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ABSTRACT

Methods for predicting the performance, noise, weight, and cost of propellers for
advanced general aviation aircraft of the 1980 time period were developed and computer-
ized, A propeller sensitivity study based on the computer program is presented for five
representative general aviation aircraft, Conceptual design studies are included for
three propellers selected {roin the sensitivity studies to check the weight and cost esti-
mating procedures. Problem areas exist in the methodology defined and follow-on
stu'dies are recommended, A listing of the computer program is presented.
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; SUMMARY

1

| |

' The general object of this study sponsored by the Advanced Concepts and Mission
DinlSiOIl of NASA under Contract No. NAS2-5885 dated 30 January 1970 is to investigate
the ‘effects on the performance, noise, weight and cost of advanced general aviation air-
craft propellers as influenced by the application of technology anticipated in the 1980
time period. The study covers a very broad spectrum of aircraft implied by the power-
plant size range of 100-1500 SHP specified in the RFPA-15989 (HK-5) dated 18 Decem-
ber 1969. Thus, in order to provide a meaningful study within the scope intended by
Advanced Concepts and Missions Division, A.C.M.D., as an initial step, the Contractor
classified into five categories the general aviation aircraft envisioned by A. C. M. D.
Then, a representative aircraft from each category was selected and its flight profile
defined by this Contractor and A, C. M. D. in sufficient detail to establish propeller re-
quirements., Analytical criteria for predicting the performance, noise, weight and cost
projected to the 1980 time period were established and programmed in FORTRAN V for
the UNIVAC 1108 high speed digital computer. With the aircraft and propeller require-
ments defined and the computer program established, a comprehensive sensitivity study
of the propeller geometric and performance parametéers was undertaken for an aircraft
configuration selected from each of the five categories. It was generally shown that to
reach the 65-75 PNdB noise level, it will be necessary to increase propeller diameters
and number of blades significantly and to operate at very low tipspeeds. This will result
in not only dimensionally less compatible geometries than those of present aireraft, but
also in heavier and more costly propellers. The increased weight of the propeller alone
can apparently be offset significantly by utilizing lightweight, high-speed reciprocating
engines with appropriate reducticn gearing. Yet, it is obvious that, depending on its
severity, the anti-noise legislation expected by the 1980 time period could have a major

~ impact on general aviation effecting not only propeller manufacturers but engine and air-

craft manufacturers as well.

Detailed hardware conceptual design studies were made for three propeller configu-
rations selected by A.C.M.D. Conceptual drawings, weight and cost have been estab-
lished for each propeller. These carefully established weight and cost figures, based
upon complete conceptual designs for the aforementioned three aircraft categories,
showed only fair agreement with the weight and cost generalization included in the com-
puter program. Discrepancies for one of the propeller designs were sufficiently large
to conclude that further effort needs to be undertaken to establish more precise weight
and cost generalizations for quiet, slow turning propellers.
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©  An attractive allernative to the large, quiet propellers was indicated in the study of
other concepts. This is the Prop-Fan concept which is a small diameter multiblade,

- variable pitch ducted fan coupled to high speed reciprocating engines without the speed

reduction gearing. On the basis of a brief study of the Cessna 210J aircraft, this con-

' cept can generally meet both the low noise objectives of this study and performance re-

quirements of this aircraft with compatible geometlry and some reduction in total propul-
sion weight. Although considerably more work is required, the initial study strongly in-
.dicates that this new concept would be particularly attractive for multi~engine aircraft.
“.Moreover the concept appears to have most of the favorablie characteristics of the turbo-
fan, i.e. compactness and high-speed capability at less expense since modification of
,'existi‘ng high-speed reciprocating engines may be utilized.

F‘inally a major contribution of this study is the new methodology which was derived
cto predict propeller aerodynamic performance. This methodology was utilized in the
sensﬂpwty studies, and it is intended that the reader of this report will have sufficient
‘data tp permit similar propeller studies for any general aviation aircraft, A complete

‘].1sl.kng of the computer program with detailed instruction on its use are included, All

GG,

‘the curves and equations for the analytical methods inciuded in the computer program
‘are presented with instructions of usage in lieu of thc computer,

i
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Aviation forecasts for the next ten to fifteen year time period, indicate continued
steady growth of general aviation. The attainment of this forecasted growth and even a
more rapid expansion is dependent upon the continued improvement in the safety, utility,
performance and cost of general aviation aircraft.

Acoustic improvement is a goal which may be of incresging importance since noise
pollution has become a serious concern to almost every community in the country. The
effect of increasing numbers of general aircraft operating from landing strips close to
populated areas will further aggravate the problem. Consequently, the general aviation
industry may be required to significantly reduce the noise levels of current and future
aircraft, Thus, to insure the forecasted growth of general aviation, the noise problem
must be seriously considered along with improvements in the other areas mentioned
above,

General aviation is a heterogeneous category covering all civil aviation except the
certified commercial air carriers. The category includes a wide range of aircraft from
small single place private airplanes to multiplice, multiengine aircraft utilized by the
air taxi operators, businesses and third tier aiv carriers. Generally the category in-
cludes aircraft of gross weights up to 12,500 pounds. The projected growth of this
classification even by experts in the field has been difficuli due to the large variety and
application of the aircraft included and its dependence on various economic factors.
However, the forecast by the Federal Aviation Administration (ref. 1, 2) is probably as
accurate as is available. This agency's forecast on general aviation growth is impres-
sive by the number of aircraft included and ig summarized helow.

From a current base of about 114, 000 active aircraft, it is expected that this fleet
will increase to over 214, 000 units by 1980, Single engine, piston aircraft currently

~number about 96,500 with an expected ten year growth to over 170, 000 aircraft, Their

portion of the fleet is currently nearly 85 percent with only a slight decrease in this
percentage predicted by 1980. The number of multiengine piston aircraft is forecast to
about double from approximately 13,500 to 26, 500 by 1980. The growth in turbine
engine powered aircraft is expected to undergo the most spectacular growth from about
1300 today to over 7800 aircraft over the coming decade. Most of these latter aircraft
will be turboprop with the turbofans beginning to make a significant showing., Currently
these engines are being installed only on the larger aircraft in this category. The
growth of turbofan aircraft is dependent almost entirely on the ability of the engine man-~
ufacturers to develop low cost, low noise, reliable engines. New technology and hard-
ware development will be required before economically feasible turbofan engines could
become serious competitors to the advanced reciprocating engines for application across
the general aviation aircraft spectrum.

i S~
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From the above summary of the project -1 growth of general aviation, it is apparent
- that most of these aircraft, even into the 1980 time period, will be propeller driven
’ utilizing primarily reciprocating engines with turbine engines coming on as their eco-
| nomics improve. Thus, it is obvious that the aircraft improvements in the areas men-
 tioned above must be matched by parallel improvements in propeller technology and
hardware, Accordingly, this study has been undertaken to provide some visibility into
the performance, noise, weight and cost characteristics of advanced general aviation
propellers of the 1980 time period as influenced by anticipated restriction on noise.
| :
The study involves the derivation of appropriate propeller performance, noise,
weight and cost criteria incorporated into 2 computer program to permit sensitivity
~studids of these factors to be made for advance propeller configurations designed for
! gener?l aircraft of the 1980 time period. These analytical criteria have been establish-
, ed utilizing existing performance and noise prediction methodology combined with the
weight and cost criteria developed from the results of the mechanical design, material,
~and manufacturing technique studies and the market survey accomplished under this con-
‘tract.
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- 1.0
propeller blade activity factor, 1033099 [ (I-;—)) x3 dx -
.15

Advanced Concepts and Missions Division Office of Advanced Research
and Technology.

blade section width, ft

‘ number of blades

piston engine brake mean effective pressure

average O,E,M. propeller cost for a no. of units/year, $/1b
single unit O.E. M, propeller cost, $/1b

biade section design lift cosfficient

1.0
propeller blade integrated design lift coefficient, 4 f CLD x3 dx
- 15

SHP (0 o/p) 1011

power coeificient
P : 2173 D5

cifective power coefiiciert, Cp X Ppp

effective power coefficicnt, Cp X Ppp X PFcLi -

effective Cp used in defining compressibility correction,
Cp x PAF X Ppy,

1,514 T (Po/P)
N2 D4
effective thrust coefficient, Cp x TAF

thrust coefficient,

effective thrust coefficient, Cp x Tpp x TFCLi

weight of propeller counterweight, pounds
propeller diameter, ft

decibel, 0.0002 dynes/cm2 (reference value)
emf)irical cost factor - ) ~
effecti_ve perceived noise level

L
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O.E.M.
PAF
Ppy,

Prg Li

PNdB

- PNL

PNLT
PP

cost factor based on quantity

degrees Iahrenheit

compressibility correction facior (fig. 9)
. labor time, hrs

maximum blade section thickness

. 101.4VK

advance ratio, XD

constant based on single unit cost
constant propeller weight multiplier
learning curve factor for no. of units/year
learning curve factor for a single vnit
free stream Mach pumber

propelier critical Mach number (fiz, 8)
propeller gpeed, vpm

original equipment manufacturer
power coefficient adjustment (lig, 7

number of blades correction used in defining compressibility
correction (fig, 8)

Cp dependency of Cy,,
i

adjustment for Cp (fig. 11)
J dependency of Cyq adjustment for Cp (fig. 10)

units of perceived noise, dB

perceived noise level, PNdB

tone - corrected PNL, dB

cost of purchased parts aﬁd raw material, $
propeller torque, ft-1b

bléde radius at propeller tip, ft

radius at blade element, ft

rate of climb, fpm
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shaft horsepower
SPL overall sound pressure level, dB
T ., propeller thrust, pounds
TAF thrust coefficient adjustment (fig. 7)
. TAF, total activity factor, AF x number of blades
: TCLi! C dependency of Cy, adjustment for Ct (fig. 12)
TFCLi J dependency of Cy,; adjustment for Cp (fig. 10)
T.O. take-off
Vel climb velocity‘, mph
VK free stream velocity, knots
Vs take-off stall velocity, mph
W gearbox weight, lbs
‘W propeller weight, 1bs
X fraction of propeller tip radius, r/R
labor rate, $/hr .
Z l learning curve factor ratio LE
g ] LFI
B3/4 propeller blade angle at 3/4 radius
11 ffici T J
n propeller efficiency, cp
Y minimum climb angle =tan ~1 (1/12)
density, 1b sec2/ft4 4
Po density at sea level standard day = 0. 002378

SHP
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AIRCRAFT CLASSIFICATION

Categorization of General Aviation

The task of classifying any large array of items in a significant number of groups,
is dependent on the particular characteristic(s) of the items chosen as the basis for the
classification. For this study, the Contractor categorized general aviation aircraft into
five basic groups on the basis of number of seats as the prime characteristic with pro-
peller complexity, installed power, gross weight, cruise airspeed and number of engines
as secondary characteristics. From the extensive aircraft listings in aviation periodi-
cals (ref. 3, 4), from reports (ref. 1, 2) available to the Contractor, and from consul-
tation with several knowledgeable persons in this field including the Deputy Transporta-
tion Commissioner, Bureau of Aeronautics for the State of Connecticut, the aircraft
classifications presented in Table I were selected by the Contractor as representing the
prime aircraft groups upon which this study would be based. It is recognized that gen-
eral aviation aircraft could be classified on the basis of other criteria resulting in dif-
ferent categories with more or fewer groups., For example, agricultural aircraft do not
fit in any of the proposed greupings and would represent a sixth category. Moreover, a
clear cut demarcation between classifications is not always obvious among the wide
variety of aircraft included in general aviation. However, the suggested classifications
are deemed sufficient to permit a complete and inclusive study of propeilers for gereral
aviation aircraft. The classifications were reviewed and approved by A.C. M. D,

Selection of Representative Aircraft for Five Classifications

An initial presentation meeting was held on 15 July, 1570 at Hamilton Standard with
Mr. Mark Waters of A.C.M.D, and Mr. Michael Comberiate of NASA Headquarters atten-
ding, At that time, the following representative aircrafts from each aircraft classifica-
tion (Table I) were selected for detail study. '

Aircraft Classification : Propeller Type Representative Aircraft
L. Single Engine, Fixed Gear Fixed Pitch Piper Cherokee
. Single Engine, Retradable Constant Speed Cessna Centurion 210J

Gear, IFR Equipment : ‘
IOI. Light Twin, Retractable Constant Speed, Beech Baron 55

Gear, IFR Equipment Full Feather,

. Deicing
e e
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Aircraft Classificatior. - - Propeller Type Representative Aircraft

IV. Medium Twins, Reiractable Constant Speed, Beech Queen Air
Gear, IFR Equipment Full Feather,
Deicing
V. [ Heavy Twins, Retractable Constant Speed, DeHavilland - Twin Otter
; Gear, IFR Equipment Full Feather,

‘ Deicing, Reverse

Definition of Mission Profiles and Propeller Requirements

For this study, the migssion profile for each aircraft listed above was defined to in-
clude take-off, climb, single engine climb and maximum cruise operating conditions for
which the corresponding propeller requirements were established. Thus, a more or
less standardized performance base was maintained for the sensitivity study on each air-
craft category.

Approximate aircraft performance characteristics and propeller requirements were
established from several sources, The take-off and climb conditions and the correspond-
ing propeller requirements for each aircraft were defined by Mr. Mark Waters of
A.C,M, D, with the exception that Cessna provided the pertinent information for their

latest version of the Cessna 210J. These conditions were obtained based on the follow-

ing assumptions:
1. Take-off, T.O.

A. T.O. lift coefficient = 0.8 (maximum lift coefficient) computed for "flap
down" at stall speed, Vs.

B. Coefficient of rolling friction = 0, 02 (rubber on cement)
2. Climb-all engines operative
| A. Minimum climb velocity (V) = 1.5 (Vg)
BI. Minimum climb angle, v, = tan-1 (1/12).
C. Rate of climb at sea level, r/c,> 300 fpm
Note: A and B déﬁne r/c =Vgy sin . Ifthisr/c > 300 fpm, it is used as the

minimum,
i
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! 3. Climb+-multi engine with one engine inoperative at 5000,
A. r/c=0.02 (Vg)>
B.  Minimum V,; = 1.3 (Vg)

|
; The one engine out climb at 5000' is included for aircraft of Categories I, IV, and
V.i

' The cruise conditions were obtained from Jane's All the Worlds Aircraft, 1969-1970
(ref. 5). The maximum cruise condition was selected as representative of cruise oper-
ation. These basic operating conditions and propeller requirements for each aircraft
are tabulated on Table I, Due to the assumptions made in these calculations, these
requirements may differ from those of the actual aircraft.

TECHNOLOGY IDENTIFICATION

Design and performance criteria covering performance, noise, weight, and cost of
general aviation propeller systems in the 1980 time period have been derived and incor-
porated into a computer program utilized for the sensitivity study. Each technology
area associated with these criteria has been identified and are discussed in the following
text. ' '

r

Propeller Performance Generalization

Propeller aerodynamics and analytical methods have generally attained a high level
of refinement permitting the aerodynamic design of highly efficient propellers for most
applications. The forward flight method for conventional and multi-bladed propellers
is based on the work of Goldstein (ref. 6, 7) which is an advanced form of the blade
element theory. Goldstein combined the vortex theory and the solution for the radial
distribution of circulation for a finite number of blades. The blade is considered as a
rotating airfoil with cach element following a helical path and reacting as an ordinary
airfoil section. The aerodynamic forces on a series of radial blade elements are cal-
culated and then integrated over the blade radius to establish the total forces. An ana-
lytical method based on this theory and utilizing two-dimensional airfoil data has been
developed and continually refined which permits the performance of any arbitrary pro-
peller configuration operating at any imposed flight condition to be accurately calculated.

e 11
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Due to the extremely complex analytical model including a strong wake contraction
equired to theorctically define propeller performance at zero airspeed, this basic
Goldstein theory has not yet been extended to cover the static case. An approximation
of the wake contraction has been included in the Goldsiein theory with fair success.
However, recently a new propeller vortex theory has bcen derived for the static case
which includes an accurate wake representation obfained experimentally. Although the
method is currently limited to lightly loaded VITOL and STOL propellers, it is expected
that this method will be extended to cover the higher loaded propellers applicable to
geng’:ral aviation aircraft within the next year or so. Thus, for this contract study, the
static performance has been computed based on the Goldstein theory with the aforemen-
tioned slipstream contraction adjustment, ' :

Two~-dimensional airfoil data from approximately 25 wind-tunnel programs have
been utilized by this contractor to generatc complete and reliable sets of basic airfoil
data for use in conjunction with the caleulation procedure outlined above.

This method has been programmed for use in hiph speed digital computers, With
this computer program, propellers can be readily desigued and the performance can be
L prog y PYO] & .
predicted for the complete propeller operating spectruwi.

During the preliminary design phase, the airframe manufacturer Iras need to study
propeller performance characteristics over the entire aircraft flight spzctium, Hamil-
‘ton Standard has recognized this need for rapidly evalualing propoller performance
characteristics and consequently has published generalized performance calculation
methods based on the aforementioned theory for aireraft propellers operating at static
and in-flight conditions. These methods incorporate 2 series of periormance maps each
accurately defining the propelier performance for a broad spectrum of propelier geo-
metric configurations over the complete range of poteuntial operating conditions, By
providing such maps for a systematic variation of each major prepeliler shape parameter
(umber of blades, activity factor, and integrated design litt coefficient), simple inter-
polation between charts will define performance for 2uy desired propeller configuration.

1
1

The "Red'" book (ref. 8) has been generated for conventional propeliers aimed primarily

- at turboprop engine application, the "Blue" book (ref. 9) for shrouded propeller perfor-

mance estimation, and the '"White" book (ref. 10) for variable camber propeller applica-
tions,

Performance Method. - Although these aerodyaamic methods do exist and have been
used in support of this study program, a new method was developed and computerized
specifically for this general aviation aircraft propeller study which permits the simul-
taneous evaluation of performance, noise, weight and cost for a wide range of propeller
geometries., This method is the basis of the sensitivity study described later in the text
and is discussed in detail below. It is to be noted that the performance predicted by
this method is for the isolated propeller since no single body blockage effect could be
generalizgd to cover the wide variety of aircraft included in general aviation.

~
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The family of propellers used for this generalization was selected on the basis of
blade shapes which prior study had shown to be most favorable for minimum weight, low
noise characteristics and good performance for general aviation application. The plan-
forms for 80 to 200 activity factor are shown on figure 1, the corresponding thickness
ratios on figure 2, the twist distribution on figure 3, and the camber distribution for the
selected integrated design lift coefficient of 0.5 is shown on figure 4. For low drag
characteristics, the NACA Series 16 airfoil sections have been used on the outer portion

of the blade and the NACA Series 64 sections have been included for the thick shank sec-
tions.

The horsepower, thrust, propeller rotational speed, velocity and diameter are in-
cluded in the non-dimensional form of power coefficient, Cp, thrust coefficient, Cp, and
advance ratio, J defined as follows:

_SHP (Po/p ) 1011

P 2N3 D5
": 1.514 x 106 T(Po/p)
’= Cr = 2 p4
N2 D
|
_101.4 VK

: ND
where;

SHP -:shaft horsepower : - -

.~ Po/p - Zratio of density at sea level standard day to density for a specific operating

- condition
N - propeller speed, rpm
D - propeller diameter, ft.
T - propelier thrust, pounds

VK - forward speed velocity, knots
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It was decided to present propeller performance in terms of thrust coefficient in-
stead of efficiency as used in the propeller performance handbooks described previously
to make the method more adaptable for computerization. Furthermore, the operating
conditions can be defined with the thrust given and the corresponding horsepower com-

puted as well as with the horsepower given and the corresponding thrust calculated.

Propeller blade angle, B3/4 has been included so that the method can be used for pre-
dicting the performance of fixed pitch and two-position propellers as well as constant
speed propellers,

Base curves have been defined in this non-dimensional form presenting the perfor-
mance of 2, 4, 6 and 8 bladed propellers referenced to an activity factor of 1560, In or-
der to minimize the number of curves and cons equently the complexity of the computer
program, the terms effective power coefficient, Cpg and effective thrust coefficient,
CTy bave been introduced into these curves. These terms incorporate adjustment fac-
tors for the effects of variation in blade activity factor and integrated design lift coeffi~
cient. The activity factor adjustment factor is given for 2, 4, 6, and 8 bladed propellers,
but the integrated design lift coefficient adjustment factor is given for a 4-bladed propel-
ler only. The adjustment factors are discussed later in the text. Thus, the base curves
while referenced to a basic activity factor and integrated design lift coefficient are ap-
plicable to the complete range of these shape parameters covered in this study. This
performance generalization format is shown for 2-bladed propellers referenced to 150
activity factor and 0.5 integrated design lift coefficient in figures 5 and 6 for the effec-
tive power coefficient chart and the effective thrust coefficient chart, respectively. Sim-
ilar plots for 4, 6 and 8-bladed propellers together with a sample calculation are pre-
sented in APPENDIX A.

The ranges of effective power and thrust coefficients were selected to span peak
thrust and minimum power at each advance ratio as shown in figures 5 and 6. However,
in the cases where windmilling operation is possible, minimum effective power coeffi-
cient is taken to be zero, although engine out drag torque will result in some small neg-
ative power, X is to be noted that a curve defining the condition where the propeller is
stalled over the inner 50% of the blades has been included on these generalizations. As
will be explained in more detail in the section on Noise Generalization, test data have
indicated that no significant reductions in perceived noise level, PNL, can be obtained
by tipspeed reductions if the propeller becomes greater than 50% stalled. Thus, it is
recommended that propellers be selected so as to operate to the left of the indicated 50%
stall line for the critical noise condition.

As indicated previously, to minimize the number of curves and consequently the
complexity of the computer program, a study was made to investigate the feasibility of
obtaining adjustment factors to both power and thrust coefficients to account for the ef-
fects of activity factor, number of blades, and integrated design lift coefficient. Adjust-
ment factors for propeller activity factor have been successfully defined using 150 activ-
ity factor as the base. On figure 7 are presented curves for the power coefficient

-
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adjustment, Py and the thrust coefficient adjustment, Tpp. If is to be noted that the

factors for advance ratio J = 0 differ from those for J= 0.5. A straight line interpolation

is used to obtain the adjustment factors for 0. O <J < 0,5. The effective power and thrust
coefficients are defined as follows:

CpE (AF) = Cpp (150) x Ppp

' Such an adjustment was originally derived for the number of blades parameter. How-
ever, the accuracy of this adjustment in the low propeller advance ratio range was not
adequate and consequently the 150 activity factor base plots, i.e., the effective power
coefficient and efifective thrust coefficient plots discussed above, were generated for 2,

4, 6 and 8-bladed propeliers (APPENDIX A) with performance for 3, 5 and 7-bladed pro-
pellers being obtained by interpolation. The activity factor adjustments, Pay and TAF,
are independent of the number of blades. ‘

Today's gereral aviation aircraft are operating at moderate speeds and are not sig-
nificantly affected by propeller compressibility losses. However, it has been projected
that general aviation aircraft will be operating at significantly higher speeds by the 1980
time period. Accordingly, a compressibility correction for the base curves of 0.5 in-

tegrated design lift coefficient has been derived for use in conjunction with these plots.

A crlucal Mach number, Mgyt for each value of advance ratio, J, has been defined as
the limiting free stream Mach number, M limit at which no compressibility Insses are
encountered (fig. 8). If the free stream Mach number exceeds the critical Mach number,
the compressibility factor, F¢ is defined. It is dependent on the difference between M
and MCRIT and the effective power coefficient defined as

CPEC =Cp XxPppx Pp1, -

Pgy,, number of blades correction is defined on figure 8. Fi is defined on figure 9 and

~ the thrust is multiplied by the Ft to correct for compressibility losses.

The complete performance computational procedure is defined in APPENDIX A with

pertinent sample calculations included.

Variation in integrated design lift coefficient, CLi, has not been included in this
computer program since previous studies of propellers for general aviation aircraft in-
dicated that a value of Cp;~0.5 is about optimum for most installations, However, dur-
ing the course of the sensitivity study, preliminary results indicated an attractive poten-
tial for using increased camber to minimize the activity factor increase required to at-
tain the low noise objectives of the study. The advantage of a lower activity factor is a
lighter weight propeller. Accordingly, a limited study was undertaken to investigate the

- hann N
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feasibility of deriving an adjustment factor for integrated design lift coefficient, As
shown in figures 10, 11 and 12, a suitable adjustinent was successfully generated for
/C1,; = 0.7 and 0.8 with 0.5 as a base and limited to a 4-blade propeller. The advance
:ratio dependency is defined in figure 10 as Pl C1s for power doefficient and as TF(,L
for thrust coefficient. The power coefficient adjustment, PCy,; is read from figure 11
‘and the thrust coefficient adjustment Ty, is from figure 12, hus the base charts can

be used with the effective power coefficient and effective thrust coeff1c1ent being defined
as follows:

|
Cpp =CpX PAF X PCLi

i CTE:CT XTAFXTCLi

it appears that the adjustment can be expanded to include the complete range of integra-
ted design lift coefficient and number of blades. The compre ssibility adjustment would
need to be expanded to include Cy,; variations should this parameter be added to the com-
putational procedure,

The method described above is based on the current technology., The aerodynamic
perfor‘mance of today's conventional propellers designed by this technology approach
maximum attainable levels at design conditions with current low drag airfoils. Further
1mprovements in efficiency at the design conditions are expected to be small, Conse-
quently, the performance method should be applicable to the 1980 time period.

o

] Noise Generalization

The major source of noise from aircraft is the propulsion system. In the case of
general aviation aircraft, this usually consists of one or more propellers driven by in-
ternal combustion engines of the reciprocating or rotating piston type with turbine en-

gines beginning to make a strong showing in the larger aircraft. Although, generally,

propeller noise is more intense than engine noise, the engine does contribute to the air-
craft's perceived noisiness. Furthermore, the engine is very likely to become the
major noise source when efforts are made to reduce the propeller-generated noise.
This is particularly true for those aircraft which are not equipped with engine exhaust

" silencers. Since this generalization is for propellers only, it is emphasized that the low

noise levels which may be achieved through selected design and operating conditions as
presented in this report will not be representative of those from the complete aircraft
unless a parallel effort is made to reduce the noise from other sources (particularly

from the engine) as these will become predominant and set the perceived noise level of
the aircraft, : »



Noise Computational Procedure. - In recognition of the increased emphasis on air-

t eraft noise abatement, Hamilton Standard has been actively involved over the past 10

| years in advancing the technology of propeller noise analysis. From this work, two pro-
p°11(,1‘ noise calculation methods have evolved. One is essentially empirical and based

. on the works of Beranek, Hubbard, and others (ref. 11, 12, 13, 14) plus experimental
test data collected by Hamilton Standard. The other is a theoretical method based on the
work of Garrick and Watkins, Arnoldi, Widnall, and Sperry (ref. 15, 16, 17, 18) plus

~empirical adjustments based on measurements.

The empirical method has been selected for this study in view of its relative sim-
pliCi‘;)l;/' and ease of use.
!
Tlhe empirical method was derived from a correlation of extensive near and far-field
. noise imeasurements on full scale and model propellers of medium and large diameters
operang in the 700 to 900 ft/sec tip speed range where rotational noise predominates.
v ' How cg‘vel at the low tip speeds antcipated to meet the desired 65 to 75 perceived noise
| levels (PNdRB), it is expected that vortex noise will be an important noise source. Thus,
“the method was extended for this study to smaller diameters and lower tip speeds based
on a limited amount of data available on noise generated by small diameter, low power,
low tipspeed propellers during normal flight, This estimating method for far-field pro-
peller noise and a sample calculation are presented in APPENDIX B.
|

The required inputs to the propeller noise estimating method are:

et
. e

- Propeller diameter
2 Number of blades per propeller
3.. Propeiler RPM or tipspeed
4, Horsepower per propeller i
5. Coordinates of desired field point of interest

6. Aircraft forward speed
7. Number of propellers installed

8. Ambient temperature

Detailed blade shape characteristics such as twist, camber, and thickness distribu-
tions, activity factor, planform shape, and airfoil section are not considered. However,
for properly sized propellers, these factors generally have a minor influence on the
noise and are thus neglected for method simplification.

In order to make a noise estimate, a summation is made of partial levels based on
design and operating conditions. The partial levels are provided in graphical form to
minimize calculations. The method allows quick estimates of overall sound pressure
level (SPL) in decibels (dB) and of perceived noise level (PNL) in percewed noise deci-

- ~
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Recent test data on highly loaded low tipspead propellers have indicated that the re-
duction in noisc with tipspeed is a function of propeller stall characteristics. From this
limited stall data, it appears that noise reductions can be achieved with decreasing tip~
speed at a given power only to the point where the propeller becomes stalled over ap-
proximately the inner 50% of the blades. This stall criteria is defined as a function of
power cocfficient for a given advance ratio as is shown on figures 5 and 6 for the 2-
bladed propeller. Similar curves for 4, 6 and 8-bladed propellers are included in
APPENDIX A, In order for the above empirical method to be accurate, it is recom-
mended that propellers be selected so as to operate Lo the left of the indicated 50% stall

line for the critical noise condition as defined in the section on Performance Generaliza-
tion, )

It should be noted that at the high tipspeeds (near 1000 ft/sec) of some general
aviation aircraft in use today, it appears that estimates obtained by use of the method
deviate from the meager test data available on these types of aircraft. A tentative ex-
planation for this is that these high tipspeeds exceed the propeller blade critical tip-
speeds (the speed at which the peak lead velocity of the air over the surface of the blade
airfoil reaches that of sound). Limited experience shows that when a propeller is oper-
ating above its critical speed, the formation of a shock wave occurs, thereby raising the
noise level as much as 10 PNdB over that which is generated at tipspeeds just below
critical. The empirical method does not attenipt to distinguish between suberitical and
supercritical operating conditions as this involves detailed aerodynamic calculations
which arc outside the intended scope of this noise estimating methed, Hather, the
method calculates levels which are between the two., Thue, for a propeller operating at

near but below critical speed the method will tend to over estimate the noise levels,

while at above critical speeds, the method will underestimate the noise,

A recent evaluation of the accuracy of the generalized propeller ncise estimating
method showed that for propellers operating between 700 and 900 ft/scc lipspeeds, the
calculations of peak PNL agreed within +3 PNAB of the measured peak PNL., Also, a
very limited data sample for propellers in the 1000 ft/sec range indicated that the agree-
ment between calculations and measurements was of the order of +6 PNdB, presumably
because of supercritical operation. Noise data for low tipspeed propellers under flight
is not available so no precise assessment of accuracy can be made for the estimates of
advanced quiet propeller concepts defined in other parts of the study. Noise measure-

‘ments are urgently needed in this area to provide a basis for checking the method and
‘to make empirical adjustments as required.

Maximum Noise Level Criterion. - In evaluating the reaction expected when a lis-
tener is subjected to noise generated by general aviation aircraft two points must be
considered: 1) noise measurement location, and 2) the procedure used to evaluate sub-
Jective reaction to the noise of interest. Of course, these two points must be consider-
ed with respect to the noise source under evaluation. Therefore, the following discus-
sion is related to propeller noise from general aviation aircraft. '

.
~
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Noise Measurement Location: The measurement location selected for the study

is that point on the 500 foot sideline at which the maximum noise after lift-off
occurs. This location was selected for the following reasons:

a)

b)

C)

d)

At any location directly under this take-off flight path, the noise will be
affected by variations in aircraft attitude, altitude, power, and speed.
However, at a sideline location, variations in altitude will not have as
much effect on the noise since the slant distance to the aircraft will not
vary very much from 500 ft as the altitude of the airecraft varies. Also,
under the flight path, the aircraft's attitude influences the noise since it
alters the directivity, At a sideline location little or no change in direc-
tivity occurs with aircraft attitude changes.

The noise measured while the aircraft is still on the ground will be signif-
icantly influenced by the reflections from the ground. These reflections
usually cause reinforced low frequencies, depressed mid-frequencies, and
variable reinforcements and cancellations at high frequencies. These
effects depend on the frequency spectrum of the source, the distance from
the source to the receiver, the terrain composition, and the heights above
the ground of the source and receiver. If the measurement location is
selected such that the maximum noise occurs after lift-off, the effect of
ground reflections on the noise will be reduced since the aircraft will be at
some altitude above the ground.

A static (i.e. at zero forward speed) propeller operating at high power and
low speed will generally have a significant portion of the blade operating at
very high angles of attack. The result is flow separation and an increase
in the broad band noise resulting in a higher perceived noise level than for
an unstalled propeller operating at the same tipspeed, power, and thrust.
However, as the aircraft gains speed during take-off roll, the blade sec-
tions unstall until at approximately lift-off speed the whole blade is oper-
ating at angles of attack below stall. Therefore, the sideline measurement
location selected will provide a good indication of the maximum take-off
noise as the aircraft approaches populated areas around the airport.

A final consideration is the relative location of houses, farms, etc. which
would be subjected to the noise. The general configuration of small air-
ports and airfields is such that more land is purchased along the approach
and take-off paths, In addition, the maneuverability of small planes at low
altitudes and slow speed allows them to alter their courses relatively soon
after take-off to avoid populated areas. Thus, the area where listeners
are most likely to be annoyed lies to the side of the runway. Airfield
boundaries of 500 ft to either side of the centerline of the runway appear
reasonable, considering the general layout of present and planned general
aviation airfields. ) T~

~
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2. Noise Rating Scale: At the present time, there is much controversy on the
scale to be used in rating the annoyance of aircraft noises. Commonly pro-
posed aircraft noise annoyance rating scales are Perceived Noise Level (PNL),
1 Tone-Corrected PNL (PNLT), and Effective Perceived Noise Level (EPNL).
x PNLT jis PNL with a correction for the presence of discernable tones, and

EPNL applies a duration correction to PNLT to account for the time the noise
is within 10dB of the peak PNLT.

Ii is the contention of many psychoacousticians in the aircraft industry that PNLT
- and EPNL do not significantly improve the correlation between the subjective judgement
of hsteners and the calculated annoyance rating of aircraft noise. In some cases, the
‘ scatter in subjective evaluation was increased when PNLT and EPNL were used. Also,
' EPN]}; being dependent on the time the signal is between its peak value and 10dB below
. the peak value, the procedure for estimating EPNL becomes very complicated. The air-
craftjs position and attitude, as well as the directivity pattern and frequency spectrum
of the noise, must be defined since PNLT's are calculated at 1/2 second intervals while
the n?ise is less than 10dB below the peak value. The time between 10dB down points
- may be up to 20 seconds depending on aircraft speed and altitude requiring 41 PNLT
calcuhuons As a consequence, it was decided at Hamilton Standard to select PNL as
the n01se rating scale because: 1) It is a good measure of the relative annoyance of the
‘various aircraft designs considered in this study, 2) It can be estimated by use of a
relatwely simple calculation procedure, and 3) It is a reasonable indication of the sub-
jectiv’e reaction to aircraft noise. The latter is true, since for propcller noise, the
durdtlon correction generally cancels with the tone correction.

The method described above presents a means of calculating propeller noise for a
broad range of design and operating parameters, In order to estimate noise down to
the 65-75 PNL range required in this study, the method has been extended to cover pro-
pellers in the low tipspeed range to the point where the biades become 50 percent stalled.
However, this extension and stall limit concept has been based on minimal test data,
Accordingly, more noise measurements on quiet propellers are urgently needed to pro-

~ vide a thoroughly reliable noise prediction method. Again it should be pointed out that

quiet aircraft may not be achieved by reductions in propeller noise without comparable
reductions in engine noise.

Weight Generalization

"~ An accurate weight generalization of modern aircraft propellers is difficult to
achieve for many reasons, While a propeller may be described generally by several
well-known parameters, the actual design requirements can introduce a wide range of
weights for several propellers all having the same values of these parameters. For
example, the type of control system required, the propeller environment, aircraft
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operating ajrspeeds and attitudes all influence the propeller design and consequently
weight. Thus, only the gross geometric characteristics can be accounted for in any
particular generalization.

In preliminary propeller selection studies, there is a need for some means of es-
timating weight trends and it must be recognized that the final weights may vary sig-
nificantly after all factors have been considered. This contractor has prepared such
weight estimating procedures for various classes of propellers, As an example, weight
estimating formulae are presented on figure 13 for two classes of propellers:

1. Conventional shaft mounted turbo-props with solid aluminum alloy blades,

2. Lightweight propellers with fiberglass-shell, steel-spar blades and integral
gearbox type hubs,

r}

'he propeller geometric parameters (diameter, number of blades, activity factor)

- and operational paramcters (SHP, RPM, Mach number) incorporated in these formulae

are t}le ones which experience has shown to have the most predominant effect on propel-
ler weight and the exponents have been established empirically to best fit the weight

-irends of current Hamilton Standard propeller constructions.

)
H

i
The same technique was used in defining propeller weight formulae for general avi-
l

ation aircraft of the 1970 and 1980 period and is discussed in the following text.

W eight quation for the Present Propellers. - With this successful background in
propeller weight prediction, the same methods were applied to the general aviation pro-
pellers categorized in Table I. Since this contractor has designed and mznufactured
propellers only for aircraft of the fourth and fifth categories, a market survey of gen-
eral aviation propeller manufacturers was conducted to establish weight and cost param-
eters of propellers for the first three aircraft categories as well as to add to these data
for propellers of the fourth and fifth aircraft categories. These data were assembled to
provide a basis for the development of a weight generalization to cover propellers for
all general aviation aircraft categories.

As a result of this survey and existing data at Hamilton Standard, propellers listed
in Tables III and IV were used in defining a new weight generalization equation. The
same exponents are used for the propeller geometric parameters and operating condi-
tion parameters as were generated previously for the conventional solid dural blades
(fig. 13) but with revised constant multipliers, Ky, for counterweighted propellers.
These equations as shown on Table V were found to be valid for the 1970 general avia-
tion propeller categories defined in Table I. Agreement between actual and calculated
weights was good except for one propeller listed in Tables III and IV. In some cases,
the propellers listed were not tailored for minimum weight so they were heavier than

- —
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the weight ca.1¢ulated by the equation This often occurs when the same hub mechanism
is used for several different blade sizes. Each propeller must be designed for minimum
weight for the equations to be effective.

; Weight Equation for Propellers for the 1980 Time Period. - Propellers for the

: 1980's must necessarily be larger, heavier and more costly than present propellers in
order to obtain reductions in noise levels. It was an objective of this study to obtain the
& lowest propeller weights for the 1980 time period commensurate with competitive costs
; in the general aviation market. Weight reduction requires a change in materials, pro-
cesses and/or design concepts within the constraint of acceptable costs. In pursuit of
these objectives, the following material changes were considered:

1. Hard aluminum blades

2. Fiberglass shell and solid aluminum core blades

© 8. Aluminum barrels for propellers applicable to airplanes in Categories OI, IV
and V (Categories I and II are already aluminum).

NP R S VAP TP PURP L I S 3 D P e T2

The following design concept changes were considered:

Gordads

. Integrated propeller and gearbox on geared engines

i e il Sl

1
2, Integral propeller oil reservoir

3. Ini:egral propeller governor control
4

. Double acting hydraulic pitch change system with feathering and pitch lock

Other material and concept changes could be employed for weight reduction (i.e.

; titanium blades and barrels) but these were not considered to be economically feasible

for general aviation in the 1980's. The changes listed above were assessed based on a

cost/weight trade-off for application to propellers in each of the five aircraft categories.
The higher strength hard aluminum material was selected for blades and blade

cores in all five categories based on approximately five percent reduction in blade

weight for a small increase in cost,

Significant weight savings are possible with fiberglass shell and solid aluminum
core blades but the cost based on present manufacturing methods is believed prohibitive
for the general aviation market., Certainly new processes and fabrication methods
can be developed to reduce costs to more acceptable levels before 1980, However, it is
estimated that even these reduced costs would still be approximately twice that of solid
aluminum blades so the fiberglass blades were considered in only Category IV and V
propellers for the 1980's. This is not to say that fiberglass blades could not be incor-
porated in all aircraft categories if the higher cost is acceptable.

"
~
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Aluminum barrels were not utilized in propellers in aircraft Categories I, IV and
V because no weight reduction was obtained in these larger propellers and the cost re-
duction was negligible,

Integration of the propeller, including oil reservoir and control, with the engine
gearbox has been used to advantage for cost and weight reduction on high-powered pro-
pulsion systems hut the complexity of such a concept study was found to be outside the
scope of this general aviation program, The benefits of such a concept are considered

to be significant and a separate study in close cooperation with the engine manufacturer
is recommended. :

A significant weight saving is gained in larger propellers by replacing blade counter-
weights with a double acting pitch change system. This concept was incorporated in the
Category V propeller,

' As a result of this study, the constant multiplier in the generalized weight equation
was reduced in Categories IV and V for 1980 over the 1970 factors. These are shown
on Table V. It should be noted that the weights do not include deicing, spinner and
governor. Weights of blade deicing and spinner were not included in the generalized
weight equation because they are optional components not universally used on all propel-
lers. Governor weight was not included hecause seversal different types of governors of
different weight can be used on aircraft in the same category. Moreover, these are
often provided by the engine manufacturer.

These generalized weight equations have been established to indicate the weight
trends with variations in propeller geometric shape parameters. In a later section of this
report, representative propellers have been selected from the sensitivity study for each of
the aircraft categories, and a detail concept design has been undertaken for each of these

propellers and the weights precisely established. The accuracy of the weight generalization
is assessed by a comparison with these weights.

Cost Generalization

Selling price is the least adaptable to generalization of all items in this study be~
cause prices are negotiable and manufacturers' cost structures differ. Because of this,
the generalized cost equation for the sensitivity studies was derived using the cost to the
aircraft original equipment manufacturer, O.E, M. as a base. A more definitive base
would be the inherent time, i.e. number of hours required to manufacture a propeller.
This would eliminate the variables inherent in the overhead and profit margin factors
used to convert inherent time into sell price. The disadvantage with this method of cost
generalization is that the inherent cost of a product includes purchased parts, material
and labor. These items do not convert readily from price to a time basis because pur-
chased parts cost depends upon overall usage. Parts costs increase as usage digresses

~—
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from universal use in several industries to use in propcllers only or to use in only cer-
tain propeller models. The use of original equipment manufacturer, O.E.M. , cost as
a base avoids the problems associated with these variables,

Cost Equation for Propellers in 1969, - End user price lists and weights wore ob-
tained for representative industry propellers in the five aireraft categories being studi-
ed, Original équipment manufacturer, O.E. M. costs were estimated by taking 60% of
the list prices. This percentage is only an assumed value for this study and can he
varied by the user. The prices and weights for selected propeller models are listed in
Table VI. The price and weight figures were averaged for each caicgory and were used
in conjunction with an 89% learning curve (fig. 14) to define costs as shown below:

C = ZF (389.75 + E)

C1=F (380.75 + g)

where:
C = average O.E.M. propcller cost for a number of units per vear, $/1b,
C1 = single unit O.E, M. propeller cost, $/1bh.

p = LF

f) = me—

LFy
LT = learning curve factor for a number of units/year.
LFl = learning curve factor for a single unit.
B= ;luanber of blades.
F= éingle unit cost factor,
E = empirical factor.
The factor E is an empirical function of category only whereas the factor F is a
function of single unit cost. A private market survey was used to obtain the number of

propellers supplied by a typical manufacturer in 1969 and that projected for 1980

(APPENDIX C, Table 1C). F and E factors are defined in Table VII for each propeller
category in 1969 and 1980,
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l Cost Equation ior "I'f_':‘wellers of the 1980 Time Period, - Cost predictions for the

+ 1980 time period must reilect the projected change in yearly units manufactured by a
single supplier and changes in materials, processes and design concept between 1969
and the 1980 time period. At this time, it does not appear that any change in materials
is justified for Categories I, II and II for the 1980 propellers. Also, it is not possible
to predict any significant improvements in design concepts or manufacturing processes
otherthan those represented by the learning curve. Thus, in CategoriesI, II and I,
the F-factors for 1980 are shown to be identical to the established 1969 values. How-~
evlar, for Categories IV and V, there is a substantial increase in the 1980 F-factors due
principally to the change to the lightweight, but higher-cost fiberglass shell blade. It
should be recognized that the actual cost comparison between 1980 and 1969 will be more
favorable than the relative F-factors due to the offsetting effects of the reduced weight
and improved learning factors due to increased production rates, The factors for Cate-
gories IV and V were specifically modified for the following changes in materials and

design concepts which will be discussed in the section on Propeller Hardware Concept
Study. .

1. Blades incorporating a fiberglass reinforced plastic shell with solid aluminum
core construction were projected for use in propellers in Categories IV and V
for the 1980 time period.

2. A double-acting governor and pitch change actuator system was assigned to the
Category V propeller to replace counterweights and spring packs but adding a
retractable take-off stop and pitch lock.

Factors for all categories are listed with the generalized cost equation in Table VIIL.
Propeller design changes for 1980 discussed above are not necessarily the only changes
which were incorporated during the detailed concept phase of this study, but they repre-
_sent modifications that can be incorporated by any manufacturer.

This cost equation is quite simplified, but correlates sufficiently well with the avail-

able industry price data to serve as a proper basis for the sensitivity study., The com-
puter program presents the cost on the basis of a unit cost plus a learning curve., A

learning curve slope of 89 percent was assumed for this study although this can be al-
tered by the user,

- 25
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Computer Program

The performance generalization for conventional propellers and multi-bladed pro-
pellers and the corresponding noise, weight and cost generalizations described in the
previous text have been computerized, The computer program has been coded in

FORTRAN V and has been run on the UNIVAC

1108. With this computer program, the

aforementioned propeller characteristics can be readily calculated for a range of pro-

peller geometries and operating conditions,
The required inputs are the following:
Propelier

. Diameter range

1
2
3. AF range (80-200)
4. CLi = 0.5

Operating condition (maximum of 10)

- Number of blades range (2-8)

1. I-Ioréepower or thrust

; 2. Altitude, ft

| 3. Velocity, knots

1 4. Temperature, °F

;‘ 5. Tipspeed range

Other
) 1. Number of engines

2. Coordinate of field point for noise computation
3. Airplane classification (1 through 5)
4. Flight design Mach number
9. Performance computation options
6. Cost combutation options

‘There are three performance computation options available, First, if an engine is
specified, then the operating condition is defined with the horsepower and the corre-

sponding propeller thrust is computed. Second

26
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defined, then the thrust is included as input and the horsepower is computed, thus indi-
cating engine size. Third, for operating conditions defined by horsepower or thrust,

it is possible to define the tipspeed corresponding to 50% stall. This would be the tip-
speed for minimum noise. Cost can be computed based on the 89% slope learning curve
and the unit costs and quantities selected by Hamilton Standard from available surveys
as discussed in the cost generalization section. There are the options of varying learn-
ing curve, unit costs, and quantities.

A sample print out is included as Table VIII. The output consists of performance,
weight, and cost per propeller and the noise per airplane since it is adjusted for num-
ber of engines. The weight and cost for both 1970 and 1980 time periods are included.
The corresponding blade angle for each performance point is printed out for the fixed
pitch propeller application. The asterisks under PNL heading specify that for this con-
dition the propeller is more than 50% stalled, As was specified in the section on noise
generalization, it is recommended that the propellers be selected which do not exceed
the 50% stall limit, The asterisks under the thrust heading indicate that the condition is
beyond the limits of the generalization, As additional information, compressibility cor-
rection factor, Ft, frec stream Mach number, M, advance ratio, J, power coefficient,
Cp, and thrust coefficient, Cp, are included on the print out. For example, from an
examination of these parameters, an indication of the presence and magnitude of com-
pressibility losses and the blade loading characteristics may be established.

The program is coded in FORTRAN V and has been run on a UNIVAC 1108, Approx-

imately 2000 performance points can be computed per minute. A list of the program
and pertinent input-output instructions are included as APPENDIX D.

SENSITIVITY STUDIES

Conventional and Multi-Bladed Propellers

Having developed a computer program incorporating the propeller performance,
noise, weight, and cost criteria derived under this program, a sensitivity study was
undertaken to evaluate the trade~offs among these factors for propeller configurations
applicable to the representative aircraft from each general category described in Tables
Iand II. As specified in RFP A-15989 (HK-5) dated 18 December 1969, the trade-off
studies were targeted at noise level objectives down to the range of 65 to 756 PNL at a
distance of 500 ft at maximum power. For these studies, only the isolated propeller
was considered. The aircraft and engine parameters were not varied and have been in-
cluded only as implied by the operating conditions specified for each aircraft. The re-
sults of the studies covering the propellers for the representative aircraft of Categories
I through V as defined in Table I are discussed below.
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For each aircraft a study was made for a series of propellers incorporating varia-
tions in diameter, number of blades from 2 to 8, blade activity factor from 100-200 all
at the same integrated design lift coefficient of 0.5 as explained previously. For Cate-
gory I, an activity factor range of 80-200 was used. To investigate noise levels down to
the 65-75 PNL range, a tipspeed range from 350 ft/sec to 900 ft/sec was examined.

The parametric studies were made using the computer program previously discussed
under the section on Technology Identification. Performance has been computed for the
‘take-off, climb and cruise regimes as defined on Table II. The corresponding 500 foot
side line noise (PNL) for the take-off condition was computed with the minimum tipspeed
limited by the 50% propeller stall criteria. The weight and cost are based on 1980 tech-
‘nology. For each aircraft category, the 1970 technology weight and costs are included

on the curves corresponding to the number of blades and activity factor of the propeller
currently on the aircraft.

Curves of performance (T'.0., climb, and cruise), noise, weight and cost were
plotted versus tipspeed for constant values of diameter for a range of activity factors
and number of blades. The data for 2, 4 and 6-bladcd propellers were plotted on fig-
ures 15, 16, and 17 for the Piper Cherokee, For the fixed pitch propellers associated
with aircraft Category I, propeller blade angles as independent variables have been in~
cluded on the performance curves. Thus, the blade angle providing the best perfor-
mance compromise for take-off, climb and cruise can be selected as desired by the
particular operator. Similar data for 2, 4, and 6-bladed propellers werc plotted on
figures 18, 19, and 20 for the Cessna 210J Centurion Category II aircraft and on figures
21, 22, and 23 for the Beech Baron B55, Category IIT aircraft. The same data for 3,

4 and 6-bladed propellers were plotted on figures 24, 25, and 26 for the Category IV
Beech Queen Air and on figures 27, 28, and 29 for the Category V Delavilland Twin
Otter. The 8-bladed propeller data were not included because of thoir excessively high
propeller costs for minimal noise and performance gains, -‘As a reference, the present
day propeller configuration was noted on the chart with the appropriate propelier number
of blades. The required thrust at cruise is not tabulated in Table I1, but it"can be found
from these reference points. It should be noted that Table II was set up to establish

“-approximate values of aircraft thrust requirements at key operating conditions to set up

constraints for the sensitivity studies. The actual thrust requirements for each of the

' . aircraft will differ in varying degrees from the Table II data, but the important point is
* that the constraints of required thrust at takeoff, climb, and cruise must be considered
- in evaluating the tradeoffs for low noise propellers. :

From an inspection of these sensitivity studies, the effect of the primafy geometric

and operating parameters inherent to each of the five aircraft applications are discussed
below.
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. Noise

. 1. Tipspeed ~ It is expected that the slope of the noise curves with tipspeed
would tend to flatten out at the lower tipspeeds as stall approaches 50% of
_ the blade radius. However, as was discussed in the section on Noise

& e Generalization, the noise characteristics of propellers operating in the

‘ very low tipspeed range have not been clearly established. Accordingly,

i : the curves were conservatively terminated at the tipspeed corresponding

; to 509% blade stall. An approximate 6 PNdB reduction in PNL per 100 ft/
sec reduction in tipspeed can be obtained as long as the propeller is oper-
ating with no stall outboard of the 50% radius.

PSRN

2, Diameter - For a given tipspeed, there is a further 1.5 PNdB rcduction
. per foot increase in diameter, Furthermore, increasing diameter per-

| mits operating at a lower tipspeed before 50% stall occurs and conse~

\ quently results in further noise reduction.
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3. Number of blades - A 3 PNdB reduction in PNL is attained by the ad
of a blade, Furthermore, with increased number of blades, it is po
to operate at a reduced tipspeed hefore 50% stall occurs.
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Activity factor - By increasing AF, it is possible to operate at a lower
tipspeed before the propeller is 50% stalled and consequently somewhat
lower noise levels are attainable.

In summary, on the basis of the above discussion, minimum perceived ncise level
is obtained by reducing tipspeed, and increasing diameter, number of blades, and
activity factor relative to the present propeller corfigurations.

AL A R o a0 0

Performance

1. Tipspeed - For a given propeller configutation (i.e. diameter, number of
: . ' blades, and activity factor) peak performance is obtained at the tipspeed

' where the propeller is operating at blade sectional angles of attack cor-
responding to maximum lift {o drag ratios. At the tipspeeds below this
optimum and corresponding to the lower noise levels, efficiency is reduced,
resulting in the need to increase diameter, activity factor and or number
of blades to attain the performance levels obtained at the higher tipspeed.

' 2. Diameter - At the lower tipspeeds corresponding to reduced noise levels,
- . performance increases as diameter increases.

o 29
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Number of blades - The addition of more blades also increases perfor-
mance at the lower tipspeed.

Activity factor - Increases in activity factor at the lower tipspeeds result
in better performance.

In summary, as noted in the noise discussion for the reduced tipspeeds required
for low perceived noise levels, increases in diameter, number of blades and activ-
ity factor are required to maintain performance as well as to reduce noise.

Weight and Cost

1,

2,

4.

Tipspeed - Weight and cost reductions can be obtained by reducing tipspeed.

Diameter - The increases in diameter required to meet the low noise ob-
jectived for the 1980 time period and the performance requirements, will
result in increased propeller weight and cost,

Number of blades - Increase in number of blades to offset at least in part
the diameter increases required for quiet propellers will also result in

increases in weight and cost.

Activity factor - Weight and cost increase with increases in activity factor,

Thus, for the reduced tipspeeds, increases in diameter, activity factor, and num-
- ber of blades required to attain the significantly lower noise levels and the required
performance of the 1980 propeliers result in increased cost and weight.

Ogtiinum Low Noise Propeller

The optimum propeller for the aircraft can be obtained from these curves depending
upon the relative importance of performance, noise, weight and cost to the aircraft
owner. As an indication of how these trade-off studies can be made, for the Cessna
210J, curves of propeller performance, noise, weight and cost were plotted on the as-
sumption that the propeller is always operating at the tipspeed corresponding to 50%
-stall at take-off and consequently minimum noise. These are plotted as functions of
‘diameter, activity factor and number of blades on figure 30. From plots such as these,
‘the operator can judge the effect of these trade-off parameters and decide upon an opti-
mum propeller configuration which best fits his requirement.

30



AL A T e g

R S IR o S

¥l Lo R s

R R R e

Changes in Integrated Lift Coefficient

Although as previously noted, an integrated design lift coefficient adjustment has
not been included in the generalized performance computer program, the effect of in-
tegrated design lift coefficient for a sample case has been shown, A sensitivity study
was made for the Category II Cessna 210J airplane with a 4-bladed propeller witha 0.7
integrated design lift coefficient and plotted on figure 31, The performance computa-
tions were made utilizing the Contractor's propeller performance computer program
which was used in deriving the generalized performance for the study., Weight and cost
are not functions of integrated design lift coefficient. Consequently, the values are the
same as for the corresponding propellers shown on figure 19. Noise is only a function
of integrated design lift coefficient in that, with increases in this parameter for the
same activity factor, the 50% stall criteria occurs at a lower tipspeed with correspon-
dingly lower levels of perceived noise.

As an example of possible ways of evaluating this effect, activity factor and inte-
grated design lift coefficient, Cy; variations for 4-bladed, 8 ft. diameter propellers for
the Cessna 210J operating at 400 ft/sec at take-off are shown on figure 32. The follow-

ing evaluation was made from these data based on constant take-off performance.
]

CLi/AF 0.5/190 0.7/156 0,3/164 0.5/150 0.7/129

T.0. Thrust 900 900 820 820 820
(300 SHP-400 ft/sec -S.L.-71.2 Knots)

Climb Thrust 742 730 676 710 708
(285 SHP-3178 ft/sec-S,L.-95.5 Knots)

Cruise Thrust 372 364 363 370 364
(214 SHP-346 ft/sec-7500'~163.2 Knots)

PNL | 75 76 75.5 - 76 77.5
‘Weight 114 90 95 86 76

|
Cost 1060 920 950 885 790

It can be seen that for the same take-off performance, reductions in activity factor are
possible with increases in integrated design lift coefficient. Consequently, weight re-

ductions of up to 20% can be realized and cost reductions of up to 10% are realized for

essentially the same noise at the expense of some loss in cruise performance.

Similar studies can be made to investigate the effects of increasing integrated de-
sign lift coefficient on diameter from the data presented on figure 19 and figure 31.

31
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Summary

|
!\ It is immediately apparent from an inspection of these sensitivity data that to achieve
significant reductions in perceived noise levels leads to low tipspeed propellers with
appreciable increases in overall size, weight and cost. The reality of such drastic
changes in general aviation propellers is dependent entirely upoﬁ how stringent the anti-
noise requirements may be by the 1980 period, Moreover, it should be apparent that
these large changes in propeller configuration and operating tipspeeds required to at-
tam low noise levels imply significant modifications to the engines to provide the asso-
ciated large reductions in propeller shaft speed and probably to the aircraft to accom-
modate these propellers. Thus, while the effect of low noise propellers on engine and
air<';raft design is beyond the scope of this study, it is obvious that this will need to be
thoroughly investigated by engine and aircraft manufacturers before the requirement

for quiet propellers can be completely assessed. Moreover, the contribution of the en-
gine and aircraft to total aircraft noise needs to be evaluated. Thus, it is evident that
the impact of the possible noise restrictions in the 1980 period on general aviation will

have a significant effect on the design and cost of the entire aircraft to a degree depen-
dent on the severity of the restrictions.

The sensitivity studies discussed above were all based on using the same horse-

~power as is presently available on the aircraft, Another approach would be fo define a °

take-off thrust requirement and to conduct a sensitivity study to select an optimum tip-
speed, horsepower andpropeller to meet the noise and performance requirements.
Thus, an engine size as well as a propeller size could be defined, These analytical _
procedures (APPENDICES A and B) and the corresponding computer program (APPEN-
DIX D) provide the capability of undertaking sensitivity studies similar to the ones ac-
complished herein for establishing the optimum propeller configuration for any aircraft
on'the basis of the trade-off criteria specified by the user,

Other Concepts

Variable Camber Propellers. - The Variable Camber propeller was déveloped by
Hamilton Standard as an effective solution to the special aircraft problem of stringent

. performance requirements at more than one operating condition, ‘A preliminary look at

the application of this propeller concept to general aviation aircraft indicated no signif--

.. icant performance and noise advantage with a considerable increase in weight and cost.

Consequently, this concept was not further considered in this study. However, partic-
ularly for the large aircraft, if the cruise speed should increase significantly, this con-
cept should be given further consideration.

Engine Revisions Required to Reduce Propeller Noise. - Early in the sensitivity
study it became apparent that large reductions in propeller rpm would be required to
reduce noise level. The question of cost and weight change associated with modifica-
tions to the engine then became of interest. A definitive answer to this question re-
quires study by engine manufacturers and cannot be provided within the scope of this
study, but a preliminary examination of a typical engine modification and the impact on
total engine weight was made, : ‘

l ) . e \_\
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| Direct drive pistcii en: -+¢s must have reduction gearing incorporated and geared
engines must have larger gear ratios in order to attain the very low tipspeeds required
for quiet propellers. Small gear reduction ratios (up to approximately 2:1) can be at-
tained by either incorporating or modifying existing simple spur gear trains., Higher
gear ratios (approximately 4:1) require more complex gear trains; i.e., compound spur
or {‘nulti~stage' and pianetary. ‘ i

Figure 33 shows a preliminary sketch of typical modifications proposed for the gear
train of the Continental Tiara 6-260A engine to obtain a relatively small change in gear °
reduction. The cam shaft of the present engine configuration is driven directly from the
propeller shaft by a spline. In the modified version, the propeller drive shaft would be -
spaced further away from the engine shaft to increase the ratio of the drive gears. This
requires that the cam shaft be supported on a separate bearing and driven by a single
mesh spur gear train at its original speed of twice engine rpm. More axial space is
required to install this additional gear train. Since the cam shaft and propeller shaft
are no longer in line, oil for the propeller must be transferred from the cam shaft to the
propeller shaft by a bent tube or manifold. A larger gearcase housing is then required
to enclose the modified gear train, These engine changes reduce propeller noise but do
not necassarily reduce engine noise. Higher gear ratios would require more extensive
modifications to the engine than those described above.

A preliminary study was also made to assess the effect of propeller speed on engine
and gearbox weights. The Cessna 210J airplane from Category II with a 285 horsepower
engine was used as an example, The present engine on this airplane is the Continental
10-520-A. The Continental 6-285A geared engine was selected for the lower propeller
tipspecd applications. Data for these engines is shown in the following table:

Engine Cyl. Horsepower ERPM Weight Drive
10-520A 6 285 2700 471 direct
- 6-285A 6 285 4000 354 - geared

Weight of the basic 6-285A engine without gearing was estimated using an approx-
imate equation for gearbox weight developed by this Contractor for higher power engines.
This equation relates gearbox weight to propeller torque as shown below:

W =0.10 Q0.84

, where: W = weight of gearbox, lb
!
Q = propeller torque, ft-lb
’ e \"\\
! | - ///
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Using the Continental 6-2- A engine for a 95 PNL propeller driven at 2000 RPM, the
gearbox weight was calculated to be 26 pounds resulting in a basic engine weight of

354 - 26 =328 pounds, The following table shows total geared engine weights for four
PNL values for the 210J airplane using the above equation for gearbox weight.

1

L . Prop. Engine Weights
{PNdB HP  PRPM Torgue ERPM G/R Torque Eng G/B Total
1) | 102 285 2700 555 2700 1:1 555 471 0 4711
2 i 95 285 2000 748 4000 2:1 373 328 26 354
3) 85 285 1700 882 4000  2,35:1 373 328 30 358
4) 75 285 1000 1500 4000 4:1 373 328 47 375

Although the lower propeller rpm required to reduce noise levels called for reduc-
tion gearing, the engine rpm has been increased over that of a direct-drive engine.
Therefore, for the same horsepower, the torque requirement of the engine was reduced
and the engine weight decreased more than the additional weight associated with reduc-
tion gearing. This resulted in a lighter overall powerplant,

This study is preliminary in nature and applies only to a narrow range of engine
powers. No cost estimates were made for this study.. Accordingly, it is evident that a
detailed study of weight and cost variations in general aviation reciprocating engines

{ . s e .
must be made to thoroughly assess the engine revisions required to accommodate low
noise propellers.

Integrated Gearbox and Propeller, - An additional weight and cost saving can be
gained by making the propeller barrel integral with the engine drive shaft on geared
engines and combining the gearing, propeller oil reservoir and control into an integrated
assembly. The major weight and cost saving results from elimination of the propeller
attaching flanges on the propeller and engine shaft. This would be more advantageous

- for the higher powered aircraft. "

Prop-Tan Propulsion System. - An interesting new propulsion concept currently
being extensively studied by this Contractor for application to large STOL aircraft and

which has several attractive features desirable for general aviation aircraft propulsors

including low noise characteristics is the Prop-Fan. As its name implies, the Prop-
Fan lies intermediate in the propulsion spectrum between propellers and fans and is
aimed at combining the good take-off and reverse performance and low noise levels of

- the propeller with the favorable high speed cruise performance and compact size of the

fan. This propulsion concept includes a ducted, multiblade, variable pitch fan which

can be coupled to a suitable powerplant. Characteristically, the Prop-Fan is a compact,

small diameter machine with good performance over a broad flight spectrum and with
i _
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ilow noise production which when matched to a lightweight powerplant could be an attrac-
tive, geometrically compatible, low noise lightweight propulsion package for general
aviation aircraft. Accordingly, a brief study of this concept has been undertaken herein
to provide more specific visibility as to its potential application to the rather small air-
craft included in general aviation,

i

| As can be seen from an inspection of the propeller sensitivity study curves, the
65-75 PNdB ncise level is attainable only by appreciable increases in diameter, number
of l{)]ades, and activity factor along with large reductions in tipspeeds. Propellers with
these large geometric proportions will be heavier and generally less compatible with the
geometries of the rather small aircraft included in general aviation than existing pro-
peller installations. In view of the attractive compactness and low noise characteristics
of the Prop-Fan propulsor concept, a preliminary study has been undertaken to compare
the size, weight, performance and noise characteristics of a Prop-Fan propulsion sys-

tem to a quiet propeller propulsion system both targeted for 75 PNdB at 500 feet and
based on one of the study aircraft. :

Since the forecasts predict that the largest portion of the general aviation fleet in
the 1980 time period will be the Category II aircraft, the Cessna 210J Centurion was
chosen as the Prop-Fan study aircraft. The 4-bladed, 8-foot diameter propeller in-
corporating blades of 150 activity factor and 0.5 integrated design lift coefficient selec-
ted by A, C. M. D. for the hardware conceptual design study is the comparator quiet pro-
pcller along with the current propeller installation. The approach then is to compare
th'e low noise propulsors and the current propeller installation with each sized to meet
the Cessna 210J performance reguirements.

As a first step in establishing a Prop-Fan configuration for this comparison, a plot
of horsepower required for the take-off thrust and the corresponding perceived noise
level as a function of diameter for a representative 8-bladed Prop-Fan was prepared to
permit the selection of a suitable diameter, From these data presented in figure 34, a

‘3.5-foot diameter was selected as the basis for a more detailed sensitivity study. The
~ effect of tipspeed and blade activity factor on performance (T.O., climb and cruise)
and noise at 500 feet during take-off is presented in figure 35 along with similar data on
the above quiet propeller. From an inspection of this figure, it is apparent that a 3.5-
ft diameter/8-bladed/1100 total activity factor/0.35 CL,; Prop-Fan is aerodynamically
and acoustically (in terms of PNL) similar to the 8-foot diameter/4-bladed/600 total
activity factor/0.5 Cy,; quiet propeller. However the spacial envelope of these two pro-
pulsors are grossly different. A sketch showing the comparative size of the present
propeller on the Cessna 210J which produces 105 PNdB at 500 ft at the take-~off condi-
tion, the quiet conventional propeller and the Prop-Fan required to reduce the per-
ceived noise level to 75 PNAB is shown in figure 36 along with other pertinent data.
From a study of this figure, the huge differences in the size of the three propulsors is
immediately apparent. Moreover, it may be noted that while the Prop-Fan weight (106

| | T~
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\pounds) is nearly {rie the of the present propeller weight (65 pounds), it is signifi-
jcantly lighter than the quic:? propelier (133 pounds). However, the Prop-Fan requires
approximately 10 percent more power for the same performance than either convention-
al propeller. On the other hand, the weight of the large gear reduction required for the
quiet propeller for reduced noise level may be eliminated for the Prop~Fan system
since with its small diameter, the fan will operate at the desired low tipspeeds at RPM
levels similar to the erankshaft speeds of todays high speed, lightweight reciprocating
engines. Thus, the total propulsion package of tomorrow's quiet Prop-Fan propulsion
sy#em may actually be substantially less than today's propulsion system.

" In order to obtain a clearer perspective of this promising possibility, the two quiet
propulsors were compared to the present propulsor on a total propulsion package weight
basis. Utilizing the lightweight engine concept discussed previously and the Prop-Fan
performance data presented in figure 36, the 3.5-foot diameter Prop-Fan selected
above, directly driven by a 330 shaft horsepower reciprocating engine, and turning at
4000 rpm adequately fulfills the performance requirernents of the Cessna 210J aircraft
and meets the low noise objectives of this study with a significant reduction in the total
propulsion system weight compared to that of the present propulsion package, Similar-
ly, aiotal package weight was derived for the 8-foot diameter quist propeller propulsion
system. For both quiet propulsors, the Continental 6-285A basic engine weight as de-
rived in the previous section was scaled for the power required on the conservative as-
sumption that the weight is proportional to engine torque. On this Lasis, the weights of
the two quiet propulsion systems were derived and compared with the present propul-
sion system in Table IX. While it is recognized that these weights do not necessarily
coi‘respond to actual engines, the trend with crankshaft speed appears to be of the cor-
rect order.

From Table IX, it is shown that for essentially equal performance and ncarly 30
PNdB reduction in perceived noise level, the Prop-Fan system is approximately 4.5
percent lighter than the present propulsion system and nearly 8 percent lighter than the
equally quiet larger diameter propeller propulsion system. Even greater weight savings

. may be realized by further increasing engine speed with a small reduction gear. Thus,

the selection of the optimum engine for the Prop-Fan needs to be studied in detail by the
engine manufacturer. :

On the basis of this cursory study, the Prop-Fan propulsion system appears to be
an attractive solution for the low noise restriction which may be imposed on general
aviation aircraft of the 1980 time period. It should be emphasized that these weight
estimations were based on only one sample Prop-Fan and only a few engines listed in
recent periodicals (ref, 4). Moreover, no realistic cost estimates could be made at
this time for this concept. Although on a dollars per pound basis, the comparative
weights would indicate that the costs would be competitive to present propulsion sys-
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tems, Inview of the foregoing discussions, a thorough, detailed study of the Prop-Fan

. propulsion system needs to be undertaken including the performance, noise, weight and

| cost characteristics and future general aviation reciprocating engines, as influenced by
) | the requirement for noise levels in the 70-80 PNI, at 500~foot range. Further, the

+ study should be of sufficient scope to include the turbo -prop and the promising light-

5. weight Wanke! rotary combustion engine. Although the high cost of these engine types
i makes them less attractive today than the advanced reciprocating engines, with contin-
% . ued development and increased production, both types may become more competitive,
3 N .
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i ADVANCED PROPELLER DESIGN CONCEPT STUDY
Propeller Selections for Conceptual Design Study
From the basic sensitivity study data covering a family of propeller geometries for

the representative aircraft of Categories I - V, Advanced Concepts and Mission Division .
selected the following representative propellers for the conceptual design studies:

Current No.
Category Aircraft Diam  Diam Blades ‘AF Tipspeed T.O. Thrust PNL
(ft) () (ft/sec) (pounds)

1T Cessna 210J 6.8 8.0 4 150 400 820 76
Centurion

IV Beech 7.75 9.0 3 150 580 2060 87
Queen Air

\'% DeHavilland 8.0 10,0 4 150 . 450 3520 83
) Twin Otter

. Propeller Hardware Concept Study
This design study was conducted to generate conceptual drawings of low noise level
propellers in sufficient detail to permit calculation of weight and cost figures for valida-
tion of weight and cost generalized equations incorporated in the computer program
previously discussed under the section on Technology Identification. The representative
propeller parameters for Categories II, IV and V listed in the previous section were
used in this study. Advanced blade materials were incorporated where economically
feasible (Categories IV and V) and a double-acting pitch change system with protective

~ pitch lock and take-off stop was incorporated in Category V to reduce weight.

The low rpm required for low noise level introduces a blade retention loading con-
dition which is peculiar to this family of propellers. The low centrifugal load acting on
the blade due to low rpm is insufficient to keep the blade seated in the simple single row
ball retention under moment loading. This is called a "rocking" condition which must
be corrected by sizing the blade retention bearing diameter larger than is normally re-
quired for centrifugal load capacity. A weight penalty is incurred by this oversize re-
tention which is not encountered in present propellers. The weight penalty is still less
than that associated with adding another retention bearing to react blade moments. The
introduction of lightweight blades in Category IV and V propellers tends to accentuate
this "rocking" condition since even lower centrifugal loads are generated.

 —



The hardware conceptual designs are discussed below for each representative pro-
peller sclected by A.C. M.D,

Category II. - This is a 4-bladed constant speed, nonfeathering, nonreversing pro-
peller design using parameters for the single-engine Cessnz 210J aircraft., A sectional
drawing and a hydraulic schematic of this propeller are shown in figures 37 and 38
respectively. The blades are made from solid aluminum forgings for low cost and the
barrel, pitch change piston and dome are also made from aluminum forgings for low
cost and low weight. A simple ball retention is provided for the blades which includes
steel race inserts and a nylon ball separator cage. A split aluminum blade clamp holds
the bladc against the retention bearing statically and at low RPM. In operation, the
blade is loaded centrifugally against the bearing.

Pitch change is accomplished by motion of the piston transferred to a crank pin on
the blade by a simple steel connecting link with bronze bushings. The piston is single-
acting and pressurized on the forward side toward high pitch and it reacts against blade
and sprirg loads tending to move toward low pitch. Engine 0il under pressure is sup-
plied to the piston from the enginc-mounted, single-acting governor through a transfer
tube in the engine shaft. A spring acting between the piston and the barrel insures that
the blades will move to flat pitch under all operating conditions in case of hydraulic
pressure loss.

Piston torque is reacted by the ends of the piston link pins sliding in a slotted steel
ring bolted to the barrel. A fiberglass reinforced plastic spinner is shown but is not
included in the cost and weight cquations since spinners are optional and are not install-
ed on all propellers. Sufficient oil is carried in the barrel cavity to lubricate the blade
retention bearings and the pitch change link pin bushings. Blade angle range is 50 de-
grees measured from flat pitch,

Category IV. - This is a 3-bladed, constant speed, full feathering, nonreversing
propeller design using parameters for the twin-engine Beech Queen Air asircraft, A
sectional drawing and a hydraulic schematic of this propeller are shown in figures 39
and 40 respectively. Blade construction incorporates a solid aluminum core with rein-
forced composite shell for low weight. Blade weight and cost are based on solid alumi-
hum core and fiberglass reinforced epoxy shell material, but other more advanced fiber
composite materials could be used based on additional study to evaluate their cost ef-
fectiveness (APPENDIX E). A simple ball bearing type blade retention incorporates a
hardened outer race integral with the steel barrel, a steel inner race insert on the alu-
minum blade core-and a nylon ball separator cage. A split aluminum blade clamp posi-
tions the blade against the retention bearing for static and low rpm operation. A rubber
lip seal under the blade clamp seals lubrication oil inside the barrel.

T NN e et s e
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The blades are counterweighted toward high pitch. This, in conjunction with
springs which load the pitch change piston toward high pitch, permits the blades to move
to full feather position in case of hydraulic pressure loss. The piston is single-acting

e

and is pressurized on the inboard side toward low pitch and reacts against net counter-

| weight and spring loads toward high pitch. Pressurized engine oil is supplied to the

piston from the cngine-mounted, single-acting governor through a transfer tube in the
engine shaft., Pitch change is accomplished by motion of the piston transferred to a

' crank pin roller on the blade through a steel yoke fastened to the piston with a thread.

. Yoke torque is reacted by a slotted yoke-mounted arm sliding on a guide rod in the bar-
rel, iThe yoke is straddle-supported on two bulkheads in the barrel, and the aluminum
piston has seal clearance with the aluminum dome shell.

; be fiberglass-reinforced plastic spinner is not included in the weight and cost
’ equajions. Lubricating oil is carried in the barrel cavity at sufficient level to cover the

. blad  retention bearings and the crank pin rollers. The blade angle range is 80 degrees
| meas"ured from flat pitch.

‘ Alategory V. - This 4-bladed, ccnstant speed, full feathering and reversing propel-
ler is designed using parameters for the DeHavilland Twin Otter aircraft. A sectional
drawing and hydraulic schematic of the propeller arc shown in figures 41 and 42 re-
‘spectively. The blades incorporate the same aluminuin core, fiberglass reinforced
epoxy shell construction as the Category IV propeller except there are no counter-
weights. The weight of counterweights for a propeller this size becomes prohibitive,
|
The blade retention incorporates the integral ball race in a steel barrel as in Cate-

gory IV but it was necessary to incorporate a full race configuration to aid in reacting
moment loads that would unseat the ball bearing. The blade "rocking" condition was of
sufficient magnitude in this propeller that enlarging the retention bearing diameter suf-
ficiently to react the moments incurred a prohibitive weight penalty. A lip seal is
mounted below the retention bearing and the bearing is grease-packed to save the weight
of lubricating oil in the barrel cavity with the complex sealing configuration that would
. ‘be required around the pitch change links. An outer lip seal is also provided and ball

loading holes and plugs are provided in the barrel to permit the bearing to be assembled.

The pitch change actuator has double 4acting pistons pressurized to move the blades
toward both high and low pitch. Two aluminum pistons translate in a steel cylinder with
a stationary steel bulkhead separating them. The length to diameter ratio of the actu-
ator is such that mounting it inside the barrel under the blades is desirable for low -
weight. The blades are then actuated by spherical rod-end links from piston pins to
crank pins on the blades. The spherical bearings are lined with reinforced Teflon so
that no lubrication is required. Spherical link bearings were selected to facilitate blade
installation without removing the actuator. The actuator is supported on the barrel
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flange at the rear and on a barrel-mounted aluminum bulkhead at the f.ront end. This
Iulkhead also reacts piston torque with a sliding spline and provides clearance holes for
the blade links,

A four-way control valve spool is mounted inside the actuator piston hub and meters
oil to either the high or low pitch piston. The valve is actuated by an Acme-threaded
screw driven by a gear motor which receives a hydraulic signal from the engine-
mounted, double-acting governor. The screw is grounded axially to the barrel through
the motor housing and acts as an in-place pitch lock towards low pitch in the event of
pitch change pressure loss, Since the screw, valve and actuator piston move together
axially upon signal from the gear motor, a small gap is maintained between the screw
and piston at all times. Upon loss of pitch change pressure in the positive blade angle
flight range, the blades are prevented from moving toward low pitch except for the few
degrees represented by the piston-to-screw gap.

The fiberglass reinforced plastic spinner, being optional equipment, is not included
in the cost and weight equations,

An electric motor-driven auxiliary pump provides pressurized oil to move the
blades to full-feather blade angle as the normal engine-driven pump becomes inactive
due to low engine rpm during the feathering operation,

One side of the hydraulic pitch change motor is subjected to pressure maintained at
one half pump supply pressure by a regulating valve at all blade angles above the low
pitch take-off angle. This half supply pressure is biased on the other side of the motor
by metered pressure from the single-acting governor either higher or lower than the
half supply pressure to move toward high and low pitch, respectively. At the low pitch
stop take-off angle, an extension of the piston de-activates the half-pressure valve to
halance the pressures on each side of the pitch change motor preventing blade motion
from this low pitch stop angle. -

Reversing is accomplished by actuating the reversing lever which activates a re-
versing regulating valve maintaining half supply pressure on the low pitch side of the
hydraulic pitch change motor. The lever also moves a sleeve valve on the engine shaft
which uncovers ports connecting the other side of the motor to drain. A spring-loaded
sleeve regulating valve on the inside of the shaft then meters downstream pressure from
the motor to hold the blade angle determined by the dump port position, Uncovering
more dump ports with the reversing lever causes the blades to move further into re-
verse. Unreversing is accomplished by moving the reversing lever to the normal oper-
ating position. The dump ports in the engine shaft are then blocked-off and the system
returns to normal operation on or above the low pitch take-off stop.
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The concept drawings of the three representative propellers were utilized by the
Contractor's weight and cost evaluation groups to obtain a detailed part-by-part weight
and cost figure for each of the propellers. These figures provided a point in each of
Categories II, IV and V from which accurate weight and cost estimates could be made

for assessing the accuracy cf the generalized weight and cost equations particularly as
applied to quiet propellers of the 1980 time period.

Discussion of 1980 Propeller Weights, - The gencralized weight equation was orig-
inally established for high tipspeed propellers and adjusted to the actual weights of cur-
rent general aviation propellers. To check the applicability of this equation to the pro-
Jected 1980 low ncise propellers, three propellers (Categories I, IV and V) were de-
signed with approximately half the current tipspeed levels and their weights were
calculated.  Although the Category IV weight checked the equation quite well (Table X),
the discrepancies were sufficiently large for Categorics IT and V to make the weight
equation suspect for these low tipspeed propellers.

This weight discrepancy appears to be related to the fellowing factors:

1) Low noise level propellers require blades with low tipspeed and substantial
activity factors. Blade centrifugal loads are low and moments about axes per~
pendicular to the blade axis are sufficiently high so that biade retention size
must be increased to prevent the blade from "rocking" or unicading the reten-
tion bearing on one side due to the moments. TFor this rcasoun, the retention
bearing is oversized and heavier than current propeller retentions which are
basically designed for thrust capacity.

‘2) Retention weight is a greater proportion of total blade weight.

3) Blade weight is a greater proportion of total propeller weight because biades
rotating at slower speeds require less pitch change actuator capacity than
blades rotating at higher speeds.

The above changes in propeller weight proportions coupled with a large change in °
the "ND" term of the equation (TABLE V) indicate the need to calculate the weights of
more study propellers at different tipspeed values to generate a valid generalized weight
equation, In the absence of such detailed weight calculations, the generalized weight
equation of Table V is the best available guide to general aviation propeller weights. In
using the equation, it should be remembered that actual weights will likely be somewhat
higher than equation weights in Categories I, II and V. Accordingly, the computer pro-
gram retains the original weight equation as defined in Table V.
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Although based on the results of the detailed design study, the weight level of the
1980 quiet propeller configuration for the Category II aircraft will apparently be signif-
icantly heavier than indicated from the sensitivity study, the weight of the entire pro-
pulsion system is expected to remain approximately the same. Considering the reduced '
weights attainable with high speed piston engines as discussed under the sensitivity
study, the 1980 quiet propulsion package weight is compared to the current 1970 propul-
sion package weight for the Cessna 210F aircraft on figure 36,

Discussion of Propeller Costs. - In endeavoring to provide a single basic compu-

terized costing method for all general aviation propellers, the following equation was
derived: '

C =KzB0.75 =LF -1 ) (Y) + PP
Wr

where K = Constant based on single unit cost for each propeller category,

C = Average O,E. M. propeller cost based on number of units/year ($/1h)
B = Number of blades |
LF = Learning curve factor for a number of units/year (fig. 14)
LF; = Learning factor for a single unit. (fig. 14) ‘
Wo = Propeller weight (lbs)
H =’Labor time (hours)
Y = Labor rate ($/hour)

' PP = Cost of purchased parts and raw material ($)

; _LF -
z LF;
B i
- LF1
K= (@ e
WrB™*

1 .
Note: Y and PP include mark-up for O.E.M. cost.

Single unit cost C] is obtained by omitting the Z factor from the equation.
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v 1969 Propeller Costs, - Costs of 1969 propellers in Categories II, IV and V were

| taken directly from manufacturers' end user price lists and converted to O.E. M. costs
by applying a factor of 60 percent, Cost and weight for several propellers in each of the
| three categories studied were listed and then averaged to obtain the O.E. M. cost/1b.

| (Table VI). With cost/lb and number of blades known, the O.E.M. cost equation was
solved for the factor K for each category using learning factor LF; for a single unit,
Factor Z was then calculated, using the ratio of learning curve factor based on the num-
ber of propellers manufactured in 1969 to the learning factor for a single unit in each

. category. Factors K and Z ave listed in Table XI for each of the three categories. The
K anq 7 factors were then used to calculate O, E. M. and single unit cost for each of the
three: propeller categories. (Table XII.)

1980 Propeller Costs, - The same equations and cost structure (i.e., labor rates
and pixrcl1ased parts cost base) for 1969 were used for 1980. New K and Z factors were
calcuflated for 1980 based on propeller configuration, material and manufacturing pro-
cess bhauges and changes in guantities to be manufactured. As noted in the sections on
. Prop¢ller Selections for Conceptual Design Study and Propeller Hardware Concept
Study‘f a representative low noise level propeller was selected for detailed design study
Jin ea(s:h of Categories II, IV and V for 1980.

ased on design concept drawings generated for these propellers, the contractor's
cost evaluation group compiled labor time and purchased part and raw material costs
for each of the three propellers. Based on an assumed labor rate of $13.50/hour and
purchased part costs, both reflecting mark-up to O.E. M., cost, new K and Z factors
were icalculated using the quantities forecast for manuiacture in 1980 listed in Table XI.
The Category II propeller design changed only in number and size of blades and utilized
the same materials and design concept as the 1969 propeller. Propellers in Categories
IV and V were modified to incorporate aluminum core and fiberglass reinforced epoxy
shell blades. This change represents a blade weight saving of approximately 25 per-
cent compared with solid aluminum blades. With new shell design concept and manu-
facturing processes, the blade cost was evaluated as twice solid aluminum blade cost.

. -Category V propeller also incorporates a dual-acting actuator with pitch lock which

represents a significant weight saving over a counterweighted single-acting propeller
for a moderate increase in cost,

Cost Summary. - Table XIIT shows a comparison of O,E.M. costs for the repre-
sentative propellers as calculated from the original generalized equation where factors
F and E were estimated and hardware study equation where K was calculated based on
cost evaluation of detailed parts from the concept drawings.
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Agreemcnt of the costs is good for Categories IV and. V bhut a large variation occurs
in Catcgory TI. This discrepancy is undoubtedly due to the weight of the Category 11
propeller being higher than expected, as discussed in the previous section. This lowers
the cost/pound accordingly. Due to the few propellers studied in detail, it is recom-~
mended that additional propellers at various tipspeeds be studied to validate both the
weight and cost equations. In lieu of this additional study, the generalized cost equation
developed for the sensitivity study is the best available at this time (Table VII). This
equation has been computerized along with the weight equation (TABLE V) for general
use.

IDENTIFICATION OF FUTURE RESEARCH ITEMS

During the course of this study, the Contractor has been identifying certain areas
where the technology utilized in preparing the design critera and the state-of-the-art
advancements regquired for developing improved, gquiet general aviation aircraft propel-
lers will require further study and research. These areas are presented below with
recommendations for further study and research,

Refinements and Extensions to the Generalized Methods and Computer Program,

1. Integrated Design Lift Coefficient - Although this propeller blade shape param-
etor was not included as a variable in the performance generalization, a cur-
sory study has shown that increased blade section design lift coefficient is
effective in reducing the activity factor required to provide the performance
and noise levels of quiet propellers, thereby relieving somewhat the increasing
weight trend with reduced noise levels. Accordingly, it is recommended that
the performance generalization be extended to include a variation in integrated
désign lift coefficient from 0.3 through 0.8. Along with this extension, the
compressibility correction factor would need to be extended to cover this range
of integrated design lift coefficients. This addition to the method would be in-
cluded in the computer program. '

.2, Reverse Thrust - Since it is necessary to know the landing runway distances
for aircraft design and operation, it is recommended that a procedure for com-
puting reverse thrust for a range of velocities corresponding to the landing run
associated with any aircraft configuration with reversing propellers be included
with this general aviation aircraft computational procedure. The analytical
method would be based on the adaptation of an existing analytical procedure and
cover the same ranges of integrated design lift coefficient, activity factor and
number of blades included in the performance generalization. The procedure
would be computerized and included as part of the existing computer program.
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Feather Drag - For aircraft with two or more engines, propeller feather drag
is usually required in assessing the engine out performance, stability and con-
trol characteristics of the aircraft. It is recommended that a feather drag

- computational procedure for general aviation propellers be developed and in-

cluded in the computer program.

Improved Noise Generalization - As discussed above, the noise generalization
was based upon limited experimental test data on small diameter, low power,
low tipspeed propellers. In this connection, Hamilton Standard has been con-
ducting some testing on quiet propellers under Air Force funding. These re-
sults were not available in time to incorporate into the empirical noise gener-
alization, It is expected that new experimental data from other sources is also
now available or will be soon., Also, data on existing high tipspeed general
aviation aircraft are required to verify the accuracy of the method. It is rec-
ommended that a survey be made to obtain all the available experimental data
and that the data be used in modifying the noise generalization as required, The
improved method would replace the present method in the computer program.

Weight and Cost Generalizations for the 1980 Time Period - As indicated in the
Propeller Hardware Concept Study section, the generalized weight equation for
1980 could not be adequately corrected for the effects of low propeller tipspeeds.
Studies of additional propellers over a pertinent range of different tipspeeds and
propeller sizes are required to determine the exponents and constants for the
generalized weight equation which will take into account tipspeed effects on
weight. Cost evaluation studies of these additional propellers would also be
conducted to further strengthen the accuracy of the generalized cost equation.
These studies would be conducted for all aircraft categories, in the same de-~
tail and with the same advanced materials and design concepts utilized for the
three representative propellers of this report, The refined weight and cost
criteria would be included in the improved computer program,

Engine Weight Cost Generalizations - It is evident from this study of quiet pro-
pellers, that the performance, noise, weight and cost trade-offs should be based
on the total propulsion package including the powerplant and speed reduction
gearing. Accordingly, it is recommended that engine and gearbox weight and
cost be generalized and included in the computer program to provide a more
complete evaluation of the impact of noise restrictions on general aviation air-
craft of the 1980 time period. '

Develop and Publish a Users Manual -~ With any or all of the above recommend-
ed extensions and refinements incorporated into the basic computer program, a
very useful tool is provided for examining the various trade-off criteria of per-
formance, noise, weight and cost as may be established by each manufacturer

~



and operator in selecting the optimum propulsion system for quiet advanced
general aviation aircraft. Accordingly, it is recommended that a users manual
be prepared and published covering the complete program. The manual would
include a complete listing of the program with detailed instructions on its use,
Furthermore, all the curves and equations for the analytical methods included
in the computer program would be presented with instructions of u sage in lieu
of a computer, Thus, this users manual would present all the detailed instruc-
tion and data needed for computing propeller and/or total propulsion package.
performance, noise, weight and cost by computer or by hand.

iAerodynamic/Acoustic Research, - Although the aerodynamic performance and

noise generalizations developed for this study are based on established methodology,
actual performance and noise test data on these very quiet propellers are quite limited
since only a few such configuration have heen tested. Accordingly, it is recommended
that the following experimental research be conducted.

1.

An experimental quiet propeller should be built for an appropriate general avia-
tion aircraft, for instance the Cessna 210J, and flight tested over a range of

typical operating conditions to establish the performance characteristics of this
propeller.

As a result of the noise test data survey proposed above, the regions where
additional data is required should be established, V ery likely two areas will
be found where test data is not generally available, The first of these is in
carefully controlled acoustic noise surveys on existing moderate to high tip-

speed aircraft. The second is on the very low tipspeed, small diameter pro-
pellers. ‘

For the first area of investigation, it is recommended that experimental pro-
grams be conducted on, for instance a Cessna 210J , to obtain suitable noise
test data for refinement of the generalized propeller noise calculation method.
For example, flyover noise measurements could be conducted under ideal test
conditions on an aircraft with the current, high tipspeed propellers,

The second area would be an investigation with the same aircraft and a low tip-
speed, quiet propeller designed for the performance of the original equipment
propeller. The noise investigation outlined above would be repeated and the
data used to check out and refine the noise calculation method.

Available test data indicate that engine noise may be a significant contributor to
the total noise level of the propulsion systems of current aircraft, If propeller
noise reductions projected in this study are to be achieved, a study including
the weight, performance, and noise trade-offs of engine mufflers as they relate
to t,otal propulsion system noise should be conducted,

- . - -~ . . vy
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“Ougiya £0 .y of Integra) Gearbox Propellers. - Lower noise levels in general avia-
tion propellers require greater reduction of engine speed to reduce propeller blade tip-
spceds to the required levels. Cost and weight figures for this engine change are of
particular interest to the aircraft manufacturer and user. A natural out-growth of
chianges in engine gear reduction is the integration of the propeller, including oil reser-
voir and governor control, with the gearbhox assembly for significant weight and cost
savings.

Meaningful cost and weight studies of either the gear reduction alone or gear reduc-

tion coupled with propeller integration require design concept studies of representative
n«rmes in detail similar to that used in the propeller study of this report. From the

results of these studies, credible cost and weight generalized equations could be formu-

lated kor advanced powerplants for general aviation in 1980. The nature of this design

| study would of course, require close coordination with engine and airframe manufac-

turers,

!

‘ es1gn Study of Lightweight, Low-Cost Blades for Advanced Propellers, - In the
coursg of this study, it became apparent that good visibility for producing lightweight
compclbsne structure blades economically for 1980 would require additional study. AP-
PENDIX E shows the multitude of material systems and processes that are applicable

to fabrication of an advanced blade.
!

The lowest cost blade shell using conventional materials and processes is obtained
with bulk molding compounds in sheet form compression molded in matched dies. Use
of this system is dependent upon the ability to align the reinforcement fibers to obtain
strength in the desired direction (i.e., matching the strength of the material to the
stress locations in the blade shell). It is proposed first that the material development
be conducted on specimens which would be subjected to the appropriate laboratory
strength tests. '

Design Study of Prop-Fan/Piston Engine Propulsion Package, ~ As discussed in

-this study, the concept of the Prop-Fan directly driven by a high-speed piston engine

offers the potential of a compact propulsion package which meets the performance re-
quirement and the low perceived noise levels (75 PNdB at 500') objectives of this study
with a significant weight saving over today's installations. As was indicated, these con-
clusions were based on a very limited study of the weight for both the propulsor and the
engine. Moreover, no cost estimates were made. In view of the importance of noise
abatement for propulsion systems of advanced general aviation aircraft and the attrac-
tive solution represented by the Prop-Fan, it is recommended that a comprehensive
design study be made of this concept including the complete Prop-Fan/powerplant pack-
age to thoroughly evaluate its potential compared to a quiet conventional propeller pro-
pulsion system. The study should cover Prop-Fan propulsion systems for each of the
aircraft categories except Category I. Because of the uncertainty as to the severity of

the noise restrictions, it is recommended that the study consider noise levels from
75 - 95 PNdB at 500-foot 51de11ne.

S
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CONCLUDING REMARKS

A computer program has been developed for a generalized method of performance,
noise, wc;ght and cost estimation for general aviation propellers,

A building block concept permits revised performance, noise, weight and cost
criteria to be easily introduced into the program.

| ,
Stringent noise restrictions on general aviation aircraft will lead to low tipspeed

propellers with appreciable increases in overall size, weight and cost.

Engine gearboxes with approximately twice the reduction ratios of present geared
engines will be required with these large propellers.

Advahced materials and manufacturing techniques can be effectively utilized to
offset some of the weight penalties associated with the large, quiet propellers.

Based on limited study, the total propulsion system weight of these large, quiet
propellers coupled to high RPM, lightweight reciprocating engines may not be
increased appreciably over today's propulsion systems.

A brief study based on the Cessna 210J aircraft indicates that a prop-fan coupled
d1rect1y to a high RPM, lightweight reciprocating engine offers a compact propul-
smn package which fulfills the performance requirements of the aircraft and
fmeets the low noise objectives of this study with a significant reduction in pro-
pulsion system weight compared to the existing propulsion system.

_If low noise is not an objective, general aviation propellers of the 1980 time period

incorporating advanced technology can be lighter but probably more expens1ve
compared with today's propellers based on today's dollars.

Even if low noise and weight are not objectives, the application of advanced fabri-

cating techniques will result in only small cost savings for general aviation pro-
pellers of the 1980 time period,.

Assuming that low noise levels will be a prime objective of general aviation pro-
pellers of the 1980 time period, more study and research by the propeller, engine
and aircraft manufacturers will be required to attain this objective with propul-
sion systems and aircraft of acceptable performance, weight and cost,
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Aircraft Class

Single Eng.
Fixed Gear

Single Eng. Adv.
Retract Gear
IFR Equip.

Light Tvwins
Retract Gear
IFR Equip.

Medium Tvins
Retract Gear
IFR Equip

Heavy Twins
Retract Gear
IFR Equip.

Cruise Vel.,
Seats MPH
2-k 100-160
L-6 120-250
k-6 150-300,
6-11 150-300
1 & Up 175-400

Engine Power

100-200
Recip DD

150-30C
Recip DD & Geared
Some Srall Turboprops

150-300
Recip DD & Geared
Some Smll Turboprops

250-hk50
Turboprops,
Recip DD & Geared

660-1500
Turbines

ADVARCED GFRER!/

ATRCR!

Propeller Typt

"Fixed Pitch

2 Blades

Constant Speed
2 BladeseSome 3 B

Censtant Speed
2 Blades~Some 3 B
Full Feather, Dei

Constant Speed
Full Feather, Dei
3 Blades

Constant Speed
Full Feather
Deicing, Reverse
3 and 4 Blades



.23 Charter, Air Taxi

MRT DT T c DT

TARLE T

4VIATICN PROPELLER STUDY

 CLASSTFICATION |

Apzlication

Student, Private
Rental, Aerobatic

|

Adv. Student
s Private (Family)
Survey, Business

P

Private (Family)
Survey, Business

1]
®

GE

Executive ‘

J

}

. large Executive
Charter, Third
Tier Air Liners

Gross Weight,

lbs, Price Range
1000-2500 - $8-25K
2000-1000 $20~50K
3500-6000 $hC-120K
6000-8000 $100-200K
8000-12,500 $400-600K

Example Aircraft

CESSNA 150, 1T2, Skyhawk
BEECH Musketeer A23-19
PIPER Super Cub, Cherockee

CESSRA Skywagon 180, 206, 207, 210
BEECH Bonanza, Musketeer Super 300
PIPER Comanche C, Cherokee Arrow
MOONEY M2OF

CESSNA Super Skymaster, 310Q
BEECH Turbobaron, Baron 55
PIPER Twin Comsnche C, Aztec D
MOOREY Aerostar

CESSNA Lk01B, L402B, hlk, k21

REECH Queen Air, Duke

PIPER Ravajo 300, Turbo KevajJo

NORTH AMERICAK ROCKWELL-Shrike Commander
BRITTEN-NORMAN. TSIANDER, Helio Twin Stallion

DEHAVILIAND Twin Otter

MOOWEY MU-2G -
NORTH AMERICAR ROCKWELL Hawk Commander
BEECH King Air

HANDLEY PAGE Jetstream

53/54
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TABLE V
GENERAL AVIATION

i(‘:eneralized Propeller Weight Equation:
0.7 0.7 0.5 0.12

' \2 . . . .
wrerw B (D) G @3 (G5 oot vey

‘Where:
W = Prop. Weight, Ibs. (excludes spinner, deicing and governor)

D E Prop. Dia., Ft.

! B = No. of Blades )

:;A. F. F Blade activity factor

‘ - N = Prop.Speed, RPM (take-off)

| SHP |= Shaft Horsepower, HP (take-off)

M = Mach No. (Design Condition: Max. Power Cruise)

Cw = Counterweight wt., lbs,

Kw anﬂ Cw factors for use in weighf; equation are taken from table below: -

Aircraft Technology
Class 1969 | 1980 (1) Ky =170, Cyy = 0
I ol ) Ky =180, Cyy =0 )
Ky, = 240
II @ | @ @ W
B SHP\ /M
, Cw =2.5 [(—ﬁ-) (5) @) <B)]
I SO IS Ky =210
“) : . '
v ® | @ Cy =2.5 [‘ 5%3) (3) Aa-F) (B)]
L v © 16 (5) Ky =195, Cyy =0

Propeller types associated with above Ky and Cyy are as follows:

(1) All fixed - pitch props.

(2) McCauley non-counterweighted, non-feathering, constant speed prop.
(3)  All Hartzell, All HSD Small props, and feathering McCauley

(4) Fiberglass-bladed, constant-speed, counterweighted, full feathered

() Fiberglass-bladed, constant—speed double-actmg (non—counterwe1ghted), full
feathered, reverse .y

—
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Note:

TABLE VII
GENERALIZED COST EQUATION

c = zF 380 P + E)

, ¢y =F 38% 7 + )

C = Average O,E.M. propeller cost for a number of units/year, $/1b.

Cy = Single unit O. E. M. propeller cost $/1b.
LT

LIy
LF = Learning curve factor for a number of units/year

LF; = Learning curve factor for a single unit.

B = Number of blades.
F = Single Unit cost factor
E = Empirical factor

!
i Reference Figure 14 for LF and LF; values based on an 85% slope learning curve.

1969 1980

‘ Category F E F E
I 3.5 1.0 3.5 1.0
I 3.7 1.5 3.7 1.5
III 3.2 3.5 3.2 3.5
v 2.6 3.5 - 3.5 - 3.5
v 2.0 3.5 3.4 3.5

- ,//
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TABLE IX

!\EVEIGHT COMPARISONS OF SEVERAL PROPULSION

SYSTEMS FOR THE CESSNA 210J AIRCRAFT

1970

PRESENT
PROPULSION
SYSTEM

2 BLADE
6. 83" DIAM,
102 AF
0.5 CLi
300 SHP
2850 ERPM
2850 PRPM

WEIGHT'S

I0-5206-D
454 LB.

NOISE LEVEL
105 PNdB

NN Py 3t e 3 10 N v g e VT i e Y MO S rrm o o e e

QUIET

PROPELLER

SYSTEM

4 BLADE
8' DIAM.

150 A¥

0.5 CLi

300 SHP
4000 ERPM
955 PRPM

345 LB.
50 ‘IJB-

133 -LB.

528 LB,

76 PNdB

PROP-FAN
SYSTEM

8 BLADE
3.5' DIAM.
138 AF
0.35 C,,

330 SHP
4000 ERPM
4000 PRPM

380 LB

*106 LB.
486 LB.

771 PNdB

* INCLUDES SHROUD



3 , | TABLE X
WEIGHT SUMMARY OF REPRESENTATIVE PROPELLERS FOR 1980
"-5 Generalized Calculated

[ | Equation Design Weight
: Weight Weight Variation
Category (bs.) (bs.) %)

I 98 ' 133 435
' v 155 150 -3

A% 187 216 , +15

4

i
B
i,
H
4
3
!
i
1
1
<
i

b rrn i i S

AN

) 63



(0 xtpuaddy ‘O o1qel ‘Joyu) *paredIpw aead ay3 Suranp Jeanjoenuewr Jo119doad
Jofew 1eo1d4) e £q paanjoenuewr 9q 03 pa3oadxs Jequinu oYy} ST Te9L /sxor[edoad yo JaquunN 930N

€0 951 89¢ 050 16 g9 A
€0 0°L1 089 6g0 9°1T 563 Al
2°0 g§0T 0L%S L2°0 8T 0182 il
Z S Teak/sdoxg Z - “xeak/sdoxg Kio3o3ey
30 JaquUnN 70 IoquunN
086T . 696T

Z NV 3 sHOLOVJ NOILVA®I LSOO
IX 19VL .

T g s 1 1 . 0 gy

s g - e A 2T SIS hafebut b et ot L e W T
e e R I e e R At SO A Sl tind ¥ Y



00°T% GZ°ST i 09°0¢ 0g°0T g
0¢G ‘8¢ 01°¢T g 06 °9% 08 °01 g
00 °63 00°L 4 00 "G¢2 GL"9 4
™ 5 W wE o 5 <@ o
30 JaqUINN _ 30 aoquInN
556t 596t

{@1/3) SISOO LING ATONIS ANV "W E 0 HIT1dd0odd
IxX 314 vl

Al

II
X30393eD

/A.

65



A

H
i
!
¥

R TR S T
0 Lt oo e et YA v W N L

e ¥ PV TRE: +

EERTpRE

A R R D

T Wabi Ry s

TABLE X1

O.E. M, SINGLE UNIT COST SUMMARY OF REPRESENTATIVE

PROPELLERS FOR 1980

| Sensitivity Study Design Study
1 Generalized Equation Equation
i . (Estimated F&E) (Calculated K)
| Category $/1b. $/1b.
I 37. 00 29,10
|
v 36. 30 38.50
v 40, 00 41,20
|
|
[
I
| | T
; e AN
i ,
| -
! o 66

Cost
Variation
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| APPENDIX A
GENERALIZED METHOD OF PROPELLER PERFORMANCE ESTIMATION

FOR GENERAL AVIATION AIRCRAFT

This appendix provides a generalized performance calculation method for conven-~
tional and multi-bladed propellers applicable for general aviation aircraft operating at
static and in-flight conditions. The method can be used in predicting performance for
constant speed, fixed pitch and two-position propellers. The form of method selected
was governed primarily by the consideration of ease of usage and computerization. Ac-
cordingly, the method incorporates a series of performance maps for 2, 4, 6 and 8
bladed propellers all with 0.5 integrated design lift coefficient, CLi- Adjustments for
activity factor variations are incorporated as well as a limited integrated design 1ift
coefficient adjustment, Furthermore, a compressibility adjustment is included.

Performance Calculation Procedure

The method of calculating the static and flight performance, as described in the
main text section on Technology Identification, is present below. A sample problem

is included as figure 1A for constant speed propellers and figure 2A for fixed pitch pro-
pellers.

Constant Speed Propellers. With the airplane flight and engine conditions given,
and the propeller blade characteristics known, the procedure as outlined on the sample
computation sheet (figure 1A) is as follows:

A. From known data, complete the top of the computation sheet. Identify airplane,
engine and gear ratio (G.R.) and items 1 through 4 which are number of blades,
propeller diameter (D), activity factor (AF), and integrated design lift coeffi-
cient (Cr). All data in this report are for a Cr,; of 0.5 with the exception of

the data for 4 bladed propellers which include a Crijof 0.7 and 0.8 as well as
0.5.

B. Determine items numbered 5 through 9 from the airplane flight and engine con-
ditions which have been selected for analysis as explained below:



1

Y
\

scina T L bt o et

‘ 9.

: 10,

11.

15,

16.

Item No.

5. Atftitude .
" " 6. SHP or Thrust

@

Engine RPM

Pressure
Altitude

Velocity

Posp

fe

Mach No.

Cpor Cp

J

Pppor TAp

Identifying flight condition

There is the option of defining the engine shaft-brake

horsepower/propeller and computing the corresponding
propeller thrust/propeller or specifying propeller thrust
requirement and computing the corresponding brake -

horsepower/propeller.
Ne - Engine speed (rev. /min. )

Feet

Vi - Airplane forward velocity (knots, true airspeed)

C. Calculate items numbered 10 through 15,

Density ratio

Ratio of speed of sound at standard day sea level to
speed of sound at operating condition

Propeller speed = Engine RPM x G.R.
VKfc

661, 2

If item 6 contains SHP, then

SHP ( Po/p )x 1011
2N° D?

Airplane Mach Number =

CP =
If item 6 contains thrust, then

_1.514x105 T ( po/p )
Cr = 3
N2 pt

Propeller advance ratio - 101.4 Vg/ND

D. The following items are read from curves or calculated.

Activity Factor adjustments (fig. 3A).

Use P, p if SHP specified in item 6 and Tp g if thrust
specified in item 6, . ___

/l'j | -

e
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17, PCLj
;18' CPE or CTE
20, CTE or CPE
i
21. Tapor Ppap
|
'g
22, Tg
i Li
23, CporCp
24, ‘Thrust or SHP

Integrated design lift coefficient adjustment (see items
29 - 31 (PCL. =1, 0 for CLi =0.95)
1

Cppn =CpxParpx P
CTE = CT XTARX TCLi

If SHP is specified in item 6, read 0 3/4 for the proper
number of blades (fig. 4A, 6A, 8A or 10A) for the com-~
puted J and Cp... For 3, 5 or 7 bladed propellers, an
interpolation is required.

I thrust is specified in item 6, read [(33/4 for the prop-
er number of blades (fig. 5A, 7A, 9A or 11A) for the
computed J and CTE. For 3, 5 or 7 bladed propellers,
an interpolation is required.

If SHP is specified in item 6, read Crg for the proper
number of blades (fig. 5A, TA, 9A, 11A) for the J and
[¢] 3/4. For 3, 5, or 7 bladed propellers, an interpola-
tion is required.

If thrust is specified in item 6, read Cpy, for the proper
number of blades (fig. 4A, 6A, 8A or 10A) for the J and
A 3/4. Yor 3, 5, or 7 bladed propellers, an interpola-
tion is required.

Activity Factor adjustment (fig. 3A).
Use Ty if SHP specified in item 6 and P p p if thrust
specified in item 6.

Integrated design lift coefficient adjustment (see items
32 - 36) (TCLi = 1.0 for CLi = 0.5)

Cr = O/ (TAF X Tcy,)
CP = CP/(PAF X PCLi)

If item 6 is SHP, compute thrust where

_0.661 x 10-6 C1 N2pd

T Po/p .
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{ If item 6 is thrust, compute SHP where

_ 2 N3DSCp
SHP = Po/px 1011
25. Fg Compressibility correction (see items 37 - 41)

26. Thrust (corr.) Thrust x Fy
e : Cr
o7. M Propeller efficiency, 7 = or J
28. 50% stall check Check proper number of blades curve to be certain that
Cpp, is to the left of the 50% stall line.

E. Integrated design lift coefficient adjustment (available only for four-bladed
propellers with 0.7 and 0. 8 Cy,; are incorporated in items 29 through 31.

29, PFCLi Read the corresponding value from figure 12A.
30. CPgpg | Cpx Parpx PFCLi
31. PCLi Read from figure 13A and include also as item 17.

The following iterative procedure is required in defining thrust coefficient since

Cp= CTE/(TAF x Tcy,,) and Tcy, ; is a function of Cp. Repeat items 31 through 35
until Cty in item 36 eqﬁals CTE ih item 20.

32. Crgp Assume a Cp
33. TFCL Read from figure 12A
i A
34. Crpg Cpx TAF X TFCLi
’, 35. TCLi Read from figure 14A
36. Cr Crx Typx Tg

: iy
Include Cp for converged CTE as item 23,

F. Compressibility correction (limited to 0.5 CLi)
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37.  McRIT Read from figure 15A

38. M-MCRIT ” If positive, use the following procedure to obtain the

: compressibility correction, Fi. If negative, Fy = 1. 00
39. PBL Number of blades adjustment is read from figure 15A
40, CPEC CP X PAF X PBL

41. ¥t Read from figure 16A and include as item 25.

Fixed Pitch Propeller. - For the fixed pitch propeller, select the design condition
and repeat the computational procedure defined for constant spced propellers (items 1-41),
For the sample case (fig. 2A) the design point is the take-off condition, Only items 1-
28 are included since 29-41 are not applicable., For off design conditions the following
procedure is used:

A. Determine items 42-44 from the airplane flight conditions which have heen se-
lected for analysis.

B. For the 33 /4 (item 19), a range of SHP's and RPM's are defined as shown in
items 45-50.

45. J range Assume a range of J's

46, CpE Obtain the corresponding CPE from the proper number
of blades curve (fig. 4A, 6A, 84, 10A) for the J's
(item 45) and 83/4 (item 19)

|

47. Paf Same as item 16
48. Cp Items 46 + 47

, 49, N N =101.4 Vg/JD

!

‘ _2N3D5Cp
50, ) SHP SHP —p—o/p—-xloll

C. The engine performance data is required to define the proper SHP and RPM
for the specific operating condition. For the sample case, it was assumed that BMEP
remained constant and therefore the ratio of engine SHP to RPM is constant and the cal~-
culation completed as shown in steps 51 through 60.
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51 (SHP/N)prop Compute (items 50+49)

52. (SHP/N)constant Items 6 + 12

53. N Plot SHP/N (item 51) versus N(Item 49) and select N
corresponding to (SHP/N)¢onetant of item 52
j - 54, SHP As defined in item 51
55, J Advance ratio as defined in item 15
56, CTE Read for tﬁe proper number of blades (fig, 4A, 6A, 8A,

10A) for the J and 3 3/4+ For 3, 5or 7 bladed propel-
lers, an interpolation’is required. '

57. Tpp Figure 3A
58. Cgp Crp/TAF
59. THRUST See item 24
60 M See item 27,

. Two Position Propellers. - The procedure defined under fixed pitch propellers can
be used for two position propellers where:

A. B 3/4's are defined for two design conditions and the performance for off de-
sign conditions obtained, or

B. TFor a given constant BMEP, performance can be defined for the pertinent
operating conditions at several 33 /4's and the two B3 /41s selected which give the best

- performance compromise for these conditions,
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Cessna 210J Date

BB it S bt 8L ki, Wt 2 K AN DB i Bt e o BRI M

Airplane 12/6/10 Calc. No. 2680
Engine Hypothetical = G.R. 0.335 Sheet No. 1
Reference  Constant Speed Calc. by R.W. Checked by AMS
1. No. of Blades 4, 4, 4.
2. Diameter-Feet 8.0 8.0 8.0
3. AF 150. 150, 150,
4. Int. Des. Cy, 0.500 0. 500 10,700
5. Attitude ' T. O. T. O. T. O.
6. BHP or Thrust 300 (BHP) 820. (Thrust) 300 (BHP)
7. Engine RPM 2850.0 2850, 0 2850.0
8. Altitude S.L. - S.L. S.L.
9. Velocity (knots) 71.2 71.2 71.2
10. Po/p 1.00 1.00 1.00
1. f, 1.00 1. 00 1.00
i .
12, N | 955, 0 955. 0 955, 0
13. M 0.1077 0. 1077 0.1077
4. Cp or Cp 0.525 (Cp) 0.332 (Ct) 0.525 (Cp)
15. J ; 0.945 0. 945 0.945
i
16. Pppor Tpp 1.00 (P ) 1. 00 (TA P 1.00(PAR)
17. PCy. 1.00 1. 00 0.925
1 .
18. Cpyor CTg .525(Cp ) 0.332 (CT) 0.486(Cpg)
19.! Bg/y 38,2 38.2 37.5
20. Crpor Cpg 0.332 (Ctp) 0.525 (Cpg) 0.326(CTp)
21, TpporP,n’ 1.00 (T, ) 1.00 (PAp) 1L.00(TAF
.. Figure 1A. Hamilton Standard Generalized Propeller

Performance Computation (1 of 2)
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| 26. Thrust (corrected)

22, Toy -
. CL
23. Ctor Cp

24, Thrust or BHP

25. F¢

27 7

ST o St ——— - < s

: |
. 28, Check for 509 stall

1.0 .
0.332 (Cp)
820 Thrust
1.0
820, 0
0.598
O.K.

Lo
0.525 (Cp)
300 (BHP)
1.0
820. 0
0.598
0.K.

0.90

0.362 (Crp)
894 (Thrust)

1.0
8%4.0

0. 652

O.K.

CL; Adjustment (Only {or 4-bladed propeller with 0.7 and 0. 8 CLi )

FCLi

32.
33.
34. C
35. Tg
36. Cpy

P
c
31, P
c
T

Covinressibility Correction

G.248
- 0.1403

1.0

e

~

7

i o e s T e T TR g eI e e L aae

TS

0.248
=1403

1.0

ation (2 of 2)

1.06

0. 558
0. 925
0. 360
1. 020
0.367
0.90

0. 324

Figure 1A. Hamilton Standard Generalized Propeller
Performance Comput

0. 362
1.020
0.369
0.90

0.326



B
)
<
H
7
i
P
i
!
1
i

SR g T ROTHLIS P HPCTOR

Taid ks en o

£ bt

12/6/70

Airplane _Piper Cherokee Date
Engixie Hypothetical G.R.
Reference Fixed Pitch
Design Condition

1. No. of Blades 2

2, Diameter 6.17
.3. AF 80.

4. Int, Des. Cy, 0.500

5, Attitude T.O.

6. SHP or Thrust 150, 0 (SHP)

'.’ Engine RPM 2700.

8. Altitude S. L.

9. Velocity (knots) 52.5
10. Po/p 1.00
11, f, 1,00
12, N | 2700.0
13. M 0. 0794
14. : Cp or Cqp 0.0426(Cp)
15, i-_ J : 0. 320
16. Pppor Tap 1.58(P )
17, PCLi' 1.0
18, CPE or CTE 0. 0673(CPE)
19. B3/ 16.6
20. CTE or CPE 0. 115(CTE)
21. Tppor Pap 1.41(Ty )
22, TCLi 1.00
23. Crgor Cp 0. 0815(C)
24. Thrust or SHP 570 (Thrust)
25. Ft | 1.00

D.D.

Cale. by R.W.

Cale. No. -
Sheet No.
Checked by

26, Thrust (Corrected) 570.0
27. n 0,611
28, Check 50% 0.K,
stall
Off Design Condition
42, Attitude Climb
43. Altitude S. L.
44, Velocity 70.5
(knots) .
45. J Range 0.4 0.5
46. Cpg 0.065 0.058
47 P,p 1,58
48. Cp 0.0411 0. 0367
49, N 2897.0 23117.0
50, SHP 179.0 82.0
51. GHP/N)prop 0.0618 0, 0354
52. GHP/N) 0. 0556
(constant) :
53. N 2765.0
54. SHP 154.0
55. J  0.419
56. CTE 0.10
57. Tpp 1.41
58 Crp 0.0709
59. Thrust 519.0
60. 7 - - 0. 729

Figure 2A.. Hamilton Standard éeneralized Propeller Performance
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’ HAMILTON STANDARD GENERALIZED PROPELLER NOISE

" ESTIMATING PROCEDURE FOR FAR-FIELD NOISE

The noise field of propellers may be estimated using this generalized procedure -
3 . from the following propeller design and operating parameters:

3 - 1, Diameter

2. Number of blades per propeller (2 to 8 blades)

! .
| 3. RPM or tipspeed
{

4. Power input per propeller

PEREST W TR LR TRRORROS TN -2

5. Location, relative to the propeller(s), of the point at which the noise is to be
defined.

5 6. TForward speed

J—

7. Ambient temperature

2 8
]

4 |

A s 3 - . . 3 -

% The noise estimate is accomplished by summing partial levels based on design and
operating conditions. The partial levels are provided in graphical form to minimize
calculations.

Number of propellers

This procedure is applicable for operating conditions where the propeller is stalled
over less than the inner 50% of the blades.

PERFORMANCE CALCULATION PROCEDURE

’

. With the airplane flight and engine condition given, and propeller defined by diam-
eter and number of blades, the procedure as outlined on the sample computation sheet
(fig. 1B) is as follows: '

A. From the known data, complete the top of the computation sheet. Identify the
airplane, engine and gear ratio (G.R.) and items 1 and 2 which are number of
. blades per propeller and propeller diameter (D).

-
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Determine items 3 through 9 from the airplane flight and engine conditions

which have been selected for analysis as explained below:

3. Attitude Identifying flight condition

4. SHP Define engine shaft-brake horsepower/propeller

5. Engine RPM Ne - Engine speed (rev/min, ) '

6. Velocity Airplane forward speed (knots, true airspeed)

7. Temperature = Degrees °F

8. Distance Observer field point-ft.

9. Azimuth (9) Observer field point (directivity): See figure 1B for
: "~ definition

Calculate or read from the proper curves items 10 through 22 as follows:

Item

10, RPM N-Propeller RPM = Ne x G.R.

11. Tipspeed The propeller rotational tip speed = 1”;;) or read
from figure 2B,

12. Rotational The rotational Mach No. =-—kspeed [ 518.7

1120 T
Mach No,
where T = °Rankine for specific operating condition.
The value can be read from figure 3B.

13, 11 Partial noise level based on SHP and propeller rota-
tional tipspeed (fig. 4B)

14, L2 An adjustment for propeller diameter and number of
blades (fig. 5B)

15, L3 Accounts for spherical spreading of the sound to the
.location of interest (fig. 6B)

16, DI A correction for the directivity pattern (fig. 7B) where
0 degrees is on the propeller axis in the forward direc-
tion. (Note: the pattern is symmetrical about the pro-
peller axis, thus the directivity index for 260 degrees
is the same as that for 100 degrees)

17. No. of Props Apply the following corrections for number of propellers:

1 propeller 0

2 propellers 3.0

~
~

. ’
. ~
/ ~
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18.

19,

20,

21,

22,

Ty e e o n - Mo e epey

SPL

Helical Tipspeed

"Helical Tip

Mach No.
PNL Adjustment

PNL

3 propellers = 4.8
4 propellers 6.0

The overall sound pressure level is the summation of
items 12 through 17

Calculated by taking the vector sum of the rotational tip-
speed and the forward speed of the aircraft. It can be
read from figure 8B, )

Calculated by dividing helical tipspeed by the speed of
sound or read from figure 3B,

The adjustment to convert SPL (item 18) to the per-
ceived noise level (PNL) is obtained from figure 9B for
2 bladed propellers, figure 10B for 3 bladed propellers,
figure 11B for 4 bladed propellers, and figure 12B for
6 through 8 bladed propellers. The pertinent informa-
tion for 5 bladed propellers is obtained by interpolation.

Perceived noise level = items 18 + 21.

153

- resvew 5 ” hiand L



it e Mbmm ki a2l - -

i, L B i i

,~LM‘ i

Airplane Cessna 210J

Engiﬁe Hypothetical
G.R. 0.756

1.  No. of Blades
i

2, !Diameter (ft.)

3. | Attitude

4. 'BHP

5. Engine RPM

6. Velocity (knots)
7. Temperature (°F)
8. Distance (ft)

9. Azimuth (6)

10. RPM

11. Tipspeed (ft/sec)
12, Tip Mach No.
13, L1

14, L2

15, L3

16, DI

17. No. of Props

18. Z Items 12 to 17

19, Helical Tipspeed
(ft/sec)

20. Helical Tip Mach No.
21. PNL Adjustment
22, PNL

Figure 1B,

e —— - e e — - T

No. of Props. 1 Calc. No.

2680
Calc. by B. M. Date 12/6/70
Checked by R.W. ’
2.0
7.0
M
T.O.
PROPELLER
300' 0 . BLADE
|
2700,0
71,0
P
590 DIRECTION
OF FORWARD
FLIGHT
500, 0 o
105°
2040, 0 /
OBSERVER
748. 0 FIELD
POINT
0.67 -
84.0
+10. 0
0.0
0.5
0.0
94,5
757.0
0. 68
0.5
95.0

Hamilton Standard Noise Computation
~
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APPENDIX C

PROPELLER MARKET SURVEY

Development of a generalized cost equation requires a fofecast of the quantity of

~ general aviation propellers that the industry will require in the 1980's and how many
. propellers a single manufacturer can be expected to sell.

{
o assist in the forecast, a report, ""The Magnitude and Economic Impact of General
Av1at1on, " for Utility Aircraft Council, Aerospace Industries Association by R. Dixon
l Speaj Associates (RDSA), July 1968, (ref. 1) was used. Various referenced sections of
' this report were utilized. The forecast of the 1980 aircraft population can be computed
" as follows and is shown in the table below:
i
‘ Y =108 x (7.14 + 0,142 x CGNP)
| where Y = thousands of aircraft in fleet in year Z

CGNP = billions of current Gross National Product for the year (Z-1)

The current Gross National Product, CGNP predictions may be found in '"The
Ameﬁican Economy Prospects and Growth through 1982, McGraw Hill, (ref. 2).

1
1: Total Population of General Aviation of all Types

CGNP @ 2% Inflation Population in Z
| Year Z (Z-1)
1968 833. 6 Billion -
1969 - 135, 552
1979 1640.8 Billion -
1980 - 259, 344

The previous table shows the projection method used in the referenced report to deter-
mine the total fleet population. This population was divided into ten categories of which
five were used in tables of this general aviation study. The categories include aircraft
with gross weight less than 12, 500 Ibs. A comparison of the categories in the reference
1 RDSA Report and this Contractor's general aviation study is shown below:

lReference 1, Section III, Figure 8 . —

o
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Category RDSA Report Hamilton Standard

I , Single Engine 1 - 3 seats ' Single Engine 2 - 4 seats
II ' Single Engine 4 + seats Single Engine 4 + seats
111 Multi Engine 600 HP Light Twin 300 HP

L IV Multi Engine 600 HP Medium Twin 450 HP

i v 'I‘urbopr_gp Turboprbp 1500 HP

qlthough these categories are not exactly comparable, there is sufficient compatibil-
ity for cost estimation purposes.

=3

he following table was taken from the RDSA report, (reference 1):

Annual Sales of New General Aviation Aircraft - Total Fleet

Year Domestic?‘ Eggort?’ Total Units
1969 . 11, 250 3, 200 14, 450
1980 18, 990 5, 500 24, 490

Domestic annual sales is determined in RSDA Report by subtracting the total fleet
population for successive years (not shown) times a factor for fleet retirements
(ajtpprox. 30%). Export annual sales were based on 25% of domestic annual sales.

|
The breakdown of the total fleet population into the five categories for 1969 and 1980
was taken from the RDSA Report. The percent of the total fleet for each category
was determined from it and factored into the total units for the 1969 and 1980 to -

arrive at the yearly units for each category. These results are shown in the follow-
ing table: '

2Reference 1, Section III, Figure 26

3Reference 1, Section I, Figure 28
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Composition of General Aviation Aircraft Fleet Population

Category I II III AY v Total (5
Categories)

1969

Total Units 46, 600 67,100 12,400 3,510 765 129, 775%

% Total 35.1 51,91 . 9.48 2.71 0.59 100

Yearly Units® 5, 100 7,500 1,370 - 393 86 14, 450

1980

Total Units 58, 700 143,900 26,000 8,700 4, 800 242, 1004

% Total 24.3 59.2 10.8 3.7 2.0 100

Yearly Units® 5,950 14, 600 -2, 650 905 490 24, 490

The yearly units must be further broken down into the amount of units that a single

- manufacturer would produce in 1969 and 1980. Consequently, the final data from

the RDSA Report shows the related investment of three aircraft companies which
produce 75% of all general aircraft by value and 90% by volume.

Investment Ratios of Aircraft Companies

Company 1967 %
'Beech $ 1,832, 687 12, 42
_Cessna 9,152, 975 62. 32

Piper: 3, 709, 224 | 25, 26

Total $14, 694, 000 100. 00

4Ahout 95% of total fleet as established previously, so annual sales figures above
used.

SYearly Units = Total Annual Sales of New General Aviation Aircraft x % Total,

\\
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One propeller manufacturer contacted claimed that he manufactared all the propeller
types used on Cessna reciprocating engine aireraft, and that he sells to Cessna 60%
; of the propellers for each of these aircraft. Thercfore, a single major propeller
! mawufacturer could, for example, produce a yearly quantity of propellers equal to
: 37.5% of any category, as seen by multiplying investment ratios of 62,3% from the
previous table by 60% of the categories. Assuming this to be the case, Table 1C
shows the number of propellers that a single manufacturer would produce in each
category for 1969 and 1980, This table represents a probable upper limit to the
fraction of the propeller market available to a single propeller manufacturer for
. both the current market and that projected for 1980.

| TABLE 1C
1969 AND 1980 PROPELLER MANUFACTURE SUMMARY

Cd

R Ry R R

| 1969 | 1980

Category Aircraft/ Props/ Props/Mfr/7 Aircraft/  Props/ Props/Mfr/7
% ‘ Year Year Year Year . Year Year

v 1 5100 5100 1910 5950 5950 2230

° I - 7500 7500 2810 | 14600 14600 5470

\‘ II'I6 1370 27407 1030 2650 5300 1990

w® 303 7867 295 905 1810 680

; vé 6 1727 65 490 980 368

BB ENAR A i 1 T

6Twin propeller aircraft

TProp/Mfr/Year - Prop/Year x 0,375
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APPENDIX D

COMPUTER PROGRAM FOR GENERAL AVIATION AIRCRAFT PROPELLERS

Performahce, noise, weight and cost generalizations based on the methodology dis-
cussed in the main text were computerized. With this computer program, sensitivity
studies can be made which permit the evaluation of trade-offs among these factors for
various propeller configurations. Variations in propeller diameter, activity factor
(80-200), and number of blades (2-8) can be evaluated. The program is limited to 0.5
integrated design lift coefficient. :

Specific cost criteria based on a unit cost factor, a learning curve and manufacture
quantity is included as well as the option of inputting these quantities.

The computer deck is designated Hamilton Standard deck H432 and is programmed
in FORTRAN V. The following are the pertinent input/output instructions.

Program Input

The first two cards include the card number in column 3 and any legal Hollerith
punched in columns 4 through 80. The third card contains the following input data in a
(I3, 3X, 10F6. 0) format:

1. Card number

j2. Number of engines

3. Airplane classification (Table ID)

4, Flight design Mach number

Items 5 through 11 include the various cost options. Code all of these items as zero if

the cost criteria built into the computer program is to be used. It is defined as follows:

i
‘i

C =ZF 3B +E)
Cc1=F (B + E)
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Where: ,‘ ‘
’ c - Average O,E, M., propeller cost for a nurn_bér of units/year, $/1b.
' Cy - Single unit O, E. M. propeller cost, $/1b.

, 2 -LE
3 | LFl
i ’ LF - Learning curve factor for a number of units/year

;‘LFl- Learning curve factor for a single unit

! . ' B - Number of blades
5 F - Single unit cost factor
‘ E - Empirical cost factor

The 89% slope learning curve is used and F, E and 'quantities are defined as follows:

:1 Category F | _1129_70 Quantity F .}3;_980 Quantity
§ I 3.5 1.0 1910 3.5 1.0 2230
, I 3.7 1.5 2810 3.7 1.5 5470
: | m 3.2 3.5 1030 3.2 3.5 1990
v 2.6 3.5 295 3.5 3.5 680
i ' 2.0 3.5 65 3.4 3.5 368

If any deviations are required, the following additional information must be coded.

B Learning Curve Variation: It is based on assuming that a learning curve is a straight
" line when plotted on log log paper. The learning curve is replaced as follows:

5. Learning curve factor for single unit

6. Learning curve factor for 1000 units

4 : Unit Cost Factor, C1: If a revision in unit cost is required, code as follows:

A - 7. Unit cost for 1970, $/1b,
A ~ 8. Unit cost for 1980, $/1b.
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Quantities Vari*af"ions: To investigate the effects of quantity changes on cost, code

as follows: -
. 9. Initial quantity to be used
110. Increment of quantity
Number of different quantities

[11.
!

._
The fourth card contains the following input data in a (213, 9F6.0) format.

11,

Card number

Number of operating conditions with a maximum of 10

Initial diameter

Increment in diameter if a range of diameters are to be computed
Number of diameters

Initial activity factor

Increment of activity factor if a range of AT is to be computed
Number of activity factors

Initial number of blades

Increment in number of blades if a range of blades is to be computed

Number of number of blades

Subsequent cards are coded as follows with (83X, I3, 10F6.0) format for each operating
condition. The number of these cards must be equal to the number specified in 2 on card

3.

W N
) . .

o O =
. .

-3
.

Code 1 for defining condition with SHP Code 2 for defining condition with thrust
BHP or thrust per propeller

Altitude in ft.

Velocity in knots, true airspeed

Temperature in °F
TND
60

Increment of tipspeed if a range of tipspeeds are to be computed \

Initial tipspeed, , Ips

'Number qf tipspeeds.

i : - T~
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9. Distance of field point at which noise is to be computed; directivity for peak
*  noise is automatically used; the noise calculation should be made for takeoff
conditions only; code = 0. when no noise calculation is to be made.

10. Code =1, for computing the tipspeed corresponding to 50% stall. This should
only be used for takeoff cenditions.

il. Code = 1, if cost and weight are to be computed for the operating condition.
This condition should be a takeoff condition,

For:subsequent cases, repeat all the input data previously spec:iﬁed.

Program Output

The input data prints out initially and then the pertinent data under the following
headings:

1. DIAM-FT - propeller diameter, ft. ‘
2. T.S. FPS - tipspeed, fps

3. THRUST or SHP - dependent on which option selected
4

. PNL - perceived noise in PNdB; value corresponds to the number of engines
specified in the input,

The following cost and weight data prints out when computations are requested.

5. QUANTITY - number of units to be included in cost computation
6. WT-LBS - propeller weight, Ibs
7. $COST - propeller cost in dollars

The weight and cost are included for both 1970 and 1980 technology.

8. ANGLE - propeller blade angle in degrees at 3/4 radius which is of particular
interest in analyzing fixed pitch propellers,

The following data is included as additional information. For example,from an examina-
tion of these parameters, an indication of the presence and magnitude of compressibility

_losses and the blade loading characteristics may be established,

9. FT - compressibility correction

10, M - free stream Mach number
l - e . - )

| - o
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11,
12,

13,

3 - advance & 0 =202 Vi

ND
... _SHP (Po/p) 1011
CP - power cocfficient = ——srz
T (P
CT - thrust cocfficient = 1. 51‘.1T (Po/p)
' NZph

where Vi - velocity in knots, true airspeed
N - propeller speed, rpm
D - propeller diameter, ft.
SHP - horsepower
e - density ratio

T - propeller thrust, lbs,

Tor the option where tipspeed is varied, the calculations are made for the input ranges
in the following order.

|

1.
2.
3.

b4,

5.

Tipspeed
Diameter
Number of blades
Activity factor

Opecrating condition

Tor the ovtion where tipspeed for 50% stall is to be defined, the computations are made
for the inpui ranges in the following order:

1.
2,
3.
4

Diameter

Number of blades
Activity factor
Operating condition

The following warnings or messages print out.

1,

'INPUT ERROR IW=I2, IC=I2' - the input item specifying whether the horsepower
or thrust option is required has been included as other than 1. or 2., the only
options available ’
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'ILLEGAL ACTIVITY FACTOR = F8, 1' - the input AF exceeds the permissible
80-200 AF range

'ILLEGAL NUMBER OF BLADES = F'8,1' ~ the input number of blades exceeds
the permissible 2-8 blades

'ADVANCE RATIO TOO HIGH' - check to see that input diameter, rpm, and
velocity are correct, The advance ratio limits are 0 to 5.

'FAILED STALL ITERATION' - problem encountered in defining tipspeed cor-

responding to 50% stall, If this message is encountered, check input for SHP,
RPM, altitude, velocity, and diameter

Fickdkk - print out under PNL indicates that the propeller is operating at a
condition where it is more than 50% stalled

Fxkerikk ~ under SHP or THRUST indicates that this condition is off the limits
of the performance curves

Sample Cases

‘% Coding for three sample cases of the input are shown on figure 1D and the output
presented as figures 2D through 4D respectively, The sample cases are presented in
the following order:

1.

The condition is defined by SHP, tipspeed variation and request for cost calcu-
lations based on the information included in the computer program.

The condition is defined by thrust and tipspeed vaviation.
The condition is defined by SHP, tipspeed requested for 50% stall and cost on

the basis of a span of quantities.

Computer Deck

The flow chart for the computer program is shown on figure 5D and a listing is pre-
sented as figure 6D, The computer program has been run on a UNIVAC 1108. Approx-
imately 2000 operating conditions are computed per minute.
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II.

Aircraft Class

Single Eng.
Fixed Gear

Single Fng. Adv,
Retract Gear
IFR Equip.’

Light Twins
Retract Gear
IFR Equip.

¥edium Tvins
Retract Gear
IFR Equip

Heavy Twins
Retract Gear
IFR Equip.

Cruise Vel.,

Seats MPH
2-h 100-160
L-6 120-250
k-6 150-300
6-11 150-300

11 & Up 175-400

Engine Power

100-200
Recip DD

150-300
Recip DD & Geared

,
ADVANCED GENERAL
AIRCRAF

Propeller Tyop:

Fixed Pitch
2 Blades

Constant Speed
2 BladessSome 3 B!

Some Small Turboprops

150-300
Recip DD & Geared

Constant Speed
2 BladeseSome 3 BRI

Some Sm1ll Turboprops Full Feather, Deic

250-450
Turboprops,
Recip DD & Geared

680-1500
Turbines

Constant Speed
Full Feather, Deic
3 Blades

Constant Speed
Full Feather
Deicing, Reverse
3 and L Blades




3;
i
3;
§

LBLE m

VIATIO’\I PROPELLER STUDY
i CLASS IFICATION

‘ Gross Weight,

Amlica tion 1bs, .Price Range Example Aircraft
? Student Privete 1000-2500 $8-25k  CESSRA 150, 172, Skyhavk b
i Rental Aerobatic BYECH Musketeer A23-19 .
H PIPER Super Cub, Cherockee
4 Adv. Student 2000-4000 $20-50K  CESSRA Skywsgon 180, 206, 207, 210
ades Private (Family) RFECH Bon&nzs, Iviuslfeteer Super 300
{ Survey, Business : PTFER Comancke C, Cherokee Arrow
2 ! MOUNEY M2OF
g Private (Family) 3500-6000 $40-120K CEISSFA Super Skymmster, 310Q
'gdes Survey, Business ’ PERCHE Turbobaron, Barom 55
ing i PIPER Twin Coranche C, Aztec D

i KOONEY Aerostar

; Executive 6000-8000 $100-200K  CESSNA hO1B, kO2B, b1k, L21

"d#ng Charter, Air Taxi _ BEECH Queen Air, Duke
PIPER Kavajo 300, Turbo Favajo
KORTH AMERICAR ROCKWELL'Shrike Coxmander

. large Executive 8000~-12,500 $400-600K  DEHAVILIAND Twin Otter
Charter, Third MOOREY MU-2G
T4{er Air Liners NORTH AMERICAN ROCKWELL Hawvk Commander

BEECH King Air
HANDLEY PAGE Jetstrean
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1IP FOR MAIN

COMMON/AFCOR/AFCPT JAFCTE W XFT

COMMON/ASTRK/CPAST (CTAST

COMMON/CPECTE /CPE « CTE o SLLLL

DIMENSTION FC(1a)+ALTPR(11),PRESSR(11),RCRO(10)

DIMENSION DIST(10)4COUAN(24114COSTTOI1G)COSTBC(10)

COMMON /ZINPUT, BHP (10} THRUST(10) JALT(10) sVKTAS(IO0)«T(10)4TS(10)
TelwilCy 11) oNOF ¢ D+DD ¢ ND o AF JDAF yNAF «SBLADNDSLAD Y NBL «DTS( 10)Y«NDTSC(10)
2.Dl5T.XNOE.wTCON-ZMwToSTALlT(10).CLFI.CLF.CK70.CK80'CAMT.DAMT.NAMT
3.0COST(IO)

DATA (ALTPR(1),1=1,4111/0¢,1000C0¢20000 4300500 44CC0O0s «S0000
X60000+ 470000 ¢80000+¢FC000e (1CC0O00e,

DATA (PRESSR(I12I=1411) /10405877, e4ZIC 4 42T 700 e1ES1 441145, e07078.
Xe0841F4e027414,01659,401054,

DATA/ELANK s6H /

T01 CONT INUE

WRITE (641)

I FORMAT ('1t,19%'"HAMILTON STANDARD COMPUTER DECK NQOe H432t,/17xCOMP
1VUTES PERFORMANCE +NOISEWWEIGHT«AND COST FOR ' /26X * GENERAL AVIATION P
2RCPELLERSY)

CALL INPUT

OC 700 1C=1 NOF

NCOST=DCOST(IC)+e01

IF (STALIT(IC)LE«eS0) GO TO 710

NDTS(IC)=1p -

DYS(IC)=0ep

710 CONTINUE
tw= IwlC(ic)
Tw=1 HP  INPUT
THRUST INPUT
IF (1WeEQe]1,0R,IW+EGe2) GO TC 3
WRITE (642) 1w, !IC
2 FORMAT( ' INPUT ERROR, lw = 12,0 IC = v Iz )
GO YO 7ce
3 CONTINY>E
COMPYTATION OF DENSiTY RATIO

(@)
-
€
[}
n

Ty

IF(T(ICYInns1p04160
100 IF(ALT(IC)I=3€0ACe) 120,120,140
120 T(IC)=518e6RE~,003S5%ALT(1IC)
GO 7O 180
140 T(IC)=389.588
GO YO 180
160 TCI)=T(IC)I+459,69
180 TO=518e69
TOT=TO/T¢(1C)
FCCIC)=SORT(TCT)
CALL UNINT (11 ,ALTPRIPRESSRGALT(IC) POPLIMIT)
RORO(IC)I=1 40/ (POP*#TOT)

C AF LOOP

AFT=AF ~CAF
WRITE (6+706)
706 FORMAT (%01 ,18x'OPERATING CONDITION? /)
IF(NCOST~1)290,2004290
200 IENT=1
CALL COSsT (WTCONsBLADT ¢ CLF 1 4CLF ¢CKTOsCKBOsCAMT ¢ DAMT dNAMT sCQUAN( 141
l,CHT70%WT800C0§T700C05T80'CCLF1'CCLFoCCK7OoCCKBOQlENT)
GO TO (210,230)1w
210 WRITE (64.220) BHP(I1C) 4XNOE CCLF1
220 FORMAT(' SHP =1 oF7e0eIX'NOe OF ENGINES =0eFS5+s049X*UNIT FACTOR
tLeCe =FS,2)

FIGURE 6D. LISTING OF ADVANCED GENERAL AVIATION PROPELLER PROGRAM (PAGE 1 OF 14)
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s !
B GO TO 250
g 240 FORMAT (' THRUST =1«FT7e¢0¢9XINCe OF ENGINES =0+FS5e¢0¢IXtUNIT FACTOR

1L eCoe =tFe,2)
230 WRITE (64240 )THRUST (1C) ¢ XMNOE,CCLF
250 IF(CKTGeGTe0eveOUReCKBOeGTeDe) GO TO 255

wRITE (64252) ALT(!C).ZMWT.CCLF.VKTAS(lC)vaCON;T(XC).DIST(lC)
252 EORMAT(' ALT~Fr =V F7e0¢IX'DESIGN FLIGHT Me=tFS5e349%Xs 1000 FACTOR

i
)
i
1
<
N
1

- 1L +Co SIFE,2/0 Y-KTAS =0,F7¢1,9x'CLASSIFICATION =*FSe0/' TEMP R
i 220 F7e0,9xFIELD POINT FTe =1FSe0)
i GO TO 270
; 255 WRITE (64260) ALT(IC)ZMUT +CCLF ¢ VKTAS(IC) +WTCON.¢ CKT70sT(1C)

1DIST(1C)Y. CKkBO
260 FORMAT( U OALT=FT =1 F7e0¢9X*'OESIGN FLIGHT Me=1F543¢9x 1000 FACTOR

P N

1 LeCos ZIFS5e2 /% V=-KTAS =0,F7e14IX'CLASSIFICATION =tFSe0sIX'UNIT
2C0osT 1970 =t FSel/t TEMP R =1 ,F7¢0¢IX'FIELD POINT FTe =¢F5e¢0s
39xtuNIT COsT 1980 =tFSe1)

' GO TC 270

290 GO TO (10412)41W
10 WRITE (6411) oHP(IC) XNOE

11 FORMAT( ¢ SHP =t (F7e¢0¢23XINOe OF ENGINES =t F54¢0)
GO TO 14
12 WRITE (6413) THRUST(IC) +XNOE
! 13 FORMAT( + THRUST ='4FT7e0+22X'NOe¢ OF ENGINES =t,F5.0)

18 WRITE (6415) ALT(1C) sZMWT «VKTAS(IC)I«WTCONGT(IC)DIST(ICY
15 FORMAT (Y ALT-FT =1,F7e¢0+23X1DESIGN FLIGHT Me=t,FSe3/1 V-KTAS =1,
1F7e1 423X 1CLASSIFICATION =0,FS5e0/% TEMP R =1,F7.0423XtFIELD POINT
2 FT =4,4,F5e¢9) .
270 DO 1200 1AF=1.NAF
AFT=AFT+DAF
IF(AFTeLE 02000 ANDAFT«GE«BCe) GO TO 182
_ WRITE(6.181) AFT
181 FORMAT( * [LLEGAL ACTIVITY FACTOR = t+F8e1)
GO TO 1200
182 CONTINUE
i NOe OF BLADES LGOP
BLADT=BLADN-DBL AD
DC 1000 IB=1.NBL
BLADT=BLADT+DBLAD
IF(BLADTeLE « 8¢ o ANDsELADTGE«2e) GO TO 888
WRITE (6,887) BLADY
887 FORMAT(' ILLEGAL NOe« OF BLADES = ¢,F841)
_ GO 7O 100CC
888 CONTINUS
c ?RINT APPROPIATE HEADING
! WRITE (64.20) BLADTJAFT
20 FORMAT('0f,% NUMBER OF BLADES=!,F340,18x'ACTIVITY FACTOR=1,F40)
- i IF(NCOST+EQel) GO TC S0OC
) GO TO (21424)¢1W
21 WRITE (6.22)

T s S O e

N

St PO o L R i o

22 FORMAT('C*',t DIA«FTe TeseFPs THRUST PNL ANGLE FT M
; 1 J cP CTe )
| GO TO 30
24 WRITE(6.25)
25 FORMAT('0',¢ DIA«FTe TeSeFPS SHP PNL ANGLE FT M
1 J cP CTey)
GO TO 30

S00 GO TO (510,55C)1w

‘510 WRITE (6.520)
520 FORMAT (Y0 ,30X 1 ### 1970 TECHNOLOGY ### #¥% 1980 TECHNOLOGY ¥#¥t,/

10 DIAGFTe TeSeFPS THRUST PNL QUANTITY WwT-LBS $COsST QUANTITY

FIGURE 6D, LISTING OF ADVANCED GENERAL AVIATION PROPELLER PROGRAM (PAGE 2 OF 14)
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L BS  SCOST “ ANGLE FT M J cpP CTY /)
GO 710 30
55C wWRITE (6,4,560) -
S60 FORMAT(10¢,30x1%%% 1970 TECHNOLOGY ¥*¥#% *%¥% 1980 TECHNOLOGY XXX/
1t DIAGF YT T4SeFPS  gHP PNL  QUANTITY wT-LBs $COsT QUANTITY
2 WT-LBSs $COST ANGLE Fr M J CP CT/)
30 CONTINyUE ' :
ILINE=ILINE+G6
C OIAMETER LOOP
D1A=D~0DD
DO 800 10=1,NC
D1A=DIA+DD
Cc T IPSPEED LOOR )
TIPSPD=TS(1C)~DTS(IC) T
NTS=NDTS(IC)
DO 600 1TS=14NTS
s CTAST=BLANK
CPAST=BLANK
TIPSPO=TIPaRD+DTS(IC)
C MACH NyMBER CACULATION AND ADVANCE RATIO J
IF (VKTAS(IC)Y)30043204300
300 ZMS=el01S12#yKTAS(ICIRFC(IC)
GO 70 340
320 2Ms=TIPSPDRFC(1C)I/11200
340 ZJI=54309%yxTAS(IC) /TIPSPD
. 1F(ZJ1el.Ee5,0) GO TO 342
WRITE(64341y 29!
341 FORMAT (¢ ADYANCE RATIO TOO HIGH = t, FBe4)
GO TC 600
342 CONTINUE
Cc ITERATION ON CT ORrR CP TO GET 50 PERCENT STALL TIPSPEED
1FIN=0
IF (STALIT(IC) LEee50) GO TO 299
CALL CPCTAL (1gTALL «ZJI«BLADT CPSTLCTSTL)
) GO TO (T711,712)41W
711 CONTINUE
CP=BHP (1C)%#10¢E10%¥RORC(IC) /(2eC*TIPSPDHXJXDIARRZ2XETE6 )
CALL PERFM(14CPsZII JAFT BILADT«CT«ZMS+7710)
42) CT=CTSTL/AFCTE
: CPSTL=CPSTL /AFCPE
THRUSTIIC)=CTRTIPSPDX*¥2RDIAXK2/ (151 5E06#RORO(IC)I I¥*364476
IF (ABS(CP -CPsTL)eLE««005%CP)Y GO TO 713
TIPSPD= CEBRT(BMP(ICI*®106E10¥RORO(IC)I /(2 ¥DIAR¥RZ2XET66¥CPSTL))
GO 1O 709
712 CONTINUE
CY= THRUST(lc)*loSlSEOé*RORO(IC)/(TIPSPD**Z*DIA§§2*364¢76)
CALL PERFM(]1¢CPeZIIAFT+BLADTCT+ZMS«7710)
451 CP=CPSTL/AFCPE
CTSTL=CTSTL/AFCTE
BHP(IC)=CP%2eOGxTIPSPD#XIXDIA*%2/(10eE1O0*RORO(IC)IXEI66
IF (ABS(CT —-CTSTL)eLE«e00S*CT) GO TO 713
T1PSPD= SQPT(THRUST(IC)*loS‘SEOé*RORO(IC)/(DlAl*2*364076*CTSTL))
709 IF (NTSeNEL,1TS)Y GO TO 600
WRITE (64598) CPECPSTLCTECTSTL

598 FORMAT ( ¢ FAILED sTALL ITERATION CPE CPSTL CTE CTSTLY
1 7 . . e 4FBed )
713 IFIN=7710
GO 10 720
C END OF TIPSPD ITERATION S0 PERCENT STALL
C CALCULATION OF REQUIRED CP OR CT

i

!
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399 IF(1W=1)4C0,400+430

400 CP:BHP(IC)»10~CIO*QORO(lC)/(ZoO*TIDSPD**B*DIA**2*6966.)
CALL PERFM (1 4CPeZJIL JAF T 4BLADTCToZMSLIMIT)

420 THRUST(IC)=CT*T IPSPD**2%D1AX*2 /(1 ¢S1SEQE*RORO(IC) )%364476
IF(CIAST.NE.BLANK) THRUST(IC)I=99999999999935G,

GO YO 460
430 CTETHRUST(1C)I¥1«S1ISEQO¥RORO(IC) /(TIPSPD*¥%2%#D1AXX2%364 ¢76)
CALL PERFM (2,CP,ZUl (AF T BLADT ,CTZMs, LIMIT)

450 BHP(I1C)=CP%2+.0%TIPSPD*¥3%DIA%R2 / (10¢E1G¥RORO(IC) ) #6966«
IF (CPASTINE «BLANK) BHP(1C)=99999999999999,
460 CONTINUE
720 CONTINUE
PNL=0+0
ISTALL =0
IF(DIST(IC)LELGCe) GO TO 461
CALL 2ZNOIsE (BLADT+DTATIPSPDsVKTAS(IC) ¢BHP (IC)4DIST(IC) +PNL o
IFCEIC) ¢ XNOE Y
CALL CPCTAL (1STALL +ZJ1+BLADTCPSTLCTSTL)
IF(ISTALLeEQe 2) PNL=99999999,
461 CONTINUE
WT70=99999,
wT80=99999,
COST7C (115909999,
COSTBO(11=99999,
IF (NCOST-1) 7304725,730
725 IF(NCOSTeEQe1)1CALL WAIT(WTCONZMWT «BHP(1C) 4DIAAFT +BLADT+TIPSPD o
1WT70.WTE0)
1ENT=2
CALL COsT (WTCONBLADT CLF 1,CLF yCKT0+CKBO +CAMT 4 DAMT ¢ NAMT yCOUAN{ 1 ¢ 1
1) eWT7C w7805 ,CO5T70.COSTBOLCCLF 1 (CCLF {CCKT704CCKB0 4 IENT)
GO TO (570,580)41w
576 wRITE (6»575)DIAoTxpSpovTHRUST(lC)QPNLQCQUANllol)0WT7OqCOST7O(l)n
XCQUnN(Z,l),wTBO.COSTBo(l).ELLLL.xFT.zMs.le.CP.CT
S75 FORMAT(2F 740 4FQe0F6eC12FBeCiFOe0¢2FB8e04FF¢04sFTel FHa3,FTe4,FBe3,
12F8e4)
GO TO 585
580 WRITE (64575) DIAJTIPSPD ¢SHP(1C) (PNL +CQUAN(]141) 4wT70+COSTTOC1) o
ICQUAN(241) 4 WTBOCOSTBO(1 ) ¢BLLLL ¢ XFT4ZMS4ZJ14CPCT
585 IF(NAMT-1) 40440.586
586 DO 588 [=2,NAMTY
WRITE(64587) CQUAN(1 1) sWT704COST70(I)4CQUAN(2+1) +WTB0+COSTBOCT)
E87 FORMAT (29%,2F8e0«F9e¢042FB8+04FFeD)
588 CONTINUE
GO TO 40
730 GO TO (31+34)e1wW :
31 WRITE(6432) DIATIPSPDTHRUST(IC) «PNL ¢BLLLL ¢XFTsZMS+ZJ14CPCT
32 FORMAT(F7-2.F7.0.F900.F600.F6.l WFBe3F7e4FBa3,2F8e4)
GO TO 40
34 WRITE(6432) DIATIPSPDBHP(IC) +PNL «BLLLL «XFT¢ZMS+2ZJ14CP,CT
40 CONTINUE
IF(ISTALL«EGQe 2) GO TO 800
IF(IFINGEQ,7710) GO TO Bp0O
600 CONTINUE
800 CONTINUE
1020 CONTINUE
1200 CONT INUE
700 CONTINUE
GO 10 701
: END
*IP FOR COST

FIGURE 6D. LISTING OF ADVANCED GENERAL AVIATION PROPELLER PROGRAM (PAGE 4 OF 14)
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SUBROUTINE COST (WTCONBLADTCLF1.CLF 4CK704CKE0+CAMT ¢DAMT «NAMT ¢

1 CQUAN . WWTT70eWTBOWCOSTTO4COSTBOWCCLF 1 4CCLF 4CCK704CCKEBO 4 IENT)
DIMENSION CQUAN(2411)¢COSTTO(10)4COSTEO(10)¢ZFFAC(2¢5)+ZQUAN(2+50
1 ZEFAC(5) - -

OATA (ZFFAC(1411452145)/30543e7:30242¢64200,
DATA (ZFFAC(241)41%2145)/3e543e74362v3¢Se304ay,
DATA (ZEFAC(1),13145)/100¢10543¢5¢3e5,345/
DATA (ZQUAN(13I)!x=l05)/1910002810001030012950'65./
DATA (ZQUAN(241201=145)/2230045470041990045800¢368e/
ICON=WwTCON 4001
GO TO (S+100)¢1ENT
S IF(CLF1)10,10+20
10 CCLF1=342178
CCLF=1e02
GC 70 1000
20 CCLF1=CLF1
CCLF=CLF
GO 71O 1000
100 IF(CK70340,4C¢S0 . .
40 CCKT7Q=ZFFAC(1+4ICON)# (30%BLADTH#%,75+ZEFAC(ICON))
GO TO 60 - -
S50 CCK70=CK70 _ - -
60 IF(CK80170,70¢90
70 CCKEO=ZFFAC(241CON) #(30#BLADTH*##,75+ZEFAC (ICON))
GO TO 110 - ‘ - - -
9C CCKB0O=CK80
110 IF(CAMT)120,120+130
120 CQUAN(1,1)=20UAN(1,1CON} - -
CQUANI(Z24+1)=20UAN(2.ICCN)
GC TO 140
130 CQUAN(141)=CAMT
CQUAN(2+1)=CAMT
140 XLN=(ALOG(CCLF )~ALOG(CCLF1)) /6490775527
DO 2C0 1=1,NAMT
COSTT70(1)1=CCRTo*EXP (ALOG(CQUAN (1411 ) #XLN+ALOG(CCLF 1)) *wT70/CCLF1
COSTBO(1)=CCKBO*EXP (ALOG(CQUAN(241)) #XLN+ALOG(CCLF 1)) *wT80/CCLF1
CQUAN (141+1)=CQUAN (1,1)+DAMT
CQUAN (241+1)=CAQUAN (2,1)+DAMT
200 CONTINUE :
1000 RETURN  _ - ’ -
END -
‘1P FOR wAlT
SUBROUTINE wAIT (WTCON,ZMWTBHP DIA,AFT BLADT+TIPSPD.wT70+wT80Q)
IF(WTCONWLE,Oe) RETURN -
ZND=T1P5PD#60e /3413159,
ZN=ZND /DIA
ZK2=(D1A/1n)#x2
ZK3=(BLADT /4 ¢ ) n¥%e7
ZKA=(AFT/100e)8%:75
ZKS=(ZND/2000C ) ##4¢ S
ZKE=(BHP /10, /D]A#R2 ) #2412
ZKT7= (ZMWT+] 4Gl %% eS
WTFAC=ZK2# 2K 3#ZKARZKSHZKEX ZKT .
c 'WTCON DEFINES AIRPLANE CATEGORY.
IWTCON=WTCON
ZC=24S5*BHP ,2N#ZMWT /DI A#AFTABLADT
GO TO (10420¢304¢40450).IWTCON
10 WT70=17CeRyTFAC
wTBO=WT70
GO 10 60

FIGURE 6D. LISTING OF ADVANCED GENERAL AVIATION PROPELLER PROGRAM (PAGE 5 OF 14)
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WT70=180e¢%*yTFAC
WITBC=WTTO

GO 1O 60

WTZ20=240*yTFAC+2C
WTBO=WT70 '

GO 70 60

WT70=240 ¢ ¥wTFAC+2ZC
WTBO=21Ce¥yTFAC+ZC

GO YO 60

WT70=28Ce*wTFAC+2C

WTB0=195*WwTFAC

RE TURN

END
OR INPUT

SUBROUTINE INPyT

DIMENSION DIST(¢10)

DIMENSION <TITLE(14)

COMMON ~ZINPUT, BHP (10) s THRUST (109 sALT(10) ¢vKTAS(10)+T(10)4TS(10)
13 1WwIC(10) «NOF 4D DD ¢ND ¢ AF (DAF (NAF (BLADN(DBLADNBL DTS¢ 10) «NDTS(10)
2,DIST s XNOE ,w TCON S ZMWT o+ STALIT(10) ¢CLF 1 (CLF 4CKT04CKBO»CAMT o DAMT (NAMT
3,DCO5T(C1O)

DO 3 l=l.2

READ (S.1) TITLE

FORMAT (13A54A2)

WRITE(642) TITLE

FORMAT ('01,13864A2)

CONT INUE .

READ (Se4) IDUMsXNOE ¢WTCONZMWT ¢ CLF 1 4CLF 4CKT70+CKB0+CAMT s DAMT o CNAMT

READ (5.4) NOF.D.DD.ZND.AF.DAF.zAF.BLADN.DSLAD.zNBL

FORMAT(3Xx13,12F6e1)

ND = ZND+enl

NAF= ZAF+eq1

NBL= 2ZNBlL+.n!

NAMT=CNAMT 4,01

DO 6 1C=1 ¢NOF

READ (54841 IwlC(1CY BHP(1C) JALT(IC) sWKTAS(IC)T(IC), TS(1ICI,
1DTSCIC) 4 ZNDTS«DISTCIC)I «STALIT(IC)DCOST(IC)

NDTYS(IC)= ZNDTe

IF(IWIC(IC) EQ,1) GO TO S

THRUST(1C)= BHP (IC)

BHP(IC)= 0,0

S CONTINUE
& CONTINUE

RETURN
END

vIP FOR ZNOISE

SUBROUTINE ZNOISE (BLADT.OTA.TIPSPD VKTAS +BHP D1sT +SPL
1FC s XNOE

DIMENSION PNLA (203 «PNLB (10) ¢PNLC (1347481 DIAM(20)
1BBL (4, TMTH(2C) '

DATA (TMTH(l)-l=l'13)/03o-35u04.045c05.055..6|-65q07u¢75008c085q09
X/

DATA (pNLC(!cl'x)ol=l.13)/‘205.’108.-100.00.030l¢°o108'200q2'25‘
X2e7543e5:44345437

DATA (pNLC(!‘2.1)ol=l.13)/-5-5"005.-303.-2.Oq‘09.'02qcO.c3.f75q
X1e342e1,300,800/

DATA (pNLC(1.3.1).I=l013)/—605'-6-l.-506.-0.99.-308.-206.-lo&.-!o.
X075 ¢q=08408,106e30ly/

DATA (PNLC(I.“,]).1=1q13)/-705.‘7025.-70.-6.9.-608.-6.3.'500q-2.9.
X~109¢=10d0e-s634842el/
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DATA (pNLC(I~§.1)0}=1~13)/'9040'90750‘q!9\'909s'9075'—9030“8050
X—7e¢4 q"6039—500.—3a5\“105;09/

OATA (PNLC(x.é,x).1=x.13)/-!o.6.~10-8.—)0.9.—10.9,—lo.6.—\o.3.-9.6
)(.-8.6.-705'-602.—406,—2-8.—.8/

DATA (pNLC(l.7.l).l=!‘13)/-lln&.—\1-6.—1\-7,—1107‘-11qS.—lch'
x—‘Oc.“.‘gcl‘.—8-3.-7.0.-5-4."306.—1-6/

OATA (pNLC(l.],2)'!=l.13)/‘-25.-70|107'2005.3o0‘30303.3.305.3070
XGelaeebeDe3,6e7/

DATA (pNLC(!‘2.2)al=l013)/'1031’060‘2;06;1050107020“03.0!3¢G13.41
B X2 eDebe346an/

s DATA (PNLc(x.3.2).1:1.x3)/“3.6.—3.o.~2.1.-1.2.-.3..4..95.1.3.1.5.
X109.2041307'5c0/

DATA (PNLC(].4.2).l=lo13)/—5.7.-&080~308-‘2.70-1071—081-12c000tlo
Xe3eeBaleTe2,:.6/ ’

3 , DATA (pNLc(x.5.2).1=1.l3)/—6.5.—6.0.—5.4.-4;8.—a.3.—3.6.—3-1.-2.5.
% X‘loBt‘loOt-.lulnl.ZoG/

%4 DATA (pNLC(]qé.E)ql=l.13)/—7-6.—7-4|—7030‘7020"609‘-606|"6010“'504Q
; x—4.50‘3.31—200.'04|l.3/

4 DATA (PNLC(l|7.2).|=l.l3)/—9.7.-9.7.—9'7‘-9.5u—90&q-9o0.-805.—7080
M x»6.9.—5.9.—a.6.—2-9.—-8/

1 DATA tPNLc(x.x.3).x=1.13>/2.1.z.e.a.n.z.v.a.x.4.4.4.6.4.75.5.0.

t X5o3|50806'50703/

1 DATA (pNLc(1.2.3).1=1.13)/.2.x.c.a.o.z.7.3.a.3.s.3.5.3.6.3.8.4.2.
»; X4 eTe5e5456eG,

5 DATA (PNLC(Ig3.3).l=]ol3)/—102"‘07001| 0751104110802-312050206.

g X3:G43e54005 660/ .

; DATA (pNLC(!.4.3).l=l.13)/”205.'202"‘l06.‘1000"05‘00‘ Qe Teloly

é X107.204.3'”‘Q08/

DATA (pNLC(l.5,3).l=l.13)/—407.—3a9.—302.-2-50-l08.—103“070“50
X-.2|03010C.200.3~6/

OATA (PNLC (! .6.3).l=l.13)/"6-5“6.1q-505.‘4.9|’402|"w07q-30l."2-5‘
X-10F¢—=183s~eSse7e2e5/

DATA (pNLC(I.7.3)Ql=1\13)/-803-‘7070'7‘3--6.8v‘603c—507.—5-l.—4050

S

X'308'-300'—2-O,--7.lo3/
DATA (PNLC (! QX.“)'l-‘-l'13)/40004030‘007.504|5.9060316.3'603Q60¢06060
p X700 7064900/ .
1 DATA (pNLC(l02.4)ol=lo13)/302'3-3.:5-5.3-604.0‘4.515.l eS¢ T216404¢6eCe

X6¢10606.706/
' DATA(PNLC(] .30Q)Ql=1'l3)/2.l |20402'7Q3~O.3'3v30703|90400.“0204.5.
X4 eBeS el eE0 2y
| DATA ‘pNLC(l|a.a)0x=1.13)/1.3.1.6!1.802.‘.2.3!2.5!2.7.3.0.3.3.3.6.
fxa-l.4.7‘5.5/
DATA (PNLC(1.5.4).1=1.13)/-25.05‘075'100g1-3‘1050108q201q20402130
:X3c4-°-2c504/
- . DATA (pNLC(lo5.4)'1=l.13)/“203o~l'80—1-3‘-'80'050-llsc3|¢5'18'1-21
’ .xl-a.2c5-3~6/ . .
DATA <PNLC(x.7.0).1=1.23)/—Soo.-a.s.-3.7.-2.8.-2-3.—x.a.—l-a.—x-o.
X-c?o--Z.QS.x.E.Z-S/ o
) OATA (OIAM(l)vl=lo7)/500~5-5'8050110.14.50180‘25Q/
i , DATA BBL /20e3640d0460/
TVT= SCQT(TIPSPO**2+(VKTAS /05925)**2)/11200*FC
NBB=1
18=BLADT-140++nC1!
GO 70 (202.205.6‘6'6)'!8
2 KK=18
GO 70 7
° 5 NB3=4
KK=1
GO TO 7
6 KK=4
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NBE=4
7 CONTINUE
D0 8 K=KKNAB
DO 9  1=1,7
G CALL UNINT (I3, TMTH(1)PNLC(141,K)4TMT, PNLACL) LLIMIT)
8 CALL UNINT ( T,DIAM(1)PNLA(L1) DA, PNLB(K) ,LLIMIT )
PNLD = PHLB(KK)
IF (TBeEQeS) CALL UNINT(4.BSL (1) PNLB(1)BLADT PNLD L IMIT)
RMY = TIPSPD/1120Ce
. SPL = 1(7e¢7+ 6,6YHALCG(BHP -4 e 34%ALOG(BLACT*¥2¥DIAXRZAD]ISTH*2/
i XXNOE) + 38,1% RMT + PNLD
IF(LIMITONE 40) SPL=959999
RETURN
END
tIP FOR CRCTAL
. SUBROUTINE CPCTAL (1STALL«ZJ! «BLADT«CPSTLWCTSTL)
g COMMON /CPECTE /CPE (CTE
DIMENSION CTSTAL(16.4),CTSLL(S)
. DIMENSICN CPSTAL (164431 4ZJSTALI16),CPSLL(4)B(4)
! . DATA (CTSTAL(X.l)cl=l¢9)/0125‘-351cc1720018700204'0218v0233002430
16249/
DATA (CTSTAL(I.2)|1=1'9)/.268..30900343'03690'387..4040.“20'.435’
14451/
DATA (CTSTAL(I.3)01=109)/040l§-457|t4979052900557vo582--605006390
1651/
DATA (CTSTAL(],Q)Q]=1¢9)/04960057700628‘066500695\17200.7Q2|07640
14785/
; DATA(CPSTAL(l|1)ol=l09)/00500l21'22cc350-49.u651082|1001\1.19/
OATA(CPSTAL(‘.Z)Q|=l|9)/016|029'049'07501005')c37.ll7402.l3‘2053/
' DATA(CPSTAL(103)0I=109)/030t047o07501010105101096'204102-86.3.30/
DATA(CPSTAL(I.A).]=I.9)/.45.57101003'104001.89-20“50300603045'401/
DATA B/Z2 0404 e160e48ey
DATA (ZJSTAL(I ) 4171,93/00408,¢841¢241¢6420042¢442e84342/ ‘
i ISTALL=0 ’
} 1B8=8BLADT
IBT=MOD (18,2141
GO 1O (1+2),187
1 KK=1B/2
NBB=KK
' GO 710 3
. 2 KK=1
‘ NBB=4
3 DO 4 l=KK.Nn2B '
CALL UNINT (Se¢2JSTALCTSTAL(Ls [)14ZJT4CTSLLY( IyJLIMIT )
4 CALL UNINT(QesZUSTAL«CPSTAL (s [)4ZJIWCPSLLLU 1),LIMIT)
CPSTL =CPSLL (kK)
CTSTL =CTSpL (kK)
CPST=CPSLL (KK)
IF(NBB-KK) S5¢5,6
6 CALL UNINT(NBB ,BoCPSLL «BLADTCPST LIMIT)
CALL UNINT (NBB.BCTSLL«BLADTCTSTLLIMIT)
creTL = CTsT
CPSTL = CPsgT
5 CONT INUE
CPST=CPST#1,10
IF(CPEGTeCPST) ISTALL=Z
RETURN
END
*1P FOR PERFM .
SUBROUTINE PERFM (IWeCP e ZJ1 JAF T +BLADT ¢ CT+ ZMSKIMIT)
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COMMON/AFCOR/ZAFCRE  AFCTE o XF T
COMMON/CPECTE/CPECTE «BLLLL
COMMON/ASTRK /CPAST«CTAST
DIMENSION  AFVAL(O) AFCRCIE42)AFCTC(642) AFCP (7)) ¢AFCT(7)eXLB(4)
x INN(T) ¢ ZJJ(TIeCTT(T) W CPP (7)o CTTT(4) ,CPPP (4) 4CPANG( 104744 )
XCTANG (1047448 ) BLDANG (106 7))« NJIT7)BLLIT7) «BLLL (7Y
XeZJICL (8) e ZMCRL(B)+CPEC(14) +BLOLRI1444%) s ZMMMC(S) CPEEL(15)
XZFTL1545) o xXFFT(S)
DATA/ASTERK /OHERKEER £
DATA (BLODANG (101)41231,10)0/001240040:€041004186,4180¢22e¢42644300/
DATA (BLDANG (1+2)41=146)/100¢15¢4200¢2%e130¢¢35e/
DATA (BLDANG (14314121481 /106¢1150¢420042504300135¢4400+¢45e/
DATA (BLDANG (1¢9)415148)/2004125¢430643504140¢4450 4500455/
DATA (BLDANG (145141314 71/3001250440048S0¢500455¢ 4600/
DATA (BLDANG (146),121,10)/454,6765,50645205:4550,45765,60¢¢62e¢5,65
Xe67eS/
DATA (BLDANG (1+97) 4151 46)/5T7e5,60e 46205465 ,6765,700e/
DATA (CPANG (Telv1) 051 q10)/e01ES 0016540018840 0230400389,400588,
XeO0FP14,401340,018316,442273/
DATA (CPRANG (14241314131 46)/002154008554408294¢¢130%5461%06¢¢2554,/
DATA (CPANG (14341014151 4B)/=e01694~e0038B¢e0173400748 4014148442177+
Xe30114¢3803,
DATA (CPANG (1,4¢1)413148)/=e05704-00385,+40285¢413084+2376443536,
Xe 8624 4 25535 2
DATA (CPANG (14541341147 /=011504=0028B1:s1086¢026464+42134958604
Xe 7091/
DATA (CPANG (14601 ) a1 4101/ =611514000704¢14636¢02910¢+82454e5744,
XeT142,4¢BS06,e98704¢1 61175,
DATA(CPANG (147413411 46) /=02827,¢07B2¢08242,e¢777041e116441e4443,
DATA (CPANG (14142341 21410)1/0031140C2204¢03604408244¢06914010740
Xe1560442249,43108,44026/
DATA (CPRANG (1424204121463 /¢038C¢+0800+1014944¢2364,443486+48760/
DATA (CPANG (1434234171 48)/~e0R284¢~e01094e¢0324,01326,¢2578,4399,
XeS664 467227,
| - DATA (CPANG (] ,442)415148) /01252420661 ,¢C053544238844¢4396,66554,
XeB216,1.0753/
DATA (CPANG (1054210151 471 /=¢eC113¢4~604804¢219593,04901 47884410099,
X1e3707/
DATA (CPANG (1464214171 410)/782077¢001534¢2657,¢5387,408103741¢075s
' X143818:+1¢598%41¢86%7,241238,/
DATA (CPANG (1474214131461 /-045084¢1426,¢7858,41644842¢0899,2¢713/
DATA (CPANG  (14143)41=1410)/¢08204004861,¢0511,40602+060943,+,41475,
Xe2138,¢2%69,04015445237/
DATA (CPANG (14243)4121¢6)/405204¢106540201943230+04774445607/ -
DATA (CPANG (14343)1415148)/-00168¢=000854¢0457¢01774,463520¢¢5506
Xe7833e¢1¢0226/
DATA (CPANG (1,443)415148)/=01678:=e0BAR04e0752¢03262¢¢6085:¢49127
X1e244F 4159420/
DATA (CPANG (1454304121 47)/~¢29C314-e0E034e27464¢680341¢098%9,
X1 05353419747/ .
DATA (CPANG (146¢3)e41=21410)/-027830e025F 463665407413 41e12150
X1e832341e8B65542e¢237S5¢2¢605842.9831/
DATA (CPANG (1e743)41=146)1/-4618140194641e¢07584109951¢2¢8977
X3e7748,
DAYA (CPANG (10104)4821010)/700577400591400648¢0¢075100e1141441783,
X02599v03551'04682'05952/
DATA (CPANG (142¢3)415146) /00650001277 4028410439374¢58034¢8063/
DATA (CPANG (14344)412148)1/=000754=00025¢¢0595+021304042664¢6708
Xe951941e2706/
DATA (CPANG (14444)415148)/-¢1898,4-009084¢09564039424¢74164161207
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X1e530841e9459/
DATA (CPANG (1gS.Q).l=l.7)/—-3390-—-0632‘-3350.083!5.1-3494.
X1 48904244565/ o
DATA (CPANG (1464824151101 /~e3267¢404C%¢08520¢e5088,143783,

© X1eBA2442430642,7782¢2e22924+347028/

DATA (CPRANG (14740814133 ¢6)/~e750840239Z¢1 ¢315¢20446F42:5711
Xﬁ.éﬁ?a/

DATA (CTANG (11 41)e131010)1/7¢0303¢0084G64005864407434e1065¢¢1369
Xel16UBee1767,+1848441858/

DATA (CTANG (142¢1)4121¢6) /760205000691 4611411e152%4v017654e178B0/
DATA (CTANG (1430134151 48)/=e09764¢= L6601 e005S4¢064540115648 1589
X+ 1864401841/ )

UATE (CTANG (14,4411 4151481 /-011334=006244¢011)4¢0772+0132F0e1776
Xe20Ss 01881, .

DATA (CTANG (14501 ) 4121470 /=011 224=00356+0087F¢el161 41711402111
XeZ061/

DATA (CTANG (1664131714101 /=0T 764=4C01594e0391 40868412794 01646
X1619644e2212¢02414,442505/

OATA (CTANG {JeT701)el=146) /=el2284~e0221400633,4¢13094+1858,4¢2314/
DATA (CTANG (Fs1 42031214101 /7e08264¢0633:¢e0853401 101441649 44220%
Xel26T76403071,832184¢2416/

DATA (CTANG (14242141751 46)/00318,01116401509+¢02650¢¢3224143423/
DATA (CTANG (1436214151 ,48)/701761,4=¢0950¢00083,301114,¢2032,42834,
Xe3487, 3595,

DATA (CTANG (1 ,842)415148),/=e2155,-011294+0188,4041385,624014¢3231
Xe 385040369,

DATA (CTANG  (145¢2)415147) /0213740063574 408594¢21084¢3141,+3894,
XeA095/

DATA (CTANG (1 ,642)4171410) /=014 T74-003144¢06984¢1577+023424¢3013
Xe3611404067,00a4574e4681,

DATA (CTANG (I.7.2).l=l.6)/-.2338.-.0471--1108..2357..3357..&17&/

DATA (CTANG (1,143)41=14¢10)/¢0488,440732+40999401301402005¢02731
Xe33984e3982,48427 06648/

DATA (CTANG (I 4243)e13146)1/e03754013934¢2448¢03457¢043564049317

DATA (CTANG (1,343)41=1,48)/-02295¢-¢124040008T4¢14843¢¢2687403808.
X04739..5256/

DATA (CTANG (1,943)¢12145)/-0299F4=015274002354618534¢32464044100
XeH290 4 #5467,

DATA (CTANG (1454314131471 /~¢3019¢=00907+011544¢2871¢44294¢5338,
X+ 58548/

DATA (CTANG (1,6¢3)141=1,410)/-020124-¢08614¢0922,42125,43174,04083

VX-QSgI|15549.06043v05415/

DATA (CTANG (1 ,7¢3)4171436)/~633074~e074F+014114431184¢8466445548/
DATA (CTANG ([ 4104)e1=1410)/005344007F5401084¢014214¢e¢2221003054,
X+3831404508, 5035405392/

DATA (CTANG (1,42+8)4121461/40823401588,¢2841408056+¢5157446042/
DATA (CTANG (1 ,244)4151,48)/-e26064=014164000974416854031724¢4526,
XoeS65S . 06536, .

DATA (CTANG (1 ,4848)4151¢8)/-e3615¢=01804¢00267+4¢21934¢32870+¢5312,
Xe6410407032,

DATA (CTANG (1 ,544)41=147)/=636744-6109651013699¢38474e5165+06454,
Xe 7308,

DATA (CTANG (1,6:4)41=1410)/7424734~e05944e1086¢¢2552¢93830404933
Xe5899 ¢ 056722, ¢7302407761/ -

DATA (CTANC (1'7'4)n|2106)/”041650‘010Q0001597'l367l|o5289006556/
DATA (AFVAL(1),1=1¢6)/800a110009125¢¢1500¢¢1756+¢200e/

DATA (AFCPC(141)+12146)1/1¢6741¢374101654:100,+8814481/

. DATA (AFCPC (14204121461 /1855¢1633410139+1944B90,e82/

DATA (AFCTC (14101121461 /1¢39:31¢27¢10123410040¢9154e865/

DATA (AFCTC(142)el=146)1/10956,1029410¢1834100,08%04084/
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DATA(XLB(l )Y ¢1=21441,/20040¢ 46048/
DATA(ZII(L) q 151471 /00085¢1¢4105¢2e43¢45es
DATA(]NN(I)‘!zj.7)/]016081807010'6/

DATA (NJ(1) 151471 /14243.445,6.7/

DATA (ZJCL(!)c{':!08)/00'-5qlool.S.Elq2.5.3"305/

DATA (ZMCRL (11 ¢1=118)/0040¢132:0261¢83714¢461¢052642571 40599/

DATA (CPEC(I)q1=l'14)/tOl0-02q0039004~-05‘0060008.010v015v020|0250
1;30'035..40/

DATA (BLDCR(I'[)0131'14)/Io8671t77501-7571n?@vlo?évl."eq1180010810
110835416835, 1¢285411e875¢188,1.88/

DATA (BLDCQ(lce)q]=l014)/100l0v1-010|l.vltulcvlovlo-lcclu'lnoltvl¢
|4

DATA (BLDCR(lt3)01=l014)/t555u0635Q0675.071000738'0745|0758‘07550
1e70540735047104¢72540725¢725/

DATA (BLOCR(14424121414)/04154046006505405354056040575:6600406100
10630446301 4610,05054e600,4060C/

DATA (CPEEL(X)‘l=l.15)/-0100020-0300041005'q060008001000150c200030
ledyeSseb407,

DATA (ZMMMC (1), 12145)/e04002400%43¢064¢08/

DATA (ZFT(141)471=1415)/10nlesloeslosleslesloqloctociaslocionlocios
X1le/

DATA (ZFT(142) 4151 415)/09548975¢0084 4698740991091 46992609934 0994 4
14995469974 4999,eslesles

DATA (ZFT(1,43),1714151/0915,09454096240968¢eF73¢¢ 764 ¢5794¢980 4
1698240984, ,9087,69901¢993+099640999/

DATA (ZFT(X'Q)Ql=l|15)/l569|c902'.924'-937-.945.«9500095510960'
10696640971 4,077,¢983,4986,44989,¢991/

OATA (ZFT(14C) 1T 4151 /67 75¢082040854,¢5878¢¢896,651240929¢0937,
1094€409534,963,0971 44978 ,¢984,0988,

KK=1

AN ADJUSTMENT fOR CP AND CT FOR AF

DO 120 K=1,2

CALL UNINT (6 AFVAL (1) JAFCPC (14K ) AFTAFCP(K) LIMIT)

CALL UNINT (S¢AFVAL (1) AFCTC(1+K)4AFT AFCT(K) JLIMIT)

CONT INyUYE
DO 100 K=3,7

AFCP(KI=AFCP (2) '
AFCT(K)=AFCT(2)

CALL UNINT( T ZUJsAFCP«ZJI JAFCPE (LLIMIT)

CALL UNINT(7e¢2U0J4AFCT42J1 AFCTE GLIMIT)

IF(KIMIT.EQ.7710) GO TO 600

ILIM=0

1TEST=0

-

119 CONTINUE

NB= BLADT+,1
LMOD=MOD(NB,2)+1
GO TO (160,180) LMOD

160 NBB=1

L=BLADT/2e¢+,1
GO YO 200

180 NBB=4

L=1

200 DO S00 1BB=1,NgB

J INTERPOLATION
DO 300 K=1,7

208 IF(lw=1) 210+2104250
210 CPE=CP*AFCP(K)

FIGURE 6D,

i

CALL UNINT CINNCK) qCPANG (1 oKoeL) o CTANG (1 ¢Kal) +CPE (CTT(K) L IMIT)
CALL UNINT (INN(K) ¢CPANG (1 +KsL ) «BLDANG(14K) 4CPEBLL(K)LIMIT)
IF(LIMITWEGC,0) GO TO 211
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300
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N 360

410
420

] 430

440
450

460
5co

510

520

PRSI L

530
590

591
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&

i

ILIM=99
IF(ITESTeEQe7710) CTT(K)=F999T
CONT INUE
CTT(KI=CTT(KI/AFCT(K)

GO 7O 300

CTESCT#AFCT(K)

CALL UNINT( INN(K) ¢CTANG (14K L) ¢CPANG(1¢K L) CTECPP(K) LIMIT)
CALL uNINT(1NN(K).CTANG(I.K.L).BLDANG(I.K).CTE.BLL(K).LIMIT)
IF(LIMIT+EQqs0) GO 7O 251

1LIM=99

IF(ITESTeEQe7710) CPP(K)=F999F

CONT INYE

CPP(K)=CPP(K)/AFCP(K)

CONT INUE

CALL UNINT (7onJ(l)‘SLL(I)oZJXoBLLL(IBB)'LIMIT)
BLLLL=BLLL ¢ 1BEB)

1IF(lw-113319,310:350

CALL UNINT (74¢2JJC(1)4CTT(1}42ZJI4CTTTIIBB)LIMIT)
CT=CTTT(IBB)Y

GO TO 360

CALL UNINT (7.2JJ(1);CPP(I)cZchCPPP(IBB).LlMIT)
CPR=CPPP (1BR)

L=+

COMPRESSIBILITY CORRECTION

CALL UNINT (B4¢ZJCLE1) e ZMCRLET) ¢ZJUT «ZMCRTLIMIT)
DMN=ZMg-2ZMCRT

IF (DMN) 4560:4604+410

IF(lw—~1)a45,420.440

LK=l.-1

CALL UNINT (14,CPEC(1)BLDCR(14LK)CPE(PBLIMITI)
CPEE=CPE*PR_

DO 430 1IK=1,5 .

CALL UNINT (15,CPEEL(1)4ZFT(141K) CPEEXFFT(IK),IMIT2)
CONT INUE

- CALL UNINT(SvZMMMC(l)oXFFT(l)-DMNcXFTcLlMIT)

CT=CT*xFT

GO 10 S00

WRITE (6.450)

FORMAT ( * NO COMPRESSIBILITY ADJUSTMENT FOR THRUST INPUT OPTION

XAT PRESENT v )

XFT=10

CONT INUYE

IF(NBB-1) 510+89C+510

CALL UNINT (OQXLB(I)QBLLL(l)cBLADTQBLLLLQL‘MIT)

IF(IW—1)52n,5204S30

CALL UNINT (GexXLB(1)+CTTT(1)+sBLADT «CT.LIMIT?
GO TO 590

CALL UNINT (844xLB(1),CPPP(1)BLADTCPLLIMIT)?
CONT INYE

IF(ILIMNE,,99) GO TO 600

IF(ITEST«EQs7710) GO TO 591

17EsT=7710

SAvCP=CP

SAVCT=CT

GO 7O 119

CONT INUE

IF(ABS(SAVCP/CP-1e0)elTees001) GO TO 592
CPAST=ASTERK

IF (ABS(SAVCT/CT—1¢0) el Tee001) GO TO 593
CTAST=ASTERK

FIGURE IGD. LISTING OF ADVANCED GENERAL AVIATION PROPELLER PROGRAM (PAGE 12 OF 14)
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593 CONT INUE
CP=sAVCP
' CT=SAVCY .
‘ 600 CONTINUE
CPE=CP*AFCPE
CTE=CT*AFCTE
, RETURN
END
1 FOR.UNINT
! SUBROUTINE UNINT ( N+ XAy YAs X o Yo L)
]

SRR

PUPEANCHEN

THIS ROUTINE INTERPOLATES OVER A 4 POINT INTERVAL USING A
VARIATION OF 2ND DEGREE INTERPCLATION TO PRODUCE A CONTINUITY:
OF SLOPE BETWEEN ADUACENT INTERVALSe.

OO0 00

DIMENSION xA(1)s YA(l)s D(a) s P(3)
. L=0
- 1=1
TEST FOR OFF Low END NO = YES
IF ¢ XA¢1)-x ) 100¢ 1504 10
10 L=1
GO TO 150
100 DO 120 1=2.N
IF ¢ XA¢l)=-%x) 120+« 1504 200
120 CONTINUE
C OFF HIGH END
1 =N
,: L= 2
3 150 v= YA(I)
) GO TO 999
C TEST FOR FIRsT INTERVAL
200 IF(1-2) 240,220.280
c FIRST INTERVAL
\ 229 Ix1l = 1
i . RA = 1a
: ' GO TO 4po
< TEST FOR LAST INTERVAL
240 IF(1-N) 300, 250. 300
c LAST INTERyAL
250 Jx1 = N-3
RA = QO
GO TO 400
300 Jx1l = 1=2

PR SN
(o]

i
3
3
3
)

aekoiteas

RA = (XA(1)-X) /(XA(l)=XA(l-1) )
A 400 RB = le — RA
4 c
3 [ GET COEFFICIENTS AND RESULTS
E] J4 = Jx1

: DO 500 1=1e3
s P(I) = XA(J+l) = XA(J)
D(l) = X = XA(J}
500 J = J+l
D(4) = X = xA(Y)

Pca) P(l)y + P(2)
P(S) = P(2y + ©(3)
# [ RESULT
® Y = YA(JX1) * RA/P(1) * D(2)/P(4) * D(3) +
“ 1 YA(IXI+1) * (~RA/P(1) *# D(1)/P(2) * D(3) + RB/P(2) ¥ D(3)/P(S)

2 #D(4)) + yA(UX1+2) #(RA/P(2) * D(1)/P(4) % D(2) ~ RB/P(2)
3 # D(2)/P(3) % D(4)) + YA(JIX1I+3) # RB/P(S) * D(2)/P(3) * D(3)
FIGURE 6D. LISTING OF ADVANCED GENERAL AVIATION PROPELLER PROGRAM (PAGE 13 OF 14)
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| 999 RETURN
¥ i : END
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APPENDIX E

L

ADVANCED BLADE SHELL MATERIAL SYSTEM CONCEPTS

‘; The current process for fabrication of fiberglass cloth reinforced epoxy resin blade
shell cover stock for use in lightweight blade construction consists of the following indi~
vi.dx?al time-consuming steps:

‘;The required glass cloth reinforcement and resin binder are initially combined via
a wet layup technique on an airfoil tool mandrel. Final part fabrication is then
accomplished via a vacuum pressure bag method. The semi-finished glass/resin
composite is then subjected to a post-cure, followed by post-fabrication machining
and subsequent preparation for adhesive bonding to the metal structural spar mem-
ber.

The advantage of this method of blade shell cover stock fabrication is the one-piece
airfoil construction which requires adhesive bonding only at the tip and trailing edges to
form the final airfoil shape which is accomplished concurrently with bonding the shell to
the spar.

When assessed on the basis of cost and technical considerations, the present cover
stock fabrication method has the following disadvantages which are directly related to the
ménual, wet layup aspects of the cover stock material system (#181 glass cloth/ERL-
2256-Tonox) used:

1. Cost - Because of the tight weave of #181 style cloth, excessive time and labor
are expended in uniformly wetting the fabric with resin.

2, Technical - Because of the individual operator skill factor involved in the wet
layup phase, the time required and the resultant glass/resin ratio achieved
in final part fabrication varies.

with this in mind, it becomes apparent that significant cost reductions in lightweight
propeller blade fabrication can only be realized if changes in shell cover stock prepara-
tion can be made. It is believed that segmentation of shell cover stock into two halves
is possible, making available a range of material systems which are readily adaptable
to automated fabrication methods (fig. 1E). Segmentation of the blade shell into two
components immediately suggests that a glass cloth/resin prepreg system could be used
with matched die molds to eliminate the manual wet layup process. Table 1D lists sev-
eral other material systems presently available for use in developing a low-cost blade
shell for 1980. These include bulk molding compounds available in sheet form with
oriented reinforcement fibers which can be easily compression molded in matched dies.

‘Prepreg and preform systems are also listed as being applicable to shell fabrication.
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These systems require development programs to orient the reinforcement fibers in a
‘direction to offer maximum strength in the direction of stresses in the shell.

To further reduce process time and cost, it would be desirable to use stamping
processes, similar to sheet metal forming, to fabricate reinforced plastic blade shell
components. Allied Chemical Company offers a new thermoset-thermoplastic laminate
that can be readily cold formed to deep drawn configurations in a stamping press then
subjected to an oven cure to complete the part. 3M Corporation offers a high tempera-
ture thermoplastic resin (aromatic polysulfate ester) which can be readily formed at
700°F_in seconds in a matched die mold then bonded to the aluminum blade core. These
stamp forming materials are relatively new and costly at this time, but by 1980 costs
are expected to be reduced to levels that coupled with simple automated forming tech-
niques will result in lowest cost shell components.

Current manufacturing methods for the solid aluminum blade core (chemical-milled
forgings) represent the lowest costs for 1980 as well,
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