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ABSTRACT

Results are reported of a NASA sponsored
analytical investigation into the merits of
advanced counter rotation propellers for
Mach 0.80 commercial transport application.
The study considered propeller and gearbox
performance, acoustics, vibration character-
istics, weight, «cost and maintenance
requirements for a variety of design para-
meters and special features. Fuel savings
in the neighborhood of 8 percent relative to
single rotation configurations are feasible
through swirl recovery and lighter gear-
boxes. This is the net gain wh th includes
a 5 percent acoustic treatment weight
penalty to offset the broader frequency
spectrum of the noise produced by counter
rotation propellers.

IN 1975, NASA-LEWIS INITIATED a research
program addressing high speed propeller
technology. Since then, the emergence of
the prop-fan as a fuel conservative competi-
tor to the high pressure ratio turbofan has
created new interest in propelier technology
development. Both the analytical studies
and wind tunnel tests have shown that effi-
ciencies of about 80 percent are achievable
at the flight Mach number region of 0.7 to
0.8 where single rotation prop-fans (SRP)
are intended for operation. Although the
prop-fan is 1lightly loaded in relation to a
high pressure ratio turbofan, it is highly
loaded in relation to today's three and four
bladed propellers designed for lower fligh*
speeds. Loadings expressed as shaft horse-
power divided by the square of the blade tip
diameter, SHP/DZ, at their cruise design
point are about 300 for a 1.60 pressure
ratio turbofan, 30 to 40 for prop-fans and
10 to 15 for low-speed application three and
four bladed propeliers. Tne turbofan has

the smallest diameter and imparts the
highest swirl velocity to the airstream.
The swirl from the turbofan rotor is turned
to the axial direction by a downstream row
of stator blades. Tnese stators convert the
swirl to a static pressure rise which
appears as an increase in propuisive thrust
and yieids a cruise efficiency of avbout 65
percent. The lightly loaded three and four
bladed propeilers used in low-speed aircraft
do not impart high swirl velocities and as a
result do not have a significant amount of
swirl energy in the slipstream. The single
rotation prop-fan diameters are about 50
percent smaller than conventional propel-
lers. Swirl velocities for the prop-fans
are higher and full recovery of the swirl
energy by employing counter rotation could
improve the desigrn point cruise efficiency
by about 8 efficiency points. This poten-
tial for increased fuel savings was the main
impetus of this study.

The present study was conducted at the
0.8 Mach number condition to allow compari-
son with available 0.8 Mach number SRP
information. However, it is not intended to
promulgate 0.8 Mach numper counter rotation
propeller (CRP) operation.

HISTORY OF COUNTER ROTATION

This  potential has  intrigued the
designers of a variety of advanced, special
purpose aircraft because of the possible
large gains in mission performance. How-
ever, despite repeated attempts to apply
counter rotation, such propellers have
generally not proven viable because of their
higher cost and lower reliability which have
more than offset the benefits. Accordingly,
only a relatively few limited production
installations nave gone intc service in the
United States. Examples of U.S. counter
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rotation propeller aircraft are the Vought
F4U, the Convair R3Y-1, and the Northrop
XB-35, among others (fig. 1).

The one production usage in the United
States was the Convair R3Y Navy flying boat
powered by four 5000 hp Allison T-40 engines
each driving a 15-foot diameter six-bladed
counter rotation propeller. Eleven of these
aircraft were built and were in operational
service for several years beginning in 1954.

Successful examples of foreign counter
rotation designs are the Russian TU-114
commercial transport (fig. 2) which have
been 1in operational service for over 20
years and apparently have been performing
effective missions.

Another, less publicized production
application of counter rotation propellers
is the British Avro "Shackleton" 4-engine
reconnaissance aircraft. This aircraft was
first flown in early 1949 and there are
still approximately 200 aircraft in the
South African Air Force. This installation
has 4 Rolls-Royce Griffon 57 piston engines

rated at 2450 hp, each driving a de
Havilland 6-bladed, 13.0-foot diameter pro-
peller.

COUNTER ROTATION COMPLICATIONS - It
should be noted that in the cited historical
aircraft, use of the counter rotation pro-
peller and gearbox involvad radical depar-
tures from previous design practices. In
some cases the resulting designs added con-
siderable complexity and weight to the pro-

peller system (fig. 3). The subsequent
result was greater cost and maintenance
requirements. Also, aircraft programs of

that time did not allow for sufficient com-
ponent development in critical areas such as
0oil seals, pumps, hydraulic motors, gear
trains, bearings, etc. This lack of devel-
opment resulted in a myriad of operational
problems ranging from internal and extarnal
leakages to actual gear train faivw.s. It
was this adverse operational rxperience,
more than hardware costs, that discouraged
the further use of counter rotation in the
past.

In retrospect, it 1is clear that these
prior attempts to introduce counter rotation
propellers were severely handicapped by two
factors: a lack of refinement in the appro-
priate terhnologies, and insufficient hard-
ware development. Furthermore, they did not
involve sufficiently stringent design condi-
tions (aircraft speed, propeliler disk load-
ing, etc.) to attain the full potential of
counter rotation.

None of these problems represented fun-
damental deficiencies  of the  counter

rotation concept, and all were amendable to
effective solution given proper development
effort. However, the strong post-war move
toward Jjet propulsion reduced propeller
development and the available propeiler R&D
funding was concentrated on the development
of the single rotation turboprop. Many of
the mechanical design refinements that
emerged from the single rotation turboprop
programs could have been equally effective
for counter rotation, but came too late to
revive an interest.

It was also recognized that the aerody-
namic and acoustic analysis methods for
counter rotation had not been fully devel-
oped and would require further significant
effort to bring them to an adequate level of
refinement for production usage. A major
improvement to the aerodynamic methodology
was made by T. Theodorsen of NACA in the mid
1950's, and was applied to the aerodynamic
design of several successful, experimental
counter rotation propellers. Current aero-
dynamic and acoustic prediction methodology
has been developed for high speed counter
rotation prop-fans which is a significant
extension of previous analytical capability.

Any future counter rotation prop-fans
would presumably still be faced with added
design complexity, weight and costs. The
main objective of the NASA sponsored study
reported here was to determine whether the
performance benefits of a properly designed
counter rotation prop-fan/gearbox combina-
tion would substantially offset these dis-
advantages.

HISTORICAL PERFORMANCE DATA - Based on
previous SBAC prediction methods (1)*, vari-
ations in ideal efficiency with tip speed
and power loading for single and counter
rotation, 10-bladed propellers are shown in
figure 4 for 0.80 Mach cruise at an altitude
of 35000 feet. Experience has shown that
single rotation propeliers can achieve
actual efficiency levels within about 4
percentage units of those shown.

Swirl recovery reduces the magnitude of
efficiency degradations at nigh power load-
ings and/or low tip speeds typically asso-

ciated with single rotation propellers.
Therefore, the ideal efficiency advantage
offered by counter rotation propeilers

varies from about 5 to 15 units of effi-
ciency for the range of conditions shown in
figure 4.

*Numbers in parentnesis designate References
at end of paper.
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A literature survey has shown that the
comparative performance jevels between sin-
gle and counter rotation propellers have
also been established experimentally using
models. The model propellers were predomi -~
nately low speed designs in that the blades
were fairly thick and unswept. When these
models were tested at high Mach numbers,
0.80 for instance, both the single and
counter rotation propellers exhibited low
efficiency levels at tip speeds and power
loadings corresponding to prop-fans. How-
ever, the trends nearly always showed that
the counter rotation propellier efficiencies
were significantly higher than th.~se for the
single rotation propellers. The tabulation
of experimental efficiency gains in Table 1
shows the eight-bladed counter rotation
efficiencies to be 11 units higher than for
the single rotation propellers (2). These
are based upon low Mach number test results
at advance ratios and power coefficients
that simulate the tip speeds and power load-
ings appropriate for 0.80 Mach cruise at an
altitude of 35,000 feet. The experimental
gains are shown to exceed the ideal effi-
ciency gains by about 2 1/2 percentage
points, a trend fairly typical of the early
model test results and is probably due to
the relatively poor performance of the sin-
gle rotation propellers.

PROPELLER PARAMETRIC ANALYSIS

BASELINE PROPELLER DEFINITION - Using
modern computational techniques for deter-
mining aerodynamic performance, acoustics,
and weight, a parametric analysis of counter
rotation propellers (CRP) was performed to
produce a preliminary CRP design at a
typical Mach 0.8/35000 foot cruise altitude
that minimized mission fuel for a commercial
transport. This process pegan with the
specification of the bas~line CRP parameter
values displayed in Table 2 which were
selected on judgment alone. This baseline
has a blade geometry similar to the 10-
bladed SR-7 single rotation prop-fan (SRP)
which is being designed and fabricated as a
technology verification effort. The ten
blades were divided five to a disc and the
three quarter radius front and rear disc
blade angles were set appropriately to
absorb the same power at equal tip speeds.
The blade twists were modified to maximize
efficiency and to have equal torques at each
plade element. In addition, the blade
activity factor (AF) and camber were varied
to maximize efficiency for the inflow into
the counter rotation propeliers. As a
result, the blade widths were narrowed DYy
about 6 percent relative to the SR propeller
to an activity factor of 180 per blade, and
the camber (integrated design 1ift coeffi-
cient) was increased from 0.21 to 0.31.

YN -
v h *

OF PUUR QJI'\L' TY

AERODYNAMIC PERFORMANCE - Using a single
average cruise point analysis and this base-
line geometry, cruise efficiency variations
with power loading and tip speed were deter-
mined as shown in figure 5. The peak effi-
ciency is slightly higher than 89 percent
and occurs at about 700 feet per second tip
speed and somewhat higher power loading than
the 32 SHP/D2 baseline. Efficiency fis not
strongly affected by power loading as indi-
cated previously by the jdeal efficiency
curves (fig. 4). The comparatively low
efficiency level at 600 feet per second tip
speed is partially due to the non-optimum
baseline geometry for such a low speed. It
ijs reasonable to expect an efficiency
improvement for a dedicated low tip speed
design by raising solidity, raising camber,
and retwisting. For example, a side calcu-
lation with 50 percent more solidity at 35
SHP/D2 produced a 0.6 percent efficiency
jmprovement. Nevertheless, the added weight
associated with the jncreased solidity more
than offset the cruise efficiency improve-
ment. Furthermore, 10w tip speeds adversely
affect takeoff performance too.

WEIGHT TRENDS - The weights of the pro-
pellers, gearboxes, landing gear, and fuse-
lage acoustic treatment are all affected by
the propeller power loading and tip speed.
Hence the weight of each of these subsystems
was determined to enable performance versus
weight tradeoffs to be included in the over-
all selection of CR propelier parameters.

Weight trends for two counter rotation
propeller systems, including blades, spin-
ner, pitch change system and disk without
tailshaft, are shown at the left of figure
6. Propeller weights are shown to decrease
with increasing power loading (decreasing
diameter) and decreasing tip speed. Gener-
alized gearbox weight trends, shown in the
center of the figure, are similarly affected
by power loading but inversely affected by
the lower torques of the higher tip speeds.
The effect of power loading on the landing
gear weight of a low-wing airplane is shown
by the curve at the right in figure 6. The
smaller propeller diameter resulting from
increasing power loading results in Tlower
landing gear weights. These data were cal-
culated from information provided by the
Lockheed-California Company and reference

(3).

From the estimated near-field noise
levels at the fuselage, shown on the left of
figure 7, (discussed later) the required
fuselage treatment weight to attain 82 dBA
cabin noise level was calculated as a func-
tion of tip speed and power loading as shown
on the right. It can be seen that minimum
treatment weight is obtained with the lowest
tip speed because exterior noise s
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minimized. Also, if operation at higher tip
speeds 1is selected, then acoustic treat-
ment weight is minimized at high cruise
power loading. This trend is caused by the
increased tip clearance at higher power
loadings and resulting lower fuselage side-
wall noise. The equations used to calculate
each of the subsystem weights are listed in
the appendix.

The total relative CRP weight trend fis
shown in figure 8. This includes two base-
line counter rotation propellers, two gear-
boxes, the landing gear and fuselage acous-
tic treatment. The weights are relative tg
the baseline power loading of 32 SHP/D?
and tip speed of 700 feet per second. Since
all four components become lighter with
increased power loading, the total weight
does also. High tip speeds favor lighter
weight gearboxes but the reverse trend for
the propeller assembly and acoustic treat-
ment combine to drive the selection toward
lower tip speeds.

PARAMETER SELECTION - The foregoing
propeller efficiency and total system weight
data were used together with sensitivity
trade factors to determine the power loading
and tip speed that m:.nimize mission fuel.
The trade factors were generated by
Lockheed-Georgia for a 100 passenger, Mach
0.8 twin engine transport powered by single
rotation prop-fans: 1.0 percent fuel burned
difference results from either a 0.8 percent
change in propeller .efficiency or a 790
pound total weight change. The resulting
fuel burned curves (fig 9) show that some-
what higher power loading and tip speed are
desirable relative to the original baseline
values. A power loading of about 37 HP/DZ
and a tip speed of 750 ft/sec result in
about a 1 percent fuel improvement.

Using these power loading and tip speed
values, additional investigations were per-
formed of several secondary variables;
namely, the number of biades, blade sweep,
spacing between the front and rear propelier
disks, nacelle-to-propeller diameter ratio,
front-to-rear tip speed ratio, and front-
to-rear propeller diameter ratio. The
effects of these geometric variables on fuel
burned, cruise efficiency, and component
weights are shown in figure 10.

The effects caused by varying the number
of blades relative to the baseline CRP are
shown in figure 10(a) and indicate fuel
burned is reduced with increasing number of
blades. The solid lines in the figure con-
nect 8, 10, and 12-bladed configurations
having the same total activity factor (the
product of activity factor per blade and
number of blades). Relative to the 10-
bladed baseline, the blade chords are wider
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with eight blades and narrower with twelve
blades. Cruise efficiency and acoustic
treatment weight are significantly improved
for 12-blades and fuel burned 1is down 2
percent. However, blade design practice has
shown that the narrow chords of a 12-bladed
arrangement would require thickening to be
structurally feasible. Thickening would
adversely affect performance, and to circum-
vent this an alternative configuration was
analyzed having twelve baseline blades--
total activity factor increased 20 percent,
from 1800 to 2160. This configuration,
shown by the open-circle symbols in figure
10(a), also adversely affects efficiency,
propeller weight, and acoustic treatment
weight, but fuel burned is still 0.9 percent
lower than the baseline 10-bladed CRP.

Single rotation prop-fans have demon-
strated that incorporating blade sweep has
the effect of improving efficiency and
reducing noise at cruise. This trend was
also found to be true in the CRP parametric
study as is shown in figure 10(b). Both
cruise efficiency and acoustic treatment
weight are quite adversely affected as tip
sweep 1is reduced below the 400 baseline
sweep. The straight bladed configuration
requires about 3600 pounds of additional
acoustic treatment and its cruise efficiency
is down by more than 6 percent. These are
the nrincipal contributors to the 12 percent
increase in fuel burned for the unswept
CRP. Careful attention to design details
has shown that the efficiency decrement for
an unswept SR prop-fan can be maintained at
about 3 percent. Similar penalty allevia-
tion is expected to be possible for the
unswept counter rotation propeller. Propel-
ler sweep angles greater than about 459
result in  increased blade structural
limitations.

Sweeping the blades forward rather than
rearward produced a 2 percent fuel reduction
due to efficiency improvement. However,
this trend was not anticipated and at this
time is Jjudged to need further investiga-
tion, both analytically and experimentally.
Should forward sweep actually prove to pro-
vide a benefit, it should be noted that
similar improvements would occcur for single
rotation prop-fans.

Disk spacing Is {llustrated by the
sketch on figure 10(c). Changes in fuel
burned, cruise efficiency and component
weights are shown for Dblade centerline
spacing ranging from 18 percent to 36 per-
cent of the CRP diameter. The plot
indicates minimum fuel burned at minimum
spacing. The smallest spacing represents
the minimum practical clearance between the
trailing edge of the front blades and the
leading edge of the rear blades due to blade
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pitch  change.  The effect of  spacing on
cruise ofticiency is negligible and because
the aerodynamic interaction noise is not an
fmportant noise source, spacing has 1ittle
a‘fect on  the acoustic treatment weight
required to reach the 82 dBA cabin noise
aobjoctive. The only significant change for
doubling spacing is a 1130 pound increase in
gearbox weight related to shaft critical
speed factor penalties. The gearbox weight
increase  together with  the other minor
changes in cruise efficiency, CRP weight and
acoustic treatment weight, increase fuel
burned by 1.3 percent.

Nacelles ranging in size from 25 to 35
percent of the propeiler diameter were also
investigated. This encompasses sizes
typical of single rotation prop-fans (35
percent) and the smaller nacelles which are
conceptually feasible for an inline CPR
planetary gearbox. SR prop-fan nacelles are
designed to minimize compressibility losses
where the large diameter effectively reduces
the tocal velocities in the propeller
plane. The effect of this is to minimize
compressibility losses, particularly the
inbvard blade row choke losses. Counter
rotation propeliers, which have large chan-
nel areas in both the frent and rear blade
rows, are less susceptible to choking losses.

The effect of nacelle size on cruise
efficiency and fuel Dburned is shown in
figure 10(d). Cruise efficiency is
adversely affected by the somewhat higher
compressibility Josses  for  the smaller
nacelles.  This would result in an increase
in fuel burned. However, accounting for the
decrease  in nacelle  friction drag with
reduced nacelle diameter, it appears that
the nacetle size has almost no effect on
fuel bLurned. Therefore, the optimum nacelle
diameter can be selected as that which is
conceptually most compatible with the pro-
pulsion system design. Nacelle weight was
not included in the analysis and decreasing
the size would have a favorable effect,

The effects of operating the front and
rear propellers at different tip speeds are
shown in figure 10(e). Front-to-rear tip
speed ratios of 1.1 and 0.9 were analyzed
assuming that the average tip speed is 780
feet per second, the same as  the baseline
which has a 1:1 tip speed ratio.  Neither
propeller  weight  nor gearbox  weight  are
appreciably affected and are, theretore, not
plotted,  Ihe cruise efficiency is slightly
lower and  the acoustic treatment weignt s
shightly nigher than the baseline C(RP for
cither non-unity tip speed ratio, These
changes result in 0.7 percent and 0.4 per-
cent  increases  in fuel burned at  tront-to-
rear tip o speeds  of 00 and 1L T0,
respectively,
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A third tip speed perturbation was ana-
lyzed that consisted of a 10-bladed single
rotation prop-fan operating at /H0 feet por
second tip speed and  followed by seven,
non-rotating swirl recovery stators (infi-
nite tip speed ratio CRP). Ihis configura-
tion has an  efficiency level that  sur-
prisingly is only 1.1 percent lower than the
baseline CRP, While the SR prop-fan effi-
ciency 1is appreciably lower, the swirl
recovery stators produce additional thrust.
Although this is an apparently simpler sys-
tem with a lower acoustic treatment weight,
the lower efficiency, heavier propeller
(rotating and non-rotating blade rows) and
heavier gearbox increases fuel burned by 1.9
percent relative to the baseline CRP. From
the analysis it was also evident tnat the
thrust addition on the stators was very
sensitive to small changes in flow inci-
dence. The efficiency of this configuration
would deteriorate significantly at off-
design conditions., Some of the efficiency
loss could be eliminated with variable
geometry stators, but at the expense of a
heavier and more complex system.

Figure 10(f) shows that reducing the
diemeter of the wear bdlades relative to the
front blades has very little effect upon
performance, noise (acoustic treatment) and
fuel burned.  This paraneter was incorpo-
rated in the CRP geowelry optimization as it
was felt that varying the front and rear
diameters might reduce aerodynamic interac-
tion noise and improve efficiency. Although
the analysis particularly focused on the tip
vortex interference, the calculated effects
wore found to be negligible at the 0.80 Miach
cruise condition. Acrodynamic interference
was not tfound to be a principal noise source
for the CRP configurations and it is gener-
ally found that performance is even less
susceptible to interference sources. The
diameters of the front and rear blades were
varied such that the average diameter was
held constant.

Although the focus was at 0.80 Mach
cruise in the parametric study, some con-
sideration was given to other mission condi-
tions. The CRP s required to meet the FAR
Jo Stage 3 far-field noise levels, and at
the associated low speed conditions aero-
dynamic interference does contribute to the
overall noise. A smaller rear  propeller
diameter could be effective in reducing this
noise source.  Low speed performance, how-
ever, is adversely affected,

UNUSUAL - FEATURLS - In additon to  the
refatively conventional  perturbations  just
discussed, a number of unusual features were
also sereened, They  were  conceived  as
oftering tip loss alleviation, source noise
reduction, or both,  Whereas sopnisticated
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analytical methodology was used to analyze
the previous parameters, the unusual fea-
tures listed in Table 3 could not be ade-
quately analyzed with available methodolo-
gies. Therefore, their effects were inves-
tigated on the basis of simplified analyses
and judgment.

Only tip devices (proplets) and front
blade blowing offered any potential improve-
ment. The effects of proplets were pre-
viously estimated in NASA funded studies (4)
based upon induced drag reductions that had
been demonstrated experimentally for wings
with winglets (5). Blade blowing effects
were estimated for reducing propeller tip
losses. Either of these features is likely
to necessitate blade compromises to accommo-
date them, although no efficiency degrada-
tions were estimated for such compromises.
For single rotation prop-fans, blade leaning
was found to require performance and near-
field noise level compromises in order to
provide a structurally acceptable design.
Counter rotation propellers would be simi-
larly compromised. Counter rotating pusher
rather than tractor prop-fans have no effect
on cruise efficiency. Because disc spacing
is a minor performance consideration, a
push/pull configuration--one tractor and one
pusher propeller--has a small effect on
cruise efficiency.

FINAL CRP CONFIGURATION -~ Based on the
foregoing parametric results, the recom-
mended counter rotation propelier configura-
tion changed somewhat from the original
baseline. The number of blades was
increased to 12, the total activity factor
was lowered slightly, the tip speed raised
to 750 ft/sec, the c¢ruise power loading
increased to 37 SHP/ft2, the nacelle diam-
eter decreased to 25 percent of the propel-
ler diameter, and finally, the power split
changed to 55 percent front/45 percent rear
(fig. 11). The last modification stems from
the choice of gearbox type which is
addressed later. The overall aerodynamic
performance of 89.1 percent ccuise effi-
ciency compares favorably with the 80 per-
cent value determined by similar detailed
analysis for single rotation propellers.

ACOUSTICS

The noise produced by a CRP differs from
that produced by a SRP in two major arevas.
First, aerodynamic interaction occurs in
which the upstrean rotor produces wakes
which cause interaction at the downstream
rotor, Second, acoustic interaction occurs
between the two rotors. Due to rotor sepa-
ration and opposite direction of rotation,
the acoustic signals from each combine at
field points with differing phase.

Qi .
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The aerodynamic interaction for the
original 10-bladed baseline configuration at
700 ft/sec tip speed and 0.8 Mach number
cruise 1s illustrated in figure 12. The
upstream rotor, on the left, has a rota-
tional component of 595 ft/sec at the 85
percent radius and a flight component of
778.5 ft/sec. The downstream rotor, on the
right, experiences a fluctuating inflow
which varies from nearly the resultant of
the flight component and its rotational
component to the total resultant including
the axial and circumferential components of
the potential flow of the upstream rotor.
This is indicated in the figure by the solid
and dashed resultant Jlines, respectively.
Because of the particular orientations of
the vectors, the resulting inflow angle
change is only 1.1 degrees peak at the down-
strean rotor. The resulting relative
velocity varies from 980 ft/sec to 1076
ft/sec. It is apparent that the potential
flow wake interaction effects are small, A
second blade wake component is tnat due to
viscous drag. The viscous wake 1is also
indicated in figure 12. This wake component
results in a velocity deficit due to the
drag of the blade airfoil section. This
component generally results in a greater air
angle change. In this example, the viscous
wake has the potential for a 5-degree change
in  the downstream rotor angle-of-attack.
Although the axial components of the poten-
tial and viscous wakes almost cancel each
other, their circumferential  components
add. The total wakes show a peak downstream
rotor angle-of-attack change of about 5.5
degrees.

Each upstream rotor blade produces a
wake which is intercepted by the downstream
rotor. Figure 13 shows a typical wake as
experienced by the downstream rotor, The
wake has been resolved into axial and tan-
gential components. In the axial direction,
the potential filow and viscous wake compo-
nents have opposite direction and tend to
cancel. In the tangential direction, the
two components add. It should be noted that
the wakes are relatively narrow, typically
indicating high frequency components,
Although the peak tangential component is
significant, at about 15 percent of free
stream velocity, the narrowness of the wake
indicates that there is not really much
enerygy in the wakes.

The effect on noise of unsteady loading
on the downstream rotor due to interaction
with the wakes from the upstream rotor is
summarized in figure 14, This figure is a
polar plot of the noise levels for the first
three harmonics of loading noise produced by
the downstream rotor. The interaction pat-
tern has 10 lobes which is a result of &
blades interacting with 5 wakes,  Since the
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upstrean and downstrean rotors turn in oppo-
site direction, each hlaae of the downstrean
potor  intersects  the upstrean blade  wake
twice in cach revolution, This produces 10
wake intorsections for cach downstrean rotor
pevolution, hence the 10-lobed pattern. A
socond item of note is that the unsteady
loading effects are small. AL the funda-
mental of the blade passing frequency (BPF)
the effoct is only about + 1 dB. A cycie
extending over 3o degrees may be scen.  This
occurs buecause the steady and unsteady com-
ponents are in phase for half this cycle and
out-of -phase for the other half. A larger
effect occurs for  the second harmonic
pecause the harmonic  number (2) times the
blade count (%) oquals 10, which couples
better with the 10-wake pattern. At the
third harmonic, the wake-interaction effects
are again small. It is thus apparent  from
figure 14 that the aerodynamic interaction
effects are small.  The resulting unsteady
loading noise is not a very significant
component .

From an acoustic standpoint, the two
rotors can be considered as two sources of
noise. Since they are rvotating in opposite
directions, their acoustic signals at a
given field point will  have different
wrival times. If the two rotors rotate at
the same speed, as is normally the case, the
difference in arrival times of the acoustic
signals from the two rotors is  variable
dopending on the location in space. Thus,
there wi 11 be acoustic interaction «between
the two rotors. lo fact, there will Dbe
fiold pownts  where  the  acoustic signals
arrive in phase. At these points, the noise
produced by the CRP is like that of a single
s-bladed rotor, but having levels which are
6 dB highor. There are also field points
whore the acoustic signals arrive oxactly
out of phase. At these points, the acoustic
signature Tooks like that of a single rotor
having the same total number of plades (10
in this case) since the odd harmonics cancel.

1t should be noted that cancellation
accurs only when the acoustic signals  from
the two rotors are ddentical.  In general,
this is not the case, as  the downstream
rotor has a4 different  signatwee  due pri-
marily to  the aoradynamic  interaction.
However,  as  proviously  shown, the  aero-
dynamic interaction during cruise s small
s the acoustic  signatures  from  the two
rotors are very such the same.

Figure 1h shows G sumnary ut  the near-
field noise companents of the (R in cruise
compared to the noise of an equivalent SRP.
{In this context, fequivatent”  means  the
G dianeter, same  tip o speed, same total
power, and - sane total number of blades.)
Ine loading noise component s which is the
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only one intluenced by acrodynamic  interac-
tion, Is seen to be small peyond  the fiest
havionic.  fhe vemainder of the spectrum is
madnly  thickness  noise  and guadrupole
noise, fhe  upper  short  horizontal  bars
indicate the peak  levels which oceur when
the acoustic signals combine in phase. It
should be noted that the spatial positions
for which this occurs are not necessarily
the same at cach harmonic. Also shown, are
the minfmum values, which occur when the
acoustic signals are out of phase. At the
1, 3, and bth harmonic, the acoustic signals
almost cancel perfectly. Ihis is the case
for which the acoustic signal of the CRP is
essontially  lixe that of  the equivalent
SRP.  Advantage of this azimuthal direc-
tivity could be taken by placing the fuse-
lage in one of the tvalleys."  However,
since a b oy 5 bladed CRP produces the LY
lobes, the valleys are only 3v  degrees
apart. This angle is small compared to the
included angle defined by a typical fuselage
so  that several peaks and  valleys would
occur on the surface. The space averaged
total noise on an energy basis is shown by
the solid line. The SRP has energy only at
even harmonics of a 10-blade propeller as
shown by the large circles. compared to the
noise of a SRP, the total acoustic energy of
the CRP is about the same, mostly because
the aerodynamic interaction is small,  How-
ever, in 4 spatial average, the CRP has all
the frequency components of a single rotor.

Figure 16 shows the impact of the addi-
tional freguency components of  the CRP on
cabin noise. For this example, the cabin
poise of @ CRP-powered aivplane is compared
with that of & SRP-powered airplane having
identical fuselage acoustic treatment. It
was  assumied  that  the  signal attenuation
thrrough  the  fuselage sidewall obeyed the
mass=law  relation--attenuation proportional
to the mass times the freguency. The source
noise levels are the space-averaged levels
of tile CRP and those of an equivaient SRP.
The spreading of the acoustic energy over a
broader frequency range results in the cabin
noise for the CRP being .o dBA higher than
that for the SRP.  Inis occurs mostly due to
the tow froguency component, as the fuselage
acoustic  treatment  is  less  effective  at
lower froquencies.

Synchrophasing can also be used to further
offset  intertor noise or treatment  weight
penaltios,  However, the benefit would be
comparable for SRP and CRP.

goth the acrodynamic  and  acoustic (R
cont iguration optimization were done tor the
0.8 Mach number cruise condition,  However,
it s also regquired that an airplane powered
by CRP Do certitiaple from noise stand-
point, hus, there 18 an acoust




constraint for takeoff and approach condi-
tions; namely, that the airplane meet FAR
Part 36, Stage 3 noise requirements.

From the aerodynamic trade study on tip
speed and power loading, it may be recalled
that the curve of fuel burn versus tip speed
minimized at a tip speed of 750 ft/sec and a
SHP/DZ of 36.8. At these conditions, it
is apparent from Table 4 that the far field
noise limits can be met, assuming moderate
additions for engine and airframe noise
contributions.

VIBRATORY AERODYNAMIC EXCITATIONS

Two factors which determine the stress-
ing of the propeller blades are the vibra-
tory aerodynamic excitations and the propel-
ler dynamic response characteristics. The
structural design of the blades are strongly
influenced by these factors.

AERODYNAMIC EXCITATION - The primary
vibratory aerodynamic excitations are caused
by the angular and distorted flow field in
which propellers operate. The major aero-
dynamic excitation occurs at frequencies of
one times the rotational speed, 1P, because
of the angular inflow into the propeller
caused by the wing circulation, inclined
airflow aircraft geometry and aircraft wake
effects. This 1P excitation depends on the
wing loading and can be controlled to some
extent by nacelle length and tilt.

The worst 1P aerodynamic excitation
usually occurs for maximum aircraft gross
weight at the minimum c¢limb speed without
deployed flaps, and would be the same for
the CRP and SRP except for the flow
straightening effects of the front and rear
rotors on each other due to induction
effect. An  approximate analysis of a
typical swept wing prop-fan aircraft with
1N.4 feet diameter, 12-bladed, 12,000 HP
prop-fans indicates that the angularity of
the flow into the front rotor would be
decreased about 8 percent by the induction
effects of the rear rotor and that the rear
rotor angularity would be decreased about 18
percent. However, it is believed that other
effects such as the increase in flow
velocity and the straightening effect on SRP
from induction would decrease this angular
improvement 1in 1P excitation to about §
percent and 10 percent respectively. Exper-
imental tests are required to determine the
actual 1P excitation improvement of CRP's
over SRP's.

The only significant higher order flow
field excitation is wusually due to wing
sweep that occurs at a frequency of 2pP. It
is doubtful that the induced effects of the
rotors on each other will significantly

affect the magnitude of the 2P excitation or
any other even order excitation because of
flow symmetry. While the higher order CRP
excitations are predicted to be of the same
order as those for the SRP, tne dominant
excitation is 1P where the CRP configuration
is superior (fig. 17).

The CRP will also have excitations due
to blade passage wakes at a frequency of NP,
where N is the total number of blades. A
cursory analysis using the resulting load-
ings from the acoustic analysis shows that
the blade passage loadings are very low.
This result is supported by information in
the literature, Hamilton-Standard experience
in the 1940's, and the experience with the
Shackelton bomber.,

DYNAMIC CHARACTERISTICS - The effect of
the aerodynamic loads can be magnified by
the dynamic characteristics of the propel-
ler. Propellers react dynamically with an
aircraft in one of the three modes (reac-
tionless, whirl, or symmetric) as illus-
trated in figure 18. Without sychrophasing,
the CRP will react with the aircraft with
twice as many whirl and symmetrical modes as
an equivalent SRP because it is the number
of blades per rotor and flow field excita-
tions that determine these inodes; e.g., for
a 6 x 6 bladed CRP whirl modes will occur at
5P and 11P (forward) and 7P and 13P (back-
ward), whereas for an equivalent 12 bladed
SRP only the 11P (forward) and 13P (back-
ward) whirl modes occur. Likewise the 6 x 6
bladed CRP symmetrical modes will occur at
6P and 12P whereas they occur only at 12pP
for the 12 bladed SRP. However, with
phasing (between disks) and synchrophasing
(between engines) it is possible to make the
CRP symmetrical modes (6P and 12P) cancel.
Without synchrophasing and proper phasing,
the symmetrical modes can combine so that
they beat or add in which case they can be
as great as the 12P excitation of the SRP.
In addition, the 6P excitation is a
symmetrical mode for the CRP whereas it is
reactionless for the SRP.

By proper phasing and synchrophasing it
is also possible to make the propeller loads
on tnhe aircraft due to the whirl modes com-
bine to form linear loads, thus resulting in
smoother aircraft operation. However, the
5P and 7P loads of the CRP will still react
with the aircraft at 6P, whereas these cor-
responding excitation modes are reactionless
for the SRP. Thus without proper phasing
and synchrophasing, the CRP aircraft will be
subjected to more reaction modes than a SRP
aircraft (6 vs.3). With proper phasing and
synchrophasing this ratio can be reduced to
4 vs. 3.
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Because the required phasing of the two
rotors will differ for the whirl and sym-
metrical modes, the optimum phasing will be
a compromise to be determined by test and/or
sophisticated analysis. This is similar to
synchrophasing on multi-propelier SRP air-
craft except that cancelling or wminimizing
excitation loads at the single CRP source is
more beneficial for overall aircraft swmooth-
ness. The significance of these results is
that the CRP aircraft will experience
slightly higher prop-fan aerodynamic excita-
tion loadings; however, the impact should be
small with proper phasing and synchrophasing.

Similarly the propeller blade response
characteristics should be about the same for
CR and SP propellers except for blade reten-
tion and aircraft impedarce effects.

A review of 1likely blade natural fre-
quencies shows that the blade critical
speeds for the lower blade modes will be
well below the operating speeds, and, there-
fore, there will be little magnification of
the blade passage excitations.

A cursory evaluation was also made of
(1) CRF whirl flutter stability and its
effect on aircraft stability and (2) stall
and classical flutter stability as they
affect the propeller. Counter rotation
helps the whirl flutter stability by elimi-
nating the gyroscopic coupling and cross
aerodynamic  moments  increase  stiffness.
Because stall flutter is usually an indi-
vidual blade phenomenon and a function of
blade loading and torsional natural fre-
quency, stall flutter for the CRP should be
about the same as for the SRP. Similarly it
js felt that classical flutter stability for
the CRP will be the same or slightly better
than for a SRP of the same number of
blades, This is due to the lower aero-
dynamic coupling between the blades.

The brief vibration evaluation indicated
that there are no apparent adverse effects
due to counter rotation. In fact, there arve
a number of areas in which the CRP should be
better than the SRP. Some of these benefits
pertain to the propelier itself, but a num-
ber have a significant effect on the air-
craft from control and structural stand-
points., The aircraft related benefits
fnclude lower 1P aircraft steady loads,
better whirl flutter stability, and elimina-
tion of gyroscopic loads.

COUNTER ROTATION GEARBUXES

Since counter rotation propeliers pre-
sumably require complex gearboxes an eftort
was  dinitiated to assess this issue.  The
general  approach  was  to consider a wide

variety of potential ygearbox configurations,

perform a screening process to narrow  the
field of candidates to only a few, and then
evaluate these chosen fow in enough depth to
adequately characterize advanced technology
CR guarboxes,

This process began with a literature
survey that identified counter rotating
reduction gear systems built from the late
1940's  through the 1970's,  The survey
identified approximately twenty counter
rotating gearbox applications covering tur-
bine engines, reciprocating engines, and
helicopter rotors., Significant design and
operating characteristics such as power,
speeds, torque, number of stages, weight,
size, and efficiency were compiled. Infor-
mation on gearbox life, maintenance cost,
replacement cost, and noise was not avail-
able in the open literature.

Of all the concepts surveyed, only two
have a significant amount of operating
time: (1) the differential planetary used
in the Russian NK12M turboprop engine (for
the TUYS, TUl14, and AN-22 aircraft) was
introduced to service in 1958 and is still
used today, and (2) the spur with reversing
idler reduction gear system for the Rolls-
Royce Griffon reciprocating engine in the
Shackelton aircraft nas been in service
since 1950. As a result of the survey, five
in-line and five offset reduction gear con-
cepts which merit further investigation were
identified.

IN-LINE CONCEPTS =~ The five in-line
concepts, illustrated in figure 19, include
the differential planetary, split path
pianetary, compound planetary, planetary
with reversing bevel, and multiple compound
idler concepts.

The differential planetary concept is
the simplest epicyclic (planetary) system
for counter rotation. The front prop is
driven through the pilanet pinion carrier
while the rear prop is driven through the
ring gear. The front prop rotates in the
same direction as the input shaft while the
rear prop rotates in the opposite direc-
tion. The equiliorium torgue distribution
for each prop is fixed by the geometric
design  considerations relatea  to  gear
diameter. [he propeller power split corre-
sponds to the torque split when the prop
speeds are equal and opposite.  The power
split and relative propeller speed is con-
trolled by the olade pitch of each propeller.

Tne split patn planetary concept con-
verts the differential planetary configura-
tion to a grounded system with a fixed speed
ratio to each propeller. As in the differ-
eiatial planetary, the planet pinion carrier
drives the front prop while the ring gear
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drives the rear prop. Front prop and input
shaft rotate in one direction while the rear
prop rotates in the other direction. Multi-~
ple bevel idler gears are supported by the
gearbox housing grounding the differential
planetary system and imposing equal and
opposite propeller speeds at any propeller
power split. Changes in propeller pitch in
this system cannot influence the propeller
power or speed split which could simplify
the propeller pitch control for this system
relative to the differential planetary sys-
tem. The bevel idler gears carry about 10
percent of the rear prop power when the
power split between the propellers is equal.

The compound planetary concept is an
alternate approach to a grounded planetary
system. As in the differential planetary
concept, the planet pinion carrier drives
the front prop while the ring gear drives
the rear prop. The planet pinions are dual
diameter (tandem) pinions with the smaller
pinion engaging the grounded ring gear. The
diameter of the grounded ring gear estab-
1ishes the speed of the planet pinion car-
rier and the front propeller. The diameter
of the grounded ring gear can be selected to
impose equal and opposite propeller speeds
regardless of propeller power split. This
concept with the rear propeller shaft
removed is representative of a single rota-
tion propeller system used extensively
(Ro11s Royce Tyne turboprop engine).

The planetary with reversing bevel con-
figuration represents an "add on" conversion
of a single rotation propeller drive to
achieve counter rotation. This system was
used in the reciprocating Pratt & Whitney
R4360 engine. The front propeller is driven
through the planet pinion carrier while the
ring gear is grounded to the gearbox housing
as arranged in the single rotation planetary
system.  Counter rotation 1is provided by
driving the rear propeller through a
multiple bevel idier gear from the front
propeller shaft. One hundred percent of the
rear prop power is carried by the bevel
idler gears at any power split between the
propellers.

The muitiple compound idler or multiple
layshaft concept, provides counter rotation
with an in-line input shaft wusing fixed
parallel shafts. Three or more intermediate
speed idler shafts are evenly spaced around
the gearbox centerline. Power is distrib-
uted evenly to the idler shafts with a
self-centering input pinion or equivalent
load sharing device. The front propeller is
driven through the idler shafts with a sin-
gle output gear having external teeth while
the rear propeller is driven with the larger
output gear having internal tee.h. The
speed of each propelier is fixed by the
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geametric gear dismeters and is not affected
by power split.

OFFSET CONCEPTS =~ The offset counter
rotating gearbox configuration candidates
include dual compound idler, spur with
reversing idler, dual compound idler with
reversing idler, compound bevel, and spur
differential planetary concepts (fig. 20).

The dual compound idler concept is an
offset shaft version of the multiple com-
pound idler parallel shaft system discussed
above. This concept is based on previous
studies which found this system to be an
attractive single rotation reduction gear
concept. Two intermediate speed idlcr
shafts are located between the input and
propeller shafts, one on each side of the
gearbox mid-plane established by these
shafts. This arrangement functions iden-
tically to tne in-line version.

The spur with reversing idler concept is
the simpiest fixed paraliel shaft system for
counter rotation. This concept has been
used extensively with reciprocating engines
including the Rolls Royce Griffin and Merlin
engines. The front propeller is driven
directly by an output gear which meshes with
the input pinion gear. The rear propeller
is driven through an idler gear which meshes
with a second input pinion and a correspond-
ing output gear. The rear propeller pinion
and gear diameters are smaller than the
front propelier diameters to avoid direct
engagement, allowing the idler to reverse
the rear propeller rotation relative to the
front propeller.

The dual compound idler with reversing
jdler concept replaces the internal output
gear of the dual compound idler concept with
an external output gear and reverser idler.
The power distribution between the idler
shafts and between the propellers folliows
the principles of a dual compound idler
concept. The propelier speeds are fixed by
geometric gear diameter relationships.

The compound bevel concept is the sim-
plest fixed non-parallel shaft system for
counter rotation. This system has been used
in helicopter applications by Gyrodyne. A
single intermediate speed idler shaft is
located at right angles to propeller
shafts. The idler shaft 1is driven by a
bevel gear which engages the input bevel
pinion located at any convenient angle. The
front prepeller is driven by an output bevel
gear which engages the aft side of the idler
pinion while the rear propeller ouiput bevel
gear engages the front side of the idier
pinion,

10

8-trtovboit i

b’ o

ks i

g e e e .~ e



i EONET TymR R T oy Aa e e m oy oo TR

The spur differential planetary concept
converts the in-line differential planetary
system to an offset shaft arrangement which
fmproves access to the propeller pitch con-
trol components in the output shaft. The
planetary sun gear is driven through a quill
shaft from a spur gear engaging an input
shaft pinion. The sun gear speed may be
designed to be equal to or less than the
input speed from the turboshaft engine. As
in the in-line differential planetary sys-
tem, torque distribution to each propeller
is fixed by the gear diameter ratio and the
relative propeller speed is controlied by
the blade-pitch angle of each propelier.

GEARBOX CONCEPT SCREENING - The in-line
planetary with reversing bevel and the off-
set spur with reversing idler reduction gear
concepts were eliminated from further con-
sideration because a gear ratio of approxi-
mately 10, consistent with turbine engine
designs, could not be met with these sys-
tems. Both of these systems were utilized
in reciprocating engines where the gear
ratio was in the 2 to 3 range. The remain-
ing eight concepts were subjected to a
“forced decision® screening process (6) that
involved experienced personnel establishing
a set of weighting factors for each of the
evaluation parameters: reliability, effi-
ciency, maintenance, acquisition  cost,
weight, technical risk, ease of sealing,
acoustical signature, spatial envelope, and
pitch control accessibility (a factor in
maintenance but considered important » ough
to be identified separately). The assess-
ments were based on an analysis of each
gearbox concept that included sizing the
gears and bearings, and sketching each con-
figuration to identify the number of bear-
ings, gears, and the output shaft and
propeilter pitch control spatial envelope
requirements. To size the gears, the gear
diametral pitch, pitch diameter, gear face
width, bending stress, contact stress, rim
thickness, and tooth rib and web volume were
determincd. To size the bearings, the mean
Joad capacity B10 life, and envelope dimen-
sions and volume were determined. From this
information, preliminary estimates of effi-
ciency, acqui~ition cost, weight, mainte-
nance requirements, pitch control accessi-
bility, and spatial envelope were made.
Judgement of experienced personnal was used
to assess the reliability, technical risk,
vase of scaling and acoustical signature.
Both the weighting factors and the design
evaluation assessments were reviewed with
staff members of Pratt & whitney, Hamilton-
Standard, and Sikorsky Aircraft.

The “forced decision” analysis led to a
figur2 of merit that was used to select the
best in-line and the best offset reduction
gear concepts, The figure of merit is the

Bk e bt 4

sum of the products of the weighting factors
and design evaluation assessment raw scores
determined for each of the ten parameters.
The assessment raw scores could range from 0
(mintmum) to 1 (maximum),

Tables 5 and 6 display the details of
this process, and the total weighted score
for each concept. These scores are compared
in figure 21. The differential planetary
concept scored significantly higheir than any
other in-line configuration. Among the
offset reduction gear concepts, the dual
compound idler and spur differential plane-
tary systems are approximately equal in
value. Therefore, the concepts selected for
further evaluation included (1) differential
planetary 1in-line, (2) dual compound idler
oﬁgset, and (3) spur differential planetary
offset.

Figure 22 summarizes the results of this
evaluation including sketches that are
approximately to scale. The in-line differ-
ential plane:ary configuration has the
fewest number of gears and bearings and
nighest reliapility. However, it does have
a disadvantage in that the propeller pitch
control accessibility is the worst of the
three systems evaluated. In fact, it likely
will require complete removal of the gearbox
from the aircraft. The impact of this is to
reduce the mean time between removals
(MTBR). Nevertheless, since the differen-
tial planetary configuration 1is the most
efficient, the lightest, and the least
expensive of the candidates, it still yields
the lowest mission fuel and the lowest air-
plane DOC.

GEARBOX  TECHNOLOGY - The technology
level used in the gearbox study is consis-
tent with that seing currently investigated
in various government and industrial pro-
grams for the 1990 time period assumning
adequate funding. It represents a substan-
tial improvement over current technology as
detailed in Table 7. The advanced transmis-
sion technology materials and sophisticated
design techniques would markedly increase
system reliability while reducing weight,
An indication of weight improvement over
early technology is given in figure 23.
Noted on this figure is information avail-
able from the open literature on a number of
existing or early counter rotation reduction
gear systems including the Oouble Mamba,
Python, Allison T4U0 and the Russian NK-12
engine  gearbox. The estimated weight
decrease for an advanced 12,000 SHP CR gear-
box is 15 to 20 percent.

AIRPLANE/MISSIUN BENEFITS

fo determine the impact of counter rota-
tion adventages in a typical commercial
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transport application, a representative
100-passenger, Mach 0.8 cruise speed, twin-
engine airplane was defined by Lockheed-
Georgia. A low-wing configuration was
selected with 1300 nautical mile range capa-
bility at full load. Other design para-
meters were compatible with the CR propel-
ler/gearbox tradeoff analysis (i.e., 82 dBA
cabin noise 1imit, FAR 36-Stage 3 exterior
noise constraint, approximately 12,000 take-
off SHP per engine, and a baseline propel-
ler-fuselage clearance ratio of 0.8 (clear-
ance/propeller diameter)).

This airplane was sized using the
advanced CR propeller and gearbox configura-
tions determined from the tradeoff analyses
and compared with an advanced 10-bladed SR
prop-fan powered version. Both the SR and
CR powerplant definitions used in this com-
parison are displayed in figure 24. Wnile
the in-line differential planetary gearbox
was selected for the CR system, the offset
compound idler configuration was selected
for the SR gearbox based on a separate study
(7). The difference in gearbox types
selected reflects differing requirements
between SR and CR. For example, SR in-line
planetary gearing involves such high cen-
trifugal loads in the planetary pinion bear-
ings that very short bearing life results--a
problem absent in CR planetary systems since
the centrifugal loads are reduce! due to the
carrier not being grounded. In general,
in-line concepts are more suitable for CR
than they are for SR. On the other hand, a
drawback of in-1line systems for either SR or
CR is the somewhat higher maintenanc: cost
caused by propeller pitch control
inaccessibility. If this drawback could be
substantially mitigated the 1in-line system
would be competitive for SR also. In any
case, the choice of gearbox types is not too
important when comparing SR and CR benefits
since the  best SR in-1ine  concept
(split-path) is only siightly worse than the
pest SR offset concept (compound idler) on a
pOC basis (7).

The potential benefit of using an
advanced technology counter rotation system
is i1lustrated in figure 25 for 400 nautical
mile trip. A fuel saving of 8 percent and a
DOC reduction of 2.5 percent is estimated.
Based on previous analyses, tnese savings
would not be materially altered at different
trip lengths, cruise altitudes, or payload.
An advanced counter rotation propeller sys-
tem (CRP) is projected to have an 8 percent-
age point higher efficiency due to swird
recovery and a higher blade count, with only
a 12 percent increase in propeller weight
and 1.6 dBA cruise interior noise increase.
with a compact differential planetary geac-
box (similiar to the approach used on the
Russian Bear Bomber), the reguired 9.7 to 1
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gear ratio can be obtained in only one
stage. This results in a 15 percent lighter
gearbox with a 0.2 percent higher efficiency
than the system required for single rotation
turboprops. There does appear to be an
increase in acquisition and maintenance cost
with the 1in-line CRP gearbox. However,
because of the small size and light weight
of this gearbox, it may also be possible to
locate it between the two rotors (interprop)
for additional system benefits. Integration
of the CRP propuision system with the air-
craft offers some additional advantages.
These include cancellation of torgue and
gyroscopic loads, enhanced aircraft flutter
stability and improved aerodynamic integra-
tion due to slipstream swirl removal. How-
ever, with the slightly higher CRP propeller
interior noise (1.6 dBA) and lower frequency
noise content, the cabin acoustic treatment
weight may have to be increased by about 5
percent (0.14 percent of aircraft gross
weight). Based on these performance and
weight changes, an 8 percent block fuel
savings and a 2.5 percent DOC reduction is
estimated for an advanced CR system relative
to a comparable SR system.

CONCLUSIONS

The CRP fuel savings and DOC benefits
are large enough to warrent continued activ-
ities. No serious problems were identified
that might preclude realizing these benefits
through a sound R&T program. Of course,
even though the CR concept was subjected to
modern sophisticated aerodynamic performance
and acoustic analyses, this is clearly an
area where experimental confirmation of the
predicted attributes is required before
unequivocal endorsement of CR is appropriate.

Meanwhile, continued analytical investi-
gation would be worthwhile to (1) establish
better 1acoustic and vibration predictive
techniques and (2) extend the current analy-
ses to other applications, potential solu-
tions to the in-line gearbox pitch change
accessibility issue, and more off-design
investigations. The basic technology for
advanced CR prop-fans and gearboxes is
identical to that for SR propellers and
gearboxes, at least as far as current under-
standing pernits., But the challenge of
verifying that advanced design technigues
can be utilized to lessen the complexity and
maintenance  drawbacks remains. Counter
rotation is an area that deserves continued
attention in our pursuit of advanced propul-
sion systems.
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APPENDIX - WEIGHT EQUATIONS

This appendix defines the generalized
weight relationships used in the determina-
tion of the "optimized" propeller discussed
in the text for a Mach 0.8, low-wing, twin-
engine, 100-passenger airplane. Units are
pounds, feet, second, and degrees.

Propeller, Wprop

W = 3.37 x 10-4 i
prop x (Diameter)1.846
x (No. of blades)=-0.05
x (Total activity factor)0.75
x (Takeoff tip speed)V.3

‘
o o = TR e e e gifdn f e

Wgg = 942.
X iﬁear ratio/8.63)0.15
x (0.8125 x Torque Factor +
0.1875)
+ Spacing Weight

Where, Torque factor = actual torque/
baseline torque

Spacing weight =

133, (DS - 1.75) for propelier
disk spacing (DS) < 2.5 ft.

550. (DS - 2.5) + 100 for DS >
2.5 ft,

Acoustic Treatment, WaT

HAT = 0-955
x (No. of propellers)
x {Propeller diameter)
x (Nacelle diameter)

XOREF

X 212/8PF

X ]O%éB - dB*)/20
Where,

C/D
0.672 0.800 0.907

T 5.44 5.60 5.60
dB* 136.2 134.9 134.4

C = clearance between propeller and fuselage
D = propeller diamter

TREF = Acoustic treatment weight parameter, 1b/ft2

BPF = blade passage frequency, hz
dB* = ref, noise level

Landing Gear, W_g
WG = 2150 + 240 (D - Dpef.)

Where, Dref. . propeller diameter at 32
SHP/ft2

/ft
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Table I. - Historical Counter Rotation Propeller (CRP) Efficiency
Gains Over Singie Rotation Propellers (SRP

[Simulated condition:

Mach 0.8 cruise at 35 000 ft.]

[Mach 0.8 Cruise at 35 000 ft.]

? Shp/Dz Tip speed s Efficiency points

E; Experimental* Igeal**
3 20 600 ft/sec 1 8.6
Ej 30 700 ft/sec 1 8.7
3 40 800 ft/sec 1 8.4
3

»

* NACA L-384 8-blaae SRP and 4x4 CRP aata (isolated).
**SBAC 8-blade SRP ana 4x4 CRP

Table 11. - Baseline Propeller Definition

TERTEEET O T W W T TR T e T TRTEEN e T RTINSy Y T

Number of blade:
Blage activity factor
Camber (C_1)

Power split (front/rear)
Tip Sweep "
Tip Speed Ratio "
Diameter Ratio *
Disk Spacing/Diameter
Nacelle/Prop Diameter
Tip speeu, ft/sec

Power loading, Shp/D2

10 (5x5)
180

0.31
50/50
40° x 40°
1l

1:1

.18

.35

700

32




Table III. - Unusual CR Propeiler Features
Feature Impacts
Cruise Noise**
efficiency
Cabin 'Far field
Tip devices +] . 5%* 0-3dB 0-14dB
increase increase
Leaned blades Negligible Negligible Negligible
Unequal number of blades Negligible 0 - 2 dB increase 0-2dB
front and rear but adverse | in annoyance increase
Front blade blowing +1% to +2%* 0 - 1 dB decrease 2 -3 dB
decrease
Differential blade diameters, | Negligible Negligible Negligible
within a disc but aaverse
Pusher or Push/Pull Negligible 0 - 3 dB increase 2 -4 dB
increase

* Not including blade compromises to accommodate these features.
**Same tip speed and Shp/D¢,

ORIGINAL PAGE 3
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Table IV. - Far-Field Noise Evaluation For CR Propeller
[Propeller noise only; tip speed, 750 ft/sec; SHPIDZ. 36.8.]

Perameter Flyover Sideline
Normal take-off Cutback
Diameter, ft 12.33 12.33 12.33
Tip sgeed. ft/sec 750 700 750
SHP/D 78.9 51.3 78.9
Slant distance, ft 3200 2350 1679* i
Flight speed, kn 170 170 150
95 |— r————"]
|
& wh-_____ EARPART 36 | | |
o STAGE 3 LIMIT L
e &I—
80 M

1476 ft SIDELINE AT 800 ft ALTITUDE

TR ‘
I POVR QUnlY
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Table. VII. - Gearbox Technology Comparison

TTAMTwyweyTTYTeT—YT o o mwee .

Current Technology assumed
technology | available by 1990
Gears
Materials AMS 6265 vasco X-2M or
Cartech £X-53
Bending fatigue limit
Unidirectional, psi 50,000(1) | 60,000(})
Reversed bending, psi 4],000(]) 49.000(])
Hertz stress, psi 126.000(] 151.000(])
Pitch line velocity, ft/min 30,000 35,000
Bearings - M50 CVM material
System design 1ife (B10), hr 18,000 18,000
Material/lubrication life factor |6 to 12 20 to 30
Hous ings Al; Advanced, aluminum,
magnesium, and/or
stainless steel
Lubricant MIL 23699 Synthesized hydro-
type 11 carbon fluid
Allowable temperature rise, °F 40 -~ 50 80 - 100
Load carrying ability, 1b/in 2000 - 3500] 4000 - 4500
Flash temperature index, °F 276 350

(1) Typical gear allowable stress - 3 sigma with a coef-

ficient of variation =

0.1, 1010

cycles

R e AR AR L Thiialal Ll --"1




T TRy T e e et e o - R LIl IR A S e

ORIGINAL FAGE 1S
OF POOR L0LITY

AT e e om0

DA~ N

RS T TN RO T TR e T

i A

Praaie 1, coanter rotatiey gphaoaes,




ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Figure L, - Concluded,



T S TN e vy e e mrE s T rEE T e T oy e men Ay yReem At o T N eSS e 0 b 7T TR R ImL O O AT T TR TR T ek
i

"omnmm. PAGE
BLACK  ARD WIIITE PHOTOGKRAHT
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MACH . 8, 35000 ft
100 — 10 BLADES
COUNTER ROTATION 7\\ SHP/D2
FAAN 26,0
» % = ," ‘\ 3.0
o 3.5
2
S 90|~  SINGLE ROTATION
E ‘,h\\ 26,0
§ ,l \ 3.0
g 4 ? 3.5
& | , |
600 700 800
TIP SPEED, ft/sec
Figure 4. - Historical data,
90 e
TiP SPEED, ft/sec
BASELINE
89 o
® & \
o 800 e
2
b
f-E: 88 600
b
a
-
o
(%] 87 —
% | | ] | i |
26 28 30 32 34 36 78
CRUISE POWER LOADING, SHP/D2
Figure 5. - Tip speed and power loading optimization,
a PROPELLER GEARBOX LANDING GEAR
1.4~ — —
r BASELINE
1.2 ! _ -
]
:
TIP SPEED,
LO— ftlsec —
800 TIP SPEED,
700 ft/ sec
700
N — —
800
al L 1 | A . 1 |
25 30 3B 40 25 30 35 4 2% 0 3% A

CRUISE POWER LOADING, SHPIDZ

Figure 6. - Weight summaries for aerodynamic optimization.
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INTERIOR NOISE LEVEL LIMIT: 8 dBA

145 — EXTERIOR SIDEWALL NOISE LEVELS ACOUSTIC TREATMENT WEIGHT
g M-
© TIP SPEED, e TIP SPEED,
% ft!sec ; 1.2 \ftlsu
8 ——————— 100 g s £ BASELINE
= o (2360 1b)
@ 5 .6 600
& 135 2
: o I
&/ g
E .2
3
1% | | | g I I |
2% 30 % 33 2% 30 3% 38
CRUISE POWER LOADING, SHP/D2 CRUISE PONER LOADING SHP/D?
Figure 7. - Cabin acoustics for aerodynamic optimization,
1.2 INCLUDES: C. R. PROPELLERS, GEARBOXES,
ACCUSTIC TREAT, LANDING GEAR
BASELINE
11 /r (10235 Ib)
g 1.0
§ TIP SPEED,
] ¥ sec
& 700
9 b 800
600
8 | | ] | [ |
"2 28 30 3 ) 3% 38
CRUISE POWER LOADING, SHP/D?
Figure & - System welght summary,
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Figure 9. - Fuel burned sunimary,
TOTAL
ACTIVITY
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4 ® 1500 .
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» = & SRR AN
fred 2 wt
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TREATMENT,
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Figure 10. - Counter rotation propelter geometry optimization.
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NUMBER OF BLADES
ACTIVITY FACTOR
INTEGRATED DESIGN Cy
TIP SWEEP, F &R

DISC SPACING/PROP DIA,

NACELLE DIA./PROP DIA,
DIAMETER RATIO, FIR

TIP SPEED RATIO, FIR
POWER SPLIT, FIR
POWER LOADING, SHP/D2
TIP SPEED, ft/sec

CRUISE EFFICIENCY, %

Figure 11. - Recommended counter rotation propeller configuration,
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Figure 12. - Counter rotation propelier velocity diagram at 85% radius. Mach 0,8, 35000 ft cruise
with 700 ft/ sec tip speed,
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Figure 13, - Wake from one upstream rotor blade,
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Figure 14. - CR rear rotor loading noise directivity.




SOUND PRESSURE LEVEL, dB Re 20pPa

HARMONIC ~ SIDEWALL SPL

140

130

120

110

100

90

ATTENUATION

82,2
a

3
HARMONIC OF BLADE PASSING
FREQUENCY (90. 4 Hz FUND. }

SAME FUSELAGE
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TOTAL
QUADRUPOLE

83.8
V)

SINGLE ROTATION

THICKNESS

~0UT OF
PHASE

\
> LOADING

~\

_—=- IN PHASE

5x5 BLADE

COUNTER ROTATION

- Near-field noise components (tip speed = 700 ft sec; SHP /D2
= 32; M 0.8 cruise at 35000 ft).

CRP NOISE 1.6 dBA HIGHER

Figure 16, - Propeller induced cabin noise, Mach 0,8, 35000 ft cruise, 100 pass, twin engine airplane,

SIDEWALL EXTERIOR HARMONIC
ATTENUATION  SIDEWALL SPL 90,4 Hz
3448 138,648 1
45 1345 2
8,5 1337 3
51 13,2 4
53 1245 5
545 118,3 t
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Figure 17, - Aerod ramic excitation of counter
rotation prop-tan,
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Fiqure 1%, - Shaft reactions for propelier modes,
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L0~ 1 REUABILITY
2 EFFICIENCY
@ IN-LINE SYSTEMS ———— 3 MAINTENANCE
. 4 ACQUISITION COSTS
) 0 5 PITCH CONTROL ACCESS
6 - 6 WEIGHT
’ " 0 OTHERS
E ) . 0 OFFSET SYSTEMS ~————=
g 6 " 0 ,
- 5 o 0 i
2 .4 3 . 5 = 6 ;
? 3 = n N 5 5 !
2} 4 3 0 [a 4 ]
2 s [ 2 s = }
1 1 2 ) 51, -2 ;
DIFF.  SPUT  COMP. MILTI " DUAL  DUAL  COMP,  SPUR
PIAN. PATH  PLAN, COMP.  COMP,  COMP,  BEVEL  DifF. ‘
PLAN, DR IDLER %’uanw PLAN.

Figure 21. - Counter rotation gearbox figure of merit,

DUAL COMPOUND DIFFERENTIAL SPUR DIFFERENTIAL
IDLER PLANETARY PLANETARY

NO. OF GEARS/BEARINGS 9113 6/11 812
MTBR, hr 24000 18000 21000
EFFICIENCY, % BASE +.3 -.4
WEIGHT BASE - 7% - 0%
ACQUISITION COST BASE - 9% +4%
MAINTENANCE COST BASE - 4% - 9%
MISSION FUEL BASE - L6% =.5%
Doc BASE -.9% -.4%

Figure 22, - Counter rotation gearbox assessment,
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Figure 23, - Comparison of gearbax weights,
PROPELLERS . GEARBOXES
SR — SR—— R
DIFFERENTIAL
PLANETARY
EFFICENCY BASE +8PT5 +0.2PTS
WEIGHT BASE 110 - 15%
ACQUISITION COST BASE 7% +19%
MAINTENANCE COST BASE . U% + 28
MTBR, hr 10500 5%0 18000
SHP/D? BASE . 15%
Vnp.Nm $00 150 \
DIAM, ft BASE -1 .
NQ, OF BLADES S0 o6

Figure 24, = Comparison of 12000 SHP single and counter rotation systems,
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COUNTER ROTATION AIRPLANE BENEFITS

100 PASSENGER, TWIN-ENGINE, MACH 0.8, 35000 1, 1300 .M, DESIGN
&R dBA CABIN NOISE,  FAR 36-STAGE IIT FUELSL 50/ga!

(400 N.M. TYP. - 60 PASS, )

SINGLE ROTATION COUNTER ROTATION
@ﬁ @‘4
N o ——

- OWE-1b 55756 +.N%
o TOGW - Ib 75666 ~.65%

Co SHP 1120 -21%

BLOCK FUEL, ib nn -81%

DOC #ASNM 1.8 - 25%

Figure 25. - Counter rotation airplane benefits.




