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FOREWORD

The rapid advances made in helicopter and V/STOL aircraft
development in the past few years have spotlighted areas in which
significant aerodynamic problems have been encountered, and in some
cases the problems still exist. Fortunately, a technological maturity
has now been attained in the industry, making possible investigations
through knowledgeable scientific approaches that have produced an
enlightened understanding of the problems and, in many cases, have
led to practical solutions. The next generation of flight vehicles,
currently in the design and development stages, are offering challenges
to the aerodynamicist and engineer, and it is evident that future vehicle
developments will demand an cver-increasing rate of technological
advance in the knowledge and understanding of aerodynamic phenomena.

Several years have passed since a technical specialists' meeting
was held to direct attention specifically to the low-speed aerodynamic
problem areas of helicopters and V/STOL vehicles. Therefore, ia the
interest of disseminating up-to-date information, the cosponsors of this
symposium, the U.S. Army Aviation Materiel Laboratories (USAAVLABS)
and Cornell Aeronautical Laboratory, Inc. (CAL}), believe sucha meeting
among technical specialists in the field would be timely. It is hoped that
this symposium will, through the presentation of selected technical
papers, establish the state of the art of aerodynamic analysis in the
basic problem areas and spotlight those critical areas where research
1s urgently needed. The ultimate objective is to identify tnose advances
required in the state of the art that can assure the availability of the
analytical tools needed to develop and analyze the next generation of
helicopters and V/STOL aircraft.

In keeping with these objectives, five technical sessions, each
dealing with specific basic areas of aerodynamic analysis associated
with V/STOL aircraft, have been formed. In addition, a panel session
has also been scheduled in which outstanding members of industry and
government from three countries will present their recommendations
for areas of research that need to be pursued if the state of the art is
to advance at the required rate.

It is believed that the formal presentation of the selected papers
and the panel presentations and recommendations will stimulate con-
structive discussions among the specialists in attendance. While a
significant amount of time has been allotted during the sessions for
this to bhe accommodated, it is hoped the sessions will, in addition,
stimulate discussions and serious thought between the attendees and
the technical members of the various organizations who were unable
to attend. Inorder tofoster this latter objective, the intormal discussions
(qQuestions and answers, etc.) will be recorded, printed, and mailed to
each attendee for inclusion in his copy of the proceedings.




The proceedings of the symposium have been bound in four
volumes -- a separate volume for the technical sessions of each day, and
one volume for the panel sessions. We are indebted to the authors for
preparing their manuscripts in a form that couldbe directly reproduced.
This material was published as provided by the authors and was neither
checked nor edited by CAL or USAAVLABS.

The cosponsors of the symposium are grateful to the many people
who contributed to its success. In particular, our thanks go to Colonel
Harry L. Bush, Commanding Officer of the U.S. Army Aviation Materiel
Laboratories, and Mr. Ira G. Ross, President of Cornell Aeronautical
Laboratory, Inc., who opened the sessions; to Mr. Charles W. Harper,
our keynote speaker; to Major General William Bunker, Deputy
Commanding General, U.S. Army Materiel Cornmand, for his address
at the symposium banquet; to the five session chairmen --

Arthur Jackson, Hamilton Standard

Franklyn J. Davenport, Vertol Division of The Boeing Company

John W. White, U.S. Army Aviation Materiel Laboratories

Irven H. Culver, Lockheed-California Company

Sean C. Roberts, Mississippi State University
and to the two panel chairmen --

Larry M. Hewin, Technical Director, USAAVLABS
Harold A. Cheilek, Vice President - Technical Director, CAL
and, most especially, of course, to the authors and panel members

without whom there could not have been this symposium on low-speed
aerodynamic problems.

SYMPOSIUM TECHNICAL CHAIRMAN

Richard P. White, Jr., CAL
John E., Yeates, USAAVLABS
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A THEORY FOR STATIC PROPELLER PERFORMANCE

by
J. C. ERICKSON, JR. & D. E. ORDWAY

Therm Advanced Lesearch, Inc.
Ithaca; N.Y., U.S.A.

Abstract

The successful design of a propeller type V/STOL aircraft requires
the precise evaluation and associated optimization of the propeller
performance at the static condition. A general theory for perform-
ance calculations has been formulated based on a continuous vortex
representation along the lines of the classical lifting-line model.

The trailing vortex sheets in the propeller wake must deform in
order to remain force free. In contrast to the cruise problem,
this deformation is appreciable just behind the propeller, and its
determination and representation constitute the heart of the static
problem.

A computer program has been developed to calculate both the inflow
at the propeller and the induced velocity at any field point for an
arbitrary description of the trailing veitex sheets. To approximate
the force-free condition imposed on thu: wake, an initial wake hy-
pothesis derived from generalized actuator disk theory was first
used. The resulting contraction of the trajectories of the elements
of the trailing vortex sheets was reasonakle, but other comparisons
with both detailed and gross measurrments for two typical propellers
were unsatisfactory and a refined hypothesis was derived.

The refined wake hypothesis prorides a reasonable representation of
the "pitch" of the elements o”. the deformed trailing vortex sheets
as well as of the contractiou., Based on this hypothesis, compari-
sons of the thrust coefficient and figure of merit at one power

coefficient of a third propeller show excellent agreement with test
data.

* Sponsored by U. S. Army Aviation Materiel Laboratories under
Contracts DA 44-177-AMC-165(T) and DA 44-177-AMC-379(T).
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Introduction

The need for peak propeller performance with V/STOL aircraft is greater
than with conventional aircraft as the propellers must generate a total 1lift
equal to the gross weight of the aircraft. Since the payload of these vehicles
is 20% to 30% of the gross weight, a small improvement in the lift or hover
performance of the propellers results in a larCe improvement in payload ~a-
pacity.

The design of high-per formance propellers for V/STOL aircraft has been
hindered by the lack ~f a suitable theory for the determination of performance
at the hover operating condition. The principal difficulty in the static case
is locating the elements of the trailing vortex sheets, i.e. these elements
must deform such that they are force free. 1In general, there is an axial
elongation of the sheets, together with a radial contraction and a tangential
distortion. The edges of the sheets are also iocally unstable and tend to roll
up as for a finite wing. While these deformat:ions are not of primary signifi-
cance in forward flight, Lhey are the heart ot the static problem. Without a
free stream, not only do the deformations occur much closer to the propeller
and so exert more influence, but they are also much larger. In fact, the
axial elongation which constitutes only a perturbation of the pitch of the
regulzr helical sheets in forward flight now determines the total variation of
the "pitch".

In our initial studies of the static thrust problem we used a simple wake
model in which the essential deformation was discontinuousl'u. Although the
results themselves were not satisfactory, they did indicate that continuous
deformation of the vortex sheets was necessary for an adequate model. Such a
"Continuous Deformation Model” is developed in detail in Ref. 5, which was co-
authored with H. V. Borst and R. M. Ladden of Curtiss-Wright. Here we have
condensed this work and tried to present the principal features.

Basic Equatigﬂg

We consider a propeller rotating at a constant angular speed {} in an
inviscid fluid otherwise at rest at infinity. The blade thickness-tc-chord
and chord-to-radius ratios are assumed to be reascrnably small. We can then
represent the blades by radial bound vortex lines, together with a force-free
system of trailing vortex sheets, i.e. the classical lifting line formulation.

A propeller-fixed cylindrical coordinate system (x,r,0) is chosen with
the axis of rotation as the x-axis, see Fig. 1 . 1In this system the flow is
steady and the N blades are located in the plane x = 0 such that

ep = 2m{p-1)/N p=1,2, ... , N (1)
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i.e., the p = 1 blade coincides with 8 = C .

The induced velocity field is determined by integration of the Biot-Savart
law over all the vortex elements and may be expressed in the form

N R
r Pr ) dI‘(rp) -
u = Z } r‘(rp) L?[B R ?[T drp {2)
p=l Rh - P -
R R ar(r. ) -
v E P f‘(fp) 1;5 -_a?p— VTJ drp (3)
Pl "Ry 2
N dl‘(rp) 7
p=! P .

where u,v,w ares respectively the axial, radial and tangential components of
the velocity induced at a field point (x,r,6) and are taken positive in the
positive x-, r- and 6-directions: R, is the radius of the propeller hub; R
is the radius of the propeller tip; T' is the strength of the bound blade cir-
culation at (C,r ,8_ ) : -&r' is the strength of the vortex sheet element
trailing from (C,r ,6_) ; r_ is the radial variable of integration along the
th blade: stﬂjefzui are gespectively the influence functions for the axial,
radial and tangential components of the velocity induced at (x,r,8) by a
bound radial vortex element of unit strength and unit length at (O,r ,6 )
and in,1P&,€~& are respectively the influence functions for the axial, radial
and tangential components of the velocity induced at (x,r,8) by an arbitrarily
deformed vortex sheet element of unit strength and semi-infinite length trailing
from (C,rp,Bp) . The influence functigns can be derived from first princi-

ples” or obtained from previous results’' and are summarized i{n Table 1 . 1In

the trailing functiocns, (>v,rv Bv) are the correspending axial, radial and

angular coordinates of any point along the vortex sheet element; u V,W, are

the values of u,v,w at (xv,rv,ev) ; and t 4is a time parameter described
below.

The c.atribution to the induced velocity from the bound vortices is easy
to calculate and is identically zero, in particular, when the field point co-
incides with the lifting line. The contribution to the induced velocity from
the trailing vortex sheets, on the other hand, is much harder. Not only do
the associated influence functions redquire an integration over the semi-
infinite length of the elements, but what is worse, their locations or "tra-
jectories" are not fixed. Rather, they must drift force free by aligning
themselves with the streamlines of the flow, which in general differential
form™ are
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dr d6
VT aviw/n) (5)

dx
u

These equations can be integrated in terms of the parametric time t that it
takes a fluid particle to move along this trajectory, giving

t
%, =f u, dr (6)
0
t
r, =1, +f v, dt (7)
0
t
8, = ep + 0t + j. (wv/rv) dt (8)
0

For convenience, Eqs. (2) to (4), together with the auxiliary relations of
Bgs. (6) to (8), may be expressed as

u = 0u(rl - dr/dr; U,V,W) (9)
N ﬁv(r‘l - dI‘/dr: U,V,W) (10)
w = ﬁw(l‘, -dr/dr; u,v,w) (11)

where @) ..0,. 0, 3are respectively the Biot-Savart operators for the axial,
radial and tangential induced velocity components. Another equation is re-
quired to relate the circulation strength and velocity field through the pro-
peller geometry. The force and velocity diagram for a typical section of the
blade at the radial station (O,rp,ep) is shown in Fig. 2, where wp is the
total local velocity seen by the blade section: up,vp,wb are respectively the
local axial, radial and tangential inflow, i.e. thuse components of the in-
duced velocity at (O,rp,ep) ; a is the local blade angle of attack; B8 is
the local blade pitch setting: ¢p is the angle between fIr and wp 7 Y is
the tangent angle of the sectional lift-drag polar; and dD and dL are re-
spectively the elemental profile drag and lift on the blade secticn. From the
definition of the sectional lift coefficient in terms of the density p and
the local blade chord b , namely

c, = 2(dL/drp)/pwp2 b (12)

the Kutta-Joukowski formula can be written as
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r=b»b wp cL/2 (13)

where the 1lift coefficient is assumed knowns'g as a function of a for a given
section at approximately the local Mach and Reynolds numbers. Egs. (9), (10).
(11) 2nd (13) are our complete set of equations.

'._._.._._._.__..
%

Figure 2. Velocity and Force Diagram at Typical Section.

Once the inflow and circulation have been found, the prediction of the
overall performance can be computed. In particular, if we resolve the result-
ant of dL and dD as indicated by the dotted lines in Fig. 2 and integrate,
the total thrust T and power P in nordimensional form are

2 1 cos{gp +y) , W 2 r
% LT am
R, /R cosy MRS Ry, Wy
1 ) 2
~ n3N sin(¢p+y) wp b Tp (Fp
=75 L cos v \m/ ® R \a =
Ry/Ry YRR FpFp Yy

where the thrust and power coefficients of the propeller are defined by
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Cp = T/4p0 Rp T/pn np (16)
= 32 5w 3, 5

Cp = e/ lpn R’ = B/pn°Dy (17)

respectively, with 1 = 2m and Rp - Dp/2 . Prom the thrust and power coef-
ficients we can calculate the figure of merit F/M , given in percent, by

PM = 10042%3/11%2 = 79.8 C'r3/ 2/cp (18)

As we have implied by tke form of BEgs. (16) and (17), the characteristic
length is R_ , the characteristic velocity Qkp and the characteristic density
p - If the equaticns are nondimensionalized with respect to these quantities,
complete similiarity exists with the exception of the sectional lift and drag
data which in general must include the effects of Mach number and Reynolds num-
ber, as noted earlier.

Outline of Solution

The set of equations described above can only be solved by numerical tech-
niques and iteration is the approach which we have chosen.

First, we rewrite Egs. {(9) to (1)) in a different, but equivalent, form,
namely

ucu-Kfu- @ (r, ...)] {(19)
v=v -K][v - (7V(r, eee )] (20)
WEw o Kw[w - 0,r, ... )] (21)

where K ,K K, are respectively the iteration factors for the axial, radial
and tangential components of the induced velocity field. They are chosen as
necessary to achieve convergence and may be constant or depend on any of the
variables of the problem.

Iteration begins, then, by finding a zeroth, or initial, approximation to
the inflow and so the blade circulation thrcugh Eq. (13), the Kutta-Joukowski
formula. The first approximation to the inflow follows by cperating with the
Biot-Savart operators on the zeroth approximation to the blade circulation and
some guess at the induced velocity field in the propeller wake. These results,
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along with the iteration factors and the zeroth approximations to the inflow
and the wake velocity field, are in turn substituted into the right-hand sides
of Egs. {1G) to (21) to give the firast approximations to the inflow and the
wake velocity field. The iteration continues by operating as before on the
first approximation to determine a second, and so forth. Once convergence

within a prescribed accuracy is reached, the propeller perfcrmance can be cal-
culated.

Ricorcusly, the iteration approach necessitates, at each step of the iter-
aticn, calculaticn of the induced velocity field at a sufficient number of
points tc define accurately the local streamlines in the propeller wake. Un-
fortunately, the number of calculations required is excessive. As a result,
we looked for some way which would reduce the number of calculations but still
satisfy the force-free condition of the wake, at least in an approximate sense.
Inasmuch as the development of a satisfactory approximation proceeded through-
out the investigation, we will defer the details until later.

Computer Program and Numerical Analysis

In order to carry out the iterative solution which we have outlined, a
general computer program was developed to evaluate the induced velocity field.
Once the inflow at the propeller was established, the resulting predictions of
the overall performance were found by means of a modification of the integra-
tion method of the existing C-W strip analysisg.

The computer program was written in FORTRAN 63 for the CDX 1604 computer.
To achieve flexibility, most of the principal operations were relegated to
subroutines. The aumerical analysis which these subroutines implement is given
below and consists of representation of the bound blade circulation distribu-
tion and the computation of the velocity components induced by the bound blade
vortices and trailing vortex sheets.

The blade cirxrculation distribution [I' is generally tabulated numerically
at several radial stations, but for certain integrations we need ' in analyt-
ic form. A :uitable representation5 is a Glauert-type series

Y
= oRr® ,
r o= aRrg Z Gy sinfd (22)
£=1
tp = %(Rp+Rh) = 5(Rp-Rh) cos I (23)

where GE is the Eth nondimensional Glauexrt coefficient; and ﬁp is the
¢:lauert variable which runs from C to 7 between the hub and tip. There are

rarious ways that the Glauert cocfficients can be evaluated. We used the

©
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method of least squares, which minimizes the error at the apecified data points.
The program provides for the numerical values of I" to be given at up to 30
points, with & as high as 20 . Usually & = 15 was adequate. For a fair-
iy smooth circulaticn, the worat error at any point was on the order of 1%, and
for an irregular shape, about twice as great.

The computation of the contribution of the bound blade vortices to the in-
duced velocity is relatively simple and proceeds as follows. Values of the in-
fluence functions are calculated at the radial stations for which T©' is tabu-
lated. These values are multiplied by the corresponding values of TI' to give
a set of values for the integrands. Values of the integrand not contained in
this set are found as necessary by 3-point Lagrangian interpolation. The in-
tegration itself then is carried out to a prescribed accuracy over the radial
variable by a generalized Gaussian scheme5 devised by A. L. Kaskel at TAR. The
accuracy used was t 0.00005 of the tip rotational speed which required the
wveighting of the integrand at about 30 to 50 points.

As pointed out earlier, the computation of the velocity induced by the
trailing vortex sheets is much more complicated, principally due to the wake
deformation. Since most of the deformation occurs just behind the propeller,
however, integration of Eqs. (6) to (8) is necessary for only a distance of a
blade radius or so. Further downstream the trajectories may be approximated as
regular helices with suitable pitch. To carry out the trajectory integrations,
a prescribed velocity field along the trailing vortex sheets has to be stored
in the computer as input data. Though the real flow field is not axisymmetric,
we can in effect imagine that it 185 and store the velocity field at a number
of values of x and r . A 3-point Lagrangian interpolation, first in r and
then in x , is carried out for other values in between. At each of 15 radial
stations, we took 20 axial stations between the propeller plane, or slightly
upstream when necessary, and some distance downstream. With the velocity field
stored, the trajectory can be evaluated in a step-by-step marching scheme using
a 2-term constant slope methods. Simultan:ously, it is convenient to perform
the integration over ¢t for evaluation of the trailing influence functions,
see Table 1. The integrands are calculated at each new location in the march
and integrated by Simpson's rule. Assessment of this scheme was made by calcu-
lation of an example for which the trajectory was known exactly. Agreement was
excellent. In addition, a number of tests on actual trajectories were made
with different values of the marching time increment At . It was found that
the size of At was more critical for the integration ¢f the influence func-
tions to a desired accuracy than for the traiectory itself. We selected
At = 0.008 for the first 58 steps and Qatc = 0.104 for the remaining steps,
about 100 to 200, until the time is reached at which all of the tralectories
have become helical. At this time, the march is stopped and the contributions
of the helical portions to the influence functions are found from the calcula--
tion of their O-average. These f-average contributions can be extracted from

10
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the results of theory of the Generalized Actuator Disk'C and involve simply the

evaluation of some well-defined functions. The details are given in Ref. 5.

wWhen the calculation of the influence functions is complete, we proceed to
the integrations of the second terms of Eqs. (2) to (4). Unfortunately, the
singularities of the integrand complicate the picture. The square-root behavior
inherent in Bq. (22) makes the strength of tte elements of the trailing vortex
sheets infinite at the hub and the tip, but this is no problem if we carry out
the integrations in terms of the Glauert variable. A real diffirulty ‘s the
existence of singularities which arise in the influence functions when the
field point coincides with an element of the trailing vortex system. In par-
ticular, at the 1ifting line itself the singularities are not integrable for a
nonzero value of the radial inflow. We handled this difficulty by making two
artificial, regular helical steps in the marching scheme before the trailing
elements deform in the desired fashion. Since At 4is taken very small, the
displacement from the 1ifting line is iafinitesimal compared to the blade chord
and is unimportant. Two types of singularitiesll, Cauchy and logarithmic, are
left. To integrate over these singularities, we sum the influence functions
over all the blades and break the results into “singular" and "regular" parts.
If we define
Qrw 1 (QI+W)3

) llﬂ'[ug-"(ﬂr:*w)g];5 pt ) 87rr[u2+(ﬂr+w)2]as

%)
c
n

(24)

)

(25)

0%}
<
"
o

S, =-=238, (26)

where u and w are the inflow at r fruo the previous approximation, these
singnlar parts can be integrated analytically in the usual principal value
sense and the regular parts can be integrated by the generalized Gaussian
scheme mentioned previously. If the induced velocity off the blades and trail-
ing vortex sheets is desirec, the contributicn from the trailing vortex sheets
has no singular part, and s¢ integration procceds exactly as for the regular
part. The computer program can sccommodate up to 108 elements for the trailing
vortex sheet from any blade. Generally, we made our runs with 45 to 6C ele-
nents, between 20 and 35 of which were taken in the immediate neighborhood of
the singularities to obtain adequate definition of the regular parts. The ac-
curacy specified for the Gaussian integration was again * 0.00005 of the tip
rotational speed and required the weighting of the integrand at 40 to 200
points.

The program was checked out by re-computing two cases from our earlier

11




studiesl'u in which the elements of the trailing vortex sheets were assumed to

be undeformed regular helices of both finite and infinite length. BExcellent
agreement was found in the intsrmediate steps as well as in the values of the
inflow. A further check was made later when the program was applied to the
computation of the induced velocity at a series of field points for two marine
propellers. The trailing vortex sheets were again assumed to be composed of
undeformed regular helices of infinite length. Our values agreed12
sponéing values calculated using the computer program developed by J. E.

KerWIn13.

with corre-

Development of Wake Model and Results

As an initial wake hypothesis or approximation to the force-free condition
of the wake, we assumed that the velocity components along the trailing vortex
sheets at a constant radius varied in the same way, regardless of the blade
circulation distribution and condition of operation. To find these variations,
we normalized the corresponding 6-average velocity components from pp. 329 and
333 of Ref. 10 with respect to their values at the propeller plane, and with
slight modificaticns, truncated the results at one and one-half radii down-
stream. Thus, the wake could be calculated completely in terms of the induced
velocity at the blades.

Initial computaticns for the three-bladed Cc-W 3(109654) propeller5 at

QRP = 1002 fps and a(O.?np) = 11.3° diverged with iteration factors of 1 ,
but factors of 1/2 gave a definitely convergent trend through three successive
approximations. The predicted shape of the envelopes of the trajectories of
the elements of the trailing vortex sheets were also physically reasonable in
comparison with Canadair, Ltd. and C-W flow visualization results. However,
comparison of the third approximation to the axial inflow with C-W measurements
indicated that the theoretical values were on the order of 65% of the measured
values over the mid-blade. The corresponding performance predictions were, for
a given C, , roughly 8% above the measured ¢

o 6% above the measured
B(O.?Rp) and 12% above the measured F/M .

In order to test the initial wake hypothesis more thoroughly, we proceeded
to computations for the three-bladed c-w 3(10965Z) propeller5 at ﬂRp = 785 fps
and B(O.?Rp) = 10.0°, 14.0°, 16.0° . Three successive approximations to the
inflow were computed using iteration factors of 1/2 and the convergence was
sufficient to justify comparison of the predictions with tests. Although the
trajectory envelopes were again reasonable, comparison of the axial inflow for
the 14.0° setting still showed that the theoretical values were about 75% of
the C-W measured values over the mid-blade. Furthermore, the performance pre-
dictions, see Fig. 3, were unfavorable, the predictions being worst at the
lowest pitch setting. Wwhat was most disturbing, not only was the shape of the
F/M curve incorrect.,, see Fig. 3, but also the predicted variation of the

12
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velocity components along the trailing vortex sheets did not agree with C-W
wake measurements.

The major conclusion from the results for these two propellers was that
the initial wake hypoth2sis was inadequate and required refinement. 1In partic-
ular, although the enve.opes of the trajectories of the trailing vortex sheet
elements were good, the effective "pitch" of the elements was not correct. A
secondary conclusion was that iteration factors of 1/4 would have been better
than 1/2 .

We based our refined wake hypothesis on the initial hypothesis, but with
changes made specifically to overcome the deficiencies revealed in the compari-
sons with tests. This reiined wake hypothesis or approximation to the force-
free condition of the wake was identical to the initial hypothesis inboard of
the 0.5 radial station. Hcwever, outboard, the variation of the axial induced
velocity component from Ref. 10 was applied along streamlines rather than along
constant radii. The variation of the radial induced velocity component wae
then fixed by assuming that both the initial and refined wake hypotheses should
give the same trajectory envelopes. For the tangential compcnent the refined
hypothesis was assumed ident..cal with the initial hypothesis, since w |is
small compared to QQr anyway.

As an initial test of th: refined wake hypothesis, we chose to re-compute
the third approximation to the 3(109652) propeller at the 10.0° setting. 1In
Fig. 4 the third approximations to the inflow components are plotted for the
initial and refined wake hypotlieses. The large differences are clarified by
Fig. 5 which shows the projections for the respective trajectories of the tip
element of one vortex sheet. Fur the refined hypothesis, we see that the ef-
fective "pitch" is much lower, znd so, the axial and radial inflow much larger.
The velocity variation along the trailing vortex sheets is found to be qualita-
tively correct as well, and the jerformance predictions included in Fig. 3 for
iteration factors of both 1/4 and 1/2 are encouraging. Study indicates that
the refinement would also improva the performance prediction at the higher
pitch settings.

To continue testing the refined wake hypothesis, we performed computations
for the three-bladed C-W 3(13168A10°?3) propeller5 at an = 750 fps and
B(O.?RP) = 14,0° . Three successive approximations to the inflow were computed
using iteration factors of 1/4 . The axial inflow changed smocilily from step
to step. Inboard near the hub and outboard of the 0.8 radial staticn the iter-
ation converged. Over the mid-blade the convergence trend, distinctly different
from our previous iterations, was inconclusive as far as the iteration was
carried out. Still, the trajectory envelopes were good and comparison of the
third approximation to the axial inflow with C-W measured values showed reason-
able agreement in overall magnitude, but some difference in shape. Comparisons
of the performance predictions with the test data are excellent. The predic-
tions generally improved with each step in the iteration, moving mcnotonicaily
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from the zeroth approximation to the third approximation. FPor the third ap-
proximation the performance predictions were, for a given cp , roughly 1%

above the measured C, , 2% below the measured & O.7Rp) and 2% above the
measured P/M .

TABLE 2

SUMMARY COF PERFORMANCE COMFARISONS

Theory Curtiss Test
Propeller Cp Cop Bc 7R F/M Cp 30 7R P/M
p p
3(1009654)" 3.CUTT c.141 11.3° 88.5% c.131 16.7° 79.2%
3(1c0652)" " C.C37C 0.107 10.0° 75.5% 0.1C5 10.2° 73.6%
2(13168a10p3) " | 0.0576 C.140 14.0° 72.6% 0.138  14.3° 71.3%

~ Third Approximation, Initial Wake Hypothesis
*
- First Approximation, Refined Wake Hypothesis

* %%
~ Third Approximation, Refined Wake Hypothesis

In Table 2 we have summarized the performance comparisons to date for all
three propellers.

Conclusio:s

From the results obtained in this study, we are able to draw the following
conclusions:

A model based on continuous deformation of the wake is necessary to calcu-
late the inflow, and so the performance, of a V/STOL pr~peller at the static
condition. Becth the envelopes of the trajectories of the elements of the

trailing vortex sheets and the "pitch" of these elements must be predicted ac-
curately.

An initial wake hypothesis, or approximation to the force-free condition
of the wake, gives a reasonable prediction of the trajectory envelopes, but an
inadequate prediction of the "pitch"”. However, a refined wake hypothesis

17
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appears to give an adegiate prediction of both the envelopes and the "pitch“.

vhile the performance predictions for one propeller using the refined ‘'rake
hypothesis are excellent, further approximations in the iteration procedure, 2a
well as predictions at other pitch settings and for other propellers, are re-
quired. Comparison should also be made between the wake velocities used in the

refined wake hypothesis and those found both by actual calculations and test
measurenments.
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PROPELLER TESTING AT ZERO VELACITY

by
H. V. BORST R. M. LADDEN

Curtiss-Wright Corporation
Wood-Ridge, New Jersey, USA

SUMMARY

The hover performance of the propeller installed on current V/STOL
aircraft has been below expectation becauce it has not been possible to design
an optimum blade due to the lack of an accurate copeller theory at zero air-
speed. 1t is necessary to have an accurate titeury for predicting performance
so that a series of blades can lLe evaluated at the hover condition to find
the configuration for peak efficiency. When developing a theory for calcu-

lating performance, a good experimental base is required so that the accuracy

of the theories can be checked.

A review of the available test facilities indicated a new test rig
was required for testing full scale propellers. As a result, a new test rig
was built and put in operation. Special equipment was also obtained for
measuring the conditions in the wake of propellers operating at hover in order
that data would be provided for the development of an adequate theory. The
results of tests of several propellers with varying geometry are presented

along with the available wake survey data.

INTRODUCT ION

The level of performance achieved by propellers operating at zero
velocity is of relatively little importance with conventional aircraft, as
the take-off distance is determined mainly by the level of thrust at approxi-

mately 757 of the take-off velocity. With the use of propellers on VTOL




aircraft to obtain direct lift, the level of perfcrmance obtained directly

influences payload range characteristics of the VIOl aircraft. For instance,
an improvement of 1% in propeller performance can result in an increase of as
much as 3 to 5% in the payload of the aircraft. Thus, it is imperative that
the characteristics of the propel!ler be optimized so that best configuration

and performance is obtained.

Because propellers have been in use for many years, it was believed
that the desired optimization could be easily obtained. Unfortunately, the
propellers on all V/STOL aircraft have operated at levels of thrust below the
optimum level that could be expected. As a result, the performance of these
aircraft is disappointing and it is, thereifore, necessary to find methods of

improving the propellers to obtain the desire