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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.

completi¢n of these tasks there were areas of interest not addressed in AIR 1703 guch as
unsteady [[FTD and propeller IFTD. Therefore two subcommittees were formed;
subcommniittee D for propellers and subcommittee E for unsteady‘effects. This AIR 4065
presents gdvisory information from Subcommittee D regardinig IFTD for propellefs.

This docyment attempts to present propeller performance accounting and methodqlogy that
can be emiployed to obtain in-flight thrusts. Twomethods of quantifying propeller
performapce are described in this report. The first method relates propeller performance to
the tradi:]lonal parameters of advance rati6,J, power coefficient, Cp, and efficien¢y, n}, and

is referredl to as the "J" method. The §econd relates propeller performance to torgpe or
power cogfficient , Cq or Cp, referénce blade angle, 6, and efficiency, 1, and is known as

the "Thetpa" 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 of 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/totors). Methodologies beyond those presented are required in order fo evaluate

configuratipns such as vectored thrust or V/STOL aircraft. The document is int¢nded to be
used as a tgchnical 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 afe
appropriatg to meet its particular objectives.

Uncertainty was not addressed in this AIR{however, the processes involved are amenable
to the samg uncertainty analysis as enumerated in AIR's 1678 and 1703. Uncertainty as
applied to propeller systems may beé addressed after completion of the current E433
committee task.

Particular|credit and thanks’are owed to the British Aerospace P.L.C., MIDAP|group
whose docyment "MIDAP Guide to Drag Estimation of Aircraft & Weapons, Sub-Chapter
5.3 "Propeller Installations" provided a starting basis for the current document. [The
propulsion pecutiting system for these counterrotating devices are governed by the same

physical laws/eharacteristics-as-the-existing traditiomat propetters—This isackmowledged 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 theofy| and testing
ag well as examples.

2 REFERENCES & NOMENCLATURE:

2.1 Referdnces:

2.1.1 Socigty of Automotive Engineers, 400 Commionwealth Drive, Warrendalg, PA
15096-0001:

) 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

omenclature”

Z_

~~

4)CAS 681 "Gas Turbine Engine Steady State Performance Presentatilon 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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2.1.2 Other - Referenced

(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"

(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
Rgsults of an Aeroelastically Sc¢aled 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 (P-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

ﬁ:) Flight Test Engineering Handbook, Herrington, Shoemacher, Bartlett and
nlap, USAF, Air Force Systems Command, Air Force Flight-Test (enter,
Edwards Air Force Base, California, Technical Report No. 6273

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

(2B) Young, A.D.: "Note on the Application‘of the Linear Perturbation] Theory to
Dgtermine the Effect of Compressibility'on the Wind Tunnel Constrain{ on a

Propeller”, R.& M. #2113, British Air Research Committee, 1944

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

2.1.3 Other|- Non-Referenced

AGARD:Conference Proceedings #3660, "Aerodynamics and Acoustics| of
opellers”, containing 33 papers covering: Propeller Analytical Desig

13
-

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 coefficjent
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
Dags - Throttle independent drag of the airframe system
ADAES - Change in basic airframe drag due to slipstream effiects
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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- 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 § Cp/A) =np/Mg

- 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.chianging inlet conditions

- Installed propulsive thrust that is obtained from F',, with

adjustments for deviations from full scale reference conditions
- Metric force, also called Fyy

- Figure of merit (quasi staticiefficiency) = .798 CT3/2 /Cp
- Propeller overall net thrust ~ T - (Djgq + ApAcpt ADg) - 1
- Combined overall net-thrust of propeller + core ~ Fpe + Cor

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

- Throttle-dependent force increment due to changing aircraft tfi

conditions

- Blade thickness (Not to be confused with retardation factors
-'SBAC Retardation factor = 1 - .254 S/A

- Propeller blade elemental thickness ratio (thickness/width)

J Ref

KIAS

; 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

PIR - Propeller Test Rig

Py - Freestream total pressure

Py - Core engine face total pressure

ApA.p - Buoyancy force, change in centerbody drag due to propeller
pressure field

ZpAA;, - Pressure force on rear spinner face

) N - 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 - Spimner 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

Tnet,inst

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

ATper

Ts,inst

Ts,iso

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

ATf

- 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

Mg
MNet
np
ns

I 1 b 1//‘ 7 TN
= 1 0Tal secuonm tan ‘\L,DI\,L)
- 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 e
Gpre - Axial gage force on core pre-entry streamtube between Sta. 0 and

1
¥ - Propeller blade elemental section cone angle.
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SAE

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

cpmplication to the thrust/drag accounting process. Three typical locations of the
opeller relative to the intake and exhaust stations are discussed in this

E[)cument. These are: 1. tractor installation, 2. pusher installation with hot

khaust impingement, and 3. pusher installation with no exhaust impingement.

a

Following an analysis of the isolated propeller, all thre¢ arrangements are
illustrated and analyzed in the following sub-sections. In these sub-sections,
¢ference will be made to a number of terms which are defined in AIR|1703.

[

dditional terms needed to describe forcescassociated with the propeller willbe
efined in the text, and in general theseare consistent with the definitions used in

A
d
Reference 12. In AIR 1703 it was assumed that the podded propulsio
uked to illustrate the general principles involved was axisymmetric, ali
the free-stream flow direction, and isolated from the flow field of the
the aircraft. The same.assumptions are made here in order to simplify

1 system
gned with
pmainder of
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 symmeitrical

_ ajrfoil 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


https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE

AIR4065A

Page 26 of 215

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

de
de
th

3.1.1 Tradi
thi

P

'R
[¥ 8

th

3.1.1.1 Propeller Overall Net Thrust: Propeller overall net thrust (F ,¢,) is deﬁrId in

ac|
(st
fo;

thrust/drag accounting chosen for a given application is determined to-a

measurements in flight and in sub-scale tests. These aspects-of thrust

extent by the configuration and by the relative practicality of making cei
termination will be addressed later. Asin AIR 1703, all‘of the follov
velopments presume the existence of a frictionless skip surface which
e propulsive stream from the rest of the flow field.

rust used by the propeller industry. Tliese thrust quantities are then g
e overall net thrust given in AIR 1703 whenever practical. Figure 1s

ese thrust definitions using the nomenclature used throughout this dox

cordance with AIR 1703 as the change in momentum flux between f;
ation '0") and far downstream (station 'eo’). It must, therefore includ
rces exerted by the internal flow on all surfaces wetted by the internal

large
tain

ying
separates

fional Thrust Definitions: This section develops the traditional definitions of

tlated to

MILHLIALIZOD

cument.

upstream
e all
flow

between stations '0' and 'eo'.
Oyerall net thrust,
Frer——=Wio (VYo +Ww—=W1p Vo 1)
= WIO w
where: W0 = mass flow through the propeller disk
Vo = freestream velocity
w = increase in slipstream velocity over freestream velocity at

station ‘o',
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te—— Centerbody (nacelle)—/—
/ /

el L LY Sy

"™~
~——— -
e ———

D =Disot ApAp +A Dy

Spinner
Nacelle

Propeller plus Centerbody

1=y

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

= f (Pgblades 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,

pert= Change in apparent thrust due to non-uniform flow

over the centerbody (See Figure 26)
FORCE TERM SYMBOL | ALTERNATE NAME | DEFINITION

Apparent thrust | T, Shaft thrust Blade Force = Fyy
corrected for spinner fordes
Free-air thrust T, Isolated thrust T with no centerbody

and uniform flow,
Ts - ApAch -ATpent

Propellen net T pei Net thrust Ts - ApAgp, OF
thrust Tra+ AToent
Balance feaction |~Fy, Metric force as measured with hub balance
force ‘
Propeller] T, Propulsive thrust Ts - (ApAg,+ AD)
propulsivie thrist
Propellerioverall | F ., T; - (D, +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.
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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

off the prepeller blades as they pass into the hub. It is not the thrust which would
b¢ measured on the propeller shaft, as this would include the forces associated
i i gs 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 ffor
propellers operating at high forward Mach numbers. This is because the
refuction 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 flpw 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 = Tpa¥ ApAcp + ATper (3)

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

shown in Figure.3.

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

31 14 PI & | N at—Tla PR » W 11 ++l + (T Mia dafinnd oo sla th
AU chterNet-Thrust—FPropehiernet-thrust (I gpts-actmned-as-the-apparent thrust

with the 'buoyancy force' term (ApA) removed.
Thet =Ts - APAcp (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)
—\
\i
Vo + W
3 -=> Ry
= B S——
T, D= Do tAPA +AD

L

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 thé centerbody plus any additional benefit|due to
reduced compressibility loss. The advanced high-speed propellers known g

w

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 thryst data would'not normally exist.

If compressibility losses are small and the blades are carefully retwisted to
accourjtfor'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,
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Fpet = Thet - (Djso + ADsg)

defined as the thrust of the propulsion unit with the propeller blades in:

Tp =T - (ApAcp + ADgg) = Ty - ADg

foregoing paragraphs have presented a numb
thrust of a propeller with centerbody. The relationship of each of thes
Rropeller Overall Net Thrust with the addition of supporting-structure
simmarized as follows:

Fpee =Ts- (Diso + ApAcp + ADss) - Dy
=Tt - (Diso + ADss) - Dgyr
= Tp - Diso - Dgir
=Tgy + ATper - (Diso + ADss) - Dy

lord

[ote; - If the AIR1703 definition.of Overall Net Thrust were to be strig
tp, the TOTAL DRAG of any-supporting structure existing within the
boundary would be subtracted as shown above. In the case of highly-
propulsion systems;-however, a large portion of the airframe may be il
the slipstream, making it unreasonable to adhere to the customary defi
slich cases, ifis common practice to include only the slipstream-induce
"throttle-dependent” part of the immersed-structure drag in the overall

Hurthermore, other issues arise in separating "thrust" and "drag" when

(6)

3.1.1.5 Propeller Propulsive Thrust: Propeller propulsive thrust (Tp) is traditionally

stalled:

)

3.1.1.6 Thrust Summary for Propeller With Centerbody and Supporting Structure: The
ifferent definitions, for the

e to the
drag is

8
®
(10)
(11)

ctly adhered

slipstream

integrated

mmersed in

nition. In

d or

net thrust.
any

section 3.1.3.

practical applications of the propeller thrust definitions to a range of

yred in

3.1.2 Practical Application of Thrust Definitions: This section gives an overview of the

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 ¢gombined overall net thrust of the combined propeller and core

Fret=Wio(Vo+ W) -WgVg+Wo V. -Wg Vg (12)

F'net = Wi1o W £ 5G9 + Opost + dpug - Wo Vo 13
or alternatively:

F'iet = Ts~Dhac - Dsir * F*Neore = Ppre (14)

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

Sectjon 2.1.

3.1.2.2 Tractar 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

2 3 .

: ““““““ o _ l3 ' i
WY ' ./ /. O\ DT d4-___ Py =Ps,
_..: ______ 4

1 t Wio (Vo+ w)
W bme e -
A j ;—~~!_?pgst‘

- B Sk vewlng

0 1 E—

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 $econd 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 Veo - \V()VO (18)
Fnet= WioW + Fgg + Opost + Pplug - 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 Props
ng

P1

tller and Nacelle Installed on Aircraft: The definition of "thrust'”and
pt straight forward when considering all forces on a total aircraft syst
evious sections, all the forces associated with the isolated propulsion

"drag"” is
m. In the
system

were contained within the propeller slipstream, hence-the propeller stream tube
wis a convenient control volume boundary for use'in defining Overall Net
Thrust. (Note: In this section 'isolated’ designates isolated from the aircraft not
isplated from the engine as it was previously used). On the aircraft, hqwever,
onply a portion of the forces of interest are' washed by the propeller airflpw. While

it fis tempting to treat forces within the propeller wash as "thrust” and those

L d

outside as "drag", this would produce a complicated interface because of the
mpvement 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 qapacity
changes, so does the propeller streamtube. At low speeds, significant portions of
the airplang-fuselage and/or the wing are contained within the propeller|flow field.
A speedincreases, the propeller capture stream tube decreases in diamgter, 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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Figure 7 - Propeller Capture Stream Tube Coverage

The installed thrust/drag accounting quantities should be formulated
compatible with the experimental s¢t-up. For example, wind tunnel
have multiple force balances to.measure the numerous aerodynamic

to be
models often
interactions.

The total aircraft (including propulsion) system may be on a force balance; while
the propeller forces may be measured simultaneously on rotating ballances (Figure

8A). The installed apparent thrust, Tj j5, can be derived from the d
the shaft balance. measurements with and without blades (with corrg
spinner gap.forces). This derivation of apparent thrust includes the

blades as\well as the changes in the spinner force due to the presenc
blades.~ These rotating balances also yield isolated apparent propell

when the propulsion system is tested separately. Comparing these 1

fference of

ctions for
force on the
e of the

er thrust, Ts,

otating

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
force data acquired without the propulsion system installed.

to the airplane
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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 thg resulting
in-flight thrust projection methodology are addressed in detail incSection 3.2.

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

RS i T

 \

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
different accounting methods.

require

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

PROPULSIVE FORCE, Fpp.

propulsive forces (including throttle dependent forces) acting on the

FIPF = F'net - AFinl = ADexh - AFu'im

EXCESS THRUST, F,,, (available for acceleration and climb),

Fex =Fipr- DaFs

engine Wwhen operated outside the environment of the propeller are
AIR703 (see 3.2.1 and 3.2.2). When strong interaction exists du
‘presence of the propeller, appropriate models will be needed to mea

norma accountegalior-as-changes-in .'i!‘

The installed propulsive force is defined to be equal to the installed combined
overall net thrust at the full scale reference conditions @nd accounts for all

aircraft.

1)

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

(22)

The inlet and‘exhaust system throttle dependent force increments f(jethe core

scribed in
e to the
sure 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
propeller supercharging effect which should be accounted for in the

tractor
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

impe
323
can b
of ex
5780

The 3
mods

simul}

rfections in the simulation and for scale effects (described indétail in

L 4.1 and 4.2). This adjusted model data and associated‘cycle perfori
e combined to project full scale isolated pod net thrust. A specific ex;
ecuting this process is presented in Appendix B where the PW-Alliso
X propfan in-flight thrust determination is given as a numeric examp,

irplane model accounting build up statts with the "force and moment
1". This is augmented with airplane model tests using a propulsion
ator. The propulsion simulator ean also be tested in an isolated envir

(rem

isolal

inst
inte
fligh

ved from the airplane medel). The "force and moment model” drag

ed propulsion model thrust can be compared to the force measuremer
led airplane/propulsion simulator model. The difference between the
erence drag (AFpg). In evaluating an airplane system performance ij

, the adjusted "force and moment model” drag plus interference drag

for any

sections
mance
mple

n

le.

pnment
and the
t of the
5e is

1 level

will

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 chardcteristics
which are throttle indépendent. The interactive force adjustments must include
throttle dependent variations to the airplane drag as well as the intetference drags
that arise fromr 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 Integratgd Configuration: For integrated systems, the throttle-dependent for¢

induced by the slipstream are potentially very significant if not treated carg

es
fully in

the design process. For example, a high-speed, nacelle-wing combination should

be d¢signed 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
espegially for the special case of single-rotation props. For this special ca
recoyery of the slipstream angular momentumccan improve overall system
efficjency.

3.2.2.1 Typical Accounting Systems: The general approach to thrust/drag account]
integrated-nacelle propeller systems is illustrated in Figure 10. Test mode
neeid

indidated analyses provide a reference airframe system drag and the thrott]

dependent forces used to determine installed propulsive force for desired

operating conditions. For integrated-nacelle installations the nacelle/engin

systgm cannot be realistically tested separately from the rest of the airplan

4
»2

se, the

ng for
Is

to set up the accounting are shown in Figure 11. The test models and the

ol

TP

e. For
tion

examplethe nacelle and wing have been aerodynamically designed to funo
synergistcally, , Their separation wou \ ¥

cs 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
aver

Areaforce &

moment
(propeller-on)
Area force &

-mement
(propeiler-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 summari

follows:

Fipr 3 Thet inst - ADss + F¥N e = FipF (at full scale reference condition)

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

TREE

Test with-and without d .

AERO FORCE & MOMENT MODEL
(propeller-on)

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

» Thrust-minus-drag performance

« Slipstream-induced interactions

Figure 11 - Test Models for Example Integrated-Nacelle Propfan System

red as

(24)
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Propeller-on
\ Propeller-off—— -

: 7
Lift T (Acro. Rof. drag) > o

/s (Inst. thrust
removed)

[ ——————
TnetInst

Figure 12 - Drag Polar Differencing for Integrated-Nacelle Propell¢rs; 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 Propellgrs; 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 SQURCE

ADg - Scrub drag increase in drag due to slipstream velocity

D; acac/nar

=

Swirl recovery thrust streamwise force induced by slipstrear
" Swirl recovery effective reduction in airplane induced|drag
due to slipstream-induced lift
AFuih change in trimdrag  (see page 2-8, AIR 1703)
AF;n change in inlet force (see page 2-8, AIR1703)
AF 51 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 mgde up of the same basic form fofany type of system; however, some|terms
are system dependent and may be zero or neglected.

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

Figurg 14 presents a chart which provides a summary of major factors which
affect the thrust resulting from most propeller installations. It can be used s 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.
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3.24.1

3.24.2

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 threugh the propeller,
the interaction can be significant and should be carefully considered in the system
design.

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 1pcal angle of
attack of the blade. This local flow intoctthe propeller disk is called "inflow". In
practical application this inflow velogity is impacted by the effects ¢f the airframe
presence, airframe attitude, wing-upwash, or bodies placed behind|the propeller
itself. Any condition which affects the flow into the propeller mus} be evaluated
to properly account for the inflow effect on the propulsion system thrust. This
may be accomplished with the "Retardation Factor” (See Section $.4.1.3.1).

Blockage: Bodies placed directly behind the propeller disk create an adverse

pressure-gradient against which flow must adjust. In the case of splid 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-

rotat]

ng propellers to recover the swirl.

3.2.4.5 Inlet-Engine: Depending on the system configuration, the propeller's impagct on

the 1

favorably impact the engine performance by supercharging the inlet. This

acco

which pass the inlet area. The inlet design must be-carefully considered to
the impact of the propeller swirl on the inlet flow separation and distortion
therepy affecting the available power output of the engine. Measurements

these
rakes

let may be a factor. For a tractor design, a careful propeller design may

plished by proper placement and design of the propeller radial statio

effects can generally be accomplished by inlet pressure and temperat
. One method of reducing the impact of this low energy flow is to pr

can be
ns
reduce
s

of

Ire

ovide a

flow diverter channel near the-shank area which will have an attendant drag. In

order
these

Airflpw demands made by the engine may not be matched by the inlet. W.

demd
be di

to maximize the thrust capability of the propulsion system, considerj
effects must be designed into the final system.

nd by the engine is less than that supplied by the inlet, the flow is for
verted around the inlet causing spillage drag. This is a function of thg

ition of

nen the
ced to

particular Inlet-engine design match and 1S 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 lift]
swirl
differ|
decre
wing
the aij
signif]

larger

3.2.4.9 Coolin

may influence the inboard/outboard differences. These local angle-of
ences affect the local sectional drag characteristics which may increas
ase the drag level depending upon how the affected areas.are treated i
design. These local differences also may affect the-longitudinal stabi

e

jcantly effects the lateral stability during the engine-out case resulting

craft requiring resetting the trim which affects drag. Direction of rot:

changes in drag.

5: The components inside of the nacelle have design requirements w

ing surfaces in the slipstream. The direction of rotation of the propeﬂer

-attack

e or
) the

ity of

ition

in

hich

limit the temperature to which they.can be subjected to maintain their design life

and p
propo
comp
tempg
syster]
overb

requi

erformance characteristi¢s. This requires a cooling air flow which is
rtional to the amountef heat rejection of the particular engine into the
artment. In addition), the engine itself needs to maintain a limiting intd
rature which is.generally accomplished with an oil cooler system. W|
n, air passes through the oil cooler picking up heat and is then exhaus
pard. There are ram drags associated with both of these cooling

ements which are a function of the air flow designs; however by kee

nacelle
rnal
ith this
ted

ing

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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1

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 bladg

orientation. Each section is defined by its thickness ratio, h/b,-width|
design lift coefficient, Cy p, or camber. With the section geometric ch

Jefined, either experimental or analytical two-dimensional airfoil data
hsed to predict the lift and drag characteristics of thatSection as used {

geometry
b, and the
aracteristics
can then be
n the blade.

Figute 15 - Typical Blade Characteristic Data Sheet

) 500~ 08 008 0.4
q \ {__b/D
S CLg X
o 40° - E 061 006 03 \ < S\
s |8 |° €
> |5 1§ | AN,
5 330°—§04~a0.04—§0.2 ANV
b} N
28 2 |& < \ \
= 1
20° 2002 % 0.02 -5 0.1 <
(]
Q \
R 10°L ool oo L o0
00 02 04 D6 08 1
X = —é—

.0

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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The blade sweep angle is usually defined as the sweep of the blade mid-chord
line. Because of the desire to describe the airfoil section along flow streamlines,
the airfoils are laid out on cones of revolution at each radius. These are defined
on Figure 16 by the sketch on the left side of the figure.

Two other terms are frequently used in describing the blading of a propeller or
propfan which are functions of the blade width and design lift coefficient

distributions. These terms are activity factor (AF) and integrated design lift
coefficient (Cp ;).

The 4ctivity factor is a non-dimensional function of the blade planform/’that
quantifies the integrated capacity of the blade elements to absorb-power.

40°

302

%
Sweep angle A,

: cone angle Y! 20° /
10° P, /
\\_/)\ y
0° \\
0.0 0.2 04 0.6 0.8 1.0
r
X=%

Figute 16 - Definition of Sweepand Cone Angles |

It is based on the fact that the ability of a propeller blade to absorb power is a
function of the blade area multiplied by the third power of the speed of the air
passing over it. The relationships are shown in Figure 17 may be written as:

Section Power = (bdr)V"ciioy Density(p) (26)

where blade section area = b dr. Integrating,
R
Blade Power = p |so bV dr 27)
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However, the section velocity is proportional to the radius:

Vs 28)

Substituting and non-dimensionalizing:
1
P=p Jsco bV3 dr. where V = ar 29)
but '
1 3.r
=P | R b (1) dp 30)

SO

o [ 3) ) B &) <) @

and simplifying results in
4p (1 /by /Iy r
P=D"— Si{s | dis 32
16 Jsco (D) (R) (R) G2

However, it was found that this factor was very small and cumbersome to use.
Therefore, it was decided that an arbitrafy multiplier of 100,000 b¢ used and p be

omitted in defining the activity factér. Thus the activity factor becgmes:

J‘oo
(=]

3
o 100,000 R4 Iy £°1 Y S O
Activity factor, AF = 16 (R) (D) d ( R ) (33)

Figure 17 - Activity Factor
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From the above definition, it can be seen that an increase in blade width near the
tip is more effective for power absorption than an increase in width near the
shank. Total activity factor (TAF) is the product of activity factor (AF) and
number of blades (B).

TAF =B x AF (34)
Blade activity factor is also a measure of the solidity. The solidity of a'propeller

is the ratio of blade area to the swept or disk area. In a constant chord blade, the
solidity, o, and activity factor are related by:

} (for constant chord blade) 35)

o= 128 —AE { 1

100000 ¢ |1 *+SCO

Similarly, the integrated design lift coefficient (Cp ;) of & blade is mathematically
defined as:

cums oo o)

The integrated design lift coefficient represents the average section design lift
coefficient weighted by the radius cubed and is related to the thrust prodycing
abilities of a blade; 1:e., for a given width blade and ignoring compressibility
gets the higher, Cyy blade will produce a higher static thrust. On the other

hand, because©f the high cambers used in the blades, high C; ; blades tepd to be

pooar performers at high propeller cruise Mach numbers because of low sgction
critical'Mach numbers. it Mach

It should be pointed out that AF and Cp ; are independent of each other. Thus, the
CL;i level may be associated with a low or high AF blade. The propeller or

propfan designer attempts to optimize takeoff, climb, and cruise performance by
conducting parametric studies of AF and Cj ; and selecting the best combination

of these two parameters.
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33.1.2

To completely describe a propeller or propfan, in addition to the aforementioned
blade geometry, it is necessary to define the following four parameters:

1. Number of blades

2. Propeller Diameter

3. Spinner Diameter

4. Stacking Line (blade tilt)

Time system, let the variables have the dimensions listed in Table

Propeller/Propfan Performance Parameters: Before discussing propeller

performance data, it is important to first review the terms used in j:'esenting

propeller performance. These terms have been in use by.propeller
many years and their derivations are discussed below.

designers for

Generally, the thrust and torque developed by a propeller depend an the flight

velocity, rotational speed, diameter, density;'temperature or pressy

viscosity. Assuming viscosity and compressibility effects are cons

second-order importance the last three variables may be dropped.
Thrust or Torque =f (p, V, n, D)

re and
idered of
Thus,

(37

Dimensional analysis can‘then be used to determine the relationship of the

variables. Using the principle that both sides of a real equation muy
dimensionally the same the following general dimensional relations
Thrust or Torque =K (pa Vb n® Dd )

where K, a, b, ¢, and d are unknown constants. Using the Mass, ]

st be
result:
(38)

_ength and

.

Table 1 - Mass Length and Time System
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:from which

“Thus, the thrust equation becomes:

a b c

T=MLT =K (1%) (IT‘) (%) @ (39)

To achieve dimensional equality, the exponents of a given quantity on one side of
the equation must equal the sum of the exponents of the given quantity on the
other side. Applying this rule for M, L and T respectively, then

=a
1=-3a+b+d
-2=-b-¢

Substituting these values into the thrust.equation results in:

b

T=K p(1) v® n(2-b) D(4-b) ~Kp 2p ( H\é ) (40)

However, (V/nD) is dimensionless and may be combined with K to provide the
definjition of the thrust coefficient.

Cr =K (—n—%)b (41)

This means Cr is a function of (V/nD). Finally then:

T=Crpn’D' 42)

or
T

Cr=
4
pn2D

(43)
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Similarly, the dimensional equation for propeller torque is:

b

a
Q=ML2T'2'=K(—M3) Gﬁ-) (44)
L
from which
d=5-b
=2-b
so that
b
Q=Kpn?D5[(-%) 45)
Sd
Defining
Vv b
Cq =K(E) (46)
then
Co=—3— @7)
pn“D
Since power, P, is equal to 2nnQ a’power coefficient may be defingd as:
P
Cp=—3—= (48)
P p n D?

Also, the quantity (V/nD) is defined as the advance ratio, J. The advance ratio is

a measure of theé advance or forward movement of the propeller pe

t revolution.

In using these Coefficients, it is important to remember that the pregeding
derivations do not account for Mach or Reynolds number effects. If they had

beenreonsidered, it could be shown that Ct ;Cgand Cp would not
functions of V/nD but also of Mach and Reynolds number.

only be

Reynolds number effects, however, may be neglected if the sectional Reynolds
number at the 3/4 radius is above 700,000 (see section 4.1.1). Mach number
effects, on the other hand, are important and must be considered at transonic
flight Mach numbers. The preceding definitions of thrust, power and torque
coefficient and advance ratio are perfectly general and may be applied regardless
of the theory used to evaluate them. Thus, they may be utilized in any of the

blade element theories.
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Lastly, one additional parameter, efficiency, is defined as

Power Out
~ Power In (49)
The power out and power in of the propeller are:
Power Out=TV (50)
and
Power In = Shaft Horsepower (&3))
Thus
TV r
M =Power In 52)
or in terms of the previously defined coefficients
Cr
=—=1] 53
n=g, )

Single rotation propellers and propfans tend to have efficiencies in the low to mid
80's and counter rotation propulsors have efficiencies in the mid to high 8('s at
cruisg¢ Mach numbers.

Obvigusly, this definition of efficiencyis not useful at static conditions sin¢e at
V=0,m=0. In this case, it is customary to use the ratio of C1/Cp as an indication
of static efficiency. For this case, Figure of Merit, FM, is defined as:
3
Ct2 |
FM =798 & 54)

The preceding:set of standard non-dimensional coefficients retains the same
valuep whatéver system of units is used to measure the individual quantities

involved;but-itis-neeessary-to-use-a-consistentsystem—Thus;-if the-thrast'is

- measured in pounds, the diameter in feet and the unit time in seconds, then the
velocity must be expressed in feet per second, the power in foot-pounds per
second and the density in slugs per cubic foot.

- Finally, the above definitions hold whether the propeller operates on the end of an
infinitely long shaft or in front of or behind a nacelle. However, care mustbe
taken to specify whether coefficients are free-air, net or shaft (apparent or
propulsive as defined in section 3.1.)


https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE

AIR4065A

Page 57 of 215

3.3.2 Engine/Core Related Items (Ref. AIR 1703)

3.4 Propeller Thrust Method Options

3.4.1 Map (J, Cp, Ct) Method: Two thrust methods are described in this Section;, the "J"

method and the "Theta" method. They differ in the way installation and inflow
effects are accounted for, i.e. the "J" method relates power coefficient (cp) and

34.1.1

advance ratio (J) to thrust either by way of efficiency (n) or a thrust Coefficient
(Cp) and the "theta" method relates power coefficient (cp) and blade angle (0)

directly to the Thrust coefficient (Cy). The "J" method depends yp

on

modifications to the advance ratio (J) to correct for blockage;.and inflow effects,

etc. The "theta” method bypasses these effects apparently'due to a
correlation between the blade angle (0) and thrust at a:given power

quasi-direct
level and

RPM, providing an intuitive modification that when these effects are present, the

blade angle (0) changes to absorb the power delivered.

Background: Initially, propeller data was obtained from wind tunng
on both large and small scale model'propellers. These propellers #

1 and rig tests
rere both fixed

and variable pitch types with yariations in the prime geometric varipbles discussed

in section 3.3. Moreover, these propellers were tested on a variety

of test rigs

ranging from bodies representing isolated propellers to simulated nacelles to

actual engines. A typical form of the test results is shown in Figur

data are for a fixed pitch propeller and represent the results for one
With the data non-dimensionalized in the form of Cp, C1,J and 1,

e 18. These

blade angle.
these data

could then be used to estimate the performance of that particular propeller at any

otherdiameter and RPM by recomputing J.

Many systematic propeller tests were conducted 1n both private an

government

facilities. Propeller manufacturers used these data to derive empirical propeller

performance manuals. These manuals consisted of the complete performance for

a basic propeller geometry and rig configuration with correction factors to adjust

the basic plot for the effect of the prime geometry variables. Thus,
empirical methods could predict the performance of any propeller g

a user of these
eometry

constrained only by the number of propellers making up the data base.
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Figure 18 - Typical Performance Curves (Fixed Pitch)

The above method, although largely replaced by analytical predicted performance
maps,|is still of use today. Non-dimensional experimental data is still used|to
prediat the performance of a given propeller geometry at any given diameter and
will be discussed below. A detailed discussion of historical experimental and
analytical methods of performance prediction is contained in Sub-section 4}1.

3.4.1.2 Propeller Performance Maps;: The development of propeller performance theories
and the advent of the high) speed computer allows the propeller manufacturgr to
predigt the performance of a given propeller geometry over a very wide raj{‘e of

operating conditions. Typical analytical maps are shown in Figures 19 and 20 for
a given propeller geometry. Figure 19 represents the static or V = O performance

of a s¢ries’of propellers while Figure 20 represents the performance at forward

velociti€s. ItiS obviou {}

performance for any diameter, velocity, rpm. combination. Propeller
manufacturers have developed performance manuals consisting of many charts
similar to those above covering a wide range of propeller geometric variables.
These manuals allow the aircraft designer to interpolate between configurations
and optimize a propeller configuration for his aircraft. However, itis left to the
aircraft designer to determine the interference effects between the propeller and the
aircraft.
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Figure 19 - Typical Static Performance Chart
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Figure 20 - Typical Propeller Performance Chart

In addition to maps as shown above, performance data is presented in Figure 21
or in the form of computer tapes. In general, the data is presented in non-
dimensional form so that it can be used to estimate the performance at any

diameter, velocity and rpm.
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Mach =0.7
J O CINe NNet J O CINet NNet J O CTNet NNet
33 16 04024 0830 35 20 04646 0817 37 23 04990 0503
17 04250 0827 21 04866 - 0811 24 05173 0798
18 04484 082 22 05058 0805 25 0545 0791
19 04703 0817 23 0529 0797 26 05505 0783
20 04913 0811 24 05415 0790 27 05657 0775
21 05116 0.804 25 05580 0781 28 05798 0766
22 05313 0797 26 05738 0712 29 05929 0757
23 05499 0789 27 0358718 0762 30 06051 0746
24 05669 0.780 28 0O 0.751 31 06151 0734
25 05833 0770 29 06110 0737 32 0636 0721
26 05944 0760 30 06206 0724 33 0627 0706
27 06112 0747 31 06294 0711 34 06341 0690
28 0628 0734 32 06359 0.696 35 06366 0.673
29 06323 0720 33 06411 0.680
30 06400 0704
34 18 04382 034 36 21 04734 0812
19 04563 0820 22 04934 0.807
20 04792 0815 23 05119 0801
21  04%4 03809 24 05297 0795
22 05186 0801 25 05460 0.786
23 05368 0.794 26 05419 0.778
24 05547 0786 27 05764 0769
25 05715 0777 28 05903 0759
26 05864 0767 29 06030 0749
27 0593 0758 30 06131 0736
28 06114 0742 31 0624 0724
29 06205 0728 32 06313 0710
30 06289 0713 33 06374 0.695
31 06360 0.698 34 064322 0.680
32 06419 0.682

Figurg 21 - Typical Performance Tabulation

While the foregoing discussion deals with performance data developed
analylically, the maps can also be developed from experimental data.
Representative samples of such data are shown in Figures 22 through 24 for a
convéntional propeller, single-rotation propfan and a counter-rotation propfan
respegtively. The form of the data is identical to that predicted analytically pnd
usually consists of a series of efficiency maps covering a range of Mach numbers.
Again, by interpolation the aircraft designer can determine the performancejof a
given| propeller configuration at any diameter and Mach number.

0.6 Mach=04
r n=087
0.88
a 05| // o0
&)
2 04f — o
5 0
g 0.89
0.88
g > has,
L‘-‘) ° / -0'80
3 T \/ 0.3
53 __—_—/ 0.70
o
a o1k _—//
0 1 f 1 ]

L 1 1
1416 18 20 22 24 26 23 30 32
Advance Ratio, J

Figure 22 - Efficiency Chart for a Typical Propeller - Mach = 0.4
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Figure 23 - Propeller Performance at Mach = 0.80

3.4.1.3| Use of Performance Maps: In using these performance maps care must be taken
to determine the definition of thrust used to develop the maps. Thg thrust
definitions commonlyaised to generate maps are:

1. Free-airthrust, T ¢,

2. Apparent thrust, T ¢

3. Propeller net thrust, T ;¢

4. Propeller propulsive thrust, T p

as defined i section 3. 1.1

To review briefly, the free air thrust is that thrust a propeller would produce if
mounted on an infinitely long, thin shaft. The apparent thrust is that thrust
produced by the propeller while operating in the presence of a body while the net
thrust is the thrust of the propeller operating in the presence of the body minus the
incremental pressure drag on the body due to the flow through the propeller.
Propulsive thrust is obtained by removing the incremental skin friction on the
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Figure 24 - Partial Efficiency Map (Counterrotation)
body|due to the propeller from the net thrust,

Mapg should be clearly labeled as to.what thrust definition was used in
developing the map, and what, if any installation effects have been included in the
map. | A numeric example to illustrate the use of an apparent thrust, Tg, m4p is

presented in Appendix B

The greceding disGussion applies to either single or counter-rotation propellers.
Whilg individual performance maps can be developed either experimentally or
analytically for each stage of a counter-rotation propeller, it is more convenient to

use maps developed for the combined performance. This eliminates the difficult

task of trying to estimate what portion of the body correction factor should be
applied to each rotor. Using the combined performance maps with the correction
factors discussed below will produce more accurate results.

3.4.1.3.1 Definition of SBAC Body Correction Factors: The Society of British Aerospace
Companies (SBAC) body correction factors are used to obtain estimates of
installed or propulsive propeller performance from isolated propeller data. They
are based on work carried out in the 1920's and 1930’s by Glauert and Lock,
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among others. Individual isolated data points cannot be readily converted to
installed values and use must be made of appropriate isolated performance
propeller maps.

The two correction factors used are:

1) A retardation factor is used to allow for the presence of the nacelle or body on
the flow through the propellcr This is denoted by (1 - h) and is defined as:

a-nracancaof bhads

LLUW VUl‘l-llll\./ 1[! tll\lD\Jll\i\l \v S UUU]
(1-h) = flow volume with no body (55)
-1- (0.21348) (56)
Where: S = maximum cross sectional area of the-nacelle

A = propeller disc area
Where ‘propeller’ means the disc area which the blades normally rgtate within.

In using propeller maps, the value-of (1 - h) is used to obtain an effective value of
the advance ratio (J).

. Vo
Since, J= D (57)
V
Then = ——=<=(0-h)J=(1- h) nD (58)
VE
and (1-h)= V(')' (59)

The effective advance ratio (JE) is thus a mean value of the velocity| distribution

which exists along the propeller blade.

2) A body correction factor to allow for the increase in drag of the parts of the
aircraft in the propeller slipstream above the drag in free-stream. The factor thus
debits the propeller thrust with the increase in drag due to the increase in
slipstream velocity over free stream. This incremented drag factor is defined by:

_ propulsive efficiency
fo ="effective efficiency — |~ (1225 Cp/A) (60)
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£ = 0P 61)
Mg

where: Cp = drag coefficient based on area S

The effective efficiency is often the cause of some confusion as it is defined as:

Ts Vg
nE=£'p—)" (62)
where: Tg = shaft or apparent thrust _
Vg  =effective velocity or freestream velocity * (1 - h)

This should not be confused with shaft or apparent efficiency, which is-defined

as:

Te V
ng= (5 Y0) (63)

wherg: Vg =freestream velocity

Thus,
NMe=ms(1-h) (64)

The gmpirical values of the two correction factors (1 - h) and fy, can be obtained
from the formulae given in the SBAC report (Reference 12). These have Been
historically obtained from back figuring of wind tunnel test results, but haye been
found to give reasonable.gstimates for conventional propellers.

Alterpatively, the values of the body correction factors can be determined directly
for a given installation. The value of (1 - h) can be measured for a given nacelle
as paft of d-wind tunnel test program, by carrying out velocity measurements in

the propeller plane.

The f}, factor can also be determined from wind tunnel tests by carrying out blade-

on and blade-off installed tests as shown in Figure 25. Computational Fluid
Dynamic code for bodies can also be used to estimate (1 - h).

3.4.1.3.1.1 Use of SBAC Body Correction Factors for Isolated Propeller Maps:
The correction factors were originally intended for use with isolated propeller
maps by applying the following four steps: 1) Multiply J by (1 - h) to obtain JE;
2) Using this value of JE, obtain values of either CTS or N at the required value
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of Cp; 3) To obtain propulsive values of either thrust or efficiency, the effective
values obtained above are first multiplied by f,. This will give a propulsive value

of efficiency

Blades Off

Blades On

. = s
Ts = Fpan - Fpan crS on D2
Tp
T,=F, ,-F =
P "Ba2 " "Ba2 Crp on’D?
Cr,= Cpg (1-h) b

A 'S
b= C_(1-h)
S

Figure25 - Determination of f;, Factor

directly since fy is defined as np/Mg, but the thrust coefficient or thrust has to be
multiplied by (1 - h) as well as fi,. The reason for this is that fy, is related to

effective velocity and not free-stream velocity. Thus:

_Mp (Crp Vo) Cp

fp = e = ( Cp )((CTS VE)) (65)
_Cp\ Vo

= (ETs) (VE) o

N
Crp= CTS(V_E) f, = Crpg (1-h) £, 67)


https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE

AIR4065A

Page 66 of 215

4) If values of shaft (apparent) thrust or efficiency are required, they can be

determined as follows. Shaft thrust is calculated as part of step 2. above. Shaft
efficiency is obtained from effective efficiency by dividing by (1 - h); i.e. Ng=

Ng / (1 - h), since shaft efficiency is related to freestream velocity, whereas

effective efficiency is defined relative to effective velocity.

3.4.1.3.1.2 Use of SBAC Body Correction Factors For Shaft Maps: The SBAC body
correction factors can also be used to determine installed performance from maps

of shaft performance. These maps would correspond to test or analytical data

obtail

To obtain propulsive values of thrust and efficiency from shaft performang

maps
thrust
the sh
multi
isolat

COITeA

Thrust

Measured (PTR) Thrust

~ApA "ATpen

Measured PTR I Corrections Applied to |

Thrust
Definitions

ction factors to propulsion test rig datal

Propeller Map

Free Air Map
Cr=1£(CpJ)
N =£CpJ)

Apparent Map
&, =1ce)

ned with the propeller in the flowfield of a nacelle or body.

(o]

| the following procedures should be followed: 1. Obtain.values of shaft
coefficient and efficiency by using the freestream value of J. 2. Multiply
aft thrust coefficient and efficiency by both f;, and (1 - h). The reason for
blying by both correction factors is the same‘as'that explained in step (3. for
ed maps above. Figures 26 and 27 relatedhie definitions and usage off SBAC

T&u ”
ar
T,
ApA = Bupyancy Force
Vi 10V

%
R

Figure 26 - Free Air, Apparent and Net Map Definitions

—ApA

~ApA -AQ -Dy,,

TNel

Overall Net
Thrust *
Fu

* Excluding Residual Jet Thrust

(R Bl

|
vjl‘vs- (1h)Vy

V= (1)
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3.4.1.3.2 Alternative Body Correction Methods: With the advent of advanced high speed

propellers and advanced computational methods, it has become common to
present propeller maps in terms of net performance (CT,,). These maps represent

342"

3.4.2.1

the performance of a propeller in the flowfield of a representative n

acelle and

already have the incremental pressure drag due to the propeller (buoyancy force)

removed from the propeller shaft thrust. Moreover these maps bas

e the advance

ratio on the flight velocity. Thus it is not necessary to apply the SBAC correction

factors to these propeller maps. Since the incremental pressure force has been

removed from the net thrust, then, to obtain propulsive thrust it is

nly necessary

to subtract any incremental skin friction force, i.e.:

CTp = Crp - ADgg

(68)

The incremental pressure force is normally found by taking the diffierence in

analytically or experimentally determined pressufés integrated over
the blades-off and blades-on cases. This can:then be subtracted frg
measured shaft thrust to obtain net thrust,

Theta" Method

Discussion: One of the uncertainties in obtaining propeller thrust ug

the nacelle for
m the

ing the

traditional map methodsis knowing the actual value of J entering the propeller

disc. For example,a propeller operating statically will have a J=0

s defined in

the classical sense, however, the propeller will actually induce an ip-flow velocity

profile at the propeller face. Also, with forward flight, installed pr
the mast)part an estimate by various calculations and/or assumptior]
for'the impact of the nacelle and airframe on the propeller in-flow ¢

ppeller J is for
s to account
onditions.

These realities were discussed in the previous subsection.

In an effort to circumvent this uncertainty, it has been proposed that J be
eliminated by relating thrust to power as a function of blade angle (0) and flight

Mach number. The function of J, which represents a helix angle, is then replaced

by the blade angle which may be more precisely determined by geo

metric

measurement. Table 2 presents a comparison of method elements for the two

systems.
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| Correction for | Correction for AD}g |
| buoyancy force | f,= 1- :1308xDra l
| (-hy=1-254s5A | D |
(1-h)=1-.254 s/.
| | (Drag of parts @ 100 fps)l
Free Air Map | Jg=(1-)J |  Calculate Propulsive ]
= fi Using free air map obtain: N
CT (CpJ) | Crm KCpJg) = C | Coefficients: |
n ={(GJ) I nTr= f(cP'JE)_ Ts I Crp=Cry(1-h) fp |
E P Mp =M efp
I I =ns (-h) fp |
| I |
| | |
Derive an equivalent value of |, Obtain Ct1gand Ns from
Crs-haftfl(vclfipj ) i (1-h) for the velocity i shaft map l;y Inputting i
= » distribution used in the the free stream value of J
n ss =f(G.J) production of the shaft map. and Cp |
| This value of (1-h) is obtained | Cr.=Cr.(l-h)f | Propulsive
| by an area weighted inte- | =+ Ts b | Thrust
gration of the velocity n =ns (I-fp 2l 4
distribution where the | | Tp=Crpn’D D =F
| velocity distribution is in | | 550 Sh 150 * net
termsof: V * = 203 | (Ercluding Residual
VO | | VO Jet Thrust)
I |
If the nacelle used in the
Net Map | : | |
production of the net map
Cry =f(Cp.J) | | is different than the aircraft's | |
Ny ={CpJ) nacelle, correction for | |
| |

* The inlet velocity rafio % is usually presented for values of fractional radius
0

r —
R - 2 25
v _
v, = 905 923
Y~ (1-h) = Area
VO

Thrust correction facto

T

i.

3 45 6 7 8 9595 975

939 970 987 994 998 -1.0 1.0 1.0

weighted integration of the above -:IL distribution
0

rs due to compressibility effect are given as a function of J, Cpand M ,

where the helical Mach No. at .Zradius is M7= M gygp, W T+ ®x .77

AT pery for low speed pj

ropellers is negligible.

for example:

Figure 27 - Typical Low Speed Map Usage
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Data generated using this system results in propeller characteristics that tend to be
independent of installation effects or wind tunnel wall effects. This is because a
change in effective advance ratio tends to move the operating point up or down a
constant Theta line. Appendix C presents results of applying the Theta Method.

3.4.2.2 Method Description: By plotting thrust coefficient against torque coefficient (or

3.4.2.2.

power coefficient) at constant values of blade angle, the result of changes in
effective advance ratio can be minimized. This means that if inflow conditions

‘element theory (see Appendix E), it can be shown that:

into the propeller are changed, by altering nacelle blockage or by inltroducing wall
effects for example, there will be virtually no change in the propellgr performance
characteristics. This will hold true providing compressibility losse$ are not
significantly altered, and providing the inflow changes:do not causg blade airfoil
sections to stall. Figure 28 shows a generalized example of this effect, where
Figure 28a comes from Reference 12.

| "Theta" Method Linear Characteristics:(Another interesting feature of plotting the .

propeller data in this format, is that.over certain parts of the propeller operating
envelope, the constant blade angle characteristics are nearly linear. [This allows
the relationship between thrust and torque coefficients to be expressed in the form

of a simple linear equation:

CT =m CQ +C (69)
where: m =slope (dCp/ dCQ)
_b
c " m
b = intercept of CQ axis (i.e. Ct = 0)If we consider blade

dCr _ 2R/x 70)

dCq 0.5 sin 2[(vg-v)-(0t-
Q tan {0 - o + v - tan-! sin ( [(‘;o 1)-(0g-0)]1)
Cq/Cqq - cos? ((Yo-1)-(2p-01))
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Table 2 - Elements Origin of Method Comparison

J METHOD THETA METHOD
Meas. | Calc. | Est. || Meas.| Calc. | Est.
M v v
] Vv v
Cp v v
c v Wy,
Theta G
* J can be calculated accurately from test results

Torque In = Thnist Out

12
0.80 0.14
| B 10
0.70 —0.12 E')'
o4 S 08
: 0.60 0.10 g =
2 4= c% 06
8 050 008 & 2
2 = 3
= Q =
B 040 0.06 E o
0 0.04 .02 |
0.4 0.5 0.6 0.7 0.8 09 .06 .08 .10 12 .14
Advance Ratio, J @) Torque Coefficient, CQx 10 (b)
Cr- Thrust |C ._ Torque _JcC ;
pnzdp4 o= 7S n_m’jr_ —— Free Air
pn“dp Q --=- Propeller and Body
Torque In = Thrust Out
Over Wide Range of
Advance Ratio

Figure 28 - MIDAP Propeller Characteristics

wherg R = propeller radius
T = Jocal section radius
0 =local blade angle
o = local section incidence angle
y  =local section tan™! (Cp/Cy)
suffix 0 =values at Ct=0

Assuming conditions on the blade at a 1/R of 0.7 are representative and that Cg
>> CQO then this expression simplifies to:
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dCr _ 2.857
dCQ tan (87-0 7+ 7.7)

(71)

Since a7 and 7 are generally small and in the equation tend to cancel, then the
slope (dC1/dCq) is primarily a function of 8 7. This assumption breaks down
when o or Yy become large, i.e.. at low speed or high Mach numbers.

Also from blade element theory, the intercept with the Cq axis can be shown to

be:
2 C
o e Do 72)
%078 R lcos? (0.7-7.7)
where c7  =chordatr/R=0.7

Cp, , = drag coeff.at r/R=.0.7 and C7r=0

Since 77 is generally small, the Cq, isafunction of Cp, 4 and 6 ; Cp, 4 is

primarily a function of helical Mach-number at /R = 0.7 My ) ) 4nd so:

Cr =mCq+c
where nl = f(l/tan 6 7)
b
C =0
b =f(Mpy,)),1/cos’67) (73)

This implies that the propeller characteristics can be represented by a slope and
intercept which are functions of blade angle and helical Mach numbgr only.

Figure 29 gives an example of the performance of a single rotation advanced

propeller using this technique.

The following points should be remembered when using this technique (i.e. linear
assumption): i) Inaccuracies become greater as the propeller operates further from
its design point because the small value assumptions begin to break down. ii) As
mentioned, the technique is unique in that it is not related directly to flight
conditions (i.e.. V, rpm) but is related only to a blade angle,8, and torque Q.
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Figurg 29 - Linearity of Constant Blade Angle Plot

3.4.2.2.2 "Thetd" Method Non-Linear Characteristics: Astoted above, treating the [Theta
Methad as a totally linear approach introduces some errors as the measured data
falls fyrther from the design point. Therefore the Theta Method can be treated as
anothgr type of "map" method with thie-Characteristics represented by a serigs of
curveq and /or tables, which in turn’provide reasonable accuracy throughout the

entire flight envelope.

3.4.2.3 Method of Implementation: There are several choices to make in implementing the
theta (0) method-These choices include a measurement procedure of blade

angle,|a method of power determination, and a method of data reduction. Blade
angle measurement is the largest source of uncertainty in the theta method.

3.4.2.3.1 Blade Angle (0) Measurement: There probably are several approaches to the
measurement of 6. First is the use of potentiometers or other displacement
Vmcasuring device in the propeller hub which, when calibrated, relate the position
of the blade at its point of retention at any flight condition. This method must take
into account the torsional stiffness of the blade to calculate the actual 0 at .75R.
The case study in Appendix C was able to yield an accuracy to 0.1 degree using
this method. A second method conceivably could incorporate a laser system
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which would be calibrated to measure angle changes of a reflective surface on the

blade at the .75R station. Another system might relate a measure of apparent
chord width with 6 from a given perspective, etc.

3.4.2.3.2 Power Determination: The most obvious method of power determination is the
use of a built in torque measuring system and sensing output shaft RPM. The
if one-is used),

however a torque meter between the engine and gearbox is only-slightly less

accurate due to high gearbox efficiencies. If it is not possibleto us¢ a torque
meter then a gas generator power/power turbine analysiswill have o be used
along the same procedures as presented in AIR 1703!

3.4.2.3.3 Limitations of Data Consolidation Methods: Multiple relationships can be
generated in the forms illustrated in Section 3.4.2.2.1. Use of thesg relationships
will require a large number of tables and high order interpolation procedures
which minimizes errors, i.e. degrees of curve fit. Another simpler procedure
might be to reduce the tabulated data to curve fits and simply apply |as an
algorithm. The choice made should be based on accuracy required after an
uncertainty analysis.

Note that becduse advance ratio is eliminated from this approach, correlation with
flight measurements can only be made using the measured flight blade angle,
flight Mach number and rpm.
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4 THRUST PROJECTIONS TO FULL SCALE:
4.1 Projection of Model Performance Data to Full Scale

The amount of adjustment needed to correct a model to full scale performance is
of course, a function of the rigor taken in the modeling technique. Geometric
similitude is extremely important. Conventional propellers have historically been
aeroelastically stiff with only minor deflections. Hence, these can be scaled
directly to model coordinates which are usually also stiff. However, modermn
lighter weight flexible blades will deflect, and analysis shows that these
deflections can have significant effects on performance. The first-order effect

causing geometry distortion is the dynamic forces on twistedor swept blades.
Aerodynamic loading can also contribute to the deflections. Preferr¢d design
practice would have the model blade construction achieve geometric similitude
with full scale under dynamic and Aero loaded €onditions. The statg of the art for
these calculations has progressed to the point. where adequate simulation is
achievable with high confidence. Other.geometric similitude concerns are surface
finish and contour irregularities. Nacelle and pylon geometries whigh may affect
inflow or outflow aerodynamic properties should also be modeled. If similitude
is not achieved, analytical performance predictions should be made flor both the
model and full scale blade:geometries. The incremental differences between these
performance predictions should then be used to adjust the model test|to predict

full scale performance.

The prefefred modeling technique is for the model scale to be large gnough to
minimizé or eliminate the need for Reynolds number corrections. Pyblished data

from humerous sources shows that the drag coefficient corrections fpr transonic
i i ess of 700,000

based on the chord length at 0.75R. For atmospheric wind tunnels, this would

require propeller model diameter of nominally two feet or more. Because of drive
motor horsepower limitations and/or wind tunnel blockage considerations, a
smaller model producing Reynold's number (RyN) less than 700,000 might have
to be used. For these cases performance adjustments will be necessary. Data
correlations such as that shown in Figure 30 may be usefull. Another approach
would be to use analytical prediction methods that have been validated over a

range of Reynold's numbers. Figure 31 shows good agreement of "J" Method
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calculations (described in Section 3.4.1) with data over a wide range of propeller

sizes.

ND 0.7
M =0.798 C TBIfC P RNzw)

n
1.0 v i s i ;4 .
% C.W. 10, 3 blades P
ANACA 37.7 Rotor, 2 blades 0.6 Scale
= 097 ONACA5.33, 4 blades 14SF Prop [i ™
5 ¥ C.W. 1.52, 3 blades Test Range
= 0.8 O Princeton 1.17", 3 blades
[ . H
5} i
o | e
5 07
.é"
é 0.6 60{ Whexi;m
= sity
= 0% R = Propeller Speed, RPS
05 D = Propeller Di Ft
b = Propeller Width, Ft
R = Viscosity
04— —
1x10 2 4 6 1x10% 2 4 (6
RN
Figurg¢ 30 - Sample of Performance Correction
PROP. DIAM. 'WIND TUNNEL TUNNEL SIZE
25FT. UNITED TECHNOLOGIES 18 FT. LOW SPEED &
8 FT. HIGH SPEED
SOFT. CORNELL 12FT.
1563FT. NASA AMES 40FT. X 80OFT.
UT( 8FT. HIGH SPEED TUNNEL NASA AMES 40 X 80 FULL SCALE WIND TUNNEL CORNELL 12 FT. VARIABLE DENSITY WIND TUNNEL
4 BLADED/2.5 FT. DIAM/91AF0.493C 4 BLADEDY/15.63 FT. DIAM/86AFQ.476 C 4 BLADED/S.0 FF. DIAM./187 AF0231 C
MODEL PROPELLER FULL SCALE PROPELLER MODEL PROPELLER
% lo.GMACHNUMBEl 90 I % 0.3 \CH NUMBER
102> 0 o 5 o C1 —;;‘ l
® "/ “a—=+ CALCULATED ® \‘\b 1;4 % q“/of,, —
ne e TEST o / 1 ns s o3
70 / 70 7 AP mp—
n% 4 ———TEST
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16 25 4 28 32 6 ,” f TALCULATED| O vog 12 16 20 24
ADVANCE RATIO, I 4 / +== == TEST ADVANCE RATIO, ]
0
i
40

02 04 06 03 10 12 14
ADVANCE RATIO, J

Figure 31 - Validation of Predictions by Test
Simulating flowing inlets and/or nozzles greatly complicates the propfan model.

Flowing inlets for pusher propfan test rigs should not be necessary because the
nacelle/propeller interactions are far enough removed that the resulting
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interference forces should be small. Good design practice would be to contour
the capped inlet in such a way that the surface velocity on the nacelle ahead of the
propeller is the same velocity that the full scale engine would have at the inlet
mass flow ratio of interest. A separate test would be needed to determine inlet
total pressure recovery.

Chin or annular inlets in close proximity to tractor propfans are more likely to
produce forces because of interaction with the propeller and should be modeled.
The capture streamtube of a chin inlet located in close proximity behind the blades

causes flow diffusion that will act like a back pressure blockage effect. The
model should simulate this with either a flow-through inlet orwith|a faired inlet
that produces the same back pressure effect. The flow-through madel is preferred
because it facilitates measuring the chin inlet pressure‘recovery and swirl
simultaneously. The faired inlet simulation requires traversing to get information
of the supercharging effect of the propeller on‘inlét recovery. In either case, these
data can then be adjusted from model scale-fo full scale using standard boundary
layer analysis.

Nozzle efflux impact on the model blades may also be a consideratjon when
projecting the wind tunnel results to full scale. Pusher propellers may have the
warm exhaust of an air/eil-cooler heat exchange system and/or the ¢ore engine
nozzle efflux flowing into the propeller. This will change the local|blade entrance
velocity diagram producing a performance effect. Appropriate analytical or
experimental method adjustments should be used to adjust the data|for such
effects, MNozzles exhausting behind the pusher propfans will prodyce less of an
effeet~If the model is aft sting mounted, it should be contoured to simulate the
full-'scale backpressure behind the prop. A separate nozzle test will] be needed to

obtatmrthrustcocffictentswhichcanthenbe PlUijth tofutltscalef] ight conditions
using turbofan methods. Nozzles for tractor propfans are normally far enough
removed that any interactions with the propeller are insignificant. However, there
may be significant effects of the slipstream on nozzle performance.

As in all these cases, nozzle thrust coefficients, profile effects, scaling methods,
inlet pressure recovery adjustments, bleed ducts, steps, gaps,excrescences, etc.,
can be projected to full scale using the methods for turbofans as outlined in AIR
1703. Having performed all the above mentioned adjustments to the model data
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introduces uncertainty in the accuracy of the full scale flight projection. An
experiment to validate the entire process is the most straight forward way to put a
determine the accuracy of the final answer. Figure 32 presents propeller test
history, presenting observations by experienced experimentalists of measurement
accuracy for validation of model to full scale conditions.

The success in projecting model thrust to full scale for turbofan engines leads one
to consider analogous methods for turboprop systems. The procedure used for
turbofans is as follows:

(1) Model and test the sea level static and flight conditions in sub<scale.

(2) Adjust the model data to full scale using appropriate compressibility and
Reynold's number corrections and other increments to adjust for any other
differences between the model and flight hardware.

(3) Jonduct full-scale static engine tests at sea level and simulated altitude

conditions.

(4) Apply appropriate adjustment'to-close model with full scale static engine
perfarmance.

With turbofans, this prejection method can be validated with a full scale fljght test
or in|an altitude facility. With propellers, however, this validation method is less
precise or eveniinappropriate due to the lack of corrected airflow measurerpents
which areqused to establish turbofan thrust whether it is for sub or full-scale at

stati¢ or-flight conditions.Thus the present methods for projecting propelldr thrust

to full scale rely almost entirely on extrapolation of wind tunnel test results, using
the best available advanced computations to augment test data as needed. Since
large scale ground test facilities do not exist to provide even low speed validation
of the projection of propeller data to full scale, present procedures are forced to go
directly to flight test.


https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

Page 79 of 215

AIR4065A

SAE

UONEPI[BA OUBULIOLS Iojjodol] - ¢ amSLy

%T1+

%L1+

%T 1+

%bliF

%e-TF

saau(] Bunistxy yim af[aoeN TI0.] [2POJA OF JWOSI|qNOs |,
3q pInoD - ‘papaiN duUe[eq UDYS ‘WI[qOI] J[qIssod
N mo] ‘statowsoureuf(] doid s ‘sjauun, puipg Auepy

ISNI S 'H.E'F.W.H_ o

douereq ung
930N s119) anbio] puestuyy

Tiow] [9POI 01 SWOSAN
3[[eoeN ‘panun] swj

saAy 3unsixy yuy
o pMOD - pap|
2AU(T L' M 981e7 Joquur

$OALI(] BUnSIXT Yilm [N
01, 2q P[AOY) - ‘popasN] oUL[RE UG
PISAS SAL 'S]oUUN], PUIA Te1943S o

30N I ‘TOPOIA-O1 SWOSIQnOL],
poN aoue[eq] ULYS - J[qQe[leAY WANSAG
IN potuil] ‘UOTIEIUSUNUISUT USAOL]

‘SR 1snuy], WS1] oriepuig

swolqold -yse] 81y © oyduyg yum [0 peo Jo wowdduelry

‘pannbay] arempie,
PpUE ISTUY ], parensuowa(]

- *L'M 981e Joquin]

110 Aq pau,

] [ewadg uaaou{ S[IeD) peo anbio],
PUE 9]qIsea,] duefeq ULY§ S[j0eN .

(@-1) o1 panur |
N panun-] ‘yororddy usaoig ‘oiseq ,

"PaysTIqEIsY 10N AUTIQISEay MO JO

SuBEH,_H Buipeo opejg Jof YSYN Suipnpoug

UONIELIEA 01 20(] OO

PIROD - SUWILT, *A3(] 3uo
IR WUy 9f

a1 WS, Ul SIUSWAUNSEIJA 9EM o

JWOSI[qnOL], ag
| ‘aatsusdxy ‘[nyssaoonsup) A[Jessuan)
qeI[ay ‘a1einooy pring 01 sidwony

30UBULIOLIS]

Iofrado1d o arexedag 01 noYJ( ‘onbiuyos] SHOISTH ,

ISNIS g ‘¥91°Sy o

ISNI S F.s.—n.w.ﬁ °

J1af .H..—hzmmrﬁﬁ.ﬁ.wh. o

Sa=%av -™L .

LSNI'S L'L

©

S1, sy, wareddy

W1 “astuy, paqrelsu]

dofereq UNS
a[[30e)N s1919)y anbo], pue 1stuy],

aofefeg UG
a[a0eN s1919A] anbio], pue 1suy, ,

ofereq UNS
a[[eoeN s1919]q] anbiog pue 1stuy], ,

[[3D peoT - 30uR[Ry J0OL] ,

SIUSWBINSEIN] EM o

19N anbio] pue 1snuyy,

w1E(] B Yerony diseq woly
PURWIQHS4 1aT[ado1] paipdipporyq o

OU0ATH - af2oeNydoid -
3e0S Iy - AuUn], puip

aut8ug yuM - waskg
uoisjndoid a1efdwio)) -

3[edg Iy - [PUun, pulg

yewony
papualy] 1o eIy
153], - 3[eo§ [ - WAL

Koemooy

Anqrs

23] [BOIUYIIL,

JUSWQINSBIJA] OISRy

uongmNnFuY

anbruyoa],

UOTIEPI[EA SOUBTIOIII I9[[3d0I]



https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE

AIR4065A Page 80 of 215

4.2 Propeller Installation

4.2.1 Isolated Powerplant with Uniform Onset Flow: The Net“Thrust (F'pe() of an

—
=
w

o bridge this gap and thereby eliminate associated risk, consideration is being

large altitude facilities, like AEDC, into free jet test

that these facilities may provide a feasible test set up for validation of open rotor
propulsion systems sized for general aviation aircraft, but are too small for
propulsion systems sized for large commercial or military transports. Other
possibilities that have been proposed to permit testing of larger units are: self
induced forward velocity indoor stands; combinations of either free-jet or indoor
stands with shrouds around the props which have been carefully contoured

closely to the shape of the propeller streamtube, or a full scale entry into & iarge
wind tunnel such as the ONERA 8 meter S-1 Tunnel in Modane, France.

isolated propulsion system is the summation of many contributing sources
Figure 33 illustrates these for isolated tractor and pusher installations.

The cpntrol volumes shown in this figure encompass the airflow passing through
the engine which are provided by the engine manufacturer. The engine
companies also provide the neCessary exhaust conditions for computation of the
nozzl¢ gross thrust. The other terms are determined by experiment and/or
analysis by either airplane, engine, propeller or nacelle manufacturers.

For tqtal propulsion system performance demonstrations, measurements of

enging fuelflow and net thrust are the principal concern, and all the thrust and

drag gontributors do not need to be segregated. However, large commercial

transport engines are too big for high speed isolated tests. The largest high speed
wind tunnel in the free world is the ONERA 8 meter tunnel mentioned in the
preceding section. Testing here still would require model corrections to adjust to
an isolated condition. Also, these tests are very expensive for propulsion system
development during which engineers attempt to isolate the performance of each
thrust drag contributor. Reliance is therefore placed on subscale wind tunnel

propulsion models.
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Subscale wind tunnel models can not simulate all these propulsion force elements
at the same time. As mentioned earlier in this document, geometric simulation of
the propulsion systems must be compromised and subsequently accounted for.
Typically, inlets may be capped rather than flowing, nozzle efflux may not be
properly simulated, air/oil cooler systems may not be simulated, and the back end

Tractor Propfan (with B/L Diverter)
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Figure 33 - Thrust and Drag Contributions to Net Thrust of an Isolated

Propulsion System
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contours might have to be compromised when aft-end drive systems are used.
The next section describes some of the test models and drive systems that were
used extensively in the past two decades for isolated propeller/propfan model
performance testing. Lack of simulation will be pointed out and the methods for
correction will be described.

4.2.2 Methods of Quantifying

4.2.2.1 Model Tests: There are numerous types of drive systems for powering propeller

moddls and various sizes of propeller models. Two popular sizes of powdred
propeller models employ nominally 1 foot diameter props, or 2 foot diameter
propy. The 1 foot simulators are principally used for installed airplane moglel

testing. Because of wind tunnel blockage considerations, airplane models fare
relatiyely small, normally 1/10th to 1/15th scale. The 1 foot'simulator is wejll
suiteq for this scale. However, this is too small for propeller blade aerodynamic
development testing (refer to Section 4.1). Its principle use is to pump flow,
creating a propeller/airplane flow field discriminating streamline that converges in
a simjlar fashion to the full scale item. Hengg, it is mainly used for studying the
impagt of the propeller flow field on the.airplane performance where as the
influgnce of the airframe on propellerperformance may not be reliably

represented.

Isolated propeller aerodynamic testing is usually accomplished with simulators,
nominally two feet or greater in diameter. Figure 34 shows a tractor propeller test
drive system employing a large electric motor, which was used for the initial
propfan testing in the early 1970's. Thrust and torque were measured at thg rear
of the assembly, and initially, the nacelle behind the propeller was grounded to

the static-hotsing—Static-pressuretapsomthemacetewere mmtegrated-toattow
computation of propeller apparent thrust (refer to Figure 3). Later enhancement
was made by separating the nacelle from the static housing and mounting it on a
drag balance in order to study inlet/propeller interactions. Flow-through inlets
mounted in the nacelle as shown in Figure 35 allowed quantification of the net
thrust of the propulsion system forward of the maximum nacelle diameter.
Adding the shaft thrust of the propeller/hub assembly to the drag of the
nacelle/flow-through inlet assembly (once the tare drags were removed) yielded
the front end performance of the propulsion system. It should be noted that the
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tare drags included the loss of momentum of the flow passing through the
inlet,which was determined analytically. Total pressure probes in the inlet
quantify the supercharging effect of the propeller on the flow being induced into
the engine. The inlet's internal diffuser total pressure recovery losses are
subtracted from the inlet entrance total pressure to quantify the conditions entering
the gas generator. A cycle analysis or test, combined with nozzle thrust
prediction or a test, and aft-end drag predictions or test are needed to supplement
this front-end data to determine net thrust of the total propulsion system.

The testing in the early 1970's provided the proof that propfans wére capable of
maintaining high levels of efficiency at flight speeds typical of comimercial jet and
turbofan powered aircraft. The fuel shortages and subsequent majpr increases in
fuel prices in the min/late '70's launched the aircraft industry into erious study of
propfans for these applications. New improved test rigs were built, Bulky
electric drive motors were replaced with more«ompact air turbine frive systems.

Hydrostatic Bearings

/ / \ ‘\ Torque Ldad Cell

unncl Floor

Note: ihaded components are metric on thrust and torque load ¢ells.
Cr Ice.

Figure 34 - Propeller Test Rig in a Wind Tunnel

It was known that the residual swirl, inherent with single rotation (SR)
propellers, if recovered, could result in further performance enhancements,hence
the counter-rotating (CR) propeller concept came into being. Extensive testing
was performed on both CR and SR configurations as evidenced by a sample of

the test configurations shown in Figure 36.
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SR-7A

; CR-11 ; J39583-20

Rear 890702

Figure 36 - Extensive Model Testing
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As installation studies progressed, it became evident that pusher propfans were
better suited than tractors for fuselage mounted applications. Closure of the
fuselage allowed tucking the propulsion systems closer. Also, having the
propeller aft of the aircraft rear pressure bulkhead was preferable from a cabin
noise and safety standpoint. Consequently, tractor model drive systems were
modified to simulate the pusher systems, and new pusher model test rigs were
built. The tractor to pusher conversion was accomplished by removing the nose
cone and placing a non-metric simulation of the nacelle, pylon and nozzles (if
appropriate) ahead of the propeller. New pusher rigs employed an aft-drive, and

cantilevered a non-metric simulation of the nacelle forward of the propellers. This
precluded simulating nozzle flow into the prop, but does make'angle of attack
testing easier. Both rigs are shown in Figure 37.

Forebody with
Internal Burner

Capped
Inlet

S S S

]

N\

‘Wind Tunnel Floor \ X

Top View Side View

Tractor modified to simulate a Pusher Propulsion Systems

Contour to Shape of

/— Cowl and Nozzle Plume

Drive System to Simulate a Pusher Propfan

Figure 37 - Propfan Test Rigs for Pusher and Tractor Configurations
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Both rigs have the blades and hubs mounted on rotating thrust and torque
balances located in close proximity to the propellers. Running with blades on and
then with blades off, and subtracting the two measurements, eliminates many tare
force concerns and gives propeller net thrust.

The pusher engine inlet, unlike the tractor installation is far enough removed from
the propeller that there should be no significant inlet/propeller aerodynamic
interaction. Consequently, simulation of a flowing inlet is not necessary.
Typically the inlet is merely capped. Normal design practice is for the contour of

the cap to be made to produce a static pressure distribution closely approximating
that which would exist over the external portion of a flowing inlet. The-inlet drag
and nlacelle drag contributions are determined by other experimentsusing gtandard
test methods. Note that isolated unpowered inlet/nacelle dragitests do not
simulate propeller induction effects. Integration of nacell€ pressure data in front
of th¢ propeller test rig, with and without blades on, can give this incremental
force| A preferred approach would be to make the-nacelle metric. However, in
either event, a flowing v.s. capped inlet adjustmeént is needed, and in all
likelihood, will lead to isolated nacelle tests:

The 4ft nacelle simulation of pushersrequires a greater amount of attention
because of closer proximity to-the‘propellers. Contours and pressure

distributions coming into and leaving the propeller can significantly impact
propeller performance.(Also the engine exhaust nozzle efflux could significantly
impagt the propeller aerodynamics if it's located ahead of the propellers. The GE
UDF|and the Pratt-Allison 578DX demonstrator engines are examples of
installations:having nozzles behind and in front of their propellers respectiyely.
(Figyre. 38).

With the engine exhaust nozzle behind the prop, there should be little impact of
the nozzle flow on the propeller performance. Standard rig design practice is to
contour the body behind the props to the same shape as the nozzle cowling,
continuing along with a contour shaped to conform with the outer boundary of the
nozzle plume. This simulation should go as far aft as possible until this contour
fairs into the aft drive system support sting. However, the propeller efflux
combined with the cowling shape will have a profound effect on the flow field
enveloping the nozzle, thereby affecting nozzle mass flow and thrust. These
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contributions to the isolated propulsion system thrust may require a separate

experiment.

PW-Allison 578DX Demonstrator with exhaust nozzles ahead of propellers.
Figure 38 - Examples of Nozzle Installations
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Blown nozzle thrust minus drag tests can be conducted in a wind tunnel but not in
the standard way. Propeller efflux simulation is required. There are several
candidate methods of accomplishing this: Ejectors within a tube surrounding the
model in the plane of the propeller can be used to simulate the propeller total
pressure rise. The discharge radial velocity distribution can be simulated by
screens with a radial distribution of varying solidity. The same thing can be
accomplished using a large tube contoured to the shape of the propeller
streamtube surrounding the nozzle which then can produce a simulation of the
longitudinal static pressure field. Each method is fraught with difficulty. The
state f the art for these types of nozzle experiments is relatively immature.| This
alsoh

nozzles ahead of the propeller.

Ids true for the aft spinner drag contribution for propulsion sysiems|with

When| the nozzle is in front of the propeller, depending ondt's axial proximity to
the prppeller, the jet thrust can be affected by the propeller-induced flow figld. A
much [larger effect though, is the jet exhaust impact-on the propeller. The tgst set-
up on|the top of Figure 37 can be used to simulate’the temperatures and prgssures
of the|nozzle efflux. Temperature simulation'is necessary because the absolute
level of jet velocity changes the propellerivelocity vectors thereby impacting the
blade performance. Internal nozzle exit static pressures can provide correlating
information. Nacelle and nozzledrag increments due to propeller- induced effects
can b¢ determined by pressure tap integration with blades on and blades off.
Again, a preferred test technique would be to include the nacelle, pylon and
nozzl¢ mounted on a thrust balance to measure the propulsion system forces
simultaneously with the measurement of propeller performance. In the absg¢nce of
the above thrust minus drag measurements, the forebody and nozzle can beftested
propeller-off to get thrust minus drag with an adjustment for the propeller-ipduced

drag increments-fromrexternat-static-pressure-integratiom—Atlso;anozziejet thrust
adjustment is required if the local exit static pressure is different from the ambient
static pressure. Static nozzle C, correlations should be entered at the true local
nozzle pressure ratio and the static thrust level must be adjusted to account for the
"local minus ambient" pressure x area term. This methodology is described in
Section B.7.2.2.

Heat exchangers, particularly with geared propfans, whether exposed to the
freestream air or ducted, will figure into the thrust/drag equation. The total
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momentum change through the heat exchanger is usually determined in a separate

full scale experiment and its contribution included. The isolated propeller test rig

should simulate any major bulges or contour changes associated with installing

the heat exchanger, particularly if located in close proximity to the propeller.
Flow-through tests of the engine inlet and heat exchanger inlet provide inlet drag
increments that are added to the nacelle drag. Heat exchanger exhaust thrust can

be computed as described above, or measured in a nozzle performance test.

4.3 Test Considerations:

43.1 I

432 T

4.3.2.1

ntroduction: In-flight thrust projections would ideally use accufate w
taken with models that properly simulate geometry, Reynolds num

a given free stream Mach number, atmospheric wind tunnels have
velocities than would occur at high altitudes because ambient tempe
simulated. Overspeeding the propeller provides for compensation
but mechanical limitations or available.drive power may impose lin

drive power and blockage considerations in the wind tunnel. The g
that went into these design decisions are discussed in the following

est Approach: The selection of a particular procedure is made on the
ability of that approach to fulfill the program requirements together
the most effective compromise of the following factors:

Complexity: The complexity of an approach is determined generally
. technology level and the test facilities available and can range from

ind tunnel data
ber, blade tip

Mach number and J. Practical considerations generally lead to corIpromises. At

igher

rature is not

lo simulate J,
nits. Reynolds

Number simulation is also difficult because model size will be limited by model

onsiderations
paragraphs.

basis of the

with obtaining

y by the
measurements

o g single test vehicle (suchasamraircraft modet with flowing air 1

takes and

powered propellers) to measurements on several test vehicles (such as model
nozzle tests linked to isolated intake and isolated propeller tests). The degree of
complexity allowable should be the minimum necessary to satisfy the program

requirements within the constraints of the following considerations

.

4.3.2.2 Cost: Cost will always be a major consideration in the selection process. The

simplest test exercise should involve at least a model propeller test at a reasonable

scale in a large wind tunnel (with all other effects perhaps deduced empirically or
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analytically). At the other extreme lie aircraft flight tests, full powered aircraft
model tests or full scale self powered aircraft model tests or full scale self-

powered sea level, flight simulation rigs.

4.3.2.3 Risk: There are three principal categories of risk which have to be considered

here:

(1) The technology risks lie in activities such as the design and manufacture of

comy

full s
cong

)’
simpllifying the test model. Such simplifications can lead to large errors w
proje

3T
relati

may

4.3.2.4 Accur
meas

inadgquate pressure profile sampling) and calibration traceability together

bias
can U
the t¢

inhe

plex wind tunnel models or of an apparently simple but previously un

tried

cale ground test rig. Such activities, involving innovative devices an

[here is a risk when considering complexity vs cost trade offs, of ov|
cting model test results to full scale.

he test scheduling risks lie with the scheduling and availability of the
vely scarce specialist (large) wind tunnels, ATFs or flying test beds v
be needed.

ncy/Credibility: Accuracy,involves both the precision of the various
from the methodology used, whether experimental or analytical. Preq

sually be-predicted adequately beforehand and confirmed after comp
est. Bias is more difficult to quantify in advance because it includes t

ent bias from the various components of a particular procedure, such

epts incur the risk of a potentially long and expensive development e

urement systems and-any associated bias from their position errors (ig.

8

d/or test
tercise.

hen

vhich

with the
ision

tion of

as the

effect of Reynolds Number on the interference drag obtained from a small scale

wind tunnel model or accumulated bias due to linking together the component

parts of the propulsion matrix. The projection of model data to full scale must

include aeroelastic effects and the linking of the individual contributing factors

from the thrust accounting system. The whole question of the total accuracy of a

proposed thrust determination route must be examined using the most realistic

component accuracy assumptions in order to establish credibility. AIR 1678 may

be used as a guide incorporating the turbofan analogy.
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4.3.3 Candidate Test Methods

4.3.3.1 Wind Tunnel Model Tests: Wind tunnel experiments are usually performed to
determine both propulsion system and airplane performance. The propulsion
tests are normally isolated tests of the various thrust contributing elements. The
airplane performance tests normally begin with an unpowered clean wing
configuration to define a basic drag polar. Installed power tests then allow

3.2.2.1. The critical part of relying solely on model data is the potential errors

associated with extrapolation to full scale flight conditions,

4.3.3.2 Full Scale Tests (Isolated): Full scale propeller testing)at higher flight speeds is
normally not conducted because of facility limitations. These categories of test
(i.e. Altitude Test Facility (ATF), Wind Tunnel and Ground Test) pre in general
going to be treated only as a 'scale’ correlation link used to extend a complete
range of scale model data to the full seale level; unlike turbofan methodology
where a 'connected airflow' ATF forms a major part of some of thg in-flight
thrust determination procedures. This restriction on the usefulnesg of large Wind
Tunnels and ATFs lies mainly in their inability to provide the large 'free stream'’
airflow required for a'full scale propeller test (a connected test is opviously

impossible for a prepeller).

4.3.3.201 Altitude Test Facility (ATF) Tests: In order to minimize or avoid 'wind tunnel'
constraint effects on the propeller tip flow (for example) it is necessary to have
free stream line flow equivalent to a minimum of 1% to2 times the{propeller

diameter in order to carry out useful ATF tests on a complete (isolated) propulsion
system installation (Reference 18). Except in the case of very small propeller

diameters, 2 to 3 feet, such testing is beyond the capabilities of even the largest
ATFs. Itis possible however to accept a small freestream ATF test and use a
small scale wind tunnel model to establish the tunnel constraint effects. In
addition to the cost of the total exercise, this type of approach exhibits the
questionable aspects of complexity, risk, accuracy and credibility factors

mentioned previously in 4.3.2.
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4.3.3.2.2 Wind Tunnel Test Facilities: There are very few wind tunnels in the world
capable of carrying out simulated flight tests on even a moderate size propeller
because of speed and size constraints. The largest ones have limitations on
available Mach Number. One, ONERA, has the required speed capability, but
I

i~ 4-,. [o] ....A‘ e bl ko~ Ph B Py P SN b s __Af.a-.
CVCI 1S 0 MCICT CSt SCCI0iM1 Alameier r YULITS Uala LulicLUuv. 1 1U1 Wall ulLCUCl 1ILC.

In addition, these wind tunnels (not being ATF's) have operating temperatures
and pressures unrepresentative of altitude flight conditions. A summary of the

large wind tunnel facilities in the western world is enumerated in Table/3.

Tabhle 3 - Large Wind Tunnels

Location Size Mak Mn
NASA Ames 40 ft x 80.ft 0.45
NASA Langley 30 ft x 60 ft 0.11
ONERA (France) 8 M Diameter 1.00
NAE (Canada) 30.4t x 30ft 0.20
DNW (Holland) 9 SMx95 M 0.18

4.4 Model Test Requiremerits

4.4.1 Aerodypamic Performance Testing: Model testing for aerodynamic performance may
be ¢arried out with a single powered, highly-instrumented model to determine

directly the net propulsive force. Alternatively, various increments contributing to
the net propulsive force might be tested separately using different models of

various scales in different facilities. The case for using a larger propeller for
"isolated" propulsion integration model, for example has been discussed in 4.1.
In the next sections, the model and measurement techniques which have been
used successfully to determine the force components are discussed in detail. In
all cases, great care is taken to establish model similitude and correct flow field
simulation.
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4.4.1.1 Rotor Thrust and Torque: Basic measurements are obtained from a rotating force

balance which measures thrust and torque of the propeller and spinner. These
rotating force balances are custom-designed for each installation. The design of
such balance systems is a field of specialization and requires considerable time to
produce a finished design. The rotating balance system requires extensive
calibration to establish the operating procedures and techniques and establish the
confidence of the operating personnel. The desired accuracy of the rotating
balance system is usually 0.10% of full scale. (Experience indicates that 0.5% is

44.1.21]

1 atarm)
1IVIV ICAlIStIL. )

Determination of Propeller Net Force: This term is defined as,the propulsive force
of the propeller blades operating in the presence of the spinner and the nacelle
flow field without the increase in thrust from the mutual interaction between the
propeller blades and the spinner nacelle combination. It is necessary to conduct
separate tare tests without the propeller blades-to evaluate the externpl spinner
aerodynamic drag and the nacelle pressure drag.

In the tare test, the spinner and propeller blades are replaced by a separate
"dummy" hub which is fairedfo'a smooth, continuous contour in thg vicinity of
the blades. A special series of experimental runs are made to define{the spinner
aerodynamic and nacelle‘pressure drag for the same range of test Mach numbers
as would be tested.with the model blades. The spinner drag (D 1) }s measured
directly from the force balance and corrected for the pressure-area forces on the
internal cayity of the spinner,with the hub rotating. The nacelle pressure drag
(Dnac;1) is determined by integration of the longitudinal, area-weiglted static

pressure orifices on the nacelle surface. Figure 39 shows the appropriate tare and

blades-on forces.

In Figure 39a, summing the forces yield the following set of equations:

XF=0(>+) (74)
Dg;r=- Y PAjnyT + Foarr =0 (75)
Dgr=- ( Fpal,T - ZPAint,T) (76)

Dhact= J (Pnac - Po) dAnac an
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Where: Pnac is the local nacelle static pressure measurement.
P is the reference static pressure.

With the propeller blades installed and thrusting, the force balance measures the
algebraic sum of the propeller thrust, the spinner drag, and the internal pressure
area forces. The model forces are as shown in Figure 39a.

Dsr
> FoaT
a). Blades-off Configuration
Ts
Ds
b). Blades-on Configuration
Dgaac = Nacelle Drag Force

Dg = Spinner Drag Force (Pressure Drag + Skin Friction Drag)
Fpar = Balance Reading

EPAint = Pressure Force on Rear Spinner Face

T = Apparent Propeller Thrust

Figure 39 - Model Propeller Test with Hub Force Balance
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SF=0 (—=+) (78)
- TS + Ds - szint + Fbal =0 (79)
Ts - Dy = Fpal - EPAint (80)

Add equations (76) and (80):
Ts-Dg+Dg1= (Fbal - ZPAint) - (Fbal,T - ZPAint,T)
(1)
Let ADg =Dy - Dg 1 and substitute:

Tg - ADg = (Fbal 3 EPAint) - (Fbal,T - ZPAint,T)

(82)

The objective of the propeller test rig (PTR) is to determing as accurately as

possible the isolated blade thrust, Tg 150, excluding any. hub forces

In practice,

a slipstream induced force increment may be implicit in the Tg 10 fprce measured

in PTR experiments. For our purposes we will include the induced flipstream

force component in the Ty, term.

Finally define T j5, = isolated blade thrust and
Ts,iso = (Fbal - ZpAint) N (Fbal,T - szint,T)

(83)

Next, the nacelle pressute drag is obtained from the integration of ndcelle surface

pressure measurements:

Dijac = j( Pnac - PO) dAp,c

(84)

The ¢hange in nacelle pressure drag, ADy,., is obtained from the difference

between the test run and tare run data:

ADp,c =Dygc - Dnac,T

Finally, the net thrust, Fj, is determined from the isolated propeller
thrust, TS,iSO'

Fnet = Ts,iso - ADpye

(85)

(86)
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Or in tgrms of apparent propeller thrust, Tg:

Fpet = Tg - ADg - ADp,0 (87a)

It is important to note that T j¢, is a "blades-only" thrust and is ideal for

screening individual blade designs during the development phase of a turboprop
propulsion system. F', is also a "blades only " but includes the effects of the

nacelle on the isolated rotor thrust. F'o; can be combined more directly with a

nacelle drag estimate to obtain a propulsion system thrust minus drag value.

44.1.3 Alterna
be me
forebg
interag
Nacell
nacellq

propeller blades. The model forces are shown:in Figure 40.

Therefore using the Figure 40 balance arrangement, Fy, is calculated as fol

" 4.4.1.4 NetRof
expres

e Propeller Net Force Determination: The net thrust of the propeller
hsured with a wind tunnel test rig in which the propeller and nacelle
dy are mounted together on a balance. The buoyancy ferces arising f

Fpet = Fpal + (Dnac,T+ Ds,T) - ZpAijng (
= Fpa1 ~Fpar,r - AZpAjy,

87¢)

pr Efficiency:The net rotor efficiency can now be calculated from th

sion:

Fhet Vo _ CrnJ

e forebody base pressures are measured to correct the balance data. A

may

rom
tion between these components are then eliminated-by mutual cancellption.

> base drag is established for the spinner and ‘nacelle prior to mounting the

lows:
B7b)

v

Mnet = Shaft Power — Cp (

B8)

It can be seen in equation (88),that the rotor net efficiency is a function of

freestream velocity. Consequently, it is important to accurately measure the

freestream velocity in the test section at the plane of the model propeller rotor to

obtain the accuracy desired. In recent experiments conducted at the NASA Lewis

Research Center, it has been estimated that the net efficiency was repeatable

within 0.5% or less. This value is indicative of the repeatability of the combined

effects of the rotating balance system and the variation of the local freestream


https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE AIR4065A Page 97 of 215

velocity in the test section of the wind tunnel (Reference 13). Usually several
model propeller blades are instrumented with strain gages and their impact on
performance must be accounted for. This correction term is of the order of
0.40% to 0.51% for the experiments conducted at NASA-Lewis (Reference 14).

nac, T

Metric
Dg 1
a). Blades-off Configuration
Ts
Dnac
Metric
Dg
b). Blades-on Configuration
Dpac = Nacelle Drag Force
Dy = Spinner Drag Force (Pressure Drag + Skin Friction Drag)
Fpal = Balance Reading
ZpAim = Pressure Force on Rear Spinner Face
T = Uncorrected Propeller Thrust

Figure 40 - Alternate Model Propeller Test with Hub Force Balance

4.4.2 Flow Field Investigation:
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4.4.2.1 Flow Field Measurements: The spanwise distributions of the thrust and power
coefficients as computed from the probe data can be used to determine if the
propfan blades are being loaded as designed and to suggest possible explanations
for any discrepancies which may occur between the predicted and measured
performance. In order to obtain detailed information of the flowfield downstream
of the model propeller, a translating wake survey probe is used to measure the
radial distributions of static and total pressure and total temperature in the wake of
the propeller for a series of different tunnel and model operating conditions.
When combined with the tunnel freestream conditions, these measurements are

used to compute the spanwise distributions of elemental thrust and power
coefficients, dCt/d(r/R) and de / d(r/R). The radial distributionscof-axiial,
radial|and tangential velocity and the wake flow angularity are alsq obtainable
from these measurements. The probe measurements, therefore, provide a more
detailed understanding of the propfan performance than catr be obtained with the

rotating balance, which provides only the integrated thrust and power
coefficients, Ct and Cp,. The probe should measure total temperature, total
pressure, static pressure, and flow angle. A typical probe is shown in Refgrence
17.

4.4.2.2 Flow Fjeld Visualization Techniques: It frequently becomes desirable to examine
the flow across the propeller blades to determine if vortex flow or local flow
separgtion is present. This is most readily done by employing various methods of
flow visualization. Onemethod involves coating the blades with fluorescent oil
and operating the propeller at the desired condition. After the propeller retyras to
rest, the blades are-1lluminated with an ultraviolet light source. The surface flow
patterns are clearly visible and the separated regions and vortex patterns are
readily discérnible. The method is described in more detail in Reference 14.

Fluorescent "mini-tufts" are used to examine the blade surface flow patterns on a
rotating propeller. Small "mini-tufts" of nylon having the approximate
dimensions of .001 inch dia. x .5 inch long are attached to the propeller blade
surface. These tufts are coated with a fluorescent compound. The propeller is
illuminated with an ultraviolet flash while the blades and tunnel are at operating
conditions and photos are taken. The resulting photographs indicate the blade
surface flow condition at operating conditions. Additional details are contained in
References 15 and 16. A chemical sublimation technique is also described in
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Reference 14 and is useful in locating boundary layer transition locations and
possibly separated flow regions.

Frequently it becomes necessary to examine local shock wave structure in the
vicinity of the propeller tips. One method is to employ a conventional Schlieren
system in either the continuous or flash mode. The resulting shock wave patterns
are then used as a diagnostic tool to study the blade loss mechanisms and
interference of the shock wave system with the model support. Another method is
to use a Paint Flow Technique described in References 17 and 19.

443 H

acility Considerations -Wind Tunnel Blockage: The conditionsunder which wind
tunnel models are tested, as compared to those in free air, differ primarily because
of the constraints imposed by the physical boundaries.of-the tunne] walls. There
are three types of wind tunnel test sections that shall be discussed, each
presenting its own problems. These differentConfigurations are closed,
ventilated (slotted or porous), and open or.free jet. The wall corre¢tions that need
to be made are the greatest in the closed-séction and decrease in amount as we
move toward the free jet. The two most important corrections that need to be
looked at for a thrusting model dre as follows; 1. Solid Blockage t The reduction
in wind tunnel cross sectiondlarea due to the model in the test sectjon, leads to an
increase in the velocity-of-the air flowing around the body. In a solid wall wind
tunnel, this blockage has the effect of an increase in dynamic pressure. To
contrast the wind\tunnel extremes in an open test section, where the airflow is free
to expand around the blockage, this effect is minimal (Reference 177, also see par.
4.5.3 & Figure 42) and has even an opposite effect on the model nacelle forces.
In selid wall wind tunnels the effect of this blockage limits the size|of the model
thatcan be tested at high subsonic speeds. 2. Wake Blockage - Any model in an

ow—will produce-a-wake behind it Because-of energy-losses-associated with
this wake, the velocity will be below that of the freestream. In view of the law of
continuity, the airflow outside the wake will have an increased velocity and has
the effect of increasing the drag on the model. For an open test section this effect
is usually negligible since the airflow is free to expand around the model
(Reference 17, also see par. 4.5.3 & Figure 42)

The interference experienced by a propeller in a wind tunnel is somewhat different
than that of other models in that a thrusting propeller produces a stream of
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increased velocity behind the propeller model. Because of the continuity of the
flow in the wind tunnel, a region of decreased velocity and increased static
pressure surrounds the wake. This condition behind the propeller reacts back to
change the relationship between thrust and the rate of advance of the propeller for
a given rate of rotation. The use of an equivalent free airspeed to represent the
tunnel interference has been developed by Glauert (Reference 18) and Pope
(Reference 17). This equivalent free airspeed is valid only when the propeller is
operating at a positive rate of advance (forward thrust) or when it is acting as a

windmill with a slinstream of conventional type but reduced-velocits

In particular, the static condition (zero rate of advance) cannot be reproducgd,
since|the propeller itself will induce a flow through the tunnel. Problems also
exist for determining the behavior for a propeller operating with negative thrust.
Instead of finding an "equivalent free airspeed”, Milne-Thomson (Referenge 19)
compputed the correction to the thrust due to the impropér expansion of the

slipstfeam.

Several deficiencies in the classical theori€s are apparent. First, only solid jwall
tunnels are considered. Most modern'wind tunnels use slotted or porous t¢st

sectidns to minimize wall interference effects. Also, the consequences of

allowgng mass flow through thetunnel walls is not considered. Effects caysed by

compressibility are also not'considered in these theories, although work on| this
has bgen done by Young{(Reference 23). The presence of a nacelle and

supparting structure'are not taken into effect. Yet any blockage effects are
t. Finally, the tunnel interference effects change with tunnel speed and
stantially higher at transonic speeds than in the low speed range. Sge

Appendix'D for further details on this and wind tunnel safety issues.

4.5 Validation/Adjustment Techniques

The calibration techniques for turbofans using a connected (i.e.. without
freestream flow round the engine) altitude test facility (ATF) test series linked to
an outdoor static test is a fundamentally good one. It does not involve scale or
Reynolds number factors in the 'flight' envelope tests; ram ratio and thus nozzle
pressure ratio are the only things which change in the transfer from ground
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(static) to flight conditions. The following full scale turboprop calibration test
techniques are available for comparison with appropriate scale model tests.

4.5.1 Outdoor Test: The propeller outdoor test is analogous in principle to the outdoor
ground test on a turbofan and should be similarly free of thrust bias. However,
there are a number of features which have to be considered before undertaking
this type of test; 1) The large inlet airflow stream tube makes the involvement of

ground boundary layer (and consequent vorticity) effects probable. The use of a

ame e-general ground
effect would still be there and would have to be represented in-the model testing.

2) The lack of a ducted inlet to the propeller leaves measurement levels and

stability vulnerable to even the smallest variations in strength and direction of the
natural winds. 3) Under static conditions, the performance of a prgpeller, which
is dependent on forward speed, is different from;that in normal flight operation.
Even if the blade tip flow is not stalled, there'is a migration of propgller blade
boundary layer along the blade due to the greater centrifugal forces| This
boundary layer effect will be influenced by Reynolds number, making direct
comparisons (or calibrations) with.sé¢ale model propellers difficult if other
differences exist. A major problem is the confusion of the effects of incorrectly
identified blade flexibility with actual Reynolds number effects. Most models of
course can be regarded-as being rigid but very large models which yndergo

deformation may-add to the uncertainty level.

4.5.2 Large Wind Tunnel Test: A turboprop test in a large wind tunnel was poted in
Section4.3 to be less than ideal as an element of determining inflight thrust .

One; however the ONERA wind tunnel at Modane, France has sufficient size to
accommodate large propulsion systems and operate at cruise mach glumber

approaching 1.0. It could therefore be used as a proof of methodology test to

validate sub-scale projections to full scale. Even though it has a large test cross
section (8 meter diameter), model corrections would still be needed, namely
testing scale models in a wind tunnel and in an isolated environment to get
appropriate corrections for wind tunnel constraint effects. Full scale tests in this
wind tunnel will have compressibility effects, but Reynold's Number adjustments
will still be required. It should be noted that these tests are quite expensive which
would probably limit the number of tunnel runs/entries.
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4.5.3 Altitude Test Facility (ATF) Freejet Tests: As explained by H. Glauert (Reference
18),"it is to be expected that the tunnel constraint on an airscrew in a free jet will

be negligibly small since the stream surrounding the slipstream can contract and

thus maintain the same velocity and pressure as the undisturbed stream in front of

the airscrew." Glauert further states that "...the interference of an airscrew in a

freejet does not become appreciable until the diameter of the airscrew exceeds 60

percent, or perhaps even 70 percent, of the diameter of the jet.'

The fr

ejet test concept is used in today's propulsion altitude test facilities t

provid
occur
accor
and te
and g\
exhauj
41). 1
turboj

e the means to simulate flight external flow conditions and patterns s
within the aircraft operating envelope. Freejet flow simulation.is
plished using an air supply plant to condition the intake air;to the pre
mperature representative of the flight airspeed and altitude, a nozzle tq
jide the flow to the desired flight airspeed and aircraft altitude and an
5t plant to maintain the test cell at the proper altitude static pressure.(H
0 date, ATF freejet facilities have primarily, been employed for ramje]
et missile system tests with limited propeéller engine and propeller uni
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Figure 41 - Turbo-Prop/Engine Freejet Test Installation Schematic
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A freejet test installation used for an aircraft with a 7.5 ft diameter, three bladed
constant speed propeller is presented in Figure 42. The aircraft fuselage was
installed in the test cell with the centerline of the propeller aligned with the air
supply duct and the propeller plane one foot downstream of an 8.5 ft exit diameter
air supply nozzle. The divergence of the air supply nozzle from 8 to 8.5 ft
diameter was intended to relieve the upstream air blockage effect from the

spinner. The aircraft wingmounts were used to support the fuselage on shock
mount fixtures located in the test cell. The test cell mounting fixtures had a six
degree pitch capability from the horizontal plane. A propeller wake survey total

pressure rake with seven probes was used to measure the total pregsure profile
behind the propeller. Although the propeller to freejet diametér ratjo of the test
exceeded Glauert's guidelines (i.e., 0.88 vs. 0.6 -0.7), thé total pressure survey
immediately down stream of the propeller produced profiles which|compared
favorably with flight test results (Figure 42). These results are not absolute proof
of the facility viability, but does show promise that a free jet may jrovide

- acceptable results in a low speed regime.
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Figure 42 - Comparison of Propeller Wake Survey Data
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A freejet test installation used in an altitude performance evaluation of a propeller
driven ram air turbine (RAT) unit is presented in Figure 43. The RAT was a
four-bladed, axial-flow variable pitch turbine with a propeller blade diameter of
twenty-one inches. The RAT was mounted on a support cart which could be
remotely positioned along fixed guide rails. During the tests, an airstream survey
rake was used to correlate air speed in the flow nozzle with the airspeed profile at
the propeller inlet. The propeller to freejet diameter ratio used for this test was
0.5. No direct flight flowfield data were available for comparison with the freejet

ﬂOW imulation: howeve € bine power outp nerformance for the ground

and flight tests were the same throughout the entire operational envelope!
posed freejet installation for a full-scale, propfan-powered ¢ruise misgile
whicH uses an integrated thrust balance measurement systemds'shown in Figure
he force balance system employed is similar in conCept to the force balance
systems used in wind-tunnel model tests.

An advanced freejet test facility concept that can be used to support propell¢r
testing is under development at the ArnolddEngineering Development Center
(Figure 45) and is scheduled to be operational in early 1992 (Reference 24).
This facility has a combined capacity to test full-scale engines and vary fregstream
flow Mach number and flow dngularities at rates representative of today's

subsopic cruise missles. The facility's freejet flow field is provided with a

2 with and aspect ratio of 0.[72.

subsopic nozzle which has an exit area of 77 ft
The npzzle attitude positioning mechanism provides continuous nozzle pitch
capability from 45 degrees positive to 10 degrees negative with a combined yaw

capability of plus or minus 10 degrees. Using Glauert's criteria, the facility with

the 77 fi2 nozzle can test an engine with a 4 - 5 ft propeller diameter. The facility

freejet operational envelope with the 77 ft2 subsonic nozzle is shown in Figure
46. This same facility also has an auxiliary test leg that, based on Glauert's
criteria, can test a nominal 8 ft diameter propeller at 0 degree pitch and yaw
attitude. It should be pointed out that this technique has not been validated for
high speed propeller performance. Validation of the methodology with a subscale
freejet and wind tunnel testing may be required.
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Figure 43 - Freejet Ram Air Turbine Test Installation Schematic

4.5.4 Full Scale Self-Powered Rig: The concept of such device is|shown in
Figure 47; it can function as a calibration vehicle in the same manngr as the large
wind tunnel of Figure 48 but with the advantages of on-site availability and
relative cost. Figure'48 shows how it or a large wind tunnel function in the
process of calibrating small scale wind tunnel model data and extending it over the
flight envelope at full scale. The rig imposes constraints on the propeller
operation, compared to ‘free air' or a good wind tunnel and these effects have to
be identified by a separate exercise (see Figure 49)

Three other points should be mentioned: 1) A design data bank does not exist
specifically for a self powered rig, therefore a certain amount of caution should
be exercised in the initial design. Additionally a propeller is a poor compressor,
i.e. the static pressure rise through the disk is small. Since the rig is an open
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Figure 44 - Proposed Propfan Cruise Missle Freejet Test Installation Schematic

Figure 45 - AEDC Subsonic Freejet Installation with Pitch/Yaw Capability
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Figure 46 - AEDC Freejet Capability with 77 ft® Subsonic Nozzle

circuit device, with the air starting and finishing at ambient static p
pressure losses in the circuit should be minimized, requiring that
straightening devices, silencing devices and turbulence control dev
carefully designed. The flow process may be usefully enhanced by
an efficient diffuser in the exhaust system. It can be seen that
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Figure 47 - Full Scale Self Powered Rig
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[

the effective 'forward speed’ produced depends on the success of the detail
design and the precise degree of simulation may not be known until first test. 2)
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Mechanical resonance, induced by 'organ piping' may be a community noise
problem, as well as a mechanical problem, requiring a separate development

Wind Tunnel
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Figur¢ 48 - Thrust Substantiation
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-

Figure 49 - Rig to Free Air
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program on the rig itself. 3) The calibration procedure is complicated, involving a
prior calibration of rig constraint effects. As with the large wind tunnel
calibration procedure, there is the danger that the genuine scale effects (Reynolds
number and manufacturing details) may be obscured or corrupted by poor
flexibility simulation of the scale models.

4.5.5 Aircraft Flight Tests: The large propeller stream tube requires a thorough
examination of the interference effects between propeller/nacelle and

powerplant/aircraft using wind tunnel model and/or analytical techpiques. When
accomplished, it is possible to relate propeller speed, pitch andpower to
powerplant net thrust.

Direct measurements of pylon (strain-gauged) thrust or propeller wake (traverse)
momentum are not only difficult but of limited use because of mechanical/flow
interferences. It can be seen from the foregoing that an aircraft measurement
procedure can exhibit all the uncertainties of Section 4.3.2. It can however
provide a potentially satisfactory result if a means of resolving the differences
between aircraft drag and powerplant thrust which occurs because of mutual
interference is logical and available. General guidelines for flight tgsting are

discussed in Section 5:0.



https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE

AIR4065A

Page 110 of 215

This Page Intentionally Iteft Blank



https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE AIR4065A Page 111 of 215

S FLIGHT TEST APPLICATION SUGGESTIONS:
Flight testing of an instrumented aircraft and propulsion system is the final step in
the thrust determination process. It is through careful flight testing that the
integrated values of thrust and drag used to develop the aircraft performance
model do, in fact, accurately describe the aircraft performance. If flight test data
and analytical model predictions disagree, further tests or analytical rationalization
should be pursued until a reasonable degree of agreement is reached. This section

addresses the basic requirements and some considerations which sl'jould be
observed to extract the maximum benefit from the flight test yalidation portion of

the thrust prediction process.

Historically, there have been several propeller powered aircraft programs that
attempted to compare the in-flight thrust projection based on propulsion system
data to the in-flight thrust implied from airplane drag characteristics| In general
these attempts resulted in a thrust estimate-discrepancy of several pearcent. The
open literature is void of informationtwhere these discrepancies werte resolved or
attempted to determine if the inacourate projection was attributable t the
propulsion thrust prediction or-to the airplane drag prediction. In al] cases the
difference was attributedte-an undefined airplane/propeller interactipn and the
total aircraft system performance was adjusted accordingly.

This document-attempts to present 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 assogiated with

the’determination of aerodynamic characteristics are beyond the scope of this
‘dvcumk—h"ﬂﬂﬁerppmﬂweﬁnodmemmnthIid In-Flight

Drag Determination) presents methods for determining turbofan powered drag

characteristics. The performance of the propulsion system is determined by ATF
tests and based upon this the airframe drag is determined. In the case of the
propeller/propfan propulsion system, the interactions of the propulsion system on
the airframe and the airframe on the propulsion system may preclude the
validation of the propeller/propfan system by ATF testing and requires a build up
of the propulsion system increments.
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Propulsion system and airframe scale model tests may be required to form the

basis of an accounting system for the validation of flight test results. These

models must be as large as practical to minimize Reynolds number effects.

5.1 Fundamental Program Requirements:

There are two basic requirements for a successful flight test performance

validation program; 1) An appropriate analytical model must exist. 2) The flight

test program should be meticulously conducted using appropriate procedures and

equipn

5.1.1 Basic And
analyti

5.1.1.1 Analytid
combi}

and wind tunnel test results. When complete, they’should provide the two

follow
availal
propul
predicy

simulation calculates the available shaft horsepower from the engine parame

that wi
presen
power
propul
analyti

lytical Model Requirements: The following factors regarding the
cal model should be considered prior to initiating a flight.tést program.

al Model: The analytical models are normally developed from a

ple from the propulsion system for-all operating conditions. This
sion simulation combines the engine and propeller characteristics and

11 be monitored during the flight tests. The engine simulation may be|
ed in the form described in Reference 4. The simulation then convergs
to propelleér'thrust using either the J or Theta method. Secondary

cal model.

2) The

airframe analytical model should describe the aero force and moment

nent. Comments regarding these two requirements are presented below.

ing basic functions; 1) The propulsionimodel should predict the thrust

nation of airframe and propulsion system perfoermance, analytical estifnates

s the available thrust for,any-aircraft operating condition. Essentially, this

ters

Kion system thrust/drag effects, such as core thrust, are also included in the

characteristics of the aircraft for all operating conditions, including the effects of

the numerous interactions of the propulsion system. This portion of the analytical

model is usually presented in the form of drag polars, or lift/drag characteristic

plots. Discrete polars are generated for each significant aircraft configuration or

condition (e.g. gear, flap and spoiler positions, Mach number, etc.). Aircraft

performance may then be predicted by combining these two portions of the

model.
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5.1.1.2 Documentation: The data, procedures and (wind tunnel) test results used to
develop the model should be clearly recorded. This foundation provides an easily
traceable path in the event that later investigation are required to resolve
disagreement between the model and the flight test data.

5.1.1.3 Model Availability: Itis advisable to have the analytical model well defined prior
to the initiation of the flight test. This allows the performance engineers to review
factors which may potentially affect performance and thus guide decisions on the
types of instrumentation and tests to conduct.

5.1.1.4 (Bookkeeping: The airframe and propulsion system performance engineers should
agree on the form of the model and on the book-keeping system to be used. This
agreement should help focus efforts on the resolution of later probl¢ms and help
to avoid unproductive disagreement on how to handle potential model/flight test
differences. Reference 4 provides nomenclature' which can be used| to standardize

the model description.

5.1.2 Basic Flight Test Program Requirements: Two general categories of testing are
usually involved in the performance validation process. The first category
includes all flights and ground-calibration which are required to estgblish the
detailed effects on thrustand drag of significant aircraft components. These tests
should include, but.not limited to the following:

Aircraft static pressure instrumentation calibration

Engine air inlet ram recovery and temperature rise tests.

I - 1 P | 1 4+ e —t 4+
LEITEHIC VAITAUSL TTUW LHAldUILTISHILS HHITASUITITIIVIIT LSS,

Aircraft outside air temperature probe calibration tests.

Flow field surveys, particularly in the propeller flow field.

Engine heat exchanger cooling flow effects.

(See Appendix B for additional items)
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Many other detailed tests may be necessary depending on the potential effects of
each component. In more elaborate programs, tests may be conducted to
investigate the effects of most of the factors identified in Paragraph 3.2.3. In
many practical cases, these tests are limited, however, by schedule or cost
restraints.

The second category of flight test includes the flights dedicated to total aircraft
performance measurement. This type of test provides the data required to
determine the basic lift and drag characteristics of the aircraft for particular

conflitions. The following paragraphs provide further discussion of the flight test
datg, instrumentation and methods required.

5.2 Flight Tast Data Required:

Thefre are several types of flight test that can be performed to determine in-flight
thryst. (Reference AIR 1703) Level cruise operation with appropriate airplane
wind tunnel drag data gives a direct indication'6f the propulsion system net thrust.
Climb gradients and rates of acceleration also provide an indication of the
propulsion system thrust. There are two approaches that can be pursued fto
detgrmine the net thrust 1) Aircraft-characteristics can be measured and gdjusted
with appropriate wind tunne] datd to quantify the airplane drag, hence inferring a
propulsion system thrust, 2) Measure the pertinent engine parameters ard after
adjystments with appropriate propulsion wind tunnel model data project what the
propulsion system thrust is. If executed correctly these two approaches should
yield the same‘answer within uncertainty constraints.

5.2.1 Aircraft Aéredynamic Data: In virtually all flights, the basic aircraft operating

condition-should-be-defined—TFhisincludes-the-atreraft-configuration-and-the basic
aerodynamic condition of the aircraft. The aircraft configuration data includes a
record of the aircraft weight and center of gravity and the configuration of flaps,
gear and spoilers. Figure 50 illustrates the relation of the sensed parameters to the
calculated parameters for the basic aerodynamic data including airspeed, altitude
and temperature. This relation is valid not only for the general aircraft flowfield,
but for instrumentation in other specific flow field, such as the engine air inlet.
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P t Values Required
Sen:;:r;? I;c_ll(sght Intermediate Calculations foE l;fnr{’:r:lps‘a)r:lce
Pressure
/v Altitude
Ambient o Ambient > Equivalent
}S)ztic >4 Density Airspeed and
ssure A Calibrated P
Airspeed
Total
Pressure \
Mach No. # True Airspeed
Total \3 Ambsient/ p Local Speed/
Temperature P Static of Sound
Temperature

Figure 50 - Relation of Sensed Parameters to Required Performance Aerodynamic
Data

5.2.2 Bropulsion System Data: All flight tests pertaining to performance shpuld acquire
data which defines the propulsion system condition. This includes|the following
typical parameters which may be derivations and /or measurements

Basic condition of each engine-(operating, windmilling, feathered)

Basic power output level
Shaft power
Shaft rotation speed
Shaft torque
Acgessory power extraction
Bleed air extraction

Secondary power output level
Exhaust thrust

Significant Drag Parameters
Cooling system
Vents
Excrescences etc.
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Other power setting or measuring data is also normally recorded. This data
provides information required to set power (in flight test and later in normal
operations) and it provides data relating to engine health. Examples include:

Engine fuel flow

Engine turbine temperature
Engine rotor speeds
Propeller blade angle

Figure 51 illustrates the relation between the basic propulsion system opérational
measpirements and the parameters normally used for thrust determination in the

analytical model.
Intermediate Valucs Final
Mcasured Calculated
Paramecters Calculated Values Value

Blade Angle § — —

——
—
el
—_—

Shaft Torque*-————————F SHP ——
7 1A
Shaft RPM % Cpa Cpoy — — ———————=————— Ker

Density —>§?V/\‘;n — %

Prop’r Diamcter — - ]

: sy N e 6Method
Flight Velocity J Method
4 A Gearless Sysiem Uses A Computed Torque From Measured Power Turbine Parameters i
Static Pressure Single probes or rakes required
Tptal Temperature ——=———9 to determine airflows, such as
Total Pressure cnginc inlct, exhaust or heat
exchanger flows
Typical in-flight enginc
Pfop Shafy Tarquc data required to validatc
Ptop ShaftRPM P cnginc analytical modcl
Fcl Flow power output predictions
Blcéd-Air Extraction
Atcessory Powcer Extraction
Turbine Tempcrature
True Airspeed

Ambicnt Air Density

L

Figure 51 - Relation of Measurements to Parameters Required for Thrust

Determination
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5.3 Instrumentation Considerations:

Although the instrumentation package for a performance measurement flight may
be quite sophisticated, including automated acquisition and telemetry capabilities,
the basic guidelines for this equipment are relatively easy to define. They include:

The sensors should have proper range.

The sensors should be sufficiently rugged for the purpose.

54 FH

jght Test Methods:

The sensors should be unobtrusive, thereby causing minimal changes to the
parameter being measured.

The readout, or acquisition/readout, equipment should not introduge significant
errors and should provide legible displays with’ appropriate engingering units.

Several documents exist which provide details regarding the selection and use of
instrumentation systems. Reference'S provides typical installation requirements
for the engine instrumentation.-References 6 through 11 provide general
information pertinent to basic airframe instrumentation (airspeed, altitude and
temperature) required for-performance testing. Reference 21 contgins definitions
of standard temperature measurement nomenclature which apply t¢ both the
airframe and the\propulsion systems.

_Specific discussion of flight test methods are contained in Referenre 21 and

5.4.1 Cruise Speed/Power Flight Test, Steady State Cruise: This type of test requires the

aircraft to be stabilized in level, cruise flight while airspeed and power data is
taken. Data is taken at various power settings between maximum and minimum at
each of several altitudes. This data is then reduced to the drag polar format for
comparison to the analytical model. The balance of thrust and drag elements
resulting from this maneuver is illustrated in Figure 52. If the aircraft is flown at
or near the full-scale reference condition, the relationship between the overall net
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thrust, F'y, and the airframe drag, Dgg, is clearly established as

F'N =Dars (89)
Furthermore, deviations from the reference condition could be used to validate
incremental changes in installed propulsive force from

T AF = AD (90)
where the corresponding drag increment, AD, will be known from the throttle-
independent airframe drag polars which constitute Dgs. It is noted that only the

aggregate of AF terms, denoted by the symbol X, may be determined without
more-detailed instrumentation than is usually available in flight tests.

Consgquently, wind tunnel tests would be needed to assess the relative
magnijtudes of the AF terms.

L
A
F + 5 AF ~a—— é ;——>I%FS+AD

\
W

h = constant
L=W
V= eonstant
2 AF AR op ARy - ADgy- AFypipy etc.

Feit ZAF = Qpgr AD
Figure 52 - Constant Speed, Level Flight Validation of Overall Net Thrust} F'y;,

at the [Full Scale Reference Condition

5.4.2 Climb Tgsts: This test provides airspeed, power and rate-of-climb data for thq

aircraft@at'a number of constant airspeeds over numerous small altitude bands.

The data may be converted to the drag polar format and it can readily be analyzed
for maximum climb capabilities of the aircraft. The advantage of this test over the
cruise speed power test is that high power, low airspeed data can be obtained. It
has the disadvantage of repetitive, meticulous flight condition set-ups. This test
requires rapid data acquisition at multiple points during each climb segment.
Typically, various aircraft configurations (flap and gear position and engine out)
are investigated using this method. Each segment described is at a quasi steady
state condition, not a transient condition. The balance of forces in the flight path
direction for this maneuver is illustrated in Figure 53. Here, the propulsive
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increments over the level-flight thrust may be validated from
X AF =W Siny 91)

543 01

V= constant
X AF =W siny \

2 AF = ARe; ARy - AD.y- AFypip- etc. 2

net

Figure 53 - Constant Speed Climb Validation of Thrust/Drag Increments from
Full Scale Reference Condition

escent (Including Feathered Descents): This test is similar to the climb test in the

type of data acquired and the manner in which the data may be used. The
advantage of this test ig-that it provides aircraft lift/drag data with minimal
propulsion system interactions. In the extreme case of descents with the
propulsion systém inactive and the propellers feathered, observatiops of the
aircraft basi¢.drag characteristics can be made. The disadvantage of this test is the
meticulous, repetitive test setup requirements and, in the feathered propeller case,
the porential inability to restart the propulsion system following a planned descent
segment. As in Section 5.4.2, each of these segments are at a quasj steady state

condition.

5.4.4 Level Acceleration Tests: This test involves a steady acceleration from a low speed

to high speed at a constant altitude. This test is used in lieu of the climb test for
aircraft which have operating characteristics not conducive to the climb test profile
(high climb performance, low endurance). The very nature of this test precludes
an absolute steady state condition, (See SAE AIR 1703) for more general
information on this type of testing). The balance of forces for this maneuver is
illustrated in Figure 54. For the acceleration maneuver, the propulsive increments
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over level-flight thrust at constant speed may be validated from

_Wdv
Y AF = g dt (92)
i
Eeit ZAF  —— — D 4 W dv
AFS g dt
Y
w
h = constant
ZAF = AR ; ARy - ADyp- AFypy- efe.
sap - W4V
g dt

Figure 54 - Level Flight Acceleration Validation of Thrust/Drag Increments from
Full §cale Reference Condition

5.4.5 Other Tests: Other tests may also be required to study propulsion system
interactions. Any of the items discussed in paragraph 3.2.3 may require dgtail
testing. Instrumentation validation or calibration tests, such as temperaturg probe
ram recovery factor tests or propeller shaft torque meter calibration tests, may also
be required.

5.5 Data Redug¢tion Techniques:

Varioustechniques exist to convert flight test data into a form which can be

directly compared to the analytical model. Care should be taken to assure that
whatever technique is used relies on accepted aerodynamic and physical
principals. References 21 and 22 offer convenient and accepted procedures.
Included in these documents are the aerodynamic relationships required to
progress through the steps shown in Figure 51.
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6. NOTES:
6.1 Revision:
This is the initial publication of this document.

6.2 Warnings/Cautions:

Jhi&dmumﬁumommxminmndedm_bensed.zs.a_speciﬁuﬁin or any form
of legal document. Other cautions & warnings are throughout the document as

required.
6.3 Other:

None
6.4 Keywords:

IFTD

Inflight Thrust
Propeller
Propfan
Propulsion
Thrust

UDF

PREPARED BY SAE SUBCOMMITTEE E-33D, PROPFAN/PROPELLER IN-
FLIGHT THRUST DETERMINATION
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APPENDIX A
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NOMENCLATURE

Ay - Cross sectional area at station xx

ADyg - Slipstream induced force on hub

ADgq - Slipstream scrubbing force on propeller shaft (not the same as
ADg; in the report body

F'N ——Overallnetthrust

P - Average static pressure

Th - Free air thrust

T - Apparent thrust

\% - Delta velocity due to propeller in the-plane of the propeller

v - Average velocity

Vo - Free stream velocity

w - Delta velocity due topropeller at an infinite distance downstream

Wy - Mass flow through/the propeller

p - Ambient density of air

A.1 Actuator Disk Theory:
The actuator disc concept may by used to relate the overall net thrust to the flow

conditions at the propeller. (These conditions are needed to estimate the force on
a body immersed in the slip stream such as a nacelle.) To do this, a uniform,
steady, incompressible adiabatic flow of inviscid fluid is assumed to pass through
a vanishingly-thin disc resulting in the one-dimensional flow shown in Figure
Al. Because the disc is very thin, the velocity on either side of the disc must be
constant to preserve continuity, hence the free air thrust reduces to:

Free Air Thrust, Tg, = A(p13 - P12) (A1)
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Furthermore, the absence of dissipation allows equating the overall net thrust to

the free air thrust.
Thus: F'y =T, (A2)
Fy
WO VO Tfa \,0 +Vv
2 » e
| o0

0 1213
| Area, A

Figure A1 - Isolated Actuator Disc

Now, Bernoulli's equation.may be applied in such flows to any tw¢ points on the

same side of the disc.

Upstream:
pr2+5 (Vo + V)2 =po+5 Vo? (A3)
Dewnstream:
D ya D L ¥ AN
p13+5(v0+V)7=p0+§(v0+W)7 (A4)
Subtracting:
P
p13-pi2=5 ((Vo+ w)2 - (Vo+ v)* - Vo> + (Vo + v)2)  (A9)
=% (2WV0 + w2) (A6)

—pw (vo . w) (A7)
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therefore:
Ty, = pwA (vo s 5 w) (A8)

Next, the momentum equation applied to the streamtube equates the force Tg, to

the total change in momentum flux between "0" and "eo".

Tfa= WO AV = WO w (A9)
and the-mass flow is WG =pA (VG-J-V) (A10)
Thesg¢ combine to give Tt = pwA (Vg+v) (Al1)

The two different expressions for Ty, given by (I) and (2), to'both be true, frequire
that

Al2)

N —
€
l
<

and spbstituting this into (2) gives:

Tfa = 2pVA (V0+V) = F'N (A13)

which defines the overallinet or free air thrust of the isolated actuator disc ip terms
of veTocity measurements at (or immediately behind) the disc. Equation (3) may

be used to determine apparent thrust of a propeller as well, provided that the
velocjty measurements are time averaged and an appropriate adjustment is made
for the swirl angle caused by blade rotation. These practical limitations on
meastrenment accuracy combined withra mot=so-welldefimed shipstrearmrboundary

immediately behind the propeller make the wake survey method less accurate than

a direct force method.
A.2 The Isolated Propeller:

The thrust and power characteristics of an isolated propeller are normally
provided by its manufacturer. These may be derived from wind tunnel test

measurements and/or test cell measurements and are presented in dimensionless


https://saenorm.com/api/?name=82fb6758f1e1c3999201abb170e0f425

SAE AIR4065A Page 127 of 215

form as tables or charts. Alternatively, they may be derived analytically from
blade element theory or, more recently, from advanced flow field analysis
methods. The measured thrust usually used to characterize propeller performance
is the force (called free air thrust) shown as T, in Figure A2 depicting an isolated
propeller test. The objective of the Propeller Test Rig (PTR) is to determine as
accurately as possible the free air thrust, T, excluding any hub forces. In practice
a small slipstream induced force increment AD may be implicit in the Ty,

force.

V0+W)

Figure A2 - "Isolated" Propeller Tested on a Propeller Test Rig (PTR)

The resulting net force therefore represents the blades-only part of the streamwise
force component, and its definition may be expressed either in terms of stream
quantities at the boundaries of an appropriate control volume or as the equivalent

mcremental force obtained from tests as follows:

Isolated Free Air Thrust,
Tga = Wo(V13 - V12) +P13A13 - proAjg or (A14)
= Thlades on - Thlades off + ADHSS (A15)
where: Wy  =total mass flow through the prop
\% = average velocity
P = average static pressure
A = cross sectional area at station x
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\4 = delta velocity due to propeller in plane of the propeller
w = delta velocity due to propeller at an infinite distance

downstream

The force Ty, is more appropriately called isolated apparent thrust because it does

not include hub and spinner forces, Tg, = T

Over

Net Thrust is defined in accordance with AIR 1703 as the reaction

which equates to the change in momentum flux between far upstream(sta.

and far downstream (sta. "eo"). It must, therefore, include all forces exertg
the internal flow on all surfaces wetted by the internal flow between statior

and "po".

Overall Net Thrust, F'y =Wy (Vg +w) - WV

wher

or alt

= WO W
e F'y = Overall Net Thrust
w = induced slipstream velocity at oo

ernatively as
Fn =Tt - Dy

wher¢ Dy is the total downstream force exerted on the apparatus (PTR) by
propulsive stream. (Analogous to Dyj,¢ in Section 3.1.1.1)

orce
IIOH)

d by
lS IIOII

A16)
Al7)

Al8)
the
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APPENDIX B

Sampte Calcutationof Propfar Thrust

(PW-Allison 578DX on the MD-80)
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NOMENCLATURE
A - Cross sectional area (identified by location)
Cs - Core nozzle flow coefficient
Cp - Drag coefficient
Ce - Skin friction coefficient
G - Power coefficient
Cs - Stream thrust coefficient
C, - Thrust coefficient
Cy - Core nozzle thrust coefficient
D - Equivalent duct diameter
Fq - Stream thrust
Al - Incremental duct length
MN - Mach number
Pamb - Ambient pressure
PL - Local static\pressure
Ps - Static pressure
APt/PT - Totdlpressure loss (identified by system/component)
q -"Dynamic pressure (P - p)
RN - Reynolds number
Ty - Apparent thrust
Tt - Total Temperature
W, - Weight flow ~ Ibs/sec
We - Fuel flow ~ lbs/sec

W, - W, + Wy ~ Ibs/sec
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Y - Ratio of specific heats
o - Ratio of ambient static pressure at altitude to S.L.Std static
pressure
0 - Ratio of ambient static temperature at altitude to S.L.Std static
temperature
B - Blade Angle at .75 Propeller Radius

B.1 Introduction

step-by-step procedures and details of the calculations used to predi
thrust of the PW-Allison 578DX prop fan demonstrator engine that
tested on the MD-80 aircraft during the first half of C.Y. 1989. Of
methods and considerations covered in Sections 3 to 5 the methoddg
within this appendix is the one thatbest suits this particular propuls

facilitate use of AIR 4065,

B.2 Propulsion System Destription

The 578DX Wwas a turboprop propulsion system demonstrator engir
producing 20,000 pounds thrust at sea level static conditions.

A cross-section of the 578-DX propulsion system is shown in Figy

This appendix presents the flight measurements, supportive model ttesting, the

ct the in-flight
was flight

the optional
logy presented
ion system

and its flight test installation. It 1S presented here as a typical numetic example to

e capable of

re B1. The

power section supplied by Allison includes a new low-pressure compressor

(LPC) and intermediate support, modified Allison Model 571 gas generator and

power turbine, and a new accessory gear box. The gear system supplied by

Allison was a differential planetary configuration with a speed ratio of 8.3 to 1.

This gear system permitted independent speed control of the two propfan rotors.

The gear oil was cooled with an air/oil cooler assembly provided by Stewart

Warner. The cooling air flow rate through the heat exchanger system was

controlled with a modulating flap nozzle.
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The propfan module, supplied by Hamilton Standard, included two rows of 11.6-
foot diameter swept blades, six in the front row (counter-clockwise rotation
viewed from the rear) and six in the rear row (clockwise rotation). This system
had electrically actuated, variable blade pitch with mechanical pitch lock, full
reverse and feathering capability, overspeed protection, and mechanical minimum

blade angle features.

The engine exhaust system consisted of 9 lobes with circumferential width
selected to avoid having the exhaust gases impinging on the propfan blades

exceefl an average temperature of 500 degrees F, and to minimize performance

losseq (only the root of the propfan blade is affected by the exhaust gases).
Figurg B2 Shows the Lobe Nozzle Assembly viewed from thérear

Figures B3 and B4 show photographs of the propulsion’ system installed on the
MD-§0 flight test aircraft. Details of this propulsion.system and the flight t¢sting
are avjailable in the open literature in numerougpublications, for example
Referpnces B1 thru 4.

7

B-stage
low pressure
COMprassor

‘\ Etagtron

AT PPV
FIMOAWE

Figure B1 - 578-DX Propulsion System
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Figure B3 - 578-DX Installed on MD-80 Flight Test Aircraft
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Figute B4 - 578-DX vs. JT8D-209 Installation

B.3 Thrust/Drag Accounting Definition:
The ¢ontrol volume used to calculate the S78DX net thrust is shown in Figure

BS. Vectors pointing upstreatn (right to left) are the thrust terms; vectors pointing

A/O Cooler
Jet Thrust

rent Prop Thrust (T, )

|
TZ=X Nozzle Lobe
Engine -~ ~— Form Dmag
Ram Drag = =
Nacelle {_
- Nozzle AT, DuetoJet

Pylon Jet Thrust
Drag

e T T 1)

172 Airplane Drag

Figure BS5 - Airplane and Engine Forces Used to Solve Momentum Equation

f—>
dF=0
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B4 M

downstream are drag terms (exception: degradation of apparent propeller thrust
due to jet effects = ATs). Titles for the major thrust/drag components are

indicated on the figure.
The momentum equation gives:

0=, (Thrust ! - Drag Components)

(B1)

Defining net thrust to be equal to the retarding airplane drag, the thrust/drag

components can be rearranged and collected into the form:

Apparent
ropeller Thrust - ATy due to jet) *

(Nozzle Jet Engine Ram) C

Net Thrust = (P

Thrust Drag
(Nacelle + Pylon + Nozzle Lobe + Spinn
Drag Drag Form Drag Drag
(A/O Cooler

Jet Thrust ~ AJO Cooler Ram )

rasurements Recorded inFlight Test

There were 260 channels for data acquisition devoted to the propul
The test priorities were (1) safety of operations, (2) system operabil
structural design data, (4) acoustics and finally (§) performance. T
pieces of instrumentation were allocated accordingly. Fortunately,

These collections of thrust/drag components are solved in section B.7.

sion system.
ity, (3)

he number of
relatively few

ted for calenlating o Isi

thrust. These

parameters are tabulated in Table B1. An in-flight thrust projection was made

using the combination of these measured parameters, cycle analysis and

model/rig/component test data.

The test point selected for this exercise was a low speed, low altitude climb
condition. Values that approximate the data averaged from 5 repeat tests are

1This is

a "Net Map".
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tabulated next to the parameters in Table B1. The Mach numbers recorded during
the five flights varied from 0.24 to 0.32. A nominal flight Mach number of 0.3
will be used in the sample calculations.

Table B1 - Measured Parameters Needed for Propulsion Thrust Determination

Example Case: Low Speed Climb Testing PWA-Allison
578DX in MD-80 - Average of 5 Flights

Aircraft Engine
Approximate Values Approximate, Values

P2 14 psia N Prop Fwd 1200RPM
Altitude 2780 Ft N Prop Aft 1200 RPM
Pamb 13.15 psia Q (Torque) to Gear 3580 Ft-lbs
Tamb 7°C W Fuel Flow 3500 Lb/hr
MN 24 32 2.4 Bleed Port 7%

P 25 21.5 psia

ps 2.5 } From MNProbe  7o% psia

T 2.5 Synethsis (Control) 35C

psNozzle 13.4 psia

N Power Turbine 10,300 RPM

pA/O Cooler Inlet Press 13.73 psia

T A/QCooler Exit Temp. 139 °F

B.5 Model/Rig/Component Tests

B.5.1 Propeller Model: The J Method (Section 3.4.1) was used by Hamilton-Standard to
calculate the propeller-thrust. Initially these maps were generated using anglytical
predi¢tions. The performance was later verified by model tests.using the tgst set-
up shown in Figure B6. The counter rotating props were driven by air turbines
from the rear. The propeller blades and hubs were metric with both thrust and

torque being measured.

The propeller diameters were 24.1". This gives a Reynolds Number of
approximately 700,000 when run in an atmospheric tunnel, which is large enough
to avoid large scaling corrections (Section 4.0, Figure 30). The airfoil shapes
simulated the full scale geometry when deflected by centrifugal load at high RPM.
Consequently, the experimental measurements needed no adjustments for scale
effects.
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Forebody with
Internal Burner

Metric CRP Assy.

/_ United Technologies

e - R

]

Non - Metric

Nacelle/Pylon Top View PTR Side View

X

Figure B6 - Counter Rotation Propeller Test Rig - 2 Ff Diameter Blades

A non-metric simulation of the pylon, nacelle; and flowing nozzles
positioned in front of the props (Figure B7): The nacelle was cont
the flow going into the first propfan row so that free stream veloci
root of the first blade. Also, the hubs of both propeller stages are

was
ured to retard
enters the
lindrical.

Therefore, there is no need forpressure-area corrections to the recqrded thrust.

The blade thrust can be defined as free air thrust, apparent thrust, of net thrust
(thrust definitions, Figure B1). The propeller thrust was obtained from the

rotating balance data and is the difference between running with bl

hdes on v.s.

blades off. Thiseliminates tare forces and the small amount of hul friction. The

hub friction-is bookkept as part of the nacelle drag. The measured parameters

were: RPM, balance force thrust, balance torque, static and total pr
temperatures of the external and nozzle flows. These allow calcula

essures and
Hon of power

(eoefficient (Cp), thrust coefficient (Cy) and advance ratio J (see Baslic Report

Nomenclature). Maps of these were generated similar to the one shown in Figure

B20.

The nozzle effect was demonstrated by establishing a basic set of maps without

nozzles, and then map the blade efficiency shift that occurs when the nozzle lobes

are installed and flowing at the exhaust conditions of the engine.
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Figure B7 - Close Up Photo Showing Lobed Nozzles/Nacelle Positioned In Front
of Test Propeller

B.5.2) Engine Exhaust Nozzle Model:” Approximately 1/6th scale models of the
engine exhaust system were tested’to determine thrust coefficients (C,) and flow

coefficients (Cy). These are'standard coefficients defined in AIR 1703. A
photqgraph of one of th€nozzle models is shown in Figure B8. A cross s¢ction
of the test set up is shown in Figure B9. The model air supply has a calibmated

venturi to determine airflow. The model is mounted on an upstream thrust
balangce to measure actual thrust. Charging station instrumentation (approximately
20 thermal-Couples and 40 pressure probes) at the nozzle entrance measure|

. 1 hd h P £ 1 11 3.1 3 Mt | h | 1 b
stagnatrotr ard static COTIAIIONS TOT [aedal trustand [eal arfiow carcuatons.

The charging station is located in a constant area section at a location that would
coincide with the turbine exit guide vane discharge which is the exhaust system

entrance.
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Figure B8 - 1/6th Scale Nozzle Model Fested Statically with Hot (5as

Total Pressure
Total Temperature
Measurement

Charging Station Lobe Exhaust | Nzl
CS.) l Nozzle xit

Balance
7
T Measured
H - Thrust

d 3 - ~Fg
Venturi ==
Measured ~W ., C> == é
Airflow

_________________ ___f_l___J_J_d_____F

Figure B9 - Typical Nozzle Model Test Arrangement

The nozzle C, and Cy curves are based on stagnation conditions at the nozzle exit
(station 8). The charging station measurements must be adjusted for the pressure
losses of the charging station instrumentation, and for the friction for the ducting
from the nozzle entrance to the exit. Any other unaccountable losses that might
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affect the actual thrust are buried in the C,g, Cyg curves. The equations for
adjusting from the charging station to station 8 are:

Skin friction total pressure loss is:

zzle
N]g)ut ,Yan A__l_

APy
QAT A ®3)

Pt

S.F

Whe:le Ct = Skin friction coefficient
Mn  =Local Mach number

Al = Incremental duct length
D = Equivalent duct diameter
Y = Ratio of specific heats

Instrymentation total pressure loss is:

2
APy YMn~ Apg

- 2 Afripow

Pr Cp (B4)

Inst

Where Cp  =Drag coefficient based on frontal area
Anng = Instrumentation frontal area
Agow = Local cross-sectional area

Mn = Local Mach number

. AP AP AP
Total|Losses: T l T T

Pr| " Pp TP
‘Model lEpsm 'Inst

(B5)

having made these adjustments the coefficients are presented in the format for
both model and full scale use as shown in Figure B10.
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Cvs

P13/Po

Figure B10 - Lobe Nozzle Thrust and Flow Coefficients

These curves can be used in a straightforward way at all times whe
are choked (super-critical nozzle pressure ratios) or are being used
quiescent environment when unchoked (exit staticpressure equals ]
pressure which in turn, equals ambient static pfessure). pgg, unchg
exit conditions will be affected by changes.to the local environmen
such as will occur when used in close proximity to the aspirated fla
front of the propeller; installation interactions could also affect the 1
changing the local static pressure\to values either higher or lower th
static pressure. At the selected sample calculation test point, the lod
pressure (average of 4 readings) was 13.4 psia, where as Pamb w4
though the adjustment is small, at other flight conditions it can beca
significant.

The adjustment for py_ # pg can be computed by solving the individ
that go.into C,, some of which are a function of pg, others of pgg:

n the nozzles
in a static,
ocal static
ked nozzle
lal pressure,
w field in
pcal flow field
an freestream
al static

s 14.0. Even
me more

hal elements

. Actual Thrust per pound of actual flow

Vv = Ideal Thrust per pound of actual flow

%
_Facwal /PTA
or Cv = *
Fideal/ PT A
but F =\mV + pA - DA
Actual ( p ) Ac%u o Psy8

(B6)

(B7)

(B8)
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Pr A cStual PT8 A
SO Cy= m (B9)
Figeal / PT A

(r'nv + EA) Psy Ag
A

ny + p p
(ml\)’ -:\*A) is a function of (v, %). Calling this Fg A / A", and defining
T Actual 8

_ (Fs Al A*\)Actual

G, = (B10)
8 *
(Fs AlA )Idcal
can bg arranged to solve for Cg, or:
Cy (Fldeal/PTA ) P
C, = X 8 B11)
Fs =
A )8
Ideal

The model tests were conducted statically, so pg, = pg,. Cgg Was calculatedand is
also shown in Figure B10. So,.to use the model data, when Psg = Psy either the
C, cufrve can be used, or the'Cg curve in combination with (1). When Ps ¥ Psy »

the appropriate pressure/ratios must be used in (1) together with the Cg curye.

B.5.3 Air/Oil (ooler Calibrations: Stewart-Warner provided the heat exchanger system

that cgoled-the propfan module gearbox oil. A schematic of this system is $hown

NP
diffuser to the radiator face, 2 radiators in tandem, each having 300 in? frontal

atop theengi

area, a series of ejector nozzles behind the radiator driven by high compressor
bleed air for static and low speed operation, a constant area mixing zone, and a
modulating exhaust nozzle to control the amount of cooling airflow. A boilerplate
version of this system was built and tested to prove heat exchanger effectiveness
(Figures B11a through d). During these demonstrations the cooler airflow and
system total pressure losses were calibrated. Both are needed for thrust/drag

determination.
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Front View (Inlet)
Figure B11 - Views of Rig (a and b)
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ew (Flap)

Rear| Vi

iew (Flap)

Side V.

- Views of Rig (c and d)

B11

Figure
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B.5.3.1 Inlet Flow Calibration: Air/Oil cooler flow rates were correlated with static
pressure measurements taken 5.25 inches (see Figure B12) aft of the inlet
highlite. Flow was measured using a calibrated 6 inch orifice plate. The resulting
data were then non-dimensionalized and utilized per the correlation of Figure

B13.
wall
. E / 6 Orifice Plate
525 = =
H To Blower
Inlet
- \_ Boundary Layer Rake ) - )
(9 Probes) Static Pressure Taps |  Uséd in conjunction
with orifice plate
Static Pressure T calibration 1o get
(3Top, 3B ) Thermocouple mass flow
Figure B12 - Inlet Flow Calibration Instruméntation
1.00
\\

29 A

(-4 \‘:’\b\

(3]

2 98

[

&

E Symbal  P(psi) DistAftof HL. Date \

‘_E_ I a 14.33 5.25 03-30-87

o 144 525 04.04-87 \
.96 H
0 1 2 3 4 5 6 7

Corrected Flow Rate - Ib/sec

Figure B13 - Air/Oil Cooler Flow Calibration (Aft of Upper Lip Highlite)

B.5.3.2 Total Pressure Loss Through the Air/Qil Cooler System: The air flow path and
the cumulative total pressure loss through the system are shown in Figure B14.
The inlet and exhaust system losses are quite small and were estimated using skin
friction calculations and dump diffuser correlations. The largest total pressure
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loss occurs going through the radiator. This loss was calibrated by

Stewart-Warner using the rig shown in Figure B15, producing the loss curve

shown in Figure B16.

Top View

I
Exit Plane of
Ejector Nozzles
\

Side View \
/ Movable Flap
4
ft
o 3
2
1
3
-
g
P 0
[qn]
] !
Inlet Axial Distance Exit

Figure B14 - Air/Oil Cooler System Losses

o 1 2%s

TEST
UNIT

18%

60%—

e

Figure B15 - Straight Duct Calibration (Installation and Instrumentation)

AIR
SUPPLY

9" Duct
6" Orifice
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SAE
o
%— 400
)
2 300 AP
3
3 -—T=16.888(1+ 3315
[ q Wa
3
@ 200
(5]
A
g
£ 100
bl
A
8
& T
% T T p) 3 ] 5 6

Secondary Flow Ratio - Wa (Ib/sec)

Figure B16 - Total Pressure Loss Through A/O Cooler

B.6 Engine Cycle Analysis

B.6.1 Introduction: During the planning phase of the MD-80/578DX flight fest program,
each technical discipline submitted their'data acquisition desires. Typical of this
type of test, the instrumentation being requested greatly exceeded mgasurement

to be determined analytically by engine cycle matching analysis. The equations to
execute these calculations are not complex, but involve numerous steps and in
some cases iterations. These calculations were computerized, but for the sake of
providing visibility, a detailed sample matching exercise is presented in the
following text using the input from Table B1. The parameters are coded with
designations Ml through M14 and Nl through N6 to facilitate tracking of the

analysis (Table B2)
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Table B2 - Measured Parameters as Used in Computerized Calculations

A. Engine
M1 N Prop Face 1200 Rpm
M2 N Prop Aft 1200 Rpm
M3 NLow ’ 10300 Rpm
M4  Q(Torque) to Gear 3580 Ft-Ib
M5 W Fuel Flow 3500 Ib/hr
M6 Pas (21.5/14.7) = 1.463
M7 PS2s 18.6 Psia
M8 P Burner 278 Psia
M9 P Nozzle Avg. of Four 13.4 Psia
M10 2.4 Bleed Stroke 7%
M11 T2Control Sense 49.1 °F
M12 Prop Pitch Face 40.5 Deg
M13 Prop Pitch Aft 40:2Deg
M14 T, 5 Synthesis Control 35°C (95 °F)
M15 825 (21.5/14.7) = 1.463
M16 635 (35 +273)/288 = 1.034

B. Aircraft Parameters

Nl P, 14.0 Psia
N2 . Altitude (Press) 2780 Ft
N3)" P amb 13.15 Psia
N4 MN 0.3

N5 Calculated Air Speed 330 Fi/sec
N6 Tamb 44.6 °F

B.6.2 Calculate Turbine Discharge Pr and T1: The basic approach is to calculate T exit

based on overall energy balance, using airflow as measured by the calibrated Mn
probe, plus fuel flow, less bleeds. Then to calculate the required PTexit'

(A.) Calculate Wg exit = Wa Mn probe - Wa downstream bleed + W{/3600
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(A.1D) Wa Mn probe
43.5 Ib/sec Probe
Wa VoI5 Calibration
825

1.156 =21.5/18.6

PT/pl

Figure B17 - Mn Probe Calibration

V025 « d2.5
%25 8z

43.5x1.463
1.034

(A.2) Wa Mn probe = Wa

Wa Mn probe = = 61.5 1b/sec

{Sources: B.6.2-A.1 and Table'2 (A.6 & A.14)}

(A.3) Is 10th bleed on: YES - subtract 0.7% Wa

NO -0

YES: 007 x 61.5 = 0.4 Ib/sec

(A4) Wg exit = 61.5 - 0.4 + 3500/3600 = 62.1 1b/sec

{Sources: B.6.2-(A.2); B.6.2-(A.3); and Table B2,M3}

(B12)

(B) Calculated Trey;, using energy equation, flows calculated above, Ty

measured, and measure power extracted to drive the gearbox. In equation form:
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Trexit = [T, G (Wa Mn Probe + Wa OB2'4B1) + (B13)

to gear X N low 42.436
WfF x H.YV. - Q g5252 X 60 - T2_4 Cp W32.4B1 -

T10th Bleed Cp Wa10m Blcea ] / Cp W exit

(B.1) %WaQp 2 4 Bleed = 2.4 Bleed Stroke x 1/2 (Slope of stroke vs.
bleed at low stroke)

WaOB 2.4 Bleed = T% x 1/2 =3.5%
{Source: Table 2,M10}

WaOB 24 Bleed = 0.35x61.5=2.2 Ib/sec
{Source: B.6.2-(A.2)}

(B.2) TT 10th Bleed

T, 10th 620 °F

Figurg B18 - Bleed Schedule

Substituting back into general equation B13:

(B.3) Trexit=  L9.5+273)1.8x0.24 (61.5+22) +
3500 3580 x 10300 42.436

3600 * 18400 -——=535 60 -

(620 + 460) 024 x 0.4 | / (62.1 x 0.24)
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{Sources: Table 2,M11; B.6.2-(A.2); B.6.2-(B.1); Table B2,M5, M4, M3;
B.6.2-(B.2); B.6.2-(A.3); and B.6.2-(A.4)}

Trexit =  [508.5x 0.24 x 63.7 + 17889 - 7021 * 0,707 -
1080 * 0.24 x 0.4] / (62.1 x 0.24)

7811 + 17889 - 4963-104 _ 20596
TTexic = 14.9 =749 =1382R

_(C) Calculate Py o.;. by successive iteration using nozzle flow parameter curve

measured in model test program.

Wa VT

PT Exit

Ps Nozz

Figure B19 - Nozzle Flow Parameter Curve

(C.1) Assume Pt oyir = 1.5 X PNozz
=1.5xM9=1.5x13.4=20.1 Psia (B14)
Wa T )
(C.2) Look upm from nozzle curve:
453
Wa VT
A 15
PT

Figure B20 - Nozzle Curve
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WaT / Wa~T
(C.3) Calculate P exj = AC, / PrACy (B15)
{S : C Pr }
ource: Cgyvs. DS curve
62.1\1382 2308.6 .

PTexit =300 x 0.974 x 0.453 = 127.9 ~ 14> Psia
{ Sources:—B-6-2-(A-4); B-6:2-B-3)-and B-6:2(C:2)}
(C4) Compare C.1to C.3: 20.1=17.45

Recycle through iteration until C1 = C3 = 19.1 Psia

B.6.3 Calculate Power Extraction to Drive Propellers
. Q X NL

(A.1) Power into gear =%357 B16)

{Sources: Table B2, M4 and M3}

. 3580 x 10300
Power into gear = 5755 =7021 Shp

(A.2) Gear System Efficiency
From:Full Scale Gear Rig Test

Minus 24 HP
(Parasitic Loss)

Gear N

Figure B21 - Gear Efficiency
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(A3) Power into propeller = Power into Gear x Gear 1 -

24 (B17)

Power into propeller =7021x0.991 -24 =6934 Hp

ft-1b
= 3,813,700 Soc

{Sources: B.6.3-(A.1) and B.6.3-(A.2)}

B.7 Numerical Example to Quantify and Sum Thrust/Drag Components

B.7.1

L)

-

rem Prop Thrust (T, )
\_ | _

L]
=

— e

AT, DuetolJet

e —d

Figure B22 - Propeller Thrust Contribution

VI

Propeller Thrust Contribution: The map method for quantifying propeller thrust

The

approach to quantifying the propeller thrust was to use the cycle

__then used to calculate blade thrust.

relates C,, Ct and T at a given flight speed and a given blade anglg.

alysis power

extraction calculation from B.6.3 to compute Cp,, and measurements to determine
J, B.and flight Mach number. C7 maps provided by Hamilton-Standard were

The most straight forward way of generating the maps is to conduct parametric
tests of the model described in section B.5.1, installed behind a nacelle/pylon
simulation with flowing exhaust nozzles. However, thrust projections were
required before the tests could be conducted. Hamilton-Standard generated these
thrust projections analytically. Airfoil strip analysis was performed at numerous

cuts through the blade going from root to tip. Free air blade thrust and torque

was computed by resolving the incremental air foil forces into axial and tangential

components. Then, summing these cuts radially, efficiencies were determined
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and mapped. Because the velocity triangles are off-design when the blade passes
behind the engine exhaust nozzle, the calculations were repeated over the root
sections affected by the jet plume and a debit to efficiency was determined. The
root performance debit was proportioned by the % of the circumference occupied
by the exhaust jet.

The following numerical example shows how the maps, cycle analysis and flight
measurements (Table B2) were combined to calculate propeller thrust.

B.7.1.1 Calcullte Cp Treating Counter Rotating 2 Row Propfan as One Equivalént:
System: Cp _ Power 1;1to ?rop (B18)
p N’ D
N + N
Al Nprop =828 (B19)
_ 1200 ; 1200 _ 1200
{Sourges: Table B2, M1 and M2}
Substituting back into general equation for Cp;:
Power.into Prop
A2 =
@ p N3 D3
. (3,813,700) — 1.0508
p— 3 -_— .
0.00216 (%) (11.6)°

{Sources: B.6.3-(A.3) and Table B2, N1}

B.7.1.2 Computation of J: T =7°C = 504°R:

Sonic Velocity =y * G * R * T = 1100.6 ft/sec

Flight Mach No. =0.3
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Flight Speed = Mach No. * Sonic Velocity = 330.2 ft/sec

N = 1200 rpm / 60 = 20 rps
D=115ft
J=V/(N*D)=143

B.7.1.3 Calculation of Free Apparent from Thrust Hamilton Standard Provided Propfan

Map:
(A) Look up Crpg

Figure B23 - Propfan Map

(B) Calculated propeller efficiency
o Crs ;_0.497 x 1.43
NProp =Cp ** =7 1.051

=0.677 (B20)

B.7.1.4 CalculateJet Exhaust Impact on Propeller Efficiency and Thrust:

(Acl) Look up Vj - V effect on propeller efficiencies on curve provided
by Hamilton Standard. |
<%
A pey
V, -V, =882
V, -V,

J 0

Figure B24 - Loss in Propeller Efficiency due to Jet Effect
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(A.2) Compute Warm Propeller Effect
Nprop = 0.677 - 0.035 = 0.642

{Sources: B.7.1.3-(B) and B.7.1.4.-(A.1)}

(A.3) Compute Warm Propeller Cp
: NMwarm Prop X Cp _ 0.642 x 1.051
Ct warm Prop = — Jrop R~ 1.43 =0.472
(A4) Compute Warm Propeller Fyy

4.2
FN Warm prop = Cr D" N” p

1200

2
= 0.472 (11.6)4( ) 000216

60

=73901b

{Sources: B.7.1.4-(A.3) and B.7.1.1-A.1}

-

Nozzle
Jet Thrust

e s ==——d

Figure B25 - Engine Inlet Ram Drag

B.7.2 Engine Inlet Ram Drag and Nozzle Jet Thrust

B.7.2.1 Engine Inlet Ram Drag: Engine inlet ram drag is the product of captured engine
air times free stream velocity:
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B.7.2.2

Engine Ram Drag = mgngine Vo
where: Vo =330 fps
{Source: Table B2, N5 }

and: m = Calibrated Mn Probe + Bleed
= (61.5 Ib/sec) + (2.2 1b/sec)

LA Nt

= US IU/BLL

{Sources: Table B2, N4 and N6}

: m Vo
so: Engine Ram Drag =—

g
_ 330 x.64
=T322

=656 1bf
Nozzle Jet Thrust: Nozzle jet thrust = C, (Figeap); but, since Pgg #

flow is unchoked, the static iozzle C,, curves can not be used dired
the Cgg curve together with (1) from section B.5.2 were used.

It should be noted that the nozzle exit total pressure (Prg) was dete

(B21)

P, and the
tly. Instead

mined from

the engine cycle conditions at the turbine exit and adjusted for full scale nozzle

total pressure loss (AP1/P) using methods described in section B

exit total pressure then becomes:

V4 AN

5.2. Nozzle

AP
Prg=Pr7 Ll - —p;‘J

where: Pr7  =19.1 {Source: B.6.2-C.4)
APt
and P = 012
T

Prg =19.1(1-.012) = 18.87 psia
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9978
<f

1.4=18.87/13.4
{Source: Table B.6.1-1 (M9)}

wherg:

PTB/PJS
Figure B26 - Covs Pro/P g
A Pso (Asg
Css (Fs — -5 |
C, = i ( i A*)lgeal Prg (A*)
v Fidcal
Pr A"
Py 14
f);—g =Tg g7 =-7419 {Source: Table:2, N1}
Psg 134
§;—8 =g g7 =-7100 {Source: Table 2, M9}
i*and (Fs ﬁ)‘ g = f(y,Mng) using y=1.35
A deal

{Soufce: compressible flow tables}:

(FS ﬁ‘;)lg =1311
AlJIdeal
A

E =1.076

F P
—deal y—fsq):.sus
PrA T8

(B22)

SO:

C. = (.9978) (1.311) - (.7419) (1.076)
v 5125

C, =.9967
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9820

Figure B27 - Cp vs Prg/Pg

B.7.3 N

B.7.3.1

T———-

F Ag C
and Jet Thrust =C, Ideal* (PTS) 8 13
Pr A Ag A
300
= (.9967) (.5125) (18.87) 1.076 (.9820)
Jet Thrust = 2640 1bf
lacelle/Pylon and Nozzle Lobe Drag:
Nacelle/Pylon Drag:
Do
. Drag

== Spinner Drag
= QT—

L ]

Figure B28 - Nacelle and Pylon Drag

The Nacelle and Pylon drag includes:

Inlet additive and spillage
Nacelle

Nacelle drag increment due to air/oil cooler system bulge

(B23)
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Pylon (to waterline at propeller tip)

Hubs

Aft cone or spinner

Nozzle lobes

Excrescences, steps, gaps, surface irregularities, etc.

At the low flight speeds of this test case, linearized potential flow panel methods

can be used to calculate the flow field around the nacelle. Actuator disks were

used to simulate the props, sinks simulate the inlet flow, and sources simulate the

nozzle flow (Figure B29). This, combined with calibrated boundary layer

analysis gave assurance that there were no localized supersonic flowregi

hencg no threat of shock induced pressure drag, nor was there any'threat

sep

associated with the displaced streamlines in the aft end duéto boundary lay

tion. Hence, the only losses were: (1) skin friction; (2) the pressurg

growth; and (3) form drag of the nozzle lobes.

The
equa

Drag

wher

8,

flow
> drag
er

iction and boundary layer induced pressuré’drag calculations use with the
on for flat plate friction:
q X Awet
=KxCsx (B24)
(1 + .16 MN%)®©
>: K = a constant te adjust smooth flat plate friction coefficient for:

» Ronghness
«-Surface imperfections, steps, gaps, etc.

+ Adjustment to estimate boundary layer induced pressure drag

K= 1.2

Ce= Schultz-Grunow flat plate skin friction coefficient
427

Ce=

(Log Ry - .407)2-64

— =" =151x107 x Mng, X P, 1, X
b g o amb Tamb?

amb +198.72 )

=1.51 x 107 x 0.3 x 13.28 x
504.62

=17566 / inch
Nacelle length =282 in

504.6 +198.72 )
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Ry = 49.5 x 10°
427
then, Ce=
(Log(49.5 x 10°) - .407)%:64
q= Local Free Stream Dynamic Pressure
Awet = Local wetted area (Figure B30)

=.002255

(1+.16 an) = Skin friction compressibility factor (Ref. BS)

1.0
Mach =03
0.8
Actuator vV
Disc\ ‘l v 2

B Y v
,é 0.6 ; 3
Z — _\\_32 ¢ w
= C v \
8 0.4 _‘ v Avavad ™S
= 7 fwwwvvwv A A A M

0.2 T

0.0

50 100 150 200 250 300 350
Axial Station - in
Figure B29 - Nacelle Mach Number Distributions
_ 39,895 Sq.In.
Cumulative /
Wetted
Surface
Area (Sq.In.)
80 360

Axial Station - in

Figure B30 - Surface Area Distribution

400
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Integrating the local drag increments using Py in front of the actuator disc, and

adding the propeller pressure rise for conditions behind the actuator disc gives:
Nacelle and Pylon Drag = 124.2 1b

.B.7.3.2 Nozzle Lobe Drag: Nozzle lobe drag can be calculated using:

A Drag Nozzle Lobe = Cp X ., X Aef X Number of Lobes

where:

LS4

Cp ~f(t, 1, &) see reference B6

t = lobe thickness = 5.4 in

1 = lobe length protruding into freestream flow = 18 in
o = angle lobe makes with freestream flow = 50°

Cp =.037

Qoo = .84

Apef=tx1=54x 18 =97.2:n?

number of lobes =9

A Drag Nozzle Lobel= .037 x .84 x 97.2x 9 = 27.1 1bf
Nacelle and Pylon'Drag = 124.2 + 27.1 = 151.3 1bf

B.7.4 (Thrust-Drag) Contribution-of Air/Oil Cooler:

A/O Cooler
Jet Thrust

-

—_———]

[ e e )

Figure B31 - Air/Oil Cooler Ram Drag
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B.7.4.1 Air/Oil Cooler Ram Drag = m V(: Air/Oil cooler mass flow through duct:

t

Figure B32 - Mass Flow Calibration (From Figure B13)

_w P47 5.67/14/ 14.7
¢ JT,/518 5247518

= 5.37

m

Ram Drag of air/oil ¢ooler = W V|

V( was previously computed as 330 ft/sec

Thus: RamDrag =—5-'—337—2%3—02 =55 Ibf

B.7.4.2] A/O Cooler Jet Thrust: Despite the pressure losses in the air/oil cogler system, the

heat'exchange adds energy to the air side of the system producing thrust. This
nozzle thrust can be computed similar to the C, method described ip Section

B.7.2.2. The nozzle for the air side of the air/oil cooler system was rectangular
and discharged the flow at a 15° angle relative to the thrust axis. The thrust
computation used a standard C,, curve for a conical nozzle, with a debit for the
asymmetry of a rectangular nozzle, and a debit for the flow angle (Figure B33).
There was no static pressure data taken at the nozzle exit so it is assumed that
Py exit = Psp» so the standard C, equation can be used to calculate the cooler jet

thrust.
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1.0
(1-Cos 15°)
Cv Asymmetry Loss
053 -1-«
11.023
¥
1.0 3.0
(a)
1.00
Standard
Square  Conway
o ©
£ [ %
‘; 098 °O 198 Ponteation
% O 1 - 1x5 Rectange
2L 0w Reference B.7.
E
é 0.96 4)- 1 x 5 Rectangle
0.95 L 1 L 1 1 L 1 1 J

Figure B33 - Standard C, Curve with Debits for Cross Section Shape and

Flow

Total

1
0 01 02 03/04\05 06 07 08 09 1.0

draulic Diameter — Y4 xArea (b)

Dp= - :
Diameter of Equal Area Circle  Perimeter

Angle

.
HPressure-Loss-in-System:
AR UJ 32320

4-2

15°

Figure B31 presents the loss distribution for w = 5.37 1b/sec and freestream Mach

number of 0.3. The system loss is 3.9%.

Pt =(1-.039) Pt =(1-.039) 14 =13.454

Flge:
A/O Jet thrust = C, [—deal
Pr A

J(PT) (a")
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where: Pr =13.454
Py =Py = 13.15

{Sources: Table 2, (B1) and (B3)}

Flgeal
f(y, ) =.145
(PT A ) Y, Pso/Pr

{Source: ("nmpre«ihle flow tables}

=599 °R

{Source: Measurement, Table B1}

«_ myTy 5.37/599
~.532P1 .532(13.45)

A =18.36 sq. in.

A/O Cooler Jet Thrust = (.953) (.145) (13.454) (18.36) = 34/1 1bf

B.7.5 Summation of Forces to Quantify Net Thrust

e e =

(7390 1b)

, '
(656 1b)

11

5 W
+ II I Nozzle Jet Thrust Al =
Pylon Drag (2640 1b)
as13w) “
[/

Figure B34 - Summation of Forces to Quantify Net Thrust

Net Thrust = (Thrust - Drag) (B25)

= (7390 + 2640 + 34.1) - (656 + 55 + 151.3)
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= (10,064.1) - (862.3)

Net Thrust =9201.81b

B.8 Comparison of In-Flight Thrust Calculation to In-Flight Thrust Inferred from MD-80
Aircraft Characteristics:

The rate of climb of the MD-80 test aircraft when powered with JT8D-200
engines had been measured on numerous occasions and is well defined at the

Douglas Aircraft Company. The thrust-EPR relationship for the JT8D-200 is also
well defined by Pratt & Whitney. Consequently a thrust setting v.s. climb
gradient is well established for the test aircraft and offers-@'way of giving an
independent indication of the propulsion system net thrust.

In order to determine thrust from rate of climbmeasurements, adjustmentsto the
airplane characteristics must be made when-a new propulsion system is installed.
Thrust vector orientation changes, interference drag changes, pylon length
changes, and changes to the airplane's lift, drag and trim moments all affeqt the
rate of climb characteristic. Data for these adjustments was acquired using|full
span girplane models that included flow-through simulations of the JT8D-200
nacelle, and |' diameter'turbo-powered simulators of a propfan. Low speed wind
tunne] tests were conducted at the United Technology Research Center (UTRC)
main wind tunnel, and high speed tests were conducted at NASA Ames Research
Centdr to acquire the data needed for adjusting the aircraft characteristics. For

example, the procedure for establishing changes to airplane interference drag is to:

(1) Test a clean airplane model (no nacelles)

(2) Test the nacelles isolated

(3) Test the airplane model with nacelles installed
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Adding (1) and (2) and subtracting from (3) yields interference drag. Doing this
first with the JT8D flow-through nacelles then comparing to the propfan TPS
measured forces yields interference drag shifts. It should be pointed out that the
propulsion simulator did not have the blades on a rotating thrust balance.
Therefore, any changes in blade thrust that occur when going from an isolated
flow field to installed in the airplane flow field are part of what's being called
interference drag. The propeller blades simulated the Hamilton Standard's SR-2
blade and did not duplicate the acrodynamics of the full scale SR-9 blades. Hence
shifts in blade thrust due to the aerodynamic installation in the airplane are not
properly simulated. Also, the nacelle shape more closely represented a 0.4 hub to
tip diameter ratio propeller design, whereas the 578DX's diameter ratio was
0.286. These dissimilarities increase the uncertainty of using rate of climb data
for thrust validation. Despite these shortcomings, thisicomparison| was of
interest and is shown in Figure B35. The projected propulsion system thrust
agrees within nominally 2% of the thrust impliéd by the airplane flight test/wind
tunnel data. At the time of publication of this”document it was not known if either
in-flight thrust value is correct, or which-is closer to the true propulsion systems
in-flight thrust. It was encouraging that they agreed this well.

Measured Average
/"~ Value from 5 Flights

o F Tt TTTTTTTTTTTTTTTT T T 1
= |
2 !
b=} |
S |
&) Predicted Aircraft Characteristic 1
o After Adjustments Based on 4 l
& Wind Tunnel Data ~
3 ! '
&é |
5 l
3 I @1%z106)

Predicted }

In-flight Thrust ~ |

=t

Total Aircraft Thrust/Weight Ratio
Figure B35 - In-flight Thrust Calculation Comparison
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APPENDIX C
In-Klight Thrust and Correlation Methodology Using Blade Angle and Torque

(Theta Method)
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C.1 Introduction

The basic approach of evaluating in-flight thrust consists of two parts. The first
part is the direct method when the installed power plant characteristics are known
and the thrust of the power plant is estimated, knowing the flight Mach number,
ambient conditions and the measured values of the power plant performance
parameters. The second part is the indirect method which consists of evaluating
the aircraft drag from the drag polar. The criteria for the acceptance of either
method is the agreement between the estimated thrust and the drag. Both of

these/ i.e., the power plant performance map and the aircraft drag polar depend
on extensive scale model testing both statically and in wind tunnels tgarrivge at full
scale performance prediction. Given a set of performance characteristics, the
inaccyiracies arise from scaling the data from the scale model and‘the comp‘l:.:x
correlation schemes used in evaluating the unknowns in this instance the thrust,
from the knowns. Any effort in improving these accuracies is a step in the{right
direction. However, it is important to point out that all of the correlation
technjques available for constructing the power-plant performance map are based
on sound aerodynamic principles. In addition, the correlation technique should
lend itself to verification of power plant-characteristics from full scale test data.
Consgquently the objectives of the overall power plant performance correlation
technjques from scale model testing can be summarized as simplicity, prediction
accurpcy, reduced installation effects and verification by full scale static engine

tests.
C.2 Installation Effects

In the case-of installed counter rotating propellers due to the differences in the

inflow-angle-and-the- Mach-nmumber; the torque-and-thrustcoeffictents-atany given
propeller tip speed can be significantly different than the isolated propeller.
Depending on the control system characteristics of the given engine, the installed
propeller blade angles (8 = forward, 8, = aft) and the individual propeller
speeds may vary from the isolated case, for a given free stream Mach number and
thrust requirement. Consequently, there is a need for developing two different
performance maps, one for the forward propeller, and the other for the aft
propeller. For the purpose of illustration, data acquired on GE-NASA unducted
fan engine demonstrator scale model fan blades are used. The cases considered
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C.3 Prq

are low speed data with pylon and a simulated fuselage as shown in Figure C1 up

to 16 degrees angle of attack, and the high speed data with pylon up to 2 degrees
angle of attack (ot). As evident from Figures C2 and C3, both the total torque and

thrust coefficient, at constant advance ratio, is significantly different between zero

angle of attack and angle of attack cases. These differences are amplified in

Figures C4 through C 7 where the individual rotor torque and thrust coefficient

for the high speed cases are plotted as a function of advance ratio.

thrust coefficients at a given advance ratio change considerably for

rotors are in the opposite direction from each other, such that the g

The torque and
constant pitch

een the two

t change in

total thrust and torque coefficients are smaller than for individual rgtors alone.

The above data was used to illustrate the effect of inflow;condition
performance. In the case of the installed propeller, significant inflg
are to be expected due to the presence of the wing) pylon, and fuse
can lead to corresponding changes in torque and thrust coefficients
Figures C2 through C7.

changes on

w differences
lage, which
as seen in

For a given free stream Mach nuniber and advance ratio, both the torque and

thrust coefficients are unique.for each blade pitch angle combinatio

n. Since the

blade pitch angle combination which produces the same propeller thrust is

different between installed and uninstalled inflow conditions, all ac
methods should inelude the knowledge of blade pitch angle change
error due to n€glecting the blade pitch angles should be evaluated b

counting
5. The relative
efore arriving

at an appropriate method for determining the installed propeller thryst.

ppeller Performance Based On Blade Pitch Angle

The details of the blade angle method have been discussed in Section 3.4.2

earlier. The propeller thrust and torque coefficients can be related by the blade

pitch angle and flight Mach number as:

Ct =1f(CQ, 6, Mn)
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