
4.'6.}.S r< H 
1/-7 -~ '1 

;/ Ii, .::., - ,3~! 

/ N - 7/-<-:' I~ 

,/ ,>:'(:--? 

AN APPROXIMATE MODEL FOR THE PERFORMANCE 

AND ACOUSTIC PREDICTIONS OF 

COUNTERROTATING PROPELLER CONFIGURATIONS 

A Thesis 

by 

BRETT \VILLIAM DENNER 

Submitted to the Office 9f Graduate Studies of 
Texas A&M University 

in partial fulfillment of the requirements for the degree of 

:MASTER OF SCIENCE 

. 
December 1989 

Major Subject: Aerospace Engineering 

(NASA-C
Q
,-180667) AN APP~O)(IMATr: MODEL FOR ~i()900-12?~22d 

TH~ P[RFURMA~CE ANJ A(OUSTIC PREOICTIONS DF , 
crU~TrRRUTATING ?RJP~llr:R CONFIGU~ATIONS 
M.S. Thesis (T~xas A£M Univ.) lA __ - p 

~ Uncla<; 
(SCl 20A GJ/71 0264636 



AN APPROXIMATE MODEL FOR THE PERFORMANCE 

AND ACOUSTIC PREDICTIONS OF 

COUNTERROTATING PROPELLER CONFIGURATIONS 

A Thesis 

by 

BRETT WILLIAM DENNER 

Submitted to the Office of Graduate Studies of 
Texas A&M University 

in partial fulfillment of the requirements for the degree of 

MASTER OF SCIENCE 

, 
December 1989 

Major Subject: Aerospace Engineering 



AN APPROXI1\1ATE MODEL FOR THE PERFORMANCE 

AND ACOUSTIC PREDICTIONS OF 

COUNTERROTATING PROPELLER CONFIGURATIONS 

A Thesis 

by 

BRETT WILLIA!\I DE:\,KER 

Appro .... ed as to style and content by: 

Kenneth D. Korkan 
(Chair of Committee) 

Da,·id 1. Rhode 
(Member) 

December 1989 

~L\ 
Anwar Ahmed 

(~Iember) 

\Yalter E. Haisler 
(Head of Department) 



ABSTRACT 

An Approximate Model for the Performance and Acoustic Predictions 

of Counterrotating Propeller Configurations. (December 1989) 

Brett William Denner, B.S., Texas A&M University 

Chair of Advisory Committee: Dr. Kenneth D. Korkan 

III 

An approximate method was developed to analyze and predict the acoustics of a coun­

terrotating propeller configuration. The method employs the analytical techniques of 

Lock and Theodorsen as described by Davidson to predict the steady performance of 

a counterrotating configuration. Then, a modification of the method of Lesieutre is 

used to predict the unsteady forces on the blades. Finally, the steady and unsteady 

loads are used in the numerical method of Succi to predict the unsteady acoustics of 

the propeller. The numerical results are compared with experimental acoustic mea­

surements of a counten:otating propeller configuration by Gazzaniga operating under 

several combinations of advance ratio, blade pitch, and number of blades. In addi­

tion, a constant-speed commuter-class propeller configuration was designed with the 

Davidson method and the acoustics analyzed at three advance ratios. Noise levels and 

frequency spectra were calculated at a number of locations around the configuration. 

The directivity patterns of the harmonics in both the horizontal and vertical planes 

were examined, with the conclusion that the noise levels of the even harmonics are 

relatively independent of direction whereas the noise levels of the odd harmonics are 

extremely dependent on azimuthal direction in the horizontal plane. The equations 

of Succi are examined to explain this behavior. 
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NOMENCLATURE 

a, b, c see Eq. (38) 

ao sonic velocity 

An Fourier cosine coefficients 

b see Eq. (16) 

B number of propeller blades 

Bn Fourier sine coefficients 

c blade chord 

CD section drag coefficient 

C( k )cir circulatory component of Theodorsen function 

C L section lift coefficient 

CLD design lift coefficient 

C Lg unsteady lift coefficient due to sinusoidal gust n 

CLg,osc general unsteady lift coefficient due to gust 

CLn Fourier Series component of unsteady lift coefficient 

C LQs quasi-steady lift coefficient 

C La. lift curve slope 

Cn Fourier coefficient (see Eq. (65)) 

CRPTR Counterrotating Propeller Test Rig 

D propeller diameter 

f position of body surface at time T 

-Fi net force on medium due to pressure on surface of source 
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torque force on source; acts opposite to velocity of source 

thrust force on source; acts in flight direction of propeller 

H(f} Heaviside function of body surface 

i,j, k Cartesian unit vectors 

1, 

I see Eq. (37) 

J advance ratio, Voo/nD 

Bessel function of the first kind of order n 

k reduced frequency, wc/2Voo 

k' Betz coefficient; number with same value at all blade sections 

circulation function used by Theodorsen 

I length of vortex 

aerodynamic force per unit area on fluid at body surface 

lift due to sinusoidally oscillating vertical gust 

M Mach number 

source Mach number, (8y / 8T ) / a o 

local normal component of Mach number 

time derivative of Mn 

relative Mach number between source and observer 

time derivative of Mr 

radial component of Mach number 

local tangential component of Mach number 

n blade rotation speed (rev/sec); harmonic number; summation index 
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ni surface normal 

n M component of surface normal in Mach number direction 

n M time derivative of n M 

nr component of surface normal in r direction 

nr time derivative of nr 

N number of compact acoustic sources 

OASPL Overall Sound Pressure Level; see Eq. (68) 

p pressure minus the mean pressure (acoustic pressure) 

p', q', r' , s' elementary functions of propeller parameters and functions (see Eq. (12)) 

Pij pressure tensor minus the mean pressure 

dP power absorbed by blade elements 

P loading noise pressure 
Ln 

Pn pressure amplitude of nth harmonic 

Pref reference pressure, 20 Jl Pa 

Prms root-mean-square of acoustic pressure 

P thickness noise pressure Tn 

q dynamic pressure, ~ Po V~ 

Q torque 

dQ torque on blade elements 

Q F torque-force; Q F = Q Ir 

r radial coordinate; distance between between the source at y and observer 

at x 

r vector from source to observer 



r· 1 

r· J 

R 

r/ Rtip 

radius of helical vortex 

unit vector from source to observer 

radial coordinate of field point 

radius of rotation of acoustic source; distance from source to observer in 

Eq. 1 

Rijk distance from field point to point on vortex 

Rtip propeller tip radius 

RPM revolutions per minute 

S body surface area 

dS incremental surface area of blade element 

Se control surface 

SPL Sound Pressure Level of harmonic 

t time 

( t / C )max maximum blade thickness- to-chord radio 

T blade passing period 

dTthrust on blade elements 

Tij Lighthill stress tensor 

TL blade loading period 

Vijk total induced velocity 

dV incremental volume of blade element 

Vn velocity component normal to surface 

IX 
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U, v components of interference velocity of front propeller on back propeller or 

back propeller on front propeller (Fig. 1) 

Ui fluid velocity 

UI, U2, U3 induced velocity components 

Vi source surface velocity 

Vijk induced velocity vector 

V 00 flight velocity 

V( T) volume of source 

w =WjV 

W resultant velocity at blade elements 

Wo amplitude of gust; W for light loading limit (Fig. 2) 

WI interference velocity at either propeller on itself 

Wg( t) vertical velocity due to sinusoidal gust 

Wgust ( t) vertical velocity due to general gust 

x, y, Z coordinate axes 

x( B'), y( B'), z( B') coordinates of helical vortex 

x vector to observer 

x', y', z', coordinates of field point 

Xo Lock's tip loss factor (see Eq. (11)) 

XL' YL' ZL coordinates of inner end of bound vortex segment 

x o , Yo, Zo coordinates of observer 

x T ' YT' ZT coordinates of outer end of bound vortex segment 

Y vector to source 
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Bessel function of the second kind of order n 

axial coordinate of disk plane of either propeller 

.". 
~J axial field point location 

a section angle of attack 

total induced angle (see Eq. (15)) 

r circulation strength of vortex 

circulation strength of elemental vortex 

Dirac delta function 

Kroneker delta function 

see Eq. (Ii) 

B blade angle 

B' angular coordinate of point on helical vortex 

K, number of blade, K, = 0, """' B-1 

d).. ·k tJ elemental vortex 

v angle between Ti and axis of rotation 

pI 

p instantaneous fluid density at a point 

fluctuating component of density, p - po 

Po freestream fluid density 

propeller blade solidity, BC/7rrD 

describes deformation of control surface with respect to time 

source time, t - r / c 

flow angle with plane of rotation 
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~ velocity potential (acoustic pressure) 

~ time derivative of ~ 

</>0 advance angle; see Fig. (1) 

<P/t angle between blade I\, and reference blade 

~n derivative of local pressure with respect to outer surface 

<PqO resol ving scalar (see Eq. (13)) 

'P( k ) Sears function relationship normal 

"p angle of blade with respect to x-axis 

\lI angle between blade passages 

tJ."p incremental blade rotation angle 

v.'j angular coordinate of field point 

"pf angular coordinate of blade 

w circular frequency, 2" /T 

n rotation speed of propeller (rad/sec) 

Subscripts 

F front propeller blade 

B aft propeller blade 

rms root-mean-square 

ref reference value 
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CHAPTER I 

INTRODUCTION 

Turbomachines, which consist of lifting surfaces rotating about an axis, are designed 

to transfer energy between themselves and a surrounding fluid medium. Kinetic 

energy is either extracted from the fluid and used to drive a shaft, as with a windmill, 

or imparted to the surrounding fluid, as with fans, propellers, and rotors. In the 

latter, this energy transfer creates an equal and opposite force on the lifting surfaces 

which can be used to provide thrust for an airplane or lift for a helicopter. As a result 

of the dynamic interaction between a propeller or rotor and the surrounding fluid, a 

certain amount of energy is lost. This energy is in the form of turbulence and fluid 

rotation behind the propeller, and translates directly to a reduction in the propulsive 

efficiency. Another result of rotor-fluid interaction is that small pressure fluctuations 

are imparted to the fluid which radiate in all directions. These fluctuations are 

discernible as noise and are a major consideration in the operation of propellers and 

rotors. 

Aircraft propeller noise can have significant physiological and economic conse­

quences. Operation of many propeller-driven aircraft from airports located near resi­

dential areas is restricted to daylight or evening hours by local and/or Federal A via­

tion A uthori ty (FAA) regulations. 1 Additionally, the prospect of travel in acoustically 

unsatisfactory aircraft can encourage prospective passengers to seek other modes of 

Journal model is AIAA Journal of Aircraft. 
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transportation. Currently, aircraft designers attempt to reduce the cabin noise which 

reaches passengers by inserting special acoustic materials in the skin of the aircraft. 

These serve to absorb and deaden the noise which reaches the interior of the fuselage, 

but at the cost of increased aircraft weight and reduced payload. 

Despite their disadvantages, high speed propellers and especially counterrotat­

ing propellers hold distinct promise in the area of fuel efficiency. Although fuel costs 

are currently a smaller percentage of direct operating costs than in previous years, 

it is not expected that this trend will continue. Consequently, improvements in the 

operating efficiency of propulsive devices will be required in the near future. Recent 

studies have indicated that counterrotating propeller configurations, which consist 

of two propellers in tandem rotating in opposite directions, offer higher propulsive 

efficiency in the high subsonic and transonic cruise flight regimes than single-disk pro­

pellers, turbofans, or turbojet engines. In addition, counterrotating propeller configu­

rations have significantly higher efficiencies when operated in off-design or non-cruise 

conditions. 

Despite the promises of improved efficiency and reduced operating costs, coun­

terrotating propellers present more problems in the area of noise than single disk 

propellers. Under certain flight conditions, both single-disk and counterrotating pro­

peller geometries can experience fluctuating loads which result in a highly directional 

unsteady acoustic component that may be in excess of the steady acoustic component. 

These unsteady forces arise from numerous sources, e.g., the aircraft flying at an an­

gle of attack relative to the propeller axis of rotation, or operation of the propeller 
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in a nonuniform wake due to a nacelle or some other obstruction. In addition, coun­

terrotating propellers always experience unsteady loads due primarily to interaction 

between the front and aft propeller blades. As the blades of the counterrotating con­

figuration rotate in close proximity with each other, aerodynamic interference alters 

the magnit.ude and velocity of the airflow over their surfaces, resulting in a periodic 

variation of the thrust and torque-force. These fluctuating forces create a highly di­

rectional noise component that dominates the noise pattern in front of and behind 

the counterrotating configuration. 

In an effort to examine more closely the acoustics of a counterrotating propeller, 

the object of this thesis is to develop an approximate method by which to model 

the acoustic characteristics associat.ed wit.h these configurations. The advantage of 

this approach will be in quickly and ~asily predicting the acoustics associated with 

a counterrotating configuration without requiring the extensive computer time and 

cost associated with more complicated analytical methods. 

3 
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CHAPTER II 

PROPELLER ACOUSTIC PREDICTION METHODS 

Since the early 1900's, researchers have attempted to theoretically predict the acous-

tics associated with rotating propellers. In 1936, Gutin2 published an acoustic model 

for a stationary propeller that was later expanded by Garrick and Watkins 3 to include 

the effects offorward flight. In either method, the thrust and torque distribution along 

the radius of the propeller blades must be known a priori from experimental measure-

ments or theoretical predictions. Then, the acoustic pressures Pn at the harmonics 

of the fundamental frequency are obtained by integrating the thrust and torque dis-

tribution along the radius of the propeller blade and multiplying by appropriate flow 

parameters. The Gutin formulation is shown as an example: 

nBD. l RtiP 
( dT ao dQ) (Or. ) Pn = R --d cos v + (I ') -d JnB - SlllV dr. 21iao 0 r Hr~ r . ao 

(1) 

Note that no information is obtainable concerning the phase relationship between the 

harmonics, and thus the pressure time-history cannot be calculated. This approach, 

as are others which yield only the acoustic frequency spectra of a propeller, is therefore 

referred to as a frequency-domain solution. 

In 1952, the Lighthill Acoustic Analogy was published as a means of predicting 

the sound pressure field generated by a fluid in motion. This ·analogy incorporates 

three mechanisms by which sound is produced: fluctuations in mass, fluctuations in 

momentum or rate of mass flux, and variations in the rate of momentum flux. These 

acoustic sources are, respectively, referred to as: monopoles, from which pressure 
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fluctuations radiate uniformly in all directions; dipoles, which act as two monopole 

sources 1800 out of phase and which radiate sound directionally; and quadrupoles, 

which radiate sound as two dipoles of equal and opposite strengths and are highly 

directional. Lighthill's formulation is written as: 

(2) 

An extension of the Lighthill Analogy was developed by Ffowcs Williams and 

Hawkings4 for an arbitrary solid boundary moving through. space and is presented 

in the next Chapter. A major contribution was its formulation in terms of general 

functions, which allow evaluation of highly singular integrals that would otherwise be 

impossible to solve using conventional functions. In addition, they permit extension 

of frequency-domain solutions to time-domain solutions. A discussion of generalized 

functions was presented by Lighthill.5 

Nearly all modern approaches to propeller acoustic prediction stern from the 

method of Ffowcs Williams and Hawkings. These include the methods of Farassat,6 

Hawkings and Lowson,7 Hanson,s Woan and Gregorek,9 and Jou,lO each whom as-

sumed non-compact acoustic sources, and the method of Succi,ll who assumed com-

pact sources. This latter assumption, i.e., compact sources, tends to simplify the 

mathematics for subsonic flight regimes. A common feature among all of these meth-

ods is that the motion of the propeller blades and their associated loads must be 

specified in advance. The acoustic pressure at a particular observer location is then 

obtained using the collapsing sphere method which is discussed in the next Chapter. 



For a complete summary of each of the preceding acoustic methods, the reader is 

referred to White. 12 

Another approach to predicting the acoustics of a propeller is through use of 

a numerical flow field solution generated by modern computational methods. With 

the advent of high speed computers, the full three-dimensional flow field around a 

complicated body may be calculated with varying degrees of accuracy. These flow 

field solutions are typically generated by solving a governing set of equations, such as 

those of Euler or Navier-Stokes, within a computational grid. The flow past a propeller 

with an axi-symmetric nacelle can be calculated by numerically solving the governing 

equations between two adjacent blades. The azimuthal variation of the pressure along 

an arc at a specified axial and radial position within the computational grid is then 

converted to the acoustic pressure in the time-domain for a stationary observer. The 

pressure time-history can be numerically analyzed to obtain the overall noise level and 

the associated frequency spectrum. This m~thod was outlined by Korkan, et.al.,13 

and application to various numerical flow field solvers has been performed by several 

researchers, including White, Denner,14 Forsyth,15 Jaeger,16 and Korkan, et.al. 17 

An advantage of this approach is that once a flow field solution is obtained, 

an acoustic solution can quickly and easily be obtained for many observer locations 

within the computational boundary, referred to as the "near field." In addition, 

these numerical methods are capable of calculating the flow fields of transonic and 

supersonic propeller configurations, thereby allowing noise calculations for flow fields 

containing shock waves. The chief disadvantage of these methods is the high cost as­

sociated with obtaining an accurate numerical flow field solution, since they currently 
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require costly amounts of computer time on large mainframe computers. Also, the ac-

curacy of these flow field solvers tends to diminish in regions near the computational 

boundary because of grid resolution. Finally, direct calculation of acoustic conditions 

using this method is limited to observer locations within the computational domain. 

For calculation of far field acoustic conditions. a method was suggested by Faras-

sat and Myers. IS Using generalized functions, a version of the Hawkings method I9 

applicable to propellers operating at transonic Mach numbers was developed. The 

method of Farassat and Myers assumes a non-rotating control cylinder which has 

surface pressure fluctuations generated by the interior propeller configuration. Nu-

merically, the surface pressure fluctuations are taken from the flow field solution at 

a specified radius from the axis of rotation. The acoustic pressure at a specified 

observer in the far field is given by: 

where: 

and: 

(3) 

2 - Mn<p 
EI = (Mn - l)<Pn + MnMt • \7 2 <P - --+ 

ao 

1 
---~--------------~+ (4) 
ao(1- MR)[(nr - Mn - nM)<P + (cosO - Mn)1> + (cosO - Mn}<pu] 

ao(l ~ MR)2 [MR( cos 0 - Mn)<P] , 

E2 = cos 0 + 1_1MR [2MRcos 0 - MnMR - Mn] 

+ (1 _ ~R)2 [(cos 0 - Mn)(Mk - M
2
)]. 

(5) 

Several complications arise when using a numeric flow field solver to calculate 

the acoustics of a counterrotating propeller. In the flow field solution methods, the 
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presence of a second propeller transforms the problem from a steady to an unsteady 

solution, thereby significantly increasing the difficulty of accurately calculating the 

flow field. Attempts have been made at obtaining time-invariant solutions by averag­

ing the flow conditions on a plane between the front and aft propeller and have yielded 

good comparison with Overall Sound Pressure Levels (OASPL) and frequency spec­

tra, as presented by Kim. 2o However, deficiencies have been noted in the prediction 

of acoustic pressure-time histories. 

A numerical method which solves the Euler equations to compute the unsteady, 

three-dimensional, transonic flow field about a single or counterrotating propfan was 

presented by Whitfield. 21 This method has demonstrated good overall agreement be­

tween theoretical predictions and experimental propfan performance measurements, 

and consequently could prove viable to predict the unsteady near field acoustics of a 

counlerrotating propeller. However, the associated computer costs are even greater 

than those for steady flow field solvers, inhibiting its use for routine acoustic predic-

tions. 

In the development of the approximate counterrotating propeller acoustic model 

used in this thesis, preference was given to speed and ease of calculation. Con­

sequently, use of a numerical flow field solution method was eliminated due to their 

large requirements of computer time and the associated cost. It was therefore decided 

to employ one of the methods based on the Ffowcs Williams-Hawkings equation dis­

cussed at the beginning of this Chapter to predict the counterrotating configuration 

acoustics. 
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Of the several methods presented, the compact acoustic source method of Succi 

was selected as the basis of the acoustic calculation. This methodology was created to 

predict the acoustics of a lightly loaded subsonic propeller, and requires that the forces 

on the blades be known in advance. Extension to the counterrotating configuration 

involves calculating the performance and acoustics of each propeller separately and 

summing to obtain their combined effect. 

Several approaches, including the method of Davidson,22 have been developed 

to obtain the performance of a counterrotating propeller configuration by calculating 

average interference effects between the propellers. A preliminary study using the 

methods of Davidson and Succi to investigate the steady noise in the disk plane 

of a counterrotating propeller configuration with different front/aft rotation speeds 

was presented by Denner and Korkan. 23 From an acoustic perspective however, since 

the unsteady forces on the blades are not modeled, this approach by itself does not 

provide enough information to predict the complete noise characteristics around the 

entire propeller. 

At least two related approaches have been developed to calculate the unsteady 

loads of a counterrotating propeller configuration. These are the Local Circulation 

Method of vVatanabe,24 and the vortex lattice formulation of Lesieutre,25 which cal­

culate the inviscid, incompressible, unsteady aerodynamics of a counterrotating pro­

peller. 

To provide the ullSteady forces of a subsonic counterrotating configuration for 

use in the Succi acoustic methodology, it was decided to combine the methods of 

Davidson and Lesieutre. That is, the Davidson method is used to calculate the mean 

9 
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subsonic performance of the configuration and the method of Lesieutre is used to 

calculate the variation of the blade forces about their mean levels. 

Combination of these three methods should allow simple approximation of the 

acoustics of a counterrotating configuration. The next Chapter will discuss the im­

plementation of the methods of Davidson, Lesieutre, and Succi as they pertain to the 

acoustic model. Then, theoretical predictions from this model will be compared with 

experimental counterrotating propeller acoustic measurements. Finally, the noise 

characteristics of a hypothetical commuter-class counterrotating propeller configura­

tion will be examined in detail, pertaining to the directivity of the harmonics in the 

near field around the propeller. 



-------- -------------------
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CHAPTER III 

APPROXIMATE ACOUSTIC MODEL 

The method developed in this thesis to predict the acoustics of a counterrotating pro-

peller configuration is an extension of the compact acoustic source method of Succi. 

The Succi approach simplifies the calculation of propeller acoustics by dividing the 

blades into many small segments, called compact acoustic sources. The acoustic pres-

sure time-history generated by each source is calculated, and these are then summed 

to obtain the acoustic signature of the entire propeller. This method requires speci-

fication of the propeller geometry, rotation speed, and surface pressure forces on the 

blades as functions of time. The pressure forces, or loads, on the blades are obtained 

by first calculating the mean load distribution along the propeller radius with the 

Davidson performance prediction method for counterrotating propellers. Then, the 

unsteady variation of the loads about their mean values is obtained through use of a 

modified version of the unsteady propeller performance approach of Lesieutre. 

IlL 1 Acoustic Prediction Method 

The acoustic method of Succi for compact sources was developed to simplify prediction 

of the acoustic signature of a rotating propeller. It is an adaptation of the Ffowcs-

Williams Hawkings equation, written as: 

& & 8 8 
8T2PH(f) - a5 8y;pH(f) = 8T [povinilV' fI 8(f)] - 8Yi [PijnjlV' fI 8(f)] 

+ 8X~;Xj [(Pij + POUiUj - a5p8ij)H(f)]. 

(6) 
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Developed from the Lighthill analogy for the sound pressure field of a moving fluid, 

this Equation gives the acoustic pressure generated by a body moving through a fluid. 

Due to its nonlinear nature, exact solutions of Eq. (6) are essentially impossible to 

obtain. 

Succi undertook to make the solution ofthe Ffowcs Williams-Hawkings equation 

more tractable; i.e., through application of Green's function, Eq. (6) can be written 

for subsonic conditions as: 

Here, p( X, t) is the acoustic pressure experienced by the observer and "ret" indicates 

that the integrands are to be evaluated at the retarded time, T = t - r / aD. 

To understand the retarded time concept, consider a stationary acoustic source 

and stationary observer at two points in a fluid separated by a distance r. At a time T, 

the source imparts it pressure fluctuation to the fluid which radiates in all directions 

at the acoustic velocity aD and ultimately reaches the observer at time t. Equating 

the time interval (t - T) to (r / ao) gives the definition of the retarded time. 

If either the source and/ or the observer are in motion or the pressure fluctuations 

of the source vary with time, the retarded time definition remains unchanged. Now, 

however, r is the distance between the point where the pressure fluctuation is created 

by the source at time T and the point where it is "heard" by the observer at time t. 

That is, r is the straight-line distance traveled by the pressure fluctuation from the 

source to the observer. This distance is affected neither by motion of the source after 

the sound is created nor by movement of the observer before the sound is observed. 
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When several acoustic sources are present, the retarded time of each source will 

in general be different. The cumulative effect of these sources on the total acoustic 

pressure experienced by an observer may be understood by imagining a sphere of in­

finite radius centered on the observer. At a time infinitely far in the past, the sphere 

begins to collapse towards the observer at the speed of sound. As the surface of the 

sphere passes through each of the acoustic sources, pressure fluctuations are accumu­

lated at the corresponding retarded times, Ti, and are carried toward the observer. At 

time t, the radius of the sphere is zero and the sum of the pressure fluctuations accu­

mulated by the sphere is the acoustic pressure experienced by the observer. During a 

time interval f.:::.t, an infinite number of spheres will have collapsed onto the observer 

and the resulting variation in the acoustic pressure is what i~ interpreted as sound. 

Although in a more manageable form, Eq. (7) is still quite difficult to solve 

numerically. For a large complicated body moving through a fluid, such as a pro­

peller, the shape of the body as well as the pressure distribution over its surface is 

normally very difficult to express mathematically. To simplify the mathematics, Succi 

rewrote Eq. (7) for acoustically compact sources. By definition, the greatest physical 

dimension of a compact source must be much smaller than its closest distance to the 

observer, giving an appearance of a point source. This allows the motion of every 

point in the body to be approximated by the motion of its center, eliminates rotation 

effects, and allows the pressure on the surface of the source to be considered constant. 

The cumulative result is considerable simplification of the mathematics. 
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Rewritten for N compact sources, Eq. (7) has the form: 

N 

47rp( t) = 47r '""" {p L (T) + PT (T)} , ~ n n ret 
(8) 

n=l 

where the loading noise, P
L

' observed at time t emanating from blade element n is 

given by: 

(9) 

and the thickness noise, PT' is given by: 

(10) 

From Eqs. (9) and (10), the acoustic pressure at time t from one compact acoustic 

source is seen to depend on its motion, Mr and £:h its distance from the observer, r, 

the pressure forces on its surface, Pi, and its volume, V( T), all at the retarded time T. 

The geometry associated with this rotating compact source is shown in Fig. 1. 

To calculate the acoustics of a counterrotating propeller configuration, the 

blades are divided into many compact acoustic sources. The terms in Eqs. (9) and 

(10) must be known for each ofthese N compact sources. The geometric and velocity 

terms, including r, ri, M r , and Mi, describe the motion and position of the sources 

and are defined by the motion of the propeller. Therefore, to calculate the noise of 

a counterrotating propeller configuration it remains only to determine the loads on 

the front and aft propellers as functions of time. This is accomplished by first cal-

culating the mean or average loads along the span of the propeller blades and then 
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the fluctuations of these loads about their mean values as functions of radial position 

and time. 

III.2 Performance Analysis 

The performance of a counterrotating propeller configuration is calculated using the 

analysis method of Davidson as modified by Korkan and Playle26 and Playle, et.al.27 

This strip-analysis method generates the time-averaged radial distributions of ve­

locity, angle of attack, and differential thrust, torque, and horsepower absorbed. It 

assumes that the induced velocities are small, and neglects their products and squares 

in formulation of the associated equations resulting in a first-order theory. This as­

sumption, however, is not felt to be limiting in the calculation of the performance of 

a counterrotating configuration. 

The fundamental idea behind a strip analysis method is to calculate the per­

formance of a three-dimensional propeller by modeling the blades as two-dimensional 

airfoil sections placed about a pitch-change axis. By accounting for three-dimensional 

effects in the calculation of the radial velocity and angle of attack distributions, two­

dimensional lift and drag data can be used to obtain the radial variations of thrust 

and torque which are integrated to obtain the total thrust and torque of the propeller. 

To calculate the steady performance of a counterrotating propeller configuration 

with the method of Davidson, the radial velocity distribution must first be obtained. 

The components of this velocity, shown in Fig. 2, include the axial or·flight velocity, 

V 00, which is constant along the radius; the azimuthal velocity, Or, caused by rotation 

of the propeller; and the induced velocities u, v, and WI, which result from interaction 
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between the propellers. Success of the method depends on accurate calculation of 

these latter terms. 

111.2.1 Fixed-Pitch Performance Calculation 

The Davidson method for calculation of the performance of a fixed-pitch counterrotat­

ing propeller configuration is iterative in nature. To summarize, at a particular radial 

station on both the front and aft propellers, initial values ofthe resultant velocity, W, 

and angle of attack, Q, are assumed. A series of calculations is then performed which 

results in new values for the velocity and angle of attack. These new values, which are 

usually different for the front and aft propellers, will likely differ from those assumed 

at the beginning of the iteration. If this is the case, another iteration is made using 

the newly generated values of Wand Q. This process is repeated until at the end of 

an.iteration, the old and new velocities and angles are within a prescribed tolerance 

of each other, thereby indicating a converged solution. A new radial station is then 

selected and the iterative procedure repeate9. until the performance along the entire 

radi us of the blade is calculated. 

To obtain the performance of the front and aft propellers, the Davidson method 

requires that the radial distribution ofthe blade chord, c, the thickness ratio, (t/c)max, 

the design lift coefficient, CLD' and the blade twist angle, e, be specified for both 

propellers. This geometry will remain unaltered during the iteration. At a selected 

radial station, initial estimates of the resultant velocities WF and lVB and angles 

of attack Q F and QB' shown in Fig. 2, are made. From these parameters, the two­

dimensional lift and drag coefficients, C L and CD' of either blade segment are obtained 

via an airfoil data bank which contains lift and drag coefficients at discrete angles 
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of attack and Mach numbers from which the lift and drag at any a and M may be 

interpolated. 

Next, the Lock28 tip loss factor, Xo, for either propeller is calculated from the 

expressIOn: 

• q's' 
~\:o = , 

(k' jiT; )p' - q's'r' 
( 11) 

where: 
, 1 

p = "2CPqO cos CPo, 

, 1 
q = , 

2 sin CPo 

, 2 , . 2 A. 
r = cos q>o - sm 'f'0, (12) 

, J K( ). ,. s = - re smq>o, 
Tire 

(k'jw) = 2. 

Here, K(re) is the Theodorsen circulation function29 for dual-rotation propellers, and: 

CPqO = sin CPo + C ~C cos CPo· 
L D 

Xo varies from 1.0 on the axis of rotation to 0.0 at the tip, as shown in Fig. 3. 

The advance angle, CPo, for either propeller is defined by: 

Voo = rO tan CPo, 

(13) 

(14) 

and is the angle the flow would make with the plane of rotation of the propeller 

apart from three-dimensional effects. The interference angles,{3, which result from 

the interaction between the propellers are calculated by: 

(15) 
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where: 

1 
b= , 

4Xo sin 4>0 
(16) 

and: 

(17) 

(OB = Xo( cos2 <Po - 2 sin2 <Po). 

The interference angles are added to the advance angles, <Po, to obtain the angles <p 

which the resultant velocities make with the plane of rotation: 

<p = 4>0 +;3. (18) 

The difference between 4> and the blade twist angle of the airfoil section, e, gives the 

updated angle of attack of the blade segment: 

a = e - 4>. (19) 

Next, a new resultant velocity W is obtained by calculating the interference 

velocities u, v and WI for either propeller. These are obtained by solving the following 

simultaneous equations for WI F and WI B : 

(20) 

where: 

(21) 
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. The resultant velocities are then obtained from: 

WF = rFOF sec <PoF cos i3F + uF sin <PF - vF cos <PF, 

(22) 
l-VB = rBOBsec<PoBcosi3B +uBsin<PB -VBCOS<PBo 

As previously discussed, the newly-generated values of a and Ware compared with 

those of the preceding iteration, and if either is different another iteration must be 

made. 

Once a converged solution for the blade segment performance is obtained at the 

specified number of stations along the radius of each propeller, the overall performance 

of the configuration is obtained by calculating at each radial station the differential 

thrust, defined as: 

(23) 

and differential torque, given by: 

(24) 

The total thrust and torque of each propeller are obtained by numerically integrating 

dT / dr and dQ / dr along the radius. 

111.2.2 Constant-Speed Propeller Analysis 

More sophisticated and more commonly used than fixed-pitch propellers are constant­

speed propellers. Rather than requiring a change of RPM to alter the speed of the 

aircraft, the thrust of these propellers is varied by rotating t.heir blades in t.he hub, 

allowing the engine to maintain a constant rotation speed and operate in a more 

fuel-efficient. manner. 
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To calculate the performance of a counterrotating configuration with constant-

speed propellers, a different iterative procedure is employed. The geometry of the 

configuration must first be specified as in the previous Section. In addition, the 

horsepower provided by the engine to the propeller must be specified. Before the 

first iteration, estimates of the front and aft blade-set angles are made. The blade-set 

angle of a propeller is the amount by which the blades are rotated in the hub and 

is added to the blade twist angle, e, along the entire radius of the blade. Using this 

modified twist distribution, the performance of the configuration is analyzed exactly 

as described for a fixed-pitch configuration. ',Vhen completed, the differential power 

absorbed at each radial station of the propeller is calculated by: 

dPjd 
- 1 D (C L sin <p + CD cos <p) 

. r - -1iporO' 2 • 
2 cos <p 

(25) 

This power distribution is then integrated to obtain the total horsepower absorbed 

by the propeller. 

With constant-speed propellers, the horsepower provided by the engine must be 

completely absorbed by the propeller. If the horsepower provided is different from the 

horsepower absorbed, the blade-set angles of the propeller is adjusted and the analysis 

procedure repeated. After each iteration, the total horsepower absorbed is compared 

with the horsepower of the engine, and if necessary the procedure is repeated until 

the horsepower provided by the engine and the horsepower absorbed by the propeller 

agree within a prescribed tolerance. 
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III.2.3 Performance Design 

A design method, whereby an optimum propeller for a given set of input conditions 

may be designed, is also described by Davidson. This approach makes use of the Betz 

condition for dual rotation, defined as: 

k' = 

d (dPp dPB ) 
~ dr + dr 

n d (~) d(CTCL ) dr 

(26) 

This relationship is derived by requiring the total power loss of the propeller be 

minimal while still absorbing the horsepower provided by the engine. Equation (26) 

must be satisfied along the entire radius of the propeller blade, and indeed k' is 

a constant which is everywhere the same for a given propeller. However, k' will in 

general be different for the front and aft propellers, and must be determined iteratively 

by· requiring that the power absorbed by the propeller match the power output by 

the engine. 

Through analysis of Eq. (26), Davidson arrived at the following expression for 

the blade section solidity-lift coefficient of an optimum propeller using calculus of 

variations: 

1 k'''' L S2. "2 'f'qO cos 'f'U - C L 
erG L = -----.,------~-~. 

2 si~ 4»0 (to + cos2 <Po - sin 
2 

<Po) 
(27) 

To design a propeller using Eq. (27), the radial distribution of blade thickness and 

design lift coefficient must be specified along with such flight parameters as propeller 

rotation speed, velocity, engine horsepower, and atmospheric conditions. Then, initial 

estimations of the radial distribution of chord and blade twist angle are made; these 

values need only be approximate as they will change during the design process. Initial 
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values of k' for the propellers are then selected. This assumed propeller geometry is 

analyzed as described for the fixed-pitch propeller, with the added stipulation that 

the angles of attack at each radial station be selected so as to correspond to the 

maximum local L / D ratio. 

After completion of one design iteration, a new solidity-lift coefficient distribu­

tion is obtained with Eq. (27) from which a new chord distribution is calculated. The 

power absorbed by the propeller is calculated from Eq. (25) and compared with the 

horsepower provided by the engine. If the engine horsepower and that absorbed by 

the propeller are different, a new value of k' for each propeller is selected and the de­

sign procedure repeated using the chord and blade twist distributions resulting from 

the most recent iteration until sufficient agreement between horsepower provided and 

absorbed is attained. 

III. 3 Unsteady Propeller Loads 

As discussed at the beginning of this Chapter, the Succi compact source model for 

propeller acoustic prediction requires that the radial thrust and torque-force distribu­

tion on the propeller blades be known as functions of time. However, the blade loads 

that are calculated with the Davidson performance model as described in the previous 

Section are averaged over one rotation. No information can directly be obtained from 

this method concerning the time-dependent variation. To completely describe the 

blade loads, some other method must be used to approximate the unsteady loading 

on the blades of the counterrotating propeller. The unsteady loads are added to the 

steady loads to reflect the time-variation of the forces on the blades of the propeller. 
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If the time-dependent variation of the induced velocity components u, v, and WI 

of Eqs. (20) and (21) is known, the variation of the unsteady loads can be obtained. 

This is accomplished by solving Eq. (20) for ¢> and subtracting from the blade twist 

angle (Eq. (19)) to obtain the angle of attack of the blade segment. The instantaneous 

lift and drag are then obtained from an airfoil data bank. This method is detailed in 

a following Section. 

To calculate the unsteady forces on the blades for use with the Succi compact 

acoustic source model, a method based on the vortex lattice formulations of Sullivan30 

and Lesieutre is employed. The variation of the induced velocities on the blades of 

the counterrotating propeller configuration will be calculated and then converted to 

the unsteady forces as described in the next Section. 

III.3.1 Induced Velocity Calculation 

It can be demonstrated from momentum considerations that a vortex of strength r 

in a uniform flow of velocity Voo and density Po experiences a force of magnitude 

povoor in a direction perpendicular to Foo , as shown in Fig. 4. The Kutta-Joukowski 

theorem states that a cylinder of any cross section in the same flow conditions also 

experiences a normal force of pvoor, where r is the circulation about the cylinder. 

Consequently, the effect of the lift force generated by an airfoil with circulation r on 

the flow field can be represented by replacing the airfoil with a vortex of the same 

circulation strength. 

This analogy between an airfoil and a vortex can be used to analyze the flow 

field about a three-dimensional wing, i.e., one with finite span. Consider first a finite 

wing with constant lift across the span. The wing can be replaced by a vortex bound 
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to the quarter-chord line of the wing as shown in Fig. 5. The circulation strength of 

the vortex is obtained from the lift force on the wing as discussed in the preceding 

paragraph. At each wing tip, the vortex turns parallel to the flow. Downstream, at a 

distance Voct behind the airfoil where t is the time that the wing has been in flight, the 

ends of the vortex turn inward and rejoin to form a closed rectangular path, thereby 

satisfying the Helmholtz Vortex Laws. In steady flow conditions, the flight time t 

is assumed infinite and the downstream "starting vortex" is ignored. The remaining 

V-shaped vortex is called a horseshoe vortex and can be used to obtain the induced 

velocity at any point in the flow field around the wing. 

On a real wing, however, the lift force and circulation strength vary across the 

span. This wing and its wake can be modeled similarly by dividing it into several 

segments along its span. Each segment is treated as a finite wing with constant lift 

and replaced by a horseshoe vortex whose circulation strength is taken from the local 

value of the lift force (Fig. 6). As before, the induced velocity at a point in the fluid 

around the wing can be obtained by summing the induced velocity of each horseshoe 

vortex. 

This approach was developed by Sullivan to model the flow field about a rotating 

propeller. As with a finite wing, the blades of the propeller are divided into several 

radial segments which are replaced by a horseshoe vortex of circulation strength rio 

The vortex is bound to the blade quarter-chord and follows the helical paths traced out 

by the end points of the blade segment to infinity, as shown in Fig. 7. The components 

of the velocity induced by the horseshoe vortex at a point in the surrounding fluid, 
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referred to as the field point, can then be obtained by summing the velocities induced 

by each of the straight and helical vortex elements. 

The Biot-Savart Law gives the relationship for the velocity induced at a point 

in space by a vortex segment of length 1 and circulation strength r. It has the general 

form: 
I - -- r i Rijk x d)..ijk 

Vijk = 411" - 3 • 
o IRijkl 

(28) 

To employ the Biot-Savart Law in the calculation of the velocities induced by a 

propeller, the terms in Eq. (28) must be defined with respect to a helical horseshoe 

vortex. A right-hand helical vortex is specified parametrically as: 

x( B') = Ti cos( B' + ¢K,), 

y( B') = Ti sin( B' + ¢K,), 

, Voo (' N z( B ) = Zi + n B - '1/.\ ), 

(29) 

with the geometry shown in Fig. 7. The coordinates of the field point at which the 

induced velocity is to be calculated are: 

x' = Tj cos 'ljJj, 

, . .1. Y = Tj sm 'f'j, (30) 

, 
Z = Zj. 

The vector from a point on the helical vortex to the field point is given by: 

Rijk( B') = (x - x')i + (y - y')j + (z - z')k, (31 ) 

and an elemental piece of the vortex is specified as: 

.... ( -risin(B' + ¢~) ) 
d)..ik = ri cos( B' + ¢/(,) dB'. 

voo/n 
(32) 
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From these definitions, the three components of the induced velocity Vijk = 

u1i+U23+U3k, which act in the directions (x,y, z) at the point (x',y', z'), are written 

as: 

(33) 

(34) 

(35) 

Similarly, Eq. (28) can be defined for the straight-line vortex segment, with the 

induced velocity components given by: 

(36) 

where: 

1- 1 [ a + b - ~l 
- ac - bb vi a + 2b + c Jc' (37) 

and: 
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where (XL' YL' ZL) and (XT' YT' ZT) are the coordinates of the inner and outer endpoints 

of the straight-line vortex segment. 

To calculate t.he velocity induced by a propeller, the lift distribution along the 

radius of the propeller must be known. The blades of the propeller are divided 

radially into N segment.s and a horseshoe vortex is bound t.o the quarter-chord of 

each segment. The circulation strength of the ith vortex is taken from the conditions 

at the radial station in the middle of the blade segment, and is calculated by: 

(39) 

The induced velocity at any field point is obtained by calculating and adding the 

velocity induced by each of the straight-line vortex segments and the helical vortices. 

II1.3.2 Calculation of Unsteady Loads 

In a counterrotating propeller configuration, the propeller blades operate in a con-

tinuously varying velocity field. Superimposed over the axial and tangential velocity 

components are induced velocities whose magnitudes vary with time due to interfer-

ence between the front and aft propeller blades. This variation results in a continu-

ously varying angle of attack and velocity experienced by the airfoil segments of the 

blades. As with a two-dimensional airfoil, this approach results in a time-dependent 

variation of the loads experienced by the propeller. 

The variation of the induced velocities of the counterrQtating configuration is 

calculated using the horseshoe vortices and Biot-Savart Law as formulated in the 

previous Section. The next two subsections will detail these calculations, followed 

by the method of converting these induced velocities to the time-dependent loads 
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required by the Succi compact acoustic source method to calculate the acoustics of a 

counterrotating propeller. 

III.3.2.1 Induced Velocities on a Counterrotating Propeller 

To calculate the variation of the induced velocities experienced by the propeller blades, 

the orientation of the front and aft propellers at time t = 0 is selected so that the 

quarter-chord lines of the front propeller blades are aligned with those of the aft 

propeller blades. This orientation corresponds to an interface angle of zero degrees. 

The induced velocity is calculated at several radial stations along the mid-chord of 

one blade of both the front and aft propellers. The choice of the mid-chord will 

be discussed in the next subsection. Since the blades are symmetric, this induced 

velocity distribution will apply equally to all of the blades of that propeller. 

Next, the propellers are rotated by some small angle tl'l/J; the front in a clockwise 

direction and the aft in a counterclockwise direction. The interface angle between 

the formerly-adjacent blades is now equal to 2tl'IjJ. At this new blade alignment, 

the induced velocity is again calculated along the mid-chord line of one blade on 

both propellers. This procedure is repeated several times, the interface angle being 

increased incrementally and the induced velocity distribution calculated. After several 

adjustments of the interface angle, a condition will arise where the front and aft blades 

are again realigned, at which time the orientation of the blades relative to each other 

will exactly match that at time t = o. If both propellers rotate at the same speed, 

the angular distance traveled by each blade is given by: 

w _ 21T' 
- 2B' (40) 



and the time which elapses, referred to as the blade loading period, is given by: 

Note that this time interval is half the blade passing period: 

1 
T= nB. 
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(41) 

(42) 

This is because the blade passing period is the interval of time which elapses between 

repetitions of a given propeller orientation or alignment, and the blade loading period 

is the interval of time which elapses between repetitions of the velocity field experi-

enced by the propeller. The blade loading period is dependent not upon the rotation 

speed of a given propeller, n, but rather upon the relative rotation speed between the 

front and aft propellers, 2n. 

The result of the preceding calculations is that the induced velocity is known 

along the mid-chord of the blade over one blade loading period TL . As discussed, these 

induced velocities could be converted to angles of attack and thus lift coefficients to 

obtain the time variation of the forces on the blades. However, this does not consider 

the fact that the induced velocity will vary along the chord of a blade segment. For 

example, the leading edge might experience an upward velocity component relative 

to the direction of the resultant velocity, W, while the trailing edge experiences a 

downward velocity. This is due to the time lag associated with the perturbed flow 

passing the leading edge and proceeding down the chord of the airfoil. The result of 

this chord wise velocity variation is a reduction of the lift coefficient that is a function 

of the frequency of the induced velocity oscillations. 
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The general problem of an airfoil in a uniform, incompressible flow over which 

has been superimposed a sinusoidal vertical velocity component was investigated by 

Sears.31 The results of this investigation are presented in the next Section, along 

with their application to the calculation of the unsteady loads on a counterrotating 

propeller configuration. 

111.3.2.2 Unsteady Lift Coefficient of an Airfoil 

The Sears function, cp( k), is used to calculate the loads experienced by an airfoil in 

a sinusoidally-varying vertical gust, i.e., a uniform flow over which is superimposed 

a sinusoidal vertical velocity component (Fig. 8). This function <p( k) is the total lift 

coefficient for a wing immersed in a harmonically oscillating gust normalized to unity 

by its steady-state value. 

As presented by Drischler,32 consider an airfoil in a uniform flow. Superimposed 

over this flow is a sinusoidal gust of amplitude Wo and frequency w, whose vertical 

velocity component, lVg , is given by: 

(43) 

Wo is the amplitude of the gust which is maximum at the mid-chord at time t = 0, 

and w is the circular frequency of the oscillation. The unsteady lift response of this 

wing is given by: 

(44) 

where the real part of this quantity is associated with the in-phase lift component and 

the imaginary part with the out-of-phase lift. Dividing through by q S, taking the 
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lift curve slope C La to be 27r, and accounting for compressibility, the lift coefficient 

per unit span of the wing becomes: 

C (t) = 27r Wo eiwt (k). 
Lg J1 _ M2 Voo c.p 

The Sears function c.p( k) is a complex function of the reduced frequency k: 

k = wc . 
2Voo 

(45) 

(46) 

The magnitude of c.p( k) is 1 at k = 0, which corresponds to uniform flow, and decreases 

with increasing k, as shown in Fig. 9. The phase angle of c.p( k) increases with k as 

shown in Fig. 10. 

For incompressible flow conditions, c.p( k) is defined exactly as: 

( 47) 

where C(k) is the Theodorsen function, defined by: 

C(k)cir = -Jl(~) + iYl(k) . 

- [J1(k) + Yo(k)] + i [Y1(k) - Jo(k)] 
(48) 

Jo( k) and J1 (k) are Bessel functions of the first kind of orders 0 and 1, and Yo( k) and 

Y1 ( k) are Bessel functions of the second kind of orders 0 and 1, respectively. 

For subsonic Mach numbers, approximations of c.p( k) were presented by Mazel-

sky and Drischler33 and Mazelsky:34 

(k) 'k ( 1 0.390 00407 0.203) ik 
c.p M=O.5 :::::: t ik - 0.0716 + ik - 0.374 + ik - 2.165 + ik e , (49) 

(k) 'k ( 1 0.328 0.430 0.242) ik 
c.p M=O.6 :::::: t ik - 0.0.545 + ik - 0.257 + ik - 1.461 + ik e , (.50) 
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(k) ;:::: ik (~ _ 0.402 _ 0.461 _ 0.137 ) eik 
cP M=O.7 ik 0.0542 + ik 0.313 + ik '1.474 + ik . 

(51) 

The value of cp( k) for a compressible, subsonic Mach number is obtained by interpo-

lating between these equations and Eq. (47). The magnitude and phase relationship 

of cp( k) for subsonic Mach numbers are also shown in Figs. 9 and 10. 

Equation (44) was defined for a thin, uncambered airfoil at zero angle of attack 

operating in a sinusoidal gust. Application of this equation to a general airfoil at a 

finite angle of attack will be made by taking the unsteady lift coefficient CL Ole as g, 

the variation of the lift coefficient around the mean. That is, the total oscillating 

lift coefficient of the airfoil is equal to the mean lift coefficient plus the unsteady lift 

coefficient as calculated by Eq. (45). 

The lift response of an airfoil in a periodic, but general, gust can be modeled 

with a Fourier Series, which allows a complicated vertical velocity to be broken down 

into the sum of many sinusoidal oscillations. The unsteady lift coefficient of each 

of the components can be calculated as described in the preceding paragraphs and 

added to obtain the time-dependent variation of the total unsteady lift. 

To calculate the unsteady lift of an airfoil in a general gust, the vertical velocity 

Wgust ( t) is represented by: 

00 

Wgust(t) = L {Ancos(nwt) + Bnsin(nwt)}, (52) 
n=l 

where the Fourier coefficients An and Bn: 

2 (T 
An = T io Wg(t) cos{nwt)dt, 

2 (T 
Bn = T io Wg(t) sin(nwt)dt. 

(53) 
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are the amplitudes of the sinusoidal velocity components. The unsteady lift coefficient 

at an angular frequency nw is then given by: 

(54) 

where: 

(55) 

and: 

(56) 

Summing the lift response for all of the angular frequencies nw gives the lift 

response function for a general gust: 

III.3.2.3 Calculation of the Sinusoidal Gust of a Propeller Blade Segment 

To obtain the unsteady lift on the blade segment of a counterrotating propeller, the 

variation of the vertical component Wgust(t) must be obtained. This is taken as the 

variation of the induced velocity component normal to the resultant velocity, W as 

shown in Fig. 8. 

A counterrotating blade segment is assumed in the Davidson method to be 

subjected to three induced velocity components, as discussed previously. These are 

WI which is the velocity induced on a propeller by itself, and u(t) and v(t) which are 

the velocity components induced on a blade segment by the other propeller. As with 

a single-disk propeller, the self-induced velocity WI will be assumed to be constant. 
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The variation of u(t) and v(t) is taken from the induced velocity calculations using 

the modified approach of Lesieutre for a counterrotating propeller. 

The induced velocity components u(t) and v(t) are the axial and tangential in-

duced velocity components, respectively. They are obtained from the induced velocity 

components UI, U2, and U3 by: 

(58) 

v(t) = U3(t), 

where 'lj,l is the angle which the blade makes with the horizontal and is given by: 

(59) 

From Fig. 2, it can be shown that the flow angle, ¢(t), is equal to: 

,/.,.() Voo + u(t) + WI cos ¢(t) 
tan If' t = . rn - v(t) - WI sin¢(t) 

(60) 

This equation can be rewritten as: 

(rn - v(t)) sin ¢(t) - (Voo + u(t)) cos ¢(t) - WI = O. (61) 

The instantaneous value of ¢(t) is obtained by solving Eq. (61) for ¢(t) using 

the induced velocity components u(t) and v(t) as calculated. The blade twist angle B 

is then subtracted from ¢(t) to obtain the angle of attack of the airfoil, as in Eq. (19). 

Finally, the vertical velocity component Wgust(t) is calculated with: 

(62) 

This calculation is repeated at several discrete times over the blade loading period, TL 

to obtain the vertical component of the velocity as a function of time. This velocity 

variation is then used with Eq. (5i) to calculate the unsteady loads. 
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IlIA Acoustic Analysis 

To obtain the acoustic signature of a rotating propeller, each blade is assumed 

to be divided in the radial and chord wise directions. This results in a number of 

acoustically compact blade segments, shown in Fig. 11. The acoustic compactness 

requirement is met by dividing the blade into segments whose maximum dimension 

is much smaller than their closest distance to the observer. Bumann35 has shown 

that the exact number of radial and chordwise divisions has relatively little effect on 

the noise characteristics because the dimension of the blade segments is much smaller 

than the wavelength of the emitted sound. The volumes, velocities, and aerodynamic 

loads on each of these segments are then used with Eqs. (8), (9), and (10) to obtain 

the acoustic pressure at the observer time created by a given blade segment. This 

calculation is repeated for each compact source on the propeller for a given observer 

time t to obtain the total acoustic pressure. This procedure is repeated for many 

discrete observer times over the period T to obtain the acoustic pressure time-history. 

To convert the periodic acoustic pressure time-history to a frequency spectrum, 

a standard Fourier Series representation is used, i.e.: 

where: 

A 00 00 

p(t) = T + LAn cos(nwt) + L Bnsin(nwt), 
n=l n=l 

An = ~ [T p(t) cos(nwt)dt, 
T Jo 

Bn = ~ [T p(t) sin(nwt)dt. 
T Jo 

The acoustic pressure at each harmonic is then given by: 

c~ = (.4~ + B~)/2, 

(63) 

(64) 

(65) 
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and the sound pressure level (SPL) at the nth harmonic is given by: 

(66) 

where the reference pressure, Pref , is taken as 20 fLPa. The OASPL may then be 

computed from: 

l
T 

2 1 2 Prms = - p (t) dt, 
T 0 

(6i) 

(
Prms)2 OASPL = 10log1o -P , 

ref 
(68) 

or 
00 

" (SPLn) OASPL = 10 loglo ~ 10 1"0 . (69) 
n=l 

In conclusion, the acoustics of a counterrotating configuration are obtained by 

calculating the mean performance of the blade with the Davidson method. Then, 

the unsteady loads are obtained with a modified formulation of the Lesieutre method 

for counterrotating propellers. Finally, the noise characteristics are obtained with 

the compact acoustic source model of Succi. The next two Chapters will present 

comparisons of the theoretical noise model with experimental acoustic measurements, 

and a study of the directivity patterns of the acoustic emissions of a hypothetical 

commuter-class counterrotating propeller configuration. 
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CHAPTER IV 

COMPARISONS WITH EXPERIMENT 

Numerical computer programs were already available to perform two ofthe three com­

ponents of the approximate acoustic prediction methodology detailed in the previous 

Chapter. These consisted of the counterrotating performance prediction scheme of 

Davidson and the compact acoustic source model of Succi. In addition, the modified 

method of Lesieutre was written into a numerical analysis to predict the unsteady 

forces on a counterrotating propeller configuration. Each of the three computer pro­

grams was written or modified to run independently while either generating data files 

to be used by another program or making use of data previously available.36 Thus 

employed, the theoretical acoustics of a counterrotating propeller can be quickly and 

easily predicted once the geometry and flight conditions are known. 

In an effort to corroborate this approximate acoustic method, theoretical acous-

tic predictions are compared with experimental acoustic measurements of a counterro-

tating propeller configuration. These experimental measurements were conducted in 

the Texas A&M University 5 x 6 ft. open-return subsonic wind tunnel by Gazzaniga. 37 

The configuration consisted of two propellers 20 inches in diameter operating at the 

same RPM. The wind tunnel was powered by a five blade constant-speed propeller 

operating at 1200 RPM, and generated a flow velocity of 147 fps. In order to inhibit 

acoustic reflections, the walls of the tunnel were lined with one-inch sheets of 4 Ib/ft3 

polystyrene and 60° polystyrene wedges aligned with the flow direction as shown in 
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Fig. 12. Acoustic measurements of this arrangement indicated efficient low frequency 

absorption with a gradual efficiency decrease below 400 Hz. 

The composite blades used in the Counterrotating Propeller Test Rig (CRPTR) 

consisted of 27 layers of graphite and fiberglass cloth. These were modeled after 

commercially-available aircraft propellers and modified in the shank region. Blade 

geometry is shown in Figs. 13 through 16, and the untwisted or developed blade plan­

form in Fig. 17. The propellers were powered by an air turbine rated at 55 horsepower 

at 16,000 RPM, and instrumentation employed to monitor the configuration included 

pressure transducers for the inlet and exhaust, accelerometers to detect vibrations, 

tachometers to measure shaft RPM, and thermocouples for turbine inlet/exhaust 

temperature( s). For a discussion of the acoustic test facility, the CRPTR, and details 

of the experimental measurements, the reader is referred to Gazzaniga. 

Noise levels and frequency spectra for this configuration were measured exper­

imentally at two observer locations, i.e. 2.25 inches from the propeller tip in the 

disk-plane, and 9.25 inches in front of the disk-plane on the axis of rotation, as shown 

in Fig. 18. Acoustic measurements were made over a range of rotations speeds from 

approximately 3,000 to 6,000 RPM, corresponding to advance ratios of 1. 76 to 0.88. 

Comparison between the experimental measurements and theoretical predictions ob­

tained using the method described in the previous Chapter will be presented for the 

three blades front-and-aft and the four blades front-and-aft counterrotating propeller 

configurations. 
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IV.l Three-by-Three Propeller Configuration 

Theoretical performance calculations were made for the three-by-three blade counter­

rotating propeller configuration using the Davidson performance method as previously 

described. Blade tip angles were varied from 40° to 50° in five degree increments,and 

advance ratios over a range from 0.6 to 1.6. These limits were selected to correspond 

approximately with the acoustic measurements made by Gazzaniga. The maximum 

efficiency was seen to vary inversely with the blade tip angle (Fig. 19), with a peak 

efficiency of approximately 92 percent at 40° and decreasing to 8i percent at the 50° 

blade tip angle. In addition, the typical flat efficiency curve expected for counterro­

tating propeller configurations was noted, i.e the propulsive efficiency was relatively 

independent of rotation speeds over a wide range of advance ratios. 

The thrust and power coefficients of the 3 x 3 configuration are seen to be 

directly proportional to the blade tip angle for a given advance ratio as shown in 

Figs. 20 and 21. In addition, the thrust coefficient and power coefficient are seen to 

be inversely related, i.e., CT decreases and C p increases with advance ratio over the 

range noted. This behavior is due to the change of the direction of the blade lift vector 

with varying rotation speed. For example, as advance ratio decreases, the flow angle 

<P decreases and the lift vector points in a more axial direction (see Eq. (18)). Since 

the differential thrust is dependent upon cos <p, the decrease of <p due to a decreased 

advance ratio results in more thrust. Similarly, the differential torque, related to 

the power-absorbed, is related to sin <p, and the decrease in <p results in less power 

absorbed. 
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IV.l.l Disk-Plane Noise Characteristics 

Theoretical predictions of the acoustics in the disk-plane of the three blade front­

aft counterrotating propeller configuration were made at combinations of blade tip 

angle and advance ratio selected to match those used in the acoustic measurements of 

Gazzaniga. The microphone, designated the x-microphone, was located 2.2.5 inches 

beyond the tip of the propellers in the disk-plane, which lies midway between the 

front and aft planes of rotation as shown in Fig. 18 At the 40° blade tip angle, 

the predicted OASPL demonstrated acceptable agreement with the experimentally 

measured values as given in Fig. 22. Both the experimental and theoretical noise levels 

demonstrate a slight decrease with an increase in advance ratio. This is expected since 

the advance ratio varies inversely with rotation speed and a slower-rotating propeller 

is expected to generate less noise. At blade tip angles of 45° and 50°, the same inverse 

relationship between noise level and advance ratio is observed as shown in Figs. 23 

and 24. However, the theoretical predictions and experimental measurements begin 

to diverge at the higher advance ratios. This behavior was noted by Bumann for 

single-disk propellers in comparisons between theoretical acoustic predictions using 

the model of SU,cci and the experimental measurements of Gazzaniga. 

Comparison of typical theoretical and experimental frequency spectra is made 

in Fig. 25 at a 40° blade tip angle and an advance ratio of 0.86. This reveals that 

the SPL of the fundamental is in excess of the experimentally determined value by 

approximately six percent. Since the fundamental tends to dominate the total noise 

level, OASPL is overpredicted. 
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IV.1.2 On-Axis Noise Characteristics 

Additional acoustic measurements were made with a microphone located upstream 

from the CRPTR configuration 9.25 inches from the disk-plane on the axis of rotation. 

This is referred to as the y-microphone and is shown in Fig. 18. Theoretical predictions 

and experimental measurements are shown in Figs. 26 through 28 for three blade tip 

angles and a range of advance ratios. As contrasted with the x-microphone, the 

theoretical noise levels are less than the experimental values by three to five decibels. 

However, the trend of decreasing noise level. with increasing advance ratio is also 

demonstrated. 

Finally, Fig. 29 shows the comparison of the experimental and theoretical fre­

quency spectra under the same operating conditions as Fig. 25. While there is signif­

icant disagreement between theory and experiment for the frequency spectra, the im­

portant feature to note is that only the even harmonics are present. In the theoretical 

predictions, the odd harmonics are practicaJly nonexistent, having SPL magnitudes 

of approximately zero dB. In the experimental measurements, the odd harmonics are 

indistinguishable from the broadband or background noise and it is not possible to 

determine their exact magnitudes. However, these odd harmonics are small enough to 

be insignificant when compared to the even harmonics. Despite the lack of agreement 

between the experimental and theoretical frequency spectra, it is encouraging that 

the absence of the odd harmonics is theoretically predicted. 

This result contrasts significantly with the on-axis noise of a single-disk pro­

peller, wherein the theoretical noise level is zero. This result was confirmed experi­

ment.ally by Gazzaniga with no discernible harmonics showing above the background 
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nOIse. As will be discussed, the reason for the presence of the even-numbered har­

monics in the counterrotating configuration is due to the time-dependent loads on 

the propeller blades. 

IV.2 Four by Four Propeller Configuration 

As with the 3 X 3 blade configuration, theoretical performance calculations were made 

for a 4 x 4 blade configuration over the same ranges of blade tip angles, namely 40° to 

50°, and advance ratios of 0.6 to 1.6. The maximum efficiency was approximately 94 

percent and 90 percent for the 40° and 50° blade tip angles, respectively, as shown in 

Fig. 30. Compared to the 3 X 3 counterrotating propeller configuration, this resulted 

in an improvement of the operating efficiency of two to three percent. 

In addition, the thrust and power coefficients of the 4 x 4 configuration are seen 

to be behave similarly to those of the 3 x 3 configuration as shown in Figs. 31 and 

32. At a given blade angle and advance ratio, the thrust and power coefficients are 

seen to be approximately 15 to 30 percent higher than the corresponding values for 

the 3 x 3 propeller configuration. Since the pitch of the experimental propeller blades 

is constant, this result is directly attributable to the presence of the additional blade 

on each disk of the 4 x 4 combination. 

IV.2.1 Disk-Plane Noise Characteristics 

Theoretical noise levels in the disk-plane were calculated for the 4 x 4 blade arrange­

ment at blade tip angles and advance ratios to duplicate the experimental conditions 

of Gazzaniga and are compared in Figs. 33 through 35. Slightly better agreement 
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was seen between the theoretical and experimental OASPL than for the 3 x 3 pro­

peller configuration. However, the theoretical noise levels are still in excess of the 

experimental noise levels by approximately two to four decibels. Comparison of the 

theoretical and experimental frequency spectra for the 40° tip angle case at J =0.98 

shown in Fig. 36 reveals acceptable agreement among the first three harmonics with 

divergence in the higher harmonics. The fundamental is over-predicted by approxi­

mately four decibels, accounting for the overprediction of the OASPL as contrasted 

with the experimentally measured noise levels. This behavior was typical for all of 

the theoretical and experimental frequency spectra. 

The theoretical underprediction of the higher harmonics appears to be the result 

of the simplicity of the unsteady model. This was noted in the previous Section in 

the comparison of the on-axis frequency spectra, to which only the unsteady noise 

levels contribute. This result could be a consequence of the approximate nature of 

this noise model. 

IV.2.2 On-Axis Noise Characteristics 

Comparable results were obtained for the on-axis or y-microphone noise character­

istics of the 4 x 4 blade configuration as for the 3 x 3 configuration. The trend of 

the decrease of noise level with increasing advance ratio was followed, except that the 

total noise was underpredicted by five to eight decibels as given in Figs. 37 through 

39. Comparison of the frequency spectra for the 40° tip angle case shown in Fig. 40 

indicates the expected behavior, i.e., the odd harmonics are eliminated, the second 

harmonic is relatively small, and the higher even harmonics dominate the noise. 
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The results of this comparison between the theoretical and experimental noise 

levels are mixed. In the disk-plane of the propeller, the theoretical noise levels tend to 

overpredict experimental values by approximately two to five decibels. This is within 

the range of acceptable agreement. However, on the axis of rotation the agreement is 

poor with noise levels differing by approximately three to eight dB. 

There are several possi ble explanations for the differences in the theoretical 

predictions and experimental measurements of the acoustic characteristics. First, 

the data bank used in the model of Davidson to calculate the steady performance 

of the experimental counterrotating propeller configuration was written for N ACA 

four digit airfoils and taken from a work by McCormick.38 Examination of the cross­

sections of the propeller blades used by Gazzaniga reveal that the trailing edges of the 

airfoil sections are considerably rounded. At radial stations near the blade tip, the 

trailing edge radius is of the same order of magnitude as the leading edge. The lack 

of a sharp trailing would tend to significantly decrease the lift force on the blades 

of the experimental propeller. In addition, the blades would be expected to stall 

at lower angles of attack. Examination of the radial angle of attack distributions 

calculated by the Davidson performance method revealed that a: commonly varied 

between approximately -5 degrees at the hub to +12 degrees at the tip at most 

operating conditions. The McCormick airfoil data bank does predict maximum lift 

coefficient for a N ACA four digit airfoil, however the maximum lift coefficients of the 

experimental blade segments are expected to be less. 

The effect of an overprediction of the lift force on the noise level is seen by 

examining the equation of Succi for the loading noise, e.g. Eq. (9). The variation 
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of the acoustic pressure, Prms , linearly depends on the forces on the blade segment. 

However, the noise level is related to the logarithm of the square of the root-mean-

square pressure, by: 

(
Prms ) 2 

OASPL = 1010g10 T 
ref 

(70) 

Consequently, any error in predicting the loads on the propeller are significantly 

amplified in calculating the noise level. For example, assume that the loads on the 

propeller blade are uniformly overpredicted by 30 percent, a realistic result if the 

blades are either not generating their full lift due to a rounded trailing edge or are 

prematurely stalled due to operating at excessive angles of attack. In this case, the 

the root-mean-square pressure will be in error by 69 percent, which translates to an 

overprediction of the noise level by 2.3 dB. This result indicates that the acoustics 

of a propeller are much more sensitive then the total performance, i.e. thrust and 

torque, to the loads on its blades. 

A second possible source of disagreement between the theoretical and experi-

mental noise levels is due to the CRPTR gearing arrangement of the front and aft 

propeller disks. In the experimental investigations of Gazzaniga, the propellers were 

made to rotate at the same speed. However, they were powered by separate sources 

and no mechanism was used to insure that the blades maintained their relative orien-

tation to each other. In the theoretical model, it was assumed that the two blades of 

the front and aft propellers passed the x-microphone located in the disk-plane at the 

same time. That is, that the front and aft blades were in phase with each other. If, 

however, the blades were out of phase in t.he experimental measurements, this would 
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result in partial cancellation of the acoustic pressure from the front and aft propellers 

and a consequent decrease in the noise level. 

A third possible explanation for the difference in the noise levels lies in the 

application of the Sears function <p( k) to the propeller blades. The assumption in the 

formulation of the unsteady loads prediction technique developed by Sears is that the 

entire airfoil at a particular radial station is subjected to the same induced velocity 

variation. For a two-dimensional airfoil, a reference point other than the mid-chord 

could be selected and the appropriate equations, e.g. Eq. (54), multiplied by a phase 

relationship. This would not affect the magnitude of the unsteady lift, only the phase 

relationship. However, the magnitude of the velocity variations as calculated with the 

modified method of Lesieutre depend on the distance of the reference point on the 

chord of the blade segment from a vortex. As given by the Biot-Savart Law (Eq. (28)), 

the induced velocity varies inversely with the square ofthis distance. Due to the close 

proximity of the front and aft blades in a counterrotating propeller configuration, the 

selection of the reference point is significant to accurately obtain the unsteady loads. 

It is suggested that a future study be performed to examine the sensitivity of this 

acoustic model to the airfoil data bank implemented, the phase relationship of the 

front and aft propellers, and the selection of the blade reference point employed in 

unsteady performance calculations. 

In an effort to explain the reasons for the disappearance of the odd harmonics 

in the frequency spectra of observer locations on the axis of rotation, the equations 

of Succi were examined. The results of this investigation are presented in the next 
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Section, examining the sensitivity of the noise levels in the disk-plane and on the axis 

of rotation to the steady and unsteady propeller loads. 

IV.3 Contribution of Steady and Unsteady Forces to the Directional Noise Charac­

teristics 

In an effort to explain the behavior of the odd and even harmonics of the counterro-

tating propeller noise, the Succi formulation for the acoustic loading noise of compact 

acoustic sources was examined. The loading noise of a compact acoustic source is 

seen to depend both on its motion relative to the observer and the forces which it 

imparts to the surrounding fluid. Equation (9), which gives the acoustic pressure for 

one compact acoustic source, is repeated here for convenience: 

The contribution of the loading noise terms, PL' to the acoustic pressure expe-

rienced by an observer is found in the thre~ terms: 

(a) OFi 
r"·-

t OT' 

(b) r"· ff." t t, 
(71) 

(c) Fi . Mi. 

The forces on a compact source are denoted by Fi, and consist of the thrust force, FT , 

acting in the direction of the axis of rotation, and the torque-force, FQ , which acts in 

a direction opposite to the rotation of the source. 
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If the source rotates at a distance R from the axis as shown in Fig. 1, and its 

angular location is given by 'I/J = WT, the force vector Pi is written as: 

with its time derivative: 

( 

FQw COS(WT) + :V Sin(WT)) 

FQw sin( WT) - =if- cos( WT) 
aFT 
aT 

The position of the source is given by: 

( 
R COS(WT)) 

f) = R si~(WT) , 

and the observer location will be denoted as: 

Now, the vector from the source to the observer i- is given by: 

( 
Xo - R COS(WT)) 

r = x - f) = Yo - ~ sin( WT) 
-0' 

The magnitude of r is equal to: 

{ 

2 2 } 1/2 
r = Ii-I = [Xo - RCOS(WT)] + [Yo - Rsin(wT)] + z~ , 

and its unit vector is: 

r 
ri = -. 

r 

Finally, the Mach number of the rotating source, Ali, is given by: 

~. _ 1 of) _ 1 (-Rw sin( WT) ) 
M t - -~ - - RWCOS(WT). 

ao uT Qo 0 

(72) 

(73) 

(74) 

(75) 

(76) 

(77) 

(78) 
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After substituting these relationships into Eq. (71), the three terms (a), (b), 

and (c) which contain the effects that the forces on the moving source have on the 

acoustic pressure become: 

(79) 

(80) 

and 

(c) (81) 

Having presented the equations which describe the contribution of the forces on a 

rotating acoustic source to the acoustic pressure time-history, the next subsections 

will examine the significance of each of these terms on the noise level experienced by 

an observer either in the disk-plane or on the axis of rotation. 

IV.3.1 Noise Characteristics in the Disk-Plane 

For an observer located in the plane ofthe propeller disk, i.e., the x - y plane shown in 

Fig. 1, the coordinate location Zo is zero. Therefore, eliminating this term in Eqs. (79) 

through (81) gives: 

( a ) f i . ~~i = ~ { F Q W [ Xo cos (WT) + Yo sin( WT) - R] + 

a;Q [xosin(wT) _ YoCOS(WT)]}, 

(82) 

(83) 
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(c) (84) 

Note that the thrust term FT has been eliminated. This is because for an observer in 

the disk-plane, the thrust vector is at right angles to the vector 'h Therefore, when 

the inner product of these two terms is taken, the thrust disappears. 

To understand the contribution of these three terms to the noise character-

istics, it must be understood that noise consists of pressure fluctuations in a fluid 

about a mean value. The level of the noise is proportional to the magnitude of the 

fluctuations, and its frequency characteristics are defined by the frequency of the fluc-

tuations. Therefore, information concerning the relative contributions of the thrust 

and torque forces on the blade to the noise characteristics in the disk-plane can be 

had by examining the amplitude and frequency characteristics of the terms in the 

preceding Equations. 

The magnitude of the contributions to the noise level are determined by the 

magnitudes of the terms in Eqs. (82) through (84). Examination of these Equations 

indicates that the (a) is several orders of magnitude larger than TerITl (b), which lacks 

the angular frequency, w, and term (c), which is divided by the speed of sound, ao. 

Although a~ Q can be several orders of ITlagnitude larger than FQ , the torque-force is 

multiplied by w. Consequently, the level of the noise in the disk-plane is controlled 

by both the magnitude of the fluctuations of the torque-force and the magnitude of 

the fluctuations of its time-derivative. 

The frequency characteristics of the noise in the disk-plane are defined by the 

frequency characterstics of (a). It has been noted that the torque-force is periodic over 
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the blade loading period, TL . However, due to the presence of the trigonometric terms 

cos( WT) and sin( WT), this equation is periodic over one revolution of a propeller blade. 

When several blades are present, their pressure time-histories are out of phase by an 

amount proportional to the blade passing period. Consequently, when the pressure 

time-histories of these blades are summed, the result is an acoustic pressure that is 

periodic over one blade passing period. This will result in pressure fluctuations at 

frequencies that are multiples of the fundamental frequency and hence at all integer 

harmonics. 

It has been shown that the noise level generated in the disk-plane by a coun-

terrotating propeller is dependent primarily on the magnitude of torque-force and its 

time derivative. Also, this noise will manifest itself in the harmonics of the blade 

passing frequency. The next Section will examine the contribution of the blade forces 

to the acoustic characteristics on the axis of rotation. 

IV.3.2 Noise Characteristics on the Axis of Rotation 

For an observer located on the axis of rotation, corresponding to the z-axis in Fig. 1, 

the coordinates Xo and Yo become zero. Consequently, Eqs. (79) through (81) reduce 

to: 

(a) (85) 

(b) (86) 

(c) (87) 

As before, the largest contribution to the noise level comes from (a), the the 

time-derivative of the thrust force, a:;T. FT is several orders of magnitude smaller 
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than its derivative, and term (c) is divided by the speed of sound. Since no geometric 

terms are present, the frequency of the noise on the axis of rotation is that of FQ • 

Consequently, the noise for an observer in this regions will be present at integer 

multiples of the blade loading frequency, TL , which are the even harmonics of the 

blade passing frequency. 

The result of this investigation of the unsteady and steady force contribution 

to the noise level of a counterrotating propeller configuration leads to two important 

observations. First, the noise level on the side of the propeller is dependent both on 

the magnitude of the fluctuations of the torque-force on the propeller as well as on 

the fluctuation of its time-derivative. On the axis of rotation, the noise is generated 

by the derivative of the thrust force. Since the blade loading frequency is twice the 

blade passing frequency, this noise is present only in the even harmonics. 

In conclusion, it appears that this approximate acoustic model is useful to pre­

dict the noise level in the disk-plane of the propeller, and the characteristics of the 

frequency spectra both in the disk-plane and on the axis of rotation. Also, the trend 

of the variation of the OASPL with changes in advance ratio and blade tip angle is 

followed. Since the performance of the experimental counterrotating propeller con­

figuration was not measured by Gazzaniga, it cannot be concluded that the acoustic 

segment of this theoretical noise model was deficient. That is, it may prove that if the 

performance of a counterrotating propeller configuration is more accurately known, 

better theoretical agreement with experiment would result. Consequently, further 

comparison of this model against counterrotating propeller configurations with known 

performance is suggested. 
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As indicated, this model appears to correctly predict the relative magnitude of 

the OASPL at different observer locations and varying operating conditions. Conse­

quently, it was decided to investigate in more detail the behavior of the noise char­

acteristics around a hypothetical commuter-class aircraft counterrotating propeller 

configuration. The directivity patterns of the frequency spectra are examined in bot.h 

the horizontal and vertical planes and at several advance ratios. 
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To further investigate the applicability of this model, the performance and acous­

tics of a hypothetical counterrotating propeller configuration for a commuter-class 

aircraft were examined. This Chapter will present documentation and discussion of 

calculations resulting from the various steps in the approximate acoustic model, and 

investigate the variation and directivity of the noise level in several regions around 

the counterrotating propeller. First, the performance of the configuration is analyzed 

for three advance ratios. Then, the variation of the noise level in a plane around the 

propeller is examined. Next, the theoretical frequency spectra along a line one diam­

eter from and parallel to the axis of rotation are examined, as well as the variation 

of the frequency spectra at varying radial distances in the disk plane. Finally, the 

directivity of the frequency spectra is examined in the vertical disk plane, followed by 

the directivity in the horizontal plane. Figure 41 shows the locations of the horizontal 

and disk planes. 

U sing the design method as described by Davidson, a counterrotating propeller 

for a commuter-class aircraft was designed for the following operating conditions and 

geometry: four-blade propeller, 7.5 ft in diameter; 1500 RPM, corresponding to a 

helical tip Mach number of 0.71; 900 h.p. per engine (two); and 500 fps flight speed 

at 10,000 ft. altitude under standard atmosphere conditions. The radial thickness­

to-chord radio and design lift coefficient variation was selected as shown in Figs. 42 
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and 43. A N ACA 16 series airfoil data bank was employed to model the blade segment 

performance.39 The geometry of the resulting propeller design is shown in Figs. 44 

and 45, with the corresponding radial chord and blade twist variation indicated. 

V.l Performance of Counterrotating Propeller Configuration 

The performance of the commuter-class configuration was calculated for a range of 

advance ratios with the configuration operating as a constant-speed propeller; i.e., 

with propeller blades which rotate in the hub to absorb the provided horsepower. 

The advance ratio was varied by changing the flight speed with all other conditions 

remaining the same. The efficiency reaches a maximum of 93.5 % at the design ad­

vance ratio of 2.67 as indicated in Fig. 46, and decreases slowly with varying advance 

ratio. This TJvs.J curve is much flatter and smoother than would be the case for a 

single-disk propeller, and is indicative of the better off-design performance of a coun­

terrotating propeller configuration. Similarly, the thrust coefficient given in Fig. 47 

shows the expected behavior with varying advance ratio. 

The radial distribution of differential thrust and torque-force obtained from 

the Davidson performance method for three advance ratios are contained in Figs. 48 

through 51. The thrust distribution varies smoothly from nearly zero at the tip to 

a maximum at approximately the 0.75 radial station, and decreases to zero at the 

tip. Note that the magnitude of the differential thrust decreases with an increase 

in advance ratio, explaining the decrease in the thrust coefficient, CT. In addition, 

the area under the differential thrust curves, which is in effect the total thrust of the 

propeller, is larger for the back propeller (Fig. 50) than for the front (Fig. 48). This is 
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typical for a counterrotating propeller configuration, since much of the energy of the 

front propeller is lost in the form of a rotational velocity component imparted to the 

fluid, whereas the aft propeller tends to straighten the flow and recover a significant 

percentage of the lost energy. In contrast, the differential torque-force distribution 

of either propeller is relatively unaffected by changes in advance ratio as shown in 

Figs. 51 and 49. This is the result of the constant-speed propeller blades absorbing 

the same horsepower at all three advance ratios. 

Finally, the radial distribution of the lift coefficient, CL , and circulation, r, are 

indicated for both propellers (Figs. 52 through 55). The spike in the lift coefficient 

near the tip is necessary to generate a proper circulation distribution. This may be 

explained since the chord of the propeller diminishes quickly in the tip region, and 

must be offset with the higher C L to ensure a smoothly varying r as indicated by 

Eq. (39). Examples of the three components of the induced velocities of both the front 

and aft propellers are given as calculated with the method of Sullivan and Lesieutre 

(Figs. 56 through 61). These velocities are calculated for the 75 % radial station 

over one complete rotation of both propellers under design operating conditions. It 

is important to note the phase relationship of the velocity components til and ti2, 

shown in Fig. 7. These velocity components are at right angles to each other and are 

hence related by: 

where T is the blade passing period. For a 4 x 4 blade configuration, this is the 

amount of time which elapses during one fourth of a revolution. In addition, the 
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induced velocity components components have the properties: 

and: 

It will be noted that the velocity component U3, which is the induced velocity in the 

axial direction, undergoes eight periodic repetitions during one complete rotation. 

Finally, the variation of the induced velocities between the front and aft pro-

pellers is significant. Since the aft propeller operates in the wake of the front propeller, 

the induced velocities on the aft propeller blades are seen to vary much less smoothly 

than those on the front. This would indicate that the unsteady noise from the aft 

propeller is higher than on the front. 

Using the relationships of Eq. (62), the time-variations of the vertical velocity 

component, Wgust(t) , experienced by the front and aft blade segments at the 7.5 % 

radial station are shown in Figs. 62 and 63. Note that the vertical velocity compo-

nents of the front and aft propellers are inversely related, i.e., when the front propeller 

blade segment experience an increasing vertical velocity component, the correspond-

ing segment on the aft propeller experiences a decreasing vertical velocity component. 

Consequently, the variation of the angle of attack and hence lift force on the front 

and aft blades tend to have opposite signs. 

As discussed in the previous Chapter, the vertical velocity components experi-

enced by the blade segments can be converted to a quasi-steady lift-coefficient, llCLQS ' 

by: 
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with the results shown in Figs. 64 and 65 for the 75 % radial station of both propellers. 

Also indicated are the results of the application of the Sears function, cp( k ), which 

significantly reduces the magnitude of the unsteady lift force. This is due to the small 

real component of cp( k) by which the quasi-steady lift coefficient is multiplied. The 

unsteady loads of similar configurations as calculated by Lesieutre tend to be greater 

in magnitude than the unsteady loads presented here since only the incompressible 

Sears function was employed by Lesieutre. The approximations of cp( k) for compress­

ible Mach numbers used in this acoustic model have a smaller real component than 

the incompressible two-dimensional Sears function and reduce the amplitude of the 

unsteady forces by a corresponding amount. 

The unsteady fluctuations of the thrust and torque-force of the front and aft 

propellers are shown in Figs. 66 through 69 as functions ~f radial angular blade 

position. The time interval is one blade passing period. That the blade loading 

period is half the blade passing period is noted since the variation of the unsteady 

loads is repeated twice during one blade passing period. Also, it will be noted again 

that the magnitude of the unsteady forces are greatest in the middle segment of the 

blades and decreases near the hub and tip. This trend corresponds to the radial 

variation of the steady thrust and torque-force shown in Figs. 48 through 51. Finally, 

the hub and tip regions of the aft propeller experience a large load fluctuation that 

the hub and tip of the front propeller do not. This appears to be caused by the vortex 

sheet of the front propeller through which the aft propeller passes. This strength of 

this vortex sheet is proportional to the radial variation of the circulation r along the 

blades. 
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V.2 Theoretical Near Field Noise Levels 

The OASPL and frequency spectra for the commuter-class counterrotating propeller 

configuration were examined in detail to ascertain the behavior of the total noise 

levels and the harmonics at varying distances and directions from the configuration. 

The noise levels were examined for three advance ratios: 2.13, the design condition of 

2.67, and 3.20. These advance ratios correspond to flight velocities of 400, 500, and 

600 fps, respectively. The propeller blades, as before, were allowed to rotate in the 

hub to absorb the horsepower provided by the engines. 

Figures 70 through 72 show the near field OASPL for three advance ratios 

in a plane parallel to the axis of the propeller, i.e., in a region from four propeller 

radii upstream to four radii downstream, and from one radius to five radii in the 

radial direction. As expected, the noise level decreases as the observer location pro­

gresses away from the propeller. The obvious feature in each of these Figures is the 

extremely high noise level at an observer position at the tips of the front and aft 

propeller blades. The associated noise level is very high, corresponding to approxi­

mately 149 dB. Careful examination of these Figures also reveals that the noise level 

is higher in the region in front of the propeller than behind. This result is apparently 

due to slower propagation of the acoustic pressure upstream than downstream. 

V.3 Noise Variation in Disk Plane 

The acoustic characteristics of the commuter class counterrotating propeller config­

uration were determined along a line one blade diameter from and parallel to the 

axis of rotation, and from five radii upstream to five radii downstream. This line was 
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selected to correspond approximately to the location of the fuselage of an aircraft 

employing a counterrotating propeller configuration. 

The first four harmonics of the frequency spectra at the selected advance ratios 

of 2.13, 2.67, and 3.20 are shown in Figs. 73 through 75. Examination of these Fig­

ures reveal that the first and third harmonics dominate in the region near the disk 

plane, and decrease as the observer locat.ion moves up and downstream. However, the 

second and fourth harmonics are significantly less affected by the axiallocat.ion. Con­

sequently, at points approximately three radii upstream and four radii downst.ream, 

the second and fourth harmonics exceed the magnitudes of the odd harmonics and 

dominat.e the noise characteristics in these regions. 

OASPL was seen to be a maximum in the disk plane of the propeller configu­

ration, and decreased as the observer location moved away from this plane (Fig. 76). 

Also, there is only a slight dependency 'upon advance ratio since the noise in and near 

the disk plane of the propeller depends primarily upon the torque force, which for a 

constant speed propeller is relatively independent of advance ratio. In addition, in 

the upstream region where the odd numbered harmonics begin to dominate the noise 

characteristics, the OASPL decreases less rapidly. Finally, the noise upstream is seen 

to be significantly less than that downstream. This result can be explained since the 

pressure fluctuations are "swept away" behind the propeller, but tend to propagate 

more slowly ahead of configuration since they must move against the oncoming fluid. 

V.4 Sideline Noise 

At the side of the configuration, the noise characteristics for the same three advance 

ratios were examined in the disk plane of the propeller, over a distance from one to 
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five propeller radii. Although at one radius, the distance is equal to the tip radius 

of the propeller, the observer is centered between the propeller blades and therefore 

non-zero distances to the propeller tips are avoided. 

The behavior of the first four harmonics as a function of the radial distance 

IS quite similar to that expected for a single-disk propeller as shown in Figs. 77 

through 79, i.e., the relative magnitudes of the harmonics is inversely proportional 

to the harmonic number. In addition, the OASPL is seen to decrease uniformly with 

increasing distance from the axis of rotation (Fig. 80). Only a slight dependence on 

the advance ratio is evident, since this noise is dominated by the nearly constant 

torque-force of the counterrotating configuration. 

V.5 Disk-Plane Directivity Pattern 

As explained in the previous Section, the noise characteristics of the counterrotating 

configuration differ significantly depending upon the location of the observer. In the 

plane of the propeller disk (Fig. 41), the noise characteristics are similar to those 

of a single-propeller disk in that the relative magnitudes of the harmonics decrease 

uniformly with increasing distance from the propeller. However, the characteristics 

of the noise in the propeller disk for a counterrotating configuration differ from a 

single-disk propeller in the respect that the noise of a single disk propeller at a fixed 

radial distance from the axis of rotation is independent of the azimuthal angle. The 

only effect that azimuthal location has on the noise is seen in a phase shift of the 

pressure time history relative to the blade position which does not affect the overall 

noise level. In a counterrotating configuration, however, the phase relationship of the 
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the front and aft propellers is significant. For example, consider the front and aft 

propellers of a two-by-two configuration geared so that two blades always meet in a 

horizontal position. An observer is located in the disk plane in a plane containing the 

axis of rotation of the propeller (Fig. 81a). At this location, the sound fluctuations 

of two propeller blades will reach the observer at approximately the same instant of 

time. resulting in amplification of the sound. However, if the observer is located at 

the same distance but a different azimuthal angle (Fig. 81 b), the blades will pass the 

observer at different times. Their sound fluctuations will tend to partially cancel each 

other and result in a lower noise level. 

Given this observation, the azimuthal directivity of the counterrotating pro­

peller noise was examined by calculating the acoustic characteristics for an observer 

located one propeller diameter from the axis of rotation and over a full circle. The 

noise characteristics were periodic over a 45° arc, and the predictions were repeated 

around the circle. 

Figures 82 through 84 show the first four harmonics of the frequency spectra 

for the three selected advance ratios. These harmonics also reflect an eight-lobe 

directivity pattern. From Fig. 85, the significant dependence of the noise level on 

the azimuthal direction is evident. Since in the 4 x 4 configuration the front and aft 

blades meet at eight evenly-space azimuthal locations around a circle corresponding 

to integer multiples of 45°, an eight-lobed direction pattern is generated. Again, only 

a slight dependence on advance ratio is indicated. 
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V.6 Horizontal-Plane Directivity Pattern 

The directivity pattern of the acoustic characteristics was also calculated in the hor­

izontal plane (Fig. 41) at a distance of one propeller diameter from the intersection 

of the axis of rotation and the propeller disk plane. 

From Figs. 86 through 88, it will be noted that the odd harmonics tend to 

dominate the acoustics in and near the disk plane. However whereas the magnitudes 

of the odd harmonics are comparable with those of the even harmonics in the disk 

plane, in the axis of rotation the odd harmonics are seen to drop off completely. 

This corroborates the behavior of the experimental frequency spectra in that the odd 

harmonics disappear, and the even harmonics define the noise characteristics on the 

axis of rotation. 

The OASPL is seen to peak at locations on the axis and in the disk plane, 

with slight decreases in the intermediate locations as shown in Fig. 89. Also, the 

OASPL is relatively independent of advance ratio except in the region immediately 

upstream of the propeller on the axis of rotation. Due to the disappearance of the odd 

harmonics in this region, the magnitude of the overall noise level is a poor indicator 

of the acoustic characteristics. 

In conclusion, a commuter-class counterrotating propeller configuration was de­

signed with the method of Davidson. The near field acoustic spectra and OASPL 

are examined leading to several observations. On the side of the counterrotating 

propeller configuration near the disk plane, the acoustic characteristics are similar to 

those of a single disk propeller. That is, the levels of the harmonics decrease with 
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increasing radial distance. However, several differences are noted for the counterro­

tating configuration. The noise levels of the harmonics as well as the OASPL exhibit 

a distinct multi-lobed pattern in the disk-plane due to the phase relationship of the 

front and aft blades. In addition for observer locations near the axis of rotation, the 

odd harmonics significantly diminish whereas the even harmonics exhibit high noise 

levels. This result is due to their dependence in this region on the time-derivative of 

the thrust force on the blades. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

The analytical method of Davidson as modified by Korkan and Playle and Playle, 

et.al. was used to determine the steady performance of a counterrotat.ing propeller 

configuration. A method based on the unsteady propeller performance method of 

Sullivan and Lesieutre was used to calculate the unsteady forces on the propeller 

configuration. Finally, the compact acoustic source methodology of Succi was used 

to predict the pressure time-history at a particular observer location. 

Inti ally, the experimental acoustic measurements of Gazzaniga were used as 

a basis for comparison with the theoretical results of this method. Experimental 

acoustic measurements were made for" a three-blade front-and-aft, and a four-blade 

front-and-aft configuration operating at blade tip angles of 40°,45°, and 50° operating 

under a range of advance ratios from approximately 0.6 to 1.8. In the plane of the pro-

peller disk, theoretical noise levels were found to exceed experiment.al measurements 

by approximately t.wo t.o five decibels for the 3 x 3 and 4 x 4 configurations. On the 

axis of rotation, the theoretical noise levels were found to significantly underpredict 

the experimental results from eight to 15 decibels. In addition, the frequency spectra 

showed poor agreement. However, theoretical predictions and experimental measure­

ments both indicate that the odd harmonics disappear from the frequency spectrum 

on the axis of rotation. Several explanations for the differences in the theoretical and 

experimental noise characteristics are presented. 
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The theoretical compact source model of Succi is examined in detail to de­

termine the relative effects of the steady and fluctuating components of the blade 

forces on the noise characteristics. In the disk plane, the noise is found to depend 

on the magnitude of the torque-force. However near the axis of rotation, the noise 

is determined almost exclusively by the time-derivative of the thrust. The frequency 

spectrum is found to be based on the blade loading frequency, which is twice the 

blade passing frequency. This results in the disappearance of the odd harmonics for 

this region. 

A hypothetical 4 x 4 blade commuter-class propeller configuration was designed 

with the method of Davidson, and the noise characteristics examined at several ad­

vance ratios. In addition, the directivity characteristics of the noise in the disk and 

horizontal planes are examined. In the disk plane, the lower harmonics are the same 

relative order of magnitude in all directions. However, a distinct multi-lobed acoustic 

pattern results due to the phase relationship between the passage of the blades of the 

front and aft propellers. In the horizontal plane, the even harmonics are of relatively 

constant magnitude in all direction. However, the odd harmonics are at a maximum 

near the disk plane and diminish to zero on the axis of rotation. 

Suggestions by which to improve the noise model contained herein include: 

a. investigation of the application of a second-order performance model to the 

prediction of the counterrotating propeller performance; 

b. determine the effects of non-uniform inflow into the propeller disk-plane; 

c. examine the effects of different front/aft RPM; 
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d. validate the far field acoustics usmg the present model by comparIson with 

experimental data; 

e. examine the inclusion of a broad-band noise model; 

f. following the design method of Davidson for generating an optimum propeller 

for same front/aft rotation speeds, determine a design method for a propeller 

operating with different front/aft rotation speeds; 

g. examine the effects of disk spacing on performance and noise; 

h. compare the sensitivity of theoretical performance and acoustic predictions us­

ing the present model against experimental acoustic measurements for which 

the propeller performance is accurately known. 

The preceding recommendations pertain to modification of the existing acoust.ic 

method. As noted however, the acoustics of a counterrotating propeller are ex­

tremely sensitive to the unsteady loads on the propeller blades. Consequently, it 

is also suggested that another performance method be investigated which calculates 

the compressible unst.eady performance of a counterrotating configuration. 
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APPENDIX A 

FIGURES 
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Figure 1. Geometry of One Rotating Compact Acoustic Source. 
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Figure 2. Velocities at Front and Back Counterrotating Propeller Blades. 
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Figure 16. Radial Design Lift Coefficient Distribution of Experimental Propeller 
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Figure 17.· Developed Planform of Experimental Propeller Blade. 
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Figure 19. Total 3 x 3 Blade Experimental Propeller Efficiency Variation with Ad­
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Figure 20. Total 3 x 3 Blade Experimental Propeller Thrust Coefficient Variation 
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Figure 21. Total 3 x 3 Blade Experimental Propeller Power Coefficient Variation 
with Advance Ratio at 40°, 45°, and 50° Blade Tip Angle. 
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Figure 22. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
3 x 3 Blades; 40° Blade Tip Angle; X-microphone; P ref = 20 J1 Pa. 
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Figure 23. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
3 x 3 Blades; 45° Blade Tip Angle; X-microphone; P ref = 20 J1 Pa. 
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Figure 24. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
3 x 3 Blades; 50° Blade Tip Angle; X-microphone; P ref = 20 JL Pa. 
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Figure 25. Theoretical and Experimental Frequency Spectra of 3 x 3 Blade Propeller; 
. J=0.861; 40° Blade Tip Angle; X-microphone; Pref = 20 J1 Pa. 
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Figure 26. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
3 x 3 Blades; 40° Blade Tip Angle; Y-microphone; Pref = 20 J1 Pa. 
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Figure 27. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
3 x 3 Blades; 45° Blade Tip Angle; Y-microphone; PIef = 20 f1 Pa. 
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Figure 28. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
3 x 3 Blades; 50° Blade Tip Angle; Y-microphone; P ref = 20 II Pa. 
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Figure 30. Total 4 x 4 Blade Experimental Propeller Efficiency Variation with Ad­
vance Ratio at 40°,45°, and 50° Blade Tip Angle. 
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Figure 31. Total 4 x 4 Blade Experimental Propeller Thrust Coefficient Variation 
with Advance Ratio at 40°, 45°, and 50° Blade Tip Angle. 
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Figure 32. Total 4 X 4 Blade Experimental Propeller Power Coefficient Variation 
with Advance Ratio at 40°, 45°, and 50° Blade Tip Angle. 



104 

150 

145 

140 

'-""'135 m 
~130 

0 
0 

~ 125 0 
D-
(f) 120 « 
o 115 

110 

105 

100 
0.95 1.00 1.05 1 .10 1.15 

J 

Figure 33. Comparison of Theoretical and Experimental Noise Level Variation with 
Advance Ratio; 4 x 4 Blades; 40° Blade Tip Angle; X-microphone; 
Pref = 20 J1 Pa. 
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Figure 34. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
4 x 4 Blades; 4.50 Blade Tip Angle; X-microphone; P ref = 20 J.L Pa. 
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Figure 35. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
4 x 4 Blades; 50° Blade Tip Angle; X-microphone; P ref = 20 Ii Pa. 
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Figure 36. Theoretical and Experimental Frequency Spectra of 4 x 4 Blades Pro­
peller; J=0.861; 40° Blade Tip Angle; X-microphone; Pref = 20 J1 Pa. 
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Figure 37. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
. - 4 x 4 Blades; 40° Blade Tip Angle; Y-microphone; P ref = 20 J.L Pa. 
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Figure 38. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
4 X 4 Blades; 45° Blade Tip Angle; V-microphone; Pref = 20 I" Pa. 
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Figure 39. Theoretical and Experimental Noise Level Variation with Advance Ratio; 
4 x 4 Blades; 50° Blade Tip Angle; Y-microphone; Pref = 20 J1 Pa. 
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Figure 40. Theoretical and Experimental Frequency Spectra of 4 x 4 Blades Pro­
peller; J=0.861; 40° Blade Tip Angle; Y-microphone; Pref = 20 J.l Pa. 
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VERTICAL PLANE 

Figure 41: Horizontal and Disk Planes of Counterrotating Propeller Configuration. 
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Figure 45. Radial Design Lift Coefficient Distribution of Commuter-Class Propeller 
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Figure 47. Total Commuter-Class Propeller Thrust Coefficient Variation with Ad­
vance Ratio. 
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Figure 48. Radial Variation of Differential Thrust with Advance Ratio on Front 
Propeller of Commuter-Class Propeller Configuration. 
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Figure 49. Radial Variation of Differential Torque-Force with Advance Ratio on 
Front Propeller of Commuter-Class Propeller Configuration. 



Figure 50. Radial Variation of Differential Thrust with Advance Ratio on Back 
Propeller of Commuter-Class Propeller Configuration. 
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Figure 51. Radial Variation of Differential Torque-Force with Advance Ratio on 
Back Propeller of Commuter-Class Propeller Configuration. 



Figure 52. Radial Variation of Lift Coefficient on Front Propeller of Commuter-Class 
Propeller Configuration; J=2.67. 



Figure 53. Radial Variation of Lift Coefficient on Back Propeller of Commuter-Class 
Propeller Configuration; J=2.67. 
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Figure 54. Radial Variation of Circulation Strength with Advance Ratio on Front 
Propeller of Commuter-Class Propeller Configuration. 
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Figure 55. Radial Variation of Circulation Strength with Advance Ratio on Front 
Propeller of Commuter-Class Propeller Configuration. 
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Figure 56. Induced Velocity Ratio in X-direction at 7.5 % Radial Station of Front 
Propeller During One Blade Revolution; J =2.67. 
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Figure 57. Induced Velocity Ratio in Y-direction at 75 % Radial Station of Front 
Propeller During One Blade Revolution; J=2.67. 



129 

0.20 

0.15 

0.10 

0.05 
> 
~ 0.00 

rr) 

::::5 
-0.05 

-0.10 

-0.15 

- 0 . 20 -l-..-r--r--r--T---r--r--r--r--,---r--,--.--r--r--,-r--r-.-l 

0.00 0.01 0.02 0.03 0.04 
t (sec) 

Figure 58. Induced Velocity Ratio in Z-direction at 75 % Radial Station of Front 
Propeller During One Blade Revolution; J=2.67. 
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Figure 59. Induced Velocity Ratio in X-direction at 75 % Radial Station of Back 
Propeller During One Blade Revolution; J=2.67. 
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Figure 60. Induced Velocity Ratio in Y-direction at 75 % Radial Station of Back 
Propeller During One Blade Revolution; J=2.67. 
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Figure 61. Induced Velocity Ratio in Z-direction at 75 % Radial Station of Back 
Propeller During One Blade Revolution; J=2.67. 
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Vertical Gust Velocity at 75 % Radial Station of Front Propeller During 
One Blade Passing Period. 
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Figure 63. Vertical Gust Velocity at 75 % Radial Station of Back Propeller During 
One Blade Passing Period. 
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Figure 64. Quasi-Steady and Unsteady Lift Coefficient at 75 % Radial Station of 
Front Propeller During One Blade Passing Period. 
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Figure 65. Quasi-Steady and Unsteady Lift Coefficient at '75 % Radial Station of 
Back Propeller During One Blade Passing Period. 



Figure 66. Radial Variation of Differential Thrust on Front Propeller Blade During 
One Blade Passing Period. 
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Figure 67. Radial Variation of Differential Torque-Force on Front Propeller Blade 
During One Blade Passing Period. 



Figure 68. Radial Variation of Differential Thrust on Back Propeller Blade During 
- One Blade Passing Period. 



------~-----~ 

140 

22 
12 
2 

(... _8 
--0 _18 '-
0 _:28 --0 

_38 
_48 
_G8 

Figure 69. Radial Variation of Differential Torque-Force on Back Propeller Blade 
During One Blade Passing Period. <,. 
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Figure 70. OASPL in Region Near the Configuration from One To Five Blade Radii 
Radially, and from Four Blade Radii Upstream To Four Blade Radii 
Downstream; J=2.13; Propeller at (=,r) = (0,0); Pref = 20 J1 Pa. 
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Figure 71. OASPL in Region Near the Configuration from One To Five Blade Radii 
Radially, and from Four Blade Radii Upstream To Four Blade Radii 
Downstream; J=2.67; Propeller at (z,r) = (0,0); PIef = 20}1 Pa. 
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Figure 72. OASPL in Region Near the Configuration from One To Five Blade Radii 
Radially, and from Four Blade Radii Upstream To Four Blade Radii 
Downstream; J=3.20; Propeller at (=,r) = (0,0); Pref = 20 J1 Pa. 
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Figure 73. First Four Harmonics Along Line One Propeller Diameter from Axis of 
Rotation from Four Radii Upstream To Four Radii Downstream; J=2.13; 
PIef = 20 JL Pa. 
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Figure 74. First Four Harmonics Along Line One Propeller Diameter from Axis of 
Rotation from Four Radii Upstream To Four Radii Downstream; J=2.67; 
Pref = 20 f1 Pa. 
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Figure 75. First Four Harmonics Along Line One Propeller Diameter from Axis of 
Rotation from Four Radii Upstream To Four Radii Downstream; J::;=3.20; 
P ref = 20 J.L Pa. 
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Figure 76. OASPL Along Line One Propeller Diameter from Axis of Rotation from 
Four Radii Upstream To Four Radii Downstream at Three Advance Ra­
tios; P ref = 20 11 Pa. 
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Figure 77. First Four Harmonics in the Disk Plane from One To Five Propeller Radii 
Distance from the Axis of Rotation; J=2.13; PIef = 20 J1 Pa. 
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Figure 78. First Four Harmonics in the Disk Plane from One To Five Propeller Radii 
Distance from the Axis of Rotation; J =2.6i; P ref = 20 J1 Pa. 
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Figure 79. First Four Harmonics in the Disk Plane from One To Five Propeller Radii 
Distance from the Axis of Rotation; J=3.20; Pref = 20 J1 Pa. 
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Figure 80. OASPL in the Disk Plane from One To Five Propeller Radii Distance 
. from the Axis of Rotation; J=3.20; P ref = 20 f.L Pa. 
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Figure 81. Effect of Observer Azimuthal Angle on Blade Passage Phase Relationship; 
Pref = 20 J1 Pa. 
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