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TEST OF A SINGLE-STAGE AXIAL-FLOW FAN

By E. BaArron BrLL

SUMMARY

A single-stage awxial fan was built and tested in the
shop of the propeller-research tunnel of the NACA. The
fan comprised a single 2/-blade rotor having a diameter
of 21 inches and a solidity of 0.86 and a set of 37 con-
travanes having a solidity of 1.33. The rotor was drien
by a 25-horsepower motor capable of rotating at a speed
of 3600 rpm. The fan was tested for volume, pressure,
and efficiency over a range of delivery pressures and
volumes for a wide range of contravane and blade-angle
settings.

The test results are presented in chart form in terms of
nondimensional units in order that similar fans may be
accurately designed with a minimum of effort. The mawi-
mum efficiency (88 percent) was obtained by the fan at a
blade angle of 30° and a contravane angle of 70°. An
efficiency of 80 percent was obtained by the fan with the
contravanes removed.

INTRODUCTION

In connection with tests of airplane cooling systems
that are being conducted in the propeller-research tun-
nel of the National Advisory Committee for Aeronau-
tics, the need was felt for information on axial-fan
design inasmuch as the indications are that such fans
will be used in airplane cooling systems in the immediate
future. In designs of aircraft with submerged engines,
it may become necessary to provide a fan that will
furnish the necessary volume of air to cool the engines,
the oil coolers, and the intercoolers. In pusher-propel-
ler radial-engine installations, the use of an axial fan
may help to solve an otherwise difficult cooling prob-
lem. The decision was therefore made to build an
axial-flow fan with adjustable blades and contravanes
and to conduct a series of performance tests on it.
The results of these tests are deseribed herein, and the
data may be used as a basis for preliminary design
studies of superchargers of the axial-fan type.

These data are limited to the characteristics of one
particular fan tested over a range of blade and con-
travane settings. No information is given on the
effect of such variables as solidity of blades and con-
travanes, Mach number, staging for higher pressures,
or use of various airfoil sections.

Since the issuance of this report in preliminary form,
errors of from 3 to 10 percent were discovered in the

pressure and efficiency curves. This error was due to
rotation of the air inside the space downstream of the
fan hub and affected the reading of the pressure p,. A
slight alteration to the test set-up corrected this source
of error. The tests were then repeated and the cor-
rected data are inserted in this report.

DESCRIPTION OF APPARATUS

The single-stage axial-flow fan was built to be used
primarily in cooling and duct studies; consequently,
an attempt was made to obtain as high a combination
of pressure and volume as was consistent with the limi-
tations imposed by the motor power and the fan
diameter. Preliminary computations indicated that a
volume of 9000 cubic feet per minute at a pressure of
78 pounds per square foot could be obtained. This
condition corresponds to 21.2 horsepower. The values
in terms of nondimensional quantity and pressure
coefficients are Q/nD*=0.446 and C,=0.298 with the
fan rotating at a speed of 3600 rpm.

The general arrangement of the blower and the test
set-up are shown in figures 1, 2, and 3.

The rotor assembly is shown in figure 4. Attached
to the rotor hub are 24 blades that give a solidity of
0.86, the solidity being defined as the result of blade
chord times blade length times number of blades
divided by disk area. The disk arca is the area swept
by the blades. TFigure 5 is a sketch of an individual
blade. Each blade is of R. A. F. 6 section and has a
maximum thickness of 12 percent of the chord. Kach

FIGURE 1.—View of axial-fan arrangement from entrance end.
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Soddzo

FIGURE 2.—View of axial-fan arrangement from exit end.
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/ port for quantity measurement

were made at various times during the tests. Any
rariation in the no-load torque, caused possibly by
changes in bearing [riction, was allowed for in the data.
The torque coefficients include the torque necessary to
rotate the hub as well as the blades.

The eleetric motor, which supports the fan hub and
blades on its shaft, is mounted inside the fan casing
by four streamline struts. Each strut contains four
orifices on each side, which were used for measuring
the quantity of air flowing. The pressure difference
between these orifices and the atmosphere was cali-
brated against quantity of air flow. A venturi tube
was used for this calibration.

The casing of the fan was of rolled and welded steel
plate, bored to a diameter of 21 inches and relieved to

& 2

Section AA

————— : 0:- Z/}i
Hub diom. |
69D-14.5" 5
PrEEEe L el
“Motor cooling air Lgmzzzr-l A U
Section through- y;i“’ Contrao-|
motor support vanes |
} Blades—!
~Thrust wire = !
—Counterweight

Rollers

FIGURE 3.—Axial-fan test arrangement.

blade has a straight twist of 2° per inch of blade length
and is not tapered. The blades were cut from solid
bar stock duralumin on a profiling machine and were
polished and buffed by hand.

Figure 6 shows the contravanes and the fixed hub
assembly. Thirty-seven contravanes with a solidity
of 1.33 were used. Figure 7 is a sketch of an individual
contravane. The contravane airfoil section was arrived
at by laying out an arbitrary camber line and using
an NACA 0012 thickness distribution. The ordinates
of the resulting section are given in figure 7.  The
contravanes were twisted 3° per inch of length and
were not tapered. The spacing between blade and
contravane center lines was 3 inches. A small clear-
ance between the blade hub and the contravane hub
allowed a slight amount of cooling air to flow through
the motor.

The power for the fan is supplied by a 25-horsepower,
direct-current electric motor. Before it was mounted
in the fan casing, the motor was calibrated with a
Prony brake for torque output as a function of arma-
ture current at a constant value of field current. No-
load runs with the fan rotor assembly (fig. 4) removed

a diameter of 21Ys inches at the fan section. The
contravanes were mounted in a hub that was carried
on the motor frame. The fan casing was carried
by a steel framework on a welded angle-iron base,
which was in turn mounted on rollers resting on hard-
ened and ground steel tracks. The rollers provided a
means of measuring the thrust produced by the fan.
The entrance cone for the fan was separately supported,
as shown in the auxiliary view of figure 3. There was

F1GURE 4.—Axial-fan blade wheel.
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a close but free joint between the entrance cone and
the fan casing. A cylinder having a diameter equal to
that of the hub and motor was projected upstream into
the free air far enough to extend beyond the pressure
field of the entrance. The exit cones were independ-
ently supported and were separated from the fan by
an air gap. The working section of the fan was there-
fore free to roll fore and aft on its rollers to a limited
extent. Connected to the supporting framework and
parallel to the thrust axis was a thrust wire. One
end of the thrust wire was carried over a pulley and
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connected to a dial-balance head. The other end of
the thrust wire was carried over a pulley and connected
to a weight pan. The dial balance and all counter-
weights used were carefully calibrated before the tests
were made.

The exit cone was provided with a celluloid window
through which tufts, located in the air stream, could be
viewed for the purpose of estimating the stream twist
angle. At the downstream end of the set-up a conical
plug mounted on a screw thread was used for varying
the restriction and controlling the volume of flow.

On the end of the motor, opposite the fan hub, was
mounted the generator of a Weston tachometer. This
instrument was wired to a milliammeter, the reading of
which was frequently calibrated against motor speed.

DESCRIPTION OF TESTS

All tests were run at a speed of 3600 rpm except in
cases in which the torque would have exceeded 36.5
foot-pounds, which corresponded to the motor rating.
Under those conditions the tests were run at maximum
motor torque.

A series of tests was run with several contravane-
angle settings ranging from 40° to 70° and another
series was run without contravanes. At each of these
conditions the blade angles were varied from 5° or
10° to 35° or 40°. The quantity and the pressure
coefficients were varied by changing the restriction at
the outlet of the test set-up. At each point, data were
taken of balance reading, amount of counterweight,
manometer readings of the static pressure p, and of the
pressure at the orifices in the motor support, barometer
reading, temperature, hygrometer reading, tachometer
reading, motor field current, and motor armature cur-
rent. The angle of flow downstream of the fan was
estimated by looking at the tufts.

Extreme care was taken in setting the blade and the
contravane angles but, because of the difficulty in
setting them, they may not have been set closer than
+%° Blade and contravane angles were measured
at a radius of 7} inches (71.4 percent R). Both blade
and contravane angles were measured with respect to
the same reference plane, that is, the plane of rotation
of the blades.

PRESENTATION AND DISCUSSION OF RESULTS

The results of the test reported in this paper are
presented in a manner similar to that used for pro-
pellers. Nondimensional coefficients, which are applic-
able to any similar axial fan operating at or near the
same Reynolds and Mach numbers, are used.

15 g
CT:p——n2D5 torque coefficient

A .
C,= !pr'z pressure coefficient

1%¢ :
e ﬁ’; 7% efficiency

These coefficients are plotted against the quantity
coefficient Q/nl)®

where:

D fan diameter, 1.75 feet

n  rotational speed, revolutions per second

Ap pressure rise across fan, pounds per square foot

() quantity rate of flow, cubic feet per second

p mass density of air, slugs per cubic foot

T torque, foot-pounds

also:

p. static pressure on downstream side of fan hub
B blade angle, degrees

¢ contravane angle, degrees

¥ stream twist angle, degrees

R blade radius

The coefficient Q/nD? corresponds to V/nD as used for
propellers and is also proportional to the discharge
coefficient ¢ as used in reference 1. For the particular
fan tested @Q/nDP=0.412 V/nD (where V=average
velocity through the disk) and Q/nl)P=1.29¢.

The pressure rise across the fan was taken as the
thrust on the disk area divided by the disk area. The
thrust on the disk area is equal to the thrust obtained
on the thrust system (balance and counterweights)
corrected for the force resulting from pressure on the
downstream side of the hub, that is, p. measured in the
space inside the exit cone. This correction was either
added to or subtracted from the thrust, depending on
whether p, was below or above atmospheric pressure.
As the horizontal areas at the free joints on either end
of the blower outer casing were small, the correction
for any pressure difference at these points was neglected.
No correction was made for any pressure drop due to
flow of cooling air.

The coefficient €, is proportional to the pressure
coefficient used in reference 1, which in the notation of

this paper is Ap/gug, where u is the rotational tip speed.
For this fan, C,=4.93 Ap/g u?.

The results are presented in figures 8 to 28 as follows:

Figln‘(‘ﬁ: Contravagc(—(s;(r}g;)le setting,
Sitoslilier=1 - o ) sl 40.
12 tosls » j o8 50.
16to 9 : - 2 Gl 60.
20505235 - BN S0,
246027 - . . _ No contravanes.
28 £ o _-—__._4 Varigtion of fan char-

acteristies with ro-
tational speed.

Two plots of the pressure-coefficient data are presented.
In one plot, the test points are given and lines of con-
stant angle of twist downstream from the fan are
superimposed. In the other plot, lines of constant
efficiency are superimposed to facilitate design work.
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FIGURE 22.— Pressure coefficients showing lines of constant efficiency. ¢, 70°.
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FIGURE 24.—Torque coeflicients.

No contravanes.

FIGURE 25.—Pressure coefficients.

No contravanes.



TEST OF A SINGLE-STAGE AXIAL-FLOW FAN 15

| [
70 percent

202 e 4 -
A alr i A
HEINIANWAN NS

2|

LI; TR S
R T
: Y \A-

ﬂ=/0°\ 15° 204

g
1 rit iy 1 LS Sl L] G Sl WPEEENS) ETT sl el B e arerrd TR

o J) .4 25 6
Q/nD?

FIGURE 26.— Pressure coefficients showing lines of constant efficiency.
No contravanes.

The stream angle ¢, for which constant values are
imposed on the pressure-coefficient plots in figures 9,
13, 17, 21, and 25, is the average stream angle as esti-
mated by viewing the tufts located behind the blade
wheel. Under certain conditions there was consider-
able variation of the angle along the radius. It is
believed, however, that the stream angle of most of
the air was within +3° of that given. Positive values
of ¢ indicate that the air steram was twisting in the
direction of rotation of the rotor.

The maximum efficiency of 88 percent for this fan
was found to be at a blade-angle setting of 30° and a
contravane setting of 70°. It is interesting to note that
the contravane setting of 70° yielded the highest effi-
ciencies for nearly all values of Q/nD *.

The fan efficiency with contravanes removed was 80
percent as compared with 88 percent with the contra-
vanes set 70°.  This loss of 8 percent results from the
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FIGURE 27.—Axial-fan efficiencies. No contravanes.

fact that the rotational losses occurring without con-
travanes were greater than the profile drag of the con-
travanes. The downstream angle of twist for the peak-
efficiency condition with contravanes set 70° was about
5° or 10°, whereas the angle of twist with contravanes
removed was about 25°.

Of perhaps more importance than the effect on effi-
ciency is the effect of contravanes on the pressures
produced. The maximum pressures for a given quan-
tity of flow were found to be considerably less with
contravanes removed than with them installed, regard-
less of the blade-angle setting.  When the contravanes
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FIGURE 28.— Variation of fan characteristics with rotational speed.  Q/nD?, 0.45;
B, 25°% ¢, 70°.

were removed, the rotational interference velocity was
in the same direction as the blade rotational velocity.
The result was a certain relative velocity over the
blade surfaces and, consequently, a certain pressure.
When the contravanes were in place, the air was given
an inflow rotational-velocity component opposite in
direction to that of the rotor, the result being an
increase in the relative velocity between the air and the
rotor blades and an increase in pressure.

The stalling characteristics of the fan were very pro-
nounced. As long as the blades were unstalled, opera-
tion was very smooth. As the restriction was increased
and the flow was decreased, however, the fan reached a
stalling point beyond which the operation became very




16 REPORT NO. 729—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

rough and noisy. In some cases the quantity of air
flow dropped oft considerably with stalling, and it was
mmpossible to obtain points for a curve. On all the
curves, the stalled portion is indicated by dotted lines
when enough points could be obtained to justify it.
It is recommended, however, that fans be designed to
operate only in the unstalled portion.

As the range of this fan was limited by both the
torque and the speed characteristics of the motor, little
attempt was made to get an extensive evaluation of
scale effect.  One series of tests was made, however, at
B=25° and ¢=70° for a short range of @/nD? at different
blower speeds. Values of (O, C,, and 5 were taken
from these tests at a value of Q/nlP=045. These
values are plotted in figure 28 against fan rotational
speed, and the results indicate that, while the pressure
and the torque increase, the efficiency decreases with
Reynolds number. The variation of pressure and

torque coefficients with Reynolds number is unexpect-
edly large.

No effects from compressibility would be expected
from these tests, inasmuch as the highest tip speed was
only 330 feet per second. Compressibility should be
taken into account for designs wherein the tip speeds
will be above 600 feet per second.

LANGLEY MEMORIAL AERONAUTICAL LLABORATORY,
NarmioNaL Apvisory COMMITTEE FOR AERONAUTICS,
LancrLeYy Fierp, Va., September 22, 1941.
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Z
Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
Force
G Sym- (t%a;‘%lsl 2 : Sym- Positive Designa- | Sym- (IcJéIIlI?S(I;-
Designation bol symbol | Designation | "] direction tion bol |nent along Angular
axis)
Longitudinal _____ X, X Rolling_____ L e 7L SR olE e @ u »
Lateralt Jestoa ¥ e Pitching____| M Z——X Pitch 20 12550 v q
Nofmal <=2 cay Z Z Yawing.___| N X—>Y Yaw-.- - ¥ w r
Absolute coefficients of moment Angle of set of control surface (relative to neutral
Ot oM 5 N position), 8. (Indicate surface by proper subscript.)
b= qbS mgeS " gbS
(rolling) (pitching) (yawing)
4. PROPELLER SYMBOLS
) THametene & T Power, absolute coefficient OP=—Z;—5
P Geometric pitch pn*D
Pitch ratio - : 2 5| 375
»/D e ¢, Speed-power coeflicient= ’;,—‘1;

Vi Inflow velocity .
748 Slipstream velocity Efficiency

Revolutions per second, rps

Effective helix angle= tan"’( _V_>
2Trn

S 3

: T
T Thrust, absolute coefficient OT:W

Q Torque, absolute coefficient Caz-lm—?‘l—)—s

5. NUMERICAL RELATIONS

1 hp=176.04 kg-m/s=550 ft-1b/sec 1 1b=0.4536 kg
1 metric horsepower=0.9863 hp 1 kg=2.2046 1b
1 mph=0.4470 mps ; 1 mi=1,609.35 m=5,280 ft

1 mps=2.2369 mph 1 m=3.2808 ft







