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By E. Barton Béll and Lucas J. DeKoster
SUMMARY

Ah axial-flow fan was tested with 6, 9, 12, 18, and
24 blades snd with two different blade sections., The
range of contravane azngle and blade angle without contra-
vanes was extended beyond the scope of the tests of the
same fan published in NACA Report Wo. 729. The results
indicated that suitable fan control could be achieved
over a shall range of quantity coefficient by varying the
contravane angle; the highest efficiencies were msually -
obtained with the 1l2-blade fan; the rate of increase of
maximum pressure coefficient and corresponding torque
coefficient dropped with increasing solidity; and no large
differences were found for the two different blade sec-
tions.

Formulas are developed for computing lift coeffi-
cients from fan-characteristic data, Lift coefficients
are presented for the condition of maximum fan-pressure
gcoefficient .

INTRODUCTION

A doctor's dissertation covering a comprehensive in-
vestigation of axial-flow fans on the basis of aerody-
namic theory by Curt Keller was published in Switzerland
in 1934. This material was translated and abstracted by
Prof, Lionel 8. Marks and is available to American design-
ers in reference 1. The report of an extensive experi- 3
mental investigation of single-stage axial blowers is given
in reference 2.

In connection with tests of airplane cooling systems,
the NACA conducted a series of tests on an axial-flow fan
with adjustable blades and contravanes. The results were
published as an advance restricted report in 1941, which




has been revised and published as reference 3. One fan
with 24 blades of R.£F. 6 section was tested over a lim-
ited range of blade and contravane settings.

Becguse of the possibility that greater effisiencies
might be obtained with a smaller number of blades for fans
handling a large volume of air at a low pressure rise,
tests have now been made with four lower solidities. Somne
cooling and duet installations require a wide range of op-
erating conditions that might be obtained by a change in
blade angle., The mechanism required to control the blade
angles in a many~blade hub leads, however, to serious me-
chanical complications and tests were included to show
the.effect of changing the angle of the contravanes to ob-
tain this range of conditions.

The curves for the characteristics of a fan wit%out
contravanes have been extended to blade angles of 70 to
cover the conditions that will be encountered in installa-
tions in which the blades are directly attached to the
propeller spinner or make up the front fan of a dual-
rotating pair.

The effect of airfoil section is shown by making
additional tests with blades of NACA 6412 section, Air-
foils of this section have the maximum camber slightly
farther back from the leading edge than airfoils of R.A.F.
6 section and have a maximum 1ift coefficient of 1.67 as
compared with 1.49 for the R.A.F. section.

SYMBOLS

The results given in this report are presented in
terms of nondimensional coefficients, applicable to simi-

YTar axial=flow . fans,

These coefficients are defined as follows:

o & Ag 2 pressure coefficient
b pn~D
T -
Cp = P torque coefficient
pn~D
i Cp ¢ d
n = — — —¢ efficiency
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Q/nD quantity coefficient
i
Cp = — contravane torque coefficient
v /D
—=F
()
P
6, = —=281 . 3136t coefficient
o
pwnofdA
where
AP g pressure rise across fan, pounds per square foot
P mass density of air, slugs per cubie foot
n rotational speed, revolutions per second
D fan diameter, fest
3 T . torque, foot-pounds
Q quantity rate of flow, cubic feet per second
T torque on contravanes
L IEeaesy
w velocity relative toc the blades
" solidity at radius r (Bb/2nr)
A disk area
B number of blades
b blade width
5 radius %o any point
i The following additional symbols are used in the
glaxt and figures.
: R radius to outside of fan (D/2)
| T radius of hud (0.69R)
i Bb
o) Stotir Ity | ]
LmBAL 4 g (R, |




Ty, torque on blades

Te angular momentum in air stream

v velocity

APy pressure increment across blades

8Dy pressure increment across vanes

a stream angle Dbetween contravanes and blades, degrees

B blade angle at 0.714R, degrees

Y angle betweon 1ift and resultant-force vectors,
degrces

6 angle betwecn plane of rotation and velocity of'air
relative to blades, degrecs

s angle of stagger, degrees

contravane angle at 0.714R, degrees
v final stream twist angle (average), degrees

APPARATUS

The test apparatus was essentially the same as that
of reference 3, Figure 1 shows the hubs with the vari-
ous numbers of blades. TFer the tests of five solidities
a 24-blade hub was used with 24, 12, and 6 blades and an
18-blade hub was used with 18 and 9 blades. The corre-
sponding solidities are:

Number of blades, Solidity,
B ‘ 0]
6 6), L
9 32
12 .43
18 .64
24 <86

In order to minimize the effects of unavoidable dif-
ferences in blade setting, the tests for the highest
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solidities were made first. Lower-solidity tests were

then made by removing the appropriate blades and substitut—
ing steel plugs, which gave surfaces flush with the hub.
The blades remaining for the low-solidity tests were thus
undisturbed from their original setting.

The original blades used in the fan in the tests re-
ported in reference 3 are of R.A.F. 6 section with a maxi-
mum thickness of 12 percent of the chord. ZEach blade has
a straight twist of =0 per inch of, blade length and ds not
tapered.,. For the testg reported herein, 24 additional
blades were made similar in all respects to the original
ones but of NACA 5412 airfoil section. (See fig. 2.)

TESTS

As in reference 3, all tests were run at a speed of
3600 rpm except for cases in which the torque would ex-
ceed 36,5 foot-pounds; tests in this range were run at
maximum torque.

With a blade angle of 25° and with the R.A.F. 6 blade
section, a series of tests was made for contravane angles
ranging from 40° to 115°. The angles were measured with
respect to a plane gerpendicular to the axis'of thedfan.
Angles less than 90° indicate that the contravanes were
turning the air against the rotation of the blades; for
angles greater than 90° the air was turned in the direc-
tion of the blade rotation,

Tests were run at the five solidities for both air-
foil sections for blade angles of 25°%, 35°, and ¢5° with- |
out contravanes and for a blade angle of 25° with contra-
vanes set 70°.

Tests were also run with 24 blades and no contravanes
at blade angles from 200 ta 70° for the R,A.F, 6 blade sec-
tion and from 2P to 65° for the NACA 6412 blade section.

RESULTS ALND DISCUSSION

Extended contravane angles.- The results of the tests

on extended contravane angles are given in figures 3, 4,
and 5, Test points are omitted from these curves for the




sake of clarity. In figure 6 the values of GCp, Op, T,
and Q/nDZ> have been plotted against § for the condition
of magximum efficiency. The efficiency between the values
of ¢ = 55° and P = 85° is reasonably satisfactory.
Phese same coefficients have been plotted in figure 7 for
the condition of maximum Cp‘ There appears to be a stall
in the contravanes at some point between ¢ = 50° and @ =
40°, This stall has probably caused an excessive pres-
sure drop through the contravanes and thereby decreased

the fan pressure coefficient.

For a fan operating at a fixed Q/nD®, considerable
variatton of pressure and torque can be obtained by vary-
ing the contravane angle. 7For example, a fan operating

at a Q/nD® of 0.45 with 25° blade angle, the pressure
coefficient can be varied from 2.46 at @ = 50° to almost
zero at ¢ = approximately 100°. There would, at the same
time, be o decrease in torque coefficient fron 0,228 at
p = 50° to 0.06 at § = approximately 100°. The effig
ciency will be greater than 80 percent between @ = 55,

C, = 2.35 and p = 79°, Cp = 1.4 and will drop off rap-

idly as ¢ increases. The torque and pressure, however,
will also drop off rapidly, with the result that the
wasted power is very small,

Although these tests have been run at only one blade
angle, the same general trend would probably take place
at any other blade angle. A fan designed with controllable
contravancs would have s gairly satisfactory means of pres-—
sure control if the Q/nD range were not too great.

Effect of so0lidity.- The results of the solidity tests
are presented in figures 8 to 39. Curves for the R.A.F., 6
section are given in groups of three showing variation of
Cp, Cpy, and TN with Q/nD® for different dlade angles
in figures 8 to 19; similar curves for the NACA 6412 sec-
tion are given in figures 20 to 31, The variation with

solidity o of Oy ., Cp, Q/nD”, and TN for the two
max

sections are shown in figures 32 to 29.

The curves of Cp and Cp aghinst Q/ni)3 for sthe
different blade angles and both blade sections definitely
show that the slope of these curves changes with solidity.
The Q/nD3 for Cp = 0 and Cp = 0 also decreases with -
increasing solidity. This decrease might be attridbuted to
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the increased blocking of the larger number of blades.

The best efficiencies were obtained for the 9- or 12-
blade fan. In most cases the efficiency for the 24~blade
fans was 4 or 5 percent less than the maximum. There was
little difference between the two blade sections in the
trend of eff1"1ency for djifferent numbers of blades. Fig~
ures 32 to 39 were cross-plotted from the other figures
for the condltlon of maximum pressure cocfficient, When
these curves were cross-plottod, it was realigzed that tho

blade nn: gles for the 18- and 9-blade tests might have

been Qllghtly different from the blade angles for the 24-,
12~, and 6-blade tocsts because of the difficulty of accu-
rately setting the blades.

Thesc curves show that while Cp increases with
max

solidity for n2ll the casecs tested, the slope of the curves
is decreasing., Tests have not been mads for a sufficient-
ly high solidity to warrant the assumption that, beyond a
certain solidity, no increasc in pressure can be expected.
With the oacep+ic* of ‘curves Son W BiN= 450, no contra-
vanes, the variati on with soiidity is practically the same
for both blade scctions. The efficiency at Cp_ G shows
the value of eontravanes at high ‘sediditsEs - At low solid-
ities, higher efficiency is obtained without contravanes,
.because the contravancs nbsord too large » part of the fan

pressureg risc,

cnded blade-snzle test.- Figures 40, 41, and 42
show the fan charactcristics without contravanes, with
R.A.F. 6 blade scctions, for blsde angles from 20° to 70°
Similar results for the NACA 5412 blade scction are shown
in figures 43, 44, and 45. Tho curves are discontinued
at the stall., For both blade sections, the maxwmum pres-
surc comcs at or near the stall up to B = 55°. Beyond
B = 55° the maximun pressure does not oecur at the stall,
Therc appoars to be little ehoice between the two blade
sections, eithor on the basis of maximum pressure or on
the basis of efficiency. This statement cannet, however,
be definitely made with respect to efficiency at the high
blade anglcs, becsuse the equipment did not permit the
test to reﬂch the point of maximum efficiency at angles
above B = 45°

Figuros 46, 47, and 48 show the fan characteristics
for operation with blades of NACA 6412 section at §
70°. A comparison of these curves with those for tho
R.A.F's 6 blade section in refercnce 3 indicates a s

I
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higher efficiency with the R.A.F. 6 blades and alse a
slightly higher maximum pressure except at high blade an-
gles.

As a check on the method of measuring pressures, a
manometer was connected to static orifices on each side
of the fan. One side of the manometer was connected te
an orifice in the outer fan casing upstream ol the contra-
venss) the other side was connected to two orifices down-
stream of the fan. One orifice was in the oufer caslng
and the other was in the cylindrical part of the hub fair-
ing. Valucs of O, were computed from the manometer

readings and are plotted against Q/nD® in figure 49.
The curve was obtained by the nmethod described in refer-
ence 2. The orifices on the downstream side of the fan
will g3 ctatic prossure if there is no rotation in the
a i Vs tT and the manoneter will then give fthe true
pressur across tre fan., Trom the stream angles for.
the con = 60°, the values from the
manomecter rcad a to fall on the curve near the
point whore Wy = CO.

e
€
d

~
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g+
U

e

ent of an air-

In order to calculate the 1lift coeffici

e on the airfoil
e
0

foil, it is neccessary to know the force
and the direction and magnitude of th
locity. The vector disgrams for these i
ties are showr. ia figur I

an relstive ve-
ces and veloci-

]
&

‘an characteris—
tics must necessarily mptions. "These
assunptions

torgue,

5
K]
i
yng. the radiu

veivcity e di area,
This ass gxror due to effects
of bonnd: ddstributdion, but it
apﬁarfs assurplion. |The torguse
over the digk area

both for the blades, that is, the
TloTguesp taat alanz thel nadius.
From the vations of the stream an-
gle, a torgue coef flclent for *he contravenes can be com-
puted.,

Determination of CT .- The nondimensional coeffi-
v %
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In order to determine CTV’ it is thervefiore necessary

o obtaln TV from the blower characteristics,
- m T
L ST
T L
B fu b s

v T 00®/D  p@%/D

In order to evaluate T the rotational momentum

s’
in the air stream is considered

" 3 =
2 1 - (ry/R) Q~
TS = - X l. ! O/ \BJg X F_).E‘_, tf—\n W
3 k>
" [l Lo (ro/—-/
Evaluation of the constants, where r /R = 0.69, gi
2
Tg = 1,038 5 tan
Therefore,
Cop
Cp = ————5 --1.038 tan V¥ (1)
v / n o
(Q/nD")

Tre contravane torque coefficient CTV was computed

from ecuation (1) for each test point of the runs with
contravanes. These points were then arithmetically aver-
aged for each contravane angle. The averages of these
readings are plotted as points on the curve of figure 51,
A faired curve was then drawn through the points and val-
ues from the faired curve were used in further calcula-
tions.

ves
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In the calculations of the lift coefficients, some
opergtin condition must be chosen. In connection with
fan design, the condition of maximum pressure is the
chie® p01nt of interest. In most cases the maximum pres-
sure occurred at or near the stall, It wes therefore de-
cided to compute the OCp of the blades for the condition

Of C .
pmax

Determination of ©1, from torque considerations.-

Consider the increment of 1ift dL on an annulus of area
dA at radius r,

24L
Cp = —=—
pw2opdA
aT cos Y
L = 9 x :
r sin(g + )
L T Ty
If it is assumed that diy = i dA
2TydA cos Y
Cr = - X
Arpw®opdA sin(g + %)
To Cop sin® & cecs ¥
Cr, = 27 (l - ——N = X
R/ ¢ (Q/aD®) sin (6 + Y)
Tvoluation of the constants where ry/R = 0.69 gives
1.94& Cnq- sin 6 tan 6
b1 = ﬁz X (2)
o (Q/nD® tan § + tan Y
Tan 6 is determined as follows:
tan 6 = 1
mnD % + % (V tan @ - V tan )
D)
tan 6 = ”1
2 r Ty 2 r
— - [ == + tan = |t !
2 Ll (R > g Q/nD® ” S
tan 6 = 2 (3)

b |
O
=

=

=

\
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In order to determine tan 0, consider an annulus of
~rea d& at a radius r on the contravaenes,

k=3

i, = X dh
3 Ve <k
N
& J
e
dTV = T X wetmr dr

But from cunsideration of the rotational momentun,
' 4Ty = rV tan o pdQ,

tan @ = ——0
. rVpQ
m [ P oS Coq
tan @ = 2 1 - (2) ](%)
" % & \R L I‘/R
0.823 CTV 3 ( )
E Ban g *=8——_ ==~V : <
r/E .

JFor the oporatidn without contravasnes, an annulus at
radius . r is considered and tan Y is computed as fol-
lows: :

dTp = 4T
T
d.r:"b = ‘:&h X 2me ar .
From momentuﬁ considerations, dT_ = 2V tan \V de
. . m’ ‘
: L <o dB
oV aes |
i roa 1 ks CT
tan Yy = — [ 1 - <-—> X =
2 \ R r/R  (Q/aD3)
2 o
tan W = 0.823 —— x L (5)

%' : 9 ] r/R (Q/nDs)gl

For operntion with contravanes, the centravanc torque
coefficient was developed from observed values SR




equation (1). Rearranging this equation and sudostituting
it in equation (5) for conditiens ¢f Cp = 0 gives

) Cop Co 1
0.825 = X
1 038

P 2
% (Q/nD?®) (Q/nD®)

r/R = 0.854

The direction of the inflow velocity is computecd from
Cp, by equation (4), which gives the stream angle ahead

of the blades a as a function of r/R, This equation is
rizorous only fer the condition at which the blades have
the proper pitch distribution to give a constant torque
disk loading. When CTV = 0, for cxanmple, tho equation

would indicate that a« = 0 for all r/R values. 3But,
bocanse the twist in the blades is unchanged from the de-
sign operating conditions, the angle will be negative at
the root and positive ~t the tip. At some parsticular
radius, howcver, the angle will be zero, as indicated by
equation (4). The computed final stream angle  1is also
assuncd constant aleng the radius. This assumption will
be true for W = O, At other computed values >f WV, this
assumption will not be true dbut VY will vary along the
radius, and the computed value will Dbe the mean value.
Without contravancs this distribution along thes blades

can be computed from equation (5). If the two expresslons
for final stream angle are equated for CTv = 0, a value

of r/R = 0,854 1is found for which equation (1) will give
the sare streanm anglo as computed from equation (5). 4%
this radius, the values of  as computed from equation
(5), ~nd a as computod from equatien (4) will be approx-
imately correct for all values of f. This value of r/R
is spproxinately equal to the value of r/R for which the
outside and inside disk areas are cqual. The value for
cqual areas is r/R = 0.859. Conscquently, a value of

r/R = 0.86 was selccted as the station for which to com=-
pute the value of Cg.

In the computation of the 1ift coefficlents for max-
imum pressurc coefficient, the values of Cp, Gp, and

Q/nD® were picked from the fan curves. These values

were plotted against B for condition of constant @ and
o, against § for constant B and 0o, and against O
for constant @ and B. Valucs werc picked off these
fairecd curves frem which to compute Cp. In all cases ¥
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was computed from the value of CT, by equation (1) or by
gguation (5).  LA.value of %ad ¥ =.0006  woe arbitrarily
assumed. This assumption may be in error but is of second-

ary lmportance because it does not materially affect the
yelue of O .

The computed values of C;, are plotted for varicus
solidities against the stagger angle s 1in figures 52 to
55. The stagzer angle s 1s defined as the angle between
the incoming air and the plane of the blades.

17
Tah s = % =
™D = + V tan «
i R
i
e g e _— % a_,
ug PRy S o I WA
4 L ] Joa Q/nD
' 1
Gans iste (8)
152893 ? —7l—n + tan o
. IJ. Q" MNe

Determinaticn of C;, from pressurs cceffiecients.~ The

1ift cocfficiznt on the blades may also be cemputed from

congideraticn of the pressure measuremants. The pressure

rise acrosa ¢he tlades is not, however, the total pressure
ub i qual to the pressure risge

rise.acruss vac fan but is e
across the fan plus the pressure drop across the contra-
vanes,

Apb = Ap ¥ Ap\'r

If an annulus of the fan at radius r 1is considered,

shr sB EF
Ui 0% SN
PW O A
i
dL = Ap, 44 L
=D cos (g + )
20p, AA cos Y
C L = - e e X

pw 0ndA cos (6 + ) i |
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2
o 2
Cp, = N i 2 [1_ <r0> J CP + - ﬂ;) sin®@ cosY
z
"o . 8 (Q/nDs) cos®a r cos (6 +%)

o 1+-—>
< R J

Evalunrtion of the constants (r /R = 0.69) gives
r/R C 1 tan sin
Cp=1.18 it [0.339 LA _1J 3 6 ()
’ (Q/nDS) cos o 1-tan 6 tan Y

For the condition of no contravanes, o = O,
r/R Cp tan 6 sin B
Cr, = 0.40 X = X (8)
o (a/nD®) 1 - tan 6 tan Y

The values of Cp as computed from equation (8) are
slso plottcd in figures 52 to 55. This method of comput-
ing Cp from pressure characteristics is probably not so
asccurate as the method from torque characteristics. In the
method of computing Cp from pressure cocfficients the
assumption is made that both the pressure and torque loading
are constant over the disk area. The calculation of pres-
sure drop through the contravanes neglects the drag of the
contravanes.

If the two blade sections tested are compared on the
basis of COmputed 1ift coefficients, the curves of fig-
urec 52 and 54 show that the NACA 6412 section gives a

gher Cj at the upper end of the stagger-angle range'
whereas the values are nearly equal or slightly higher for
the R.A.F. 6 blade section at stagger angles below about °
16° to 24°, depending on the solidity.

In fibure 53, the four points plotted at stagger an-
gles below 5% 40 not seem consistent with the rest of
the curve. Theqe values were taken from tests at blade
angles of 10° and 15°. At these low blade argles, there
i no definite stall and no true maximum C.. The stag-

ger angle cannot be small enough actually to stall the

blades. The maximum 1limit on the angle between the blade
and the incoming air (B - &) is equal to f when s = o)+
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which is the condition of Q/nD® = 0. The angle of the
air approaching the blades, therefore, cannot become large
enough to stall them., When Q/nD® = 0, the 1ift coeffi-
cient is indeterminate if any pressure is developed or
torque is absorbed. The basic assumptions for computing
Cr, become invalid as this condition is approached. The
foregoing derivations for 1ift coefficients are thus seen
to dreak down at low values of Q/nD®, Prossure that is
produced with no air flow through the fan is evidently the
result of a circulaticen around each individual blade.

The cxcessive scatter of points for the data taken
from tests with contravancs, as shown in.figures 52 and 53
is probably due to variation from the assumed distribu-
tions of velocity, pressure, and torgue. In most cases
the agrcement between calculations from pressure curves
and torque curves is satisfactory.

Therc is nced for ndditional data from airfoil cas-
cade tcsts with respect to 1ift coefficient and angle of
attack, from zero 1lift to the stall and beyond to a point
corresponding to zcro quantity, for various solidities
and various airfoil sections.

SUMMARY OF RESULTS

Tests of an axial-flow fan with 6, 9, T2, 18,y add 24
blades of R.A.F., 6 and NACA 6412 airfoil section through
a range of contravane and blade angles indicate:

l, A change in the contravanec angle was a suitabdle
means of contrelling the pressure output of n fan when
the quantity range of operation was small,

; 2+, The 12-blade fan gave the highost efficiencies
in nearly all cascs.

3. The drag of the contravanes caused a falling off
of the efficiency at low soliditics.

4., Thc angle of attack for zcro pressurc and torque
dcereasod with increcasing solidity.

5 Yo large differonces appeared in the characteris-
tics of a fan with blndes of R.A.F. 6 scction and of
NACA 6412 scectien.

’
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6« The NACA 6412 section showed a slightly higher
computed 1lift coefficient than the R,A,F, 6 section for
most conditions, but the difference was not of fthe order
indicated by conventional airfoil tests,

7, At maximum pressure coefficient the 1i:'t coeffi-
cient considerably decreased with increasing solidity,

Langley Memorial Aeronautical Laboratory,

National Advisory Committee for Aeronautics,
Langley Field, Va.
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