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ABSTRACT

Three slotted rotors and three slotted stators with design diffusion
factors in the range 0.5 to 0.7 were tested to determine the effect of
the slots on performance. The slots reduced blade element losses in
the midspan region without affecting deviation angle, and a small
increase in unstalled operating range was noted. All blade rows tested
showed strong wall stall, and no beneficial effect was noted from the
slots in this region. It is hypothesized that slots must be located

nearer to the leading edge in this region to be effective.
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SUMMARY

Three slotted axial flow compressor rotors and three slotted stators
were designed and tested to determine the effectiveness of the slots in
improving the performance of highly loaded blading. The configuration
of the slots and their chordal location were established from the results
of (1) a series of 11 annular cascade :tests and (2) theoretical calcu-.
1atioﬁs of the boundary layer separation point conducted as a part of
this program. The slot configuration selected reduced the loss coef-
ficient of the annular cascade blading from 0.071 to 0.012 at an angle

of incidence of approximately one degree.

The performance of the slotted blading, when tested in the single-
stage compressor, was controlled to a large extent by three-dimensional
flow effects, and, consequently, performance gains of the order of
magnitude of that experienced during the cascade portion of the test
program were not attained. The large secondary flows at the walls
resulted in losses several times greater than the values used for design
purposes, even though boundary layer bleed was used at the rotor tip
and stator hub and tip. The high losses in the wall region increased the
discharge axial velocity in the midspan region, and thus prevented the

attainment of the high diffusion factors intended for these blades.

The effectiveness of the slots was evaluated on the basis of the blade

element performance at five equally spaced radial locations between 10

and 90% of span. It was concluded that the deviation angle was not
affected by the slot in either the rotor or stator. At midspan, the
minimum loss coefficients were found to be on the lower side of the

region describing the state-of-the-art in a loss parameter - diffusion
factor plot. At hub and tip, the minimum loss performance of the

slotted blades was not noticeably different from that with unslotted
blading. The slotted blades were found to have an average unstalled
incidence angle operating range approximately one-half to one degree

larger than the unslotted blading tested in this program.

A direct comparison of the slotted and unslotted performance of
Stator 1 (lowest camber stator) was made. At midspan, it was shown
that the slot reduced the loss coefficient to approximately 407 of its

unslotted value. This performance improvement did not exist near the
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walls, where the slotted blading produce& approximately the same loss
as the unslotted blade. This direct comparison of the performance

of this stator is considered to be the best indication of the effect

of the slots, not only because of geometric similarity but also because
the levels of inlet Mach number, incidence, and diffusion factor, as
well as the spanwise distributions of these quantities, were nearly

identical when tested with and without slots.

The relative effectiveness of the slots at midspén and their in-
effectiveness near the wall are attributed to the chordal placement
of the slots, the lack of effectiveness of the wall boundary layer
bleed, and insufficient blade camber in the wall region. The blade
camber distributions were based on the assumption that the slots and
boundary layer bleed would result in the low loss in the wall region,
an assumption which later proved optimistic. The combination of
insufficient boundary layer bleed and blade camber at the walls led to
large secondary flow and blade stall in the suction surface-wall region.
The chordal location of the slot was based on theoretical calculations
of the separation point and bn midspan annular cascade data that indi-
cated flow separation at 857 of chord, and thus did not allow for
separation near the leading edge as was probably experienced in the
region of the wall. As a consequence, the slot may have been located
downstream of the separation point and may have been ineffective for

that reason.
INTRODUCTION

The advancement of the state-of-~the-art of compressor design by
continued research on conventional blading concepts must be expected to
provide continually diminishing returns. As a consequence, the
NASA-Lewis Research Center is supporting experimental evaluations of
uncoﬁventional blading concepts that may yield large improvements
relative to those possible with conventional methods. These new con-
cepts generally are based on methods that have found effective appli-
cation in external aerodynamics. They include (1) new blade section
profiles, (2) variable geometry blading, (3) blowing and suction control
of boundary layers, and (4) slotted blading. The specific task herein
reported concerns the evaluation of slotted blade sections in single-

stage, axial flow compressors.



The employment of slotted (flapped) wing sections for maximum
1lift generation during aircraft approach and takeoff conditions is
common practice. This application is not completely analogous with
compressor aerodynamics because, during these flight conditions, the
low lift-drag ratio attendant with the high 1ift slotted (flapped)
wing is not a factor of primary importance. In the compressor appli-
cation, the achievement of high 1ift at a low lift-drag ratio tends
toward poor fuel consumption. This could be unattractive for instal-
lations other than those in which weight is the primary consideration.
if other compensating influences did not exist. Another difference
between these two applications is the greater importance of secondary
flows in the compressor because of the large influence of the flowpath
annulus walls. A third difference is that compressor applications
require a much higher operational Mach number than exists during
applications involving external aerodynamics. For these reasons,
the effect of blade slots cannot be directly estimated from the avail-
able literature on isolated airfoil applications, and an evaluation

in the environment of a highly loaded compressor is required.

The objective of this program was to explore the extent to which
slotted airfoil sections could.be used to extend compressor blade
operating range and reduce compressor blade operating losses. This
exploratory evaluation must include the interactions of slotted blades
with other inflences peculiar to compressor aerodynamics to be meaningful.
This consideration precludes obtaining final results from two-dimensional
cascade testing, and, to a lesser degree, from annular cascade testing
because of the lack of simulation of three-dimensional effects and rotor-
stator interactions. A single-stage test program was therefore selected
to simulate the largest portion of the three-dimensional flow effects
without incurring the higher costs of complete, or multistage, dupli-

cation,

The scope of the single-stage testing was planned to determine
the effectiveness of slots in extending the low-loss loading range
of rotor and stator blades that are, im respects other than the slots
and design loading, representative of current design practice. Thus,
the size, clearances, aspect ratio, hub-tip ratio, solidity; tip speed,

etc., were established within the region describing the state-of-the-art
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of high pressure compressor design. The design loading, defined in
terms of the diffusion factor, was arbitrarily selected to cover the
region from 0.5 to 0.70 at the rotor tips and 0.60 to 0.75 at stator
roots. The lower limit of this region is approximately the upper limit
of current design practice. Within this framework, the three slotted
rotors and three slotted stators were designed using annular cascade
tests and theoretical célculations to provide the basis for establishing

the slot conformation and location.

The testing of these stages was planned to provide blade element
data for both rotors and stators at five radial positions, in addition
to the overall or average stage and blade row performance. In evaluating
the effectiveness of the blade slots on compressor performance, the more
important data were expected to be those concerned with the blade element
performance. This is because the average performance is largely limited
by matching considerations, both radially within a blade row and also
between the component rows. Experience with unslotted blading has
shown that these matching problems are amplified as blade loading is
increased and usually lead to a highly developed three-dimensional

(rather than a nearly two-dimensicnal) flow.

The analysis and design, cascade testing, and the data and per-
formance reports for the slotted blading tested are listed as Ref-
erences 1 through 8. The information presented in the above eight
references is collated and discussed herein as required to evaluate

the effectiveness of these slotted blade sections.

PRESENTATION OF PROGRAM RESULTS

The information generated during this program has been presented
in eight reports and is concluded in this Final Report. The content
and intent of the other eight reports are summarized in the following

paragraphs:

Part I - Analysis and Design

The concepts employed in the aerodynamic and mechanical design of
the three slotted rotors and three slotted stators are summarized in
Reference 1, and tabulations of the geometric and aerodynamic quantities

describing the blade rows and their as-designed operation are presented.



Part II - Annular Cascade Investigation of Slot Location and Geometry

The results of cascade tests of blades slotted at two chordal
locations with a variety of slot configurations are presented and dis-
cussed in Reference 2.  The selection of the best slot configuration

is described, and the criterion for chordal location is established.

Parts II1 through VIII - Data and Performance

Each of these reports (References 3 through 8) contains a description
of the testing of one of the six stages containing slotted blade rows.
Overall and blade element performance data, both plotted and tabulated,

are presented.
DESIGN SELECTION
General Approach

The selection of the rotor and stator blade rows was largely based
on three considerations. The most significant of these was the loading
(diffusion factor) range‘that was arbitrarily selected to place the
blade rows at, or beyond, the current practice., This consideration
is related directly to the program objectives of extending compressor
operating limits. Secondly, the stator inlet and rotor exit
conditions were to be nearly the same for all blade rows. This
commonality was required to provide the option of testing any rotor
with any stator. The final requirement is the broad one of designing
these stages to be, in all remaining respects, typical of a middle stage

in a multistage compressor.

The determination of the design velocity diagrams was initiated
with an analysis of the requirements of the three stators. Within
the desired hub diffusion factor range of 0.6 to 0.75 and the state-
of-the-art stator exit air angle range of O to 30 degrees, it is possible,
as shown in figure 1, to set the stator inlet air angle between 50 and
53 degrees, and all three stators can have the same inlet air angle,
as required. Similarly, the region of possible rotor designs (fig-
ure 2) is fixed as a function of inlet guide vane exit air angle at an
arbitrary tip speed within the requirement of a tip diffusion factor
of 0.5 to 0.7 and the already established stator inlet air angle

range. Because tip speed and inlet guide vane exit angle are related,
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several values of tip speed were evaluated prior to making the selection
of the best combination of inlet guide vane turning and tip speed.
Other considerations, such as rotor and stator inlet Mach number, rotor

turning angle, and inlet guide vane turning, were used to make the

selection of tip speed.

Rotor and stator blading was selected from the NACA 65-Series airfoil
sections because the performance of these sections is well documented,
they have a good Mach number range, and their thickness distribution
is sufficient to permit slots to be incorporated without grossly affecting
‘the blade strength. NACA four-digit sections were used for the inlet
guide vanes because of the lower inlet Mach number. These sections had
their maximum camber at 40% of chord. The blade camber, incidence, and
loss at the design point were selected using P&WA cascade data and were
not compensated for blade-wall interactions. The deviation angle was
determined from the correlation presented in equation 287 of Reference 9
for the unslotted blading, and the deviation was assumed to be halved

for the blades with slots.

The configuration of the blade slots for slotted Rotor 1 is presented
in figure 3. The cross section of the slot is typical of all three rotors
and stators with the exception that slotted Stator 1 had increased radii
at all points except that denoted rjp. Slots were located at 50% of chord
in the rotors and 55% of chord in the stators, reflecting a small difference
in their respective calculated separation points. The stator slots
were located between 5% and 95% of span, and the slots in Rotors 1
and 2 between 5% and 45%, and 50% and 90%, of span.from the tip. The
slots in Rotor 3 extended from 5% to 45% and from 50% to 100% of span.
Details of the slot configurations in each of the blade sets are pre-
sented in their respective ''Data and Performance’ reports (References 3
through 8). The suction and pressure surfaces of a typical slotted

blade (Rotor 1) are shown in figure 4.

The slot geometry was selected from a series of 11 configurations of
annular cascade blades that were tested for this purpose (Reference 2).
Selection was based on achievement of the lowest wake pressure loss and
the highest relative lift coefficient. During these tests, it was also
noted that a slot in the midchord of the blade section was considerably
more effective than one located closer (75% of chord) to the trailing edge.

6



Analytical estimates of the probable separation points on the program
blading were made and showed that flow separation was not expected ahead
of 72% of chord for any rotor, or 80% for any stator, at the midspan
location. Details of this analysis are presented in Reference 1. The
location of the slots was therefore selected as 50% of chord for the
rotors and 55% of chord for the stators. These locations were generally
consistent with the annular cascade tests and placed the slots approxi-
mately half of the distance between the theoretically determined minimum
pressure point and the predicted separation point. The latter criterion
was a compromise between locating the slot at the minimum pressure point,
where the pressure differential and thus the slot flow velocity would be
greatest, and just ahead of the expected separation point, where the
greatest effectiveness was anticipated, but where the small pressﬁre

differential would produce only a low velocity slot flow.
Design Details

The three rotor and three stator blade rows were designed in accord-
ance with the procedures outlined in the preceding section. The selected
rotor tip and stator hub Mach numbers, turning angles, and loading levels
for these designs are listed in table I. Rotors 1, 2, and 3 were designed
for progressively higher loading, as were Stators 1, 2, and 3.

Table I, Selected Values of Slotted Blade Row
Aerodynamic Design Variables

Inlet Mach Turning, Diffusion

No.,M AB Factor, D
Rotor 1 (tip) 0.813 15.07 0.532
Rotor 2 (tip) 0.833 17.16 0.590
Rotor 3 (tip) 0.784 21.99 v 0.697
Stator 1 (hub) 0. 644 23.53 0.596
Stator 2 (hub) 0.644 29.82 0.668
Stator 3 (hub) 0.644 42 .14 0.763

A detailed presentation of the geometry and the design vector diagram
data for the six slotted blade rows is contained in Appendix A. These
latter data are listed for the unslotted blading and for the slotted
configuration. The differences arise solely from the assumption that
the slots will reduce the deviation angle by one-half. The values of
deviation angles listed in Appendix A are the full NASA deviation.
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Information relating to the design of the various inlet guide vanes
and the Flow Generation Rotor (FGR) has not been included herein because
it is not of direct concern to the fulfillment of the program objectives;

This information is contained in Reference 1.

RIG AND INSTRUMENTATION DESCRIPTION
Test Facility

The compressor test facility utilized during this program is powered
by a single-stage turbine driven by the exhaust of a P&WA JT4 (J75) air-
craft gas turbine engine. This exhaust gas is alsé used as the primary

. gas stream of a two-stage ejector that provides the suction required
for the compressor rig wall boundary layer removal and induces the flow

through the annular cascade rig.

The compressor airflow is induced from atmosphere through a long
inlet duct containing an ASME orifice for primary flow measurement. A
plenum chamber is located directly upstream of the compressor rig to
ensure uniform inlet conditions. A schematic drawing of the facility
is presented in figure 5. The annular cascade rig and the compressor

test rig were installed in this facility.
Annular Cascade Rig

The annular cascade rig consisted of a bellmouth inlet, support
struts, inlet guide vanes, test stators, and an exhaust diffuser section,
as shown schematically in figure 6. Inner and outer wall diameters at
axial stations of interest are tabulated in the figure. The desired gas
path was formed by fabricated wooden filler sections. A split test case
provided convenient accessibility for blading changes without removal

of the entire rig from the test stand.

The test section had a hub/tip ratio of approximately 0.8, and was
comprised of a row of 50 inlet guide vanes that set the stator inlet
conditions and a row of 20 test stators that turned the flow back to
the near-axial direction. The inlet guide vane and stator blade row
assemblies were each divided into two 180-deg sections. The guide vanes
were fabricated from stainless steel and tack-welded to the shrouds.

The stator and stator shrouds were fabricated from aluminum, and the

stators were positioned with dowel pins and held in place with machine

8



screws. For the slotted stator tests, only the vanes in the upper

180-deg section were slotted.
Compressor Test Rig

The compressor rig consisted of the bellmouth inlet, test section,
and exhaust section., A section view of the rig is shown in figure 7.
The test section has a hub/tip ratio of 0.8 and a rotor tip diameter
of 40.48 in. The rotor assembly and shaft are supported on two bearings
that transmit loads to the outer case through struts located in the
inlet and exhaust case assemblies. The test section has a split outer
case that permits guide vane, rotor, and stator assembly changes without
removing the rig from the test stand. A set of motor-driven throttle
vanes is located in the exhaust section to vary flowrate. Flow is
accelerated through the inlet strut station and guide vanes in a con-
vergent passage to the rotor inlet. Thereafter, the inner wall diameter
remains constant at 32.85 in., while the outer wall converges further
through the rotor blade and stator vane rows to a diameter of 40 in.
In general, the flowpath simulates that of a middle stage of a state-of-

the-art multistage compressor.

Provisions were made for flow to be bled at the rotor tip and stator
hub and tip, as shown in figure 7. Bleed air flowed through perforated
plate shrouds, shroud manifolds, and 24 approximately equally spaced
tubes to individual main collector manifolds for the rotor and stator.
The collector manifolds were exhausted through the facilities ejector
system. Rotor and stator bleed flowrates were controlled and measured

separately.
Instrumentation

Variations were made in the instrumentation used for the various
tests, and, therefore, the pertinent data and performance reports should
be reviewed if a detailed description of the instrumentation is required.
The general configuration of the instrumentation is provided herein.
Descriptions of peripheral'instrumentation, such as bleed flow measure-
ments, rotor speed, and rig operation instrumentation, have been omitted

for the sake of brevity.



Compressor flowrate was measured with a thin-plate orifice in the
inlet duct, and compressor inlet pressure and temperature were recorded
from measurements in the inlet plenum chamber. 1In addition, wall static
pressure was measured upstream of the inlet guide vanes to permit calcula-
tion of the flowrate at that location as a check on the orifice flow

measurement system.

Measurements of data used for calculation of blade element’and over=~
all stage performance were made in a quantity sufficient to provide a
representative average value or, in the case of blade element data, to
permit the determination of performance at 10, 30, 50, 70, and 907% of
span. The axial locations of the instrumentation stations are shown in

figure 7.

Inlet guide vane and stator performance was determined by (1) measure-
ments of discharge total pressure using pitot-type wake probes (figure 8)
of sufficient size to encompass the vane wake and (2) traversing yaw
probes radially across the passage to determine flow direction. Static
pressure was measured at all instrumentation stations at both inner
and outer walls and, where radial gradients were substantial,SQdeg

wedge static pressure probes (figure 8) were traversed across the passage.

Downs tream of the rotor, Kiel-type probes were provided to measure
total pressure and both 20- and 8-deg wedge traverse probes were used
for measurement of total pressure and temperature, flow direction, and
radial static pressure distribution. Probes containing high frequency
response pressure transducers and hot film anemometers were located at
this station for those tests requiring determination of the size and
relative motion of rotating stall cells and the size and shape of rotor

wakes.

The primary measurement of stage discharge temperature was made with
an array of Kiel-type instruments downstream of the measuring station
used for stator blade element performance instrumentation. The primary
measurement of stage discharge pressure was made with the stator wake

rakes.
RESULTS AND DISCUSSION

The complete aerodynamic design of an axial flow compressor is

usually the result of the assembling of detailed designs for the numerous
10



blade elements that comprise each blade row. The design analysis is
accomplished by calculating performance at sufficient radial locations

so that the envelope of these blade elements is a good description of
the three-dimensional blade. The two factors of greatest interest in
analyzing the relative merits of the different blade elements that could
be used to accomplish any given aerodynamic goal are minimum loss and
unstalled incidence angle range. A low level of minimum loss is highly
desirable from an efficiency standpoint; however, the blade<row must
operate over a range of inlet angles in nearly all applications. The
useful operating range is the more important consideration because it

is a measure of the ability of a blade section to tolerate deviations from
the design velocity vector without causing large increases in loss or
contributing to compressor instability. These deviations from design
conditions become increasingly acute as the number of stages is increased.
Consequently, a multistage compressor of six or more stages will often
be designed withrfront stages operating near negative stall (or choked)
and the rear stages near to stall 1in an effort to provide compensation
for off-design operation. Even when the matching is compromised in this
fashion, the front stages will tend to operate near stall, and the rear
stages near choke, during part speed operation and engine starting, the
reverse of design point operation. Thus, useful operating range becomes
the primary blade element criterion for the evaluation of the performance

of slotted blading, although the minimum loss level will also be considered.
Overall Performance
Rotors

The three slotted rotors were tested as part of the following stages:

Slotted Rotor Stages

IGV Rotor Stator
1 1 1 (Unslotted)
2 2 1 (Unslotted)
3 3 2 (Slotted)

The performance of the three rotors and their respective inlet guide
vanes is presented in figure 9, along with the design goals. For this

presentation, the design rotor speed data have been normalized into
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¢ - ¥ plots to account for the different tip speeds of these stages.
(Symbols are defined in Appendix D.) The design}goals shown are based

on full NASA deviation because the original design assumption that the
deviation would be halved by the addition of slots was found to be in-
valid, as will be noted from the following discussion of blade element
data. The three slotted rotors and their respective inlet guide vanes
exhibit a common characteristic in that all fell’short of achieving

their design pressure coefficients at design flow coefficient. This is
primarily due to the highly three-dimensional character of the flow field
when compared with compressor stages designed to state-of-the-art loading.
Typically high loss regions are observed in the flow at one or both walls,
resulting in a decrease in exit axial velocity in the high-loss region
and an increase in exit axial velocity throughout the remainder of the
blade span. The overall rotor pressure ratio is lowered both because of
high losses in the wall region and because of the low midspan work input
induced by the axial velocity ratio, VzZ/Vzl’ being significantly greater
than design. The lowered work capacity is implied in the data presented
in figure 9 because both slotted Rotors 1 and 2 achieved their design
“efficiency even through the design pressure ratio was not met. (The
power required for pumping the wall bleed flow was not considered in any
of the efficiency calculations.) A loss of efficiency with increased
design rotor loading may be noted, and Fhe most highly loaded rotor was
approximately 6 points lower than its design goal. Unusually high
efficiency is indicated for slotted Rotor 3 at low pressure coefficients.
This high efficiency is unexplained and must be viewed és questionable.
Because the slots were expected to materially reduce separation and .
because boundary layer suction was employed at rotor tip and stator hub
and tip, it was assumed in the design that loss coefficients close to
their rectilinear cascade values would be attained throughout the blade
span. These data indicate the possibility that this assumption was
optimistic. Further discussion of this characteristic is presented in

the paragraphs dealing with the blade element performance.

Slotted Rotor 2 has a substantially lower stall margin (referenced

to the design point) at design equivalent rotor speed than do slotted

Rotors 1 and 3 as shown on the next page.
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Rotor *Stall Margin,%

1 15
2 1/2
3 7

Further, as shown in figure 9, the performance of slotted Rotor 2
exhibits a significantly lower ¢ - ¥ slope in the region of design flow
coefficient. Taken collectively, the performance of this rotor does not
comprise an orderly progression with that of the other two slotted rotors
but rather has a lower pressure rise characteristic and a low stability
limit. Because the efficiency of slotted Rotor 2 is reasonable in com-
parison to the other rotors, it is expected thét the nonconforming
characteristic of slotted Rotor 2 is attributable to its ability to work

on the fluid.

For an axial flow, this work may be expressed:

Aha(U

2V02 - U1V01) or when U2 = U1
Equations 1
an . Vo2 - Ver
U2 U

The tangential velocities may be expressed in terms of the flow direc-

tion and the axial wvelocity component as follows:
= - 1
V02' U Vz2 tan 32
Equations 2

V01 = VZ1 thBl

The airflow direction may in turn be expressed in terms of the appropriate

deviation angle and meanline direction, thus:

=1 - ¢! °
Vg, =U -V, tan (K , t 62) rotor
Equations 3
Vgy = Vyy tan Ky - 89) 1oy
*Stall margin = /%) stan1 x VO design _ 1.0
(By/P0) gesign "V8/65¢a11
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Combining Equations 1 and 3 and substituting the flow coefficient

b, = .
1 = Vzl/U leaves:

v

z2 . o
« 1 -¢ tan (K2+52) 1o

)
L |v,,

+ tan (K2 -8

tor 27 IGV

Thus at design flow coefficient, the normalized work input may be
expressed in terms of the rotor axial velocity ratio, the inlet guide
vane and rotor deviation angles, and the guide vane and rotor metal

angles,

Inspection of the inlet guide vane deviation angle data indicates
that the deviation does not vary greatly with flow and may be assumed
constant. The remaining variables, sz/Vzl and 5; rotors are presented
in figure 10 as functions of the flow coefficient for the midspan loca-
tion of each rotor. Comparison of the axial velocity ratio curves for
the three rotors reveals that the slope becomes negative, indicating a
work reducing trend as stall is approached for each of the rotors. The
inflection point is reached at a more negative incidence for the rotors
with increased design diffusion factors; however, the data do form a
consistent family and no large anomalies are noted. This consistency
is not true of the rotor deviation data presented in figure 10. The
slotted Rotor 2 deviation increases sharply with decreasing flow as
stage stall is approached and is unique in this respect. This un-
explained increase in deviation was the primary cause of the drooping

characteristic of slotted Rotor 2.
Stators

The three slotted stators were tested using the same FGR and inlet
guide vane to supply airflow. The overall performance of the three
stages, each comprised of inlet guide vane, FGR, and slotted stator,
is presented in figure 11 using the same format as the overall rotor
data. Although achievement of a stage pressure ratio higher than the
design point is indicated for slotted Stators 1 and 2 and the stage
pressure ratio of slotted Stator 3 closely approaches its design goal,
the performance is due to the unusually high pressure ratio produced by

the FGR. As noted in Reference 6, this pressure rise is attributable to
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a high inlet guide vane deviation angle, low rotor deviation angle, and
low rotor losses. Stage efficiencies are lower than design and form a
progression,indicating reduced efficiency with increased stator diffusion
factor. The absolute level of efficiency for these stages is of little
importance in evaluating_the performance of the slotted stators because
the loading level of the FGR is not commensurate with that of the stators.
Therefore, the stator losses have a disproportionately large effect on

stage efficiency. :
Blade Element Performance
General

Blade element performance data are available at 10, 30, 50, 70, and
90% of blade span (measured from the tip) for all rotor and stator con-
figurations tested. These data are presented in tabular and plotted
forms in the appropriate data and performance reports (References 3
through 8), and, therefore, no general presentation of these data is
required herein. The objective of this section of the report is to
segregate and discuss those blade element data considered most pertinent

to the performance of slotted blade elements,

The variable that is primarily used to correlate or compare blade
losses is Lieblein's diffusion factor (Reference 10). Because by defini-
tion and usage the diffusion factor is associated with blade element
flows in which the effects of high relative inlet Mach number of per-
formance are not present or considered, it is first necessary to examine
the data in this regard and eliminate those data that are nonconforming.
One method of accomplishing this elimination is to review the blade
element loss-incidence characteristics taken at the various rotor speeds
and corrected airflows and observe if, and at what‘conditions, a rapid
rise in minimum loss coefficient occurs that may be attributed to the
attainment of locally supersonic flow within the blading. This method
is subjective but useful because it will serve to eliminate those data

that appear to be affected by shock losses.

In rendering the judgment, the data for all five spanwise locations
were viewed collectively to determine if a loss coefficient increase

with increasing rotor speed was general, i.e., across the span, or local.
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The latter was not considered to be evidence of Mach number effects but
rather is attributed to secondary or three-dimensional flow. These

flows, which are observed to be strong in these relatively highly loaded
blade rows, have a substantial effect on blade element performance. In
addition, it should be noted that the concept of 'blade element performance"
is derived from two-dimensional compressor cascade analysis. The application
of the concept to single stage compressor analysis to tenuous because of

the changing three-dimensional nature of the flow. As a fesult, the

"blade element performance' is not only dependent on incidence and rela-
tive inlet Mach number (as in the case of the two-dimensional cascade),

but is also dependent upon numerous other variables descriptive of the

three~dimensional flow.

A second approach to the elimination of these effects is to compare
the value of relative inlet Mach number 6 calculated from the data. with
the predicted value of the 1imiting Mach number f£for the blade element
being considered. A P&WA correlation of the limiting or critical Mach
number based on cascade data was used for this purpose. To provide maxi-
mum assurance that high relative inlet Mach number effects are excluded,
these methods were used to disqualify data. The highest corrected rotor
speed for which the data are judged to be free of these effects is tab-
ulated in table II. Except as specifically noted, the discussion of

blade element data refers to speeds at or below those listed.

Table II. Sub-Limiting Mach Number Data

Slotted Rotor 1- 100% N/vV@
Slotted Rotor 2 *70% NNVE
Slotted Rotor 3 90% N/V%—
Slotted Stator 1 100% N/Vg
Slotted Stator 2 (with FGR) 100% NAVG

(with slotted Rotor 3). 100% N/Vg

Slotted Stator 3 ' 100% N/V8

*90% N/vg data were not taken.

Desien Incidence Performance

The performance of the elements of the three slotted rotors and

three slotted stators operating at design incidence is presented in
16



figures 12 through 17. The data for each blade configuration were
summarized from the curves presented in the pertinent data and performance
report (References 2 through 8) and represent a condition that was not
simultaneously achieved at all spanwise locations. Particularly for
Rotors 2 and 3, the most conspicuous single characteristic of these data
is the high-loss coefficient in the vicinity of the walls, even though

the incidence is near the expected minimum loss value.

High losses near the walls were not expected because a boundary
layer bleed of approximately 1-1/2% was employed at the rotor tip and
at both stator walls, and because the slot was expected to maintain a
more nearly two-dimensional flow in the blade row. The boundary layer
bleed flow was withdrawn through a porous plate of 5% open area con-
sisting of 0,078-inch diameter holes on 0.35-inch centers. The relatively
widely spaced, large holes were not as effective in maintaining a thin

boundary layer as would be closely spaced holes of small diameter.

In the midspan region, both rotors and stators have a conventional
trend toward increasing loss coefficient with increasing diffusion
factor (figure 18); however, the stators are shown to have a higher loss
level and a somewhat larger rate of increase with diffusion factor than
the rotors. The deviation data show reasonably good correspondence with
the design deviation near midspan, but also show substantial departure
in the wall region, generally toward increased deviation. This trend
toward increased deviation at the walls is not directly indicative of a
strong secondary flow because such a flow is expected to result in low
deviation near the walls rather than high deviation. The effect of the
secondary flow on loss coefficient, however, is not in direct proportidn
but may be amplified when the wall boundary layer circulates onto the
blade suction surface and causes separation. When this occurs, high
losses in the wall region will be noted, and an increase in deviation

may also be noted due to a reduction in lift caused by the separation.

The flow directions at the design points of the six blade rows
(based on full NASA deviation) are presented in figure 19 for both
the tip and hub regions. These data are shown in a 87 vs B9 (or
51 vs Bé) plane, and the region bounded by the loci of points at which
cosBj/cosBy = 0.72 is indicated. This ratio is proposed by DeHaller
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(Reference 11) as the limit of operation without wall stall. Design
values of this ratio for allkbléde rows fall in or near the region of
potential wall stall. Becauée these blade rows were designed as exten-
sions of the state-of-the-art, it is not unusual that they fall in this
region. Of course, the employment of slots and the use of wall boundary

layer removal were expected to reduce the onset of wall stall.

The controlling influence of the flow in the wall region may be
illustrated by comparing the hub, mean, and tip section ld?dings and
their relative rates of loading increase as the various slotted blade
stages were operated at a constant rotor speed. The hub (907% of span)
and tip (10% of span) diffusion factors are presented in figures 20
through 26 as functions of the midspan diffusion factor for the six
slotted blade rows. The data for slotted Rotor 1 (figure 20) indicate
that at low loading (stage throttle valve is wide open) the spanwise
loading distribution is fairly uniform, with the hub loading slightly
greater than that at midspan and the tip loading slightly greater than
that of the hub. As the stage is back-ﬁressured with the throttle valve,
the midspan, hub, and tip diffusion factors all increase by approximately
the same amounts, as evidenced by the slope of both the hub and tip
characteristics being close to 1.0. As loading ié further increased,
however, the slope of these curves also increases, indicating that a
greater portion of the additional loading is being imposed in the wall
regions. In the case of slotted Rotor 1, this trend is especially
noticeable in the hub region. The existence of the relatively high
loss regions near the walls, previously noted, causes a reduction in
the blade discharge velocity in these regions'and thereby leads directly
to increased 1oading,'as indicated by the diffusion factor. Coﬁtinuity
of flow necessitates higher velocities in the midspan section at the
rotor discharge, thus tending to lower the blade loading. Because the
blade element loss coefficient is, to a first order approximation,
dependent upon the diffusion factor, the wall losses are further in-
creased and the midspan losses decreased. This progression, ultimately
leading to the stalling of the stage, is defined as wall stall (Ref- .

erence 12).

In the case of slotted Rotor 2 (figure 21), the hub and tip char-

acteristics are slightly different from those of slotted Rotor 1. "As
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in the former case, the hub section loading rises at a greater rate

than that at midspan; however, the tip characteristic displays a tendency
toward a lower slope as stall is approached. This tendency is caused

by the hub high~loss region becoming so large as to start unloading the
tip region in addition to the midspan region. The wall regions at both
hub and tip of slotted Rotor 3 (figure 22) progress into stall simul-
taneously. This trend was augmented by the midspan blade element
matching because the midspan was close to reference incidence as the hub
and tip stalled. It may be noted that the slope of these curves is
becoming almost vertical at stall; thus further increases in overall

rotor loading are being borne entirely by the wall regions.

The characteristics of the three slotted stators were strongly
influenced by the flow field of the Flow Generation Rotor, as shown
in figure 23, The FGR shows a strong tendency to stall at the tip. At
the hub, the unloading tendency noted at the tip of slotted Rotor 2 is
again evident. The performance of the slotted stators is affected by
the flow distribution leaving the FGR because the stator incidence in-

creases downstream of a stalled region of the rotor.

All three slotted stators (figures 24 through 26) have steep tip

characteristics at stage stall, reflecting the condition of the tip

flow leaving the rotor. The hub section of slotted Stator 2 has a
negative slope,largely due to an unexplained reduction in loss as

incidence increased.

The fact that these characteristics are related to the spanwise
matching of blade elements within a blade row and of the relative
matching of blade rows is evident in figure 25. The data for the test of
slotted Stator 2 with slotted Rotor 3 indicate a more orderly uniform
approach to stage stall than do the data with the FGR. This may be
attributed to the relative balance between hub and tip noted for slotted
Rotor 3 while the FGR had a markedly stalled tip section.

Viewed collectiveiy, these data indicate a general trend toward
high wall loading and low midspan loading that is attributable to the
low velocities near the walls as a result of losses considerably higher
than the design losses. The design losses were predicated on the achieve-

ment of quasi-two-dimensional flow through the use of the slots and the
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employment of boundary layer bleed. It is evident from these data that
improvements in the boundary layer bleed and increased slot effectiveness
in the wall region are required to permit attainment of the design loss

distribution.

Comparisons of Unslotted and Slotted Blading Performance at Minimum Loss

The minimum loss coefficient or reference incidence angle performance
of the slotted blading is presented in figures 27 and 28. The data were
derived from curves of loss coefficient, deviation, and diffusion factor
representing the data at and below the corrected wheel speeds listed in
table II. A complete summary of these minimum loss data is contained
in Appendix B for reference if required. The form of this presentation
has been made similar to that used in figure 192 of Reference 9, and
the NASA data presented in the referenced figure have been included in
figures 27 and 28 in the form of a dashed curve representing the NASA
2D cascade cqrrelation and an outlined region representing the envelope
of the data for 22 NASA stages. In this way, the NASA compressor stage
experience and correlated cascade data may be conveniently compared

with the results of this program.

All of the rotor data are within the region of experience with un-

slotted rotors except that the midspan of slotted Rotor 3 exceeded the

highest loading for which data are presented in Reference 9. The value
of the loss parameter (0.023) attained at this loading (D = 0.6) rep-
resents some cause for optimism concerning the performance of highly
cambered and loaded slotted blading because it indicates performance

on the low-loss side of an extrapolation of the data band of Reference 9.
It is also evident that the low loss parameter associated with slotted
Rotors 1 and 2 in the midspan region, when compared with the data of
Reference 9, further strengthens the conclusion that the slots may be
producing a beneficial effect on loss in the absence of large secondary

(wall) flow effects.

The data representing stator hub performance (figure 28) indicate
losses substantially above the reference level with the exception of
that for the slotted Rotor 3/slotted Stator 2 test. Stator tip losses
are large and the data exhibit a high degree of scatter, making com-

parison with the extrapolation of the data of Reference 9 difficult.

20



It is certain, however, that no benefit from the slots is evident at the
stator tip as well as the stator hub. As in the case of the rotors, the
midspan performance is noticeably better than that in the wall region.
Of the three slotted stators, Stator 2 produced the best performance.
The loss data representing the tests of slotted Stator 2, both with
slotted Rotor 3 and with the Flow Generation Rotor, are slightly below

the region of Reference 9 data.

Taken collectively, these minimum loss coefficient data indicate
the slotted rotor performance to be generally typical of unslotted
rotors in the tip and hub regions and slightly better than unslotted in
the midspan region. $Similarly, the slotted stators show better than
average (unslotted) performance at midspan with progressively poorer
performance at the tip and hub,respectively. Both rotors and stators
display strong spanwise performance gradients with poor performance
near the walls and good midspan performance. At midspan, some indica~
tions of performance improvement due to the slots are observed, but
clear conclusions cannot be drawn until the wall region performance is

improved and higher loading achieved.

Comparisons of Slotted and Unslotted Blade Incidence Range

The range of incidence angles over which a blade element is capable

of unstalled operation i1s a highly significant variable because it

directly affects the compressor stall line and indirectly, through

stage matching compromises, affects compressor efficiency. The slot was
expected to permit a blade element to operate unstalled at higher incidence
angles than the unslotted blade and thus result in increased range of
operation. During operation at negative incidence angles, the slot flow
could tend to have a detrimental effect on the flow over what is normally
the pressure surface of the airfoil and may promote separation and reduce
operating range. This effect was expected to be minor because of the

small pressure difference available to produce a slot flow at low incidence
angles and because the orientation of the slot is unfavorable to the pro-
duction of slot flow under this condition. Hence, the net effect of the
slots was anticipated to be an increase of range and a displacement of

the operating range to higher incidence and thus to higher diffusion

factor.
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The determination of the effect of the slots on operating range is
difficult because of the lack of comparative data for unslotted blades
operating in compressor stages. For this reason, the comparison pre-
sented herein is with the range predicted for unslotted blading by a
proprietary P&WA correlation of compressor cascade data. A limited
amounf of available unslotted blade element data for the contract
blading is also included to provide information on differences between
cascade and stage data as well as direct comparison between slotted and
unslotted blading. Operating range has been defined, for this comparison,
as the incidence range in which the loss coefficient is within 0.04 of
the minimum value at a constant relative inlet Mach number, AThe mean
value of this Mach number for each speed line was used for the stage

blade element data at each spanwise location.

The cascade prediction and the range data for slotted Stator 2 at
50% of span are presented in figure 29, which illustrates this comparison.
The ordinate scale is the blade element incidence range as defined in
the foregoing paragraph. The trend toward decreasing range as relative
inlet Mach number is increased is apparent from these data and is
closely that predicted from the cascade data. The scatter in the data
is, however, sufficient to make a conclusion as to the effect of the

slot on range difficult in this case.

Similar information for all configurations for which a cleariy
defined incidence range was discernable from the data (without extrapola-
tion) is summarized in figure 30. Although the range itself is strongly
dependent upon relative inlet Mach number, it may be noted from this
figure that the difference between the observed (data) and predicted
(cascade) ranges is not Mach number dependent. Furthermore, no correla-
tion of this difference with spanwise location is apparent from the
limited data available., The average difference between the observed and
predicted range is +1.3 degrees, indicating a larger range for the slotted
blading than predicted from unslotted cascade results. The unslotted
blade data from this program,although sparse, average 0.7 degree larger
range than the cascade prediction. Thus, both exhibit more range than
predicted and the slotted blading shows 1/2 to 1 degree larger range than

the unslotted blading. The result cannot be construed as conclusive, how-
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ever, because of the data scatter apparent and the paucity of unslotted

blade data directly comparable with that of the slotted blades.

Performance of Stator 1 With and Without Slots

Stator 1 was used in three of the six stages tested in this program
and is the only blade row which was operated extensively both with and
without slots. For this reason, the most direct determination of the
effect of the slots is available through analysis of Stator 1 performance.

The three stages to be considered are:

IGV and Rotor Stator

Slotted Rotor 1 Stator 1 (Unslotted)
Slotted Rotor 2 Stator 1 (Unslotted)
Flow Generation Rotor (FGR) Slotted Stator 1

The two sets of blade element data for Stator 1 without slots differ
considerably because of the different inlet flow field generated by
slotted Rotors 1 and 2. The selection of the data to be compared
with the slotted stator data was based on the similarity of stator
incidence and Mach number and in the radial gradients of these two
quantities. The stator incidence and Mach number distributions are
given in figure 31 for these three stages at their design rotor speed
and near zero incidence. It is readily observable that the incidence
and incidence gradient of the unslotted stator during the test with
slotted Rotor 1 closely corresponds to that of the slotted stator during
tests with the Flow Generation Rotor. The maximum difference is only
about one degree. During the test with slotted Rotor 2,a substantial
gradient of stator incidence is noted, with the hub and tip region about
eight degrees of incidence closer to stall than the midspan blade element.
This marked difference in incidence distribution is expected’to have a
strong influence on the radial flow and loading distribution and thus will
complicate comparisons with the slotted stator. The inlet Mach number,
while of less importance, also indicates that the most direct comparison
of slotted stator performance is with the unslotted data of the test
with slotted Rotor 1. For these reasons,the comparison is made between

these two data sets.

The radial distributions of loss coefficient, deviation angle, and
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diffusion factor are presented in figure 32 for Stator 1 both with and
without slots. The data points used for this comparison were selected
at different inlet corrected airflows to produce a stator incidence
angle close to zero in both cases. The loading and deviation distribu-
tions are substantially the same; however, the loss coefficient of the
slotted configuration is substantially lower (0.05 vs 0.13) than that of
the unslotted blade in the midspan region. These.data provide a direct
measure of the beneficial effect of the slots because of the similarity
of the inlet Mach number, incidence;and loading. Near both walls (10
and 90% of span) this improvement in performance due to the slots is

not evident and the loss levels are virtually identical.

A second comparison of blade element performance for this stator
in these two stages was made near stall and is presented in figures 33
and 34. The incidence angles for the two data sets are not as well
matched as those near zero incidence but only diverge near the hub.
The loading and loading distribution, an important factor, are nearly

the same; higher deviation is noted for the slotted blade near the walls,

particularly the hub. This trend toward high deviation for the slotted
blade is also evident at the lower incidence angle (figure 32). At
midspan, a small improvement in deviation is evident. The midspan loss
of the slotted configuration is signficantly lower than that of the

same unslotted blade, confirming the midspan improvement shown at the

lower incidence of figure 32. At the walls, this improvement was not

realized.

In analyzing the data for these tests as presented in the data and .
performance reports, it was found that the blade element loading tended
to be inconsistent with the turning, incidence, and loss coefficient.
These inconsistencies are attributable to the measurement of static
pressure and are also manifested in differences between the measured
and integrated weight flows, as noted in these feports. The diffusion
factors used in the foregoing comparisons were determined by scaling
the velocities at the stator inlet and discharge as required to match
the integrated flows with the measured flows. 1In scaling the vector
diagrams, it was assumed that the density remained constant and that

the stator inlet and discharge air angles were unchanged. The axial
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velocities were then changed in the ratio of the measured flow to the

integrated flow.

Comparison of Annular Cascade and Single-Stage Testing

The data from the annular cascade tests of slotted blades (Ref-
erence 2) provided clear evidence of the ability of slots to reduce
the loss coefficient, The best slot configuration was found (figure 35)
to reduce the midspan loss coefficient from a value of 0.071 (unslotted)
to a value of 0.012 (slotted). With these data in mind, dramatic changes
in performance were expected for the slotted blade compressor stages.
In fact, the observed performance of these stages is not primarily con-
trolled by the effect of the slot, but rather, the effect of the slot is
quite tenuous. The preceding portions of this discussion of slotted
blade element performance have shown that the slots do tend to increase
the blade unstalled operating range and reduce the minimum loss coefficient.
Further noticeable improvement has been shown for slotted Stator 1 com-
pared with the same stator without the slot. These beneficial effects,
however, have been noted in the midspan region but not at the walls.
Furthermore, it has been noted that very large losses were incurred in
.the wall region in spite of the employment of boundary layer bleed on
rotor tip and stator hub and tip walls. Thus the favorable performance
of the slots in the cascade is similar to the midspan effects noted-
during the test of the single-stage compressor. A comparison of the

slotted and unslotted annular cascade and Stator 1 data at midspan is

presented in figure 36 in the format used for figures 27 and 28. Both
sets of data show substantial improvement, in the form of reduced losses,
due to the slots. The magnitude of the improvement shown for Stator 1 '
exceeds the improvement of the annular cascade slightly. However, the
losses of the unslotted stator were much larger than those of the un-
slotted annular cascade blading, and thus the percentage change is not

so great as for the cascade blade.

The fact that the annular cascade data qualitatively forecast the
results of the stage test of slotted blades at midspan may be expected
because of the geometric similarity. It is equally obvious that the
blade elements in the compressor wall regions were not beneficially
affected by the slot and thus that the cascade test was not typical of

this region.
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This may have resulted from the selection of the chordal location
of the slots in the subject blade rows on the basis of the annular (mid-
span) cascade data. The influence of the secondary flow on the performance
of compressor blading in the wall region has been widely documented (e.g.,
References 11 and 12) and leads to separation in the corner between the
wall and blade suction surface. This separation is shown in figure 37,
which presents a lampblack trace of the boundary layer flow in cascade.
In figure 37, the separation is shown to occur on the suction surface
at about 30% of chord at the wall and to progress somewhat linearly to
the trailing edge at midspan. This results in the possibility that the
chordal location of the blade slots for these tests was correct to
suppress separation in the midspan locations because the location was so
defined by the annular cascade tests. Under the influence of the secondary
flow, however, the separation point was forced much closer to the leading
edge in the wall region. The slot, at the same chordal position as at mid-
span, was consequently located well behind the separation and was in-

effective.

Stalled Operation of Slotted Rotors

The stall of these stages was characterized as an abrupt development
of a single rotating stall cell, as described in References 3 and 4.
This cell comprised approximately one-half the flow annulus and rotated
at 20% of the rotor speed relative to the compressor case. This relatively
low angular velocity implies a relatively high angular velocity of the
stall cell relative to the rotor blading (i.e., 80% of wheel speed).
Following the onset of rotating stall, the pressures within the compressor
become highly nonsteady, indicating that flow reversal (surge) probably
occurs. High stresses were developed at this time, thus precluding
steady-state stalled operation of the compressor rig. The abrupt stall
may be a characteristic that is accentuated by the blade slots because
the presence of the slot will tend to surpress separation on the blading
until, at high loading, the separation point finally moves upstream of
the slot, at which time the slot loses its effectiveness and the blade

operates like an unslotted blade in deep stall.

26



CONCLUDING DISCUSSION

The discussion of the results of this program leads to three major

conclusions.

First, it may be concluded that the slots are capable of reducing
the loss incurred by highly cambered blades in the midspan region.
This conclusion is based on (1) the results of the annular cascade

tests, (2) the comparison of data with and without slots for Stator 1,

and (3) the comparison of loss parameter, as a function of loading, for
the slotted airfoils and the experience level reported in Reference 9

for unslotted blades.

The second conclusion is that a trend toward a larger unstalled
operating range for slotted blades than for conventional blades is
evident from these data, The uncertainty in establishing the unstalled
operating range of a blade element from the data is of the same order of
magnitude as the improvement and, thus, a statistical evaluation of this
potential benefit is required. Although the unstalled operating range
of the slotted blading of this program averaged 0.6 degree more than the
unslotted, the number of data points available was not sufficientiy large

to permit a definite conclusion,

The third conclusion is that the secondary flow and associated
wall stall were major factors in the performance of -all of the program
blade rows. High losses were incurred near the walls, probably as a
result of substantial suction surface separation, and the slots had no

apparent beneficial effect in this region, nor did the wall boundary

layer bleed. This poor performance in the wall region led to radial
flow components toward midspan and unloaded the center section of the
blading, thus preventing achievement of the program goals with regard

to loading level. The classical effect of the secondary flow is to
induce separation in the corner formed by the suction surface and the
wall. Because the slot location was based on midspan data from the
annular cascade tests, it is likely that the slot was behind the separa-

tion point near the wall and was not effective for this reason.

The poor performance in the wall region was probably enhanced by

the selection of anticipated losses during the design phase. This
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selection was based on achievement of low (slightly above cascade)

losses as a result of the slots and the use of boundary layer bleed to
effectively eliminate wall induced losses., .As a consequence, insufficient
blade camber was present in the wall region to maintain a relatively
uniform total ‘pressure profile for the level of end wall losses that
actually occurred. The occurrence of a relatively low préssure rise

at the walls led to low flow and high incidence and thus had a compounding

effect on loss.
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Figure 9. Inlet Guide Vane-Slotted Rotor Overall Performance;
100% Design Equivalent Rotor Speed; Comparison of
Vand 7 vs ¢ for All Slotted Rotor Configurations
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Axial Velocity Ratio and Deviation for Slotted
Rotors; 1007 Design Equivalent Rotor Speed

Figure 10.

at Midspan
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Figure 11.

Stage Overall Performance Data, 100% Design
Equivalent Rotor Speed; Comparison of V¥ and
Nvs ¢ for All IGV-Flow Generation Rotor-
Slotted Stator Configurations
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Figure 12. Blade Element Performance, Slotted Rotor 1
Composite Data for Design Speed at Design
Incidence

40



i

Fi3

Sasareit

b

Blade Element Perfofmance, Slotted Rotor 2
Composite Data for 70% of Design Speed at

Design Incidence

Figure 13.
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Figure 14. Blade Element Performance, Slotted Rotor 3
Composite Data for 907% of Design Speed at
Design Incidence
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Figure 15. Blade Element Performance, Slotted Stator 1
Composite Data for Design Speed at Design
Incidence
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Figure 16. Blade Element Performance, Slotted Stator 2
Composite Data for Design Speed at Design
Incidence ‘
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Blade Element Performance,Slotted Stator 3

Figure 17.
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Composite Data for Design Speed at Design
Incidence
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Comparison of Slotted Blade Designs With

DeHaller Wall Stall Criterion

Figure 19.

&7



Figure 20, Hub and Tip Diffusion Factor as a Function of
Midspan Diffusion Factor - Slotted Rotor 1,
Design Speed
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Figure 21. Hub and Tip Diffusion Factor as a Function

of Midspan Diffusion Factor - Slotted Rotor 2,
70% of Design N/V
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Figure 22, Hub and Tip Diffusion Factor as a Function
of Midspan Diffusion Factor - Slotted Rotor 3,
907% of Design N//§

50



Hub and Tip Diffusion Factor as a Function

Figure 23.

Rotor (Slotted Stator 3 Test), Design N/\/§

of Midspan Diffusion Factor - Flow Generation
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Hub and Tip Diffusion Factor as a Function of

Figure 24,

Midspan Diffusion Factor - Slotted Stator 1,

Design Speed
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Figure 25. Hub and Tip Diffusion Factor as a Function
of Midspan Diffusion Factor - Slotted
Stator 2, Design Speed
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Figure 26. Hub and Tip Diffusion Factor as a Function of
Midspan Diffusion Factor - Slotted Stator 3,
Design Speed
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Figure 27. Rotor Blade Element Performance Comparisons
at Minimum Loss
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Figure 28. Stator Blade Element Performance Comparisons
at Minimum Loss
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Figure 31,

Inlet Conditions to Stator 1 for Tests With
and Without Slots - 100% NA/ g Design

59



Figure 32. Comparison of Performance of Slotted and
Unslotted Stator 1 - Incidence Angle
Approximately Zero
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Inlet Conditions to Stator 1 for Tests With
and Without Slots - 100%N/V Design Near

Stall Incidence

Figure 33.
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Figure 34,
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B, = 60°, ¢ =45°, g=1.87,

.
3

Flow Pattern for NACA 4-Digit Series Airfoil
My = 0.332

Figure 37.



APPENDIX A

Information relating to the design geometry and design vector
diagrams 1is tabulated in this appendix. The order of presentation
is:

Rotor 1

Rotor 2

Rotor 3

Stator<l

Stator 2

Stator 3
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APPENDIX B

The composite blade element performance at 10, 30, 50, 70, and 90%
of span at the point of minimum loss is presented in this appendix in
figures B-1 through'B—6. The performance is denoted as the incidence
angle, diffusion factor, deviation angle, and loss coefficient. It
should be noted that the éonditions so described do not simultaneously
occur, and the plotted points have not been joined by curves to remind

the reader of this fact.

73



Composite of Blade Element Performance for

Figure B-1.

Slotted Rotor 1

Reference Incidence -
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Figure B-2.

Composite of Blade Element Performance for
Reference Incidence - Slotted Rotor 2
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Figure B-3.

Composite of Blade Element Performance for
Reference Incidence - Slotted Rotor.3
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Figure B-4. Composite of Blade Element Performance for
Reference Incidence - Slotted Stator 1
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Figure B-5. Composite of Blade Element Performance for
Reference Incidence - Slotted Stator 2
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Figure B-6. Composite of Blade Element Performance for
Reference Incidence - Slotted Stator 3
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GENERAL NOMENCLATURE

©2]

<R E g d 1

o

2

5°
Ah

Nad

APPENDIX D

DEFINITION OF SYMBOLS

Flowpath anﬁular area, in.z

Chord length, in.

Specific heat at constant pressure, Btu/lb,°R
Diffusion factor

Gravitational constant, 32.2 1b, ft/lbg sec?

Incidence angle, deg (based on equivalent
circular arc meanline)

Mechanical equivalent of heat, 778.2 ft-lbf/
Btu

Absolute Mach number
Minimum blade passage gap, in.
Critical blade passage gap, in.

Total pressure, lbf/in.2

Static pressure, 1bf/in.2

Pressure equivalent of the velocity head,
lbg/in.2

Blade spacing, in.

Blade span, in.

Blade maximum thickness, in.

Total temperature, °R

Rotor speed, ft/sec

Velocity, ft/sec

Actual flowrate, 1b /sec

Air angle, deg from axial direction

Ratio of specific heats

Blade-chord angle, deg from axial directiomn.

Ratio of total pressure to NASA standard sea
level pressure of 2116 psf

Deviation angle, deg
Specific enthalpy rise, ft 1bg/lb,
Adiabatic efficiency

Ratio of total temperature to NASA standard
sea level temperature of 518.7°R
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K Blade metal angle, deg from axial direction
(based on equivalent circular arc meanline)

p Density, 1bm/ft3
Solidity, c¢/S
¢ Blade camber angle, K; - Kg, degjor flow
coefficient V,q/U
w Loss coefficient . y-1
T T [(PZA T,
- gcp std Po
¥ Pressure coefficient, >
i u
m
Subscripts: 8
0 Guide vane inlet
1 Rotor inlet
2 Rotor exit
2A Stator exit
3 Stator exit (1.0 chord length downstream from
Station 24)
£ Force
h Hub
m Mean or mass
t Tip
z Axial component
] Tangential component
Superscripts:
! Related to rotor blade
- Mass average value

B. SLOT NOMENCLATURE

Ay Siot throat area, in.2

R Coanda radius, in.

RP Pressure surface edge radius, in.

r] Slot leading edge radius, in.

1)) Slot trailing edge radius, in.

t Blade thickness at intersection of slot

centerline and mean camber line, in.

Y1 Slot capture dimension, in.
Yo Slot throat dimension, in.
' Angle formed by slot centerline and mean

camber line, deg
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