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NATIONAL ADVISORY COLMITTER FOR AZRONAUTIOS

TECHNICAL NOTE NO. 677

TESTS OF A CONTRA-PROPZLLER FOR AIRCRAFT

SUMMARY

Tests of an 8-blade contra-propeller of 32-inch diam-
eter in combination with a 4-Ddlade, 36-inch diameter, ad-
justable pitch, metal propeller at pitch settings of 159,
250, 359, and 45° at 0.75 R were made in the wind tunnel
at " Stanford University.

The tests showed a significant increase in effective
thrust of the combination over that of the propeller alone
for values of V/nD somewhat below those for maximum ef-
ficiency and without a corresponding increase of power ab-
sorbed. ! From 1/2 percent to 2~1/2 percent in pronulsive
efficiency was thus gained in this range. In all but one
case, however, the pealt propulsive efficiency of the com-
bination was found to bDe from 1 to 2 percent less than
that of the priopeller alone.

Counter torquec on the contra-proveller amounted to
about 50 percent pf the propeller torgque.

NTRODUCTIOR

]

Investications of the fluid motion in the wake of a
propeller have shown tkat, in addition to an axhai " yveloedty
increment, there are also tangential and radial velocity
increments. The radial velocity increments are small and
in this investigation have been presumed to be of negligi-
ble utility. Because of the tangential increments the
fluid elements have a helical direction.

The contra-propeller of these tests consists of eight
jrfoil-section fixed blades, mounted back of the main
ropeller, 1Its effect is to change the direction of the
livstream elements from helical to axial, thus increasing
he
0

¢ o

time rate of chansge of axial momentum, or thrust. Iy
change in direction or veleocity of flow through the
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main propeller disk is induced by the contra-propeller,
there will be no change in power absorbed or thrust devel-
oped by the main propeller and the possible addition to
effective thrust is the amount of the forward force on the
contra~propeller blades (reference 1).

THEORETICAL CONSIDERATIONS

A simple blade—~element theory of the contra-propeller,
which may be employed in the prediction of benefits to be
derived, is as follows:

Consider a contra-propeller blade element (fig. 1)
located in a region behind the main propeller where the
angularity of the slipstream (i.e., the angle between the
local direction of air flow and the axis of rotation of
the main propeller) is B degrees. Let o« ©De the angle
of the contra-propeller blade element with respect to the
axls of rotation. The angle of attack of the element is
thus B - a. With C7 as the lift coefficient of the el-
ement, OCp +the corresponding drag coefficient, Cp the
resultant-force coefficient, and Ci; a thrust coefficient

of the form T/qS, it may be seen that
C‘t = ——-——;—-—— sin (B 5 Y) (l)

where Y = cot™?} %.

If " B 18 greater than Y, 1% is evident that there
will be a resultant forward force on the contra-propeller
blade element. It is also evident that the magnitude of
the thrust coefficient will depend largely on the value of
B.

Although previous tests (reference 2) showed that the
efficiency of the normal-form, well-designed air propeller
might e increased about 2 percent over the full working
range by the addition of fixed contra-propeller blades, it
apveared desirable to determine the angle B wunder vari-
ous conditions for the particular propellers used in this
investigation as a basis for the design of the contra-
propeller blades. The tests of reference 2 were made with
a 4-blade contra-propeller in combination with a 2-blade
wooden propeller of U.S. Nawvy type, 3 feet in diameter and
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of 3-foot geometric pitch. The purpose of the present in-
vestigation was to determine the possibilities for im-
proved performance of the conventional metal 4-blade ad-
Justable pitch propeller by the addition of an 8-Dblade
contra~propeller.

BJ means of a cylindrical yaw head the slipstream an-
gularity behind the propeller for each of four propeller
pitch settings was observed. Illeasurements were made along
two radial lines,| 3 and 9 inches back of the propeller
blade axis for several values of V/nD within the normal
working range. Figure 2 shows variation in gtream arngu-
larity with V/aD for five radial distances from the axis
of rotation and 3 inches back of the blade axis of the 35°
propeller.

3 Cross vlots of slipstream angularity against radial
distance from the|axis of rotation for three values of
V/nD are shown in figure 3. Correspoanding curves for
other propeller pitch gsettings were similar in form.

From a knowledge of the radial variation of slip-
stream angularity,. it was possible to select an airfoil
section and plan form for the contra-propeller blades and
to make a gquantitative estimate of the tetal thrust coef-
fideient in the|l form CT = _f§52 such plades might be ex-

n
pected to develop for any propeller pitch setting arnd at a
given value of V/nD.

Foer the contra-propeller blades a Clark ¥ section was
chosen. Any airfoil with a large L/D ratio would have
been satisfactory; the flat lewer surface of the Clark Y
made the setting of the contra-propeller blades convenilent
and the thickness was suitable for a cantilever contra-
propeller blade..

Figure 3 shows that the larger useful wvalues of slip-~
stream angularity B were found at the smaller radii.

It was evident from -equation (1) that the blade—~element
thrust coefficient would zenerally vary directly with B.
It therefore appeared that, for a given area, the greatest
thrust would be realized from blades of a tapered plan

form with the wide end toward the propeller axis., It was

also seen that little was to be gained by carrying the '
contra~propeller blades beyond the l6-inch radius. Beyond
this point the values of B were, at V/nD of maximum

efficiency, little more than for Y corresponding to the
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maximum L/D of the Clark Y profile. It had been plannecd
to use a ecylindrical body 8 inches in diameter bohind the
3=foot diameter model propeller, as being possidbly repre-
sentative of an engine nacelle to which the contra-propel-
ler blades would be fastened. As a result of the fore-
going considerations, the plan form chosen was l2~inch
spanl, 4=inch' root chord:, and - 2=inech tip chord. +The blade
tips were rounded in much the same way as a conventional
wing tip.

In order to determine the best orientation for the
elements of contra-propeller for the present problem, the
following analysis was enployed. Blade—~elemnent thrust
coefficients were calculsted from equation (1) for various
values of slipstream angularity B and of blade—element
angle a. In these calculations the aerodynamic charac-
terigtics of the Clark Y giwven in reference & were used.
These data were used because they were obtained at a
Reynolds Fumber closely approximating the value that would
be attalnable in the Stanford University wind tunnel. Al-
though the geometric asnect ratio of the contra~-propeller
blades was 4, the characteristics of an airfoil of asvect
ratie 6 were used to allow for the end-plate, or tip-
shield, effect of the faired dbody against which the blades
were bdbutted.

Figure 4 shows the calculated variation of Of with
airfoil angle. o for each slipstream angularity B. A
line drawn through the maxima of C4 shows that, if B
varies with radius, the maximum integrated OCf for an en-
tire contra-propeller would be realigzed from twisted blades.
Since, however, the curves of 0O against o are rela-
tively flat, it may reasonadly be expected that nearly as
beneficial results could be derived were the contra-
prepeller dblades without twist and set at a mean optimum
angle with respect to the propveller axis. Because con-
struction was simpler, the blades were therefore made in
ther Tornt of untwisted aiffoils,

With knowledge of the slipstream angularity, it was
possible to make a quantitative estimate of the thrust
coefficient that night be cxpected from the contra-propecl-
ler for any propeller pitch setting and at a given ¥/
By an approximate method 6f integration, arcas under curves
et Ct X chord against radius of contra-propeller blade

were deternined. The integrals were converted to the form

T/pn2D* for comparison with the proveller thrust coeffi-
cient,
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For the specific cage of the 35° propeller at V/nD
1.3 (maxinmunm efficiency)'and with contra—-propeller blades
set at a mean optimum angle of 19%. 1% wae found that a
thrust coefficient of about 2 percent of the propeller
thrust coefficient might be realized from the contra-pro-
peller. This value, provided that there were no change in
power coefficient, would increcase propulsive efficiency
aboud 1—1/2 percent. TFor V/nD = 0s7 it appeared that. an
increase of 2 percent in propulsive efficiency might Dbe
expected.

Therefore, it seemed possible that an increase in
propulsive efficiency of about 2 percent over the full
working range night be found from the use of a contra-
propeller in the proposed investigation, as it had been in
reference 2.

APPARATUS

Wind tunnel.-~ The experimental work with the contra-
propeller was done in the wind tunnel of the Daniel Guggen-—
heim Aeronautical Laboratory at Stanford University. This
tunnel is of the Eiffel type with a throat diameter of
7-1/2 feet. The maximum wind velocity is about 90 miles
per hour.

Dynamometer .- The propeller dynamometer at Stanford
is of the cradle type and consists essentially of a long
electric motor provided with a direct-connected right-hand
rotation shaft. The entire assembly is carried on thin-
steel-plate knife edges below the shaft axis. Thrust is
measured by the force required to balance the pull on the
propeller shaft; torque is measured by the moment required
to balance the torque'reaction of the propeller on the dy-
namometer body. The dynamometer is shielded by a sheet—
metal cover to protect it from the action of wind forces
other than those on the propeller.

The torque of the contra-propeller was measured by
restraining it from rotation by a vertical wire connected
to one of the horizontal blades and leading to a sensitive
pan balance located above the wind stream.

was a Z=foot diaﬂgger,,4~blade, adjustable pitch, metal
model of standard U.S, Navy plan form and blade section.
The nominal geometric pitch-diameter ratio was 0,7 from
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@R 6E t oward “whis hub! tel af walue of 042F ab 0L 157 RH. The
plan form, ‘seetions, and pitech: distrdbution were Those of
propeller E 1in reference 4.

edighit™ g f ol gl " o Cllahrk T 'seletdon), 12 ineches" long, ‘taper=
ing from a 4-inch to a 2-inch chord, which:-were mounted on
the surface of. a body of revolution 8 inches in diameter.
The tips of the blades were thus at the l6-~inch radius.
The blades were fastened to the body by a single stud at
about 30 percent chord, thus permitting turning to the
desired angular setting.

The body was designed for mounting either on a pair
of ball bearings riding on the propeller shaft, or entire-
ly independently of the dynamometer by rigidly fastening
the skirt of the body to the dynamometer shield and center-
ing the nose by supporting wires attached to the tips of
four contra-propeller blades. The wire method of support
rendered the contra-propeller self-restraining; the ball-
bearing method required the balancing of the turning mo-
nent by means of a vertical wire and counterweight.

A view of the propeller in combination with the com-
plete contra-propeller is shown in figure 5.

TESTS

The following tests were conducted:

(1) Preliminary tests to determiné the radial varia-
tion of slipstream angularity for various~ values: of V/nD
and edch nropeller pitch setting.

(2) Tests of the propeller at each pitch setting in
combination with the body alone.

(3) Tests of the.propeller at each pitch setting in
combination with the body and 8=blade contra-propeller
for contra-propeller blade angles of 0°, 2°; and 4°.

It-is standard procedure at the Stanford Ladbordtory
to obtain variation in the parameter: V/aD through change
in wind velocity, keeping angular velocity constant. The
rotational speeds used in the tests were 2,000, 2,000,
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1,500, 4nd 1,100 r.p.m, Por the 159, BEP . 25°, and 45°
pitch csettings, respectively. Different rotational speeds
were adopted because of the limitations as to stream veloc-—
ity and to power and rotational speed available in the dy-
namometer. The Reynolds Numbers of the tests were thus
from 0,11 to 0,06 full scale, assuming the full-scale pro-
peller to be 9 feet in diameter and operating at 2,000
TeDPelle

The thrust and power observations were reduced to the
usual coefficientls

Cm = |t

B " o

T g e 4 -,

> pns'D5
', G o EL A e
B S R

where
T i the |effective thrust.

P, power absorbed.

P, maas donsity of the air.
n, revolutions per unit timé.
D, propeller diameter.

Vi, velocity.

The initial teosts of the propeller and contra-propel-
ler combinations showed consideradble but inconsistent
changes of power coefficient with introduction of contra-
propeller blades and with variation of their angular set-
tings. In these tests the body was mounted on ball bear-
ings on the propeller shaft. Since it was evident that
there might be errors in indicated torque due to side wind
force upon the contra-propeller, the following test pro-
cedure was adopted:

(1) Tarust was observed with the body and contra-
propeller carried by ball bearings on the propeller shaft
and restrained from rotating by a single vertical wire and
counterweignt.
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(2) Torque was observed with the body and contra-
propeller supborted independently of the dynamometer.
With this arrangement, tile torqgue tests indicated that,
although there was some change in power coefficient due
to the addition of the contra-~propeller and to variation
in the angle of the contra-propeller blades, these changes
were small and inconsistent and might be ascribed to ex-
perimental error.

In an attempt b0 justify the foregoing conelusion, a
survey of velocity and direction of the air stream in the
plane of the main propeller-blade axis (in front of the
contra-propeller blades) was made. Tithin the limits of
measurement, no change in either direction or velocity was
induced by the contra-propeller blades. Without an alter-
ation of the air flow in the region in which the main pro-
peller operated, there could be no change in power absorbed
or thrust developed by the propeller itself.

It may be noted that a similar conclusion was reached
in reference 2.

RESULTS AND DISCUSSION

The observations for tests of the propeller in combi-
nation with body alone and in combination with body and
contra-proveller blades at 4° are given in coefficient
form in table I,

Tests with other contra-propeller blade angles were
less productive of beneficial effects. Presentation and
discussion of them have therefore been omitted.

cients and

s 6 Bopdld s Fthimn st andh power \eoef B
e sh of ¥/aD.

shown graphically as functions

Since measurements of thrust and torque were not si-
nulttaneous, efficiencies could not be calceculated for gpe-
cific observations. The efficiency curves shown are de-
rived from the faired curves -of thrust and power coeffi-
clentss,.

Comparison of corresponding figures shows that, con-
trary to expectations, the contra-propeller drought abdout
no increase in peak propulsive efficiency. There was in-
stead, in all but for the 250 propeller, = loss. At V/nD
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somewvhat below that for peak efficiency, definite gains
from the contra-propeller were shown. For the 15° propel=
ler the gain was barely perceptible, but it became pro-
gressively greocater as the propeller pitch was increased,
reaching about 2-1/2 percent for the 45° propeller.

The fallure of the contra-propeller to effect a pre-
dicted increase in thrust and, thus of efficiency near the
peak, and the suspicion that this failure might dbe due to
a difference between actual and assumed drag coefficients
of the contra-propeller blades led to such investigation
of the effective drag coefficicnts as could be made. The
drag of the body alone was deducted from that of the com-
bined body and contra-propeller blades at several angles
of attack. Derived blade drag coefficients were from 30 to
60 percent greater than those of reference 3.

Some possible sources of increase in drag coefficient
are ae follows:

1) Localized high velocity due to the presence of the
body.

2) PFailure to realize accuratc Clark Y profiles and
smooth surfaces.

3) Interference at the junction of body and contra-
proveller blades.

\

It may be assumed that increased drag from source 1)
would not be prejudicial because it would be accompanied
by a corresponding increase in 1ift.

With respect to 2) it may be said that the profiles
were as accurate and the surfaces as smooth as commercial-
ly practicable.

Interference thus appears to have veen the chief
source of augmented drag in the contra—propeller blades.
Interference drag might possibly be reduced by well-
designed fillets. Small plasticine fillets were tried
but they were ineffective toward improvement. It maybe
renarked that in the tests of reference 2 the body support-
ing the contra-propeller blades was less than half the di-
ameter of that in the present tests. The junction of the
blades and body was thus in a low-=velocity wake of the

propeller hudb and interference was of possibly less conse~

quence.
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Whatever its source, there was evidently an increase
in drag of the contra-propeller blades in the present
tests over that deduced from reference 3. In order to de-
termine the probable effect of the apparent increase, fig-
ure 4(b), similar to figure 4(a) was constructed. For
this diagram, 1ift coefficients of reference 3 and drag
coefficients as derived from the blades in combination
with the body were used. Total thrust coefficients for the
contra~propeller in combination with the 350 propeller were
then estimated. The results were in close agreement with
tests. It was also seen from this diagram that an angle
of 4° for the contra-propeller blades would be nearer the
mean optimum than 1° as indicated by figure 4(a). This re-
sult was also in agreement with tests.

Counter torque of the contra-propeller was observed
for each propeller pitch and at each angle of the contra-
propeller Dblades. The observations were reduced to ratios
of counter torque to propeller torque and are shown in fig-
ure 14 for the 4° gontra-propeller blade angle as func-
tions of the ratio of V/nD to V/nD for maximum efficien-
Cy,

CONCLUSIONS

l. This contra~propeller does not bring about an an-
ticipated increase in peak propulsive efficiency.

2: This contra-propeller effects a significant gain
in propulsive efficiency at a V/nD equal to about one-
half that corresponding to maximum efficiency.

3« The discrepancies between anticipated and experi-
mental efficiency gain may be satisfactorily explained by
a fallure to realize the assumed aerodynamic characteris-—
tics of the contra-propeller blades.

4. Counter torque on the contra-propeller amounted
to about 50 percent of the propeller torgque for all pitch
settings of the propeller and for all values of V/nD up
to that corresponding to maximum efficiency.
5« Despite the generally possimistic results of these
tests, the fixed-blade contra-propeller may be useful in
appreciably increasing the efficiency of airplane propul-
sion preovided that relatively high effective lift-drag ra- A
tios can be realized from the contra-propeller blades.
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6. The possible gain in propulsive efficiency through
the contra-propeller is small. In order to demonstrate its
existence conclusively, apparatus and experimental tech-
nique of the greatest practicable accuracy should be em-
ploged in further tests.

Daniel Guggenheim Aeronautical Laboratory,
Swenford Unilversityl Calif., April 1938
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TABLE I

Propeller Coefficients

15O Propeller

With hedy alone With contra~oropeller at 4°

Y/nD Crp V/nD Cp V/nD Cm V/nD Cp
RS 1 0.0L52 || Owlfld |0:,0217 0s 709 | 00168 [ 0714 N0a022
.654 . 0344 sBDbH L 0B 25 6B . 0334 + 65T <0528
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250 Propeller

With body alone With contra—propeller at 4°

7/nD Cp V/nD Cp V/nD Cm V/nD Cp
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TAB

Propeller Coefficients

Technical Note

LE I -

Continued

350 Propeller

No.

677

13

—

With body alone With contra-propeller at 4°

V/nD Cop V/nD Cp V/nD Co V/nD Cp
12580 | 00537 | 1,666 | 04,1096 1.574 | 0,0509 § 1559 || 0al128
14520 20662 11 505 .1262 11 Rl .0628 | 14499 sl
1.475 «0778 | 1L.449 .1410 1.465 JOT?7 || Ladd9 1435
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fis216 ailtsd @l LB 09 3 95D 1,214 +133L || 15208 +1.980
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459 Propeller

With body alone With contra=-nropeller at 4°

V/nD Cro V/nD Cp V/nD Cop V/aD [ Cp
22082 | 05,09%2 | 2.088 | 042387 205 00917 | 2406 ' Oeeddid
Te991L .1096 | 1,999 sa6le Le99L < L@65 | 25007 2632
145921 Gll2 89 I Aag 921 «d 825 1,908 s1 2106 i 15920 s 2B
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1.488 sl 7e 7 1 1506 . 35438 1,489 « 1788 | 15485 23D NG
1,419 JIL780 § Lsd99 8D 28 1,403 w1880 o 1405 5531
1,343 el ¥ 14530 23008 i i e il GBI B 29 SO 08
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1,034 sh8l2 | 1a032 A58 8 Lg026 «1904 | 150286 « 3549
. 963 + L8R =955 . 45 81 .959 21920 =355 a2 e
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Figure 5.- Side view of contra-propeller,

Fig. 5
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Figure 8.~ 35° Propeller with contra-propeller at 4°.
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