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FOREWORD

This document presents methods of determining in-flight thrust for the propeller/propfan
propulsion system including the mutual interactions between the airframe and propulsion
system. The practices and procedures associated with the determination of airframe
aerodynamic characteristics are beyond the scope of this document.

The genesis of AIR 4065 begins with the formation of the E33 Committee, "In-Flight
Thrust determination” (IFTD) in the late 70's by Dr. Robert Abernethy of Pratt & Whitney
and Mr. Gary Adams of the US Air Force. The results of the committee's earlier activities
are AIR's 1678 and 1703, addressing uncertainty of IFTD and IFTD respectively. Upon
completion of these tasks there were areas of interest not addressed in AIR 1703 such as
unsteady IFTD and propeller IFTD. Therefore two subcommittees were formed;
subcommittee D for propellers and subcommittee E for unsteady effects. This AIR 4065
presents advisory information from Subcommittee D regarding IFTD for propellers.

This document attempts to present propeller performance accounting and methodology that
can be employed to obtain in-flight thrusts. Two methods of quantifying propeller

performance are described in this report. The first method relates propeller performance to
the traditional parameters of advance ratio, J, power coefficient, Cp, and efficiency, ), and

is referred to as the "J" method. The second relates propeller performance to torque or
power coefficient , Cq or Cp, reference blade angle, 6, and efficiency, 1, and is known as

the "Theta" method.
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The determination of in-flight thrust can be a complex process. Success depends upon
careful planning and meticulous attention to detail throughout the test program. It is
important that the participants involved (engine, propulsor and airframe manufacturers,
military service, government agency, etc.) agree at the outset on the definitions and the
methods to be used for demonstration. Provision for flexibility and redundant methods are
important to provide for unforeseen difficulties with a particular method.

There are no industry or government standards for determining in-flight thrust or its
associated uncertainty at present. The purpose of this AIR is to present information and
guidance on the selection of methodologies to predict and assess propulsion system thrust
during flight development programs of conventional aircraft employing propeller

propulsion systems,excluding rotors (i.e. helicopters or any vehicle using cyclic pitch
propellers/rotors). Methodologies beyond those presented are required in order to evaluate

configurations such as vectored thrust or V/STOL aircraft. The document is intended to be
used as a technical guide, not as a standard or legal document. In addition to this
document, References 1 and 2 describe comprehensive procedures and tasks for
implementing the methodologies. Each program should select those tasks that are

appropriate to meet its particular objectives.

Uncertainty was not addressed in this AIR, however, the processes involved are amenable
to the same uncertainty analysis as enumerated in AIR's 1678 and 1703. Uncertainty as
applied to propeller systems may be addressed after completion of the current E-33
committee task.

Particular credit and thanks are owed to the British Aerospace P.L.C., MIDAP group
whose document "MIDAP Guide to Drag Estimation of Aircraft & Weapons, Sub-Chapter
5.3 "Propeller Installations" provided a starting basis for the current document. The
propulsion accounting system for these counterrotating devices are governed by the same
physical laws/characteristics as the existing traditional propellers. This is acknowledged by
the document name "Propeller/Propfan In-Flight Thrust Determination"

Mr. Jack Rowse of the Garrett Engine Division of Allied-Signal Aerospace Company, the
Sub committee D chairman, led the evolution of the document, and Mr. Todd Havey of the
Boeing Commercial Airplane Group, the document sponsor, correlated and edited the many
drafts leading to this document. The parent Committee SAE-E33 chaired by John Roberts ,
United Technologies, Pratt and Whitney Aircraft, deserves special thanks for having
endured these drafts and reviews, providing constructive comments.
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1 SCOPE:

AIR 4065, "Propeller/Propfan In-Flight Thrust Determination” addresses steady
state propeller thrust as applied to aircraft which are usually powered by gas

turbine engines. It includes theory, examples and methods which have been
used. Specifically two methods are discussed, the "J" or traditional J ,Cp,Ct, n

method including the SBAC variation and a new method we call the "Theta"
method which is dependent on knowing blade angle, power/torque and flight
Mach number. Implementation guidelines are offered as well as overall
approaches to flight testing. Appendices include expansions on theory and testing
as well as examples.

2 REFERENCES & NOMENCLATURE:

2.1 References:

2.1.1 Society of Automotive Engineers, 400 Commonwealth Drive, Warrendale, PA
15096-0001:

(1) AIR 1678 "Uncertainty of In-Flight Thrust Determination”
(2) AIR 1703 "In-Flight Thrust Determination"

(3) ARP 755 "Gas Turbine Engine Performance Station Identification and

Nomenclature"

(4) AS 681 "Gas Turbine Engine Steady State Performance Presentation for
Digital Computer Programs"

(5) ARP 1217 "Instrumentation Requirements for Turboshaft Engine
Performance Measurements”

(6) ARP 793-66 "Total Temperature Measuring Instruments”
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(7) ARP 920-68 "Design and Installation of Pitot-Static Systems for Transport
Aircraft"

(8) ARP 921-71 "Flight Test Procedure for Static Pressure System
Instrumentation in Subsonic Transport Aircraft"

(9) AS 8005-77 "Minimum Performance Standard Temperature Instrumentation”
(10) AS 8006-88 "Minimum Performance Standard - Pitot and Pitot-Static"
(11) AS 8009-89 "Pressure Altitude Systems"

2.1.2 Other - Referenced
(12) A. H. Fraser-Mitchell et al "MIDAP Guide to Drag Estimation of Aircraft
and Weapons - Sub-Chapter 5."Propeller Installations"'British Aerospace
(Kingston), 1980
(13) Stefko, G.L., Rose, G.E., and Podboy, G.G.: Wind Tunnel Performance
Results of an Aeroelastically Scaled 2/9 Model of the PTA Flight Test Propfan.

NASA TM 89917, July 1987

(14) Stefko, G.L.: New Test Techniques and Analytical Procedures for
Understanding the Behavior of Advanced Propellers. NASA TM 83360, April
1983

(15) Stetko, G.L.: Propeller Flow Visualization Techniques. NASA CP-2243
1982

(16) Stefko, G.L.: New Propeller 'Paint Flow" Visualization Technique. NASA
TM 83038, 1982

(17) '.Pope, A.:Wind-Tunnel Testing; Second Edition, John Wiley & Sons Inc.,
New York, 1954
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(18) Glauert, H.: "Wind Tunnel Interference on Wings, Bodies, and Airscrews",
R.& M. #1566, British Air Research Committee, 1933

(19) Milne-Thomson, L.M.: Theoretical Aerodynamics, Macmillan and Company

Lid., London

(20) Hamiliton-Standard Publication PDB6101A, Generalized Method of
Propeller Performance Estimation

(21) Flight Test Engineering Handbook, Herrington, Shoemacher, Bartlett and
Dunlap, USAF, Air Force Systems Command, Air Force Flight Test Center,
Edwards Air Force Base, California, Technical Report No. 6273

(22) Performance Flight Testing Theory, USAF Aerospace Research Pilot
School, Edwards Air Force Base, Cal., FTC-TIH 64-2005

(23) Young, A.D.: "Note on the Application of the Linear Perturbation Theory to
Determine the Effect of Compressibility on the Wind Tunnel Constraint on a
Propeller”, R.& M. #2113, British Air Research Committee, 1944

(24) Duesterhaus, D. A. and Maywald, P. V.,"Freejet Test Capability for the
Aecropropulsion Systems Test Facility"”, AIAA Paper §9-2537, July 1989.

2.1.3 Other - Non-Referenced

AGARD Conference Proceedings #3660, "Aerodynamics and Acoustics of
Propellers”, containing 33 papers covering: Propeller Analytical Design;
Propeller Testing; Propeller Acoustics, October 1984.

Borst, H. V; Sand, E. and Elliot, D. A. Jr.,"Summary of Propeller Design
Procedures and Data; Volume I, Aerodynamic Design and Installation",
USAAMRDL Technical Report 73-34A, November 1973, AD 774831/2GI

Borst, H. V; Amatt, W. and Bates, W.E.,"Summary of Propeller Design
Procedures and Data; Volume I, Structural Analysis and Blade Design",
USAAMRDL Technical Report 73-34B, November 1973, AD 774836
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Borst, H. V; Sand, E. and Elliot, D. A. Jr.,"Summary of Propeller Design
Procedures and Data; Volume III, Hub, Actuator and Control Designs",
USAAMRDL Technical Report 73-34C, November 1973, AD 776998

Clifford Bull and George Bennett, "Propulsive Efficiency and Aircraft Drag
Determined from Steady State Flight Test Data", SAE Paper 850872, 1985.

Clifford Bull and Philip D. Bridges, "A Method for Flight - Test Determination of
Propulsive Efficiency and Drag", AIAA Journal of Aircraft, March 1985, pp 200
-207.
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2.2 Nomenclature

A - Propeller disk area
AEDC - Arnold Engineering Development Center
AF - Propeller blade activity factor
ATF - Altitude test facility
b - Blade width
D - Propeller blade elemental width ratio (width/tip diameter)
B - Number of blades
Cp - Drag coefficient
Cbp - Propeller blade elemental section design lift coefficient
CLi - Propeller blade integrated design lift coefficient
Cp - Power coefficient = P/pn3D5
Ca - Torque coefficient = Q/anD5
CR - Counter rotation
Cr - Thrust coefficient = T/anD4
Ctn - Net thrust coefficient
Crp - Propulsive thrust coefficient (based on Tp)
Crs - Propulsive thrust coefficient (based on Tg)
Cy - Nozzle velocity (gross thrust) coefficient
D - Diameter
Dafgs - Throttle independent drag of the airframe system
ADAFES - Change in basic airframe drag due to slipstream effects
ADexh - Exhaust System Drag
Djso - Drag of centerbody (nacelle) with blades off (tare)
Dpac - Drag of centerbody (nacelle) with blades on
= Djso + ApA p+ ADgg
DpacT - Nacelle tare
ADgg - Increase in centerbody (nacelle) with skin friction due to
slipstream
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J Ref

KIAS

Full document details: SAE AIR4065A

- Spinner Drag Force (Pressure Drag + Skin Friction Drag)

- Change in propeller spinner force

- Spinner tare

- Skin Friction Drag due to structure supporting nacelle in the

slipstream

- SBAC Body Correction Factor =1- (1.22 S Cp/A) = Tlme

- Force

- Balance reaction force also referred to as metric force

- Excess thrust, i.e. Foy = Fipg - Darg

- Throttle dependent force increment due to changing exhaust
conditions

- Core gross thrust

- Throttle dependent force increment due to changing inlet conditions
- Installed propulsive thrust that is obtained from F'o( with
adjustments for deviations from full scale reference conditions

- Metric force, also called Fyy

- Figure of merit (quasi static efficiency) = .798 CT3/2 /Cp

- Propeller overall net thrust ~ T - (Djgq + ApAcp+ ADg) - Dy
- Combined overall net thrust of propeller + core ~ Fye + Core
Thrust

- Modified net thrust of the core (AIR1703, Para 2.2)

- Throttle dependent force increment due to changing aircraft trim
conditions

- Blade thickness (Not to be confused with retardation factors)

- SBAC Retardation factor = 1 - .254 S/A

- Propeller blade elemental thickness ratio (thickness/width)

; Advance ratio = V/nD
- Effective advance ratio - (1-h)J
-Reference advance ratio (related to Mpp)

- Knots, indicated airspeed
- Length
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M - Mass and Meter

MFR - Mass Flow Ratio

M - Helical Mach number

n - Revolutions per second

P - Power

PTR - Propeller Test Rig

Py - Freestream total pressure

Py - Core engine face total pressure

ApA_ - Buoyancy force, change in centerbody drag due to propeller
pressure field

ZpAA; - Pressure force on rear spinner face

Poac - Local nacelle static pressure

Py - Static pressure

Py - Undisturbed static pressure at station 0

Q - Torque

r - Propeller blade elemental radius from axial centerline

/R - Propeller blade elemental radius ratio

R - Propeller blade tip radius

Ry - Reynolds number =pVL/p

RPM - Revolutions Per Minute

S - Maximum cross sectional area of nacelle

SBAC - Society of British Aircraft Contractors

SCO - Spinner cut off ~ xx%R

SR - Single rotation

T - Thrust or time

TAF - Total activity factor = B(AF)

ATy¢ - Thrust increment due to installing T, in the presence of

wing and fuselage.
Tg - Free air thrust aka isolated thrust = Tg - ApA¢y, - ATpeny

Thet,inst - Installed propeller net thrust in highly integrated wing/nacelle
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Tnet

ATper

Ts,inst

Ts,iso
ATeer

Mg
MNet
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configuration
- Propeller propulsive thrust = T - (ApA p + ADgg) = Tpeq - ADg

- Propeller net thrust = T - ApAcp, = Tgy + ATpen
- Change in apparent thrust due to non uniform flow over

centerbody
- Apparent thrust, also referred to as shaft thrust

- Apparent thrust, T, in the presence of aircraft influences
- Isolated blade thrust
- Error due to blade pitch measurement between isolated and

installed propeller tests.

- Velocity

- Effective velocity = (1-h)V
- Freestream velocity

- Core exhaust velocity

- Increase in slipstream velocities over V( due to propeller
- Mass flow through the core engine ~ lbs/sec

- Core efflux mass flow = W + Wy, lbs/sec

- Mass flow through propeller disk

- Fuel mass flow rate ~ 1bs/sec

- Radius ratio =1/R

- Local section incidence angle

- Local section tan-1(Cp/Cp)

- Propeller efficiency, Power out/Power in = J C1/Cp
- Effective efficiency

- Net efficiency

- Propulsive efficiency
- Apparent efficiency
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0 - Propeller blade elemental angle

0.5 - Propeller blade angle at i/R=.75

OF - Counterrotating Propeller front row reference angle

Or - Counterrotating Propeller rear row reference angle

A - Propeller blade elemental section sweep angle

i - Viscosity

T - 3.141592654

p - Density of air

o - Solidity, i.e. ratio of total blade area to swept disk area

bplug - Axial gage force on plug surface downstream of Sta. 9

Opost - Axial gage force on post exit streamtube between Sta. 9 and oo

Gpre - Axial gage force on core pre-entry streamtube between Sta. 0 and
1

¥ - Propeller blade elemental section cone angle.
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3 BASIC METHODOLOGY & INSTALLATIONS:

The forces acting on a propulsion system in flight are sometimes difficult to
define and are often even more difficult to evaluate. The process of in-flight
thrust determination must therefore begin with a definition of the force (thrust)
that is to be evaluated. It is particularly important in the case of propeller-driven
aircraft that the definition of thrust and drag be well understood by all the parties
involved and that there be a proper accounting of all the forces acting on the
system. As with the turbofan, the variety of different arrangements adds
complication to the thrust/drag accounting process. Three typical locations of the
propeller relative to the intake and exhaust stations are discussed in this
document. These are: 1. tractor installation, 2. pusher installation with hot
exhaust impingement, and 3. pusher installation with no exhaust impingement.
Following an analysis of the isolated propeller, all three arrangements are
illustrated and analyzed in the following sub-sections. In these sub-sections,
reference will be made to a number of terms which are defined in AIR 1703.
Additional terms needed to describe forces associated with the propeller will be
defined in the text, and in general these are consistent with the definitions used in
Reference 12. In AIR 1703 it was assumed that the podded propulsion system
used to illustrate the general principles involved was axisymmetric, aligned with
the free-stream flow direction, and isolated from the flow field of the remainder of
the aircraft. The same assumptions are made here in order to simplify the
discussion, BUT IT MUST BE RECOGNIZED THAT THIS
SIMPLIFICATION MAY NOT BE CONSISTENT WITH THE PARTICULAR
THRUST/DRAG ACCOUNTING SYSTEM BEING CONSIDERED. In
addition, the engine support pylon is assumed, initially, to be a symmetrical

_ airfoil at zero angle of attack. The effect of these assumptions is that the only
force produced will be exerted in the streamwise (axial) direction. Unless the net
swirl in the slipstream is zero, lift and thrust forces will be induced on the other
airplane parts by their interaction with the slipstream.

3.1 Thrust:

The general thrust definitions discussed in AIR 1703, Section 2.1 for turbofans
are, in principal, also applicable to propeller propulsion systems. However, their
application to in-flight thrust determination for the propeller may not be practical
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because the secondary or propeller flow has no physical boundary. This lack of a
physical boundary appears to make the accurate measurement of flow quantities
normally used for in-flight thrust determination very difficult. Alternate
approaches have resorted to measuring propeller thrust as an integral force in sub-
scale tests. Then, correlations can be made to full-scale via certain parameters
determinable in flight, such as flight velocities, shaft torque, blade pitch and rpm.

Several definitions of thrust must be addressed because of the different
approaches to thrust/drag accounting in use. The particular approach to
thrust/drag accounting chosen for a given application is determined to a large
extent by the configuration and by the relative practicality of making certain
measurements in flight and in sub-scale tests. These aspects of thrust
determination will be addressed later. As in AIR 1703, all of the following
developments presume the existence of a frictionless slip surface which separates
the propulsive stream from the rest of the flow field.

3.1.1 Traditional Thrust Definitions: This section develops the traditional definitions of
thrust used by the propeller industry. These thrust quantities are then related to

these thrust definitions using the nomenclature used throughout this document.

3.1.1.1 Propeller Overall Net Thrust: Propeller overall net thrust (F ,.,) is defined in
accordance with AIR 1703 as the change in momentum flux between far upstream
(station '0") and far downstream (station 'eo’), It must, therefore include all
forces exerted by the internal flow on all surfaces wetted by the internal flow

between stations '0' and 'eo'.
Overall net thrust,

Fpee =Wy (Vo+Ww)-W;yoVp 1)

= WIO w

where: W0 = mass flow through the propeller disk

Vo = freestream velocity

w = increase in slipstream velocity over freestream velocity at

station ‘oo,
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te—— Centerbody (nacelle)—/—
/ /

el L LY Sy

"™~
~——— -
e ———

D =Disot ApAp +A Dy

Spinner
Nacelle

Propeller plus Centerbody

'bouyancy force' = ApA 4 = increase in centerbody drag due to prop pressure field
(determined from the axial component of the
integrated pressure readings of the wetted surface)

= f (Pgolades on) ~ P(blades offy dA cbover centerbody surface.

= f P(blades on)dAcb - f Rplades oy 4A cb

AD = increase in centerbody skin friction due to slipstream.

ss

D= drag of centerbody with blades off
D, = skin friction + pressure drag due to structure

AT, = change in apparent thrust due to non-uniform flow

over the centerbody (See Figure 26)

FORCETERM | SYMBOL | ALTERNATE NAME | DEFINITION

Apparent thrust | T, Shaft thrust Blade Force = Fyy
corrected for spinner forces
Isolated thrust T, with no centerbody

and uniform flow,

Ts - ApAch -Alpen

Free-air thrust T,

Propeller net T et Net thrust Ts - ApAgp, OF

thrust Tra+ AToent

Balance reaction | F, Metric force as measured with hub balance

force ‘

Propeller T, Propulsive thrust Ts - (ApAg,+ AD)

propulsive thrust

Propeller overall | F Ts - (Do +ApA + AD_ ) - )

net thrust —_——
Dnac

or TP' D iso” Dsu

Figure 1 - Propeller Thrust Definitions with Strut and Centerbody

3.1.1.2 Free-Air Thrust: Free-air thrust (Tg,) is the thrust produced by an ideal propeller

or actuator disk operating in a uniform freestream flowfield with no center-body
and an infinitely thin drive shaft. (See Appendix A for explanation of actuator
disk theory.) This arrangement is shown in Figure 2.

Documents

Document Sharing Hub

Full document details: SAE AIR4065A


http://www.avadocuments.com/doc/sae-air4065a
http://www.avadocuments.com/doc/sae-air4065a

SAE AIR4065A Page 28 of 215

In this case, the only surfaces wetted by the flow in the stream tube between
stations '0" and 'e', are the propeller blades themselves. Overall net thrust is
therefore equal to free-air thrust for the isolated prop.

Ty, in the ideal case = F noy = W1g W = A(P13-P12) @)

Figure 2 - Free-air Thrust

3.1.1.3 Apparent Thrust : In practice, adjustments must be made to the ideal case for non-
uniform inflow caused by the presence of the body around the propeller drive
system body and the drag of other structure in the propeller slip stream. Apparent
thrust (T), sometimes referred to as shaft thrust, is the thrust reacted at the root
of the propeller blades as they pass into the hub. It is not the thrust which would
be measured on the propeller shaft, as this would include the forces associated
with the hub. Note that, for this document, the centerbody is defined as the hub
(rotating) plus the nacelle (stationary).

The apparent thrust with no centerbody present is the same as free-air thrust.
When a centerbody is introduced behind (or in front of) the propeller, the
apparent thrust is altered by two effects as follows:

i) The change of the increased pressure field on the centerbody caused by the
propeller results in a 'buoyancy force', term ApA ., which increases both the
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apparent thrust of the propeller and the drag of the centerbody. For inviscid flow,
the increase in apparent thrust and centerbody drag are equal, and so the effect on

overall net thrust will be zero. This force is determined from the axial component
of the integrated pressure readings over the wetted surface.

it) The centerbody will impose a non-uniform velocity distribution on the
propeller inflow due to blockage. Any change in the propeller inflow will alter

the loading distribution along the blade, which in turn will change the apparent
thrust for a given shaft power. The change in apparent thrust ATp; (also see

Figure 1) is usually small at low Mach numbers, but can be significant for
propellers operating at high forward Mach numbers. This is because the
reduction of local Mach number in the blade root region, where the blade airfoil
sections are working below their critical Mach numbers, can be used to
significantly reduce compressibility losses in that region. To achieve such a
benefit, the design of the propeller must account for the non-uniform flow due to
presence of the centerbody (i.e. the propeller twist has been optimized for the
expected non-uniformity at the propeller plane). The apparent thrust of a
propeller in the presence of a centerbody may now be related to free-air thrust as

follows:

T = Tga + ApAcp + ATpen 3)

The terms required to relate apparent thrust to propeller overall net thrust are

shown in Figure 3.

Propeller overall net thrust = Fo; = Tg <(Digo + APA¢p +ADgs) 4)

3.1.1.4 Propeller Net Thrust: Propeller net thrust (T,,) is defined as the apparent thrust
with the 'buoyancy force' term (ApA) removed.

Thet = Ts - ApAgyp (5a)

Propeller net thrust differs from free-air thrust only by the effect of inflow
velocity distortion caused by the centerbody. Therefore, any reduction in
propeller compressibility losses, due to variations in local Mach number produced
by the centerbody, will increase the propeller net thrust relative to free-air thrust.
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This relationship is expressed as:
Thet=Tga + ATpext (5b)

>
q,ac= qso+ApA +ADSS

Figure 3 - Apparent Thrust for Propeller plus Centerbody

This equation permits the determination of the flow field distortion effect, ATpen,
and thus offers an evaluation of how well the propeller has been 'retwisted’ for
the actual non-uniform flow over the centerbody plus any additional benefit due to
reduced compressibility loss. The advanced high-speed propellers known as
propfans are designed to operate only in the presence of a centerbody which is
specially contoured to take advantage of this effect. Hence, for such props, free-
air thrust data would not normally exist.

If compressibility losses are small and the blades are carefully retwisted to
account for the distortion of local inflow along the blade, then ATpery will be
small and propeller net thrust will approximately equal free air thrust. Note that
this comparison is to be made at the same rpm, free stream velocity and power,
and further assumes that the blade pitch angle has been adjusted to account for the
body induced change in mean flow velocity. If the blade angle is fixed, then any
change in inflow velocity will result in relatively large changes in both power and
thrust.

The relationship between propeller net thrust and propeller overall net thrust is,

Documents

Document Sharing Hub

Full document details: SAE AIR4065A


http://www.avadocuments.com/doc/sae-air4065a
http://www.avadocuments.com/doc/sae-air4065a

SAE AIR4065A Page 31 of 215

Fpet = Thet - (Djso + ADsg) : (6)

3.1.1.5 Propeller Propulsive Thrust: Propeller propulsive thrust (Tp) is traditionally
defined as the thrust of the propulsion unit with the propeller blades installed:

Tp =Ts - (ApAcp + ADgg) = Tpey - ADgq )

3.1.1.6 Thrust Summary for Propeller With Centerbody and Supporting Structure: The
foregoing paragraphs have presented a number of different definitions for the
thrust of a propeller with centerbody. The relationship of each of these to the
Propeller Overall Net Thrust with the addition of supporting-structure drag is
summarized as follows:

Fpee =Ts- (Diso + ApAcp + ADss) - Dy ®
=Thet - (Diso +AD ss) - Dgyr )
= Tp - Diso - Dy (10)
=Tgy + ATper - (Diso + ADss) - Dgyr (11)

Note: - If the AIR1703 definition of Overall Net Thrust were to be strictly adhered
to, the TOTAL DRAG of any supporting structure existing within the slipstream
boundary would be subtracted as shown above. In the case of highly-integrated
propulsion systems, however, a large portion of the airframe may be immersed in
the slipstream, making it unreasonable to adhere to the customary definition. In
such cases, it is common practice to include only the slipstream-induced or
"throttle-dependent"” part of the immersed-structure drag in the overall net thrust.
Furthermore, other issues arise in separating "thrust" and "drag" when any
propulsion system is installed on an airframe. These issues are explored in
section 3.1.3.

3.1.2 Practical Application of Thrust Definitions: This section gives an overview of the
practical applications of the propeller thrust definitions to a range of
configurations. While PROPELLER APPARENT THRUST is used throughout
the following illustrations, any of the other thrust quantities summarized in the
preceding paragraph may be substituted. In this section, the drag of the
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supporting structure is retained as a single throttle-dependent quantity only to
maintain consistency with the AIR1703 definition of overall net thrust.

3.1.2.1 Pusher Propeller with Nacelle (No Exhaust Impingement): A pusher arrangement
with gas generator efflux aft of the propeller with its station numbering system is
shown in Figure 4, below:

Figure 4 - Pusher Propeller Installation (No Exhaust Impingement)

The combined overall net thrust of the combined propeller and core

Fret=Wio(Vo+w)-WigVg+Wo V. -Wg Vg (12)

F'net = W1o W + Fgg + Opost + dpug - Wo Vo 13
or alternatively:

F'iet = Ts - Dnac - Dstr + F*Neore = Ppre (14)

where the prime (') designates inclusion of core forces as defined in AIR 1703

Section 2.1.

3.1.2.2 Tractor Propeller with Body & Structure: A tractor arrangement with its station
numbering system is shown in Figure 5 below.

The overall net thrust of the combined propeller and core is:
F'net = WlO (VO + W) -WioVp+ WoV, - W()Vo (15)

Fnet = W10 W + Fgg + Opost + Gpiug - WoVo 16
or alternatively Fnet = Ts - Dnac - Dsir + F*Negre = Ppre an

For this arrangement the core engine performance is influenced by the presence of
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the tractor propeller and vice versa. The engine deck from which F*Nc ore 1S

—
i S,
-
-~ .
— o -

i Wio (Vo+ w)
—n

=~ o _ !_¢post‘

; , e =W

0 1 | \ !
9 lug oo

Figure 5 - Tractor Propeller with Body and Structure

derived should be modified to account for an additional stage of compression
from the portion of propeller within the inlet streamtube; and the propeller
apparent thrust will be altered by the presence of the engine inlet. These effects
will be nonuniform and unsteady if the inlet is not axisymmetric and may require
time and area averaging.

3.1.2.3 Pusher Propeller with Body (Hot Gas Impingement): A second pusher
arrangement with gas generator efflux passing through the propeller plane is
shown in Figure 6, below.The combined overall net thrust of the propeller and

core is:
F'ne[ = WIO (VO + W) - WIOVO + Wg Voo - W()VO (18)
Fnet= WioW + Fgg + Opost + Opiug - WoVo (19
or alternatively Fnet = Ts - Dnac - Dstr + F*Nore = Ppre (20)

Figure 6 - Pusher Propeller Installation (Hot Gas Impingement)
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While the terms in the definition of overall net thrust are identical to the previous
case, the interactions between the core and propeller are quite different. Here, the
pusher propeller alters the core engine performance through its effect on exhaust
nozzle pressure ratio; and the exhaust flow obviously affects the propeller blade
forces generated within the exhaust streamtube. Again, these effects will be non-
uniform if the exhaust nozzle is not axisymmetric. The above definitions presume
T includes the effects of flowing inlets and nozzles. If the propeller map does

not include the efflux effects on the propeller, it must be accounted for separately.
(See Section 4.2.1; Figure 33, AT due to jet)

3.1.3 Propeller and Nacelle Installed on Aircraft: The definition of "thrust” and "drag” is
not straight forward when considering all forces on a total aircraft system. In the
previous sections, all the forces associated with the isolated propulsion system
were contained within the propeller slipstream, hence the propeller stream tube
was a convenient control volume boundary for use in defining Overall Net
Thrust. (Note: In this section 'isolated’ designates isolated from the aircraft not
isolated from the engine as it was previously used). On the aircraft, however,
only a portion of the forces of interest are washed by the propeller airflow. While
it is tempting to treat forces within the propeller wash as "thrust” and those
outside as "drag", this would produce a complicated interface because of the
movement of the propeller streamtube boundary with changing flight conditions.
For example, Figure 7 shows two propulsion system installations, a wing mount
and an aft fuselage mount propeller. As flight speed or propeller flow capacity
changes, so does the propeller streamtube. At low speeds, significant portions of
the airplane fuselage and/or the wing are contained within the propeller flow field.
As speed increases, the propeller capture stream tube decreases in diameter, and
the propulsion thrust/airplane drag interface moves. If the streamtube was used
as the criterion to differentiate between thrust and drag, it is difficult to imagine a
test set-up which would measure "propulsion thrust” and "aircraft drag”.
Furthermore, the propeller induction and discharge can dramatically impact
airplane forces. For example, the recovery of non-axial propeller discharge
momentum could produce thrust by increasing pressure on parts of the aircraft
surface. The concept of "Negative drag" is not universally accepted, therefore,
when trying to define the forces that constitute "thrust” vs. those that should be
categorized as "drag”, it is obvious that the propeller streamtube is not an
appropriate interface.
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Mp0.1

Figure 7 - Propeller Capture Stream Tube Coverage

The installed thrust/drag accounting quantities should be formulated to be
compatible with the experimental set-up. For example, wind tunnel models often
have multiple force balances to measure the numerous aerodynamic interactions.
The total aircraft (including propulsion) system may be on a force balance; while
the propeller forces may be measured simultaneously on rotating balances (Figure
8A). The installed apparent thrust, Tj j5, can be derived from the difference of
the shaft balance measurements with and without blades (with corrections for
spinner gap forces). This derivation of apparent thrust includes the force on the
blades as well as the changes in the spinner force due to the presence of the
blades. These rotating balances also yield isolated apparent propeller thrust, Ts,

when the propulsion system is tested separately. Comparing these rotating
balance measurements, Ty j5o and Ty, allows evaluation of the airplane flow field
influence on the propeller performance. In a similar fashion, the difference
between the airplane system balance and the installed rotating balance allows
evaluation of the propulsion system interaction effects on airframe drag. This is
done by comparing the difference between these two force readings to the airplane
force data acquired without the propulsion system installed.
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Another method of attaining installed interactions with multiple balances is to test
with an' airplane system balance and with the propulsion system on a pylon
balance (Figure 8B). This shifts the airplane/propulsion interface from the root of
the propellers to the pylon. This interface also allows segregation of the
interactions using methods analogous to those described in the previous

paragraph.

The terms and accounting equations are obviously closely tied to the particular
experimental methods or agreed upon interfaces being used to initiate the in-flight
thrust calculations. Specific examples of candidate test setups and the resulting
in-flight thrust projection methodology are addressed in detail in Section 3.2.

Model Balance Model Balance
Measures: Measures:
Prop Thrust - Airplane Drag Propulsion Thrust - Airplane Drag

i i i s

 \

AN

Rotating Balance Pylon Balance
Measures: Prop Thrust Measures: Propulsion Thrust
Rotating Hub Balance (A) Pylon Balance (B)

Figure 8 - Examples of Test Set-up Affecting Thrust/drag Definition
3.2 Installed Thrust/Drag Accounting:

This section addresses the accounting methods used for: (1) Podded
Configurations and (2) Integrated Configurations where the nacelle cannot be
separated aerodynamically from the airplane. For podded configurations the
thrust/drag accounting begins with isolated nacelle/propeller wind tunnel tests for
propulsion system net thrust, and the airplane bookkeeping uses clean airplane
aero force and moment models as a basis for subsequent drag accounting. For
integrated configurations the nacelles and wing may be highly contoured to be
compatible with the propeller discharge. Therefore isolated propulsion tests are
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not meaningful except for comparison; nor are airplane drag tests without
propulsion simulation. Consequently, the two types of installations require
different accounting methods.

Despite the differences noted, both must account for thrust and drag changes due
to throttle excursions. Both start with the selection of a reference condition which
establishes a datum for both the overall net thrust and the airframe system drag.
Then all changes in either thrust or drag due to throttle changes from that

reference condition are normally accounted for as changes in the INSTALLED
PROPULSIVE FORCE, FypE.

The installed propulsive force is defined to be equal to the installed combined
overall net thrust at the full scale reference conditions and accounts for all
propulsive forces (including throttle dependent forces) acting on the aircraft.

FIPF = F'net - AFinl - ADexh - AFu'im (21)

This method of accounting, then, defines the "drag" side of the equation to be

throttle-independent. As before, the amount by which thrust exceeds drag is the
EXCESS THRUST, F,,, (available for acceleration and climb),

Fex =Fipr- DaFs (22)

The inlet and exhaust system throttle dependent force increments for the core
engine when operated outside the environment of the propeller are described in
AIR 1703 (see 3.2.1 and 3.2.2). When strong interaction exists due to the
‘presence of the propeller, appropriate models will be needed to measure these
increments in wind tunnel tests and this topic is covered in Section 4 of this
report. These interactions may be numerous and vary from one installation to
another. A previously cited example of this (Section 3.1.2.2) is the tractor
propeller supercharging effect which should be accounted for in the engine cycle.
Furthermore, when the power plant is installed on the airplane, aerodynamic
interactions between the propulsion system and airframe often give rise to
additional interaction forces. Some of these interactions will be discussed in the
following examples of thrust/drag accounting for both integrated and podded
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power plants. It is likely, however, that other cases will give rise to interactions
not covered here.

3.2.1 Podded Configuration:

3.2.1.1 Typical Accounting System: An isolated nacelle/propeller model establishes the
baseline for net thrust determination, while the clean airplane, (no propulsion
system simulation) aerodynamic force and moment model, is the baseline for drag
as indicated in Figure 9.

The isolated podded performance tests give Ty, These must be adjusted for any
imperfections in the simulation and for scale effects (described in detail in sections
3.2.3, 4.1 and 4.2). This adjusted model data and associated cycle performance
can be combined to project full scale isolated pod net thrust. A specific example
of executing this process is presented in Appendix B where the PW-Allison
578DX propfan in-flight thrust determination is given as a numeric example.

The airplane model accounting build up starts with the "force and moment
model". This is augmented with airplane model tests using a propulsion
simulator. The propulsion simulator can also be tested in an isolated environment
(removed from the airplane model). The "force and moment model"” drag and the
isolated propulsion model thrust can be compared to the force measurement of the
installed airplane/propulsion simulator model. The difference between these is
interference drag (AFpg). In evaluating an airplane system performance in level
flight, the adjusted "force and moment model” drag plus interference drag will
equal the isolated pod net thrust.

It is noted that the propulsion tests are usually performed with model propellers
large enough for adequate simulation of the full-scale product. The installed
airframe/propulsion system model, on the other hand, usually must be built to a
smaller scale because of wind tunnel blockage considerations and may not
provide adequate simulation of the full-scale propeller. Any thrust difference due
to model defects will, in general, not be separable from the airframe interference
effects on thrust without some additional tests for scale effects on isolated-
propeller thrust. The usual force accounting for such cases will have thrust errors
due to scale lumped into airframe interference forces.
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Force and Interactive Installed
Moment Model Forces A/C Drag

Airframe -
______ _| Installation Impact Aircraft
on Propeller Performance

Propulsion

Isolated Podded I Adjust Lack of . Isolated Pod
Performance Tests Simulation Net Thrust
Cycle
Performance

Figure 9 - Podded Installation Accounting System

3.2.1.2 Throttle Dependent Variables: The airframe side of the accounting system in
Figure 9 started with adjusted aerodynamic forces and model characteristics
which are throttle independent. The interactive force adjustments must include
throttle dependent variations to the airplane drag as well as the interference drags
that arise from merely putting the reference propulsion system in proximity to the

airplane.
These throttle dependent drag increments may include but are not limited to:

- changes in scrubbing drag
- swirl recovery
- slipstream impact on either wing or fuselage pressure drag

- changes in airplane trim drag

The propulsion side of the accounting system, through the combination of cycle
analysis and isolated podded performance tests, also accounts for throttle
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dependent changes to the reference propulsion system net thrust. These force
increments may include but are not limited to:

- changes in inlet spillage drag

- changes in nozzle jet thrust

- changes in core ram drag

- changes in isolated nacelle drag due to spillage, aft-end
pressurization and/or flow separation

3.2.2 Integrated Configuration: For integrated systems, the throttle-dependent forces
induced by the slipstream are potentially very significant if not treated carefully in
the design process. For example, a high-speed, nacelle-wing combination should
be designed in the presence of the slipstream in order to avoid excessive
interference drag. Such design considerations as wing twist, thickness and
camber distributions play a dominant role in the design of the nacelle/wing,
especially for the special case of single-rotation props. For this special case, the
recovery of the slipstream angular momentum can improve overall system
efficiency.

3.2.2.1 Typical Accounting Systems: The general approach to thrust/drag accounting for
integrated-nacelle propeller systems is illustrated in Figure 10. Test models
needed to set up the accounting are shown in Figure 11. The test models and the
indicated analyses provide a reference airframe system drag and the throttle-
dependent forces used to determine installed propulsive force for desired
operating conditions. For integrated-nacelle installations the nacelle/engine
system can not be realistically tested separately from the rest of the airplane. For
example the nacelle and wing have been aerodynamically designed to function
synergistically, hence, their separation would greatly alter the aerodynamics of
each. In such cases, the nacelle and its associated drag are normally included
with the throttle-independent airframe drag of the Aero Reference Model, D pgs.
The polar representing the reference drag is derived from data from the first three
models shown in Figure 11, that is, the basic propeller-off aero model data with
adjustments for model scale, inlet and oil cooler drags, sting interference and
other differences from flight hardware. The propeller-on version of the basic aero
model is used to measure installed-propeller performance and slipstream-induced
effects on the airframe. Significant amounts of leading-edge thrust, scrubbing
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drag, lift and pitching moment will, in general, be induced on the airframe
resulting in new elements of force to be accounted for as throttle dependent

forces. The leading edge thrust, scrubbing drag and induced lift will normally be
combined into one force component, ADg,. This component is evaluated by

differencing the untrimmed propeller-off and propeller-on polars. Both ADg
and AF;,, will vary with throttle and airplane lift coefficient. Clearly, the
concept of "overall net thrust” is not useful here due to the inseparability of the
nacelle and wing. The propeller "thrust” which appears most useful for
integrated-nacelle arrangements is the INSTALLED NET THRUST.

Tnet,inst = Ts,iso - ApAcp (23)

As noted in the previous section, the installed apparent thrust will be different
from the isolated propeller case. And, although one can attempt to predict
installed propeller characteristics using the traditional retardation factor, (I-h), (see
paragraph 3.4.1.3.1), the achievement of the most accurate in-flight thrust

Sting
cffects

Area force &
moment

(propeller-off)

Inlet and oil
cooler

Inlets faired
over

Area force &

moment
(propeller-on)

Area force &
moment

(propeller-off)

Pieces/Parts
drag tests
Inlet
Performance
{propelier-on)

Core engine
INSTALLED
Performance PROPULSION
FORCE, Fipp

Figure 10 - Thrust/Drag Accounting System Example for Integrated Nacelle
Propeller
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suggests using the full set of model tests. The installed net thrust is used to adjust
the propeller-on polar to its thrust-removed position as indicated in Figure 12. In
the absence of installed thrust measurements, an alternate approach uses the
isolated propeller characteristics from an isolated test to translate the polar. This
approach, illustrated in Figure 13, results in combining the slipstream interference

drag with the airframe retardation effect on the propeller thrust characteristics
ATpeq. It also incorporates errors due to blade-pitch-measurement bias between

the isolated and installed propeller tests. This potential error is referred to as
ATge, on the figure. Caution is therefore advised in the use of this method. The

installed propulsive force may at full scale reference conditions be summarized as

follows:
FipF = Thet inst - ADss + F¥N e = FipF (at full scale reference condition) (24)

AERO FORCE & MOMENT MODEL
(propeller-off)

« Jet-effects; variable exhaust
pressure ratio (total/static)

+ Inlet faired over

+ Possible sting interference

INLET, OIL COOLER, etc. DRAGS

« Flow-through nacelles on
Aero model; variable inlet
mass flow ratio

« Add other pieces/parts to simulate
flight hardware accoutrements

« Inlets faired over as well as open

STING EFFECTS CORRECTIONS

« Basic Aero model adapted
for blade mount

« Test with and without dummy sting

AERO FORCE & MOMENT MODEL
(propeller-on)

« Installed propeller performance
(Cp,Cr.vs. M, 8,])

» Thrust-minus-drag performance

« Slipstream-induced interactions

TR

Figure 11 - Test Models for Example Integrated-Nacelle Propfan System
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Propeller-on
\ Propeller-off—— -

: e
Lift T (Aero.Ref.drag) >

/s (Inst. thrust
removed)

f——————
TnetInst

Figure 12 - Drag Polar Differencing for Integrated-Nacelle Propellers; Installed

Net Thrust Method
Propeller-on Propeller-on
) Propeller-off
Lift T (Aero. Ref.
drag)
T et
l-‘ ADg +ATpert
+alger

Figure 13 - Drag Polar Differencing for Integrated-Nacelle Propellers; Isolated
Net Propeller Thrust (Alternate Method)

or Flep=Tper- ADgg + ATpery + ATger +F *Neore = (Alternate Method) (25)

Itis noted that, in the above expression, the throttle-dependent force increments
from miscellaneous accoutrements (pieces/parts) are implicit in AD as are the

thrust and induced drag changes due to swirl recovery. For conditions other than
the full scale reference condition, throttle increments to Fypy: are summarized in

section 3.2.3. Among these, the term AF;p, is the change in trim drag caused by

operation of the propulsion system. Propulsion system thrust can alter airplane
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aerodynamics in two ways; first by direct thrust action along an axis offset from
the c.g. and second, by aerodynamic interaction of the slipstream and exhaust
flows with the airframe surface pressures.

3.2.3 Throttle Dependence Considerations: The foregoing discussion of throttle dependent
forces is summarized as follows:

ITEM SOURCE
ADg - Scrub drag increase in drag due to slipstream velocity
" Pieces/parts drag increase in drag of accoutrements

Swirl recovery thrust streamwise force induced by slipstream
" Swirl recovery effective reduction in airplane induced drag
due to slipstream-induced lift
AFim change in trimdrag  (see page 2-8, AIR 1703)
AF;n change in inlet force (see page 2-8, AIR 1703)
AFexn change in exhaust (see page 2-8, AIR 1703)

system force

3.2.4 Thrust/Drag Components: The net thrust of the propulsion system can be shown to
be made up of the same basic form for any type of system; however, some terms
are system dependent and may be zero or neglected.

These terms can be generally separated into three distinct areas: 1) pre-prop, 2)
prop, and 3) post -prop.

Figure 14 presents a chart which provides a summary of major factors which
affect the thrust resulting from most propeller installations. It can be used as a
check list of parameters to be examined in installation design to avoid overlooking
an affect which impacts performance. Many of the factors may be small, but with
so many effects to consider, an orderly system helps avoid miss-accounting or
double-accounting problems. Pusher installations will have similar factors
however the lack of inlet pressure disturbance/increase and the possible
impingement effects of exhaust passing through the propeller must be recognized
as noted previously.

Documents

Document Sharing Hub

Full document details: SAE AIR4065A


http://www.avadocuments.com/doc/sae-air4065a
http://www.avadocuments.com/doc/sae-air4065a

SAE AIR4065A Page 45 of 215

Propeller installations fall into the pusher or puller (tractor) categories. The
choice between pusher or tractor often is made for reasons other than propulsion
system effectiveness.

Tractor propeller installations are presently the most numerous type. The tractor
installation is affected by the post-propeller surfaces and engine exposed to the
propeller wash and the resulting positive and/or negative effects on propeller and
engine thrust.

For pusher installations, where the engine exhaust passes through the propeller,
the interaction can be significant and should be carefully considered in the system
design.

3.2.4.1 Inflow: The manner in which the air enters the propeller disk affects the way the
propeller can convert the applied power into thrust because of the local angle of
attack of the blade. This local flow into the propeller disk is called "inflow". In
practical application this inflow velocity is impacted by the effects of the airframe
presence, airframe attitude, wing upwash, or bodies placed behind the propeller
itself. Any condition which affects the flow into the propeller must be evaluated
to properly account for the inflow effect on the propulsion system thrust. This
may be accomplished with the "Retardation Factor” (See Section 3.4.1.3.1).

3.2.4.2 Blockage: Bodies placed directly behind the propeller disk create an adverse
pressure gradient against which flow must adjust. In the case of solid bodies,
e.g., nacelles, the flow from the propeller at the stations directly in front of the
nacelle is forced outward to go around the nacelle.

3.2.4.3 Spinner: The spinner is designed to provide a smooth flow transition into the
propeller plane in the case of the tractor or to reduce base drag when returning
flow to free stream for the pusher designs. Proper design of the spinner-shank
intersection has a large impact on these interference effects, e.g., shank
penetration hole covers to prevent leakage into the spinner cavity. This effect is
very critical to evaluate the final performance of the propeller and with very little
technical information available as a guide to its impact, it will be necessary to

measure its impact for each design.
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3.2.4.4 Propeller: Propeller performance maps/data packs are generally provided for
specific blade geometries and number of blades. Propeller maps may be
developed using analytical or testing methods and may be based on free air,
apparent, net or propulsive definitions. Care must be exercised to account for
differences between the methods of map development and actual nacelle
definitions. Hardware inaccuracies and/or aeroelastic effects must also be taken
into account. Attempts at improving some of the inherent negative characteristics
of propellers are special shaping of the tips to reduce noise levels and counter-
rotating propellers to recover the swirl.

3.2.4.5 Inlet-Engine: Depending on the system configuration, the propeller's impact on
the inlet may be a factor. For a tractor design, a careful propeller design may
favorably impact the engine performance by supercharging the inlet. This can be
accomplished by proper placement and design of the propeller radial stations
which pass the inlet area. The inlet design must be carefully considered to reduce
the impact of the propeller swirl on the inlet flow separation and distortion,
thereby affecting the available power output of the engine. Measurements of
these effects can generally be accomplished by inlet pressure and temperature
rakes. One method of reducing the impact of this low energy flow is to provide a
flow diverter channel near the shank area which will have an attendant drag. In
order to maximize the thrust capability of the propulsion system, consideration of
these effects must be designed into the final system.

Airflow demands made by the engine may not be matched by the inlet. When the
demand by the engine is less than that supplied by the inlet, the flow is forced to
be diverted around the inlet causing spillage drag. This is a function of the
particular inlet-engine design match and is power dependent.

3.2.4.6 Scrub & Interference: The propeller provides thrust by increasing the flow
velocity through the propeller. This increase in velocity increases the local
dynamic pressure on the surfaces in its wake and increases the drag. It also has
the effect of changing the pressure at the intersections of surfaces in its wake,
increasing the interference drag. These impacts are technically a function of
thrust; therefore, making these effects power dependent.
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3.2.4.7 Propeller & Exhaust Interaction: For some pusher configurations the engine
exhaust passes through the propeller. The exhaust propeller interaction effects
must be properly accounted for (see appendix B for an example). For most
tractor installations the exhaust nozzle is immersed in the propeller slipstream,
causing the local static pressure to be modified. These effects must be accounted
for in the determination of nacelle drag and jet thrust.

3.2.4.8 Alpha & Aircraft Trim: The local flow angles behind the propeller are modified by
the propeller slipstream. These influences change in the effective angle-of-attack
of lifting surfaces in the slipstream. The direction of rotation of the propeller
swirl may influence the inboard/outboard differences. These local angle-of-attack
differences affect the local sectional drag characteristics which may increase or
decrease the drag level depending upon how the affected areas are treated in the
wing design. These local differences also may affect the longitudinal stability of
the aircraft requiring resetting the trim which affects drag. Direction of rotation
significantly effects the lateral stability during the engine-out case resulting in
larger changes in drag.

3.2.4.9 Cooling: The components inside of the nacelle have design requirements which
limit the temperature to which they can be subjected to maintain their design life
and performance characteristics. This requires a cooling air flow which is
proportional to the amount of heat rejection of the particular engine into the nacelle
compartment. In addition, the engine itself needs to maintain a limiting internal
temperature which is generally accomplished with an oil cooler system. With this
system, air passes through the oil cooler picking up heat and is then exhausted
overboard. There are ram drags associated with both of these cooling
requirements which are a function of the air flow designs; however by keeping
internal losses under control and with proper design of the oil cooler exhaust, a
positive net thrust may be obtained.

3.3 Normalized Parameter Groupings & Definitions:
3.3.1 Propeller Related Items: Propellers operate in a freer environment than turbofans,

therefore the nomenclature and geometric characteristics are more numerous and

unique. For this reason and to promote broader knowledge of propellers in
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general, both performance parameters and geometric characteristics are included
in this section.

3.3.1.1 Propeller/Propfan Geometric Characteristics: Before describing performance
parameters, it is appropriate to first discuss the blade terminology. Knowing the
airfoil families used, a propeller or propfan blade can be completely defined with
the data in Figures 15 and 16. Figure 15 describes the blade spanwise
distributions of thickness ratio (h/b), width ratio b/D, blade angle, 0, and airfoil
section design lift coefficient (Cy p). In essence, this Figure defines the
characteristics of the individual airfoil sections that comprise the blade geometry
orientation. Each section is defined by its thickness ratio, h/b, width, b, and the
design lift coefficient, Cj p, or camber. With the section geometric characteristics
defined, either experimental or analytical two-dimensional airfoil data can then be
used to predict the lift and drag characteristics of that section as used in the blade.
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Figure 15 - Typical Blade Characteristic Data Sheet

A feature of some propfan designs is the swept blade planform. Figure 16 shows
the graphical means used to describe the geometric blade sweep where:

A = blade section sweep angle

y = blade section cone angle
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