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VOLUME II

PHASE i ROTOR DESIGN

j FOREWORD

This Final Technical Report was prepared by the Advanced Technology
Programs Department, Aircraft Engine Business Group, General Electric Company,
Evendale , Ohio for the'United States Air Force Systems Command, Air Force
Wright Aeronautical Laboratories Wright-Patterson Air Force Base, Ohio under
Contract F33615-80-C-2059. The work was performed over a period of
one year starting in September 1980. Effren Strain (Captain USAF) was the
Air Force Project Engineer for this program.

This report describes the results of an effort to aerodynamically define
five rotor designs, all parametrically related to a base line design which

could be evaluated by future testing in order to define the sensitivity
1i of transonic blade rows to several design variables.

-For the General Electric Company Mr. D.E. Parker was the Technical
Program Manager for this program. Mr. M.R. Simonson was the principal
investigator. Mr. A.J. Bilhardt was the overall Program Manager.
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LIST OF SYMBOLS AND ABBREVIATIONS

1. Used in Circumferential Average Flow Output Tables

STA calculation station number

WTZ total airflow

PSIC stream function (0 - tip (OD), 1 - hub (ID))

axial locatioi- inches

R radius inches

PHI streamline slope degrees

CURV streamline curvature .- neg.--,- pos. 1/inches

VM meridional velocity ft/sec

CU absolute tangential velocity ft/sec
ALPHAM absolute flow angle on stream surface degrees

M! meridional Mach number

SL calculation streamline number

BLDBLK flow blockage factor Pree area - blocked areffree area

PS static pressure psia

PT total pressure psia

TT total temperature degrees

BETAM relative flow angle on stream surface degrees

UREL relative velocity ft/sec

MREL relative Mach number

VABS absolute velocity ft/sec

MABS absolute Mach number

GAMIA specific heat ratio

PT-RAT total pressure/inlet total pressure

TT-RAT total temperature/inlet total temperature

RCU radius x tangential velocity in-ft/sec

Ca axial velocity ft/sec

PCT DM percent annulus immersion from tip (OD)

RAD average of leading and trailing edge inches
streamline radii

ACC PT
RATIO cumulative total pressure ratio

ACC TT
RATIO ctulative total temperature ratio
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LIST OF SYMBOLS AND ABBREVIATIONS

1. Used in Circumferential Average Flow Output Tables (Cont'd)

AD. adiabatic efficiency

POLY polytropic efficiency

Axial axial valocity ratio across blade row,
VEL R

2. Used in Stream Surface Blade Coordinate Tables

PT point number

PCT X fraction of meridional distance from leading edge

X meridional coordinate on meanline inches

Y tangential coordinate on meanline inches

B*M meanline angle on stream surface degrees

T(M) thickness of blade perpendicular to meanline inches
XS meridional coordinate on suction surface inches

YS tangential coordinate on suction surface inches

XP meridional coordinate on pressure surface inches

YP tangential coordinate on pressure surface inches

3. Used in Plane Section Coordinate Tables

axial coordinate of stacking axis inches

R radius of coordinate system origin inches

MU tilt angle in axial direction degrees

ETA tilt angle in tangential direction degrees

RHO section height inches

PT point number

ALPHA axial coordinate inches

BETA* meanline angle from axial degrees

UPSILON coordinate perpendicular to ALPHA and radius inches

PCT AL fraction of axial distance from leading edge

T/C local thickness/chord ratio
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SECTION VII

DESIGN OF PHASE I ROTOR

1. INTRODUCTION

The specification of the chordwise location of airfoil maximum thickness

of the transonic/compressor rotors has often been defined more on the basis

of historical practice than on a knowledge of its aerodynamic effect. Research

by NASA in the 1950's generally indicated that as relative inlet Mach numbers

rose, it was desirable to move the location of maximum thickness aft on an

airfoil.

The early work, however, was done with airfoils having significant positive

camber. Today, many airfoils have little overall relative turning in the tip

region, and frequently have S-shaped meanlines: negative camber followed by

some positive camber. In some cases, a forward shift in maximum airfoil thick-

nC3s may help achieve the desired airfoil suction surface shape, with a less

S-shaped meanline. There is also incentive to move the maximum thickness

forward to make the blade more capable of withstanding a bird strike without

excessive damage.

To get more definitive aerodynamic data on the effect of the location of

airfoil maximum thickness, the Phase I blade has been designed with the maximum

thickness located at 40% and the Phase II blade with maximum thickness at

55%, compared with the baseline rotor which has its tip maximum thickness at

70% of meanline length.

2. DESIGN PROCEDURE

The "data match" circumferential average flow solution, which was

previously described in Vol. I, was used as a starting point for the design

of the Phase I rotor. The annulus blockage used in the internal blade

calculation stations was adjusted to be consistent with the forward shift of

the airfoil maximum thickness. The assumed chordwise distribution of work

was iteratively adjusted to obtain a calculated chordwise distribution of

static pressure similar to that of the data match calculations of the baseline

rotor. Also the blade meanline departure angles (the difference between the

air angle and the meanline angle) were adjusted to maintain the same throat



area and flow induction capacity as the baseline blade. To adjust for the

increased blade blockage in the forward half of the blade, and to better

match the data match static pressure distribution in the hub, the hub contour

internally within the rotor was modified slightly relative to the baseline

rotor. The two hub contours are compared in Figure 19.

After each modification to the chordwise work distribution and/or

departure angles, revised blade annulus blockage and blade lean angles were

calculated and input to the circumferential Average Flow Determination (CAFD)

computer program for the next iteration.

The rotor exit radial distribution of total pressure and temperature was

maintained the same as the data match of the baseline rotol.

The resulting streamline static pressure distribution for the Phase I blade

is compared with the data match of the baseline rotor on Figure 20.

The assumed streamline work input (as a fraction of the total streamline

work) is plotted versus percent axial projection in Figure 21. The tip stream-

line is the one on the left. Each subsequent streamline is indexed to the right

by the value of its stream function (fraction of the total flow from the tip).

The dashed lines are lines of constant percent axial projection.

A method of characteristics computer program was used to analyze the flow

in the cascade flow induction region for streamlines 3 and 6 to assure that

the rotor would achieve the design flow. For other streamlines, the difference

between the suction surface angle and the "free flow" streamline angle was com-

pared with similar data from the data match calculations of the baseline rotor.

This then, was used as a guide in setting the suction surface angle in the flow

induction region.

To satisfy the same flow induction capacity as the baseline blade, it was

required to use larger meanline incidence angles as a result of the larger
blade leading edge wedge angle resulting from the foryfard location of maximum

thickness, Phase I blade incidence angles are shown on Figure 22.

A modified version of Carter's Rule was used to calculate a reference

deviation angle for the baseline rotor. This procedure converts the vector

diagrams (from the data match calculations) to an equivalent two-dimensional
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set of Vectors which would produce the same circulation as the actual blade

taking into account the change in streamline radius and meridional velocity.

'The difference between the deviation angle implied by the data match calculations

and the reference deviation angle was then added to the reference deviation

,angle calculated from the modified Carter's Rule for the Phase I blade.

Phase I Rotor deviation angles are shown on Figure 23. A plot of departure

angles for each streamsurface section is shown in Figure 24. Once the intra-

blade work distribution was chosen these departure angles were required to

satisfy the desired incidence angles, deviation angles, and passage area ratios.

The resulting streamsurface tip section of the Phase I rotor is compared to

that of the baseline rotor in Figure 25. The "deviation angle minus reference

deviation angle" for the Phase I rotor wes kept essentially the same as the data

match analysis although there are some small differences. Figure 26 shows the

"delta deviation" compared to the data match of the baseline design.

If the performance of a new rotor design is to be accurately evaluated

by comparing overall stage performance with the baseline design then it is

important that the stator have nearly the same entering conditions in both

cases. Figure 27 shows a comparison of the Phase I stator incidence angles

with the data match base. As can be seen the differences are small.

Figure 28 shows the radial distribution of Phase I rotor throat margin

and compares it to the data match case. The throat margin for a streamsurface

blade section is defined here as the percent of excess throat area over and

above the minimum theoretical area required to pass the streamtube flow at a

throat Mach number of 1.0 and assuming a total pressure loss equivalent to a

normal shock at the upstream Mach number. In a rotor the effect of radius change

(between the leading edge and throat) on the relative total enthalpy and pressure

is included. As can be seen in Figure 27 the Phase I rotor throat margin is

nearly identical to that of the data match of the baseline design.

Details of the Phase I rotor design are given in Section VIII.

4
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SECTION VIII

DETAILS OF PHASE I ROTOR DESIGN

1. CIRCUMFERENTIAL AVERAGE FLOW SOLUTION

The following tabulation presents the detail results of the Phase I Rotor

circumferential average flow computation. Each page of the tabulation gives

results for one calculation station. Figure 29 shows the calculation station

locations within the gas flowpath. At each calculation station various aero-

dynamic parameters are given on each of thirteen calculation streamlines. Also

given are several mass averaged station flow properties. The Phase I rotor

blade forces are included at the end of this tabulation.

12
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2. STREAMSURFACE BLADE COORDINATES

Figure 30 shows the stacked Phase I rotor streamsurface sections.

Each page of the following tabulation gives the coordinates for one of these

sections. The streamline designation for these sections corresponds to the

calculation streamlines of the circumferential average flow calculation.

Streamline 1 is at the casing and streamline 13 is at the hub. Also given

in the tabulations -are coordinates for the section meanline, the meanline

angle, and the section thickness at each point. Streamsurface section chord,

camber angle, and stagger angle are also given. All dimensions in this

tabulation are in inches or degrees.
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" Figure 30. Stacked Phase I Rotor Streamsurface Sections
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3. PLANE SECTION BLADE COORDINATES

Figure 31 shows the stacked Phase I rotor plane sections. The following

tabulation gives the coordinates for these sections. These sections are spaced

one half inch apart, beginning at the tip height of 8.5 inches and progressing

inward to 2.5 inches. These are the same section locations as given for the

baseline rotor in Reference 1. Also included in the tabulation are coordinates

for the section meanfine, the meanline angle, and the section percent thickness

at each point. Plane section chord, camber angle, and stagger angle are also

given. These coordinates are intended to represent the blade under hot running

conditions and do not include any corrections for blade untwist, meanline

deformation, centrifugal growth or thermal growth.
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set of vectors which would produce the same circulation as the actual blade

taking into account the change in streamline radius and meridional velocity.

The difference between the deviation angle implied by the data match calculations

and the reference deviation angle was then added to the reference deviation

angle calculated from the modified Carter's Rule for the Phase I blade.

Phase I Rotor deviation angles are shown on Figure 23. A plot of departure

angles for each streamsurface section is shown in Figure 24. Once the intra-

blade work distribution was chosen these departure angles were required to

satisfy the desired incidence angles, deviation angles, and passage area ratios.

The resulting streamsurface tip section of the Phase I rotor is compared to

that of the baseline rotor in Figure 25. The "deviation angle minus reference

deviation angle" for the Phase I rotor wes kept essentially the same as the data

match analysis although there are some small differences. Figure 26 shows the

"delta deviation" compared to the data match of the baseline design.

If the performance of a new rotor design is to be accurately evaluated

by comparing overall stage performance with the baseline design then it is

important that the stator have nearly the same entering conditions in both

cases. Figure 27 shows a comparison of the Phase I stator incidence angles

with the data match base. As can be seen the differences are small.

Figure 28 shows the radial distribution of Phase I rotor throat margin

and compares it to the data match case. The throat margin for a streamsurface

blade section is defined here as the percent of excess throat area over and

above the minimum theoretical area required to pass the streamtube flow at a

throat Mach number of 1.0 and assuming a total pressure loss equivalent to a

normal shock at the upstream Mach number. In a rotor the effect of radius change

(between the leading edge and throat) on the relative total enthalpy and pressure

is included. As can be seen in Figure 27 the Phase I rotor throat margin is

nearly identical to that of the data match of the baseline design.

Details of the Phase I rotor design are given in Section VIII.
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