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SUMMARY

The primary objective of the program was characterization of the RC2-75 Ro-
tating Combustion Engine as an aircraft engine. 1Included is the determina-
tion of complete engine performance, exhaust emission measurements and the
provision of other applicable characterizing information sufficient to permit
evaluation of the engine in aircraft applications.

The RC2-75 tested in this program was as originally designed, except for a
rotor rework.

It was tested for 106.5 hours and performed without any engine problems, show-
ing good static pressure checks after run-in and at the end of the test.

The testing included running fuel-air mixture control curves and varied igni-
tion timing to permit selection of desirable and practical settings. The
following selections resulted:

SELECTED ENGINE SETTINGS
Operating Conditions Fj;;iﬁjr Agizzte
(Degrees BIC)

Ful% thr?tcle, 3500 to 6000 RPM, Take-Off, 073 15
Taxi, Climb-QOut, Approach

Idle Smooth 35
Cruise, 3500 to 5500 RPM, Best Power 073 55
Cruise, 3500 to 5500 RPM, Best Economy 065 55
Propeller Load, 45 to 85% Power .065 55

These were used to run wide open throttle curves, propeller load curves, vari-
able manifold pressure curves covering cruise conditions, and EPA cycle oper=-
ating points. Performance and emissions data were recorded for all of the
points run.

Three methods of calculating air/fuel ratio from emissions measurements were
employed; two carbon balance procedures, one being the Spindt method, and one
oxygen balance procedure. Data points were not considered satisZactory unless
all three methods agreed within 5% of the measured air/fuel ratio.

A comprehensive program of calibration of all data gathering instruments and
equipment was carried out before, during and after the engine test program.

o
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Curves of the performance, emissions, oil and coolant flows, and heat rejec-
tion data are presented. Vibratory mount forces aze¢ discussed.

The exhaust emissions results compared to the 1980 EPA requirements in pounds/
rated bhp~cycle were:

Demonstrated EPA Standard
HC 0.00264 0.0019
co 0.03737 0.0420
NO, 0.00085 0.0015

Variable mixture curves for the propeller load cruise range exhaust emissions
are shown. These form distinct families related to the powers and speeds run.

In addition to the test data, information required to characterize the engine

and evaluate its performance in aircraft use is provided over a range from one
half to twice its present power, (212.5 kW, 285 bhp). Sizing curves are shown
of displacement vs speed and power, weight vs power, overall size vs displace-
ment, and heat rejection vs power.

Installation drawings were provided for the RC2-75 engine, a2nd outline drav-
ings for RC1-75, RC4-75, RC2-27, and RC2-215 engines.

The specific fuel economy demonstrated for the RC2-75 was 356 g/kW-hr (.S8S
1b/bhp-hr) at take-off and 326 g/kW-hr (.536 1b/bhp-hr) at 77% power.

B e o —
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INTRODUCTION

CURTISS-WRIGHT has been actively engaged in research and development of ro-
tating combustion engines for 18 years.

Starting in mid-1958, Curtiss-Wright designed and built more than 10 different
experimental Wankel engine models (C-W designates their own design series as
RC x - y, where x is the number.of rotating combustion (RC) engine rotors and
y is the displacement, in cubic inches, per r<tor), ranging from the small
©21-4.3 to the RC1-1920 (Figure 54). Over 47,000 test hours have been accu-
mulated on our dynamometers and in a broad variety of RC2-60 field test vehi-
cles including various sizes of wheeled and tracked cars and trucks, boats,
aircrafr, and stationary powerplants.

Direct rotating combustion engine production by Curtiss-Wright remains a con-
sideration primarily in those areas asscociated with historical orientation:
aircraft power and advanced military engines.

A description of the Rotary Engine Development activity at Curtiss-Wright
from 1958 to 1971 may be found in Reference 1. It includes information on
design features, apex seal development, testing, and application of the
Rotary Engine to automotive, aircraft, and small air-cooled engines. Reports
giving more details of the aircraft-related testing are listed in the B8ibli-
ography.

Curtiss—-Wright's flight experience w.th the RC2-60 automotive prototype led
to the development of a liquid-cooled, gasoline fueled rotary engine, in the
300 horsepower class, the RC2-75, for application to military and comm2rcial
light aircraft.

The RC2-75 is a liquid-cooled two chamber Rorary Combustion Engine {Wankel
type), with an integral propeller shaft gear reduction, (Figure 1). While
earlier Curtiss-Wright Rotary Combustion engines were designed for .he pur-
pose of research and development activities, and therefore configured for
manufacturing methods practical for very small quantities, the RC2-75 Roiary
Engine was designed to be a production general aviation engine using manufac-
turing methods consistent with the size of the general aviation market. The
designs used reflect the results of extensive coordination with suppliers re-
garding processing, cost vs functior and durability, and producibilicy.

The RC2-75 power section is essentially the RC-60 configuration, which has
accumulated over 40,000 hours of operation, extended axially from 3 to 3-3/4
in. for increased output. While the engine is fundamentally an expanded RC2-
60 with aircraft accessories and integral propeller drive, it does incorpo-
rate all applicable low-cost production features developed during an intensive
value engineering study conducted with seven teams of design/manufacturing/
purchasing/metallurgy specialists on the RC2-60. This engine, using periph-
eral (radial) intake ports, is intended to have an initial rating of 285 hp
at 6000 rpm with lncreases on the order of 15% planned shortly after intro-
duecion, and further growth increases with continued development. The esti-
mited weight of 280 1b dry (358 1b wet, ready to fly including coolers and



coolant) is lighter, and the overall dimensions of 21.5 x 23.7 x 31.4 in. are
smaller than all existing commercial aviation piston powerplants. A direci-
drive version, intended for helienpter or shrouded propel.er applications, is
still lighter by virtue of the reduction gear savings. The propeller drive
engine configuration and approach were continucusiy reviewed during the
process of definition with Piper, Cessria, aad Beech, the intended users, as
well as the FAA and accessory suppliers.

In addition to the directly applicable RC2-60 development testing cited above,
75 cubic inch power section engines nave accumulated over 1100 hours on RC1-75
engines and 345 hours on RC2-75 engines (including 106.5 on engine 7521-8 for
this program). Durabilicy experienze to date has been good. A 100 hour full
throttle, 6000 rpm endurance test was completed on the RC2~75 with no signifi-
cant problems. Good durability was also demonstrated in an RC1-75 rest with
enlarged ports which produced 170 ohp at 7000 rpno.

Other RC1-75 tests evaluated surface g2p spark plugs located closer to the
trochoid surface (Figure 2). Results are shown in Figure 37. Previous RC2-75
tests included an engine installed on a flight stand (Figure 3).

A projection has been made of the overall FAA "Type Certification" acrivities
that would be required by the FAA and Curviss-Wright to consider the RGC2-75
ready for commercial utilization. A progranm of approximately 24 months dura-
tion is required which includes a variety of RCl-75 and RC2-75 testing as out-
lined in Appendix A. The bulk of the activity is in connection wich the many
details requring coordination to provide a flyable engine to the end user,
even after rhe basic power unit is satisfactory. This can be taken as an in-
dex of the "Maturity" of the RC2-75 compared to the various candidates for
alternate general aviation powerplants. It is important to note when compar-
ing the KC2-75 to possible Diesel or Stirling aircraft engines, the various
RC2-60 flight tests described above and the production status of the RC2~75.
Its nearness to commercial status Places the RC2-75 closer o the reciprocat-
ing and gas turbine engines in terms of "maturity" as a candidate for General
Aviation applications.

The purposes of this effort are:

1. To determine the sea level performance and emissions data of the
RC2-75 rotary combustion aircrafe engine, and

2. To establish characteristic data to permit evaluation of the engine
in a range of sizes from one haif to twice its rated power (212.5
kW, 285 bhp).
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PERFORMANCE AND EMISSIONS ENGINE TEISTINW

A.

Test Engine Description (RC2-7%)

Excerpts from the RC2-75 Engine Specification are in Appendix E.

Some of the specific design features of engine 7521-8 are as follows:
g g

An integral gear reduction is provided with a ratio of engine shaft
to propeller shaft rpm of 2.741/1. A single spur gear mesh is used,
with an estimated mechanical efZiciency of 997.

The RC2-73 is a liquid coolec engine, with a sealed coolant system
using reliable lines, connections, and water pump seal. For appli-
cation to an aircraft engine, the sealed system was the first choice
primarily because of its no-coolant-loss feature assuring greater
system re” larilicy. Intcermmal engine flow will be maintained under
all operating conditions by means of a Cuilt-in by-pass thermostat.
The locations of the cooling svstem components, in particular the
coolant expansion tank, are affected by the requirement to avoid
wump cavitation problems. Liquid cooling permits using heated cool-
ant irstead of gases contaianing carbon monoxide to supply a heat
exchanger which provides hot air for cabin heatiang and de-icing.
Greater flexibilicy in locating the coolant to cooling air heat ex-
changers exists comparced te baffling the croling air over engine
air cooling fins (for erample, ceoolers may be placed in the wings).
The aet aircrafr cooling drag for the RC2-75 is estimated to be one
half that resulting from comparzble Iinned air-coocled engines.

The trocteid major zxis is inclined 15° from the vertical in a di-
recticn to improve sp "k rLlug drainage. Since the wing dihedral can
be 5%, tiw %win ensine instullaticns will have final angles of 10
and 20° if installation of the engine package parallel to the wing
Is desirad.

In Zne water system, both the coclant drainage and the steam vapor
venting have been set to accommodate major axis inclination from
over 20° to 2° to tlh. verticzi. This was planned to cover the air-
craft and otu~r installarions.

The rocer housing intake port drains into the engine and the exhaust
port drains out of the ecngine. Being ported, and baving no valves
and cams contributes to gqulivier final noise levels than comparable
reciprocating engines.

The rotors used waere roworxed to zave a ''short quench" in an effort
to reduce crevice volume in the combustieon chamber.

The engine tested (7521-5), had a compression ratio of 7.5:1. This
selection was made te accomnodate tue use of 80/87 octane aviation
gasoline. This gasoline is no longer available while 100/130 octane
is widely available today, permitting the use of nigher compression
ratios.
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The housing configurations have been tailored to satisfy the needs

of the permanent molding process. The 'production sand" methed can
cast anything prepared for the permanent mold foundry.

There are four pads for engin mounting brackers on the anti-prop
end housing and two ¢n the prop-end sousing. This permits accommo-
datiot. of air frames with either fire wall dvnafocal mount systems
or bed-mounted systems.

The required engine accesrories, i.e., magneto, watarpuap, oil pump
and oil metering valve are driven tihroogh a separate Irain directly
from the propeller reduction geur driven szear. Provisions are also
included in this crain to add an SAE cabie type t::chometer drive as
optional equipment. It sihiould zlso de noted ch - _he magneto se-—
lected for the engine has an outpur aonrector wii. . can be used to
indicate engine speed with an electroniec tachometer.

Provisions to drive optional airframe accessories such as propeller
governor, hydraulic pump, vacuum pump and either a plunger or a
rotary type fuel pump are included in a feparate gear train on the
right hand side of the accessory zearbox. as wizh -he engine ac-
cessories this train is alsc driven from the propeller reduction
output gear.

All accessory drive bearings are sintered material with all but the
most lightly loaded ones pressure oil fed. Shaft oil seals are pro-
vided on all ortional drives except the propelier governor pad.

The optional accessory drive gears, which ere 1
been sized and designed for powdered metal cons
manufacturing cos:s.

izhtly loaded, have
truction to lower

The engine accessory drive sears make maximum use of powdered metal
components although the water pump drive and the main idler are made
from nodular iron cas:zings.

The engine operates ia a dry s'mp conliguration; with the scavenge
pump directing hou c¢ngine oil to the o<l tank. Fer this program, a
test stand pump provided engine oil pressure.

Special spark plugs of standard aircraft instaliation envelope were
used throughout the test program. Thcese would be made commercially
available with engine production.

The accessories selected for this eagine were all in production and
have already been certified for light aircraft use.

The Marvel Schebler. odel HA-&, Carburetor used on the engine is a
side draft, float type with mznual mixture concrol and with idle
cut-off. The carburetor is the szmz as that previcusly certified
for other light aircraft engine use except for =manual nixture needle
and jet sizing required to meet the RC engine fuel flow requirements.
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The airflow capaci.y oI the cerburetor was selected to meet the en-—
gine requirements. Air box dara has shown the carburetor will flow
1900 PPH of standaré air with a carpuretor loss of 3 inches mercury.
Provisions are mace on :he enzine to drive a double diaphragm, AC
Spark Plug Company tyze JT fuel pump or a2 rotary vane, positive dis-
placement, fuel pump with integral relief and bypass valves, as

made by Lear-Romec. (Type ¥Ne. RG cr RD.)

Test Equipment Descriprtion

1. Test Cell Squipment and Conlfigwnration

The RC2-75 engine was instzlled on Test Cell No. WX-24 for con-
-3
ducting tne JASA program.

Test Cell No. WX-Z4 1s 2
faciliry with &b
instrumentaticn and control.

induction dynamometer test
of 8CO np, complete services,

Figure 4 presenis a schematic fer the engine and dynamometer

drive line system. Connuction of tie cngine to the dynamometer
was accomplisied by apprepriate coupling st the prop shafr.
Starcing was providad oy ‘civinghouse 225 hp capacity start-
ing motor zhirvough a snrapue ciutch. Absorption was achieved by
the Generai Electric ind

s

photographic view of the engine and
consistent with the schematic presented

Figure 6 present
the intake anrcé exh
the air bottic 2
nose and test st

s a clese-up view of the engine with the view at
«t sida. The incuction air system including
ar~avretnr intake pipes, prop shaft and
nnine conpling are notable.

Figure 7 pzesen
showing tw> of
the btellows twp
exhaust manifol

da tem. At the right hand side the engine
blow by is Tee'd inte the engine air supply just before the air
filter.

Figure 8 presents a pheregraph of the Tester's control station
within the contrel room. As evicdenced here, the tester has
clear visibility inro the e¢ngine and dynamometer room while
having withia reach 21l prirary test controls, instrumentation,
gages, eic. Included are eunginc controls at the desk top (ig-
nitioa switzch, tarotilc. fuel/zir mixture), dynamometer and
motoring drnomomer~sr centvols at the lower right, airflow (cal-
ibrated bellmouth ancd inclinometer), fuel flow (rotometers), load
(cell), rpm (digital counter), with overspeed protection and



dynamometer warnings converiently located immediately surround-
ing the testers’' primary work zone.

Test Cell WX-24 includes previsicns for measuring the engine
coolant flow and cooling i*. There is zn oil supply system with
cooling and weigh (for fiuvw anc consumpiion; provisioms. Flow
pPressures and Tenmperatures are controlled and monitored in the
coclant and lube svstems. Since the cooiant system is a com—
pletely closed system, (no vents to apbient pressure), an ac-
cumulator tank and means of pressurizing il were provided to
permit control c. tiwe cooling -yei . uhsolute pressure. By this
means, a pressure wi's set tieh gvelded cavitation at the cool-
ant pump inlet at mexinum rrox znd pover.  The closed system was
then allowed to functicn witheut chanpes at other operating
points.

u

tl

Test Cell Instrumentarion

a. Description

Basic instrumentation provisicrs consisting of selected us=-
t . T ~

age zud calibrotion of nerticn ol thet instrunmentation
normally zvailable ~t Wi=24.

In addition to the alirllow, ifuci fiow and pover measurement
systems previousl: discussed, varicus other pressure gages,
mercury and water manomuters, [lowmeters, thermocouples, I/C
and C/A temperature incicators etc. were utilized to record
for each test point the basic variables outlined in the Test
Plan. Figure 9 is an excerst Sr.m the Tes! Plan, marked to
further define the iastrumentzlion used.

Figures 8 and 10 presenl 2dditicnal and more detailed con-—
trol room/instrument bank photographs reflecting the basic
arrangenent and 2quipmenc uxed.

b. Calibration

Instrumentation (and Test Equipment) was calibrated and
maintained to Curtiss-Wright Quality Control Order No. 03-2
Revisioa B dated 5/29/73 {lnstruments), Quality Coatrol
Order No. 17-6 Revisicn € dared 7/7/74 (Standards). The
frequency of calibration was adjusted to suit the short
overall tesi schedule with pre-test. mid-test and post-test
calibration conducted as ccordinated. Exhaust emission
Scott Model 108-H Exhaust Gas Analysis System, was caii-
brated by Curtiss-Wright Enginecring personnel with occa-
sional servicing assistance from Scott Environmencal Systems
and Becknman Instr.aencs, Inc.
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3.

Emissions Measurement Equipment

a.

Equipment Description

The exhaust gas analysis system used for this test, Scott
Model 108-H (Figure 11), was manufactured by Scott Environ-
mental Systems Division of Environmental Tectonics Corpora-
tion, Southhampton, Pennsylvauia, in conformance with the
system specified by the Federal Register of July 17, 1973
and currently incorporated in the Code of Federal Regula-
tions {40CFR87) for aircraft piston engine emissions test-
ing. The system included an oxygen analyzer as required by
the contract with NASA. Figure 12 schematically defines the
system used.

A heated prefilter was located upstream of a heated bellows
pump in the test cell module, mourted close to the sample
probe in the engine exhaust duct. This pump drove the ex-
haust sample through a heated 40-foot sample line (3/8 in.
diameter teflon core) to the analyzer console outside the
test cell. Three additional filters protected the various
legs of the analysis system in the comsole. For the carbon
monoxide, carbon dioxide and oxygen leg, sample gas was
dried by passing through refrigerator coils before entering
the analyzers. The legs carrying sample gas to the hydro-
carbon and nitric oxide were heated up to the analyzer. The
heated lines were maintained at a skin temperature of 150°C.

The Scott analyzer comsole incorporated the filters, plumb-
ing and valving required to supply the sample gas as well
as the zero and span gases to the individual analyzers:

COz: A Beckman Model 864 Nondispersive Infrared analyzer
(NDIR) was used to measure carbon dioxide in ranges of
0 - 15Z and 0 - 5%.

Co: A Beckman Model 865 NDIR analyzer was used for carbon
monoxide in the ranges of 0 — 12% aad 0 ~ 3%. (This
dual cell analyzer was available for measurements in
the 0 - 1000 ppm range, which was not used in the
course of this carbureted engime test.)

NOy: A Scott Model 125 Chemiluminescence analyzer was op-
erated in the ranges 0 - 50, 0 - 100, O - 500, 0-1000
and 0 - 5000 ppm. The thermal converter used to con-
vert nitrogen dioxide to nitric oxide for analysis as
total oxides of nitrogen was a Scott Molybdenum con-
verter heated to 390°C.

02: A Scott Model 250 Paramagnetic Oxygen analyz+~r was op-
erated in the ranges of 0 - 1, 0 - 5, 0 -~ 10 and
0 - 25Z oxygen.
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THC: Total hydrocarbons were measured with a Scott Model
415 Heated Flame Ionization Detector (FID) in the
ranges of 0 - 10, 0 - 50, 0 - 100, 0 - 500, O - 1000,
0 - 5000 and 0 - 10,000 ppm as propane.

Three dual-channel recorders provided strip-chart records of
the readings of the amalyzers. A timing indicator at the
right end of each chart was interlocked with the purge/
sample control to show periods during which sample readings
were taken.

A purge circuit was included in the system to supply fil-
tered air to the test cell module, Valves at that point
directed this air supply both to clear the sample probe and
to clear the entire sample train during periods between test
points. The purge/sample switch controlling the air supply
was interlocked to providz a timing indication on each of
the recorders.

Federal Register requirements include provisions for intro-
ducing span gases for the principal instruments at the sam-
ple inlet to the full emissions systems as a means of de-
tecting leaks into the system, contamination resulting in
"hydro-carbon hang-up" and establishing residence time for
each of the instruments. The equipment provided by Scott
included only the timing device as a part of the recorders,
to permit residence time readings.

The sample-in gas modificatlons to the Scott system to meet
these requirements included:

(1) Rework of the test cell module to admit the additiomal
gases at the sample inlet.

(2) Addition of a sample-in-manifold box to accommodate six
console controlled solenoid valves manifolded to admit
any of five gases: HC, CO, CO2 and NO span gas and HC
zero gas, (Figure S5).

(3) Addition of five gas cylinders in the test cell, coon-
nected to the sample-in box by Teflorn tubing, (Figure
5).

(4) Rework to the Scott console to add the switches and
relays necessary to control admission of one of the
five gases and interlock with the purge/sample control
to define the zero point for residence time indication
on the recorder charts.
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Calibration

Before the test of the RC2-75 engine under this program, a
full calibration of all analyzers was performed. The NDIR
analyzers were calibrated with +2% reference gases over
their ranges of operation. The THC unit was optimized for
minimum oxygen effect. The NOx converter efficiency was
checked with a Scott Model 140 converter efficiency tester
and found to have a €4.5% efficiency as defined by the
Federal Register procedure. (90% minimum is required.)

Linearity of THC, NOy and O2 analyzers was evaluated over
all ranges used in this test. Calibration curves, linearity
checks, and post test recalibration show agreement with the
original meznufacturer’s calibration. As a typical example,
Figure 13 shows the three calibrations carried out on the
high CO range 2 curve for converting meter readings to X

co.

Operation

The exhaust emission analysis system was located just out-—
side the test cell containing the RC2-75 engine and dyna-
mometer. A 5-point probe was located across the exhaust
duct, downstream of the junction of the two exhaust outlets
of this two-rotor engine.

After the engine was stabilized on a test poiat, the emis-
sions equipment was switched from purge to sample :ode, and
recorder charts were marked with proper test point number
and scales used on each of the analyzers, (typical strip
charts are shown in Figures 1l& and 15).

Instruments were zerced and spinned at beginning and end of
each series of test points (normally four to six) as well
as perlodically during a series. Span gases used were +27
reference standards in nitrogen in high pressure cylindars.
The hydrocarbon analyzer was spanned with a propane in air
standard.

Emissions test data obtained were recorded om strip charts.
The raw readings were visually integrated and recorded on

engine test log sheets. The data were converted to concen-
tration units by using calibration curves and scale factors.

To verify the validity of a test point from an emissions
standpoint, one oxygen balance and two different carbon bal-
ance calculations were performed to determine that the cal-
culated air/fuel ratio by these methods agreed with the
measured air/fuel ratio within 5 percent. Figure 31 shows
the correlation results for the Spindt method.

11
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Problem Areas

Residence time was checked as required by che Federal Regis-—
ter. Residence time for the hydrocarbon analyzer was found
to be 3.4 seconds. All other amalyzers recorded longer
residence times, as controlled by analyzer response. All
were less than the 10 - 15 seconds permitted by Curtiss-
Wright - NASA agreement.

At extreme conditions, the analyzer range available on THC
was not adequate to cover the emissions readings found at
idle conditions. By respanning to the limit of the gain
available in the analyzer, it was found to be possible to
extend the upper limit of the instrument to 14,300 ppm pro-
pane, as against a mormal capability of 10,000 ppm. This
adjustment permitted valid readings of THC in the idle mode.

Numerous minor leakage problems in the emission equipment
and exbaust duct were located and corrected. Some leaks
were detected primarily through the use of the carbon bal-
ance calculation.

Recurrent problems were found in the NOyx line heat circuit.
Boanding jumpers were replaced on a number of occasions that
had resulted in lack of heat. The NOy line temperature con-
trol was overhauled once, then after a subsequent failure,
replaced with a control of greater capacity.

As a likely result of these problems, operation of the
equipmert in the Wet NOx mode as required by the Federal
Register resulted in frequent clogging of the NOx flow-
meters. After repeated purging and cleaning of flowmeters,
we were able to obtain consistent Wet NOx readings only by
using the refrigerated condenser to give a stable reading of
Dry NOx before switchipng to Wet NOx long enough to stabi-
lize, then returning to Dry NOx.

All points used to calculate the EPA emissions cycle were
based on Wet NOy readings. Some earlier test points used
for RC2-75 characterization were only recorded as Dry NOx
which is felt to give conservative results.

Problems with the CO instrument included:

(1) Lack of flow in one of two parallel sample cells.
Traced to interference between internal fan and teflon
tubing to short cell, cutting a hole in the tubing and
breaking fan blades: fan and teflon tubing replaced,
grill added to fan.

(2) Fall-off in readings during steady operation, with no
similar indication from other instruments. Traced to
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inoperative vent fan in main vent duct of Scot:t console
which permitted exhaust from all analyzers to recircu-
late into the CO instrument cabinet via a wirlng access
hole facing the open end of the vent duct. This recir-
culated exhaust sample affected the optical path of the
analyzer and distorted the differential between sample
and reference beam of the NDIR.

Test Procedures

The test procedure was generally in accordance with the test plan as
submitted by Curtiss-Wright c+d approved by NASA. The basic proce-~
dures consisted of the following discrete phases:

1. Engine Break-In

A break-in period of thirty minutes per point for each of twenty
points over a wide load and speed range. Static air leak checks
indicated good sealing after the engine run-in and after test
running was completed.

2. Basic Calibratiomn

Complete calibration of the exhaust emissions measuring equip-
ment, the test cell instrumeantation, basic test equipment de-
vices and operation of the engine to support these individual
and combined calibration procedures or to define selected engine
parameters.

This period was considered to be very critical in terms of
"overall” system setup, prior to conducting the specific emis-
sions measurement conditions per the EPA cycle, to insure reli-
able, repeatable data acquisitionm.

3. Emissions Measurement

This phase specifically relates to the EPA cycle emissions char-
acteristics determination. However, a wide overlap with Item 2

was anticipated in obtaining emissions data at a variety of en-

gine operational conditioms at full throttle and part load, sea

level conditions.

In the actual test program, extensive efforts were applied to main-
tain quality data acquisition through repeated calibration and ser-
vicing of various equipment. The majoricy of this effort was ap-
plied to the Scott Exhaust Gas Analysis System, Model 108-H. The
servicing necessary for reliable data and continual usage of the
Scott system exceeded manhour estimates by a substantial amount.
Nevertheless, the basic groundrule of obtaining quality, repeatable
data continued to be observed even at the cost of increased equip-
ment servicing, maintenance, calibration, and rerunning some test
points.

13
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To this end a desk top computer program was established for the ex-
amination of air/fuel ratio from emissions data by three (3) dis-
crete methods. The program was used to examine and verify or reject
each test point for agreement within 5Z to measured ai:z/fuel ratios,
throughout the testing. The computer was located in the control
room and the emissions data examined at each test point prior to re-
setting of the engine to the next point. This procedure, discussed
in more detail in Section I, D. of this report served not only to
verify reliable emissions measurement and Scott Exhaust Gas Analysis
System operation, but was effective in indicating other overall sys-
tem problems or deficiencies throughout the test (i.e., exhaust sys-
tem leakage, induction air system leakages, measurement errors and
others).

4. Performance

Prior to obtaining test data each day the engine was started
and warmed up and the instrumentation checked to confirm proper
o0il pressure and other parameters. The engine and dynamometer
controls were then actuated to set the engine to the desired
test plan power, speed, fuel/air ratio and spark timing require-
ment. The operating point was held constant a sufficient time
for all the parameters to stabilize after any required control
adjustments had been made. 0il in teomperature was stabilized

at 168 - 178°F (75.6 - 81.1°C) and coolant-in temperature at

180 - 185°F (82.2 - 85.0°C). Performance data were then re-
corded on the engine log sheets and test parameters were plotted
on curves for comparison with previous data to determine con—-
sistency. If a lack of correlation existed analysis of the data
would indicate whether the data point should be rerun or correc-
tive action on the engine or instrumentation was required.

5. EPA Cycle

An emissions test was conducted in basic conformance with EPA pro-
cedures defined in the Federal Register (Reference 2), with one
excertion. The idle mode emission data, used in the EPA cycle
test results (Figure 38) was obtained prior to the day the other
mdes were run, and there’or:, was out of sequence. The test
was conducted to determine the emissions signatures of the RC2-75
as compared to the EPA proposed 1980 standards. Of the five
modes specified, take-off at 100% power and approach at 40% were
as recommended with climb at 80%, falling within the 75 to 100%
reccumended range, Idle at 1% power and taxi at 10% power were
selected by the contractor as defined in paragraph 87.92 (a)(2)
of the reference. Specified procedures were followed throughout
the testing and data reduction, (See also Section I, B, 3, c,
Emissions Measurcment Equipment Operation).

All operating mode data were obtained at 35° BTC ignition timing
with .073 fuel/air ratic maintained at all conditions except
idle where idle mixture was set for best idle at the selected
power and speed condition.



— e A
e e

A sample of the fuel being used (Aviation Gasoline, Grade 100) was
tested and found to meet the Specifications in ASTM D910-75. The
results are in Appendix B.

Test Results and Discussion

Complete log sheets, emissions strip charts, calibratieas, and data
reduction for the test are on file and available for inspection, if
required, for the 106:30 hours of running and 312 data points ac-
cumulated during the testing of Engine No. 7521-8. Sample data log
sheets are shown in Figures 16 and 17.

1. Full Throttle Performance and imissions

Based on previously accumulated RC2-75 experience and full
throttle mixture control curves (Figures 18 and 19), obtained
on the test engine at selected ignition timings, it was deter-
mined that 35° BIC ignition timing and .073 fuel/air ratio of-
ferred the best compromise for best power and emissions at full
throttle and other rich operation conditioms. The 35° BTC ig-
nition timing, in addiciomn, was maintained for groumnd operation,
climb and approach related to the EPA emission cycle. It 1s
important to note that since the RC2-75 is a liquid cooled en-
gine, it can be operated at the .073 fuel/air ratio and leaner
at all power levels without durability limitations.

Figure 20 presents the observed full throttle data at the ambi-
ent conditions noted. Fuel/air ratio was a nominal .075 main-
tained within a +1Z band. The departure from the desired .073
f/A was inadvertent and adjustment to the desired mixtures
would result only in a minor increase in exhaust gas tempera-—
ture, no change in power and approximateiv 2.7% decrease in
specific fuel comnsumption, and minor variations in emissiomns.
Shown on the curve in 2ddition to the performance parameters 1s
the induction system pressure drop, amounting to approximately
21 in. H20 at 6000 rpr of which approximately SOZ is attributed
to the air cleaner and the remainder to the duct work and air-
flow measuring system. Figure 21 presents the data of Figure 20
corrected to standard atmospheric conditions of 59°F and 29.92
in. Hg dry air per standard practice, with formulae utilized
shown in Appendix C. The standard day take-off power shown is
224 kW (300.4 bhp) at 6000 rpm, which exceeds the engine rating
of 212.5 kW (285 bhp). The full throttle airflow varies from
a volumetric efficiency of 91X at 3500 rpm to 99.3Z ac take-off
speed with a peak of 104X at 5500 rpm which is approximately 75%
power cruise rpm indicating a good cruise critical altitude can
be predicted. The BSFC has been adjusted for the corrected
power and airflow in addition to modification to .073 £/A. This
change is made in the best power range where BSFC is directly
proportional to mixture strength because the power change with
£f/A here is insignificant. The resulting take-off BSFC 1s 356

15
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g/kW=hr (.585 1b/bhp-hr). Figure 22 is a plot of the estimated
full throttle power vs altitude and fuel consumption.

Full throttle exhaust emissions characteristics at the observed
conditions are presented in Figure 22 cn a pounds per hour basis.
The data exhibit anticipated characteristics with the NOx pre-
dictably lower than conventional reciprocating engines at the
leaner best power mixture strengths. The observed and the
Spindt carbon balance calculated air/fuel ratios are compared

on the curve. All formulae utilized in the emissions data re-
duction are presented in Appendix D. Three methods of calcu-
laring air/fuel ratio from emissions measurements were employed;
two carbon balance procedures, one being the Spindt method, and
one oxygen balance. Data points were not considered satisfac-
tory unless all methods agreed within 5% of the measured air/
fuel ratio. Mass emissions rates were calculated by two methods,
one being the exhaust volume method prescribed in the EPA stand-
ards. Both methods are documented in Appendix D. In addition
to the 5% agreement tolerance on air/fuel ratios, the data was
not acceptable unless the two mass emissions calculations pro-
duced results within 57 of each other.

Propeller Load Cruise Performance

Previous experience and survey mixture curves at selected pro-
peller load powers and ignition timings indicate near optimum
specific fuel consumption occurs at an ignition timing of 55°
BTC with the engine as configured. Although spark timing was
manually set to the selected values on the test engine, advice
from the magneto manufacturer is that automatic schedules for
retarded operation at full throttle and advance for cruise can
be accommodated. On this basis, propeller load constaat power
mixture control curves were obtained at 107 increments of power
from 45X cthrcugh 85% power. Observed exhaust gas temperatures,
manifold vacuum, airflow and brake specific fuel consumption vs
fuel/air ratio are presented in Figures 24 through 28. Figure
29 is a summary curve showing particularly the best power (.073
fuel/air ratio) and best economy (.065 fuel/air ratio as deter-
mined from the individual mixture curves) specific fuel consump-
tion at percents of the rated 212.5 kW (285 bhp) power. The
manifold pressures shown on the several curves are individual
intake pipe pressures for each rotor and reflect the character-
istic of the peripheral (radial) intake port configuration of
the RC2-75 resulting in a high port overlap situation. This
contributes to pressure waves in the intake pipes affecting the
manifold vacuums obtained unless the pressure taps are located
precisely. A production engine would incorporate a pressure
pick-up location common to both intake pipes.

Figure 30 summarizes the emissicns data, converted to mass flow
rates, obtained while running the useveral mixture curves. The
curves define distinct families related to the powers and speeds
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under consideration. It is notable that the minimum HC and CO
enissione are obtained at stochiometric and leaner mixtures for
all powers with the HC and CO at richer mixtures incressing
with increased power and speed at constant fuel air ratios. NOx
emissions, predictably, increase with decreasing mixture ratios
and likewise increase with increasing load. Correlation of the
Spindt method carbon balance calculated air/fuel ratio with ob-
served air/fuel ratio for the subject propeller load mixture
curves are shown in Figure 31. The calculated air/fuel ratio
was in all cases richer than the observed, but consistent from
rich to lean mixtures, with the deviations averaging approxi-
mately 3Z%.

Part Throttle Fuel Consumption and Emissions

In order to provide fuel consumption data applicable for use in
aircraft with constant speed zropellers, constant speed variable
power curves were run at best power (.073 fuel/air ratio) mix-
tures at 6000 rpm with 35° BTIC ignition advance and 5500 through
3500 rpm with 55° BTC ignition advance. Additionally, curves at
best economy (.065 fuel/air ratio) were obtaimned at 55° BTC ig-
nition for cruise speed range operation from 5500 through 3500
rpm. Correlation with the mixture curves run on propeller load
was excellent. These data are shown for best power and best
economy in Figures 32 and 33, respectively. Figures 34 and 35,
respectively, define the mass HC, CO and NOx emissions rates
versus power for the best power and best economy conditions
under consideration as a function of power. With the exception
of the HC emissions at 3500 rpm consistent results were obtained
at the best power, .073 £/, mixture ratio. This could indi-
cate a trend at light loads and low speed, as shown, for in-
creasing HC emiscions or erroneous HC measurements. Carbon bal-
ance air/fuei ratio calculations do not readily detect errors in
HC and NOx measurements due to the small wmagnitudes of these ex-
haust constituents compared to CO, CO2 and O2. Best economy
exissions characteristics, Figure 35, indicate a consistent NO,
family of higher levels than best power mixtures, similar but
lower #C emissions as compared to the best power mixture data,
and inconsistancie< in the CO data. These variations are at-
tributed to minor variations in mixture strength during the test
in the range of fuel/air ratios near stochiometric where a
strong transition occurs in both BC and CO emissions, as noted
on the mixture curves of Figure 30.

EPA Exhaust Emissions Test Results

All operating mode data were obtained at 35° BIC ignition timing
with .073 fuel/air ratio maintained at all conditions except
idle where idle mixture was set for best idle at the selected
power and speed condition.

17
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Figure 36 1s a tabulation of data relating to the emission cycle
test with the engine parameters of power, airflow, and fuel flow,
raw emissions concentrations, observed and calculated air/fuel
ratios, dry to wet emissions correction factor and calculated
exhaust density, emission rates, c¢ycle emissions and c¢ycle emis-~
sions per rated horsepower. Cycle emission per rated horsepower
are compared with the EPA 1980 standards.

Results of the test show that the RC2-75 NOy emissions are ap-
proximately 43Z below the limit with CO emissions at 11% below
while the HC ewissions must be reduced by 28% to meet the stand-
ard. Inspection of the data shows that the idle and taxi modes
contribute 84.5% of the totzl HC emissions.

The probability of achieving the required improvement is very
good with modifications to the power section of the RC2-75. The
engine tested (Engine No. 7521-8), was configured per the origi-
nal designs made for this engine, except for a '"short quench"
rotor rework to reduce the crevice volume. As part of the air-
craft engine development «ffort at Curtiss-Wright, but not as a
part of this contract, a number of one rotor engines of the same
basic power unit design (RC1-75) have been tested to evaluate
modifications on a performance basis. Figure 37 illustrates on
RC1-75 engines the effect, on specific fuel consumption at 77%
power, of these modifications. The configuration changes were
originally intended for improved fuel consumption. However, by
the nature of the combustion improvements, they can be expected
to reduce HC and CO emissions with some penalty in NOx due to
improved operating efficiencies.

Inspection of the curve shows the excellent BSFC correlation be-
tween the RC2-75 and RCl-75 with the same rotor (7.5:1 compres-
sion ratio) and .63 inch retraction from the trochoid surface to
the spark plug. Increasing the compression ratio improved the
fuel consumption predictably with the same spark plug arrange-
ment. Additional benefits were: improved scavenging of the
retracted spark plug, reduced cycle to cycle combustion varia-
tions due to higher quality ignition, and resulting improved
flame propagarion, and more complete combustion. Additicnal
improvements were achlieved by moving the spark plug electrodes
closer to the trochoid surface, illustrated in Figure 2, which
enhances the ability of the plug to see a fresh charge each
cycle. Improvement in HC emissions can also be predicted for
the configuration change where the clearance between the rotor
ho.sing and rotor surface at and near minimum volume is in-
creased by modifying the trailing portion of the rotor face.
The natu a of this change reduces wall quenching effects which
directly veduce hydrocarbon emissions. This change had previ-
ously been incorporated in the RC2-60-U5 automotive engine and
produced up to a 10%Z reduction in HC emissiomns.

f
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Other modifications or configurations with potentia. for HC re-
duction are: ceramic coatings on the rotor surface for higher
temperatures, reduced port overlap and higher operating temper-
atures. Related to porting, a combinatien port arrangement
where the peripheral intake ports would be maintained for high
power operation and side ports utilized for basically the taxi
and idle modes are feasible and adaptable to the RC2-75 engine.
The low overlzp resulting from the side intake ports reduces
the exhaust dilution of the fresh charge at the high manifold
vacuums at the light loads thus ‘mproving firing regularity and
completeness of combustion leading to reduced emissions of un-
burned fuel.

The taxi condition contributes approximately 70% of the total
EPA HC value. During the testing at different ignition timing
settings it was noted that tests at taxi conditions with spark
angle advance of 45 to 50° BTC resulted in lower EC values than
the selected 35° BTC setting. Since it may not be practical to
provide for a 45 or 50° BTC setting for taxi in an automatic
schedule for varying spark angle timing, the demoustrated re-~
sults have been presented using the higher HC values obtained
with the 35° BTC spark angle. For the record, and possible
future use, the comparative overall EPA cycle results using the
HC results at 45 and 50° BTC were:

m -00264 .00241 .0019

35° BTC 45° and 50° BTC EPA 1980 Standard

(s
B

It should be noted that the EPA operating points are discrete
single conditioms, all run at 35° BTC ignition timing and rich
fuel/air ratio (.073). The cruise and propeller load perform-
ance and emissions curves have been rum at 55° BTC ignition
timing with both best economy (.065) and best power (.073) fuel/
air ratios. It is therefore not possible to make direct corre-
lations. The EPA take-off condition is a point on the WOT vari-
able rpm curve, however the WOT curve was run at .075 fuel/air
ratio, and the EPA take-off point was run at .073 fuel-air
ratic. 1In addition, they were run on different days, which gen-
erally results in some data scatter.

01l and Coolant Flows and Heat Rej.ction, 0il Consumption,

Vibratory Forces, and Operational Limits

C*1l and Coolant Flows and Heat Rejection

Figures 38, 39, 41, and 42 present the oil and coclant flows and
heat rejection obtained during the testing. In each case the
data is presented as a function of engine power, with a family
of curves showing the variation with rpm. The results are con-
sistent with the data from earlier rotary combustion liquid-
cooled engine testing. The coolant and oil temperatures
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experienced during running are listed on the curves. The cool-
ant temperature into the engine averaged 83.6°C (182°F) and the
coolant temperature out of the engine averaged 91.9°C (197°F).

The oil temperature into the engine was 78.3 + 3°C (173 + 5°F).

The RC2=-75 testing to date has been with conventional o0il and
coolant temperatures. However, based on analytic studies of
structural, combustion, and durability factors, it has been pro-
jected that engine operation with a maximum coolant out tempera-—
ture of 250°F and a maximm oil in temperature of 260/265°F will
prove feasible. It is intended that these maximum temperatures
would occur only at "hot day" conditions during the climb-out
phasc of flight. For such a system, the cruise temperatures
would be well below the maximum temperatures reached, with the
use of cowl flaps a possibility to raise the cruise temperatures
somewhat. Surveys of major oil companies indicated that sump
temperature peaks of 300°F would be permissible. From trends of
similar engines, the higher o0il and coclant temperatures should
lead to improvements in fuel economy and HC emissions.

The coolers shown on the LS33449 Installation Drawing (Figure
48) have been sized for 277 lb/min cooling airflow at 3.8 inches
of water pressure drop, and the maximum temperatures mentioned
above occurring at hot day 100% power.

The proposed temperatures will reduce the heat rejection to the
oil and coolant and increase the driving temperature differen-
tial at the oil and coolant coolers, thereby permitting the use
of coolers that are smaller, lighter, and less costly. A spe-
cific example of the benefits resulting from higher coolant tem-
peratures is shown by the following tabulation, in which the
relative cooler size 1s shown for systems having maximum coolant
out temperatures of 230°F and 250°F.

Relative Cooler Size

Maximum Coolant For Same
Out Temperature c°§;;nsa::a Cooling Air
°F g g Pressure Drop
230 1.22 1.17
250 1.0 1.0

Compact aluminum construction was indicated over steel and
brazed copper designs on the basis of size and weight consider-
ations.
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Curtiss-Wright studies have indicated that liquid=cooled rotary
combustion engines are more desirable than air~cooled rotary
combustion engines for future aircraft engine applications. The
essential difference, from the size and weight standpoint, lies
in the greater heat transfer capacity of liquid cooling under
condirions of nucleate boiling as opposed to the air-cooling
system using forced convectiom. Future designs can be expected
to find air-cooled engine becoming cooling limited at a level of
maximum heat flux below that of liquid-cooled engines. Beyond
that point, liquid-cooled engines can be smaller and lighter.
Liquid-cooled engines are generally less costly to produce and
are shown to be quieter.

The hardware item differences are the blower and cooling air
ducting on one hand, and the water pump and coolant cooler on
the other. The housing configurations are basically different

in ways wnich affect cost, structural stiffness and acoustical
behavicr.

0il Counsumption

0il consumption observations during the 106.5 hour test period
indicated generally typical coansumption levels for the particu-
lar RC2-75 experimental configuration used. 0.9 1bs/hr was
consumed in the basic oil system (oil seal leakage and some
minor external leaks encountered in the overall engine/test
stand system). Oil introduced with the fuel for apex seal lub-
rication at a level of 1% is additional consumption. The re-
sultant overall rate is then dependent upon the particular test-
ing and the fuel usage rate. In general, the overall rate of
oil consumption should not exceed approximately 0.4 1lbs/hr to be
competitive. The particular engine configuration used in this
test did mot incorporate the latest development features in
terms of minimizing oil consumption. These later features, con-
sisting of increased oil seal drain back openings, were evalu-
ated on the RCI-75 single rotor rig during 1975 (Figure 40).

The RC2-75 results have been added for comparison. These data
show substantial improvements for the revised oil seal drain
configurations.

The scope and nature of this test program called for maiantaining
operating conditions at a point only long enough to obtain per-
formance and emissions data. Instantaneous oil coansumption data
requires running at a point for a longer time. Since the test
program consisted of rurning for short times at a great varlety
of conditions, it was felt that the average obtained by the
total oil consumed in the basic oil system divided by the total
time was appropriate for this test program.

The increase in oil consumption for Engine 7501 Build 8 afrer

62 hours was due to a failure not connected with the oil control
system. It should be noted that these RC1-75 development
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configurarions are considered to be directly transferable to
the RC2-75 with appropriate but minimal development efforts.

Curtiss-Wright rotary engines have typically permitted longer
times between reguired oil changes than reciprocating engines,
This can compensate for higher rotary engine oil consumption
rates if the merered oil for apex seal lubrication does in fact
result in higher oil consumption rates for the developed rctary
englne compared to its competition.

Since the incorporation im the RC2-75 of the modifications shown
to improve oil consumption for Engine 7501-8 (Figure 40) may re-
sult in lowered HC exhaust emissions, this effect will be moni-
tored during future programs.

Vibratory Forces

The engine tested was bed mounted with four rigid attachment
points (Figure 7). In aircraftr installations a conventional en-—
gine mounting system would be employed providing vibratory force
isolation. Ia such a system, which Curtiss-Wright has installed
on it's RC2-75 flight test stand (Figure 3), it is desired that
the six natural frequencies in the six degrees of freedom are
equal to approximately 1000 cycles/minute or less. This reduces
the vibratory forces into the airframe to less than five percent
of the values resulting from rigid connections. Based on the
above and the maximum excursions recorded om the vibration pick-
ups (Figure 6) during the test Program, an estimate has been
made of the vibratory loads which would be imposed on a typical
airframe structure. Using the assumption of even load distribu-
tion among the four bed mount attaching points, each mount point
would impose a side shear load of + 10.4 kg (23 1b) and a verti-
cal load of + 11.3 kg (25 1b) on the airframe structure.

Operational Limits

Regarding generalized operational limitations, - such as deto-
nation, ambient conditions, instability, - none has surfaced up
to this point that are more restrictive than those of the cur-
rent reciprocating engines available for gemeral aviation use.
In fact 1t is felt that rotary combustion engines will probably
have slightly better margin for detonation free operation, and
when detonation occurs, it will probably be less damaging. 1In
addi~ior, since these are water-cooled engines, they do not re-
quire the cooling effect of rich fuel/air mixtures utilizing by
today's air-cooled reciprocating aviation engines. Exhaust
valve burning at lean mixtures is another reciprocating afircraft
engine concern affecting operational limits, - which is absent
in the rotary engine. This eases the limiting factors when
selecting engine settings to meet fuel economy, power and emis-
sions requirements.
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1. ENGINE CHARACTERIZATION

A.

Generalized Engine Displacement, Size, Power, Weight and Speed
Variation

Sizing curves have been completed for aicraft Rotary Combustion en-
gines to define projected weight, displacemect and overall dimen-
sions for a given power requirement.

The use of Figure 43 (Power and Speed vs Displacement Per Rotor) is
as shown:

%ﬂ (BHP) For Number of

Rotors & Displ./Rotor

RPM For Displacement

BHP
Per Rotor Only

’,/" (Multiply KW Scale by 10

For RPM).

v

Displacement Per Rotor

Weight vs power of the projected engines are shown in Figure 44.
The relation of weight to brake horsepower and number of rotors is
self-axplanatory. The parameters for a given engine on both curves
sre related by use of the same value for power. Engine overall di-
mensions given in Figure 45 are based on displacement per rotor.

The ratio of trochoid size to rotor width has been kept constant for
all curves, rotor width/shaft ecceantricity = 5. A constant ratio of
generating radius/shaft eccentricity is assumed, resulting in geo-
metrically similar combustion chambers for all engine sizes. The
speeds have been szlacted to give the same apex seal sliding veloc-
ity at maximum shaft speed for all the engine sizes. This results
in the shaft speed being controlled by displacemant per rotor only.
The foregoing, together with the normal relationship of power, rpm,
displacement, and mean effective pressure, are the basis for the
curves.
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Each of the curves lists the conditions or items included as the
basis for the data. When using the curves for the RC2-75, the
actual displacezent per rotor, 76.2 cubic inches, should be read.

These curves were used to size two rotor engines rated at approxi-
mately one half and twice the power of the RC2-75. These power
ratings can also be obtained by using one rotor (RC1l-75) and four
rotor (RC4-75) arrangements which use the same rotor and rotor hous-
ing parts as the RC2-75 engine. The resulting data has been tabu-
lated:

Engine gi;:: Rated Ftﬁ:re Weights
kW (bhp) pm : kg (1b)
RC 2-27 104 (140) 8,400 49 54.5 (120)
RC 1-75 104 (140) 6,000 51 93 (205)
RC 2-75 209 (280) 6,000 46 127 (280)
RC 4-75 418 (560) 6,000 52 228 (502)
RC 2-215 418 (560) 4,250 50 267 (587)

Note that the shaft rated rpm varies with the engine displacement
per rotor in order to keep the same apex seal sliding velocity at
rated shaft speed for all engines. The rpm's shown vary inversely
to the cube roots of the displacements per rotor.

Installation Drawings, Various Sized Engines

A series of installation drawings have been provided to give fur-
ther definition to the RC2~-75 engine, and to aid in characterizing
the engine as the power varies.

LS33450, 2 Sheets, Preliminary Installation Drawing, RC2-75 (Fig-
ures 46 and 47). This 1is a fully developed installation drawing
of the RC2-75, the engine tested in this program. The various ac-
cessories shown are defined, and coolant and oil cooler sizes are
listed. The bases for these coolers are noted on LS33449, de-
scribed below. In order to fit all the accessories at one end, the
accessory grar cover housing has "wings" extending larger than the
hot section outline. This permits mounting accessories on both
sides of the "wings."

1533449, Preliminary Installation Drawing, RC2-75 (Figure 48). This

drawing shows a possible close coupled arrangement, for the RC2-75,
which includes a coolant cooler, oil cooler, oil tank, and coolant
expansion tank. These components can be mounted on the air frame,
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therefore final location will depend on the requirements of each
individual application. The conditions regarding system tempera-
tures and cooling air requirements used to size the coolers are
noted on the drawing and are discussed in Section I.D.S.

SK12600, Preliminary Installation Drawing, RC2-27 (Figure 49). This
is an outline drawing showing the size and arrangement of a two ro-
tor engine rated at approximately one half the power of the RC2-7S.
The power is 104 kW (140 bhp) at 8,400 rpm. The resulting envelope
permits single mesh spur gear reductions for propeller speeds down
to 2500 rpm, The engine center of gravity location shcwmn for this
and the following drawings are approximate, based on inspection and
comparison to known engine data.

Since accessories generally do not vary in size as the engines do
with different power ratings, for the small frontal area of this
engine, it was necessary to arrange the accessories at both ends.
This approach to achieving 104 kW (140 bhp) tends toward a cigar
shaped engine. It is recognized that only certain applications call
for this (such as wing mounted, or ducted fan installatioms).

SK12601, Preliminary Installation Drawing, RC2-215 (Figure 50). This
is an outline drawing showing the size and arrangement of a two ro-
tor engine rated at approximately twice the power of the RC2-75.

The power is 425 kW (570 bhp) at 4250 rpm. It was possible to ar-
range all the accessories at one end of the engine without the
"wings' on the RC2-75 arrangement. This results in a relatively
fcmpact arrangement.

SK1.5CC, Preliminary Icitallacion Drawing, RC1-75 (Figure 51). This
outline drawing shows the size and arrvangement of a one rotor engine
rated at approximately one half the power of the RC2~75. The power
is 104 kW (140 bhp) at 6000 rpm. This arrangement Zonds toward a2
shortened, larger frontal area package, which might be desired in a
single engine airplane where the pilot determines the frontal area,
and the engine is firewall mounted in front of the pilot,

SK12579, Preliminary Installation Drawing, RC4-75 (Figure 52). This
outline drawing shows the size and arrangement of a four rotor en-
gine rared at approximately twice the power of the RC2-75. The
power 1s 425 kW (570 bhp) at 6000 rpm.

01l and Coolant Flows and Heat Rejection

In order to further facilitate the evaluation of different sizes of
rotary engines in aircraft applications, sizing curves of engine oil
and coolant flow and heat rejection are shown in Figure 53. The vari-
ables are plotted against shait power. The oil and coolant system
temperatures should approximate those shown in Figure 42, (coolant
average, 87.8°C (189.5°F) and oil in 78.3°C (173°F)). If the higher
oil and coolant maximum temperatures discussed in Sectioa I,D.S5. are
incorporated the curves in Figure 53 will require modification.

25
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Scaling Considerations and Significant Variables

Rotary Combustion Engines can be made in the range of sizes dis-
cussed previously (27 to 215 cubic inches of displacement per rotor)
without being limited by size factors affecting performance, dura-
bility, manufacturing, or cost aspects. Figure 54 shows the rotors
of the varilety of working engine sizes Curtiss-Wright has designed,
(ranging from 4.3 to 2,500 cubic inches in displacement mer rotor).
Some new engine candidate sizes are also shown in white.

For parts that are essentially scaled up in all respects, the stress
levels remain constant. Figure 55 illustrates this for the shaft
torsional shear stress of three different sized engines. The vari-
atioas in displacement, shaft diameter, power, rpm, and average
torque are shown while the average torsional shear stress 1is con-
stant at 600 psi for the three different shafts.

When designing a new different sized engine geometrically similar to
an existing engine, the linear dimensional ratio is called the scale
factor, L. While many dimensions are scaled directly, some are

not, — such as the thickness of heat transfer walls, - or toler-
ances. For parts that are directly scaled, the weight will wvary in
proportion to L3. Where heat transfer walls are present, an attempt
is made to keep the thickness constant regardless of engine size.
This is cften modified by structural and manufacturing aspects. For
a heat transfer wall of exactly the same thickness the weight would
vary in proportion to L2, Parts from different sized engines have
been weighed and the weight scaling factors determined for estimat-
ing purposes. The values of the exponents fall between 2 and 3 de-
pending on the function of the part. Figure 56 shows the 75 to

2500 cubic inch rotors to scale. Using the scale factor and actual
weights, an exponent of 2.785 was found to relate the rotor weights.
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CONCLUS IONS

The RC2-75 lotary Aircraft engine was tested and a representative base-
line established of its performance and emissions characteristics. In
addition, characteristic information required to evaluate the engine's
performance in aircraft use over a range from ome half to twice 1its
rated power was provided.

A. It was determined that 35° BIC ignition timing and .073 fuel/air
ratio offer the best compromise for best power and emissions at full
throttle and other rich operation conditions. The 35° BTC ignicion

timing, in addition, was maintained for ground operatiom, ¢limb, and
approach as related to the EPA emissions cycle. The engine emis-
sions, compared to the EPA 1980 proposad requirements, were 437 be-
low for the NOx emissions, 11% below for the CO emissioans, and 39%
above for the HC emissions. The taxi and idle conditions accounted
for 85% of the demonstrated HC value. Takeoff BSFC is 356 g/kW-hr
(.585 1b/bhp-hr).

B. For cruilse conditions optimum specific fyel consumption occurs at an
jgnition timing of 55° BTC. For best power a .073 fuel/air ratio
vas used, and for best economy a -065 fuel/air ratio. The brake

specific fuel economy demonstrated for the RC2-75 was 326 g/ kW-hr
(.536 1b) bhp-hr at 77% power and is considered representative for
the configuration tested.

C. The engine 1s rated at 285 brake horsepower at 6000 rpm.

27
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RECOMMENDATIONS

Having established a valid baseline at the current stage of the RC2-75
development program, and with the engine functioning well and indicating
good durability, the way is cleared to evaluate a number of modifica-

tions aimed at improving the specific fuel consumption and emissions
levels.

Single rotor engine testing (RC1~75) has established that certain modi-
fications improve specific fuel economy. TFor example, prior tests of
the RC1-75 showed that modifications can improve the specific fuel con-
sumption to 279 g/kW-hr (.459 1b/bhp-hr) at 772 power. These types of
changes a‘:e recommended below in addition to modifications based on ex-
perience with Curtiss-Wright's RC2-60 engines. It is likely that with
these modifications, the RC2-75 fuel consumption and emissions can be
improved sufficiently to meet the EPA 1980 emissions requirements with-
out add-on devices or anv sacrifice in performance or durability.

A.

D.

28

Close~In Spark Plug Testing

Evaluated by successively deeper machined spark plug seats, directly
in aluminum housing.

Autotronics C-D Ignition

May be needed to consistently ignite with surface gap plugs at low
power conditions such as taxi and idle.

Fuzl Injection

Evaluate whether taxi condition HC emissions are improved. If they
are, complete evaluation for full range of engine operation.

Rokide Rotor

This may help improve combustion regularity and reduce wall quench-
ing by increasing the rotor surface temperature.

Combination Ports

Using both peripheral and side ports permits avoiding the high port
overlap at low loads that is present with the peripheral port in
the current test engine. At low loads the side intake only would
be open, and at high loads, both would be open.

Higher Compression Ratio Rotors

RC1~75 testing with 8.5:1 rotors has demonstrated SFC benefits.
Original 7.5 to 1 compression ratic was based on use of 80/87
octane fuel - no longer available. Current aviation fuel is 100/
130. 8.5:1 and 9.5:1 rotors should be evaluated.
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COOLANT PAYSAGE
STANDARD
CONFIGURATION

STANDARD 1&58MM
RETRACTED SPARRK PLUG

EEAERSE [ i
) _i.ﬁ"“: 3

STEZL IN3ERT

] au..!f =

I4MM SURFACE GAP
SPARK PLUG

REWORKED CONFIGURATION

\—COOLANT PASSAGZE

Figure 2. Comparison of Configurations, Close in surface Gap Spark Plug
and Standard Retracted Spark Plugs Tested in an RC1-75 Engine.
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MEASUREMENTS AND PRECIEION
—_———eir A TRRINION
Test dats racorded will ba in accordance with the listing balow.

1. 3esic Engine Variablas Data Accuracy
Time of Day 0-2400 Bours
- Scart Time of
Stop Tine of
Notoriag Time Hours
Total Engine Time Bours
: am Mainshafc Revolutions per Minute T 1 count
Wevlett Packard, Digital, Pre-Cat Countcer
Ignttion Timing Degrase, BIC + .17 of Lead Range = .6 Load
Dynamtmster Load 133 (Emery Cell) Readability
wr - + .25% .
Afr Plow Lbe. /Br. T sy )
Fual Plow Lbe./kr. Rorometer ¥ .sputens Lo
8.r7.¢C. Lbs./RIP-fir.
8.A.C. Lbs. /SHP-Nr.
C.A.T. i 4 1/C Thermos
M.P. (::.p)i Anc1-Prop "ag. + .05 in.Hg
011l Pressurs peig Balicoid Gauge
011 In Temperaturs r 1/C Thermo
011 Out Temperaturs ‘r 1/C Thermo Brown
Coolant Pressure poig Helicotd Gauge 10dicator
Coolant In Tewpersture r 1/C Thermo
Coolent Out Temperature ‘r I/C Thermo
Coolsat Flow Lbe./Br. (Potter Flov Meter

(Brown Iandicator)
B.G.T. (Prop & Anti-Prop

Bads) °r C/A Therwo T s
E.B.P. (h" [ ] ht“m
Bods) “Ng
Barameter “Re (Sliog Psy.)
(Dry Bulb )
(Vet Buld )
(Vapor Press)
(Psy. Chart)
2. BExhsust Axiseiems
. T8 M Propane Scott Model 108~
0, Dry, afe "
co » ho 0,0 L1
0 2 by o/o " * 5 %
‘. Wet m "
m, *t. ™ "

Figure 9. Table of Test Data—Rec_c;rdéd and Ins-trument-:slUsed.
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Figure 11.

Scott Model 108-H Exhaust Gas Analysis System Console.
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Figure 24.
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Figure 28. Constant Power Mixturc Control Curve, 45% Power - Propeller Load.
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EXAMPLE OF COMPONENT WEIGHT
SCALING EXPONENT-USING
ACTUAL HARDWARE
RC1-2500
RC1-75
[}
h ”~
WT = 19.3 1bs. WT = 500 1lbs.

Figure 56. Example of Component Weight Scaling From Actual Hardware. -

SCALE FACTOR, L = (2500) % - 3.218
=5

2.785
ROTR WT7S x L = WTZSOO

2.785 -
19.3 x 3.218 = 500 1lb.
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APPENDIX A

CURTISS-WRIGHT RC2-75 ROTARY ENGINE

PROJECTED F.A.A. TYPE CERTIFJCATION ACTIVITY

RC1-75 Engines

1. Extended endurance -

2. Endurance and performance effects of cooling changes

3. Ignition system evaluation

4. Spark pilug location closer to trochoid

5. Comtination peripheral and side ports

6. Rotor modifications (Rokide coating, higher compression ratios)

RC2-75 Engines

1. Evaluation of alternate vibration dampers

2. Starting tests (normal and low temperatures)

3. Extended endurance

4, TFuel metering, and manifold developmrent

5. Accessory and control system endurance and performance testing
6. Flight evaluation coordination

7. First unofficial type certification test

8. Flight instrumentation and ground checks

9. Second unofficial type certification test
10. Flight tests
11. Official type certification test
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400 SWENSION DRIVE

KENILWORTH. N. J. D703 3

SERVING THE PETROLEUM INOUSTRY FOR OVER 70 YEARS
JEPENDABSLE INSPECTION SERVICE AT AlLL PORTS ON THE ATLANTIC, GULF AND PACIFIC COASTS
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APPENDIX C

FULL iHROTTLE PERFORMANCE CORRECTIONS

TO STANDARD DAY SEA LEVEL CONDITIONS

Brake Horsepower

_ 29 92 CAT + 459.4
1. BHPstd = (BHP +FHP) (B ) ~S1B.4a - FHP
where FHP = friction horsepower
BD = true barometer - vapor pressurc, in. Hg
‘5p = airflow system pressurc drop, in. ig
CAT = carburetor air temperature, °F
Airflow
2. Airflow = (airflow ., ) 29.92 A/CAT + 459.4
std obs 3 - T18 .4
T P )
where BT = true barometer, in. Eg
Brake Specific Fuel Consumption
AF
td
3. BSFC = (f/a__) o
std act BHPscd
J- B
where f/aactual (f/A ) Pu
PU
and Bv = Bp _ 1

where the correction factor accounts for the water

vapor in the measured wet airflow

~RECEDING PAGE BLANE NOT FILMFD
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APPENDIX D

EXHAUST EMISSIONS CALCULATION FORMULAE

A. Wet Correction Factor for Water of Combustion and Ambient Humidity

A procedure used in the general aviation industry was utilized as follows:

1. Hp0 _ 3)
T 2H30 [2+7.67478(a ]

(C°2)+§gg)+(m0) (12.01 + 1.008)| | 2 (coo+02) 1+(CO)+(NO)
- 100

138.2689 (f/a)

where ( ) = ¥ concentration of exhaust constituents

with CO, 002 and 02 dry and NG and HC wet
as measured
f/a = measured fuel air ratio
y = hydrogen carbon ratio

and w/a, the inlet air specific humidity

(true barometer - dry barometer)
.622
dry barometer

w/a =

2. From the above, the correction facror, wa, derives as

1
H20
1-H20

1+

B. Calculation of Air<Fuel Ratio

The Spindt carbon balance procedure, reference 3, was utilized as follows:

R .
3. A/F=TFb | 11.492 ?c(1+5+° + 120 (A-Fc)
l+1n 3.5+ R
_ (c0) _0) _ (CO) + (c02)
where R=1t6 " (coy) b ™ (Co) * (Coy) ¥ (THC)
12.01

and F¢ = 7531 + 1.008y

103
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An oxygen balance calculation procedure for air-fuel ratio by
Stivender, reference 4, was also utilized

H-0) + (NG, + 0]
(H20) ; Ox3 * (€O | (cop) + (02) ) 28.96

(CO) + (Z02) + (THC) £

4. A/F = 4.76

where (HZO) = 100 (1 - Cfu)

and Mf = 12.01 + 1.008y

a carbon balance procedure of calculating air-fuel ratio, also by

Stivender, reference 4, was also utilized

28.96 3(“20) - €O L (mac) + 100

5. AF = M, (CO) + (COz) + (THC) -

N

Calculation of Exhaust Gas Density

From Figure 57 (Curtiss-Wright Engineering Handbook, 1965) siowing the
gas comstant, R, versus f/A for varying hydrogen c. "bon ratio the fol-
lowing was derived to determine exhaust gas density for the exhaust

volume mass emissions calculations.

6. f/at = (.9558 - Fh) .086

- 1.008y
where Fh 17,01

if the observed f/A is equal to or less than f/at the gas constant

is calculated

7. Rl - [(]:'1_1 - .1) 453.33 + 120] f/a + 43.2

ot - e e T T



il the obscerved /A i{s greater than f/at the gas constant is

calculared

R
1 f/a
8. Rl’ ={ (———53.345 - l) f/at + 1} 53.345

the exhaust gas density results from

= 46.7)144) _ 4.009 3
9. dexn (528) R - — R 1b/fe
D. Mass Emission Rates
Exhaust Volume Method
0. X, Ib/hr = (AR () a)
x
exh
where FF = fuel flow, lb/hr
AF = airflow, lb/hr
x) = concentration of pollutant wet
dexh = exhaust gas density at 6B°F, 760 mm Hg
dx = density of pollutant

Carbon Balance Method, reference 5

11. X, 1b/hr = (X) (V) (dy)
100
where ¥ = ocxhaust flow, lb/hr

= 120 FE Y vy
(THC) + (CO) + (COz) J\M,

where ( ) = Z concentration of pollutant wet

M, = 12.01 + 1.008y

N = 385 £:7/1b mol at 68°F, 760 mm Hg
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APPENDIX E

EXCERPTS FROM THE RC2-75 ENGINE SPECIFICATION

Displacement

The engine incorporates two rOCLOrsS with a total displacement of 152.4 cubic
inches.

Reduction Cear_and Propeller Shaft

The reduction gear is & spur gear drive having a ratio of 27:74 (.365:1). The
propeller shaft is provided with a 4.875 inch 0.D. propeller mounting flange
having a 4.000 inch diameter bolt circle in accordance with ARP-507. Rotation

of the propeller shaft is clockwise viewed from the anti-propeller end of the
engine.

Overall Dimensions

The overall dimensions of the engine including the carburetor, magnetos, and
starter ring gear but less the alternator, and external oil and coolant cool-
ing equipment are as follows:

Height, id. « o « « = = « = = ¢ = ¢ = & =~ . 21.5
Width, in. . « « - -+ = = = = s e s e s s m T 23.7
Length, in. . « = « « « = ¢ = = = =0 0 00T . 31.4

Ceater of Gravity Location

The approximate center of gravity of the dry engine is as follows:

4.0 inches below propeliler shaft centerline, in a vertical
plane passing through the propeller shaft centerline, and
18.0 inches aft of the propeller mounting flange.

Fuel Iniet Connection

The carburetor is provided with a .250 x 18 NPSF pipe tap hole for installa-
tion of the fuel inlet connection.

Fuel Pressure Connection

A .125 x NPTF tapped hole is provided at the carburetor to measure fuel pres-
sure.

%
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0il Pressure

The operating main engine oil pressure shall be:
20 psi minimum . . . . . . . .. .. .. . idle to 2000 RPM
55 — 65 PSLi . - « + + + + = + + + « + « - . - above 2000 RPM

0il Drain

An 0il drain is provided at the bottom of the anti-propeller end housing in
accordance with Part 23.1021 of Federal Aviation Regulations for drainage of
the engine only. An additional drain is provided in the external lubrication
system to drain the oil tank.

Breather

The engine is provided with a threaded comnector for a .75" diamcter hose for
venting the engine case to the oil tank.

0il Inlet and Outlet Connection

The following tapped holes are provided for oil inlet and outlet connections:

0il Inlet to Pressure Pump . . . . . . . . .« . . .750 NPTF
0il Outlet from Pressure Pump . . . . . . . .« . . . 500 NPTF
0:il Inlet into Engine . . . . . . . « « + « .« . . .500 NPTF
0il Outlet from Scavenge Pump . . . . . . . . - . .500 NPTF

0il Pressure Gage Connection

A .250 x 18 NPTF tapped hole is provided for the installation of an oil pres-
sure gage connection.

0il Temperature Gage Connection

A .500 x 14 NPTF tapped hole is provided for the installation of an oil tem-
perature gage connection.

Coolant

The coolant for the engine shall be a mix by volume of 50% Prestone (or
Curtiss-Wright approved equivalent) anti-freeze and 50% tap water.

Coolant Inlet and Outle: Connections

The engine is provided with two four-bolt attaching pads for AN 756 tlanges
for the installatioa of the coolant inlet and ou:let connections.

Coolant Qutlet Temperature Gage Connection

A .500 x 14 NPTF tapped hole is provided for instzllation of the coolant out-
let temperature gage connection.
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Starter Drive

The engine incorporates a ring gear with 10 D.P. and 160 teeth as standard
equipment. A starter mounting pad is provided to accommodate starters with
mounting flanges conforming to SAE Specification Jb42a type 1.

Diaphragm Type Drive

This drive operating at 0.394 engine speed is available with a double dia-
phragm AC Spark Plug Division type JT fuel pump.

Retarv Type Drive

This drive operates at 0.394 engine speed and conforms to Specification AND
20003 Type XII_A. Rotation is counterclockwise when viewed facing the pad.
Lear Romec rotary vane fuel pump No. RG 17989 is available for this drive.

Accessory Drive Ratios

ENGIME ACCESSORY DRIVES

Cont. 0'Hung
Type Speed Speed Torque Moment

Item Drive Rotation _RPM Ratio 1lb-in. 1lb-in. Remarks
Magneto Special cCcw 3000 . 500 - - Scintilla
(Gear) ) D20CO Ser.
0il Pump Special cCw 3600 .600 - -
(Gear)
Water Pump Special Ccw 4909 .818 - -
(Gear)

OPTIONAL ACCESSORY DRIVES

Tachometer SAE J678C cCcw 3000 .500 7 S
3/16 H.D.
Hydraulic AND 20000 CCW 3000 .500 100 25 NY Air Brake
Pump Type XA Mode: 67-B025
or 67-A025
Vacuum AND 20000 cw 3000 .500 100 25
Pump Type XA
Pron. AND 20010 cw 2364 .394 125 -
Governor Type XXA
Fuel Pump Plunger - 2364 .394 * 10 *Peak Arm Load
or 33 1bs
Fuel Pump AND 20003 ccw 2364 .394 25 25
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DETALIL WEIGHTS

1. ZEngine (Standard)

Basic Engine

Carburetor, Marvel-Schebler

Magneto

Spark Plugs (4)

Ignition Leads

Starter Drive (Flywheel & Ring Gear)
Accessory Substituting Cover Plates
Coolant in Engine

Standard Engine Weight

2. Normal Engine Weight

Standard Engine

Starter
0il Cooler ) br
0il Tank ) ~*Y

Coolant Cooler
Coolant in External System

Normal Engine Weight

3. Accessories and Drives (Optional)

Fuel Pump

Fuel Pump Drive

Engine Mounting Brackets
Alternator and Drive Parts
Governor Drive

T'copeller Beta Control
Air Conditioning Drive
Vacuum Pump Drive
Hydraulic Pump Drive

110
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Cont. O'Hung
Type Speed Speed Torque Moment
Item Drive Rotartion RPM Ratio 1b-in. 1lb-in. Remarks
Alternazor "V'" Belt ccw 12000 2.00 - - 12 volt 60 amp
Polyflex 60°
or
Alternator "' Belt CcCwW 12000 2.00 - - 24 volt 70 amp
Polyflex 60°
Starter Direct cCw - 17.5:1 - - 9 Tooth Pinion
Drive
Air
Conditioner "V" Belt ccw 4000 .667 - - Ref. Weston

Hydraulics HE
81000 Series
Compressor

296 1bs

296

358 1bs

~
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