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/ID PLVH HQ °XYUH GX FRQFHSW G DYLRQ j LQJHVWLRQ GH
significative de la consommation de carburant et du bruit deentlatéduation de l'impact

n@atif de la distorsion aéodynamique (flux entrant roniforme) sur l'int@ritéstructurelle et la
performance des turbosoufflantes. Cette recherche propose et analyse un nouveau concept pour
ré&soudre ces problénes en pla@ntrudispositif juste en amont du rotor de la soufflante pour
diminuer la fluctuation de la force aéodynamique qui peut briser les pales de la soufflante, ainsi
gu'attéuer la noruniformité de I'€oulement ala sortie du rotor qui affecte la performance

a¢ RG\QDPLTXH GH OD VRXIIODQWH HW SDU H[WHQVLRQ GX PR
IDLUH XQH SUHPLqQUH pYDOXDWLRQ GH O HIILFDFLWp GH FH

basse et ahaute vitesse.

Une dude numéique est ralisé@ sutrois g@mdries de soufflante: un rotor de soufflante abasse

vitesse, un rotor de soufflante ahaute vitesse (transsonique) plus raliste (NASA Rotor 67) et un

dage de soufflante abasse vitesse provenant d'un banc d'essai de distorsion aPolytechniqu
Montral (pour une &entuelle validation du concept). Les simulations CFD 3D instationnaires de

la soufflante (sur 368) sont effectué@s avec ANSYS CFX, en mode nasgueux sans jeu
GYDXEH j O HIFHSWLRQ GH OD GHUQLQqQ &réltedteRsBrpulV benel FD U
G HvvVvDL SRXU JDUGHU OHV UHVVRXUFHV HW OH WHPSV GH F
HVW FRQoX PDQXHOOHPHQW HW GHV VLPXODWLRQV &)' VRQW

Pour les deux premiges gé@méries de sdlainte (basse vitesse et haute vitesse), la redistribution
ORFDOH GH OYpFRXOHPHQW GTHQWUpH DX[ ERUGV GH OD U
circonféentielle continue de la force aéodynamique des pales de rotor. Dans les deux cas, la
conceptioQ GX GLVSRVLWLI GIDWWpQXDWLRQ ELHQ TXH QRQ RS\
GH OD IRUFH DpURG\QDPLTXH G HQYLURQ GHX[ WLHUV /H GL
reéupéer la moitié ou plus de la perte d'augmentation de pression dua distorsion
aéodynamique. Il a galement pu r@uire la namiformitéde pression totale ala sortie du rotor

pour la soufflante agrande vitesse, mais n'a pas réissi ale faire pour la soufflante abasse vitesse.
Cependant, une analyse plus ddailleQ GLTXH TXH O HIILFDFLWp GX GLVSRVL

amdioré sur les trois mériques par une meilleure optimisation de son design.



'DQV OH FDV GH O pWDJH GH VRXIIODQWH GX EDQF G HVVDL
aux bordsGH OD ]RQH GH GLVWRUVLRQ HVW UpGXLWH SDU OD
SUpVHQFH G XQH UDQJpH GYDXEHV GLUHFWULFHV GYfHQWUpF
changements brusques (distribution non uniforme) dans la force aéodyremé pales de

rotor pré&s des bords de la rdjion de distorsion. Ces changements brusques de force
DpURG\QDPLTXH UHQGHQW OH GLVSRVLWLI GIDWWpQXDWLRQ
FHWWH VLWXDWLRQ QTHVW SDV tésHSdép ksHl@svVDyydertHjuSldY Y U D
YDOLGDWLRQ H[SpPULPHQWDOH GX GLVSRVLWLI GIDWWpQXD)

soufflante avec une configuration plus réliste
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The implementation of the concept of boundary layer ingestrorat for significant reduction

in fuel consumption and noise is dependent on mitigating the negative impact of inlet distortion
(nonruniform inflow) on the structural integrity and performance of turbofan engines. This
research proposes and analyze®weehconcept to solve these problems in the form of a device
placed just upstream of the fan to decrease the fluctuation in aerodynamic force on the fan blades
under large inlet distortion that can lead to blade failure, as well as to attenuate therflow no
uniformity at the fan rotor that affect fan/engine aerodynamic performance. The objective of this
project is to provide a first assessment of the effectiveness of this device on low asgeadh

fans.

A computational study is carried out on three faormgetries: a lovspeed fan rotor, a more
realistic highspeed (transonic) fan rotor (NASA Rotor 67) and a-$psed test fan stage from a
distortion test rig at Polytechnique Montrél (for possible validation of the concept}afalllus
unsteady, 3D CFDimulations are carried out in ANSYS CFX, in inviscid mode without tip
clearance (except for the last geometry since it was intended to be rig tested) to keep
computational resources and time reasonable. The attenuation device is designed manually and

CFD simulations are carried out to evaluate its performance.

For the lowspeed and highpeed fan rotors, local flow redistribution at the edges of the
distortion region leads to relatively smooth circumferential variation of rotor blade aerodynamic
force. In both cases, the attenuation device design, though nmhizmot, reduces the
aerodynamic force variation amplitude by around-thiods. The attenuation device design also
recovers half or more of the loss in pressure rise due to inlet distortion. It is also able to reduce
the total pressure distortion at the fieotor exit for the higfspeed fan but is unsuccessful for the
low-speed fan. However, a more detailed analysis indicates that the effectiveness of the

attenuation device can be improved in all three metrics if a more optimized design is performed.

In the case of the test fan stage, the local flow redistribution at the edges of the distortion region
is reduced due to the location of the distortion screen and the presence of the straight inlet guide
vanes in the test rig, leading to sudden changes-gmonth distribution) in rotor blade

aerodynamic force near the edges of the distortion region. The local jump in aerodynamic force

makes the attenuation device difficult to design and ineffective. However, this situation is not
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representative of real fansdathese results suggest that experimental validation of the attenuation

device should be done on a more realistic fan distortion test rig
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1.1 Background

Airline operations produced 705 millianetric tons of C@in 2013, an amount that increases at
an annual rate of 4.5% with the vigorous development of the air transport industry [1, 2],
contributing to global warming. In addition, fuel account for about 35%rtihe operating costs.
Therefore increasing fuel efficiency has become a loagn strategy for airlines to both meet

environmental requirements ataimprove their economic performance.

One of the most promising future aircraft conedpt further decrease in fuel consumptisrthe
boundary layer ingestion (BLI) aircraft, illustrated Figure 1.1 Current aircraft engines are
ORFDWHG DzD\ IURP WKH DLUFUDIWTV IXVihfbnahdWwidveD YRLG L
boundary layeflow. The wake formedby the mergingof these boundary layers downstream of

the aircraft is the source of drag, which must be compensated by the thrust of thaguees.

As illustrated by the upper illustration of Figurellthis thrust is currently generated by
accelerating the flow enterirag aircraft flight velocity to higher velocities at the engine exit. In
contrast, the concept of boundary layer ingestion (BLI) involves embedding the engines in the
aircraft body at the back of the fuselage to ingest thenhmmentum boundary layer fluiand
accelerate it to approximately aircraft velocity to effectively cancel the fuselage wake to
eliminate drag, as depicted in the lower illustration of Figute Since it takes less power from

the engines to accelerate the flow from a low (boundargr)ayelocity to aircraft velocity (BLI
configuration) than from aircraft velocity to higher velocity (conventional configuration), the fuel

consumption is reduced, as shown by several stuggls [

B.L. Non-BLI Configuration

Wake |

Jet l ( —
! L

VOHEX | i s sasmomim it =

Figurel.1 Conventional propulsion (top) versus BLI propulsion (bottom) [7]



A few aircraft designs involving the BLI concept have been proposed and studied. One of the
first is the hybrid wing aircraft for low noisand high fuel efficiency designadderthe Silent
Aircraft Initiative (SAI) [9-11], as illustrated in Figure.2. This research looked into different
engine integration configurations, as illustrated in Figur@ hamely the podded engines
(additional sipport structure requid®, the embedded engines with boundary layer diversion
(boundary layer not ingested) and the BLI engines. Depending on the number of engines (4 and
16), the initial study 9] showed that the BLI propulsion for this aircraft configtion can
decrease fuel consumption by 11%, thrust requirement by 20%, and noise bycbBp@red to

a conventional propulsion configuration.

f\
A

I _ - _—y

" —

¢) Embedded system with boundary layer ingestion

Figurel.3 Options for power plant integratio8][



Other proposed BLI aircraft designs include the proposed geneedtermext aircraft studied
by United Technologies Research CenfgiTRC) and NASA GlennResearch Center 21
(Figure 14) which is claimed to have a fuel burn benefitabout 3-5%, a baseline high
performance, pylomounted, UltraHigh-Bypass propulsion systenand the NASAsponsored
D8 transport aircraft concept3Jl, with a wind tunnel tasmodel shown in Figure.8, for which
the BLI propulsors would require 6% less electrical power at cthisea standard configuration
needs

BLI aircrafthave the following advantages:

y Lower power requiremerm¢adng to lower fuel consumption, greenhouse gas emissions and

weight
y Reducedncidence of bird strikedue torear engine placement

y Integrated configuration witteks structwal requirementhan a podded engine configuration,
reducing weight andy extensionfuel consumption [4].

Figurel.4 Generatiorafternext aircraft [2]
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Figure 1.5 D8 transport aircraft concept3JL

1.2 Problem

The concept of BLI aircraft dates back to 1946, wBemth [15] presented the concept of using

the boundary layer in aircraft propulsion. However, one of the key reasons it has not yet been
implemented in civil aircraft is the effect of BLI on the turbotgine. As illustrated in Figure

1.6, the ingestion of the boundary layer results in flow-oniformity at the engine face, as
shown by the contours of total (stagnation) pressure at the engine face, where the boundary layer
fluid leads to a region of W@ total pressur@andlow axial flow velocityandhigher axial velocity
elsewheredue to theflow redistributionfor the samemass flow.The shape and total pressure
deficiency of the distorted flow region depends on the upstream airframe castaedl asnlet

duct offsetiength, wall curvaturshape, aspect ratio, lip contour and thickr@é€$. This non
uniformity in inlet flow leadgo a drop in fan aerodynamic performance anthn stall margin

Indeed, much of the fan would operate outside of the optimum (peak efficiency) inlet axial
velocity resulting inlower pressure ratio and efficiency.€. higher engine fuel consumption),

with the distorted region operating closer to sthlgher tendencyfor fan to stall) and the
undistorted region closer to choké&loreover, the fan blades experience an undesirable
aerodynamic force variation. The source of this variation is explainedjumeg=17, which shows

a comparison of velocity triangles at the inlet of the fan rotor between the undistorted and
distorted flow regions, whergx, U and W representthe rotor inlet axial velocity component,
circumferential blade velocity and relative oeity, respectively. One can see that in the distorted

region, the low axial/meridional velocity leads hayher flow incidence andhus blade force



relative tonominal caseMoreover the presence of inlet distortion leads to a flow redistribution
upstream of théan, which increasgthe axial velocity (decrease in incidence) on the undistorted
flow region,reducing the blade forcd@herefore each fan rotor blade experiences a variation in

force as it rotates around the circumference.

Boundary Layer

_ 8 vl

Turbofan Engine

LFlacs

-
€785« 015 -0.10 -005 0.00

Figurel1.6 Inlet distortion associated with BI[17]
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Figure 1.7 Fan rotor inletvelocity triangle in (a) undistorted region and (b) distorted region

Current turbofan engines are designed for uniform inlet flow and cannot perform adequately
aerodynamically nor survive structurally the level of inlet distortion associated with BLI
applications. While research has been carried on simulating and characterizing turbofas engine
performance for BLI [8, 19|, few solutions have yet been proposed to solve the inlet distortion
problem on turbofan engieéo implement BLI on real aircraft. Orgpproachconsists of using
vortex generators anair jets placed in the inlet dutd moderatelyreduce the inlet distortion

amplitude by inducing flow mixing between tlwv and high momentum regionsdJ2 However,



high-pressure air extraction from the emgfor the air jetswill incur performance penalty and the
presence of many recirculation pipes and injection ports wdlease manufacturing and
maintenance costs. The otteproachs to enhance the structural strength of the fdn £2],

which usually involves an aerodynamic performance tadtiésincefan blades become thicker

and does not necessarily address the aerodynamic performance penalty associated with inlet

distortion

1.3 New Concept of Noraxisymmetric Inlet Guide Vanes

The current research proposes a naygbroachfor attenuation of inlet distortion effects on
turbofan engines for BLI aircraft. Thspproach consists of inducing a spatially varying swirl
distribution pst upstream of the fan to re@utow incidenceanglein the distorted flow regin
and increasé in the undistorted flowegionto attenuate the effexdf the inlet distortion on both
theforcefluctuationof the fan bladeas well aghe fan aerodynant performance The approach

is implemented passively bplacing arow of asymmetric (noraxisymmetric) IGVs just

upstream of the fan rotor to locally change lttel velocity triangleas illustrated irFigure 18.

No distortion

A T
No-IGV
— With IGV

47 Lrs

Distorted region Undistorted region

Figure1.8 NewasymmetridGV concept

In the distorted flow region where fan blade loadiagrédymmic forcé is high, the IG\é would
induce swirl in the direction of rotation to reduce incideangleand fan blade loading (Figure
1.8a).Cornversely, the IG¥would induce swirl in the opposite direction in the undistorted region

to increase incidenangle (or rather annul the drop in incidenaegledue to flow redistribution)



and blade loadingAs such, one cann principle usethe asymmetriclGVs to tailor the local
incidence angle to remove any blade force variation. The proposed concept can take advantage of
additive manufacturing technology to create an IGV blade row with spatially irregular ,blades
tailored to an inlet distortion pattern ofyaoomplexity.

1.4 Objectives

The mainobjective of this research wovide a preliminary assessment on effectivenesbeof
asymmetridnlet guide vangconcept for attenuation of inlet distortion effectslow and high
speedans. The specific objectiveare:

y Assessmenthe effectiveness dhe asymmetric inlet guide vaseconcept in attenuation
of inlet distortioneffects on fan rotor blade force variatipn

y Assessmenthe effectiveness dhe asymmetric inlet guide vaseconcept in attenuation
of inlet distortionamplitude at the fan rotor exand,

y Assessmenthe effectiveness dhe asymmetric inlet guide vaseconcept in attenuation

of inlet distortioneffect on fan performance

1.5 Thesis Outline

Following the introduction irChapter 1 Chapter 2 provides a literature review on the sbtéte
theart in inlet distortiorresearchin terms ofexperimental measureents modelingsimulations
and attenuationstrategies Chapter 3 presents the methodolotgy achieve the proposed
objectives including three fan geometries for stu@hapter 4oresents the assessment redialts
asymmetric IG\& concepton a low-speed fan rotorChapter 5shows the resultfor a more
realistic transonic famotor. Chapter 6presentshe assessment for law-speed farstagein a
distortion fan test rig Finally, Chapter 7 summarizesthe conclusionsand provides

recommendatiosfor future work.
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2.1 Experimental Analysis of Inlet Distortion Effects

Experimental studies focusing on the engine performance with inlet distortion have been carried
out for several decades, prior to any formal BLI research950,Conrad and Sobolewsk23]
conducted an investigation in the NACA Lewis altitude wind tunnel to determine the effect of
inlet distortion on the performance of a fattale axial flow turbojet engine. As shown in Figure
2.1, two similar engines were tested with the main difference being in the intake duct on for in
which different obstructions were placed to generate inlet flow velocity gradients in the radial
and the circumferential directions. The kioktip diameter rab of the rotor stage was 0.65, the
rotor inlet tip Mach number was 0.894 and the nominal flight Mach number was 0.21 with an
equivalent test altitude of 30,000 ft (9153 meters). They found that the ratio of fuel consumption
values variedby a maximum 4%and concluded that at low inlet Mach number, inlet distortion
did not affect engine performance significantly. While this work proposed the use ofsstreen
simulate inlet distortions, neither the distortion pattern nor the engine type were likely

represerdtive of BLI applications in turbofan engines.
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Figure2.1 Inlet configurations for engine inlet distortion testing][2



Subsequently, Conraet al. [24] inserted multiple circumferential, radial and ndoeined
circumferential and radialistortion screens into the entrance of another axial turbojet engine (in
Figure 22) to study in more detail the effect of noruniform inlet flow on engine fuel
consumption in transonic flow conditions. The setup wsietkein the altitude test chamber at the
equivalent altitude of 35,00@et altitude (10,679 meters) and simulated flight Mach number at
0.8 for a range of distortion configurations formed by changing the various combinations of
screendnstalled about onengine diameter upstream of the engine .fatmvever,at the time,
there was no general targbstortionshape or pattern to simulate actual inlet distorimoaircraft

or expectations based on model tests. ifihet pressure distributiomvas shown in Figure 3.
Theauthorsfound that the distortion decreased compressor performeagsed by bwer value

of peak pressure rise. Moreover, the presence of gtertion increased the maximum measured
value of vibratory stress in thiansonic firststagecompressorotor blades by about 80% , which
indicated that the structurabnsequenced inlet distortion on the bladesanea seriougproblem

Exhsust section

Exhaust-gas collector

Inlet-alr

flow Movable teat bed

Figure2.2 NACA Altitude chambeused byConradet al. [24]
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Figure2.3 Pressure profiles at compressor inlet at 35,000 fdét [2

More recently, Atinaultet al [25] presented a clever way to experimentally investigate the
effects of BLI on fans. The lowpeed tests were carried out on a BLI test rig placed in the
ONERA L1 wind tunnel in Lille (France) and tested at low flow velocity. As illustrated in Figure
2.4, thetest setup consisted of placing a blunt body in the wind tunnel to generated a boundary
layer that ould then be ingested bydownstreanpropulsor (fan) whose power and thrasuld

be measured. The axial and vertical position of the propulsor relatthe t@unt bodycould be
changed in order to change the amplitude extent and symmetry of the distortion pattern. The
collected test data were used to validate a ®&REed actuator disk approach to model inlet

distortion, awill be describedaterin Section 2.2.
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Figure2.4 Sketch of principle of the RAPRO2 test-sigt [25]

2.2 Simulation of Inlet Distortion Effects

As the capability of parallel computing and processor speed has increased steadily, amaputat
fluid dynamics (CFD) simulations play an increasingly important role in studying flow physics in
turbomachinery, such as blade row interactions, tip and hub clearance flows, hot streak migration
in turbines, and end wall contouring. The standard Gilulation setup up for turbomachinery
consists of one blade passage per blade row with periodic boundary conditions imposed on the
lateral surfaces based on an assumption pasegmpssage flow symmetry. Furthermore, these
simulations are often carriedubin steady mode with a mixing plangerface(circumferential
averaging of flow parameters) between adjacent blade rows. This setup reduces the
computational requirements tacceptable level. However, this passagepassage flow
symmetry assumption baks down in the presence of raxisymmetric inlet distortion patterns
associated with most applications, such as-ardal intake andBLI, for which full-annulus
unsteady (time@accurate) simulations are required. Such simulations are known to be very
expensive in terms of compuational resources and time, even with current computational
technology. Therefore, researchers have proposed different modeling approach to numerically

study the effect of inlet distortions on compressors and fans.

The first and mdsrudimentary model is the Parallel Compressor Model by Pearson and
Mckenzie [®B]. As illustrated in Figure B, it essentially consists of separating the

compressor/fan undenlet distortion into separate sectors, each of which operates with uniform
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inlet conditions. The sections have different inlet total pressure and/or temperature and their
weighted sum will approximate the behavior of the entire compressor. In termgibfystdne
model predicts stall to occur when the most distorted compressaonsstills. This model
requires knowledge of theharacteristics of theompressowith uniform inflow, i.e. pressure rise
and efficiency versus mass flpwand is based on seral assumptions, namely that there is no
fluid migration through the compressor between the distorted and undistorted Pegioriorm
inlet static pressurés used tocalculate the inlet local flow velocity and local compressor
performanceDavis and Cousins[27] compared the pressure ratio of six different sets of inlet
distortion obtained with thBarallel CompressoModel with test data. Their results indicated that
the parallel model is suitable for total pressure distortion wefither radial pressire nor
temperature distortion. Howeveigr most inlet distortion patterns, including those fromLlI
configuration, the total pressurearies greatly in the radial directiomegating the usefulness of
this model.

EXxit

Boundary
Condition

_/':@f =x
Tortal . ./;f;.{’f
Pressure@” § =~

Distortion -

Figure2.5 Parallel Compressor Model4P

Another modding approach is to consider the compressor as an annular actuatoredeskhin

disk through which the pressure changesantaneouslyThe local total pressure rise acrdss t

disk is calculated fronthe spanwise distributiomf total pressure risacross the compressor at
different mass flows obtained either through CFD or experimekitaault et al [25] used
ReynoldsAveraged NaviefStokes(RANS) CFD to obtain tts distribution for the actuator disk
model of their fan and compared the performance of their model to test data for the test setup
previouslyshown in Figure 2. Figure 26 plotsthe measured and predicted power imparted to
the flow by the fan (power coefficienversus net thrustoefficient (CT-CD) without and with

BLI (inlet distortion) These results indicate that the model reproduces the experimentally
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observed trenchamely that theeduction in power coefficient from BLI increases with net thrust.
While the actuator disk model can accommodate both circumferential and radial distortion, like
the parallel compressor model,cannotcapture the flow redistribution that occurs within the
compressor between the distorted and undistorted regions. In addition, the actuator disk model
relies excessively on detailed CFD or test data for each compressor geometry, which can be

expensivan time and computational resourdesobtain

AR
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Figure2.6 Effect of BLI on the Power coefficient as a function of the global axial force.

CFD andexperimental raw dat@5]

Using a different approach that ceapture flow redistribution within the compressor, Gehgl

[29] presented a computational model to describe the response ofstagki compressors to
threedimensionalnontlinear flow perturbations, such as those associated with short wavelength
rotaing stall inception, parspan stall cells and inlet distortion. As illustrated in Figui® this

model consists of replacing each blade row bysgmimetrically distributed body forces that
respond to local flow conditions to turn the flow in tseme manner as the blades. The body
forces are derived from (uniform inflow) integral compressor characteristics of each blade row
with the assumption that these characteristics are constant along the span from hub to shroud. The
body forces are placed aource terms in CFD simulations. Without discrete blades, the

computational domain representing the gas path can use a ,siooplese axisymmetric
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cylindrical, mesh with the body force terms placed over the nodes in the meridional region
associated withhe blade rows. The reduced computational cost of this setup allows for the full
annulus multistage compressor to be simulated with GKith reasonable time and resources
Figure 28 presentgshe computed and measured axial flow coefficient profile intfod the first

rotor for a lowspeed threstage axial compressor with inlet disturbance generated by screens
places in the upstream duct. BBeUHV XOWYV VKRZHG WKDW *RQJYV FRPSXWL
very well the circumferential flow redistribution axethe compressor. However, the replacement

of discrete bladewith axi-symmetrically distributed body forces relies on the assumptiam of
infinite number of blades, which would be applicable if the characteristic circumferential-length
scale of the nomniformity weremuch larger than the blade pitch. Furthermore, the assumption
of constant blade performance from kokip is only valid for blade rows with high heb-tip

ratio. As such, this model may not be adequate for fans with low blade coummvahdito-tip

ratio (large flow property variations along the span). Finally, while the characteristics of the
entire fullstage compressor may be easily obtained, those of individual blade rows are usually
not readily available.

axisymmetric Euler ___ =t \
with body force

¥
L

Figure2.7 Gonget al's blade row modgPR8]
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Figure2.8 The computed and measured axial flow coefficient profile from the MIT bteege

compressor at low Mach numbe8]2

For simulation of inlet distortion in low hdio-tip ratio compressor and fans, Hall al [17]
developed an alternative body force approach to study the fan stage attributes that mitigate the
effects of inlet distortion on performance. In this case,bibdy force source term was defined
based on the local flow conditions and specified local blade camber surface geometry. The local
bodyforceat each nodevascomputedo keep the flow tangent to the local blade camber surface.
The flow wasassumed to benviscid since the authors mentioned that the flow mechanisms
associated with distortion respongere essentially inviscidTherefore this body force method

can be implemented in CFD with the same type of simple cylindrical mesh as the method by
Gong butonly requires the 3D camber line geometry of the blades as input (rather the blade
URZVYTY SHUIRUPDQFH FK BUgH) EaN ldddduxtVibk Blsde peff@mance variation
along the span. As illustrated in Figur®,2Hall et al [17] implemented theimodel in ANSYS

CFX, a commercial RANS CFD solver, on a lspeed fan stage whose rotodt2® blades and
wassubjected to the pattern of total pressure inlet distogreriouslyshown in Figure B. The
computational domain extended approximately two diamdtetis upstream of the spinner tip

and downstream of the stator trailing edge. A gstsady assumption was made such that
simulations were performed steady mode. The results from the modete compared with test
(measured) data for this faas shownn Figure 210, in terms of circumferential distributions$ a

25% and 75% span of axial velocity and absolute swirl angle at the rotor inlet andSiatlené
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2 and 4, respectively, in Fige29). The comparison sh@athat the model captures the effect of
inlet distortion quite well. Through the use of this model, the authors also found that changes in
stator design and rot@tator spacing had an effect of the distortion evolution achessotor and

stage. Another papdrom this research groupl9], involving calculations of incompressible
versus transonic flow (with shock$pund that the overall feature of flow redistribution under the
effect of distortion was not sensitive to Machmher. While the results indicate that the model

by Hall et al [17] is quite versatile, its still subjected tdhe limiting assumption of having the
characteristic circumferential lengsicale of the nominiformity being much larger than the blade
pitch, which may not apply to fans with relatively small number of blades.

1 2 3/45

Figure2.9 Threedimensional modulization of fan stad¢all et al [17]
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Figure2.10 Comparison of predicted and measured circumferential distributions of axial velocity
and absolute swirl angle at (a) rotor inlet and (b) rotor eXit [1

Despite the computational cost, a few reskars have attempted to simulate the inlet distortion
with full-annulus unsteady RANS CFD simulatiomsis type of simulations have the advantage

of capturing bladeo-blade features, such as boundary layers, wakes, secondary flows, endwall
losses and i clearance flow structures that were not resolved in any of the models mentioned
previously.Yao et al [30] used highperformance computers and unsteady RANS calculations
from an inrhouse CFD code with adpsilon turbulence model to perform falhnulussimulation

on three multistage fans for which detailed data from distortion tests are were measured. The
numerical simulations were carried out at the Aeronautical Systems Center running on an SGI
Origin 3900 with 2048 processorFigure 211 presentghe full-annulus computational domain

for the higher speed fan for a total of 313 million grid cells. Figui@ ghowsthe appliedinlet

and exit boundary conditioneamely thetotal pressure contours based on the distortion screen
used in the arresponding tests and the exit static pressure contoumeatedfrom pressure
measurements coupled with throufihw calculations. Figure .23 compares the predicted and
measured circumferential distribution of total pressure and temperature atndiéeiad locations

from the compressor inlet to exit at 50% span.sEtresultsindicatethat the CFD simulation
captures the evolution of the distortion through the compressor very well. Moreover, one can
observe that the distortion is being amplifieditasioves downstream through the compressor,
but attenuates as it reaches the exit of the stage, likely due to the more uniform pressure

distribution at the exit.
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Figure2.11 Computational domain for inlelistortion simulation of higispeed multstage fan
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Figure2.12Inlet and exit boundary conditions used for irdettortion simulation of higtspeed

multi-stage fan [8]
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Figure2.13Predicted (line) versus measured (points) circumferential distributions of total
pressureand temperature different axial locations across higpeed multstage fan [G]

JerezFidalgoet al. [31] carried out fulannulus unsteady RANS CFD simulations atransonic
fan stage (NASA Stage 67) subject to an inlet total pressure distortion covering a thied of t
annulus,as shown in Figure 24. The comparison of the CFD predictions with test data, as
reported in Figure.25, indicatel that the CFD simulation capetthe evolution of the distortion

patten through the rotor very well.

Figure2.14 Total pressure distortion applied to NASA Stage 67 transonic fan stHge [3
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(a)Circumferential distribution at 50% span Radial distribution athe 73 degpoint

Figure2.15Predicted (line) versus measured (points) distributions of total pressure, total

temperature and swirl angle downstream of the NASA Stage 67 rafor [3

Bakhle et al [21] at NASA Glenn Research Center and United Technologies Research Center
(UTRC) performed higfiidelity CFD simulations to investigate the dynamic stresses on blades
from forced response of the fan to distorted inflows. They useeafimiilus unsteady RANS

CFD simulations to provide the blade surface pressure distributions used as input inte a high
fidelity aeroelastic analysis code, which compute fan blade vibration mode shapes and
frequencies at design speed using commercial finite element analysi@re. A structural

model wasalso created to analyze the structural dynamics characteristics of the fan. Later, they
examined the forced response at other rotational speeds where the engine order excitation
frequency coincid@with a blade natural freguncy (resonance conditions). This tool was used to
understand the effects of blade root fixity modeling on blade natural frequencies and mode

shapes to produce distortioasistant fan bladety bediscussedn section 2.3

2.3 Management ofBoundary Layer IngestionEffect of Fan

While several studies have moeelnd measwd the effect of inlet distortion on compressors
and fans,only a fewpublished work exists on how to mitigate these effecthe mitigation

approaches in these studies can be classiftedwo strategies
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The first strategy attempts to reduce the inlet distortion in the inlet duct before it reaches the
engine facehrough flow mixing Owenset al [20] used a 0.3neter Transonic Cryogenic Tunnel

at NASA Langley Research Center to evadutite effect of vortex generators and jet injection
installed in a BLI inlet duct tinduce flow mixing Figure 216 shows thie intake and measured
total pressure distortion at the fan face location from the ingestion of a large boundary layer with
a boumarylayerto-inlet height ratio of 35%. The tunnel operated with total pressure ranging
from 1 to 5.988 atmand Mach numbers ranging from 0.1 to 0.9. Figuré72illustrates the
positions and nature of the two flow control devicksa set of vortex generators with height
between 6.5% and 7.4% of fan diametes positionedt the inlet and 176-thm-diameter high
speed jets orificesvere placed perpendicular to the incoming flow. The corresponding
operational range associated with tingiae for this inlet correspoedto mass flow ratio values
between 0.46 and 0.65. Figured&and 219 show the test results for flow control cases with jet
injections and vortex generators at Mach 0.85. Figui® Mhdicates that jet injection alone
requires on the order of 2.5% of engine flow recirculation to bring the circumferential distortion
below the distortion goal. The results in Figur@®show that the vortex generators alone can
bring the circumferential distortion below the acceptable léwmehigher inlet mass flowbut
requires the addition of 0.4% jet injection for the lower mass flows. While these two flow control
strategies may be effective, one disadvantage is that the associated mixinghtosssedotal
pressure losef the inletby about 1%reducingtotal pressure recovery of the duct to about 0.94,
well below the value of about 0.98 for rBhl intake ducts. The other drawback is the need to
recirculate air from the engine compression systehich not only penalizeengine peiormance

but also addmechanical complexitieading to increaseshanufacturing and maintenance sost
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Figure2.18 Effectiveness of jet injection in reducing circumferential inlet distorti@j [2
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Figure2.19 Effectiveness if vortex generators alone and combined with jet injection for reducing

circumferential inlet ctortion [20]



24

A commonsecondstrategy to address the negative effect of distortion is to design fan blades that
can survive the stresses associated with inlet distortiopré\souslymentionedn Section 2.2,
NASA Glenn Research Center and United Technologies Research Q¢hRC) developed a
high-fidelity simulation method combining aerodynamic and structural analysis to investigate the
dynamic stresses on fan blades caused by inlet distortin TRey have since used this
knowledge and toslto develop a distortictolerant fanby enhancing the structursirength of

the blade. Figure.20 shows this fan in its test environmeng][2Although nofan designdetails
weregiven, a structurally reinforced blade desidgely involved some compromises in terms of
aerodynamic perfornmee. Moreover, this strategy does not address the impact of the inlet

distortion itself on the fan performance and operating envelope.

Figure2.20 Boundary layer ingesting fan tested by UTRC and NAZ4 [

2.4 Summary

Past &perimental studiedaveindicated that inlet distortiors a serious issue aigh (cruise)
flight speeds, while did not affect engine performarsignificantly at low intake velocity.
Various modelling approaches have bgeoposed to simulate the effect of inlet distortion on

fans and compressors, range from the-fmglity parallelcompressoand actuator disks models
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to full 3D unsteady RANS CFDHowever, only the body force modedd CFD can capture
flow redistribution. While promising, the body force model by Hallal. [17] requiredhigh-
bladecount and amot capture viscous effects, individual blade force and tip clearance effects.
full-annulus CFD simulation approaddolved these issuesalthough it requiredl excessive
computational resources and tiniowever, a compromise between these two approaches could
be found if one considers that the flow mechanisms associated with fan/compressor inlet
distortion response may be essally inviscid, which can be inferred from the results of Hetl

al. [17]. In terms of managing BLI effect on fathe two existing approaches have important
drawbackghat may prevent them from being implemented commercidlytex generators and

air jetscan reduce the inlet distortion itself but ineuixing losses in inlet ductvhich must be
compensated by the engires well as increasategration and maintenance cosis the other
hand, fanblades with higher strengitaninvolve aerodynamic performance traoké and does

resolve the performance penalty from inlet distortion
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The current studytakes a numerical approach to assess the propasgdmetricinlet guide
vanes concepffor threedifferentfans.This approach provides the means to easily iterate upon the
IGVs design as well as investigatts effect on the flow field. This chapter starts with a
preserdtion ofthe fan geometesused in the assessment of the conc8pttion 3.1) followed

by a description afthe 1GVs design proceduréSection 3.2) Section3.3introduces th@umerical
seup for thethree fanswhile Section3.4 describes thanalysis procedure

3.1 Fan Geometies

The preliminary assessment of tlasymmetriclGVs concept is first performed on a lespeed

fan rotor and subsequently on a higeed (transonic) fan rotor to see how effective it would be
at realistic highspeed conditions. Finally, treomputationabssessient is carried out on a low
speed fan stagef a distortion test rig that was designed and built in the middle of the current
research to see if the concept could be experimentally validated on thisThig. section

descriles each geometry and the dittin pattern used to assess the asymmetricsi€dvicept.

3.1.1 Low-SpeedFan Rotor

The first geometrys a preliminary evaluation of thasymmetric IG\& concept on a lovepeed
fan rotoraimed atdevelopng a design process for such an IGV. While the rotor used byetall
al. [17] would bea good candidate, its geometry not availableTherefore a lowspeed fan
rotor, the geometry and operating conditions given by ANSYS as a CFD tutsralosenwith
tip Mach number and distaon pattern taken frorilall et al. [17]. This fan geometry is showim
Figure 3.1 andts operational characteristics are givermable 3.1.Therotating speeds scaled
to matchthe blade tip circumferential Mach number of the lspeed fan rotor analyzed by Hall
et al [17], while theinlet distortion pattern isbtainedthroughEquation 3.1, with thénlet axial
velocity scalingcoefficient obtained from the distortion pattern inliHzt al [17]. The resulting

inlet total pressure distribution (distortion pattern) is showligure 32.

20al @uasxvmcadipéSPAEL Q?KABBERBRJIP (3.1)
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Figure3.1 Geometry of the lovspeed fan rotor

Table3.1 Design parameters of the lespeed fan rotor

Parameter Value
Fan tip radius 1.32m
Fan hub radius 0.522 m
Number of fan blades 10
Tip clearance 0 mm
Fan tip stagger angle 75°
Rotor inlet tip Mach number 0.13
Mass flow rate 66 kg/'s
101324
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101316

101314
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101287
101285

[Pa]

Figure3.2 Inlet total pressureistribution for lowspeed fan
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Two parameters often used in inlet distortion studies are total pressure recovery and the distortion
descriptor (& %). The former is defined as the ratio of the (magsraged) average total
pressure at the exit of thelet to the free stream total pressure. The distortion descrifiét)

is a parameter often useddoantify the flow distortion at the engine fa@efined byEquation

3.2, this parameter compares the minimum averaged total pressure over any 60 degree wedge,
2 q1: 40 60 the averaged total pressure over the entire engine face Blgngsnormalized by

the areaaveraged dynamic pressure at the engine g, «[33].

& O/Q. L E’S&éD?EC d2,44p H sSrr .- (32)

ap Rap
Based on the above definitions, severe inlet distortion are associated with low the values for total
pressure recovery and the distortaescriptorFor thestudieddistortion pattern of the low speed

fan rotor, thetotal pressure recovery is 0.99985, afd4=93%, which indicats that this

distortion is not severe.

3.1.2 High-Speed FanRotor

For more realistic aerengine operating conditions, the concept needs to be evaluated on a
transonic fanThe NASA Rotor 67 transonic fan is a wéthown test case for CFD simulation of
turbomachineryandboth the (fan rotor) geometfg4] andmeasurmens of the inlet distortion
evolution[31] are availableThe sameaotor geometry and inlet total pressure (distortion) pattern
[31], aspreviouslyshownin Figure 2.14areused, with the latter rotatel?0°counterclockwise

For this distortion patternotal pressure recovery is 0.9737 afd4= 66%, which is more
severe than the lowpeed fanGiven the high number of rotor blades, only the fan rotor was
simulated to save computational time and resoufigsre 33 showsthe simulated domain with

the fan rotor and inlet distortion pattern, whilable 3.2 provides thehigh-speed fan design

attributes
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Figure 3.3 Simulatedhigh-speed fan rotor geometry

Table3.2 Design parameters of the highbeed fan rotor

Parameter Value
Fan LE tip radius [cm] 25.70
Fan TE tip radius [cm] 24.25
LE hub-to-tip radius ratio 0.375
TE hub-to-tip radius ratio 0.478
Number of fan blades 22
Tip clearance [mm] 0
Rotor inlet tip Mach number 1.38
Mass flow rate [kg/s] 33.25

3.1.3 TestFan Stage

Finally, in order toprepare for the experimental validation asymmetrical IG concept the
last geometrychosen for study isa low-subsonic fan stage from a distortion test rig at
PolytechniqgueMontral, pictured in Figure 3.4nddesigned in a 2028019 capstone project

[32]. The test section and main instrumentation layeretillustrated in Figure 3.5. The test
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section incorporates a singgéage fan preceded layrow ofstraight IGVs, with constant hub and

tip radii throughout. The rotor and stator both have a tipratez. This setup allows for two
rotating casings on which are three Kiel probes placed on radial traverses located just upstream of
the IGVs, between the rotor and stator and just downstream of the stator to measure the full
annulus total pressure diftution at these three axial locations. Mass flow is obtained from inlet
total pressure (ambient air pressure) and Bellmouth ekile static pressure ports are placed
around the shroud at the exit of the stator to obtain thettetdhtic pressure risaf the fan. An

annular throttle valve on the plenum periphery allows for control of mass flow. The horizontal
inlet distortion was generated by a screen placed on a honeystgpbrtconvertingthe entire

inlet crosssectionupstream of the fan.

Figure 3.4 Low-speed fan distortion test rig [32]
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Figure3.5 Low-speed fan distortion rig test section [32]

Figure 36 shows the simulated domain with testfan stage and inlgbtal pressurdéistribution
thatis obtained through iteration to match ttlistortion patterrmeasured just upstream of the
IGVsin the testig. For this distortion patterrptal pressure recovery 689942and & %= 70%,
indicating that the distortion is more sexdhan that of lowspeed fan but less than that of the
high-speed fan Moreover, given that the distortion is generated from screen placed far
downstream of the computational domain inlet, an artificial inviscid horizontal surface (flow
separator) is placed along the distortion boundary between the domain inlet and the aiaal locat
of the distortion screen to prevemtprematurestart of flow redistribution between the distorted
and undistorted regian This better simulats the flow in the test rigTable 33 lists the design

parameters of thiestfan stage
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Figure3.6 Simulated test fan stage geometry

Table3.3 Design parameters of thestfan stage[32]

Parameter Value
Fan tip radius [m] 0.1075
Fan hub radius [m] 0.0508
Number of IGV blades 14
Number of rotor blades 15
Number of stator blades 14
Tip clearance [mm] 0.254
(rotor and stator)
Rotor inlet tip Mach 0.024
number
Mass flow rate [kg/s] 0.9
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3.2 Numerical Setup

Based on thestatementby Hall et al [17] that the flow mechanisms associated with a fan
response to inlet distortion are essentially inviseid backed up by the success of theadel,a
slightly differentsimulationapproach is proposddr the current studyit consists of fulannulus
CFD simulations but in inviscid modeithout tip clearanceThese two features allofor a much
coarsermesh sincehe higher mesh density neaurfaces and in the tip region for capturing
boundary layersand tip clearance flow areot required. The coarser meslupled with the
absence of calculations associated with a turbulence model, render the simulation much faster
and less resource intensitlean traditional fulannulus RANS CFD simulation§o avoid the
need for programming a new 3D Euler CFD code along with processing ttemlspmmercial
RANS ANSYS CFXcode is selectedincethe CFD toolgiven its option to be rum inviscid
mode (zero viscosity, free slip wall boundary conditionand no tip clearange While this
approach is suitabléor the low-speed fan rotoland highspeed fanrotors, the selection of
ANSYS CFX provides the option to carry out fathnulus viscous simulations witlptclearance
for the lowspeedestfan stagein preparation for implementing the asymmetric K3}ncept on

the fan test rig to experimentally validate it.

As illustrated in Figures 3.3 and63the computational domain typically incorporates a rotating
subdomain for the fan rotor, and adjacent stationary subdomains for neighboring blade rows
(IGV and stator) if present, sandwiched between stationary upstream and downstream duct
subdomains whodengths are about one fan tip circumference in lengle.chosen duct lengths
allows forpotentialperturbatios at the farwith wavelengtk on theorder of the circumferende
attenuate to zero amplitude at the inlet and &tie subdomains for the riablade rows and
inlet/exit duct have structured meshes created AitilSYS TurboGrid Thesubdomains for the

bullet (nose cone), when present, and asymmetricsi@é unstructured meshes created with
ANSYS Mesh A general connectiomterface is applied b&een adjacent stationary subdomains
across which the flow properties are simply interpolaf&tdthe boundaries between adjacent
subdomains with relative motion, such as KHRW@tor or RototStator,a frozenrotor interfaceis

used for steadgtate simulations. Thimterface option inPANSYS CFX supposes that the rotor
relative angular position to the stationary domain (inlet distortion pattern and IGV blades)

fixed even though theelative position actually changes in @nWhile not entirely physical, this
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interface option is the only one that allows for the transfer of circumferential flowmiormity
between adjacesulomairsin relative motion in a steady simulatidfor unsteady simulatics)

the frozenrotor interfaces arereplacedby standard sliding plane interfac@here the flow non
uniformity is passed from one domain to another by interpolation at ¢éveeystep.The inlet
boundary conditions consist of specifiemtal pressuretotal temperatur@nd axialflow, while

the exit condition is a specified mass flow. When inlet distortion is preserassoeiatedpatial
distribution of total pressure ovéhe inlet surface igput via aProfile.csvfile in ANSYS CFX
Each simulation stastout in steadystatemode,the ®lutionis then used as the initial guess for
the unsteady simulation in order to accelerate convergdre.time step sizés chosen to
provide 20 time steps per rotor blade passing, whsah the range of whaits typically used.
However, a study on the number of time steps per blade passituge the resultsfrom which

are provided inAppendces B though D(sections B2, C.2 and [R) for the three studied
geometries The mainconvergencecriteria are mass flow rat@nlet/outlet alance +usually
within 0.1%9 and momentum residualg¢generally set tos r’*). In unsteady simulatias) the
number of time steps requiredn be estimated by the time required for a fluid particle (whose
averaged velocity is taketonservatively as the inlet axial velocity in the distorted flow region)
to travel the length of the computational domaifi simulations and analysis are carried out at

the design mass flow.

More information on the numerical setup specific to each siudie geometry is provided the

following sulsections.

3.2.1 Low-speed fan rotor

Figure 37 shows the computational domain and mesh for the simulations édwhgpeedfan

rotor. The bullet is not simulated such that the fan hub extends upstream to the inlet domain and
theinlet plane is annular rather than circular in shdgee simulation is purely inviscid with no

tip clearanceThe structuredmesh isthat recommended by ANSYBurboGridfor this fanrotor

(whose geometry is provided as example in ANSYS) with théotal domain mesh sizef 1.23

million nodes (1.76 million nodes with IGV he computationaldomain consists ofthe inlet

duct, rotor and exit duct subdomaiighenthe IGVs arepresent, thénviscid IGV subdomains
meshed andmported from ANSYSMesh and inserted between the inleluct and therotor

subdomainsTable 34 summarizes theettings used for the simulations in CFX.
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Rotor subdomain

Interfaces

Figure3.7 Computational domain and mesh for lgpeed fan rotor

Table3.4 Simulation parameteifer low-speed fan rotor

Option settings

Selection

Justification

Analysis Type

Material

Heat transfer

Inlet boundary condition

Inlet total temperature

Mass and
blades
Hub and shroud

momentum of all

Angular velocity of fan
Interface (steady)

Interface (unsteady)

Outlet boundary condition
Interface between fan inlet and
outlet

Advection scheme

Time-step (unsteady)
Simulated time (unsteady)

Residual
Platform MPT local parallel
Typical convergence time

Steady / unsteady

Air ideal gas

Total Energy

Total total
temperature, axial flow
273 K

pressure,

Free slip wall

Free slip wall

33.77 rad/s

Frozen rotor

Transient rotor stator
Mass flow rate 66 kg/s
Frozen rotor

Specified pitch angle
High resolution

9.305 x 10™*s

2.25s
107¢

8

~2 weeks

Compressible gas
Define the temperature at inlet

No friction

No friction

Ubp = 0 X Rep
Required

Required

Estimate

Rotate 360° together

High precision

The pitch is divided into 20
segments

Approximate convection of
slowest fluid particle
Experience

I7 4790 CPU
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3.2.2 High-Speed Fan

The computational domain for the higpeed fan (NASA Rotor 67) is illustratéd Figure 38,
consisting of four main subdomainthe inlet duct, bullet (nose cone), rot@nd outletduct
suldomairs. The rotor geometry is obtained from4]3As shown in the zoomed central section
in Figure 38, the parts bthe bulletexit duct subdomains adjacent to the rotor subdomain are
made up of @nsition sectionsThese sectionfink the blade passage wstture of the rotor
subdomain to the cylindrical structure of the bullet/exit duct subdomalhen presentan IGV
subdomain is placed just upstream of the rotor subdomb@simulation is purly inviscid with

no tip clearance.

Bullet subdomain Oto" Stbdomain

Interfaces

Transition section of Transition section of

bullet subdomain outlet duct subdomain

Figure 3.8 Computational domain for higépeed fan

However,given the transonic nature of the flamd consequergresence oshocks more care

was needd for the selection of the mesA mesh studyis carried oubn the rotorusing single
blade passage simulatiomsth the domain shown in Figure 3.9a. Figure 3.9b shows the three
mesh sizes used in the mesh study: coarse (107,294 nodes), medium (185e43@mnddiense
(360,712 nodes)he high-quality structured mesis created withANSYS TurboGrid The mesh
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topology set is made with the Automatic Topology and Meshing (ATM Optimized) feature.
Figure 3.10 plots the total pressure ratio of rotor 67 at 1@GQe6lispeed versus number of nodes.
The results show that the medium grid is adequaigures 3.11 and 3.1hdicates that the
predictedMach numbercontours with thenediumgrid match well withcorrespondindest data
taken at30% span and 90% spafiom [35]. As such, the medium grid is chosen for the rotor
subdomain in Figure 3.8.

<]

(a) Singlepassage computational domain

coarse dense

medium
(b) Mesh sizes used in mesh study

Figure3.9 Domain setup for mesh study
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Figure3.10 Rotor 67 total pressure ratio at 100% rated speed versus number of nodes
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Figure3.11 Mach number contours comparison between CFD results and experimental data at

30% span
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Mach Number
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Figure3.12 Mach number contours comparison between @&4dlts and experimental data at
90% span

The mesh density of the other subdomamnBigure 3.8$ set to the value of the rotsuldomain

at their interfacesAs such, thenlet duct, bullet, rotoand outletduct subdomains domain Ve
about 199,0002,484,000, 733,000 and 600,000 elememspectively The settingsused for the
simulations in CFX are listed in Table 3¥8/hile a specified total temperature would be a
standard inlet boundary condition, it rééed in convergence problems ifull-annulus
simulations characterized by oscillating mass flows even in the absence afistdetion. This
problem may be due to thieigh-resolution advection schemevhich is more accuracy on
unstructured mesh for the bullet subdomain, however, has low stability. In particular, the
complex fluid of the higkspeed rotor and the outlet condition is the specified mass Tlbis.
issue was resolved by using a specifiedistemperature inletomdition A comparisonbetween
the total versus static temperature inlet boundary conditions carried dahefow-speed rotor
shows that blade force and total pressair¢he exit of the fahange very little as shown in
Apperdix B (Section B4).

The final numerical setup is validated by comparingfthleannulus simulations with published
CFD and test datg81]. Figure 3.13 presents the total pressure ratio characteristics for the rotor
67 alone operating with uniform, cleanflow at 90% rotational speeafjainst the test data and

3D (viscous) RANS CFD prediction from [31]n these earlysimulations an outlet static



40

pressure is used to move up #peed lineThe results show that the current numerical setup
captures the trend well with slight over estimation of the pressure rise due to the lack of
viscosity. Next, a comparison of the simulated flow field under inlet distortion is compared to
corresponding B (viscous) RANS CFD predictions from [31] ifrigures 3.14 through 3.16

Despite its inviscid nature, the proposed CFD setup captures the right trend as indicated by the
matching locatiosof theregions ofmaximum and minimum values of the mass flux, waingle

and total pressure ratio as indicated by cirgieSigures 3.14, 3.15 and 3.16.

Table3.5 Simulation parameters for higdpeed fan rotor

Option settings

Selection

Justification

Analysis type

Material

Heat transfer

Inlet boundary condition

Inlet static temperature
Mass and momentum of all blades

Hub and shroud
Angular velocity of fan

Interface rotating/stationary (steady)
Interface rotating/stationary
(unsteady)

Outlet boundary condition

Specified pitch angle

Time-step (unsteady)

Simulated time (unsteady)

Residual

Platform MPI local parallel
Intel MPI distributed parallel in
Compute Canada server

Typical convergence time

Steady / unsteady

Air ideal gas

Total energy

Total pressure, static
temperature, axial flow
288.15 K

Free slip wall

Free slip wall

1511 rad/s (90% rated
speed)

Frozen rotor
Transient rotor stator

30.76 kg/s
Rotate 360°
8.5x10 s

0.056 s

~ 5 weeks

Compressible gas
Define the temperature at inlet

Inviscid surfaces

Inviseid surfaces

Vt]'p = ﬂ X R‘tlp

Required
Required

Estimated value

20 time steps per blade
passage

Approximate convection of
slowest particle

Experience

17 4790 CPU and 128G RAM
2 x Intel E5-2683 v4
Broadwell @ 2.1GHz and
125G RAM
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Figure3.13 Total pressure ratio for Rotor 67 at 90% rated rotational speed [31]
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Figure3.16 Total pressureatio contous at rotor TE [31]
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3.2.3 TestFan Stage

As illustrated in Figure 37, the computationaldomainfor the test fan stage consists of six
subdomainsthe inlet duct, bullet, IGV, rotor, statand outletduct suldlomairs. Given that the
goal of designing the asymmetrical IGMo experimentally validate the concept on the
corresponding fan test rig, the simulations for this fan geometry was carried out to repBcate
closely as possibjeghe actual test righy incorporating viscosity on all solid surfacesd tip
clearance®n therotor and stator.The chosen mesh for the rotor and stator, as shown in Figure
3.18, is based on the results of a mesh study in the design report of the fan[@&&t fige mesh

for the IGV subdomain (not shown) as well as the regions of te#erit duct subdomains near
the IGV and stator have a similar mesh density to that of the rotor and Stia¢oresulting
number of thenodesfor theinlet duct, bullet, IGV, rotor, stat@nd outletduct suldomairs are,
respectively223,000,105000, 2017,000,3,106000, 3,275000 and 28,000.Table 36 lists the

settings used for the simulations in CFX.

IGV subdomain

Rotor subdomain

Bullet subdomain

Interfaces

Figure3.17 Computational domain for test fan stage

To save simulation time for the falistortion of the test fan, the computation domain in Figure
3.17is lit in two parts. The first just includes the inlet duct subdogmahile the second part
includes thebullet, IGV, rotor, stator and outlet duct subdomaiAssteady simulation was
carried out on the inlet duct subdomain alone at the design mass ftiMaio the total pressure

distribution associated with the inlet shroud boundary layer. This total pressure distribution is
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then applied as the inlet total pressure boundary condition at the entrance of the bullet
subdomain, as illustrated in Figure 3.1® simulate the rest of the fan domain. It was noted that
due to the unstructured mesh in the bullet subdomains, the applied inlet total pressure contours is
not perfectly axisymmetric.

R &

Rotor Stator

Figure3.18 Mesh for rotor and stator blade passages

IGV subdomain

Stator subdomain

Total Pressure in Stn Frame
Contour 1

101136
101123
101110
101097
101084
101071
101058
101045
101032
101019

101008

(Pl Rotor subdomain

Bullet subdomain

Figure3.19 Simulation setup for ndistortion case of the test fan



45
Table3.6 Simulation parameters for test fan stage
Justification

Option settings Selection

Analysis type
Material
Heat transfer

Steady / unsteady
Air ideal gas Compressible gas
Total energy Define the temperature at inlet
Inlet boundary condition Total pressure, static
temperature, axial flow
288.15K

No slip wall

Inlet total temperature

Mass and momentum of all blades Viscous surface

Hub and shroud Viscous surface

Vtip =1 X Rtip

No slip wall

Angular velocity of fan 753.98 rad/s

Interface between fan inlet and Frozen rotor Required
outlet (steady)
Interface between fan inlet and Transient rotor stator Required

outlet (unsteady)

Outlet boundary condition 0.90 kg/s Fan design parameter

Specified pitch angle Rotate 360°

Time-step (unsteady) 278X 107 % s The pitch is divided into 20
segments

Simulated time (unsteady) 0.08 s Approximate convection of
slowest particle

Residual 107¢ Experience

Platform MPI local parallel 8 17 4790 CPU and 128G RAM

Intel MPI distributed parallel in 32 2 x Intel E5-2683 v4

Compute Canada server Broadwell @ 2.1GHz and
125G RAM

Typical convergence time ~ 9 weeks

To validate the proposed numerical setup, Figure gh2@ugh 3.22compareits predictedtotal
pressure distribution under inlet distortiagainst correspondintgst data in the rigust upstream

of the straight IGVsat the rotor exit and at the statorteXihe match in total pressure contours

just upstream of the IGV in Figure 3.20 indicates that evolution of the inlet distortion pattern
through inlet duct well captured by the numerical setup. Figures 3.21 and 3.22 show that the
locations of the regionsithh maximum and minimum total pressure (indicated by circles) are

relatively well predicted by the proposed numerical setup.
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3.3 IGV s Design Procedure

Given the flow redistribution over the fan face in presence ofumiiorm inlet flow blockage the
design procedure for the asymmeti@Vs arebased on CFD simulations to capture the flow

redistributionand is iterative in nature. ¢onsists of the follwving steps:

1) UngeadyCFD simulation of the fan rotor withutinlet distortion to calculate the force on
the fan bladesThis solution represerd the reference in terms of blade force, flow field

and performance target for the asymmetric §&esign.

2) Ungeay simulation of fan with inlet distortion to obtaime blade force and axial

velocity distributionat rotor LE from which the asymmetric IGV can be designed.

3) IGVs design based on blade force distribution chatige toinlet distortion. he axial
velocity contours fromStep 2 are irput into a MATLAB programthat uses velocity
triangles to set the IGV exit flow angle for each IGV bladeh as tdring thelocal
incidenceback to the nalistortion value The IGV is assumed to be an infinitely thin
inviscid circular arc with an axial leading edge and a local trailing edge set desired
local exit flow angle Only in the case of the test fan stage, the $G\ve viscous

surfaces with aNACAG65 profile, so as to be later implemented in the rig for test
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validation. This exercise is repeated féive spansections (100%, 75%, 50%, 25% and
0% span)with the resultamportedinto CATIA to generate théGV blades which are
transfered to ANSYD Meshfor meshing ad incorporation ito the fancomputational
domain.Considering thdong simulation time associated with theigh-speed fan rotor
and the test fan stagéhe 1G\s design is only carried out at one spd&0% spar)
resulting in 2D IGV blades and purely circumferential variation in inlet swirl.
Moreover the number of IGV bladeshouldbeas low as possible practiceto minimize
viscouslossesand blockage. In this preliminary assessmém@ number of IGV is cleen

to beabout 200 ensure adequate flow turning.

4) Performunsteady simulations withsymmetric IG\$ and comparethe variation inblade
aerodynamic forces with theo-distortion and distortion cases

5) Since the flow redistribution may have changed in tlesgnce of the IGY readjust the
designexit angle ofIGVs in the same direction with rotor rotam to decrease the blade
force andin the opposite to increase the blade for&epeat steps 4 and until the

variation in bladeaerodynamidorce is acceptably small.

3.4 Analysis

For each of the fan geometrissidied the analysis is carried out in three stages,Gmapters 4
through 6 will present the results in this ordekNSYS CFXPostis used tocdculate blade
aerodynamic forces and to producentours of flow properties while their circumferential
variations at three different spans (20%, 50% and 80%) are plottedVWATHLAB The main
axial planesusal for flow analysis are theotor LE plane located just upstream of thectual
rotor leading edgeandthe rotor TE plane locatedust downstream of the actual rotor trailing
edge. In both cases, these planes lie inside the rotor subdomain. For-8peémiest fan stage,
an additional analysis plane is considei@ustage performance calculatioramelythe stator TE
plane locaed downstream of the stattrailing edge Figures 3.23 through 325 show the
locatiors of theseanalysisplanes relative to the blade rows and interfaces imiedional view

of thecomputationaturbomachinery sudbmairs foreach of the three geomesigudied
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Figure3.23 Analysis planes for lovepeed fan rotor

Rotor LE Rotor TE

Figure3.24 Analysis planes for highpeed fan rotor
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Rotor LE Rotor TE

Figure3.25 Analysis planes for lovepeed test fan stage

The first stage of the analysis looks at #ffect on inlet distortion on the fan at the rotor inlet,

rotor exit and on the blade force through a comparison of thtkshartion versus witkdistortion

casa. First, plots othe distributions at the rotor LE plane of total presssiajc pressuregxial

velocity, circumferential velocity, swirl angle and rotor relative inlet velocity and flow aargle
producedto assess thehangein rotor inlet flow properties and flow redistributialue to inlet
distortion Thereafter, a plot of the blade aerodynamic force distribution for the two cases is
produced to sethe loading nofuniformity caused by the inlet distortion in prepavatifor the
asymmetric IG\é design.Lastly, the distributions of total pressure at the raerandTE planes

are compared between the two cases to evaluate the amplification of the total pressure distortion

pattern across the rotor.

The second stage difie analysis shows the most recent §3lésign iteration and assessts
effect on bladdorcedistribution through a plot of the blade aerodynamic force distribution along

the circumference for the three casae distortion, with distorbn and with IGVs. This is
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followed by a plot of the circumferential variation of blade loading at the three spadisd
(20%, 50% and 80%p seethe effectivenessof lack theredf of the asymmetric IG¥near the
hub, at midspan and near the tip. This can\pde clues for improvement in the 1G\esign.It

is noted thatte blade loading isot the force on a blade. Rather, it i$oaal force per unit area
obtained from a control volume analysis using the inlet and exit flow conditions from the CFD
datataken at one particulaspan and circumferential location. The details and equations for the
control volume analysiare providedn Appendix A (Section A).

The third stage of the analystensidersthe effect of the asymmetric I&Wwn the flow field
under nlet distortion. It starts with comparison of the circumferential variation at different spans
of relative inlet flow anglga change in this parametegpreserg a change in incidenteand
relative velocityfor the cases with and wibt IGVs. The distrilutions of the total pressure at the
rotor exit arethen compared for the two cases to evaluate the effectiveness of theihGV

attenuating the total pressure distortion.

The last analysis evaluates the effect of the asymmetrics l&Vintegal fan p&formance in
comparison to the ndistortion and with distortion cas@nly total pressureratio is considered

since efficiency is notelevant given the inviscid simulatiofa two of the three fan geometries
Since the total pressure distribution at the rotor leading edge changes with flow redistribution in
the presence of distortion and asymmetric IGVs, the total pressure ratio is defined as the mass
averaged total pressure at rotor TE plane over undistonietl total pressure for a fair
comparison between all different cas€be viscosity of the IGY arealso not considered in this
study, except for the lowspeed test fan stag&he definitions used to calculate some of the

output parameters are definedAppendix A (Section A.1).
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This chapter presents the resultstfe lowspeed fan rotor. It will start with an assessment of the
effect of inlet distortion on the fan rotor. A description of ldtest/besasymmetric IG\¢ design
iteration isthen givenfollowed by an assessment of its effeah aerodynamic blade force, fan
rotor inlet/exitflow fields and fan performanceThe contour plots are shown for an observer
looking downstream with the rotor turning in the clockwise direction.

4.1 Effect of Inlet Distortion

4.1.1 Rotor Inlet Conditions

Figure 41 shows the total pressure distributi@melative to the uniform inlet pressure with no
distortion) at the computational domain inlet for the lepeed fan rotor. The deepest distortion

the lowesttotal pressureis in the outer spans in the annular sedtetweer220°and 3202 The

left edge of the distortion annular sector (220here the rotor enters the distortion region is
henceforth referred to as thestortion regionLE, while its right edge (where the rotor leaves the
distortion region) is calkk thedistortion regionTE. Figure 4.2shows the same contours at the
rotor LE plane while Figure 4.3plots the contoursf axial velocity (nondimensionalized by

rotor tip circumferential velocityat this planeOne can immediately notice the circumferential
ondulations in the total pressure and axial velocity at the rotor LE plais.is due to the
potential effect of the fan rotor blades already being felt and inducing flow tutmemgdwork

and total presse change) just upstream of the actual rotor leading edge. The background trend
behind the ondulations on Figures 4.2 and 4.3 show a reduction in the (mean) total pressure and
axial velocity in the distortion region and an increase in axial velocity e dpposite
(undistorted) region. This observation can better be seen on Figyreshch compares the
circumferential variation of axial velocity at three spdretween the ndistortion and with
distortion caseso show the largest axial velocity defio®y occurring at the outer span in the
middle of the distortion annular sector, as well as higher axial velocity over the opposite half
annulus at all spans. Thisa clear illustration ofglobal) flow redistribution from the distorted

(blockage) regiomo the undistorted region.
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Figure4.3 Effect ofinlet distortion on axial velocity dbw-speed famotor LE plane

In addition, there is also a local flow distribution in the reversed direction at the edge of the
distortion sector that circaferentially shifts the blade aerodynamic force distribution ftioose

of the inlet total pressure and axial velocity. This phenomenon is driven by the static pressure
being lower in the distortion region that casiiee flow on either side of the distortion annular
sector to flow into the sector, as illustrated in Figure 4.5. The result is an induced positive swirl
(in direction of rotor rotation, oco-swirl) on thedistortion regionLE and anegativeswirl (in
oppasite rotor rotationor counterswirl) on thedistortion regionlE, as shown in Figure 4.6. The
corresponding velocity trianglea Figure 4.7 showthat this local flow redistribution translates

to lower rotor incidence and inlet relative velocity on th&tortion regionLE and the opposite
effects on thalistortion regionTE. This is confirmed by the distributions of relative flow angle
and relative velocity at the rotor LE plane in Figure®ahd 49, respectively, which show that

the circumferentialdcation of maximum relative inlet floimcidenceangle and relative velocity

is not at thecenterof the distortion region (27§ but shifted toward thdistortion regiorTE. It is

noted that an increase in incidence and relative inlet velocity increblsgle @erodynamik

force, while a decrease in these parameters leads to the opposite Effectfore this
circumferential shift is expected to affect the blddice distribution as well as the flow field

downstream of the rotond will be verified inSections 4.1.2 and 4.1.3.
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4.1.2 Blade Force

Figure4.10 compareshe variation in blade aerodynamic force for the ispeed farrotor with
distortion to the reference wbistortion caseThefan under distortioris subjected to &ariation

of blade(aerodynamicjorcefrom 149.1 N to 159.4 Nor of 7% or nominal (naldistortion) value

The blade force ofan with inlet distortion is lower than that without distortion in the range of
40%0 230°and higher at otheangularlocatiors. As predicted by the circumferential shift in the
maxima of redtive inlet flow angle and velocity in Figures 4.8 and 4.9 due to local flow

redistribution at the edge of the distortion region, the maximum blade force is sbiftaadl tthe
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distortion region TE, seemingly more influenced by the (larger) circumferestiifil of the
relative velocity than that of the relative flow angle.
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Figure4.10 Effect of distortion on ladeforce for lowspeed fan rotor

4.1.3 Rotor Outlet Conditions

Figure 4.11presentghe circumferential distribution dihondimensionalized}otal pressurdor

the nodistortion versusvith-distortion caseat the rotor LE and rotor TRlanes Theamplitude

of total pressure distortiodoesnot changesignificantly across the rotobecause of the low
rotation speedOne can observéhat the background trend of the circumferential total pressure
variation {.e. discounting the ondulations due to the discrete blades) follows that of the blade
force in Figure 4.10, as can be expect@dce total pressure rise correlates with blade
(aerodynamic) forcencrease As such, the annular sector betwd@fto 230%ill see lower total
pressure rise due to lower blaftegce than the nalistortion case. Moreover, theector (180°

220y near thedistortion region LE combines low blade force (due to local flow redistribution as
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explained previously) with low rotor LEotal pressure due to inletdistorion) resulting in the
lowest TE total pressure.
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Figure4.11 Effect of inlet distortion onwlution of total pressure from L& TE planesof low-

speed fan rotor

4.2 Asymmetric |IGVs Design

Figure4.12shows the trailing edge angle distribution of the asymm#gVs afterthreedesign
iterations. The asymmetric IGVs exit angle distributions for all three design iterations can be
found in Appendix BSection B.). For this preliminary assessment, the Kz&reinfinitely thin

and inviscid with a circular arc profile. A positiVeV exit angle induces countaswirl (swirl in
direction against fan rotation) to increase incidence and blade loading, while a nEg¥tieeit

angle induces cewirl and decreases iigence and blade loading. Based on Figure 4l#),

positive IGV exit angles are applied in the®23( annular sector to increase blade loading
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while negative IGV exit anggare applied in the remaining sector where blade loading under
distortion is hgher than the ndistortion case.

Figure4.12 Asymmetric IGV trailing edge angles for lespeed fan rotor

4.3 Blade Force Assessment

4.3.1 Integral Blade Force

Figure 4.13 shows the effect of thesymmetric IG\ of Figure 4.12 by comparing the
circumferential variation of aerodynamic blade force for this case versus those vathiasidiut
no IGV and without distortionThe asymmetric 1G\8 reduce the variation amplitudd blade
force under distation (from 10.3 N to 3.3 N). Given this asymmetric IG¥designis obtained
based on only a few manual iterations and not yet optimeedyptimized version will likely
achieve even better results, bringing the blade loading variation even closer tedistortion

case.
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4.3.2 Spanwise Blade Loading

Figure 4.14 plots the @dumfaential distribution of blade loadin¢force per unit areaat 20%,
50% and 80% span under distortiith and withoutiIGVs, asobtained from a control volume
analysisusing CFD data in Appendix B (Sectior3B.The resultsndicatethatthe blade loading
non-uniformity is reducedt the two outer span (50% and 80¥pwever the dataalsosuggests
that thisIGVs design isfar from optimalat the lower spas The blade loading increase at 20%
span is higher than needed across the entire annulus dgbimore nowniform than without
IGVs due to excessively high loading increase outside the inlet distortion annular sector.
Moreover the overshoot iblade loadinglue to the IG¥in theinlet distortion sectoeffectively
forces the IGVs to overturn (&cessive ceswirl) to reduce loadingat the outer spans to
compensateTo improve the 1G¢ design the IG\s trailing edge should be tued more in the
rotor rotation direction flow angleutside of the 22632 sector for the outer spans. This should
alsobe done for the inner span across the entire annulus but with higeetirtoutside of the
220°32( to attenuate the excessive loading increase. These design modification Iskipuld
make the loading more uniform at all spans hridg the blade forcavith IGVs even closer to

the noedistortion case ifrigure 4.13
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Figure4.14 Circumferential variation of blade loading at different spans fordpeed fan rotor

4.4 Flow Field Analysis

This sectiorpresentghe effect of the asymmetric I&\uesign on the flow to try to explain the
effect on the asymmetric I&bn the blade force variation seen in Figure 4.13 tangrovide
meansto further improve the 1G¥design, as well ak assess its effecif any, on attenuating

the total pressure distortion in the rotor exit flow field.

4.4.1 Effect of IGVson Rotor Inlet Flow

Figure 4.15shows the effect on the asymmetric 166h the relative velocity and flow angle at
the rotor LE planeThe datandicatesthatthe IGVs increase the relativmlet velocity and flow

angle in theannular sector 423 at all three spans to provide the increase in lift seen in Figure
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4.13 for this sector The increase is more dramatic, especially for the relative velocity, in the
120222 sector where the forcaeficit under distortion is the mbgronounced. Inversely, the
IGVs decreasehe rotor inlet relative velocity and flow angle in most of the high blade force
annular sector (slightly offset from the inlet distortion region due to local flow redistribution) to
reduce blade force as intendéd addition,in the annulassectorswith the largest IGV exit arlg
magnitude in Figure 421(1602220°and 2709330y, the change irlocal relative veloity is more
dramaic thanthat oftherelative flow angleThis is a result oflow redistributionin presence of

the IGVs, as can be seen in the effect of 166 the axialvelocity distribution in AppendinB
(SectionB.3).
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4.4.2 Effect of IGV son Rotor Exit Flow

Figure 4.16 compares thndimensionalizedotal pressure contoued the rotor TE plane for
the nodistortion case to those for the distortion caseh afitd wittout IGVs. One immediately
observe that implementation of this asymmetric 1&\design does not attenuate the total
pressire circumferentialnonruniformity at the rotor exit but nkas it slightly worse especially
near the hub and the tip.

For a more quantitative assessment, Figure 4.17 compares the same parameter at the 20%, 50%
and 80% span for the distortion cases witld amithout IGVs. The data show than the
circumferential noruniformity is worse with IG\¢ at all three spans, but more so at 20% span.

This observation correlates witihe blade loading distributioin Figure 4.14, which shosv
excessive and more namiform blade loading at 20% span due to the E@vat isalsoreflected

in the rotor exit total pressure distribution at this span. As such, the diédign correctionto

improve loading uniformitysuggestd in Section 4.3.2 should also improve the rotor exialt

pressure uniformity with IG¥and perhaps even beyond thel@&Y case.
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4.5 Effect on Fan Performance

Table 4.1presentsthe total pressure ratiof the lowspeed fan rotor for the casesthout
distortion and under inlet distortion with and vath asymmetric IG\é. In addition to attenuating
blade force variation he results indicate that thnon-optimizedasymmetric 1GVs designhelps

to recover almost half of the droptiotal pressureise due toinlet distortion While a better IG¢



69

design may improve this pressure ratio recovery, the viscous losses in actsah&@\at least

partially cancelit.

Table4.1 Effect of distortion anéhssymmetric |G\ of low-speed fan rotor

No distortion Distortion without Distortion with
IGVs Inviscid IGVs

Total pressure ratio 1.0034 1.00329 1.00334

4.6 Discussion

Theresults presentkin this chapter shothatthe asymmetric IGV<an significantly reduce the

blade force variatiomnd loss in fan total pressure rise duantodestinlet distortionin a low

speed farby decreasing incidence and relative velocity over much of the distortion region to
reduce blade force and the oppostsewhere to increase blade force, as intended. While this
IGVs design iteration did not improve the total pressure distortion at the rotor exit, local blade
loading analysis indicates that a better 3D design of the asymmetric IGVs can resolve this
problem as well as further reduce the blade force variation and loss in fan total pressure rise. The
next chapter will verify whethethis concept can work on a realistic transonic fan with more

severe inlet distortion.
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This chapter presents the resultstfor highspeed fan rotor (NASA Rotor 67). As €hapter 4,

the effect of inlet distortion on the fan rotor is assegsst Thereafter, théatestasymmetric

IGVs designiteration is described and its effectsr amerodynamic blade force and fan rotor
inlet/exit flow fields and performance are assessed. Again, the contour plots are shown for an

observer looking downstream with the rotor turning in the clockwise direction.

5.1 Effect of Inlet Distortion

5.1.1 Rotor Inlet Conditions

Figure 51 shows the total pressure distribution (relative to the uniform iotat pressure with
no distortion) at the computational domain inlet for the ‘ggbed rotor. The distortion covers
exactly one third of the inlet domain, in thanular sector between 210°%r880° Figures 5.2
and 5.3 show theontoursof nondimensional total pressure aadial velocity respectively, at
the rotor LE planeSimilar to observation foithe lowspeed fan rotor in Chapter 4, Figures 5.2
and 5.3 poihto a general flow redistributionwith low axial velocity in the distortiomegion at

the bottom and highexxial velocity in the opposit@indistorted region.

However, a closer inspectiai Figure 5.3ndicates that the highest axial velocity actyaitcurs
at the distortion region Tkvhile the lowest axial velocitys on the distortion region LE. This
observatioris confirmed bythe plotsthe circumferential variationf@xial velocity at three spans
in Figure 5.4 As discussed isection 4.1.1 fothe lowspeed fan rotarthis is theresultof local
flow distribution (flow deviation into the distortion regiorgt the distortion region LE and TE
driven by the lowr static pressurdn the distortion regioras shown in Figure 5. However, in
this casetheflow deviation is much larger thahat seen forthe lowspeed fan rotoin Chapter
4, asevidenced by the absolute (swirl) angle distribution at the rotor LE planegumeF5.7
showingtheinduced swirl angle up to +28at the edge of the distortiorgion.The largechange
in axial flow and swirl angleelative to the nalistortion casen these two regions results in a
gradientin incidence angle and a relative velocity at the rotor cEoss the distortion annular

sectorthat is several times larger than that seen in theslpeed fan, as evidenced by comparing
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Figures 5.7 and 5.8 toidures 4.8 and 4.9, which will havegaeat influenceon blade force

distribution.
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Figure5.1 Total pressure distribution at higipeed fan domain inlet
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Figureb5.2 Total pressure distribution htgh-speed fan rotor Liplane
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Figure5.8 Relative flow velocity at higlspeed famotor LE plane

5.1.2 Blade Force

As predicted at the end &ection 5.1.1the vey large swingn rotor inlet relative velocityand
incidencefrom thar smallestvalues near the distortion regiti to their largest values near the
distortion TE as showrin Figures 5.7 and 5,8eads to a excessively large variation in blade
(aerodynamic) forcever this annular sector. Figure 5.9 shows thathilade force of the high

speed fan changes dramatically from N® 366N, such that the fan blades will be subjected to
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an aerodynamidorce change of almost 75% of the ndistortion level as they rotate in and out
of the distortion regionMoreover, as was the case with the low sgeadrotor, the location of
maximum aerdynamic force is shifted toward the distortion region TrEaddition, Figure 5.9
also indicats that much of the blzes operate below the nominal {distortion) valuewith only
thebladesin thenarrow2802340° sector operating abotke nominal force.
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Figureb5.9 Effect of inlet distortion on llade force for higkspeed fan rotor

5.1.3 Rotor Outlet Conditions

As expectedfrom Figure 5.9 Figure 5.10 show that the total pressure distortion worsgn
(variation amplitude increases) significantly as it cmsssthe rotor Furthermore, the
circumferential total pressure variation follswhe trend of the blade force in Figure 5sthce
total pressure restypically increases i bladeaerodynamic forceHowever, one can see that
the outer spans (50% and 80%) suffer the most from the inlet distortion asexdtdotal

pressuredlsbelow the nedistortion value around the entire annulus.
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Figure5.10 Effect of inlet distortion on evolution of total pressimem LE to TE planes of high

speed fan rotor

5.2 Asymmetric IGV s Desin

Based on the data from Figures 5.9 and 5.10aslyenmetrid GV's design will have to focus in
increasing the blade loading (positive exit IGV angle to induce coentiel) over most of the
annuluswith the largest counteswirl produced around the distortion region LE (Q1éndless
dramaticbladeloading decrease i negative IGV exit anglec¢-swirl) in the 280-34( sector.

As mentioned in Chapter 3, each IGV blade desigmisascid, infinitely thin circular arc for

this case due to the length of the simulation convergence time restricting the number of design
iterations. Figure 5.11 shows tfi& angle distribution of the asymmetric |IG¥fterthreedesign
iterations, with 21blades The asymmetric IGVs exit angle distributions for all three design

iterations can be found in Appendix(Section C.L
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Figure5.11 Asymmetric IGV trailing edge angles for higpeed fan rotor

5.3 Blade Force Assessment

5.3.1 Integral Blade force

Figure5.12 plots the circumferential variation of aerodynamic blade forcéh®highspeed fan
rotor for the nedistortion case versus those under inlet distortion smtHGVS and with the
asymmetric IG\$in Figure 5.11. The results show thaisthsymmetric 1G\$ designsignificantly
reduces the variation amplitude of blade foritem nearly 75% to 27% of the nominal force.
However, further improvement can be achieved by reducing the loading in tAh@4B@&nd
28(*-34( sectors.
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Figure5.12 Effect of asymmetric IG¥on highspeed fan rotor blade force variation

5.3.2 Spanwise Blade Loading

The circumferentialvariations inblade loadingat 20%, 50% and 80% spaare obtained from
control volume analysis using input parameters ftbenCFD data inAppendix C (Section @).
Plottedin Figure 5.13the results indicate that this IG¥esign significantly improves the blade
loading uniformity over the annulus at all spans by successfully increasing the blade loading in
the 0°-28( annular sector with proper modulation. However, the $@&&e some difficulty in

the 200-24Q sector (neathe distortion LE) where there a high loading spik@Q#t and 50%

span which is seen in the resulting blade force in Figure 5.12. Figure 5.11 indicates that this
region features two opposing large gradients in IGV exit an{@@ -21°-14°) tha may mkes it
difficult to control the circumferential variation in actual flow angle without more IGV blade

least locally Moreover, there is also a loading spike at 80% span in the 3280 sector that

could be corrected with 3D asymmetric IGVs blade glesiAddressing these blade loading
spikes should further reduce blade force variation.
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Figure5.13 Circumferential variation of blade loading at different spans for-sged fan rotor

5.4 Flow Field Analysis

5.4.1 Effect of IGVson Rotor Inlet Flow

Figure 5.14 follows the same trend as Figure 5.13 in showing thasynismetric 1G\$ design
succeeds in reducing the nraniformity in rotor inlet relative velocity and flow angle, with

positive spikes in these parameters in the®28@ sector causing excessive blade loading in this
region.
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Figure5.14 Circumferential variation of relative velocity and relative flow angle at-sjgged

rotor LE for different spans

5.4.2 Effect on Rotor Exit Flow Field

The comparisomf the nondimensionalizedotal pressure contours at thaor TE plane for the
no-distortion case to those for the distortion cases waiitd wittout IGVs are shownin Figure
5.15 It indicates that this asymmetric IG¥design attenuates the flow distortion (amplitude of
total pressure variation) at the rotoitekringing it closer to the ndistortioncase. This is more
clearly observedthrough the rotor THotal pressurélistributionat the 20%, 50% and 80% sjgan
for the distortion cases with and watlt IGVs in Figure 5.16 This outcome is logical as it
correlates with the trends observed in the blade loading distributions of FigureCné&3an
expect thaan improved 1G\ design with more uniform blade loading distributions at all spans

will also better attenuaflow distortion across the rotor.
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5.5 Effect on Fan Performance

Table 5.1presents pressure ratd the highspeed fan rotor for the caseghout distortion and
under inlet distortion with and wittlut asymmetric 1G\8. The results indicate thathis (non
optimized)asymmetric IGVs help to recover almost 60% of the dropatal pressureise due to
inlet distortion A better IGV\s design should improvéhis pressure ratio recovery further while
viscous losses ithe real IGVs would reduce the advantagé conservativeestimation of the

impact of IGV viscous los®n performance is carried out Appendix C (Section C.4) by
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estimating the loss of total pressure across a viscous IGV blade with the largest trailing edge
angle (219 obtained from RANS CFD. T# loss is sutracted from the massveraged total
pressure at the higtpeed rotor TE plane and the total pressure ration is recalculated to give a
value 0f1.4506,which still corresponds to 32.5% recovery in total pressure rise loss due to inlet
distartion. Hence, the viscous effect if the IGV on performance is small.

Table5.1 Effect of distortion and asymmetric IGVs of higheed fan rotor

No distortion Distortion without Distortion with
IGVs Inviscid IGVs
Total pressure ratio 1.5254 1.3680 1.4590

5.6 Discussion

The results in this chapter indicate that #s¢mmetric IG\é concepis effective for a higkspeed

fan under severe inlet distortidmdeed, even a neoptimal 2D asymmetric IG¥design reduces

the integral blade force variatiday two third, as well as improséotal pressure uniformity at the

rotor exit and recovering almb60% of the loss in rotor total pressure rise due to inlet distortion.
The spanwise blade loading analysis also suggests that the effectiveness of the asymmetric IGVs
could be even further improved with in the region around the distortion LE and TEdmgad

more IGV blades locally (high circumferential gradient of IGV exit is required) and 33 IGV

blade design to prevent local loading spikes.
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This chapter presents the results for the test stage. As indicated in Section 3.1.3,
particularities with this fan geometry include a virtual inviscid flow separator in the
computational domain inlet (see Figur&)3o simulate the distortion screenargenent in the
test rig & well as straightGVs just upstream of the rotor. Téeelements are expected to
interfere with the flow redistribution upstream of the rotdhe effect of inlet distortion on the
fan rota is first assessed, followed llye presentation of the lateasynmetric IG\s desgn and
the evaluation oits effectson aerodynamic blade foreariation fan rotor inlet/exitflow fields
and performanceThe contours plots are shown for an observer looking downstidamever,
this rotor turnsin theclockwise directioras opposeddtthe previous two fan geometries. As such,
the reference (zero) angular position is the start of third quadrant (instead of first quéanant)
which the angular coordinate increaseshe clockwise direction as indicated on Figure 6.1.

6.1 Effect of Inlet Distortion

6.1.1 Rotor Inlet Conditions

Figure 6.1 presents total pressuoentours at the domain inlet (relative to the uniform inlet
pressure with no distortionyvhich is characterized by lower total pressuaréhe distorted region
between 205%nd 335%igures 6.2 and 6.3showthe dfect of distortion on total pressuand
axial velocity, respectivelyat the rotor LE plane Perhaps due tthe presence of the bet| the
edges of the distortion region seem to have migrdtegnsteambecoming more radial (solid
black line to dashed line in Figure 6.2k expectedthe mean total pressure and axialocity at
the rotor LE planeare lower in the distortionannular sectorconfirmed by the plots of axial
velocity at different spans Figure 6.4 One can also obsertierough the green curves in Figure
6.4 that the inlet flow for the Rdistortioncase does ndiavebladeto-blade periodicity The is
due to the simulation procedure used to speed up Hugstartion case, as explainéd Figure
3.19, resulting in a slightly noaxisymmetric inlet shroud boundary laydre asymmetriceffect

is amplified by the tip clearances in the rotor and stator.

As with the previous two fan geometries under inlet distortion, Figure 6.5 indecédager static

pressure inside the distortion region. However vingal inviscid flow separator in the inlet duct



86

and the straight IG¥seem to have significantly hinderédw local redistribdion at the inlet
distortion LE and TEresulting in mass flux accumulatidreyondthe distortion region (which
appears as axial velocity spikesFigure 6.4, and a more suddedrop in axial velocity athe
edges of the distortion region than fdhe twopreviousy analyzedfans.Other indications of the
stifled local flow redistribution include very spatially limited regions of induced swirl at the rotor
LE plane (Figure 6.6andrelatively uniform circumferential distributions at the rotor LE plane of
relative flow angle (Figure 6.7) and relativelocity (Figure6.8) bothinsideand outsidehe inlet
distortionregion
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Figure6.1 Total pressure distribution at tdan domain inlet
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Figure6.3 Effect of inlet distortion on axial velocity at test fan rotor LE plane
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6.1.2 Blade Force

Figure 6.9 presents the blade forgariation forthetest fanrotor with and wittoutinlet distortion
(both incorporating straight 1G). Due to the asymmetry in inlet duct shroud boundary layer, as
in Figure 3.10, there is a slight circumferential variation in bh&de force even without
distortion. As expected from the relatively unifoaincumferential distributions of relative rotor
inflow (incidence) angle and velocity, both inside and outsidine distortion regionthe blade
force distribution is quite umiorm in either of these reghswith a sidden change iladeforce

at the distortion region LE and TEBJoreover,the variation between the maximum and minimum
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blade force is only about 2% of the nominal (no distortion value) vBhoen these observans,
one can infer that the reduction of local flow recirculation can have a potentially important

impact on reducinglade force variation.
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Figure6.9 Blade force of the lovepeed test fan stage

6.1.3 Rotor Outlet Conditions

Figure 6.10 pesentghe circumferential distribution of nedimensionalizedotal pressure for the
no-distortion versus distortion cases at the rotor LE and TE plartes.amplitude of total
pressure distortion deenotchange significantlyacross the rotor because of the low rotation

speed
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Figure6.10 Effect of inlet distortion on evolution of total pressure from LE to TE planes of test

fan rotor

6.2 Asymmetric IGV s Desin

Due to the long convergence tintbe IGVs design is 2D in naturélhe last of four IGVs design
iterationsis shown in Figure 6.11The asymmetric IGVs exit angle distributions for all four
design iterations can be found Appendix D(Section D.). Again, negative IGV exit angle
induces ceswirl (reduces blade loading) and positive IGV eaitgle causes countswirl
(increased bladeohding). In this case, due to the large IGV exit flow angtdsse to the
distortion region TE, more IGV were added to this area to ensure proper flow turning, while
blades areemoved from location with low IGV exit angle in order to keep the numbétanfes
reasonable. The sudden oba in force near the edgestbé distortionregionresulted in large

gradientin IGV exit angle as well (froml(° to -30° and from-2(° to 4 at the distortion region
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LE and TE, respectively) making tliesignof the agmmetric IGV bladesdifficult and their

effectiveness questionable in these regions.

Large gradient ir'i\ .
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Figure6.11 Asymmetric IGVtrailing edge angles for test fan rotor

6.3 Blade Force Assessment

6.3.1 Integral Blade Force

Figure 6.12 pesentscircumferential variation of aerodynamic blade force for thescasid and
without inlet distortion (both with straight IGYf and withinlet distortion. While the IG\$
succeed in reducing blade force in the middle part of the annular distortion sector, itohas a |
trouble at the edge of the distortion regionevehthe blade force varies suddenly. The large
gradient in IGV exit angle in these regiorender the desigimeffective, especially near the
distortion region TE (in the 306(-0°-20° annular sector)As a result, the amplitude of the
blade brce variation under distortion (through small)inereasedby this asymmetric GVs

designdue its por performance in the 38@60-0°-2(° annular sector.
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Figure6.12 Effect of asymmetric IG¥on test fan rotor blade force variation

6.3.2 Spanwise Blade Loading

Figure 6.13 plots the circumferential distribution of blade loading at 20%, 50% and 80% span
with distortionby straight IG\s and with asymmetric IG¥ as obtained from a control volume
analysis using CFD data in Appendix D (SectioB)DAlthough the blad loading uniformity is
slightly improved at the outer spans, tagge variation in blade loading the 30(*-36(° annular
sector in Figure 6.12 comes from the lower (20%) spahere the bladdoading drogs
excessively by around 60%.While a flow field analysis will provide more clues to the cause,

one can already conclude that a 2D K3Msign is inadequate in this case.
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Figure6.13 Circumferential variation of blade loading at different spans for test fan stage rotor

6.4 Flow Field Analysis

6.4.1 Effect of IGVson Rotor Inlet Flow

Figure 6.14presentghe relative velocityand flow angle at the test fan rotor LE plaate20%,
50% and 80% spaf he relative velocity is reducead the distortion regiorfior all spars. In the
aft part of the distortion regiost 20% span the flowexhibits an approximate 16drop in relative
incidence angle which isenough nullify any loal pressure rise across the rotdoreover, his

is followed immediately by spikes in incidenaagleof about 20y enough to stall a fan blade in
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the 300-36(° annular sector This flow angle behaviar explains the xcessive drop in

aerodynamic loadingeen at 20% span in Figure 6.13.
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Figure6.14 Circumferential variation of relative velocity and relative flow angle at test fan rotor

LE for different spans

6.4.2 Effect of IGV son Rotor Exit Flow

Figure 6.15 presents tm®ndimensional total pressure contours at the test fan rotor TE folane
the cases with and wiblit inlet distortionandstraight 1G\5, and with distortiorandasymmetric
IGVs. As expected based on Figures 6.12 through @tetresults show that thisyasmetric
IGVs design mé&es the total pressure circumferential nomiformity worse, particularly in the
300P-36(P-0°-20° annular sectorOne can see thatt 20% pan the excessively low and high

incidence issues in Figure 6.14 leads to very low totalspresrise near the hub in Figure 6.15
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(c). Again, one can observe that the rotor exit total pressure distribution with inlet distortion and
straight 1G\s are already quite uniform, which leads one to suspect that straight Ep&/
successful irattenuating the impact of inlet distortion through limiting local flow redistribution

oL

(a) No distortion, straight IGY
Excessively low

total pressure

A Lo° aLoe \ :,
\ 1
(b) Inlet distortion, straight IGY (c) Inlet distortionasymmetric IG\&
2@53/4 F zgéJéBﬁja;XUaeg
S
1 €75ua

Figure6.15 Total pressure contours at test fan rotor TE plane
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6.5 Effect on Fan Performance

Table 6.1 comparespressure ratidor the test fanstagefor the cases with and wiht inlet
distortion and straight IG\s versus the case with inlet distorti@and asymmetric 1G\8. As
expected rather than alleviating itthe results show that the poor performance of asymmetric
IGVscauses a further drop in pressure ratio

Table6.1 Pressure ratio comparisohtest fan stage

No distortion Distortion with Distortion with
with straight IGVs straight IGVs IGVs
Total pressure ratic 1.0161 1.0149 1.0131

6.6 Discussion

The results in this chapter indicate that distortion screen location and straight IGVs in the low
speeddistortion test rig causihe fan stageesponse peculiar and probably unrealistic, in that the
stifled flow distribution results in very small (hardrteeasure) aerodynamic blade force variation
with sudden jump in blade force at the edges of the distortion region. The asymmetric IGVs
designhas a lot troble with the latter feature due to the large circumferential gradient in IGV
exit angle Moreover, a2D IGVs design is totally inadequater this fan setupas it leads to
excessively low and high incidence angles in the distortion region and aroundni&ai the hub

that negate total pressure riges a result, the 2D asymmetric IGVs design is ingifecin this

case. Based on these results, the experimental validation of the asymmetsct@dept should

be done on a fan rig with the following features: hagieed for highe(measurable¥orce
variation, and distortion screen placed further upstreaad no straight IG¥for more realistic

flow redistribution.

On the other hand, the results in Chapteal€b suggests that a straight IGVWhay be highly
effective in attenuating the impact of inlet distortion by reducing local flow redistribution at the
edges of the distortion region. A preliminary assessment of this hypothesis is carried out on the

high-speed fan rotor o€hapter 5 for which a simulation with straight IGVs are carried. The
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results shown in in Appendix C (Section C.5) indicate that ¢lwerlocal flow relistributionis
reduced, the effectiveness of the straight IGVs in attenuating the variation in blade force is far
belowthanthat of the asymmetric IGVs.
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This work represents the firevaluation of a novel concegat attenuate the effect of inlet
distortion on fans used for aircraft propulsion to enable the implementation of Bitligercraft.

The concept consists of placing a row of asymme@is just upstream of the faio prodice a
spatially varying swirl distribution. The swirl distribution is tailored to reduce flow incidence in
the distorted flow region and increase it in the undistorted flow region to attenuate the negative
effects of inlet distortion on fan structure and performaiide objective of this project i®
assess the effectiveness of tkgrametriclGVs concept for attenuation of inlet distian effects
onlow and highspeedans, in terms of reducing the aerodynararce fluctuation amplitude on

the fan blads, the attenuation oftotal pressuralistortion at the fan rotor exias well ashe

recovery of loss in fan aerodynamic performange @ inlet distortion.

A computational studys carried out on three fan geometries: a-gpeed fan rotor scaled with

an inlet distortion pattern imported from a published work for a-dpeed fan; a highpeed
(transonic) fan rotor (NASA Rotor 67) withublished geometry and test/CFD data under large
inlet distortion; a lowspeed test fan stage from a distortion test rig at Polytechnique Montrél in
which the fan rotor is preceddny a row of straight IGVs and followed by a stator. The
evaluation of theconcept on the last geometrg aimed at experimentallyalidating the
asymmetric 1G\ concept. Fulannulus unsteady 3D CFD simulationsare carried out in
ANSYS CFX, a commercial RANS CFD code, with a distortion pattern prescribed in the form of
an asymmetric distribution of total pressure at the computational domain inlet. To keep the
simulation time and resources manageable, the simulatiagerformed without inviscid
surfaces and ntip clearance, except for the last geomsinceit is intendedd be rig tested. For
each geometry, simulatiomsefirst carriedout with and without the inlet distortion to evaluate

the effect of inlet distortion on inlet flow redistribution and blade aerodynamic force distribution
around the annulus. The latisrthenused to design the asymmetric I&Wrough a process of
hand iterations and CFD simulations take into account the change in flow redistribution with
every asymmetric IG¥geometry. The IG¥ design is assumed to be thin inviscid circular arcs
for the first two fans and limited to 2D IGV blades for the last two faoe to computational

time and resource constraints. The asymmetricd@gsignare assessed in terms of blade
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aerodynamic force variation around the annulus, total predsstogtion at the fan rotor exit and

fan pressure ratio in comparison to the nominal and-eigtortion cases.

For the lowspeed and highpeed fan rotors, local flow redistribution at the edges of the
distortion region leads to relatively smbatircumferential variation of rotor blade aerodynamic
force, which is relatively small (7%) for the lespeed fan and very large (75%) for the high
speed fan. In both cases, the asymmetric d@¥sign, though not optimized, redsctne
aerodynamic forceariation amplitude byapproximately 66%The asymmetric IGV designs also
recover half or more of the loss intor totalpressure rise due to inlet distortjaithough this

gain will beslightly offset if viscous 1G\¢ were used. The asymmetric IGVre also able to
reduce thetotal pressure distortion at the fan rotor exit the highspeed fan butvere not
successful for the lowspeed fan. Spanwise analysis indicates that the effectiveness of the
asymmetric IG\é can be improved on all three metrics ittee 3D IGV blade shapingrecarried

out.

In the case of the test fan stage, the local flow redistribution at the edges of the distortion region
is reduced due to the straight 1&6¥nd position of the distortion screeleading to sudden
changes in rotoblade aerodynamic force near the edges of the distortion region. The local jump
in aerodynamic force makes the asymmetric $@Wficult to design (due to large circumferential
gradients in IG\é exit angles) and ineffective. However, the straight $&$dareunrealistic for

a real fan. Moreover, the results for the case with inlet distortion and straigistsi@ngly
suggest that the straight IGVself cansignificantly attenuates the impact of inlet distortian

least at low speedyn the fan thragh limited local flow redistribution near the edges of the

distortionregion However, straights IGVs do not se¢mbe sceffective for highspeed fans.

Based on the findings from this research, three recommendations can be made for future work.
The first isto develop a method to optimize a 3D design of asymm#gits to maximize its
effectiveness. This method would require a much faster simulation tool than standard CFD
simulations even in inviscid mode. One possibility is to validate the badg foodel proposed

by Hall et al [18] for fans operating at transonic speeds and/or with lower blade count and, if

successful, to use this model in optimization loop.

The second recommendation is to validate the concept on a fan test rig with relatively high tip

speed so that the variatiom aerodynamic blade force and rotor exit total pressure distribution
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under inlet distortion is significant enough to be measured and to represent realistic fan inlet

condition operating conditions.

The third recommendation is to design the asymm#&®its with more spans, especially near the
blade tip to achieve finer control

The final recommendation is tovestigate furthethe useof straight IG\s in high-speed fans to
explain why they are not as effective fugh-speed fans even though they sdensignificantly
reduce local flow redistribution
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APPENDIX A POST-PROCESSING PROCEDURE

A.10UTPUT PARAMETERS CALCULATION

The postprocessing is made by usindN8YS CFD-Post Some specifieéxpressionsieed to be
edited

Total Pressure Ratis defined with the expression:

a0zae,Racelreg@dRA A @Acas A02BERO HD

a0xae;Racelreg@dRA D e abddh, 802BERO HD (A'l)
Bladeforceis defined with the expression:
¥BKNAA7 >H=®RBKNRA7 >H=@RB KNKA7 >H=8 A (A.2)

Relative velocityis defined with the expression:

¥:xH4F:8AHKEEFPRUN=I1BEN?QIBANALDBRAHRESP IN=1/5;° (A.3)

Relativeangleis defined with the expression:

£25. HE?T@RaOUdicac40amUadealgagaclon (A.2)
' ioRaO0dicaca0a@ ’ '
Absolute swirl anglés defined with the expression:

f f_lgBéOUéi@éééOéQXUéOé‘aUQéQéOQUOB
' iGRAOUdC4, 8040 :

(A.5)

Corrected mass flow is defined by:

. A]?[
| 6 L—Ai“;?l% (A.6)
-, -1.1 Al

A.2 EQUATIONS FOR CONTROL VOLUME ANALYSIS

Figure A-1 is a schematic diagram of the control volume in ThE aplane. The variables
involved in the blade force equation are, pressure, axial velocity, circumferential velocity, density
at rotor LE,and area. fie blade force per unit square meaee @lculatal according to the

conservation omomentumequation
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Figure A1 Control volume
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APPENDIX B LOW-SPEED FAN ROTOR

B.1 ASYMMETRIC IGV SDESIGN ITERATIONS

Tables B1 through B3 list the exit blade angles for tharee asymmetric IGVs design iterations
for the lowspeed rotarThe blade number represents the coordinate posificheoblade in

Figure 4.12. The blade starts at 3 o'clpokitionand counts counterclockwise.

Table B1 First AsymmetridGVsdesign iteratiorfor low-speed fan rotor

[deg]
Table B2 SecondAsymmetriclGVs design iteration of lovepeed fan rotor
[deg]
Table B3 Third AsymmetriclGVsdesign iteration of lovspeed fan rotor
[deg]

B.2 TIME STEP STUDY

In Figure B1 shows the result of the time step study for thedpeed fan rotor. It indicates that

a setting of 20 time steps petor blade passing is adequate
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Figure B1 Total pressure ratio versus number of time step per blade passing-kpded fan

rotor

B.3 CONTROL VOLUME ANALYSIS

This section presents the input and detailed output of the control volume analysislad detai
appendix A (section A.2) for the legpeed rotorThe black and red lirsgn the figuresepresent

the fan parameters without IG\Andwith asymmetriclGVs, respectively. The solidnd dotted

lines represent parameteaastherotor LE and rotor TE, respectivelyrigures B-2 through B5

show the input to the analysisamelythe circumferential distributions of statgressure axial
velocity, circumferential velocity and density at different span as extracted from the CFD
predictions.Figures B6 and B7 plot the resulting axial and circumferential blade loading from
the control volume analysis. Their combination according to equation (A.18) gives the total blade

loading distributions in Figure 4.14
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Figure B2 Static pessureat rotor LE and THor 20%, 50% and 80% spans
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Figure B3 Axial velocity at rotor LE and THor 20%, 50% and 80% spans
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Figure B4 Circumferentialvelocity in stationary frame at rotor LE and Tar 20%, 50% and

80% spans
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No-1GVs
Asymmetric 1GVs

Figure B5 Density at rotor LEor 20%, 50% and 80% spans



No-1GVs
Asymmetric IGVs

117

Figure B6 Axial blade force per square metempstream directiofor 20%, 50% and 80%

spans
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No-1GVs
Asymmetric IGVs

Figure B7 Circumferential blade forceer square metapposite rotation directiofor 20%,
50%and 80% spans

B.4 EFFECT OF USING TOTAL VERSUSSTATIC TEMPERATURE
INLET BOUNDARY CONDITIONS

To validate the choice of the a static temperature inlet boundary condition ukechighspeed
fan rotor,simulations with and without distortion wiht IGVs arecarried out on the lovgpeed
fan rotor with this boundary condition and compared to theévalent simulations with the total
temperature inlet boundary condition presente@hapter 4. FiguresB and B10 compares the

blade aerodynamic force variation and the rotor exit total pressure contours (with distortion),
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respectively. These resultglicate that the change from total to static inlet temperature boundary

conditions have negligible effects on the parameters relevant to the current study.

Figure B9 Effect of different temperatuielet boundaryconditions on blade force for legpeed

fan rotor

Total temperaturanlet boundarycondition Static temperature inlétoundarycondition

B-10 Total pressure at rotor TE without IGV
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APPENDIX C HIGH-SPEED FAN ROTOR

C.1ASYMMETRIC IGVS DESIGN ITERATIONS

Tables G1 the exit blade angles for the three asymmetric IGVs design iterations for the high
speed rotor. The blade number represents the coordinate position of the blade in Figure 5.11. The
blade starts at 3 o'clock position and counts counterclockwise.

Table G1 AsymmetriclGVsdesign iteratiosof high-speed fan rotor

C.2 TIME STEP STUDY

In Figure C-1 shows the result of the time step study for Rotor 67. It indicates that a time a

settirg of 20 time steps per rotor blade passing is adequate

Figure CG1 Total pressure ratio versus number of time step per blade passing for Rotor 67
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C.3CONTROL VOLUME ANALYSIS

This section presents the input and detailed output of the control volumsiaradydetailed in
appendix A (section A.2) for the higgpeed rotor. The black and red lines in the figures represent
the fan parameters without IGVs and with asymmetric IGVs, respectively. The solid and dotted
lines represent parameters at the rotor bl eotor TE, respectively. FiguresZthrough G5

show the input to the analysis, namely the circumferential distributions of static pressure, axial
velocity, circumferential velocity and density at different span as extracted from the CFD
predictions. Fgures G6 and CG7 plot the resulting axial and circumferential blade loading from
the control volume analysis. Their combination accordindg=qoation (A.18) gives the total

blade loading distributions in Figure 5.13
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Figure G2 Static pessure aRotor 67 LE and TEor 20%, 50% and 80% spans
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Figure G3 Axial velocity atRotor 67 LE and THor 20%, 50% and 80% spans
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Figure G4 Circumferentialvelocity in stationary frame @otor 67 LE and TEor 20%, 50% and
80% pans
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No-1GVs
Asymmetric IGVs

Figure G5 Density atRotor 67 LEfor 20%, 50% and 80% spans



No-IGVs
Asymmetric IGVs

126

Figure C6 Axial blade force per square meterupstream directiofor 20%, 50% and 80%

spans
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No-1GVs
Asymmetric IGVs

Figure G17 Circumferential blade force per square meter opposite rotation diret20%o,
50% and 80% spans

C.4 ESTIMATE OF FAN PERFORMANCE WITH VISCOUS IGV

A steadysinglebladepassageimulation is carried out with 1G34Arailing edge angle of 21 deg
and | Qecpgl s& x v ¥G CQo estimate the loss of the faas shown ifrigure G9. The resultin

Table G2 shows that viscous losd the IG\s affects fan performanceightly.
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FigureC-9 Computational domain of &singlebladepassage

Table G2 Effect onfanperformance

NO DISTORTION DISTORTION DISTORTION WITH
DISTORTION WITHOUT WITH VISCOUS IGV
IGV INVISCID
IGV
TOTAL 1.5254 1.3680 1.4590 1.4506
PRESSURE
RATIO

C.5 EFFECTIVENESS OF STRAIGHT IGV S

Figure G11 presents the contours of absolute flow angle at the-dpglkd rotolE with and
without staight IGVs. The result indicasthat the stight IGVs signficantly reduce local flow
redistributionat the edge of the diston region. However, Figur€-10 shows that the straight
IGVsaremuch less effective than the asymmetric IGVs in attenuating the variation in blade force

due toinlet distortion



129

FigureC-10 Effect of IGVs on higkspeed fan rotoaerodynamidlade force variation

No-IGVs With straight IG\&

FigureC-11 Absolutewhirl angle ahigh-speedotor LE
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APPENDIX D LOW-SPEED TEST FAN STAGE

D.1ASYMMETRIC IGV SDESIGN ITERATIONS

Table D1 lists the exit blade angles for the four asymmetric IGVs design iterations for the test
fan stage. The blade circumferential coordinates represents the position of the blade in Figure

6.11, starting from the 3 o'clock position and going counterclockwise.

Table D1 AsymmetriclGVsdesign iteratioaof the test fan stage

D.2 TIME STEP STUDY
In FigureD-1 shows the result of the time step study for the test fan stage. It indicates that a

setting of 20 time steps per rotor blade passing is adequate

Figure D1 Total pressure ratio versus number of time step per blade passing for tesgéan sta
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D.3 CONTROL VOLUME ANALYSIS

This section presents the input and detailed output of the control volume analysis as detailed in
appendix A (section A.2) for the test fan stage rofdre black and red lirsein the figures
represent the fan parameters hwistraightiGVs and with asymmetriclGVs, respectively. The

solid and dottedines represent parameteitstherotor LE and rotor TE, respectivelfigures D-2

through D5 show the input to the analysisamelythe circumferential distributions of static
pressurg axial velocity, circumferential velocity and density at different span as extracted from
the CFD predictionsln Figure D3, on noticesbackflow between 280°0 340&at 20% span
Figures D6 and D7 plot the resulting axial and circumferential blade loading from the control
volume analysis. Their combination according to equation (A.18) gives the total blade loading
distributions in Figure 6.13
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Figure D2 Static pessure at rotor LE and Tiar 20%, 50% and 80% spans
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Figure D3 Axial velocity at rotor LE and THor 20%, 50% and 80% spans
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Figure D4 Circumferentialvelocity in stationary frame at rotor LE and T& 20%, 50% and

80% spans
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Figure D5 Density at rotor LEHor 20%, 50% and 80% spans
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Figure D6 Axial blade force per square meter in upstream dire@i@9%, 50% and 80% spans
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Figure D7 Circunferential blade force per square meter opposite rotation direaitR%6, 50%

and 80% spans



