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STUDY OF BLADE ASPECT RATIO ON A COMPRESSOR FRONT STAGE
AERODYNAMIC AND MECHANICAL

DESIGN REPORT

G. D. Burger, D. Lee and D. W. Snow
Pratt & Whitney Aircraft Group

I. BUMMARY

A low aspect ratio , single-stage compressor was designed to be repre-
sentative of the first stage of an advanced multistage high pressure
compressor (HPC). The purpose of the program is to demonstrate that
low aspect ratio blading in an HPC front sktage can provide high
loading levels at high tip speeds with acceptable efficiency levels,
This report presents the details of the aerodynamic and mechanical
design of a low aspect ratio rotor and stator to meet these goals.

Design parameters were chosen to be typical of an advanced HPC front
stage and to be compatible with existing rig hardware which accurately
simulates engine conditions. This hardware includes an offset inlet
transition duct that incorporates a preswirl vane simulating fan
stator root or low~pressure compressor exit flow, engine type interme-
diate case struts, and a variable stagger inlet guide vane (IGV).

The design pressure ratio is 1,8 at an adigbatic efficiency of 88,5
percent. The design flow per unit annulus area at the rotor inlet is
195.3 kg/sec/m? (40.0 1bm/sec/ft2Z) at the design tip speed of
442.0 m/sec (1450 ft/sec). The hub/tip ratio is 0.397 with a tip
diameter of 0.691 m (27.2 in.) and a rotor aspect ratio of 1.3,

The high tip speed and inlet specifie flow of the rotor were required
to achieve the stage pressure ratio of 1.8, which is agressive but
representative of front stages of advanced core compressors. Stator
exit specific flow and absolute air angle were chosen to be realistic
values to match downstream HPC stages. The axial spacing between the
IGV, rotor, and stator is sufficient to allow for radial and circum-
ferential probe traversing.

Because the rotor inlet relative Mach number range is 0.97 to 1.32
from root to tip, the rotor was designed with wmultiple-circular~-are
(MCA) blade sections typical of fan design practice. Stator vane
sections were also designed as MCA sections, approaching double
circular arc (DCA) sections toward the outer portion of the span. The
stator inlet absolute Mach number range is 0.88 to 0.69 from root to
tip. The reaction level of the stege was set at 0.71 to ensure that
the stator inlet absolute Mach nuuwber remains below 0.9. Both rotor
and stator losses were estimated using & combination of fan and HPC
experience.



II. INTRODUCTION

Future commercial aircraft powerplants, in order to reduce fuel
consumption, will require compressors with higher pressure ratios and
efficiencies than currently in use. This implies the use of higher tip
speeds and higher stage loading levels (that is, higher stage pressure
rise). Research on advanced compressor stages has shown that the use
of relatively low aspect ratio blading can provide high levels of
loading while maintaining high efficiency and adequate stability
margin. NASA sponsored programs have provided design background data
on low aspect ratio compressors with hub-tip ratios and tip speeds
typical of middle and rear stages of high pressure compressors, but a
gap in design data exists for low aspect ratio front stages.

The tip speeds required for a highly loaded front stage result in
transonic and supersonic relative Mach numbers into the rotor, a
condition similar to that encountered in fans. The design of highly
loaded, high aspect ratio blading for the transonic/supersonic regime
has been explored extensively and successfully under various NASA fan
contracts (References 1, 2, and 3). This program will make use of the
fan experience in the design of the low aspect ratio front stage. Test
results will determine whether these fan design concepts are applic-
able to high pressure compressor (HPC) front stages.

ITI. AERODYNAMIC DESIGN
A. TFLOWPATH AND VELOCITY VECTOR DIAGRAM DESIGN

The compressor flowpath was designed to utilize an existing inlet case
and exit duct from a Pratt & Whitney Aircraft high pressure compressor
research vehicle. This hardware includes inlet prerotation vanes to
simulate a fan stator or low pressure compressor exit stator, interme-~
diate case support struts, and variable inlet guide vanes (IGV)
gituated in a curved duct typical of an engine intermediate case
(Figure 1). Contract requirements established the rotor inlet hub-tip
ratio, rotor tip speed, inlet specifie flow, pressure ratio, and
approximate blade and vane aspect ratios, as listed in Table 1.

The flowpath design evolved from these requiements through a series of
iterations using the axisymmetric streamline analysis outlined in
Appendix A. The iterations were started using an assumed flowpath
shape, estimated flow blockages, and estimated efficiency profiles.
Rotor and stator blade sections were generated using assumed rotor and
stator solidities and calculated flow comditions and velocity vectors.
Adjustments were made to the flowpath shape and blade solidities to
control velocities and loadings. Efficiencies were reestimated using
the modified flowpath and aerodynamics. Blade sections were defined
after each iteration to determine the blade leading and trailing edge
locations to be use in the calculation.



TABLE 1
DESIGN PARAMETERS

Corrected Speed, rpm

Rotor Tip Speed, m/sec (ft/sec)

Corrected Flow, kg/sec (lbm/sec)

Corrected Weight Flow Per Unit Annulus Area,
kg/mz—sec (1bm/ft%-sec)

Rotor Pressure Ratio

Stage Pressure Ratio

Rotor Adiabatic Efficiency, %

Stage Adiabatic Efficiency, %

Tip Diameter, meters {inches)

fub/Tip Ratio at Rotor Inlet

12210

442.0 (1450)
47.28 (104.24)
195.3 (40.0)

1.845

1.805

92.1

88.5

0.6901 (27.2)
0.597

Rotor Tip Solidity 1.26
Rotor Aspect Ratio® 1.30
Stator Hub Solidity 1.426 -
Stator Aspect Ratio¥* 1.42
Stator Average Exit Flow Angle, degrees 16.0
Number of Rotar Blades 24
Number of Stator Vanes 30

*Aspect Ratio = average-airfoil-length/midspan-chord

Flowpath convergence and the incorporation of sufficient axial spacing
between the existing IGV and the new rotor for imstrumentation estab-
lished the rotor inlet hub and tip diameters of 0.412 wmeter (16.24
in.) and 0.69]1 meter (27.2 in.), respectively, resulting in an inlet
hub-tip ratio of 0.597.

With the required rotor tip speed of 442.0 m/sec (1450 ft/sec), the
design speed corrected to standard inlet conditions is 12,210 rpm.
Specific flow at the rotor inlet was set at 195.3 kg/m“-gsec (40
lbm/sec~ft2) consistent with advanced HPC front stage technology.
This yields an inlet corrected flow of 47.28 kg/sec (104.24 1bm/sec)
to the rotor and 46.53 kg/sec (102.6 1lbm/sec) inte the rig inlet,
assuming previously demonstrated losses with the same inlet case
hardware.

Flowpath convergence and wall curvatures were chosen to control blade
and wall loadings as well as to provide compatibility with typical
downstream HFC stages. The average stage exit axial Mach number 1is
0.55 with an average exit angle of 16 degrees, which is representative
of exit conditions of typical advanced technoleogy HPC front stages.
Mach number levels and blade loading balance were a result of reaction
selection as controlled by the IGV exit angle, Figure 2. A relatively
high reaction level of 0.71 was chosen in order to keep stator inlet
Mach number levels below 0.9 across the span. The resultant rotor



loadings are within experience levels. Inlet and exit Mach number
profiles for the rotor and stator are shown in Figure 3.

Rotor losses were estimated by using a fan correlation of total loss
versus relative inlet Mach number. Endwall losses related to the rotor
work coefficient were added to this two-dimensional loss. Stator
losses were calculated using a correlation of loss parameter versus
diffusion factor and percent span., An endwall loss increment similar
to that used for the rotor was added to this level. Figure 4 and
Figure 5 show the £final rotor and stator loss coefficient radial
distributions, Details of the rotor and stator loss system are found
in Appendix B.

Blockages were included in the aerodynamic design to account for
boundary layer growth along casing walls as well as airfoil wakes.
Data taken from tests with similar intermediate case configurations
were used to estimate the rotor inlet blockage, accounting for wakes
from both the support struts and IGV. The blockage distribution
through the compressor was estimated from data obtained from fromt
stages of Pratt & Whitney Aircraft HPC research v-hicles and is
summarized in Table 2.

TABLE 2

AERODYNAMIC DESIGN ANNULUS BLOCKAGES

Location Endwall Blockage, 7%
Rotor L. E. 6.8
Rotor T. E. 5.8
Stater L. E. 4.9
Stator T. E. 4.9

The inlet duet loss, including the prerotation vane (PRV) and support
struts, was taken from test results of a similar configuration. The
IGV losses were estimated from Pratt & Whitney Aircraft's cascade
system for 400 series airfoils, The total inlet pressure loss relative
to the plenum is shown in Figure 6. ‘

The surge margin requirement for the first stage of a typical high
pressure ratio core compressor 1is approximately seven percent,
utilizing the NASA surge margin definition (S.M. = PR./PRy; X
Wop/Wg). Stall margin for this stage was estimated with two
different methods. The first method uses a Pratt & Whitney Aircraft
correlation of static pressure rise loading parameter at surge based
on mean line air triangles, and predicts a NASA surge margin of 10.5
percent. The second methoed for estimating surge margin uses the
streamline program to predict diffusion factors at off-design flow
conditions at design speed. Fan test data were used to correlate rotor



tip D-factor versus aspect ratio to which these offdesign levels were
compared. The second method predicts a nine percent NASA surge margin
for this stage. Figure 7 shows the spanwise rotor and stator D-factors
at design and nine percent surge margin level. Thus, the selected
design will meet the seven percenct surge margin requirement for the
first stage of a multi-stage core compressor.

The final flowpath design is shown in detail in Figure 8., The large
spacing between rotor and stator is necessary for instrumentation and
is not representative of typiecal HPC first stage spacing. As a result,
the stator inlet Mach number is higher than for a closely spaced
stator. Figure 9 shows the rotor and stator inlet and exit meridional
velocity prefiles. The relative and absolute air angles to which the
blades and vanes were designed are shown in Figure 10.

& complete summary of the design velocity vector data calculated along
streamlines at the rotor amd stator leading and trailing edges is
tahulated in Appendix C, Table 6 and Table 7.

B. ROTOR BLADE DESIGN

The rotor blade was designed to produce g total pressure ratio of
1.845 at a tip speed of 441.96 m/sec (1450 ft/sec). There are 24
blades with an aspect ratio of 1,3, based on average blade length and
absol- ute chord length at midspan, with a tip solidity of 1.26.

Although double circular arc (DCA) airfoils have traditionally been
used for first stage rotors of high pressure compressors, the rela~
tively high inlet Mach number for this stage warranted the use of mul-
tiple~circular~arc (MCA) airfoils, which fan experience has shown to
have lower losses at these Mach numbers. Thirteen MCA airfoil sectioms
were designed on conical surfaces that approximate stream surfaces of
revolution at 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 95, and 100
percents of flow. Airfoil sections were defined by specifying total
and front chord, total and front camber, maximum thickness and its
location chordwise, and leading and trailing edge radii, as defined by
Figure ll.

The ratios of front chord to total chord, front to total camber, and
location of maximum thickness were varied to achieve the desired
incidence and critical channel area margin (A/A* min) as established
from previous MCA fan rotor and stator experience. Since there are
many combinations of these parameters that would satisfy the same
incidence and area margin criteria, an additional analysis technique
was used to ensure an optimized blade shape. A blade channel flowfield
was calculated using a time-marching finite area (TMFA) procedure
(described in Reference 4) Ffor streamlines at approximately 20, 50,
and 80 percent of span, which yielded pressure distributions
throughout the channel for each blade shape selected. Front chord
length, front camber level, and maximum thickness location chordwise



were selected from iterations that attempted to minimize the shock
loss calculated by the TMFA program and achieve a smooth diffusion of
pressure on the blade surfaces. Final incidence and deviation selec-
tion were also influenced by the TMFA calculations within the con-
straints of MCA fan design experience.

The rotor chord at midspan was established from the 1.3 aspect ratio
requirement. The ratio of tip chord to root chord was set at 1.2 to be
consistent with the desired solidity at the blade tip (Figure 12).
These chords also gave acceptable rotor loadings and satisfied
structural requirements. The ratio of Ffront-chord to total-chord
(Figure 13) yields a tramsition point which varies from 85 to 98
percent of the distance from leading edge to the assumed normal shock
location on the suction surface, depending on the radius. This
distribution was the result of an iteration to minimize front camber
while holding the desired minimum channel flow critical area ratio
(A/A* min) and incidence.

Rotor maximum thickness to chord ratio (t/c) was selected to provide
mechanical stability while maintgining minimum airflow blockage. The
radigl distribution, shown in Figure 14, resulted from flutter consid-
erations (see Sectiom IV-B). The thickness ratio is 0,085 at the hub
and 0.035 at the tip. The chordwise location of maximum thickness
varies linearly from 55 to 65 percent from root to tip. These
locations were chosen so that for a given total and front camber and a
given total and front chord the leading edge wedge angle was the
minimum possible without creating a cusp-shape in the front portion of
the blade. This had a desirable effect on pressure distribution as
calculated by TMFA. Airfoil leading and trailing edge radii were
chosen to provide mechanical integritv,

Incidence angles for all supersonic inlet sections were chosen at a
location termed the a' point, a point on the suction surface halfway
between the leading edge and the point from which a Mach wave emanates
that meets the leading edge of the adjacent blade. This incidence,
together with the entrance reyion and channel area considerations,
determines the leading edge incidence. For most sections the a'
incidence was set at approximately 1.5 degrees, based on fan experi-
ence. This incidence angle is intended to account for blockage at the
blade leading edge, development of the suction surface boundary layer,
and bow-wave loss. Near the tip, this a' incidence was reduced to
about 1.0 degree in order to improve the pressure distribution
predicted from the TMFA program.

For sections near the root where the inlet Mach number was only
slightly greater tham 1.0, higher values of incidence to the a' point
were required to provide adequate flow area while maiptaining a smooth
distribution of leading edge incidence. Streamline 1 has a suction
surface incidence of -5 degrees, which fairs smoothly with the rest of
the span and is consistent with hub sections of similar HPC rotors.



The resulting spanwise distribution of suction surface, mean camber
line, and a' incidence 1s shown in Figure 135.

Deviation angles from 20 to 80 percent of span were calculated using
Carter's rule plus adjustments based on fan and HPC rotor data. In the
endwall regions of 0 to 20 percent and 80 to 100 percent spans, extra
deviation was added. Figure 16 shows the resulting design deviation
versus span for the rotor. The rotor inlet and exit metal angles
resulting from the incidence and deviation selection are shown in
Figure 17. The ratio of front camber to total camber was chosen to
,Tovide a minimum channe! flow critical area ratio of approximately
1.03 for most of the span. In the outer 15 percent span the area was
larger in order to keep front camber from becoming negative. These
margins above choke have been shown to give good performance for many
fans including References 1 through 3.

Rotor geometry on design conical surfaces is summarized in Appendix D,
Table 8. For manufacturing purposes, the airfeil sections were
redefined on planes normal to the stacking line, a radial line though
the center of gravity of the root conical section., The resultant blade
coordinates are presented in Appendix E, Table 10.

C. STATOR VANE DESIGN

The stator row has 30 vanes with multiple-circular-are (MCA) airfoil
sections designed on conical surfaces approximating stream surfaces of
revolution. The airfoil shape approaches a double~circular-arc (DCA)
near the lower Mach number tip region.

The vanes have a constant chord of 0.68 meters (2.68 in.), which
yields solidities of 1.426, 1.176, and 1.0 respectively at root, mean,
and tip. Aspect ratio is 1.42 based on average length and actual chord
and 1.57 based on average length and axially projected chord at the
hub. Front chord was selected slightly forward of the first covered
section for the standard MCA root sections fairing to half of total
chord at 80 percent span.

Maximum thickness-to-chord ratio was set to vary linearly from 0.05 at
the hub to 0.07 at the tip to provide low losses while being adequate
for mechanical integrity. The chordwise location of maximum thickness
varied linearly from 60 percent chord at the hub to 50 percent at the
tip. This minimized the leading edge wedge angle for the high Mach
number hub sections while at the tip it was similar that of a DCA.

Leading and trailing edge radii were set constant at 0.0002 meters
(0.008 in.).

Incidence angle was set at -3,3 degrees to the suction surface at 20
percent span based on minimum loss data for similar MCA stators and
influenced by the pressure patterns from the TMFA program. At 80
percent span vhere the DCA shape is approached, incidence to the mean
camber line was set a% -6.1 degrees. This incidence is halfway between



minimum loss incidence and the incidence where choking effects cause a
noticeable rise in losses. This selection is consistent with HPC
stator design practice in order to ensure adequate surge margin. In

the endwall regions from O to 20 percent and 80 to 100 percent spans,
local overcambers in inlet metal angle, relative to the values that
would be calculated without a boundary 1layer effect, were
incorporated. The resulting spanwise incidence selection is shown in
Figure 18,

Deviation angles in the 20 to 80 percent core region were based om
Pratt & Whitney Aircraft's cascade system modified by correction
factors from the results of tests of similar stators. At 80 perceat
span the DCA cascade prediction was used without corrections while in
the high Mach number sections near the root, an MCA airfoil cascade
system was used as a base for corrections. An extra deviation was
added in the endwall regions in order to allow for the boundary layazr
induced falloff in exit air angle. Figure 19 shows the stator devia-
tion, and Figure 20 shows the spanwise inlet and exit metal angle
distribution resulting from the incidence and deviation selection.

Front camber was used to control the throat area of the channel
between blades. The desired throat area ratio, A/A* min, of approxi-
mately 1.05 was established by a correlation of data from Reference 5.

A complete summary of stator geometry on conical surfaces is presented
in Appendix D, Table 9. For manufacturing purposes, the airfoil
sections were redefined on planes normal to the stacking line. Inm
order to obtain a straight leading edge projection to allow for ease
in button design, the manufacturing sections have their centers of
gravities offset from the stacking line, except at the very hub where
the radial stacking line emanates. The resultant airfoil coordinates
are presented in Appendix E, Table 11.

IV. STRUCTURAL AND VIBRATION ANALYSIS
A. INTRODUCTION

The structural and vibration analysis of the blading involved tuning
the blade and vane geometries to avoid undesirable resonant condi-
tions, stability calculations to ensure stable, flutter~free operation
of blades and vanes, and steady stress analysis to satisfy overspeed
and low cycle fatigue criteria. Additionally, a rotor frame critical
spced analysis was performed to investigate the vibrational character-
istics of the entire rig assembly.

The final rig design is capable of operating to 110 percent of design
speed (13,431 rpm) with no anticipated structural limitations, Strain
gages will be placed on the blades and vanes, and accelerometers on
the cases to ensure rig safety.



B. BLADE RESONANCE TUNING

Coupled blade-disk resonances that may be excited in the operating
range are of major importance in the design of a compressor stage.
Circumferential and radial distortion exist in the inlet airstream and
normally contain strong components of first through fourth order
harmonics. The airfoil hub/tip ratio, aspect ratio as well as spanwise
thickness distribution have been adjusted such that natural modes of
the system do not occur at frequencies close to one, two, or three
(lE, 2E, or 3E) excitations per revolution during high speed operation.

Additionally, for stages behind major support structures, such as the
nine inlet struts immediately upstream of the rotor stage, strut
passing and twice strut passing frequency can be encountered in the
first four coupled spanwise modes of vibration. Another major source
of excitation can be caused by the vanes immediately upstream (inlet
guide vane) or downstream (stator) of the stage as well as from
periodic obstructicons in the flowpath such as instrumentation probes.

Results of a bladed disk frequency analysis are shown in Figure 21
with frequency predictions for spanwise modes &F vibration shown by
solid lines. Tip chordwise bending frequencies (dashed lines in Figure
21) were calculated using the finite element system NASTRAN, with
prestress effects included. As can be seen, a first mode (easy
bending) 2E frequency margin of 24 percent exists at redline speed
(13,431 rpm) and a 3E lst mode resonance is predicted to occur at 9500
rpm. Second and third mode (coupled stiff bending and first torsion
modes, respectively) frequencies are sufficiently high to avoid low
order excitation and low enough to avoid vane or strut passing
excitation at high speed. Mode six (second easy spanwise bending mode)
is predicted to have an 18E excitation (twice strut passing frequency)
at 10,200 rpm. No significant vibratory stress is expected in the
first four spanwise modes of vibration. Vane passing and probe excited
resonant conditions occur low in the operating range and are not
expected to be a concern.

C. VANE RESONANCE TUNING

Both the inlet guide vane and exit stators of the rig are variable.
The stator wvane frequencies have been calculated assuming that the
vanes are pinned at the I1I.D. and 0.D. bushings. Modeling of the
circular end caps, extensioms and activating arms was included to
accurately predict resonant frequencies. The stator was designed so
that the first mode frequency is sufficiently high to avoid low order
(2E and 3E) or blade passing (24E) resonance at high speed.

The inlet guide vane is structurally very similar to a configuration
that has been previously rum to 12,000 rpm. No «xcessive vibratory
stress was observed in previous testing. Analysis indicates the first
mode frequency is 28 percent greater than the 2E excitation frequency



at redline speed. A 3E first mode resonance is calculated to occur at
11,500 rpm.

Analysis of the stator indicates the first mode frequency is five
percent greater than the 3E excitation frequency at 110 percent of
design speed (13,431 rpm) and is acceptable (Figure 22). A 4E first
mode resonance is calculated to occur at 10,570 rpm. No blade passing
resonances are expected above 8000 rpm in the first four vibratory
modes.

D. ROTOR BLADE AND STATOR VANE FLUTTER

A supersonic unstalled flutter analysis was performed on the blade at
110 percent of the aerodynmamic design point (13,431 rpm) in order to
ensure that flutter will not be a problem during operation of the rig.
The minimum log decrement {a measure of the aerodynamic damping in the

system) for each of the first three vibration modes is shown in Table
3.

TABLE 3

ROTOR BLADE FLUTTER ANALYSIS

Min. Log Excitation Allowable Log
Mode Decrement Ordeg_n Decrement

Forward Wave 1 0.01974 28 >0

2 0.01658 2E >0.002

3 0.00979 4% >0
Backward Wave 1 0. 00609 2E 0

2 0.00r32 58 0.002

3 0.00070 6E >0

Speed = 13,431 rpm (110% of design speed)

Each of these values is above the minimum allowable log decrement, and
the design is acceptable.

The stator vane bending flutter and torsional flutter parameters were
calculated for both the inlet and exit stators. The calculated values
fall well within the range of successful experience.

E. ROTOR BLADE AND DISK STEADY STRESS

Blade root stresses were minimized by circumfereatially tilting the
airfoil 0.889 mm (0.035 in.) at the tip to counteract the blade
pressure loading. Combined centrifugal, untwist, gas bending, and
counteracting tilt stresses have been calculated at 13,431 rpm.
Predicted airfoil root stresses are shown in Table 4 together with the

10



allowable stresses for

AMS 4928 titanium alloy
The maximum stress in the airfoil of 226 X 10

at 366°K (20
N/m%(32,800

Q°r).
psi)

occurs near the trailing edge of the airfoil root and is well below

the allowable stress

Blade Root {0.035 Tilt)

Leading Edge

Trailing Edge

Maximum Thickness

Blade Attachment

of 448 X

TABLE 4

STATIC BLADE STRESSES

Maximum

215 X 106 N/m2
(31,200 psi)

226 X 106 y/p2
(32,800 psi)

225 X 106 N/m?
(32,600 psi)

N/mZ (65,000

Allowable

448 X 109 N/m?
(65,000 psi)

488 X 10° n/m?
(65,000 psi)

448 X 109 N/m2
(65,000 psi)

Tension 199 X 109 N/m? 276 X 10% N/m2
(28,800 psi) (40,000 psi)
Bearing 481 X 106 n/m2 448 X 106 N/m2
(69,700 psi) (65,000 psi)
Bending 217 X 100 N/m? 276 X 106 N/m?
(31,400 psi) (40,000 psi)
Shear 150 X 10° n/m?2 235 X 108 N/m?

Calculated blade attachment P/A,

(21,700 psi)

tooth bending,

(40,000 psi)

tooth shear

psi).

and

contact surface bearing stress are also compared in Table 4 to stress
allowables. The limiting stress in the blade attachment is the average
bearing stress of 481 x 109 N/m? (69,700 psi), which exceeds the
allowable bearing stress by seven percent. The bearing stress limit of
448 x 10% w/m? (65,000 psi) was established to minimize galling on
the contact surface during long term service use and is not a relevent
limit for the intepded rig testing. Minor Dbroach refinement would be
required to satisfy the service stress limit,

11



A modified Goodman Diagram, Figure 23, indictes that at the maximum
steady state stress level in the blade root of 226 X 106 N/m2
(32,800 psi) the maximum allowable vibratory stress is 103 X 106
N/mi (15,000 psi).

Maximum allowable vibratory stress limits for the stator vanes are
established based upon test experience with similar stator vane and
attachment design. For the entrance and exit stators, a vibratory
stress limit of 69 X 108 n/m? (10,000 psi) has been established.

F. RIG CRITICAL SPEED

The test rig utilizes existing hardware consisting of the rotor drive
system, bearings, dampers, and primary rotor support structure that
have been utilized in tests of a Pratt & Whitney Aircraft research fan
to a speed of 12,400 rpm in the same stand. No linear vibration
problems were encountered in this running. Inner and outer cases
downstream of the inlet guide vane stator will be new to this rig. An
existing inlet case from an advanced compressor is utilized forward of
the inlet guide vane.

An existing rotor frame critical speed analysis was modified to
reflect the new blade, disk, and cases appropriate to this configura-
tion. Predicted rotor critical speeds and the amount of the total
strain energy present in the rotor system are shown in Table 5. The
first mode rotor critical speed at 8065 rpm is essentially a cantile-
vered rotor and number one bearing support structure mode pivoting
about the exit strut case.

TABLE 5

CRITICAL SPEED ANALYSIS
ROTOR MODES

Critical Speed Rotor Strain Energy
(rpm)} (%)
8,065 10.7
12,477 9.8
15,274 67.1
Design Speed - 12,210 rpm
Running Range ~ 6,105 rpm to 13, 431 rpm

Significant relative motion exists at the number one bearing location,
and the viscous damper will be effective in suppressing respomse in
this mode. The second rotor critical speed of interest is a rotor
pitch mode about the number two bearing. Again the viscous damper in
the number one location will be effective in suppressing response in

12



this mode. The third mode, predicted to occur at fifteen percent above
redline speed, is a fundamental drive shaft and coupling bending mode.
Little case participation is noted and no relative motion is present
at the bearings. This mode is sufficiently beyond the intended operat-
ing speed to be of no concern.

G. PROLUE ANALYSIS

A frequency analysis of the four szets of probes provided by Pratt &
Whitney Aircraft was made using a simple beam analysis. Each probe was

assumed to be a cantilevered beam with a weight that included the
probe itself as well as the kiel heads and the tubing. The results of
this analysis (Figure 24) show that three of the probe frequencies are
well above the 2E excitation frequency at redline speed (13,341 rpm)},
while the remaining probe has a 26 percent 2E margin at redline speed.
The difference between the number of inlet guide vanes and blades
creates a natural 4E excitation for the probe system. As seen in
Figure 24, AE resonant conditions are tumed ta occur low in speed as
well as above redline speed. Blade passing resonances {24E) are also
avoided by tuning the first mode frequencies of each probe.

13
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APPENDIX A
FLOW FIELD CALCULATION PROCEDURES

The aerodynamic flow field calculation used in this design assumes
axisymmetric flow and uses solutions of continuity, energy, and radial
equilibrium equations. These equations account for streamline curva-
ture and radial gradients of enthalpy and entropy but neglect viscous
terms. Calculations were performed on stations oriented at anm angle
with respect to the axial directiom.

2 2 2
1 oV v v 1
_ 0 cos (A-¢ ) ~ = sin (A—-€¢) 0 + op = 0
2 dm Rc T P dr
-
o€ . .
Ro = 3 = streamline radius of curvature
m

Enthalpy rise across a rotor for a streamline, ¥, is given by the
Euler relationship:

HRotor = (UgVgp) - (U Vgply

Weight flow is calculated by the continuity equation:

y_tip sin (A -¢ )
W= 277/ K Vi y dy
¥

root sin)

where K is the local blockage factor and y is the length along the
calculation station from the centerline to the point of interest.
Values of K are determined from the continuity equation and experi-

mentally determined values of an endwall blockage parameter, XK
defined as:

— _ W where PCp is the mass
- tip averageftfalue in the free
Fbm dA stream owW.

root
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APPENDIX B
LOSS SYSTEM
ROTOR

Rotor 1loss was estimated using a combination of Pratt & Whitney
Aireraft's multiple-circular-are fan loss correlation and high
pressure compressor rotor experience. The fan system correlates total
loss (profile plus shock loss) as a function of inlet relative Mach
number and span. The endwall effects on a fan are included in the
total loss at spans near the I.D. and 0.D. The '"core" region part of
the fan system was used to calculate a base level of total loss for
the rotor, corresponding to a 2-D type loss obtained from cuscade data
normally used for multi-stage compressor standard airfoil sections.
Endwall losses were then added to this base level. Figure 4 shows the
resulting spanwise total loss.

In the calculation of blade channel critical area ratios (A/A%),
profile loss (total minus shock loss) was applied linearly from the
first covered section to the trailing edge. The shock loss was assumed
to be from a normal shock situated at the first covered section of the
blade passage (Figure 11). The Mach number immediately upstream of the
assumed shock midway between the blades was determined by satisfying
the continuity and conservation of angular momentum equations, start-~
ing with the leading edge Mach number and air angle from the stream-
line calculation. This free-stream flow calculation accounted for
streamtube contraction and radius change. The effect of blade blockage
was introduced by adjusting the free-stream area ratio, A/A%, by the
ratio of blade channel width to the width of free-stream (S cos ),
where § is blade spacing. The resulting A/A¥* established the upstream
shock Mach number. Although the hub streamline had a slightly subsonic
leading edge Mach number, this procedure yielded a supersonic Mach
number at the first covered section channel entrance. All other
streamlines had supersonic leading edge Mach numbers which increased
in magnitude to the first covered section where they were assumed in
calculating a normal shock loss.

STATOR

Stator loss was estimated using a P&WA correlation of total loss
parameter { cos /2 ) versus diffusion factor for MCA stators made up
primarily of data from References 1, 2, 3, and 5. The correlation has
different values for wvarious span locations which include endwall
losses; however, only the '"core" region level (20 Z to 80 % span) was
used to define a base value across the entire span. A similar endwall
loss, as was used for the rotor, was added to this base level,
consistent with designs of HPC standard airfoils. The resulting loss
curve is shown in Figure 5.
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ROTOR AIRFOIL AERODYNAHRIC SUMMARY PRINT

RUN NOD 0 SPEED CODE O POINT XD O

v-1 v=2 =1 yi-2 Ve-i V=2 u=-1 u=-2 vi-1 ve-2 va'~-1 ver-2 RHOVH-1 RHOVM~2 EP5:~]l ERSI-2 $O/P0D
H/SEC Mr/5eC K/ZSEC MASEC M/SEC H/SEL  M/SEC M/ZSEC H/SEC H/SEC H/ZSEC H/SEC KG/M2 SEC KG/H2 SEC RADIAN  RADIAN INLET
182.4 29H.8 18Z.4 Z00.v Da0 221,2 263.7 2T4e? 32046 2CB.0 ~263.,7 -53.7 181.70 252, bk 0.068% 0.1257 L.T470
1934 2%H.1 193,72 20l Bal 2195 276al 282,80 330,44 211.L —2608:0 —54.3 192.88 258491 0.0405 0a.1045 1.7768
2Cz.1 297.7 201.5 201.9 1548 21B,B 2n7.3 292.2 33Bes 214.8 -271.9 =73.5 201 o4k 263249 0.0181 0,0661 1.R040
2GHe5 293.4 2La.b  193.8 282 220.5 30BeS5 30B.4 3I4f.2 212.8 —ZR0.2 —-B7.9 206,10 259426 -0.0106 0.6527 1.8300
2107 ¢bua 207.5 lbs.U 35,1 218B.0 3227.2 324.0 358.0 213.2 -291.8 -106,.0 206 .49 252,25 ~G.0691 0.0223 1.8300
21245 2%w.2 207.T 176.6 G2.0 216,1 3L&.Z? 33%,3 367.8 215.3 ~303.6 ~123,2 206445 254,70 —0.0755% —0.0064 L.&300
21265 2124% 0Ta2 16940 4649 213.B 3b3e5 35446 3TP,4 2203 =3l6.6 —~140.6 235.50 23B.16 =0,0985 =0.0335 1.8290
212.C 26741 20640 106249 498 21let 33Ueb 692 389,2 226.7 =330s2 ~157e6 204495 231.50 “0.1188 =0.0597 1.6330
210.A 2614 20445 lobel S51a7 20%,7 296,0 3bheD 40023 224,0 =344,2 =174.3 203451 223484 —Gel3bl ~00R%3 10286
208e.0 295.6 20l.0 l&aT.n 53U 207.9 411,23 398.9 411.2 241.3 =358.3 =19],0 201.0% 213.25 =0.1502 -0.1068 1.B226
20149 29043  195.0 134.7 52,3 20642 425.4 4l4.3 421.9 247.9 ~374.1 -200.1 193.72 195.28 =0,1595 ~0,12463 1.8049
19740 23B.3 1%7.3 124.1 51,0 203.5 433.9 422.3 427.6 251.6 -302.9 -218.9 188,48 179.79 ~0e1603 ~0.1333 1,7805
190ab 22%e% 1Hael 105U “¥a0 197.9 481.5 431e3 43346 25642 —392.5 -233.4 18107 153.09 ~0,15641 ~0.136]1 1.7350

B=1 B-2 at-1 bé-2 M=l =2 M- HE -2 INCS INCM DEV TURN D FAC OMEGA-B LDSS~P P02, TEFF—A TEFF-P
DEGHEE DEGRER DEGREE DEGLHEE DEGREE DLGREE DEGREE ODEGREE TOTAL T07TAL  POL TOTAL  TDTAL
Gall  #74B 559423 15.00 0.5521 0.8540 049704 0.5948 =5,14 1.23 19.20 40423 0,5593 0.1124 0.0221F 1.8530 91.73 92.4L
2eft 4745 Seulo 17.73 0,5074 D8535 100306 060858 —2.61 3.66 14,37 36.46 0,553 0.0997 C.0267 Ll.845%0 92.19 92.83
wetr  wTete H3ahe 20,05 0.6157 08528 1.C313 J.61546 -1.56 4,53 1l.b62 33,40 05528 00,0885 G.0257 11,8407 92.71 93.30
TaB  HBaT 53464 Zwanwd U037 0ul396 140628 0.0086 ~0.74  5.06 907 2918 0.5667 00731 0.0214 148487 23.64 F4.17
De%  A%.T 3. v 29 80 0eb@A]l Leblud 10947 Q6062 ~0.36 5,29  ALRB 24,79 045722 Ce00632 040133 11,0458 94421 94,08
11.6  HUT 55403 34,8 0046 0.T939 101253 0.6125 -0.28 4,98  B.33 20,81 0.5744 00599 0,0169 11,8428 94425 94,72
12eT 9225 5681 49,55 (u0699 GoTTIP 13577 Dub2ab  «0.28 4,57 756 17.27 0.5709 Q.0607 O.0ltb 1.0415 03,92 94,42
13,6 52,3 58.03 43.8% D0un685 0,7549 121907 06408 ~0.21 4,34 750 14,146 0-5650 0.0659 D.0172 1.B41% 93,17 93,73
14,2  53.2 592280 4T.98 Oao94T 0.7302 1.2241 0.6509 «0.03  4.23  7.05 11.30 0.5506 0N,0756 00188 1.b426 91,95 92,61
14,7 545 BLUYF 52402 0:037% 047150 12564 046767 D.00 3.87 6282 BenT 0,.552¢ 0.I0EE 0.0208 1.8432 90.36 41.15
15,0 ub.7  62.4> 56,92 Qabl53 GeoFol2 1.2857 0.6906 0.33 3462 787 5,52 0.5511 01059 0o0225 1.8%45 HHokd EY%:43
159.€ S5 53.97 AL.34 0,5992 O.obld L30T DaOWBL 0.33 3,34  9.58 3.23 CuZ490 00,1166 ¢.0227 l.8513 dT.26 HB.31
16,9 01leB bB4+BT 55.57 0.5Tbh 06197 1.3157 0. 7075 =0.21 2.54 13.05 <~0.70 Ol.5%434 §.1286 C.0212 1.8323 B85.80 B8b.9%

v-1 V2 vH=1 VH=2 ve—1 ve=2 u=-1 u-2 vi-1 vz ver-1 vgl-z RHOVYM=1 RHOVH-2 EPSI-1 EPSE-2 PCT TE
FE/SEC FI#AS5EC FIASEL FTZSEL FI/5EC FT/SEC FY/SEC FT/SEC FR/SEC FT/SEC FT/SEC FT/SFC LBM/FTZSEC LHM/FT2SEL DEGREE DEGHEE SPAN
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6%3a} Y2842 09 6GT.) 1185 T15.3 10T5.0 1063.2 1174.7 699.7 =957.3 —347.8 42429 51 .06 ~2,813 1,280 C.3342
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oChat: BIGulr 062,101 GE4s? YTaey 6R2,3 1369.5 1208.8 1349.3 T92.5-1175.6 ~626.6 Ala18 43 .68 =B4,609 =—64121 0,7730
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TABLE 6A
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TABLE 7

STATOR AIRFOIL AFRRUYNAMIC SUMHARY PRINT

AUN ND O SPEED CODE O POINT NO ©
ve=-2 RHOWH=1 RHOYM=-2 POPO 10/10 2EFF-a TEFF =P EPS1=1 EP51-2
#/SEC KG/MZ SEC KG/MZz SEC INLET INLET TOT—-INLET TOT-INLET RADIAN RADIAN
32.3 271,07 272.40 1.6506 1,2100 13,29 T5.99 041342 0.1612
1.7 278,75 254,060 1.6976 12073 TB.69 80.21 0.1257T 0.1429
32Z.5 284.59 310,37 1.7369 1.2053 B3.18 B4, 42 021152 041269
40,2 22 .90 325.12 1.7820 1.204R 87,57 BB.53 0.0v32 0Q.0982
69,2 279,77 325.27 1.7947 l.2631 B9.5) ?0.34 O U0u7 0.071%
56,5 27450 223.u0 I1.6031 1.2224 20,80 .34 0.0436 0.0459
6242 264,39 320.%7 1.5673 1.2528 9C.78 1.52 €.0183 g,020%
oot 263463 316463 1.BD72 142044 9006 90.85 ~0.0070 ~0.,00329
T0.2 2L6.54 310,72 18027 1.207% BR.39 B9.30 -0.632] ~0.02%0
T2ub 266,62 3cl.Rr2 1.79065 1l.2112 u5.71 86.83  ~0.0571 ~D.0549
TH.9  230.53 204,469 1.7637 1.21R0 B0.569 B?.16 -0.0627 -0.0830
ThW O 217,54 267,15 1.7338  .2204 77.22 78.91 -0.09%8 -0,0985
I7ats 197,18 237,90 1.6826 11,2200 T2.81 ThnTl =0.1695 ~0.1162
INCH DEV TURN D-FAC OQMEGA-D LOSS-P  PG2/ PO/PO 10470 2EFF-A  TEFF-P
VEGREE DEGLNEE DEGREE JOTAL T0TaL POl STaGE STAGE TOT-STG TOT-ATG
=565 20.52 34,19 0.5H58 0,139 G.04HZ 0,97448 1.75C7 1.2100 82,00 A3,91
~2.,58 16,75 34,47 0.5548 06,1115 0.0396 0.,9554 1.7628 1.2073 B&.T6 BS.92
-l. 05 14 .22 34,468 0,5330 £.0920 0,.7335 0.9628 1,7723 1.2053 B6.47 87.51
21914 12,75 33,76 0.5091 0.0852 0.024& 0.9738 1.B0G3 1.26G48 89.25 90.10
0.97 1lz.69 32.87 O.avbs (L0693 00,0192 0,9607 148102 14,2032 20.95 91.67
0.02 12.70 3D.92 0.487>1 €.03086 00,0154 0.9053 1.8157 11,2024 91.76 92442
~0.I9 11.83 30.07 CL.480% 0.0336 0,018 0.9876 1.8107 1.2028 91.83 2.408
=-1.76 11.48 29.47 0.4769 10,0346 00,0146 0.9876 1.B186 1.2064 9l.10 9l.81
-3.79 11.17 29224 (L4271 0,040y 0.81l76 L.2R%2 11,8163 1.2073 B9.61 90.Hh%
—5.25 11.7¢ 29443 Uen335 C.0529 040233 0.9024 1.8108 1.2112 87.51 B8.50
~1G.28 15.13 2951 0.4981 0.G726 0.6326 0,9772 11,8122 1.2180 B4 .RB Bba08
-11,89 17.9% 29,.,0% 0.5143 C.08TT D.03%¢ 00,9738 11,8028 1.2203 83.18 F: L1
~13,.39 21.57 2B.B0 0.5524 $,1102 0,044 0.96%8 I,7770 1.2200 81.09 n2.55
ve-2 RHOVM-1 RHDYH=2 PCT TE 70717 %EFF=a TEFF=P EPSI-1 EPLI-2
F1/SEC LUMZFT2S5EC LBM/FT2SEC SPAN INLETY TOT—-INLET TOT~INLLT DEGREE DEGREE
Silt, 0 Ze52 L.V G.L000 1,21nM0 T3.29 T5.0% Teb?7 Q4237
X EL 3 57.09 6,21 0.0627 1.7073 .89 an,2: 7.205 V.189
0s.b S5u.29 63.57 0.1207 1.20%3 63.1A B4 .42 Sub03 7.273
131.9 5€,.14 66.5Y Da22B7 1.2048 B7.57 88.53 5.339 S5.020
Ttlen 57.30 b6ab2 0, 2207 1.2931 69.5] 9C.34 3.93T 4,067
16%.5 5b.22 66432 Dad294 122024 4060 .34 24501 ZenD
204.0 55217 [T £ 0.5257 1.2070 eCc.?8 9] en2 T.048 l.1986
71°.0 53.99 64,45 06201 1.2044 90,06 90.R5 =0.402 =-0.226
L30s4 52.54 63 .64 0.7132 1.2074 88.39 69,30 “le.RIB ~labb}
230,1 50.51 61.02 0.0059 1.2112 B5.71 86483 =3.273 -3.148
2449,2 47421 58,21 0.6999 11,2180 e%.69 B2.186 44736 =46,758
25549 LT 1) 55,71 D.%4R4 142204 T7.23 TBa) ~S5 a8 =5.643
254.7 40.38 4,72 1.06000 l.2200 TZ2.81 Ta.T1 =642706 ~b.458
TusTo PO/PO EFF=-aD EFF-P T0/7C PO2/7PCL1  PO/PO EFF=AD EFFf=P
INLET INLET THLET INLET STAGE STaGE STAGE STAGE
x E3 E
12075 }a77562 85,92 87.00 1.2075 0.9782 1.8045 EB.50 89%.40
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APPENDIX D

AIRFOIL GEOMETRY ON CONICAL SURFACES
TABLES & AND %

LOCUS OF TRAILING EDGE

LOCUS OF POINTS WITH
RADIUS r, POLAR RADIUS R
AND AXIAL LOCATION Z

CAMBER EQUATIONS
¢=p"-8",
bg=B" -6, EE)

\

APEX OF CONICAL

DESIGN SURFACE BLADE MEAN

CAMBER LINE
ON UNWRAPPED
CONICAL SURFACE

%
MERIDIONAL VIEW
OF BLADE SECTION

MERIDIONAL VIEW AND POLAR REPRESENTATION OF BLADE MEAN-CAMBER-LINE

o vl FRGE GLANK NOT Faspg, U4
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TABLE 3
Rotcr fAlade Geometry on Conterl Surfscas
Dianecer Dlazeter % Span [ c LER TER .Bl* B W.oh. [+):4 [} =4 E tle Locagion ale «
LE 1E LE toches  infhes inckes fnches degrees dgﬁree- degrees degrees diﬁrun degreen degrees = t/e max (L C)
1nches Inches
16,24 16.93 0 1.576 1330 0114 L0192 54.006 -4.200 13,06 36.87 15,10 6,153 1.332 .0850 §5.0 . 564 1.6934
17.0t 17.47 7.0 . va 1,607 L0106 Nellikid 3r.476 -3.300 12,75 ag, 27 11.45 4,096 .909 .08 35.7 .5351 16519
7.7l 17.98 1.4 3.775 1.677 .op9s +DDYSL 48.900 B.345 12.37 40.01 16,61 2,433 N-11.3 - ,0813 56,1 . 552 1.6157
1B.5% 18.597 25.2 3.381 1.p20 .0031 .00903 43,559 14,599 il.72 34,02 9.00 -, 263 -.051 -D7d1 57.5 +565 1.5538
20,19 19.92 6.0 3.941  1.988 0090 L0030 49,391 20.725 11.40 29.16 7.73 -2.438 -, 595 .0750 8.6 . 581 15012
21.1 20,886 46.3 4.016 2,143 0050 " 30.635 26,311 10,57 25.41 §.53 ~6.252 -1.082 0689 59.6 .599 1.4551
22,37 .79 55.0 4.087 2,282 .Da9e h 52.218 31.400D .72 22.34 3.4 =5.76B -1.520 L0611 60.6 .613 1.6162
%) .7 55,3 &.136 2,445 .0090 " 53,667 36,225 %.12 19,35 &.37 =7.102 -1.912 0573 61,5 L6371 00
2.0 13,62 4.2 4,221 2.606 »00%0 " 55.02) 48,784 8.5 16.4% 3.7 -0.21% -2.251 +D517 62,4 . 662 1.3453
5.2 34,54 81.9 4,285 2.7BD ~D0SD " 56.687 45.200 Y.83 14,01 2,12 -9.06) ~2.526 L 0LG? 61,23 +B50 1.3133
7615 A ot.4 6,368 2.963 L0899 n $8.797  48.95% 6.5 12.50 1,36 -9.536 S2.65% 0408 bh, 1 313 1. 2%k
.72 95.7 4.31% 1.0 ,00%0 " 60,200 50.726 6.03 12.15 .98 ~9.439 =1,6786 .Dise babh ) 1,2697
.13 100.08 4.4tl 3,110 .0090 s 62,132 52.571 5.46 1132 67 -8,736 ~1.509 L0350 650D + 382 1.2341
Juapore: o sreter ¢ ¢ LER 18 8 . 8 WA e ¢ z £
LE 1. weters m:grs neLers weters tldllnl rasuna rediaas  rvediane n,&idnl radizns Tadians
Mo teTa Meiers

L4125 L4100 0 .0934  .0389 .00029 .aan28 9626 - 0712 29 9926 L2661 L1074 <0232

B2 <637 1.0 L0947 .04and 60027 00026 B819 -.0578 22227 .k07a .19%93 <0715 Kok iy

LhatB -1587 | 5 L0959 L0626 .00025 .0D024 <0535 L1456 22159 638) .1as52 SOL25 0095

AX2) 4319 25.2 Q981 .0&52 .00023 +00023 L8475 . 2548 045 -59318 L1571 - 0046 =-.00IE

Al 36.0 1001 »0505 .0e0z3 .00p23 8501 JJdels 1990 «50BY .13z9 ~.0625 -.0106

Pliig: ] 45.3 41020 L0564 Jgo0zy - .8017 592 1845 JAha15 _1140 ~.0742 -.018¢9

Lrzab 56,4 +1038 L0580 " " 7114 . 3480 .1598 .3B99 L0549 -. 1014 ~.0265

L57a8 65.3 L1056 L0621 " " -9167 L6322 .1593 3377 .0T63 -.1240 =-.0334

~ 5894 74,2 L1072 L0582 " " .9603 L7118 1489 L2878 L0562 =-. 1538 «.0191

PR L6213 B2.9 .1088 6706 " " . 9894 .788% -1332 JILF L0370 -.1582 ~.0atl

-hraf LBGTh 91.4 .llo4 .0748 " " l.p282 «B550 147 -naz <8334 ~-.1664 =.0a69

LLTRT 110 95.7 L1112 0767 " - 1.0507 8853 L1052 22121 0171 ~, 1644 ~.0467

-6ANG JATaG 1000 L1120 L0790 " " 1.0879 -9157 -0951 -2150 L0117 -.E525 -.0630
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TABLE 9
Stator Vans GCoometry on Conical Surfaces

Dieseter Dissecer % Span [ [ 2.1 WA oE ] € E tie Location afe o
j'u! = LE inches !.-n:ﬁu inchas inches daguu daauuu degrees degrees deﬁfuus degreen degrosz nRx tfe max (% C)
Inches Inchea
17.53 18.35 0 2,458 1,255 .008 .008 50.7 =10.66 4,97 60.23 20.56 9.89 .13 050 60.0 .538 1.526
18.01 18.79 5.8 1.258 47.15 ~ 7.61 5.69 53.70 17.76 9.32 1,08 2051 559.4 S5 1.3900
18,47 19.20 11.4 1.262 i 45.30 - 5.25 $.23 49,56 15,83 8.77 .59 052 58.9 « 5409 1.3381
12,34 19.95 1.9 L.272 43.60 - 2.12 T4Y 44,96 13.00 1.36 .84 056 57.8 559 1.3022
20.:8 20.65 3.1 L.282 44.08 «1l 8,52 43,31 12,36 5.76 .66 <056 56.8 .562 1.2531
21,00 21,23 42.0 1.251 45.06 2.20 9.48 62,29 12.488 4.10 A7 +058 55.8 +539 1.2088
21.80 21.99 .7 1.299 4LE.B0 4,77 10,37 4l.74 14.00 2.41 .24 60 54.8 «552 1.1685
22.59 22,64 61.2 1.307 49,16 6.53 11.19 42.5% 16.03 69 .08 062 53.9 560 1.1314
23.37 23,29 0.7 1,115 52.14 8.08 11.94 44,19 18.29 -1.07 =-.13 40614 2.9 4328 1.0969
W16 23.93 80,2 1.322 55.85 8.65 12.64 47.56 20.6D ~2.90 =36 086 52.0 .522 1.0643
26.96 24,39 .9 1.3 61,55 7.18 13,26 55.39 26,50 4,87 =61 «058 51.0 .51p 1.0327
2533 26,96 95,0 1.318 65.05 6.10 13,45 59.70  26.61 -5.90 -.75 ) 50.5 516 1.0168
25.80 25,32 100.0 1.340 68,45 4,70 13,68 64,56 28,98 ~6,31 -.40 020 50,9 . 514 1.0010
Didcster Blemeger c e, LER TEZR LA )2 =3 E
LE TE makera m:grn mececn wetars uaulu r:ﬂiln- radigns radlans ushnl rediana Trdinns
Haters Hecers
L2453 L4861 0 .0881  .031y 00020 00020 8248 -850 .0867 1.0512 3662 L1601 L0197
L4575 4273 5.0 .0320 .a229 ~.1328 #0993 .9372 »3100 21627 0183
L4691 4877 1.4 0321 + 71906 =.0916 1105 8650 +2763 .1531 +0173
L4012 . 5067 21,9 -p323 7624 ~0370 L1307 - 7847 « 2269 .1205 0167
JS12s L3245 3.1 0326 7693 L0019 -1487 . 7559 L2157 +1005 0113
25334 5418 42.0 .0328 7864 .0398 -1655 .738L .2248 -0716 .bn82
g .5537 . 5585 5.7 .0330 -8168 .0833 L1810 +7285 L2463 20428 L0049
’b L5738 .5751 6l.2 0332 +8580 <1140 L1953 + 7426 L2798 L0120 .0Dl4
5916 5916 70.7 0134 +9100 L1410 «208% 703 .3192 ~.0187 -.0023
g 6137 .6078 £0.2 0316 <5748 +1510 .2205 .830% 43595 =.0506 -.0063
L6340 L6206 89.9 .0338 1.0812 L1253 » 2304 9567 L0276 -.0850 =.0106
.baLg .6335 95,0 0129 1.1353 .1065 2347 1.0420 SAGhG ~.1030 -.013L
F +B%53 8130 ,1o.e 0350 1.1947 «0B20 .2188 1.1288 . 5058 -.1101 -.0140
’

Ly




APPENDIX E

AIRFOIL MANUFACTURING COORDINATES FGR
SECTIONS NORMAL TO STACKING LINE

TABLES 10 AND 11

AIRFOIL SECTION ON PLANE
NORMAL TO RADIAL STACKING LINE

AREA OF SECTION
= X-AREA

N

M .
1 JesL ! i\\\<:_AXIAL DIRECTION
i C .

N

ATRFIIL COORDINATE DEFINTTIONS FNR MANUFATTURTG SENTIONS

., 4%

[ S

e B MOT
W CEDEeD vaLE AW MU e
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TABLE 10

ROTOR AIRFOIL MANUFACTURING COORDINATES

INCHES
e YP

[ 1] ~0.0100
Ga016) ~3.0071
Gell7e CuD230
GCa2351 (L0565
0.3527 0.08ES
Q.4702 (C.1i96
VebETE Celatwa
LeT053 (.17EL
C.x229 (.2C55
Ca?4u5 042318
1.0580 0.2562
141756 Q.27%4
1e2%31 Ce30140
1.4107 O.3211
1.5282 00,2341
le0b58 Gedba3d
leTO34  0Q.3661
16809 0.3744
lav9d 0a3791
Za1160 0.3H(C1
2ald38 0.3774
2.2511 0.3710
244687 0.3607
200603 043454
2a7¢33  0.3279
Z2ev2)4 0,3049
CaFABY  0L2773
3ulb85 D264
3.1740 042068
. 2916 C.1627
3440191 Cell22
3a5207 UaG545
B.0302 ~0.0C59
3abr4h3 ~0e0109

HARIUS (INCHES)
CHURD {INCHES)
20501 [INCHES})
YUSL LINCHES }
kLE {INCHES)
[ A3 LINCHES)

A=tREA (50e IN.)

GAMMA—CHORDIDEGS)

¥s

0.C114
0.016%9
0.0749
0.13721
0.1963
Q.2:29
0.2066
L3576
Ceolst
Ca4507
04228
0.5320
0.5455
UL.50G18
D.4306
G.654)
0.6716
046833
Catl93
06895
Cat:938
046722
Neb345
Cati304
0e299?
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CHLAD  (MeTekS) = Gel(39 CHURD (INCHES) = 440917 CHOUD  (MeTiss) = Ca30s8 ChuRD {INCHES} = 418648
PAR-1R (MeTers) = GlCun0 2e5L FINLMES) = 2.16306 2C5L (METERS) = walu57 2O, (INLHES) & 24)%48
YCOLL 1¥ETERS) = L0030 [ 19-18 {INCHES) = 0,1153 YCSe (MUTENS) = (6023 L L TR {INCHES ) = 0.0D50D
MLz {meTz8) =G, 002234 it (INCHESY = 0.0002 RLE frcTebst  al.000:28 Kie (INCRES) = (L0090
ATt iReTLrS)  =5.5.0P32 KTE (INCHES)Y = 0.0091) KTk IMETERLY =0.CL023% e tIMCHES) = D092
X=AHEATSUeMLIEREI=0. L0455 X-AREA (5UWe ING} = Q.7(53 A=ARTAISLMETIERE)Z0aLG043] X-£REA [50. IN.) € (.6087
wAMHA~LILHD (RAD L) = L,B8072 LAMMA~CHOKOIDEGS) 2 48,25 LANMA=CHLAD {RA. )= U B627 LAMMA~CHLADIDEGate 449009
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G020 0
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GeudTT
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20s5L tHETERS)
YCSL {METENS)
RLb M TEdN)
RTE (METLRS)

Ys

0+0602
Da0G02
t.ccov
0.0611
Qa3015
GellTh
OuliG22
Cel02y
O.0028
(a(GGa0
¢.2033
2.0035
04037
Veu039
00060
[N LY
Gad s143
0.¢044
[ YA LY
GetO4b
BeCCa7?
0.0047
Ve ltlin7
0.0046
Gy bl4t
Gelihl
[+ Bl O J
0. tus3d
0.i028
GaOG23
Oatul?
GuLOG
0u.COD3
0.cu02

0.3546
Oeli71
Galb02
0a.C015
=0.000235
=0.0.0z2z8

A-AHEA(SUMETERS} =0 20040 T
GAMMA~CHUKD (hADe )z Ca9lTY
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0.0

G.0092
C.1361
G722
Da4042
Cabta3
Oetb04
GeB155
D.9520
l.Ctdo
l.2247
1,3600
1t 5L9
148330
le 7690
Lawinl
Zefiale
2.1773
243134
2 etrtstily
245855
Z.1216
2.8577
FESTEH]
3el2v8
342629
2,4020
345581
3et742
Hek1L2
Jav4b3
14,0824
422096
442185

RADIUS
CHORD
2C5L
TLSL
RLE
RTE
X=AREA

TABLE 10 (Continued)

INCHES
Yp

=D«00686
~0.0088
=0.0117
-0.0147
=-0«0G177
=0.0200
=040234
~-U #0260
-0, 0284
~040306
~0.0327
~0.0344
—Ge035%
=CaN3T0
-0(.0377
~0.0340
~0,9379
=-0.0372
=-0e0359
~0.0339
=G 0314
~0.6287
~n,0261
~0.023%9
-0.0220
-0.0202
-0,0186
-G«0170
—D.0154
~0.0137
0119
~0,01C0
~0,0C78
~0e0077

{INCHES)
{INCHES)
(INCHES)
{INCHES)
1INCHES)
{INCHES)
{S0. INJ)

Ys

0.0086
0.0098
Q.0258
QaC420
0.0%73
GuG715
0.0847
CaCY70
G.1Cy3
[P B 2L
Ds1283
0.1270
Q1049
0.1519
0.1583
Q1640
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0,1734
Qel773
L1811
0.1t041
0.1853
0.1837
01791
Oal7i5

* UGalt09

0al1474
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0.2120
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Ou0b56
0,03083
0.0j04
0.0084 |
=11.9938
= 4.3185
= 282133
= 0.,0582
£ 0.0C93
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GAMMA~CHORD(DEG. )= 52459
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DeCuzl
Celbbbh
G TOL
Qo0 S
0. LTT
Cerdts
LaCbal
0LUGHTS
G.0uiL
Culvan
CeOYED
Galtln
Gel50
Calba
Celush
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~) L0002
~0.0004
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=0.0011
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=0.001%
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-C..u013
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-0 .0010
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~0 0007
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-0.C202
[

RADIUS (METEHRS)
CHIRY  (METERS)
LuSL tHE TERS)
yCsu iMEFEKSY
RLE tMzTeks)
Rle {METERS)

¥$5

0002
0.C0C2
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Ge0LOQ
Ga0112
C+0C1a
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Lt 0%
QatdZ
Q.002
D25
Cell27
Dativ29
Cevu030
0.0L0L31
Oalla2
Ga033
Gebuils
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U+0U30
0..037
0.0C038
Q2538
Oent3l
G.0037
GeUu a5
Cab(32
LLu029
Oar2d
CaOuzl |
G.u0l15
D, 009
G G003
Ge0Cue

Ga216%
LalOBS
0.05T0
0.00069
=0auUl0236
=0.020228

Htann

A~AKEALSLeMITERSI=CLGUlSTS
GAMMA-CILRD (HAD W} = CaST0L

ORIGINAL PAAE .5
OF POOR QUALITY

INCHES
Zc YP

00 -0.0087
00093 ~paG0YL
012378 ~0.0.4%
Ge2756 ~=0,0190
Le130 =0.0238
Ua$513 ~(.0785
Gyl =De0330
Call2869 =Ga0372
CoyonT ~La0&)0
1.1€25 ~0.0uab
La2603 ~0,N47T
1.3781 ~0.0L04
1a6180 =(a06527
146558 ~CatShS
17916 =~0.0557
1awd®y =0,0564
2.0072 D565
242050 ~00559
223429 ~0e0545
¢y BOT ~D.0525
Zablb5 =0.0495
La758% ~0.0458
2ab%4) ~0a0418
340319 ~0,02H0
3al09 1 ~0u0364
33076 ~0.0309
Aty (0276
Ba4832 =U.0203
7210 ~0,0211
A.bbt8 ~G.0178
3evF0b =De105
41342 “0.0112
4e2634 ~0.0078
heeTld =LLO0TS

Ys

0.0087
G.OC96
0.0219
DeU365
C. 046862
CaCH70
Dati?}
Gl 765
0,0UND
Gal929
0.1001
1587
Ga1127
Cei18)
D.1230
0.1275
C.1316
0.1353
DelIe8
Galw2l
Caleb2
[/ £1-2
63497
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Delnt?
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0.1271
01142
0a.0984
0.0002
. e
GaCx, 1
[+ 341 31
0.C084

RADIUS  (INCHES) =)2,4572

CHURD LINCHES) = %4a2723
F{s-18 [IHCHES) = 2.2441)
YCSL {INCHES) = Q.0270
RLE ({INCHES) = D.CL93
RTE [INCHES) = 0.0099
X~AREA (50. IN«} = 0.5P73
GAHHA~CHORNDEDEGe}= 5593
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Gal02
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G LOLO
0,302
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Catdls
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0.0uln
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0.0028
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C.CU3Y
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0.0002
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0.LO0259
G, G10224
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D.5595
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TABLE 10 (Continued)

. "CHES
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-0.0089
00093
~0.,0148
-0.0206
=-0,.02562
-0.0317
~0.0368
~0«0418
=-0.0463
~0.0505
=0.0G543
~0.9576
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(INCHES)
150, IN.}

Y5
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0.0536
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Gelb89
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0.0H829
D.0874
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0.0952
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GeICs83
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Call43
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0.0878
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5 12.9242
= 44,3360
= 2a2k4s
= 0.0223
= 0uC0%4
® G.0088
e 0.%1345

GAMMA<CHUHDI BEG. }x 58.59
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BL.UL02

D.3345
0.11068
CulHES
LeGOLA
=20,L00242
=0,010225

HH®R

X-LREATSQMETERS J Qa0 0329
GAMMA-CHOKN (RAD )3 140543

e

0.0

0e0095
(ralafn
D.2815
Cah223
Ca5031
La703b
Celuiabd
Cevline
1.12861
le2bts9
144076
15484
Tevtiy2
1.6299
L.%707
Za1115
2.2522
243920
25338
2.6745
2eH153
Za95061
3.096H
3.2376
32783
A.0191
3.6599
53.80CH
3.9414
4u0022
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4e8069
42627

RADIUS
CHORD
ZosL
YCSL
KLE
RIE

INCHES
e

~0.00%1
~0.00%5
=0.0148
~0.,02C7
=0.6265
~0.0322
-C.0377
~0a0430
~Le0aBG
~0.0528
=~040568
~0.0605
=0.04238
~Delbb%
~{ «UBAS
M. LO%9
~0.070%
—0.0704
=Cod5493
=0.06T4
=L e 0645
=0.,046C6
-0.05%2
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00379
=0,03256
=0.06276
-0.0229%
~0.0105
-0.0143
-0.0108
=0.0078
=0.0077

Ys

00490
0.00%6
0.C183
Ou.C208
C.0245
[ SR T
GaCaT?
0.6534
G.L585
G.05632
CaCb73
0.G711
GaCTan
'0.0777
GLh07
QaCh3N
0.06862
G.0889
0.0917
Oe0Y40
00977
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0.1054
0.1C86
0.104%6
041078
01027
Q.0748
0.0Ua9
0.0449%
0.0528
Ge£325
GetlO9v9
0.L085

{INCHES} =13.18682

[INCHES) =
tINCHES}) =
{IMCHES) =
[INCHES) = 0.0095
{TNCHES] =
R—-AREA (50e IN.) =
GAMMA=CHURDIDEG . b

4. 3637
243023
C.G153

C.GDBA

C.5104
60440
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TABLE 10 {Continued)
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G.L00%
RTINS § 4
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A-brtaf LM TURSLI=0,00031)
HEHMA-LHDHD IRAD L ) = Jauvit

4

Q.0

00090
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X=-AREA {SU. IN.}

LAMMA~CHORD{DLG, )
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“0.04283 0Q.Cax2
=L Cas0 G.069])
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“LawCBy 0.D1l1s
~C.008% 0.009D
(INCHES) m13.4290
{INCHESY m 4,3954
[INCHES} = 24,3320
CINCHESY = 00221
[INCHESY = Q,.0(96
LINCHES) = Q0100
a G.ah2?
o b2.00



TABLE 11
STATOR AIRFOIL MANUFACTURING COORDINATES

METERS ' INCHES * MEYERS ' INCHES

i yp ¥s 48 YP B £ ic P B £ I YP s
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GewanT CGaliay J.3047 latld6 0,272 C.08 B Vabzdy  Q.ulbl  0.G0YW0 1.0181 0.2505 0.253)
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LEPS S LAV U SN F S w1 O 1 2 LuT739 DL2434 Dewla? Lalmd3 (elrs Lartl?d la?7818 2521 OLH4Y
webLS iy ValnbY U.UR] 1l.b8883 €.2704 0.5979 0.0C&74 0.0l Leu0%4h l.u685 C.2408 GLa3098
2.0y GBS ey Tralt yo 1.9428 (t,2943 (0.3769 Cobee GoOUSNT  O0.00BY 1.9513 0.2262 0.3505
Gatnld G.l2el G.Luw e L2713 0.234y €.3517 GaudiT D.udb3  O.L083 2.0361 0.2009 0.226%
Cal 236 Labade  Galiinl Zellll Da2121 043210 0.3%3% 00748 0.0276 241210 O,1885 00,2967
LalIbD Leltnd Galv7l 21852 0.185T7T G.2801 CalBU DoGun2 Oulda? £.2058 0,10650 D.2656
[ ¢ I Lk S Al U «HO7 Q.1356 C.2a50 CaLdbie Qatuldd G.lO%H £e2%C7T Qa1300 02273
vastul GLL03l  LL.iusp Csabn)  0.1214 0,I9TT L.0603 Q.0MT 0.0047 2.375% W,o107> 0D.1831
tatole vLT D Bueudo 2ukbvts 00,0829 0.1433 Cot0ds 00019 G032 Z2e%003 0.0731 0.1327
O.toss 0.0210 OalC2) 2e234)  0.03%0 0.GHID Qe O.ulOv CaLD1Y Leb452 0.03486 0.0750
U.uba? “Letul?  Du003 bl ~0a0080 Calwv9 J.0oold =~0.0032 0Q.0CC2 78300 ~0.3379 0.0045
RAVIUS {MLTIKRS) = 0.2279 RARIUS  {INCHES) = p.9710 HALIUS (METEKS) = 0.2338 RADIUS {INCHES) n 9,2041
LUty (METLPS) = DL00b5 CHORD {INCHES) = 2.6185 LHUKRD  [MLTERS) = L.0n08 CHURD CINCHES) = 244300
F48-13 [MITERS ) = L (349 LSt tIVCHESY = 1.4149 L5 tMeiEnrS)Y = 0.0359 LE5L {INCHES) u l.&143
vlsi (METEMS) = GuauUTa yL5L {INCHES) = QGu.2094% YO 5L {METENS) = D.0u6B YLSL {INCHES) = 0.2a693
Rit (M TeRS ) BGa.eLldise RLL CIHNCHEN) £ Catl QUG KLE (METLAS)  =0.000203 RLE tINCHESY u Q0088
Ale (w:TERS)  =0.0{02r3 MIE {INCHES) & Q00RO Kl (METeRS ) 20000204 RTE {INCHES) = 0,000
A=AnEALSUMEIERS) el Lt Olha E—AREFA {50, IN.} m Galelt K=AKLA[LLOMLIERS)=0.000L60 X-AREA (5U. IN.} = 0,2487
Cara=Grii0(Ratte = LS8R} GAMMA~CHAORDIDEG ) B 21495 GAMMA=CHUKD [hAD L) Lo 390l GAMMA—~CHURD(DEG L) = 22.39
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ZC

0.0

0.0022
0.0343
0.C006A
Detiuti7
[+ 1) Y]
Q.c130
Gelidz
0.ul?3
Ga3195
Co021?
GeCe3b
C.L'200
L2
O.pdu3
G.0323
O REY S
Q.0364
0,090
Calal2
O.u4 33
Cadndb
Deu4 7
Geunv
0.0520
Gelida2
0.958)
G. 005
CelolY
Lalic2l
0.0050
o, ub72

HETERS
yp

-0 .0002
0.0003
O.00%1
0.0017
0.0423
G2l
0.LD33
0020
[{RYTREF
Q00
[V RATIE- 1]
CelL53
Da0D50
(0058
[ PRI}
0.0062
GeGuol
GalGol
0.0083
0.0002
Geuutl
0.0GH0
[PSvicl-1.3
CbL82
0.0044
G 0043
0003y
0.G032
Ge0u29
6.0017
0.Cl08

70.&002

RADEUS {METIRS)
CHURD  (HETERS)
ZCsL (HETENSY
YCsL {HMETFRS )
RLE {METERSY
RYE tHETERS )
A=AKEAIS0METERSI=0.0001465
CAMHA-LHUKLD [RADa}s Den017
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¥s

00002
0.0012
00022
0.0029
0.003Y
0uCOnb
00002
0.0059
0.0C0h
C.3071
0.0370
O«L0H]
G.000s
G.008%
UG093
0.00%90
G.0097
Ga0GLYY
0.0098
0.0097
0.u0%
0.0093
O«0089
L84y
.00y
G.0072
0.UGo4
0.0054
00044
L, 0031
0,008
0.0002

0.2393
DaoT2
Du3b)
0.000%
=0,0u0203
=0,000204

TABLE 11 (Continued)

INCHES
I ¥YpP ¥s

0.0 ~0.0078 0.0084
0.0853 0.0185 O0.0461
0,706 0.0436 0.0821
0.2560 0.0675 0.1181

" 0.3413 0.0901 0.2482
Ua42b606 Calll3 0.1783
bLelle 041311 Q.2086
0,.5972 0.14% 0.2329
G626 D.lbb5 0.2574
CaT67Y 0.1821 0.2000
D.4532 0.1962 0.3007
G385 042087 043195
lew230 0,2198 0.3367
1.10%2  0.2293 (.3521
1.1945 0.2373 0.2554
1,270 QL2434 0,371
1.3651 0.2471 0.3833
14004k Do2584 Go38by
;ieb358 0.247>  0.3869
1.0221 0.2442 0.36834
1.7064 0.23B4 TeaTb2
1.7917 0.2303 0.36%)
1.0770 D.2193 0.3505
l.v624 0,2089 0a3318
2.0477 0.189% G.3089
241336 0.1709 0.24818
4«21B3 0.,1491 0.2500
2230386 0.1244 Q.2134
243890 0.0964 0.17186
24473 G652 01240
245596 0.,0305 0.0700
2.,6649 -0.0078 0.0091
RADIUS (INCHES) = 9,4202
CHCRD ({INCHES) = 2.6449
2LSL {INCHES) = 1a4196
YCSL {INCHES) = 0.2551
KLE FINCHES) = 0.0080
KI1E {INCHES) = 0.0080
K=aREA 150« IN.)} = 0.2551
GAMMA-CHORD{DEGe = 23402

Ic

Qe

0.0022
Q0044
[{P/171-1-]
Qu00u?
8,u10%
Gal13)
Dawin3
Q.0LT4
QaUL9S
Q.28
0CaliZ4)
LRy} )
O.02u3
0.0205
LeuwaZl
[N LY
0.0370
CeG3vs
veud i
CilUsidn
Uuls50
Oalialy
et I
Oalbdl
['ELTEL -}
Colboue
0. o83
Geutl?
0s 32
UelitSa
Gatit 7o

METERS,

Ye

~0.0002
0. 0004
0.0009
0.G0Ll5

0,320

0L+002%
Q.0u2y
u.0033
0.6¢37
0.CL40
O 0043
0.G04n
OotLed
GalGol
0.0953
0Lunss
04,55
Ge0I56
U4 CU4%E
Getlidh
0.0054
[L PSR T
Vel w9
VadThb
Walitk3
LaG03Y
Baliulld
(YL}
0.2l
0.0504%
Q007
EO LS TFd

Rabius IMETERS 2
CHORE  THETERS)
2C58, (METERS}
YLSL CHETERN)
RLE {HLTERS)
nTk AMETERS )
A=AREACHUMLIEHRS)I=0.0001 T4
GAMAA-LHIRD (HADL ) e D 4281

¥s

0.,0002
0.0011
0.000
00028
8.00386
0.0043
GolDSD
Ga0U58
C.0082
Q.0067
[ PR Ve ¥
0.C0T6
0.0080
0,.0U84
0,0087
v.00%0
0,0092
0.0C93
0alr193
U092
0,00%0
o.00u7
Qe384
0.CCTy
00074
Gevun?
0.005%
0.0C50
[N
0.0029
U.00s
GeOuu2

L2495
0.0675
0.0363
0=00559
n0.000203
=0.,00020>

INCHES
v
Ic Yp vs

0.0 ~0.0076 0a0082
00838 0.0152 040439
0.1713 0.,037) O0.0THD
G.2573 0Q.0%78 0.1101
0e3%31 0.077% 0.1403
C.428% 0.0958 O.ibgs
De5lée6 0aI131 Gelvs0
0.0004 061291 042197
0.4d62 0.1440 0.2423
0.T7T20 01577 0.2637
0.8%77 0.1702 ©D.2831
dev435 0.1815 0.3008
1.0293 041916 03167
lall%l 0.2060% 0,.3313
1.2008 0.2082 0,23439
122864 022143 (.3543
1.3724 0.2183 0.3614%
1a4581 ©0.2201 00,3650
1.5439 0a2196 043450
1.62%7 0a2168 G,3615
La7155% 0.2110 D.3545
1.U012 0.204% D.3439
1.4870 01946 0,329%6
1.9723 ©0.10825 0.3115
2eUBBY  Dala?9 02896
21443 0.1509 00,2030
2.230) 0.1313 0,2333
223159 0.1090 O.1980
2e4lld DaOb4Yl 0.1592
2e4874 0.0504 0.1147
25732 040258 0aC04d
25390 ~0.00T6 0ULLOB9
RADIUS (INCHES) = 9,0239
LHURD ({INCHES) = 2.65%0
ZCsk (INCHESY = L.%300
YCSL {INCHES) = 00,2327
HLE (INCHES) = 0aU0bD
HIE {INCHES) = O0,0081)
X=AREA {50, IN.} » D,2695
GAMMA—CHORD{DEG + )= 24453



HETERS
zc Yp
0.0 ~D.0002
0.0U22 0,0003
C.0044 0.0108
Oa066 0(al0)3
UoLiY  Glt0lB
o.0104% O.0022
Ca.Ulal DJUGZS
Y153 Q0029
U175 L0033
vsClY? 0030
Oevzly L.LGA9
Daudul  Q.0u42
0062 Oolind
O.u2b4 G.04e
00306 ©C.004b
Lali320 Cavuby
Ll Ca0uSsl
G.0372 ©Q.O6G51
C.Uays  (.0051
Dalitelts 0,0050
DaGh3T  OalIWT
Lubsh9  Datdab
O.GAUL  Laiih4d
C.GbUd  D.0043
Oeuden  D.0239
Cra004T Dopsis
0.0%0% G.G0AL
Caudyl 0L0025
Celtsiz O.0L20
G.Go3s 0,0013
Q.uobd O.L506
Ca2078 70-0;9&
HADIUS IMETEMS)
CHUKD (ML TLRS?
2051 {HETERS)
Yust, {HETERS )
Hit I{METLRS)
RIE EHETERSY

Y5

0.0002
ca00l1l
0«0319
00027
CaGO3S
0.D0K2
0.00458
ad Db
LY
LelGOS
60070
Cululs
Q.c078
0081
O Slbey
QalLi7
Deviiy
D00BY
0.0uBY
{eiutBB
0.0067
00,0084
G.uuBl
0.00T78
G.ulT2
GaD0b4h
0 ..GG657
[ T
0003y
C.0028
OL.l016
0a.0002

Ged25493
0.04TR
0.,0367
0.G0%5
=0.0%0205
a8b.000204

A=AntAl DU ML IERSI=G. 000182
GAMMA-CHCURD (RAD, J= GLaub20

TABLE 11 (Continued)

INCHES
c b1 s

0.0 -0.0076 ©0.0082
£.0851 0.0131 0.0431
P.LT22 0.0329 0.0763
Da2583 040517 0.1073
Ced4ht 0.0693 0e1388
B.4308 00,0860 0,186)
Dublb? 0.1015 0.149%
0.6028 0.1160 0.2134
Ge60BY 0.1295 0.23453
043750 041419 02555
GaG&EY  0.1533 0.2740
0.9472 0.1537 D0.2509
1.0333 0.1730 0.3060
1.1194 0,1813 0,3197
}.2056 C.1888 0.3317
1:2¥17 041948 0Os34le
13778 0.1990 0.3484
1.4639 0,2010 0,3518
1.5500 0.2009 G.3514d
1.6351 0,1987 0.3484
1.7222 0.1%42 0.3415
18083 Dal874 0433112
LalvhD 0.1787 Co31TZ
Le¥606 0.16T6 Dl.2994
£aUBET  DalBa2 0.2742
ZelS52H  0.13B5 De253%
2.238Yy 0.1204 0,2238
223250 040999 041903
2e5111  0,076% 0.1524
224972 0.0514 0.10697
2.8834 €,0232 0,0619
2.6695 =0,0074 0,007
HADIUS {INCHES) =:0.20B0
CHURD  (INCHES) o 2,5695
Icse, {INCHES) = 1.4434%
YCSL {INCHES) = 0.2154
RLE {INCHESY n 0,0061
RTE {INLHES) = 0.0080
X—AKEA (50. IN.} = 0,2p22
GAHMA~CHORD(DEGo )™ 254%0

HEYERS
2C Yp
Cel ~0.t002
040022 (a0G003
Q.0b4n  D.0008
G.O06G D0.0413
O.uidl  G.09)7
9.0110 003121
00132 Ga0u25
Oeti153  CabL20
0Q.0173 0.0231
J.049? G.ubas
Oeudly 0.0U37
0.0241 D.0042
0aldb]  0.0042
GauzHy  w.l044
0e03LT  Ol00d
LaUILY Q.uLhAT
0.0332) (G048
0.0373 U.uUGHB
DaU2%S  OeLUha
Da0417T waGO&T
Lo d43% 0.0040
ULubht  DluDes
0.0a82 Da0d42
Caltbus Gl
Qaunzd  Lelud7
0,048 0.6032
G.ubTu  0.C02Y
Deuav2 Douuli
0.0culs 0.00)8
Gatrb3d 0W0C12
P ALY B TP TY L]
Q. 00l ~£.0002
PADIUS (METEHRS)
CHuL  tHETERYS)
F{9-18 IHLTERSD
YCsl IMETLRS}
Rit IMETENS )
RTE THET tKS)

¥5

0-0002
(.0011
0.0020
0.0028
0.3035
Ga0042
0.00U49
0.u0s5
N, 0040
0.0UKS
L0070
00074
00077
G.0081
0.0uu3
00086
0017
0.0048
LOGE0
0.0087
0.C08%
a.0082
0.0078
00074
Q.ti09
0.00062
0.COLD
CaC3IWT
0.G037¢
0.0027
L.015
0.0602

= (O.2608
= D.Uab0
a 00270
o (.0052
=0. 000205
20000204

X=AUEA(MIAMITERSI=0..0001 90
LAHMA=LHURD (HAD )e DuaTHl

zC

Ga0

0.0863
0a1727
G.25%90

" 03453

Gaudl?
05180
Cabls]
B.6907
D.TT70
GJ8633
Deyhy?
10340
1.1223
La2047
Lled950Q
1.3813
YaktTY
1.5540
1e6A03
1.7267
l.4130
1.5993
Taw857
2.L720
2.1583
22440
2.3310
Ra%1T3
2.5030
£25%00
2.6763

RAUTUS
CHORD
ZCSL
YCSL
HLE
RIE
X~aREA

GAHMA=CHDRN{DEG.)

ENCHES
Yp Y5
-0.0075 0.0081
00125 0.0437
0.C316 0.077>
0.0497 041091
DeGOLE  0.1388
0.0825 0.1660
0e0?T3 01914
01110 D.2149
D.1237 0.2365
0.1354 O.ebe2
Delhbld 0.2T41
0.1556 0.2902
Dalbh2 0a3045
041717 0.2172
0.1764 0,3201
0.1838 0.3170
(e 1875 043429
01891 D.345%6
D.1888 043449
01865 0.3409
Ge.IH20 0.3337
Ba1756 0.3230
0.la71  (.3090
Del508 02914
Gal430 [a2703
0.1209 02404
0.1119 D0.2168
0.0927 O.ll4l
G.0712 Q.1472
0.0473 0.)058
060211 0D.05%7
3. 00The  0.0085
{INCHES) =10,5820
(INCHES) & 2,6763
[INCHES}) = 1.4570
{INCHES) = 042033
(INCHES) = G.0C81
(INCHES) = 0,.0080
{S0. ING) = 02941
= 27.16
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ic

G0

0a0022
Lo Uirdete
0. 00060
G.0CHA
Vel 10
0.0132
GauvlS4
Ga0LTS
LaOlYn
G.L228
Veu242
0.0263
Oul245
Gal30?
0.0u329
0.G3nl
0au373
Ga0395
Daliel?
Uelre3Y
00401
Geli4beld
Gadou3
0.02&7
Vellay
LeU2T1
G 004
D.usbls
0.0637
Da0059
DalbBl

HETERS
L

-G 0002
0.0003
D.lulbe
0.,0012

00018 .

0.0020
Ualid2%
G.0027
Oab30
0.0033
00035
0.uC38
L0040
Gaudsl
CaliG43
Q.0044
Cabuay
LIV e ]
0.0045
Oatrdesy
LY A%
0.0041
G.LO3Y
00037
0.0GI34
00Ul
[VIUTVFL.Y
(0022
0.G217
Qeunll
0.C00>
—?.0002

RADIUS {METEAS)
CHUNGY  §METEHD)
s, (AL TENS)
YCSL {HETERS)
KLE (HETcKSY
KLk {METERS)
X=4REALLI.NLIERS)=0,000197
GAMMA=LHUKU (RADL }e 0.5007

60

vs

0.0002
0.0011
Ga0Z20
0028
0.40036
G.0043
Ca 069
00055
0,006l
D.00635
G.CDT0
CeL0OT4
0.C077
0.0G80
GCaCOB2
C.0084
G. 1086
G.uiBo
G.0008
G008
$.0053
C.00480
0.06070
0,672
0.GCo4
G a0
Caln3
D.L0AKS
00038
0.0026
6.0015
0alul2

0.278%
Cal081
0.0374%
0.00%8
=0 4000206
w0204

Fis

0.0

0.0864
0el729
G.2593
0,3458
O.4322
0.5147
0,605
1913 ¥
07740
[P Y-1.E2 3
U.9509
1.0373
1.1228
1.2142
1.2967
1.3832
14696
1,5989
Tetsh24
172069

‘1e8123

l.9u1b
1.4882
240747
2,161}
2,265
L2340
2442048
24,5069
245933
£06798

RABIUS
Lhunp
ZisL
vCsL
RLE
RTE
X-AREA

TABLE 11 (Continued)

INCHES
Ye

~{.0078
0.0122
C.0308
0.3483
0.0647
0.0759
G 0940
0.1571
0.1190
G. 4298
0.31397
C.l484
0.1561
0.1628
Oalb06
0.1732
0.1761
0.1773
V1766
01741
Calt9s
G.1633
0a1551
Oel450
0.1330
0.1190
G.1030
©¢.0850
0.0651
0.0430
C.01u8
~0.,0073

(INCHES)
{INCHES)
{INCHES)
(INCHES)
{INCHES)
LINCHES)
15U, Ina}

Y5

0,0082
Qs 0ih &
00791
Gellll}
0.140%
0.1684
0.1938
0.2171
0.2383
02575
2747
0.2900
0.3034
Qe3150
Gad2a?
0.3324
08,3373
Ge3391
0.3377
Ga3331
De3254
Gedlhs
0.3002
0.2027
C.2618
0,2373
Go20%3
0.1774
014106
GL.1018
0.0573
00004

=}0.44080
= 2.6798
m l.hT21
= 0.18685
e 0.0081
s 0.0080
= 0.3051

GAMHA=CHORDIDEGa}= 208,69

Ic

[N ]

Ue.0022
0» 004
00000
GettlR8
Qall.v
0.0i32
[ 8-}
vl
0.319L
Leb220
Uelbzh2
D.0204
Q.udlb
[ K1)
[TRYSE ¥
O,Us52
LaD374
O.{:3ve
LIV & 4
00439
Gailhbl
Oelaubl
Dalota
Gab2?
O.ub4Y
040971
Oaibya
Uulbls
Leubar
Le.labd?
[TPR-Y-34

METERS
¥P

-0 ,0002
G.GO0D3
0904
£.0313
GalG17
0.0021
0.0025
0.LG28
£L.1131
Calulds
CalC3
LFRTIPET:S
(LIS 21
G.0642
0.4243
VL0043
Caltbah
[T 21
[ RACTA
0.4
Dat she
D 0Q 418
0.0038
0.u03n
0.0052
Qayli2®
LIRS
0.0L21L
Cetiole
CGu0ule
0.0004

—0 . vl 2

RADIUS (NHETENS)
CHURD  (HETERS)
ICSL {METENS)
YLSL ML TERS)
RLE {MeTeHy)
KTE [METEKRS)
X-ARCAISGMETERS )30 H00204%
GAMMA-CHOKD (RAD G )= (.5243

s

a.0002
0.0012
Ga.0n21
0.0030
0=0037
00045
0.0051
0LD5T
0.0u63
veLlbl
046072
U, 0076
0.0079
Q0082
O.0004
G e by
Ga086
. LUBG
0.0Gut
0.008%
Q. (b2
G.067Y
QaGUTS
D71
0.0066
0.L05%
09658
02004k
Cali03h
0,002
0L.0(L%
0.0002

Ja2B872
t.0681
0.,0378
0, 0045
=0.000207
"OU0DZ0y

Ranan

INCHES
2c P ¥s

0.0 -0.0074 0.0083
0.0865 0.0129 040466
0.1730 0.0322 0.0829
0.2595 €.0502 0.116%
Ga3460 0.0689 0.1473
0.4325 0.0B23 0.1757
0.5191 C.09465 0.2018
G.60% D0,1095 042255
0.6921 0.1213 0.2469
0.7706 0.1320 0.z660
DeBb51 Dal4ls 0.2830
UaY516  0.1496 (42978
1.4381 0.1567 0.310%
1.1246 0.1627 0.3212
1.2111 0.1676 0.3298
1.2976 0,1712 0.3361
1e3841 0o1733 0.3399
144706 001737 0.3406%5
1.5572 0.1723  0,3342
1.6457 0.1693 0.3328
1.7302 01644 0.3243
1.8167 0.1578 G.3127
1.Y032 0a1495 0.2900
1.9097 0u1394 642500
2.0762 G.1275 0.2518
241627 0.1138 0.2242
2.2492 0.0982 0,208l
2,3357 0.0809 0.1745
224222 040617 001390
22008 0.0405 D.0996
2.5953 0.0175 0.0561
2.6818 ~0.0073 0.0063
HADIUS (INCHES) =11.3090
CHURD  {INCHES} = 2.6818
Zcst {INCHES) = 1.4%01
TLSL (INCHES} = 0,172
RLE {INCHES) = ©.0082
RIE (INCHES} = 0,0080
A-AREA {$0. IN.) = 0,3158
GAMHA~CHURD{ BEGL )= 30a04



4

CGal

O.ut22
Do GULY
Ualbbo
L T
00110
Qetin 32
GaUls4
CablTo
C.ulyr
Valrdly
Cali24l
Cale2)
Cal28Y
TaudlT
Oa032ZY
Jati251
0,073
La03%n
Ca0417
O. 0439
(LY
Valdutd
Oauztdy
Calbhze
[EPTET
[ONTLY )
Gaubvez
0.0014
O.0b30
Galtibe
C.Cod0

HETERS
YP

-0 0002
0. U004
a.oco9
0.0G1L%
Deluln
B.GL22
Oallr2
Gabu2Y
00032
LaLL3S
G .0f37
0.G0a%
[P T §
G.00UsL
fta00&3
00044
[PPSR ETH
Uel04%
Qallss
Qavlrad
G002
[T TE4]
02030
0.034%
00032
G.0029
V0025
Labv 20
d.0015
0.0010
0.0004

02
[}

RADIUS (METERS)

CHURD
ZesL
YO5¢L
HLL
RIE

{Mi:TERS)
{HETENRS)
IHE TERS)
tMETERS )
IMETEKS)

s

0a0002
0,0012
040022
6.0031
Q.0u3y
Da0047
00054
=t Q60
L1066
0.0070
G.3075
2.00T7Y
CaG082
[ O Tt 1A
0,0080
0.0037
0,.0488
0.0488
O.0UHT
[P e
0.0083
C.G0u0
0,00 76
0.0072
LL0ba
0.1060
0.0052
Dalibagy
0.0035
0.002%
GL.L0Ln
Cavdli2

= 0,2963
= 0.0680
=  0.0385
= (eliDel
=20,000207
20 ,0002064

X-AREA(SUMrTERS)=0,.000210
GAMMA-CHURKU {RAD. )= 0.5534

TABLE 11 (Coutinued)

INCHES
ZC Yp %5

0.0 -0.0074 0,0003
0,0864 0,0140 00492
Ca1720 00,0343 Q0875
0.2592 0.0531 0.1228
0,3456 (Q.0706 01553
0,4319 QL0467 0.1849
0s5103 0l.1013 0.2119
Cob0a7  0a1l46 042383
B69LY D.1266 Da.ztbl
0.7775 0.1372 0.2775
0.06639 041565 0.2%44
649503 0.1545 0.30%0
1203567 0.1613 0.3213
aalZ3) 01687 G.3312
1.209% 0.1709 0.338%9
122959 00,1738 0.3442
21,3822 041751 0.3449
1,4606 0.1748 Ga34565
1a5550 041729 043433
‘lab#lé 0al693 03370
1.7278 0.1640 0.3278
1abl42 041970 .0,3155
1.9006 0.1484 043001
1.4870 0.1350 0.z817
20734 0al260 0a2600
2,1598 041122 0.23%0
2.2462 0.,0988 00,2066
2.3326 0.0795 0.1746
2.4189 0.0605 041390
2.5053 040397 0.C998
245917 020173 040540
246781 «0,0072 0.0083
RADIUS (INCHES) =1ll.06T0
LHORD (INCHES) = 2.8781
TESL {1INCHES) = 11,5159
YCsL (INCHES] = 04,3630
RLE (INCHES) = 0.0081
RYE {INCHES) = 0.0080
X-AREA {5Qs INe) = G325,
GAHHA=~CHORDIDEG. )= 31.72

HETERS
2C Ye
Q.0 ~p.L002
0.0022 0.000%
Deduth  0.01:10
LellbL Ualu1S
0 U587 U019
0.UlLY 00024
0.0131 Qe.olsd
C.0153 0.C031
0075 G.00535
Coud¥¥ 0La0037
G219 00040
Qei240 QU2
Qe.udog O.00b4
Caddbd (0080
02036 00040
0.,0388 Ga004T
L,C320 0,00448
Gub3T2 00047
0,03%3 0D.0047
Devalh  LoCU46
Gatte 34 Daunhd
Veud i u,0043
Oetattl QLlU4)
faubls O.LU3L
O.u52% 0.0035
Delbbe Ga0Ja2
Veubled  LalD2¥
Oaudwll (L0022
CabLle DaGOLT
Deviat  DLOUIL
D005 Caluls
VaGTH =L .0002
RADIUS LHLTERS)
ChoKy  (HETZERS)
fAR-1 8 (METERS)
oS5t (METERS)
RLE tHETERS)
Rk tMETERS Y

¥s

0.0002
0.0213
0,0024
D.0033
0.0082
0.00%0
Dbl 57
Q.0064
0.ube?
Qeuu7s
0.0079
O.L0BY
G.0080
C.LOuYy
0.GOYD
00092
00092
0.00642
0.00vE
0.00%Q
G LLB7
G008
0.C050
0,0075
0.0069
00083
00055
D047
0.0037
g.u027
0.011%
00002

03055
D.0678
G.U593
5.0038
=0.000207
=0 ,0C0204

LI B

A-AREAISW.HETERS )G, OU0Z LS
GAMHA=CHRUOKD (RADL )3 Do 5881

Ic

0.0

G.0850
0.1721
0a25681
De3442
Gaa302
05163
0.6022
Q.0884
LalThb
a.860%
C.9%05
1.0325
T.1i48
Y2048
1.2907
13767
l.4a28
l.5408
1.6349
147209
1.,8070
1.8930
l.979l
2alobl
24,1511
242372
243232
224093
24953
25814
26674

RADIUS
CHORD
sl
YLSL
RLE
RTE
X—AREA

INCHES
Ye

~0.0074
0.0)58
0.0377
0.0579
0.0766
0.0938
0.3094
0.1236
0,13063
Gel415
Q.15T4
0.14b8
01729
D.1785
8.1820
Callb?
0.1871
0.16469
0,149
0.1012
0.1758
041688
D.1597
0.148%9
0.13863
041218
041054
B.0870
Ca0066
0a0441
0.0194
~0.0073

FINCHES)
L INCHES}
{INCHES)
{INCHES)
{INCHES |
{INCHES)
i150. IN.)

¥s

0.0084
0,0521
0.0%33
Gall09
0.1653
0.1966
0.2251
f,.25048
0.2T735
Cu29346
0.3112
D.3262
0,.3387
0.3%486
0.3562
Oa3613
GL303%
0.3629
0.35%4
f.3529
0.3433
0a.3307
0a3148
0.2997
0,2732
0.2473
0.21708
GalB4b
01470
0.10564
QL5493
0.00865

=12.02080
* 2.6674
= 1,546
= Dal482
= 0.0082
= (.0080
= 0e3343

GAHMA=CHORDIVEGS )= 33 .09

61




’

e

0.0

C.0022
GeliLhkh
C.0065
CsOGET
Da0i0Y
Lanlng
00152
DeUlTa
Ga01%H
D.G218
0eu239
Laleel
G.U263
0,230
G.0a20
a3y
Ca0370
C. 0392
004014
YTy T
Galel?
D01y
Uelai}
Calbbz2
C. 05494
Caudas
Q0554
Gedbliv
Gatinil
Uel'0653
[Ty

METERS
e

-0 0002
0.,GG05
C.00l2
4,001
Ge0024
Uali29
GLU034
D.L038
Gulubg
G. 0040
Oar {149
alubl
Q,0054
Ga2L0hS
0.0057
Q.0058
O4005D
GeLl58
Q.0058
0.0057
G.0u585
Qa0052
040050
Dal0a7
0.0043
CaL03%
U.0034
C.0a28
Qs0022
[ Te) TN
0.0607

-9-000£

RADIUS (HETLRS)
CHUKD {BETERS )
ZCSL - (AsTEKS)
L {%3N (HETERSY
Hek {HMETERS)
RYE tHETERS )
X=ArEAI S HLIERS ) =0,.000222
GAMMA=CHUKD (HADS 1= €a5278

62

s

D.0002
0.0015
0.0027
0.0038
00048
G067
D.0065
00072
0.0079
000U
0.06089
GeGYL
L0097
G.G100
L0102
0.0103
Qa0104
Galli%
0.CL03
Guulol
LA
8.C0u3
0.,0691
D LEY
0.007Y
0.6072
O, 0063
00054
[T |
Gals(31
0.0017
B,0002

= 0.3150
%= 0.0675
& Qaluls
B (.0038
=0 ,000209
=0, 000204

c

0.0

0.6857
Cul704
Ga25T)
L3428
Cet2B4
[775-3 L3
La5998
Gobu55
01732
0.0569
L9026
L.b282
1.1239
1.1996
leElid3
Ya3710
La4567
Les424
l.6280
1.7137
LaT9494
TatB%51
1a9708
2abibbb
241422
243279
242135
23942
2248449
2.4T06
2abBb3

RAULIUS
LHORD
ZLLL
YOsL
RLE
RYE

TABLE 11 (Continued)

INCHES
Ye

(0075
0.,0205
0.0469
0.0714
040940
Culls?
01330
0.1507
Daléél
0.,1794
0.1918
Ca2021
0.21ud
G.2179
D.2233
0.2271
0.2290
02289
002268
C.2226
C.2164
3.2080
D 19TH
0a18406
0,14695
D,L020
0.13212
0e1097
0.0846
GolSol
Ga0261
~0.0074

s

00089
00506
Gel059
0.1487
G.1878
022232
642552
0.283%
0.30%5
0.3321
0.3517
Oa3084
Qa.3424
0,3935
D.4018
0,4507%
0,400
Oen(93
0,4054
0.3943
0.3878
023739
03504
Da3355
0.310%
D216
0.2486
G.2111
0.1688
Ga1213
D.0a81
0.0090

{INCHES )} r)2.4020

{INCHES} =
{INCHES) =
(INCHES]) =
(INCHES) = 0, 0082
tINCHES) =
X~AREA {54s IN.)} =
GAMMA=CHOKD(UEG. )

226563
la5901
0a.1417

G,0080
Qu34hy
35.97

RETERS
C e
Q0«0 =-0,.0002

020022 00006
0,0043 0.LU013
G065  0.C020
C.uCB7 QLCU2S
00109 OQ4Gu32
Ge0L3D 0.003Y
00182 Galiba2
LL.OI T4 L.LD4T
D.:19y DLLUSO
0,0217 ULaluss
00239 0.0057
Ce0201 0.0G5Y
Gut¢d2 Q.lUbY
Caui3ls  Gafuss
G. 0326 Q.lbob
GeCG34T  0.DLbH
003569 0.0064
0.03%1 0.0084
Galwl3 Oall63
Uelibas Dl0uh]
Ceudo 0.0059
0.04%8 G.0056
03500 0,005,
0.0%2F DL Co4D
Uebbb43 L2043
Oavatl  GaCO3ZY
D.0%80 0.0G031
O.U0ul  O.Gudh
J.dbnid Quulla
GeGohiz Q.C0l8
Colin?3 ~0aLi02

RADIUS {METERS)
CHURD {METERS)
2L st (METERS)
YCSL tHLTEKS )
RLt (HETERS)
it (HETERS)

¥s

0.0002
000186
040029
0.0040
GalUs1
0.4
0.0069
G 0077
0.0084
0.00%D
0.0095
00100
00103
Galit s
016y
0.0110
O.it1l
0.71122
0406110
0.0108
w165
¢.0101
00097
Ba3¥91
DGOl
G007
0.0068
G G056
0.0G46
G.0032
CaUGly
Cabr02

0,.2200
Ca 0673
U+ 0409
0.0038
=(G4000210
=0.000204

#exrp

X-AHES (SR HRTERSYI=0.000228
GANMA~LHURD LRAD )= Dab452

2C

0-0

Da0B53
0«1 710
0a2565
0a3420
0uh275
0.5130
0-593%
0.0040
L,T6Y95
(8550
0,.9405
16260
tallls
114971
1.2825
1a3681
1.4536
1.53491
lab246
17101
Le 7954
1.£811
1.9666
ze0521
€a)3TH
242231
2.20488
2.3%9%1
24498
225651
206506

RAD1US
LHURD
ZCsL
YCSiL
Hie
ATE
R-AREA

INCHES
Yp

=0,0074%
0.0232
0.0522
H.0791
0.1039
0.1267
Ge1475
Oalbbh
Dalad3
0.1984
0.2117
0.2232
@.2329
Ga2607
Q24468
0.2911
Ca2534
0425235
0.2514
02470
02403
0.2312
0.2197
0.2058
0.1893
Dal1701
Dulat2
0.1234
0.095%
0.9645
0.0301

~DeOOTE

{ INCHES?
{INCHES)
{INCHES)
{INCHES)
{INCHES)
{INCHES)
150 ING)

¥s

0.00%91
0.0622
Cell2®
01887
0e2004
Ca2383
0.2722
N.3029
G»3300
0.3540
C.3T47
G.3925
04072
Bobl90
Q42779
Ce#h338
Da&265
045359
D.4319
D245
Cekld6

‘0.3991

O.3408
0.3587
Ds 3325
03020
Gy 20869
0.2270
G.1lH19
0.1309
0.0730
0.0093

=]12.6000
x 2,6506
= l.6115
= 0.1404
= L0003
= 0,000
= 0.3502

GAHHA~CHDRDIDEG. }= 36.97
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TABLE 11 (Continued)

HETERS,
zc P ¥$

0.0 =0.0002 0.0002
0.N022 0JOG0T 0.9017
Ge0044 000015 DaGOAL
0uL005 GLD23  Gallun
GLUHBT  LeLl30 | UauDSS
Ge0lu9 0L036 0.0065
0.0130 C.lud2 0.007H
DeN1S2 D.504T 0.2083
0.01T9 0.0LC52 00090
Oeul9s O G050 0000986
LLO2YY  CGadLay Oaulb2
0,039 00063 0.0107
Gev260 Gl 0066 O0.U2LEY
Oz Q.08 00114
Deave 08070 0L0110
Lald2s O LUTL OLl1dB
GetdL? WLWOUTY GL.0E19
0.0369 G.0G71 O.R1l1B
veuwad?l OLU07L  0.01217
Galitdz Oa0ulh  0.5115
Oeut s D.i068 G.0112
OeLéht  watubd O C108
LaGHTT D.CO0L2 Gatrlla
Gelh4? DLLGHE Q0047
Oeuss]  GalH3  0.0090
G043 GeOR4d  0.0082
Geb504 OL0URZ 00,0073
040980 040035 U.LGH2
Q008 0.0627 0.0030
Daba2d D.Luld D.0D36
Uetrtnl (20002 0.0020
0.073 ?G.CGOE 0.0002

RADIUS (METERS) = 003252
CHDRD {MEiTEKS) = 006673
20350 IMEFERS) = 0.0416
YCSL IMETERS} = Ql.0U35

HLE fMETEHS) =0.000210
jfe (HET eiS)  =0.00C2U5
A-AREALSUMETERS)=0.006230
GAHMA=CHUKD (AVs )= Babb29

F{

0.0

00854
01709
Da2563
03418
Dah272
0.5127
0.,5981
lia 0838
07690
[P ET2
£.9399
1.0253
l.110u
1a1982
Le2828

123671

1,4525
l.2380
l.6234
147089
1a7943
ielltyB
1.9652
2.0506
z.2361
242218
223070
243924
2.4779
2a5633
zeH488

RADIUS
ChURY
4CsL
YLuL
HLE
HIE
R—~AREA

INCHES
YP

=~0.0074%
0.0266
00590
00888
Geoll63
O.1415
0alb4s
D.1853
D.2041
D.2208
D.2354
D.248L
042587
D.26T%
0.27%1
0.2788
C.2812
0.,2812
0.2788
0.2729
0.2665
0.25865
042438
0.2285
G.2103
0.1891
Gelbao
Cel375
0.1067
0.0724
0.0343
=0.0077

(INCHES)
({INCHES)
{INCHES)
{INCHES)
{INCHES)
(INCHES }
{Ste IN.)

¥s

0.009%
0.0666
0.1214
0.1715
0a2157
Ge2b65
002927
0.3253
Ce3542
037946
Car01T
04205
G.5360
Na k85
045717
Oa4b38
[FOT.1Y
Dea658
04615
0.4536
Qatinly
Quh265
004078
0.3836
0.3558

- 043235

0.2862
02437
0.1958
0.1409
0.0792
0.0095

=]12580630
= 240488
= l.6358
= 0o,1387
s 0.0083
= 0.0081
= 083565

GAMMA-CHURDEBEG. )= 37.98
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APPENDIX F
SYMBOLS AND DEFINITIONS

-~ area - meters? (inches2)

- ratio of actural area to critical area (where loczl

Mach number is 1.0)

- a polint on the suction surface of

a blade halfway

between the leading edge and the point from which a

Mach wave emanates that meets the
the following biade

leading edge of

- rotor semi-chord at 75 percent of span from root

~ aerodynamic chord along the flow surface - meters

(inches)

- diffusion factor
for rotor:
Via

V'

(r; + ) g V')

i
s
1

for stator:

T3 V93 - Ty V84
(r3 + rg4) V3

- double-circular~arc
- excitations per rotor revolution

- angle between rays
surface:
airfoil, the second to
airfoil (see Appendix D)

some

- stagnation enthalpy

drawvn to a conical design
one ray to the leaaing edge edge of an

points on the

- incidence angle between inlet air directiom and

line tangent to blade
leading edge, degrees

mean

s o
(- ECEDING PROR BLAYK ROT

o eeodets PAGE ELANKE NOT Fadiue

camber line at
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APPENDIX F (Cont'd)
incidence angle between inlet air direction and
line tangent to blade suction surface at leading
edge, degrees
blockage factor, actual/effective flow area

leading edge

unit length along meridional projection of
streamline

Mach number

multiple-circular-arc blade

rotor speed, vpm

static pressure (psfa)

total or stagnation pressure (psfa)

distance from apex of design coaical surface to
point on blade -~ meters (inches)

streamline radius of curvature - meters (inches)
leading edge airfoil radius - meters (inches)
trailing edge airfoil radius - meters (inches)
radius - meters (inches)

blade spacing

temperature

blade maximum thickness, meters (inches)
trailing edge

rotor tangential speed, m/sec (ft/sec)

air velocity

weight flow

leading edge wedge angle



X comnical

Yp

Yconical
Z
Z%ratio

Ze

lecg

mi

APPENDIX F (Cont &
distance in unwrapped <onical plane

airfoil coordincie of pressure surface normal to
chord line

airfoil —coordinace of suction surfce normal to
chord line

vertical distance to airfoil center of gravity from
chord line

length along caleulation station

distance normal to x conical

axial distance

shroud modulus/airfoil modulus

airfoil coordinate parallel to chord line

horizontal distance to airfoil center of gravity
from leading edge along chord line

1)

absolute air amgle = COT™! (Vm/Vp)

(Vm)
(v'g)

cor-1

relative air angle

metal angle, angle between tangent to mean camber
line and meridional direction

blade chord angle, angle between chord and axial
direction

deviation angle - exit air angle minus metal angle
at trailing edge

angle between tangent to streamline projected on
meridional plane and axial direction

(rte = T1e)
cone angle = AN~ 1

(zre - 210)
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APPENDIX F (Cont'd)
adiabatic efficiency
circumferential direction
angle of calculation station measured from axial
direction
density
angle on conical surface of revelution

solidity or stress

camber angle, difference between blade angles at
leading and trailing edges on conical surface

camber angle, difference between blade angles at
leading and trailing edges on the unwrapped conical
surface

front camber angle, difference betwzen blade angles
at leading edge and MCA transition point on the

unwrapped conical surface

total amount of chord line twist displacement,
degrees (radians)

total pressure loss coefficient,

-
Tl ‘Y‘-l
Tl
1 (rotors)
P'} - p1 . .
Y = Ratio Of Specific Heats
Py - P3 (stators)
Py - p3
Subscripts
average
adiabatic

refers to camber definition which include epse
angle E
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APPENDIX F (Cont'd)
front

refers to front camber definitions which include
epse angle E

inlet

leading edge

meridional (velocity); mean camber line (angle)
profile (loss); polytropic (efficiency)
suction surface

shock

transition

trailing edge

axial component

station into rotor along leading edge
station out of rotor along trailing edge
station into stator along leading edge
station out of stator along trailing edge

Superscripts

relative to rotor
dasignates blade metal angle

degrees of are or temperature
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