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SUMMARYOF LOW-SPEEDWINDTUNNELRESULTSOF SEVERALHIGH-SPEED

COUNTERROTATIONPROPELLERCONFIGURATIONS

ChristopherE. Hughes
NationalAeronautlcsand SpaceAdmlnlstratlon

LewisResearchCenter
Cleveland,Ohio 44135

and

John A. Gazzanlga
SverdrupTechnology,Inc.

NASA Lewis ResearchCenter Group
Cleveland,Ohio 44135

SUMMARY

The low-speedaerodynamicperformancecharacteristicsof severaladvanced
counterrotatlonpusher-propellerconfigurationswith cruise design Mach numbers
of 0.72 and 0.80 were investigatedin the NASA Lewis ResearchCenter 9- by
15-FootLow Speed Wind Tunnel. The tests were conductedat Mach numbersrepre-
sentativeof the take-off/landingflight regime. The investigationincluded:
(1) the propellerperformancecharacteristicsover a range of blade angle set-
tings and rotationalspeeds at a Mach numberof 0.20; (2) the effect on the
propellerperformanceof varyingthe axial rotor spacingand mismatchingthe
power and rotationalspeedson the propellerrotors;and (3) determlnlngthe
reversethrust performancecharacteristicsat Mach numbersof 0.0, O.lO, 0.15,I
and 0.20.

The resultsof the investigationindicatedthat the overall low-speedper-
formanceof the counterrotatlonpropellerconfigurationswas reasonable. The
maximumpropellernet efficiencyachievedwas 52.4 percentby the F7/A7 ll/9
propellerconfigurationat a take-offtargetoperatingpolnt power loading
parameterof 3.83. The resultsalso Indicatedthat the performanceof the pro-
peller configurationswas falrly Insensitiveto changes in axial rotor spacing
and mismatchedtorqueon the propellerrotors (resultlngfrom mismatchingthe
power and the rotationalspeed on the rotors)at a take-offpoint power Ioad-
ing parameterof 3.83. By decreasingthe axial rotor spacing,the F7/A3 ll/9
propellerconfigurationshowed the largestdifferencein propellerperformance
with a 0.7 decrease in net efficiencyand a 6.1 percent increasein torque
ratio. By mismatchingthe power on the propellerrotors (by increasingthe aft
propellerrotor blade angles),the FT/A3 ll/9 configurationhad the largest
differencein performancewlth a 0.8 percentdecrease in net efficiencyand a
28.4 percent increaseIn torque ratio. By mismatchingthe rotor rotational
speeds 14.8 percent (by reducingthe aft rotor rotationalspeed by llO0 rpm),
the increaseIn F7/A7 8/8 propellernet efficlencywas 1.5 percentand a
56.8 percentdecrease In torque ratio. At Mach number 0.20 and 95 percentof
the propellerdesign speed, the reversethrust results indicatedthat the
FT/A7 8/8 configurationproduced60.4 percentof the take-offpoint net for-
ward thrust (625 Ib of force). At Mach number 0.0 (staticconditions)and
95 percentdesign speed, the same propellerconfigurationproduced reverse
thrust equal to 43.5 percentof the take-offnet thrust.



INTRODUCTION

The high efficiency advantage of advanced hlgh-speed propellers has been
demonstrated in hlgh-speed scale model wind tunnel tests (ref. I). An advanced
turboprop propulsion system therefore offers the potential for high propulsive
efficiency. Flgure I is a comparison of the installed propulsive efficiency of
several different types of propulsion systems over a range of cruise flight
Mach numbers. As can be seen, the turboprop offers improved performance over

the conventionalturbofanat all flight speeds. At high flight Mach numbers, ,.
the advancedturbopropovercomesthe deflcienclesof the conventlonalturboprop
system,such as compressibilityeffects. In addition,furtherimprovementsin
hlgh-speedperformanceare possibleover the single-rotationadvancedturboprop
using even more novel technologyapproaches,such as a slngle-rotatlonpropel-
ler with swirl recoveryvanes or an advanced high-speedcounterrotatingpropel-
ler. At lower f11ght speeds,the performanceadvantageof the turbopropover
the turbofan Is even larger.

A summaryof severalNASA and industrystudies (ref. 2) to evaluatethe
potentialof advancedhlgh-speedturboproppropulsion is presentedin figure 2.
The figure shows the potentlalblock fuel savingsof a turboproppropulslon
system as a function of the trip stage length. As can be seen in the figure,
large fuel savings are possible with the turboprop propulsion system at all
stage lengths, especially at the shorter operating ranges. Since the shorter
stage lengths are climb and descent dominant, the lower flight velocities pro-
vide the turboprop with an even larger advantage over the turbofan than at
cruise flight conditions. The more advanced turboprop propulsion system, llke
counterrotatlon, can achieve a further improvement In performance.

In support of the NASALewis Advanced Turboprop Program to establish the
advanced turboprop technology base, an investigation of the low-speed charac-
teristics of several advanced hlgh-speed counterrotatlon propeller configura-
tions was conducted in the NASALewis 9- by 15-Foot Low Speed Nind Tunnel. The
counterrotation propellers were pusher-type designs incorporating a high number
of blades, from 16 to 20 total, with very high power loadings. The _nvest_ga-
tlon determined the aerodynamic and aeroacoustlc propeller performance of the
counterrotation propeller configurations in the take-off/landlng flight regime,
including reverse thrust. This paper presents a summary of the wind tunnel
test aerodynam|c performance results for several model counterrotation propel-
ler conflguratlons.

NOMENCLATURE

A area, ft 2

AA propeller annulus area, ft 2

1.0f

actlvlty factor, 6250 _ (b/Dprop)(r/R)3d(r/R) ._
AF blade

J

(r/R)hu b

dA elemental area, ft 2

d(r/R) elemental radius ratio



b elementalblade chord, ft

D drag force, Ib

Dprop propellerdiameter,ft

FB rotatingbalanceforce, Ib

J advanceratio,VolnDprop

M Mach number

n rotatlonalspeed, rps

p pressure,psf

P power

PA force, pressurex area, Ib

PQA power coefficient,550 SHP/pn3D_r^.AAup

r elementalblade radlus, ft

R radlus,ft

SHP shaft horsepower

T thrust, Ib

TQA thrust coefficient, 2 2
T/pn DpropAA

V veloclty,fps

q propellerefflclency,TVo/P x lO0, percent

p alr denslty,slugs/ft3

Subscripts

a model nacelleafterbody

app apparent

f model nacelleforebody

i internal

prop propeller

r rotor

t tare

0 freestreamconditlon



l forward propeller rotor

2 aft propeller rotor

MODELTESTPROGRAM

Hind Tunnel
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The model propeller test program was carrled out in the NASALewis 9- by
15-Foot Low Speed Wlnd Tunnel (ref. 3). A schematic of the wind tunnel is
shown in flgure 3. The test sectlon is located in the back leg of the 8- by
6-Foot Supersonic Wind Tunnel and Is capable of speeds up to Mach number 0.23.
The test sectionhas slottedwalls to minimize any model interactionwith
the tunnelwalls and has been acousticallytreatedto allow propellernoise
measurement.

Propeller Test Rig

The model Counterrotation Propeller Test Rig (CRP/PTR) used in the inves-
tlgatlon was deslgned to slmulate a counterrotatlng propulsion system in a
pusher-propeller configuration. A photograph of the CRP/PTRinstalled in the
NASALewis 9- by 15-Foot Low Speed Nind Tunnel Is shown in figure 4. The
CRPIPTRwas located near the middle of the test section axially, approximately
2 ft from the test section center]Ine horizontally, and on the test section
center]ine vertically. A model support strut was used to mount the CRP/PTRto
a rotating platform in the tunnel floor. The rotating platform allowed the
CRP/PTRto yaw to simulate angle of attack. The large forward section of the
CRP/PTR, known as the forebody, was designed to represent the faired-over inlet
and nacelle sections of the core engine. The two rows of counterrotating pro-
peller blades are mounted in the rotor hubs located behind the forebody. The
hubs are contoured to provide area-ruling near the blade root section, thus
reducing the hlgh flow velocities between the propeller blades. The aft sec-
tlon of the CRP/PTR, behlnd the propeller blades and known as the afterbody,
was designed to simulate the aft section of the engine nacelle and the core
engine exhaust. The CRP/PTRturbine drlve housing and model support strut are
located at the back of the rlg. The length of the CRP/PTRfrom the front of
the forebody to the end of the turbine drive housing is approximately 120 in.

The CRP/PTRwas capable of delivering up to 1350 total shaft horsepower
with its two two-stage air-driven turbines (675 SHPeach, using 450 psi, 660 °R
high-pressure air) at a maxlmumrotatlona] speed of 9000 rpm. Each turblne
was used to supply power to one model propeller rotor hub via a drive shaft.
From an aft-looklng-forward position, the inner shaft and forward hub rotate in
a counter-clockwlse direction, while the outer shaft and aft hub rotate in a
c]ockwlse direction. A full description of the model propeller rig is given in
reference 4.

The CRP/PTRInstrumentation for determining propeller performance con-
sisted of severa] types. Loads generated by the propeller rotors during test-
ing were measured using rotating force balances; each rotor hub was attached to
the metric side of one of the force balances. The force balance measured the
propeller rotor thrust and torque loads uslng straln-gauged flexure beams. The



slgnals from the force balance were relayed through a telemetry unit to a monl-
toring station. Centrifugal stresses on the flexure beams were measured using
strain gaugesand force balance temperatureswere measureduslng thermocouples
attached to the balances. The force balance measurements were corrected using
the centrifugal force and temperature measurements. Static pressures were
measured on the CRPIPTRforebody and afterbody and In the rotor cavity areas
uslng the Electronlcally Scanned Pressure (ESP) measurement system. The fore-
body and afterbody pressure Instrumentatlon consisted of five rows of 13 pres-
sure taps on the forebody and four rows of 12 pressure taps on the afterbody.
Kulite pressure transducers were used to measure pressures in the cavities
between the rotor hubs.

Determinationof PropellerNet Thrust

The propellernet thrust is deflnedas the propulsiveforce of the propel-
ler operatingIn the nacelleflowfleldand adjustedfor the change In the
nacelledrag force due to the installedpropeller(the propeller/nacelleinter-
actioneffect).

The reference,or tare, nacellepressureand rotor drag forces are deter-
mined from model tare tests conductedwlth the propellerblades replaced by
"dummy"blades that fill the blade holes in the rotors and are flush with the
hub surface. Figure 5(a) providesa schematicof the tare model illustrating
the drag forces components. The tare tests measure the pressureson the model
forebodyand afterbodyand in the rotor cavity areas at the tunnel velocities

where the propellermodel will be operating. The tare rotor drag forces (Drlzt
and Dr2.t) are obtalned from the thrust forces measuredby the hub force ba
ances (FBI.t and FB2 t). These thrust forces are correctedfor the internal
rotor cavity forces,d_termlnedby summationof the rotor cavity pressuresact-
ing on the upstreamand downstreamhub face surfaceson both propellerrotors

(_]pAi.lu,t, _]PAi,ld,t, _[_PAi,2u.t,and _[]PAi,2d,t). The tare forebody
and afterBodypressuredragTorces (Dr t ano ua t) are determinedby Integra-
tlonof the statlcpressuresmeasured_ver the nacelle surfaces. The model
tare rotor drag forces are,

-Drl,t = FBI,t +_-']PAl,lu,t-_PA1,1d,t

-Dr2,t = FB2,t +_--_PAi,2u,t-_PAi,2d,t

where

PAi : (p - Po)Ai

The model nacelle tare pressure drag forces are,

Df't = I (Pf,t - PO)dA

Da,t = F (Pa,t - PO)dA
d



The thrust forcesmeasured by the hub rotatingbalanceswith the propeller
blades installedand operatingare the algebraicsum of the propellerthrust,
the externalrotor drag forces and internalrotor cavity pressureforces. Flg-
ure 5(b) shows a schematicof the model wlth the propellerblades installed,
illustratingthe model forces wlth propellersoperating. The uncorrectedtotal
propellerthrust Is given by,

Tprop,total= Tprop,l+ Tprop,2 -.

= (FB1 +_--_PAi,lu -_--'_PAI,ld + Dr l)+ (FB2 +_-'_PAi,2u -_--_PAI,2d + Dr2)

A correction to the total propeller thrust for the difference in the rotor
drag force with and without propeller blades (powered-minus-tare) Is given by,

aDr,totaI : aDrl + aDr2 : Drl - Drl,t + Dr2 - Dr2,t

The total propellerapparent thrust Is given by,

Tapp,totaI = Tprop,total- aDr,totaI

or

Tapp,total : (FBI +_PAI,lu -_PAI,ld + Drl,t )

+ (FB2 +_"_PAI ,2u-_-'_PAI ,2d + Dr2,t)

The total propeller net thrust Is determined by subtracting the difference In
the nacelle pressure drag forces with and without propeller blades (powered-
minus-tare) from the total propeller apparent thrust,

Tnet,totaI = Tapp,totaI - (aDf + ADa)

where

aDf : Df - Df,t

ADa = Da - Da,t

The total propellernet thrust Is, therefore,the thrust force measured by
the rotatingforce balances,correctedfor the powered internalrotor cavity
forces,incrementedby the tare rotor drag forces,and finally correctedfor
the differencebetweenthe nacellepressuredrag forces with and without pro-
peller blades. ""

PropellerDesigns

The design philosophyused to generate the counterrotationpropeller
bladesevolvedfrom the philosophyused to design the first advanced high-speed
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slngle-rotatlonblade designs- enhance propellerperformanceand minimize pro-
peller noise whl]e maintaininga reasonablepropel]erslze. The counterrota-
tlon propellerblades Incorporatedmany of the designfeatures necessaryto
achievehigh propulsiveefficiencyat high flight Hach numbers. These design
featuresincluded: (1) proper nacelleshapingand hub area-rullngto allow
flow diffusionand reduce the blade inboardHach number,therebyalleviatehub
choking:(2) blade sweep, to reduce the effectiveblade Mach number near the
prope]lertip and minimize compressibilityeffects;(3) thln blades,to
increasethe blade drag rise Mach number;and (4) large blade chord lengths
with large numbersof b]adesper rotor to obtain a high disk power loading(a
higher total power loadingthan the slngle-rotatlonpropellerdesigns)and
therebyreduce the prope]lerdiameter. A descriptionof the method used to
design the counterrotationpropellerb]ades Is given in reference5.

Table I providesa generalsummaryof the individualmodel propellerblade
deslgn characteristicsof the propellerblades tested. The "F" signifiesfor-
ward rotor prope]lerb]ades,and the "A" signifiesaft rotor blades. The pro-
peller bladeswere approximately24.5 in. in diameter,except for the A3
blades. The reduceddiameterand wider chord lengthsof the A3 propellerblades
was chosen to eIimlnatethe interactionof the aft rotor propellerblades wlth
the tip vortex from the forward rotor propellerb]adeswhile maintainingthe
amount of power absorbedby the aft rotor at the same rotor rotationalspeed.
All the propellerbladeswere manufacturedfrom compositematerials (graphite
and epoxy)with tltanlumspars. Photographsof the propellerblades used in
the Investigationare shown In figure 6.

In table II, a summaryof the design characteristicsof the propellercon-
figurationstested is given. Most of the Investlgatlonwas conductedusing
the Ill9 configuration;II blades in the forwardrotor and 9 blades in the aft
rotor. In this way, a higher dlsk power loadingcould be achievedwhich would
allow a reductionin the propellertip speed, and thereforethe propeller
noise, at the targetoperatingcondition. The FTIA7 propellerconfiguration
was also testedIn the B/8 configurationto obtain low speed data for compari-
son wlth F7/A7 11/9 performance. The F1 propellerblades, ]Isted in table I,
were only testedwith the A7 blades (in lleu of the F7 blades)during part of
the investigationof the counterrotatlonpropellerreversethrust characterls-
tics. Early In the reversethrust testing,severalof the F7 propellerblades
sufferedstructuralfal]ure, necessitatinga switch to the geometrically-
similarFl propel]erblades. Since the F1 b]ades were not designed to be used
with the A7 blades,the FI/A7 configurationis not shown in table II.

RESULTSAND DISCUSSION

The low-speedcharacteristicsof severalcounterrotatlonpropellerconfig-
urationswere Investlgatedat a Mach numberof 0.20 In the NASA Lewis 9- by
15-FootLow Speed Hind Tunne]. Investigationof the reversethrust character-
isticsof the F7/A7 8/8 prope]lerconfigurationwas conductedat Mach numbers
0.0, 0.I0, 0.15, and 0.20. A summaryof the geometriestested for each propel-
ler configuratlonIs given in table III.

The propellerconfigurationswere testedover a range of rotationalspeeds
from wlndmll] to the maximumrotatlonalspeed allowable;the maximum rotational
speed was imposedby the structurallimitsof the propellerblades or, In some
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cases, the thrust load llmlts of the rotating force balances used. The propel-
ler pitch, or blade, angles (defined at the three-quarter radius point on the
propeller blade) were chosen to obtain data near the counterrotatlon propeller
take-off/landlng operating point. For several of the propeller configurations,
more than one set of blade angles were chosen to vary the propeller power Ioad-
Ing or the tip speed, or both, at the target operating points. During the --
investigation, the propeller configurations were typically tested with the pro-
peller rotors at nearly equal, or matched, power and nearly matched rotational
speed to obtain the target operating point propeller performance. For CRP/PTR
operatlonal considerations, matched rotor rotatlonal speeds meant that the aft
rotor rotational speed was set 50 rpm higher than the forward rotor rotational
speed at each propeller operating condition (the F71A7 8/8 propeller configura-
tion difference in rotor speeds was I00 rpm, to facilitate acoustic data
acquisition).

Several variations in propeller geometry and operating conditions were
introduced, and their effect on the propeller performance was determined.
These variations included: (I) the axial spacing between the forward and aft
rotors at equal rotor speeds; (2) mismatching the forward and aft rotor power;
by varying the aft rotor power (by varying the aft rotor blade angles), at
nearly equal rotor speeds; and (3) mismatching the forward and aft rotor rota-
tional speeds, by varylng the aft rotor rotational speed, at both unequal and
nearly equal power on the rotors.

Overall Propeller Performance

In table IV, the take-off target operating points, or the desired propel-
ler operatlng condltlons, for each propeller configuration tested are listed.
As can be seen in the table, each propeller configuration had more than one set
of take-off operating point blade angles (except the FIlIAl1 II19 conflgura-
tlon). For the F71A7 8/8 conflguratlon, the blade angles produced the same
desired take-off operating point power at different propeller tip speeds. For
the remaining propeller configurations, the higher blade angle settlngs pro-
duced more power (a higher power loadlng parameter) whlle at the operatlng
point.

The overall propeller performance results are presented in terms of the
propeller net efficiency (nnet) and advance ratio (J) as a function of the pro-
peller power loading parameter (PQAIj3). The power loading parameter is a
dlmenslonless measure of the power absorbed by the propeller at a constant
flight veloclty. In this way, the performance of severa] propeller configura-
tions at different blade angles, but having the same target operating point
power loading, can be more easily compared to each other and to desired target
operating conditions from table IV.

Prope]ler net efflclency Is defined as, "_

nnet =Tne t V('_-1
\)



or, in dimensionlessform,

In the dimensionlessform, the propellerperformanceparametersare refer-
enced to the propellerforward rotor.

The performancefor severalpropellerconfigurationsat dlfferenttake-off
targetoperatlngpoint power loadlngs is shown In figures ? to 9. In figure 7,
the performanceof the F7/A7 8/8 and II/9 and the F7/A3 ll!9 propellerconfigu-
rationsis shown. The blade angle settingsshown representa take-offtarget
ope_atlngpoint power loadingparameterof 3.83 for each configuration. In the
F7/A7 8/8 configuration,two sets of blade angles were tested;at the same tar-
get operatingpoint power loadingparameter,one set of blade angles had a
higher propellertlp speed than the other set (table IV). As can be seen in
figure 7(a), the spread In propellernet efficiencywas approxlmately2.4 per-
cent at the targetoperatingpoint power 1oadingparameterof 3.83. The FTIA7
ll/9 configurationdemonstratedthe best performance,with a net efficiencyof
approxlmately52.4 percent. The differencein net efficiencybetweenthe F?/A7
8/8 Iow-tlp-speedand hlgh-tlp-speedblade angle settingsis about 2.0 percent,
with the lower tip speed blade angles having a higher net efflclencyof about
52.0 percent. The net efficiencydifferencebetweenthe F7/A7 11/9 and 8/8
configurationsis very sma11, about 0.4 percent. The F7/A3 11/9 configuration,
wlth a net efficiencyof about 50.7 percent,dld not performquite as well as
the F7/A7 ll/9 configuration(net efficiency52.0 percent). In figure 7(b),
the advanceratio as a functionof the power 1oadlngparameterIs shown for the
propellerconfigurations. The advance ratiosfor all the configurationswere
only slightlyoff from the target operatlngpoint advanceratios at the take-
off target operatingpoint power loadingparameterof 3.83 (table IV).

In figure 8, the propellerperformanceof the F7/A7 and F7/A3 ll/9 config-
urationsare shown. The blade angle settingsshown representa take-offtarget
operatingpoint power loadingparameterof 4.36. In figure 8(a), the differ-
ence in propellernet efficiencybetweenthe two configurationsIs approximately
2.3 percent,with the F7/A7 performancebeing slightlybetterat approxlmately
49.6 percent. The performanceof both propellerconfigurationsIn figure 8(a)
is slightlylower at the target operatingpolnt power 1oadlngparameterof
4.36 than the performanceof the same configurationsIn figure 7(a) at the tar-
get operatingpoint power 1oadlngparameterof 3.83 (due to the approximately
13.8 percent increaseIn the targetoperatingpoint power loading). The pro-
peller blade tip speed,however, is about 6.7 percentlower for the blade angle
settingsIn figure 8(a) than the blade angle settingsin figure 7(a) at the
targetoperatingpoints (table IV). In figure 8(b), the advanceratio results
as a functionof the power 1oadlngparameterare shown for the F7/A7 and F7/A3
ll/9 configurations. The advance ratio for both propellerconfigurationsare
close to the targetoperatingpoint advanceratio (table IV) at the target
operatingpoint power loadingparameterof 4.36.

The Performanceof the F11/A11 11/9 propellerconfigurationis shown in
figure 9. The take-offtarget operatingpoint power loadingparameterIs very
high at 5.22, but the propellertip speed is nearly the same as the tlp speed
for the F7/A7 and F7/A3 configurationsat the targetoperatingpoint power



loadingparameterof 4.36 (table IV). The propellernet efficiencyat the tar-
get operatingpoint power loadingparameterIs approximately46.3 percent. The
performanceof this configurationis lower than the performanceof the previous
propellerconfigurations(figs. 7(a) and (b)) since the target operatingpoint
power loadingis higher. The advanceratio resultsare shown in figure 9(b).
The propellerconfigurationadvanceratio at the target operatingpoint power
loadingparameterof 5.22 is shown to be slightlybelow the targetoperating
point advance ratio (table IV).

Rotor Spacing Effects

The axial spacingbetween the propellerrotors is definedas the distance
betweenthe propellerblade pitch change axes on the forwardand aft propeller
rotors. Three axial rotor spaclngswere Investlgated- minimum, nominaland
maximum. The nominal rotor spaclngrefers to the spacingon the F7/A7 8/8 con-
figuration. The propellerrotors are separated3.34 In. at mlnlmumrotor spac-
ing, 4.16 in. at nominalrotor spacing,and 5.90 in. at maximum rotorspacing.

The effectof varyingthe axial spacingbetweenthe propellerrotorson
the performanceof the F7/A7 8/8 and the F7/A3 11/9 prope]]erconfigurationsIs
shown in figures lO and If. The propellerperformanceis presentedIn terms of
the propellernet efficiencyand the aft-to-forwardrotor torqueratio as a
functionof the propel]erpower ]oadlngparameter. The torqueratio results
are shown to demonstratethe effect changingthe axial rotor spacinghas on the
divisionof power between the propellerrotors. During thls part of the inves-
tlgation,the propellerrotors were run at nearlymatched rotationalspeeds and
the blade angle settingson the rotors were left unchangedwhen the rotor spac-
Ing was changed.

In figure lO, the effect of rotor spacingon the F71A7 818 propellercon-
figurationperformanceIs shown. For thls configuration,the axial rotor spac-
Ing was varied from maximumto nominal. As can be seen in figure lO(a),the
propellerperformancechanged slightlywlth a change in the axial rotor spacing
at a take-offtarget operatingpoint power loadingparameterof 3.83. The
differenceIn propellernet efficiencyIs approximately0.4 percent,wlth the
propellerperformancebetter at the largerrotor spacing. The propellernet
efficiencywas 51.9 percentat maximum rotor spacingand 51.5 percentat nomi-
nal rotor spacing. In figure lO(b), the aft-to-forwardtorque ratio (which is
a measureof the divisionin power between the rotors)increasedapproximately
6.2 percentwith the change in rotor spacing,from a torque ratio of 1.038 at
maximumrotor spacingto 1.100 at nominal rotor spacing. The results show the
propellerperformancewas slightlybetter at more nearly matched torqueon the
rotors.

The effect of varying the axial rotor spacing on F7/A3 ll/9 propeller
performanceis shown In figure II. The axial rotor spacingwas variedfrom
maximum to minimum for this configuration. In figure If(a), the total change
in propellerperformancewlth the change In axial rotor spacing is small at a
targetoperatingpoint power loadingparameterof 3.83. From maximumto nominal ..
rotor spacing,the propellernet efficiencydecreasedapproximately0.5 percent
(from 50.5 to 50.0 percent). From nominalto minimum rotor spacing,the
decrease in net efficiencywas almost negligible,about 0.2 percent (from

lO



50.0to 49.8percent).As seenpreviouslyin figurelO(a),the propellerper-
formanceis slightlyhigherat largeraxialrotorspacing.The effectof vary-
Ingthe rotorspacingon the propelleraft-to-forwardtorqueratloIs shownIn
figurell(b). The torqueratioincreased4.5 percentfrommaximumto nomlnal
rotorspaclng(from1.056to I.I01)and 1.6percentfrom nomlnalto minimum
rotorspacing(froml.lOlto I.I17). The resultsfromfigureslO and II indi-
catethe propellerperformanceto be fairlyinsensitiveto variationsin the
axialspacingbetweenthe propellerrotors.

Aft Rotor Power Effects

The effectof varyingtheaft propellerrotorpoweron the propellerper-
formancewas determlnedat matchedrotorrotatlonalspeedsby changingthe aft
rotorbladeanglesettings.The forwardrotorbladeangleswerenot changed
duringthispartof the investigation.The resultsof varyingthe aft rotor
powerare shownin figures12 and 13 for the FTIA78/8 and F7/A3II19propeller
configurations.

In figure 12, the effectof changingthe aft propellerrotor power on the
performanceof the F7/A7 8/8 propellerconfigurationIs shown. The aft rotor
power was increasedby Increaslngthe aft propellerblade angles in 3° Incre-
ments from the initialaft blade angle settingof 35.4°, while the forward
blade angle settingwas held at 36.2°. For thls conflguratlon,the initial
forwardand aft rotor blade angle settingscorrespondedto the hlgh-tip-speed
blade angles from table IV, which producednearly matchedrotor rotatlonal
speed and rotor power at the targetoperatingpoint power loadingparameterof
3.83. Figure 12(a) presentsthe propellernet efficiencyresults, and fig-
ure 12(b) presents the aft-to-forwardtorque ratio resultsat d_fferentaft
rotor power levels. At the targetoperatingpoint power loadingparameterof
3.83, increasingthe aft blade anglesfrom 35.4° to 38.4° had a small effect
on the propellerperformance,decreasingthe propellernet efficiencyonly
about 0.4 percent (from 51.9 to 51.5 percent),but increasingthe torque ratio
about 36.7 percent (from 1.040 to 1.407). Increasingthe aft blade angles
another3°, from 38.4° to 41.4°, had a somewhatlarger effect on the propeller
performance,decreasingthe net efficiencyabout 1.3 percent (from 51.5 to
50.2 percent),while increasingthe torque ratio nearly the same amount,or
38.8 percent(from 1.407 to 1.795).

The effectof changingthe aft propellerpower on the performanceof the
FT/A3 11/9 propellerconfigurationis shown in figure 13. The aft rotor power
was increasedby increasingthe aft rotor blade angle setting3.2°, from 40.3°
to 43.5°, while the forward rotor blade angle settingwas held at 36.4°. In
this case, the flnal blade angle settingscorrespondedto the target operating
point blade angle settingsat a power loadingparameterof 3.83 (table IV),
producingmatchedrotor rotatlonalspeed and matched rotor power. From flg-
ure 13(a),the propellernet efficiencydecreasedabout 0.8 percent (from
50.9 to 50.1 percent)at the targetoperatingpoint power loadingparameterof
3.83 when the aft blade angle settingswere Increased. In figure 13(b), the
torque ratlo at the same power loadingpoint increasedabout 28.4 percent(from
0.820 to 1.104)with an increasein the aft blade angles. The resultsfrom
figures12 and 13 seem to indicatethat the propellerperformanceis falrly
insensitiveto mismatchedpropellerrotor power.
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Mismatched Rotor Speed Effects

During most of the Investigation, the forward and aft propeller rotors
were tested at nearly the same, or matched, rotational speeds. The effect of
unequal, or mlsmatched, propeller rotor rotational speeds on the propeller
performance was also determined at matched and m|smatched power on the rotors
by varyingthe aft rotor rotationalspeed. In this case, matched power on the
rotors occurredduring the mismatchedrotor rotationalspeed condition. The
effect m|smatchlngrotor rotationalspeeds on the propellerperformanceis
shown in figures 14 and 15 for the FT/A7 8/8 and the F7/A3 II/9 propeller ._
configurations.

Figure 14 shows the effects mismatching the propeller rotor rotational
speeds on the performance of the FT/A7 8/8 propeller conflguratlon. At the
take-off target operatlng point power loading parameter of 3.83, the rotor
speeds were mismatched approximately 7.9 percent, corresponding to a reductlon
of about 600 rpm in aft rotor rotatlona] speed. In figure 14(a), the change in
the propeller net efficiency between the matched and m|smatched propeller rotor
speed cases was negligible (less than 0.2 percent) at the target operating
point power loading parameter of 3.83. However, the results in figure 14(b)
show a decrease in the aft-to-forward torque ratio of approxlmately 28.0 per-
cent (from 1.406 to 1.126) at the same power loading parameter. The more
nearly matched rotor torque results corresponded to the mismatched rotor speed
condition.

The effect on the F7/A7 8/8 propeller configuration performance of mis-
matching the rotor rotational speeds approximately 14.8 percent at the target
operating point power loading parameter of 3.83 Is shown in figure 15. The
difference in rotor speeds corresponded to a reduction of approximately
llO0 rpm In the aft rotor rotational speed. The increase in the propeller net
efficiency, shown in figure 15(a), is approximately 1.5 percent (from 50.0 to
51.5) at the target operatlng point power loading parameter of 3.83. The
hlgher net efficiency was produced at the mismatched rotor speed condition.
In figure 15(b), the decrease in the torque ratio at the target operating point
power loading parameter of 3.83 was approximately 56.8 percent (from 1.785 to
1.217). The mlsmatched rotor speed condition corresponded to the more matched
rotor torque. The results from figures 14 and 15 indicate that the propeller
performance is fairly Insensitive to mismatched propeller rotor rotational
speeds.

Reverse Thrust Performance

The reverse thrust characteristics of the F7/A7 8/8 propeller conflgura-
tlon were investigated at several flight Mach numbers and rotational speeds for
two propeller blade angle settings. As mentloned earlier, during the reverse
thrust Investigation, several of the F7 forward rotor propeller blades suffered
structuraldamage as a resultof high blade stresseswhile operating in thls
off-designregime. Since the Fl propellerblades were geometricallysimilar to
the F7 blades (table I), and the propellernet efficiencywas not criticaldur-
ing reversethrustoperation,the reverse thrust investigationwas concluded
using the F1 propellerblades in the forward rotor. No distinctionis made in ""
the reversethrust results,however, betweenthe FI/A7 and the F7/A7 propeller
conf|guratlons. Figures 16 and 17 show the reversethrust performanceof the
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F71A7818 conflguratlon at the two blade angle settings - one a flat-pitch set-
ting on both propeller rotors (0.0/0.0) and the other negative blade angle set-
tings on both rotors (-21.81-21.8).

In figure 16, the dimensionlessreversethrust propellercharacteristics
are shown in terms of the thrust loadingparameter(TQA/J_) as a functionof
the power loadingparameterat Mach numbersO.lO, 0.15, and 0.20. At flat-
pitch blade angle settings,the thrust loadingparameteris almost constant
with rotor speed and flight Mach number. At the negative blade angle settings,
largerchanges in the thrust loadlngparameteroccur since much larger changes
in the power loadingparameteroccur with rotor speed and Mach number. Inter-
estlngly,the results indicatea smoothtrend with propellerflight speed and
rotor rotatlonalspeed at both blade angle settings.

In figure 17, a ratio of the net reverse thrust produced to the net for-
ward thrust produced at the take-off target operating point power loading
parameter of 3.83 (blade angle settings 36.2/35.4) is shown as a function of
Math number for 70 and 95 percent of design rotational speed (I00 percent
design rotational speed for the F7/A7 configuration is 8371 rpm). The number
used for the net forward thrust produced at the take-off target point power
loading parameter of 3.83 was 625 Ib of force, at a Mach number of 0.20. For
comparison with the negative blade angle performance, the performance results
of the flat-pitch blade angles at 95 percent design speed at Mach number 0.15
and 0.20 were extrapolated from lower rotational speed results. As can be
seen in the figure,the negative blade angle settingsproduceda largeramount
of reversethrust than the flat-pltchblade angles at all Mach numbers. At
Mach number0.20 and 95 percentdesign speed,the negativeblade angles pro-
duced reversethrust equal to about 60.4 percentof the take-offnet thrust,
comparedwlth the extrapolatedresult of 38.2 percentfor the flat-pitchblade
angles. At 70 percentdesign speed, the negativeblade angles produced
44.2 percentof the take-offnet thrust comparedwith 36.0 percent for the
flat-pitchblade angles. Interestingly,at static flight conditions (Mach
number0.0) and 95 percent design speed, the negativeblade angles producedre-
verse thrustequal to 43.5 percentof the take-offnet thrust,while
the flat-pitchblade angles produced 10.4 percentof the take-off net thrust.

The amount of reverse thrust produced by the F7/A7 8/8 propeller configu-
ratlon at both blade angle settings exceeds the amount of reverse thrust pro-
duced by a typical hlgh-bypass turbofan at nearly all Mach numbers. The
typical turbofan produces reverse thrust equal to about 21 percent of the
take-off net thrust at Mach number 0.20 and about 2.5 percent of the take-off
net thrust at Mach number 0.0 (ref. 6).

SUMMARYOF RESULTS

The low-speed aerodynamic performance characterlstlcs of several advanced
counterrotatlon pusher-propeller configurations, designed for cruise Mach num-
bers of 0.72 and 0.80, were investigated in the NASALewis 9- by 15-Foot Low
Speed Nind Tunnel in support of the Advanced Turboprop Project. The investiga-
tion was conducted at Mach numbers representative of the take-off/landing
flight regime. The investigationincluded: (I) the propellerperformance
characteristicsover a range of blade angle settingsand rotationalspeeds at
a Mach numberof 0.20; (2) the effect on the propellerperformanceof varying
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the axlal rotor spacingand mismatchingthe propellerrotor power and propeller
rotor rotationalspeeds;and (3) determiningthe reversethrustperformance
characteristicsat Mach numbersof 0.0, O.IO, 0.15, and 0.20. The results
obtalnedfrom the investigationindicatethe followlng:

I. The hlgh-speedcounterrotatlonpropellershave reasonablepropellernet
efficiencyat low-speedfllght conditions. The F7/A7 ll/9 propellerconfigura-
tion had the highestpropellernet efficiencyat the take-offtarget operating
polnts (tableIV). At a take-offtarget operatingpoint power loadingparame- -.
ter of 3.83, the F7/A7 Ill9 propellernet efflclencywas about 52.4 percent,
while the F7/A7 8/8 configurationperformancewas sllghtlylower wlth a propel-
ler net efficlencyof about 52.0 percentat the hlgh-tlp-speedblade angles and
50.0 percentat the Iow-tlp-speedblade angles (table IV). At the same target
operatingpoint, the propellernet efficiencyof the F7/A3 ll/9 conflguration
was about 50.7 percent. At a higher targetoperatingpoint power loading
parameterof 4.36, the propellernet efficiencywas about 49.6 percentfor the
F7/A7 II/9 configurationand about 47.3 percentfor the F7/A3 II19 configura-
tion. At the highesttarget operatingpoint power loadingparameterof 5.22,
the Fll/A11II/9 configuration(whichwas the only configurationtested at this
targetoperatingpoint) had a propellernet efficiencyof about 46.4 percent.

2. The performanceof the counterrotatlonpropellersis falrly Insensitive
to changes In axial rotor spacing. By increasingthe axlal spacingfrom maxi-
mum to nominalon the F7/A7 8/8 configuration,the propellernet efficiency
decreasedabout 0.4 percent (from 51.9 to 51.5 percent),and the aft-to-forward
torque ratio increasedabout 6.2 percent (from 1.038 to I.I00),at a target
operatingpoint power 1oadlngparameterof 3.83. The F7/A3 ll/9 configuration
showedslm_larperformanceresultsfor variationsin axial rotor spacingfrom
maximumto mlnlmumat the same targetoperatingpolnt power loadingparameter
of 3.83. From maximumto nomlnalrotor spacing,the propellernet efficiency
decreasedabout 0.5 percent (from 50.5 to 50.0 percent)with an _ncreasein
the torque ratlo of 4.5 percent (from 1.056 to 1.101). From nominal to mini-
mum, the change In propellernet efficiencywas almost negliglble,only about
0.2 percent,and an increaseIn torque ratio of 1.6 percent (from I.IO1 to
1.117). For both propellerconflguratlons,the performancewas better at the
largeraxlal rotor spacingsand more nearly matchedrotor torque (more matched
rotor power).

3. The performanceof the counterrotationpropellersis falrly insensitive
to mismatchesin rotor power. The aft propellerrotor power was varied on the
F7/A7 8/8 configurationby increasingthe aft rotor blade angle setting. Nith
a 3° increasein the aft rotor blade angle setting(from 35.4 to 38.4), the
propellernet efficiencydecreased0.4 percent (from 51.9 to 51.5 percent)with
a 36.7 percentincreasein the torque ratio (from 1.040 to 1.407) at the target
operatlngpoint power loadingparameterof 3.83. Increasingthe aft blade
angles another3° (from 38.4° to 41.4°),the propellernet efficiencydecreased
another 1.3 percent(from 51.5 to 50.2 percent)with an additional38.8 percent
increasein the torque ratio (from 1.407 to 1.795). At the same target operat-
Ing point power 1oadlngparameter,the F7/A3 ll/9 configurationperformance
showeda slmilarinsensltlvltyto changes in the aft power. Increasingthe aft ."
rotor blade angles setting3.2° (from 40.3 to 43.5), the propellernet effl-
ciency decreased0.8 percent(from 50.9 to 50.1) with a 28.4 percent increase
in the torque ratio (from 0.820 to I.I04). The best performancefor both

14



propeller configurations occurred at the more nearly matched rotor torque
conditions.

4. The performance of the counterrotatlon propellers Is fairly insensitive
to mismatched propeller rotor rotational speeds. The rotational speeds were
mismatched on the F7/A7 8/8 configuration by reducing the aft rotor rotational
speed. Nith a 7.9 percent difference in the rotor speeds (a reduction of
600 rpm in the aft rotor rotational speed), the change in the propeller net
efficiency was negligible (less than 0.2 percent), with a decrease in the
torque ratio of 28.0 percent (from 1.406 to 1.126), at the target operating
point power loading parameter of 3.83. Nlth a 14.8 percent difference in rotor
speeds (a reduction of llO0 rpm in the aft rotor rotational speed), the propel-
]er net efflciency Increased 1.5 percent (from 50.0 to 51.5) with a 56.8 per-
cent decrease in the torque ratio (from 1.785 to 1.217). The best propeller
performance was at the more nearly matched rotor torque.

5. The F7/A7 8/8 counterrotatlon propeller configuration produced a rea-
sonable amount of reverse thrust at flight Mach numbers from 0.0 to 0.20. The
largest amount of reverse thrust was produced at 95 percent of design speed
(IO0 percent design speed equals 8371 rpm) at Mach number 0.20. The negative
propeller blade angle settings produced more reverse thrust than the flat-pitch
blade ang]e settings at all propeller speeds and Mach numbers. The negative
blade angle settings produced reverse thrust equal to about 60.4 percent of the
take-off point net thrust (625 Ib of force at a take-off target operating point
power Ioadlng parameter of 3.83) at Mach number 0.20 and 95 percent of design
speed. In comparison, the extrapolated results at the flat-pitch blade angle
settings indicated reverse thrust equal to about 38.2 percent of the take-off
net thrust at the same speed could be produced. At static flight conditions
(Mach number 0.0) and 95 percent design speed, the reverse thrust produced at
negative blade angles was equal to about 43.5 percent of the take-off net
thrust, while 10.4 percent was produced by the flat-pitch blade angles at the
same conditions.
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TABLE I. COUNTERROTATION PROPELLER MODEL BLADE DESIGN CHARACTERISTICS ,

[ Value in Parenthesis Indicates A3 Activity Factor Based on the A7 Propeller Blade Diameter ]

F1 F7 F11 A3 A7 A11

Design Mach Number 0.72 0.72 0.80 0.72 0.72 0.80

Activity Factor 150 150 180 240 (125) 150 200
per Blade

Tip Sweep Angle, deg 33 34 37 22 31 34

Reference Diameter, in 24.60 24.64 24.62 20.98 23.94 23.88

Ratio of Hub Diameter
.424 .424 .424 .474 .415 .415

to Propeller Diameter

TABLE II. COUNTERROTATION PROPELLER DESIGN CHARACTERISTICS

[ Value in Parenthesis Indicates F7/A3 Configuration Total Activity Factor
Based On Determination of A3 Activity Factor Using A7 Propeller Diameter ]

Power Loading,
Design Mach Number of Blades Total Activity Tip Speed, fps

Number/Altitude SHP/D 2 (Forward/Aft) Factor

55 8/8 2400 780

F7/A7 0.72/35 000 ft
69 11/9 3000 780

F7/A3 0.72/35 000 ft 69 11/9 3810 (2775) 780

F11/A11 0.80/35 000 ft 77 11/9 3780 780
.i
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TABLE Ill. COUNTERROTATION PROPELLER GEOMETRY SUMMARY

[ Test Matrix Conducted at Mach Number 0.20; Reverse Thrust Conducted at Mach
Numbers From 0.0 to 0.20; Negative Blade Angles Indicate Reverse Thrust Settings ]

Propeller Blade Number Blade Angles Rotor
Configuration ('Forward/Aft) (Forward/Aft) Spacing

36.2/35.4
Nominal

8/8 41.8/38.4 Maximum
F7/A7 -21.8/-21.8

36.4/36.5
11/9 Maximum

41.1/39.4

36.4/40.3
Nominal

36.4/41.7

F7/A3 11/9 Minimum
36.4/43.5 Nominal

Maximum

41.1/46.4
Maximum

F11/A11 11/9 42.4/41.1

-21.8/-21.8
F1/A7 8/8 Nominal

0.0/0.0

TABLE IV. COUNTERROTATION PROPELLER TAKE-OFF TARGET OPERATING POINTS

Power Loading

Propeller Number of Blades Blade Angles
Configuration (Forward/Aft) (Forward/Aft) Tip Speed, fps Advancej Ratio, Power pQAC°efficient' Parameter,pQA/J 3

36.2/35.4 850 .825 2.150 3.83

8/8
41.8/38.4 760 .923 3.010 3.83

F7/A7
36.4/36.5 815 .861 2.444 3.83

11/9
41.1/39.4 760 .923 3.432 4.36

36.4/43.5 815 .861 2.444 3.83

F7/A3 11/9
41.1/46.4 760 .923 3.432 4.36

F11/All 11/9 42.4/41.1 770 .911 3.944 5.22
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FIGURE14.- EFFECTOF VARYINGAFTROTORROTATIONALSPEEDON F7/A78/8PROPELLERPERFORMANCEAT MACHNUMBER0.20ANDBLADE
ANGLES36.2/38.4(TAKE-OFFPOINTPOWERLOADINGPARAMETEROF 3.83).
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FIGURE15. - EFFECTSOF VARYINGAFT ROTOR ROTATIONALSPEEDON F7/A78/8 PROPELLERPERFORMANCEAT MACHNUMBER0.20AND BLADE
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