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PREFACE

This interim report was prepared by Dr. Arthur J.
Wennerstrom and Capt George R. Frost of the Fluid Dynamics
Facilities Research Laboratory, Aerospace Research Laboratories
(AFSC) , Wright-Patterson Air Force Base, Ohio. The work herein
reported was accomplished between 1 November 1971 and
30 March 1972.

The report presents results from a portion of the effort
of the Fluid Machinery Research Group supervised by
Dr. Arthur J. Wennerstrom and was conducted under Work Unit 09
of Project 7065, "Aerospace Simulation Techniques Research,”
under the over-all direction of Mr. Elmer G. Joanson, Director.
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SECTION I
INTRODUCTION

The experimental performance of a high pressure ratio,
single stage, supersonic axial-flow compressor designed for a
stage total-pressure ratio of 3.0 was reported in Reference 1.
The performance c¢f this compressor was seriously deficient, and
the greatest weakness of the design was concluded to be
insufficient control of rotor deviation angles over the operating
range. To gain better control of rotor outlet flow angles
without simultaneously reducing throat area and causing
significant increases in diffusion losses and weight, a partial
blade termed a "splitter vane" was conceived. The ohjective
of this configuration is tc provide high solidity locally
where there is appreciable camber combined with blade angles R
approaching axial, without introducing additional throat X
blockage or flow guidance in regiocns where it is unnecessary
or detrimental. This basic design concept has been used on
centrifugal impellers for years where similar conditions
sometimes exist. However, the authors are unaware of any
previously reported tests of such a configuration incorporated
into an axial compressor or turbine.

The design of the original configuration without splitter
vanes is presented in detail in Reference 2. The purpose of
this report is to present information relevant to the redesign
of the compressor rotor incorporating splitter vanes. This
report is arranged in approximately the same format as
Reference 2, and most data which were left unchanged are
identified, but not presented again. Section II of this report
identifies over-all design criteria, most of which were
unmodified, and also discusses the philosophical choices
defining splitter vane geometry. The aerodynamic calculation «
method is briefly reviewed in Section I1I, and one error
discovered in the original design calculation is corrected.

An intra-blade flow analysis through the rotor is presented
in Section IV. Finally, Section V presents complete details
of the revised geometry, including streamsurface and
manufacturing-plane blade geometry.




SECTION II
DESIGN CRITERIA

1. OVER-ALL CRITERIA

Nearly all of tha design criteria discussed in Section II
of Reference 2 were retained for this redesign. Since this
redesign effects only the rotor, the remainder of the flowpath,
including the stator, was geometrically unchanged. Also, since
the original configuration operated so far from its design
point, the data presented in Reference 1 did not appear to
offer a sound basis for revising any of the original aerodynamic
correlations related to losses, deviation angles, boundary-
layer blockages, etc. Consequently, the design total pressure
ratio and radial and axial distribitions of losses, deviation,
and boundary-layer blockage ~:re identical to those of the
original design. It was thereby assumed that the effect of
edding splitter vanes to the rotor might be to make the original
calculatiocns and assumptions approximately corvect. The rotor
hub flowpath was redefined to offset the effect of splitter-
vane meial blockage, while retaining the original leading-
and trailing-edge radii. The polynomial camber line used in the
original rctor design was, employed again, but with one small
change. The second derivdtive of the camber line at the
trailing edge was reduced ¥rom 50 percent of its peak value,
used originally, to 25 percent to reduce further the likelihood
of excessive deviation angles. The number of principal blades
on the rotor and the axial chord of these blades were identical
to those of the original design. ‘unsequently, rotor sclidity,
ignoring the splitter vanes, changed only slightly as a result
of slight changes in cambex line shape producing changes in
truz chord. The thickness :distribution used was identical to
the original design. Further details concerning the general
properties of this camber line and thickness distribution are
given® in Reference 3.

2. SPLITTER-VANE CONCEPTUAL DEFINITION

In principal, it might bz possible to do a credible job
of optinizing splitter-vane guometry analytically by one of the
time~-dependent or finite elemint cascade analysis methods
currently undergoingy development. Howaver, at the time of this
design, between November 1971 'and March 1972, neither the
opportunity nor the time was a»ailable. Consequently, most of
the decisions effecting splittngr-vane geometry were made on
the basis of engineering judgeﬂgnt. These decisions included
determination of chord length, :iamber-line shape, incidence,
circumferential spacing relative to the main blades, and
thickness.




Chord length was chosen according to the following
considerations and assumptions:

a. The trailing edges of the splitter vanes should lie
in the same plane as the trailing edges of the principal
blades.

b. The leading edges should lie in a region of subsonic
flow.

2. The leading edges should not be so close to the main
passage shock as to have a significant influence on shock
shape; a region of readjustment should exist between the
splitter vane leading edge and the main passage shock.

d. The leading edges of the splitter vanes should lie
sufficiently far forward in “he passage as to offer good
guidance to the flow in that region of the passage where the
camber-line radius of curvature is a minimum.

These four points led to the decision to place the splitter-
vane leading edge exactly half way, measured on *he axial
projection, between the leading and trailing-edge pianes of
the principal blades.

Various reasons were postulated for setting the splitter
vanes at positive incidence, and also at negative incidence.
However, no convincing case cculd be made for favoring one
direction with respect to the other, and the local flow
direction in the passage could not be defined with sufficient
certainty from data available. Consequently, the splitter-
vane camber line was made identical to the principal blade
camber line in the same region. This automatically fixed

the incidence angle at some small, probably positive, value.

The splitter vanes were circumferentially positioned
exactly midway between principal blades. Because of unequal
boundary~-layer development on the suction and pressure
surfaces of the principal blades, and probably some flow
separation, this is not necessarily an optimum position.
However, there was insufficient justification for picking any
other location.

The chordwise thickness distribution and the radial
distribution of maximum thickness were both defined purely
from stress considerations. A chordwise thickness
distribution corresponding to a double-circular-arc section
of equal camber was distributed symmetrically about the
splitter-vane camber line. Maximum thickness varied from
8.0 percent (splitter) chord at the hub to 4.0 percent chord
at the tip.



A splitter-vane span other than full radial span was never
contemplated. The high hub/tip radius ratio and low aspect
ratio of the rotor made this structurally feasible. The high
aerodynamic loading, peaking at the tip, made it aerodynamically
desirable. Part-span shrouds were not required and were not

used.
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SECTION III
AERODYNAMIC CALCULATION METHOD

1.  DETAILS UNCHANGED FROM THE ORIGINAL DESIGN

The basic approach used to determine the aerodynamic
design of the modified rotor was unchanged from the original
design presented in Reference 2. In brief, this consisted of
calculating the axisymmetric flow field according to the
"streamline curvature" method of analysis. The geometric
parameters defining the rotor airfoils were specified, and an
incidence distribution for the principal blades was assumed.
Using the relative air angles entering and leaving the rotor
determined from the original design (as a first approximation)
and using the original distributions of deviation angle in
the rotor trailing edge plane and of nondimensional internal
deviation along streamsurfaces, the relative flow angles within
the rotor were determined at each computing station, for
each streamsurface. The equations of momentum, continvity,
energy, and state were then solved simultaneously for the entire
flow field, with relative flow angle within the rotor specified
as the primary controlling variable.

The principal objective of the aerodynamic redesign was
to determine the revised rotor hub flowpath which would compen-
sate for the additional blade blockage caused by the splitter
vanes and allow the original optimization criterion to be met.
This criterion was a static pressure distribution along
streamsurfaces within the rotor which rose smoothly with
minimum slope over most of the airfoil and decreased to zero
at the trailing edge, in deference to the "Kutta" condition.
The parameters which were varied to achieve this objective
were rotor hub flowpath coordinates and rotor incidence.

2 CORRECTION OF THE CONTINUITY EQUATION

The continuity equation used in the original design
analysis lacked a term which took into account the effect of
nonradial computing stations. This was Eq (10) of Reference 2.
The effect of this was felt only in the stator since sloping
stations were used only in the region downstream of the rotor
trailing-edge plane and upstream of the stator trailing-edge
plane. The corrected equation used in this redesign is

case
W= Cmcosé (1-tan¢tana)wdA (1)
hub




where W is the flow rate
Cm is the meridional velocity
iz the streamsurface slope angle
a is the angle made by the computing station
with the radial direction, positive values
indicating an increase in radius with axial

distance
w is the specific weight
A is the flow area normal to the axis.

The term (l-tan¢tana) was missing in “he original expression.
The magnitude of this error was approximately three percent.
Consequently, since the original stator would be employed again
with the redesigned rotor, the new rotor was designed for

29 1b/sec flow versus 30 lb/sec for the original.




SECTION IV
RESULTS OF THE INTRA-BLADE FLOW ANALYSIS

The iterations performed in adjusting rotor incidence and
hub flowpath coordinates ultimately led to somewhat better
results than werc achieved for the original design in terms of
rotor incidence and static pressure distributions. Th2 new
incidence distribution for the rotor is compared with the
original distribution in Figure 1. The meridional static
pressure distributions at hub, mid, and casing are shown in
Figure 2 for the redesigned cornfiguration. The correction to
the continuity equation and the reduction in design flow from
30 to 29 1lb/sec were approximately self-compensating in the
stator as the meridional static pressure distribution through
the stator varied only slightly from the original. Because
of the reduced flow, the new design total pressure ratio is
3.352 for the rotor and 3.056 for the stage with adiabatic
efficiencies of 0.895 and 0.815, respectively. The computer
printout of the final results achieved through this procedure
is presented in the following pages.

e
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SECTION V
REVISED ROTOR GEOMETRY

1.  GENERAL CHARACTERISTICS

Since the principal purpose of this redesign was to
incorporate splitter vanes into the compressor rotor, making
as few other changes as possible and practical, many of the
general characteristics of the original rotor were adopted
without change. These unchanged characteristics included the
design speed, number of principal blades, the type of camber
line, the section thickness distributions, and the geometry of
the blade/platform fillet.

The airfcil sections were defined on 15 streamsurfaces
(not tangent cones), and stacked close to the centroids of the
manufacturing sections on Cartesian planes. Some of the
streamsurface sections were shifted slightly in the meridional
direction away from centroid stacking in order to cause the
rotor leading and trailing edges to lie in radial planes. This
was done for convenience since the stress penalty was minor.
The manufacturing sections were determined by mathematically
passing a spline through common points on all streamsurface
sections and determining the intersections of these splines
with Cartesian planes normal to the stacking axis. The original
method used to make this transformatic. contained a small error
related to streamsurface meridional slope. If a streamsurfa.e
was cylindrical, the error was zero. However, at the hub and
tip of the rotor, where the maximum slopes were encountered,
the streamsurface metal angles had errors approaching one
degree, open at the tip and closed at the hub. This was
reported in Reference 1, and the corrected method used for
this design was reported in Reference 3.

The re¢vised coordinates of the rotor hub flowpath are
presented in Table I. The rotor stack axis is located at an
axial coordinate of 0.982 inches, measured from the same origin
as was used to define the annnlus geometry. For further details
of the annulus geometry, sece Reference 2. The new rotor
solidity distribution is compared with the original distribution
in Figure 3. Also shown is an "effective" solidity distribution
computed according to

(Ch)p+(Ch)8
27 /N

Ceff (2)
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where (Ch)p is the principal blade choxd
(Ch) g is the splitter vane chord
k3 is the average streamline radius
N is the number of principal blades
Ceff is the "effective" solidity

The usefulness of such an "effective" solidity remains to be
determined.

2, PRINCIPAL BLADE COORDINATES

The first group of computer output on the following
pages conocerns the coordinates of the principal blades as
determined according to Reference 3. Except for the normalized
data defining the streamsurface blade sections, all dimensions
are in inches. On the first few pages appear sundry constants
and a definition of the 15 streamsurfaces. The streamsurfaces
are defined at eight axial locations which coincide with eight
of the computing stations used for the aerodynamic design
calculations. The origin for the axial locations of the
stations is the same as was used for the aerodynamic analyses.
The input data printout is completed with a table defining the
geometry of each section. Next are shown details of the 15
streamsurface sections. Only the "normalized" data have been
reproduced; the equivalent dimensional data would be derived
by scaling the nondimensional quantities by the meridional
chord of the section. Finally, details of 11 manufacturing
sections through the blade are shown. These plane sections,
perpendicular to the stack axis, are spaced 0.25 inch apart,
and extend slightly beyond the blade in both directions. The
"2" coordinate is measured along the stack axis from the
machine axis. The origin for the section coordinates is the
stack axis. The "X" direction is parallel to the machine axis,
and "X" increases in the direction of flow. The "Y" direction
is perpendicular to the "X" direction, and the "Y" coordinate
decreases in the direction of rotation. "XS" and "YS" define
the suction surface of the section, and "XP" and "YP" define
the pressure surface. "XSEMI" and "YSEMI" define the leading
edge radius. The trailing edge is a straight line joining the
pressure and suction surfaces. Figure 4 shows superimposed
plots of developed streamsurface sections. Figure 5 shows
a similar view of the manufacturing sections. The slightly
larger change of section visible in Figure 5 is due to extrapo-
lation of the airfoil beyond the hub and casing.

3. SPLITTER VANE COORDINATES

The computer printout describing the principal blades is
immediately followed by similar output describing the splitter
vanes. The coordinates were computed by using the computer
program modifications described in Reference 4. These coordinates
are referred to the same stack axis axial location as the
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principal blades. However, the splitter vane stack axis is
circumferentially rotated exactly six degrees (one-half of the
principal blade spacing) from the adjacent principal blade

stack axis. The leading and trailing edges of the splitter

vane streamsurface sections are defined by circular arcs.

Figure 6 shows superimposed plots of the developed streamsurface
sections. Figure 7 presents a similar view of the manufacturing
sections.
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