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BLADES WITH CONSTANT SPANWISE LOADING

By Loren A, Beatty, Melvyn Savege, and James C. Emery
SUMMARY

A cascade investigation of two L45° swept blades wes conducted in
the low-speed cascade tunnels at the Langley Laboretory. A serles of
tests was made in the 5-inch cascade tunnel at a solidity of 1.00 and
an inlet-gir angle of 60° on a 2.5-inch chord blade whose camber shape
end twist distribution were calculated by the method of NACA TN 1350
to obtain a uniform spanwise loading. In eddition, a blade of 5-inch
chord, lineegr twist distribution, and NACA 65-(10A218b)10 blade section

was tested in the 10-inch cascade tunnel at inlet-glr angles of 500, h5°,
and 60° at s solidity of 1.00 and at an inlet-air angle of 45° at solid-
ities of 1.25 and 1.50. Both blades were of arrow-shaped plan form with
the apex midway between the tunnel walls. Flow-visualization tests were
conducted with smoke and fluorescent powder.

The twist distribution obtalned from the isolasted eirfoll enslysis
in NACA TN 1350 gave an almost uniform loading over most of the blade
span when tested at an inlet-sir angle of 60° and solidity of 1.0. A
linear twist distribution is sufficient to maintain an almost uniform
loading over at least the center 50 percent of the blade semispan for
inlet-air angles ranging from 0° to 60° at a solidity of 1.0 and from
solidities of 1.0 to 1.5 at an inlet-air angle of 45°, over the angle-
of-attack range tested. The twist distribution necessary to obtain a
constant effective angle of sbtack and spanwise loading is practically
independent of the variation in blsde loading and hlade loading distri-
bution investigated herein. The angle-of-attack range of swept blades
in cascade compared favorably with that of unswept blades. For the
region in which uniform spanwise loading was achieved, the swept blades
in cascade had streamwise blade surface pressure coefficients which,
when converted to normal section pressure coefficients, were similer
to those that would be cobtained from the normel configurstion of blade
section, effective angle of attack, inlet-air angle, and solidity, tested
as a cascade of unswept blades. If this result remains valid at high
Mach numbers, the Mach nurber limit for efflcient operation of the swept
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blade would be approximately that of the normsl section, at the normal
inlet angle and solidity, divided by the cosine of the sweep angle.

INTRODUCTION

Increases in stage-pressure retio and weight flow of multistage
axial-flow compressors are necessary for the design of efflcient, more
powerful, light-weight turbojet engines. Increases in both weight flow
and stage-pressure ratio are limited by the maximum inlet Mach numbers
(relative to the blade sections) that can be used without an apprecisble
reduction in efficiency. The transonic rotor tests of the NACA A Ig, -

series blade sections reported in reference 1 indicated that efficient
operation can be maintained at tramnsonic inlet Mach numbers. The tran-
sonic stage tests of reference 2, 1n which the rotor blade sections
were derived to give an elliptical chordwise loading distribution and
blade maximum thicknesses were kept low, also indicated efficient stage
operation at trensonlic inlet Mach numbers.

The application of sweepback to compressor blades may permit a fur-
ther increase in efficient operating Mach number level. Sweepback, how-
ever, also produces more difficult mechanicel design problems such as high
stress levels in rotors and increased axial depth. Although the benefi-
cial effect of sweepback of ailrcraft wings is well-known, there is some
question as to whether these benefits will exist in a low-aspect-ratlo
compressor-blade row with the confining inner and outer casings.

The use of sweep 1n cascade introduces a spanwlse variation in
induced velocity and hence induced angle of attack which does not occur
in unswept cascade tests. Unpublished low-speed cascede tests conducted
several years ago on an untwisted swept blade indicated that, for the
cascade interference effects and high 1ift coefficients encountered in
axlal-flow compressors, the spanwise induced angles of attack due to
sweep were quite pronounced. Hence, in order to cbtain a constant span-
wise loading distribution on a swept blade in cascade the blade must be
twisted to counteract the induced spanwise angle-of-gittack varistion.
Exact theoretical analysis of the effects of cascade varisbles such as
inlet-air angle and solidity on such induced effects of sweep appeared
to be very difficult; hence, 1t was decided that such cascade-induced
effects would be examined by low~speed cascade tests of a blade designed
by using isolated wing theory. An untapered 45° sweptback blade of
arrow-shaped plan form was designed for uniform spanwise loading by
using the isolated wing theory presented in reference 3 to determine the
camber shape and twist distribution. In order to test g more practical
conflguration with a more desirable blade section, a second set of cas-
cade blades was deslgned in which the theoretical twist distribution was
used as a guide to determine a linear twist distribution and the
NACA AnIgp-series blade section canber line described in reference b
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was used instead of the theoretically derived camber lines. The first
set of blades was tested over a range of angles of attack at an inlet-
air angle of 60° and s solidity of 1.0. The second set of blades was
tested over a range of angles of attack at several inlet-slr angles and
solidities. The flow in all the tests was at a sufficiently low speed
to be considered incompressible. Blade surface pressure distributions,
wake measurements, and air turning angles were obtained for all blades.

In order to determine if any differences existed, the blades with
the linear twist distribution were tested with two plan forms which are
theoretically identical for Inviscid flow. The first plan form was
arrow-sheped with the apex midway between the tumnel walls. This plan
form was chosen for most of the tests because it could be more easily
mounted and manipulated in the cascade tunnels. The second plan form
used was the half-span of the first plan form, bounded by the tunnel
walls.

In addition to the tests involving the induced effects of sweep,
several tests were conducted to obtain a more general understanding of
swept blades in cascade. These include tests under varying wall suction
conditions, a detalled static pressure survey through the blade passage,
several flow-visualization tests in which smoke and fluorescent powder
were used, and a series of isolated blade testsa.

SYMBOLS

b blade span
c blade chord
Cq. drag coefficient per umnit span, D/q,c
Cy 1ift coefficient per unit spen, L/qlc
CZO isolated eirfoil 1lift coefficient
Cx normel-~force coefficient per unit span, N/qlc
Cyr wake momentum difference coefficient
D drag

blade gap
L 1ift



M Mach number

normal force

P static pressure
P total pressure
a dynamle pressure
P - Pl
S pressure coefficlient, ——
9
T twist angle, o - Q.
t blade section meximum thickness
y coordinate
a angle of attack
By inlet-air angle
Bo exit-alr angle
A sweepback angle
o solidity, c/g
) turning angle, Bp - B
Subscripts:
1 upstream free-stream condition
2 downstream free-stream condition
av a&erage
c/h 25-percent-chord position
e effective

NACA RM L53LOT
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i induced

1 local

n normal to the blade leading edge
t tip

See figure 1 for cascade notation.

APPARATUS AND TEST PROCEDURE

Blade Design

The isolated wing theory of reference 3, used to obtaln camber
shape and twist distribution for a uniformly loaded untapered blade,
replaces the arrow-shaped blade plan form by vortex sheets of constant
but opposite circulation, one beginmning at the blade leading edge and
the other at the tralling edge and both extending to infinity. The
uniform loading is assumed to exist along the entire span and the
trailing vortices assoclated with tip loss of 1lift are neglected. In
using this theory, a free-stream Mach number of 1.2, a sweepback angle
of 459, a chord of 2.5 inches, a span of 5 inches, and a lift coefficient
of 1.0 were assumed. By using equation (20) of reference % the stream-
wise camber shape at various spanwise stations was calculated. From
these camber shapes a twlst distribution was obtained. (See fig. 2.)
From construction considerations, the twist in the center region of the
blade was faired to & value of 30°. Examination of the calculated cam-
ber shapes indicated that there was little difference in the shapes at
the various spanwise stations and therefore all the calculated camber
shapes were combined to form an average camber line. This average
canber line, the NACA 65-010 thickness distribution applied normel to
the leading edge, and the twist distribubtion were intended to be com-
bined to design & swept cascade blade. A design error, however, resulted
in the streamwise computed camber line being applied normal to the leading
edge. Hence, the blade that was constructed and tested had the theoreti-
cal twist distribution calculated for a Clo = 1.0 whereas the stream-

wilse camber line had s Czo of epproximately 0.7. The theoretical

twist distribution for C3, = 0.7 is indicated in figure 2. Over most

of the blade span the error involved In using the twist assoclated with
the blade section for Czo equal to 1.0 for & blade having a clo

equal to 0.7 is not large. In addition, the use of an isolated wing
theory to determine a twist distribution for airfoils in cascade is
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a considerable simplification of the problem. Hence, the twist-
distribution error was not considered sufficient to justify the con-
struction of a new set of blades. This blade is herein referred o as
blade 1. (See fig. 3.)

Results of the tests on blade 1 were sufficiently satisfactory so
that another arrow-shaped blade with the same sweep angle but having a
more practical twist and using the NACA ApIgp-series blade mean line was
designed. This 45° swept blade, hereafter referred to as blade 2A and
shown in figure 4, had a chord of % inches and & span of 10 inches. The
twist distribution that was used was linear. It was chosen to conform
closely to the calculated twlst used on blade 1 over most of the blade
semispan and is indicated in figure 2. The streamwlse sectlon was the
65-(lQA218b)lO with a 1 percent trailing-edge radius. The AQISb part

of the blade designation is part of a mean line designation system
which is defined in reference 4. The designation indicates that the
mean line was derived by combining loadings in the following proportions
for a CZO =1.0: a=1.0 for C;, =0.2 and a = 0.2 backwards for

Clo = 0.8. This mean line was selected since it exhibited good tran-

sonic performance 1in compressor rotor tests reported in reference 1.

In order to make a comparison of arrow-shaped and half arrow-
shaped plan forms, blade 2B was constructed. This blede was a half-
spen model of blade 2A.

Coordinates of the streamwise sections of blades 1, 24, and 2B are
given in table 1.

Test Facillities and Procedure

The 5-inch and 10-inch cascade tunnels at the Langley Laboratory
were used in this investigetion. A complete description of this type
of tunnel and its operation may be found in reference 5. A cross-
sectional view, typical of both tunnels, is shown in figure 5.

In all tests where not stated otherwise, porous side walls were
used in both tumnels along with suction slots on all four walls. Blade-
setting angles were measured by & vernier Inclinometer placed at the
Junctlion of the most downstream section, hereafter referred to as the
tip section, and the porous wall. Becsuse the geometrical angle of
attack varled along the span and because the tip section was the most
convenient measuring staetion, all date are referred to thils angle unless
otherwise specified.
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Because the flow through a cascade configuration of swept bledes
of constant section shape is three-dimensionsl, & problem is presented
as to the testing technique to be employed. The techniques developed in
reference 5, for two-dimensional cascade testing, were to set slot suction
rates to remove the wall boundary layer at the slot locations and to set
the porous~wall suction retes to obtain two-dimensional flow as indicated
by a comparison of the measured and calculated ratio of exit to inlet
dynamic pressures. The calculated value of the exit to inlet dymamic
pressure ratio was obtained by using two-dimensional-flow equetions and
the messured turning angle and waeke width. For the tests of this inves-
tigation, the slot suction was set to remove the wall boundary layer.
The initial porous-wall suction rates were set to give the ratio of the
exit to inlet dynamic pressure as calculasted by equations of two-
dimensionel flow using the measured turning angle and wake width at the
center  of the semispan. Tuft observations of the flow over the porous
side wall and over the junction of the porous side wall and the blade
were made to insure that the proper amount of flow was being removed by
the porous-well suction. Any finsl adjustment to the porous-wall suction
rgte was based on these observations.

A minimum of five blades and & maximum of seven blades were used.
The number of blades used in each test was determined by the cascade con-
figuration and the available power to give a Reynolds number of approxi-

mately 445,000 for the 5-inch chord blades and 225,000 for the 2%-inch
chord blades.

In all tests, except those of blade 1, a screen of l/2—inch mesh
hardware cloth was inserted at the entrance to the test section. This
screen was inserted to increase the turbulence level of the entering
alr in an attempt to reduce the lamlnar separation encountered because
power limitations necessitated operation within the critical Reynolds
number range of the blade sections used.

Instrumentation for these tests consisted of several upstream wall
static-pressure taps which were sufficiently far upstream to be unaffected
by the blades, a multiple-tube total-pressure reke, a claw-type yaw instru-
ment, & static-pressure surveying probe, and blade-surface static-pressure
taps. The upstream wall static-pressure taps were slined parallel to the
blade leading edges and were used both as an aid in determining the proper
floor shape for uniform entering flow and in determining the inlet dynamic
pressure. The static pressure at the cascade exit was assumed to be equal
to atmospheric pressure in the calculation of exit dynamic pressure. The
multiple-tube total-pressure rake was used to measure free-stream total
pressure and the total-pressure loss in the blade wake. Blade turning
angle was determined by the difference between the measured upstream and
downstream air angles. Blade-surface static-pressure taps were located
on both upper and lower blade surfaces as indicated in figure 6. These
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blade surface teps were used to determine the static-pressure distri-
bution over the blade contour at several spanwise stations. Static-
pressure surveys in the blade passage were sccomplished by using a long,
cylindrical, static-pressure probe which could be moved through the
blade passage.

Estimates of measuring accuracy are as follows:

Blade angle of attack, @8 « « & & « o « « ¢ o o+ o o o+ & o . E1/4
Turning angles, Geg€ . + « « « « o & O o =
Static and total pressure, percent of q e s e s s s e = s 4 e tl/2

Test Progrem

The cascade combinatlons tested for each blade are given in the
following table:

o}
B 1.0 1.25 1.50
o° Blade 2B | «meomome | ceme————
300 Blede 20 | cee;emee | ceme———
5o gizge 2n | Blade 2a Blade 24
e 2B cmmmm—— | —eme———
60 | DS | I | o

At each inlet-air angle and solidity, the angle of attack was varied
over the low drag range in increments of 2° or 39. Calculation of Ci»

Cg, end L/D from the inlet-air angle, solidity, measured turning

angles, and wake measurements were made by using the two-dimensional-
flow equations presented in reference 6 even though two-dimensional-
flow equations were not strictly applicable. The values of Cy vere

obtained by & mechanical integration of the locgl static-pressure coef-
ficients S over the blade surface. All values of C;, Cy, and CN

calculated were based on the upstream dynamic pressure.

Considerable variations in 1ift, drag, and turning angle can result
from leminer separation on the blade surface: therefore, one seriles of
tests were conducted on blade 24 over an angle-of-attack range at p = 60°
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and o =1.0 with a l/8-inch wide strip of masking tape applied at the
35-percent-chord position on the convex and conceve surfaces of each of
the blades in the cascade. The purpose of these tests was to increase

the local turbulence level on the blade to eliminate or greatly reduce

any laminar separation that occurred.

In order to determine the effect that slot and porous side-wall suc-
tion would have on the blade characteristics, tests were made of blade 2A
(the arrow-shaped blade) in which (1) suction was applied on all side walls
and slots, (2) suction was applied only on the slots, and (3) no suction
at all was used. These tests were made at a solidity of 1.25, en inlet-
air engle of 45°, and a tip blade angle of attack of 2.89.

Because a comparison between isolated wilng and cascade configu-
rations of the same blade was desirable, three tests were made on
blade 2A at tip angles of attack of ~5.4°, -2.4°, and 0.6° with all but
the pressure blade removed from the cascade. No porous-wall or slot
suctlon was used in these tests although porous side walls were used
in the tunnel. These tests should give an indication of the cascade
interference effects.

In order to gein an insight into the nature of the flow through the
blade passage, a static-pressure survey was made with blade 2B (the
half arrow-shaped blade) at o = 3.6, B = 45°, and o = 1.0. This

investigation included a survey of static pressure in each of three
planes. The spanwise location of these planes is indicated by sec-
tions D, E, and F in figure 6. They extend from sbout 3 inches upstream
of each leading-edge point to the location downstream st which the gap-
wise distribution of static pressures became constant and equal to
atmospheric pressure. Thils survey, in conjunction with the blade sur-
face pressures, presents a fairly complete picture of the main flow
through the passage.

The flow through a blade passage was further examined by means of
a series of flow-visualization tests conducted with blede 2B. The first
set of these tests was conducted by using smoke to trace the flow over
the blade surfaces at P = 45°, o = 1.0, and o renging from -1° to 11°

in %° increments. Solid side walls were used in these tests. The smoke
for these tests was produced by a small smoke generator which used as its
fuel a mixture of pipe tobacco and kerosene. Air pressure of about 4 to
6 psi was sufficient to provide oxygen for burning and force enough to
deliver the smoke from the generator to the blade. The smoke was then
ducted into the blade and along the tubing which was cast integral with
the leading-edge region of a special blade. Holes drilled into the
tubing at about 3 percent of the chord downstream of the leading edge
rermitted the smoke to be drawn into the stream by the low blede-surface

N
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pressure. By careful regulation of the air pressure on the smoke system,
the smoke could be introduced into the flow outside of the blade surface
boundary layer with a minimm of disturbance to the flow.

Another set of flow-visualization tests were conducted with a
fluorescent powder. These tests were made on blade 2B at B = 459,
o = 1.0, and a ranging from -2.0° to T7.0°. The fluorescent powder

wes suspended in kerosene and then sprayed upon the surface to be inves-
tigated. Movement of air over the sprayed surface caused displacement

of the powder and evaporation of the kerosene. The powder deposit could
then be interpreted to indicate the nature and to some extent the direc-
tion of the boundary-layer flow. Viewing the deposit while forming and
photographing of the final deposit under ultraviclet light provided the
observation system for amalyzing the pattern. An insight into the actiom
of the boundary layer on the blade surface was obtained with this flow-
visuslization system.

RESULPS AND DISCUSSION

Results of Blade 1 Tests

Blade-surface static-pressure distributions and section character-
istics are presented in figure T for blade 1 at a cascade combination of
B =60° and o = 1.0° over a range of angles of attack. Figures 7(a)
to 7(d) present the blade-surface statlc-pressure distributions for the
three sections, A, B, and C, at four angles of attack. The spanwise
variation of static-pressure coefficient at the 25-percent-chord loca-
tion, wake coefficient, and turning angle are given in figure T(e) and the
spanwise average section characteristics are presented in figure 7(£)
over the range of angles of attack tested. From figures T(a) to T(e),
the agreement between the shape of the three pressure dilstributlons is
feirly good. Figure T(d) Indicates that section C has a lower lift coef-
ficient as compared with sections A and B. Figure 7(e) denotes that the
wake coefficient i1s small over most of the center portion of the blade
gemispan up to a tip angle of attack of 9.2°, Above of = 9.2%, the
wake coefficilent begins to rise along the span, particularly in the tip
region, and indicates that this region has begun to stall. At an
of = 12.60, the tip stall has Iincreased the wake coefficient appreclably

over the tip 60 percent of the blade semispan. The tip stall indicated
by the wake coefficlents substantiates the noted loss in loading of the
C section in figure T(d). The turning-angle curves of figures T(e) and
T(f) indicate that, although most of the blade has stalled, the increase
in d6/da with angle of attack at the root section, inferred in fig-
ure 7(e), causes the average turning angle and, therefore average CZ’
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to increase with increasing angle of attack. The lift-drag ratio L/D
decreased falirly rapidly because of the large increase in Cp at high

angles of attack. The static-pressure coefficient of the 25-percent-
chord position indicates & smooth increase 1in pressure from root to tip
on both surfaces except at oy = 12,6°. The sudden increase in convex

surface-pressure coefficient near the root at this angle of attack may
be attributed to the stall region at the blade tip.

These tests were not made over the entire low angle-of-attack region
of the low dreg range but are suffilcient to indicate that the twilist dis-
tribution applied gives reasongbly uniform loading over the blade span
for a fairly wide range of angle of attack. As in all cascade tests,
the blade-section 1ift coefficient based on upstream q is considerably
less than that indicated by the isolsted airfoil 1ift coefficient of the
blade section used.

Results of Blade 2A Tests

Blade-surface static-pressure distributions and section charsascter-
istilcs are presented over s range of angles of attack in figures 8 to 12
for blade 2A at cascade combinations of B = 30°, 45°, and 60° at
¢ =1.0 and B =45° for o = 1.25 and 1.50.

Pressure distributions.- All pressure dlstributlons were faired to

the atmospheric pressure coefficient at the 100-percent chord point. In
figures 8 to 12, the pressure distributions at each spanwise station
agreed very well in shape over a wide angle-of-attack range for all the
combinations of inlet-air angle and solidity at which the tests were
made. Similar shaped pressure distributions at each spanwise station
indicate that the effective angles of attack of these sections were
similer. Hence, the linear twilst distribution obtained from the theo-
retical isolated wing calculetions predicted the spanwise induced
angle-of-attack distribution over at least the center 50 percent of
semispan for this camber and sweep very closely for a very wide range
of cascade parameters (B, g, and a). The pressure distributions,
although agreeing very well in shape, are displaced from each other in
pressure-coefficient level., There is generally a gradual decrease in
preassure coefficient from sections F to D along lines parallel to the
leading edge. This variation in pressure coefficient at equal chord
positions may be attributed to the spanwise variation in stream-tube
flow ares through the cascade. The effects of this spanwise variation
in stream-tube flow area on the statlc-pressure field are discussed
later in the detalled static-pressure surveys of blade 2B. Figures 8
to 12 indicate that approximately the same variation occurred for a
wide range of cascade configurations and that the variation was always
greatest in the trailing 50 percent of the blade. If the static pressures
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the same distance shead of each of the spanwise sections being considered
were used for p; in calculating the pressure coefficients, instead of

the upstream free-stream conditlons, the pressure distributions of sec-
tions D, E, and F would more closely coincide. Hence, the Cy values of

these sections would more closely coincide. Inasmuch as 1t would be
very difficult to measure this entering static pressure along the span,
all calculated values are based on the far upstream static pressure.
Inasmuch as the variation in Cyx with span, as indicated in figures 8

to 12, would be reduced, the linear twist distribution obtained from the
theoretical isolated wing-twist calculation appears to be very effec-
tive in maintaining approximately & constant spanwise loading, Cy, over
at least the center 50 percent of semispan for a wide range of cascade
parsmeters and angles of attack.

A comparison of the tests of blades 1 and 2A seems to indicate that
the required twist distribution necessary to obtain a constant effective
angle of attack and loading spanwise is practically independent of the
variations in blade loading and blade-loading distributions investigated
herein. These results differ from those expected of isclated wings
where the required twist is a function of type and magnitude of lcoading.

Turning angles.~ Measurement of air turning angles for sweptback
blades In cascade produces & problem because of the variation of the
Induced effects along the span. In two-dimensional-cascade testing,
the turning angle is determined for & section by the difference between
the downstream and upstream air angles. In the present tests, the flow
is not two dimensionsl and, therefore, air angles measured upstream and
dovnstream do not necessarily give a true 1ndicatlon of section loading.
Under most conditions encountered in these tests, the upstream and down-
stream measuring stations were believed to be outside of the region
notilceably affected by induced velocities. Measured turning angles are
listed for sectlons D, E, and F with each pressure distribution and also
plotted as a function of ay in figures 8 to 12. The measured turning

angles at sections E and D are always progressively lower than those

at section F. Part of this turning-angle reduction as one progresses
from F to D may be explalned by noting that, because of the blade twist,
the tip sections are at lower angles of attack (engles between blade
chord and far upstream flow direction).

Lift, drag, and lift-dreg ratio.- Discussions similar to that used
in connection with Cy regarding the spanwise variation of section

inlet static pressure would epply to C; and would indicate closer Cy

agreement at sections D and F. The drag coefficient cannot be relisbly
used for comparison between sections because 1t 1s sc susceptible to
locel effects of Reynolds number on the blade boundary layers. From the

W
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general trends, however, the drag coefficient is low over a large angle-
of-attack range. The angle-of-attack operating range of swept blades

in cascade compares favorebly with that of unswept cascade blades (ref. 7).
The erratic nature of the L/D curves 1s caused primarily by the fluc-
tuations in the Cg curves.

Reynolds number effects.- Because these tests had to be conducted
within the critical Reynolds number range of the NACA AoTgy-series blade

section, considerable difficulty was encountered with laminar separation
on the blade surface. A rather complete discussion of laminar separa-
tion is given in reference 7. Laminsr separation, followed by reattach-~
ment of a turbulent boundary layer, is most pronounced on those pressure
distributions which have a favorable pressure gradient over the forward
portion of the blade. Regions of laminar separation are usually indi-
cated by a bump in the surface pressure coefflcients such as those in
figures 8(a) to 8(c), 9(a) to 9(c), and 10(a) to 10(d). As a first
attempt to eliminete leaminar separation, these tests were conducted with
a 1/2-inch square mesh hardware cloth at the entrance to the test sec-
tion. As may be seen from the previously mentioned figures, this screen
was not sufficient. In order to obtain one series of tests withoub
extensive laminar separation, l/8—inch wilde strips of masking tepe were
applied along the 35-percent-chord positions on both the convex and
concave surfaces of blade 2A. The results of the tests of this con-
figuration at a cascade combinstion of § = 60° and o = 1.0 are shown
in figure 13. A comparison of the pressure distributions of figures 10
and 13 indicates that the masking tape was quite successful in removing
or reducing laminar separatlon from both blade surfaces. However, when
a very favorable gradient existed over most of the blede, as in fig-
ures 13(a) and 13(b), the surface roughness did not eliminate the lami-
nar seperation. The reduction in laminar separstlon effects resulted in
& smooth veriation in Cg and hence in L/D with angle of attack.

(See figs. 10(g) and 13(g).) Although the masking tape did reduce the
laminar separation effects, there was no appreciable variation in drag
coefficient for the tests with and without tape. Hence, any drag reduc-
tion due to reducing laminar separstion was counterbalanced by the drag
added by the tape.

Comparison Between Arrow and Half Arrow Shaped

Plan Form Swept Blades

In inviscid flow, an arrow-shaped blade with the spex midway between
side walls is identical aerodynamically to the half-span of the same blade
bounded by side walls. In order to determine the similarity between these
two configurations in viscous flow, comparative tests of the half arrow
blade (blade 2B) were made in the 5-inch cascade tunnel at B = 45°
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and o = 1.0. Figure 14 indicates the same type of agreement between
blade section data at the varicus spanwise locations as was obtained
for the tests of the arrow-shsped blade (blade 2A). Blade 2B tests,
however, indicate a reduced loading at the same tip sectlon angle of
attack. If pressure distributions of similar shape are compared

(figs. 9 and 14}, the blade 2B a's are some 3° higher than those of
blade 2A. Figures 9 and 14 also indicate that the pressure coefficient
level of blade 2B pressure distributions, at sections D, E, and F, are
lower than those of blade 2A. This shift in pressure-coefficient level
indicates that the pressures shead of blade 2B must have increased over
those which occur shead of blade 2A. Hence, the effect of replacing
the apex junction of the arrow-shaped blade by a porous wall to form

a half arrow blade has resulted in lower pressure coefficients and a
reduction in spanwise variation in angle of attack by approximstely a
constant 3°. No apparent explanation was found for this 3° difference
in angle of attack.

Gulde~Vane Tests of Blade 2B

Since half arrow shaped swept blades might be useful for some guide-
vane applications, blade 2B was tested at the gulde-vane condition of an
inlet-air angle of O° at = solidity of 1.0. The results are presented
in figure 15. There 1s even better agreement between the spanwise
pressure distributions for these guide-vane tests than occurred for
the compressor-blade-section tests discussed in the previous sections.

Comparison of Surface Pressure Coefficlents

for Swept and Unswept Blades

General discussion.-~ The simple sweep theory of isolated wings of

infinite aspect ratio indicates that the chordwlse static pressure dis-
tribution over an infinite-aspect-ratio lsolated wing is a function of
the component of upstream velocity normal to the wing leading edge only
(ref. 8). Hence, the Mach number limit for efficient operation of an
infinite-aspect-ratio swept wing is limited by that of the normal ailrfoil
section. That is, if the normal airfoil section 1s tested as an unswept
wing and the Mach number limit for efficient operation of this unswept
wing is determined, the Mach number limit for efficlent operation of the
swept wing will be that of the unawept wing divided by the cosine of the
sweep angle. A similar phenomena would be expected from a cascade of
infinite-aspect-ratio swept blades. In order to determine whether a
low-agpect-ratio cascade of swept blades with confining side walls will
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exhibit & similar phenomena, a comparison was made between swept and
unswept blades in cascade with the same blade section and cascade
parameters normal to the blade leading edge. The equations relating
the normal and streamwise blade sections and cascade parameters are
given in sppendix A. Because of a lack of cascade datas at the condi-
tions normal to the leading edge of the swept blade, the method of
reference 4 was used to estimate the pressure distribution at design
angle of attack for the unswept blade. Design angle of attack is the
angle of attack at which the surface velocities due to angle of attack
are negligible. Measured streamwise pressure distributions on the
swept blade at an angle of attack closest to the design conditions were
converted to normasl section pressure distributions by equation (B3).

Blades 2A and 2B.- Figure 16 presents a comparison of the converted

normal pressure distribution of the E-section of swept blade 2A and the
estimated pressure distribution for the unswept blade with the same
blade section and cascade parameters of f and o as existed normal
to the swept blade leading edge. The streamwise cascade combinations
for the swept blade tests presemted in figures 16(a), 16(b), 16(c),

and 16(d) are, respectively, B = 30°, o = 1.0; B =U45°, o = 1.0;

B =60° o=1.0; and B = L45°, o = 1.5. From figure 16 it may be
seen that the agreement between converted measured and estimated pres-
sure distribubtions is very good and l1s within the sccuracy of the
method of estimation of design pressure distributions, if discrepancies
such as those in figures 16(a) and 16(c) due to a noticeably different
effective angle of attack and to laminar separation are neglected.
Hence, it appeers thet the converted normal pressure distributions of
the E-section of swept blade 2A over the range of conditions investi-
gated were similar to those that would be obtained if the normel con-
figuration of blade section, B, and o were tested as an unswept
blade.

At sections D and F, the converted-measured and estimated pressure
distributions agree equally well in shape; however, the static pressure
coefficlents obtained on these sections are, respectively, lower and
higher than those of the unswept blade. Hence, it appears that, because
of the confining side walls, the static pressure coefficlents in the
reglon where pressure distributions were messured (the center 50 per-
cent of the semispan of blade 2A) decrease proceeding downstream along
lines of constant chordwise position. Similer pressure-distribution-
shape agreement between converted-messured and estimated pressure dis-
tributions was obtained for blade 2B, although, as indicated previocusly,
the static pressure coefficients measured were lower than those of
blede 2A.

Blade loading.- It has been established that for swept blades in
cascade the blade surfece static pressures are similar to those that
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would be obtained if the normal configuration of blade section, B8,

and o were tested as an unswept blade at least over the center 50 per-
cent of the swept blade semispan, where the pressure distributions were
measured. If the surface static pressures were ldentical, a swept blade
with the same blade section and cascade parameters normal to the leading
edge as that of an unswept blade must be operated at the same velocity
normal to the leading edge as that of the unswept blade in order to
obtaln the same statlic-pressure rise.

Effect of sweepback on the Mach number limit for efficient operation.-

In the region in which the agreement found between the low-speed swept
normal and the unswept estimated pressure distributions remains velid at
high Mach numbers, the Mach number limit for efficient operation of the
swept blade will be equal tc that of the normal section divided by the
cosine of the sweep angle. In those regions where the swept normal
pressure distribution 1s of the same shape as the estimated unswept
pressure distribution but the static pressure coefficlents are lower than
those of the unswept blade, the Mach number limit for efficient operation
should be slightly higher than that expected by dividing the Mach number
limit for efficlent operation of the umnswept blade by the cosine of the
sweep angle. For blade 2A, the region where this is true is from sec-
tion D to E, and for blade 2B, from D to F. The Mach number limit for
efficient operation will be slightly lower than that expected by dividing
the Mach nunber limit for efficlent operation of the unswept blade by

the cosine of the sweep angle in the regions where the swept~blade pres-
sure coefficients are higher. For blade 24, the region where this 1s
true 1s from E to F. PFor both blades there is an increase in the Mach
number limit for efficlent operation from sections D to E. The inlet
Mech number distribution of a rotor generally lncreases from root to tip.
Hence, the need for greater benefit of sweep with increasing radius in
the rotor is in the same direction as the Increased benefit due to sweep
a8 determined in cascaede. Since no date were obtalned in the reglons
close to the confining side walls, no comments can be made as to the
lmprovement of operatlng Mach number level in those regions by use of

45° sweepback.

Effects of Porous Side Weglls and Slot

Suction on Cascade Test Results

The results of the tests on blade 2A at p = hﬁo, g = 1.25, and
o = 2.8° with various suction conditions are shown in figure 17.
Figure 17(a) presents test results in which both porous side wall and
slot suction were used and is one of the tests previously presented in
figure 11(d). Figure 17(b) presents test results in which there was
slot suction but no porous-wall suction. In figure lT(c), there was
neither porous wall nor siot suction. The porous-wall—no-suction tests
do not correspond to solid-wall tests. Without suction on the porous
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walls, flow may be drawn through the porous well to the low-pressure
areass on the blade surfaces. Figures 17(a) and 17(b) indicate that

cutting off the porous-wall suction.caused about a 18 increase in
measured turning angle along the span even though the Cy value

remained constant at sections E and F and decreased at section D. The

pressure-distribution shapes indicate no noticesble difference in seec-

tlions E and ¥ but do indicate a very slight decrease in effective angle
of attack for section D which is substantiated by the Cy values.

Figure 17(c) indicates a decrease in effective angle of attack resulted
when the suction was turned off. This effect was most pronounced for
section D which was closest to the wall. All sections indicated s
decrease in Cy associated with this decrease in angle of attack.
Since suction tends to reduce wall boundary-layer growth and hence
increase passage area, any reduction in suction should increase the
exit pressure coefficlent as Indicated in figure 17. The reduction in
convex-surface adverse pressure gradient associated with the reduced
suction resulted in increased turning angles in figures 17(b)} and 1T7(c)
over those indicated in figure 17(a).

A comparison of figures 17(a) and 17(c) indicated that porous-wall
suction has reduced the amount of convex-surface laminar separation
which occurred at sectlon ¥, the section farthest from the porous wall.

Figure 17(d) presents the varistion of drag coefficient of sec-
tions D, E, and F for the three suction conditions. This figure indi-
cated that the drag at the D sectlon increased rapidly as suction was
reduced whereas sections E and F were negligibly affected by suction
condition.

From these tests, 1t may be concluded that, although slot and
porous-wall suction have an effect on the magnitudes of 6, Cg,

and Cy, particularly close to the wall, the twist distribution neces-

sary to obtein a constant effective angle of abttack between sectlons D
and F appears to be negligibly affected by suction.

Isolated Wing Test of Blade 2A

Blade 2A was tested at three angles of attack with all but the
pressure-distribution blade removed from the cascade to determine the
cascade interference effects on a swept blade. No porous wall or slot
suction was used in these tests even though porous side walls were
used in the tumnel. The resulits of these tests are presented in fig-
ure 18. The pressure-distribution shapes of sections D, E, and F agree
very well over the range of angles of attack tegsted. The exit pressure
coefficient indicates a static-pressure rise. This is not possible for



18 - NACA RM L53LOT7

an isolated wing; therefore, these tests are actually very low solid-
ity tests where the two flexible floors acted as caescade blades. These
tests, however, do approximate the isolated wing conditions suffi-
ciently for the purposes of this investigation. From figures 8 to 13
and 18, it may be seen that the Cy values of the isolated blade are

higher than those of the blades in cascade. As In the cascade, the
Cy values increase progressively from sections D to F. Some of this

variation in Cyx values spanwise may be attributed to the no-suction

condition with porous side walls which could permit circulation.of flow
from pressure¢ to suction surface through the porous wall. Wake measure-
ments indlcate that the increase in drag coefficient of section D over
sections E and F for the no-suction condition is not nearly as pro-
nounced for the lsolated case as for the case of figure 17. The fact
that the pressure distributions were so similar for the isclated tests
indicates that the linear twist dlstribution which was effective for
maintaining constant spanwlse effective angle of gttack and loading for
the cascade was also effective for the isolasted wing.

Detgiled Passage Static-~Pressure Surveys of Blade 2B

As previously mentioned, the pressure distributions of figures 8
to 15 indicate an Ilncreasing passage inlet static pressure from midspan
to wall for blade 2A and from swept forward section to wall for blade 2B.
Figure 19 presents a plot of constant-static-pressure-coefficient con-
tours through the blade passage of blade 2B at B = 459, o = 1.0, and

= 3,69, Figure 20 presents plots of static pressure coefficient
agalnst passage gap at the leading- and traillng-edge lines. These
plots were obtained from detailed static-pressure surveys mede through
the blade passage. The spanwlse statlc pressure gradient is evident
in figures 19 and 20 by noting that the average static~pressure coeffi-
clent along the leading-~edge cascade line decreases from section F to D.
FPigure 20 indicates that a similar type of static-pressure gradient
exists along the tralling-edge cascade line. Hence, even though the
pressures involved are dlfferent, the statlc-pressure rise through the
blade passage at the F-.section appears to be gbout the same as that
through the D-section.

Flow~Visualization Studies

Previous swept-wing investigations have indicated that the component
of the flow parallel to the sweep line of an infinite-aspect-ratio iso-
lated swept wing is constant and has no effect on the blade-surface static
pressures. Therefore, any changes 1n blede-surface static pressure will
result from a varletion in veloclty normal to the sweep line and hence a
spanwise shift of streamline curvature over the blade surface must result.
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For an infinite swept blade in a cascade in which there is a static-
pressure change across the blade, not only are the convex and concave
surface streamlines which pass through the same leading-edge point
displaced from each other spanwise at the tralling edge but, because
of a lower velocity at the exit than at the inlet, they have a flow
direction different from the inlet flow.

From the blade surface pressure distribution and the assumption
that the component of the free-stream velocity parsllel to the sweep
direction remains constant over the blade surface, streamline paths
over the blade surface were calculated. These paths were computed for
the E section (the midspan section) at en ay = 3.6°. (See fig. 21.)

Comparisons between computed streamlines and smoke traces were made by
drawing the computed streamline shapes on the airfoil and visually com-
paring these curves with the smoke paths during the test. Smoke intro-
duced at the leading edge at the E section of the blade on each surface
coincided with the computed paths until the smoke separated from the

blade surface at about 90 to 95 percent chord for the ay = 3.6° test.

Flgure 22 presents the results of a series of flow-visualization
tests on the convex surface of blade 2B at § = 459, o = 1.0 for
at = -1.0%, 2.0°, 5.0°, 8.0°, and 11.0°, utilizing smoke to trace the

streamline path of the flow at the outer edge of the boundary layer.
This series of tests were made with solid walls in the cascade. Obser-
vation of the smoke paths at different spanwise positions indicated
that the streamline paths are quite similar in shape and hence the
above assumptions appear to be valid to within 1 inch from each side
wall over the angles of attack investigated. Observation of smoke
paths and tuft surveys indicated that the curvature of the streamlines
decreased rapidly away from the blade surface. The photographs of fig-
ure 22 do not give a true indication of the variation of streamline
curvature with engle of gttack because a fixed camera angle was employed.
Therefore, the streamline path over the convex surface of blade 2B at
an ap =.12.6° was computed by using the pressure distribution of fig-

ure l%(f) and is compared in figure 21 to the path for a af = 3.60.

The variation in streamline path with angle of attack appeared to be
quite small for the convex surface.

Figures 23 and 24 present the results of a series of flow-
visuaslization tests on blade 2B at B = 45° and o = 1.0 over a range
of angles of attack in which fluorescent powder was used in a prelimi-
nary attempt to investigate boundary-layer action on swept blades in
cascade. Since the suspension used in these tests 1s arranged by the
boundary layer and the final deposition results from evaporation of the
suspending liquid, regions of heavy deposit are regions of initiasl
separation or reverse flow. Figure 23 presents photographs of the
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convex surface of the blade at varilous angles of attack. Very close
to the blade leading edge, a narrow strip of heavy powder deposit may
be noted. This narrow strip is displaced in the downstream direction
as angle of attack is increased. At just above ai = 4.0, the deposit

begins to deteriorate and at approximately ot = T.Oo the deposit has
almost completely disappeared. The action and eppearance of the deposit
may be the result of a small reglon of laminar separation. From indi-
cations of the pressure distributions presented in figure 1k and the
photographs of powder deposit in figure 23, it appears that a region

of lamingr separstion with turbulent reattachment occurs near the blade
treliling edge. In order for both of these indicated conditions to

occur on the same blade, the laminar separation near the blade leading
edge would have to reattach as laminar boundary layer. There 1s some
doubt as to whether this can occur even under the very favorasble pres-
sure gradient over the upstream sections of this blade. Since insuffi-
cilent information is avallable on this subject, in the Reynolds number
renge of these tests (that is, approx. hh5,000), definite conclusions
cannot be made as to the state of the boundary lsyer in the leading-edge
reglion of this blade at the conditions investigated. The turbulent
regions neer the roct and tip are caused by blade and porous-wall inter-
action. As the sngle of attack was increased, the trailing-edge region
of presumsbly laminar separation decreased in extent and covered only
about one-~quarter of the midspan reglon at oy = 7.0°. At this angle of
attack, the trasiling-edge laminer-separatlon region had moved forward.
A forwerd shift of thls laminar-geparation reglon is substantiated in the
pressure distributions of figure 14. A possible explanation for the
spanwise reduction in the trailing-edge laminer-separation reglion with
increased angle of attack 1s that the interaction between wall and blade
becomes more pronounced at higher angles of attack. This interaction
could trigger a transition from laminsr to turbulent flow ahead of the
region where the trailing-edge separation had occurred for lower angles
of attack. Then too, the pressure gradient becomes less favorable for
lamingr flow as angle of attack incresses and the deterioration of the
phenomena, at the leading edge may initiate a transition to turbulent
boundary leyer.

For the test at an angle of attack of T°, an outward flow of bound-
ary layer from the root section (the section at the apex) to the tip
sectlion was very noticeable in the trailing-edge region. Hence, under
certain conditions, it might be desirable to use boundary-layer fences
to keep this low energy alr from piling up at the Junction between the
tip section and the wall.

The boundary-layer flow on the concave surface of blade 2B over
a range of angles of attack is indicated in figure 24. The test at
at = -2.0° (fig. 24(a)) indicates that the flow over the forward por-

tion of the concave surface 1s quite smooth except for about the tip
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20 percent of the span. The transition to a turbulent boundary-layer
flow in the tip region is probably primarily a result of a higher
velocity peak near the leading edge ss indicated in figure 1lh and the
wall-interference effects. At about 40 percent downstream of the
leading edge near the root and progressively closer toward the tip the
flow in a region of laminar separation abruptly turns in the spanwise
direction. The striated appearance of the deposit in this region is
very noticeable. The flow appears to follow this direction until sbout
20 percent span from the tip whereupon it appears to trail off down-
stream. The smooth nature of the deposit upstream of the reverse-flow
region indicates that laminar flow occurs in this region. As angle of
attack is increased, the laminar-separation region and the resulting
spanwise flow become more pronounced and extend to the tip wall. The
accunulation of the spanwise flow appears to form into a rather strong
vortex near the tip wall, as indicated by a large powder deposit near
the wall followed by a region which has been scrubbed clean. The smount
of spanwise flow and therefore the strength of the tip vortex incressed
with increesing angle of attack.

General Comments Regarding Sweep

Since the benefit of sweepback in raising the operating Mach number
level for the isolated infinite-aspect-ratlo yawed wing is so widely
known, a short discussion indicating the differences between it and a
cascade of infinite-aspect-ratio yawed blades 1s included to aid in the
application of the results of this investigation.

In the simple sweep theory of an infinite-aspect-ratio isolated
vawed wing at an angle of attack of 09, the distribution of statie
pressure coefficient at the section normal to the leading edge, based
on the component of velocity normsl to the leading edge, is independent
of sweep-angle varistion produced by yawing the wing. Under the same
basic assumptions, for a cascade of infinite-aspect-ratio yawed blades,
the static pressure coefficlents over the normal section, based on the
component of velocity normal to the leading edge, do vary with sweep
angle. This variation in distribution and magnitude of static pres-
sure coefficients in the case of the cascade is caused by a change in
normal inlet-air angle and solidity as. sweep angle changes. (The rela-
tionships between the normal and streamwise Inlet-air angles and solidi-
ties are gilven in sppendix A.) Hence, the normsl Mach number limit for
efficient operation of a cascade of infinite-aspect-ratio swept blades
at an angle of attack of O° varies with sweep angle. This is unlike the
case of the isolated wing where, at an angle of attack of 0°, the normal
Mach number limit for efficient operation is independent of sweep angle.

Although this discussion has dealt with the infinite-aspect-ratio
condition, the results obtained should also apply in any region where
it is found that the surface static pressures are a function of the
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component of velocity normsl to the leeding edge. It has been indicated
ihat the Mach number 1limit for efficlent operation of the normal section
of a cascade of swept blades will vary with sweep angle as the casgcade 1s
yawed, Therefore, the increase in limiting Mach number expected by yawing
a given set of cascade blades must be compared with the veriation in the
normal blade section Mach number limit for efficient operatlon that occurs.
In this way, the sctusl net gairn in limiting Mach number obtained by
varying sweepback through yaw may be determined. Although this discus-
sion dealg with a fixed configuration streamwise end obtains the sweep-
back through yaw, it does not preclude that, in application of sweepback
to compressor blades, the normal configuration mey be varied to obtain

the optimum results for the particular design conditions.

The application of sweepback to compressor blades will present
problems which are not now as lmportant in the design of unswept blades.
These problems will include the determination of induced angles of attack
for varying loadings and blade configurations, a more severe boundery-
layer problem because of the component of flow parallel to the blade
leading edge, and a more difficult structural design problem in the case
of swept rotor blades.

CONCLUSIONS

A cascade Investigation of two 45° swept blades over a range of angles
of attack at various combinations of inlet-air angle and solidity from 0°
to 60° and 1.0 to 1.5, respectively, indicated the following conclusions:

l. The isoleted wing method presented in NACA TN 1350 predicts the
twilst distribution and camber shape necessary to obtain an almost uniform
spanwlse loading over most of the blade span when tested at a cascade
configuration of inlet-alr angle of 60° and solidity 1.0.

2. A linear twist distribution is sufficient to meintain an slmost
uniform loading over at least the center 50 percent of the blade semispan
for inlet-air angles ranging from 0° to 60° at a solidity of 1.0 and from
solidities of 1.0 to 1.5 at an inlet-air angle of 45°, over the angle-of-
attack ranges tested.

3. The twist distribution necessary to obtaln a constant effective
angle of attack and spanwilse loading is practically independent of the
variations in blade loading and blade-loading distribution Investigated
herein.

-

4. For the region 1n which uniform spanwise loading wes achieved,
the swept blades in cascade have streamwise blade surface pressure coef-
ficlents which, when converted to normal sectlon pressure distributions,
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are similar to those that would be obtained if the normal configuration
of blade section, inlet angle, and solidity were tested as a cascade
of unswept bledes.

5. Pressure coefficients in the region where pressure distributions
were measured (the center 50 percent of the semispan of blade 24 and the
center 50 percent of the span of blade 2B) decrease proceeding downstream
along lines of constant chordwise position.

6. In the region in which the agreement found between the low-speed
swept normal and unswept estimated pressure distribubtions remains vaglid
at high Mach numbers, the Mach number limit for efficlent operation of
the swept blade would be spproximately that of the normml section, at
the normal inlet angle and solidity, divided by the cosine of the sweep

angle.

T. The angle-of-attack operating range of a uniformly loaded L45°
sweptback blade in cascade compared favorably with that of unswept
blades.

8. The hslf-arrow-shaped swept-blade tests indicated that pressure
distributions similar in shape to those of the arrow-shaped swept blade
tests occurred et approximately 3° higher angles of attack and that at
these higher angles of attack lower convex surface pressure coefficients
were obtained.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 23, 1953.
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APPENDIX A

DERIVATION OF THE RELATIONSHIPS BETWEEN THE NORMAL

AND THE STREAMWISE CASCADE PARAMETERS

A plan and two elevation views of & cascade of untwilsted swept
blades is shown in figure 25. When the following derived expressions
are applied to the cascade of this lnvestigation, it is necessery to
assume that the effect of blade twist on the parameters is negligible.
This agssumption 1s substantiated by the excellent shape agreement of
the pressure distributions taken in the center 50 percent of the semiepan.

From figure 25, the followlng relations msy be seen:

g,' =g' cos A (a1)
cp = ¢ cos A (a2)

my = m cos A (43)

g' = g sin(py - «) (Ak)
h =g cos(B; - @) (a5)
tan a = l"- (a6)

8

ten(p - o) = & (a7)
ten(Py - @ - Bp) =T (48)

&n = ﬂh2 + (8y")2 (49)
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S0l1idlty.- The ratio of

On _ ©n

£ (a10)
(s} c gn

]

Combining relations (Al), (A2), (Ak), (A5), (A9), and (A10) results in

g, = : | (a11)
cos2(Bl - a)

+ s10%(p) - a)

cosgA

Angle of attack.- From figure 25(c),

= tan~l X (a12)
o &

Substituting expressions (Al) and (A6) into equation (A12) results in

oy = tan~l ten o (a13)
cos A

Inlet air angle.- From figure 25(c),

Bl,n - Gy = tan~t -g—;— (A1k)

Substituting equations (Al) end (A7) into equation (Alk) results in

Bin = tan-1 Ean(ﬁl - a)jcos 19 + apn (A15)

s
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Turning angle.- From figure 25(c},

PL,n = @ - Bp,q = tenl == (a16)

Substituting equations (A3) and (A8) into equation (Al6) results in

_ tan(f; - o - B2
Bl,n - @y - Bp,p = tan™ ( ) (ALT)
cos A

and since (Bl,n - BE,n)

On and (Br - Bp) =6,

-1 tan(e - a) +
cos A

Bn = tan

oy (A18)

Blade section camber and thickness.- Inasmuch as blade section camber

and thickness are affected only by the decrease in chord from streamwise
to normal, the following relations apply:

CZ (o]
(Cl,o)n = _;cos N (419)
end
(E) =_E& (A20)
¢/n  cos A
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APPENDIX B

CONVERSION OF STREAMWISE PRESSURE COEFFICIENT TO
PRESSURE COEFFICIENT BASED ON CONDITIONS

NORMAL. TO BLADE LEADING EDGE

For incompressible flow,

P-p q
_7’ = L (Bl)

0
il
1
I

P'Pl q'l

Sp = = (B2)
P

Therefore,

Q, b, - U,

Q1n Ay

Hence,

Sp = (L + tan®A) - tan®p (B3)
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TABLE 1.- STREAMWISE BLADE COORDINATES

Eta.tions and ordinates ere in percent chord:'

_

\

Streamwise section - Blede 1

—

Streamwise section -~ Blades 24 and 2B

Blade 1 Bledes 2A and 2B
Station Upper Lower Stetion Upper Lower
o} 0 0 o 0 o}
.5 .72 -4 .5 97 -.62
.75 .87 -.h7 .5 1.16 -3
1.25 1.15 ~.5% 1.25 1.k6 -.90
2.5 1.69 -.66 2.5 2.10 -1.18
5 2.50 -.65 5 3.03 -1.%0
T.5 3.16 -.65 7.5 3.81 -1.52
10 3.72 -.65 10 1.55 -1.59
15 4.55 ~.66 15 5.87 -1.58
20 5.1 -.68 20 7.00 -1.35
25 5.61 -.TL 25 T.98 -1.08
30 5.9% -.76 30 8.79 -.T7
35 6.13 -.8 35 9.47 -39
Lo 6.2k -.83 o 10.08 .03
L5 6.24 -.53 45 10.57 .50
50 6.12 -.Th 50 10.79 97
55 5.90 -.69 55 10.84 1.50
60 5.51 -.56 60 10.72 2.03
65 5.10 -2 65 10.38 2.53
T0 y. 64 -.29 TO 9.88 2.90 .
75 k.12 -.16 5 9.20 3.0k
80 3.61 -.10 8o 8.36 3.04
85 3.07 -.04 85 T.20 2.76
g0 2.40 -.10 90 5.70 2.06
95 1.67 -2 5 3.83 1.01
100 o} o] 100 o 0
L.E. radius slope = 0.254; L.E. radius slope = 0.15G;
L.E. radius = 0.639 L.E. radius = 0.639
T.E. radius slope = 0.221; T.E. radius slope = 0.6L40;
T.E. radius = 1.000 T.E. redius = 1,000

29



B

/

Inlet alr direction

Filgure 1.~ Cascade notatlon.

Exit air direction

614

LOIEST WY YOVN




NACA RM L53LOT 31

32 I

28 j— —1

< O—»

g
24 H ]
Y=
By b >
20 -
o
33
=4
‘_
2 16 1 Calculated for Cio =10
&
— Linear for Cy, = 1O
% L Blade | lo
e

— — — — — Calculated for C1°=_7 —
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0 20 40 60 80 100

Percent semispan from roof, _Zbi

Figure 2.- Twist distributions celculated by the method of reference 3
for 1ift coefficients of 1.0 and 0.7 snd a linear twist distribution
chosen to conform closely to the twist celculated for 07’6 = 1.0.
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L-67556

Figure 3.~ Swept blade 1 mounted in the 5-inch cascade tunnel.



Concove surfoce

Convex surface

1~70126,1

Figure 4.~ Swept blade 2A.
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Settling chanmber
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Wall static pressurs teps

Flexible floors
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Figure 5.- Vertical cross section of two~dimenslonal low-speed cascade

tumnel.
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Blades 2A and 2B

Figure 6.~ Blade surface statlic pressure tap locations on upper and lower

purfaces of blades 1 and 2.

Orifice Locations
Bleda 1 Bladss 24 and 2B
A,B,C, 3 D, &, F
Percent | Parcent Farcen
chord ssmispan chord
) 10.4 0
5 20.3 2 1/2
10 30.2 5
15 4o.1 10
25 50.0 15
Lo 59.9 20
55 £9.8 30
70 9.7 Lo
85 89.6 50
60
70
80
90

A1l dimensions are in inches.
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B—-—— o Comvex surface
o Concave surface

(© a;=92°; B,,=103° (d) ay=12.6°; G2 125",
o | | | | I B |
O 20 40 60 80 100 © 20 40 60 80 100
Percent chord Percent chord

Figure 7.~ Swept blade 1 blade surface pressure distributions and blade
section characteristics for the cascade combination, B = 60° and
g = loO-
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Concave surface

30 40 S0 60 70
Percent semispan from root

(e) Section charscteristics.

Figure 7.~ Continued.
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(£) Average blade characteristics.

Figure T7.- Concluded.



NACA RM L53LOT

O Convex surface
o Concave surface

@) Q= -{0.1°
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(@a;=57°
i | I

(f) ;=882
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Percent chord

80 00 © 20 40 60

Percent chord

39

Figure 8.- Swept blade 2A blade surface pressure distributions and blade

section characteristics for the cascade combination,

g = 1.0.

B = 30° ana
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(g) Section characteristics.

Figure 8.- Concluded.
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© Convex surface
Concave surface

. 28 1 [ . T 1 |

c) at =-20°

{e) a =5.7°. (f ay =8.8°
0 | | | | | | 1 |
(o} 20 40 60 80 100 ©O 20 40 60 80 100
- Percent chord Percent chord

Figure 9.- Swept blade 2A blade surface pressure distributions and blade
section characteristics for the cascade combination, 8 = )+5° and
g =1.0.
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(g) Section charscteristics.

Flgure 9.- Concluded.
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© Convex surface
o Concave surface

28

(e} a; =3.5° (f)a;=89°
o L | | | L | | |
(o} 20 40 60 80 100 O 20 40 60 80 100
Percent chord Percent chord

Figure 10.- Swept blade 2A blade surface pressure distributions and blade
section characteristics for the cascade combination, B = 60° and
g=1.0.
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(g) Section charscteristics.

Figure 10.-~ Concluded.
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O Convex surface
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Figure 11.- Swept blaede 2A blade surface pressure distributions and blade
section characteristics for the cascade combination, B = 45° and
g =1.25.
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(f) Section characteristics.

Filgure 11.- Concluded.
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o Convex surface

’ o Concave surface
28 ) | | | PN |

b () ay=0l° § (d) a;=24°

A S BRI A W T
o0 20 40 60 80 100 O 20 40 60 80 100
Percent chord Percent chord

Figure 12.- Swept blade 2A blede surface pressure dilstributions and blade
section characteristics for the cascade combination, B = 45° and
g =1.5.
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30
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(g) Section characteristics.

Figure 12.~ Concluded.
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© Convex surface
g Concave surface

[ [ }

(c) ay= -2

Pt KR A T
. O0 20 40 60 80 100 O 20 40 60 80 100
Percent chord Percent chord

Figure 13.- Swept blade 2A blade surface pressure distributions and blade
section characteristics for the cascade combinstion, B = 60° and
¢ = L.0 with roughness added.
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(g) Section characteristics.

Figure 13.- Concluded.
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Figure 14.- Swept blade 2B blade surface pressure distributions and blade
section characteristics for the cascade combination,

g = 1.0.
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Figure 1k.-~ Concluded.
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O Convex surface
& Concave surface
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Figure 15.- Swept blade 2B blade surface pressure distributions and blade
section characteristics for the cascade combination, B = 0° and
g =1,0.



I NACA R LS3LOT

30

—"" |
3%/
N

20
B.,deg

60

40

20

Cd

—
!
4 —
C D
2 o E_|
¢ F
o 1 I | | ) }
-6 -4 -2 [0 -4 4 [} 8 10

ay,deg

(g) Section characteristics.

Fligure 15.- Concluded.
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© Convex surface
O Concave surface
24 [ | ] | | I |

------ Swept blade 2A, E -section converted normal
Estimated unswept

'(a) By=25.9° (b) Bp=385°

a4l on=734 o= 783 _
) a, =10.3° a,=10.6°
8, =200° 8,=19.2°

{c} Bn =838°~

@) B, = 39.3° o
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Figure 16.- Comparison of the converted-normel blade surface static
pressure distributions of the E-section of swept blade 2A with the
pressure distributions estimated for the unswept 65-(14.1A5Tgp)1k.1
blade section by the methecd of reference 4 for the same cascade
perameters normal toc the blade leading edge.
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D 376 139°

4l E 402 1520

F .439 16.5°
fa) Slot and porous wall suction. © Convex surface (b} Slot suction only.
o1 ]| | mowoesoce | || |
(o] 20 40 60 80 ° O o 20 40 60 80 Ko

Percent chord Parcent chord

L 14.5°
E 377 I73°
o Faa 1830 B
(c) No suction.
| l | |
% 26 20 80 80 100

Percent chord

Figure 17.- Comparison of blade surface pressure distributions and section
characteristics of swept blade 2A with suction condiltions for the cas-
cade combination, of = 2.8°%, B =459, and o = 1.25.
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(a) Variation of drag coefficient with suction conditions for blade 2a
- at B =145°, o =1.25, end ay = 2.8°.

Figure 1T7.- Concluded.
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Figuré\l&- Blade surface pressure distribution end blade section charac-
teristics for the isolated case of swept blade 2A with no suction.
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{c) D-section.

Figure 19.- Pressure coefficlent contours through the blade passage at
D, E, and F sections of blade 2B at a cascade combination of B = 450
o = 1.0, end ay = 3.6%.
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Figure 20.- Static-pressure coefficient of blade 2B at B = 45°, o = 1.0,
and ay = 3.6° plotted agalnst passege gap at the leading- and tralling-

edge lines.
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Concave surface path
— —— — E —Section

0070 E
‘o

Root

Tip

Figure 21.~- Calculated streasmline path at E-sectlon of blade 2B at B = 459,
0 =1.0, and ot = 3.6° and ay = 12.6°.



(b) a't = 2-00¢

(e) @y = 11.0°%, 1,-82061

Flgure 22.- Smoke traces over the convex surface of blade 2B at B = 45°,
o = 1.0.
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R T
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Figure 23.- Results of tests on the convex surface of blade 2B at B = 45°
end o = 1.0 over a range of angles of attack using fluorescent powder.
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(c)g, =4.0°

L-82063%

Figure 2.~ Results of tests on the concave surface of blade 2B at B = 45°
end o = 1.0 over a range of angles of attack using fluorescent powder.
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(b) Elevation view - streamwise,

(¢) Elevation view - normal.

Figure 25.- A plan and two elevation views of a cascade of untwisted
swept blades.
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