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TECHNICAT. NOTE NO, 1201

PERFORMANCE OF AXIAL-FLOVW FAN AND COMPRESSOR
BLADES DESIGNED FOR HIGH LOADINGS

By Seymour M, Bogdonoff and L., Joseph Herrig

SUMMARY

An investigation to determine the effects of loading
on the performance of axlal-flow fan and compressor blades
was carriecd out in a test blower, The performance of four
sets of rotor blades, designed to set up free vortex flow
and operating with design pitch-section 1lift coefficients
from 0.31 to 0,99, was studied by making surveys of yaw
angles and pressures,

Blades designed for loadings higher than those now
in use gave peak efficienciesof approximately 96 percent;
a decided decrease in peak efficiency occurred for very
low loading, For blades with a solidity of 1,0, design
1ift coefficients approaching 1,0 can be used with high
efficiencies and a meximum 1ift coefficient of at least 1.4
can be obtained,

The measured performance was very close to that pre-
dieted from studies of stationary two-dimensional cascades
in NACA ACR No, L5F0Ta: the blade peak efficiency wes
close to the design point for high loadings, turning
angles were within 1© of nredicted angles, snd at design
conditions, 92 to 95 percent of the ideal pressure rise
was obtained,

Extreme leesding-edge roughness caused a 2.5~ to
3-percent decrease in efficiency and en 11- to 15-percent
drop in pressure rise at the design conditions.
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INTRODICTION

Investigations of stationary two-dimensional blade
cascades to obtain design data for high-pressure-rise and
high-efficiency axial-flow compressors and fans are
reported in references 1 and 2. Conditions for these
stationary tests, however, could not exactly simulate
those for rotating blades and no information on efficilency
or range was obtained. Tests were conducted, therefore,
on four rotors with blades of different loadings designed
from the data of reference 2. 'The blades, designed to

et up free vortex flow, operated with design 1ift coef-
ficlents at the piteh deetion from 0.31 to 0.99. PFrom
surveys of angles and pressures before and after the
blades, the effects of loading on compressor performance
were evaluated. The actual three-dimensional flows were
compared with the two-dimensional flows. The tests were
made in a single-stage test blower at the Langley lMemorial
Aeronautical Laboratory of the NACA.

SYMBOLS
A annulus aresa, square feet
cy blade-section 1ift coefficient
Cp specific heat of air at constant pressure, foot-

pounds per slug per OF
D di'ame ter, Feeb
H total pressure, pounds per sguare foob

AH weighted-average total-pressure rise, pounds per
square foot

n rotor speed, revolutions per second

D statio pressure, pounds per square foot |
Ap static-pressure rise, pounds per square foot -
) quantity flew, cubic feet per second
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(WM

dynamic pressure, pounds per square foot
temperature, °F absolute

rotational velocity of rotor blade element at any
radius, feet per second

velocity of air relative to casing, feet per
second

velocity of air relative to rotor, feet per
second

change in tangential velocity, feet per second
(measured parallel to blade row)

effective angle between entering air and chord line,

<

degrees
angle between mean air and chord line, degrees

effective stagper angle, degrees (angle of entering
air measured from axial direction)

mean stagger angle, degrees (angle of mean air
measured from axial direction)

ratio of change in tangential velocity Aw to
axial velocity Vg4

adiabatic rotor efficiency evaluated from surveys
1/2 chord upstream and 1/2 chord downstream
from rotor

effective angle through which air is turned
relative to rotor, degrees

mass density, slugs per cuble foot

angle through which air is turned relative
to casing, degrees
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] solidity (blade chord divided by gap between
blades or number of blades times chord
divided by circumference)

&p/d4 section pressure-rise coefficient based on
mean dynamic pressure

P .= Pgem
-—Ef———é—- local static-pressure coefficient
o 2
AH 4
fan total-pressure-rise coefficient
Lo B
o
H - Pagm ' M
7 local total~-pressure coefficient
=0y 2
= ek
Q3 quantity coefficient
I‘lDt
Subscripts
o} - mean-air conditions (one-half vector sum of
entering and leaving valuss)
21 entering rotor
2. leaving rotor
8 axial direction
atm atmospheric conditions
i8] pitch sectlion (midway between root and tip
sections)
S stagnation

G Blp
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DESCRIPTION OF APPARATUS

Test blower.- All tests were made in the single-stage
test blower shown in figures 1 and 2. The tip diameter
was 27.82 inches and the hub diameter was 21.82 inches;
the hub-to-tip ratio was therefore 0.78. The 26-blade
rotor was driven directly by a 75-horsepower motor with
a speed range from O to 3600 rpm. Because of power limi-
tations, the tests were made at speeds from 2000 to
2,00 rpm. No guide vanes or stator blades were used
since the primary purpose of the investigation was to
obtain blade characteristics, which were most simply
obtained by testing a rotor only.

The air enters through eight radial ports, the areas
of which may be changed by sliding plates, and then passes
through a 60-mesh screen and two 30-mesh screens supported

& x

S . _
on —1inch screens. These screens smooth out the varia-

Ly
tions in the flow caused by the inlet. The converging
gection accelerates the flow to the velocity desired in
the straight test section with very small boundary layers.
Surveys of the total and static pressures and of the yaw
angles were made 1/2 chord upstream and 1/2 chord down-
stream from the rotor-blade leading edge and trailing
edge, respectively. A survey instrument with a measuring
head that contailns yaw, static-pressure, and total-
pressure tubes was used. The instrument and its installa-
tion are shown in figure 3. Approximately 12 inches
behind the rear survey station, the air enters an annular
diffuser that exhausts to the atmosphere.

Blades.- The blades for the tests were designed to
set up free vortex flow by use of blade section data from
reference 2. Such blading gives a constant total-pressure
rise along the blade and a variation of absolute tangential
velocity of the flow that is inversely proportional to
the radius. These conditions theoretically result in a
constant axial velocity through the blades for incom-
pressible flow and constant flow area, (See typical
vector diagram, fig. l(a).) Since the variation of these
conditions along the blade is known, if conditions are
fixed at one section they may be evaluated at all others.
The arbitrary choice of the number of blades and the blade
plan form fixes the solidity at all sections. With the
variables - stagger, turning angle, and solidity - Xknown,
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the design charts of reference 2 can be used to find pro-
files and settings for the desired flow.

Por the test blades, the basic vector diagram at the
piteh section was set up by choosing g, = 452 so that
the performance of the four blades coula be compared for
the samé mean flow. The root, piteh, and tip sections
were designed and the blade was completed by fairing be-
tween these sections. A solidity of 1.0 was chosen at the
pitch section and, for simplicity of construction, the
blade chord was kept constant at 3 inches. For convenience,
the blacdes are designated by the value at the pitch sec-
tion of the ratio of change in tangential velocity to
axial velocity & (nondimsnsional measure of the blade
loading)« The blades teamted, 6 = 0.2, 0.4, 0.6, and 0.7,
are shown in figure 5. Degign information for the four
sets of blades are presented in takle I. An error in
construction of the 0.2 blacde resulted in a twist approxi-
mately 1° less than the design twist., Although this error
gives a small deviation fron vortex flow, the effects on
performance should be small,

The clearasnce between the tip of the blades and the
casing was 0,007 £ 0,002 inche There were also gaps -
of approximately 0,007 £ 0,002 inch between the over-
hanging part of the root section of the blade and the
rotor surface, as well as small stress-relief cut-outs at 5
the root-hub juncture. (See fig. 5.)

TESTING TECHNIQUE

All tests were made for a range of guantity flow
from the maximum obtainable to that at which stall
occurred with the blades set at thelr respective design
apegies, dThig stall isg defined ag the condition at which
the mass flow through the rotor suddenly decreased. No
data were taken in the stalled condition. No flows higher
than design could be obtained from the 0.2 blades because
of the combination of low pressure rise and throttling
effieet of the entrance ports and screens.

The 0.2, 0:4, and Q0,6ublades were tested at 2400 rpm, b
but because of power limitations the 0.7 blades were
tested at 2000 rpme A few tests of the 0,6 blades at
both speeds showed no noticeable change in performance.
Blade roughness was simulated by placing a strip of
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==inch masking tape along the entire leading edge

o=

(% inch on each surface) of the 0.4 and 0,7 blades for

a few tests. This roughness is believed to be more severe
than the roughness that would be encountered in practice.
The teste were run at Reyrnolds numbers of sapproximately
300,000 to 500,000 and corresponding lach numbers of
approximately 0.20 to 0.26, based on blade chord and mean-
air conditions relative to the rotor.,

Readings of yaw angle and static and total pressures
upstream and downshtream from the rotor were taken at
26 radial positions across the aﬂnvi The yaw angle
was obtained by the "aull" metliod; ﬂnt is, the measuring
head was rotated until the two y°w tu“e" ”egistered equal
pPGQ°ur,u and then the angle wasg ad with & vernier on

14

the nrotractor scale. The yaw g-ad was calibrated to
S

+ O

within #0,1° and congecutive test: gave a precision of
$£0.250 for turning arigles., Cloze to the tip and hab,
where the flow 1= rouvh the precizion decreases to
approximately +0.4°., A cealibration test showed that no
correction to the static- or total-pressure readings was

regquired at the test velocities., The micrometer drive oi
the survey apparatus allowed an accuracy of radial
settings to 10,001 inch. Static and total pressures were
measured on an alcohol manometer to 0,03 inch and speed
was held constant to within 3 rpm. Readings of air
temperature were taken at the start, in the middle, and
at the end of the test; besrometer mrd humidity readings
were taken only once during the test.

Since the measured yaw angles were based on stationary
coordinates, the turning angles, which are based on rotor
coordinates, were calculated from these angles, the
measured velocities upstream and downstream from the rotor,
and the known velocity of the blade elament. Since the
inlet velocity was axial, power input was obtained from

~A
/ 'U(pzvao Aw) dA
% o

the values of p,, Va , and Aw measured at each of
< 2 .
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the 26 points of the radisl survey being used, This
method of meessuring power input is shown to egree with
motor-torque measurements to better than 1 percent in
a British peper of limited circulstion.,

Power output wss obtained from
A
Cp(?gva?Ts?“' ok T T

by using calculated adiabatic stagnation temperatures
corresponding to the measured total pressures of the
radial surveys, The efficlency, obtained by divlding
the power ocutput by the power input, had a precision

of 0.6 percent for the 0,4, 0.6, and C.7 blades. The
precision decreased to *1,0 percent for the 0,2 blades
because of the very low power involved, The accuracy of
the measurements for individual tests was established by
requiring that the mass flows obtained from integration
of data obtained upstream and downstream from the rotor
agree to within one-half of 1 nercent, This efficiency
is a rotor efficiency and should not be compared directly
with stage efficiencies,

ESULTS AND DISCUSSION

Effects of blade loading.- The efficiency curves
(fig, ©) show the high efriciency of the highly loaded
blades, The three most highly loaded blades had peak
efficiencies of approximately 96 percent whereas the
most lightly loaded blade had a peak efficiency of only
92,7 percent, At the same time, high efficiency was
obtained over a wide range of quantity coefficient, The
available range of quantity coefficient of the four blades,
both for a 5-percent decrease in efficiency and from design
condition toc blade stall, is presented in the following
table:
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o

Blade-designation & o R "l

Design Q/nDy? 0.712 | 0.625{0.60l [0.598

Range of §/nDy® for a 5-percent g o
decrease in efficiency i 0.28 |0.35 [0.38

Range of Q/nDt3 for 5-percent
decrease in efficiency, percent L2 145 58 an
design Q/nDt

Range of Q/nDtd from design
A b 0.246 | 0.199/80.171 |0.163
Range of Q/nDt3 from design to 55 32 8 27

stall, percent design Q/nDid

8pstimated.

The efficiency contours, superimposed on the pitch-
section 1lift curves (fig. 7), show that 1ift coefficients
as high as 1.0 at a solidity of 1.0 may be realized with
very high efficiency. From the 1ift curves (fig. 8),
it 1s apparent that a maximum 1ift coefficient of 1.0 at
8 s0lidity of 1.0 (suggested as the limit,-but not
attained, in reference 3) is well exceeded. Thus, the
use of available cascade results and the design charts
of reference 2 permit the design of blades with loadings
higher than those now in use with assurance that high
efficiency can be obtained. The fan total-pressure curves
for the four blades are presented in figure 9. High-speed
tests of these highly cambered blades are being made by
the NACA to determine the effects of compressibility on
performance. The pressure ratio estimated for the
0.7 blade without entrance vanes at a tip speed of
approximately 750 feet per second (below the predicted
blade critical speed) is, however, as high as experi-
mental values obtained with present-day blades operating
at tip speeds near 1000 feet per second (reference }4).
With entrance vanes and comparable tip speeds, the esti-
mated pressure rise is 50 percent higher than the highest
now obtained. The increased blade loadings will permit
the design of high-performance compressors which will be
light and short since the desired pressure rise can be
obtained in fewer stages.
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The pitch section of the 0.7 blade reaches a 1ift
coefficient of almost 1.2 (fig. 8), and the hub section
of this blade was found to reach a 1lift coefficient of
approximately 1.l before stall. Even the maximum 1lift
coefficient of 1.l could probably be increased since the
section at the root of the 0.7 blade was not the maximum
camber section recommended in reference 2. The data on
maximum 1ift coefficient obtained for the pitch section
of the four blades are summarized in the following table:

Blade-designation Design cy, Maximum o©7,
o) ' fopipitbel geetion for plteh seectlon
0.2 PR 0.78
o4 Bl 9k
; .86 1.09
- -99 1.19

Verification of two-dimensional design data,- The
design point is defined as the point at which each blade
section is operating at the angle of attack obtained from
the two-dimensional blade-section design charts of refer-
ence 2. This design point is indicated by a short bar
across the curves on the figures that show blade and
section characteristics.

The investigation shows that the measured performance
is very close to the design performance. The design
points on the efficiency curves of figure 6 show the
validity of the design procedure and of the assumption
of reference 2 that maximum efficiency would be obtained
if the blade pressure distribution were free from peaks.
For all of the blades except the most lightly loaded, the
design point falls very close to the peak efficiency.

The surveys of turning angles near the design voints
of the four blades (figs.1l0 to 13) show that the measured
angles agree with the predicted angles to within 1° over
most of the blade span., This close agreement permits the
calculation of power absorbed by a set of blades to within
a few percent. The difference between turning angles with
respect to the rotor and with respect to the casing 1s
shown by a comparison of figures 12 and 1o i po LaEs
in figure 12 were calculated from the measured values
shown in figure 1li. A cross plot of the turning-angle
surveys at the pitch section is shown in figure 15.
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The static-pressure rise at design conditlons
(fig. 16) was found to be 92 to 95 percent of the ideal
values for which losses are neglected. It may be noted
that, as the loading is increased, the design polint moves
closer to the maximum pressure rise,

Since the blades were designed to set up free vortex
flow, the axial velocities ahead of and behind the rotor
should be equal and the total-pressure rise along the
blade should be constant. The axial-velocity distribution
obtained near design condition (fig. 17) is very close to
the ideal uniform distribution over the nart of the blade
span not affected by the hub and tip. The pressure-
coefficient curves (fig. 18) also show the desired
constant total-pressure increase over the part of the
blade not affected by the hub and tip disturbances. The
entrance flow has almost constant static and total pres-
sures and shows that the wall boundary layers entering
the rotor are very small.

Effects of blade roughness.- Simulated blade roughness
caused decreases 1n efficiency of 2.5 to 3 percent, which
changed but little with loading. A decrease in turning
angle of approximately 0.6° for the 0.L blades and 2° for
the 0.7 blades is noticeable over most of the blade length
(figs. 11 and 13.) This decrease, plus the increased
losses due to roughness, caused decreases of 11 to 15 per-
cent and 8 to 1% percent in pressure-rise and lift coeffi-
cient, respectively (figs. 16 and §). The losses in
efficiency, pressure rise, and turning angle are suffi-
cient to warrant close attention to the surface in the
vicinity of the blade nose and perhaps cleaning of the
blades at intervals during operation.

CONCLUSIONS

As a result of the series of tests made on four sets
of blades of different loadingsin a single-stage test
blower to determine the effects of loading on the perform-
ance of axial-flow fan and compressor blades, the following
conclusions were reached:

1. Blades designed for loadings higher than those
now in use gave peak efficiencies oI approximately
96 percent: a decided decrease in peak efficiency occurred
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for very low loading, For blades with a solidity of 1,0,
design 1ift coefficients approaching 1,0 can be used with
high efficiencies and & maximum 1ift coefficient of at
least 1.4 can be obtained,

2, The measured performance was very close to that
predicted from studies of stationary two-dimensional
cascades given in NACA ACR No, L5F03a: the blade peak
efficiency was close to the design point for high loadings,
turning angles were within 1© of predicted values, and at
design conditions 92 to 95 percent of the ideal pressure
rise was obtained.

3. Extreme leading-edge roughness caused a 2.5- to
3-percent decrease in efficiency and an 1ll- to 15-percent
decrease in pressure rise at the design conditions,.

T
Langley Memorial Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., April 19, 1946
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TABLE I.- BLADE DESIGN DETAILS

[Blcwer—blade sections and settings obtained
from fig. L1 of reference 2]

o e 6] 6 ! Blower-blade a
Eccian 1 geg) (ceg) ! 4 section (deg)
& = 0.2 blade
Roo Ll .0 7.6 11,135 1 65-(%.25)10 a8 |
Pitch LB .0 6.0 | 1.000 { 65-(3.00)10 Lol |
T p 51.0 . 892 | 65-(2.50)10 e |
& = 0.l blade
Root L6.5 15:0 [.1.286 1 65-810 i
Pitch 50.2 11.5 § 1.Q00 { 65-710 10,2
Tip 5% .9 g.5 | .£92 | 65-610 8.4
& = 0.6 blade
Root 1,8.8 2l .1 l1.155 65-(13.5)10 1647
A Pitch 520 17l !1.000 65-(11)10 o |
Tip 55.5 12.9 | B892} 65-(8.5)10 0% 0
& = 0.7 blade
Root Lg.9 28.6 |1.1§5 65-(16.5)10 18.3
Pitch 53 .5 20.4 '} 1.000 | 65-{12.75)10 1.9
Tip 56.5 1.9 i .892 | 65-(10.5)10 120
|
@pctual construction, 7.3.
bPictual construction, 5.6.

|
NATIONAL ADVISORY
CCMMITTEE FOR AERONAUTICS
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Figure 1.~ Schematic diagram of single-stage test blower,

T75-hp-drive motor
(0 to 3600 rpm)
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(a) Close-up of test section showing (b) Survey instrument with measuring head
installation of instruments. installed showing arrangement of yaw,

Figure 3.-

total-pressure, and static-pressure tubes,

Installation and close-up of survey instruments and measuring head.
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(a) Constant axial velocity.

(b) Varying axial velocity.

NATIONAL ADVISORY
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Figure L.~ Typical vector diagrams for axial-flow fans and compressors.
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Quantity coefficient, Q/nDyd

Figure 6.- Variation of efficlency with quantity coefficlent for the
four blades tested. Efficiency is calculated from surveys and
only rotor losses are included. (Dashed vertical lines show
deslen points; flagged symbols designate tests with roughness., )
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o}

Pitch-section 1ift coefficlent, ¢y

o
s b I
Constant-efficlency contours
— — Lift curves
| [ | |
0 | | | |
=l 0 i 8 12 16

Angle of attack, Qop? deg

Figure T7.- Measured variation of efficlency with
piltch-section 1ift coefficlent. Efficiency
is calculated from surveys and only rotor

losses are included. (Short bars across curves
are design points.)
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(o}

Pitch-section 1ift coefficlent, c;

l.2 /'ﬂ
J/ @OB/C
1.0
©
o)
o6 " F][b
07
56
olr
oll» /?)‘
.2
S
0
=l 0 L 8 12 16
Angle of attack, aop, deg
Figure 8.- Variation of 1ift coefficlent at the
pitch section for the four blades tested. (Short

bars across curves are deslign points; flagged
symbols designate tests with roughness.)
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Fig. 10

2l T bR e L (s menie (AN S N ISR DR S
Measured %p Q/nDy> Predicted
values (deg) values
o] 10:8 "\ Lol I o
<> 1602 .05 iRl e =
& A 18.0 .366 =

Turning angle, © , deg

] | ] | | | ]

.8 1.2 1.6 2,0 2.li 2.8
Distance from hub, 1n. ;

T1p

Figure 10,- Variation of turning angle along the & = 0.2
lade and comparison with anglesgpredictgd from ref-

erence 2. Design conditions: ap = 6.2% _Q

= 0.712.
nDt3
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J l 'Measluredr “S C:{/nDtI3 gredicteé i
values (deg) values |
Gy g aaes | LA |
= S - R
5.6 a5 (0
8.8 .ésé i
9.8 .63%6 (with

Turning angle, 6 , deg

2l

roughness)

Lt .
[ =
0 TET TR B T AT S U SR INEILI SSLNY SRR [N (S0 0 it L
0 A .8 1e2 1.6 240 2.4 2.8
Hub Distance from hub, in, Tip

Figure 1ll.~- Variation of turning angle along the & = 0.l

blade - including one test

th roughness - and com=-

parison with angles predicted from reference 2.

Design conditionss ap = 10.2°% _Q

= 0.625.
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Turning angle, 6 , deg

Lo | | [ | i | | | | | I | | |

36

- Measured ap Q/nD 3 Predicted
values (deg) values
b ° 6.2 0.165 ————— ~
ol J2e <62 T e

W 0 17.h .26 e e e S T R T ]
0 Il €0.0, eBS o it f siag i

0 .LL 18 102 106 2.0 2.u 2.8
Hub Distance from hub, 1in, TAD

Figure 12.- Variation of turning angle along the & = 0.6
blade and comparison with angles predicted from refe
erence 2. Design conditions: ay =13.1% _Q = 0.604.
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Turning angle, © , deg
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8 |- et
Measured %p Q/nDt3 Predicted
| values (deg) values 3|
i o] 10.3 0.698 e ]
O 20.3 486 i
— A 22 425 =
v 15.2 .590 (with roughness)
0 i B 1 L 1 Jire it 1 ) 1 ! | |
0 ol .8 1.2 1.6 2,0 2.y 2.8
Hub Distance from hub, in. Tip

Figure 1%.= Variation of turning angle along the & = 0.7
blade - including one test wlth roughness = and com=
parison with angles predicted from reference 2.
Design conditlons: ap = 14.99; _Q = 0.598.
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NACA TN No. 1201 Fig. 14
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Figure 1lj.- Variation of measured angle with respect to
the casing along the & = 0.6 blade for four test

conditions. Design conditions: ap =13.19; Q - 0.604.
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Fig. 15 NACA TN No. 1201
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Figure 15.- Variation of turning angle at the pitch section
for the four blades tested. (Short bars across curves

are design polnts.) NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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NACA TN No. 1201
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Figure 16.- Variation of section pressure-rise
coefficlent at the pitch section for the four

(Short bars across curves are
design polnts; flagged symbols designate tests

blades tested.
with roughness.)




Fig, 17
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Figure 17.- Axial-velocity surveys upstream and downstream
from the 6§ = 0.6 blade over a range of quantity coefficient.
Design conditions: aj = 13.19; Q = 0,604,

Distance from hub, in, NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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NACA TN No. 1201 Fig. 18

Local pressure coefficient, 2= Patm gnq H - Patm
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Figure 18.- Typical pressure survey showing variation of
static and total pressures along the & = 0.6 blade.
a. =12,19; Q ' _.'0.629.
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