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ABSTRACT

Analytical and experimental studies have
been undertaken on propellers operating in
the unsteadv flow field produced by inter-
action effects due to the fuselage, wing, and
nacelles. Methods have been developed and
verified experimentally for determining the
velocity field in which a propeller operates
as well as its acrodynamic and dynamic re-
sponse to this unsteadv environment. Methods
are presented for predicting the net thrust
of a propeller-wing-body combination as well
as the unsteady tnrust and torque acting on
the propeller. Sample calculaticns as well
as wind lunnel and flight test results are
presented which iliustrates tne sensitivity
of a propeller to the flow field in which it
is operatang.
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THE AERODYNAMIC AND DYNAMIC BEHAVIOR of pro-
pellers for general aviation aircraft are of
importance to the operation of tnese aircraft.
A propeller which is poorly matched to its
flow field or engane can be rnefficient anc
subject to excessive vibratory stresses. The
study cf propeller aerodynamics and dynawmics
described here 1s divaided into three parts.
The fairst part deals with predicting the flow
field in which the propeller 1s to operate.
Here, a nurmerical nethod is described for
calculating the velocity vector at any radaal
and azimuthal location in the propelier plane
as a function of wing-fuselage-nacelle fneo-
metry. The second part treats botn the
steady and unsteadv airloads produced by the
propeller blades moving through the spatizlly
varying velocity field. The third, and final
section, examines thes structural dynamics of
the blades and presents methods for predict-
ing their normal modes. 1In essence thas
paper is a brief sirmary of references 1, 2,
and 3. For more details, a study of these
references is recommended.

PROGRAM FOR PREDICTION OF PROPELLER FLOW FIELD

Potential flow methods, at least for
tractor propellers, will accurately predict
the velocity field in which a propeller
operates since the effect of viscosity ahead
of a body is usually negligible. However,
even with the simplafacations afforded by
potential flow, the calculations for a
fuselage-wing combination can prove tedious.
Therefore, part of this study investigated
the accuracy with which one needs to model
the complete aircraft georetry in order to
obtain a sufficiently precise velocity field
at the propeller plane.

NUMERICAL MODEL des>S

Following the lead of references(zzg:;

(g} the fuselage surface 1s divided into a
nunber of small panels as 1llustrated in a
0 P general sense in figure 1. Each panel 1c

bj33§v)1 covered with a constant distributed source
strength per unit area denoted by o(I). The
vesrocity induced by the 1th panel on the B. W. McCormick
surface of that panzl directed outward and
nornal to the panel at the control point will
be given by 1b
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For anv other panel, sav the Jth panel. the
total source strength over the panel 1s gaven
by

Q(3) = o(J) s(J) (2)

In order to calculate the velocity induced at
the Ith panel by Q(J), Q(J) 1s taxen to be a
point source located on the Jth panel control
point. Letting ¢(J) denote the velocity
potential associated with Q(J) and N(I), the
unit vector normal to the Ith panel and
directed outward, the velocity induced by
Q(J) normally outward at the Ith panel will
be

V(1,3) = grad $(J) - N(I) 3)

If V is the free-stream velocity vector and
VV(I) is the wing induced velocity vector at
the Ith panel. the cormponents of these
vectors normally outward at the ItP panel
control point will be

Vo« N(D)
and, _ _
Vw(I) * N(I)

The normal velocity must vanish at panel 1
1f it is a solid boundary or nmust equal the
specified through velocity, q, normal across
tne parel if it 1s a relased boundary whach
models a region of through flow. Satisfying
the appropriate boundary condition on panel
I, it follows that

Ve R + T (1) - (D) + S0y g v..(1,J)
w 2 351 0

_ 0 (solid boundary)
- { q (relaxed boundary) (341 (%)

For a point source of strength Q, che
velocity potential ia given by,

Q
¢ = - 7 (5)

where r is the radial distance {rom the
source.
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Writing,
Ve Iu+ v+ ke (a)

V(D = Tu (D) + Jv (D) + ke (T)  (B) (6)
R(D) = Ing(D + kn (1) + 0 (D) (e

Equation 4 can be written as,

[ + u (D In_(D + [v + v, (DIn (D

n

# e u Dl 0 + ZD

N

1 o(J) s(J) .

F= 7 B2l {ix(D) - x(N ] (D
41 a0 R3LD x

+ [y(D) - Y(J)]ny(I) + [2(T)

_ - 0 (solid boundary)
z(J)]nz(I)} { q (relaxed boundary)

(J£1)

where,

RELI) = {[x(D) = x(D12 + [y(D - 31
1

2 2
+ [2(I) ~ 2(D]7}

Lerting I =1, 2, ..., N, the foregeing
represents a set of W simultaneous cquations
for the unknowns o(I). In order to solve
this set of equations, the surface of a given
body is divided into N panels that can be
either four-sided or triangular. The +ask of
paneling is a fornidable one requiring care
in the indexing of the corners. In the case
of the non-planar, four-sided panel, the unit
normal is obtained from the vector product of
the diagonals. The panel area 1s tlien taken
as the area of the panel projected on a plane
perpendicular to this unit vector. Arithmetic B. W. McCormick
averages of the x, y, and z positions of the
four corners define the location of the con-
trol peint and concentrated source for this
type of panel. Control points and concen-~ 3




trated sources are located at the centroid of
triangular panelc.

Once the 0(I) values are obtained, the
velocity field at any point can be determined
by combining the free stream velocity and
local wing induced velocity vectors with the
gradient of ¢ obtaired from equations 2 and 5.
The toial ¢, of course, is obtained by sum-
ming over the index lI. The complete program
which has been developed will nandle both
wingz~fuselage and wing-fuselage-nacelle cor~-
binations as shown in figure 2, By employing
the relaxed boundary condition in equation 7
on particular panels, it also allows for flow
through a panel to represent air intakes or
exhausts. The lifting wing is modeled simply
by a single horseshoe vortex placed along the
quarter-chord line (unswept) and trailing from
the /4 spanwise station. This sinmple model
is considerably easier to handie computation-
ally compared to vortex lattice models and
results in upwash velocities at typical pro-
peller locations that are within a few percent
of more exact calculations. As equation 7
indicates, the effect of the vortex on the
body is considered in determining the o(I)
values. However, the effect of the fuselage
or nacelles on the wing 1s not taken into
account.

The final program has been checked
against closed-form solutions and the results
cocpare favorably, at least for simple, non-
liftang body shapes. It was then applied to
typical fuselage shapes with a certain amount
confidence. These results will be described
later.

METHOD FOR PREDICTING AERODYNAMIC LOADS ON A
PROPELLER

A propeller operating at an angle of
attack or in the presence of a fuselage
experiences time-dependent acrodynamic lcads
as its blades pass through a spatially varyv-
ing velocaty field. Generally, both the
magnitude and direction of the velocity field
will be a function of blade position, Thus
blade section 1lift coefficients 2nd resultant
velocities vary periodically wi¢h the blade
aziruth angle,

In order to predict the unsteady forces
on a propeller blade, it is convenient to
consider first the steady case. A section
of a propeller blade as viewed looking towerd

B. W. McCormick
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the hub along the blade is pictured in figure
3. The blade section 1s operating under the
influence of three velocity components: the
free stream velocity, V; the linear velocity
due to rotation, wr; and the induced velocity,
w. The modern trend 1s to calculate the in-
duced velocity w by applying the Biot-Savart
relationship to the propeller's helical
trailing vortex system. Even here, however,
it is usually necessary to assume a shape to
the wake beiore numerically antegratang the
Biot-Savart equations. A free-wake analysas,
where the location of the trailing vorte>
systenm and 1ts induced velocities are mutually
dependent, requires a prohibitive amount of
computer taime.

A propeller application of classical vor-
tex theory incorperating corrections for pro-
file drag, finite section thickness,and finite
chord appears to predict propeller thrust and
torque in close agreement with experaimental
measurenents over a wide range of propeller
geonmetries. This method, used here, is wmuch
simpler to apply by ccmparison to vortex lat-
tice methods. The details can be found in
references 1, 6, and 7 and will not be repeated
here. However, a few points will be noted.

1. An accurate enopirical correlation of
section C4 with o and Mach number for Clark-Y,
series 16 and NACA 4-digit alrfoil sections is
to be found in reference 1.

2. The tangential conponent of w 1s
related to the btound circulation through
Prandtl's tip loss factor F. Reference 1
shows that this closed form approximation to
Goldstein's kappa factor gives predicted
results very close to those obtained using
kappa.

3. Normality between w and the resultant
velocity is assumed 1in the propeller plane.
This assunption 1s justified in reference 7.

4, The tip angle of the helical vortex
wake necessary to the calculation of F is
obtained by iterating on w. Ffaigures 4 and 5
are two typical results of steady propeller
performance predictions to be found in refer-
ence 1. The agreement shown in figure 5
between predictions and experimental results
1s particularly impressive considering the

fact that the resultant tip lach number ex- B. W. HcCormich
ceeds 1.0 for advance ratios greater than
1.2,
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CALCULATION OF UNSTEADY PROPELLER AERJDYNAMIC
LOADS

The prediction of unsteady aerodynamic
loads builds on the steady case. Generally,
under the influence of angle of attack, wing
upwash,and body interference, the propeller
operates in a velocity field which varies both
radially and circumferentially. The approach
taken here is to express the axial and tan-
gential velocity components relative to the
propeller at a given radius as the sum of
harrmonics of Y, the azimuth angle, Y is de-
fined in figure 6. th

. Let VAN and Vm denote the N harnoonics
of the axial and tangential velocity components
respectively at a particuiar radius. That is,

cos Ny + b

AN sin NyJV (a)

=la

v AN

AN
(8)

v = [ cos Ny + b sin NY}v (b)

™ = %I ™
Combining Vpy and Vpry vectorially, the nth

harmonic or the velocity vector normal to the
steady resultant velocity Ve, shown in figure

7, can be vritten as,

‘T

NN = VAN cos (¢-+ui) - N

. I,
m sin [\ 4 + ui) (9)

Combining equations 8 and 9 gives,

VNN/V = [aAN cos (¢ + ai)
- A sin (¢ + ai)] cos Ny Qo)
+ [bAN cos (¢ + ui) - bTN sin (¢

+ ai)] sin Ny

By comparison to an airfoil undergoing
a pure heaving motion, Vyn correspends to the
heaving velocity fi. The heaving acceleration
h i~ given by differentiating V§V with respect

to time. Since w = dy/dt it follows that,
h/V = -Nofa,, cos (¢ +2)) B. W. McCormick
- 3 o,
G sin (¢ + ai)] sin NU Q1) .
+ hu[bAN cos (¢ + ai)

- by sin (¢ + ai)] cos Ny




Knowing h and ﬂ. one can calculate the un-
steady lift on the heavang airfoil from

noaz .
L= 2 h -+ moVeC(k)h 12)

The above can be found in reference 8. C(k)
1s a complex function known as Tneordorsen's
function while k is the so-calied reduced
frequency defined by,

k=-;’—<‘:; as)

Here w is the circular frequency cof the har-
monic heaving motion which in thas case is
equal to the rotational speed of the pro-
peller. The complex function C(k) is fre-
quently seen expressed as,

Cc(k) = F(k) + 1G(k) %)
C(k) is preseuted in figure B.
Thus,
Ui c2
L/h = mpVeF + 1] -EZ—— + TEVeG) (15)

This can be written in the dimensionless form,

L ./ 2+(12"-+c)}' i® (16)

7pVeh

vhere:
k
5 + G

F

¢ = tan-1

Thus, equation 16 relates the amplitude and
phase of che unsteady section left, L, to
the heavirng velocity h. ¢ is the angle by
which the lift force leads h. Substituting
Vi (equation 10) for h thus leads to the
amplitude and phase for the sectional un-
steady lift on the propeller blade. This lift
can be resolved into thrust and torque com-
porents and then integreted over the blade
length to give the total unsteady forces and
moments acting oun the blade.

The computer program which accomplishes
the foregoing 1s described in reference 1.
As input this program requires the axial and 7
taagential velocity components rzlative to the
propeller aris and in its disk plane. These

B. W. McCormick




are obtained directly as output from the pro-
gram developed in reference 3. These are

then Fourier-analyzed by the former program

to obtain the apy, Ay, bay, and bry coef-
ficients. Generally, the first narmonic is
the predominant one. In the results to follow,
only the first two harmonics are used although
the program is capable of handling up to eight.

RESULTS OF UNSTEADY AIRLOAD CALCULATIONS

A propeller in a uniform flow inclined at
an angle to the flow of a experiences only a
first harmonic variation in its inflow. 1Imn
this case, it 1s easily shown that,

a, =0 (a)
am =0 (b)
by =0 (c) an
by, = sin« (@)
bTN =0 for N>1 (e)

With this input, and first solving for the
steady loads in order to get (¢ + uy), the
results presented in figures 9 and 10 were
obtained. It should te noted that V cos a
must be used as the steady inflow velocity
for the propeller at an angle of attack.
Figure 9 presents the azimuthal variation
of the gradient section of the thrust at the
0.75 station for a 3-bladed propeller at a
4.6° angle of attack. ACp, the increment in
the thrust coefficient due to the unsteadiness
1s defined in accordance with standard term-
inology as,

ACT = —A—;}T (18)
pn D

Three curves are shown on the gr-ph. The ex~
peramental curve is taken from reference 9.
The curve labeled "predicted, 2D unsteady" 1s
based on the methods just described. 1In R. W. McCormick
figure 10, the gradient of A4Cy with respect
to the dimensionless radaus, %, 15 presented.
The quaci-steady calculatavns were performed 8
by simply assumning that steady aerodynamics
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could be applied to the instantaneous section
velocity diagram. This 1s tantamount to using
a C(k) value of unity in equation 12 and
neglecting the h term in that equation.

The simpler, quasi-steady approach results
in predictions which are close to experimental
results in amplitude but are shifted somewhat
an phase. The unsteady 2D aercdynamic cal-
culations generally have the correct phase but
tend to overpredict the amplitudes of the
unsteady forces. As shown, the amplitude of
unsteady thrust is appreciable for this case,
being of the order of 25% of the steady load-
ing.

Now consider the case of a propeller
operating on a typical single-engine, light
airplane, in this case, a Piper Cherckee 180.
The Department of Aerospace Engineering at
The Pennsylvania State University owns and
operates this particular airplane; hence its
choice. To begin, the cowling of the Cherokee
was carefully measured using surveying transits
in order to define ats contour. Aft of the
cowling, 3-view drawings were assuaed to be
adequate, Using this fuselage geometry, cal-
culations of the velocity field at the pro-
peller plane were performed for two different
fuselage angles of attack of 8° and 2°. The
higher angle corresponds to an airspeed of
approximatelv 35.8 n/s (80 mph) while the
lower angle is typical of cruising conditions
of approximately 55.0 m/s (123 wmph). Cal-
culated tangential and axial velocaty dis-
t%lbutlons a% the propeller plane are present-
ed in figure 11 for the 2° angle of attack
case. Figures 12 and 13 present the first two
harmonic arplitudes fur both 2° ond 8° as a
function of propeller radius. Not unexpected-
ly, the amplitudc. are seen to increase toward
the hub. Alss, observe that the axial com-
ponent of veolocity 1s rot as dependent on Q
as the tangential component. The slight
asyrinetries about Y values of 0° and 180°
show: 1n figure 11 result from the fact that
thec<e components are relative to the propeller
plane which 1s yawed slightly wath respect to
the fuselage plane of symmetry.

The calculation of the axial and tan-
gontial velocities in the plane of the pro-
peller depend pramarily on the shape of the
cowling and angle of attack. The latter re-
sults directly in a tangential component and
21lso determines the upwash generated by the
wing. Tne 1nsensitivity of the flow field to

B. W. McCormick
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the fuselage geome.ry aft of the cowling is
shown in figure l4. 1In one case the complete
fuselage 1s modzled. 1In the other, the fuse-
lage is cut off behind the cowlaing and re-
placed by a smaller afterbody whizh can be
defined using fewer panels. This simplification
saves computation time and is seen to have al-
most no effect on the velocity field except
near the top where =0 and the elimination of
the windshield has tne greatest ainfluence.
Even here, however, the cnange in the velocity
1s only approximately 2..

Using drawings of the propeller for the
Cherokee 180 propeller supplied by the manu-
facturer and the calculated velocity field,
p:edictions have been made of the propellers
steady and unsteady performance. TFigure 15
presents the predicted steady performance of
the Sensenich propeller used on the Cherokee
180. Series 16 airfoil sections were assvmed
in making these predictions since their con-
tours can be closely matched to tne special
sections developed and used by Sensenich.
These results are tvpical of those to he
found in the NACA reports such as reserence
10. The propeller appears to be well matched
to the airplane in the cruise condition where
1t operates at an advance ratio of 0.75.

Figure 16 illustrates the unsteady results
which were obtainad for the Cherokee 180.
Here, the first harmonic of the unsteady thrust
gradient for angles of attack of 2° and 8° is
presented as a function of the radial position
along the blade, Note that the predicted
amplitude of the unsteady thrust is nearly
constant along the blade. The steady loads,
of course, increase toward the tip but this
is not so, at least in this example, for the
unsteady loads. The unsteady velocity com-
ponents apparently decrease with increasing
radius so as to compensate for the aincreasing
resultant velocities due to wr.

PROPELLER BLADE DYNAMICS

The unsteady aerodynamic forces just
discussed will excite a dynamic response from
the propeller blades. Added to this excitation
will be, of course, any unsteadv torque im-
pulse from the engine crankshait. In order
to predict fatigue scresses on the propeller
blades, one must in the final analysis treat
the complete engine-propeller dvnamic system.
As an airportant part of the complete analysas,

B. W.
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a study has beer undertaken of the structural
dynamic behaviecr of the propeller as an isolated
body. The object of tbas study, which has

been accomplished, was to develop a method for
predicting the normal modes of vibration for a
propeller fur the case where the hub is rigid-
ly clamped. These modes are determined experi-
mentally by propeller ranufacturers to assure
that none of the lower modes coincide with the
exciting frequencies from the powerplant.
However, tne testing 1s normally performed.
with the propeller supported a: a frez body.

1t was hopez to model ceupled in plane
bending-out of plane bending torsion
motion. While this goal has proven to be
elusive, a computer program has been developed
which will predict the normai modes for coupled
bending-bending or bending-torsion motion.
Since propeller blades are very stiff in plane
and torsionally the lower modes of irhe coupled
benrding-bendinyg and coupled bending-torsion
modes have approximately the same {requencies
which are determined principally by the
relatively soft flapwise (out of piane) bend-
ing stiffness. Thus failure to model the
coupled bending-bending-torsion motion is not
considered to be too serious.

A major accomplishment of this study has
been the development of a program to calculate
the shear center lecation for a solid cross-
section having an airfoil-like shape. This
program, based on z membrane analogy, and
soap film rlieory, will accept as input discrete
points on an airf-oil rontour or an analytical
definition of the cortour. Some results of
this program are presented in figure 17.
Within a given airfoil family, the positiorn
of the shear center is seen to be nearly
constant, However, the chordwise position
differs significantly between the NACA 4-dagit
and series 16 airfoil familaies. In addirion
to the location of the shear center, this
program also calculates the location of the
section center of gravity, praincipal axes and
noments of inertia. All of these section
properties are required in order *fo calculate
the normal mode shapes and frequencies.

These section properties for the Scnsenich
propeller model 76EN8-0-61 are presented in
figure 18.

The relationships on which the computer
program for detercining the normal modes are
based are too lengthy to be presented here. 11
They can be found in reference 3 and depend

B. W. YMeCormick
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on the concept of a transmission matrix. The .
original source for much of this analysis can
o¢ found in reference 1l.

The predi .ions of ratural frequencies
have been confirmed by comparison to measure-
ments provided by the manufacturer and by our
own testing. lhe experimental setup which was
used is shown schematically in figure 19. Tne
propeller was excited as a free body by placang
it on a soft bed made from two innertubes. 1In
order to cantilever a blade, the hub was
clawped 1n a Universal Testing machine. Even
though the mass of tnc machine is large and
the clacping pressure high it was necessarv
to weigh- the blade opposite tne one being
excited .t order to avoid spurious rodes.

Some of the experimental and calculated
results for the Sensenich propeller are showm
in Table 1. Generally, the frequencies which
were obtained experimentally for the fairst four
syrmetric nodes of the propeller supportud
freely confirm those found by the manufacturer.
With the hub clamped, the predicted frequencies
for the first modes for coupled bending-bending
and coupled bending-torsion are nearly equal
and clese to the frequency measured for the
cantilevered Slade.

Tne predicted mode shapes for the farst
three modes for the clamped propeller are
presented in figure 20. The pradacte. {re-
cuencies for these modes are given in figure
21 as a function of propeller rotational
speced. Also included in this fipure are the
results supplied by Sensenich for the freelv-
supported propeller. Centrifurgal stiffening
1s seen to increase the natural {resuencies
of each rode slightly as the propeller speed
increases.  Superinmposed on this figure are
lines representi~g i1nteger multiples of the
torque impulse fror the engine. Since half
of tne cvlinders of a four-cyvele, horizentally-
opposed engine fire durirg cach revolution,
the fundamental inmpulse frequercy for the
four cylinder Cnerokee 180 engine in cycles
per second, is

= [ Do. of cvlinders batal:)
F=1[274: B. W. McCormick
60
Tnis t.pe of dizgra=, where ercatairg fre- 12

quencies arec superi-pesed over natural
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frequencies is frequently applied to rotating
systens other than propellers and is known a.
a Southwell diagram. 1In order to avoid exces-
sive vibration, the operdational rotational
speed of the system,in this case the propeller
rpm, should be selected so that none of the
natural frequencies and exciting frequenciec
are coincident. In the case of the Cherokee
180, the recormmende! cruising rpm of 2500 is
above both the first anc second modes of either
the cantilevered or freciy-supported blade.

SUMMARY

A study of the aerodvnamics and dvnamics
of propellers for general aviation aircraft
has resulted in the development of three com-
puter progroms. The analytical bases for
these programs can be fcund in references 1,
2, and %, 1n addition, user's maauals are
currently being prepared together with pro-
gram listings in FORTRAN. %riefly these pro-
gramcs

8 calculate the velocity field in the
propeller plane for a wing-fusclage~
nacelle combinatioa,

@ predict the steady and unsteady pro-
peller aerodyvnamic loads,

0 predict the natural mode shapes and
frequearies for the propeller up to
the first four modes.

In the future, it is hoped to cowmbine the
programs in order to predict the forces
exciting airframe vibration. A normal ncdes
app- oach will probably be tried tou accomplish
thirs challenging task., In addation, 21t 1s
also planned to obtain additional experimental
confairmation of the existing programs.

REFERENCES

1. A. S. Aljabri, "Prediction of Pro-
peller Periorrmance and Lecading in Uniform and
Nonuniform Flowf{ields," M.S. Thesis, The
Penns:'lvania State Universaty, November 1878.

2. Z. X, rartinovic, "A Studyv of the

Dyvnamic Behavior of Propeller Blades,' M.S.
Thesis, The Pennsvlvania State Unaiversity,

March 1979. B. W. McCermick

3. S. J. Jumper, “Computer Prediction
of Three-~Dirensional Potential Flowfields
in whicl Arrcraft Propellers Operate,' M.S.
Tnesis, Tne Puennsylvania State University, 13
Ysrch 1976.

e ey @ o —

o e———



T

4. J. L. Hess and A. M. 0. Smith, "Cal-
culation of Totentizl Flow About Arbitrary
Bodies," Progress in Aeronautical Scieuces,
Pergammon Press, Vol. 8, 1967.

5. F. A. Woodward, F. A. Dvorak and
E. W. Geller, "A Computer Program for Three-
Dinmensional Lifting Bodies in Subsonic In-
viscid Flow," Report USAAMRDL-TR-74-18,

April 1974,

6. D. V. Pauling, "The Effects of Uncer-
tainties on Predictaing Rotor and Propeller
Performance," M.S5. Thesis, The Pennsylvania
State University, May 1975.

7. B. W, McCormick, Jr., “Aerodvnamics
of V/STOL Flight," Academic Press, New Yorh,
1967.

8. R. L. Bisplinghoff, H. Ashley and
R. L. Haliman, “Aeroelasticity,' Addison-
Wesley, 1955.

9. W. H. Gray, J. M. Hallissy, Jr. and
A. R. Heath, Jr., "A Wind-Tunnel Investigation

of the Effects of Thrust-Axis Inclination on .
Propeller First-Order Vibraticm," NACA TR 1205,
1954,

10. E. P. Hartman and D. Biermann,
"The Aerodvnamic Characteristics of Full-
Scale Fropellers Having 2, 3 and 4 Blades of
Clark Y and R.A.F. 6 Airfoil Sections,"

NACA TR 640.
11. V. R. Murthy, “Dynamic Characteris-

tics of Rotor Blades," Journal of Sound and
Vibration, 49(4), pp. 483-500, 1976.

B. 2. ¥cCormick

14




a——mv.cy
_—

NATURAL FREQUENCIES

Table 1

OF A NOH-ROTATING SENSENICH PROPELLER

w(lz)
Froe Beam Symmetric lbdes Cantilever Bea
Predicted Values Experimental Data

Mode Senscenich Lxperimental Coupled Coupled
Number Data Data Bending-Bending Bending~Torsional

1 56,8 58.2 5.7 51.4 50.0

2 170.0 175.0 161.5 168.1 139.0

3 342.9 347.0 312.7 372.3 316.0

4 486.6 431.0 384.8 664.0 434.0
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FIG, 1 PANELING OF BODY SURFACE
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Wl v .

0.16

P

[
e
DN

o
o
@

POWER COEFFICIENT C

0.04

0.0

0.

PROPELLER NACA 10-(3)(05)-045

NACA 16-SERIES SECTION

NO OF BLADES = 2 ..
BLADE ANGLE AT 3/4 STATION = 20', 25 & 35
ACTIVITY FACTOR = 131.5

ROTATIONAL SPEED = 2000 RPM

— Predicted
—--- Experiment
L
!
i
\ !
JHERIpAL TP ) N —— —
MACH| NUMBER |
\ l
‘\
B = 2\ 25
N \ '
A \ i \
TN Oy i !
/lr””)r’ |
MACH| NUMBER = e W AN — . ;
OF ADPVANCE| — \ N ) : l
“‘ \“ l‘ | |
0' 0.4 0.8 1.2 1.6 2.0 2.4

ADVANCE RATIO J

FIG, 5 COMPARISON OF PREDICTED AND MFASURED
PONER COEFFICIENT AT 2000 R.P.M,

0.4

0.0

MACH NUIMBER M & MT



FIG, 6 VIEW OF PROPELLER LOOKING
IN DIRECTION OF FLIGHT
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NACA 16-SERIES SECTION

NO OF ELADES = 3 °
BLADE ANGLE AT 3/4 STATION = 30
ACTIVITY FACTOR = 86.2 o
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OF A PIPER CHERCKEE 180. FUSELAGE ANGLE OF

ATTACK = 2,0°, C| = ,385
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PROPELLER SENSENICH 76EM8-0-61
EQUIVALENT NACA 16-SERIES SECTION
NO OF BLADES = 2

BLADE ANGLE AT 3/4 STATION = 18.5
ACTIVITY FACTOR = 94.4

ROTATIONAL SPEED 2700 RPM
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F1G, 15 PREDICTED STEADY STATE PERFORMANCE OF THE
SENSENICH PROPELLER 76EM8-0-61
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FIG, 16 DISTRIBUTION OF AMPLITUDE OF UNSTEADY SECTION THRUST COEFFICIENT
GRADIENT FOR THE PROPELLER IN THE FLOW FIELD OF THE CHEROKEE 180
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FIG, 19 SCHEMATIC OF TEST SETUP FOR DETERMINING
PROPELLER BLADE NATURAL FREQUENCIES




1.0 T ‘ T ‘ 1 ‘ ¥

-1 PROPELLER SPEED:
0.8 |
0.0 (RPM)

---- 2400.0 (RPM)

=
w
o
<
o of
w
w
[=]
o
=
w  _0.2 f—
&
< -
-}
u.
-0.4 —
-0.6 |—
-0.8 [—
-1.0 1 | 1 l [ l
0.0 0.2 0.4 0.6

FRACTIONAL RADIUS, X
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