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PERFORMANCE OF COMPRESSOR BLADE CASCADES |
AT HIGH MACE NUMBEES

By Seymour M. Bogdonoff
© SUMMARY

'Three lo—percen’o—thick and twe 6-percent—thick blower blades
were ‘investigated in-a high Mach number two—-dimensional cascade
" tunnel in several configurations for a range of Mach number. .
‘Pressure distributions s 8chliersn photographs, turning angles, and
pressure rises were obtained to evaluete the effects of Msch number
on the basic cascade and campressor design parameteXs,

The turning senglea a.nd.'design angles of attack found from
low-speed cascede studies may be used directly in high-speed designs
since no significant changes were found. to ocour et high Ma.ch
nunmbers .

' The Mach nwibers for critical speed are b to 5 percent greater
then that predicted by the von Kdrmén-Tsien extrapolation applied
to the low-speed pressure distribution. The Mach mumbers foxr
force bresk are 16 percent higher than the predicted ‘critical
Mach number for & solldity of 1. 5 and 13 percen'b higher for a
solidity of 1.0,

The extrapolation of low—speed rotor tests to a compressor stage
‘operating Below the Mach miumber for force bresk wlith an efficiency of
90 percent indicates that pressure ratios of the order of 1.4t per
gtage should be o‘btctina.ble .

Significant imreases in compressor perfomance can be made by
the use of 6-percent-thick tip sections since thelr limiting Mach
number is 3 to L percent greater than that of the lo—percent—thick
blades,

INTRODUCTION
In an effort to inorease the pressure rise and efficiency which

can be obtained with axial-Fflow compressors, the National Advisory
Coxmittee for Aeronsutics is conducting an investigation to develop
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high~performance compressor blades. The first phase of this investi-
gation, which was conducted at the Langley Memorial Aeronautical
Laboratory, is a study of blade sections in a low-speed two—

dimensionsl cascade tunnel and is glver in referencesl and 2, This
work was extended to low-speed tests of rotating blades with very high

loadings which were also conducted at the Langley Laboraiory (refer-
ence 3). The results have shown that the cascade data can be uswed to
design highly loaded rolating blades with very nigh efficlenciles.

The present peper extends the low-speed cascede studles to the
high Mach numbers at which modern axial-flow compressors need to
operate., It also presents the iimiting Mech numbers at which large
Josses make compressor operation lmpracticeble. The effects of
compresalbility are evaluated for the basic design parameters of
references 1 to 3; namely, turning engle, shape of the pressure
distribution, and design angle of ettack. The investigation was made
in a high Mach number two—~dimensional casoade tumel at the Langley
Leboratory,.

SYMBOLS

a velcclty of sound, feet per second

specific heat of air at constant pressure; foot-pounds
per slug per °F

M Mach nwiber entering: the cascade (W1/ay)

pregsure coefficient <?§;:L2l
. 2

Pcr pressure coefficient for sonic velocity at given entering
Mach number

statlc pressure, pounds per aquare foot
dynamic pressure, pounds per sguare foot
temperature, °F absolute

rotational speed of rotor element, feet per second

%= a 3 a W

velocity relatlve to rotor and to casoade simulating rotor,
feet per second

o angle of attack, degrees (angle between entering air and
chord line of blads)
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8 stagger angle, degrees (angle between perpendicular %o
cascade and entering air)

y . ratlo of specific heats of air

- o solidity (chord of blade divided by gap between 'bla.des H '
: gsee fig. 3)

6 angle through which air is turnsd by blades, degrees

- Subscripts:
1 ahead of caescade or rotor

2 behind ocascade. or rotor
d °© design conditions

1 local

APPARATUS
High Mach Number Cascade Tunnel

The two—dimensionsl cascade tunnel used in the present investl—
getion is shown schemetically in figure 1. The tunmnel is similar to
‘that used in referemces 1 and 2 except that, because of the large powers
- required, no control of the wall boundsry layer shead of the caacadse

was attempted. In =2ddition, the wldth of the test sectlon was only
b inches. The tunnel was driven by compressed air from a large
tank at .pressures frcm 60 to 300 pounds per square inch. The air
flowed past a motorized control valve to the settling chamber; through
. thres sets of L4O-mezh screens, the converging entrance section, and
the test .cascade; and to the atmosphere. Statlec—pressure orifices
. ‘Were installed in the settling chember -and along 2 line 1/3 chord
- .ahead of the cascade. From 1/2 chord. ahead of the blades to approxi~
mately J_/ll chord behind the blades the top and bottam walls consisted
. of adjustable flexible pimtes. The angle of attack of the blades
could be varied, but changes in stagger and solidity necessitated
a. complete change of tummel walls. Wells were provided ‘for the
following test conditions: B = U45%, o =1.5; B =60° g = 1.5;
and B = 60°, o = 1.0. : S
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.Description of Blades

The blades tested consisted of three lO—percent—thick blades,
the same as those of references 1 mnd 2, and two 6-percent-thick blades
derived from NACA 65,2-006 alrfolls with the tralling edge thickened
as in reference 1, The thick sections were cambered for free-alr
1ift coefficients of 0.8, 1.2, and 1.8; the thin section, for lift
coefficients of 0.8 and 1.,2. TFor the pressure-distridution tests,
the test cascade consisted of four solid blades end a master blade
provided with pressure orifices. For the schlieren studies, the
mester blade was replaced by a fifth solid blade. The blades have
a b—inch spen and a 5-inch chord. Ordinates for these blade sectlions
are glven in tebles 1 to 5 and cross sections are shown in figure 2.

Sehlieren Setup

The schlleren system used to photograph the high~speed flow
through the cascade consisted of a high-intensity spark, two 16-inch
parabollc mirrors of 90-inch focal length, and assoclated equipment.
The knife edge of the schlieren system was set parallel to the
stagger line for all tests. Two or three of the set of five blades

vere mounted between.% —inch glass plates (measuring approximately

5 by 7 inches) which replaced sections of the tunnel walls. The
blades were held in place by short pins fitted intc holes drilled in
the glass.

TESTING METHODS

The blades were installed in the cascade tunnel at the desired
conditions of stagger, solidity, and angle of attack with the pressure
blade in the center of the cascade (fig. 1)}. At & Mach number of
approximately 0,2, the flexible walls were adjusted until the statlc
pressure shead of the cascade was unlform, The speed was then raised
until further increases showed no increase in the statlic—pressure
rise aocross the cascade. At intervals during this process, photo—
graphs of a mercury manometer were taken to record the settling-
chember pressure, static pressures shead of the blades, pressures on
the blade surface, and atmospheric pressure. This procedure was
repeated for the five blade sections at the various oconditions of
etagger, solidlty, and engle of attack. Schlieren photographs were
then teken at speeds from helow the critical speed Lo above the speed
for maximum pressure rise for the various test conditions. Photographs
of the mercury mancmeter were taken simultaneously with the schlieren
photographs to record the chamber pressure, static pressure ahead of
the blades, and atmospheric pressure,
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The variation of turning angle with Mach number was first
obtained by meking yaw surveys behind the airfoils with e claw-type
¥aw tube. Photographs of a tuft in the air stream behind the blade
end the use of a vernier protractor to measure the angles were found
to give resulits which sgreed with resulits obtainsd with the yaw tube
to within *¥1°. All other yaw surveys were then made by use of a
tuf't becuunse of the esse in making these measursments.

PRESENTATION OF DATA AND DISCUSSION

The date presented herein are base’ on entrance conditions
instead of mean conditions as in references 1 and 2. Thia base was
chosen primarily tc simplify the use of the data and to permlit direct
epplication toc high-speed-compreasor design for which the blade
entrance, condltions are usually knowa or fizxed. The tesis cover
a range of Mach number from =pproximately 0.30 to 0.95 and corre-~ -
sponding Reynolds numbers, based on the blads chord, of 700,000
to 1,800,000,

. The entrancs Mach number was calculated from the presaures
measured by the static-pressure orifices in the settling chamber znd
ehead of the cascads. Stagnation temperature wae assumed to be room
temperature (520° F absolute) since the deviations from this vslue
were not significant. The Inflection in the pressure-ratio curve
is designeted force break and correspondsto blade stall.

£s the Mach number entering the cascade increased, the pressure -
ratio across the .cascade, and therefore the demsity ratlo, also :
increased. From the continuity relations, the exiting axial velocity -
component would be expected to be smeller than entering axial veloclity
since the axial-flow area 1s constant. For this particular test
setup, however, the boundary layers on the walls were found to modify
the exit area so that the axisl velocity entering and leaving the
cascade was the same for all tests (fig. 3). The results presented
are, therefore, directly applicable only to the case of blading with
congtant axial veloclty and not to blading with conatent axial-flow
areea, . -

Pressure-Distribution Meusurements

In figures 4 to 30, the pressure distributions over the central
airfoll of the cascade are presented for a range of Mach number.
Tae pressures are plotted in the form of pressure coefficients P
and the criticel pressure coefficient (pressure coefficient at which
sonic velocity is reached at that stream Mach number) is noted on
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each plot. The low-speed pressure distributions are very similar to
those of refersnce 1, and in figure 5 the pressure distribution from
reference 1 is included for comparison. The blower blades show
characteristics very similar to those of the 1sclated airfoil as the
Mach nunber varies. iny pressure peaks on the top or bottom surfaces
increase rapidly as the Mach number increases. Shortly after the
critical preasure coefficlent is exceeded on the slrfoll 4 break in
the pressure-coefficlent curve at that point is noticeable as the
supersonic velocities return to subscnic velocities through a

shock wave.

For angles below the design angle (the angle at which the
pressure dlstribution is essentially uniform or without peaks,
reference 1), the pressure peak on the lower surface usually is the
first psrt of the blade to reach critical speed, but no stalling 1is
noticesble. (See figs. 7, 10, 11, =nd £3.} This angle would seem to
be a good operating condition, but data, presented in the section of
the present paper entitled "“Schlieren Photographs' show that large
losses occur shortly after the critical speed is reached. These
losses are caused by the strong-shock waves which extend completely
across the blade passege.

Blade stall is defined as the condlition at which no pressure is
recovered over the rear part of the alrioil upper surface and which
indicates separation. This stalling is indicated by a flat region
on the pressure-distribution .curves end a point of inflection on the
preassure-ratio curve discussed in the section entitled "Presasure
Ratlo across the Cascade.” For high angles ol attack, at which a
pressure pesk accurs on .the upper surface, the blade stall may be
divided into two categories: blades which are loaded very highly
stall because of the incresse in Mach number even before critical
opeed is reached (fige. 9, 17, 18, 19, 22, 28, 29, and 30), end
blades loaded more moderately stall at or slightly above the critical
gpeed. From these pressure distributions, it ie obviocuas that the
least losses at very high Mach numbers will be obtained wlth a
uniform-loaé pressure distribution; that is, one with no velocity
peaks on elther the' upper or lower surface. This conclusion is
verified by a study of the pressure distribution at or nesr the
design angle of attack (table 6) at which there appears to be no
stalling until Mach numbe¥rs from 0.05 to 0.10 above the critical
speed have been reasched. - -

it is interesting to note that the cccurrence of a shock on the
lower surface where the boundary layer is very thin is noticeable on
the pressure distribution as & sharp break. On the top surface,
however, where the boundary lsyers are thick, the pressure rise
across the shock i1s distributed over a noticeable length of the
blade surface.
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Schlieren Phot‘ogr&f:hs

In figures 31 to 50, schlieren photogra.phs -of the flow through
the cascade sre shown, A ocomplete study was made for e stagger of
45° and a solidity of 1.5, end a Ffew photographs were taken at the
other conditions to sbow any chenges which might exlst. The black
dots near the rear of the blades are the holes drilled in the glass
to provide a means of changing the angle of attack, The thick blade
boundary layer which is noticed in the first photographs actually
ocours only at the blade~well Ilntersection. A study of the pressure
distributions shows no stalling at these Mach numbers. An increase
in speed above the critiocal speed is immedistely noticeable because
very small shocks appear on the airfoil., As the Mech number is
further increassed, the shook waves grow much stronger until finally
the flow behind these waves separates from the airfoil., 4s the blade
angle of attack is varied., noticeable changes in these shoock patterns
are seen.

In figure 31, in which the angle of attack is much less than the
design angle, small shock waves are firet noticeable Just behind the
S0-percent—chord station on the top surface. As soon as the Mach
number is increased to the point at which the waves extend entirely
across the passage between the blades, separation is noticeable and
any additional inoresse in chamber pressure ceuses increased shock
atrength and sepsration, Once sonlc veloclties extend entirely across
the passage, an increase in Mach number is not possible., A few
schlieren teste show an sppavent lncrease in Mach number sbove this
point, probably due to flow around the ends of the cascade which are
not yet choked. Fhotographs which show such a phencmenon are there-
fore noted with & gusstion mark, At an angie of atiasck close to the
design angle (fig. 32), the shock waves appear farther forward on the
elrfoll and separation ls not apparent until a Msch number of approxi-
nately 0,03 sbove the previocus case is reached (teble 6). If the
angle of atiack is Ilncreased further, the peak pressures move closer
to the nose and the separation caused by the shock waves (fig. 33)
starts at approximetely the same Mach number as in the first case.

At st11l higher angles of attack (fig. 34) separation ocours at a

nuch lower Mach number. In this case, the shock waves never are
ocdtnfined by the blades but extend out into the stream, the wave from
one alrfoll becoming the bow—wave of the neighboring airfoil, These
phencmens. are repeated in the schlieren photographs for the other
configurations with only slight varlations in the shock-wave structure..

Turning Angle

For the 6-percent-—thick seotions, turning angles obtained from
the tuft surveys at low Mach mumbers have been included in tsble 6,
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since no such date were avellable from previous low—gpeed cascade
investigatlions, The veriation of turning angle with Mach number is
shown for two cages in figure 51, The first curve (NACA 65-(12)06
blower blade, £ = 45°, and o = 1,5) shows & typica.l variation, the
second curve (NACA 65~(12)10 blower blade, B = 60°, = 1.0)
shows the maximum veriation which wes obtained (l°). '.'L‘hese results
were obtained by photographing a tuft placed in the alr leaving the
cascade. For both configurations, & slight increase 1n the turning
angle with Mach number occurs up to the force break, above which there
is an abrupt drop. Turning angles were cbtained for all the other
blade sections and configurations for the renge of Msch number
investigated. In.all cases, from Mach numbers of 0,30 to force
break, the Iincrease In turning engle was less than 1. The turning
angles predicted from the low-speed ceascade studies of references 1 and 2
are, therefore, sufficiently accurate for the design of high-speed
blades,

Pressure Ratio across the Cascade
In reference 1, it was shown that the lncompressible theoretical
static-pressure rise across the caescade could be expressed as a
- Punction of the turning and stagger angles of the cascade. The
corresponding statlic—-pressure—rise expression for high Mach numbers

-cen be derived, From Bermoullils equation of compressible flows
(see vector d.ia.gram, fig. 3)

2
Wy : L

~=~ + ¢pll = - + cpTo
. or N - .

Tp WP = WP

— e - ]

Sinoe the velocity of sound of the entering flow 1is

8y = \f(y - 1)°pTl

and the entering Mach number is
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the temperature ratlo across the cascade is

2
Eg - 1 1 Mi2 1 - 2
Tl 2 . Wi

The velocity ratio Wo/W, can be expressed as

. Eg - cosg B .
Wy cos (B - 8)°

if 1t is assumed that the axial velocity is constant through the
cascade. Ef 1t 1s further assumsd that no losses occur, the
igentroplc relationship of tempersture and pressures mey be used to
obtain the following relation for the theoreticel static-pressure
rise acrosg the cascade:

: : 4
. ' : 2 7 1
-'32-= Y 1 Mle 1 - -...—EE.—B..‘_-— 4 1
P z : cos (B - 8) ‘

In figures 52 to 628, curves of the variation of measured static-
pressure vetioc with Mach nunmber are presented for the argle of attack
closest to the design point of the blade Ffor each .test condition.
Inciuded on each figure is the thevretical curve cbtalned from
equation (1) with the use of the turning angles predicted from
refersnces 1 and 2 for the l0-percent-thick sectlons =nd angles:
moasured at low Mech numbers for the 6-percent-thick sections.
Measured values of pressure ratio should not be used in the calcula-
tion.of compressor-blade performance since these values include the
losses due to the boundary layer on the walls and are very susceptible
to settings of the flexible floors. The curves, however, give a
good indication of where the blade losses start to increase sharply
(e reversal in curve direction). An exemination of these curves
shows that no significent change in blade losses ococurs until the
critical speed has been exceeded by approximstely 12 percent o
16 percent. Once force break occurs, further increases in Mach
number yield little or no increases in pressure rise, the added
power being d;ssipaued in shock-wave losses and severe separation.

Critical Speed and Forece Bresk

The Mach numbers for critical speed and force break are
summarized in teble 6. For the blades whlch were tested at more
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than three angles of ettack, the variation of Mach number for
critical speed and force bresk with angle of attack are shown in
figures 63 to 69. These curves show that the design point chosen
from the low-speed cascade tests of references 1l and 2 ccrrespond
very closely to the high-speed design puint. The design points
fall very close to the maximum Mach number for critical speed and
force break. From the pressure distributions and pressure-ratio
curves, it appears that critical speed, in itself, is not an
Importent parameter since no change in performance is noticeable
untlil force break cccurs.

Several theories exist which predict the critical speed of

isoclated airfolls from the low-speed pressure dlstributions, btut
no such theory 1s yet available for blades in cascade. In the
absence of any theory, the experimental resulgg were compared with
those which would be obisined 1f the von Kdrmén-Tsien extrapolation
wore applied to the low-speed pressure distribution of the blade
in cescade besed on entrance veloclty. The critical Mach number
predicted by this method was consistently & to 5 percent below the
measured value for all the 10-percent-thick blades tested. Since
no low-speed teste of the &-percent-thick blower blades are yet
available, the data on these blades are simply presented and no

ttempt at analysis is mede. It appears, however, that the decrease
in airfoil thickness from 10 percent to & percent allows an increase
in Mach number of sabout 3 to &4 percent for both critical speed and
force break.

The Mach numbers for force bresk are approximately 16 percent
higher then the critical Mach number predicted by von Kérmin snd
Tslen for the tests at a solidity of 1.5 and approximately 13 per-
cent higher for tests at & solidity of 1.0. These empirical relatims
were applied to the pressure distributions of reference 1 to obtain
the Mach number for critical speed and force break for all the
sectlons tested. The results are presented with the design turming
engle of the blede sectlion in figure TO. For any desired turning
angle, stagger, end sclidity, the blade section and angle of attack
can be obtailned from the design chartes of references 1 and 2. Fig-
ure 70 then may be uysed to predict both the Mach mumber for critical
speed sni force bresk. These results are directly applicable only to
NACA 65-series blover blades in the Reynolds number range tested.
Extensive Germen tests (reference 4) have shown chat changes in
Reyneclds number greater than 150,000 have small effect on the
efficiencies and pressure rise. .It seems likely, therefore, that
the resulis presented herein are appliceble to blades in the whole
Reynclde number range abeve 150,000. The extrapolation of the low-
speed rotor tests of reference 3 to a compressor stage operating
below the Mach number for force bresk with an efficiency of 90 percent
indicates that pressure ratioa of the order of 1.k per stage should
be obtalnable.
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It 1s recommended that further research be cerried out to
cover the range of Reynolds number below 150,000 and to check the
values of Mach number for force break in high-spsed rotor testa

CONCLUSIONS

From the investigation of NACA 65-series blower blades in a
high Mach number two-dimensional cascads tunnel, the following
conclusions have been reached:

1. The turning angles and design angles of aittack found from
low-speed cascade studies may b¥ used directly in high-speed designs
since no significent changes were found at high Mach numbers.

2. The Mach numbers for critical speed are & to 5 percent
greater than that predicted by the von Kedrmdn-Tsien extrapolation
applied to the low-spesed pressure distribution. The Mach numbsrs
for force break are 16 percent higher than the predicted critical
Mach number for a solldity of 1.5 and 13 percent higher for a
golidity of 1.0.

3. The extrapolatlon of low-gpeed rotor tests tc a compressor
stage operating below the Mach nunber for force bresk with an
efficiency of 90 percent ipdicates that pressure ratios of the
order of 1.t per stage should be cbteinable.

L. Ssignificant incresses in compressor performance cen be
made by the use of G-percent-thick tip sections since their
allowsble operating Mach number is 3 to L4 percent greater than the
10-percent~thick plades.

Langley Memorisl Aeronasutical Laboratory
Wationel Advisory Commltiee for feronautics
Langley Fleld, Va.
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TABLE I.- ORDINATES FOR NACA 65-810 BLOWER BIADE

Upper surface

Lower surface

x

(percent chord)

J
{percent chord)

X

(porcent chorxd)

J
(percent chord)

o
.260
486
a 92;-9

2,143

4,591

7.072

9.569

1k ,589
19.629
2k 681
2a,7L0
34,804
39.870
bl 036
50,000
55.058
60.107
65.143
70,164
75.171
80.162
85.137
90.104
95,065
100.048

0
.913
1.130
1.510
2.274
3.448
1’!" 371
5.149
6.415
T7.386
o 8.139
8.705
9.098
9.239
9.4k09
9.282
8.950
8.h34
T.Thl
6.922
6.025
5.024
3.935
2.810
1.612
k2

0
.T7hO
1.01h
1.551
2.857
5.409
7.928
10.431
15,431
20.371
25.319
130.260
35.196
%0.130
45,064
50,000
54,942
59.893
64,357
69.836
7h 820
79.838
84,863
89.896
9k.935
99.952

C
"-513
-.570
-.65h
"-786
-.920
"-979
-1.013
-1,031
~-1.018
-.979
-.929
--858
'0771
-.6L9
~. 158
-.190
A3k
156
.85k
1.135
1.3kk
1.kko
. 1.326
.916
-.142

L.E. radlus: 0.666 percent chord
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TABLE IT.- ORDINATES FOR NACA 65-806 BLOWER BIADE

Upper surface

Lower gurface

x ¥y x . ¥
(percent chord) i (percent chord) | (percent chord)'i {percent chord)
0 0 ' ) | 0

248 652 652 : -.252
2579 829 .921 t -.269

. 1.057 | 1.12% 1.443 -.265
2,082 1,679 2,718 -.192
L.,757 2.559 5.243 -.031
7.247 3.276 7.753 116
9.745 3.88¢0 10.255 K- r¢
14:756 4,800 1% .20 485
18,779 5.686 20.221 .682
2k .09 6.308 25,191 852
29,8k, 6.781 30.156 .995
34.882 7.123 35.118 1.117
39.921 T.3%1 40,079 1.227
L4, 961 T7.431 i 15,039 1.329
50,000 7.387 50.000 1.b37
55,036 7.204 5h, 064 1.556
60.057 6.801 59.83% 1.677
65.092 €.h62 6ls. 1.778
70.1310 5,025 69.890 1.851
75.119 5.283 7h 881 1.877
80,119 4,532 79.881 1.836
85.109 3.679 84,891 1.705
90,0839 2.707 82.911 1.429
95,0462 1.596 ok,938 .932
100.048 .12 i 99,952 -.1h2

L,E, radius: 0,256 percent chord
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TABLE III.— ORDINATES FOR NACA 65(12)10 BLOWER BLADE

Upper surface

Iower surface

[y
h

x ¥
: {percent chord) (percent chord)
o} 0
161 971
.37k 1.227
817 1,679
1.981 2.5
L.399 4,035
6.868 5.178
9.361 6.147
14,388 7.734
19.477 8.958
ol 523 9.915
29.611 10.640
34.706 11.153
39,80k 11,479
hiy 5ok 11,598
50.000. 11.488
55.087 31,139
€0.161 10,57k
65.21h4 9.801
70.245 8.8460
75.256 7.808
80.242 6.607
85.20k 5.272
i 90.154 3.835
: 95.096 2.237
100.068 134

x ¥
(percent chord) {percent chord)
0 o}
8329 -.371
1.126 -.387
1.683 -.395
3.019 -.367
5.601 -.24h3
8.132 -.090
10.639 057
15.612 .32
20.553 .59k
25 . h77 825
30.389 1.02%
35.29% 1.207
40.195 1.373
45.096 1.542
50 .000 .1.748
54,013 2,001
59.839 . 2.278
64.786 2.559
69.755 2,804
Th. 74 2.932
79.758 “2.945
8k . 796 2,804
. 89.846 2.369
94,90k 1.555
99.932 ~.13%

L.E. redius: 0.666 percent chord
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TABLE IV.- ORDINATES FOR NACA 65-(12)06 BLOWER BIADE

Upper surface Lower surface
x ¥y x Y
(percent chord) (percent chord) (percent chord) (percent chord)
0 0 o] 0

.285 .T26 715 -.126
507 Lokl .993 i -.101
973 1.306 1.527 -.022
2.183 2.022 2.817 210
4,643 3.165 . 5.387 627
7.127 L.100 7.873 .988
9,622 4,902 10.378 1.302
14.637 6.228 15,363 1.848
19.670 7.266 20.330 2.286
24,715 8.090 25,285 2.650
29.766 8.720 30.23% 2.9L4
34,823 9.180 35.177 3.180
39.882 9.482 k0,118 3.370
L o4o 9,620 5,058 3.520
50 :000 9.593 50 .000 3.643
55.054 9.343 54,946 3.747
60,101 9.032 59.899 3.820
65.138 8.520 64,862 3,840
70.165 7.865 69.835 3.799
75.178 7.058 74.822 3,672
80.178 6.117 79.822 3.435
85,162 5,018 84.838 3.058
90,132 3.733 89.868 2.471
95,091 2.221 94,909 1,571
t  100.068 <13k 92.932 | -.13k

L.E. redius: 0.256 percent chord
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TABIE V.- ORDINATES FOR NACA 65-({18)10 BLOWER BIADE

Upper surface

TLower sui‘face

x

{percent chord)

J
{percent chord)

X

(percent chord)

J
{percent chord)}

o}
.Ohs
240
65k

" 1.770
h,137
6.583
9,066

14,097

19,179

24,289

29,419

34,560

39.707

4h Bs56

50,000

55,131

60.241

65.320

70.366

75.381

80.360 -

85.302

9C.225 -

95,138

100.091

0
1.049
1.359
1.916
3.065
k,801
6.365
T7.620
g.692
11.301
12.569
13.537
14,233
14,688
14,882
1. 797
14,423
12.883
11.76h
10.476
8.976
T.271
5.367
3.170
120 .

o}
.95
1.260
1.8486
3.230
5.863
8.4t
10.93%
15.903
20.821
25.711
- 30.581
35.“4"4‘0
ko.293
45,144
50 .000
54,869
59.759
64,680
69.634
Th.619
79.640
84,698
89.775
ol 862
99.909

0
-.149
-.099
.010
.283
<T97
1,267
1.686
2. hoo
3.027
3.581
3.959
k.307
k.590
4.828
5.057
5.287
5.495
5.657
5.732
5,634 -
5.352 -
L.8k3 -
3.939
2.518
-.120

L.BE, radius:

0.666 percent chord
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TABIE VI.- SUMMARY OF HIGH MACHE NUMEER TESTS OF
NACA 65-SERIES BIOWER BIADES

i Figire |
a | L - Me, Pressure Schlieren /
{ - distritution photographs | Y2/P1
! _
- NACA 65-810 blower blade
= h=0. = . - o. = o
B=1U5% o=15 a,=12.9% 6, 18.0
10.6 .76 81 -- 31 -
11.6 S5 .82 b -- 52
12.5 .76 B8h - 32 -
15.6 72 82 - 33 -
20.6 .69 .77 - 3k -
B =60% o=15 a= 12.0°; 65 = 15,8°
]
0.0 | .76 .82 5 -- 53
16.6 jﬁ 6L .75 6 - -
B =60 o=210; ay=10,5% &;=12,5°
6.7 .76 .80 T - -
10.3 <Th .8k 8 - 5l
10.5 .7 .83 - 35 -
12.6 & 76 & 80 9 - -
15.5 a.63 a.73 - 36 -
= o

NACA 65-806 blower bdlade

B =145% g=1.5; g = 11.5(epprox.}; 64 = 18.5(approx.)

5.3 .63 .71 10 - -
2.5 15 82 13 - -

i 11.5 .76 .89 - 37 -
13.3 il .83 12 - 5
16.5 .70 .85 - 38 -—

2Blade stalled before oriticel speed was reasched.
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TABLE VI.- SUMMARY OF HIGH MACH NUMBER TESTS OF

NACA 65-SERIES BLOWER BIADES - Continued

19

g Plgurs
@ ; Mor Men, FTressure Schlisren /
| distribution photographs Po/Py
i
KACA 65-806 blower blade
B =60% o=1.0; a4 = 10,0(approx.) ; A 12.5(epprox.)
T.5 B0 .89 13 —— ——
10.0 17 .88 1k - 56
12.5 67 84 15 - -
NACA 65-(12)10 blower blade
= o, - . — Q. -
B=15°% o=1.5; @ = 16.9% 8, = 25.7°
12.0 13 ST - 39 -
1k.5 .73 31 - a0 -
1.9 = ST7 16 — 57
17.0 .73 LT - 41 -
18.9 &, 71 .76 17 - -
22.0 e.,69 .76 - Lo -
= . = 1. 5. = o. -
B =609 ¢=1.,5; . 16.29; ad 22,70
k.2 . Th .82 18 l - 58
5.2 .70 .80 - ' 43 -
19.2 & 64 .13 19 — —
B =60° o =1.0; @q = k.0 6, = 18,5°
9.0 .73 .82 20 - -
11.5 .75 .82 21 — -
1k.0 a,75 B0 2 - 59

@Blade stalled before critical speed was reached.
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TABLE VI.~ SUMMARY OF NICH MACH NUMBER TESTS OF
NACA 65-SERTES BIOWER EIADES - Concluded
I
! Figure
@ | Mor Moy, Pressure Schlieren ./
! | aistribution photographs 2/Py
NACA 65-(12)06 blower blade
B = 45% o0=1.,5; @ = 15.3°%(approx. ) ; 6, = 25,0%(approx.)
10.0 ol TT 23 - -
12'5 .78 0811- - ,-l-ll' -
15.0 . TE .83 2k k5 &0
17.5 .76 Bet - L4 -
22.5 66 } .78 - 4T -
B =60° o =1.0; @, = 13.5°%(epproz.) ; 8z = 19.0%(approx.)
9.0 .76 B2 25 - -
11.5 JTh .82 o4 — -—
4.0 73 .80 o7 - 61
1.5 1 %69 77 28 - -
N&CA 65-(18)1C dlower blade
g = 45°% o = 1.5; o, = 22.5%; 'ad = 34,3°
1-803 -70 ¢.r5 - 1‘8 -
20,8 .69 77 - ko -
21.5 .09 ST 29 - -
23-3 &'71 076 - 50 62
26.5 a.62 W72 30 - —

8B1ade stalled before criticel speed was reached.
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Fig. 2 NACA RM No. L7Dlla
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Figure 2.~ NACA 65-series blower blades tested at high
Mach numbers,
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M =0.85 (?)

Figure 31.- Schlieren photographs for a range
of Mach number. Cascadea of NACA 65-810
blower blades: a = 10.6; B = 459; o = 1.5.

XATIGNAL ADVISOAY COUNITTEE FOK ARRONATTICE
LANGLEY WEMORIAL AFAQKACTCCIL LASORATORY - LAMOLEY FIELD, V.
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M= 0.89

Figure 32.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-810
blower blades; a = 12.59; B8 = 459; ¢ = 1.5.

NATTOWAL ADYISORY COUNITTERE FOR AXRONAUTICS
LANALEY UEWOARIAL ARMONANTICAL LABORATORY - LANGLEY FLELD, ¥i.
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M = 0.90

Figure 33.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-810
blower blades; a« = 15.6%; B8 = 459; o = 1.5,

NATIOSAL ADYISOAT COMMITINE POA ARRONAUTICE
LANOLEY WENORIAL ARRONAGTICAL LABORATORY - LANOGLET FIELE, YA.

Fig. 33
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M = 0.61 | M = 0.70

M~ 0.88 M =0.91

Figure 34.- Schlieren photographs for & range .
of Mach number. Cascade of NACA 65-810
blower blades; a = 20.69; 8 = 459; ¢ = 1.5.

NATIONAL ADVIBOAY COMEITTRE FOR ARRONAUTICE
LANGLEY UEMOALAL ANMIKINTICAL LABONATOAY - LANGLEY FLELD, ¥i.
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0.91

M = 0.88 M

Figure 35.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-810
blower blades; a« = 10.59; B = 609; o = 1.0.

MATIONIL ADYISOAY COMNITTER FUR ARROFACTICE
. LAKCLET WENOAI AL ANMONAUTICH. LAMEATORY -~ LANOLEY FIELD, Vi.
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M=0.78

Figure 36.- Schlieren photographs for a range
of Mach number. Cascade of RACA 65-810
blower blades; 15.5%: 8 = 609; o = 1L.0.
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+ MATIONAL ADYESDRY COMNITIEE POR ARAONArTICH
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M= 0.96

Figure 37.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-806
blower blades; a = 11.59; B8 = 459; ¢ = 1.5.

WATIONAL ADYISORY CONNITTEX FOL ARRONAUTICE
LANCLEY NEWOALSL ARMONAUTICAL LABORATORY - LANOLEY FIELD, Vi.
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Fig. 38

M = 0.93 M = 0.95

Figure 38.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-806
blower blades; a = 16.5%9; 8 = 459; o = 1.5.

FATIGAFAL ADYISORY COMMITIRE FOR AEMONAUTICS
LANOLEY KENQALAL AERONAUTICAL LANGRLITORY — LAKOLRY FISLD, Vi,
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M= 0.77 ‘ M= 0.79 (?)

Figure 39.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-(1210
blower blades; a = 12.0°; B8 = 45%; o = 1.5.

WATIONAL ADYIRORY COMNITTER FOR ARBOMAUTICS
LANOLEY WEMOREAL AEROFAUTICIL LABORATORY - LANOLEY FIELD, Yi.
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M= 0.87 (7}

Figure 40.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-(12)10
blower blades; a = 14.59; 8 = 459; o = 1.5,

NATIOMAL ADYISOXY COMRITTIER FOL ANMOKAUTICS
LAFOLET WIMORIAL ARRONAUTICAL LABORATOLY = LANOLET FIELF, ¥A.
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M = 0.90

Figure 41.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-{12)10
blower blades: a« = 17.0°9; B8 = 459; o = 1.5.

NATIONAL ADFISOAY CONKITTEE FOR AERRONAUTICS
LANSLEY WEWOMIAL ANRGNAUTICAL LABORATORY - LANSLEY FIRLD, Yi.
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M = Ot88

Figure 42.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-(12)10
blower blades; a = 22.0°9; B8 = 459; o = 1.5.

HATIONAL ADYIBORT COMKITTEE FOR ARROWAUTICS
LANGLEY UENORI L ARBONACTICAL LABGLATORY - LAVOLEY FIELD, Vi.
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Figure 43.- Schlleren photographs for a range
of Mach number. Cascade of NACA 65-(12)10
blower blades; a = 15.2°9; B = 609 o = 1.5.

FATIOAAL ABYISORY COMMITTER POR ABRONIUTICE
LANGLEY NENOBIAL ARRONAUTICM. LABGRATORY - LANOLEY FINLN, Vi,
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M= 0.91

. ) Figure 44.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-(12)06
blower blades; « = 12.59; 8 = 459; o = 1.5.

EATIONAL ADVIMSAY CONWITIEE FOR ASKONAUTICS
LAFOLEY WEMOAIAL ANROKAUTICAL LABJRATOAY - LANGLEY FIEKLD, Vi.
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Figure 45.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-(12)06
blower blades; a = 15.0°0; B = 459; o = 1.5.

EATIONAL ADVISOAY COMVNITTEE FOR ARBONAUTICH
LAYGLEY WENORILL ARRONANTICIL LABORATORY - LANOCLEY FIFLE, ¥i.
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M= 0.93 M = 0.95

Figure 46.- Bchlieren photographs for a range
of Mach number. Cascade of NACA 65-(12)06
blower blades; e« = 17.5%; B = 459; o = 1.5.

- RATIGNAL ADYISOAY COMNITTEE FOR ARRONIUTICK
LANGLEY NENGATAL ARMEACTICAL LANOEATOAY - LANOLEY FIRLN, Yi
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M = 0.65 M = 0.72
¢j~i--\g is‘i~ 'j\i-\~k

M = 0.76 M = 0.83

M= 0.87 M= 0.91

Figure 47.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-(12106
blower blades; a = 22.5%; B = 459; o = 1l.5.

. NATIONAL ADVESOAY COWMITTER FOR ARMONIUTICE
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=
n

0.79 M= 0.81 (7]

- Figure 48.- Schlieren photographs for a range
of Mach number. Cascade, of NACA 65-(18)10
blower blades; a = 18.3; B = 459; o = 1.5.

MATIONAL ADYISGAY CONKITTRE FOL ARRONACTICS®
LANOLET WEWORIAL ARRONAUTICAL LABGRATOAY - LANGLREY FIBLD, YAi.
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Figure 49.- Schllieren photographs for a range
of Mach number. .Cascade of NACA 65-{18)10
blower blades; e« = 20.8°; B = 459; o = 1.5.

- KATICMAL ADYISORY COWMITTEE FOR ARRONAUTICS
LANGLRT MEXGRIAL AFMOFNACTICAL LABORATOAY - LAXGLEY FIELD, VA&
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A\

M= 0.75 M = 0.80

M= 0.84

Figure 50.- Schlieren photographs for a range
of Mach number. Cascade of NACA 65-(18)10
blower blades; a = 23.39; B = 45°; o = 1.5.

- NATLONAL ADYISORY COMNITTEX FOR ARRONACTICS
LAFOLEY WEMORIAL ARMIKAUTICAL LABGRATOAY « LANGLEY FIELD, Y&
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Flgure T0.=- Variation of predicted
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