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DETAILED DESIGN OF A
QUIET HIGH FLOW FAN

By J.D.Soltau,.M.J.Orelup, A.A.Beguhn, F.M.Wiles, M.J.aAnderson
DETROIT DIESEL ALLISON DIVISION OF GENERAL MOTORS- CORPORATION

SUMMARY

A single stage fan has been designed to demonstrate concepts for
the reduction of fan generated noisé. The concepts utilized in
this Quiet High Flow (QHF) fan are near-sonic flow at the fan
inlet to reduce upstream propagated noise and the use of long-
chord wvanes to reduce downstream noise., The near-sonic flow is
obtained by operating at a higher-than-normal inlet specific flow,
and is maintained by operating at or near design speed for all
performance requirements. Thrust modulation at design speed is
accomplished with a variable fan exhaust nozzle, and variable
fan outlet stators. The long-chord vanes provide downstream
noise reduction by their reduced response to the unsteady flow
effects of the rotor wake field.

The fan stage incorporates an advanced high tip speed rotor which
combines multiple circular arc and started contained shock (low
shock loss) airfoils, and tandem stator rows which are double
circular arc airfoils. Each tandem stator pair has a -continuous
mean camber line and will act as a single vane when at design
setting angle.‘ Axial spacing between the blade and vane rows was
set to maximum rig llmlt in order to minimize blade pass tone
radiated noise.

The important design parameters are:

Stage pressure ratio 1.653
Stage adiabatic efficiency ~ % 83.9
Tip speed - m/sec (ft/sec) - 533.4 (1750)
Tip diameter - mm (in.) 508 (20)
Hub/tip ratio 5 .426
Specific flow - kg/sec-m 2

(1lbm/sec—£t") 219.71 (45.0}.

The fan size was fixed by requirements for testing at NASA-Lewis.
Extensive mechanical design work was performed to accomodate

the fan stage for both performance and noise test facilities at
NASA., Mechanical design included structural and vibration analyses.
Predicted stresses due to static and dynamic loads are well within
the capabilities of the selected materials. The blades and vanes
have acceptable frequency response characteristics and the rotor
blades have acceptable flutter margin.



The preliminary analysis of the QHF concept indicated that a QHF
powered aircraft would be substantially more quiet than the same
aircraft powered by a conventional fan engine. Comparison of the
100 EPNdB contour areas for the two aircraft showed. the QHF areas
to be 82% smaller at takeoff and 97% smaller during approach.
Current- analysis indicates that noise reductions of this order
can be expected from the QHF final design as well.



INTRODUCTION

Future turbofan engines will require extensive reduction in the
noise generated during takeoff and approach by conventional air-
craft in order to meet the environmental noise standards. Attempts
to reduce the.noise emamating from turbofan engines have resulted
in sound absorbing systems being adapted to the engines which are
costly and penalize peérformance. Since the fan component is the
major contributor to the noise produced by an engine, any signifi-
cant reduction in engine noise can only be accomplished by first
reducing fan noise.

The report presents the final aerodynamic and mechanical design
and an 'acoustic analysis of a fan stage which is designated the
Quiet High Flow (QHF) fan. It is a high tip speed, high flow per
unit frontal area, single stage fan without an inlet guide vane
row. The design objective of this fan stage is to utilize ad-
vanced aerodynamic concepts to achieve low noise levels without
the use of external sound absorbers.

The fan design completes the second phase of a program at Detroit
Diesel Allison (DDA) sponsored by NASA-Lewis Research Center for the
study of concepts to reduce fan source noise in turbofan engines for
conventional takeoff and landing (CTOL) aircraft. The proposed
program concepts were to reduce forward radiated noise by incor-
porating very high specific inlet flow and to reduce exit noise
through the- use of a low number of long-chord exit vanes. At the
time of the inception of the ,program, it was theorized that a high
specific design flow rate would result in a near-sonic condition

at the fan face and reduce forward propagating fan noise much like

a near-sonic inlet (Ref. 1). Since that time, the noise abatement
properties of this method have been expérimentally verified by

tests at DDA of a compressor with a specific flow rate similar to
the QHF fan. The low number of long-chord vanes should reduce both
discrete frequency and broadband fan source exit noise by reducing
the vane response to blade wakes and turbulent eddies (Ref. 2).

The first phase of the program, performed under Contract NAS3- :
18521, .was a thorough acoustic analysis of four preliminary aerxro-
dynamic designs to determine the most appropriate configuration

for a QHF fan stage (Ref. 3). The preliminary design .work showed
that the best configuration (#3) had a positive hub-to-tip total
pressure gradient, tandem long-chord stators well aft of the rotor,
and an increased diameter at stator inlet to reduce the levels of
stator hub Mach number and loading for off-design operating condi-
tions. These design characteristics were closely adhered to for
the QHF fan final design.

The fan is designed to operate in the NASA~Lewis Research Center
test-facilities. The QHF test rig will fit the Engine Fan and
Jet Noise Facility (W2) with either the fan inlet or exhaust
facing the anechoic room. The rig will alsc fit the Single~Stage
Aerodynamic Test Facility (W8) with the fan exhausting into the
collector.



AERODYNAMIC DESIGN

FLOWPATH AND VECTOR DIAGRAMS

The design parameters for the QHF fan are:

Stage pressure ratio 1.653

Rotor corrected tip speed - 533.40 {(1750)
m/sec (ft/sec)

Corrected airflow per unit 219.71 (45.0)

~ frontal area - kg/sec-m
(lbm/sec-£t2)

Rotor inlet hub/tip ratio .426
Efficiency - % 83.9.

Tip diameter - mm (in.) 508 (20)
Corrected airflow-kg/sec 36.45 (80.4)
(Ibm/sec) :

Corrected speed - RPM 20053.5

The velocity diagrams of the QHF fan were obtained using the DDA
Axial Compressoxr Design calculation. A description of the design
system is given in Appendix A.

The fan flowpath is shown in Figure 1. It is similar to the’
configuration 3 flowpath from the preliminary design study. The
major differences are the reduction of the tip speed from 548.6
m/sec (1800 ft/sec) to 533.4 m/sec (1750 ft/sec) and the conver-
gence through the rotor. The rotor exit area was decreased 6.9
percent by raising the rotor hub ramp angle from 16.38 to 18.38
degrees and the tip ramp angle was changed from 0 to -4.72 degrees.
With the original flowpath and tip speed, the turning angles
across the upper 50% of the blade were very small, on the order

of 2 degrees. These small angles result in blade ‘sections with
zero or negative net camber. The throat tends to be at the rear
of these blade sections, which results in airfoils with large
positive front camber and negative rear camber in'order to achieve
the design throat critical area ratio. By reducing the rotor

exit area, the static pressure rise is decreased for the same
total pressure ratio and the air turning angles are increased,
With higher turning angles, design blade sections will have
positive net camber and a better front-to-rear camber ratio.

To ensure a near~sonic block to the forward radiated noise, a
high specific flow rate is necessary. It is also important that
the inlet velocity profile be essentially uniform to avoid a low
Mach nunber "leakage" path for fan generated noise. The flowpath:
walls upstream of the rotor are contoured to give the rotor inlet
Mach number distributions shown in Figure 2. The average value

of the rotor inlet axial Mach number is .71l4. The high absolute
Mach number combined with the rotational speed of the rotor yields
supersonic inlet relative Mach numbers over the entire span with

a tip value of 1.8. The rotor exit relative Mach numbers are super-
sonic over the upper 35% of the span (Figure 3).



The number of rotor airfoils is 22 while the stator consists of
a double row of 10 vanes each. The number of rotor blades was
fixed by performance and structural considerations while the
number of vanes was determined by a detailed acoustic analysis
in the preliminary design. Large spacing between rotor and
stator blade rows reduces interaction noise caused by wake buf-
feting of the stator vanes (Ref. 4). The duct length between
the. rotor trailing eddge and stator leading edge planes in the
QHF fan was limited to two rotor chord lengths by the avallable
axial space in the test rig.

Wall curvature between rotor exit and stator inlet and the rotor
exit pressure profile are two design features which affect stator
performance. It was discovered with the preliminary design work
that an increasing hub radius between the rotor and the stator

and a positive radial gradient in pressure were necessary to keep
loading levels at.design point and the stator inlet hub Mach
numbexr at the chcke end of the design speed line within reascnable
limits. The duct cross-sectional areas at both rotor and stator
exit also had to be large enough that the duct would not choke at

a pressure ratio higher than the value designated as the approach
operating point (R = 1,15). The rotor has a design pressure ratio
of 1.664 with a 3 percent positive hub-to-tip gradient. The stator
exit tip radius is 298.07 mm (11.735 in.) and the exit area is
0.168m% (260.36 in2),

Stator inlet and exit absolute Mach numbers at the design pressure
ratio are shown in Figure 4. The average stator exit Mach number
is 0.432. The inlet and exit Mach numbers for the stators at the
approach point are also shown in Figure 4. The average inlet and
. exit Mach numbers for the approach point are 0.60 and 0.71. With
these velocity levels, choking in the duct should not be a problem.
" The spanwise distribution of the design point loadings (diffusion
factors) are shown in Figures 5 and 6. They are moderately high
but the fan should have sufficient range for good stall margin.

The predicted rotor and stator total pressure loss coefficients’

for the design point are illustrated in Figure 7. Figure 8 shows
the spanwise distribution of rotor and stage adiabatic efficiencies.
The average efficiencies are 85.0 percent for the rotor and 83.9
percent for the stage.

Figure 9 shows the rotor inlet and exit relative air angles while
Figure 10 is a plot of the absolute. air angles for 'the stators, .
The exit air angle from the second stator is de31gned to . be 0.0
degrees, -

A concern in this design was the annulus wall boundary layer
behavior between the rotor and stators due to an adverse static
pressure gradient. Skin friction coefficients, obtained from a
Herring-Mellor turbulent boundary layer calculation (Ref. 5)
and a Head calculation (Ref. 6 and 7) modified for compressible
flow, for both the inner and outer annulus walls are presented
in Figure 1ll. Using the criterion that skin friction goes to



zero for separated flow, these results indicate no boundary
layer separation. These distributions of skin friction coeffi-
cient are relatively insensitive to change over the normal range
of input assumptions. The inner and outer wall displacement
thickness distributions, as obtained from the H~M calculation,
were included in the aerodynamic design calculation as endwall
blockages to account for boundary layer growth.

The design point velocity vector diagrams calculated along stream-
lines are tabulated for the rotor and stator leading and trailing
edges and several intrastage locations in Appendix B, Tables 5

(ST units) and 7 (English units). ‘

NOZZLE AND DIFFUSER DESIGN

Acoustic testing of the fan rig on NASA-Lewis test stand W2
requires that the fan be mounted to exhaust into an anechoic
chamber to measure the fan exit noise. Two flow devices were
designed to control 100% speed performance with this rig con-
figuration. These devices are a nozzle, for running at the design
pressure ratio, and a diffuser, for running at the approach pres-
sure ratio of 1.15. It was determined that the diffuser should
have an area ratio of approximately 2.5 and a length/widthzratio
of 8 to 10. The entrance area to th% diffuser is 0.1665 m

(258.12 inz) and expands to 0.4215 m® (653.27 in2) which is an-
arsa ratio of 2.53, The L/W ratio was set at 9.52 which yields

a diffuser length of 1033.5 mm (40,69 in.). The wall divergence
angle is 4.635 degrees. Figure 12 shows a drawing.of both the
diffuser and nozzle as they would be attached to the fan flowpath.
The nozzle was designed with a flap angle of 15 degrees for a
nozzle pressure ratio of 1.62. The estimated discharge coefficient
(Aeff/Ageoc) for these design criteria is 0.955. This would mean
that a nozzle discharge area of .1084 m? (168 in2) is required to
exhaust to atmospheric pressure. The nozzle is adjustable fore
and aft to areas of .1023 m2 (158.6 in2) and .1181 m2 (183.1 in2)
at the extreme points. This should.provide a range of pressure
ratios from 1.74 to 1.55.

FAN APPLICATION

The QHF fan might be undesirable in an engine because of the
increased frontal area due to the increased flowpath diameter

at stator inlet. In the first phase of the fan development
program, an engine flowpath with a bypass ratio of 6 was developed
from the configuration #3 rig flowpath (Ref. 3). Detailed analyses
were made to determine the engine configuration performance at
various operating points. The rotor exit air near the hub has the
highest whirl and absolute velocities. In the engine configuration,
this air flows down the primary duct rather than across the bypass
vane rows. This results in substantial reductions in stator hub
loading at the design pressure ratio and stator hub Mach number

at the approach pressure ratio for the bypass vane rows of the
engine compared to the rig vanes. Redesigning the bypass vanes

to the rig level of performance would allow for a diameter decrease
of the bypass duct, thus reducing the fan frontal area.




AIRFOIL DESIGN

ROTOR BLADE

The rotor blade was designed to produce a total pressure ratio of
1.664 at a tip speed of 533.4 m/sec (1750 ft/sec). There are 22
rotor blades with an aspect ratio of 1.578 (based on average span
and true mean chord). The rotor blade consists of multiple circu-
lar arxc (MCA) airfoils over approximately 60% of the span., . The
outer 40% of the blade, which is wholly supersonic, is made up of
started contained shock (SCS) airfoil sections. SCS airfoils-were
chosen to reduce the shock losses in the high Mach number region.
A profile of the blade is shown in Figure 13.

An MCA airfoil is shown schematically in Figure 14. It is made
up of two circular arcs which define three metal angles: inlet
(Bl*), exit (B.*), and inflection {(B.*). A metal angle is the
anygle between %he axial direction and the mean camber line of an
airfoil section at a specified location. The blade section is
designed by adjusting the metal angles to satisfy incidence, devi-
ation, and starting margin criteria.

The started contained shock airfoil was developed as a means to .
control shock strength, shock number, and shock location in
whelly supersonic regions of the blade. 2As designed, the SCS
section will eliminate shock reflections from blade surfaces

and passage shock refractions which tend to multiply the number
of shock waves and thus increase shock loss. Figure 15 is a
schematic of an SCS airfoil. A general description of the SCS
design system is presented in Appendix C.

The chord, solidity, and maximum thickness to chord ratioc were

the important geometric parameters in the design of the blade.

A low aspect ratio, and therefore a long average chord, was
selected based on torsional frequency reguired to meet the stall
and high speed flutter criteria without the use of part-span
shrouds. Part-span shrouds could cause a choking problem by
adding blockage to an already high specific flow regime. The
solidity (Figure 16) was selected to control hub loading and
contain the shock wave system within the blade passages .of the

5CS airfoil sections. The number of blades was selected which
would provide a chord taper to meet the solidity and aspect ratio
requirements and also be viable from a weight and stress stand-
point. The spanwise chord distribution for the rotor blade is
shown in Figure 17. The radial distribution of maximum thickness/
chord (Figure 18) was set to avoid responsive resonant conditions '
and to maintain radial uniformity of blade mechanical properties.

Since the entire rotor blade has supersonic relative inlet Mach
nunbers, incidence was set on the suction surface at a peoint
halfway between the leading edge and the emanation point of the
first captured Mach wave. The value was set at 1.5 degrees and
is intended to account for leading edge blockage, suction surface

7



boundary layexr, and the bow shock wave. The design passage
minimum critical area ratio (A/A* . ) distribution is illus- .
trated in Figure 19. Minimum valld8 range from 1,021 to 1.044

for a normal shock wave total pressure loss applied at the blade
passage entrance and a linear distribution of profile loss from )
the leading to trailing edge of the airfoil section. The entrance
region incidence together with channel area considerations and
convergence determine the meanline incidence angles which are
illustrated in Figure 20. Rotor deviation angles for the MCA
sections were calculated using the NASA 2-D rule (Ref. 8) plus
empirical adjustments. For the SCS sections, the effective
pressure surface (boundary layer) is aligned with the exit flow
direction which defines the deviation from the blade meanline
(Figure 20} . The metal angles were selected to satisfy the
incidence and deviation angle reguirements (Figure 21).

For manufacturing purposes; the airfoil sections were redefined
on planes normal to the stacking line. The stack line is a
radial line passing through the center of gravity of each conical
section. The rotor blade manufacturing coordinates are listed

in Appendix D with coordinate definitions given on Fiqure 54.

STATOR VANES

The wvanes selected for the QHF fan stage have double circular arc
sections which were desigued on conical surfaces approximating.
streamlines of reveolution. Due to the desirable acoustic char-
acteristics of longschord vanes, a low number of vanes (10} was’
selected which would satisfy the long chord regquirement and.still
give a reasonable solidity distribution. In order to avoid
choking the vanes at the approach condition, tandem vanes were
incorporated in the stator row with both vanes resettable, the
first vane to ~30 degrees open and the second vane to -10 degrees
open from design setting angle. At the design point, the double
vane meanline is continuous and the two vanes act as a single
unit. As incidence becomes increasingly negative near the low
pressure end of the 100 percent speed operating line, the vanes
can be reset to keep the incidence angle near zero and to open
the vane throat. The vane row geometry is shown in Figure 22,

The chord and canmber of the tandem vanes are the same so they
should match well when run as a single vane. The chord for each
vane tapers linearly from 101.6 mm (4.0 in.) at the hub to 114.3.
mm (4.5 in.) at the tip. With 10 vanes for each row, this results
in the solidity distributions shown in Figure 23. Aspect ratio

of the first and second vanes are 1.1l and 1.05, respectively.
Thickness—~to-chord ratio is a constant 0.07 for both vanes.

Incidence angles for the first stator are shown in Figure 24. The
incidence andle was set based on minimum loss data for double

circular arc airfoils. The deviation angles for the second stator



were determined using the NASA 2-D rule (Ref. 8) with an empiri-
cal correction and are also illustrated in Figure 24. Stator
inlet and exit metal angles for.both vane rows are presented in-
Figure 25. Incidence and camber were used to control the throat
area of the channels between the vanes. Figure 26 shows the
radial distribution of minimum A/A* for each vane at the fan
design speed and pressure ratio. The minimum A/A* for the farst
vane occurs at the channel entrance for all spanwise positions.

The approach point flow conditions (100% speed and R = 1.15) in
the vane hub channels are illustrated in Figure 27 for varying
first stator reset angle and for second stator reset angles at
~25° reset for stator 1. Values of minimum A/A* less than 1.0
imply that the passage is choked. As shown in Figure.27; the

hub of the second stator is choked for all reset angles while

the first stator unchokes at -23 degrees. The best combination
of incidence and A/A* suggests a —-25° reset for the first vane
and a -5° reset for the second vane. At these setting angles,
the radial distributions of minimum A/A* for the vanes (Figure 28)
indicate that the second vane is choked over 20 percent of the
span. The flow through stator 2 should redistribute radially
outward where the vane is not choked so that compressor operation
at a pressure ratio of 1.15 should be possible.

The manufacturing coordinates for both vanes are given in Appen-
dix D with airfoil section definitions on Figure. 55. The section
coordinates were defined on planes normal to a stacking line.

" The stack line for stator 1 is on a radial line passing through
the vane hub trailing edge. For stator 2, the -stack line is on
a radial line passing through the vane hub leading edge. Both
vanes were leaned counter clockwise 6.55° from the hub stacking
line intersection viewed from upstream. This stacking arrange-
ment was selected to ensure tandem vane meanline continuity at
all radii with the vanes at design setting angle and to minimize
the endwall vane gap at the extreme reset positions.
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ACOUSTIC ANALYSIS

The Quiet High Flow (QHF) fan concept incorporates a near-sonic
block at the facS of the fan induced by high specific flow
(219.71 kg/sec~-m“) to reduce forward radiated noise and very

long chord exit vanes to reduce rearward radiated noise (Ref.

1 & 2). The long-chord vanes show low response to excitation

at the high reduced frequency {(increasing chord increases reduced
frequency) wake fluctuations and thus radiate lower noise.

During Phase I of the QHF program, acoustic and aerodynamic
trade studies were combined to arrive at a preliminary QHF
design. The results of the Phase I studies (Ref. 3) were used
during the current (Phase II) portion of the program to develop
the QHF fan final design. The final QHF design was analyzed
using the methods outlined in References 3 and 9 to estimate the
noise to be expected at takeoff and approach conditions. The
results of this analysis are presented in this report section.

During the Phase II time period a DDA research compressor whose
first stage is designed to a similar specific flow rate to the

QHF underwent test. As part of the DDA noise research program,
compressor inlet noise was recorded during this testing. The data
obtained confirms the QHF design concept of inlet noise reduction
through high specific flow design and is also summarized in this
section. ' -

FINAL QHF DESIGN NOISE CHARACTERISTICS

The final QHF fan design has modest differences from the prelim-
inary design in the number of blades, blade work distributions,
stator configurations and rotor to stator spacing as discussed

in the aerodynamic design section. The noise generation character-
istics of the two fans are similar however, as shown in Figures
29.and "30. At the takeoff condition (Figure 29) the noise spectra
expected from the two fans differ by only 1 PNdB. At the approach
condition (Figure 30} the final design level varies +4 PNdB from
the preliminary design because of increased broad band noise in

the front arc and reduced blade pass tone level in the: rear arc.

It should be noted that the levels shown in Figure 30b for the
preliminary design do not coincide with those presented in the
Phase I final report (Ref. 3). A review of the Phase I noise
prediction revealed a computational error leading to an incorrect
stator diffusion factor and resulting in a low estimate (about

20 db) for the rear radiated blade pass tone. Noise from other-
sources, notably fan broad band noise, combined with the high
frequency of the tone make the overall effect of this error small
however, less than one PNAB or 2 PNABT {(tone corrected PNdB)

for the approach flyover condition.



EXPERIMENTAL CONFIRMATION OF THE QHF FAN CONCEPT

In-duct measurements of inlet noise are normally made during the
performance mapping of DDA research fans and compressors. These
measurements provide a base for improved prediction methods and
for evaluating design changes. Data from two test units, one
similar to the QHF fan in design concept and one of more conven-
tional design, 207.5 kg/sec-m? (42.5 lbm/sec-ft2) specific flow
rate, is presented in this section.

Figure 31 shows a normalized map for the two compressors and
indicates the map location of the data points presented in
Pigures 32 and 33 for noise comparison. Note that both compres-
sors exhibit the multiple-pure-~tone and blade-pass~tone roll
off with increasing blade tip Mach number and that the high
specific flow induces a sharper roll off. Figure 34 summarizes
this trend by showing relative blade-pass-tone levels as a
function of percent corrected rotor speed. The high specific
flow compressor shows a definite noise reduction advantage as

a result of the sharper roll off characteristic.
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MECHAN.ICAL DESIGN

GENERAL ARRANGEMENT

The QHF fan rig has been designed to operate in two different
test facilities at NASA-Lewis Research Center. The first is

the Single-Stage Aerodynamic Test Facility (WB) which is pri-
marily a .performance test stand. The second is the Engine Fan
and Jet Noise Facility (W2) which is. primarily for noise measure-
ment. The rig can operate in the forward position on W8 mounted
to the inlet adapter ring and exhausting through a dlscharge

plenum (Figure 35).

Since it is necessary to measure both fore and aft radiated noise
being produced by the fan, it has two mounting configurations for
the W2' facility. In the forward position (Figure 36), the fan
draws air from the noise measurement room through an inlet bell

and exhausts through a discharge plenum. In the reverse position

{Figure 12}, the fan draws air from the discharge plenum and
exhausts into the measurement room. A nozzle and diffuser have
been designed to provide some throttling capability for the
reverse configuration.

These three different configurations were made possible by
designing common parts for the basic fan and adding adapter
spools and fairings for attachment to existing LeRC stand hard-
ware. {LeRC hardware is shown as broken lines in Figures 12,
35, and 36.)

MATERIAL SELECTION

SAF 51410 steel material has been selected for nearly all of the
rig parts. BAMS 5504 is specified for sheet and plate and AMS
5613 for bar stock and forgings. This steel has good weldability
and machining characteristics. It has been widely wused in air-
craft engine hardware for parts requiring oxidation resistance

up to 800°K with medium strength. Oxidation resistance was con-
gidered by DDA to be an important material requirement because
nearly every rig part is dependent on a close fitting pilot for
proper positioning and rig vibratory restraint.

AMS 4967 or AMS 4928 titanium 6A14V is specified for the blades.
High tip speed fan blades generally require titanium to meet
stress and dynamic constraints. Titanium 6A14V was selected
because it has a good combination of high strength-to-weight
ratio’ and fracture toughness.

AMS 6431 {D6AC) steel is spe01f1ed for the wheel. Thié selection
was based on the rig design phllosophy of having large strength
margins. .



AMS 6512 steel was selected for the blade retainer pin. The
primary requirement for this part is shear strength. Heat treat-
ment of this material to a Rockwell C minimum hardness of 52
gives a shear strength near the ultimate strength.

Graphite filled epoxy is recommended as the blade tip case abrad-
able coating. This material has the characteristic of cutting
cleanly without balling up, with the removed material having the
form of fine powder,

WHEEL DESIGN

The basic approach to the wheel design was to provide a low stress,
rig type (non-flight weight), stable part. The wheel was shaped

to conform to the flowpath and to provide good blade retention

and blade force distribution characteristics and at the same time
sized so that the wheel assembly (wheel, blades, bolts, pins, etc.)
would meet the weight limitation. regquirements of 22.7 kg(50~1ibs}, -
wheel can be mounted to the test facility drive shaft-on both.sides,.
Cutouts have been provided on both sides of the wheel for strain
gage terminal blocks and covers. Holes and slots have been designec
into the wheel and add-~on parts for a clear path routing of blade
strain gage wires to the terminal blocks. The blades are located
in wheel dovetail slots and fixed in place with retention pins.
Balancing of the wheel assembly is accomplished by altering the -
weight of balance rings mounted on the wheel,

CASE DESIGN

The case was designed to provide a stable, heavy wall, rig type
structure. It has a vertical split line and hoist holes for ease
of assembly. Mounting pads and holes which accept LeRC instru-
mentation have been designed into the case. A removable ring is
inserted into the case over the blade tips to allow for future
tip treatment studies. The blade tip rub strip is located on

the inner surface of the ring.

STATOR ATTACHMENT

A set of tandem stators has been designed for the QHF fan rig.

When the rig is mounted in the forward position on W2 and W8, the
stators are cantilevered. Plugs are inserted into the inner
flowpath stem holes. When the rig is mounted in the reverse
position on W2, a pin is inserted through the hub fairing into

a hole in the bottom of each vane so that the vanes are essentially
trunnion mounted at both ends and act as the support structure

for the hub fairing. The first vane is resettable 30° counter
clockwise (open) from the design setting angle.

13
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The second vane is resettable 10° open. The axis of rotation
of the first vane lies on a radial line passing through the
geometric center of the hub airfoil section. The axis of
rotation of the second vane is leaned 9.62° to the left (viewed
from upstream) from the intersection of a radial line with the -
geometric center of the hub section. The stacking and rotation
axes are carefully positioned relative to the innexr flowpath to
minimize the vane reset gap at the approach position. With a

-radial stack axis, the first stator gap at the 30° reset position

was 4.06 mm {(0.16 in.) which was reduced to 0.86 mm (.034 in.)
when the vane was leaned.



STRUCTURAL AND VIBRATION ANALYSIS

ATRFOIL STRESSES

A detailed stress analysis was performed on the final rotor blade
design for sea level static, standard day condition at-20053.5
RPM. Results are summarized in Figure 37 which shows the iso-
stress plots for each surface of the airfoil. The maximum prin-
cipal stress on the pressure surface is 603.3 MPa (87.5 KSI)
while the corresponding value on the suction surface is 559.6

MPa (8l1.2 KSI). These stress levels are low enough to provide
adeguate margin for rig operation in both high and low cycle
fatigue. The modified Goodman diagram in Figure 38 indicates
that a fillet hub stress of 603.3 MPa (87.5 KSI} gives a +103.5
MPa (15 KSI} vibratory capability at 100% speed. Since this
blade has been designed to avoid resonance at this speed and a
+34.5 MPa (5 KSI) vibratory stress has proven to be a satisfactory
criterion on past designs, high cycle fatigue should not be a
problemn. ) '

Low cyc¢le capability at the airfoil hub fillet is indicated by
the SN plot in Figure '32. The maximum hub stress gives a low
cycle fatigue life in excess of 10,000 start-stop cycles which
should well satisfy any rig requirements.

The design reguirements to operate without any detrimental
deformation to an overspeed of 115% of nominal rig speed and
also provide a burst margin equal to 122% of nominal rig speed
have been met. )

An iteration was performed utilizing a finite element model to
determine the shape of the blade at rest from the blade shape at
design speed and loading level. This procedure provides the blade
geometry for manufacturing by computing the changes in blade
twist, camber, and growth between 0% and 100% speed. The amount
of computed untwist is shown in Figure 40.

ATTACHMENT AND WHEEIL S5TRESSES

The design criteria and allowable stresses used to ensure the
structural integrity of the attachment and wheel followed those
used successfully in other DDA compressor rigs. The percentages
established in Table 1 are in conformity with the following basic
requirements: .

0 Parts are designed for a minimum service life of 5000
major cycles of zero to maximum stress with a reliability
of 0.999. Particular attention was given to locations
susceptible to low cycle fatigue, especially features
resulting in stress concentration.

© Parts are designed to a capability of operating without
detrimental deformation to an overspeed equal to 115%
of the nominal rig speed.

15



oT

Table 1. Attachment and Wheel Stress Summary

Low Cycle Fatigue Permanent Yield Burst Aliowable Calculated
5000 Start-Stop @115% ND @r22% ND @ ND . G} ND
2= 3.0 Z = 3.0 Z= 3.0
BLADE DOVETAIL
S8 . '
= Tensile ) - : .95F__/752MPa .90F,_ /820MPa | 552MPa 130MPa
g0 ty - tul
8E Shear - .60F'i:y/'476MPa .52F, /476MPa | 317MPa 126MPa
;: E; Bearing - .95Fty/752MPa - 565MPa 461MPa
s
=¥ Fillet Peak Must conform/Ll51MPal - - 1151MPa | 438MPa
o (K. =2,23) ;
- 5 WHEEL LUG ;
. 1
Tensile - i.95Fty/124lMPa .90Ftu/l365MPa 917MPa 341lMPa
Shear - .60F, /786MPa .52F, /786MPa | 531MPa | 147MPa
Bearing - l.95Fty/1241MPa - 538MPa 46 1MPa
]
Fillet Peak Must conform/l427MPa - - 1427MPa l036MPa
(K,.=2.23)
T
WHEEL :
Rim Tangential | Must conform/827MPa - - 827MPa 227MPa -
(Kg=1.71) :
. ‘ i
i Web Tangential - .95Fty/1241MPa ! - 938MPa 328MPa
i Web Radial - .95Fty/124lMPa .90Ftu/1365MPa 917MPa 328MPa
I _ -
] Bore Tangential|Must conform/1793MPa l.OFt /L3L0MPa - 986MPa 850MPa
i (K, =1.0) ' of
T
i Average - - .90Ftu/1365MPa 317MPa 332MPa
i qangential L !
% - Standard Deviations Fty - 0.2% yield strength Fi,~ Ultimate tensile strength
HN. = 20053.5 xrpm Blade Mat'l: Ti 6ARL4V(AMS4967) Wheel Mat'l: D6AC Steel (AMS6431)

D
Kt - Stress concentration factor


http:KT=2".23

o Parts are designed for operating without burst to a
speed of 122% of the ncominal rig speed. The attachment
geometry is shown in Figure-41l. Stresses for this
attachment are compared to the allowable values in .
Table 1, As can be seen by comparing the allowable
stresses with the calculated values, very adeguate
margins exist in all categories for both the blade - .
dovetail and wheel 1lug. Wheel stresses are also listed
in Table 1 which likewise show that the operating
stresses are all well below the allowabhle wvalues.

VIBRATION ANALYSIS OF THE BLADES AND VANES

Frequency, stalled flutter, and high speed flutter parameters

were examined in the vibration analyses of the QHF fan. A
vibration criterion was formulated to define the characteristics
required to avoid the typically responsive resonant conditions

and to provide adequate flutter margins for the most severe inlet
conditions of the operating regime. Vibration analyses were then
conducted to optimize the frequencies and ensure flutter stability.:

Vibration design criteria were formulated to identify the frequency
and flutter properties required of an acceptable blade. The
frequency criteria include the following restrictions:

0 Coincidence of blade resonant frequency with second or
third harmonic of rotation is not permitted at continuous
duty operating speed, 95 to 105 percent.

0 Coincidence of the lower three natural freguencies of

- blades and vanes with the passage frequency of adjacent
blades, vanes or struts is not permitted at continuous
duty operating speed.

o Coincidence of individual stator vane frequencies or
stator assenbly frequencies with first harmonic of
rotation is also not permitted at continuous duty
operating speed. ’

The flutter criteria include the following restrictions:

o The stalled flutter boundary must have a margin of two
degrees incidence and 100 feet per second inlet relative
velocity for the most destabilizing inlet conditions of
the operating regime. - )

o The high speed flutter parameter, w, must exceed .6 for
the torsion modes and .2 for the bending modes with the
maximum inlet relative velocity of the operating regime

—

w = [IFrC + V

where: F = lowest torsional and bend frequencies
C = blade chord at seventy five percent of span
V = inlet relative velocity at seventy five

percent of blade span.

Digital computer programs using finite element and beam analysis

17



techniques were used to calculate frequencies, mode shapes,
vibratory stress distributions and flutter stability. Figure 42
shows the rotor blade-wheel frequencies vs rotor speed. The
continuous duty speed range is free from low order intersections.
The fan wheel is very stiff and provides an essentially. inflex-
ible mounting for the blades. The wheel-blade system frequencies
are less than one percent lower than the rigidly mounted blade
frequencies. Figure 43 shows flutter instability characteristics
for the rotor blade. Operating line and surge line predictions
are also shown to qguantify margins. Adequate margins are indi-
cated for both subsonic stall flutter and supersonic high speed
flutter for sea level static inlet which is the most severe
instability condition for the QHF test rig.

The case mounted end of the stators is designed with a disk and
"O" ring clamping arrangement which has demonstrated excellent
vibration damping properties in similar compressor vane design
applications. Figures 44 and 45 show frequencies for the first
ahd second stators with trunnion mounting at both ends and
Figures 46 and 47 show frazquencies for trunnion mounting at 0.D.
and free end at I.D. Both vanes have adequate margin for first
order with trunnion mounting at one or both ends. However, each
of the vane-mounting configurations shows coincidence of a chord-
wise bending mode with blade passage, 22 order, at or near design
speed. Some responsiveness might be expected from these inter-
sections, but dangerous response is not generally associated with
vane chordwise bending modes. -

The following conclusions can be made based on the above analysis:

o The QHF fan blade and wheel assembly is considered to
have acceptable vibration chdracteristics and meets
the vibration design criteria.

o The continuous duty speed range is free from typi-
cally responsive order intersections.

o The stall flutter instability region lies more than
ten degrees above the estimated surge line with sea
level static inlet which is the most severe stall
flutter environment.

o The high speed flutter paramefers are ,74 and .31 for

the torsional and bending modes, respectively. The
acceptability criteria are minima of .6 for torsion
and .2 for bending.
o Both stators have acceptable frequencies with
trunnion mounting at one or both ends. However, some

-resonant response is expected to occur where vane chord-

wise bending modes coincide with blade passage.

o Coincidence of the lower three natural frequencies
with either first order or blade passage order has
been avoided at operating speeds.

0 Modes which exhibit chordwise bending have frequently

displayed sensitivity to compressor blade passage

excitations. Coincidence of a chordwise bending mode

18



with blade passage, 22 order, occurs at or near
design speed with each of the stator-mounting con-
figurations. Strain gage instrumentation is recom-
mended for initial compressoxr rig testing to
quantify the vibration responsiveness of these
modeg. A dangerous response is not expected from
the chordwise bending modes.
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INSTRUMENTATION PROVISIONS AND RECOMMENDATIONS

Provisions have been made in the design of the QHF fan case and
fairing pieces for the mounting of instrumentation to measure
aerodynamic performance and check mechanical integrity. The
following is a description of recommended instrumentation type

and placement applicable to NASA-Lewis test stands W8 {(performance)
and W2 (acoustic).

. AERODYNAMIC INSTRUMENTATION

The aerodynamic instrumentation has been selected to accurately
define the performance of the test rotor and vane rows of the QHF
fan. In addition, ‘the characteristics of the intrastage duct can

be ascertained. Detailed compressor performance will be determined
from a combination of fixed and traversing aerodynamic measurements.
A complete 1list of the recommended steady state aerodynamic instru-
mentation for NASA test stand W8 is presented in Table 2 and is keyed
to the flowpath rollout shown in Figure 48.

The rotor performance will be obtained from radial traverse sur-
veys of two types of combination probes, total pressure-temperature
and static pressure - yaw angle probes, fore and aft of the rotor.
Overall performance will be measured with 7-element radial total
pressure and temperature rakes downstream of vane exit. Intra-
stage duct and vane performance can be measured using combination
probes at the inlet to the tandem vane row in conjunction with’

the rotor exit and vane exit instrumentation, respectively.

Static pressure taps are located on the inner and outer walls at
the blade and vane leading and trailing edge instrumentation
planes. In addition, the blade tip axial static pressure distri-
bution will be documented by 10 taps located on the outer wall.
Linear arrays of static pressure taps are also included on both
walls of the intrastage duct.

A three-tier fixed wake rake, with 16 elements per tier, will map
the vane wake characteristics. The wake rake will cover 1 1/4
vane passage widths.

Due to differences in fan rig installation between test stands
W8 and W2, some instrumentation locations are not available

with W2, There are no static pressure taps on the inner wall
upstream of the rotor. At the stator exit instrumentation plane,
there will be two each of the 7-element total pressure and total
temperature rakes (versus 4 each for W8); there will be no hub
static pressure taps; and there will be no tip static pressure
taps with the rig mounted in the reverse position.



Pable 2. Recommended QHF Aerodynamic Instrumentation List

Rotor inlet: plane at -23.9 mm (~0.94 in,) .or

20.3 mm (0.80 in.) in front of rotor hub leading‘edge}

a. Four (4) hub static taps at 40°, 130°, 220° and 310°

b. Pour (4) tip static taps at 40°, 130°, 220°, and 310°

c. Two (2) PT, T traverse probes at 60° and 285°

d. Two (2) PS, yaw traverse probes at g5° and 240°

Rotor exit: plane at 77.2 mm (+3.04 in.) or 20.3 mm (0.80 in.)
in back of rotor hub trailing edge. ]

a. Four (4) hub static taps at 60°, 150°, 240°, and 330°

b. Four (4) tip static taps at 60°, 150°, 240°, and 330°

c. Two (2) PT' TT
d. Two (2) PS’ yaw traverse probes at 20° and 200°

traverse probes at 130° and 310°

Over the rotor tip
Ten (10) tip static taps equally spaced axially and 1.25°

tangential spacing.

Axigl location, mm {(inches) Tangential location, ‘degrees
1. -8.00 (-.315) 350.00
2. -0.79 (-.031) 348,75
3. 6.43 (.253) 347.50
4, 13.64 (.537) 346.25
5. 20.85 (.821) 345.00
6. 28.07 (1.105) 343.75
7. 35.28 (1.389) 342.50
8. 42.49 (1.673) 341.25
9. 49,71 (1.957) 340.00
10. 56.92 (2.241) 338.75

Intrastage duct

a. Two (2) hub static taps at 220° and axial locations of
108.59 mm (4.275 in.) and 140.34 mm (5.525 in.)

b. Five (5) tip static taps at 220° and axial locations of
92.71, 108.59, 124.46, 140.34, and 172.09 mm
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Table 2 cont'd.

Stator inlet: plane at 156.21 mm {(6.15 in.) or 25.4 mnm
(1.0 in.) in front of stator 1 tip.

a. Four (4) hub static taps at 40°, 130°, 220°, and 320°
b. . Four (4) tip static taps at 40°, 130°, 220°, and 320°
c. One (1) PT’ TT traverse probe at 80°‘

d. One (1) PS' vaw traverse probe at 285°

Stator exit: plane at 500.38 mm (19.7 in.).

a. Four (4) hub static taps at 271.20°, 134.40°, 33.60°,
328.80° which are'at 20, 40, 60, and B0% of wvane mean
spacing, respectively

b. Four (4) tip static taps at 271.20°, 134.40°, 33.60°,
328.80°

c, Four (4} 7-element PT fixed rakes at 19.20°, 314.40°,
105.60°, and 256.80° which are at 20, 40, 60, and 80%
mean spacing

d. Four (4) 7-element TT.fixed rakes at 343.20°, 62.40°,
285.60°, and 148.80° which are at 20, 40, 60, and 80%

and

and

of vane

of

vane mean spacing (Note: Elements of the PT and TT rakes

are to be at 5, 10, 25, 50, 75, 90, and 95% span.)

e, One (1) three-tier P, fixed wake rake centered at 196.

T
The tiers are to be located at 10, 50, and 90% span.

Each tier will have 16 elements with a spacing of 3°.

50°l

The elements will be placed at the following tangential

locations: 174°, 177°, 180°, 183°, 186°, 189°, 192°,
i198°, 201°, 204°, 207°, 210°, 213°, 216°, 219°.

195°,



STRESS INSTRUMENTATION

The risk of excessive blade vibration can be minimized by defining
vibration limits and monitoring vibration response with strain
gages while compressor testing. The strain gage placements must
be carefully selected to provide useful sensitivity for each mode
which is likely to respond. A knowledge of blade frequencies and
stress distribution patterns is required to reliably select useful
gage "locations. Blade fatigue strength for each mode at the
selected gage locations must also be known to define blade vibra-
tion limits.

A recommended strain gage instrumentation plan is presented for
testing the QHF compressor. This plan was formulated from
analytical data: calculated frequencies and vibratory stress
patterns. The proposed instrumentation plan can be refined and
substantiated by bench vibration testing. Bench tests should
include blade fatigue and vibratory stress distribution measure-
ments using strain gages mounted at the same locations as those
recommended for the compressor testing.

A three step approach was used to select the strain gage placements:

0 Possible resonant modes were identified from the ’
calculated blade freqguency-speed plots.

o The calculated vibratory stress pattern for each
potentially responsive mode was examined to select
gage locations with acceptable sensitivity. To be
an acceptable location, a strain gage must measure
at least fifty percent of the maximum vibratory stress
in the blade. It is desirable to have one gage location
to monitor all modes of interest. However, this is
usually not feasible.

o A minimum humber of strain gage locations were selected
with acceptable sensitivity for the potentially ’
responsive modes.

Table 3 lists each mode which is considered to have some potential
for resonance and shows relative stress values {as a percent of
maximim stress) for acceptable strain gage locations associated
with these modes. The resonances which are listed as possibly
responsive are: first mode coincidence with second order, second
mode and third mode coincidences with fourth order, and seventh
mode coincidence with tenth order. The eighth mode, chordwise
bending, is indicated to have a seven percent frequency margin
for tenth order at maximum speed. However, it has been included
in the instrumentation plan since chordwise bending modes are
sometimes very responsive to the passing frequency of adjacent
vanes. Instrumentation for chordwise bending may be deleted if
bench test frequencies show that resonance is not likely on any
of the rotor blades. '

The recommended blade instrumentation plan consists of three

strain gage locations on the suctién :side of the airfoil:.: The
three locations are identified as B, C and F. Table 3 lists the
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Table 3. Relative Stress at Selected Locations on the Suction.
and Pressure Surface of the QHF Rotor Blade.

Relative sensitivity of resonant response (percent)
Potential 2 3
Rescnance” Suction Surface Location Pressure Surface Location i
Order of T ! ) - T i
Mode Rotation A B C b E ; F G H I J K L
J .
1 2 53 100 7 13 g2 3 47 78 0 14 91 0
2 4 78 99 11 3 100 0 62 G2 26 49 35 0
— }
3 l 4 33 35 68 100 36 47 34 2 73 74 14 4
i :
i 7 i 10 35 13 [ 100 56 27 69 38 1 78 14 27 49
| - z
8 { 10.- 1 i 1 51 8 0 100 8 ¢ 11 - 7 4 79
[ S _‘__........ I & i ! : : - L 1 - 1

1. Modes 1, 2, 3, 7 - radial stress, Mode 8 - chordwise stress

2, See Figure 49

3. See Figure 50



relative sensitivities and Figure 49 shows the gage locations
on the blade. ‘Gage locations B and C were chosen because they
each respond to 100% of the maximum vibratory stress for one
mode regonance and also exceed the 50% stress measurement
criteria for a second mode. Gage location F has the maximum
sensitivity tc the chordwise bending mode. A minimum of three
strain gages should be installed at each of the three locations,
one gage per blade.

An alternate plan is to mount strain gages at three locations

on the pressure side of the airfoil if there are objections to
instrumentation located on the suction side. These -are identified
as H, I and 1, in Figure -530, The same minimum guantity, three
strain gages at each .location, is recommended. However, pressure
side instrumentation is more susceptible to erosion if foreign
matter is carried by the airstream.

For the stators, radially oriented strain gages located on the
vane surface at the intersection of the button edge and the vane
tip are recommended. These gages would have adeguate sensitivity
to vibratory stress for any potentially responsive mode.
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Broach normal cross section
at wheel lug symmetry plane
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