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SUMMARY

An experimental investigation was conducted with an 0.8 hub/tip ratio,
single-stage, axial flow compressor to determine the potential of tandem=airfoil
{two airfolls in series) blading [or improving the efficiency and stable operating
range of compressor stages, The Investigation was conducted in two phases,
designated Tasks I and III of Contract NAS3-11168, and included testing of five
individunl stupes, :

A highly loaded baseline stage, with conventioral single-airfoil blading, i
and two tandem=-airfoll stages were designed and tested during Task I. The i
tandem-airfoll stages differed by the loading split between the front and rear

airfolls of the rotor, but utilized the same tandem stator. All three rotors were

designed to produce a pressure ratio of 1. 32 at a rotor tip velocity of 757 ft/sec.

The design stage pressure ratins were 1.30. The predicted rotor and stage

adiabatic efficiencies were 90.8% and 85, 4%, respectively, for all three stages,

Both tandem rotors demonstrated higher pressure rise and efficlency than the

conventional single-airfoil rotor; however, all three stages failed to achieve

their design pressure ratio at the design flow. The higher pressure rise for

the tandem rotors was primarily attributed to higher turning for the tandem

rotors. Tandem Stage C, whiiii included a rotor with a 50-50% loading split

between the airfolls in tandem, matched the design efficiency and was within

4. 5% of the design pressure rise (AP/P) at design speed and flow. The effi-

ciency of the other tandem stage, which included a rotor with a 20~80% loading

split, and the efficiency of the conventional stage were both approximately 8 per-

centage points below the design value, The poor performance of the conventional

stage was caused to a large extent by high losses near the walls, The superior

performance of Stage C Indicates a definite effect on performance due to rotor

loading split,

No improvement in the operating range between peak efficiency and incip-

-4ant surge was noted for the tandem=-bladed stages. Thus, the hypotheses that
the tandem blades should have a larger opersating range than conventional blading
and that tandem configurations designed with the majority of the loading on the
rear airfoil should have a larger operating range than one with equal loadings
were not substantiated. The failure of the tandem blades to improve the op-
erating range apparently resulted because, contrary to the theoretical calcula-
tions, the rear airfoil loading did not remain constant as the incidence angle

(l, e., loading) on the front airfoil was increased, In fact, the loading on the
rear airfoil actually decreased, and the overall loading remained essentially
constant above the design incidence angle. This observation is based solely on
loading characteristics determined from pressure and suction surface static
pressure measurements for the tandem~-airfoil stators.

Based on the higher rotor pressure rise and efficiency demonstrated by
the tandem rotors durlng Task I, a eecond investigation was initiated to evaluate
the potential of tandem blading for improving the performance of a more mod-
erately loaded stage not designed with high work input near the walls to offset
the high losses and the associated three-dimensional flows in these regions. A
conventional stage and a tandem-bladed stage were designed and tested during
this second investigation. A study was performed to select a design pressure
ratio and radial work gradient, which resulted in the maximum rotor and stator



loading levels consistant with good performance, Based on this study, the rotors
were designed for a p:-:ssure ratlo of 1,28 at a tip speed of 757 it/sec, with a
uniform work input at all radii, us compared to a pressure ratio of 1,32, with
higher work input near the walls for the Task I blading. The Task III stage
design pressure ratios were 1,26, The predicted rotor and stage efficiencies

for Task III were 89.9% and 84, 8%, respectively. Because of the large inlet
boundary layer noted during the Task I testing, the inles total pressure gradient,
with the resulting velocity gradient, and the effects of axial velocity ratio and
secondary flow on blade row performance were accounted for during the design
of the Task Il blading,

: The conventional astage tested durilng Task III achieved its design pressure
ratio and efficlency at the design polnt, whereas the tandem-bladed stage tested
during Task 1II exceeded the design pressure ratic but was 1,5 percentage points
below the design efficiency at the deslgn polant. in accordance with the Task I
results, the Task III tandem rotor had a higher pressure rise and efficiency than
the conventional rotor at the design point, and the operating range between peak
efficiency and incipient = ge was approximately the same for both the tandem
and conventional stage.

Even though the tandem rotors demonstrated a highar pressure rise capa-
bility than the conventional rotors, the level of improvement over that obtainable
with a well-designed conventional stage does not appear to justify the added cost
and complexity associated with the tandem blades. The same result might have
been achieved by simply adding camber to the conventional type rotora.

© 7 The fact that the Task III conventional stage designed to match the actual

inlet velocity zradient and to include the effects of secondary flow and axial
velocity ratio came much closer to achieving its design objective than the Task I
stage is at least partially attributable to the technique used to design this stage,
However, the complexity associated with manufacturing the blade ead-bends that
result from this technique may not be warranted unless the losses attributable
to the end wall boundary layer are extremely high.

Both of the Task III stages were tested with hub radial, tip radial, and
90-deg circumferential distortion of the inlet flow. Hub radial and circumferen-
tial distortion generally had less effect on the performance of the stages than
did tip radial distortion, which substantially reduced their performance relative
to uniform inlet test results. No improvement in the attenuation of either radial

" or circumferential distortion was noted for the tandem-bladed stage.




INTRODUCTION

Advanced aircraft turbojet propulsion systems will require lightweight,
highly loaded, axial flow compressors capable of achieving high efficiency over
a wide range of operating conditions. Axial flow blower experience has indiesm ::3
that tandem blading can be successfully employed to extend the efficient opera:fv.
range of compressors, In 1955, H. E. Sheets (Reference 1) reported excellent
efficiencies for a highly loaded, axial flow blower comprised of a tandem~blade
rotor, Favorable results were also reported by H, Linnemann (Reference 2)
based on a series of axial flow blower tests involving both tandem-hlade rotors
and stators. These results indicated that the tandem blading produced a better
efficiency at a higher pressure ratio than that of equivalent conventional blading.
Analytical studies of the effects of geometric and aerodynamic changes on the
flow characteristics of tandem-airfoil stators, performed by N. L, Sanger at
the NASA-~Lewis Research Center and reported in References 3 and 4, also showed
that most tandem configurations had lower losses than those calculated for a

comparable conventional stator,

In principle, tandem blading offers improved performance over conven-
tional blading by distributing the overall blade row aerodynamic loading between
the airfoils in tandem. A new boundary layer is also begun on each airfoil, and
the front airfoil provides control of the inlet alr angle to the rear airfoil at off-
design conditions. Thus, ae shown in Reference 4, changes in overall incidence
angle ~hould result in significant increases in loading across the front segment.
The «%+ 2, tandem configurations designed with the majority of the loading on
th+. .égax airfoll should result in the largest operating range, since the rear air-
foit loading remains essentially constant as the front airfoil loading increases
with incidence angle until the loading limit (l.e., flow separation) is reached on

the front airfoil.

This experimeania: program was initiated to evaluate the effectiveness of
tandem airfoils as a means of improving the efficiency and stable operating
range of compressor blade rows, The program was conducted under Tasks I
and 111 of Contract NAS3-11158. Task I involved the design and test of a highly
loaded, corventional, single-airfoil rotor and stator; two tandem-blade rotors;
and a tandem-blade stator. The tandem=-blade rotors differed by the loading
split between the two alrfoils in tandem. Task Il entailed the design and iesting
of a more moderately loaded, conventional, single-airfoil stage and a tandem-
bladed stage. Because of the large inlet boundary layer noted during the Task 1
testing, the Task 11l design procedure accounted for the inlet total pressure
gradient, with the resulting velocity gradient, and the effects of axial veiceity
ratio and secondary flow on blade row performance. Within each task, the blade
row leading and trailing edge metal angles for the conventional and tandem-b!ade
rows were identical. A summary of these stages and their design intent is pro-
vided in table I. o

The aerodynamic and mechanical designs of the Tasks I and III blading are
presentad in References 5 and 6, respectively. Performance data, as well as
discussion of the test equipment and procedures, idre presented in fieferen~es 7
through ¢ for the Task I blading and in References 10 and 11 for t™ ~ Task Il
blading. Parts I and II of this report summarize the results obtained during
Tasks I and III, respectively, and discuss these results relative to the program

goals,



Table 1. Summary of Compressor Stages

Stage

Task
I A
I B
1 C
I D
1 E

Tandem Rotor

. Depign Diffusion Factor,*
Blading Tvpe - Pressure Ratio . Rotor Stator Loading** Split -
Conventional 1. 30 0. 522 0.511 —
Tandem 1.30 0.522 0. 511 20% - 80%
Tandem 1.30 0. 522 0.511 50% - 50%
Conventional 1.26 0. 504 0.462 -
Tandem 1.26 0.504  0.462 50% - 50%

*Rotor and Stator diffusion factors are quoted for 10% and 90% span from the tip,

respectively.

**Loading is defined as the tangential lift produced by the afrfoil.

Part III discusses and evaluates: (1) the differences in the techniques

used to design the Tasks I and III blading; (2) front-to-rear airfoil loading
characteristics of the tandem stators with changes in front airfoil incidence
angle; and (3) effects of inlet distortion on the tandem-bladed stages.




PART |

‘This portion of the report su.nmarizes the work performed under Task 1.
A conventional, single-airfoil rotor and stator (Rotor A and Stator A); one tandem-
airfoil rotor with 20% of the overall loading on the front airfoil (Rotor B); a
tandem-~airfoil rotor with equal loading on each airfoil (Rotor C); and a tandem-
airfoil stator (Stator R} intendzd for use behind each of the tandem rotors were
designed and tested during Task I, Stator B was designed to provide the maxi-
mum differential in loading between the front and rear airfoils without exceeding
a2 maximum suction surface-to-exit velocity ratio of 1.8, TFor the purposes of
this report, loading was defined as the tangential lift produced by the airfoil.

SUMMARY OF STAGES A, B, ANDC
Seléction of Design Vector Diagrams

The selection of the design vector diagrams for Stages A,ﬂ B, and C was
accomplished within the range of the design guidelines given in table 11,

Table Il. Design Guidelines

Rotor Tip Diameter
Hub=Tip Ratio

Rotor Tip Speed

Rotor Tip Diffusjon Factor
Rotor Tip Solidity

Stator Hub Diffusion Factor
Stator Hub Solidity

30 in, (minimum)
0.7t00.8
800 fps (maximum)

Less than 0,55 - e e

1.4to 1.5
Less than 0.60
1.5 or greater

In a:iﬂdi,ition to tire guidelines specified in table 1II, the following criteria

- were specified for the design:

1. No inlet guide vanes (axial inlet flow)

2. Radially constant rotor inlet and rotor exit total pressure

3. Axial stator discharge flow

4, Common flowpath geometries for all siages

5. Double zircular arc blade sections.

To ensure a valid comparison between the conventional Stage A and the
tandem-blade stages, the vector diagrams selected for Rotor and Stator A were
used in the design of the tandem blading.

The vector diagram values were calculated by means of an iteration using

an axisymmetric ilow field calculation and selected loss correlations (Refer-

ence 5). The calcutation procedure solved the continuity, energy, and radial
equilibrium equations, which included the effects of streamline curvature and
radial gradients of enthalpy and entropy. The iteration was terminated when

the following groundrules had been satisfied: (1) rotor overall pressure ratio

was 1, 32; (2) rotor exit total pressure was constant gpanwise; (3) rotor and

stator diffusion factors at tip and hub, respectively, were less than values
specified in table II; and (4) stator exit flow angle was axial across the span. . -

R
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The flowpath used for this investigation is shown in figure 1. The flow-
path selection was governed by existing hardware, For the design vecior dia=
gram calculations, blockage allowances of 2%, 5%, and 5% of local annulus area
were assumed at the rotor inlet, rotor exlt, and stator exit, respectively, to
account for boundary layer growth on the ﬂowpath walls, A rotor tip inlet Mach
number of 0. 8 and a specific flow of 33 Ib/sec~ft2 (based on annulus area) were
selected as representative of design practice for compressor middle stages. A
summary of the vector diagram calculation results along the design streamlines,
vhich were selected to pass through 5, 10, 15, 30, 50, 70, 85, 90, and 95%
span at the rotor exit instrumentation station, is presented In tables Il and IV
for the rotors and statorg, respectively. The predicted rotor pressure ratio
and adiabatic efficiency we:e 1. 32 and 90, 8%, respectively, at 2 design rotor
tlp speed of 757 ft/sec. The predicted pressure ratio and efficiency for the
stage at design rotor speed were 1.30 and 85, 4%, respectively.

Selection of Blade Geometry

Circular-arc airfoil sections were selected for the rotor and stator blading
- to be consistent with the Reference 3 studies, Design incidence (minimum loss)
and deviation angles for the conventional blading of the baseline Stage A were
calculated using equations 286 and 287 of Reference 12. The three~dimensional
corrections for incidence and deviation angles were omitted from these equa-
tions

To ensure interchangeability with the single-airfoil blading of Stage A,

_ radial distributions of overall axial chord for tandera-blade Stage B (Rotor B -
Stator B) and tandem blade Stage C (Rotor C- Stator B) were made identical

to those for the Stage A blading. Similarly, the individual atrfoil maximum
thickness-to~chord ratio for each of the tandem~blade airfoils were made identi-
cal to the correspunding values selected for the Stage A blading, The individual
airfoil chords for the tandem blades were arbitrarily set equal. The rotor
camber angles were selected to provide the prescribed distribution of loading
between the front and rear airfoils (20-80% for Rotor B and 50-30% for Rotor C),
The Stator B camber angles were selected to provide a maximum differential in
loading between the front and rear airfoils without exceeding a maximum suction
surface-to-exit velocity ratio of 1.8 on the rear airfoil. For both the rotor and
stator of the tandem~blade stages, the leading edge metal angle of the front air-
foil and the trailing edge metal angle for the rear airfoll were equal to the lead-
ing and trailing edge metal angles, respectively, selected for Stage A, In
keeping with the Reference 3 studies, the individual airfoils were positioned 8o
that: ;

1. There was zero axial overlap of the front and rear airfoils

2, The passage width between the ajrfolls was approxlmately
10% of the front airfoil chord

3. The passage between the airfoils would be slightly convergent
(inlet-to-exit area ratio stightly greater than one).

Details of the Task I blading aerodynamic and mechanical design are presented

in Reference 5, Figures 2 and 3 show the blading designed for Rotors A, B,

and C and Stators A and B, respectively. Tables A-1 through A-5 of Appendix A
present the blade element geometry for each rotor and stator used in the Task I
investigation,
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RESULTS AND DISCUSSION
Performance of Stages A, B, and C

Stage A, with conventional single-airfoil blading, was tested to establish
a performance baseline for comparison with the results of subsequent tests of
Stage B and Stage C, which comprised tandem airfoil rotors and stators. The
overall and blade element performance results, including the effects of loading
split on tandem=-airfoil performance and the effects of tandem=-airfoil blading
on loading limit and stable operating range, are discussed in the following para-
graphs, Descriptions of the compressor test facility, compressor test rig,
instrumentation, test and data reduction procedures, and complete tabulations
of overall and blade element performance data for Stages A, B, and C are
presented in References 7, 9, and 8, respectively,

Overall Performance

‘The overall performance with uniform inlet flow for the single-airfoil and
the two tandem=-airfoil configurations is compared for the rotor in figure 4 and
for the stage in figure 5. As shown in figure 4, both tandem rotors exhibited
higher peak pressure ratio values at each rotor speed than the conventional
single-airfoil Rotor A. At approximately design equivalent rotor speed and flow,
Rotors A, B, and C achieved efficiencies of 83, 84, and 92%, respectively,
compared to the predicted value of approximately 91% for the Task I rotor designs.

As shown in figure 5, all three stages failed to achieve their predicted -
pressure ratio of 1,30 at design flow and rotor speed. Stage C, however, came
within 4. 5% of the design pressure rise (AP/Pj). At approximately design
equivalent rotor speed and flow, the efficiency of Stage C was equal to the
predicted value of approximately 85%, while the efficiencies of Stages A and B
were both 77%. In general, Stage C had the highest efficiency at each rotor
speed tested, and, at the peak efficiency point for design equivalent rotor speed,
all three stages exhibited a surge margin of approximately 18%.

Blade Element Performance for Rotors

As noted in figure 4, all three rotors did not achieve their design pressure
ratio, although Rotor C closely approached its pressure ratio goal and exceeded
its efficiency goal. The radial distributions of loss coefficient and deviation
angle for all three rotors at near design flow and design rotor speed are com=-
pared to the design values in figure 6. The loss coefficient data indicate that all
rotors experienced endwall losses on the order of twice those assumed during the
design. Tandem Rotor C produced lower losses than Rotors A or B, particularly
between hub and midspan, thus accounting for its superior efficiency. Similar
trends are seen in the deviation angle data in that all rotors produced greater~
than-design deviation in the wall region and values nearer to design in the mid-
span region. Rotor C achieved the greatest turning in the midspan region, and
matched its design values very well from 15 to 70% span.



The distributions of loss and deviation angle noted are typical for blading
in a highly loaded or overloaced condition. The superior performance of tandem
Rotor C is attributable to its "cascade' or two-dimensional performance away from
the wall region. In the midspan region, the 50-50% split in design loading between
the tandem airfoils apparently produced the desired improvement in the blade
bhoundary layers and did improve the performance of these elements. In the wall
region, however, no real improvement is noted for the tandem airfoils.

The diffusion factor, work, and exit axial velocity distributions provided-
in figures 7 and 8 corroborate the loss and deviation angle data and show the
resultant high diffusion and low axial velocities in the wall region and the low work
levels, particularly in the midspan region, due to the high axial velocity as the
flow is forced away from the walls.

The differences between the design rotor relative inlet velocity distribu-
tions and the actual velocity distributions (figure 9) may have been partially
responsible for the high losses near the walls, The low velocities near the walls

_resulted in an increase in the rotor relative inlet air angles and caused the rotor
to operate at higher-~than-design incidence angles in these regions (figure 10),
As indicated in Reference 2, high incidence angles can stall the blade sections
near the walls and affect the blade row performance over a large portion of the
blade span. It was also shown in Reference 2 that not accounting for the inlet
velocity gradients near the walls during the aerodynamic design could have
resulted in substantial errors in the prediction of rotor diffusion factors near

design equivalent rotor speed in figure 11 for the hub, mean, and tip {90, 50,
and 10% span) sections of Rotors A, B, and C. The correlation curves from
Reference 5 that were used to design the rotor are included for comparison
with the test data. Near the tip and at midspan the data agree fairly well with
the correlation; however, near the hub higher losses are noted. At the tip and
midspan sections, both tandem rotors tended to produce lower loss parameter
values than the conventional blading for the higher loading levels, an indication
of the ability of tandem blading to extend the loading limit for conventional
blading designs.,

Blade Element Perfiormance for Stators

The stator inlet velocity and incidence angle distributions for approximately
design equivalent rotor speed and flow are shown in figure 12, Stators A, B,
and BC (i.e., Stator B when tested with Rotor C) were operating with less than
design incidence across most of the span due to the combination of high rotor
exit axial velocity in the midspan region and higher-than-predicted rotor devia-
tion angles (figure 6). Although all three rotors exhibited deviation angles
higher than predicted near both walls, the reduction in rotor exit axial velocity
near the walls was large enough to result in higher-than-predicted incidence
angles in the hub and tip regions of Stators A, B, and BC, However, as indi-
cated in figure 13 for 10, 50 and 90% span, the stator incidence angles at design
equivalent rotor speed and flow are within the low-loss incidence operating
ranges for the individual blade elements. The variations in stator inlet condi-
tions, therefore, should not have adversely affected stator performance.
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The blade element performance for Stators A, B, and BC is summarized

in figure 14, which presents the radial distributions of loss coefficient, deviation
angle, and diffusion factor at design incidence angle for each blade element. loss
coefficient data are not shown for Stator B at 5 and 95% span because the stator
exit wake probes had been deleted at those locations., The data for each stator
configuration were summarized from the curves presented in the pertinent data
‘and performance report (References 7 through 9) and represent a condition that |
was not simultaneously achieved at all spanwise locations. However, this tech-
nique provides a method of comparing each blade element at its intended design
inlet angle. Of particular notice in figure 14 is that the tandem stator exhibited
much higher losses than Stator A in the endwall regions cven though the loadings i
were much less than the Stator A loadings. Also, the tandem stator exhibited !
generally the same loss and loading levels across the span when tested with ‘
either of the tandem rotors. Stator A deviation angles were close to the 'design

values between 50 and 95% span, whereas Stators B and BC had higher daviation |
angles across the entire span. Except for the hub region of Stator A, tte stator i
diffusion factors are less than the predicted values across the entire span,

Loss parameter vs diffusion factor for Stators A, B, and BC is presented
in figure 15 for the hub, mean, and tip (90, 50, and 10% span) sections at design
equivalent rotor speed. Correlation curves from Reference § that were used to I
design the stator are included on figure 15 for comparison with the test data.

In general, for equivalent levels of loading, the tandem stator, when tested with
either of the two tandem rotors, appears to have exhibited slightly lower loss
parameter values than did Stator A in the tip and midspan regions and higher

losg parameter values at the hub, The differences between the tandem stator
performance and the Stator A performance, however, are generally small enough
to fall within the range of normal data scatter. The tandem stator also operated !
over a much wider range of loading at 2ach span location than did Stator A and ;
repeated its loss parameter vs loading characteristic fairly well for both stage
configurations, This latter result is in accord with the spanwise loss and loading
results shown in figure 14,

Stage B Tests With Radial and Circumferential Inlet Flow Distortion

Stage B was tested at 70, 90, and 100% design equivalent rotor speed with
hub radial and tip radial distortion of the inlet flow to obtain overall performance,
blade element performance, and flow distribution data for comparison with the
uniform inlet flow performance results. Similar tests with 90-deg circumferential
inlet flow distortion were performed to obtain overall performance and flow dis-
tribution data. Since Stages A and C were not tested with distortion, noc com~
parison of distorted inlet performance can be made for the Task I stages. Details
of the Stage B distortion tests, related test equipment, overall performance maps,
blade element performance plots, flow distribution plots, and tabulations of per-
formance and fiow distribution data are presented in Reference 9.
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PART Il

Based on the fact thet the highly loaded tandem rotors tested during Task I
demonstrated higher pressure rige and efficiency than the single airfoil rotor
with identical inlet and exit airfofl angles, a second investigation, designated
Tasgk III, was initiated to evaluate the potential of tandem blading for improving
the performance of a more moderately loaded stage. Furthermore, the fact
that the Task I stages were not designed to match the actual inlet velocity profile
and exhibited high losses in the wall regions prompted further investigation of
tandem-airfoil blading, based on an aerodynamic design that accounted for the
actual inlet conditions. A single~airfoil rotor and stator, a dual-airfoil tandem
rotor, and a dual-airfoil tandem stator were designed and tested during Task III.
The conventional single airfoil rotor and stator were designated Rotor D and
Stator D, The tandem~blade rotor and stator were designated Rotor E and
Stator E,

SUMMARY OF STAGES D ANDE
Selection of Design Vector Diagrams

The selection of the design vector dirgrams was accomplished within the
range of the design guidelines given in tab!: II, which also applied to the design
of the Task I stages. In addition to the gvidelines presented in table II, the
following criteria were specified for the Stage D and E designs:

1.  No inlet guide vanes (axial inlet flow)

2. Use rotor inlet total prescure profile from data obtained
during Task I program for the same inlet configuration

3. . _Axial stator discharge flow
4, Use same flowpath as used for the Task I stages. )

To ensure a valid comparison between the conventional Stage D (Rotor D =~
Stator D) and the tandem~blade Stage E (Rotor E - Stator E), the vector diagrams
selected for Rotor D and Stator D were used to design the tandem blading, This
approach was also used in the Task I design.

Prior to the selection of the final design vector diagrams, a study was
performed to select a radial work gradient and level for the rotor that resulted
in maximum rotor and stator loading levels consistent with good performance
(Reference 6). Based on this study, a rotor design with uniform work input at
all radii and an average overall pressure ratio of 1.28 at a rotor tip speed of
757 ft/sec was chosen for the Task Iil investigation., The rotor designg of -
Task I had higher work input near the walls, whereas the rotors of Tdsk (II had
no radial work gradient. The relatively lower work input near the walls for the
Task IIT rotors was intended to help reduce the three-dimensional flows and
high wall losses that are characteristic of highly loaded blade rows.
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The vector diagrams were calculated by means of an iteration, using an
axisymmetric flow field calculation and selected loss correlations (Reference 6).
To better define the radial loss profile, the loss parameter vs diffusion factor
correlation used in the Task I design (Reference 5) was expanded from three
span locations (10, 50, and 80%) \o five span locations (10, 30, 50, 70, and 90%).
The 30 and 70% span data were obtained from the same references uned in the
three-span correlation (Reference 5), The five-span loss correlation was updated
by adding data from NASA-gponsored programs (Reference 6) and unpublished
loss data from FRDC single-stage compressor programs, The resultant design
loss curves for each percent span are shown in Reference 6. The calculation
procedure solved the continuity, energy, and radial equilibrium equations, which
included the effects of streamline curvature and radial gradients of enthalpy and
entropy. The iteration was terminated when the following groundrules had been
satisfied: (1) rotor overall pressure ratio wes 1,28; (2) rotor work input was
constant spanwise; (3) rotor and stator diffusion factors at tip and hub, respec-
tively, were less than values specified in table II, and (4) stator exit flow angle
was axial across the span.

Blockages, rotor tip inlet Mach number, and specific flow values were
the same as the values selected for the Task I design. A summary of the vector
diagram calculations along the design streamlines, which pass through 5, 10,
15, 30, 50, 70, 85, 90, and 85% span at the rotor exit instrumentation station, is
presented in tables V and VI for the rotors and stators, respectively. The
predicted rotor pressure ratio and adiabatic efficiency were 1,28 and 89, 9%,
respectively, at a design rotor tip speed of 757 ft/sec. The predicted pressure
ratio and efficiency for the stage at design equivalent rofor speed and ﬂow were
1.26 and 84.8%, respectively.,

Selection of Blade Geometry

Simulated double-circular-arc airfoil sections (i.e., the mean camber
line and the suction and pressure surface lines of each blade element are lines
with a constant rate of angle change with path distance on a specified _onical
surface) were selected for the rotor and stator blading. These blade sectinns,
designed on conical surfaces, are analogous to conventional circular arc hlading,
which is designed on cylindrical surfaces. Deslign incidence and deviation angles
for Stage D were selected, using the same methods employed in the Task : nro-

“gram for the Stage A blading. The thicknees~to-chord ratio distributicus, chord

lengths, number of blades, and number of vanes used in the deslgn oj Stage A
were also used in the Stage D clc.sign. :

A study performed by Pratt & Whitney Aircraft has revealed better agree-
ment between predicted and measured rotor and stator exit al: angles when the
cascade turning is modified to include the effects of axial velocity ratio and
secondary flow, Consequently, the Stage D blading geometry selection included
these corrections, whereas the Stage A design, which preceded the axlal veloc~
ity ratio and secondary flow study, did not. The procedure for calculating the
two-dimensional turning that combines with the axial velocity ratio and second-
ary flow corrections to produce the blade exit vector diagi'ams corresponding
to the axisymmetric flow field calculations is presented in detail in Reference 6.
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To ensure interchangeability with Stage D, the radial distributions of over=
all axial chord for tandem=-blade Stage E were maintained equal to the distribu-
tions selected for the Stage D blading, The individual airfoil maximum thickness-
to-chord ratios for the Rotor E and Stator E tandem blading were maintained
equal to the corresponding values selected for the Stage D blading, The individ-
ual airfoll chords for the tandem blading were set equal to agree with the proce-
dure for the Task [ tandem blading selection., The Rotor E and Stator E camber
angles were selected to provide an equal distrisution of overall tangential 1ift
(loading) between the front and rear airfoils, The individual airfolls for both the
rotor and stator were positioned according to the same criteria specified in
Part I for the Stage B and Stage C blading,

Details of the Task III blading aerodynamic and mechanical design are
presented In Reference 6. Figures 16 and 17 show the blading designed for
Rotors D and E and Stators D and E, respectively. The large variations In twist
in the end regions of both the rotor and stator resulted from the design proce-
dure, which accounted for the actual rotor inlet boundary layer, and included
the effucts of axial velocity ratio and secondary flow on blade row performance.
Tables A-6 through A-9 of Appendix A present the blade element geometry for
each rotor and stator used in the Task III investigation.

RESULTS AND DISCUSSION
Performance of Stages D and E

Stage D, with conventional single-airfoil blading, was tested to establish
a performance baseline for comparisor with the results of a subsequent test of
Stage E, which comprised a tandem=-airfoil rotor and a tandem-airfoil stator.
The overall and blade element performance results, including the effects of
radial and circumferential distortion of the inlet flow field on the performance
of both Stage D and Stage E, are discussed in the following paragraphs. Descrip-
tions of the compressor test facility; compressor test rig; distortion screens;
and instrumentation, test, and data reduction procedures and a complete tabula-
tion of overall and blade element performance data for Stages D and E are pre-
sented in Referencvs 10 and 11, respectively.

Overall Performance

As ghown in figure 18, tandem Rotor E demonstrated a higher pressure
rise than the conventional Rotor D. At approximately design equivalent rotor
speed and flow, tandem Rotor E achieved an efficiency of 89, 8%, which was
approximately one percentage point above the level achieved by Rotor D. At
design equivalent rotor speed, the peak efficiencies of Rotors D and E were
approximately equal. At 110% design equivalent rotor speed, the peak efficiency
of Rotor E was higher than that of conventional Rotor D. However, Rotor D
achieved the highest efficiency at each of the rotor speeds tested below design.
The higher pressure rise capability of the tandem rotor is consistent with the
results obtaihed with tandem Rotor C during Task I, as discussed earlier. As
shown in figure 19, Stage D achieved the design pressure ratio and effic‘ency
levels of 1,26 and 84. 8% at design equivalent rotor speed and flow, whe ‘eas
Stage E exceeded the design pressure ratio but fell 1.5 percentage points short
of the design stage efficiency. Both Stage D and Stage E exhibited a surge mar-
gin of approximately 25% at the peak efficiency point for design equivalent votor
speed.
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Blade Flement Performance for Rotors

As was noted in figure 18, tandem Rotor E produced a higher overall
pressure ratio than did the conventional Rotor D. The loss coefficient data
shown In flgure 20 shows that Rotor D losses were less than, or equal to, the
deeign values at all spanwise locations; while tandem Rotor F losses were legss
than the design values in the hub=to-midspan reglon and slightly greater than
design at the remaining span locations. Although the lower losses for Rotor E
contributed to the higher pressure rise for this rotor, the lower deviation angtes
{i.e., more turning) in the hub to midspan region, as shown in figure 18, were
primarily responsible for the higher pressure rise.

The diffusion factor, work, and exit axial velocity distributions provided
in figures 21 and 22 corroborate the loss and deviation angle di:a. The slight
differences between the actual and the predicted rotor work distributions shown
in figure 21 resulted from local overturning or underturning of the flow. The
discrepancies in rotor turning were produced by local variatione of rotor devia-
tion angle and exit axial velocity from their corresponding design distributions,
as shown in figures 20 and 22,

Rotor luss parameter vs diffusion factor at design equivalent rotor speed
is presented in figure 23 for the hub, mean, ani iip (90, 50, and 19% span)
sections of Rotors D and E. The correlation curves from Reference 6 that were
used to design the rotor are included for comparison with the test data. From
these data, there appears to be no improvement in the low-loss loading limit
associated with tandem Rotor E.

” Biade Elément Pérfbrmahee for Statoi‘s

The stator inlet velocity and incidence angle distributions for approximately
design equivalent rotor speed and flow are shown in figure 24 for Stator D and
Stator E. Both stators were operating at, or slightly above, design incidence
between 10% and 90% span. Near the endwalls, both stators were operating
approximately 5 to 10 deg below design incidence. The difference between the
stator incidence angles and their desion distribution is directly related to whether
the local rotor deviation angle and ex.. axial velocity were either above or below
their respective design values, as shown in figures 20 and 22. Considering the
relatively minor divergence from design stator inlet conditions between 10 and
90%, Stator D and Stator E performance values should not have been adversely
affected by the variations just described.

The blade element performance for Stators D and E is summarized in
figure 25, which presents the radial distributions of loss coefficient, deviation
angle, and diffusion factor at design incidence for each blade element. The data
for each stator configuration were summarized from the curves presented in the
pertinent data and performance report (References 10 and 11) and represent a
condition that was not simultaneously achieved at all spanwise locations, This
technique, however, provides a method of comparing the performance of the
blade elements at their design inlet air angle. Loss coefficient values for
Stator D were above design at 10 and 15% span and less than or equal to design
at all other span locations. Tandem Stator E Josses were less than design at
midspan and 95% span and higher than d.sign elsewhere, Deviation angles for
Stator E were close to the design distribution across the span, while #:zator D
deviation angles were slightly higher, especially at the hub and tip »cctions,
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Stator D and Stator E diffusion factors were near the design values for_
the inner 50% of span and less than design for the outer 50% of span. The low
diffusion factors in the tip region for both stators were primarily caused by the
very high absolute velocity ratios (i.e., low diffusion) in the tip region, as
shown in figure 26, Although these very high velocity ratio (V2A/Vg) values
might suggest a large flow separation in the tip region, the differences hetween
the actusl and design values of loss coefficient and deviation anzles are not
commensurate with highly separated flow conditions. As rziiected by the reduced
stator turning parameter (AVy /Vo) shown in figure 26, the higher deviation
angles for Stator D also affected alffuslon factor, especially at 5% span from the
tip. ’

Loss parameter vs diffusion factor for Stators D and E is presented in
figure 27 {or the hub, mean, and tip (90, 50, and 10% span) sections at design
equivalent rotor speed. Correlation curves from Reference 6 that were used
to design the stator are included in figure 27 for comparison with the test data.
In general, for equivalent levels of loading, tandem Stator E exhibited slightly
lower loss parameter values than did Stator D in the midspan regions and higher
loss parameter values at the endwalls, especially the tip section.

EFFECT OF RADIAL INLET FLOW DISTORTION ON
PERFORMANCE OF STAGES D ANDE

btage D and Stage E were tested at 70, 90, and 100% design equivalent
rotor speed with tip radial and hub radial distortion of the Inlet flow to obtain
overall performance, blade element performance, and flow distribution data for
comparison with their corresponding uniform inlet flow performance results, At
a flow of approximately 115 lb/sec (i.e., 105% design equivalent weight flow),
the hub» and tip radial distortion screens produced approximately 15% and 16%
total pressure distortion, i.e., (Pmax-Pmin)/Pmax» over the inner 47% and

outer 38% of the compressor annulus area, respectively,

The following paragraphs include discussions pertaining to the effects of
radial inlet flow distortion on the Stage D and Stage E overali performance and
- surge loading. The transfer of the total pressure distortion through each stage
is also discussed below. . Complete tabulations of blade element performance
and flow distribution data are presented in Reference 10 for Stage D and Refer-
ence 11 for Stage E.

Ov‘_j'erall Performance

Overall performance data obtained with hub radial distortion of the inlet
flow are presented in terms of pressure ratio and adiabatic efficiency as func-
tions of equivalent weight flow and equivalent rotor speed for Stages D and E in
figures 28 and 29, respectively, Figures 30 and 31 similarly show the overall
performance obtained with tip radial distortion of the inlet flow. Uniform inlet
flow data and the stage design point are also shown in these figures for com-
parison with the radially distoi.ed inlet flow data. Thc surge lines shown were
determined from surge transient data.

In order to facilitate comparisons between the effects of hub and tip radial
distortion on the Individual stages, quantitative values were computed for the
changes in certaln performance parameters relative to that obtained for uniform
inlet. The values computed for design equivalent speed are shown in table VII,
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Table VII. Change in Stage D and Stage E Overall Performance
With the Addition of Hub and Tip Radial Distortion
at Design Equivalent Rotor Speed

Hub Radial Distortion

- & * = =k
(AP/P) A(Maqdlgiage BP/Plgypge AW ve/s )surge
Stage D -7. 3 "0. 4 -10' 3 ) -4. 4
Stage E —10. 9 -4. 5 -11. 4 +1. 0

Tlp Radial Distortion

Stage D -11.9 -4.3 -33.0 +15,7
Stage E -12,0 -4.3 ~26. 8 +13.6

*At Design Equivalent Weight Flow
+*At Surge Flow With Distorted Inlet

[@2A -B)/P 1]

AB/B = f i distorted__ _ 4 | x 100%
(®,, - B,)/P ]
[ 2A 1771 undistorted
A =n -1 ] x 100%
ad Bt'age [ adstage, _distorted ....... adstage’ undistorted R, -
WvVe/s)

surge, distorted 5 | 4 1009

A(W\/E-/a )Burge = (w\/y'? 8 )

surge, undistorted

Included are: (1) the change in overall stage pressure ratio and efficiency along
the design weight flow line; (2) the change in surge line pressure ratio along a
constant flow line equal to the surge flow with distortion; and (3) the change in
surge_ flow. As indicated by the tabulated results and figures 28 through 31,
overzll performance at design equivalent rotor speed and weight flow for Stage D
was reduced more by tip radial distortion than by hub radial distortion, while
the reduction in Stage E performance at the same conditions was only slightly
greater with tip radial distortion that with hub radial distortio... The addition

of tip radial distortion also had a more pronounced effect than the addition of
hub radial distortion on the surge line of both stages. As shown in table VII,

the surge pressure rise for Stages D and E with tip radial inlet distortion were
33% and 27% less, respectively, than the corresponding values at constant flow
without distortion, (i.e., loss in surge line). Both stages lost about 10% in pres-
sure rise at their respective surge flow points when tested with hub radial dis-
tortion, In general, both stages were more adversely affected by the addition

of tip radial distortion of the inlet flow, and the tandem~bladed Stage E did not
exhibit any clear improvement in radial distortion tolerance over Stage D.
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Transfer of Radial Diutortﬁon Between
Stage Inlet and Exlt

In order to evaluate the ability of the indlvldual stages to attenuate the inlet
distortion, the distortion parameter was calculated at each axial station with
hub and tip radial distortion of the inlet flow and presented in figures 32 and 23
for Stages D and E, respectively. The ratio of the distortion parameter at each
axial station to the value at the rotor inlet was computed for both stages and
tabulated in table VIII, As shown by the magnitude of the values for the stator
exit, Stage D attenuated tip radial distortion slightly better than hub radial dis-

tortion,

effectively than tandem Stage E.

Loading Limitations on Rotors D aad E With
Radial Distortion of the Inlet Flow

Furthermore, Stage D attenuated both radial distortion patterns more

Rotor D diffusion factors at 10 and 90% span from the tip vs equivalent
weight flow at design equivalent rotor speed for hub and tip radial distortion
and uniform inlet flow are shown in figure 34, Similar results are shown in
figure 35 for tandem Rotor E, Extrapolating the variation in diffusion factor
with flow to the surge flow indicates that when either stage was tested with
uniform and tip radially distorted inlet flow, the rotox tip diffusion factor at
surge was approximately the same for both inlet flow conditions, The same
level of surge loading at the rotor tip for uriform inlet flow and tip radial dis-
tortion is indicative of a rotor tip section limiting the operating range with

indicate that the hub, mean, and tip sections stzlled simultaneously with uni~

uniform inlet flow.

However, recordmgs of rotor exit pressure by high-

form inlet flow and with both hub and tip radial distortion of the inlet flow.

Table VIiI. Ratio of Local Distortion Parameter to the

Value at Rotor Inlet for Stages D and E at
Design Equivalent Rotor Speed

Axial
Station

Rator Inlet
Rotor Exit
Stator Exit

Rotor Inlet
Rotor Exit
Stator Exit

STAGE D

Hub Radial Distortion

Maximum Flow Near-Surge Flow Maximum Flow
(114,76 1b/sec)  (84.40 1b/sec) (115,11 lb/sec)

1,0 1.0 1.0

0.66 0.78 0.62

0.68 0,72 0.55
STAGE E

Maximum Flow Near-Surge Flow Maximum Flow
(114, 81 lb/sec) (93.48 lb/sec)  (114.99 1b/sec)

1.0 1.0 1,0
0.72 0.88 0.71
0.68 0.91 0.78

Tip Radial Distortion

Near-Surge Flow
(99.09 1b/sec)

1.0
0.81
0.69

Near-Surge Flow

(103, 95 1b/sec)

=
- =

ww o
[ ]
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EFFECT OF CIRCUMFERENTIAL INLET FLOW DISTORTION"
ON PERFORMANCE OT STAGES D AND E

Stage D and Stage E overall performance and flow distribution data were also
obtained at 70, 90, and 100% design equivalent rotor speed with circumferential
distortion of the inlet flow, At a flow of approximately 115 lb/sec {l.e,, 105%
design equivalent flow), the circumferential distortion screen produced approxi-
mately 13, 5% total pressure distortion, i.e., (Pmax~Fyin)/Pmax, over a 80-deg
sector of the compresgsor flow annulus,

Overall Performance

The Stage D and Stage E overall performance achieved with circumferential
distortion of the inlet flow is compared with the performance obtained with uni-
form inlet flow in fijures 36 and 37, The darkened symbols of figures 36 and 37
indicate the data points for which both overall performance and flow distribution
data were recorded. The overall performance was calculated from pressures
and temperatures measured at one circumferential location within, and one cir-
cumferential location outside, the low=pressure region. The pressures and
temperatures were weighted according to the circumferential extent of the high-
and low~-pressure areas to obtain the average values for calculating the pres-
_ sure ratio and efficiency. In an effort to verify some of the high Stage D effi-
ciencies shown on figure 36, the overall performance was recalculated using a
larger sample of the data within and outside the distorted area for the three
data points for each stage at which data were recorded at six circumferential
locations of the distortion screen, Recalcuiation of the overall performance
vaiues, as discussed in References 10-and-11, revealed that the larger data . .
sample had little effect on pressure ratio but suggested that the efficiencies
are not correct, Several unsuccessful efforts to correct the efficiency values
were made by weighing the temperature data from the distorted and undistorted
regions in different proportions, A larger data sample should be cbtained in
future test programs to obtain a more accurate assessment of the rotor and
stage efficiencies with circumferential distortion of the iniet fiow,

Reductions of stage pressure rise relative to uniform inlet test results
for Siage D and Stage E, with circumferential distortion at design equivalent
rotor speed for design equivalent flow and surge flow, are summarized in
table IX, Although the effects of circumferential distortion on efficiency cannot
be accurately evaluated, the relatively large decreases in surge pressure rise
Indicate that Stages D and E were significantly affected by circumferential dis-
tortion, ‘
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Table IX. Change in Stage D and Stage E Overall Performance With
Circumferential Distortion at Design Equivalent Rotor Speed

T L 3 **
(aP/P v (AP/Py) aurge (w\/o_/ 5):mr.-ge
Stage D -2,3 -20.4 4.7
Stage E -8,3 -16.0 1.2

*At Design Equivalent Weight Flow
**At Surge Flow With Distorted Inlet

_ [5,,- P )/f:j
(., - P,)/P ]
24 171 undistorted
- (w‘/_/a)surge, distorted _ _ 1.0 | x 100,
surge W8/ §)surge, undisiorted

A(W8/8)

Stage D and Stage E Attenuation of Circumferential
Distortion of the Inlet Flow

Tables of flow distribution data (i.e., total pressure, total temperature,
flow angles, velocity, Mach numbrr, and turning) at each of the axial stations
for circumferential increments ot' 30 deg around the compressor annulus; and
circum{erential distributions of total pressure, static pressure, total tem-
perature, air angle; and axial velocity are presented in Reference 10 for
Stage D and Reference 11 for Stage E, Figures 38 and 39 show the distortion
parameters for Stages D and E calculated at each of the three span locations
plotted vs the corresponding axial station, The ratios of the distortion pa-
rameter at each axial location to the value at the rotor inlet are tabulated for
Stage D in table X and Stage E in table XI. As shown in figures 38 and 39 and
tables X and X1, Stages D and E attenuated the circumferential distortion pattern
in the tip region more effectively than at the hub or midspan sections for both
flow conditions. A comparison of tables X and X1 shows that Stage D attenuated
the circumferential inlet distortion better than Stage E in the hub and midspan
regions; however, Stage E attenuated the inlet distortion better in the tip region.
Thus, on an overall basis no improvemen! in the attenuation of circumferential
inlet distortion was noted for the tandem-bladed Stage E.
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Table X, Ratio of Local Distortion Parameter to the Value at
Rotor Iniet for Stage D at Design Equivalent Rotor !
Speed With Circumferential Distortion i

Equivalent Weight Flow = 101,60 1b/sec

Location* . Rotor Inlet Rotor Exit - Stator Exit l‘

T i
Midspan (50) 1.0 : 0.451 0,588 ]
Tip (10) 1.0 0,432 0,568 |

Equivalent Weight Flow = 90,59 lb/sec

Hub (90) 1.0 0,584 0.455
Midspan (50) 1.0 0.324 0,608
Tip (19) 1.0 0.554 0. 405

*Numbers in Parenthesis Indicate Percent Span From Tip.

Table XI. Ratio of Local Distortion Parameter to the Value at
Rotor Inlet for Stage E at Design Equivalent Rotor
Speed With Circumferential Distortion

Equivalent Weight Flow = 103. 40 1b/sec

YLocation* Rotor Inlet Rotor Exit Stator Exit

Hub (90) 1.0 0.624 0.624 i
Midspan (50) 1.0 0,424 0.387 !
Tip (10) 1.0 0,284 0.370 i

Equivalent Weight Flow = 92,60 1b/sec

Hub (90) 1.0 0.673 0,733
Midspan (50) 1.0 0,416 0,714 |
Tip (10) 1.0 0.419 0. 306

*Numbers in Parenthesis Indicate Percent Span From Tip.
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PART IlI

EVALUATION OF DESIGN TECHNIQUES, TANDEM AIRFOIL LOADING
CHARACTERISTICS, AND RADIAL AND CIRCUMFERENTIAL DISTORTION
EFFECTS ON TANDEM=-BLADED STAGES

Evaluation of Design Techniques
Used for Stage A and Stage D

A comparison of figures 5 and 18 shows that Stage D came much closer
to achleving its design objectivo than Stage A, The relative success of Stage D
is at least partially attributable to the technique used to design the stage, As
previously discussed, the actual rotor inlet velocity profile and the effects of
axial velocity ratio and secondary flow on blade row turning were accounted for
in the Stage D desigr, whareas these effects were not included in the Stage A
design, The importance of using the correct inlet velocity distribution is
itlustrated by comraring the Stage A and Stage D axial velocity and loading dis~
tributions calculated from the data with thefr corresponding design distributions,
as shown in figures 40 and 41. Ignoring the inlet velocity gradients near the
walls during the Stage A design resulted in substantially larger discrepancies
between the estimated and measured values of the rotor and stator loading and
exit velocities near the walls. These large discrepancies resultsl because the
rotor blade sections near the walls were operating at high Incidence angles
relative to the design intent, These high incidence angles caused high loases,
with a resultant reduction in flow near the walls. The shifting of the flow away
from the walls caused ar increase in the midspan velocity, with a resultant

To illustrate the effectiveness of correcting the cascade turning for the
effects of axial velocity ratio and secondary flow, the predicted exit air angles
for Rotor A and Stator A both with and without the corrections are compared
with the measured values in figures 42 and 43. Similar comparisons are made
in figures 44 and 45 for Rotor D and Stator D, reepectively, The corrected
exit air angles for both the rotor and stator reveal consistently better agreement
with the measured values than do the cascade predicted valuese,

As discussed in Reference 6, the Stator D geometry was selected by using
only half of the camber angle correction that resulted from applying the secondary
flow correction to the stator turning, This method was arbitrarily selected
because the predicted secondary flow resulted in more overturning near the
walls than had been observed from results of previous tests performed for NASA
at Pratt & Whitney Aircraft. A comparison of the measured and predicted stator
exit air angles, shown in figure 45, confirms the assumption that the secondary
flow calculation predicts too much overturning at the stator endwall, These
data show that the measured air angles at 5 and 95% span were in fact approxi-
mately half way between the predicted values, with and without the secondary
flow correction,
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Evaluation of Tandem-Airfoil stator Loading
Characteristics for Stage B and Stage E

To determine the front-to-rear loading characteristics of tandem airfoil
biading, the tandem-airfoil stators in both the Task I and Task III programs
were instrumented with suction surface and pressure surface static pressure
taps, Tandem Stator B had pressure taps at midspan on the pressure and suction
surfaces of both the front and rear airfoils, Tandem Stator E had pressure taps
at 10 and 90% span from the tip on both surfaces of both airfoils, Plots of
static pressure coefficient ve percent overall stator chord for each data point
recorded at design rotor speed are included in the data and performance reports
for Stage B and Stage E (References 9 and 11, respectively). Figures 46 and 47

- show variations in front airfoil loading, rear airfoil loading, and total loading

as a function of front airfoil incidence angle at the indicated spanwise locations
for Stator B and Stator E, respectively, The individual and total loading values
are ratioed to their respective design values, Contrary to theoretical calcu-
lations, the rear airfoil loading did not remain constant as the incidence angle
on the front airfoil was increased. Rear airfoil loading actually decreased,
while the overall loading remained essentially constant above the design in-
cidence angle, This result is evi 'ent with both Stators P. and E. Assuming

that this result also applies to the rotor, it would explain the failure of tandem
blading to improve on the operating range of the stages with conventional single-
airfoil blading,

Evaluation of Radial and Circumferential
cem e e Distortion Effects on the Performance. .
of Tandem-Bladed Stages

Tandem-biaded Stage B was tested with both radial and eircumferential
4istortion of the inlet flow. However, as was previously discussed, Stages A.
and C were not tested with distortion, thus precluding any comparisons of pet-
formance results with distortion for the Task I stages. Even though a true com-
parison of the performance of Stages B and E with distortion cannot be made
since the two stages differed significantly in design goals and approach, it seems
worthwhile to note that the two stages did exhibit similar results when tested
with distortion. With either hub radial or circumferential distortion of the inlet
flow, the performance of both stages was only slightly or moderately deteriorated
relative to the undistorted performance results, With tip radial distortion,
however, both stages experienced substantial reductions in both surge p:ressure
ratio and the flow range between design flow and the surge flow point. Refer-
ence 9 contains a more detailed discussion of the performance of Stage B with
distortion, and Part II of this report contains a discussion of the results obtained
with Stage E.
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SUMMARY OF RESULTS

An experimental investigation was conducted to determine the potential
of tandem-airfoil (two airfoils in series) blading for extending the loading limit
and stable operating range of compressor stages, The investigation was con-
ducted in two phases, designated Tasks I and III of Contract NAS3-11158, and
included testing of five individual stages, Task I had the secondary objective
of determining the effect of the aerodynamic loading split between the two air-
foils in series on the performance of tandem blading., The major results of
this investigation are summarized below.

1. Tandem rotors offer slightly improved pressure rise capa-
bility; however, the same level of improvement might be
achieved, without introducing the additional {abrication com-
plexity associated with tandem blades, by simply adding
camber to the conventional rotor. |

i
2. For the compressor stages designed to match actual inlet
conditions, no improvement in efficiency ww,. obtained by

- incorporating tandem blading, -

3. The distribution of loading between the froiit and rear air-
foils of tandem blading can have a significant: effeci on per-
formance, Rotors with a 50-50% loading split exhibited
better performance, relative to design, than a rotor with a
20_ {}(11 loadi.}g Spli n S e

4, For operation at peak efficiency conditions, the surge margin
for tandem-blade stages was not greater than for stages with
conventional airfoil blading., The surge margin at peak
efficiency was also independent of loading split.

5. . Accounting for the actual rotor inlet velocity and the effects
of axial velocity ratio and secondary flow on blade row
turning can have a significant effect on the success or failure
of a compressor designer to accurately predict the performance
of a stage.

6.  Tip radial distortion geneially had a more severe effect on
the overall performance of the stages tested during this in-
vestigation than did either hub radlal or circumferential
distortion,

7.  No improvement in the attenuation of either radial or circum-
ferential distortion was noted for tandem-bladed Stage E.
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Figure 2,

Figure 3.

Rotor A, B, and C Blading

Stator A and B Blading
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Figure 42. FEffect of Axial Velocity Ratio and DF 93408

Secondary Flow Corrections on Rotor
Exit Air Angle for Stage A
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ROTOR EXIT RELATIVE AIR ANGLE, fy - deg

© Measured Data (Reference 10)

— —— Prodictod Air Angle Without Axial Velocity
Ratio And Secondary Flow Corrections To The
Cascade Air Angle (Based On Measured Dats)

— Predicted Air Angle With Axial Velocity
Ratio And Secondery Flow Corrections To The.
Cascade Air Angte (Bssec On Memsured Data)
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Figure 44, Effect of Axial Velocity Ratio and
Seconday Flow Correction on Rotor
Exit Angle for Stage D
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: APPENDIX A
TABLES OF BLADE AND VANE GEOMETRY

Tables A-1 through A-9 present geometry data for the rotor and stator
airfoils used In the Task I and Task III investigations, Information included
in these tables i8 defined on planes tangent to the conic surfaces that approxi-
mate design streamlines of revolution.

73



¥10°0 $10°0 60°0 Z8€Z°T €6I°61 19°2¢ SI*¥I~ GF°¥¥ 6°¥ 0°S dig
¥10°0 +10°0 60°0  A6¥8°1  L20°ST 99°28 18°€I- g8°S¥ 66 0°01
#10°0 $10°0 60°0 ¥I9%°Y TOB'YT I8°9S 1IS'EI- OE°S¥ 8°¥F1 0°St
¥10°0 $¥10°0 60°0 0862°1 G28°F¥1 90°G¢ 1L°2I- GE°T¥ 8°6% 0°0g
¥10°0 $10°0 69°0 F0SE°1I G20°ST SE°PS 21°21- €2°%F 0°0S 0°0S
¥10°0 $¥10°0 60°0 SL0¥P°T ©19°GT 00°95 ¢€£°2I- L9°Ct¥ 1°0L 0°0L
¥10°0 ¥10°0 6070 TIESF'T GLE'OT 0Z°8S €L°TI- L¥°SP 3°G8 0°98
¥10°0 $10°0 60°0 689%°1T 89L°9T 90°6S G8°2I- 0Z°9¥ 1°06 0°06 )
¥10°0 $10°0 6070 O0SB¥'I GL6°OTL 00°09 €0°SI- L6°9¥ 0°S6 0°S6 yoH
{*ur) {-un) 2/3 ) (8ap)  (3a9p) ﬁwwv (3ap) a3p3y adpH

X! la ok ¢ ¥ Ny Supeay  Buipeor]

dii moag uedg juasaad
sayous ¢g g yduary proys 99 :S9UBA JO "ON 0ay aenodi) 101V
¥yeQ £119W0D ¥ J0WIS g~V d|qEL

9000 900°0  LT¥0°0 g3TF'1l 969°FF 28°I€ 8L°8Z 09709 0°¢ g°g dil
900 °0 90070 28%0°0 G9ZF°'T  095°CF LLTIE  S0°82 €8°6¢ 0°0T S8
900 °0 900°0 2SP0°0 GOFF°T  OFFEY 26°TIE  8F°LZ  OF°6S 0°cy 9°¢et
20070 400°0 8IS0°0C 898F°T eFP°I¥ GE'EC 28°¥E  £0°8S 0°0¢ 1°62
800°0 800°0 0090°0 8ZSS'T 68€°8E 6£°GEC  19°0% S0°9¢ 0°0% 0°0S
600°0 600°0 38900 CSZO'T 9%B°FE 9E°8E OL'ST  Q0°¥S 0°0L 6°0L
010°0 0T0'0 ©¥L0°0 SE89°'T  ¥3L°'Ie LL'I¥ 26°0T 69°2S 0°98 $°98
010°0 010°0 £920°0C 980L°T GGL°0E 86°2F O£°6 82 '2S 0°06 G'16
0100 0T0°0 £8L0°0 TI¥EL'1 80L°62 60°%¥F SL°L ¥8 "18 0°S6 G *96 qny
(*u1) (-ur) 3,1 0 (3ap} (3ap) (3ap) (dap) adpq 2dpa

3 ola A ¢ M, 2, Suipeay  Suipee]

sayoul 4§ g *YIBua paoyd

0L :89psid Jo "ON

di L wmoixd uedg jusoaad

0aY dB[NOA1) IO}V

BiB( A3)0W00D ¥V 3030H °I-V 9iqel

74



RINT Ceotu Lot Cw'e (11 20 LIRS o1ty s w6 sE Ly ER VUMY MR L1et LIS e 8 5
Gu'y . o Luny [MTTTT] €O LoeL [T 0 B L10me Lay 'y Lyt Lot it 8 vs gl
LT G R 1] Y] Lyp e (V1 £ oUTeE- [LTACEA R TT] EREITR] UL "ot uf et )
U070 r1L70 ALY U] BT UM 9Tk ” el [FIE S Cug'o LRV (L) us 1L fLat
[T} A1) €00 "0 Lyy e [P ol cl- BE L Lyt ooty A ie "eL L et
g0 s M coete ERE T (LAY AL e g Ut "By Ly R 1R ATt LLut
[{UH] FOB ") Tl LTINS [T R PR L4 AR 01°6L 00y L6 6L L £ 1¢ "ot
R (0N [ -2d1) Lo0'y CduTe G LT L Un 2l UL GE L00°u CF ot 1oy G "ut [E T
[T P ] U0 LTI e LY ULy 1et- Lt 6L coRTo 6 L6118 LGt vLi
/4 e 1uy fgii ] 3ap) {dap} ap) {#ap} U [R5 1 idap) wdap) Hap) P 2P g
Ny *, ok ¢ Py Yy M, 2, o Sy My ~sunyeay, P e
IPUEE ) Apuy] Juoag
Hojaty gawy 110111Y JEH 11O}V maa g dp L Wod f uddy Judasag
CUE QLT IRRBUIT POy iSauey jo 1aquuny Ay Jepnary) sjopApy
eie( A1j9UIoan) g J0lelg Wapue], “§-V 9[qel :
L0 | fud’y <000 Lotgt oL ug 8L v gT coo'e 2070 R TU A ur b
BN STR] LHuB Lol e RTIVACT] 061t tetie €05 8¢ e L00°0 €900 utel (]
D0 . L00°0 70070 LIRS 84 0k *22 8t LT Bo Tl 000 C00'0 TN LUMN §
=L P el 000 o 0F 170t [ oG L0000 Cout [N UH | I
WO . Ul 3 A [V 5 4 ) LA a1 A B e HIH N} ” i Ui
2000 L0070 Lo [T LIAN | LT 2070 a LEL T (VA
000 L0 Y6 he LA AN c6t01 LA 20 MR LERRS L0
00} L0070 [ ) L4 AN e LR | JAT ] RATMT e Tl I [ (1)
200G 20070 oL g “rtr LAt ¢ A1) 20006 [ S $H uoeg Lt
a0 » LU =Ip) 3 ph sapt Wlap Uy (Rt} (Hop IR 1591 B g
Fiy N3 ¢ My N x ", Sty & "y o g ey |

Ty qavg

UL AT T TSQISURCE paoy

UMY 2E2Yy

ERTEME: SRR

Iy u0s g

APOEL Gy

AP0 auea ]

AP wenn ] ueds W e

BER RN IS Y e TN T

BJB( A1j9WO9IN g I0J0Y WIpuUe], ‘¢-v 2[qel

75

I(;11:)1]'(3‘“3' g IS POOR.

»
GRIG

AL PAG



- *
ML nio £00 -0 XA L0'E 002 §L°8% BL'ES €000 £0070 CEES LOTET cLTLt o R drl
L0y Frl70 XL T o1 HWCTHE 08T £ "Es £00°0 €00°0 OI'FE  ELUER LA} 001 L8
000 EO0T0 PRI T] vo'ar {4 e 11 GULE =1 tY £0) 0 £anty BO'ES  OF'ET . OC°LF ue 9°El
s1L0 €000 0070 00°LE {3 o S 00T <6 "Rt -0 HIRY €0'gs 611 81 aog 1°Ge
wid G Jroo'n £00°0 LOUEL [ 0 bl L0°0¢ Q"0 000 0r°os 00°ct 017kt 0 [
CRUD D 000 [2LTAU g ot 0 6e Tt el Qo Cr g 0070 08"t 00°Et 0Tt 0oL 6'0L
£rL0'o 655 0 00T 00y RO2T 08§t 00y 0z ek S0 €000 LE'SE D2°YT 1] 1S 0ty e
: L #0460 LOet0 00"y Lo'vg 00+, 0t°s 1) BeH] 000 <000 b3 o 1 o §C°LE 0°06 ©'16
Lwiie WA 1O Loy CIE Ny T LA €03°C <000 27 o018t SOT0E 0°4§ [ LH Qo)
Yoy e Uk [ ] Glaph RIp) iap) ¥ Bl [ 1] uy) Hoph (dap} Hap) Glagt axpy J8py
My N, ok ¢ Ny s N, a, A L Ny N x Aujpeay  Mipua
i1ojaY 4oy Haty deay) ' . 10TV W04 ' ' Apog svay  Apog woiy
diy, Wosd urd] juaatdy)
YU LU SIAUD) oY) 0L 1sapny 3o .-.E&:.A. BRI LR R TR

BILG £117W09n ) JOJ0) WOPUEL ‘¢-V I[qel

76



*uoin|oaad 3o autjueaa)s wisop oYz serewixosddsr yoigm *aoejans dtued syl uo adueisip yigd yum adueys 2)Sue
JO 9304 JUBIBUCY B YIIM S3UI| IIT Ju2WI|I IPEQ YIBS JO SaUl} 2ILJaNS SINSsEId pue 10VIONS PUB U] JOUIRD UBI .,

FIC°0 ot0 o 60°0 RECT 4 GOt s8't -  +1°6S 0°¢ 0°S dil
010°0 £e0°0 60°0 nce” 1c .m.H 08°95 8§9°cl- 11°¢t 0°01 0’01
010°0 0100 6070 e °1 01°81 01°1¢ tE'Tl- GY"8E 0°S1 081
010°0 0100 607G 86C°1 80°C1 0S8°LF 99°11- £8 76 0°0e 0708
0100 ato*0 60°0 0sg°1 £8 el 0L°LF TO0°11- 89°9¢ 0°0¢ 0°08
01270 01070 60°0 1 ¢5'el  00°6r L6°0I- GO°8E 0°0L 0°0L
01070 01070 60°0 £SF 1 8F ¥1 09°1¢ 18°11- QZ°0¥ 0°ce ¢S
010°0 01070 60°0 RUT°L £0°91 0L°F¥S 1I£°11- 1517084 2 0°06 0°06
0100 0100 60°0 FRY T 99°'0¢ 00°65 ¢€8‘8 - 91°0¢ 0°¢6 086 GonH
e i — S
(*uy} (*ut) 3.3 o (Fau) (ap) Eap) {3ap) a8p3 a83py
L2 M 2a ok @ Ny Iy Buyeay Suipesy

sayaut ¢z Y1BuaT paoy)

09 :SaUE )0 Jdaguany

di], woa g ueds juadaad

21V -J8IN021)-3)qnod PAIBINUIS {lo}dlY

z

viEQ £1j2W09D O J0JRIS °*L-V 2Bl

*U01IN|0A3T JO

aulweaa1s udisap ayy sarewixesdde Yoiym ‘aowjans 21u00 Iy uo souwistp yied gum 3Buryo ajSue jo Ajel
JUBISUCD ® YIlw S3UI] 3JB JUIUWS2 PRI YIBA JO SAUI] JIBIINS A.iNS521d pu® UOHINS PUB JU}| JIGUIED GBI .

900°0 200°0 S1¥0°0 eir'1 €6°19 CI‘Te LR'SE  00°89 0°g [ dip
40070 90070 £er0 0 +eR'1 RCLE 60 °6¢c £0 '8¢ 4 001 'L

400 "0 9000 Feto 0 681 <0 et 86 "9% £e°1g 88 °6¢ 0°08 1°8¢

L00°0 L0070 86¢0 "0 £ee 1 8¢ "RE Lrog 61°¢e 96 ‘€5 0703 c et

£00°0 800°0 16900 LE0°1 #SE  obes FOTET t0°ES 0°0L 0°1L

600°0 60070 £FL0 "0 PHOT 09°2¢  ¥6°SC £YTFT  L5°0¢ 0°g8 698

600°0 600°0 £UL0°0 0L 1 £ETeE  GL°9t  SI°FT 16°0¢ 0°06 0°c6

60070 (00  ZRL0°O ceLt RL°EE Ll FI°ST ©¥es 0°S6 ] 06 qnH

(-u) {-ut} 21 I (Fap) {3ap} (3ap} {Bap) a8pg a8p
a1, 3l oA ¢ 91 N Buiprea y, Buipea]

soYoW retr EuaT paoyd

01 iS9pElY JO dagquny

di ] woag uedg jusasdad

224V ~IR[N21)-21qNO(] PITRIUIS {I0JIY

BB A1j9WI09D) (I 40304 ‘9-V QIQRL

77



i *UOIINOADL JO SUIWESIIS UHisap ayl
sewpoldde LR *2aR)INS S{UOD I UO FIVRISIP YIEd YIfw ATUBYD J{BUT JO NTI JUBISUOD B I TIU]] AIE JUIWI|D IPE]Q YIED JO BAUJ] IIEFINE AINEEAId pUL UONINE PUE QU] IIGUILD VEI[f,

€00 6r9°0 01070  900°0 00FCL 0SU9E  08EY - 054 ‘1€ 939°0 SLo0*0  OR1EY 00°zg 0¥T 4T 03 88 0's o's dyg,
£0°0 cr9t0 900°0 900°0  SZT°F 19°¢t  0B9'T1- 0L6°02 400°0 £10'0  ©02°1¢ 9L L2 99E 61 211 001 001
§0'0 €FU'0 9000 90070 08S°C 026 Oopr-Tl- 009 61 900°0 800°0 28l $9°12 000°21 059 ‘BE 0°'ct 0°s1
60'0 $O'0  500°0  900°0  OLE°E 86°62  099°11- 05881 920070 . 900°0  081°92 9E*61 0Ly 81 0EB *SE $0 0708
§0°0 969%0  900°0 900°0  OFLC 0862  O10°I1~- 06t "Bl 9000 900'0  0B9'9% 00°02 089791 089°9¢ 005 0705
600 §L8°0  900°0 9000 096°C  0B'3T  OLG*T(- 058 '81 9000 900°0  0SFLE F1'T2 08891 020°8E oo 0704
60°0 £€1L°C  900°0  900°0  O¥E°F [T ) e S 066 °07 2000 900'0  GS6'8T  59°%% 05921 08Z°0% 058 0'c8
600 GEL'0 000 90070  S18°S ozU¥e  01£°TI- o¥6 '3 9000 L00°0  0BS'1E 09 €2 08L 61 0BE €Y 006 0°06

60°0 €LL0  §00'O0  900°0 0£9°6 00  0EB'B - 0L1°82 2000 BOD'0  089°LE  00°S2 0901 *¢Z 061 °08% 0°¢6 0°s6 quH
a1 . (ug} (-up Eap) (#ap) Bap} (dap) (rup) (uy} ap) (dap) (3ap) (ap) 23py afpg
- Wy M, % * ) iy M, M, ok ) iy Ay Suypwar dupea
Apog Jesy  fAnog juoad
110}ITY Yory 1o}y Jeay : 110541y Juca g d L woa g ueds wanzad

uy ep g SpHur] pavyy 99 IBIUTA JO JIGUINN +»2IY-JE| 0] J-I[QNOQ PANEINUNS 1I0JIEY 1

BIE(J AX}8WOID J JOIBIS WIPUBL "6-V 9jqElL

*UCHIN|OARL JO FUINMEISIE udisap oy
sajrwxesdde oYM *INELINE D0 NR UC FDUEISIP NIEd YiEw sBuRYD JIUE JO JIBI WEIIUOD U YiIM SIL]] IIE JUIWD]? 2PEIQ YIED JO BIVJ] IITJINE AINEEIId PUE UOKIINE PUB JUR FIQWIBD UBILY,

«F0°0 S0L°0 900°0 V000 OEB*SE  0T6°61 028 °CE 06L 8¢ 900°0 910°0  050°09  006°S1 11 A 00089 0°¢ 0t dip
00 L] w0 "0 uQ0'0  OELTEE 0Ok A1 0E0"tE 115 2] 900°0 00 0¢°es OO €T 0%0'6¥ 03189 00t 12
4¥0°0 EEL°0 4000 00070 0OT'TIE E*sT [115:0 £ 06L 08 90070 800°0 00E£°EC  02F°OT 060 ‘8t 015 8% 081 0°g1
=070 L0 H ) V0G0 0LOTLE (OR1°0E W05 LE GO "Lt 9000 20070 02205 0EL°01 091 5% 0BB "G% 0°0g 1°8%
(U UM w1E "0 1000 a0 OERTPE 0BECEE [ B et oLy et o0 Y0t GL38Y 0LETTT 12 096 'g8 0*oc g6t
OO0 [ w000 ueoto Qrt1tIE OF6°EC Ot *B1 06C "Lt 90070 90070 086°GF 04917l 088 "6t 0F0 3¢ 0°0L 01
F2070 kK0 LD T ugotv  LILTLZ 9Ltug [GRINS 3¢ 10 i 9o "o G000 OBTCEY  OBLCGY 06L°LE 0Ls°0g 0eR §°08
Ylud VAR "0 4000 u00*0 LTHCLE 0B6TUT 08111 ORT T He*o 9000 LY 0D0°EL 0187t 016 '0¢ 0705 0°26
wlu'0 060 0000 Ho o 0FL°BE  OBZ'LG (13 e et et w000 G00°0  028T¢t 00T g1 023 ‘6E 02t 3¢ 056 8796 qrH
gl L [ Luy (dap) o) (2ap) idap) Lrub LU (dap) (3ap) (dap) =ap) ~ a8p3 adpy
My i, " ¢ How o N, a4, i ¢ N Mw o sy Bugpes]
' ' ¢ Apoqg Jsuay Apog woag
JIIITY yauy [10Ja1 Yy auay PSRy uea g di] woad undg wadaag

M LT AR ron)y 14 jo dayluny « MY-IBND-2QNO] PABINAULS | JOJITY

BIeQ £110WO08D J J0j0Y WSPUB], '8~V SIqBL

78



o "Uzgf-l o]

- a3 7
@

g < <

APPENDIX B

DEFINITION OF SYMBOLS AND PERFORMANCE VARIABLES

Inlet relative stagnation velocity of sound, ft/sec
Chord length, in.

Diameter, in.

Diffusion factor

Gravitation constant, 32.2 by, -ft/ Ibf--auac2

Incidence angle, deg

Mechanical equivalent of heat, 778, 2 ft-1b¢/ Btu
Mach number

Rotor speed, rpm

Total pressure, psia

Static pressure, pseia

- Gas constant for-air, 53,34 ft-lbg/lby, - “R

Radius, in.

Blade passage gap (leading edge), in.
Blade maximuin thickness, in,

Total temperature, °R

Static temperature, °R

Rotor speed, ft/sec

Velocity, ft/sec

Actual flowrate, lby,/sec

Cone angle (angle of plane tangent to conic surface that
approximates the design streamline of revolutior), deg

Air angle, deg from axlal direction _
Ratio of specific heats

Blade-chord angle, deg from axial direction
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Definitions of Symbols and Performance Variables (Cbntlnued)

5 Raifo of total pressure to NASA standard sea level pressure
of 14, 694 psia

6° Deviation angle, deg

Nad Adiabatic efficiency

0 Ratio of total temperature to NASA standard sea level tempera-
ture of 518.7°R

K Blade metal angle, deg from axial direction

o Solidity, c/‘i‘i‘

¢ Blade cambier= angle, Ko ~Kiey deg

) Loss ccefﬁcient

wcos /20 Loss paramneter
il

Subscripts:
0 : Corr;prt;saor i;xle;t (t;éi.lt;oﬁ;h)- | ) o
1 Rotor inlet |
2 Rotor exit
2A Stator exit
id ‘Isentropic condition
m Mean, mass, or minimurn loss
le Leading edge
te Trailing edge
8 Static condiifon

| z Axlal component
0 Tangential component
Superscripts:

' Related to rotor blade

-_— ‘Mass average value
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Definition of Overall Performance Variables

Pressure Ratio:

B

P
Stage: .-_-—2-&-

Rotor:
P, Py
Corrected Flow:
wo
)
Equivalent Rotor Speed:
N/\} 0
Adiabatic Efficiency:
- = J=1 - = 1=l
(Py/Py) ¥ -1 (P,/P)) v -1
Rotor: — Stage: —
T,,/518.7 = 1 Tpp/518.7 - 1
----------  Surge Margin at-Peak Efficiency Point: .
Poa/Py Poa’Py
Stage: . —_—— -1.0
W8 /5 surge Wy 8 /5] peak
efficiency
Definition of Blade Element Performance Variables
Incidence Angle:
. = f - . = -
Rotor: i =~ = gy -k, Stator: 1 By~ Kie

Diffusion Factor:
d, Vg,-d. V

~ g Y03~ Y VO]
Rotor: D=1- v + (dl +d2) v

10

1
Stator: D=1- Y oa dy Veg = dyp Vega
v (d, *dyay V,0
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Deviation Angle:
Rotor: &° = 5= K¢ Stator §° - BzA - Kie

Loss Coefficient:

] 1
. pzid'Pz
Rotor: & = 0
Py-9
where:
2 2 v
4] d
sz =Pf1 1+1£1 '22 1_'_1_ rY¥=-1
id 2, d2

1

v

—
1-Y
-1 2
5 M]

]
and M is calculated using trigonometric functions and the measurements of
U, 8, P, and p.

r -
P, is found from p/P' = l.l +

_ Par Poa
Stator: W =
P2, " P2
where:
le = the wake rake freestream total pressure
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