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FOREWORD

The purpose of this report is to describe a recently completed
program to deslgn and manufacture an experimental transonic fan
model featuring novel methods for noise reduction at the source.
The program was conducted between 1974 - 1976 under contract
NAS3-18512 issued by NASA Lewis Research Center, with Bolt
Beranek and Newman Inc. (BBN) as the prime contractor and AVCO
Lycoming as a subcontractor. The contract resulted from a NASA
request for proposals (RFP) concerning CTOL aircraft engine fan
source reduction concepts. The intent of the RFP was to identify
advanced deslgn concepts for reducing both rotor and stator
sources which could be implemented with existing aerodynamic
and structural design capabilities. The RFP encouraged proposals
to reduce noise from high speed single stage fans.

BBN proposed the use of "subsonic leading edge" rotor blades
and variably swept stator vanes as the concepts to be investigated.
The study and engineering work culminated in the fabrication
of a 20-inch diameter fan stage to be tested for acoustic and
aerodynamlc performance at the Lewis Research Center, National
Aeronautics and Space Administration, Cleveland, Ohio.

Bolt Beranek and Newman Inc. (BBN), Cambridge, Massachusetts,
served as the prime contractor with overall program responsiblity,
as well as prime technical responsibility for the fan acoustic
design, and other areas. The Lycoming Division of AVCO Corporation,
Stratford, Connecticut, was a major subcontractor to BBN, with
responsibilities in aerodynamic and mechanical design, and manu-
facture of the fan hardware. Rotor blades and stator vanes were
manufactured under subcontract by New England Aircraft Products, |
Farmington, Connecticut. '

Also included in the program were efforts to develop a 3-
dimensional compressible flow computer program to analyze the
flow through the rotor, especially in the vicinity of the leading
edge, and the investigation of the feasibility of using porous
tralling edges on the stators to reduce broadband noise. The
3-D flow program was discontinued at the time the rotor deslign
was finalized, and the porous edge concept was not used because
of the difficulties perceived in manufacture of small vanes from
avallable porous metal materials.

Numerous individuals at BBN and AVCO made significant contri-
butions to this project. Mr. Richard Hayden served as project
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manager, and contributed to the acoustic design of the fan as well

as other areas. Dr. Donald Bliss served as an assoclate project " |
manager and had responsibility for the concept of the rotor blade,

the rotor acoustic design, and the coordination of the aerodynamic

design with AVCO. Mr. Bruce Murray also served as an associate

project manager and supervised the mechanical design and manu-

facturing aspects of the fan. The stator acoustic design was

carried out by Dr. K.L. Chandiramani, and Mr. Joseph Smullin.

Drs. John McElman and John 0O'Callahan performed finite element

stress analysis of the rotor blades, and Dr. 0'Callahan contri-

buted to numerical fluid mechanical analysis of the rotor flow F
field. *

At AVCO Lycoming, Mr. Pierre Schwaar served as the principal
investigator and has primary program responsibility for the fan
aerothermodynamical design, and for implementing the subsonic
rotor leading edge concept and the acoustic design of the stator
blades within operational structural constraints. Mr. Herbert
Kaehler led AVCO's work on structural analysis and Mr. John Banks
supervised mechanical design and manufacturing activities there.

Mr. James G. Lucas of the NASA Lewis Research Center's V/STOL
and Nolse Divislon was the NASA Program Manager, and contributed
valuable assistance in the mechanical design and manufacturing
areas, and 1n the integration of the fan into NASA's test facilities.

This report has been designated as Bolt Beranek and Newman
(BBN) Report No. 3332.

iv



page
FOREWORD & it tvttennttesneennenneneesennnneeennneenmneuniii, iii
LIST OF FIGURES AND TABLES tivttteveronnneeeennnnnnnennnanii viii
SUMMARY ® 0 8 & 0 0 0 0 0 0P L P e s 0 e e o *® o o 0 0 0 ® & 6 0 0 0 0 0 s " e e s e ¢ & 0 0 & 0 0 xiii
SECTION 1: INTRODUCTION ....... e, ettt 1
SECTION 2: TRANSONIC FAN NOISE SOURCES t'vvvvvevevmmnnnnnnn. 3
2.1 ShockWave NOISE tivirtiieneeeneeeonoeenneeonennens 3
2.2 Rotor/Stator Interaction NO1S€ ...vvvvuvnrennnennn. 5
2.3 Inflow Distortion NolsSe ...iiiieeeeeeeneeenennennns 8
SECTION 3: NOISE SOURCE REDUCTION CONCEPTS v©vevvevvnvennnn. 9
3.1 Rotor Nolse RedUuCtion ..uueuiiierineeeereeneenenennns 9
3.2 Stator Noise Reduction by Leading Edge Sweeping
and Blade/Vane Number Selection e.veeeeeeeeeeess.. 17
SECTION 4: FAN STAGE DESIGN SUMMARY oo vvvvrvvennnsnnnnnnn. 23
SECTION 5: DETAILED ROTOR DESIGN v ot eereeeeensonennennnnn. 27
5.1 Aerodynamlic DesSign . .ivtentierneeseseneenennnennns 27
5.2 Description of the Aero-Structural Design
Interactlion Problem .....veieeeeeneeeneenonneenens 33
5.3 Determination of the Subsonic Rotor Leading 35
Edge Geometry ..viietinineeneenenneenennennonnnneons
5.4 Rotor Blade Profile Definition and Stacking
Procedure .....iiiiiiieineencnnnane ettt e e b1
5.5 A Review of the Rotor Blade Design Iterations for
Stress Optimization t.ivieieieenenneennennnennneens 54
5.6 Final Rotor Blade Stress AnalysisS ......eveeees... 63
5.7 Rotor Blade Vibration and Flutter ................ 65
5.8 Attachment and Disk Analysis ........... e et 70

TABLE OF CONTENTS



TABLE OF CONTENTS (Cont.)

page
SECTION 6: DETAILED STATOR DESICGN . v v eveeesonnnesennnnenn. 77
6.1 Acoustic Aspects of Stator Design........eeeuee.. 77
6.1.1 Criteria for non-radiation.............. .. 178
6.1.2 Estimate of rotor viscous Wake........... 79
6.1.3 Computation of rotor wake distortion..... 79
6.1.4 Mach .78 leading edge stator........e.o.. 83
6.2 Analysis for Determination of Number of Stator
BladesS . et eteeneneeeeeeoeeenosocoosssnnennneens 87
6.3 Stator Aerodynamic Design Considerations........ 93
SECTION 7: COMMENTS ON RESIDUAL NOISE SOURCES AND NOISE
LEVELS OF THE SWEPT ROTOR AND STATOR FAN
ST AGE . ¢ttt ittt ittt eeesneeeoensssesnesannannnes 97
7.1 Residua@l SOUPCES..veteireeneeneseeeneosnassnnsess 97
7.2 Prediction of Noise Levels and Noise Reduction
of the Swept Rotor and Stator Fan............... 98
SECTION 8: MECHANICAL DESIGN ASPECTS AND FACILITY
INTEGRATION. ¢t e vt tenennesnoosceecncsnnenononss 100
SECTION 9: CONCLUDING REMARKS. . it v eeeeeneeeonoennaanneas 102
APPENDIX A: COMPUTER LISTING OF AEROTHERMODYNAMIC
PARAMETERS FOR FINAL ROTOR, STATOR & FLOW
PATH DESIGN: .t ittt reeteosesesceoencsnsoonsass A-1
APPENDIX B: GEOMETRIC CONSIDERATIONS FOR SUBSONIC LEADING
EDGES ON TRANSONIC ROTOR BLADES....eeeeeeessen B-0
APPENDIX C: FUNDAMENTAL ACOUSTICAL ASPECTS OF STATOR
DESIGN oooooooooooooooooooooooooooooo . o o 0o o o C'-l

vi



TABLE OF CONTENTS (Cont.)

page
C.1 Continous and Discrete Line Sources in a
Stationary Acoustic MediUmM. . uveee oo e eeeeeoenonens c-2
C.2 Acoustics of a Moving Medium C-16
C.3 An Estimate of Overall Power Radiated from the
StatOI" e o 000 00 00 . ® 00 0 00000 0 ® o 0 0 08 000 0 o o 0 v o . C-23
APPENDIX D: NOTES ON EMPIRICAL CALCULATION OF FAN
NOISE LEVELS . it ittt eeeeeenoneoeensenennansas D-1
APPENDIX E: ALGORITHM FOR DERIVATION OF STATOR LEADING
EDGE TRACE VELOCITY IN STATOR-FIXED COOR-
D E-1
REEFERENCE S . i ittt it ittt ennneeeneeneseenenenenenenmennuiail R-1
LIST OF SYMBOLS . ittt ereenseeeessneeseneenesenennennnnii. S-1

vii



Figure

lo.

11.
12.

13.

14.
15.

LIST OF FIGURES AND TABLES

page
POSSIBLE SHOCK WAVE CONFIGURATIONS FOR ROTORS IN o
SUPERSONIC FLOW. ettt tinetenneenneenennnennnennnnns 4
| DEVELOPMENT OF A SHOCK TRAIN WITH AN INITIAL
DS TURBANCE t t v ottt vttt teneeneerenneennnnsennnennnns 6
TYPICAL FAN NOISE SPECTRA FOR SUBSONIC AND SUPER-
SONIC TIP SPEEDS . et itineeenrennneennennennennnnns. 7 |
SHOCKLESS LEADING EDGE DESIGN AND THE EFFECT OF
THICKNE S St et ittt ittt it teneneeeenneeenneenannnnens 10
THE SUBSONIC LEADING EDGE CONCEPT....eveeennneeenn. 12
FRONT VIEW OF SOME POSSIBLE BLADE CONFIGURATIONS
WITH SUBSONIC LEADING EDGES. . u'viueennennrnnnnnnnns 14
CONICAL SHOCK FIELD FROM A ROTOR BLADE WITH A |
COMPOUND SWEEP LEADING EDGE...'vvvennrrennnnennnns. 15

COMPARISON OF THE OPERATION OF A MODERATELY LOADED
BLADE ROW WITH AND WITHOUT SUBSONIC LEADING EDGES..16

THE CHARACTERISTICS OF ROTOR-WAKE/STATOR-VANE

TN ERAC T ION. vttt it ettt tteennnnnneeeeenennnneenens 18

SCHEMATIC OF PHASE SHIFTS BETWEEN ROTOR WAKES AND

SKEWED/SWEPT STATOR VANE. ¢t vteueerennnnnnnnnnenns 21

PHOTOGRAPHS OF THE EXPERIMENTAL FAN STAGE.......... 24

FORWARD AND REVERSE INSTALLATION IN THE W2 INDOOR

FAN NOISE TEST FACILITY AT NASA LEWIS....ueeeeuuenn. 26

ROTOR POLYTROPIC EFFICIENCY N tuevrrneervnnennnns 29 1
MERIDIONAL FLOW PATH. .t it tvttnerereneeeeeeennennnes 30

ROTOR FLOW CONDITIONS: SPANWISE DISTRIBUTION OF
STATIC PRESSURE RATIO AND INLET RELATIVE MACH

NUMBER [15a]; ROTOR BLADE SHOCK/PSEUDOSHOCK INTER-
CEPTION AREA (Schematic)[15b]....vvieiiinnennnennn. 32

viii




Figure

16.
17.
18.
19.
20.
21.

22.

23.

24,
25.

26.

27.
28.

29a.
29b.
30.

LIST OF FIGURES AND TABLES (Cont.)

SONIC AND SUBSONIC LEADING EDGES........ cevecesae

ROTOR VELOCITY TRIANGLES (28 blades)..eeeeeeeeen.

DEVELOPED CYLINDRICAL SWEEP REVERSAL SECTION
WITH RADIAL PROJECTION OF PROFILE CG's AND LE

AND TE LINES. .. iuiuiiiiieenennessenesostoconennes

DEFINITION OF CONICAL BLADE SECTIONS........ e en e

CONICAL HUB-SECTION DEVELOPED ONTO PLANE TANGENT
TO CONE, WITH SUPERIMPOSED RADIAL PROJECTION OF

PROFILE CG'Stuetvereenesesoeensssnscnasasaeansans

SECTION MOMENT DISTRIBUTION [Preliminary Design

0
MAX STRESS DISTRIBUTION [Preliminary Design 10]...

NASTRAN ANALYSIS [Preliminary Design 10A]........

EXAMPLE OF INTERIM RESULTS OF NASTRAN STRESS
ANALYSIS MAX SHEAR CRITERION [Preliminary Design

0 P
NASTRAN STRESS ANALYSIS (Pressure Surface).......

NASTRAN STRESS ANALYSIS (Suction Surface)........

RESONANCE DIAGRAM OF FINAL BLADE BEFORE SHROUD

WAS ADDEDCQ‘......‘O.. ooooooooooooo ® o 0 008 0 0 * e 0 000000

ix



Figure

31.
32.

33.

34,
35.
36.
37.
38.
39.
4o.
4.

42,

43.
4y,

45,
k6.
B-1

LIST OF FIGURES AND TABLES (cont.)

page

RESONANCE DIAGRAM OF FINAL (SHROUDED) BLADE...... ....68

MEASURED AND NORMALIZED STRESS DISTRIBUTIONS
DURING STATIC VIBRATION TESTS ON BLADE S/N 17........69

DETERMINATION OF CRITICAL VIBRATORY STRESS

LOCATIONS (Shrouded Blade)....eeeeeeeeereeeneennnnnas 71
DISK STRESSES...civveeenesnn he s eesasessessseersenr s 72
DISK/BLADE ATTACHMENT STRESSES...vveeeeeneeeneenenees 73
DISK FINITE ELEMENT STRESS ANALYSIS....veeeeueeernnnn 74
MINIMUM DISK LOW CYCLE FATIGUE LIFE....:eveeueeeenens 75
PHASE vs RADIUS AT DIFFERENT AXIAL POSITIONS......... 80
PHASE vs AXIAL LOCATION ON CYLINDRICAL SURFACES...... 81
CONTOURS OF CONSTANT PHASE IN Y-7 PLANE.....veeueeenn. 82
PHASE LAG, Olag’ RELATIVE TO POINT OF ORIGIN

FIXED ON ROTATING ACTUATOR. . .t eueennennsonacannnenns 84
TRACE VELOCITY FOR DIFFERENT SWEEP ANGLES........c... 85

MACH .78 LEADING EDGE PROFILE (FINAL VANE DESIGN)....86
SKETCH OF RADIATING AND NON-RADIATING ROTOR/STATOR

INTERACTION HARMONICS (NByM) s veeeernnnosaneeeennnnns 92
STATOR INLET FLOW AND DEVIATION ANGLES..:::eeeeeeeran 95
DETAILED CROSS~SECTION OF FAN RIG....ve0veeenceennnn 101
SONIC SWEPT LEADING EDGE ELEMENT.......... B -
SKETCH OF A LINE MONOPOLE SOURCE........... N



Figure

C-2

C-4

C-5

Cc-6

\
LIST OF FIGURES AND TABLES (Cont.)

page
CASES OF RADIATION (No. 1) AND NO RADIATION
(No. 2) ILLUSTRATED IN TERMS OF THE WAVENUMBER
T T C-6

CASES OF RADIATON AND NO RADIATION FOR A SPATIALLY
FROZEN ARBITRARY PATTERN, ILLUSTRATED IN THE

kl’w PLANE."."...l..........‘00..‘0."...'..'lc-g
SKETCH OF AN ARRAY OF POINT SOURCES. ... eeeeeeenn. C-11
CASE Al FOR A DISCRETE ARRAY; RADIATION FROM THE
FUNDAMENTAL HARMONIC AT Kpeeoeeoooooeeeoonnnnnnnas C-14
CASE Al; RADIATION FROM A HARMONIC OTHER THAN

THE FUNDAMENTAL. ¢ttt it e tnnneeenonnneeneonnannanss C-15
CASE A2; NO RADIATION. vttt vternnnneneenonnoannnas C-15
CASE Bl; INEVITABLE RADIATION. ... vteveeennnnonnoss C-15
SKETCH OF RADIATION SPAN ALONG WAVENUMBER k,

FOR A MOVING ACOUSTIC MEDIUM..::vuveeeeeeennnnnnns Cc-21
SKETCH OF TIME HISTORY OF WAKE VELOCITY DEFICITS

AS THEY IMPINGE ON A SINGLE SBLE TIP......eieev.n. C-24
NARROWBAND LEVELS FOR FULL SCALE FAN......teteunensns D-4

COMPARISON OF MEASURED AND PREDICTED MPT SPECTRA
(BURDSALL @1 @l. ) eeeeeeeooaeeesoeenscssossnsasenssass D-5

GEOMETRY FOR CALCULATION OF ROTOR WAKE SHAPE AND
TRACE SPEED ON STATOR VANES ...t ieveeernoeenceeonnennns E-2

TYPICAL CHARACTERISTICS OF SINGLE STAGE TRANSONIC
FANS . . it ittt ittt ittt enenananans Cecereteeseeseann 3

xi



LIST OF FIGURES AND TABLES (Cont.)

Table page
3. INTERPOLATED AERODYNAMIC DATA FOR FINAL SUBSONIC
LEADING EDGE DESIGN.: et eetoeeneeseeeneeeesoocsnnsnsen Lo
b, CYLINDRICAL COORDINATES AND LATERAL SWEEP ANGLE OF
THE SUBSONIC ROTOR LEADING EDGE LINE. ... eeeeeeeennn ha
5. ROTOR BLADE PROFILE DATA 28 BLADES (Developed
Cylindrical and Conical Section).....veeeeeeeneennn .. U8
6. STATOR BLADE DA A . it ittt ertteeeoranseonensssesesosonnss 96
7. ORDER~OF-MAGNITUDE EMPIRICAL ESTIMATE OF NOISE LEVELS
FROM FULL SCALE SINGLE STAGE FAN. .. vteeeeseoeeceensas 99
D-1 INPUT PARAMETERS ¥FOR EMPIRICAL NOISE PREDICTION...... D-3

xii



SUMMARY

On current generation high bypass ratio turbofan engines,
the fan 1s a predominant noise source which must be controlled
to meet future aircraft noise goals. Of the various approaches
to turbofan engine noise reduction, the most attractive is re-
ducing the strength of the noise-producing elements at the
source, thus avoiding weight and performance penalties associat-
ed with various sound smppression approaches.

In modern high bypass ratio turbofans, the fan thrust is
achieved in a single fan stage, which usually requires super-
sonic tip speeds of the fan rotor to produce the necessary
pressure rise. In such fans, the predominant sources of noise
are shocks radiated from the supersonically-moving rotor blades
(called multiple-pure-tone [MPT] noise), and tones radiated from
the rotor wake 1nteraction with stator vanes.

In this program, two advanced nolse reduction concepts were
applied to the design of a 1.6 pressure ratio single stage fan.
The goal of the design was to reduce the following acoustic
sources: multiple pure tone noise, rotor-wake/stator-blade
Interaction noise, and noise due to operating the rotor in dis-
torted or turbulent inflow. Unique nonradial blading of the
rotor and stator was used to achleve these goals. The rotor
blade leading edges were swept so that the normal component of
flow to the edge 1s subsonie at all points along the blade span,
thus preventing the occurrence of leading edge shockwaves. The
stator vanes were designed to minimize noise generated by rotor
wakes incident on the blades by progressivly sweeping the vanes
from root to tip in order to produce subsonic trace speeds for
the unsteady loads along the span. Speclal aerodynamic and
structural deslign considerations were required to assure the
performance and integrity of this unusual blade and vane design.

The rotor design using a blade concept with shock-free
leading edges (except at points of infleetion where weak conical
shocks occur) 1s highly flexible in that a large family of
blade shapes and leading edge contours may, in general, be
used to achieve the noise reduction goal. The swept rotor de-
sign 1s also attractive since it should perform equally well
at off-design conditions i1f it has been designed to perform
properly at the highest envisioned rotor speed. The swept
edges also are compatible with reducing noise generation due
to inflow distortion.
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In the final design of the particular rotor ultimately
constructed, a reversal of the sweep direction was required
near mid-span to minimize stress levels in the blade. Once
this was done, aeroacoustical-structural design iterations led
to a blade with acceptable stress levels and no additional
compromise in acoustic performance beyond the expected weak
conical shock at the sweep reversal point.

The aerodynamics of subsonic leading edge rotor cascades
with supersonic absolute inflow velocities are not well known,
and will clearly require further study.

The concept of forcing the trace speeds of moving load
distributions on stator vanes to be subsonic was introduced for
the first time in thils program. The design of a stator which
uses this concept requires a controlled rate of axial sweep-
back (or circumferential skew), the details of which depend
heavily on the rotor wake field which varies with distance
from the rotor. The selection of a stator vane number for a
given rotor design is done with the familiar cutoff condition
in mind; however, supersonic rotor tip speeds make it impossible
to completely cut off the radiation at the tips of the stator
vanes. No serious aerodynamic or structural problems were asso-
clated with the swept stator. The stator acoustic design pro-
cedure 1is now well-defined in terms of flow parameters needed
as inputs, but the ability to predict the necessary flow para-
meters of the rotor wake field is presently limited.
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SECTION 1
INTRODUCTION

With the advent of high bypass ratio turbofan engines,
and the associated decrease in exhaust velocity, the fan stage
has become the dominant aircraft engine noise source. Therefore,
fan noise reduction is a problem of primary importance in the
ongoing effort to evolve quieter aircraft. Furthermore, it is
increasingly important that any penalty in operating efficiency
incurred by noise reduction methods be minimized.

In general, noise reduction can be achieved in two ways:
(1) reduction through the attenuation of propagating sound
fields; and (2) reduction of the strength of the noise sources
themselves. The first approach typically involves the use of
absorptive duct liners and splitters, and possibly basic
modifications to the inlet duct geometry. Because add-on
features are required, and the duct length may be increased,
the penalties associated with this approach are added welight
and some direct reduction in aerodynamic efficiency. Further-
more, there may be a degree of noise generation associated
with some treatment modifications, such as in-duct splitters,
particularly if the inflow to the fan is disturbed.

The second approach, which is the reduction of noise at
the source, can be pursued in many ways. The basic fan design
parameters can be chosen to give more favorable acoustic
behavior. For instance, the tip speed can be reduced, the
spacing between the rotor and stator can be increased, and the
number of blades and vanes can be altered to prevent the
propagation of certain duct modes. Whether these options
can be exercised in a given case depends on the design con-
straints on the performance and size of the system.

Because, in most circumstances, acoustic considerations
cannot dictate the choice of basic fan design parameters, other
means of noise source reduction are worthy of consideration.
These other means of source reduction necessarily involve
changes in the aerodynamic design of the blades and vanes.
The design changes may occur either within the framework of
conventional design practice, such as the use of optimized
blade section properties, or may involve the exploration of
novel concepts. Although development of all the design data
needed for implementing novel concepts for noise source re-
duction may be initially difficult, the noise reduction po-
tential of a successful concept may greatly exceed the re-
duction obtained by more conventional means. Of course, the
final test of an acoustically successful concept must always



be whether any associated penalties in performance, complexity,
and system integration can be overcome or, at least, justified
in relation to the benefits.

The subsonic 1leading edge rotor is implemented by tailoring
(sweeping) the rotor leading edge to the mean inflow such that
subsonlc Mach number flow is achieved normal to the leading edge
along the entire span, thus preventing shock generation. Previous
use of partially-swept transonic rotors was done in an effort
to reduce transonic drag rise and thus improve stage efficiency.
Swept stators have been previously used to reduce noilse, but the
design concept implemented here involves tailoring the leading
edge shape to a detailed estimate of the rotor wake field inci-
dent upon the stator.

The remainder of this report is organized to describe in
detall the rationale for selection of the particular concepts
(Sections 2 and 3), details of the design procedure used on
the swept rotor blades (Section 5) and stator vanes (Section 6),
residual noise sources (Section 7), and facility integration
(Section 8). Appendices contain a listing of aerothermodynamic
design parameters (App. A), a discussion of geometric considerations
for subsonic leading edge rotor blades (App. B), a detailed
discussion of acoustical considerations in the stator design (App.
C), discussion of empirical estimates of fan noise levels (App. D),
and a useful algorithm for estimating trace speeds of rotor wakes
on stator vane leading edges (App. E).



SECTION 2
TRANSONIC FAN NOISE SOURCES
This sectlon summarizes the major noise sources and

mechanisms encounted with transonic fans. Typical design

characteristics of single stage transonic fans are summarized
in Table 1.

TABLE 1. TYPICAL CHARACTERISTICS OF SINGLE STAGE TRANSONIC

FANS.
Pressure Ratio Range 1.4 - 1.8
Tip Speed 300 to 600 m/s (1000-2000 ft/sec)

Relative Rotor Tip Mach No. 1.1 - 1.8
Rotor Inlet Hub/Tip Ratio .35 - .50
Stator Hub Mach No. .8

The most important noise sources, which involve both the
rotor and stator, are:

Shockwave noise from the supersonic portion of the rotor
blades, often called multiple pure tone (MPT) noise.

Rotor/stator interaction noise caused by unsteady loading
due to aerodynamic interaction (tonal and broadband noise).

Noise caused by unsteady loading on rotor blades inter-
acting with inflow distortions and turbulence (tonal and
broadband noise).

A brief elaboration on each of these sources is now provided.
2.1 Shockwave Noise

When the relative flow past the rotor becomes supersonic,
the propagation of shock waves out of the inlet duct becomes an
important noise source. The upstream propagation of waves from
blade rows with detached and attached shock wave patterns is
shown in Fig. 1.(from Ref. 1). Because the pressure field must
satisfy a periodicity condition, expansion waves occur in the
regions between the shock waves.

Several investigations (Refs. 2 through 7) have shown that
nonlinear effects are an important factor in the upstream shock
propagation process. Because nonlinear attenuation occurs more
rapidly for higher initial levels, an increase or reduction of the
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shock strength at the blades does not produce a comparable
increase or reduction of levels at the end of the inlet duct,
or in the far fileld. This effect is strongest when the wave
traln 1n the duct is well ordered and can be considered nearly
one-dimensional in character. The important consequence of
this effect is that very substantial levels of source reduction
must be achieved to guarantee a worthwhile reduction in level
in the far field.

Another important consequence of nonlinear propagation is
the redistribution of the shock noise spectrum from blade
passage frequency and its harmonics to the rotor shaft rota-
tlon frequency and its harmonics. This redistribution occurs
because of blade-to-blade differences in the initial strength
and position of the shock waves. These blade-to-blade differ-
ences are caused by variations in manufacturing tolerances
that may affect the circumferential location, setting angle,
thickness, and camber of the blades. Because the shock train
structure is inherently unstable to perturbations in strength
and position, these initial disturbances need not be large.

As an example, when periodic variations in shock strength
occur, the stronger shocks tend to overtake and dominate the
weaker shocks because of nonlinear effects. Because the
variations in strength are caused by blade-to-blade differences,
they are periodic in the shaft rotation speed. Thus, as the
wave train propagates, the harmonics of shaft speed become
increasingly important relative to the harmonics of blade
passage frequency. Fig. 2 shows the redistribution of energy
from blade passage frequency to shaft rotation frequency as

the result of an initial amplitude perturbation to one shock

in a wave train. Figure 3 shows sketches of typical noise
spectra for a subsonic fan, which has no shock noise, and for a
supersonic fan, where the tones at the harmonics of shaft speed
are clearly present. Clearly the multiple pure tone noise due
to shock wave propagation is a major noise problem.

2.2 Rotor/Stator Interaction Noise

Unsteady aerodynamic loads on rotor blades or stator vanes
produced by the aerodynamic interaction between the rotor and
stator are an important source of both tonal and broadband noise.
The main causes of the aerodynamic interaction are the interference
with the potential flow pressure and velocity fields and the
interaction with the viscous and turbulent wakes from upstream
blades. The potential field interaction that produces tonal noise
at the harmonics of the blade passage frequency can be virtually
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FIG. 2. DEVELOPMENT OF A SHOCK TRAIN WITH
AN INITIAL DISTURBANCE (from Ref. 5).
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eliminated by providing adequate spacing between the rotor and
stator. Increasing the spacing on a high by~pass ratio fan
stage is usually practical and does not involve a severe aero-
dynamic penalty. The interaction of the stator vanes with the
"mean component" (steady velocity deficit) of the rotor wakes
produces tonal nolse at the harmonics of blade passage fre-
quency, while the interactlion with the wake turbulence produces
broadband noise. Increasing the spacing between the rotor and
stator also reduces - but does not necessarily eliminate - this
noise source.

2.3 Inflow Distortion Noise

The inflow to the fan rotor typically exhibits a degree
of spatial nonuniformity and a certain amount of turbulence.
Sound is produced by unsteady loads on the rotor blades
operating in this disturbed inflow. Steady spatial nonuni-
formity causes tonal noise to be produced at the harmonics of
blade passage frequency, and the presence of turbulence
produces broadband noise. However, if the turbulence scales
are sufficiently long in the streamwise direction, then many
blades will interact with a given disturbance in a similar
manner, producing peaks in the noise spectrum at the harmonics
of blade passage frequency. Because the basis for this noise
source 1s a random process, the amplitude of these peaks will
vary in time in a random manner. Inflow distortions have been
shown to be a potentially important noise source in static fan
test facilities. Their importance in an actual flight enviro-
nment is less certain, since the effect of forward motion is
usually to reduce certain types of inflow distortion.



SECTION 3
NOISE SOURCE REDUCTION CONCEPTS

In this section, the concepts for the reduction of rotor
and stator noise sources are described. A review of the de-
tailed analysis and design procedures associated with the im-
plementation of these concepts in the present program is post-

poned to the sections later in the report dealing with detailed
design.

3.1 Rotor Noise Reduction

As discussed in the previous section, two noise sources
associated with the rotor are multiple pure tone noise due to
shock waves and inflow distortion noise. This section describes
a concept which has the potential to substantially reduce multi-
ple pure tone noise. As an additional advantage, this concept
will also help reduce the problem of inflow distortion noise.

In principle, upstream-propagating shockwave noise can be
reduced by designing for careful alignment of the relative
velocity, w, with the suctlion surface near the rotor blade lead-
ing edge, as shown in Fig. l4ba. However, completely shockfree
entry into the blade row cannot be achieved in conventional
blading because of the finite thickness of the blade leading
edge. The effect of thickness 1is illustrated in Fig. U4b. More-
over, since the relative inflow direction varies with the opera-
ting conditions, the proper alignment cannot be maintained in
off-design operation, nor in the presence of inflow distortions.
Thus, thls concept presents several practical difficulties for
application to aircraft fans which do not operate at a single
design point.

A different approach to obtain shockfree entry into a
blade row is now described. It is believed that this approach
does not suffer from the shortcoming of the more conventional
approach just described. Consider a blade whose leading edge
1s swept relative to the local inflow velcocity vector. The
leading edge would in general appear swept when viewed from
the side and skewed when viewed from the front. If the leading
edge 1s swept such that the Mach number of the relative flow
component normal to the leading edge is everywhere subsonic,
a shockless leadlng edge results. In wing theory, this is
referred to as a "subsonic leading edge in supersonic flow"
(See, for instance, Ref. 8). In rotating applications, the
radial variation in relative Mach number makes it possible,
in principle, to completely avoid upstream shock wave propagation
by using leading edge and surface generating line sweep which
varies from hub to tip. 1In practice, structural constrains force
some design compromises. In the present design, the structural
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compromise entalls the presence of a train of conical shocks
upstream of the rotor associated with a sweep discontinuity

in the leading edge. From the standpoint of preventing shock
nolse, the design can be made insensitive to operating condi-
tions, relative flow alignment, and inlet distortions by de-
signing the sweep distribution for the highest relative inflow
Mach number to be expected; thus ensuring a lower subsonic
normal Mach number component for off-design conditions. This
insensitivity 1s considered to be a major asset.

The underlying aerodynamic idea is now reviewed. Figure 5a
shows a swept wing of infinite extent subject to an incident
supersonic flow. Since there is no spanwise variation in the
wing geometry, the axial component has no effect. The aero-
dynamic forces are determined entirely by the component of the
flow normal to the wingspan. If the component normal to the span
is subsonic, then there are no shock waves associated with the
flow over this wing. Of course, to be completely shockless, the
normal component must be sufficiently subsonic that transonic
flow effects do not occur in the normal flow plane. The only
effect of the axial component is in the structure of the viscous
boundary layer on the wing surface, but this is not related to the
presence or absence of shock waves. The same ideas are appli-
cable, of course, to an infinite span sweptback cascade.

Fig. 5b shows a finite span wing sweptback to have subsonic
leading edges. The aerodynamic behavior is now consliderably
more complicated. In particular, the presence of conical

shocks at the front and rear of the wing root and at the

rear of the tips 1s unavoidable. These isolated points on the
wing are discontinuities in the otherwise subsonic edges.

The conical shocks are, however, weaker than their two-
dimensional counterparts and, because of their three-dimensional
nature, decrease in strength with distance from their point

of origin.

The application of a subsonic leading edge to a fan blade
is 1llustrated in Fig. 5c. This illustration is simplified to
its essential form, showing only the radial change 1in Mach
number. The actual process 1is nonplanar because of the change
in direction of the inflow with radial location. The particular
case 1llustrated applies to a transonic fan, since part of the
incident flow 1s subsonic. Then the leading edge can be made
completely shockless even though the blade is of finite extent
assumlng that one is able to predict and accommodate the effects
of spanwise flows (Ref. 9 ). ’

11



The local leading edge sweep at each radial station is chosen
to be greater than the Mach angle of the local flow, i.e.,

the swept edge must lie within the local Mach cone. This assumes
that the normal flow to the leading edge is everywhere subsonic.
Because of the gradient in Mach number, the incident flow is sub-
sonic at the base of the blade so a shock cannot emanate from
this point (unlike the wing root in Fig. 3b). Hence, the blade
leading edge can be entirely shockless, except for the effects of
aerodynamic interference between the blade tip and the shroud
which produce conical shocks. If the fan were completely super-
sonic, a conical shock should also occur at the root of the blade.
By designing the leading edge and the other generating lines of
the forward portion of the blade surface to be subsonic for the
situation that produces maximum relative flow Mach number, the
edge will remain subsonic under all other operating conditions.
The blade leading edge would usually be designed to have a con-
stant normal velocity (Mach number) component at all points along
the span at radii (from the hub) greater than that at which the
critical normal Mach number, M, 14> _1s reached. The critical Mach
number is that normal Mach numb&h E(l) at which thickness ef-
fects would cause the flow to become transonic.

In addition to sweepback, Figs. 6a, 6b, and 6c show swept
forward and compound sweep blades that are also possible
configurations. All of the blade configurations must have a
conical shock at the tips caused by aerodynamic interference
with the shroud. The compound sweep blade will also have a weak
conical shock at the discontinuity in sweep, which is positioned
somewhere along the leading edge (assuming the discontinuity
lies in the region of supersonic relative inflow). Although
the compound sweep blade has the acoustic penalty of introducing
a weak conical shock, it offers other definite advantages.
Structural considerations provide the most severe constraint
to the design of high speed fans with swept blades. Fairly
large excursions of the leading edge are required to implement
this concept. It should be noted that the family of three-
dimensional curves that satisfies the subsonic leading edge
condition is not unique and therefore considerable latitude exists
to determine structurally optimum shapes. Figure 7 shows the
type of conical shock wave pattern for a compound sweep blade.
The blade in the sketch closely resembles the design developed
during the course of the project being described.

Figure 8 compares the operation of a moderately loaded
blade row with and without subsonic leading edges in supersonic
flow. As explained above, the subsonic edge region allows
shock-free entry into the blade row. The blade rows are
identical except for the addition of a subsonic leading edge
region in one case. The front surface of the blade must be
designed so that any shocks generated on the suction surface of

13
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FIG. 6.

A. Swept Back

B. Swept Forward

C. Compound Sweep

FRONT VIEW OF SOME POSSIBLE BLADE CONFIGURATIONS
WITH SUBSONIC LEADING EDGES.
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the blade are formed sufficiently far back that the disturbance
i1s entirely contained in the blade row, even during off-design
operation.

Using a swept leading edge also helps reduce the response
of the rotor to inflow distortions, because the magnitude of
the response 1s largely determined by the velocity component
normal to the leading edge (Ref. 10). The effect of inflow
distortion is most important near the tip of the rotor where
the relative velocity is highest. Fortunately, the concept
for sweeping the blades requires the most sweep near the tip.

3.2 Stator Noise Reduction by Leading Edge Sweeping and Blade/
Vane Number Selection

Although increasing the spacing between the rotor and stator
leads to some noise reduction, the aerodynamic interaction be-
tween the rotor wakes and stator vanes remains an important noilse
source. Further reduction by conventional means can be achieved
by choosing the proper number of blades and vanes to cut off
many of the acoustic spinning modes in the duct (Ref.11). When
the rotor tip speed is subsonic, the blade and vane numbers can
be chosen so that all the spinning modes at blade passage fre-
quency, and at least some of the modes at higher harmonics, are
cut off. However, if the rotor tip speed is supersonic, at least
one spinning mode at blade passage frequency cannot be cut off,
regardless of the choice of blade and vane numbers. Since super-
sonic spinning speeds often occur on transonic fan designs, other
means of stator noise reduction are of considerable interest.

Figure 9a illustrates the interaction of a row of stator
vanes with rotor wakes when viewed on a surface of constant
radius from the fan axis. The wakes can be described as flow
regions with an average velocity W lower than the velocity of
the adjacent fluid, upon which a turbulent perturbation velocity
field Aw is superimposed.

Figure 9b shows a sketch of a three-dimensional wake/vane
interaction 1n a fan. The structure of the viscous, usually
turbulent, wakes that trail each rotor blade is complex. How-
ever, on the average, these wakes can be considered as being
convected with the mean flow in which they are imbedded. The
nature of the downstream mean flow is such that the convection
process will distort the wakes from their original shape; namely,
the downstream flow is distorted both axially and circumferentially
across a given radial path, leaving the downstream pattern of the
wake disturbance very much altered from the pattern at the rotor
trailing edge. Suppose, for instance, the rotor is designed to
give a mean flow that has a uniform axial velocity distribution
and a free vortex tangential velocity distribution. Assuming

17
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the wakes are radial at the rotor tralling edge, it is clear
that the tangential velocity component will act to skew the
wakes over, with the hub region leading the tip region. This
situation 1s illustrated in Fig. 9b. In this case, the inter-
action of a gilven wake with a given stator vane does not occur
simultaneously all along the stator vane span. Instead, the
instantaneous spanwise interaction region of a single rotor
wake will extend over only a portion of any one vane and will
sweep along the vane leading edge, beginning at the hub and
ending at the tip. The skewing of a wake due to convection

by the downstream mean flow can be sufficient to involve
simultaneously portions of several stator vanes.

The shape of wake and the magnitude of its veloclty components
vary from hub to tip. To complete this picture of the downstream
flow field, one must consider the unsteady velocity components
which account for the turbulent structure of the wakes and for
any other sources of inhomogenieties in the flow, e.g., inlet
flow distortions, large-scale flow instabilities, and blading
errors. In general, the statistical properties of these unsteady

components can be expected to vary axially, circumferentially,
and radially.

Both the mean and unsteady velocity components of the wake
flow induce unsteady loads on the stator vanes. The mean com-
ponent will produce a load distribution that travels from hub
to tip, changing shape and amplitude in accordance with the
radial variation of the mean flow properties and wake strength,
width, and skew. Imposed on this traveling load distribution
will be the unsteady effect of the turbulent structure of the
wake. The end result of all sources of unsteady loading on
the stator vanes 1s to produce tonal and broadband noise. The
tonal nolse is usually considered to be the more important
nolse source. The speed at which the point of interaction of the
flow disturbance with the vane travels along the span is called
the trace speed.

A particular source of unsteady loading will produce no
significant acoustic radiation if 1t satisfies a subsonic and
non-accelerating trace speed criterion along the vane span. The
trace speed concept has been previously recognized for the problem
of hellcopter-blade/vortex interaction by Widnall (Ref. 12) although
it has not been generally recognized in the study of fan noise.

The 1interaction of the wake with the vane produces a load
distribution that travels along the vane. Suppose the vane is
‘much longer than an acoustic wavelength. Following the trace
of a phase front of this load distribution, acoustic radiation
can occur along the vane span if the magnitude of the load changes,
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the phase speed changes with time, or if the phase speed is
supersonic. For instance, in fan noise analyses the rotor-wake/
stator-vane interaction is usually assumed to be two-dimensional
(corresponding to infinite spanwise trace speed). The conditions
mentioned above are necessary for radiation but not sufficient.
The interaction with the acoustic field produced by the other vanes
must also be considered before the actual occurrence of acoustic
radiation can be established. Therefore, regions along the
stator vane span can be expected to be poor radiators if the
phase speeds are subsonic, nearly constant, and local levels do
not vary rapidly. Other regions may or may not be efficient
radiators depending on the behavior of the distribution of
sources elsewhere on the stator. Furthermore, end effects at

the hub and tip (within approximately one half an acoustic wave-
length of the ends) makes these regions potential radiators.
These considerations are discussed in Appendix C, and justified
in detaill in Bliss, et al., (Ref. 13).

Understanding the rotor-wake/stator-vane interaction and
the criteria for radiation from the span of a single vane
suggests ways in which the vane configuration can be altered
to achieve noise reduction. The vane should be shaped so that
loads traveling along the span move at a constant subsonic
speed. Assuming that the amplitude of the load distribution,
moving with a phase front, is essentially constant, then
radiation from the vane span will not occur (except for end-
effects). The condition of a constant subsonic spanwise trace
speed can be achieved by sweeping or skewing the stator vanes,
as 1llustrated in Fig. 10. In this illustration, the lines of
constant phase can be considered to be the intersection of the
rotor wakes with the plane of observation (e.g., the r-6 plane
in Fig. 10a, and the r-z plane in Fig. 10b). Except for
the effect of shape changes, these lines travel at constant
speed (rotational in the r-6 plane and rectilinear in the r-z
plane) because of the rotation of the rotor. The speed at
which a phase front traces the leading edge of the stator vane
depends on the shape of the leading edge and the shape of the
phase front. Clearly the trace speed can be controlled by
elther sweeping or skewing the stator vane. With this approach,
radiation from the stator span can be prevented, leaving only
acoustic radiation from end effects at the hub and tip of the
vane. Radlation from the hub region can be cut off by the
proper choice of blade and vane numoers, provided that the
rotation speed of wakes at the hub 1s subsonic. Since the
rotation speed of wakes at the stator tip will usually be
supersonic for a transonic fan, the radiation from tip end
effects can never be entirely cut off. Note that the rotor
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wake pattern rotates with the same angular velocity © as the

rotor. Thus, at any given radius at any downstream location -
between the rotor and stator, the rotation speed of the wake

pattern 1s simply, Qr, which is different than the swirl velocity
component. This can be best visualized from rotor fixed co-

ordinates from which the wake pattern appears "frozen."

Another, but related, way to view the effect of sweeping
or skewing the stator vanes is as follows. Tyler and Sofrin
(1962) have shown that for a given circumferential mode
number, m, and hub-to-tip ratio, v, the radial structure of r
an acoustic spinning mode can be described by an infinite ‘-
series of characteristic functions. The functions in this
series differ according to their radial order, u, i.e., each
function has a different number of nodes in the interval
between the hub and tip. The spinning speed at which each of
these functions begins to radiate is always supersonic and
increases with increasing radial order. Therefore, at a given
supersonic spinning speed and fixed m and o, only a certain
number of the functions corresponding to the lowest radial order
will not be cut off. Vanes can be skewed or swept so that
the number of wakes on a given vane is increased, raising the
radial order of the load distribution on the vanes. The
acoustic energy 1s thereby redistributed to higher radial
orders, some of which will be cut off. The relationship between
duct mode cut off and the constant subsonic trace criterion

is discussed by Bliss, et al., (Ref. 13), and in Appendix C.

|
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SECTION 4
FAN STAGE DESIGN SUMMARY

An experimental transonic fan stage was designed and con-
structed using the noise reduction concepts explained in the two
preceding sectlions. The fan uses compound sweep rotor blades
designed to have "subsonic leading edges" in the region of super-
sonlc relative inflow. The stator vanes were swept back to
achieve a constant subsonic trace speed of rotor wakes along the
vane span. Figures lla, b and ¢ show photographs of the actual
fan stage. A cross-sectional view of the fan as 1t will appear
when 1Installed in the test facility of NASA Lewis 1s shown in
Fig. 12. As indicated in the illustration, the fan will be
tested 1n both forward and reverse installation arrangements in
order to measure both the fore and aft noise characteristics.
The design data for the fan stage is summarized in Table 2.

In the remainder of the report, the detailled design procedures
used in the development of the fan stage are described.

TABLE 2. FAN STAGE DESIGN SUMMARY

Stage Characteristics:

Stage Pressure Ratio, P, /P: 1.6

Mass Flow Rate, W 31.2 kg/s (68.8 1b/sec)

Specific Mass Flow Rate:(referred to annular area at
rotor inlet)

W o= 199.03kg/s*m? (U0.76 1b/sec-ft?)

Polytropic Stage Efficiency, n = 0.86

Rotor:

28 Compound Sweep Blades

Leading Edge Normal Mach Number = 0.91

Tip Speed = U480 m/s (1575 ft/sec)

Relative Tip Inlet Mach Number = l.%93
Rotor Inlet Tip Radius = 249 mm (9.803 in)
Rotor Inlet Hub-Tip Ratio = 0.442

Rotor Pressure Ratio, P,/P:1 =1.64

Stator:

59 Swept Back Vanes o
Sweep Angle = 25° At Root, 40° At Tip
Stator Inlet Mach Number = 0.80
Stator Pressure Loss APB_I’/P3 = ,025
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FIG.

11 concluded

(g) Side View

PHOTOGRAPHS OF THE EXPERIMENTAL FAN STAGE.
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SECTION 5
DETAILED ROTOR DESIGN

Thls section deals with all aspects of the detailed
analysis and design procedures associated with the fan rotor.
The aerodynamic design of a transonic rotor having blades with
"subsonic" leading edges differs significantly from conventional
deslgn practice because the acoustic, aerodynamic, and
structural requirements interact strongly with each other from
the very beginning of the preliminary design phase. Therefore
it was necessary to conduct numerous aerodynamic-acoustic-
structural design iterations to optimize and finalize a
rotor configuration satisfying all the design requirements.

The overall design point data for the rotor are listed in
Table 2 of the previous section.

5.1 Aerodynamic Design

Certain differences are to be expected in the aerodynamic
behavior of a rotor with subsonic leading edges. Since the
entry into the blade row 1s shock free, any shocks that occur
must remain within the blade row under all operating conditions
because the edge reglon cannot support a shock system. Further-
more, the effects of sweep may introduce other three-dimensional
flow phenomena which are not present in a conventional blade
design. Given these facts, the rotor aerodynamic design was
undertaken using the best conventional design practice combined
with an anticipation of the most important effects of swept
edges. The design was carried out primarily with the use of
an axlsymmetric flow computer program. Conventional (two-
dimensional) methods for analyzing the flow behavior within the
blade row are not really adequate for the three-dimensional case
of blades with swept "subsonic" edges. To handle this problem
analytically requires a more general approach. Some work was
done to adapt a new fully three-dimensional computer code to
the analysis of flow through the blades with swept edges, but
was discontinued due to schedule requirements.

An important question in the design of a rotor with "sub-
sonic" edges 1s related to its surge margin. Because the edge
reglon cannot support a shock system it was felt that the
surge margin might be reduced. Such a reduction would occur,
if the effective rotor operating range were limited by the
condition that the shock system remain within the covered
cascade region. The flow configuration in which the shock
system must remain within the covered cascade, however, does
not yleld the maximum static pressure rise achievable in a
conventional transonic-supersonic rotor. Consequently, in a
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stage where surge 1s not triggered prematurely by the stator
flow conditions, a rotor with subsonic leading edges might
result in a decrease of the surge margin as compared to a
conventional design.

Since the rotor aerodynamic loading essentially depends
upon the rotor static pressure rise, the selection of the
meridional flow path was the main design step taken to achieve
the desired loading levels. Meridional channel conicity and
curvature through the rotor section were traded off in several
preliminary design attempts. The flow calculations were per-
formed by means of a code which solves the general equation
of radial equilibrium on straight axial or slanted stations
for the axisymmetric flow case taking into account the radial
variation of the blade efficiency. The polytropic efficiency
n assumed for the rotor blading is shown in Fig. 13, where n is

derived from
Y
Pz i (Tz)(n) (Y-l)
T ON\T
1 1

It was found that the comparatively large channel conicity across
the rotor section required by the high design pressure ratio
P,/P, = 1.6 and the wall curvature needed at rotor exit to pre-
vent excessive channel contraction in the free space between
rotor and stator, combine to shift the maximum rotor static
pressure rise from the tip towards the midspan location, where
the shock system has the greatest tendency to move upstream
into the uncovered cascade region because of the lower relative
inlet Mach number. The main preliminary design effort con-
sequently was directed toward minimizing the static pressure
rise at the critical midspan location.

The optimum channel configuration is shown in Fig. 14.
The flow conditions are summarized on the Aero design program
(R-121) input and output printout attached in Appendix A.

Figure 15a shows the distribution of the rotor static
pressure ratio P /P over the channel height, together with
the relative inlet ﬁach number M and the corresponding nor-

mal shock pressure ratilo P /sz wﬁich is roughly equivalent to
the static pressure ratio obtained in the front portion of a
conventional cascade with a normal shock attached to the leading
edge.
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Three types of operating conditions can be distinguished
along the rotor blade span.

(a) From the hub to the sonic radius rl(M = 1)° the rotor
W

1
static pressure rise 1s achieved essentially by subsonic relative
flow deceleration and centrifugation.

(b) From rl(Mw = 1) to rl(Pz/P1=§1/Pl) the rotor static

1
pressure rise must be achieved through a channel-contained normal
shock or a pseudoshock system followed by subsonic relative flow
deceleration. The radial distribution of the rotor statlc pres-
sure ratio P,/P, determined how far this operating condition ex-
tends beyond the sonic radius. In the present case, it extends
roughly from the 12% to the 40% mass flow streamline, or from
20% to 53% of the span, i.e., slightly beyond the point of
sweep reversal. The maximum inlet Mach number in this blade
section remains below the 1.3 level at which the interaction
of normal shock with a turbulent boundary layer produces ex-
tensive flow separation (B/P = 1.8). If minor flow separation
does occur in the upper portion of this region, the flow will
reattach to the blade because of the large solidity provided
in the vicinity of the point of sweep reversal. Consequently,
1t 1s expected that the design flow conditions will be obtained
over this critical span section by a shock configuration located
in the forward, yet stlll covered portion, of the cascade.

(¢) In the upper blade section, P ,/P,1s smaller than P /P
and the shock system consequently moves progressively toward
the rear portion of the cascade. Since no shock is attached
to the leading edge, the flow conditions are essentially similar
to those in the diverging section of a converging-diverging
nozzle in the supersonic off-design operating range.

Figure 15b schematically shows the meridional projection
of the rotor blade and the anticipated shock/pseudoshock
interception area on its pressure and suction sides. The main
question pertains to the rotor surge margin, i.e. the extent
to which the tip region will be allowed to increase its
pressure ratio beyond the design value by forward shifting of
the shock configuration before (1) flow separation occurs at
the hub, or (ii) the shock system at midspan 1s forced into
the uncovered cascade region.
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STATIC PRESSURE RATIO : P2/P1; Pi/py

FIG. 15(a).

FIG. 15(b).
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5.2 Description of the Aero-Structural Design Interaction Problem

The problem of achieving acceptable stress levels is much
more difficult for a rotor with swept leading edges than for a
conventional design. The aerodynamic and structural require-
ments for the rotor blade are therefore closely coupled. Within
the aerodynamic constraints, a number of design iterations were
required to achleve acceptable stress levels and to optimize the
design. The major aerodynamic constraints are that the rotor
meet the deslgn performance requirements and that the normal
component of flow to the leading edge be maintained at a certain
subsonic value. Because of the gradient of relative inflow Mach
number, the angle of sweep must increase toward the tip to meet
the condition of a subsonic normal component. In the present
case, the maximum normal component Mach number was chosen to be
0.91 along these leading edges (actually lower near the hub).
The value of 0.91 was chosen as a goal since it represented a
normal Mach number sufficiently below sonic to avoid thickness-
related shocks. Lower values can be chosen, but the severity of
the blade leading edge excursions increase as the normal Mach
number 1s lowered. For the fan design tip speed, the excursions
of the swept leading edge are large and it was necessary to use
a compound sweep configuration to minimize bending stresses. The
major variables available to control blade stresses are the loca- -
tlon of the sweep reversal point, the local section properties of
chord length, maximum thickness, thickness distribution, and the
stacking of the blade sections.

Because of the large leading edge excursions, the centers
of gravity of the blade sections can no longer be stacked on a
radial line. In addition to the centrifugal tensile stresses,
large bending moments about both principal axes of inertia of
the blade sections were found to occur (Fig. 16). Achievement
of acceptable stress levels required the use of a carefully
chosen sweep reversal point and the development of an effective
nonradial stacking procedure.

Typically, the most critical problem was the bending
moments about the minor axis of inertia, and a special
stacking procedure was used to minimize these moments. A
near-optimum procedure for nonradial stackling is as follows.
The blade sections were stacked starting at the tip and moving
inward. The addition of each incremental blade section was
made so that the center of gravity of the entire portion of the
blade above this section falls on the axis of minimum inertia
of the new section. The center of gravity of the new upper
portion was then reevaluated before the next incremental section
was added in the same manner. This procedure nearly minimizes
the critical bending stresses around the axis of minimum
inertia. The result is not completely optimum because of the
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FIG.

16.

BLADE CENTRIFUGAL FORCES AND MOMENTS.



complexity of the actual situation in which the stresses are
determined by the complex interaction of many effects. Further
improvements were made by iterative changes around the result
of the above stacking procedure, particularly with the inten-
tion of relieving local stress concentrations. To the extent
that high stresses arise due to bending around the axis of
maximum inertia, these can be relieved largely by changing the
location of the sweep reversal point and varying the local
section chord and thickness.

5.3 Determination of the Subsonic Rotor Leading Edge Geometry

At each leading edge point, the relative Mach vector Mw
1
defines a Mach cone. To a prescribed value of the subsonic
velocity component Mw perpendicular to the leading edge,
7
there corresponds a coaxial cone with smaller aperture. The
subsonic leading edge elements must only satisfy the condition

that they lie on such cones. Their direction otherwise is
arbitrary.

Referring to Fig. 17, a particular sweep direction can be
defined by specifying that each leading edge element be swept
in the plane formed by the relative inlet velocity, W, and the
radius (W-r) plane. This ylelds the shortest leading edge line
from hub to tip, since it maximizes the radial projection of
every leading edge segment.

Sweeping in the W-r plane however, does not result in a
blade with minimum stresses. The resulting stacking of the
CG's of the profiles in fact was shown to generate substantial
bending moments around their axis of minimum inertia. The
maln parameter used to minimize bending stresses 1is the lateral
sweep angle, Vv, between the radial plane passing through the
leading edge element dl and the W-r plane. The situation is
illustrated in Fig. 17. The geometric analysis used for this
design is described in Appendix B, and only some pertinent
results are cited below. They are expressed by the two follow-

ing equations for the cylindrical coordinates GL and Z1, of the

leading edge points in function of the relative flow angle 81’

the lateral sweep angle v, the slope € of the relative velocity
1

and the projection u" of the Mach cone angle u in the W-r plane

(see Appendix B):
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RADIAL DIRECTION

17. SONIC SWEPT

LEADING EDGE ELEMENT.



T [ cos(B; + V) 1 ] (1)
6. (r) = 6 + * dp 1
L Ly - J)»r =1 [tan(u" e ) peosy
M W,
w
r
7 (r) = 7. * sin(g, +v) (2)
L L, — dp
: MW [ tan(p" :ewl)cos v
€ -1 Vr
w1 = sin 1 (3)
W

The relation between u" and u is given by the formula

+ 2 2 2
* sin ew1 cos.swl tan? v +\/;an u(l+sin €y tanzv)-coszew tan?v

tan p" = ! 1

1 + sin? €y tan? v
1

(1)

In the above relations the (+) sign applies for backward,
the (-) sign for forward sweep.

The formulae define a sonic leading edge, i.e., leading
edge points lying on the Mach cones of the adjacent points.
A subsonic leading edge is simply obtained by using in the
formulae v values corresponding to relative Mach numbers

= 1 =
increased by a factor f =1/ , 1.e. M W, MWI/M where

Mag, Wap
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Mw is the subsonic Mach number of the relative velocity [ §
'L

component perpendicular to the leading edge. This simple re-

lationship is 1llustrated in Fig. 18.

The second design parameter used to minimize the bending
stresses was the sweep reversal radius. By proper selection
of the point of sweep reversal, the center of gravity of the
blade can be located in such as way as to project radially on,
or near, the axis of maximum inertia of the hub section. From
a structural viewpoint, the compound sweep blade of Fig. 6
could be considered as a blade with hub and tip sections de-
signed and stacked according to conventional practice and fitted
with an additional front section to materialize the subsonic
leading edge conflguration. The above CG stacking condition
then could be fulfilled by similarly fitting a rear section to
restore the symmetry of the mass distribution with respect to
the axis of maximum inertia of the profiles. This, however,
would maximize the additional blade mass and the elongation of
the profile chord lengths required by the compound sweep design,
which is structurally and aerodynamically undesirable. Proper
selection of the radius of sweep reversal thus is necessary to
ensure minimum blade stress and aerodynamic performance penalties.
Adjustments of the profile chord lengths can be used only to com-~
pensate for a slightly off-optimum location of the sweep re-
versal point. Accordingly, the optimum stacking should yileld
hub stresses exceeding those of a conventional blade only by {
the contributlion due to the blade mass added to incorporate
the subsonic leading edge configuration.

From the preliminary design iterations, the meridional
projection of the subsonic leading edge line and its sweep re-
versal point were known with sufficient accuracy to define the
radial distribution of the relative Mach numbers Mw (r) and

1
the relative flow angles B, (r) and €y (r) at the leading edge
1
for final design. Those data were interpolated on the stream-
lines between stations 9, 10, 11, 12 of the R-121 flow calcula-
tion. (For the axial station nomenclature, refer to Fig. 14
and Appendix A.) Table 3 presents the interpolated inlet Mach
numbers Mw s together with the selected Mach factors f and the
1

corresponding Mach numbers MW of the relative velocity component

1

L
perpendicular to the leading edge and Mw' of the relative veloci-

1

ties, introduced in Egs. 1, 2 and 4.

38



FIG.

18.

SONIC AND SUBSONIC LEADING EDGES.
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TABLE 3. Interpolated Aerodynamic Data for Final Subsonic
Leading Edge Design

Ezziil:g( nl;.“.ig)e IF\{I:lahM\:: Mach | Mach Factor My, = f My, My,
1
110 .829 1.206 1,000 .829
116 . 859 1.170 1.005 .855
122 . 888 1.140 1,012 . 877
129 . 924 1.118 1.033 . 894
136 . 959 1.107 1.062 . 903
| 143 . 994 1.102 1.095 . 908
150 1.028 1.100 1.131 . 909
160 1,078 1.186
170 1,127 1,240
180 1.185 1,304
190 1.242 1.366
200 1.302 1,432
210 1.363 1.499
220 1,422 1.564
230 1.481 1,629
240 1.539 1.693
249 1.588 1.100 1,747 .909

4o



It will be seen that forward sweep starts immediately at
the hub by setting Md = 1, i.e., by requiring that MW = MW =

1 1
L
.829 at the hub section. The selected values of Mw increase

1
L
gradually to .91 at approximately 1/3 of the span in accordance
with the decreasing thickness and camber of the profiles, and
then remain constant up to the tip section.

The cylindrical coordinates in the lateral sweep angle v
of the subsonic leadling edge line are listed in the outlined
columns of Table 4, which reproduces the input/output data of
the computerized calculation.

5.4 Rotor Blade Profile Definition and Stacking Procedure

The optimum profile stacking configuration can be described
as follows: At every blade sectlon along the span, the CG of
the upper blade portion projects radially on or near the axis
of minimum inertia of that section. This means that the radial
projections of the individual CG's of the upper profiles must
straddle the axis of minimum inertia of the lower section (sub-
sequently referred to as i-straddling). This 1is achieved by
iterative selection of the lateral sweep angle v along the span.
During that iteration, the radial location of the point of sweep
reversal initlially selected 1s kept unchanged. When adequate
i1-straddling is obtained for all blade sections, the CG straddl-
ing with respect to the axis of maximum inertia (I-straddling)
of the hub section 1s checked and the radial location of the
point of sweep reversal modified accordingly.

The first preliminary design investigations were carried
out with double circular arc profiles. In the course of the
profile stacking iterations, 1t appeared that using airfoill
sections with CG's shifting progressively backward in the lower
span portion with forward leading edge sweep, and forward in
the upper portion with backward sweep, i.e., a blade configura-
tion with minimum chordwise excursion of the profile CG's,
could substantially contribute to minimize bending stresses.

A simple analytical blade thickness distribution was used
to simplify the design iterations involving changes in section

properties to help relieve stresses. The thickness distribution
is written in the following parametric form

t(x) = kx" (c-x) (5)
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where ¢ 1s the chord length and h, a shape parameter. By adding
a leading and trailing edge thickness,

tLE = tTE = 1VC

where T is the LE and TE thickness factor and v = tmax/c the

relative blade thickness, a practical blade thickness distri-
bution is obtained. The abcissa for maximum thickness 1s given
by

ne
X = — 6
tmax n+l (6)
the factor k by
k = v (1-1)

(@) (F)

The complete non-dimensionalized formula is

t _ v(1-1) P \n ( X )
T =TV + = - 1- (7)
c » )n/ 1 (c / c )
n+l \n+1
For n = 1, (x/c)t = .5. Furthermore, the second

derivative is constantTax SO0 that the resulting profile is
essentially a double circular arec profile for small thickness.

For n > 1, (x/c)t > 1/2 and the profile CG shifts
max
toward the trailing edge. Since the first and second deriva-
tives of the thickness distribution are continuous, the profile
curvature is continuous.

Using profiles with circular mean camber lines and n varying
from 1 to 1.8 from the hub to the point of sweep reversal,
and back to 1 at the tip section, a favorable blade configuration
was obtained. However, manufacturing difficulties and the extreme
sensitivity to tolerance and foreign object damage of thin
profiles with n > 1.5 lead to the selection of n=1l, i.e., essentially
double circular arc profiles for final rotor blade design.
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The blade cascade geometry was defined by means of con- " §
ventional procedures and criteria. Figure 19 shows representa-
tive streamline velocity triangles, together with the correspond-
ing relative flow deceleration rates W,/W, and static pressure
ratios PZ/PI, the selected cascade solidities o = ¢/s and the
resulting D-factor values. The hub and tip cascade solidities
are equivalent to those which would have been sele