distortion
profile and the nomniform axial velocity profile werenapped upstream as cauted
terms. The current statd-the-art assumed inviscid, nemixing flow conditions
within the relatively short length of propagation for these terms.

6) The propagated twdimensional swirl distortion profile from Step 4 was flgalorrected
using the noruniform axial velocity profile convected using Method C. The updated swirl
distortion profile along with the propagated total pressure distortion were then used as the
AScreenVane Design Prof i | estortidndavices.he Scr een

Figure 33 summarizes the StreamFlow Inverse Flow Propagation Methodology. Beginning on
the far right hand side, Step 1 (outlineddiue) correspond to AIP results from the computational
analysis of the isolated-@uct inlet. Steps 2, 3 and 5 (outlined in red) corresptindesired AlP
distortion profiles generated by the ScreenVane. Moving to the far left hand side, Steps 4 and 6
(outlined in green) correspond to upstream distortion profiles required for the design of Screen and
StreamVane distortion generators. In the center, Methods A, B, and C (outlined in orange, violet,
andmagentarespectively) link the design plane andoglynamic interface plane and expléow

profile propagation techniques.
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Figure 33: StreamFlow Inverse Flow Propagatiofrocess Map

3.3 The Combined Total Pressure and Swirl Distortion Generator
3.3.1 Total Pressui@istortion Screen

Following the StreamFlow Inverse Flow Propagation Method, the resulting upstream ScreenVane
Design Plane (SDP) distortion profile was predicted one diameter upstream of the AIP. The total
pressure profile was convected upstream ugppyoximated streamlines connecting the SDP and
AIP (Figure 34).

The current statef-the-art distortiontotal pressure distortioncBen design fabration process

begins with a relatively high porosity, large wire diameter, wire mesh backer screen. The backer
screen encompasses the entire circular cross section and ideally produces negligible total pressure
losses. The purpose of the backer screémallow attachment points for localized, relatively low
porosity, loss producing wire mesh distortion screens. In order of increasing fidelity at the expense
of increased complexity, the distortion screens consist of either layers of common porasity w
mesh patches, varying porosity wire mesh patches, or a combination of both. The number of layers
is directly proportional to total pressure loss whereas porosity is indirectly proportional to total
pressure loss.
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Figure 34: StreamFlowlinverse FlowPropagatiori Total Pressure Distortion

At this point, e@gineering decisions regardingr8en design must be made. The selection of an
appropriate backer screen was governed by commonly available, rigidly crimped, stainless steel
wire mesh. This mesh style was found to be the strongest of conventionally sourced options. An
opening size of 1/ 20 datt saschmentedpdiontad |toav H/i
the options avail abl e, tlegreatestporosity d Méperearea of 1/ 1

Next, the distortion screens were specified. Because the desalguoréssure distortion consisted

of large areas of common recovery, a layered approach using common porosity distortion screens
was selected. Agaijrthe selection of distortion screens was governed by commonly available
options. For manufacturability, it was desired that the number of layers did not exceed four. With

a minimum recovery of approximately 93%, a pressure loss per screen layer ofiraptety

1.75% (assuming a linear relationship) was necessary. Using the modeling technique outlined in
[109 and assuming incompressible flow, the suggested distortion screen porosity was determined

to be approximately 70%pen area The nearest commagnkvailable screen with sufficient

strength was foundtobe a 73%enarea 0. 0570 opening size, O0.010c¢

Layout design of the total pressuretdiion Sreen begnwith importing the ScreenVane Design

Plane total pressure profil&igure 35, left) and creating a loss model (&gions3.1-3.6 and

Figure 35, center) corresponding to the selected distortion screen parameters and assumed inlet
flow properties. The continuously varyingdbpressure recoverygiile wasthen discretized into
regions corresponding to an integer multiple of loss per sckeguaré 35, right).

Fromliterature[109,
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30 U— (3.3)

Where
—_ (3.4)

And,

mUYQ h 'YQ ¢n
8 (3.5)
xp®& h YQumm

Assuming standardsealevel conditions, an inlet Mach number
approximately 0.Q, a Reynolds number greater than 500, and a por
of 73%open aregthe normalized pressure recovery per layer of mes

3V
— p8& U (3.6)
V)
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Figure 35: Total Pressure Distortion Screehayout Design
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With the calculated pressure recovery valuas discrete screen zongerethen exported to CAD
software, automatically assigned a thickness value equivalent to an approxax@eeidiental
test device, and converted into solid body geometries for computational afalysre 36, left).
The turbofan ground test total pressdistortion Sreen was fabricated by attaching layers of fine
wire mesh distortion screens to a coarse meskebacreerfFigure 36, right). The Sreenlayout
was then clamped into a flanged frame for installation into the inlet ddaterial specified for
the Sreen was 304 Stainless Steel wire mesh.
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Figure 36: Total Pressure Distortion Scréénﬁ)evice
Computatiomal Model (left) and Experimental Device (right)

3.3.2 Swirl Distortion StreamVane

Following the StreamFlow Inverse Flow Propagation Method, the resulting upstream ScreenVane
Design Plane (SDP) distortion profile was predicted one diameter upstretim AfP Figure

3.7). The swirl angle profile was reverse propagated using a vorticity transport method solved
between SDP and AIP.

ScreenVane Design Plane StreamFlow Propagation Aerodynamic Inteface Plane

SDP

, eo) Y
18 12 -6 0 6 12 18
Figure 37: StreamFlowinverse FlowPropagationn Swirl Distortion

Layout design of the swirl distortion StreamVai®,[/6] begarwith importing the ScreenVane
Design Plane swirl angle profileFigure 38, left). Nex, two-dimensional pathlines were
automatically positioned in areas of significant distortidinggre 38, center). Engineering
judgement wa required to specify a threshold of significantrbangle, but typical values were
angles greater than-¥. Below this thresholdswirl distortion intesities wee considered
negligible, resulting in regly flat turning vanes, and weignored. This design decision ensured
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proper coverage of the distortion profile without adding unnecessary blockage to the flow path; an
important concern when minimizirigsses from the swirl generating device and avoiding choke
conditions in the ilet. The final step in design wahe application of a threimensional
cambered flat plate thickness profile to each pathkingu¢e 38, right). The vane thickness wa

set for manufacturability andrength while the chord length waset for installation into the
experimental setup.

Swirl Angle Significant Swirl Regions Vane Pattern

Turning Vanes
Support Structures

oo [T O e B DO o[ D
-18 9 0 9 18 0 3 6 9 121518 0 3 6 9 121518
Figure 38: Swirl Distortion StreamVani Layout Design

Figure 39: Swirl Distortion StreamVani Device
Computational Model (left) and Experimental Device (right)

The threedimengonal turning vane coordinates meehenexported to CAD software, regenerated,
and converted into solid body geometries for computational analysis and manyféiciure 39,

left). The turbofarengine ground test StreamVane was fabricated using large format additive
manufactuing (Figure 39, right). Individual turning vanes we connected to cylarical shroud

at wall intesection locations and a flange svadded for installation into the inlet duct. Materia
specified for the StreamVane sddLTEM 9085 fused deposition model material.
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3.3.3 Combined Total Pressure and Swirl Distortion ScreenVane

The ScreenVane & novel combined total pressure avdrl distortion generator. As such, very

little information regarding the interactions between wire mesh screens and turning vanes existed
prior to this investigatiofil10]. Previous research condedtat Virginia Tech resulted in excellent
decoupled total pressure distortions and swirl distortions using conventional wire mesh screens
and StremVanes which led to the concept a combined device. Unpublished fundamental
research suggested that in @rdo design a valid ScreenVane, the interactions between the two
underlying devices must be minimized or accounted for in initial design.

For this investigation,hie swirl distortioneffects of installing a wire mesh 3een in close
proximity to a StreaiMiane were assumed to be negligible compared to the total pressure distortion
implications of installing a solid body StreamVane in close proximity to a wire mesh. The
reasoning behind thiassumption ishe fluid direction exiting the arrangement of tugpivanes

will remain constant, within a reasonable range, with a changing inlet total pressure or axial
velocity profile. Small scale and large scale testing of decoupled StreamVanes suggests that the
device operation is largely independent of Mach nunip@80,8587,9]. On the other hand,

solid body blockage in close proximity to the wire mesh decreases the through flow velocity
resulting in decreased losses generated by the device.

In the current investigation, the areas of greatest swirl distaati®riocated in areas of greatest
total pressure distortion. While the solid body blockage from the turning vanes reduced the
through flow velocity of the nearby layered wire mesie, $olid body itself contributei total
pressure loss via surfacection drag. Thus, the effects mecanceled and conventionally
designd devices were simpktacked streamwise withe total pressure distortioi®en attached

to the leading edge of the StreamVane.

3.4 Summary

In the current investigation, a singlelP distortion profile from the $luct turbofan inlet
computational case study results was selected as the candidate profile for ScreenVane design,
validation, and ground testing. The candidate profile was desired to produce significant levels of
distortion to demonstrate the current stafedhe-art ScreenVane methodology while maintaining
realistic flow conditions simulating embedded turbofan engine installations; therefosadlee

case for ScreenVane development was selected to be 25% BLI. Té@ligagd with predicted
boundary layer ingestion amounts found in conceptual aircraft, yielded measurable distortion
levels, and encompassed attributes of resulting distortion profiles from over half of the case study.
The selection also pode significant challenge to turbomachinery due to the concentration of
distortion near the wall and the increased susceptibility of blade tip stall.

Once the candidate profile was selected, the first step in ScreenVane design involved inverse
propagatio of the disbrtion to create ra axial separation between the physical device and the
measurement plane. Thexial separation was necessary for two reasons; to allow wake
disturbances to dissipate prior to the measurement plane and to allow for installation into the
experimental ground teshardware The wake disturbances associated with total pressure
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distortion screens and swirl distortion StreamVanes created unintentional distortion in the device
outlet flow; therefore, it was desirable to allow sufficient streasawdevelopment length to mix
these small scale features into the bulk flow. Constraints within the experimental turbofan engine
ground test facility also requuoleaxial separation between the distortion generators and
measurement planes. Based on avhildiardware and equipment at the facility, todal
separation distance was set to one fan diameter from the ScreenVane design plane (or trailing edge
of the StreamVane component) and the aerodynamic interface plane (AIP). The known AIP profile
was thenprojected upstream to the ScreenVane design plane using a vorticity transport method
with total pressure corrections. This new upstream profile served as the desired flow conditions
to be manufactured by the ScreenVane combined total pressure and Steitiah devce. The

flow profile then exitedhe reenVane and naturally developeatb the desired AIP distortion
profile at the AIP.

ScreenVane design then followed convemdl total pressure distortiori®@en and swirl distortion
StreamVane desigpractices. The Screen component consisted of varying layers of fine wire
mesh installed in the flow to generate tailored total pressure losses according to the desired total
pressure distortion profile. The StreamVane component consisted of a uniqugereat of

turning vanes installed in the flow to generate the tailored secondary flow according to the desired
swirl distortion profile. Combining the two devices by installing the Screen immediately upstream
of the StreamVane resulted in the &mVanecombined total pressure arsvirl distortion
generator.
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4.1 Overview

Computational analysis of the ScreenVane combined total pressuseviahdistortion generator

is useful for design verification prior to manufacture of the physical device. Based on results of
this relatively inexpensive analysis technique, designs can be iteratively improved, safety margins
can be calculated, and gertedhflow profiles can be predicted. As the final review of hardware,

it is important to confirm the validity of the device and survivability within the ground test facility.

For the current investigation, the ScreenVane porous and solid models prauddbeddesign
procedure were readily applicable to computational analysis. These models were inserted into
computational domains similar to the-d8ct computational analysis procedure previously
discussed. The ScreenVane computational analysis was cetidu@n appropriate scale and

flow conditions matching the size and capabilities of the turbofan engine ground test platform at
the Virginia Tech Turbomachinery and Propulsion Research Laboratory. This study produced
ScreenVane generated flow data digecomparable to $luct generated flow data.

The following chapter documents the computational analysis of the ScreenVane combined total
pressure and swirl distortion generator. Specifications of the geometry, flow conditions, and
analysis settings arexglained. Resulting flow profiles extracted at the aerodynamic interface
plane (AIP) are then presented and compared to equivakimnttSlistortion profiles at matching
conditions.

4.2 The ScreenVane Computational Analysis
4.2.1 ScreenVane Distortiddevice Geometry

The ScreenVane distortion device is a combination of a total pressure distorgen and a swirl
distortion StreamVane and is intended to simultaneously generate a total pressure and swirl
distortion profile. In application, the Scraéme is fabricated by installing the total pressure
distortion Screen immediately upstream of the swirl distortion StreamVane. The specific model
used in this analysis was designed to simulate the distortion generated-byetrti8bofan inlet
operatingn a boundary layer ingesting installation.
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The computational model for thetal pressurdistortionScreen was simulated as a porous domain
with defined porosity settings and loss coefficients. Individual domain boundaries were
automatically defined sing the previously discussed total pressdistortion $reen design
methodology inChapter 3,Section 3.3.1. The computational model for the StreamVane was
simulated as a series of custom solid turning vanes. Individual turning vanes were automatically
placed using the previously discussed swirl distortion StreamVane design methqueksyyted

in Chapter 3Section 3.3.2. The computational geometries were then assembled to create the
combined total pressure and swirl distortion ScreenVane.

4.2.2 |olated Computational Domain

As a means of evaluating the design methodoltythe experimental investigatiprihe
ScreenVane was first computationally analyzed in an isolated configuration devoid of
turbomachinery components. This domain consistedwd aiameter axial length, constant area,
cylindrical inlet duct; the ScreenVane computational model; a one diameter axial length, constant
area, cylindrical connection duct; and a five diameter axial length, constant area, cylindrical exit
duct. The twadiameter inlet duct matched experimental turbofan engine ground test hardware.
The one diameter connection duct provided sufficixial separation distance between the
ScreenVane exit plane and the AIP. The five diameter exit duct supplied suftigtanice
between the AIP and the exit boundary to eliminate boundary condition interactions from
propagating upstream to the analysis plamggure 41 illustrates the isolated computational
domain.

SCREENVANE ENTRANCE
SCREENVANE EXIT
INLET BOUNDARY r AERODYNAMIC INTERFACE PLANE OUTLET BOUNDARY T

¥y

[¢—2.00D 1.000 —p« 5.00D
0.27D

Figure 41: ScreenVane CFD Analysisisolated Computational Domain

The computational domain was discretizesing native meshing algorithms [ANSYS CFEX]
Unstructured, tetrahedrelements were used throughout the fluid domain to simplify the meshing
procedure. Near the outer wall boundaries, a structured inflation mesh was applied to enhance the
resolution within the boundary layer at the fhadlid interfaces. Table 41 summarizes the
statistics for the final mesh of the isolated computational domain geometry.
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Table 41: ScreenVane CFBnalysisi Isolated Computational Mesh Parameters

Method Unstructured Tetrahedrons
Element Sizing 0.125ini 0.250 in
Growth Rate 1.10
Inflation, y+ Approx. 25
Inflation, First Layer Thickness 0.004 in
Inflation, Number of Layers 157 20
Inflation, Growth Rate 1.20
Nodes Approx. 13.0M
Elements Approx. 56.6M

4.2.3 Coupled Computational Domain

In order to analyze interactions between the ScreenVane manufactured distortion and the turbofan
engine, a simplified model of the turbomachinery wasiioned downstream of the Inldt
ScreenVane geometryThe coupleddomain consisted of a two diameter axial length, constant
area, cylindrical inlet duct; the ScreenVane computational model; a one diameter axial length,
constant area, cylindrical connectiduact; and the simplified turbomachinery geometry. The two
diameter inlet duct matched experimental turbofan engine ground test hardware. The one diameter
connection duct provided sufficieakial separation distance between the ScreenVane exit plane
andthe AIP. The fan case was then attached at the AIP. At this location, the nose cone of the
turbofan engine penetrated the AIP producing an annular, rather than circular, plane. The radially
outward curving wall of the nose cone along with the radiaikard tapered fan case produced a
significant area reduction from the empty duct casdivé\fan diameter axial leng@nnular exit

duct was attached to the exit of the fan case. This constant area, annular duct supplied sufficient
distance between tdP and the exit boundary to eliminate boundary condition interactions from
propagating upstream to the analysis plar@gure 42 illustrates the coupledomputational
domain.
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Figure 42: ScreenVane CFD AnalysisCoupled Computational Domain
The computational domain was discretized using native meshing aigerifANSYS CFX]

Unstructured, tetrahedral elements were used throughout the fluid domain to simplify the meshing
procedure. Near the outer walld centerbody surfab®undaries, a structured inflation mesh was
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applied to enhance the resolution within the boundamrlaithe fluidsolid interfaces.Table 42
summarizes the statistics for the final mesh of the simplified turbofan computational domain
geometry.

Table 42: ScreenVane CFD AnalysisCoupled Computational Mesh Parameters

Method Unstructured Tetrahedrons
Element Sizing 0.125ini 0.250 in
Growth Rate 1.10
Inflation, y+ Approx. 25
Inflation, First Layer Thickness 0.004 in
Inflation, Number of Layers 157 20
Inflation, Growth Rate 1.20
Nodes Approx. 13.4M
Elements Approx. 53.3M

4.2.4 Fluid Properties

For both case studies, with and without the centerbody modeled, several parameters were held
consistent. In alanalyses, a steady state solution was desired for simpliEitg. working fluid

was set to air as an ideagfor the compressible solution. The energy equation was coupled with
the mass and momentum solution. While no heat or work was added to Kwegwirid, the

energy equation ensures the most complete solution and accounts for any compressibility effects.
The k¥ Shear Stress Transport turbulence model was used due to turning vane surface
interactions, small scale separated flow conditionsemtakes of the blunted trailing edges of the
cambered flat plate turning vanes, and the possibility of large scale flow separation in regions of
high turning. The k¢ SST model was specifically designed to best predict reattachment length of
separated fios and was considered superior to all other steady state turbulence approximations
[ANSYS CFX].

Thedistortionscreen regions were specified as porous media using the built in model. In addition
to setting the fluid properties, porosity settings mustidfened. The volume porosity was set to

the distortion screen porosity of 738pen area For simplicity, an isentropic loss model with
resistance loss coefficient was utilized. The resistance loss coefficient is a loss parameter per unit
axial thicknessof the Screenand is necessary since the CFD solver used requires a three
dimensional domain rather than an infinitesimal step change. This three dimensional loss
coefficient is conveniently calculated from the twamdnsional loss coefficient (Equati8m) and

the desiredxial thickness according to Equatiérn.

(4.1)

4.2.5 Boundary Conditions

The fluid conditions for the computational analysis were set to match known corrected fluid
conditions in the inlet of the turbofan engine research platform used for experimental ground tests.
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Air at standard sea level atmospheric total pressure (14$%68band temperature (99 enters

the duct at the inlet boundary. A mass flow rate equivatetite experimental ground test (50
Ibm/s) was set as the outlet boundary condition. This boundary condition pair is considered robust
because the velocity #te inlet and the static pressure at thdebatre included in the solution
[ANSYS CFX].

In the isolated computational domain, the extedioctwall surfaceand the submerged surfaces

of the StreamVane turning vanes required boundary conditiecification. For this analysis, all
wetted surfaces were definedrasslip, smooth, stationary walls. In the coupled computational
domain, the exterioduct wall, the submerged surfaces of the StreamVane turning vanes, and
centerbody surfaces requiredundary condition specification. For this analysis, the exterior wall
and StreamVane surfaces were defined aslipp smooth, stationary walls while the centerbody
surface was defined as a-slip, smooth wall with a rotational velocity equivalent teet
experimental test condition (12800 rpm).

4.2.6 Convergence Criteria

In all cases, the convergence criteria for mass, momentum, and energy equations was set to an
RMS residual of $10°. This value wa sufficient for producing valuable engineeringadand
for evaluating the ScreenVane methodology at the scales relevant to this investigation.

4.3 The ScreenVane Computational Results
4.3.1 Total Pressure Distortion Profile

Total pressure distortion profiles were extracted at the AIP and are presehtgdrén43. The
circular cross sections (left) illustrate the fiilld planer total pressure recovery as normalized by
the maximum irplane total pressure. From these profiles, the total pressure distortion remained
discretized downstream of initiation. This was attributed to the discrete regions of distortion
screensised to generate the total pressure distortion. In the lowercaeniar region, the two

lobes of low total pressure recovery merged as desired to form-gpeneolutiontotal pressure
distortion.

The circumferential trends (right) unwrap the ditbn profile beginning at tegeadcenter (0),

moving counterclockwise through bottesheadcenter (18€), and returning counterclockwise to
top-deadcenter (360). The colors displayed here correspond to normalized radius. The total
pressure distortiowas concentrated near the outer wall, where recovery values experienced the
largest fluctuations. In the upper setiicular region, the total pressure was nearly fully recovered
with values greater than 97% for all radii. In the lower seincular rejion, recovery values
descended to a minimum of approximately 93% at the outermost Adtnesults are presented
forwardlooking-aft.
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Figure 43: ScreenVane CFD AnalysisAIP Total Pressure Recovery Profiles and Trends

Comparing the total pressure distortion profiles from the ScreenVane computational analysis with
the Sduct computational analysis provided useful insight into the capabilities of the ScreenVane
distortion device. Figure 44 illustrates the Sluct computational results, the ScreenVane
computational results, and a conipan of results according to Equatiér2. Further, the RMSD

of the entire profile was calcuéd according to Heption4.3. Figure 45 compares the -8uct
computational results and the ScreenVane computational results as circumferensabfttetal
pressure distortion at the AlP.
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Figure 45: ScreenVane CFD AnalysisAIP Total Pressure Recovery Trend Comparison
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Quialitatively, thepredictedtotal pressure distortion profile produdeygithe ScreenVane matched

the total pressure distortion profile produced by thdu& extremely well. The overall shapes,
extents, and intensitiegere appropriately sized and scaled. Quantitatively, thefieldl total
pressure recovery profile matched within one percent RM&D largest errors occurring at the
interfaces between the varying layer numbersisibdion screens. This error wattributable to
discretization of the total pressure distortion profile when desighagotal pressure distortion
Screen. Furthermimization or more complex arrangements of distortion screens could reduce
this error; however, as a first attempt at a novel combined distortion generator, these errors were
consideredacceptabléo warrant experimental testing and validation.

4.3.2 Swl Distortion Profile

Swirl distortion profiles were extracted at the AIP and are presenteigumne 46. The circular

cross sections (left) illusite the fulifield planer swirl angle. From these profiles, the swirl angle
results showed paired swirl in the lower saincular region. The incorporation of turbofan engine
geometry limited the extent of the vortex pair. The circumferential trengis)(unwrap the
distortion profile beginning at tegeadcenter (0), moving counterclockwise through bottem
deadcenter (1860), and returning counterclockwise to tdpadcenter (36€). The colors
displayed here correspond to normalized radius. Sitalthe total pressure distortion, the swirl
distortion was concentrated near the outer wall where swirl angles reach maximum values of
approximatelyt15°. All results are presented forwalabking-aft.
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Figure 46: ScreenVan€FD Analysisi AIP Swirl Angle Profiles and Trends
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Comparing the swirl angle profiles from the ScreenVane computational analysis witidtioe S
computational analysis provided useful insight into the capabilities of the ScreenVane distortion
device. Figure 47 illustrates the Sluct computational results, the ScreenVane computational
results, and a comparison of results according teafon4.2. Further, the RMSD of the entire
profile was calculated according to i&dion4.3. Figure 48 compares the-8uct computational
results and the ScreeaWe computational results as circumferential trends of total pressure
distortion at the AIP.

Qualitatively, the swirl distortion profile produced by the ScreenVane contains similar attributes
of the Sduct produced distortion. Paired swirl was generatdtie lower semcircular region

and persists at the AIP. The overall shape and extent of the distortion was maintained with the
ScreenVane generated distortion; however, the ScreenVane produced a slightly more concentrated
distortion at bottordeadcenter. The significant difference involved the distortion intensity. The
ScreenVane generated distortion was found to have elevated swirl distortion intensity with an
RMSD of approximately 25 This discrepancy was likely the result of the vorticity tpams

method used to inversely propagate the target AIP profile to the device design plane. Further
optimization of the inverse propagation technique (such as implementation of a unified three
dimensional transport method) could reduce the error; howaseg, first attempt at a novel
combined distortion generator, these errors were considered acceptable to warrant experimental
testing and validation.
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Figure 48: ScreenVane CFD AnalysisAIP Swirl Angle Trend Comparison

4.3.3 $16 Distortion Descriptors

Comparison of the-86 Distortion Intensity Parameters revealed near perfect agreement between
S-duct generated distortiand ScreenVane generated distortion. In both the isolated and coupled
geometry arrangements, the total pressure intensity, relative to both circumferential and radial
references, was nearly identical. The swirl intensity in the coupled geometry arrahgease

also nearly identical. The swirl distortion intensity in the isolated geometry arrangement showed
slight disagreement between thel&t and ScreenVane computational analyses; however, the
underlying trend remained consistent.
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Figure 49: ScreenVane CFD AnalysisAIP S-16 Distortion Intensity Tren@omparison

4.4 Summary

Computational analysis of the ScreenVane combined total pressure and swirl distortion generator
was conducted to verify that the device manufactaggatopriate flow conditions simulating the
S-duct turbofan inlet. Of interest, the ability of the ScreenVane to match total pressure recovery
and swirl angle profiles at the AIP was quantified. This procedure was necessary to verify and
iterate the Scre®/ane design prior to fabrication of turbofan engine ground test equipment.

The ScreenVane computational domains were similar to {lec6turbofan inlet case study
Matching AIP locations were used iBdlated and coupled configurations to provide coegt

data sets for comparison ofdoict generated flow distortions and ScreenVane generated flow
distortions. This process involved modeling the Screen and StreamVane components and
subjecting the ScreenVane to turbofan engine inlet flow rates. ThenScoemponent was
simulated using porous domain settings that match analytical loss models. The StreamVane
component was simulated as a series of solid turning vanes submergeadlet flosv. Boundary
conditions were desired to mattte turbofan groud test facility with air ingested at standard
atmospheric conditions and propelled to a flow rate of approximately50 Ib

ScreenVane generated distortion profiles were extracted at the AIP for analysis and comparison to
S-duct generated distortions. offl pressure recovery results demonstrated excellent profile
generation and agreement to the desireti& total pressure distortion profile. FG#ld total
pressure recovery error was measured to be less than one percent for both the isolatgdeand cou
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domains. Swirl angle results indicated excellent reproduction of significant distortion features
(pairedswirl located near bottorrdeadcenter) with moderate agreement to -fidld error
approximated to two and one half degrees. The error was four@lgreatly influenced by small
discrepancies in distortion gradients; however, as a first attempt at a novel combined distortion
generator, these errors wexansidered acceptahie warrant experimental testing and validation.
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5.1 Overview

Experimental validation of computation results is considered a best practice for proving
methodology, verifying results, and strengthentogclusions. When applicable, experimental
validation (either limied or comprehensive) is desirabl@ased on the experimental results,
computational models can be updated, design practices can be improved, and better distortion
devices can be achieved.

The simulatioormodels utilized in the computational analylsad not beemigorously validated

prior to this investigation; therefore, an experimental ground test was designed and conducted to
produce experimental data in support of ScreenVane desigmodneterification and model
validation. The ScreenVane combined total pressure and swirl distortion generator was
manufactured, installed, and tested in the inlet dutiteturbofan engine ground test platform at

the Virginia Tech Turbomachinery and Putgion Research Laboratory. Fihele three
dimensional flow probe measurements at discrete planes within the inlet duct produced
experimental results directly comparable to boitiuSt and ScreenVane computational results.

The following chapter documenthe experimental validation of the ScreenVane combined total
pressure and swirl distortion generator. Specifications of the turbofan ground test facility and
experimental setup are discussed. Data processing techniques are explained and resulting flow
profiles measured at the aerodynamic interface plane (AIP) are then presented and compared to
equivalent Sduct and ScreenVane computational results at matching conditions.

5.2 The Turbofan Engine Ground Test Facility
5.2.1 Turbofan Engine Ground Tegafform

Experimental turbofamngineground tests were conducted using a modified Pratt & Whitney
Canada JT158 turbofan engine ground test facility at the Virginia Tech Turbomachinery and
Propulsion Research Laboratory. The faci{figure 51) houses a modular inlet system attached

to the intake of the turbofan engine and specializes in inlet distortion ingestion research. Along
with the turbofan enginand associated control equipment, components of the facility include a
mass flow rate calibrated bellmouth inlet, an inlet distortion device mount and rotator, a mobile
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five-hole threedimensional flow probe measurement spool, data acquisition hardwate, a
automated motion control equipment.
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Figure 51: Turbofan Engine Ground TeBtatform

Utilizing the modularity of the facility, the distortion generators, measurement devices, and
turbofan engine can kessembledn various setups depending on the test requirements. Empty
cylindrical duct sections can be utilized to isolate the distortion devices far upstream of the
turbofan engine, eliminating interactions between the devices and turbomachinery, and effectively
creating wind tunnel flow conditions. These empty duct sections can also be removed to allow for
close coupling of distortions with the turbofan for investigations of turbomachinery response to
inlet flow distortions.

5.2.2 Mass Flow Rate Calibrated Bebuth Inlet

Air at local atmospheric conditions entered the experimental turbofan engine setup via a bell
shaped inlet adapter attached to a constant area, straight cylindrical inlet duct two diameters in
length. The bellmouth inlet ensured smooth femeeleration and steady flow development while
allowing air mass flow rate measurement entering the turbofan engine. Following ASME standard
design guidelines, four wall static pressure taps were equally spaced around the circumference of
the cylindricalinlet duct at astreamwise distance of eand one half diameters downstream of the
bellmouth. The measured static pressure was then interpolated to a calibration curve to determine
the inlet air mass flow rate.
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5.2.3 ScreenVane Distortion Device

As digussed in Chapter Fection 3.3.3the ScreenVaneombined total pressure arsavirl
distortion generatofFigure 52) was manufactured by positioning a gentional total pressure
distortion Sreen immediately upstream of a conventional swirl distortion StreamVaneoté@he t
pressure distortionc®eenwas fabricated by attaching layers of fine wire mesh distortion screens
to a coarsevire mesh backer screerThe Sreen layout was then clamped into a flanged frame
for installation into tle inlet duct. The StreamVaneas fabricated using large format additive
manufacturing. Individual turning vanes were connected to cylindrical shroud at wakatien
locations and a flange wadded for installation into the inlet duct. Materials specified for the
Screen and StreamVane were 304 Stainless Steel wire mesfL aikdM 9085 fused deposition
model material, respectively.

T
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Figure 52: Combined Total Pressure and Swirl DistortécreenVané Device

5.2.4 Distortion Devic&otating Mount and Housing

For inlet distortion ground tests, the ScreenVane was installed in a rotating mount and encased in
an airtight housing. Theotating mount and housingrigure 53) were necessary for reducing

setup complexity; rather than installing multiple data collection devices or moving the data
collection devices, the distortion generateas incrementally rotated to revolve the distortion
profile. Thisprocedure assnedthattheengine hardiare was either symmetric or haegligible
implications on the distortion development. Because the turbofan engine used in this test includes
no upstream hardware (struts, inlet guide vanes, or other), this assumption wad.satisfie
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Figure 53: Distortion DeviceRotating Mount and Housing

A stepper motor (Anaheim Automatidn34Y314SLW8) connected to a torque multiplying
planetary gear box (Anaheim AutomatiortGBPH0902NS-050-AA341-625) rotated a pion

gear (Rotek P4-3.5D2) which rotated a large slip ring gear bearing (Rote&29E9Z(P)). The
stepper motor was computer controlled via USB communication with a stepping motor controller
(Anaheim Automation MLA10641). The calculated rotational pid@ning accuracy of the gear
system was approximately0.002 and the effective rotational positioning accuracy due to
transients and integer step truncation was approximafeOif.

5.2.5 Modified Turbofan Engine

All inlet distortion graind testswere conducted using theodified Pratt & Whitney Canada
JT15D1 turbofan engine. Several important engine parameters are summarzdaderbl. A
two-stage axial turbine powered a centrifugal core compressor and a -oventyich fan
producing 2,200 pounds of thrust. The fan rotor of this particular engine model included two
design features that made it ideal for inlet distortion testiagnid-span shroud and a pespan
stiffener. These features enhanced the strength and durability of the fan blades, reducing the risk
of aeromechanical failure associated with dynamic loading as the fan cycles through the distortion
profile. Important fan geontky data are summarized Trable 52.

Table 51: P&WC JT15D11 Engine Parameters at Design (100%) Corrected Fan Speed

Fan Speed 16000 RPM
Fan Blade Tip Speed 1466 ft/s
Mass Flow Rate 73.10 Iky/s
Fan Pressure Ratio 1.5
Bypass Ratio 3.3
Thrust 2200 I
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Table 52: P&WC JT15D17 Fan Geometry Data

Fan Diameter 21.000 in
Number of Blades 28
BladeRoot Chord Length 2.436in
Blade Tip Chord Length 3.047 in
Blade Root Radius 4.250 in (40% Blade Tip Radius)
Blade Mid-Span Shroud Radius 7.750 in (74% Blade Tip Radius)
Blade ParSpan Stiffener Radius 9.190 in (88% Blade Tip Radius)
Blade TipRadius 10.500 in (100% Blade Tip Radius)
Core/Bypass Splitter Case Radius 6.500 in (62% Blade Tip Radius)

In addition to conventional engine instrumentation {§aonol tachometer/generator, c@@ool
tachometer/generator, interrbinetemperature systm, and fuel flow meter), the fan case
included two penetrations for experimental instrumentation installation. These ports were
circumferentially located at tegeadcenter within one fan tip chord length axially from the
leading and trailing edges ofélfian rotor.

5.2.6 FiveHole ThreeDimensional Flow Probe Measurement Spool

Experimental flow data was collected using a {inde threedimensional flow probe with
integrated thermocouple (United Sen$oDAT-187-35-J-33-CD-K-LW). lllustrated inFigure

5.4, the 3/16 inch diameter probe featured a prssye five-hole pressure port arrangement with

a shielded thermocouple protruding from the prape tThe five simultaneously measured
pressures were normalized into four pressure coefficig#hi$ 4ind interpolated to calibration data.
The flow parameters measured (via interpolation to calibration data) were radial flow angle,
tangential flow angleotal pressure, static pressure, and total temperature.
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Figure 54: Five-Hole ThreeDimensional Flow Probé Schematic

The probe was mounted to a radial traverse by way of a small rotary table allowing for two degrees
of positioning freedom. The radial traverse (Velmex, indIN10-0150E01-15) included a
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platform attached to a stepper motor driven linear lead screwllamed the probe sensing area

to plunge radially within the flow path. The stepper motor (VeXR&26603B-P2) was computer
controlled via R&32 serial communication with a stepping motor controller (Velmex,ilnc.
VXM-2). A manually controlled rotartable (Velmex, Inci A4872TS) was attached to the
traversing platform and allowed probe alignment with respect to the streamwise axis during
installation in the fixture. The entire radial traverse assembly was then mounted to a thick walled
cylindrical duct section that could be axially positioned at any streamwise location along the flow
path. Figure 55 shows a detailed view of the filele threedimensonal flow probe measurement
spool.

5.2.7 Data Acquisition System

The fanspool and corspool speeds were monitored and measured usindgpoad
tachometer/generators. These devices convert mechanical rotation to an alternating current
electrical signal. The frequency of the AC electrical signal is directly proportional to the
mechanical rotational speed. The signals were then input to gial discilloscopes (Tektronix

i TPS 2024B), processed rdahe to obtain frequency information, and transmitted to a data
collection computer via R832 serial communication. The frequency data was then converted to
spootspeed and recorded.

Engine fué consumption was monitored and measured using a fuel flow transducer (Electronics
Internationall FT-180). This device converts mechanical rotation of a fuel flow driven rotor into
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a square wave electrical signal indicating revolutions. The frequeticy sfluare wave electrical
signal is directly proportional to the mechanical rotational speed of the fuel flow driven rotor. The
signal was then input to a digital oscilloscope (TektranikDS 2012C), processed rdahe to
obtain frequency informationand transmitted to a data collection computer via USB
communication. The frequency data was then converted to fuel flow rate and recorded.

The four bellmouth static pressures and the five pressures impinging on thelévehree
dimensional flow probeere measured using mutthannel pressure scanners (Scannivalve Corp.
T ZOC17IP/8PXAPC). The bellmouth static pressures were measured usia® @sid pressure
scanner. AIP fivénole threedimensional flow probe pressures were measured usidggsid
pressure scanner. Fan rotor exit plane-figte threedimensional flow probe pressures were
measured using#15.0 psid pressure scanner.

Excitation voltage for the pressure scanners was supplied by two direct current power supplies
(Agilent i E3610A) crossdinked to providet15.0 VDC. Voltage outputs from the 24 channel
pressure scanner assembly were measured and recorded using voltage analog input data acquisition
cards (National InstrumentsNI 9201) housed in a data acquisition chassidi@Nal Instruments

T NI cDAQ-9172) connected to a computer via USB communication.

The interturbinetemperature thermopile system and the-fieée threedimensional flow probe
thermocouple temperatures were measured and recorded uSimgekthermocouplénput data
acquisition cards (National Instrumeiitdll 9211) housed in a data acquisition chassis (National
Instrumentd NI cDAQ-9172) connected to a computer via USB communication.

Five second data collection periods were acquired at a sample rHd® &fz. Following any
motion activities (either radial traverse or device rotator), a three second dwell period was used to
allow the flow to reach steady state. Data acquisition and motor control was facilitated through
the use of a custom National Inghents LabView software package.

5.3 The ScreenVane Experimental Validation Ground Test
5.3.1 Isolated Experimental Setup

The isolated experimental setup, showrfFigure 56, began at the fan case with the turbofan
engne mounted in a custom pylorA thick-walled, 0.37 diameter axial length, constant area,
cylindrical inlet duct section was bolted to the fan casegiexisting hardpoints on the fan case.

This empty inlet duct section provided a mounting location for an opticalmeraevolution fan

speed sensor. During the course of the current investigation, the engine data acquisition system
was improved sucthat the optical oneperrewolutionfan speed sensor was deemed obsolete and
was not utilized. The thielvalled inlet duct section remained installed for the isolated test setup
and provided additional isolation length, but was removed for the cougdéddtup. A thin

walled, two diameter axial length, constant area, cylindrical inlet duct section (isolation duct) was
bolted to the thickvalled inlet duct section. The empty inlet duct section allowed sufficient
distance to eliminate turbomachinerygractions from propagating forward into the measurement
plane. Previous research suggested that turbofan engine components (fan rotor and nose cone)
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influence the fluid volume at a distance of up to one half of a diameter upstream [88]. To ensure
isolaion, the standoff distance was extended to two full diameters. The isolation duct was installed
for the isolated test setup, but was removed for the coupled test setup.

—— SCREENVANE ENTRANCE

—— BELLMOUTH INLET —— SCREENVANE EXIT

—— AERODYNAMIC INTERFACE PLANE

FAN CASE INLET

—— FAN CASE EXIT

W e e

Figure 56: ScreenVane EXNalidationT Isolated Ground TeésSetup

Continuing upstream, the measurement spool was assembled and installed. Firstyallgniick

0.20 diameter axial length, constant area, cylindrical inlet duct section was attachesidibeal t
aluminum support frame. The frame supportedatbight of the duct section and instrumentation
mount, maintained centerline concentricity, and allowed for axial positioning of instrumentation
by way of sliding connection to a floor mounted rail system. The downstream flange of the
measurement spool wdmlted to the upstream flange of the isolation duct. In the coupled
experimental setup, the measurement spool was bolted directly to existing hardpoints on the fan
case. A universal mounting plate was attached to the-thadlled inlet duct section abp-dead

center and served as a hardpoint for the radial traverse. The radial traverse was then attached to
the universal mounting plate, followed by a small rotary table attached to the radially traversing
plattorm. The rotational axis of the small rgtaiable was aligned with the incorporated
measurement spool wall penetration instrumentation port. The radial traverse allowed
instrumentation to plunge through the fan case wall and across the flow path. The rotary table
assisted with instrumentationgrment during installation.

The five-hole threedimensional flow probe was inserted through the rotary table and measurement
spool wall. Compression fittings on the exterior of the measurement spool as well as the top and
bottom of the rotary table sa@d the probe throughout testing. PTFE ferrules allowed the probe

to smoothly plunge radially, while set screw shaft collars located above and below the rotary table
mount effectively locked the probe from slipping in the radially traversing mount. Probe
installation procedure continued as follows:
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1) Install the probe through the rotary table and measurement spool wall compression fittings.

2) Secure the probe within the rotary table using set screw shatft collars to eliminate slip in the
radially traversing mont.

3) Retract the tip of the probe just beyond the inner wall of the measurement spool.

4) Using a small piece of thin shim stock placed flush with the inner wall surface, slowly
plunge the probe radially inward until probe tip comes contacts the shim stéadke
instant of contact, the probe is radially

5) Set the limit switch of the radial traverse.

6) Install a custom rotary alignment apparatus to the upstream measurement spool flange.
The rotary alignment apparatus consists of a stiff aluminum feardesmall freget tube.

The freejet tube is assumed to be parallel to the engine axis.

7) Plunge the probe radially inward until the probe sensing area is aligned with the small free
jet tube.

8) Connect a handheld digital manometer (Dwyer 42JA0 the yawangle sensing ports of
the probe.

9) Apply compressed air to the frget tube.

10)Exploiting the nulling nature of the prism style filele threedimensional flow probe,
rotate the rotary table while monitoring the handheld digital manometer until the nteasure
differential pressure was stable near zero. Once accomplished, the probe is aligned with
the streamwise fluid direction.

[Note: Because testing procedure requires both distorted andistorted data
collection, perfect probe alignment is not criticdlhis alignment process is only
used to ensure that the probe is nearly nulled with streamwise flow and flow angles
are measured in the center of the uniform calibration where greatest accuracy is
known.]

11)Remove the custom rotary alignment apparatus andheld digital manometer.

12)Retract the probe to the zeroed radial position.

13)Connect the five pressure ports to desired pressure scanner channels.

14)Connect the thermocouple plug to the desired temperature acquisition channel.

Next, a thinwalled, 0.7Qiameter axial length, constant area, cylindrical inlet duct section (settling
duct) was bolted to the upstream flange of the measurement spool. This tunnel section was used
to position the ScreenVane at an appropriate upstream location. The offseted@tawed the
smallscale wake structures generated by the turning vanes of the ScreenVane device to dissipate
before entering the measurement plane and fan rotor.

The ScreenVane rotator was bolted to the upstream flange of the settling duct. Th¥y&wee
was aligned in the rotator using indexed markings on the ScreenVane shroud and rotator duct wall.

[Note: For the nosdistorted baseline test, the ScreenVane was removed from the rotator
and eplaced by a uniform wire meslkreen. This screen was deafrom wire mesh
identical to that used as the backer screen materitiddotal pressure distortiortigen.

The use of this screen assisted in controlling inlet air mass flow rates falistorted
baseline tests. Because the flow was assumedromifothe nordistorted test, fivénole
threedimensional flow probe measurements were taken at theddagcenter
circumferential location at all plunge depths matching the distorted test.]
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Finally, the bellmouth inlet was bolted to the upstream flarigheorotator. The static pressure
taps (located at one and one half diameters downstream of the bellmouth inlet) were connected to
the desired pressure scanner channels.

5.3.2 Coupled Experimental Setup

The coupled experimental sefughown inFigure 57, followed the isolated experimental setup
(Section 5.3.1) identically with the exception of the installation of the isolation duct. In this
arrargement, the measurement spool was bolted directly to the fan case, positioning the AIP on
the nose cone and allowing interactions between the turbomachinery components and the
measurement domain.

— SCREENVANE ENTRANCE

— BELLMOUTH INLET —— SCREENVANE EXIT
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Figure 57: ScreenVane EXP Valationi Coupled Ground Test Setup

5.3.3 Experimental Test Matrix

At the onset of this investigation, decisions regarding the experimental ground test conditions
directed many of the assumptions and conditions used in the computational analysidakae,ins
setting the fan speed resulted in a known mass flow, while available facility hardware influenced
the location of both the measurement planes and the distortion device, which in turn led to the
selection of the AIP location and an upstream propagalistance. Most of these decisions were
made using prior knowledge of the ground test facility hardware and capabilities built from
extensive experience conducting previous research. That said, engineering judgement and critical
thinking provided the gidance for previously unexplored areas of research.

54



Chapter 5§ Validating the Distortion Generator

A comprehensive experiment was desired that efficiently provided useful data in support of
ScreenVane methodology verification and validation. To conduct a test that produced the most
relevant data fomodern turbofan engines, the maximum achievable inlet air mass flow rate was
preferred. Due to the inlet duct hardware and the distortion generator, the turbofan engine used in
this facility was known to reacimaximumsafe continuous operating conditioais80% design
maximum fan speed under distorted inlet conditions. This setting led to an air mass flow rate of
approximately 50 l/s and a fan blade tip Mach number of approximately 1.05. The mass flow
condition was significant because it directed tbarimary conditions for computational analysis.

The fan blade tip Mach number was significant because it implied operation in the transonic
regime.

Streamwise locations of measurement planes was dictated by the existing experimental hardware
available at the turbofan engine ground test facility. Modular inlet duct sections provided some
degree of flexibility in the experimental setup, but ultimalieitations were imposed by physical
devices. The AIP was desired to be as close to the fan case as possible in order to quantify flow
properties entering the engine with highest certainty. The AIP location relative to the fan case was
governed by the diensions of the fivéole threedimensional flow probe measurement spool.

The measuremenspool bolted directly to the fan case and offset the measurement plane
approximately 0.10 fan diameters upstream of the fan case bolt flange. Due to distortien devi
rotator dimensions and the desire to allow unintentional wake structures generated by the distortion
devices to dissipate beforeahing the measurement plane, an asgglaration distance between

the ScreenVane and AIP was set to one diameter. dlaias duct length used in the isolated
experimental turbofan ground test setup was selected based on previous research. A conclusion
of the previous research suggested that turbofan engine components (fan rotor and nose cone)
influencal the fluid volumeat a distance of up to one half of a diameter upstream. To ensure
isolation and again rely on available experimental hardware, the standoff distance was extended
to two full diameters.

In an attempt to balance fuel consumption and experimental expéhsehevmost useful data,
decisions regarding number of data collections and number of test replications were made. A
priority was placed on spatial resolution of data rather than repetitive tests. This was only possible
by leveraging previous researdtat focused on uncertainty quantification and reduction through

the use of multiple test replicatior82,63,79. Citing this previous workTable 53 summarizes

the approximate measurement uncertainties associated with the significant measured parameters.

Table 53: ScreenVane EXP ValidatiadnApproximate Measurement Uncertainties

Total Pressure +0.03 psia
Total Temperature +2.00°F
Swirl Angle +1.50¢°
Corrected Fan Speed +0.25%
Corrected Inlet Air Mass Flow Rate +2.00 Ihy/s

For the isolated test setup, the probe travel was unlimited by turbofan engine geometry and allowed
to plunge to the duct centerline. Due to thdial and circumferential motion of the probe and
distortion device, a uniformly spaced grid was not approprégenner radii (near centerline)
would be unnecessarily highly sampled while outer radii (near wall) would be sparsely sampled.
Therefore, mgineering judgement was used to distribute data samples to a relatively evenly
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spaced, nomniform grid. Radially, measurements were taken at 0.2500 inch intervals;
circumferentially measurements were taken at 5.085.00 degree incrementsFigure 58
illustrates the fivenole threedimensional flow probe measurement locations at the isolated AlP.
As shown, the measurement locations at theermost radii were located on a sparse
circumferential interval. Moving outward from centerline, additional circumferential intervals
were incorporated to obtain a nearly evenly spaced arrangement. The smallest circumferential
intervals were utilized ahe wall where arc length is greatest and significant distortion elements
exist. Due to the boundary layer gradients, dense radial increments were used within small
distances along the outer wall.

Figure 58: ScreenVane EXP Valationi Isolated AIP Measurement Locations

For the coupled test setup, the probe was limited by turbofan engine geometry and constrained to
plunge only to the nose cone surface. A technique very similar to the isolated AIP measurement
location specificaon was used to define the coupled AIP measurement locations. Due to the radial
and circumferential motion of the probe and distortion device, a uniformly spaced grid was not
appropriateas inner radii (near nose cone) would be unnecessarily highlyleshnvpile outer

radii (near wall) would be sparsely sampled. Therefore, engineering judgement was used to
distribute data samples to a relatively evenly spacedundarm grid. Radially, measurements

were taken at 0.25 0.50 inch intervals; circumfenéially measurements were taken at 5:00

15.00 degree incrementsFigure 59 illustrates the fivehole threedimensional flow probe
measurement locations at the coupled AIP. As shown, the measurement locations at the innermost
radii were located on a sparse circumferential interval. Moving outward from centerline,
additional cicumferential intervals were incorporated to obtain a nearly evenly spaced
arrangement. The smallest circumferential intervals were utilized at the wall where arc length is
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greatest and significant distortion elements exist. Due to the boundary layentgadense radial
increments were used within small distances along the nose cone surface and the outer wall.

75° 285°

90° 270°

105° 255°

@ Nose Cone 165°  4gge  195°
Figure 59: ScreenVane EXP ValidatidnCoupled AIP Measurement Locations

Again using previous experience, dataledion and settling times were defined. Experimental
data was collected for five seconds at each measurement location to obtain a steady state time
averaged value. After each movement but before each collection, a three second settling period
was set tallow the flow to reach steady state conditions. Thesengsttiave been proven to
provideample time for an accurate measurement withouecessary excess

The following tables summarize the complete turbofan engine ground test matrix used te validat
the ScreenVane distortion device.

Table 54: ScreenVane EXP ValidatiadnEngine Settings and Experimental Parameters

Corrected Fan Speed (% Max. of 16000 RPM) 80% Max. (Approx. 12800 RPM)
Fan Blade Tip Speed 1200 ft/s (Approx1.05 Mach)
Corrected Inlet Mass Flow Rate 50 Ibw/'s (Nominal)
Fan Pressure Ratio 1.35 (Nominal)
Data Sampling Time 5 seconds
Data Settling Time 3 seconds
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Table 55: ScreenVane EXP Validatidnlsolated AIP Measurement Locairis

Radial Location

Circumferential Location

r/rw

d

0.00 0-315° by 45°
0.05 0-315° by 45°
0.10 0-315° by 45°
0.14 0-315° by 45°
0.19 0-345° by 15°
0.24 0-345° by 15°
0.29 0-345° by 15°
0.33 0-345° by 15°
0.38 0-345° by 15°
0.43 0-345° by 15°
0.48 0-345° by 15°
0.52 0-352.5° by 7.5°
0.57 0-345° by 15°
0.62 0-352.5° by 7.5°
0.67 0-345° by 15°
0.71 0-352.5° by 7.5°
0.76 0-345° by 15°
0.81 0-352.5° by 7.5°
0.86 0-345° by 15°
0.88 0-355° by 5°
0.90 0-345° by 15°
0.93 0-355° by 5°
0.95 0-345° by 15°
0.98 0-355° by 5°
1.00 0-345° by 15°

Table 56: ScreenVane EXP ValidatidnCoupled AIP Measurement Locations

Radial Location

Circumferential Location

r/rw

d

0.38 0-345° by 15°
0.40 0-345° by 15°
0.43 0-345° by15°
0.45 0-345° by 15°
0.48 0-345° by 15°
0.52 0-352.5° by 7.5°
0.57 0-352.5° by 7.5°
0.62 0-352.5° by 7.5°
0.67 0-352.5° by 7.5°
0.71 0-352.5° by 7.5°
0.76 0-352.5° by 7.5°
0.81 0-352.5° by 7.5°
0.86 0-355° by 5°
0.88 0-355° by 5°
0.90 0-355°hy 5°
0.93 0-355° by 5°
0.95 0-355° by 5°
0.98 0-355° by 5°
1.00 0-345° by 15°
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To determine the deviations in flow properties from nominal uniform inlet flow conditions, the
ScreenVane was removed from the rotator and replaced by a uniform wirescnesh. This
screen was made from wire mesh identical to that used as the backer screen mateesiabtalr
pressure distortionc®een. The use of this screen assisted in controlling inlet air mass flow rates
for nondistorted baseline tests. Becaie flow was assumed uniform in the rdistorted test,
five-hole threedimensional flow probe measurements were taken at theleagcenter
circumferential location at all plunge depths matching the distorted test. Additionally, a range of
fan speedwas tested to bracket the distorted test flow conditions. The absence of the ScreenVane
blockage allowed elevated inlet air mass flow rates to enter the turbofan engine. By incrementally
varying the fan speed, results were compared at a matching fahapmkmatching inlet air mass

flow rate.

5.3.4 Experimental Procedure

With the engine setup complete, a typical ground test began with energizing all electronic
equipment and calibrating the pressure scanners. -posnt, full-scale calibration of the2.5

psid andt5.0 psid pressure scanners was conducted using a regulated pressure supply manifold
and a handheld digital manometer (Dwyer 473)Aas a reference pressure indicator. Pressure was
incrementally supplied to the reference port of the diffeaé pressure transduces representing
sub-atmospheric pressures in the inlet duct upstream of the fan. The voltage output was recorded
with the data acquisition system and individual calibration curves were generated for each pressure
transducer. Follomg calibration, the reference pressure port was vented in preparation for
testing.

A custom National Instruments LabView software package was then initialized on the data
acquisition computer. This software allowed the user to set data acquisitioe sat@pland times

for the various instruments, to define positions for botlSitreenVaneotator and radial traverse,

and to monitor instrumentation signals throughout the test. All experimental values were set prior
to engine start and automaticallylled upon during data collection.

The turbofan engine was then started and allowed to idle for several minutes to warm components
to safe operating temperatures. After warming, the throttle position was set to an uncorrected fan
speed calculated from tHecal atmospheric temperature and again allowed to stabilize. Once
stable, the data acquisition software commanded the radial traverse to plunge-tindefiveee
dimensional flow probe to the desired depth. A brief settling period after moving dlkhee
measurements to reach steady state before all data acquisition channels were simultaneously
recorded. The probe then moved to the subsequent radial location and the data collection process
was repeated. After colleoy a radial survey, the rotatengaged and rotated the ScreenVane to

the next desired circumferential location and the radial plunge process with data collection was
repeated. Through the coordinated process of incrementally plunging thieoleveéhree
dimensional flow probe and irementally rotating the ScreenVane distortion device, the entire
test matrix was measured. A flowchart summarizing the probe movement, device rotation, and
data collection sequencing can be founéigure 510.
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Engage Automatic Motion Control
and Data Collection Sequencing
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Auto-Sequence
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v
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No

Figure 510: ScreenVane EXP ValidatianMotion Control and Data CollectidProcess Map
Upon completion of the desired test matrix, the turbofan engine was shutth@sxperimental

setup was inspected for any inconsistencies from startup conditions, and the pressure transducers
were recalibrated using an identical process as previously defined.
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5.4 The ScreenVane Experimental Validation Data Analysis
5.4.1Instrument Data Reduction

Five distinct instruments were utilized to acquire experimental data. Tachometer/generators
measured shaft speeds for both the fan and core spools, a rotary flow meter measured fuel flow
rate, a thermopile measured the ifttgbine-temperature system, pressure transducers measured
the bellmouth wall static pressures and the-hieée threedimensional flow probe pressures, and

a thermocouple measured the fivele threedimensional flow probe total temperature. Each of
these istruments required a unique data reduction process to extract useful information regarding
engine parameters and flow conditions within the turbofan engine ground test facility during
experimental distortion testing.

In many measured values, correctioatéas were required to maintain congruity of data over the
course of many days of data collection. These factors relate tevetatandard atmospheric
conditions and are defined in Equation 5.1 and Equation 5.2 for pressure correction and
temperaturearrection, respectively.
0 . .
1 T VM pHpi Q0 (5.1)

The tachometer/generators used by the turbofan speed monitoring system output an alternating
current ata frequency corresponding to the rotational velocity of the fan and core shafts. The
tachometer/generators contain internal gearing to limit the speed of the instruments. This gear
ratio was applied to the measured output frequency to obtain uncorspeted data. Because
atmospheric conditions change, the tiaveraged uncorrected speed was corrected to standard
atmospheric conditions according to Equation 5.3. This corrected speed served as a means of
reporting identical experimental conditions amosgbsequent tests regardless of local
atmospheric conditions.

0 —_— 5.3
= (5.3)

Similar to the tachometer/generators, the fuel flow meter outputs a square wave at a frequency
corresponding to the rotational velocity off@el flow driven rotor. A known gauge factor
converted this frequency measurement to uncorrected fuel flow rate. Because atmospheric
conditions change, the tirsveraged uncorrected fuel flow rate was corrected to standard
atmospheric conditions accordito Equation 5.4. This corrected fuel flow served as a means of
reporting identical experimental conditions among subsequent tests regardless of local
atmospheric conditions.
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' ‘ (5.4)
o _ .
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The pressure measurent system consists of individual pressure transducers arranged in pressure
scanner housing. Each pressure transducer outputs a voltage linearly proportional to the applied
pressure. Prior to and following each experimental test, the pressure transdireetalibrated

to a specific range by supplying several known reference pressures and recording the associated
output voltages. Linear fit models relating pressure to voltage were calculated for each transducer
(Equation 5.5).

~

0 & o @ (5.5)

The recorded voltages were processed using the linear fit models aral/éraged, resulting in

a single steady state pressure data point. Because atmospheric conditions change; the time
averaged measured pressure was correttiestandard atmospheric conditions according to
Equation 5.6. This corrected pressure served as a means of reporting identical experimental
conditions among subsequent tests regardless of local atmospheric conditions.

5 ”1— (5.6)

Temperature data from the thermopile used in the-tntbinetemperature monitoring system

and the thermocouple embedded in the-fieée threedimensional flow probe were time averaged

and corrected to standard atmospheric conditionsigimn 5.7). This corrected temperature
served as a means of reporting identical experimental conditions among subsequent tests
regardless of local atmospheric conditions.

wy
"y X (5.7)

5.4.2 Bellmouth Inlet MasElow Rate

The timeaveraged value of the bellmouth static pressure measurements along with the total
pressure within the inlet (assuming no losses, the total pressure in the inlet is equal to the
atmospheric pressure) were used to calculate the Mach natrthe defined bellmouth inlet plane
(Equation 5.8). This Mach number was used to calculate an ideal mass flow rate (Equation 5.9)
[117 from which the Reynolds number of the flow can be calculated (Equation 5.10).

(5.8)

c
_
o
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o
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§W' < (5.9)
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©

YQ —/——— (5.10)

The Reynolds number dependent discharge coefficient of the actual bellmouth inlet was
interpolated from calibration tables using the ideal Reynolds number(iBguation 5.11). The
discharge coefficient was then used as a correction factor to calculate the actual inlet mass flow
rate from the ideal inlet mass flow rate (Equation 5.12). Because corrected pressures and
temperatures were used in the initial cadtioins of Mach number and ideal mass flow rate, the
resulting air mass flow rate from Equation 5.12 was already corrected to standard atmospheric
conditions and no further correction was necessary.

& "QAYQ (5.11)

& 4 a (5.12)

5.4.3 FiveHole ThreeDimensional Flow Probe Measurements

Planar results profiles were obtained using a traversinghfile threedimensional flow probe
situated at various axial locations within the inlet duct of the turbefme research platform.

The resulting data sets include radial flow angle, tangential flow angle, total pressure, static
pressure, Mach number, total temperature, static temperature, and velocity components. Each
parameter required a unique data precestechnique to extract useful data from the raw pressures
and temperatusameasured by the instrument.

Processing radial and tangential flow angles and total and static pressures involved normalizing
measured probe pressures to form pressure coeffidieat were then correlated to calibration
curves L11. The probe calibration was conducteehimuse using a twaxis rotary table. By

setting the radial and tangential angle of the probe within the fixture, pressures were measured at
each of the fivesensing locations on the probe. The measured pressures where then normalized
using Equations 5.1135.17, and recorded as functions of radial and tangential flow angigLire

511

5 Y (5.13)

T
6n | h 7 (5.14)
v - Y
on | h = (5.15)
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v s ~ V)
on il h = (5.16)
V)
. s 0 0
6l h (5.17)
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Figure 511: ScreenVane EXP ValidatianFive-Hole Probe Calibration

During experimental turbofan engine ground test data processing, the radial and tangential flow
angles are the first terms extracted. The pressure coefficients relating to the flowEaggdion

5.14 and Equation 5.)%vere calculated and interpolatexdthe known calibration data to obtain
radial and tangential flow angle measurements.

With the flow angles knowrthe pressure coefficients relatingttdal pressure and static pressure

were interpolated from specific calibration data as functionsdélrand tangential flow angle.

These pressure coefficients were then used to calculate the total pressure and static pressure using
Equation 5.18 and Equation 5.19, respectively.

~

0O 0 67 0 0 (5.18)
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~ ~ ~

0 0 670 0 (5.19)

Utilizing the isentropic flow assumptions, the Mach number was calculated from the relationship
between the total and static pressures (Equation 5.20).

0
0 _ = 5.20
0 = P (5.20)

The total temperature was directly measured from the thermocouple @sdbedthe fivehole
threedimensional flow probe. Again utilizing the isentropic flow assumptions, the static
temperature was calculated from the relationship between the total temperature and Mach number
(Equation 5.21).

Y (5.21)

Finally, with the radial flow angles, tangential flow angles, Mach number, and static temperature
known, the velocity profile was computed. First, the velocity magnitude was calculated from the
Mach number and local speed of sound according to Equafi@rabd Equation 5.23.

W 7YY (5.22)
0 0@ (5.23)
Next, the velocity magnitude was decomposed into the -tirmensional velocity components

using the measured flow angldsigure 512illustrates the coordinate vector system which relates
the velocity components and velocity magnitude.

Figure 512: ScreenVane EXP ValidatidnThreeDimension Vebcity Components
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From the figure, the relationship of radial flow angle, tangential flow angle, and velocity
magnitude was defined. Due to the compound flow angles found within the flow field, a coordinate
transformation (Equatian5.245.26) was derivedo calculate the radial, tangential, and axial
velocity components.

6 o6 OBI1 (5.24)
6 6 AT|0 O0g1 (5.25)
6 6 AT|10 AT |0 (5.26)

5.5 The ScreenVane Experimental Validation Results
5.5.1 TotalPressure Distortion Profile

Total pressure distortion profiles were measured at the AIP and are presdfiteatérbl3. The
circular cross sections (fllustrate the fullfield planer total pressure recovery as normalized by
the maximum ifplane total pressure. From these profiles, the total pressure distortion remained
highly discretized downstream of initiation. This was attributed to the disegtas of distortion
screens used to generate the total pressure distortion. In the lowairselar region, the two

lobes of low total pressure recovery merged as desired to form-geneolutiontotal pressure
distortion.

The circumferentialrends (right) unwrap the distortion profile beginning atdepdcenter (0),

moving counterclockwise through bottesheadcenter (18€), and returning counterclockwise to
top-deadcenter (360). The colors displayed here correspond to normalized radibs. total
pressure distortion was concentrated near the outer wall, where recovery values experienced the
largest fluctuations. In the upper setircular region, the total pressure was nearly fully recovered

with values greater than 97% for all radiin the lower semcircular region, recovery values
descended to a minimum of approximately 92% at the outermost Adtesults are presented
forward-looking-aft.

Comparing the total pressure distortion profiles from the ScreenVane experimentsl watsul

the ScreenVane computational results provided useful model validation; while comparing
ScreenVane experimental results with thdust computational results provided useful method
validation. Figure 514 and Figure 515 show the comparison between the ScreenVane
computational and experimental total pressure distortion profiles at the AIP and the comparison
between Sluct computational and ScreenVane experinidntal pressure distortion profiles at

the AIP, respectively. For both results, the comparison data was calculated according to Equation
5.27.

0 anwi HOHE Qi QEQH 6 dH 0 0 P Q¢ ¢ (5.27)
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Qualitatively, the ScreenVane computational model predicted the experimental conditions with
great success. The overall shapes and extents were well represented with the majority of error
found in intensity levels. The experimental device was foundiduge a slightly stronger overall
distortion; however, a large portion of the profile agreed withi¥h recovery and nearly all of the

profile agreed withirt2% percent recovery. Quantitatively, the fiidlld total pressure recovery

profile matchedvithin 1%RMSD.

Upon inspection of the comparison between the origindi@& computational results and the
ScreenVane experimental results, the ScreenVane over produced total pressure losses in the lower
semicircular region of the AIP. While approximatel9% of the profile agreed withi&1%

recovery, a nomegligible area of the profile differed by greater thaR% recovery.
Quantitatively, the fulfield total pressure recovery profile RMSD echoed the inspected
disagreement with values approaching 1.5%.

The errors found in this comparison were determined to be associated with the discretized wire
mesh total pressure distortiddcreen. The largest errors were often found in areas of mild
gradients where the discrete wire meshes produced near step cimatugakpressure recovery
profile.

ScreenVane - EXP ScreenVane - EXP

Isolated AIP

Coupled AIP

0 45 9 135 180 225 270 315 360
R 0 T o [deg]

092 094 096 0.98 1.00

Figure 513: ScreenVane EXP ValidatidnAlIP Total Pressure Recovery Profiles and Trends
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Figure 514: ScreenVane Model ValidatiadnAIP Total Pressure Recove@omparison
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Figure 515. ScreenVane Method ValidatiGnAIP Total Pressure Recovery Comparison
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5.5.2 Swirl Distortion Profile

Swirl distortion profiles were measured at the AIP and are presenféglire 516. The circular

cross sections (left) illustrate the fdikkld planer swirl angle. From these profiles, the swirl angle
results showed paired swirl in the lowens-circular region. The incorporation of turbofan engine
geometry caused a slight attenuation in the maximum measured swirl angle. Outside the region
of influence of the paired swirl, the turbofan components and associateesectispal area
reduction produced significant mass flow redistribution. Flow angles indicated an overall
downward flow direction from the upper seanicular region to the lower serircular region.

The circumferential trends (right) unwrap the distortion profile beginningpedeadcenter (0),

moving counterclockwise through bottesheadcenter (186), and returning counterclockwise to
top-deadcenter (360). The colors displayed here correspond to normalized radius. Swirl
distortion was concentrated in the outermost radline twirrvortices of the paired swirl feature
were clearly defined as a large gradient near betteadcenter where flow angle fluctuates
betweent12°. In both sets of experimental results, the measured swirl angles were well organized,
clearly appanet, and remarkably symmetri@ll results are presented forwalabking-aft.

Comparing the swirl distortion profiles from the ScreenVane experimental results with the
ScreenVane computational results provided useful model validation; while comparieg\Gane
experimental results with the-dict computational results provided useful method validation.
Figure 517 and Figure 518 show the comparison between the ScreenVane computational and
experimental swirl distortion profiles at the AIP and the comparison betwdaat8omputational

ard ScreenVane experimental swirl distortion profiles at the AIP, respectively. For both results,
the comparison data was calculated according to Equation 5.27.

Qualitatively, the ScreenVane experimental results support the computational modetfuhin

of predicted swirl angle and small areas exceeding that value. In the cases including nose cone
geometry, the downward fluid motion was exacerbated in the experimental results, likely due to
the slightly over produced total pressure distortion discussélte previous section leading to
increased fluid redistribution from areas of relatively high pressiatdoto areas of relatively

low pressure. Quantifying the error resulted in-fidld profile RMSD values of approximately

1.75° in the isolated teand just over 2.50° in the coupled test.

Upon inspection of the comparison between the origindi@& computational results and the
ScreenVane experimental results, the ScreenVane performed exceptionally as a ground test device.
Qualitatively, the dimrtion profile shapes and extents matched nearly perfectly with the majority

of error involving slightly elevated distortion intensity. Nearly all of the experimental profile
matched the original-8uct distortions withirt1.5° with significant errors a@irring only at the

outer wall (where boundary layer profiles were not specifically designed to match) and in areas of
high gradients (where small errors in feature location result in amplified intensity error).
Quantifying the error resulted in fifileld profile RMSD values of approximateR/50° in the

isolated test and just under 3.00° in the coupled test. These errors are likely increased by
mismatched boundary layer flows between the two different geometries.
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The errors found in this comparison we&letermined to relate to a mismatch in the boundary layer
representation at the wall and small location differences in significantly distorted regions.
Transitioning from the computational realm (smooth, -stjm wall boundary conditions with
perfect gemetry) to the experimental realm (wall roughness and imperfect geometry) makes
perfect replication of boundary layer flows extremely difficult. Additionally, the experimental
devices and setup compound location errors of significant distortion featuses vph gradients

exist. This means that small location errors can produce large errors in measured distortion
parameters.
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Figure 516. ScreenVane EXP ValidatiahAIP Swirl Angle Profiles and Trends
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ScreenVane - CFD ScreenVane - EXP Comparison

Isolated AIP

Coupled AIP

o, [de] . N Ay 0 0 N

-18 -12 -6 0 6 12 18 -3.00 -1.50 0.00 1.50 3.00

Figure 517: ScreenVane Model ValidatianAIP Swirl Angle Comparison
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Figure 518: ScreenVane Method ValidatiGnAIP Swirl Angle Comparison
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5.5.3 $16 Distortion Descriptors

Comparison of the -36 DistortionDescriptors(Figure 519) confirmed the over production of
distortion from the experimental ScreenVane device. The experimental total pressure
circumferantial distortion intensity followed an identical trend to both computational analyses with
elevated intensity levels. The experimental total pressure radial distortion intensity agreed nearly
perfectly with both computational analyses. The isolate@tesmtgement produced swirl intensity

with near perfect agreement; howewe incorporation of turbofan engine hardware produced
slightly elevated swirl intensity levels.
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Figure 519: ScreenVan&XP Validationi AIP S-16 Distotion Intensity Trend Comparison

5.6 Summary

Turbofan engine ground tests were conducted to verify the ScreenVane design methodology and
to validate computational models. Experimental hardware was manufactured and installed in the
inlet duct of a turban engine ground test platform. A rigorous and thorough test setup and
procedure was designed and followed to examine the capability of the ScreenVane to produce a
combined total pressure and swirl distortion profile matching predicted flow conditidimg e

S-duct turbofan engine inlet.

The ScreenVane experimental setups matched computational analysis simulations in

configuration, scale, and initial flow conditions. Fan speed was set to 80% to allow sufficient
turbomachinery stability margin and mtin safe continuous operating conditions while

72



Chapter 5§ Validating the Distortion Generator

ingesting an inlet air mass flow rate of approximately 5@slb Furthermore, idenat AIP
locations were used irsdlated and coupled configurations to provide congruent data sets for
comparison of Scre&fane experimental results to both predicted ScreenVane computational
results and to-8uct computational results.

ScreenVane generated distortion profiles were measured at the AIP for analysis and comparison
to computational predictions. Experimental ules were first compared to ScreenVane
computational results. In both the isolated and coupled setups, the experimental and computational
total pressure distortion results agreed exceptionally well with nearly the entire total pressure
recovery profile m&ching within one percent. Swirl angle agreement errors between the
experimental and computational results were slightly laxgién the majority of the flow profile
matching within one and one half degrees for the isolated setupvarahd one halflegees in

the coupled setup. This error was found tostvsengly dependent on the relatively small scale
distortion features and large gradients within the distortion feawhssh locally amplified
discrepancies.

Experimental ScreenVane results were tbempared to the-8uct computational results. Once
again, total pressure distortion results demonstrated excellent agreement with a significant portion
of the total pressure recovery profile matching within one percent and nearly all of the remaining
portion of the total pressure recovery profile matching within two percent. Swirl angle error was
nearly identical to the ScreenVane computational comparison. The isolated setup produced
slightly better profile agreement with swirl angle errors measuragmbximately two and one

half degrees and coupled setup differences reaching almost three degrees acros$igtae full
results.

The experimental analysis proved that total pressure distortion matching was possible using the
ScreenVane method and desidQualitatively, swirl distortion profiles consisted of elements of
appropriate size and scale and the paired swirl feature in the loweciseuar region of the
distortion was well represented with the ScreenVane experimental hardware. The significant

in the swirl distortion generation was attributable to relatively small scale features and small
misalignments in areas of strong angular gradients leading to amplified error. Overall, the
ScreenVanewas considered to havgerformed exceptionally @l for the first experimental
validation of a novel inlet flow distortion generating device.
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6.1 Overview

The final step toward understanditugbofan engine response to complex inlet flow distortions is
conducing experimental tests that produce turbomachinery specific data. This can be achieved in
several different waysSimplified rig tests can indicate changes in component level perfoemanc
and efficiency through focused isolation of individual engine compondrnif scale turbofan
engine ground tests can indicate changes in component level performance and efficiency through
focused isolation of individual engine componeasswell as canges in system level performance

and efficiency through comprehensive monitoring of flow and mechanical conditionstibrug

the turbofan engine system.ulFscale flight tests can indicate changes in performance and
efficiency in a truly installed coiguration. Varying degrees of complexity, expense, and value
exist within each test style, but a turbomachinery application is never fully proven until tested in
an installed configuration.

For this investigation, a full scale turbofan engine grounditastused to indicate turbomachinery
response to combined total pressure and swirl inlet flow distortion. With the specific inlet
distortion defined from computational analysis of a conceptual boundary layer ingestirng S
turbofan engine inlet and a vl distortion generator capable of simultaneously producing
combined total pressure and swirl inlet distortion invented, designed, computational analyzed, and
experimentally validated, the ScreenVane was once again employed to acquire turbomachinery
specfic data. Experimental data planes located at the AIP and in the fan rotor exit flow path
effectively isolated the component for detailed analysis of fan rotor response to the specific inlet
flow distortion. Furthermore, inlet air mass flow specific fuehsumption was monitored to
indicate changes in system level performance and efficiency. Based on the agreement between
ScreenVane manufactured inlet flow distortions ardl& manufactured inlet flow distortions, it

is expected that impacts on turbarhaery component and system performance generated by
ScreenVane manufactured inlet flow distortions will be analogousdivcEmanufactured inlet

flow distortions.

The following chapter documents an experimental turbofan engine ground test operating in
distorted inflow conditions generated by a ScreenVane combined total pressure and swirl
distortion generator. Specifications of the turbofan ground test facility and experimental setup are
discussed. Data processing techniques are explained and reoltipgofiles measured at the

aerodynamic interface plane (AIP) and the fan rotor exit plane (FREP) are then presented and
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examined to indicate fan rotor response to the inlet flow distortion. Additionally, turbofan engine
system efficiency analysis iggsented and discussed to indicate efficiency changes when the
turbofan engine is subjected to distortion ingestion.

6.2 The Turbofan Engine Response Ground Test
6.2.1 Turbofan Engine Ground Test Platform

Turbofan engine response to inlet flavgtortion experimental ground tests were conducted in the
same turbofan engine ground test facility discussed in Chapter 5, Section 5.2. The significant
difference for this series of ground tests was the focus shift from validating the ScreenVane
distorion device to measuring the implications of ingested distortion on the performance metrics
of the turbofan engine.

The turbofan engine research platform includes instrumentation ports on the fan case that permit
flow measurements in theassagédetween tk fan rotor (upstream) and fan exit guide vanes
(downstream). Using the fan rotor outlet instrumentation port adéadcenter, fivehole three
dimensional flow probe measurements were collected in the fan outlet flow stream. Again, the
radial traverseand distortion device rotator were critical for collecting -fidld flow
measurements. Rather than installing multiple data collection devices or moving the data
collection devices (each requiring multiple fan case penetrations which reduce stintggray

of the component), the distortion generator incrementally rotated while the radially traversing
probe incrementally plunged to fully survey the distortion profile. This was only possible with the
assumption that engine hardware was either synunet has negligible implications on the
distortion development. Because the turbofan engine used in this test includes no upstream
hardware (struts, inlet guide vanes, or other) and contains an axisymmetric arrangement of fan exit
guide vanes, this assiption wasconsideredatisfied.

The remaining experimental ground test hardware was identical to that discussed in Chapter 5,
Section 5.2.

6.2.2 Experimental Setup

The fan rotor exit experimental ground test se&hown inFigure 61, followed the coupled
experimental setup (Chapter 5, Section 5.3.2) identically with the exception of the installation of
the five-hole threedimensional flow probe.The dwnstream flange of the measurement spool
was bolted directly to existing hardpoints on the fan cAagiversal mounting plate was attached

to the thickwalled inlet duct section at tegieadcenter and served as a hardpoint for the radial
traverse. Theadial traverse was then attached to the universal mounting plate, followed by a
small rotary table attached to the radially traversing platform. The rotational axis of the small
rotary table was aligned with the fan exit instrumentation port. Thel raigerse allowed
instrumentation to plunge through the fan case wall and across the flow path. The rotary table
assisted with instrumentation alignment during installation.
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The fivehole threedimensional flow probe was inserted through the rotary tabtefan case

wall. Compression fittings on the exterior of the fan case wall as well as the top and bottom of the
rotary table secured the probe throughout testing. PTFE ferrules allowed the probe to smoothly
plunge radially, while set screw shaft coidocated above and below the rotary table mount
effectively locked the probe from slipping in the radially traversing mount. Probe installation
procedure continued as follows:

—— SCREENVANE ENTRANCE
—— BELLMOUTH INLET —— SCREENVANE EXIT
AERODYNAMIC INTERFACE PLANE

—  FAN CASE INLET

4 FAN ROTOR EXIT
PLANE

i FAN CASE EXIT

k////’///////

1]

Al g ‘u L
EIH‘—’ r»hr mn

L I

L 2.96D LL'L 1.00D
0.27D 0.04D
0.20D
0.01D

Figure 61: TurbofanEngine ResponseGround Test Setup

1) Install the probe through the rotary table and fan case wall compression fittings.

2) Secure the probe within the rotary table using set screw shaft collars to eliminate slip in the
radially traversing mount.

3) Retract the tip of the probegubeyond the inner wall of the fan case.

4) Using a small piece of thin shim stock placed flush with the inner wall surface, slowly
plunge the probe radially inward until probe tip comes contacts the shim stock. At the
instant of contact, the probeisrddihy Az er oedo.

5) Set the limit switch of the radial traverse.

6) Install a custom rotary alignment apparatus to the radial traverse mount. The rotary
alignment apparatus consists of a stiff aluminum frame and smajefrage. The free
jet tube is assumed be perpendicular to the engine axis.

7) Extract the probe radially outward until the probe sensing area is aligned with the small
freejet tube.

8) Connect a handheld digital manometer (Dwyer 42§ Ao the yaw angle sensing ports of
the probe.

9) Apply compressed air to the frget tube.

10)Exploiting the nulling nature of the prism style filiele threedimensional flow probe,
rotate the rotary table while monitoring the handheld digital manometer until the measured
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differential pressure was stable nearaz Once accomplished, the probe is aligned
perpendicular to streamwise fluid direction.
11)Rotate the probe 9@o align with the streamwise fluid direction.
12)Rotate the probe a desired offset angle to align with the known fan rotor blade turning
angle. Byaligning the probe in this manner, the measured relative flow angle will be small
and fall near the center of the probe calibration where accuracy is greatest. To determine
absolute flow angles, the offset value is simply added to the relative flow angle
[Note: Because testing procedure requires both distorted andistorted data
collection, perfect probe alignment is not critical. This alignment process is only
used to ensure that the probe is nearly nulled with flow direction and flow angles
are masured in the center of the uniform probe calibration where greatest accuracy
is known.]
13)Remove the custom rotary alignment apparatus and handheld digital manometer.
14)Plunge the probe to the zeroed radial position.
15)Connect the five pressure ports to despegbsure scanner channels.
16)Connect the thermocouple plug to the desired temperature acquisition channel.

The remaining experimental ground test setup followed the coupled experimental setup (Chapter
5, Section 5.3.2) identically.

6.2.3 Experimental TéMatrix

Because congruent flow data were desired for comparing fan rotor inlet conditions and fan rotor
outlet conditions, the turbofan speed was again set to the maximum safe operating condition of
80% maximum design speed. This resulted in a comairdbt air mass flow rate (approximately

50 Ibm/s) and fan blade tip Mach number (approximately 1.05).

The streamwise location of the fan rotor exit measurement plane was dictated by existing
experimental hardware available at the turbofan engine grashdacility. The fan rotor outlet
measurement port positioned the measurement plane well within one fan tip chord length
(approximately 25% fan tip chord length) from the fan rotor blade trailing edge. This distance was
extremely close to the rotatif@rdware, but was essential for isolating the fan rotor for detailed
analysis.

Again, only one test repetition was conducted to maximize spatial resolution within the time and
fuel budget. This was only possible by leveraging previous research thadamusincertainty
guantification and reduction through the use of multiple test replicats@)83,79.

For the fan rotor exit test setup, the probe was limited by turbofan engine geometry and constrained
to plunge only to the core stream mean line.eéhhique very similar to the AIP measurement
location specification was used to define the fan rotor exit measurement locations. Due to the
radial and circumferential motion of the probe and distortion device, a uniformly spaced grid was
not appropriatgas inner radii would be unnecessarily highly sampled while outer radii (near wall)
would be sparsely sampled. Therefore, engineering judgement was used to distribute data samples
to a relatively evenly spaced, naniform grid. Radially, measurements weéaken at 0.25 0.50
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inch intervals; circumferentially measurements were taken ati5I®RO00 degree increments.
Figure 62 illustrates the fivehole tireedimensional flow probe measurement locations at the
FREPR As shown, the measurement locations at the innermost radii were located on a sparse
circumferential interval. Moving outward from centerline, additional circumferential intervals
were incorpoated to obtain a nearly evenly spaced arrangement. The smallest circumferential
intervals were utilized at the wall where arc length is greatest and significant distortion elements
exist. Due to the boundary layer gradients, dense radial incrementusestewnithin small
distances along the outer wall.

Figure 62: Turbofan Engine ResponsdREP Measurement Locations

Again using previous experience, data collection and settling times were defined. Experimental
data wascollected for five seconds at each measurement location to obtain a steady state time
averaged value. After each movement but before each collection, a three second settling period
was set to allow the flow to reach steady state conditions. Thesesétbive been proven to
provideample time for an accurate measurement without excessive conservatism.

The following tables summarize the complete turbofan engine ground test matrix used to validate
the ScreenVane distortion device.
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Table 61: Turbofan Engine ResponsdEngine Settings and Experimental Parameters

Corrected Fan Speed (% Max. of 16000 RPM) 80% Max. (Approx. 12800 RPM)
Fan Blade Tip Speed 1200 ft/s (Approx. 1.05 Mach)
Corrected Inlet Mass Flow Rate 50 Ibw/'s (Nominal)
Fan Pressure Ratio 1.35 (Nominal)
Data Sampling Time 5 seconds
Data Settling Time 3 seconds
Table 62: Turbofan Engine Responsd-REP Measurement Locations
Radial Location Circumferential Location
r/rw d
0.52 0-345° by 15°
0.55 0-345° by 15°
0.57 0-345° by 15°
0.60 0-345° by 15°
0.62 0-345° by 15°
0.64 0-345° by 15°
0.67 0-345° by 15°
0.69 0-352.5° by 7.5°
0.71 0-352.5° by 7.5°
0.74 0-352.5° by 7.5°
0.76 0-352.5° by 7.5°
0.79 0-352.5° by 7.5°
0.81 0-352.5° by 7.5°
0.83 0-352.5° by 7.5°
0.86 0-355° by 5°
0.88 0-355° by 5°
0.90 0-355° by 5°
0.93 0-355° by 5°
0.95 0-355° by 5°
0.97 0-355° by 5°
0.98 0-355° by 5°

To determine the deviations in flow properties from nominal uniform ftdet conditions, the
ScreenVane was removed from the rotator and replaced and replaced by a uniform wire mesh
screen. This screen was made from wire mesh identical to that used as the backer screen material
for the total pressure distortiorti®en. The se of this screen assisted in controlling inlet air mass

flow rates for nordistorted baseline tests. Because the flow was assumed uniform in the non
distorted test, fivéhole threedimensional flow probe measurements were taken at thecag

center cicumferential location at all plunge depths matching the distorted test. Additionally, a
range of fan speeds was tested to bracket the distorted test flow conditions. The absence of the
ScreenVane blockage allowed elevated inlet air mass flow ratestotieaturbofan engine. By
incrementally varying the fan speed, results were compared at a matching fan speed and matching
inlet air mass flow rate.

6.2.4 Experimental Procedure

The fan rotor exit experimental ground test procedure followed the Algriengntal ground test
procedure (Chapter 5, Section 5.3.4) identically.
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6.3 The Turbofan Engine Response Results
6.3.1 Experimental Data Reduction and Analysis

The fan rotor exit experimental ground test instrument data reduction followed the AIP
experinental ground test instrument data reduction (Chapter 5, Section 5.4) identically.

The data analysis technique for monitoring flow conditions through the fan rotor involved
observing planar results and calculating impact of distortion on the performantee of
turbomachinery. First, planar results at the AIP and fan rotor exit plane (FREP) were compared
to make observations about the relative extents, intensities, and locations of significant distortion
features. Then, total pressure and total temperagsegehrough the fan rotor were calculated in

an attempt to approximate the impact of distortion on the efficiency and performance of the
component. Finally, inlet air mass flow rate specific fuel consumption was calculated to
approximate the impact ofsdortion on the efficiency and performance of the turbofan system.

Where appropriate, results are compared at both equivalent fan spool speed and inlet air mass flow
rate. Additionally, the following key assists several of the plots.

Core/Bypass Splitter Case
=+ =+ Mid-Span Shroud
————— Part-Span Stiffener

Figure 63: Turbofan Engine Respongdrofile Results Key

6.3.2 Total Pressure Distortion Profile

Total pressure distortion profiles measured at the AIP and FREP are preséfgenlaré4. The
circular cross sections (left) illustrate the fiilld planer total pressure recovery as normalized by
the maximum irplane total pressure measured at the AIP (Equation 6.1). The circumferential
trends (right) unwrap the distortion profile beginning at -depdcenter (0), moving
counterclockwise through bottedeadcenter (1860), and returning counterclockwise to tdpad

center (360). The colors displayed here correspond to normalized raéliigsults are presented
forward-looking-aft.

From these profiles, the highly discretized AIP total pressure distortion was well mixed through
interactions with the rotor. Along the tip radii, the fan rotor recovered to a near uniform exit total
presure. Blade geometry was discovered to have a significant effect on the mixing of the
distortion with annuli of relatively constant total pressure recovery bounded by theppart
stiffener, the miespan shroud, and the core/bypass splitter case.

The significant feature of the exit total pressure recovery results was the relatively poor fan rotor
recovery near the hub as it rotates counteckwise into the low recovery region. With
information about the flow direction at the AIP known, it watedmined that the low fan total
pressure recovery at this location was attributable tewading flow. The ceswirl reduced the

80



Chapter 6 Evaluating the Turbomachinery

work of the fan rotor and decreased the local total pressure rise through the fan. As the fan cycles
through bottorrdeadcerter, rotor incidence anglesvitchto a counteswirl condition resulting
in increased fan rotor work and elevated pressure rise.

N — (6.1)

Figure 64: Turbofan Engine Respongd otal Pressure RecoveBrofilesand Trends

6.3.3 Swirl Distortion Profile

Swirl distortion profiles measured at the AIP and FREP are preserféglie 65. The circula
cross sections (left) illustrate the ffikld planer swirl angle. The circumferential trends (right)
unwrap the distortion profile beginning at tdpadcenter (0), moving counterclockwise through
bottomdeadcenter (180), and returning counterclogkse to topdeadcenter (36€). The colors
displayed here correspond to normalized radAdsresults are presented forwalabking-aft.

From the contours, it was apparent thatratating swirl was more difficult to overcome than
counterrotatingswirl. The maximum positive swirl angle remained nearly unchanged through
interactions with the fan rotor. Conversely, the courdéating, negative swirl was nearly
eliminated through interactions with the fan rotor. This finding was again attrituiecidence

angle and work done by the fan rotor. Aswirling flow reduces the overall turning of the blade
(assuming the flow remains attached) which reduces the work and results in the fan pushing the
air rather than turning.
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