N Ak -0R-172, 188

NASA Contractor Report 172188

2

NASA-CR-172188
19830025620

A FUEL-EFFICIENT CRUISE PERFORMANCE MODEL
FOR GENERAL AVIATION PISTON ENGINE AIRPLANES

Richard C. H. Parkinson

PRINCETON UNIVERSITY
Princeton, New Jersey

Grant NGL 31-001-252
August 1983

LIBRARY £OPY

5P 14 1083

LANGLEY RESEARCH CENTER
. LIBRARY, NASA

NMA HAMPTON, VIRGINIA

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23665

NF02040



A FUEL-EFFICIENT
A CRUISE PERFORMANCE MODEL FOR
D GENERAL AVIATION PISTON ENGINE AIRPLANES

Table of Contents

ABSTRACT

ACKNOWLEDGMENTS

TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION AND GUIDE FOR THE READER

CHAPTER 2: USES AND LIMITATIONS OF POH CRUISE PERFORMANCE
DATA FOR MAXIMIZING R*

CHAPTER 3: THE AIRFRAME AND THE ATMOSPHERE

CHAPTER 4: THE AIRFRAME-PROPELLER-ATMOSPHERE SUBSYSTEM
CHAPTER 5: THE ENGINE-ATMOSPHERE SUBSYSTEM

CHAPTER 6: THE AIRPLANE-ATMOSPHERE SYSTEM

CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS _
APPENDIX A: FUNDAMENTALS OF THE POINT ECONOMY FUNCTION
APPENDIX B: THE STANDARD AND NON-STANDARD ATMOSPHERE MODELS
APPENDIX C: THE AIRFRAME PERFORMANCE MODEL

APPENDIX D: THE PROPELLER PERFORMANCE MODEL

APPENDIX E: THE NATURALLY ASPIRATED ENGINE PERFORMANCE MODEL

APPENDIX F: AUTOIGNITION, DETONATION AND KNOCK IN SPARK-IGNITION
PISTON ENGINES

NOMENCLATURE
REFERENCES




CHAPTER 1

INTRODUCTION AND GUIDE FQR THE READER

Table of Contents

Page
INTRODUCTION. . ot ittt ie i teneennnns e teeiie i 1-1
Purpose and Motivation of this Study.................. 1-1
PUrPOSE « it vt viinenneeneeannes Cereraaeaineneanses 1-1
Motivation ........... e te st ee st 1-1
The Point Economy Function R¥..........cuve.u... ceeaeenn 1-4
Antecedents.........iviiiiinnnnnna et eeereaes 1-5
Approéch of this Study.......ciiieiiiiiiniin.. A 1-11
Systems Appfoach ................................. 1-11
Modelling Technique....v.eveeo.s et e ert e e 1-14
GUIDE FOR THE READER. .. ... .iitieiiiriiiennennanannns e 1-15
Interesting ResSULtS. . .iiiuie ittt enneeeeneeennnonnn 1-17
TABLE 1.1......... e e 1-20
FIGURE 1.1....uiiiiinininnnnannnnnenn. ettt 1-22



W

CHAPTER 1

INTRODUCTION AND GUIDE FOR THE READER

INTRODUCTION

Purpose and Motivation of this Study

Purpose:

The purpose of this study is to define a fuel-efficient
airplane cruise performance model, suitable for airborne micro-
processer implementation, which facilitates maximizing Specific
Range. The study is confined to General Aﬁiation (GA) airplanes
powered by Spark-Ignition (SI) piston engines and propellers. Air-
planes of fixed design only are considered; design optimization
for fuel-efficient operation is not considered.

Specific Range is the ground distance the airplane flies
per unit mass of fuel consumed in cruising flight. The term
Cruising Flight means straight and level steady flight. Specific
range defines the Point Economy (that is, the instantaneoué fuel
economy) of the airplane. In this study: the Specific Range of
the airplane is denoted R* (ground nautical miles/lbm); and R* is

referred to as the Point Economy Function.

Motivation:
This study is motivated by two conservation objectives:
1. To minimize the fuel consumption of GA airplanes.

2. To improve the safety of GA operatioms.
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Avionics and controls, particularly the airborne microprocessor,
are perceived as means to these ends.

In order to satisfy the first objective, the total fuel Mg

(1bm) used on each GA airplane trip must be minimized, taking

account of the design and operational constraints which may be imposed.

Each trip is characterized by a flight trajectory consisting
of: a horizontal profile consisting of a number of legs between
waypoints; and a vertical profile consisting of climb, cruise and
descent segments. Mf is determined by R* throughout the.cruise
segments, by the manner in which the airplane is operated during
climb and descent, and by the horizéntal and vertical profileé
flown.

Optimizing (minimizing) Mf involves the implementation of a
rather sophisticated airborne\computation/guidance/control System,
utilizing fuel-efficient models of the airplane performance in
cruise, climb and descent. Such a system is envisaged as being
microprocessor-based, and would enable the pilot

1. To accurately coﬁpute the trip minimum fuel requirement

Mf ' (1bm) and the corresponding flight frajectory/
min ,

control trajectories (taking account of constraints),

during flight planning and during flight plan revisions

enroute

2. To fly the airplane in accordance with the computed

trajectories, thereby achieving the computed Mo -
_ min
g Optimization, but rather

concentrates on developing a fuel-efficient cruise performarice

ThiS'stqu does not address M
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~m~mede4~sui%ab}e—fer—mieroprocessor—imp}ementation;—aémrequiredwby

that optimization.

It may be some time before procedures and hardwarevfbr optimizing
Mf for GA aircraft are developed. In the interim period, a significant
reduction in Mf can be achieved by optimizing (maximizing) R* inv
cruise (taking account of constraints); since the majority of Mf
is consumed in cruise. This study addresses such optimization of
R* using the cruise performance model developed herein.

Implementation of the cruise performance model and the R*
optimization procedures here developed, in an airborne micropro-

cessor, will enable the pilot:
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‘maximum R*, with or without constraints, with little
or no increase in pilot workload

2. To fly the airplane in the mannér prescribed by the

cruise performance model, thereby achieving the computed
maximum R*.

This study therefore contributes to achieving the firsf
conservation objective, in two ways: by developing the fuel-
efficient cruise performance model required for Mf and R* optimi-
zation; and by developing computational procedures for optimizing
R* using this cruise performance model.

Fuel exhaustion and fuel mismanagement together are a major
cause of GA accidents. An M_ optimization system implemented in

f

GA airplanes will be a powerful tool for reducing the number of
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fuel exhaustion related accidents. The simpler microprocessor
system incorporating R* optimization advocated herein can
contribute to reducing the number of fuel ekhaustion related
accidents: wusing this systenm
1. The destination fuel reserve expected can be approximately
computed‘during flight planning and at any‘time enroute,
from |
a) Fuel onboard
-b) R* computations for various stages of the trip
¢) Climb and descent fuel reQuirements (these are not
addressed by this system)
2. The flighﬁ plan can be modified as mecessary to ensure an
adequate destination fuel reserve.
This study therefore contributes to achieving the second conser-
vation objective.
~Inclusion ofba fuel quantity monitoring/warning/tank-switching
system in any airborne microprocessor system could greatly reduce

the number of fuel mismanagement related accidents.

The Point Economy Function R*

Properties of the atmosphere, airframe, propeller and engine
all contribute to the value of R*. Fundamentals of R* aré discussed
in Appendix A. From Equations A.3, A.7 and A.8,
vT +‘Vw ,v A : .
R* = ———" ground nautical miles/lbm : {(1.1)

Emf
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T w :
= EP—c (1.2)
where
¢ = engine brake specific fuel consumption, 1bm/BHP.hr
E = number of engines, each driving one propeller
mf = fuel mass flow rate per engine, lbm/hr
PE = brake horsepower per engine
VT = airplane true airspeed, knots
Vw = geocentric true windspeed along track, knots.

R* is determined by many parameters, both désign and operational:
design parameters define the design of the airplane; while oper-
ational parameters are those which characterize the enviroﬁment

and operation of the airplane. The paramefers contributing to the
value of R* through each of the variables on the right hand side

of Equation 1.2 are listed in Table 1.1. That table lists 19
operational parameters affecting R*, for an airplane powered by

a naturally aspirated SI piston éngine.+ The parameters pertaining
to a turbocharger and aftercooler are not separately listed in

Table 1.1.

Antecedents
Airplane designers have long struggled to improve the per-

formance of airplanes, and part of that struggle has been to

"Note that in Table 1.1, and throughout this work: the term Gross
Weight means the A1l Up Weight of the airplane in cruise. Gross
Weight does not mean some maximum All Up Weight of the airplane.
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increase specific range R* (1-17). The four major characteristics of

the airplane which affect R* are:

1.

2.

The gross weight W, Ib

The power-off‘1ift/dragiratiq L/DOFF of the airframe

. - The propulsive efficiency*np_of the propeller and airframe

The brake specific fuel consumption c of the engine,

1bm/BHP.hr.

R* has been increased by

‘1.

and npr by the application of con-

Incr§a51ng L/DOFF

tinuously improving aerodynamic theory and practice

Decreasing W: by improving

a)Stannald%i@

b) Materials strength/weight ratios

¢) Engine brake horsepower/weight ratio

Decreasing c¢: by improving

a) Engine indicated themal efficiency

b) Engine mechanical efficiency (brake horsepower/indi-
cated horsepower)

¢) Fuel heat content and detonation resistance.

The aerodynamic theories appropriate to piston engine GA

airplane airframes and propellers were well established by‘1935,+

when the classic work '"Aerodynamic Theory' edited by W.F. Durand

was first published (1).

.f.

With the exception of an adequate compressible flow theory to

describe the flow over the outer regions of the propeller blades.
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Wi-th-regard—to—the—airframe contribution to gross weight:
the advent of high strength aluminum alloys in the form of rolled
sheet and extrﬁsions, and of composite materials; and the develop-
ment of structural theories and manufacturing technologies for the
construction of rivetted, welded and bonded structures; has led
to the construction of airframes with increasing payload/structural
weight ratios.

With regard to the development of aircraft powerplants,
Chirivella (16) states:

The early development of power plants for air-
craft was characterized by a broad variety of approaches
and designs for engines to drive the propeller, which |
was at that time the only propulsive element available.
Some of those early designs were seen for a short
period, but 20 years after the first flight of the
Wright brothers only the gasoline and diesel engines
survived as competitive power sources. Although the
diesel engine proved to be an adequate and reliable
machine, it was overwhelmed by the success of the
gasoline engine.due primarily to the better power-
to-weight ratio, which is most important in aviation.

The first 20 years of the development of the
aircraft gasoline engine were mostly characterized
by perfecting design details and manufacturing
procedures. The motivation to increase the engine
power-to-weight ratio brought about a wide variety
of cylinder arrangements around the crankshaft.

For large engines this culminated in the powerful
(3500-hp) radial air-cooled engines of the type
produced by Pratt § Whitney and the Wright Aero-
nautical Corporation.

In the late twenties, the demands for larger
power plants for takeoff and altitude performance,
triggered the introduction of supercharging. In
the 30's the evolution of aircraft piston engines
was marked by a great increase in power output from
engines of a given size. This effort required
considerable redesign and endurance testing, which
even to this day is the method used in engine
development. These great increases in power and
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constraints in engine sizes resulted in formidable
engine cooling requirements. The pioneering work
that NACA conducted in the study of cowl and
pressure baffles is worth mentioning here. This
gave rise to what is presently known as cooling
drag. Other achievements during the same period
were improvements in lubrication, valve mechanics,
fuel injection, and water injection at takeoff.

In the 40's and 50's, the radial gasoline
engine had become highly perfected, and had con-
quered the challenge of reliability and power-
weight ratio (about 1-hp/1b). Then the new chal-
lenge was to lower specific fuel consumption to
meet the requirements of the long-range strategic
bombers and the transatlantic nonstop air liners,
such as the B-29 and the DC-7. Further develop-
ment on the large radial engines lowered cruise
brake specific fuel consumption (BSFC) to 0.42
1b/hp/h. The efficiency loss required for crank-
shaft geared superchargers can be reduced if the
supercharger is driven by a turbine powered by the
exhaust gases.  This is the concept of turbocharging,
and although it was used in large engines during
World War II (the Boeing Super-Fortress), its
real significance at that time was superseded by
the role it played in the development of the jet
engine. Turbocharged piston engines gave rise to
the efficient turbocompound radial, the Wright
Turbocompound R-3350. This is a turbocharged engine
where the excess power in the turbine shaft is
delivered to the propeller. The turbocompound
engines produced the best power-weight ratio and
the lowest BSFC (0.38 1b/hp/h) of all radial piston
engines in the late fifties, but their price was

very high and their performance was obscured by
dramatic developments underway in jet engine tech-
nology. At this point, the costly R § D supporting
the large gasoline engines came to an end, and, in a
matter of 10 years, the gasoline engine became a
power plant exclusively for gemeral aviation.

. . . From the brief historical review given
above it is evident that considerable knowledge
and experience were gained on aircraft piston engines
during those 40 years of development, and that has
resulted in the great reliability and performance of
modern general aviation engines . . .

. Most gasoline aircraft engines of the past

as well as the present were designed to burn rich
fuel/air mixtures. This provided a means to cool the
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engine and to operate at higher manifold pressures

(which means higher power-to-weight ratio). This
trend has been inherited by general aviation and

has resulted in exhaust gases rich in carbon monoxide
and unburned hydrocarbons. The BSFC, even in the
best engines, has remained at a relatively high value
(about 0.45). The maximum manifold pressure that can
be used during takeoff and still prevent detonatiom
has led manufacturers to run the engine at high speed
to meet the power requirements. Unfortunately, this
has given rise to noisier takeoffs and climbouts.

It is known that if an engine designed for rich
operation is considerably leaned out, it will stumble,
run unstable, and even misfire. There is experience,
however, in the large radial engines used in the
50's, which indicates that lean operation is pos-
sible by adjusting the spark timing. These tech-
niques were conducted to increase the range of
large transport aircraft: - those using the Wright
R-3350 engine, for example. These aircraft were
equipped with torquemeters, gas analyzers, and two
spark advance settings; the pilot had to actually
tune the engine in flight to improve efficiency and
meet mission range objective. Most of these tech-
niques were known before the war, as shown by the
excellent historical paper presented by Hersey in
1939 on '"Fuel-Economy Possibilities of Otto-Cycle
Aircraft Engines"+.

The development of aircraft piston engine technology virtually

ceased with the advent of the jet engine, with the exception of

the continued development of the turbocharger, the improvement of

GA engine reliability, and the increase in engine Time Between

Overhauls. According toChirivella (16):

. The advent of jet engines put an end to the
large funding allocated to the research and develop-
ment of the piston engine, and there is no doubt
that further improvements would have appeared if the
jet engine introduction had been delayed a few years.

TLHersey, D.S., "Fuel-Economy Possibilities of Otto-Cycle Aircraft
Engines", Pratt § Whitney, SAE Transactions, Vol. 44, No. 6, 1939
(as given by Chirivella, 16).
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There is still a iarge amount of piston engine

work and information which awaits a go-ahead

by engine manufacturers. How much of this infor-

mation is applicable to the horizontally opposed

cylinder configuration used nowadays by general

aviation is not clear, but there is strong evidence

of multiple commonalities.

The present day GA piston engine airplane represents a
technology whicﬁ is approximately 30 years old, with respect to
airframes, propellers and engines. The use of variable ignition
timing as a means for decreasing engine brake specific fuel
cqnsumption is not currently practiced: all commeréially avail-
able GA airplane piston engines employ fixed ignition timing.

During the last decade, the energy crisis has stimulated
fresh efforts to improve the fuel economy of GA airplanes. These
efforts have included the following.

1. Increased propulsive efficiency of GA propellers is
being pursued by the NASA-Langley Research Center,
Hamilton Standard, the McCauley Accessory Division of
the Cessna Aircraft Company, and by various universities
throughout the United States (including Ohio State and
Mississippi State).

2. Decreased engine brake specific fuel consumption in GA
spark-ignition piston engines is being pursued by the
NASA-Lewis Research Center, AVCO-Lycoming and Teledyne
Continental Motors. The combined effort of the Jet
Propulsion Laboratory, AVCO-Lycoming and the Beech Air-
craft Corporation'reported in Reference 16 is a signifi-

cant contribution to a methodology for decreasing the
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- —brake-specific-fuel-consumption-of-GA-STpiston-engines:

It is hoped that these efforts, as well as efforts by the air-

frame manufacturers to reduce structural weight and increase air-

frame L/DOFF’ will make significant improvements to the individual

contributions of the airframe, propeller and engine to GA airplane

range and specific range, R*.

Approach of this Study

Systems Approach:

The approach taken in this study is to consider the airplane

to be of fixed design, and to treat the airframe, propeller, engine

and atmosphere together as an airplane-atmosphere system.

1.

The cruise performance of this system is modelled as the

cruise performance of two subsystems:

a)

b)

The Airframe-Propeller-Atmosphere (APA) subsystem:
the cruiée performance model of this subsystem is
called the APA subsystem input-output modél.

The Engine-Atmosphere subsystem. In modelling the
performance of this subsystem, detailed attention is
given only to naturally aspirated SI piston engines
employing ignition timing optimized for maximum bfake
torque: the subsystem incorporating such an engine
is called the Naturally aspirated Engine-Atmosphere
(NEA) subsystem. The cruise performance model of the

NEA subsystem is called the NEA subsystem input-output
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model. No account iS»takeﬁ of emission control

in modelling the NEA subsystem performance. The per-
formance of turbocharged SI piston engines is not
modelled, due to the unavailability of suitable turbo-

charger performance data.

Each subsystem (APA, NEA) input-output model is aEVeloped
for standard and non-standard atmospheric conditions.+
The modelling of each subsystem is entirely static: no
dynamics are considered.
2. 'The APA and NEA subsystem models are combined to form the cruise
performance model of the complete airplane-atmosphere
system.
3. Computational procedures are developed for maximizing R*
with or without constraints. These procedures consider
the performance of the complete airplane-atmosphere system.
Figure 1.1 is an ﬁirplane-atmosphere,system block diagram,
drawn from the perspective of the pilot. The nomenclature of
Figure 1.1 is that previously given in Table 1.1, plus:

DOFF = airframe power-off drag

E = number of engines each driving one propeller
G = transmission gear ratio

Hp = pressure altitude

L = airframe.lift

N = commanded propeller rotational speed

"The Standard Atmosphere used in this work is the U.S. Standard
Atmosphere, 1962 (18).
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Q = propeller shaft torque

[+

a
QE = engine brake torque
Tp = propulsive thrust

8 = propeller blade angle
Y = airplane flight path angle to horizontal
o} = étmospheric air density ratio.

In Figure 1.1: {VT, mf} are outputs corresponding to the control
inputs {Pm, NC} and to given values‘of the remaining inputs at the
left. R* is computed from the circled output variables in Figure 1.1
using Equation 1.1.+ |

The APA and NEA subsystem block diagrams developed in this work
are shown in Figures 4.8 and 5.30, and are combined in Figure 6.1
to form the complete airplane-atmosphere system block diagram.
Figure 6.1 is equivaleﬁt to Figure 1.1. Since the modelling herein
is static, the propeller governor is not modelled explicitly: the
commanded propeller speed NC is equal to the actual propeller speed
N at all times in the steady state.

A new unique systems approach has been adopted in this study

because it offers an immediate payoff in fuel savings and safety

‘benefits without airplane redesign. The APA and NEA subsystem

models developed might be used by designers:
1. To identify airplane components/systems in which redesign

would be beneficial to specific range

+Nofe particularly that, in drawing Fig. 1.1, it is assumed that the
airplane has a '"constant speed" propeller and variable ignition timing.
Practically, now, the former is often the case; the latter never.
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2. To estimate the impact of redesign on specific range.

Issues of redesign, however, are not addressed in this study.

Modelling Technigue:

The modelling technique used in this study is the following:

1. Mathematical models of
a) The standard atmosphere and any non-standard atmosphere
b) The performance of the airframe, propeller and naturally

aspirated SI piston engine

are adopted or developed as necessary and éynthesiied into
an appropriate overall model. Theoretical models are
based on material in the open literature, and on infor-
mation obtained from the GA industry;

- 2. Where possible, the theoretical models are modified and
quantified in accordance with experimental data. These
data were obtained from the open literature, from the GA
industry and from interested individuals.

The amount of experimental data avéilable for appropriately

modelling the performance of GA airframes, propellers and SI

piston engines is perhaps surpriéingly small, considering that

design and test methodologies have beén wéll developed for some time.
The ?erformance of the airframe‘and propeller, computed and

illustrated in this study, appioximates the performance of the

Lockheed LASA 60 airframe and propeller--the Lockheed LASA 60 is

a typical,’ single engine GA airplane, owned and operated by
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Princeton University. The performance of the naturally aspirated .

engine, computed and illustrated in this study, approximates the
performance of a 470 cubic inch displacement naturally aspirated
SI piston engine: this performance does not represent that of

any particular GA engine.

GUIDE FOR THE READER

Chapter 2 establishes what can be done to maximize the specific
range of GA airplanes, using cruise performance data currently
available to the GA community in Pilot Operating Handbooks. .
The construction of cruise performance models from Pilot Operating
Handbook (POH) data is described, and the uses and limitations of
such models for maximizing R* are discussed. The limited useful-
ness of such models for maximizing R* constitutes the motivation
for the study of Chapters 3 through 6.

Chapters 3 through 6 develop a new cruise performance model
of the airplane-atmosphere system. This model is suitable for
airborne microprocessor implementation. It overcomes thé limitations
of the PO cruise performance model developed in Chapter 2.
Mathematical details are rélegated to Appendices as described
below.

Chapter 3 reconsiders the performance of the airframe in the
atmosphere.

Chapter 4 combines the propeller performance with the air-
frame-atmosphere performance described in Chapter 3, and develops

the APA subsystem input-output model.
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‘Chapter 5 discusses thlie performance of naturally aspirated
SI piston engines, and develops the NEA subsystem input-output
model.

Chapter 6 integrates the APA and NEA subsystem input-output
models to form the new cruise performance model of the airplane-
atmosphere system. The implementation, use, and engine control
requirements of this new model are discussed. Th¢5percehtage
increases in R* offered by the implementation of this mew model
in any GA airplane, relative to R* achieved when operating that
airplane in accordance with current GA préctice, are estimated..
Finally, this new model is compared with the POH cruise performance
model developed in Chapter 2.

Chapter 7 presents conclusions and recommendations as a result
of this study.

Appendix A discusses the fundamefitals of the Point Econemy
Function R*. The reader is urged to read this appendix prior to
commencing a detailed reading of Chapters 3 through 6.

Appendix B describes the standard and non-standard atmosphere
models used throughout this study.

Appendix C develops the airframe performance model used in
Chapters 3 and 4.

Appendix D develops the propeller performance model used in
Chapter 4.

Appendix E develops the naturally aspirated ST piston engine

performance model used in Chapter 5.
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~Appendix F presents d brief discussion of autoignition;

detonation and knock in spark-ignition piston engines.

Following Appendix F, there is a tabulation of the nomenclature
used throughout the chapters of this study (other symbols used in
the appendices are defined locally). For historiéal reasons, and
in consideration of other peoples' work, a conventional notation
has been maintained throughout; this has sometimes resulted in
the same symbol being used for different quantities. For the
same reasons, English rather than Metric units have been used
throughout.

Finally, the list 6f References is presented. Reference

numbers in this 1list are cited in parentheses throughout the text.

. Interesting Results

Without unduly anticipating the logical conclusions, presented
in their separate place, it may be appropriate here to consider
briefly some of the difficulties overcome in, and interesting
results of, the research. Given that the problem of maximizing
épeci}ic range, R*, is significant, one finds that it is not
amenable to theoretical solution. On the other hand, one finds
that costly experimental or test data which have been accumulated
are inadequate for the purpose at hand. The thesis is the propo-
sition, in detail, of a prescription for experiments to be made.

I first review classical airplane cruise performance. In

principle this is very well understood. A new irterpretation,
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however, -of that performance is given inasmuch as
1. The effects of wind and auxiliary equipment power on
R* are preseﬁted in terms of new Equivalent Quantities.
2. The effects of center of gravity (c.g.) position on R*
are specifically formulated in terms of
a) R* appropriate to a reference c;g.'positicn,'and
b) A correction factor for variafions in c.g. position.
Next, classical propeller performance is reconsidered. A
compact representation of the combined performance of‘the airframe
and the propeller in terms of novel Corrected Quantities is made.
In particular,
1. Propeller performance is presented in terms of a novel
non-dimensional quantity, the Speed-Thrust Coefficient,
CR' This, in conjunction with the well known propeller
advance ratio, facilitates computations of the effécts
of equivalent airspeed, gross weight, c.g. position,
propeller shaft speed and atmospheric density ratio
on propulsive efficiency.
2. The effects of compressibility on propeller performance -
are represented by a correction factor, fcomp' Such a
correctibn factor is mot new, but has passed out of use
since the advent of modern computational fluid mechanics.
This study identifies the importance of fco 'for compact
;omputations of General Aviatioen (GA) airplane cruise per-
formance; and recommends further effort in quantifying

fcomp for GA propellers.
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3. _Corrected Quantities are then formulated which facilitate

representation of the Airframe-Propeller-Atmosphere (APA)
subsystem cruise performance for all values of gross
weight and altitude.

Further then, I synthesize a fuel-efficient steady state per-
formance model of naturally aspirated Spark-Ignition (SI) piston aero
engines from a widely scattered literature. Using this mbdel,
novel Corrected Quantities are identified. The cruise performance
of the Naturally aspirated MBT ignition timing Engine-Atmosphere
(NEA) subsystem is then represented in terms of these Corrected
Quantities.

The subsystem integration is summarized in a single block
diagram illustration (Figure 6.1). This figure is an original,
logical abstraction of the developments and models which are
presented in the body of the work. It shows the connection between
the important inputs and '"controls'" and the overall system per-
formance which is of interest.

All this appears to‘have significant implications for efficient
and safe GA airplane operation. Finally, I present calculations
of the fuel savings which might be obtained by improved computer-
aided operating practices. Increased specific range, R*, is

conservatively estimated to be 20% to 26%.
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‘TABLE 1.1

PARAMETERS CONTRIBUTING TO R*

Variable

Contributing Parameters

VT VE Equivalent airspeed
Patmos Atmosphieric ambient ‘air absolute pressure
T Atmospheric ambient air temperature
atmos
Vw Geocentric wind speed and direction
Y Airplane heading
PE CD Airframe power-off drag éoefficient
Cp = CplVgs W, h]
where W = airplane gross weight
hc = longitudinal center of gravity
position
¢ = meanm aerodynamic chord of the wing
‘ VT Airplane true airspeed
Patmos
Tatmos
] pAUX Auxiliary equipment power
np Propulsive efficiency = np[VE, W, h, N, o, MT]
where N = propeller shaft rotational speed
o = atmospheric air density ratio
MT = propeller helical tip Mach number
c The following apply to naturally aspirated and turbo-

charged SI piston engines:

M

Fuel mass flow rate per engine
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TABLE 1.1

(concluded)

IHP

The following

Engine geometry and grade of fuel
Fuel-dry air mass ratio
Ignition timing

Engine shaft rotational speed
Inlet manifold absolute pressure
Inlet manifold temperature
Exhaust absolute back-pressure

Cylinder head temperature

Detonation

Engine geometry

Indicated horsepower

These define
the
‘Indicated
Horsepower
(IHP)

These .define
the
- Lost
’ Horsepower
(LHP)

y

apply to Turbocharged SI piston engines:

Turbocharger characteristics

Aftercooler characteristics

Throttling absolute pressure losses
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CHAPTER 2

USES AND LIMITATIONS OF POH CRUISE PERFORMANCE

DATA FOR MAXIMIZING R*

INTRODUCTION

The manufacturers of GA airplanes provide detailed cruise per-
formance data for each airplane sold. These data are available in
the airplane Pilot Operating Handbook (POH) and in the Federal
Aviation Administration approved Flight Manual for each airplane.

This chapter describes the construction of cruise performance
models from POH data, and examines the usefulness and limitations
of such models for maximizing R*.

The pilot operating handbooks of a number of typical GA air-
planes are first examined. The construction of cruisé performance
models incorporating the common cruise performance variables in this
POl sample is described, and this is illustrated for two GA airplanes.
The use of a POH cruise performance model for maximizing R* is dis-
cussed, and illustrated for one GA airplane. Finally, the limitations

of POH cruise performance models for maximizing R* are discussed.

PILOT OPERATING HANDBOOK DATA
A sample of Pilot Operating Handbooks was examined in order to
determine what variables are commonly included in the cruise performance
data of such handbooks.
Ten airplane types and four manufacturers were represented in

the sample. These are listed in Table 2.1, along with the operating
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point variables included in the POH cruise performance data and the

operating conditions pertaining: to those data. Single and twin engined
airplanes are included im the list, some with naturally aspirated

engines and others with turbocharged engines.

The five variables common to~each=airpléne listed in  Table 2.1
are: |

1. .Pressure altitude

2. Engine rotational speed

3. Engine inlet Manifold Absolute Pressure (MAP)

4. Fuel flow rate

5. True airspeed (TAS)
This constitutes the majority of the listed variables.

Some of the sampled POH's specify a leaning criterion to establish

the given fuel flow rates; such as an Exhaust Gas Temperature (EGT)
relative to peak EGT, or a Turbime Inlet Temperature (TIT) relative
to peak TIT. However, it is not clear in every case what leaning
procedure results in the given POH fuel flow rates. In'tﬁose'caées\
where the leaning criterion appropriate to the cruise performance
data is clearly established in the POH: the POH informs the pilot
of the TAS and fuel flow rate which will result when the airplane

is flown at various pressure altitudes, with various combinations of
.MAP and RPM, under certain operating conditions (one of which is the »
leaning criterion); In those'casésrwhere’the'Ieaning:criterion«
appropriate to the cruise perfOrmance*data:iétnot.clearTx‘gstablished

14
in the FOH: the POH informs the pilet of the TAS which will result
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when—theairplane—isflown at various pressure altitudes; with~various

combinations of MAP, RPM and fuel flow rate, under certain operating

conditions (excluding a leaning criterion). |
Sufficient information is given in each POH for ;he computation

of R; (Equation A.7) throughout the operating range documented,

given a knowledge of the prevailing windspeed along track. However,

in no case listed in Table 2.1 does the form of data presentation

facilitate maximizing R* in current operations.

CONSTRUCTION OF A CRUISE PERFORMANCE MODEL FROM POH DATA

This section shows how the POH cruise data for an airplane_may
be used to construct a cruise performance model which facilitates
the computation of operating points which maximize R* in the cruise
operation of that airplane: a cruise performance model construcfed
from POH cruise data is referred to as a POHCPM. The cruise data
for the 1974 Cessna Centurion and the 1974 Cessna Turbo Centurion_
are used for this pufpose+: the former airplane employs a naturally
aspirated engine, and the latter a turbocharged engine.

The cruisé operating point variables, presénted in the POH data
for each of these two airplanes, are the first six variables listed
in Table 2.1. The POH data format for these two airplanes is that
shown in Table 2.2. The POHCPM of each of these airplanes, con-
structed here from their POH data, is comprised of the following

~plots:

+The data for these airplanes were taken from the airplane Owner's
Manual in each case. The information contained in these manuals is
issued for more modern airplanes in the POH. These two Owner's Manuals
are here referred to as Pilot Operating Handbooks in keeping with this
practice.
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1. Fuel flow ratefrhft (1bm/hr) versus true‘airspe'ed?vT (statute
.mph) , forpconétant values of pressure-altitude (ft). Such
plots are referred ‘to :as Fuel Flow Diagrams.

2. MAP (inches Hg) versus*VT (sraxﬁte‘mph), for constant
values of pressure altitude (ft) -and ‘engine RPM.  Such
plots are“referred'tohﬁs Power Diagrams.

The source POH data for each of ‘these models, and hence ‘the models
themselves, apply only to the following operating ‘conditions:

1. Extended range mixture (fuel-air mass ratio): ‘established
by leaning to a specified EGT increment rich ‘of peak EGT

2. Standard atmosphere

3. Specified gross weight

4. Fixed (but unspecified) longitudinal center of gravity
(c.g.) position

5. Undercarriage retracted

6. Flaps up

7. Cowl flaps: position not determined by -author. However,
cowl flap position was commensurate with required Cylinder
Head Temperature (CHT) in each case

8. Some specific configuration of avionics aerials and

other external equipments.

Fuel Flow Diagrams

The POH fuel flow data for the 1974 Cessna Centurion @nd Turbo

Centurion are plotted against TAS for fixed values of pressure
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altitude, in Figures 2.1 and 2.2. Plots such as Figures 2.1 and 2.2

o

are referred to as Fuel Flow Diagrams. A least squares cubic poly-

nomial of the form

(2.1)

-—-1<w

m. =a + a V2 + a
£ o T 3

1 VT + a

1 2
t

is fitted through the fuel flow data at each pressure altitude in

Tt

these two figures. The data points for each pressure altitude fall
Very close to the fitted curve, the standard deviation being less
than 0.5 1bm/hr in every case, except for the Turbo Centurion at
20,000 ft where the standard deviation is 0.73 lbm/hr. Each data
point corresponds to a recommended combination of MAP and RPM. For
this Cessna data, it is apparent that every combination of MAP and

RPM, given in the POH and yielding a given TAS, corresponds to a fuel‘

flow rate ﬁf lying very close to the relevant altitude curve. The
t

curves of Figures 2.1 and 2.2 are therefore taken to apply to all
combinations of MAP and RPM within the limits of the POH data.'
The hatched boundaries of Figures 2.1 and 2.2 represent the
recommended upper cruise power limits for the re5pective.airp1anes
(see also Reference 4, p. 414). Such boundaries correspond either

to the maximum percentage of maximum continuous power (brake horse-

power) which the manufacturer recommends for continuous normal cruise

operation; or to the maximum available cruise brake horsepower when

this is altitude limited; whichever is the smaller power level.
Occasionally, as in the case of the 1974 Centurion, some of the tabu-

lated data points lie outside this boundary and are presented in the

N .. . . . . .
This close proximity of m. to a single curve, for various combinations

f
of MAP and RPM at one altitﬁde, should not be taken as an indication
that MAP and RPM have no effect on R* (see Chapter 5).
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POH merely for interpolation purposes. The boundary should be drawﬁ
- (as in Figure 2.1) on the basis of the manufacturer's recommendation
and not as the upper power limit of the data tabulated for each
pressure altitude. The recommended power boundaries of Figures 2.1
and 2.2 both represent 75% maximum continuous brake horsepower,'orr

less when altitude limited.

Power Diagrams

The engine MAP and RPM corresponding to the (mf ,‘VT) data points
¢ .
of Figure 2.1, at sea level and 10,000 ft, are plotted in Figure 2.3

for the Centurion. Similar plots corresponding to the (mf , VT)‘data
' t

points of Figure 2.2, at sea level and 20,000 ft, are shown in Figure
2.4 for the Turbo Centurion. It is apparent from Figures 2.3 and
2.4 that a great deal of redundant engiﬁe setting data are available
to the pilot for the cruise opgratioﬁ of these airplanes: at each
TAS and pressure aititude, an infinite number of (MAP, RPM) combina-
tions may bé selected. At each TAS, one recommended combination of
MAP and RPM would suffice. In Figures 2.3 and 2.4, a straight line
has been drawn through the set of data points appropriate to each
pressure altitude. Each Straight line fepresents an arbitrary tra-
jectory of (MAP, RPM) over the TAS range at each pressure altitude:
points (a, a'), (b, b') etc. on these straight.lines correspond to
(2200), (2300) RPM etc. respectively. When all of the (MAP, RPM)

data for one airplane are plotted against TAS, and a straight line

inscribed for each pressure altitude, a unique combination of (MAP, RPM)
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may be prescribed for flight at any TAS and pressure altitude by in-
terpolating between the inscribed straight lines.

Figures 2.5 and 2.6 show the results Qf the above construction
for the Centurion and Turbo Centurion respectively. The straight
lines of constant pressure altitude correspond to the inscribed
straight lines in that construction. Points a, a' etc. in Figure
2.5 (2.6) correspond to points a, a' etc. respectively in Figure
2.3 (2.4). Lines of constant RPM are shown dotted in Figures 2.5
and 2.6.

Plots such as Figures 2.5 and 2.6 are referred to as Power
Diagrams.  The fuel flow rate shown in the Fuel Flow Diagram drawn
for a specific set of operating conditions, corresponds to the MAP
and RPM in the Powér Diagram drawn for the same set of operating
conditions, at the same TAS and pressure altitude. Consequently,

variations in mf with MAP and RPM, at any TAS and pressure altitude,
t

are accounted for in these Diagrams.

The POHCPM

Figures 2.1 and 2.5 constitute a POHCPM of the 1974 Cessna
Centurion, for the ope;afing conditions stated in Figure 2.1. Figures
2.2 and 2.6 constitute a‘POHCPM of the 1974 Cessna Turbo Centurion,
for the operating conditions stated in Figure 2.2.

The cruise performance of any GA airplane, flying in specified
atmospheric conditions with a specified gross weight and c.g. position,

may be completely described by one Fuel Flow Diagram and one corre-
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sponding Power Diagram. {(The units used in these Diagrams would be

Nautical mph or Statute mph, and 1b/hr or gallons/hr, in accordance

with the POH data.) Different Fuel Flow and Power Diagrams are

required to describe the airplame performance for different values of: B
- 1. Atmospheric "temperature at fixed pressure,altitﬁde,
2. Gross weight,
3. C.G. position.
Each pair of Diagrams would be wappropriate to:
1. A mixture (fuel-air mass ratio) established by .a specified
leaning c:ci‘cer.i'on,.}L
2. Undercarriage retracted,
3. Flaps up,
4. Cowl flaps either closed, or opened the amount necessary
to achieve a specified .CHT,
5. A specified configuration.of avionics aerials:and other
external equipments.
The cruise performance of :any GA airplane in all .operating con-
ditions should be well represented by linéar‘interpolation between

pairs of Fuel Flow and Power Diagrams for the conditions 1-12 listed

in Table 2.3. Such a set of Diagrams, for a given-airplane, would
constitute a POHCPM applicable to.all operating conditions of that
airplane. 1In the event that ‘the Diagrams are found to be influenced

little by c.g. position, pairs of Diagrams for conditions 1-6 only

Discussions with the GA manufacturers indicate that ‘good repeatability .
of fuel flow rate, in given-atmospheric conditions and-at a .given MAP

and RPM, is achieved using-a Yeaning criterion based -on EGT or TIT,

although no repeatability statistics were made available to the

author,
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will suffice to describe the performance. _The value of R* increases

continuously as the c.g. is moved from the forward limit to the aft
linmit (see‘Chapter 3) so that the choice of conditions 1-6 only would
be a conservative one. If the range of gross weights were great, it
may be desirable to include an intermediate gross weight in the POHCPM.
Three values of any one parameter in Table 2.3 affords the use of
parabolic rather than linear interpolation for that parameter.

While the use of Fuel Flow and Power ﬁiagrams reduces POH cruise
data to a simple form for fixed conditions, the prospect of manually
interpolating between 6 or more pairs of such Diagrams is a daunting
one. However, this task is a simple one for a computer, and may be
performed enroute by a microprocessor installed in the airplane.

The POHCPM may be stored in a microprocessor as sets of coefficients
of cubic éolynomials (describing the Fuel Flow Diagrams: see Equation
2.1) and straight lines (describing the Power Diagrams).

The following section describes some of the uses of a POHCPM.

APPLICATIONS OF POH CRUISE PERFORMANCE MODELS

One obvious function of a POHCPM of a given airplane is to
inform the pilot of the engine power (MAP, RPM) settings required to
fly that airplane in any given operating conditions. The model is
entered with values for:

1. TAS

2. Pressure altitude

3. Atmospheric‘temperatyrerelative to standard

4. Gross weight
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5. Center of gravity position
and values of MAP and RPM are returned. The corresponding fuel flow
rate, also obtainable from the POHCPM, would be established by the
pilot using the leaning criterion appropriate to the POHCPM (or “
established directly usingvfuel flow instrumentatioﬁj,

However, a POHCPM has some more important uses than the compu-
tation of MAP and RPM (and fuel flow rate) for specified flight com-
ditions. .In this section we examine the use of cruise performance
models for various optimizations. In particular, we examine the compu-
tation of the operating point, for a particular airplane, which
- satisfies the following altermative requirements:

1. Achieve maximum groundspeed, with an R* cohstraint_:

2. Achieve maximum possible R*

3. " Maximize R* while flying at a pfescribed TAS

4. Maximize R* while flying at a prescribed groundspeed.

The use of cruise performamce models for the computation of R*
is first described, with the aid of the POHCPM of the 1974 Cessna
Centurion: Figures 2.1 and 2.5. The above four optimizations are
then éiscussed in turn, using the POHCPM of the 1974 Cqssna Turbo
Centurion: Figures 2.2 and 2.6. Throughout these .discussions, the
.operating conditions are assumed to conform to the conditions per-
taining to Figures 2.1 and 2.2. Zero and non-zero wind conditions are
considered: computations involving the latter employ'the wind-profile

shown in Figure 2.7.
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The Computation_of R*

The value of R* for given operating conditions is obtained from

the Fuel Flow Diagram, which is a graphical representation of Equation

A.7:
| v Vp + Vv +
R* = —=— = ———¥ ground miles/lb
m m
f f
t t
where
VG = groundspeed, mph
VT = TAS, mph
Vw = true windspeed component along track (see Appendix A), mph
Headwind: Vw <0
Tailwind: Vw >0
ﬁf = Total fuel mass flow rate to all engines, 1lbm/hr
. . ,
(gallons/hr).
Consider the Fuel Flow Diagram of the 1974 Cessna Centurion:
Figure 2.1.

In zero wind conditions, operation at any TAS and pressure al-
titude is represented by a point on Figure 2.1: the horizontal coord-
inate of the point gives the TAS (=Vj), the vertical coordinate gives
the fuel flow rate, while the inverse slope of the radial line from
the origin to the point gives the value of R*. For example, flight at
2,500 ft pressure altitude and 169 mph TAS (Point A in Figure 2.1)

results in a fuel flow rate mf

= 87 1b/hr from which R* = 169/87 =
t .

1.94 ground miles/1b.

+(Nautical-or Statute) miles/(1b or gallon) in accordance with POH
data. The present examples use statute miles/lb.
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In non-zero wind conditions, R* is again readily obtained from -
Figure 2.1. The windspeed may be represented. by plotting Vw along
the abscissa; headwinds plotted to the right of the origin and tail-
winds to the left. Then for any operating point (TAS, Pressure
Altitude: Point A say) and wind condition (Point B say), the ground-
speed is the base~BC of the triangle ABC, and the value of R* is given
by the inverse slope of the hypotenuse BA.

The MAP and RPM required for flight at any given TAS and pressure
altitude are obtained from the corresponding Power'Diagram (Figure
2.5), and are independent of windspeed. The MAPvand RPM- corresponding
to point A in Figure 2.1 are: MAP = 24 in. Hg, RPM = 2425.

We now address the four optimization problems previously men-
tioned, using the POHCPM of the 1974 Cessna Turbo Centurion shown in

Figures 2.2 and 2.6.

Flight at Maximum Groundspeed

We here demonstrate the use of the POHCPM for computation of the
operating point yielding maximum groundspeed with an R* constraint.

In zero wind conditions; maximum groundspeed is gchieved by
flying at the altitude where the maximum TAS is achieved. This al-
titﬁdé and the corresponding‘maximum“TAS is represented for the Turbo
Ceﬁturion by point.A on the power boundary of Figure 2.2,

It may be impossible to fly at point A because of insufficient
fuel capacity; that is, R* at poiht A may be unacceptably small.. Let
us assume that a fuel constraint exists which requires R* to be

greater than or equal to some minimum value RE. Plotting a line with
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gLopemlikg_le_peI;hr¢mph}_nn Figure 2.2 may_resu;x_in_line_OB,_in
which case the altitude and TAS required for flight at maximum
groundspeed while not violating the fuel constraint will be given by
the point on the power boundary furthest to the right and on or below
the line OB: point B in the case drawn. Clearly if line OB intersects-
the power boundary above A, then maximum groundspeed may be achieved |
without violating the fuel constraint by flying at A.

However, only a few specific altitudes are available to the
pilot, many being precluded by tbpography, weather, cabin environment

f As a result, ‘it

requirements, air traffic control or perhapstOTAMs.
may not be possible to fly at A or B in Figure 2.2. The operating
point for maximum groundspeed is then determined as the point at an
available altitude on or within the power boundary, on or below line
OB and furthest to the fight. For example, if all altitudes aboVe_
20,000 ft we;e unavailable, the éperating point for maiimum groundspeed -
would be point C.

In non-zero wind conditions with no fuel constraint, maximum
" groundspeed is obtained in all cases by flying at point A on the
powef boundary of Figure 2.2. When the fuel consumption constraint
R* Z.Rz is imposed, the procedure for determining the altitu&e and
TAS for maximum groundspeed is similar to that used in the zero wind
case. In fact the analysis varies from the zero wind case only inas-
much as the line OB with slope 1/R2 is drawn for each altitudevseparatély, N

the origin 0 being shifted along the abscissa to the wind component

prevailing at each altitude.

+NOTAM: Notice to airmen.
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For each cruising altitude the procedure is as follows. Consider

cruise at 10,000 ft pressure altitude when the minimum tolerable value

of R* is RE 2.35 miles/1b, and the winds aloft Vw are given by
Figure 2.7:

1,V
W

15 mph tailwind

2.  Plot point D on Figure 2.2 corresponding to this windspeed Vw

3. Plot line DE with slopevl/Rz = 1/2.35 (1b per hr/mph). It 
is possible to fly at aﬁy operating point on the 10,000 ft
line, on or below line DE.

4. To achieve the maximum allowable TAS and hence maximum
groundspeed, assume flight at point E. The groundspeed is
given by VG = 177 + 15 = 192 mph.

Flight at other pressure altitudes is treated in similar fashion. The
results of these computations for all pressure altitudes from sea
level to 25,000 ft are shown im Figure 2.8. There the computations
are tabulated and the maximum groundspeed achievable at each pressure
altitude is plotted against pressure altitude. The maximum possible
groundspeed is achieved at 25,000 ft even though the largest headwind
exists there. The value of R* is the same at each pressure,altifude.
The engine fuel flow rate, MAP and RPM'néquired for a chosen,pressureb

altitude and TAS are obtained from Figures 2.2 and 2.6.

Flight at Maximum Possible R*

We here demonstrate the use of the POHCPM for computation of the

operating point yielding the maximum possible value of R*.
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In-zero-wind—conditions;—themaximum-value—-of-R*—achievable-at
a particular altitude is obtained by flying at the point of tangency
" of a radial line from the origin to the appropriate altitude curve

of Figure 2.2. At sea level this flight condition is at point F in
Figure 2.2; at 25,000 ft it is at point G. The pressure altitude and
TAS offering the maximum possible R* correspond to the point in Figure
2.2 at which the slope of the tangent line from the origin is least
{(Equation 2.2).

In non-zero wind conditions the tangent line is drawn from the
appropriate wind reference rather than from the origin. For example,
when flying at 25,000 ft with a 40 mph headwind, maximum R* is
achieved at H in Figure 2.2 rather than at G. The pressure altitude
and TAS offering the maximum possible R* correspond to the point at
which the slope of the tangent line drawn from the appropriate wind
reference is least.

It is of interest to determine the altitude variation of the
maximum value of R* achievable at each altitude (R*max) for the Turbo
Cenfurion. For zero wind conditions, inspection of Figure 2.2 reveals
that the value of R*max increases continuously from sea level to

25,000 ft as follows:

Sea level (point F): 130/57 = 2.28 miles/1b

R*
max

175/70

25,000 ft (point G): R*

2.50 miles/1b,
max

This represents a variation of 9.65% of the lower value. For non-zero
wind conditions, the variation depends upon the wind profile. Using

the wind profile of Figure 2.7 the value of R« from sea level to
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25,000 ft has been computed aﬁd plotted in Figure 2.9. The compu-
tations, tabulated in Figure 2.9, were performed as follows at each‘
pressure altitude:

}. Vw was taken from Figure 2.7 and inscribed on the abscis§a

of Figure'2.2 as the wind reference

S ]

VT and the fuel flow rate ﬁf were determined from Figure

t
2.2, at the point of tangency of the straight line drawn

from the wind reference to the appropriate altitude curve

G T w o
* = +
Rmax VG/mft

The computed Qalues of R;ax_plotted in Figure 2.§ show a maximum vari-
ation of (2.67 - 2.39)/2.39 or 11.7% of the lower value. Im this
example the wind profile has increased the percentage variation of
R;a* with altitude from that obtained in the zero wind case.

At any pressure altitude on the curve of Figure 2.9, the TAS
may be obtained from a linear interpolation of the TAS values tabu-
lated in that figure.i For these values of pressure altitude and TAS,
the engine fuel flow rate, MAP and RPM are determined from Figures
2.2 and 2.6.

When a fuel constraint dictates a minimum value of R*, some
altitudes in Figure 2.9 may be excluded from candidacy for a particular
operation. Other constraints may also preclude operation at certain
altitudes in Figure 2.9. In such cases, Figure 2.9 clearly shows the
available pressure altitudefyielding,the maximum possible value of

R*..
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R Fligh;ﬂg;_g;ggescribed TAS

To achieve an approximate trip duration, a pilot may choose to
fly at a particular TAS. We here demonstrate the use of the POHCPM
to compute the operating point which maximizes R* at a specified TAS.
The method of computation is independent of the choice of TAS: it is
here illustrated for a TAS of 185 ﬁph, for which all operating points
‘lie along the line JK in Figure 2.2.

In zero wind conditions, the value of R* is determined at each

altitude as R* = VT/r'nf at the intersection of line JK and the appro-
t

priate altitude curve. In this case the value of R* increases con-
tinuously from 5,000 ft to 25,000 ft as follows:

'5,000 ft: R* = 185/98 = 1.89 miles/1b

25,000 ft: R* = 185/74 = 2.50 miles/1b.
This represents a Qériafion of 32.3% of the lower value. Note that
flight below 5,006 ft is not possible at this TAS due to the presence'
of the power boundary.

In non-zero wind conditions, the altitude variation of R* is
determined as follows. At each pressure altitude:

1. The fuel flow rate mf is obtained from the intersection of
. ,
the line JK and the appropriate altitude curve
2. The wind component Vw is obtained from Figure 2.7

3. Vo=V +V

T

G T w
4. R* = VG/mf
t
Figure 2.10 tabulates these computations for V.. = 185 mph and shows

R* plotted against pressure altitude. For the wind profile used, the
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value pf R* varies little above 15,000 ft, reaching a maximum at
25,000 ft even though the maximum headwind exists there. The maximgm
variation of R* in Figure 2.10 is (2.42 - 2.02)/2.02 or 19.8% of the
lower value. In this example the wind.profile has significantly de-.
creased the percentage variation of R* with altitude, from that ob-
tained in the zero wind case.

At any pressure altitude the engine fuel flow rate,‘MAf and RPM
required for flight at a TAS of 185 mph are obtained from Figures
2.2 and 2.6.

A fuel constraint which dictates a minimum value of R*, or some
other constraiﬁt, may preclude operation at certain altitudes. In
this event, Figure 2.10 clearly shows the available pressure altitude

yielding the maximum value of R* at the prescribed TAS.

Flight at a Prescribed Groundspeed

This mode of operation may be selected to safisfy a particular
trip duration. We here demonstrate the use of the POHCPM to compute
the operating point which maximizes R* at a specified groundspeed. The
method of computation is independent of the choice of groundspeed:
it is here illustrated for a groundspeed of 200 mph.

In zero ﬁind conditions, the method is identical to that shown
abovebfor a prescribed TAS. .In this'case the value of R* increases
continuously from 13,500 ft on the power boundary to 25,000 ft as
follows:

13,500 ft: R* = 200/98 = 2.04 miles/1b

2-18




255000 —£t:—R*—=-200/81-5=2.45 miles/1b,

This represents a variation of 20.1% of the lower value.

In non-zero wind conditions, the altitude variation of R* is
determined as follows. At each pressure altitude:

1. The wind component Vw is obtained from Figure 2.7

2. The TAS is'coﬁpufed as VT = VG - Vw

3. The fuel flow rate mf is obtained at the intersection of
t

this VT line and the appropriate pressure altitude curve in
Figure 2.2

* = s
4. R VG/mft

Figure 2.11 tabulates these computations for Vg = 200 mph and shows
R* plotted against pressure altitude. For the wind profile used, the
value of R* reaches a maximum at 25,000 ft where the maximum headwind
occurs. The maximum variation of R* in Figure 2.11 is (2.38 - 2.22)/
2.22 or 7.21% of the lower value. The wind profile employed in this
exampie has significantly reduced the percentage variation of R*
with altitude, from that obtained in the zero wind case.

At any pfessure altitude on the curve of Figure 2.11, the TAS
may be obtained from a linear.interpolation of the TAS values tabu-
lated in that figure. For these values of pressure altitude and TAS,
the engine fueliflow rate, MAP and RPM are determined from Figures
2.2 and 2.6.

As for the previous analyses, a fuel constraint which dictates
a minimum value of R*, or some other constraint, may preclude operation

at certain altitudes. In this event, Figure 2.11 shows the available
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pressure altitude yielding the maximum value of R* at the prescribéd

groundspeed. o

LIMITATIONS OF POH DATA FOR MAXIMIZING R*

A POHCPM can only maximize R* subject to the consfraints iﬁposed
by the source POH data; Two sets of such constraints are listed be-
low: these constraints constitute typical significant limitations of
POH data for maximizing R*.

1. POH_Fruise data pertain to specific values of (see Figure

1.1):

a) Gross weight W: data for more than oﬁe value of gross
weight are often unavailable

b) C.G. position h: data taken for more than one c.g. position
has not been observed by the author for any GA airplane

~ ¢) Pressure altitude and atmospheric conditioms: data for

specific pressuré altitudes and standard atmospheric
conditions are usually provided, and in many cases data
for certain non-standard atmospheric conditions at these
pressure altitudes are élso~provided.

Interpolation for performance in all cruise flight conditions

is only possible when multiple data sets are provided.

2. POH data give the performance which can be expected when

vthe airplane is operated in accordance with the manufacturer's
recommendations. Those recommendations constrain the fol-
lowing engine variables (see Figure 1.1): ' >

a) Inlet MAP Pm
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w~—~~b}~Engine—rotationa}~épccd ' N
¢) Fuel-air mass ratio F
d) Engine ignition timing T
The effect of each of these variables on R* is discussed in
detail in Chapters 4 and 5. Current GA airplane manufac-
turers' recommendations for setting these variables are ndt
appropriate to maximum R*.

As aAresult of the foregoing limitations, it is concluded that

a POHCPM, constructed from currently available POH cruise data, is

an inadequate tool for maximizing R*.

SUMMARY AND'CONCLUSIONS
Summary

The POH cruise performance data for ten airplanes have been
considered. The construction of cruise performance models based on
POH data, the use of such models for the solution of various opti-
mization problems, and the limitations of such models for maximizing

R* have been discussed.

Conclusions

1. On the basis of computations performed herein, it is con-
cluded that variations in R* over the cruise envelopes of GA airplanes
are sufficiently large to warrant the development of airborne micro-
processor cruise performance models capable of performing fuel-use

optimization computations.
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2. It is concluded that a POHCPM, constructed from currently

available POH cruise data, is an inadequate tool for maximizing R*.
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MANUFACTURER

Cessna

Beech

Piper

Mooney

.i.
t

Owner's Manual

TABLE 2.1

SAMPLE PILOT OPERATING HANDBOOKS EXAMINED

AIRPLANE TYPE

1974 CenturionT +

1974 Turbo Centurion

1980 Centurion 210N

1980 Turbo Centurion T210N

Baron B55
Baron 58P

Arrow IV PA-28RT-201
Seneca II PA-34-200T

M20J-201
M20K-231

The cruise data for each airplane apply to some

specific airframe geometry, including avionics

aerials and other optional external equ1pments ,

These details were not examined.

(1)
(2)
(3)
(4)
(5)
(6)

(7

CRUISE OPERATING POINT VARIABLES PRESENTED

Pressure altitude

RPM

MAP

Fuel 1b/hr and/or gal/hr
TAS and CAS (1)

% BHP (2)

Miles/gallon (3)

Operating ConditionsH

Mixture - see Chapter 2.
ISA Temperature +A OAT (4)
1 or 2 gross weights (5) .
No wind

Fixed c.g. position

Undercarriage retracted
Flaps up
Cowl Flaps closed (6,7)

CAS given for Beechcraft only.

Except Beechcraft.

Mooney M20K-231 only..

Non-standard OAT for some airplanes only.
2 gross weights Mooney only.

All airplanes listed have cowl flaps except Piper

Arrow 1V.

Ascertained for all but the two 1974 Cessna airplanes.




THBLE 2.2

EXTENDED RANGE MIXTURE.
Standard Conditions >\ Zero Wind \_Gross' Weight- 3800 Pounds
7500 FEET

_ CRUISE PERFORMANCE

EXTENDED RANGE MIXTURE

Standard Conditions ™\ Zero Wind ~ Gross Weight- 3800 Pounds
10,000 FEET

384 LBS. (NO RESERVE) | 534 LBS. (NO RESERVE)

384 LBS. (NO RESERVE) | 534 18S. (NO RESERVE)
% TAS | LBs/ ENDR. RANGE ENDR. RANGE
RPM me BHP | MPH | HOUR| HOURS MILES HOURS MILES
2550 23 %5 167 94 4.1 765 3.7 1065
22 n 163 89 4.3 79¢C 6.0 1095
a1 67 178 84 4.6 810 8.4 1130
20 63 172 T9 4.9 835 6.8 1160
2500 23 13 185 91 4.2 760 | 5.8 1080
22 63 | 180 | @88 4.4 800 6.2 1115
3 65 175 82 4.7 820 6.5 1145
20 61 168 7 5.0 845 1.0 1175
2400 X a8 179 85 4.5 805 1. 63 1120
22 o4 174 81 4.8 825 6.6 1150
21 60 168 76 5.0 845 1.0 1175
20 57 162 72 5.3 865 1.4 1200
2300 23 o4 173 80 4.8 - 830 s.6 1150
22 60 168 6 5.0 843 1.0 1175
21 37 162 12 5.3 865 7.4 1200
20 53 ‘155 és 5.7 875 1.9 1220
2200 23 % | 166 (L] 5.1 855 7.2 1185
2 1'%6 160 " 5.4 870 1.5 - 1208
21 52 154 67 5.7 880 1.9 1220
20 49 14¢ 84 6.1 880 8.4 1225
19 46 136 59 6.4 875 9.0 1220

% | vas | t8s/| GENDR. | RANGE ENDR. | RANGE
mPm | Mp | BHP | mPH | HOUR] HOURS mues HOURS | MuILES
2550 | 21 | 69 | 187 | o7 4.4 8125 6.1 1148

20 { 6 | 181 | 62 4.1 845 6.5 - 1175

19 | et | 1ma ] 1Ml S0 . 810 6.9 1210

18 | 56 | 166 | -72 5.3 890 7.4 1235

2500 | 21 | 61 | 184 | &5 4.5 033 6.3 1160
] 20 | 6 | 177 ] 80 | 408 855 6.7 1190
19 | s} | m 5.1 - 860 7.2 1220

18 | 55 | 163 | 70 5.5 895 1.1 1245

200 | 20 | 63 | 177 | 19 4.9 860 6.8 1195
20 | 59 | i | 74 5.1 880 1.2 1220

19 | 85 | 163 | 10 5.5 95 7.8 1245

1 | 51 | 154 | 68 5.8 900 8.1 1250

2300 | 21 | 58 | 170 | ™ 5.2 880 1.2 1228
20 [ 55 | 163 | 70 5.8 895 7.8 1245

19 | 51 155 | e8 | 5.8 900 8.1 1250

18 | 48 | 144 | 62 8.2 895 8.6 1245

2200 | 21 | 54 | 162 | 70 5.8 995 7.1 1245
20 | 51 | 154 | 66 5.8 900 8.1 1250

19 | 48 | 144 | 0 6.2 895 8.8 1245

18 | 44 | 134 | 38 8.6 885 9.2 1230

CESSNA 1974 CENTURION - OWNERS MANUAL EXTRACT

4 w
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TABLE 2.3 .

FLIGHT CONDITIONS REQUIRED FOR POH CRUISE PERFORMANCE MODEL

Standard Atmosphere

-30°C
Minimum Maximum
Gross Gross
Weight Weight

[

)

Standard Atmosphere

/

Minimum
Gross
Weight

)

\

Haximum
Gross
Weight

[

I~

Standard Atmosphere

C.G. Positiog
1. Fwd limit
7. Aft limit

C.G. Position
2. Fwd linmit
8. Aft limit

C.G. Position
3. Fwd limit
9. Aft limit

C.G. Position
4. Fwd limit
10. Aft limit

+30°C

Minimum Maximun

Gross Gross

Weight Weight

y

C.G. Position C.G. Position
S. Fwd limit 6. Fwd limit
11. Aft 1limit | |12. Aft limit
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CHAPTER 3

THE AIRFRAME AND THE ATMOSPHERE

INTRODUCTION
In this chapter we commence the development of an airplane-
atmosphere system performance model suitable for maximizing R*. De-

tailed consideration is given to the airframe and the atmosphere

~only, while the propeller and engine contributions to R* are repre-

sented by the variables np (the propulsive efficiency) and c (the
engine brake specific fuel consumption).

The model developed incorporates the following airframe and
atmosphere variables:

1. Equivalent airspeed (EAS) V., knots

E,
2. Altitude, represented by the atmospheric air density ratio o
3. Airplane gross weight W, 1bf

4. Windspeed along track Vw, knots

5. Auxiliary eduipment power P horsepower’

AUX?
6. Airplane longitudinal center of gravity (c.g.) position hc.
The airframe model of Appendix C is first discussed. The effect
of each of the above variables on R* is then examined, and each of
those effects is illustrated for the LASA 60 airplane under the assump-
tion that np and ¢ are constants. An expression for R* (different

from equivalent expressions for R* in Appendix A) is derived which,

after expansion in later chapters, will prove most useful to the task

of airborne computations.
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THE AIRFRAME MATHEMATICAL MODEL

The general airframe mathematical model presented in Appendix C
constitutes expressions for:

1. The airframe drag and power required, power-off

and power-on (Equétions €.1 - C.8)
2. The airframe drag coefficient, power-off and
power-on {(Equations C.9, C.10, C.29 - C.31).

The approximate geometric and aerodynamic characteristics of the
Lockheed LASA 60 airplane are presented in Table 3.1. For this air-
plane, the longitudinal range of movement of the c.g. is assumed to
be limited to 0.15 < h < 0.30 by considerations of stability and
control power.

Experimental power-off drag data for the LASA 60 with an unspecified
c.g. position is presented in Reference 19; and reproduced here in
FigureAS.l. The power-off drag polar for the LASA 60 was computed, using
Equation C.29 and Table 3.1, for h = 0.15 and h = 0.30." Plots of these
computations are superimposed on Figure 3.1. The computed curves fit
the experimental data over the range 0.09 < CL2 < 1.2. Deviation from
the data when CL2 > 1.2 is considered unimportant: such CL2 values
correspond to flight at speeds well below the minimum drag speed for
which cL2 0.8,

The power-off drag coefficient of the LASA 60, with the c.g. at

the aft limit (h = 0.3), is represented in this work by:

Cp = 0.0402 + 0.052 cL2 Y
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Equation 3.1 represents an approximate straight line fit through the

experimental data of Figure 3.1, plus an ihérement to the lift-independent
term to account for modifications made to the LASA 60 owned by Princeton
University since those experimental data were collected.

The relationship between the drag coeffiéient power-off CD and the

drag coefficient power-on C is discussed in Appendix C. The difference

D

: ON

between CD and CD arises because, in powered flight, the following
ON

parameters have values different from those pertaining to power-off flight:

3. 2, with corresponding values of Gw’ Ty and e
W

t

"In Appendix D it is shown that variations in lift-independent drag

with power result in

Dy, = £

on = fp Dorr (3.2)

where the slipstream interference factor fD is a constant. Equation 3.2

. . 2 .
reflects changes in Cme and N, {the term gt KtStnt/S in K, only) .
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in Equation C.29, due to power. Substitution of Equations C.1 and C.5

in Equation 3.2 yields:

C = £ C ' (3.3)

Changes in items 2,3 and 5 above, and additional effects of

Don

of CL and h. The effects of such changes onCD were studied for the

changing nt, alter this reL&tionship*betwéen c and-CD for fixed values
LASA 60 using Equation C.29. The data set of Table. 3.1 was used as a

~ base, and items 2-5 above were separately’variedd CDi and’ the term

pm

&tgktstnt/s in k. were constants in these computations. The range

0
of variation of items 2-5, and the: corresponding maximum: percentage
variations in ICL/CDl from the value pertaining to the basic data set
at the same CL‘and h, are shown in Table 3.2. The actual percentage
variations in CL/CD’ which varied;with CL and h, are the pegative per-
centage contributions to fD resulting from the variations in items

2-5. Table 3.2 applies to the range of lift coefficient 0.3 < C 1.2

L <
and to the range of c.g. position 0.15 < h < 0.3.

For most GA airplanes it is' considered that the incremental changes
in items 2~ 5 above, due'to power, will lie well within the incremental
changes shown in Table 3.2. The corresponding maximum percentage
variations in ICL/CD| shown in Table 3.2 are taken to indicate that
the effects of power on drag, in addition to those considered in the‘
formulation of Equation 3.3, are small for GA airplanes. |

fb is taken to be a constant in this work, expept*in-the discussion

of center of gravity position in this chapter.
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DEPENDENCE OF R* ON. AIRFRAME OPERATION AND ATMOSPHERIC CONDITIONS

In this section, an expression for R* is de;ived which is equivalent
to the various expressions for R* in Appendix A. The new expression models
the airframe énd atmosphere contributions to R* in detail, while expressing-
the propeller and engine contributions to R* in terms of thenvariables np
and c. The airframe and atmosphere contributions to R* are illustrated v
for fhe LASA 60 under the assumption that np and ¢ are constants.

It is assumed initially that all of the variébles contributing to ‘ ' o
.the value of R* are constrained to have specific constant values, with
the exception of equivalent airspeed, altitude and gross weight. A
simple expression for R*, which accounts for these three variables is
presented. That expression is then expanded as Vw, p and h are

AUX

consecutively introduced into it as explicit variables.

Airspeed, Altitude and Gross Weight

In this discussion, the following assumptions are made:

np = constant = 0.75 in all Figures §
¢ = constant = 0.45 1b/BHP.hr in all Figures
Vw =0
Paux = 0
h = constant = 0.3 in all Figures.

With these assumptions, the most convenient form for R* is

v n
R* = E —CR (3.4)

PO




which is obtained from Equation A.12. Consideration of Appendix C

(Equations C.4, C.9, C.11 and C.29) reveals that P,/o is a function

only of VE’ W and h for a given airplane. Therefore with the above’

assumptions, PR Yo and R* in Equation 3.4 are functions of VE and W

only. Figure 3.2 shows R* computed for the LASA 60, plotted against
VE for a range of gross weights. The family of curves in Figure 3.2
applies to all altitudes.

Line A in Figure 3.2 represents the variation of R;ax with gross
weight (RI’I‘Iax is the maximum achievable value of R* for a given gross
weight). Since R;ax corresponds to flight at maximum L/DOFF under
the stated assumptions, line A also depicts the variation of minimum
drag EAS with gross weight. The variation of R;ax and the minimum.

drag EAS along line A are shown in Figure 3.3, the former being

presented as a proportion of its value at W = 3,000 1b.

Equations C.Iland A.15 show that for flight at minimum drag {(md)

EAS with zero wind,

EAS_, is proportional to W

R;ax is proportional to 1/W
These are the forms of the curves of Figure 3.3.
Consider the following two flight conditions:
1. Flight at constant EAS as the gross weight varies
2. Flight at constant power as the gross weight varies.
Lines B and C in Figure 3.2 represent flight at constant EAS with

varying gross weight, the EAS corresponding to minimum drag for
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W = 3,000 1b and W = 3,400 1b respectively. R* varies from R&ax along

line B (C) at every gross weight except W = 3,000 (3,400) 1b. This

variation is expressed as an R* penalty, defined by

[R* - R*
R* PENALTY = —-ﬁr—'ﬁi’i x 100 %
max

Lines B and C in Figure 3.4 correspond with lines B and C in Figure
3.2 and depict this R* penalty.

Similarly lines D and E in Figure 3.2 represent flight at constant
power with varying gross weight, the power level corresponding to that
required at minimum drag EAS for a gross weight of 3,000 1b and 3;400 b
respectively. These lines D and E are straight with a slope givén by

differentiating Equation 3.4 with P_ constant:

R
n
R B (3.5)
3V
E p PRﬁf c

R

The slopes of lines D, E in Figure 3.2 are therefore different and
invariant with flight density altitude. Curves D, E in Figure 3.4
correspond with lines D, E in Figure 3.2 and defict the R* penalty
(also independent of density altitude) for flight at constant poﬁer
as the grbss weightﬁvaries. |

It is clear from Figure 3.2 that both VE and W have a-significant
effect on R*. The curves of Figures 3.2 and 3.4 indicate that as
airplane gross weight decreases during a trip duekto fuel burn, it

is more fuel-efficient to fly at constant EAS than to fly at constant



power, whenever the EAS exceeds the minimum drag speed. At constant

VE and W, R* is independent of altitude.

Wind

In this discussion the following assumptions are made:

np = constant = 0.75 in all Figures

¢ = constant = 0.45 1b/BHP.hr in all Figures
Paux = ©

h = constant = 0.3 in all Figures.

The effect of wind on R* is clearly seen from Equation A.12. With

the above assumptions this is written

vV Vo \
W E
VE PRJE

n
P
1 (3.6)

The effect of wind is to multiply the right hand side of Equation 3.4
by the factor (1 + V /EYVE). “For any given gross weight, Pp /o is

a function of VE only. Therefore, for a given gross weight and EAS,
the effect of a given equivalent windspeed on R* is identical at all
altitudes. The altitude yielding the maximum Value of R*, at any
gross weight and EAS, is that at which the equivalent windspeed

Vw Yo is a maximum. If a constaht tailwind (headwind) Vw exists at
all altitudes, maximum R* is achieved by flying at sea level (the
highest altitude possible).

A plot of PR /o versus Ve facilitates the computations in Equation

3.6. In particular, the EAS yielding maximum R* in any equivalent wind
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condition is readily obtained from such a plot, as illustrated for

the LASA 60 in Figure 3.5. The equivalent windspeed is inéciibed
on the abscissa, tailwinds to the left and headwinds to the right
of the origin. The straight line drawn from this Vw /o point yields
the EAS for maximum R* at the point of tangency to the appropriate
gross weight curve. This construction is shown in Figure 3.5: points
3 A, B and C represent the operating points yielding maximum R* corre-
sponding to equivalent windspeeds Vw /o = -20, 0, + 20 knots respectively,
for W = 2,600 1b and any altitude.
Computed performance for the LASA 60 is shown in Figures 3.6-

3.8.

Figure 3.6 shows the EAS required to aqhieve maximum‘R*, plotted
against Vw’ for three values of the gross weight W and two density al-
titudes. When the abscissa of Figure 3.6 is relabelled Equivalgnt'Windspeed
Vw Vo without a scale change, the sea level cﬁrve for>each gross weight
will apply to all altitudes and the 10,000 ft density altitude curves
will cease to be meaningful.

Figure 3.7 shows the ratio of the maximum value of R* obtainable»

with wind to the maximum value of R* obtainable with zero wind, plotted

against V Yo, for three values of gross weight. These curves apply
to all altitudes.
If an airplane is flown at the minimum drag speed in non-zero

wind conditions, the maximum possiblée R* is not achieved. The
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variation from the maximum is expressed as an R* penalty, defined by -

, [ore, - ope j |
R* PENALTY = [—B9_ BaX | 5 1505
“max :
where R;d = R* at 'minimum drag “EAS
R* _-=.maximum -achievable R*
max

both computed for the appropriate gross weight .and the prevailing Vw

and 0. Figure 3.8 sh0w5'this'R*fpenalty‘plotted'againstﬁyw]a,"for

three values of gross weight. These curves apply to all:altitudes. The

R* penalty is in general more severe for headwinds than “for tailwinds.
The ‘effect of equivalent windspeed.on R* and upon the EAS ‘for

maximum R* 'is clearly significant.

Auxiliary Equipment Power

In this discussion, the following assumptions-.are made:

np = constant = (.75:in+411 :Figures
¢ = constant-= '0.45 1b/BHP.hr:in :all ‘Figures
h. = constant = 0.3:in.all Figures.

The auxiliary = equipment :power delivered per ‘engine is defined

by Equations A.4and A.5a. When ¢ is defined equal ‘to.c', then P

AUX
is defined to be zero.
Equation ‘A.12 shows the.dependence of 'R* on PAUX:
v /o v n
R = |1+ f’E = 2 (3.7)
E ] Bg Yo+ Em, Payx o)
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A plot of (P, /o + E N Pay J/O) versus V., for any value of

the equivalent auxiliary equipment power P X /G, would appear similar

AU
vtb the curves of Figure 3.5. The effect of PAUX is to shift the plot
of PR Yo versus VE vertically by the constant amount E np PAUX /o.

Consequently, as P increases (decreases) from zero:

AUX

1. The value of R* decreases (increases) in every flight
condition,

2. The EAS yielding maximum R* increases (decreases) for
any given equivalent windspeed;

Figure 3.9 shows the effects of P >0 on REax (the maximum

AUX
achievable value of R* at a giveh gross weight) and on the EAS required
for R;ax’ computed for the LASA 60. The curves are drawn for three

values of the gross weight, two density altitudes and zero wind conditiédns.

When the abscissas of Figure 3.9 are read as P X /5,_the sea level curves

AU
for each gross weight apply to all altitudes, -and the 10,000 ft density:
altitude curves cease to be meaningful.

When the Equivalent Quantities Vp, VW/E and P, /o, and the gross

weight are constants in Equation 3.7, R* is independent of altitude.

Equation 3.7 is now rewritten as:

' 7 v n | '
R* = [1 + 2 ] 1 E 2 (3.8)
E L. Paux’ | PR70 :
PR/E

The form of Equation 3.8 is convenient for the following discussion

of the effects of center of gravity position on R*.

3-11



. Center of Gravity Position

The airframe modelvgf Appendix C assumes that the airplane is
laterally symmetric about its longitudinal center line, with tespect
to geometry an& mass distribution. The airplane center of gravity
(c.g.) is assumed to lie on the longitudinal center line, at a
distance hc aft of the leading edge of the mean aerodynamic chord

.of the wing.

We now consider the effect,gn R* of varying h. Considering the
right hand side of Eéuation 3.8, the quantities which are functions
pf h are |

1. PR/5 - see Equations C.4 and C.29

2. np -’Equation D.48 shows that np depends upon fD’

which has been shown above to demonstrate
smail variations with h.

"PR /o and np always appear together in Equation 3.8 as the rgtio

nP/PRJSZ Instead of introducing h as an indépeﬁdent variable iﬂto

PR /o and np, it is more convenient to:

1. Compute np/PR/E for a reference c.g. postion hrefc,‘and
2. Adjust that computed value for variations in h from href’
by means of a correction factor which is some function

of dh =h - h__ ..
- ref
This procedure is equivalent to expanding np/P-R /O into a Taylor

Series in dh.
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Accordingly, we define

- n n
.___L. = __L_— at h = h £
P, & P. /o e
h R
ref
Rﬁ = R* at h = href
ref
Equation 3.8 is now written:
VvV o 1 v n »
R¥ =1+‘\’; ] E1 P (3.9)
ref ' E n ¢ PR /o .
1+EP, /o|l—£— h
AUX P /o ref
4y
href
Now from Equation A.13,
PR/E = Dopp Vg/325.65 horsepower
Therefore
n 325.65 1
P_- P
ps Porr Ve
and invoking Equations D.47 and 3.2,
P70 EJ D ~OFF
) 325.65 na L . il)
VE fJ W DON :
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where n, propeller efficiency in the presence of the body,

fJ = constant.

Equation 3.10 shows that, if?fD were truly a constant, variations
in np/PR /o with h could be evaluated in terms of the variation in

L/Dgpp With h, assuming n_ is independent of h. However, f varies

OFF

~slightly with power condition, h and CL, as previously discussed.
The variation of ﬂP/PR/gywith h is therefore more accurately computed

from the variation of L/D,, with h, as shown by Equation 3.11.

ON

" We here evaluate the variation of L/D with h for: the LASA 60

OFF

airplane, and propose a genefal’model for such variations for GA air-

planes. A general model for the variation of L/D, with h is then

ON
proposed, and used to describe variations of R* with h for GA airplanes
(né is assumed to be independent of h.in this discussion - the validity
of this assumption is addressed in Chapter 4).

Using Equation C.29 and Table 3.1, the percentage variation in

L/D from that pertaining to the nominal forward c.g. limit was .

OFF
computed for the LASA 60, as h and CL were varied. The full lines

A, B and C of Figures 3.10 and 3.11 show the results of these compu-

tations for CL = 0.4, CL = 0.8 and h = 0.3 respectively. These per-

centage variations in L/D with h and CL may be visualized as the

OFF
height of a surface, as shown schematically in Figure 3.12. Lines
A, B and C in Figure 3.12 correspohd to lines A, B and C respectively

in Figures 3.10 and 3.11.

The form of Figure 3.12 is considered to be typical of GA airplanes.

The height of that surface for’aﬁy particular airplane is a function of
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CL’ the position of the c.g. behind the nominalvforward limit, and

all the geometric and aerodynamic characteristics of the airplane.
The height of the surface behind the aft c.g. limit (nominally h = 0.3
for the LASA 60) is.not of interest for current GA airplanes, since

the aft c.g. limits of such airplanes are prestribed by stability

o
considerations'.

From this discussion of L/D for the LASA 60, the following

OFF

model is proposed for variations in L/DOFF with h for GA airplanes:

B = 3 (1 +zC dh) B (3.12)
OFF OFF
h h
ref
where
L) L . e =
—-— = L/D corresponding to the c.g. position hc
D OFF :
OFF h
L
L = L/D corresponding to the c.g. position. =
D OFF
i h c
L ref ref
dh =h -h >.0 for hc aft of h c
ref ref
= positive constant
.i.

Note however, that the maximum increasesinL/DoFP along lines A and B

in Figure 3.10 occur for h > 0.3, and correspond to positive tail loads.
Laitone (20) has shown that induced drag is minimized with a positive
tail load (upload) for all values of CL > 0.
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and both hc and href’e“lie anywhere within the allowable c.g. range.

This linearization appears: justified on the basis of Figures 3.10

and 3.11. For the LASA 60 airplane: defined by Table 3.1, lines A,

B and C of.Figyre513;10'andu3}Ll,(corresponding,tOﬂhief_=*0.1S) give

z = 0.375.

The sensitivity of C to all the geometric and aerodynamic

characteristics appearing in Equation—C;ZSvfor‘Cb was: not studied.

However, as an indication of this sensitivity, the'f0110wing,studies

were performed:

1.

The dotted curves of Figures 3.10 and 3.1l give: the

effects on 7 of a single variation in CD'_,,while all
, pm

other variables: retain: their values in Table 3.1.

For those dotted curves, h_ . = 0.15 and 7 = 0.467.

ref
A low lift-independent drag coefficient therefore
contributes to a highidrag?sensitiviry to. c.g.
position at any CLT

Figure 3.13 gives the effects: on 7 of varying Cﬁ,
at CL = 0.8,.whi1e*all“other variables’retain thgir

values in Table 3.1. For those»curv,es,_href = 0.15

and:

(a) fOr-Cm 0, ¢ =0.217
0
(b) for Cmo
Individual variations in the parameters given in

-0_25; r = 0.479

Table 3.2 (with the exception of Cm,), within: the
0
limits given therein, were performed while all

other variables retained their values in Table 3.1.
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The resulting deviations of the surface of Figﬁre 3.12

from the surface corresponding to the basic data set of
Table 3.1 were not large in the region (0.3 < CL < 1.2,
0.15 < h < 0.30): The corresponding variations in ¢
(with_href = 0.15) from the basic value of 0.375 were
not computed, but are expected to be small.

The effect of c.g. position on L/DON may be determined from the

foregoing discussion. Running propellers effect changes in CD and

S pm
in the parameters listed in Table 3.2, as previously discussed. It

has just been shown that variations of these quantities do not change
the form of Equation 3.12, but merely the value of 7. For powered

flight we therefore replace £ in Equation3.12by £ and write

__16 = ___]g (1 + EC dh) | (3.13)
ON ON '
h
ref
where £ is a positive constant. The values of CD and the parameters
pm

.in Table 3.2, used to compute £ for a given airplane, should be average

values pertaining to the powered flight of that airplane. The above

sensitivity study of the effects on r of variations in CD and in
- pm

the parameters in Table 3.2 indicates that & will probably differ little
from £ for most GA airplanes.
From Equation 3.11 we see that the percentage variation of

np/PR /o is identical to the percentage variation of L/D., with h.

ON

3-17



Therefore,

-

(1 + ¢C, dh) (3.14) .
PR/o— L ,
B href
Using Equations 3.9 and 3.14, we now write R* for the c.g. ™
position he:
v, (@ec v, T
R* = 1 + v < : /_, (3.15)
-k (1+€C, dn) ¢ PR70
‘ h .
ref

where both he = (h + dh) ¢ and LI C lie anywhere within the

ref

allowable c.g. range. When hc is aft of LI c, dh > 0. Equation.

3.15 is applicable to standard and non-standard atmospheric conditions.

This analysis has conveniently accounted for variations of fD with
h. Henceforth fD is considered to be a constant when h = href'
Conclusions

The following conclusions may be drawn from Equation 3.15, when
ﬁp(at h = href) and ¢ are assumed ;o be constants:

1. When allvKuivalent Quantities, gross weight and c.g.

position hE'are.constants, R* is independent of altitude‘

and when, in addition, 0:

Paux =
2. R* increases as the c.g. is moved aft within the allowable
c.g. range. The maximum value of R* is achieved, in all

flight conditions, with the c.g. at the aft limit.
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3. The percentage increase in R*, for a given aft shift

in—cvg- pu>ftion7~increases~with~increasing_ef~aad-heneemu»
(a) Increases with increasing W
(b) Increases with decreasing EAS

4. The percentage increase in L/DOFF’ shown by the full
lines of Figures 3.10 and 3.11, are taken to be indicative
of the effect of c.g. position on R* for the LASA 60.

The influence of c.g. position on the second term of Equétion

3.15 is negligible when P is small, for all values of np.

AUX
It is apparent that c.g. position can have a significant effect
on R*, The magnitude of this effect for any particular GA airplane,

characterized by ¢, depends upon the geometric and aerodynamic

characteristics of that airplane.

A CONVENIENT R* MODEL
Equation 3.15 is equivalent to the numerous expressions for R*
in Appendix A.
In Equation 3.15, P_.Yo at h = h is a function of V_ and W
R ref E
only, and all other airframe and atmosphere variables are explicitly
represented. The reason for expressing R* in this form will become

apparent in the following chapter, where the variable nature of n

is discussed.

SUMMARY
Airframe and atmosphere contributions to R* have been examined.

Equation 3.15 has been derived and will be further developed, in the
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next chapter, into a model for R* which is convenient for airborne
. computations.

Assuming that the propulsive efficiency and the engine brake
_specific fuel consumption are comstants, it has been shown that:
equivalent airspeed, gross weight and equivalent windspeed have
significant effects on R*; longitudinal c.g. position can have a
significant effect on R*, depending upon the airplane design and
operation; auxiliary equipment power in general has a small effect
~on R*; and when all Equivalent Quantities, gross weight and c.g.

position are constants, R* is independent of altitude.
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TABLE 3.1

LOCKHEED LASA 60 CHARACTERISTICS

The symbols used are defined in Appendix C.

s - 210 £t°
s, = 55.43 £12
¢ = 5.46 ft
£ = 16.2 ft
h = 0.2
(o]
Aw = 7.13 At = 3.98
bw = 38.687 ft bt = 14,854 ft
K = (0.011 K = 0.011
w t
&w = 0.4 Et =
g, = 2.0ft 8§, = 0.028
In power-off flight:
c. = -0.15 i = 5.80 degrees
m \
[o]
a = 5.73 radian'l e, = 1.575
o t
w .
Gw = 0.0635 nt = 1.0
T = 0.2 C = 00,0393
w D

Values for Gw’ T2 Kw, &w, aow, € s 6t, Kt, Et and iw were detefminéd with
the assumptions that:
1. The wing is untwisted, has a rectangular planform and has
a uniform NACA 4412 section.
2. The tailplane is untwisted, has a rectangular planform, and

has a uniform NACA 0012 section.
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TABLE 3.2

LOCKHEED LASA. 60

EFFECTS OF PARAMETER VARIATION ON AIRFRAME

LIFT TO DRAG RATIO

PARAMETER PARAMETER ABSOLUTEl%:VARIATION’CL/CD;AT
RANGE OF VARIATION FIXED Ci AND, h..
' < <7T
0.3 < CL < 1.2
0.15 < h < 0.30
C - 0.1 to - 0.2 < 2.5%
Mo
a, 5.73 + 25% per radian < 1.5%
W
[with corresponding
changes i § ,T  and
wiow +
e, - see Appendix C]
nt 0.8 to 1.6 < 0.5%
iw T 2.80 to 8.80 degrees < 0.5%
e s —J

TThese variations together yield variations of +19% and -21% in
the three dimensional 1ift curve slope of the wing.
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CHAPTER 4

THE AIRFRAME-PROPELLER-ATMOSPHERE SUBSYSTEM.
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 CHAPTER 4

THE AIRFRAME-PROPELLER-ATMOSPHERE SUBSYSTEM

INTRODUCTION

This chapter develops an input-output model for the cruise
performance of the airframe-propeller-atmosphere subsystem. The
inputs to thisrmodel are airplane operational variables; the
outputs are the quantities R*c (knots/braké horsepower) and the
engine brake torque QE (1b ft).'

This subsystem model is developed by considering the perform-
ance of the McCauley C33/90M-4 constant speed propeller, in con-
junction with the airframe-atmosphere model of the Lockheed LASA
60 airplane discussed in Chapter 3. The McCauley C33/90M-4 con-
stant speed propeller is installed on the LASA 60 airplane owned
by Princeton University.

It is shown that, by presenting the performance of the air-
frame-propeller-atmosphere subsystem in terms of Corrected
Quantities; a compact input-output model of this subsystem, suitable
for microprocessor applications, is obtained. The input-output
‘ model of this subsystem developed here for the LASA 60 airplane

is assumed to typify such models for propeller-driven GA airplanes.

The propeller performance model is discussed first. The

remainder of the chapter is a discussion of the airframe-propeller-

atmosphere subsystem performance, in which the input-output model

of that subsystem is developed.



THE PROPELLER PERFORMANCE MODEL

The propeller performance model used :in ‘this work is pre-

sented in~Appendix‘DJ ‘The performance items of interest ‘here are:

D.56, D.

of:

1.

The'propulsiveeefficiency'npz required ‘for 'the compu-

tation .of R*c

The propeller shaft speed N (RPM) and‘torquelQa (1b ft)

The propeller blade angle B degrees (measured between ‘the

plane of propeller rotation and ‘the flat face of .the
blade at a radius of 0.75R, where R ‘is the propeller tip
radius): Tequired ‘to compute ‘the contribution of

compressibility t0“qp:and.Qa.

For straight and level steady flight it is -shown (Equations

B

58 and D.59) that:

=T [VE’ W, h’ N, o MT] '

p

=‘Qa [VE’ W, h: N, o, ’MT]

B [VE’ ‘W, h, N, 0]

Appendix D describes theAtomputation‘ofvny,‘Qa and g ‘in terms

The»performance.df,the;free:propellef in ‘the absence of
compressibility effects. 'The .absence-of compressibility
effects is denoted by the.superscri?t’i (incompressible)
‘The propeller-ﬁody interference factors fD andffJ

The compressibility correction factor fco

4.2

(4;1)'
(4.2)

(4.3)




It is shown (Equations D.49, D.48 and D.40) that

i

'np - np fcomp
i
n1 - na
P £5f;
e
Q Qa/fcomp

where (Equations D.55 and D.57)

nt=nt [v

a a E’ W, h, N, 0]

Q =Q [V, W, h N, o]

fD and fJ are constants whoée‘magnitudeé are depehdent upon
the airplane geometry.

The method used to compute np, Qa and B for‘the McCauley

| C33/90M-4 constant speed propeller operating on the Lockheed LASA

60 airplane is summarized on page D-29.

AIRFRAME -PROPELLER-ATMOSPHERE SUBSYSTEM PERFORMANCE

7(4;4)

(4.5)

(4.6) -

4.7

(4.8)

We here develop the Airframe-Propeller-Atmosphere (APA) subsystem

input-output model. This model consists of:

1. A model of the collective contribution of the airframe,
propeller and atmosphere to_R*: this contribution is
the quantity R*c knots/brake horsepower

2. A model of the engine brake torque'QE 1b ft

in all straight and level steady flight conditions. The airplane
operational variables are the inputs to this model; R*c and QE

are its outputs.
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The model of R*c is.developed by introducing a model for the
prbpulsive'efficiency np into ‘Equation 3.15. The~model-of‘QE
is developed from a model\of“the4propeller'shaft'torque'Qa,(lb ft)
which is developed below.

A model of the -propeller blade angle g is also developed
below, this being required for the computatian-of'fcomp which
influences both R*c and Qa‘

The development of the airframe-propeller-atmosphere sub-
system input-output model proceeds in the following manner:

1. R*c, Qa and g8 are eipressed in terms of

a) The kernel functions S$*, Q* and g* respectively
b) A number 6f simple correction factors, and an
incremental correction in the case of g.

2. Utilizing Corrected Quantities, the kerne1 functions
S*, Q* and g* are represented in compact form.

3. A corrected performance model onR*c,‘Qa-and B is
defined and discussed.

4. QE.is defined in terms of Qa‘

5. The input-output model is defined from the results of
Steps 3 and 4. The suitability of this input-output
model to microprocessor appliéations; and the -allocation
of numerical values to this model for GA airplanes,

are then briefly discussed.

The Kernel Functions S*, Q* and B*

Consider Equation 3.15 for R*; and specifically the quantity

4-4
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VE [ﬁP/PRﬁ;]lﬁref therein. Invoking Equation 4.4, this quantity
is written

i
n n :
VE -2 = VE ——f;: fcomp
PRW; PR o Iy

href “ref

We now define S* to be:

S* = v nE knots/BHP
E PRﬂ?

href

(BHP = brake horsepower). It was shown in Chapter 3 that PR/E is a

function of {VE, W, h} only. This fact, together with Equations
4.5 and 4.7, gives the functional relation

§* = §* [VE, W, h, N, o] h
ref

Substituting Equations 4.9 and 4.10 into Equation 3.15

yields:

knots/BHP

*o = w comp
R*c 1

vv/el 1+ chdh)f S*
1 + v

E

where the auxillary ' equipment power loading factor A is

A

. N
1+E PAUX/E ——2—1 (1 + £C dh)
Pp’o |1,
L ref

- i 7
1+EP. .o l|l—2| -+ gC dh) £

AUX P /o comp
R h
| i ref
, =
= 2 dh
1+E PAUXJS' VE] 1+ eCdmf
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S* constitutes the kernel of R*c; this kermel being cor-
rected for the effects of wind, auxiliary equipment power, center
of gravity position and compressibility by means of Equation 4.12.

Consider now: the propeller shaft torque>QaL From Equation

D.29,

(1)
"p _ 550
Pr gpd)
a
where E = number of engines, each driving one propelrér
Pil) = propeller shaft power, ft 1b/sec
e (1)
= L
2mnQ |
n = N/60 = propeller shaft speed, revolutions/second.
Thus
a n(l)
ENVo P L
"PR/E
wWith the center of gravity Tocated at h'=*h}ef+
¢ 7T T8 S (4.15)
aly i
ref :
With the center of gravity chatediat h = et dh,.
Q
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Invoking Equations 3.14, 4.4 and 4.15,

Qi

a

href

Q=
a (1 + gCth)fcomp

We now define Q* to be

i
* =
Q QG 1b ft

h

i1

ref

From this and Equation 4.8 we have the functional relation

Q* = Q* [VE, W, h, N, o] h
ref

Invoking Equation 4.17, Equation 4.16 becomes

Q*

Q =
ta (1 + gCth)fcomp

1b ft

Q* constitutes the kernel of the propeller shaft torque Qa;
this kernel being corrected for the effects of center of gravity '
position and compressibility by means of Equation 4.19.

S* and Q* are related (Equations 4.10, 4.15 and 4.17) by
o - 5252.1 Vg
ENVo Q*
Finally, consider the propeller bla§e angle B, expressed
functionallyAby Equation 4.3: 8 is required only for the compu-

tation of fco When the center of gravity is located at

mp
h = href’ g is denoted by the kernel function B8*. Hence (Equation

4.3),

g* = B = g*x [V_, W, h, N, o] degrees
href E href

With the center of gravity located at h = href + dh, this kernel

function is corrected by the increment AB:
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4.17)

(4.18)

(4.19)

4.20)
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B = B* + AR degrees

The Speed—Thrust-GOefficient:plqt:(Ci:JZ).facilitateS~the~compu—
tation of AB. Figure 4.1 shows that, when the lines of constant

B in the C;:J2 plot for the McCauley C33/90M-4 free propeller are.
approximated by straight lipes radiaxing'from~thexorigin at an

equal spacing of 6 degrees,

58 [+ g am™ 1]

AB =

degrees

where ¢ = angle frqm th@-absciSSa.tﬂ'the»straight~radial line
which approximafes the g* line on. the C;:JZ plot, degrees
k = increment of B* between lines of constant 8* on the
C}iz':,J,2 plot, degrees.
Equatibn 4.23 is assumed to typify the AR performance of propeller-

driven GA airplanes. For the McCauley C33/90M-4 free-propeller,+

; Ik L .
0B = -32.74cos(1.758%-2) sin(1.758%-2- 2350 (1 + £C_dh) %-1] degrees.

Figure 4.1 shows that the straight radial line approximation:of the

constant B* lines, in the Cﬁ';Jifplot,fbr the McCauley C33/90M-4

; a . .
propeller, is a good approximation in the region [1.8 540;

a.

:;312,

10 < B* degrees < 23]. This is the normal region of operatien for

the LASA 6O'airp1ane.f+

The kernel functions S*, Q* and 8* are functions of the same

set of variables {V., W, h, N, o} with h =h

E’ ref”

i Note that A8 is a function of {B*,. CL‘and,dh} only.

TDepar-t.ures of 8* from this. range during fuel-economical operatinns
may necessitate modification of the expression ¢ = 1.758*-2 degrees
(Figure 4.1) to accommodate: all operational values of 8* in. the
linear approximation of Figure 4.1.
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s*, O0* and B* at Sea Level with Specified Gross Weight and C.G.
Position:

We now examine the functional dependence of S*, Q* and B*
on {VE, N}; when the variables W, h and o are constrained to be

W = WO, h = href’ o = 131, this flight condition being denoted by

the subscript 0. Note that V. =V _ .
. : EO T

Consider Sa, Q6 and 86 for the LASA 60 airplane when

1. W

0 = 34Q0 1b

W
2. h= href = 0.3.

Figure 4.2 shows contours of 85’ Qa and 66 plotted for variations

in VE and NO. The Sa contours define a three-dimensional surface
0

with a single peak: for any given V_ , the N0 yielding maximum

E
. 0 :
SS falls on the inscribed line passing through the peak. The QS
contours define a second three-dimensional surface: the height

of the S* surface at any point (VE > NO) may be computed from the

0
0
height of the QS surface at the same point (VE s NO) using
0
Equation 4.20. Two lines of constant propeller blade angle 8*

0
are also shown in Figure 4.2, constituting contours of a third
three-dimensional surface. Radial lines from the origin (VEO, NO) =
(0, 0) in Figure 4.2 represent lines of constant propeller advance
ratio JaO

Figure 4.2 is assumed to typify the S5, Qf and 85 performance
of propeller-driven GA airplanes.

We now examine how the functions S*, Q* and 8* vary from the
functions SS, Q5 and 86, as W and o vary from the fixed values
(W= WO, o = 11. This is done most efficiently by introducing a

number of Corrected Quantities.
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Corrected Quantities

Definitions:

The following Corrected Quantities are defined:

- Wo b
o S NP TR
D 3 = DOFF{;W ], Corrected airframe drag, lb

Corrected auxiliary  equipment:
power,. horsepower:

Corrected airframe power required.
(power-off), horsepower:

Corrected S*, knots/BHP

v =¥V Corrected geocentric windspeed along
W w : ey ;
c - track, knots:

W, |

X = Vg W Corrected airspeed, knots
:WDQ" |

Y =N W - Corrected propeller shaft speed, RPM
W, |

Z=Q* W -~ Corrected Q*, 1b: ft

These’corrected quantities: apply to standard and non-standard
| atmospheric conditions.
_Significance:

Consider an airpiane'in~straight and level steady flight,
in the following flight condition (denoted by subscript 0):

1. Sea level, standard atmosphere: Densify po, slugs/ft3
2. Gross weight W_, Ib
3. Center of gravity position h = h

ref
4. True airspeed Vo ft/sec

4-70
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_ True airspeed V. = 0.5921 Vo knots (4.32)
, T, L

5. Propeller shaft speed NO’ RPM

In this flight condition, the following equations apply:

= = i 2
Ly = W, [CL]O5°0V05 1b (4.33)
= 2
DOFFO [Fﬁ]5%°ovos 1b (4.34)
PRO = DOFFOVO/SSO horsepower (4.35)
Jao = 60 £V,/N;d (4.36)
Qg = __EZEZil_ b ft (4.37)
EN {n '
0t _p
P
Rio
5252.1 V. ' _
g* = 0 knots/BHP (4.38) .
0 ENOQS"“‘” :

Now consider the same airplane in straight and 1e§e1 steady
flight, in the following flight condition (no subscript):
1. Above sea level, standard or non-standard atmosphere: density
0, slugs/ft3
2. Gross weight W, 1b
3. Center of‘gravity position h = href

4. True airspeed V, ft/sec

True airspeed Vo = 0.5921 V, knots

Equivalent airspeed Ve

VWo/og = V/o, ft/sec

Equivalent airspeed VE 0.5921 Ve, knots (4.39)

5. Propeller shaft speed N, RPM.



In this flight condition the following equations: apply:

cWeC Lo vZa N
L=W=C %5 Vls 1b

Z
DOFF - CDsépOPVe S It

N

R’ = DOBFVé/SSOﬂ horsepower:
J, = 60£V/N& = 60£ .V, /NVod

Qr =2l ——— g

ENYG |

5

5252.1 VE
oL SpU—__1 knotss/BHP

EN/G QF

We now prescribe that, for these two flight conditions:

[C'L]To, =C

Consequently:

1. From Equations: 4.32,. 4.33, 4.39, 4.40, 4u46?and‘4ﬁ2§,

Hence: constant Gt corresponds: to. constant X.
2. Since [CL]; = C, [CD]O = C (Appendix C).

I
Therefore, from Equations: 4.3%, 4.41, 4.48 and 4.24,

. w‘o’]g
Dore. = Dopr | W 1 = Porr
0. c
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w

From Equations 4.35, 4.42, 4.48, 4.50 and 4.26,

Since rca] = CD, the Speed—Thrust Coefficient C;
0 a
(Equation D.53) is the same in both flight conditions.

This in conjunction with Equation 4.47 yields (Figure D.6)

S
|

LD

*

—
=|

L

™~

From Equations 4.38, 4.45, 4.49, 4.52, 4.56 and 4.27,

S* = S*'[_V!_] = §*
WO c

These results may be summarized as follows:

o

Straight and level steady flight of a propeller-driven
airplane under the conditions
1; h=nh = constant
: ref

2. CL = constant

3. Ja = constant
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. . . + s s .
with variations in W and o, results in invariance of
the quantities

OFF ’ PR )
c c

, i
XJY’Z’ S;’ B*, np, D
The significance of these results in the present work is apparent
from the converse statement:

Straight and level steady flight of a propeller-driven

airplane under the conditions

1. h=nh = constant
: ref

2. X = constant

3..Y =

constant

. .. . L 1 el . .
with variations in W and o, results in invariance of
the quantities

i
* *
CL: Ja_’ Z, SC’ B*, np) DOFFC’ pRc-

These results are an extension of the ideas ‘presented by Pye (12)

pp. 37, 38.

The Corrected Quantities P ‘and Vw .are addressed .in the

AUX
c c

discussion of the Corrected Performance Model below.

Corrected Performance Plots

Contour Plots of Sé; Z and B*: ‘ |

The flight condition of Figure 4.2 corresponds to the flight
condition denoted b& the subscript 0 in the foregoing discussion
of Corrected Quantities. Invoking the results of the latter
discussion, Figure 4.2 does not change when the various quantities

in Figure 4.2 are relabelled as follows:

"In standard or non-standard atmospheric conditions.
4-14



X =V (Equation 4.49) : i
T, , R T I e
Y = N, ' (Equation 4.52) «ff*”’//:;gfﬁ
Z= Q6 (Equation 4.56)
* = * 3 A
SC SO (Equation 4.57) b
. , ~ 2)’
* = ax , . T
8 BO (Equation 4.53) T //k//;jf
Figure 4.2 is duplicated as Figure 4. 3" in which this relabelllng/
has been performed: Figure 4.3 shows contours of Sé Z and 8*
‘plotted for variations in X and Y for the LASA 60 airplane operating"
with h = h = 0.3,
ref
From Equations 4.20, 4.27 and 4.29-4.31 we have
. 5252.1 X ~ S
* = el e ’ .
SC E ¥z knots/BHP » - VM}?.SB)
_5252.1 X 0 e ‘
S* = E Z W knots/BHP S (4.59) .
Also, from the definition of Z (Equation 4.31),
Q* = Z [—] 1b ft : (4.60)
W . o : v B
} 0 : , R
The contour plots of Figure 4.3 constitute a completefdeflnltlon
of the functions S*, Q* and B* (Equations 4.11, 4.18 and,4.21)3for
the LASA 60 airplane operating with href = 0.3.  Note that in;f o
Chapter 3 where both np and ¢ were assumed to be constants, thév
maximum value of R* (=R* ) occurred at the airframe- mlnlmummﬁ; ////// ujf*;'
drag EAS: Figure 3.3 shows this EAS to be 73.7 kts for the LASK~;
60 when W = 3400 1b. Introduction of the n; model in this_chapté;’
has increased the EAS for maximum S* to 77.5 kts for that aircraft. :
with the same gross weight. v ' P 7

- /‘.

TNote that Figure 4. 3 applies to standard and non- -standard atmosﬁherlc
conditions.

4-15



Figure 4.3 is assumed to‘typify-the variations-of'{sz, Z, B*}
with {X, Y}, and hence the variations of {S*, Q*, B*} with

{V., W, N, o}, for propeller-driven GA airplanes. Note that each

E’
such plot is constructed for a specific value of WO and a specific
value of href; and that for the representation of {S*, Q*, B*}
variations. with {VE, W, N, o}, the values of WO and href,used in the

construction of such a plot may be selected arbitrarily.

X,Y,2 Plofs and X,Y,B* Plots:

Figure 4.4 shows vertical sections through the X,Y,Z surface
of Figure 4.3, for sevgral constant- values of Y. Plots such as
Figure 4.4 will henceforth be referfed to as X,Y,Z plots. For a
given airplane: an X,Y,Z plot and Equations 4.59 and 4.60 together
yield S* and Q* for any set {W, X, Y}.

Figure 4.5 shows vertical sections through the X,Y,R* sur-
face of Figure 4.3 for several constant values of Y. Plots such

as Figure 4.5 will henceforth be referred to as X,Y,8* plots.

Propulsive Efficiency n;:

It is of interest to observe the functional nature of the

h.
and 4.7, - ref

=gt = n* [V, W, h, N, o]
ns [np]h s [ E O]h
ref .

propulsive efficiency [n;} , denoted n;. From Equations 4.5

ref

A plot showing n; contours for variations in X and Y would completely

4-16.
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define the function in Equation 4.61 as a three-dimensional sur-

face, for a given airplane and a chosen hr

constant values of X, are shown in Figure 4.6 for the LASA 60 air-
plane with href = 0.3. As X increases, the maximum value of n;
achievable also increases. Variations of n; with Y at constant

X are solely responsible for variations of S; with Y at constant

X in Figure 4.3.

Figure 4.6 is assumed to typify the n; performance of pro-
peller-driven GA airplanes. It is clear from this figure that

n; varies greatly with the airplane operating condition.

ef”
Vertical sections through the X,Y,n; surface, for several

Corrected Performance Model of R*c, Qa and B

Formulation:

We now formulate a model for R*c, Qa and B based on the cor-

rected quantities and corrected performance plots of the foregoing

discussion.

The following definitions (Equations 4.25, 4.28-4.30) are

collected here for convenience:

3
, o Woc
AUXC AUX w3
Wo
_ 0
V& - Vw W
. C
W
: 0
X = VE W
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RPM : (4.65)

With these definitions we have:

1. From Equation 4.12,

A
W (1 + eCign)f___ S*
R*c = [1 + XC-] L A comp knots/BHP (4.66)

2. - From Equation 4.59,

_52521 x M

* =
S E YZ W

knots/BHP (4.67)

3. From Equations 4.13 and 4.67,

PAUXc :
A =1+ 5252.1 (1 + ECth)ifcomP —ﬁ— (468)
4. From Equations 4.19 and 4.31,
WZ ' ,
Q = : 1b ft (4.69)
a WO 1+ gCth)fcomp
5. From Equations 4.22 and 4.23,
B = B* + 4B degrees ' : (4.70)
« cost sin(y- 25 [(1 + £C dh)%-1] degrees | (4.71)
AB = [dh] b € :

6n/180

The computation of fco

mp is performed using fcomp plots

{see page D-11).
For given values of X and Y: Z is obtained from an X,Y,Z
plot appropriate to {WO, href}; and B* is obtained from an

X,Y,8* plot appropriate to {WO, h }.

ref

An X,Y,Z plot, an X,Y,B* plot, a set of fcomp plots, and

Equations 4.62-4.71 together constitute the Corrected Performance
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Model for R*c, Qa and B for a given airplane.

Note that:

® R*cW/W, is constant for constant {VwC, X, Y, dh, fcomp’ pAUXC}

° Qawo/w is constant for constant {X, Y, dh, fcomp}

e B is constant for constant {X, Y, dh}.

Following are some remarks on this modelling method. First:
the influence of center of gravity movement on propulsive efficiency
is examined. Second: some typical values of fcomp for GA air-
planes are given. Third: the effect of corrected windspeed on

peak R*W/W  and on the operating condition for peak R*W/W, is examined.

Center of Gravity Effects:

Throughout this chapter computations of R*c and Qa’ for é.g.
positions displaced a distance dhc from the reference c.g. position
href c, have been performed by multiplying S* and dividing Q* by
the factor (1 + £Cth).

The factor (1 + 5Cth) was derived in Chapter 3 under the assumption
that n, was independent of h. This is not precisely correct. Con-
sider movement pf the c.g. while maintaining constant X and con-
stant Y. This results in:

1. Constant CL’ but varying CD (Equafion C.29)

2. Varying C; (Equation D.53)
a

3. Constant Ja

4. Varying n; and B (Figure D.6).
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On the basis of Figure 3.10, it is assumed that a typical

maximum variation inbe with c.g. movement is 4%. This results
ON

in a 2% variation in C; (Equation D.53). From Figure D.6, a 2%
a ,

i
R
: a
n; of approximately 1.5%.

variation in C, at constant Jé results in a maximum variation in
Therefore the factor (1 +-€Cth) is expected to introduce a
maximum error of 1.5% in R*c andiQa; and a maximum error of 1.5%

in the increment of A due to pAUX (Equation 4.68). The latter
X

error is expected to give a negligibly small error in A.

Compressibility Effects:

Computations of fComp were performed for the LASA 60 airplane,
using the Hamilton Standard Method (21): the results. of these
computations are given in Table 4.1. |

A detailed study of propeller compressibility effects, using
the approach involving féomp’ has not been performed by this
author; such a study is desirable (see Appendix D). The following
should be considered in an investigation of this matter (22):

1. Computation of’pfopeller performance in iﬁcompressible
flow may be performed using Goldstein-Lock: analysis (8j
which employs 2-Dimensional (2-D) airfoil data. Thié
is accepted practice in the propeller industry.

2. It is accepted practice in the propeller industry to

compute propeller performance, in compressible flow,

using Goldstein-Lock analysis and 2-D airfoil data which
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incorporate variations in airfoil 1ift and drag coef-

ficiéntsrﬁitﬁ Maéh number. ﬁéwe?er, this computafionai

method ignores two phenomena which may be important to

the actual performance:

a) Three-dimensional flow near the blade tip: Radial flow
near the blade tip (due to the tip vortices in the
wake, and the proximity of the tip itself) reduces
the effect of compressibility in the tip region.
Consequently, a 2-D analysis will tend to overestimate
;he compressibility effect.

b) “he effect of compressible flow on the wake-induced
velocity: Compressibility effects should be accounted.
for in application of the Biot-Savart law to the compu-
tation of the velocity induced at each blade elemént by
the wake.

The effects of these two phenomena on the performance

should be assessed, and included in the analysis of pro-

peller compressibility effects if necessary.
Full scale propeller tests will be required to give confidence
in the use of any developed method for computing propeller com-

pressibility effects.

Wind Effects:
Equation 4.66 expresses the effect of wind on R* in terms of
the Corrected Windspeed Vw .
c

Figure 4.7 shows variations in X,Y and R*W/W0 at the operating

condition for maximum R*W/Wo, as corrected windspeed varies; for
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the LASA 60 airplane [h = href = 0.3, fcomp =1, pAUX¢ = 0,
¢ = 0.45 1b/BHP.hr]. Similar curves exist for the constraints
[h = constant # href’ fcomp = constant # 1, PAUXC = constant # 0,

¢ = constant # 0.45 1b/BHP.hr].

The wind has no effect on Qé or 8 when X is fixed.

Engine-RotatiOnal Speed and Brake Torque

The‘engine rotational speed NE (RPM) - and brake torque QE (1b ft)
are réquired in Chapter 5 for the computétion of engine |
brake specific fuel consumption ¢ (1b/BHP.hr). It is convenient
to compute these quéntities here, in terms of the propeller shaft
speed N (RPM) and torque Qé (1b ft). Figure A.2 shows the no-
tation used in this derivation.
N, is simply determined by the transmission gear ratio G:

E

NE = GN revolutioﬁs/minute

The engine brake torque QE is determined as follows:

p. =P, +P horsepower

P
AUX
=p. |1 + 222
_ S [ PS ]
. Q- 83. L. 5252.1 PAUX b £t
* *E G NQa

Substitution for Qa (Equation 4.69), N (Equation 4.65), and pAUX

(Equation 4.62) yields

~

. . PAUXc
QE = G_a. 1 + 5252.1 (1 + 5chh)f’comp 7

4-22

(4.72)




Invoking Equation 4.68, QE becomes

U4

Q = & 1b ft (4.73)

G

Input-Output Model

The input-output model of the Airframe-Propeller-Atmosphere
(APA) subsystem consists of the set of relationships which determine
R*¢c and'QE (the outputs of the model) in terms of the airplane
operational variables (the inputs to the model). These relation-
.ships have all been formulated in the foregoing discussion. Figure
4.8 depicts this model, with its inputs and outputs, in block dia-

gram form.

Implementation:
The APA subsystem input-output model is well suited to imple-
mentation in an airborne microprocessor, for the following reasons:
1. The X,Y,Z plot; the X,Y,B* plot; and presumably the fcomp plots;
may be stored as sets of coefficients of cubic polynomials.
The memory space required for this storage is very small.
2. All of the requiréd equations are algebraic equations,
in which the most complex functions are trigonometric func-
tioﬂs. |
Allocation of numerical values to the non-operational variables
in the model, for a particular airplane, is readily accomplished by
the airframe ﬁanufacturer. In particular:

1. The X,Y,Z plot is constructed from propeller shaft

torquemeter readings of Qa’ in conjunction with Equation 4.69.
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2. The X,Y,B* plot is computed from the propeller manu-
facturer's data. The parameters K, ¥ and 6 required by
Equation 4.71 for AR are obtained fromva'CéiJ2 plot of the
same propeller data.

3. The fconq)plotsfcould be computed for the*aifframe manu-
facturer by the propeller manufacturer.

4. The value of £ may be estimated by.the airframe manu-
facturer from propeller shaft torquemeter readings of

Qa’ in conjunction with Equation 4.69.

SUMMARY

A propeller performance model has been discussed. The APA
subsystem input-output model has been developed. This model has been
presented in block diagram form in Figure 4.8, and appears suited to

microprocessor applications due to its simplicity and minimal storage

requirements.
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TABLE 4.1

- COMPRESSIBILITY CORRECTION FACTOR fcomﬁ'

Flight Condition: Lockheed LASA 60, W = 3400 LB
Cp = 0.0402 + o.osz’cf (power-off)
h=h =03 £ =0.98

pAUX =0 fD = 1.08

‘Standard Atmosphere

Entries in this Table are f = n /nt
comp- p p
-DENSITY PROPELLER RPM
_ ALTITUDE EAS
ft knots 2000 - 2300 2600
Sea Level 80 1.0 1.0 1.0
100 1.0 1.0 1.0
10,000 80 1.0 1.0 0.994
100 1.0 1.0 : 0.976
Note: Values of fcomp were computed using the Hamilton Standard

Method of Propeller Performance Calculation, 1941 (21).
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CHAPTER 5

THE ENGINE-ATMOSPHERE SUBSYSTEM

INTRODUCTION
This chapter develops an input-output model for the cruise

- performance of the engine-atmosphere subsystem. The engine-

atmosphere subsystem considered here consists qf a naturally aspirated,

spark-ignition, inlet port fuel injection, four-stroke piston aero
engine; operating in the standard atmosphere or in a non-standard

‘atmosphere.

In this development, the engine is assumed to bé of fixed
design. We consider only steady state operation of the engine:
no attempt is made to develop a dynamic engine model. In additionm,
no account is taken of engine exhaust emission controls.

The tasks of the engine-atmosphere subsystem input-output
model are:

1.. To compute the engine control inputs required to minimize
the engine Brake Specific Fuel Consumption (BSFC) at any
engine operating point demanded by the APA subsystem
(Chapter 4).

2. To compute the engine BSFC, ¢ (1bm/BHP.hr). The airplane
R* may then be computed from c and the value of R*c
(knots/BHP) provided by the APA subsystem input-output
model.

The input-output model developed here reflects current General

Aviation piston engine technology in all respects but one: that of
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ignition timing. All commercially available General Aviation piston
engines employ fixed ignition timing. According to Chirivella (16):
The magnetos are wired to ignite the mixture at a
certain fixed advanced timing. This feature is
- different from the variable timing that automobile

engines are provided with. The reason for this

resides mostly in simplicity and the fact that ‘the

engine regimes in an airplane are not subject to

drastic changes during flight. The optimum timing

is selected for inhibiting detonation during take-

off power situations. No attempt is made later -on

to vary the timing for cruise power . . . The

"normal timing varies somewhat from -engine to

engine, but is on the order of 20° BTDC [before

top dead center].

In the pursuit of good fuel economy, the ignition timing incorporated
in the input-output model developed here is optimized for maximum
brake torque in every engine operating condition. This optimum
ignition timing is called Minimum ignition advance for Best Torque
(MBT), and is discussed in detail in Appendix E.

The engine-atmosphere subsystem input-output model developed
here is referred to as the NEA (Naturally aspirated MBT ignition
timing Engine-Atmosphere) subsystem input-output model. This model
is developed from computations performed by the Naturally aspirated
MBT ignition timing Engine (NMBTE) performance model presented in
Appendix E.

The content of the NMBTE performance model is first examined.
The performance of current technology, naturally aspirated (fixed
ignition timing) General Aviation piston engines is then discussed.

We then discuss in detail the performance predictions of the NMBTE

performance model, and develop the NEA subsystem input-output model.

5-2



 Finally, turbocharged spark-ignition piston engines are discussed
‘briefly, and some recommendations offered for the development of

‘a Turbocharged MBT ignition timing Engine-Atmosphere (TEA) subsystem

input-output model: this model is not developed in this work.

THE NATURALLY ASPIRATED ENGINE PERFORMANCE MODEL

The naturally aspirated engine performance model used in this
work .is presented in Appéndix E.‘ That model will here be referred
to as the Naturally aspirated MBT ignition timing Engine (NMBTE)
performance model.

The NMBTE performance model is an analytical-experimental
hybrid which computes naturally aspirated piston engine performance
in terms of Bréke Horsepower (BHP) and Brake Specific Fuel Con-
sumption (BSFC) 1bm/BHP.hr. The parameters included in this model
are discussed briefly below. Parameters and phenomena which affect
engine performance but which have been excluded from this model

are also discussed below.

Parameters Included in the NMBTE Performance Model

The parameters included in the NMBTE performance model fall

into two groups: design parameters and operational parameters.

Design Parameters:
Design parameters are those fixed by engine design. Since

we consider engines of fixed design, these parameters are modelled



as constants. The design parameters included in the NMBTE performance
model, and the values given them in the present work, are presented

in Table 5.1.

Operational Parameters:
Operational parameters are those under the control of the
pilot. Those included in the NMBTE performance model are listed

below as inputs to and outputs from the computations of that model:

Inputs: F ~ Fuel-dry air mass ratio
Pm Inlet manifold absolute pressure, inches Hg
T, Inlet manifold temperature, degrees Kelvin
Pe Exhaust absolute back-pressure, inches Hg
NE Engine shaft speed, RPM

Outputgz ﬁa Air mass flow rate, lbm/hr
mf Fuel mass flow rate, lbm/hr
BHP Brake horsepower, horsepower
c Brake specific fuel consumption, Ibm/BHP.hr
QE Brake torque, 1lb ft.

The quantities F, Pm, Tm, Pe are common to all cylinders. The

quantities ﬁa and . are equally divided between all cylinders.

f

The NMBTE performance model assumes that:

1. Inlet manifold temperature Tm is equal to the atmospheric
ambient air temperature TS computed from the standard

atmosphere model of Appendix B.

2. Exhaust absolute back-pressure Pe is equal to the




‘atmospheric ambient air absolute pressure Pa computed

tmos
from the standard atmosphere model of Appendix B (with
appropriate units conversion).
3. The ignition timing is the Minimum ignition advance for
Best Torque (MBT) at all times. This ensures the maximum
possible brake torgue and the minimum possible BSFC for
all operating points defined by the above set of inputs.
For computations performed by the NMBTE performance model in
this work:
1. Thg computational scheme is given on pages E-39 through
E-43.
2. The fuel metering schedules used are discussed on pages
E-38 and E-39, and illustrated in Figure E.18.
3. The Reference Operating Point and the Fuel Schedule
Datum Conditions are listed in Table 5.2.

4. The engine delivers maximum continuous BHP at the Reference

Operating Point.

Parameters and Phenomena Excluded from the NMBTE Performance Model

The parameters and phenomenavexcluded from the NMBTE performance
model are listed below.

1. Ignition timing t: The assumption of MBT ignition timing

obviates the need to include ignition timing 1 explicitly

in the NMBTE performance model: the MBT ignition timing

T, at any operating point is unknown in this model.
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Taylor (13) presents some automobile data, heré‘repro—
duced as Figure 5.1, which shows the effect on Brake Mean
Effective Pressure (BMEP) of variations in ignition timing
1 from Tt According to Taylor (13),
. variations in spark timing, from that

for maximum power, have the same percentage

effect on brake mep at all loads and

speeds. This correlation makes it pos-

sible to predict the effect of a given

departure from best-power spark advance

on both output and fuel economy.
In the light of Figure E.3, however, these data would
appear inapplicable to all usable equivalence ratios.

It is unclear from Taylor (13) if the data of Figure 5.1

apply to all values of {¢, T, Pé, CHT, h}.

With a knowledge of Ty and the effect on BMEP of variations
in v from Ty the performance of fixed ignition timing
engines might be easily modelled. Such performance has
not been»modelled here.

Cylinder Head Temperature (CHT): CHT .was not required fdr
any performance éomputations. Monts (23) shows that for
fixed ignition timing engines, leanouts at constant inlet
manifold pressure and constant RPM result in a maximum CHT
at ¢ = 1 (see Figure'5,4). It is assumed that the same
behavior is demonstered by engines .employing MBT ignition
timing. Curtiss-Wright (15) state that for their TC18

engine, -in which the spark was advanced from 25° BTDC to

5-6

o




30° BTDC for cruise power settings (resulting in improved
fuel economy):
There is one disadvantage to using spark

advance; if the mixture is ignited sooner,

then the duration of the combustion period

is longer; the burning takes place over a

longer period of time inside the combustion

chamber; the result is more heat generated

inside the cylinder and higher cylinder

head temperature. So spark advance requires’

the use of a little more cowl flap to main-

tain a given cylinder head temperature.
In the NMBTE performance model, it is assumed that CHT
remains within operational limits at all times.

Exhaust Gas Temperature (EGT): EGT was not réquired for

any performance computations.

With regard to operating limits on EGT, Monts (23) shows
that for fixed ignition timing engines, leanouts at con-
stant inlet manifold pressure and constant RPM result in

a peak EGT slightly lean of ¢ = 1 (see Figure 5.4).

When leaning at constant BHP and constant RPM with
approximately MBT ignition timing, Chirivella (16) found
that for the Lycoming TIO-541-E engine:
. . . the engine temperatures do not necessarily
become higher than those obtained at the best
power point if one is able to lean sufficiently
to the left of the TIT [Turbine Inlet Temperature]
peak.
Curtiss-Wright (15) state that for the TC18 engine, when

the spark was advanced from 25° BTDC to 30° BTﬁC}'
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. .lsince the burning takes place for a

longer period of time, inside the cylinder,

the resulting exhaust gas temperatures are

lower. This is the main reason for using

spark advance, Exhaust gas temperatures are

reduced, with resulting benefits to turbine

and parts in the exhaust system.
From these observations it is concluded that MBT ignition
timing will probably yield acceptébly'low values of EGT g
in all ultralean operating conditions. For simplicity in
the NMBTE performance model, it is assumed that EGT never
exceeds engine operational limits in any operating condition.
Detonation: No attempt is made in the NMBTE performanée
model to either predict the occurrence of detonation or to
model its effects on engine performance. The interested reader is
referred to Appendix F where these matters are briefly discussed.
Non-Uniform Distribution of Air anleuel to Each Cylinder:
Uniform distribution of induction air and fuel flow to all
cylinders is assumed in the NMBfE per formance model.
Atmospheric'humidity: The NMBTE performance model assumes
that the inducted air is dry.
Ram Effects: Inlet manifold temperature changes due to
ram are neglected. Similarly, at wide open throttle (WOT),
inlet manifold absolute pressure changes due to ram ére
neglected (ciearly at a given inlet manifold absolute

pressure at part throttle, ram air pressure need not be

considered).
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-In all WOT operations, the NMBTE performance model con-
siders inlet manifold absolute pressure Pm to be a function

of engine shaft speed N. and atmospheric ambient air abso-

E

lute pressure P (Appendix B) as follows:

atmos
Ng» RPM | (P /P . ) at WOT
2,000 0.969
2,200 0.963
2,400 © 0.956
2,600 0.950

At WOT, increasing engine shaft speed results in: in-
creasing absolute pressure losses in the inlet manifold,

due to friction; and hence decreasing Pm/P (see Ref.

atmos
24, p. 19).
Inlet Manifold Heat Exchanger Effects: Variations in the
temperature of the cooling air surrounding the inlet mani-
fold, from the atmospheric ambient temperature, may sig-
- nificantly affect the inlet manifold air temperature.

The relatively long length and large diameter

of the modern air cooled aircraft engine's

intake air manifolding make an excellent heat

exchanger. 1In fact, we find that the inlet

port temperature may be more influenced by

the temperature of the air surrounding the

inlet manifold than it is by the temperature

of the consumed air (25).
The complexity involved in modelling this installation
effect has been avoided. The inlet manifold temperature
Tm is assumed (for simplicity) equal to the atmospheric
ambient air temperature TS (Appendix B) at all times in

the NMBTE performance model.
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9. Inlet Manifold gnd Exhaust ‘Manifold Pressure ‘Acoustic
Effects: In the NMBTE performance1model,'Pm (Pe);is taken
to be the mean value of the inlet (exhaust) manifold
absolute pressure at the inlet (exhaust) wvalve: variations
in {Pm; Pe} in time and from cylinder to cylinder, due to
inlet énd exhaust manifold dynamics, are ignored. The interested
feader is referred to Reference 26 for a study of these
phenomena.

-10. Exhéust Absolute Back-Pressure Variations from Atmosphéric
Ambient Air Absolute Pressure: The NMBTE performance model
sets the exhaust absolute back-pressure Pe equal to the

atmospheric ambient air absolute pressure P of Appendix

atmos
B (with appropriate units conversion): variations in this
condition due to exhaust manifold acoustic -effects, flight

speed, the installation of an exhaust augmentor (24) etc.

are ignored.

NATURALLY ASPIRATED ENGINE PERFORMANCE: FIXED IGNITION TIMING
All commercially available General Aviation piston engines

employ fixed ignition timing. Before discussing the performance

. predictions of the NMBTE/performance model, it is insfructive to

consider the performance of these fixed ignition timing engines.

Brake Horsepower

A typical plot of BHP versus inlet Manifold Absolute Pressure
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(MAP) for various.constant values of engine RPM, is shown in Figure
5.2 (24). This figure was "developed from the performance of
Continental 0-470-K and -L engines" (24) at standard sea level con-
ditions. |

Figure 5.3 (24) shows a typical sea level and altitude per—'
formance plot of BHP vs. inlet MAP and RPM. This Figure is (24):

. . . used to determine the power output of a
Continental 0-470-M engine at altitude. The
chart at the left shows engine output at sea-
level standard conditions with no ram air pres-
sure applied to the carburetor intake. The
chart at the right shows the effect of altitude
and is used in conjunction with the first chart.
The points corresponding to engine rpm and mani-
fold pressure are located on both charts. The
horsepower indicated on the sea-level chart is
transferred to an equivalent point C on the
altitude chart. Then a straight line is drawn
from the point A to the point C to establish the
altitude correction. The intersection of this
line with the density altitude line (D in the
example) establishes the power output of the
engine. The horsepower should be corrected by
adding 1 percent for each 6°C . . . temperature
decrease below Ts [TS = standard atmospheric

ambient temperature] and subtracting 1 percent
for each 6°C temperature increase above Ts.

The fuel-air mass ratio appropriate to each point on the power

charts of Figures 5.2 and 5.3 are not given by Bent and McKinley (24).

Leanout Performance

The General Aviation piston engine manufacturers usually pre-
sent variations in engine power and specific fuel consumption with
fuel-air mass ratio, for conditions of fixed throttle position

{constant inlet MAP) and constant RPM.
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Figure 5.4 (23) shows generalized mixture strength (fuel-air
mass ratio) characteristics for General Aviation piston engines
with fixed ignition timing. According to Monts (23), Figure 5.4+:

. is a classic fixed-throttle [and fixed RPM]
mixture control curve, and it depicts the relation
of power (BHP or IHP), specific fuel consumption

., cylinder head temperature (CHT), and ex-
haust gas temperature (EGT) as a function of fuel/
air ratio (F/A). Although the data presented here
was developed at Teledyne Continental Motors, this
same rather precise relationship is valid for all
aircraft piston engines regardless of manufacturer.
The F/A at which power peaks is called 'best
power'" and the F/A at which specific fuel consump-
tion minimizes is known as "maximum economy'. It
is obvious from an examination of this mixture
control curve that maximum fuel economy occurs
at approximately .060 F/A. Therefore, for most
efficient operation and maximum energy conservation,
all operation should be carried out at this mix-
ture strength, unless limited by other factors.

Figure 5.5 (27) shows generalized data similar to that of
Figure 5.4. With regard to Figure 5.5, Ref. 27 states:

While the absolute values of [BSFC, BHP,. CHT,
EGT] . . . change with engine power, the re-
lationship shown here is approximately true for
operation over the normal flight regime of the
engine from 40-100% power. Best power occurs at
about 0.076 fuel-air ratio, peak cylinder head
temperature at 0.067 which is the stoichiometric
(chemically correct) fuel-air ratio, peak exhaust
gas temperature at 0.062, and best economy at 25F°
lean of peak EGT at a fuel-air ratio in the
vicinity of 0.059 . ., . While the "lean misfire
limit" has been variously defined . . ., it will

TThe original figure of Ref.23 does not include the BHP curve shown
in Figure 5.4; but treats the IHP curve of Figure 5.4 as both IHP and
BHP, and treats the indicated specific fuel consumption curve of :
Figure 5.4 as both ISFC and BSFC. The modifications to the original
figure of Ref. 23, presented here in Figure 5.4, were performed by
Mr. F. Monts (28).
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‘be defined here as a point at which the engine

operator detects audible roughness in engine

operation. This point is characterized by a

sudden decrease in EGT and usually occurs between

fuel-air ratios of .052 and .042 depending on the

engine, ignition timing and fuel system.

A comparison of Figures 5.4 and 5.5 éonfirms that fhe relationships
therein are not precise in general.

Current practice in General Aviation is to lean at constént'
inlet MAP and constant RPM (when a constant speed propeller is
installed) in cruise. As shown above; the minimum BSFC is obtained
at a fuel-air mass ratio of about 0.060 using this leaning tech-
nique. However, it is not always practical to lean to this fuel-
air mass ratio because of engine temperature limits, detonation
limits or other limits (see Ref. 27 and the discussion of Fuel
Metering Reﬁuirements below). The General Aviation airframe manu-
facturers recommend leaning procedures which enable the pilot to
establish a safe minimum fuel-air mass ratio between 'best power"
and '"maximum economy' (as defined above); .

1. In the absence of a fuel flow gauge, fuel pressure

gauge or EGT gauge, the mixture is usually leaned until
rough running is encountered, and then enrichened to re-
establish smooth running.

2. An EGT gauge, fuel flow gauge or fuel pressure gauge

permits the fuel-air mass ratio to be established more
accurately than in (1) above. The fuel-air mass ratio

may be established most precisely using an EGT gauge, by

varying the fuel flow rate until the exhaust gas temperature
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is a specified increment below peak EGT on the rich or lean
sidevof peak EGT (see Figure 5.4).
The loss in BHP which occurs during leaning at constant inlet
MAP and constant RPM is often undesirable. Constant BHP can be
maintained during leaning by continuously opening ﬁhe throttle and
therebf increasing inlet'MAPf Accordiné to Mbnfs (23):

During the late 1940's and 1950's when the air-
lines operated piston engine powered aircraft, they
were naturally interested in economy of operation
and extended service life. To promote both of
them, Wright and Pratt § Whitney each published
methods for economical cruise operation. Both
were based on the use of torque meters (or BMEP
gauge) and the mixture strength/power relation-
ship . . . Pratt & Whitney called it the torque
drop method of setting cruise mixture . . . Simply
stated, the approximate desired power was set and
the mixture leaned to peak the torque reading.

The torque value was then reduced approximately

9 percent by leaning, thus establishing cruise
economy mixture setting. The throttle was then
opened to regain the 9 percent torque loss. The
Wright method [(15)] . . . was the same except

a 10 percent torque drop was used . . . It should
be noted that there is no loss in performance from.
this operation and increased service life resulted.

Although general aviation piston engines are
not equipped with torque meters, approximately
the same results can be obtained using an EGT
gauge . . . [It]) is possible to identify mixture
strength from relative EGT's. After leaning to the
desired mixture strength, the throttle may be opened
to regain the power lost in the fixed throttle
leaning. [The only measure of power recovery for
the GA pilot is Indicated Airspeed.] There seems
to be no hesitation about correcting throttle
settings to compensate for ambient temperatures,
but there seems to be reluctance to move the
throttle (increase manifold pressure) to compensate
for mixture strength. Obviously, if the operation
is at an altitude requiring full throttle for the
desired power setting, it will be necessary to
suffer the airspeed loss.
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Note- that such power recovery by opening the throttle is only .
feasible if:
1. The fuel metering system maintains constant fuel-air
mass ratio as the throttle is opened;
2. The absolute value of EGT does not exceed engine limits
as the throttle is opened.
With regard to the constancy of fuel-air mass ratio in the TC18
engine as the throttle is opened or closed, Curtiss-Wright (15)
states:
. if you set 10% BMEP drop mixture, leave the
mixture control where it is and then move the
throttle (up and down), the BMEP will change, as
will the fuel flow, but the fuel-air ratio will
remain about the same. It should be noted that
present day carburetors are not quite capable of
holding the same fuel-air ratio if the changes
in airflow are substantial.
According to Curtiss-Wright (15), the 10% BMEP drop mixture used
for cruise power settings with the TC18 engine corresponds to a fuel-
air mass ratio of about 0.053, which fuel-air mass ratio was used
for cruise in conjunction with a spark advanced 5° from the normal
spark timing of 25° BTDC. The leaning procedure used for the TC18
engine in cruise was equivalent to leaning at constant RPM and con-
stant BHP to a fuel-air mass ratio of about 0.053.

Power recovery by opening the throttle during or after leaning

in cruise is not common practice at present in General Aviation.

Fuel Metering Requirements

Figure 5.6 (23) shows generalized fuel-air mass ratio requirements
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of General Aviation piston -engines with fixed ignition ‘timing.

At power levels appropriate to idle, taxi and approach: a Tich
fuel-air mass ratio is required for starting, idling (29) and smooth
transient response. In the cruise power range: operation near

the "maximum economy' fuel-air mass ratio is possible. At the
higher power levels: the fuel-air mass ratio must be increased to
permit the development of high power, to cool the engine and to
prevent detonation.

It is emphasized that the curve of Figure 5;6 varies from
engine to engine. Figure E.16 (23) shows the fuel-air mass ratio
metered to the Continental I0-540-N engine by the Beech Single Lever
Power Control (23,30): the Desirable Schedule in Figure E.17 is

the generalized curve of Figure .5.6.

NATURALLY ASPIRATED ENGINE-ATMOSPHERE SUBSYSTEM PERFORMANCE: MBT
IGNITION TIMING i

We here develop the Naturally aspirated MBT ignition timing
Engine-Atmosphere (NEA) subsystem input-output model. This model
is developed using the Naturally aspirated MBT ignition timing
Engine (NMBTE) performance model -described on pages 5-3 ‘through
5-10.

The discussion in this section proceeds as follows:

1. For the NMBTE performance model

a) A typical plot of BHP vs. inlet MAP and RPM is pre-
'sented,vand compared with corresponding data for fixed

ignition timing engines.
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b) The ieanout-performance predictions are . examined, and
compared with corresponding generalized leanout data
for fixed ignition timing engines.
An indication of the reliability of the NMBTE performance
model is obtained by the above comparisons of its per-
formancevpredictions with the performance of fixed igﬁitidn
timing engines.
¢) For various fuel metering schedules: wvariations in

BSFC, Pm and m_ with brake torque, RPM and altitude

f
are presented.
d) Altitude variations of BSFC with various constraints
are examined.
e) Corrected quantities are identified.
f) Corrected part-throttle performance plots are developed
and presented.
2. The input-output model of the NEA subsystem is presented.
Figures 5.7 - 5.26 were drawn from computations performed using.

the NMBTE performance model. In these figures, engine operation

at wide open throttle is denoted W.O.T.

Brake Horsepower

Figure 5.7 shows the variation of BHP with inlet MAP and RPM at
sea level, with fuel metering schedule A, as predicted by the NMBTE
performance model. Figure 5.7 is similar to the fixed ignition
timing, sea level data of Figures 5.2 and 5.3. Each of these three

figures applies to a naturally aspirated engine with a displacement
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of 470 cubic inches. Comparing these three (sea level) figures:
1. The rate of change of BHP with inlet MAP at constant
RPM is approximately the same.
2. The smaller rate of change of BHP ‘with RPM at constani
inlet MAP in Figure 5.7 is attributed to the MBT ignition

timing in the latter figure.

Leanout Performance

ConStgnt Pm and Constant BHP Leanouts:

Leanout performance of the NMBTE performance model is here
examined under the following conditions: |

1. At constant inlet MAP and constant RPM, at sea level

2. At constant BHP and constant RPM, ‘gt 'sea level.

Figure 5.8 shows typical leanout performance under each of
these conditions. 'In Figure 5.8: <turves labelled A pertain to
leanout at constant inlet MAP = 23 in. Hg and 2300 RPM; and curves
laﬁelled B pertain to leanout :at constant BHP = 132.55 BHP and 2300
RPM. During the constant inlet MAP leanout ‘A, the minimum BSFC
occﬁrred at a fuelAair”mass.ratio of 0.058 (point 1 on ‘the right
hand side of Figure 5.8): at this pbint the BHP = 132.55 which value
was used to perform the constant BHP leanout B.

Consider first the left hand side of Figure 5.8,‘wﬁich shows
the variation of BHP during leanout ‘A, and the variation of inlet
MAP during leanout B. Peak BHP ‘on curve ‘A, and minimum Pm on curve

B, both occur at a fiel-air mass ratio F = 0.080. Each experimental
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BHP data point added to Figure 5.8 (denoted 0) was obtained from
the generalized BHP curve of.Figure 5.4 in the following manner:
1. 1In Figure 5.4, let the best power fuel-air ratio be
Fy = 0.078
2. In Figure 5.4, determine y% = percent best BHP at a fuel-

X FB

I
”
o

air ratio
3. 1In Figure 5.8, let the peak BHP fuel-air ratio be

F, = 0.08, and the peak BHP be BHPP = 157.97

-4, Compute F = x% x Fp

BHP = y% x BHP,

and mark the point (F, BHP) as O in Figure 5.8.

For F < 0.08, the BHP curve A and the experimental data points show
close agreement. [For the fixed ignition timing data, BHP tends‘
to decrease more rapidly with decreasing F (at ultralean values of
F) than the MBT ignition timing model predicts: this is an expected
trend.] For F > 0.08, the model does not show close agreement with
the experimental data: this discrepancy is attributed to the fact
that a cubic polynominal in equivalence ratio ¢ was used to repre-
sent the indicated thermal efficiency ni in the model (see Equation
E.41 and Figure E.7). Such representation of n{ may not be suf-
ficiently accurate over the whole of the usable range of ¢: a
table lookup of ni may prove to be more accurate.

Curve B on the left hand side of Figure 5.8 shows the extent
to which the throttle must be opened, as the fuel-air mass ratio

is decreased below F = 0.08, during the constant BHP leanout.
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Consider now the right hand side of Figure 5.8. First:
comparing curve A with the generalized (fixed ignition timing)
curve of Figure 5.5; we see that on the former curve the fuél—air
mass ratio yielding minimum BSFC (point 1) is 0.058, while on the
latter curve it is 0.059. On curve A, the minimum BSFC = 0.4631

is 86.4% of the BSFC = 0.5360 obtained at the peak BHP fuel-air

mass ratio of 0.08; while in Figure 5.5, the minimum BSFC is approxi-

mately 85% of the best power BSFC. Thus for this case of leanout
at constant inlet MAP and constant RPM, the variations in both BHP
and BSFC predicted by the NMBTE perfb:mance model are quite close
to those given by the generalized (constant inlef MAP, constant RPM)
leanout data for fixed ignition timing engines.

" Second: consider the BSFC variation along the constant BHP
leanout curve B in Figure 5.8. While the general shapé of this
curve is similar to that of curve A, the minimum BSEC = 0.4556
(point 2) is lower than the minimum BSFC = 0.4631 on curve A (point
1), and occurs at a lower fuel-air mass ratio = 0.0495 than does
point 1. The BSFC decfeases by 1.62% along curve B from foint 1 to
point 2. Consequently, if the mixture is leaned at4constant inlet
MAP and constant RPM to the nominal "maximum economy" point ‘1,

a further decrease in BSFC of 1.62% is possible with no loss in BHP

by leaning along curve B to the true minimum BSFC point 2. In
H leaning at constant BHP from point 1 to point 2, the inlet MAP
must be increased from 23 inches Hg to 26.17 inches Hg. Note that

‘the minimum BSFC point 2 at F = 0.0495 is slightly lean of the peak
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of the"n{ curve at F = 0.0514 (¢ = 0.7667: see Figure E.7).
Consider now a series of leanout pairs similar to the pair

on the right hénd side of Figure 5.8. At sea level and 2300 RPM,

a ﬁumber of constant inlet MAP leanouts were performed P = 28,

25, 23, 20, 16, 13, 10 inches Hgl]. From the point of minimum BSFC

(point 1: F BSFCI, BHPl) each of these leanouts was continued at

1°

‘constant BHP = BHP1 until the point of minimum BSFC (point 2:

Fé, BSFCZ, BHPl) was reached. Figure 5.9 shows for each leanout
sequence:
1. F1 and F2

S\

2. ABSFCmino = 100 [BSFC, - BSPCl]/BSFC1

2
plotted against percent maximum continuous (mc) BHP = 100 [BH?I/ZSO].
The increase in inlet MAP from point 1 to point 2 may also be ob-
served in Figure 5.9. As the inlet MAP of point 1 decreases, the
value of Fl increases, reaching the stoichiometric fuel-air mass

ratio at Pm = 10"Hg. In comparison, the value of F_ is virtually

2

constant at F, = 0.0494. The value of ABSFCmin% decreases as the

2
percent mc BHP decreases.

As discussed previouély, the current practice in General
Aviation is to lean at constant inlet MAP and constant RPM. Once
the "maximum economy' point is reached by this leaning technique,

a further decrease in BSFC is possible with no further loss in BHP:
Figure 5.9 indicates that for the engine represented thereih‘(at sea
level, 2300 RPM) this BSFC decrease is less than 2% for BHP values

(at the "maximum economy" point) greater than 50% mc BHP [this is

the BHP range in which General Aviation airplanes generally
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operate in cruise].

For BHP values (at the '"maximum economy' point) less than 50%
mc BHP, the decrease in BSFC from point 1 to point 2 is substantial.
This BHP range is appropriate to automobiles in constant speed
driving coﬁditions. From Figure 5.9, an automobile cruising at say
25% mc BHP would achieve a 4.5% decrease in BSFC if its fuel metéting
schedule was established on the basis of leanouts at {constant BHP,
constant RPM} rather tﬁan at {constant inlet MAP, constant RPM}.

‘ |
F for Minimum BSFC During Constant BHP Eeanouts:

Woods (31) discusses the procedures for establishing optimum
fuel metering schedules. He shows that fuel-air mass ratid
schedules for minimum BSFC must be obtained by leaning at constant
BHP (rather than at constant inlet MAP) and constant RPM. This
has been confirmed by the NMBTE performance model in the foregoing
subsection.+ Woods (31) coﬁcludes.that~approximately a 4% decrease
in BSFC is achieved, with;the Jeep engine at constant RPM, by leaning
from point 1 to point 2 in the manner described in the foregoing
subsection; and that the true minimum BSFC = BSFCQ occurs at a fuel-
' +

air mass ratio F2 = 0.9 Fl . [{In Figure 5.9, a decrease in BSFC

of 4% corresponds to Fz = 0,78 Fl and to BHP = 27.5% mc BHPJ.

T Woods also shows that an equivalent correct method for obtaining
optimum fuel metering schedules is to: '"Maximize torque for a con-
stant fuel consumption [fuel mass flow rate] and constant speed'" (31).

++w°ods (31) does not state the ignition timing corresponding to
these results, but from the context of his discussion that timing
is assumed to be MBT. ‘
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In the present work, we are interested in determiningrphe
fuel-air mass ratio schedule yielding the minimum possible BSFC over
the operational envelope {BHP, RPM, altitude} of the engine. To
determine this schedule, a series of leanouts at {constant BHP,
constant RPM, constant altitudel was performed using the NMBTE
performance model. The results of these leanouts are shown in
Table 5.3.

On the basis of these results it is proposed that, for General
Aﬁiation naturally aspirated piston engines employing MBT ignition
timing: |
| A single value of F = Fmin will yield minimum BSFC in.all

steady state operating conditions {BHP, N_, H} (when F is

E?
not constrained by other considerations). In the present

- work, Fmin = 0.05 is used.+ The choice of a singlé value
of Fmin is expected to yield negligable variation in BSFC
from the true minimum BSFC at any operating point {BHP, NE,
H} due to the flatness of the (F, BSFC) curve at suﬁh an
opérating point.

It is assumed in the present work that in all steady state

operating conditions {BHP, N_, H} of General Aviation naturally

E,
aspirated piston engines employing MBT ignition timing, BSFC in-
creases continuously as F increases from Fmin = 0.05 through

F = 0.08 (F is defined in the next sﬁbsection).
max max

+cf. Curtiss-Wright TC18 leanout discussed on pp. 5-14 through 5-15.
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In the (NMBTE performance medel) constant BHP leanouts de-
scribed above, inlet MAP Pm was found to reach its minimum® at F =
Fma.x = 0.08 and to increase continuously as F decreased from Fmax =
0.08 through Fm’in = 0.05. In the present work, this same behavior
of Pm is assumed to be true of General Aviati@n naturally aspirated
piston engines employing MBT ignition timing.

Note that the value of Fmi‘n = 0.05 determined above is about
‘16.7'% leaner than the value F = 0.06 currently recognized (23) as
offering maximum economy for .fixed’ Ignition timing engines. The
value 4Fmin = 0.05 predicted by the NMBTE performance model may not
be the value found to pertain to real engines using MBT ignition-
t‘imvingv, since it results from the particular design parameter values
used in the NMBTE model. The true importance of these constant BHP lean-
ouf, results is that the mm,mum v‘fa»liufve of BSFC, throughout the engine
operational .enveflto,pe, occurs at essentially a constant value of F. On
the other hand,. the value mei‘sn' = 0,05 is supported by the fact that: for
the leanouts at {constant 'inliﬁet: MAP,. i:-onstam RPM,. sea levell in
Figure 5.9, the NMBTE performance model predicts minimum BSFC to
occur in the raﬁge 0.0565 < F < 0.059 for Pm in the range 28 ,>~;me
inches Hg > 20. This F range is slightly lean of the "maximum
e‘c*on’om}:"' value F = 0.06 (23). and F = 0.059 (27) for fixed ignition

timing engines.

F for Maximum BHP During Corstant Pm Leanouts:
The NMBTE performance model was used to determime the variation

in fuel-air mass ratio yielding maximum BHP, during leanouts at

+Within’ 0.01 inches Hg.
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{constant inlet MAP, constant RPM, constant altitude}, over the
operational envelope‘of the engine. The results of these 1éanout$
are shown in Table 5.4.

On the basis of these results it is proposed that, for General
Aviation naturally aspirated piston engines employing MBT iénition
timing:

A single value of F = Fhax will yield maximum BHP in all

steady state operating conditions {Pm, N_, H} (when F is

£
not constrained by othef considerations). In the present
work, Fmax = 0.08 is used. The choice of a single value of
Fmax is expected to yield negligible variation in BHP from
the truevmaximum BHP at any operating point {Pm, NE’ H} due
to the flatness of the (F, BHP) curve at such an operating
point,

It is assumed in the present work that, in all steady state

operating conditions {Pm, N_, H} of General Aviation naturally

E’
aspirated piston engines employing MBT ignition timing, BHP de-
creases continuously as F decreases'from'Fmax = 0.08 through

Fmin - 0.05.

The value of'Fmax = 0.08 predicted by the NMBTE perfbrmance
model may not be the value found to pertain to real engines using
MBT ignition timing, since it results from the particulaf design
parameter values used in the NMBTE model. The importance of these
constant Pm leanout results i; that the maximum value of BHP,

throughout the engine operational envelope, occurs at essentially

a constant value of F. The value Fmax = 0.08 is slightly rich of
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the "best power" value F = 0.078 (23) and F = 0.076 (27) for fixed

ignition timing engines.

Constant P_ and Constant BHP Leanouts from F__ :
‘m . max )

" Chirivella (16) identifies the '"best power point" as a fuel-
air mass ratio commonly selected by General Aviation pilots in
cruise operations:

. the "best power point" is -an engine condition

well known to pilots and easy to reach. Further-

more, and in spite of the power settings offered

by the manufacturer for airplanes provided with

TIT and fuel flow gauges, most pilots do like to

operate the engine at such a point because of the

safe margin in TIT and/or the absence of engine

roughness (16).

We shall therefore examine some typical cases of leanout from
the fuel-air mass ratio Fmax = 0.08, using the NMBTE performance
model. These leanouts will provide, for naturally aspirated MBT
ignition timing engines, an indication of the BSFC improvements
possible relative to the BSFC values obtained using a fuel-air mass
ratio typical in current General Aviation practice.

Figure 5.10 shows four leanouts from Pmax =0.08: the left
half of this figure shows sea level performance at 2450 RPM; and
the right half of this figure shows performance at 6000 ft and
2450 RPM.

Consider the left half of Figure 5.10. At the operating
point 1 {F = F = 0.08, P_ = 17.72 inches Hg, BHP = 115 = 50% mc

max m

BHP] the BSFC is BSPCl. Two leanouts are shown originating from

point 1,
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1. Leaning at constant Pm =17.72 in, Hg, from point 1 |
to the minimum BSFC = BSI;“C2 at point 2, yields a dgcrease
in BSFC of 12.15% BSFC1 and a drop in BHP of 16 BHP.

2. Leaning at constant BHP = 115, from point 1 to the minimum
BSFC = BSFC3 at point 3, yields a decrease in BSFC of
17.84% BSFCI, and requires the inlet MAP to be increased
to 22.93 in. Hg.

3. Operation at point 3vrather than at point 2 yields a
decrease in BSFC of 6.48% BSFC2 and an increase in BHP |
of 16 BHP.

The right half of Figure 5.10 is similar to the left half of the
samé figure. At point 6, the inlet MAP has been increased to

21.51 inches Hg which is almost the wide open throttle value

P = 22.9 inches Hg.
TWoT '

Figure 5.10 clearly shows that significant decreases in BSFC
may be achieved by leaning from the '"best power" fuel-aif mass
ratio. The constant BHP leanouts from the "best power" point in
Figure 5.10 show a maximum possible decrease in BSFC of about 17;8%
of the "best power" BSFC. This result compares well with the ex-
perimental results reported by Chirivella (16) for similar leanouts
of a turbocharged Lycoming TIO-541-E engine in flight. Chirivella's
tabulated results of leaning at constant BHP from the 'best power"
fueléair_mass ratio, with the ignition timing advanced from the
standard setting of 20° BTDC to 30° BTDC, show that BSFC decreases

(16):
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. . from 11.8 up to 20.8% if severe roughness is

allowed. The numbers become limited to 17.4% if

only incipient roughness is tolerated. If on the

other hand the engine is not allowed to operate

with any trace of roughness, the best fuel economy

[BSFC] improvement is identified as 14.4% at 15,000

ft altitude and 75% rated power..

When leaning,frOm'the "best power' fuel-air mass ratio, the
advantages of leaning at constant BHP rather than at constant inlet
MAP are that:

1. No loss in BHP is suffered

2. A substantially lower minimum BSFC is achieved: about

6% lower in the cases shown in Figure 5.10.

Of course, if WOT is encountered during a constant BHP leanout, the

full BSFC advantage of this leaning technique cannot be realized.

Performance with Specified Fuel Metering Schedule

We here examine the manner in which' BSFC, inlet MAP and fuel
mass flow rate vary with brake torque, RPM and altitude; when fuel
is metered to the engine according to the fuel metering schedules

A, B and C shown in Figure E.18.

‘BSFC Performance Maps at Sea Level:

Figures 5.11 - 5.13 show BSFC versus engine brake torque, for
constant values of Pm and RPM at sea level; as computed by the
NMBTE performance model. Lines of constant percent maximum con-
tinuous BHP are superimposed on these figures. Figures 5.11, 5.12,

5.13 correspond to fuel metering schedules A, B, C respectively.
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In each of Figures 5.11 - 5.13:
e 19 < inlet MAP, inches Hg < .29
e 2000 < RPM < 2600
The folldwing may be observed in Figures 5.11 - 5.13:

1. At constant fuel-air mass ratio
a) Brake torque increases with increasing Pm, at constant RPM
b} Brake torque decreases with increasing RPM, at constant Pm
c) BSFC decreases with increasing Pm’ at constant RPM
d) BSFC increases with increasing RPM, at constant Pm.

2. The diagrams generally move to lowe: BSFC and lower brake
torque ranges, as the fuel metering schedule varies from
A to B to C. This is to be expected from the foregoing
discussion of leanout performance.

In Figures 5.11 and 5.12, the rising values of BSFC with in-
creasing brake torque (at constant RPM and high BHP) are due to
the rising value of F with increasing air mass fraction at high
values of the latter.

With fuel metering schedule A (Figure 5.11) at any fixed RPM,
minimum BSFC occurs at about 85% maximum continuous BHP. With fuel
metering schedule B (Figure 5.12) at any fixed RPM, minimum BSFC
occurs at‘about 64% maximum continuous BHP. With fuel»metering
schedule C (Figure 5.13) at any fixed RPM, mipimum BSFC occurs at
WOT: note that fuel metering schedule C meters the fuel-air mass
ratio Fmin to the -engine at all times.

Figures 5.14 and 5.15 correspond to Figure 5.11:

e Figure 5.14 shows inlet MAP vs. brake torque for various

constant values of RPM; for fuel metering schedule A.
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o' Figure 5.15 shows fuel mass flow rate vs. brake torque
for various constant values of RPM; for fuel metering
schedule A, |

e All of the information in Figure 5.11 is.contained in
Figures 5;14 and 5:15. In particular, for any brake

~torque and RPM in Figure 5.15, the BSFC is computed from
Equations E.3 and E.8. |
Likewise, Figures 5.16 and 5.17 correspond to Figure 5.12; and

Figures 5.18 and 5.19 correspond to Figure 5.13.

BSFC Performance Maps ét Altituder

Figure 5.20 shows BSFC versus engine brake torque, for constant
values of Pm and -RPM at 6,000 ft altitude; as computed by the NMBTE
performance model using fuel metering schedule B. Lines of constant:
pércent maximum continuous BHP are-superimposed on this figure.

Figure 5.20 may be compared to its sea level counterpart
Figure 5.12. Note that in Figure 5.20: at any fixed RPM, minimum
BSFC occurs at about 65%'maximum continuous BHP.

Figures 5.21 and.5.22 correspond to Figure 5.20, and may be
compared respectively to their sea level counterparts Figures 5.16

and 5.17.

Altitude Variations of BSFC with Constraints

We now examine altitude variations in BSFC when various con-

straints are imposed upon the engine operation..
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‘Beginning-at the operating point
e Sea level

) Pm = 21.56 inches Hg

e RPM = 2100
e BHP = 55% maximum continuous (mc) BHP
e« F = 0.067

~ five constrained altitude variations in BSFC were computed using the

NMBTE performance model. The constraints imposed and the results
of the computations are shown in Figure 5.23.
The constraints BHPYG = constant and RPMYs = constant were
selécted for the computations of Figure 5.23 because:
| Straight and level steady flight of a fixed-pitch pro?eller
aifplane with
o Fixed gross weight
e Fixed center of gravity position
e No propeller compressibility effects
at constant equivalent airspeed (EAS) and at vérious altitudes
requires that BHPYs = constant and RPM/E—i= constant (see
Chapter 4).
In Figure 5.23:
1. Cémpare curves A and C: the greater valﬁes of Pm reqﬁired
for curve C result in greater decreases in BSFC with alti-
tude for'curve C than occur for curve A.
2. Compare curves C and B: the greater values of RPM for

curve B result in smaller decreases in BSFC with altitude
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for éurve B than occur for curve C (or curve A). Note
that curve B, which corresponds to the fixed-pitch pro-
peller airplane at constant EAS described above, reaches
a minimum BSFC at én éltitude of about 8,000 ft.

3. Cur?es C and D are not identical; but are almost indis-
tinguishable and are shown as a single curve. The altitude
vériations in BSFC for curve D are attributed solely to
the altitude variations in inlet mahifold temperature and
exhaust absolute back-pressure. |

4, Compare curves D and E: the increased values of RPM for
curve E result in smaller decreases in BSFC with altitude
for curve E‘than occur for curve D.

Figure 5.23 clearly shows the extent to which altitude variations
in BSFC depénd upon the engine operational constraints. The co-
location of curves C and D in Figure 5.23 is further discussed in

the next subsection.

Corrected Quantities

In order to formulate a compact engine-atmosphere subsystem
input-output model, we do well to make use of corrected quantities;
as we did in Chapter 4 in the formulation of the APA subsystem input-
output model. We here develop such corrected quantities using the

NMBTE performance model.
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qurec?ed Brake Torgque:

The co-location of curves C and b iﬁ Figure"5.£3“;£iﬁﬁlated the
search for‘an expression for corrected brake torque in part-throttle
operating conditions.

Examination of the computer computations which produced curve
D (Figure 5.23) revealed that: _

At constant P_ = 21.56 inches Hg, constant Ny = 2100 RPM,

E
0.067; BHPYs varied from the sea level

and constant F

value BHP_ by no more than 0.5% of BHP for altitude

0 0’
variations from sea level through 10,000 ft (standard
atmosphere). |

To check the reality of these computations, the éruise per-
formance cﬁarts in the Information Manual for the Cessna 1980
Centurion were examined, and it was found that:

For the Cessna 1980 Centurion at constant Pm = 22 inches
Hg, constant N_ = 2300 RPM and recommended lean mixture;

the value of BHPYs at 2000 ft, 4000 ft, 6000 ft and 8000 ft

(standard atmosphere) varied from the mean value BHPYG by

no more than 1% BHPYS . The value of the fuel-air mass
ratio F for the 'recommended lean mixture' is unknown to
the author.
These data agree with the NMBTE performance model computations for
curve D (Figure 5.23).
Extensive computations using the NMBTE performance model were
then performed to determine an expression for Corrected Brake Torque

in part-throttle operating conditions. These computations revealed that:
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Operation of the naturally aspiratéd MBT ignition timing
engine here modelled, in the standard atmosphere, with con-
stant values of

e Inlet MAP Pm’ inches Hg

‘e Engine speed N., RPM

E)

e Fuel-air mass ratioc F

yields a brake torque Q 1b ft which is a function of altitude

H (ft) only. At sea level, Q. takes the value Q. . The Cor-
' 0
rected Brake Torque QE given by
Cc

_ n
QE = QEo 1b ft
c
varies from QE by less than +1% of QE , for altitudes in the
0 0

range 0 < H (ft) < 10,000; for constant values of {Pﬁ, N F}

E’
in the ranges
e 19 <P (inches Hg) <[P _ at WOT]

e 2000

IA

Np (RPM) < 2600
e 0.05 < F <0.08
where o = atmospheric air density ratio at aititude H (ft)
{Appendix B)

Density Index = n(F). The Density Index n is a

oo
il

function of the fuel-air mass ratio F oniy: this
functional relationship is shown in Figure 5.24.
Equation 5.1 is illustrated in Figure 5.25.
It is emphasized that constancy of the corrected brake torque
QE with variations in altitude applies only to engine operation
a;cconstant inlet MAP. QE is not constant with variaiions in

c
altitude when the engine is run at wide open throttle at each
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altitude; since inlet MAP varies with altitude in this case.

Corrected Air Mass Flow Rate:

Equation E.42 shows the relationship between the air mass flow
rates at any two operating points 1 and 2. Consider two operating
points, one represented by thé subscript 0 and the other by the |
absence of any subscript: for these two operating foints,_EQuation.

E.42 becomes _
- P (1 + ep) .
=h | == —_— —<£ 1 —~— | 1bm/hr (5.2)

The following assumptions are now made:
1. The operating point represented by subscript 0 is at sea
level in the standard atmosphere (Appendix B), where

patmos0 = P0

ambient atmospheric absolute pressure =

29.92 inchgs Hg

Tatmos = T0 ambient atmospheric temperature =
288.15 degrees Kelvin.
2. The operating point represented by the absence of a sub-

script is at any altitude in the standard atmosphere, or

in a non-standard atmosphere, where

Patmos = ambient atmospheric absolute pressure, inches Hg
Tatmos = ambient atmospheric temperature, degrees Kelvin
3. P =P
m m,
(5.3)
N. =N
E EO
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T
m _ atmos

Tmo 288.15
(5.4)
e . Patmos
Pe T 29.92
0
With these assumptions, Equation 5.2 becomes
T i tmos e Patnos 1% v -
May = Ma | 288.15 29.92 - 1bw/hr (5.5)
We now define the Corrected Air Mass Flow Rate ﬁa to be
: c .
ma = i ~ Ibm/hr (5.6)
_ c 0 .
Substituting this definition in Equation 5.5 yields
Tatmos - Et) atmos Ep |
"a, " May T "a | 288.13 29.92 Ibm/hr (5.7)
When is known for any conditions {P_ , N_ }, the value of
a m E
0 0 0
ma in any other operating condition {Pm = Pmo, NE = NEO? patmos’
T tmos] ™2y be computed using Equation 5.7. Note that Equation 5.7

is independent of the fuel-air mass ratio F metered to the engine.

Corrected Part-Throttle Performance Model of Pm and ma

The foregoing discussion of corrected quantities permiis the
formulation of a corrected part-throttle performance model of Pm and
ﬁa. Figure 5.26 shows such a model, computed using the NMBTE
performance model.

Consider the left half of Figure 5.26, which shows Pm versus
QE and N_: this has been drawn for F = F , = 0.05 and standard

in
c E m
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‘was drawn by plotting Pm versus QE

_atmosphere conditions, for which the density index n = 0.57 (Figure

5.24); and is applicable to all altitudes in the standard atmdsphere.
The sea level wide open throttle line is shown. At altitudes

above sea level, the WOT line moves to lower values of Pm than indi-
cated by this sea level WOT line. The left half of Figure 5.26

and NE , and relabelling the
n n

n
(V) v v

resulting diagram in accordance with Equations 5.1 and 5.3. Dia-
grams similar to the left half of Figure 5.26 may be drawn for
fuel-air mass ratios F = constant # 0.05.

Consider the right half of Figure 5.26, which shows Pm versus
mac and NE: this diagram applies to all fuel-air mass ratios F;
and to all altitudes in either the standard atmosphere or any non-
standard atmosphere. The sea level wide open throttle line is
shown. -Af pressure altitudes other than sea level, the position of
the WOT line varies from the position of this sea level WOT liné.
The right half of'Figure 5.26 was drawn by plotting Pmo versus mao

and NE , and relabelling the resulting diagram in accordance with
0

Equations 5.3 and 5.7.

Input-Output Model

We now formulate the input-output model of the Naturally

aspirated MBT ignition timing Engine-Atmosphere (NEA) subsystem.

Formulation for the Standard Atmosphere:

The NEA subsystem input-output model is required:
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4.

To be compatible with the input-output model of the APA
subsystem (Chapter 4). This requires that {NE’ QE’
Tatmos’ Patmos} be inputs to the model (see Figure 4.8).

It will be shown that H is also separately'réquired as an

input to the NEA subsystem ihput-output model.+

To output the values of‘{Pm, F} required to minimize BSFC.

at the operating point {NE, Q., H}. The values of Pm '

E’
and F are required as control inputs to the engine.

To output values of BHP and ﬁf in ordef that BSFC may be
computed. R* may then be computed from this BSFC and the
value of R*c provided by the APA subsystem input-output

model.

To be suitable for airborne microprocessor implementation.

The required inputs and outputs of the NEA subsystem input-

output model are:

Inputs: 'QE Brake torque, 1b ft
NE Engine shaft speed, RPM
H . Altitude, ft
T tmos Atmospheric ambient air temperature,
a degrees Kelvin
P Atmospheric ambient air absolute pres-
atmos . ,
sure, inches Hg
Outputs: Pm Inlet MAP, inches Hg

+In the standard atmosphere, T

s :TS and patmos

atmo

by H in the manner described by Appendix B.
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1

F - ... Fuel-air mass_ ratio

mf Fuel mass flow rate, 1lbm/hr

c Brake specific fuel consumption,
1bm/BHP.hr.

Previous discussion in this chapter (pp. 5-22 through 5-26)
has shown that, for naturally aspirated MBT ignition timing engines
operating in the standard atmospheré:

1. In all steady state operating conditions {QE, N., H}

E?
requiring part-throttle or WOT:
a) BSFC is minimized by operating the engine at a fuel-air
' mass ratio F = Fﬁin = 0.05 (when F ié not constrained
by other considerations)
b) BSFC increases continuously as F increases from F =

F . =0.05 through F = F = 0.08.
min max

c) Pm decreases continuously as F is increased from F =

.F . = 0.05 through F = F = 0.08.
min max

2. In all steady state operating conditions {Pm, N_., H}:

E,

a) QE increases continuously as F increases from F = Fmin =

0.05 through F = F = 0.08.
max

b) QE reaches its maximum value at F = F = 0.08.

max

[These same results 1(a) through 2(b) are assumed to be
true for naturally aspirated MBT ignition timing engines

in all operating conditions {Hp, T } in any

P
atmos’ = atmos
non-standard atmosphere.]

The cruise operating condition {QE, NE;_H} of the engine is
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pfescribed by the APA subsystem, which subsystem also establishes
the value of R*c. In order to maximize R* in every such cruise
opérating condition of the engine, we would like to operate the en-
gine at the fuel-air mass ratio F =‘Fmin at all times in cruise
(see 1(a) above). However, it may be impossible for the engine to
deliver the~re§uired value of QE’ even at WOT, when F = Fmin' In

the latter case, the only way to obtain the required value of Q.

.=

is to increase F above Fmin; the minimum possible BSFC will then
be obtained with a value—;; F which yields the required value of QE
at WOT (see 1(b,c) and 2(a) ébove). In fhe operating condition
{NE, H}, the engine delivers maximum brake torque QE when operating
at WOT and F = Fmax (see 2(b) above, and Equations E.43, E.57).
In the light of these éonsiderations, we proceed as follows
in the formulation of the NEA subsystem input-output model:
1. Fuel-air mass ratios in the range (Fminv= 0.05) < F <
(Fmax = 0.08) only are considered.
2.  The engine part-throttle performance is modelled at a
constant fuel-air mass ratio F = Fﬁin = 0.05.
3. At fuel-air mass ratios F > (Fmin = 0.05), the engine
WOT performance only is modelled.
The NEA subsystem input-output model consists of:
1. A corrected part-throttle performance plot such as that
shown in Figure 5.26.
2. A set of five Wide Open Throttle performance plots such

as those shown in Figures 5,27 and 5.28.
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~.3. Equations 5.1 and 5.7.
4. Equations 5.8 - 5,10, following:

Fuel mass flow rate mf:

mf =F m lbm/hr

Brake horsepower BHP:

Bp =|—27 ] q N

L?3,000J E

Brake Specific Fuel Consumption c:
Of

¢ =T 1bm/BHP .hT

Figure 5.26 shows the part-throttle performance in terms of the

corrected quantities QE and ma . The left half of Figure 5.26
d “c

applies to F = F_.

min - 0.05 and to the standard atmosphere. The right

half of Figure 5.26 applies to all values of F, to the standard
atmosphere and to all non-standard atmospheres.

Figure 5.27 shows schematic WOT ?erformance at four values of
F.in the range Fmin <F i-Fmax' [The WOT performance is presented
at four values of F in order to penﬁit cubic interpolation in
Figure 5.29.] Each of the four Figures 5.27 (a-d) shows QE as a
function of NE.and H at WOT, in the standard atmosphere, for a fixed
value of F.

Figure 5.28 is a schematic WOT performance plot of Pm as a
function of NE énd H. This figure applies to the standard atmosphere,
to all non-standard atmospheres (in non-standard atmospheres, H is

read as pressure altitude Hp) and to all values of F.

Note that Figures 5.27 and 5.28 are schematic: they have not
}' .
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been computed using an accurate WOT performance model. The minimum

and maximum values of Ng shown in Figures 5.27 and 5.28 represent
WOT

the RPM limits for continuous operation of ‘the -engine.

Schmidt (32) gives a number of formulae for computing the
WOT altitude performaﬁcé (BHP, BSFC) of naturally aspirated aero
engines from the WOT performance (BHP, BSFC) of these engines at
sea level. WOT pérfonmance has not been formulated in terms of
Corrected Quantities in the present work and the data storage

penalty for this omission is small.

Computational Scheme (Standard Atmosphere):
The use of the NEA subsystem input-output model for computing
the set {Pm, F, mf} Which'yields minimum BSFC for any set of inputs

{QE, NE’ H, T } is now described. The standard atmos-

P
atmos’ ~atmos

phere is assumed, so that Tatmos = T (Appendix B).
1. Enter Figure 5.27(a) with {NE = NE’ HWOT = H} and
: WOT
determine QE .
WOT
a) I1f Q > Q. it is possible to operate the engine with
Ejor ~ F

e o]
1l
e v ]
n

0.05, at either part-throttle or WOT. Go to
Step 2.

b) If Q <Q_ it is not possible to operate the engine
Ewor E

with F=F . =0.05. Go to Step 3.
min
2. F=F_ :
min

a) Compute QE (Zquation 5.1).
c
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F >

a)

b)

Enter Figure 5.26 with {QE R NE} and determine {Pm, ma }.
c ' ' : c

Compute ﬁa (Equation 5.7)

Compute m. = F . 1, 1lbm/hr.
min a

f

The required quantities {Pm, F, mf}’have now been
evaluated.

Compute BSFC (Equations 5.9 and 5.10). Stop.
Fmin and WOT: |

Enter each of Figures 5.27 (a, b, ¢, d) in turn with

{QE = Qs Np = NE} and determine the value of the
WOT WOT

corresponding wide open throttle altitude HWOT' In -
Figure 5.27 (a, b, ¢, d) the value of HWOT is Hl’ Hz,
HS’ H4 respectively. Store the four co-ordinate pairs

[(Hi, Fi)’ i=1, 2, 3, 4] so obtained.

This step is illustrated in Figure 5.27 by the points
A,.B, C, D each of which corresponds to the same

{QE’ NE}-

Interpolate between the four co-ordinaté.pairs

[(Hi, Fi), i =i1, 2, 3, 41 to determine the value-of

F corresponding to the required altitude H. This step
is illustrated in Figure 5.29. This value of F yiélds

the required value of QE at {N_, H} and WOT. Note that

E’
if H exceeds the value of HWOT obtained from Figure
5.27(d) (in which F = Fmax) then the engine is incapable

of developing the required value of Qg at {Np, H}.
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_ = N_, H__ = 'H} and
EyoT Ng» Hyor = HJ

determine the required inlet ‘MAP Pm =P

c) Enter Figure 5.28 with {

TyoT

d) Enter the right half of Figure 5.26 with {Pm, NE}

and determine ﬁa
“c

e) Compute ma (Equation 5.7).

fj Compute“rhf (Eqﬁation 5.8).

g) The required quantities {Pm, F,‘mf}'have'now been
evaluated. Pm isinot required for output: since the
throttle is wide open.

h) Compute BSFC (Equations 5.9 and 5.10). Stop.

In the above computations, interpolations (linear, parabolic,

cubic) may be performed using Lagrange's Interpolation formula (33).

Formulation and Computations (Non-Standard Atmosphere):
In non-standard atmospheric conditions, the operating con-
dition of the engine (as demanded by the APA subsystem) is defined

E’Hp’IAUmm’PaUmm

by the set {QE, N }

where Hp = pressure altitude, ft
T = ‘atmospheric ambient air temperature at H_,
atmos : P
degrees Kelvin
Patmos = atmospheric ambient air absolute pressure at

H_, inches Hg.

P .

The only change in the above Formulation for the Standard
Atmosphere required to account for non-standard temperature T

, atmos
at pressure altitude Hp is:
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AQtitude H must be read as pressure altitude Hp in the
text and in Figﬁres‘5.27 - 5.29.

The computational scheme listed in the foregoing subsection
for the standard atmosphere is retained for non-standard afmos-
pheres, with the following adjustments.

1. H is read as pressure altitude'Hp in the text and in Figures
5.27 - 5.29.

2. It is necessary to adjust the value of QE required by the
APA subsystem, to account for non-standard temperature at

Hp, prior to entry into the computational scheme.

Let:

ATatmos = [atmospheric ambient temperature (degrees
Kelvin) in the non-standard atmosphere at pres-

sure altitude Hp] - [atmospheric ambient

temperature (degrees Kelvin) in the standard

atmosphere at H =H 1 =T

P atmos ~ s

= [rate of change of QE with

- F} are invariant: Ty

denotes that MBT ignition timing is maintained

T when {H, P, N
atmos P Om
during perturbations in Tatmos]’ 1b ft/degree
Kelvin.
[QE] - = brake torque (1b ft) required by the APA sub-
APA

system in the non-standard atmosphere, and

]
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developed by the engine in the operating con-

N

dition {Hp, Tatmos’ Pm? s

F, ro} in the same
non-standard atmosphere.
[Q%] = brake torque (1b ft) developed'by the engine in
NEA :
the standard atmosphere, in the operating con-
dition {H = Hp, Pm, NE’

where N denotes MBT ignition timing.

F, To}

Then,
Q.
Q =[a. - =2 AT
[ Elvea | Flara ¥Tatmos g ommes
H, P ,N, F, 1
p m E o}
+ (higher order terms in ATatmos)

We retain only the first two terms on the right hand side of
Equation 5.11. The functional dependence of the derivative

3Q. /3T on the variables {H , P , N_, F}
E H,P,N,F, 1 p- m E
p’ m E To

atmos

at t_ has not been determined in this work. It may be found
that sufficient accuracy in the computations is obtained by
allocating a constant value to this derivative: if this is
not the case, some iteration may have to be incorporated into
the computational scheme.

The brake torque QE = [QE] is used in the computational
NEA

scheme when computing QE and when entering Figure 5.27.
c

However, when computing BHP (Equation 5.9) and BSFC (Equation

5.10), the brake torque value used must be QE = [Q%] .
APA
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3. In computing QE' ='QE o for entry into- Figure 5.26, the
density ratio ocused must be the standard atmosphere value of
¢ at the altitude H =~H.p ftf

4. The non-standard at?osphere values of Tatmos and patmos are
used to compute ﬁa (Equation 5.7).

The NEA subsystem input-output model, appropriate to standafd :

and non-standard atmospheric conditions, is presented in block dia-

gram form in Figure 5.30.

Implementaticon:

The principal hardware items required for implementation of

the NEA subsystem input-output model are:

1. An ignition timing regulator providing MBT ignition
timing and retarding this ignition timing as necessary to
control detonation; |

2. A fuel-air mass ratio controller providing F as commanded

by the NEA subsystem input-output model. It is desirable

that this controller provides a value of F within 1% of
any cbmmand value of F.
é 3. Microprocessor.
Items 1 and 2 should be automatic control systems.
: 3 The NEA subsystem input-output model is ﬁell suited to imple-
mentation inanairborne microprocessor for the following reasons:
1. Figures 5.26 - 5.28 require very little memory space for

data storage.
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2. The required computations are few and simple.
Figures 5.26 - 5.28 must be compiled from flight test data
in order that installation effects may be properly accounted for.
The data requirements of these figures are self-evident, perhaps
with the following exceptions: The flight test data must establish
1. The values of F to be used for the compilatién of Figures
5.26 and 5.27.
2. The value of the Density Index n for Figure 5.26.
3. The values of ét and ep“for Figure 5.26.
Flight test data are also required to establish the functional

nature of BQE/BT and to quantify ‘this function

atmos -
HVP’ P,m: NE: F, TO

for use in the input-output model.

Summafx

The performance,predictions of the NMBTE performance model
have been discussed. The NEA subsystem input-output model has
been formulated, and ‘the use of this model for performance compu-
tations has been discussed. This input-output model is compatible
with the APA subsystem input-output model developed in'Chapter 4.
The NEA subsystem input-output model is summarized in block diagram

form in Figure 5.30.

TURBOCHARGED ENGINES
The turbocharger is a mechanical device, consisting of a

rotating turbine and a rotating compressor, which is used in
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conjunction with a piston engine. The turbine extracts power f;qm
the exhaust gas of the engine, and with this power drives the com-
pressor by meaﬁs of a rotating shaft. The compressor uses this
power to increase the pressure (and temperature)'of the engine
induction air. A piston engine and turbocharger are shown schemat-
ically in Figure 5.31.

The shaft power output of the turbine is often controlled by
means of a Waste-Gate, which is used to direct a portion of the
engine exhaust gas through the turbine and to discharge the remainder
of this exhaust gas directly to the atmdsphefe. The waste-gate is
located in the Exhaust Manifold (the region of the exhaust system
between the exhaust valves and the Turbine Inlet). When the waste-

gate is closed, all of the engine exhaust gas passes through the

turbine; and when the waste-gate is wide open, most of the engine

exhaust gas is discharged directly to the atmosphere without passing
through the turbine.

A throttle is placed in the engine induction system downstream
of the compressor outlet. The portion of the engine induction
system between the compressor outlet and the throttle is called the
Deck; and the portion of fhe engine induction system downstream of
the throttle is called the Inlet Manifold.

The relationships between the absolute pressures and tempera-
tures of the atmosphere, deck and exhaust manifold are determined
by the performance characteristics of the compressor and turbine.

In general, however, when {H , T

P amms’N

£ F, waste-gate position}
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are constants and T = constant or MBT, openihg the throttle increases:
1. Inlet MAP
2. Exhaust manifold absolute pressure (this is the exhaust
back-pressure on the engine)
3. Turbocharger shgft rotational speed
4. Deck absolute pressure
5, Deck temperature
6. 1Inlet manifold temperature.
In general, these same six quantities are increased by closing the

waste-gate, when {Hp, T N

atmos’ “E’ F, throttle position} are con-

stants and T = constant or MBT.

Therefore both the throttle and the waste-gate may be used to
control the BHP and QE qf the engine, since both influence the inlet
MAP . However, an increase in inlet MAP is achieved at the expense
of: an increase in inlet manifold temperature (which increases
engine temperatures generally, decreases the engine indicated
horsepower which decrease contributes to increasing the engine
BSFC, and increases the likelihood of detonation); and an increase
in enéine back-pressure (which decreases volumetric efficiency and
increases the engine pumping losses, both of which effects con-
tribute to an increase in engine BSFC). .

The performance of turbocharged spark-ignition (SI) pistonv
engines employing MBT ignition timing may be modelled by incorporating

a performance model of the turbocharger compressor and turbine in

the model of the naturally aspirated engine given in Appendix E.
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Such modelling is a necessary prerequisite to.the construction of
a fuel-efficient input-output performance model of the Turbocharged

MBT ignition timingiEngine—Atmosphere (TEA) subsystem. The author

‘'was able to obtain the compressor performance data for a turbo-

charger used in General Aviation, but was unable to obtain the
corresponding turbine performance data. Consequentiy, turbocharged
SI piston engine performénce is not modelled in this work.

The author was also unable to obtain experimental performance
data for naturally aspirated and turbocharged SI piston aero
engines using MBT ignition timing. 1In the absence of such data,
and in the absence of é turbocharger performance model,'no rigorous
comparison of naturally aspirated and turbocharged engine performancé
is pfesented in this work. |

The following remarks cbncerning turbocharged engine performance

and the construction of a TEA subsystem input-output model are

offered on the basis of the foregbing sections in this chapter.

Performance Comparison: Naturally Aspirated and Turbocharged Engines

Brake Torgue:
The maximum brake torque QE of a naturally aspirated engine

at any operating point {Hp, T N., F} is limited by the maximum

E’

available inlet MAP Pm. As altitude increases, the fall in atmos-

atmos’

pheric ambient air pressure and the resultant fall in maximum
{Pm, QE} for any {NE, F}; seriously diminishes the performance

[decreased maximum: cruise equivalent airspeed (EAS), rate of
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climb (RC), angle of climb (AQ] of an airplane powered by a naturally

aspirated engine.
A turbocharger enables thePm of a given engine at any {Hp,

N., F} to be significantly increased (boosted) above the

E’

maximum Pm available to that engine with natural aspiration at

Tatmos’

the same {Hp, T F}. Associated with such increases in

atmos’ NE’
Pm are significant increases in QE' The airplane performance

improvements [increased maximum EAS,.RC, AC at any {Hp, Tatmos’ NE’
F}1 resulting from this increase in QE’ especially at altitude, has

been the historical motivation for turbocharging airplane piston

engines.

Brake Specific Fuel Consumption:
On the basis of the discussions of naturally aspirated engines
earlier in this chapter, it is assumed here that: in all steady

state operating conditions {Hp, T BHP, NE} of General Aviation

atmos’

turbocharged piston engines employing MBT ignition timing

1. A single value of F = F will yield minimum BSFC (when

min
F is not constrained by other considerations)
2. BSFC increases continuously as F increases above F = Fmin‘
The ability of the turbocharger to boost Pm, above the ﬁaximum
Pm that would be available to the engine with natural aspiration,
has important consequences for the BSFC of turbocharged engines.
Consider an airplane powered by a naturally aspirated engine,

and assume that the APA subsystem demands that the engine operates

in the condition {H , T

p’ atmos’ QE’ NE}. It is desirable to operate
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the engine at F = F_._ in order to minimize BSFC. If the engine

cannot develop the required QE at WOT when F = Fmin’ the only way
the engine can increase the brake torque to the desired value QE
is to increase F above Fmin" The maximum brake torque will be
developed at F = Fmax and WOT. Increasing brake torque by mixture
enrichment is accompanied By an increase in BSFC. For the naturally
aSpirated engine, this BSFC increase is an unavoidable penalty for
operation at high brake torque: it>has beén demonstrated (Figure
5.10) that BSFC increases of about 21% may be sustained [at constant
{H, QE’ NE} and MBT igniiion timing] by mixtﬁre enrichment from
F = Fmin = 0.05 to F = Fmax = 0,08.

Now consider an airplane powered by a turbocharged engine,

and assume that the APA subsystem demands that the engine operates

s QE’ NE}. It is desirable to operate

in the condition {H , T
P’ “atmos

the engine at F = Fmin in order to minimize BSFC. The ability of
the turbocharged engine to boost inlet MAP to high values means that

high brake torque can be developed at F = Fmin' Consequently,

the turbocharged engine can operate at F = Fmin over a greater range

—————

of flight conditions than can the naturally aspirated engine, with

attendant increases in R*. The feasibility of operating turbo-

charged engines ultralean up to 75% rated BHP at high inlet MAP

has been demonstrated by flight tests (16) of a Lycoming TIO-541-E

engine.
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Recommendations: TEA Subsystem Input-Output Model

As stated above, the performance of turbocharged SI piston
éngines employing MBT ignition timing may be modelled by incorporating
a performance model of the turbocharger compressor and turbine in |
the model of the naturally aspirated engine giveﬁ-in Appendix E.
Such modelling is a necessary.prerequisite‘to the construction of
a fuel-efficient input-output model of the TEA subsystem.

In constructing the TEA subsystem input-output model, attention
shoﬁld be paid to the following: .

1. Leanout performance should be examined to determine the
fuel-air mass ratio Fmin yielding minimum BSFC during
constant BHP leanouts. |

2. The engine should be operafed at WOT at all times, and
the inlet MAP controlled by
a) Waste-gate position

and/or b) variable geometry turbine nozzle ring (34).
In this manner, a given inlet MAP can be achieved with a
minimum engine back-pressure and a ﬁinimum inlet manifold
‘temperature, which conditions contribute to minimizing
engine BSFC.

3. The option of installing an aftercooler downstream of
the turbocharger compressor should be examined. This
device cools fhe induction air, thereby reducing engine
temperatures, increasing indicated horsepower (and hence

decreasing BSFC) and decreasing the likelihood of detonation.
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SUMMARY

The content of this chapter is summarized briefly below.

1.

A performance model of naturally aspirated, spark-ignition,

inlet port fuel injection, four-stroke piston aero engines.

employing MBT ignition timing (the NMBTE performance model)

has been presented.

The performance of current technology General Aviation

piston engines has been discussed.

The performance predictions of the NMBTE performance model

have been presented and discussed.

a) The leanout performance predictions of this model

indicate that:

(1)

(i1)

(iii)

The fuel-air mass ratio yielding maximum BHP in
all engine operating conditions {Pm, NE’ H} in
the standard atmosphere is approximately constant
at F =F = 0.080.

max
When leaning from F = F _ = 0.080 at constant

max

{N., H}, a substantially lower minimum BSFC is

E’
obtained when leaning at constant BHP than when
leaning at constant inlet MAP. A 6% difference

in minimum BSFC for these two leaning techniques
has been demonstrated.

A decrease in BSFC of approximately 17% is possible
when leaning, at constant {BHP, NE’ H}, from F =
Fmax = 0.080 to the fuel-air mass ratio yielding

minimum BSFC. F = Fmax = 0.080 is a typical
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operating.fuelaair mass ratio for Gemeral Aviation
pilots.

(iv) The fuel-ai; mass ratio yielding?minimum BSFC
in all engine operating conditions {QE, NE,'H}
in the standard atmosphere is approximately con-
stant at F = fmin = 0.050.

b) BSFC performance maps have been examined.

¢) The altitude variation of BSFC has been shown to be
strongly dependent upon engine operating constraints.

d) Corrected quantities for engine performance have been
determined. Part-throttle performance has been presented
in terms of these corrected quantities.

The NEA subsystem input-output model has been presented, and

its use for computing performance in the standard atmosphere

and in a non-standard atmosphere described. Implementation
of the NEA subsystem input-output model has been discussed:
this input-output model is well suited to airborne micro-
processor implementation due to its simplicity and minimal
storage requirements.

Turbocharged ‘engines and ‘their pperformance have been briefly

reviewed. Recommendations for the construction of a TEA

subsystem input-output model have been offered; but this

input-output model has not been developed in this work.
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TABLE 5.1

ENGINE DESIGN PARAMETERS INCLUDED IN
THE NMBTE PERFORMANCE MODEL

Engine displacement
Indicated thermal efficiency
niAcubic (Eq. E.41)

(compression ratio =

7:1)

Reference temperature

D = 470 cubic inches

e, = -0.0046322

e, = 1.063657

e, = -0.9421708

e, = 0.2200205

T = 305.556 degrees Kelvin

Data for correcting indicated thermal efficiency for inlet manifold

temperature (compression ratio =

7:1)
%%— degree Kelvin ~
mS, .

0.6 -1.44 x 1074
0.8 -1.44 x 1074
1.0 -2.16 x 107%
1.2 -1.08 x 107%
1.4 0.54 x 107%

¢ %o
0.7 0.6
0.8 0.73
0.9 0.81
1.0 0.83
1.2 0.83
1.5 0.81
3Ry -1
= = -0.0004 degree Kelvin
8T .

S', 1
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TABLE 5.1

{concluded)
Lost horsepower data:

Motoring coefficients a, =
(2000 < RPM < 2600) taken a, =
from Figure E. 15. a8, =

Lost horsepower coefficients kx =

CZ =
Yo T
x =
yn
Volumetric efficiency correction indices €
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30.99

-2.705

1.125

1.667

2.112

0.007

5.111

0.

n
(o]

2

.1

X

10~

10~

10~

10~




TABLE 5.2

REFERENCE OPERATING POINT
AND FUEL SCHEDULE DATUM CONDITIONS
USED IN THE NMBTE PERFORMANCE MODEL

Reference Operating Point

Inlet manifold absolute pressure Pm = 28.42 inches Hg
1 .
Inlet manifold temperature Tm = 288.15 degrees Kelvin
1
Exhaust absolute back-pressure ' P, = 29.92 inches Hg
1
Fuel-dry air mass ratio ' Fl = 0.084
Brake horsepower BHP, = 230 horsepower
Engine shaft speed NE = 2600 RPM
1

Fuel Schedule Datum

Inlet manifold absolute pressure P = 28.42 inches Hg
Mesa
Inlet manifold temperature , T = 288.15 degrees Kelvin
- Mesa
Exhaust absolute back-pressure Pe = 29.92 inches Hg
‘ _ fsd :
Engine shaft speed N = 2600 RPM
Efsd

5-59



TABLE 5.3

NMBTE PERFORMANCE MODEL: CONSTANT BHP LEANOUTS

During leanouts at {constant BHP, constant RPM, constant altitude}:

1. Minimum BSFC occurred at a fuel-air mass ratio F in the

range

0.0485 <F < 0.0500

2. BSFC increased continuously as F increased from the value |
of F which yielded minimum BSFC through the value

F = 0.0935
throughout the operational envelope:
o [45% mc BHP] < BHP < [BHP at WOT and F = 0.08] | o

e 2000 < N_, RPM < 2600

E,

e 0 <H, ft < 10,000 (standard atmosphere)
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TABLE 5.4

NMBTE PERFORMANCE MODEL: CONSTANT INLET MAP LEANOUTS

During leanouts at {constant inlet MAP, constant RPM, constant

altitude}:

1. Maximum BHP occurred at a fuel-air mass ratio F in the

range
0.0795 < F < 0.0805

2. BHP decreased continuously as F decreased from the value
of F which yielded maximum BHP through the value

F = 0.0470
throughout the operational envelope:

e 10 j.Pm inches Hg < [Pm inches Hg at WOT)

2000 < N_, RPM < 2600

E,

e 0 <H, ft < 10,000 (standard atmosphere)
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CHAPTER 6

THE AIRPLANE-ATMOSPHERE SYSTEM

INTRODUCTION

This chapter integrates the APA and NEA subsystem input-
output models (developed in Chapters 3 through 5) to form a cruise
performance model of the airplane-atmosphere system. The latter
model is referred to as the Integrated Subsystem Cruise Performance
Model (ISCPM).

First: the ISCPM is formulated. Second: the implementation
of the ISCPM, and the use of the ISCPM for performance computations
and optimizations is discussed; Third: engine control requirements
~of the ISCPM are discussed. Fourth: the potential increases in R*
offered by the ISCPM, relative to current General Aviation practice,
are examined. Finally: the ISCPM is compared with the Pilot

Operating Handbook Cruise Performance Model developed in Chapter 2.

THE INTEGRATED SUBSYSTEM CRUISE PERFORMANCE MODEL
. Formulation \

The APA subsystem input-output model has been summarized in
the block diagram of Figure 4.8. Likewise, the NEA_sﬁbsystem.
input-output model has been summarized in the block diagram of
Figure 5.30. -These two block diagrams are combined in Figure 6.1.

The ISCPM is the set of relationships which determines the

outputs

6-1



of Figure 6.1 in terms of the inputs

={V_, V., W, h, P

in w’ E’ N

AUX* B’ Tatmos’ Hp} ;

of Figure 6.1. The ISCPM yields the point performance of the
complete airplane in cruise, in the standard atmosphere or in any
non-standard atmosphere; when the engine is operating at the minimum
possible BSFC commensurate with Si .

n

Implementation

It is proposed that the ISCPM forms the core of an airborne
microprocessor computational package. Computational software
contained in this package, but extra to the ISCPM core, is referred

to here as the Peripheral Computational Package (PCP).

The ISCPM:
For a discussion of implementation of the ISCPM: the reader
is referred to pages 4-22 and 5-47 for a discussion of the implemen-

tation of the APA and NEA subsystem input-output models.

The Peripheral Computational Package:

The function of the PCP is to perform computations other than
those which may be performed directly by the ISCPM. The ISCPM
can only perform point performance computations. The PCP might be

designed to perform tasks such as:

- 6-2



i
I

p—d
.

Use the ISCPM to compute the airplane operating point
which maximizes R* with or without contraints
2. Use the ISCPM"andraﬁ A?A sﬁBsystem ciiﬁs-descént input-
output model, togéther with navigation data, to compute
trajectories which minimize trip time or Mg with or
without constraints.
In performing these tasks, the PCP must provide the inputs {VW’

\Y

g W, by P

A’ NE2 Tatmos? Hp} to the ISCPM. .These inputs are
obtained by the PCP either from sensors, from direct pilot input,
or as computational outputs of the PCP itself (see following sub-
section). The outputs of the PCP may be used in the aircraft: to

drive displays (including appropriate fuel management displays);

_or as command inputs to automatic control systems.

The "architecture'" of the PCP is task-dependent and is not

addressed here.

Computations Using the ISCPM

The point performance computation which may be performed
directly by the ISCPM is:

3 N = * 2 -
I. Computation of the set Sout {R*, Pm, F, mf} for any

N H_}.

given set Sin = {Vw, VE’ W, h, E’ Tatmos’ P

PAUX’
A PCP may be designed to facilitate other computations. Fol-
lowing is a list of the computations which may be performed by the
PCP/ISCPM to maximize R* with or without constraints:
II. Computation of the set {Pm, F, mf, NE} yielding maximum
R* and computation ofthisR*, for any given set
{Vw, v

W, h, P T H_}. This requires that

E’ AUX’ “atmos’ p
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computation I be performed for a number of values of NE:

the value of NE yielding maximum R* is determined by
interpolatioh; and computation I is then performed using

this value of NE'

I11. Computation of the set {Pm, F, mf, VE’ NE} yielding
maximum R* and computation of this R*, for any given

set {Vw, W, h, P H }. This requires that

AUX’ Tatmos’ P

computation I be performed for a number of sets {VE, NE}:

the values of {VE, NE} yielding maximum R* are determined
by interpolation; and computation I is then performed

using these values of {VE, NE}.

IV. Computation of the set {Pm, F, Mg, VE’

maximum R* and computationrof this R*, for any given set

'NE’ Hp} yielding

{W, h, P X’ vertical profile of atmospheric conditions

AU

(Hp, T otmos® Vi)}- This requires that computation I be

performed for a number of sets {VE, N Hp}:' the values

E,

of {VE, N Hp} yielding maximum R* are determined by

E’
interpolation; and computation I is then performed using
these values of {VE, NE’ Hp}.

For a given airplane and atmosphere, computation IV constitutes

an unconstrained optimization of R*.

Engine Control

Formulation of the airplane-atmosphere system cruise performance

model in the manner shown in Figure 6.1 facilitates optimizing
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(maximizing) R* under various constraints.  From the above discussion

and Chapters 4 and 5, it is clear that such eptimizations require
that:
‘ 1. The pilot or the airborne microprocessor system be able
to allocate values to {NE, Pm, F} independently.

2. The engine ignition timing v be maintained at the MBT
value T the spark being retarded as necessary to-contrel
detonation. MBT ignition timing Ty has been functionally.
described by Equation E.33.

These requirements preclude controlling the engine with a 'single

power lever" in which {N Pm, F, 1} are prescheduled. Such a

E’
"single poWer lever" has been advocated by Chirivella (16). The
ISCPM requires that the engine be controlled with independent:(

1. Throttle

2. Engine speed controller (propeller governor)

3. Ignition timing regulator (see p. 5-47)

4. Fuel-air mass ratio controller (see p. 5-47).

Items 3 and 4 probably should be feedback control systems.

Increases in R* Relative to Current Practice

Implementation of the ISCPM in any General Aviation airplane
offers significant increases in R* relative to R* achieved when
operating that airplane in accordance with current GA practice.
The following discussion is based on Chapters 3 through 5.

1. Choice of {VE, N} for actual gross weight and altitude:
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Consider the LASA 60 performance in Figure 4.3: SZ might

reasonably be expected to increase from 0.71 to 0.75 in

typical fuel-conscious operations, and from 0.71 to 0.81
in extreme cases. Hence the ISCPM is estimated to offer

Sz increases of

]
()}
o

Typical S; increase

Maximum Sz increase

L]
s
S
o
.

An accurate knowledge of the gross weight then permits

an estimate of the corresponding R* increases. We assume
thét the ISCPM has an accurate value of the gross weight;
that the gross weight varies from the take-off gross weight
by an average of -100 1b in 3,000 1b = -3%; and that the
pilot currently uses the take-off gross weight for per-
formance computations. The ISCPM therefore offers R*

increases of

l
w
N4

Typical R* increase

"
[
~3
o

Maximum R* increase
Choice of altitude to maximize effect of wind:
In currently choosing cruise altitude, the pilot is
assumed to fail to take advantage of an extra five knots
tailwind component available at some other altitude. The
ISCPM is assumed to have the correct altitude profile of
wind Vw' Assuming a typical true airspeed of 110 knots,
and a minimum true airspeed of 90 knots, the ISCPM offers

R* increases of
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®

Typical R* increase = 4.5

5.5

o°
N

Maximum R* increase

Center of gravity position, auxiliary equipment power and
propeller compressibility:‘ |

It is assumed (conservatively) that the ISCPM offers no
R* advantage due to an accurate knowledge of the airplane
center of gravity position hc, auxiliary equipment power
PAUX’ or propeller cémpressibility effects reflected in
variations in the value of fcomp from unity.

Engine brake specific fuel consumption:

From Figure 5.10, the maximum possible BSFC improvement
when leaning from best power mixture with MBT ignition
timing is about 17%. On the basis of Figures E.3-E.5 it

}

is assumed that operation with given {BHP, NE R Hp, Tatmos
at best power mixture and with MBT ignition timing yields'
about the same BSFC as achieved by operating at the same

{BHP, NE’ H, T

P atmos} at best power mixture with a fixed

ignition timing 1 typical of the values of t used in
current GA practice. GA pilots typically opefate their
engineé at the best power mixture. Hence, the maximum
possible BSFC improvement offered by the ISCPM over cur-
rently achieved BSFC is about 17%. However, due to the
fact that BHP decreases significantly during leanout at
wide open thréttle with the result that the éngine cannot

always be leaned to the fuel-zir mass ratio yielding
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minimum BSFC, the maximum BSFC improvement offered by the
ISCPM is taken to be 10%. This yields a maximum increase

in R* of 11%.

It has not been possible to compare the minimum BSFC
achieved with the ISCPM with the minimum BSFC achieved
when current fixed ignition timing engines are leaned

in accordance with the manufacturer's recommendationé.

It is assumed here that this comparison results in a
typical decrease in BSFC of 5% when using the ISCPMQ this

yields a 5% increase in R*.

Hence the ISCPM is assumed to offer R* increases of

H
wi
o

Minimum R* increase
Maximum R* increase = 11
The total percentage inCreaée in R* offered by the ISCPM
relative to R* achieved in current practice is AR*% which is obtained
from the above as follows:

Typical AR*%

[(1.09 x 1.045 x 1.05) - 1] x 100%

to [(1.09 x 1.045 x 1.11) - 1] x 100%

' 20% to 26%

[(1.17 x 1.055 x 1.11) - 1] x 100%

‘Maximum AR*%
= 37%.
These figures are taken to apply to all GA airplanes powered by
naturally aspirated SI piston engines. The savings are per-
ceived as significant. Implementation of a cruise performance

model similar to the ISCPM, in GA airplanes powered by
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turbochargéd SI piston—engines, is expected to result in values .of
AR*% which substantially exceed fhése figures. (The turbo-
charged engine can operate at the fuel-air mass ratio offering
minimum BSFC over a greater range of flight conditions than can

the naturally aspirated engine.)

COMPARISON OF THE ISCPM WITH THE POH CRUISE PERFORMANCE MODEL

The Pilot Operating Haﬁdbook Cruise Performance Model (POHCPM)
has been developed in Chapter 2. The advantages of the ISCPM over
the POHCPM are:

1. The ISCPM permits cruise performance to be computed for all
values of {W, h, Hp’ atmospheric conditions}. The POHCPM
must interpoiateybetween cruise performance specified for
certain vélues of {W, h, Hp’ atmospheric conditions}: in some
cases, cruise performance data appropriate to only one
value of one or ﬁOre of {W, h, atmospheric conditions}Aare
available in the POH.

2. The ISCPM permits true obtimization of R*, with the éngine
operating at the minimum possible BSFC at all times. The
POHCPM permits optimization of R* subject to the opera-
tional recommendations {Pm, RPM, hf}\of the manufacturer,
and with fixed ignition timing.

3. The ISCPM commands F which is established automatically
by the fuel-air mass ratio controller. This precludes the

fuel-inefficient operation which results from poorlw

executed manual leaning. The POHCPM requires manual leaning.
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Consequently, the ISCPM is considered superior to the POHCPM as
a tool for maximizing R*.

The ISCPM and the POHCPM have one préblem in common: both
utilize calibrated cruise performance data appropriate to the
vairplahe. However, the performance of new airplanes of the same
type and model is not precisely the saﬁe; and the performance of
a given airplane varies throughout its life, reflecting variations
in the condition of the airframe, propeller and engine. Therefore,
the cfuise performance predictions of the ISCPM and the POHCPM
must be expected aiways to vary from the actual airplane per-
formance. The author has not addressed this issue, butvit is one
which will require study if calibrated cruise performance médels

are to be introduced into General Aviation.
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"CHAPTER 7 -

CONCLUSIONS AND RECOMMENDATI ONS

CONCLUSIONS

1.

Variations in Specific Rangé over the cruise envelopes of
General Aviation (GA) aifplanes are sufficiently large to
warrant the development of a methodology for performing
cruise fuel-use optimization computations.

Currently available Pilot Operating Handbook (POH) cruise
performance data are not suitable for developing such a
methodology because, in general, these data are appropriate.-
t§ constrained airplane operation. POH cruise dgta
typically épply to constrained values of

a) Gross weight

b) Center of gravity position

c) Pressure altitude and atmospheric conditions

d) Engiﬁe inlet manifold pressure
e) Eﬁgine rotational speed

f) Engine fuel-air mass.ratio

g) Engine ignition timing.

A methodology for cruise fuel-use optimization requires

o performance data which cover the operating range of these

items (a-f), and which correspond to optimized engine
ignition timing.
The abovementioned deficiencies of POH data are overcome

by the new cruise performance model developed in Chapters
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3 through 6. The POH data deficiencies are overcome by

this model as follows:

a)

b)

c)

d)

Cruise performance data are presented in terms of novel
Corrected Quantities which incorporate variations in
gross weight, atmospheric density ratio, and atmospheric
ambient temperature and pressure in such a way as to
generalize a.épecificfairplane's performance for all
values of gross weight, pressure altitude, atmospheric
conditions; engine inlet manifold preésure and engine
rotational speed.

The model incorporates a simple formulation of the
effects of airplane longitudinal center of gravity
position on cruise performance.

The model incorporates data for the useful range of
engine fuél-air mass ratio.

The model assumes optimized engine ignition timing.

The new cruise performance model yields the outputs {specific

range, inlet manifold pressure, fuel-air mass ratio, and

fuel mass flow rate} corresponding to any given values of

the inputs {gebcentric true windspeed along track, equiv-

alent airspeed, gross weight, longitudinal center of gravity

position, auxiliary equipment power, engine rotational

speed, pressure altitude, and atmospheric ambient temperature},

when the engine is operating at the minimum possible brake

specific fuel consumption commensurate with the inputs.
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"This cruise performance model appears suitable for air-

borne microprocessor implementation..

The new model may be used to compute the airplaﬁe operating
point thch maximizes sﬁecific range, with or without con-
straints. A methodology for pérforming these computations
has been presented.‘ Inicombination with a climb/descenf
model for the airframe;propeller-atmosphere subsystem, thé'
new model might be used to compute trajectories which
minimize trip time orlfrip total fuel consumption, with or
without constraints. Implementation of the new model shall
contribute to achieving the efficiency and safety objectives
discussed in Chapter 1.

It is concluded that, for GA airplanes powered by naturally
aspirated spark-ignition piston engines: implementation

of the new cruise performance model developed herein will
yield

a) Typical increases in specific rénge of 20% to 26%

b) Maximum increases in_specific range of 37%

above the values of specific range currently achieved,by
such airplanes. Implementation of a cruise performance

model similar to this model, in GA airplanes powered by

- turbocharged spark-ignition piston engines, is expected to
"yield specific range increases (above the specific range
values currently achieved by such airplanes) which sub-

stantially exceed these figures.
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RECOMMENDATIONS

1.

The new cruise performance model developed in this work,
for GA'airplanes powered by naturally aspirated piston
engines employing optimized ignition timing, should be

subjected to experimental verification.

In order to implement the new cruise performance model in

GA airplanes, development of the following hardware items

may usefully be pursued:

a) A microprocessor system capable of performing specific
range optimization computations based on the methodology
presented in this work

b) An ignition timing regulator

c) A fuel-air mass rafib controller.

These hardware items may be incorporated into an airplane

cruise computation/controi‘system. This system should be

evaluated in an engine test cell and in flight.

The cruise performance model déveloped herein should be

extended to GA airplanes powered by turbocharged SI piston

engines. Then, for this extended model, recommendation

* 2 should be pursued.

The question of the accuracy of the cruise performance

model over the 1life of the airplane should be studied.

Such a study should considef the sensitivity of the airplane

performance to degradation of its subsystems (airframe,

- propeller, engine); and the feasibility of collécting
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flight data,rusing standard GA aiiplahe instrumentation,
to/recalibrate the model (if necessary) periodically
throughout the life of the airplane.

The cruise performance modeis for naturally a;pirated and
turbocharged piston engine GA airplanes should be extended
to include climb/descent. The resulting models shouid be

used to study the minimization of trip total fuel con-

sumption.
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APPENDIX A

* FUNDAMENTALS OF THE POINT ECONOMY-- FUNCTION

- INTRODUCTION

The airplane Point Economy Function, denoted by R*, is a scalar

quantity with the units: ground distance travelled per unit mass of

"fuel burned. The units of R* used in this work are ground nautical

~

miles per lbm. R* is the integrand in the Breguet range formula (3).
In this study, only straight and level steady flight is con-
sidered.

The fundamental expression for R* is:

R* = Groundspeed
Fuel mass flow rate
VG
= = ground nautical miles/lbm (A.1)
m .
ft
where
VG = Groundspeed, knots

me = Total fuel mass flow rate to all engines, 1bm/hr
t .

GroundsEeed

The navigation wind triangle is shown in Figure A.1. The
achieved groundspeed is:

VG = VT cos & + Vw

T .o . ' .
.The exception is Chapter 2, where statute miles are used as the distance
unit, when that unit is used in POH data.

A-1



where

Vr = Airplane tfue airspeed, knots

Vw~= Geocentric true windspeed along track, knofs
Vw > 0 for tailwinds
Vw < 0 for headwinds

§. = Angle of dfift, degrees.

In General Aviation, § is typically 10 degrees or less, in:which case.
the cosine of § is approximately unity. This study adopts the simpli-

fication

Fuel Mass Flow Rate and Brake Horsepower

The total fuel mass flow rate to all engines, h. is:
' t
me = Emf = E PEC lbm/hr
t
where
E = Number of engines, each driving one propeller

mf = Fuel mass flow rate per engine, 1bm/hr
. 'P. = Brake horsepower (BHP) per engine
c = éngine Brake Specific Fuel Consumption
(BSFC), 1bm/BHP.hr.

When an engine is tested by the manufacturer, the published brake
horsepower and the associated BSFC apply with the following typical
Primary Equipment operating:

A. Primary Equipment:

e Magnetos

(A.2)

(A.3)




e Mechanical fuel pump
e 0Oil pump
e Starter drive train (portion)
) Tachometer{
Wheﬁ the engine is installed in én éirplané, some Secondary Equipment
is also driven by thé engine shaft. This typically includes:-
B. Secondary Equipment:
. Generafor or alternator
¢ Propeller gOVernor pump
e Vacuum pump
e Hydraulic system pump
¢ Air conditioning system (if any).
The motive power delivered by the hydraulic s&stem to drive the under-
carriage and perhaps flaps, is an intermittant power which i; ignored
here. vThe other items of secondary equipment draw power continuously.
The primary and secondary equipment are collettivelj referred to
~as Standard Equipment. |
In this work, PE (Equation A.S) is thg brake horsepower that each
engine delivers after power to dfive the Standard Equipment has been |
drawn from the engine shaft. ‘This is illustrated in Figure A.2. The

torque QE (1b ft) associated with P

E is referred to as Brake Torque:

Q_E is given by Equation E.3.

Auxiliary Equipment Power

It is sometimes desirable to determine the effect on R* of adding
some extra item of mechanical, hydraulic or electrical equipment

to the aircraft, which draws motive power from the engine.
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Such items are referred to as Auxiliary Equipment, and the Auxiliary
Equipment Power consumed per engine is denoted pAUX horsepower. From

Figure A.2Z,

where
PS = shaft horsepower (SHP) delivered to the propeller,
The shaft specific fuel consumption c' 1bm/SHP.hr is defined

by

Substitution-of this result in Equation A.3 yields
c
1"'61]

PS and c¢' may be determined experimentally with the aid of a torque-
meter mounted between the engine shaft flange and the propeller hub.
~ When c' is determined in this manner, and c defined equal to c¢',

then pAUX is defined to be zero.

EQUIVALENT QUANTITIES
The most common example of an Equivalent Quantity in airplane

~work is the Equivalent Airspeed (EAS) defined by

VE=VT/0‘

A-4
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where

Lo
I

- Airplane equivalent airspeed, knots

<
"

T Airplane true airspéed, knots

Q
n

Atmospheric air density ratio (Appendix B: standard or non-
standard atmosphere).
By analogy with the EAS, four other Equivalent Quantities are

‘used in this work. These are:

Vw Vo Equivalent windspeed, knots
PR /s Airframe equivalent power required, horsepower
pAUX Vo Equivalent auxiliary equipment power, horsepower
N Vo Eqﬁivalent propeller shaft speed, RPM

where
PR = Airframe power required (power-off), horsepower (Appendix C)
N = Propeller shaft speed, RPM.

EXPRESSIONS FOR THE POINT ECONOMY FUNCTION

Combining Equations A.1 - A.4 yields

R* = _1___“.’. . (A.7)
i .
ft
i VT + Vw . | » (A.8)
E PE c
= VT ¥ Vw _ : " (A.9)
E(Pg * Payy) ©

In straight and level steady flight, PS is expressed (Appendix D) as

p o R | (D.29)
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where np = propulsive efficiency.

Equation A.9 may therefore be written

VotV |

= P’ (A.10)
R : ‘

[-ﬂ + E PAUX] c v
P , ‘

In terms of the various Equivalent Quantities, the following

V‘R*

expressions apply:

Ve + V /e
R* = —— : (A.11)
rixf Yo
t
vV Vo oy _
- [1 .Y ] E DCR (A.12)
E (PR-/E + E n P.AUX/E() ‘

The airframe power required (Appendix C) is

PR 6080.2 DOFF VT/(SSO X 3600) horsepower

= Dorp YT/325.65‘ horsepower ~ (A.13)

where DOFF = airframe drag force (power-off), 1bf (Appendix C).

For those cases where PAUX is zero, we therefore have:
(Voo + V) n :
R* = 325.65 TV L DL % -+ (A.14)
T OFF
‘ v Yo n
= 325.65 [1 + wv ]—D—L— —IW—CE " (A.15)
- E OFF . +
where

W

airplane gross weight, 1bf

-
i

airplane 1ift force = W, 1bf.
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~ APPENDIX B

THE STANDARD AND NON-STANDARD ATMOSPHERE MODELS

THE STANDARD ATMOSPHERE MODEL

The standard atmosphere model used in this work yields the charac-
teristics of the U.S. Standard Atmosphere, 1962 in the troposphere
(i8). Zero humidity is assumed throughout the Standard Atmosphere

in the present work.

Nomenclature

The notation used for this atmospheric model is as follows:

Pd Sea level ambient absolute pressure lbf/ft2
T0 -Sea level ambient temperature ' degrees Kelvin
Po Sea level density slugs/ft3
g Sea level gravitational acceleration ft/sec2
R Gas constant for dry air ' ft.1bf/1bm.
a : degree Kelvin .
H Geometric altitude above sea level .
(= density altitude) ft
P Ambient absolute pressure at altitude H lbf/ft2
atmos
T =T Ambient temperature at altitude H degrees Kelvin
atmos s
o Density at altitude H sliigs/ft3
8 Pressure ratio Patmos/PO at
altitude H :
8 ‘ Temperature ratio TS/T0 at
altitude H
o Density ratio p/p0 at altitude H

Sea Level Conditions

| 2
P, = 2116.22 1b£/£t

T0 288.15 . degrees Kelvin
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og = 0.076474/g slugs/ft>

32.1741 £t /sec?

The perfect gas law states

patmos = ngRaj; ‘ : (B.1)
Application of this law to the conditions at sea level yields

Raf=96.03474 ft.1bf/1bm.degree Kelvin : - (B.2)

Altitude Conditions

The temperature lapse rate is virtually linear with geometric
altitude, such that

6 =1-LH (B.3)
- The value of L yielding the correct value of 8 (18) at H = 10,000
£t is | |

L= 6.87239 x 1070 ' | | (B.4)

The value of L in Equation B.4 is 'used here, in-conjunction

with Equation B.3, to compute © at altitude H.

The pressure ratio § is given (7) by
l/LTORa -
8§ =9 * , . , (B.5)

Substituting Equations B.2 and B.4 in Equation B.5 yields
5 = g°+2583 '

However; using the value of 6 (computed by Equations B.3 and B.4) -

at H = 10,000 ft, in conjunction with the value of § (18) at H =

10,000 ft, yields:

5 = 525581

B-2
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Equation B.6 is used here, in conjunction with Equations B.3
and B.4, to compute § at altitude H.

Having computed 6 and § at altitude H,

Ts = Toe ‘ (B.7)

patmos = Pys S o (B.8)
The density p at altitude H is then computed using Equation B.l.

The density ratio ¢ at altitude H is computed from

o _8 L |
g = > =3 (B.9)

THE NON-STANDARD ATMOSPHERE MODEL

Zero humidity is assumed throughout every non-standard atmosphere

in this work.

Nomenclature
Hp Pressure altitude ft
P Ambient absolute pressure at
atmos
pressure altitude Hp : lbf/ft2
Tatmos Ambient temperature at pressure
altitude Hp ‘ degrees Kelvin
P Density at pressure altitude Hp slugs/ft:’J
o Density ratio p/pO at pressure

altitude Hp, where o is the sea level

density (slugs/fts) in the Standard Atmosphere.
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The pressure altitude Hp (ft) at any point {Patmbs’ Tatmos

non-standard atmosphere, is defined to be equal to the altitude H

(ft) which corresponds to Patmos in the Standard Atmosphere. An

atmosphere is Non-Standard when T at H_ is not equal to the
atmos P

"ambient temperature Ts in the Standard Atmosphere at H = HP.

Density and Density Ratio

The density o at {Hp, P } is computed using

T
atmos’ “atmos

the perfect gas law:

patmos v 3
p = T slugs/ft
& “a ‘atmos
The density ratio o at {Hp, Patmos’ Tatmos} is then
o = E__ = Patmos
o £ Ra TatmosoO
where °0 is the sea level density‘(slugs/fts) in the Standard

Atmosphere.
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‘APPENBIX C

THE AIRFRAME PERFORMANCE MODEL

INTRODUCTION

The airfréme contributes to the value of the Point Economy Function
R* in‘that it determines the quantity of thrust work required to propel 7'
the airplane per unit of ground distance travelled. Only straight and
ievel steady flight is here considered. The items ¢f modelling interest
are ﬁhe airframe aerodynamic drag and the airframe power required.

In this appendix, the well known equations for airframe drag and
power required are presented. In addition, an expression for the.
‘airframe drag coeffiéient; in both powér-off and power-on flight, is
developed. The latter expression quéntifies the influence of airframe
geometry, aerodynamic characteristics, center of gravity position énd

power-effects on the airframe drag coefficient.

AIRFRAME DRAG AND POWER REQUIRED

The power-off airframe drag is given by
1 2

Dopr = ¢p 3PV S " 1
= ¢, % o vz S ‘ (c..'zr)
where
DOFF = power-off airframe drag, 1bf
‘CD = power-pff drag coefficient
P = atmospheric air density, slugs/ft3



Py = standard sea level value of p, slugs/f’c3 (Appendix B)

V = true airspeed, ft/sec

Ve = equivalent airspeed = V/o, ft/sec

¢ = atmospheric density ratio = p/p0

S = airframe reference area = wing area, ft2

The airframe power required (power-off) PR is given by

p V/550

=D
R OFF horsepower (C.3)

= Dopp V /550 Vo
The airframe equivalent power required, as defined in Appendix

A, is therefore

/o
PR o} DOFF Ve/550

horsepower (C.4)
1
D2

3
C OOVe §/550

- Equations C.1 - C.4 describe the power-off flight condition. The

equations for power-on drag D power required P and equivalent

ON Ron

power required P /o ‘are identical to Equations C.1 - C.4 except

R

ON
that the power-on drag coefficient CD replaces CD. That is,
‘ ON
1 2
A D., = C =p V™S (C.5)
ON DON 2 »
1 2 :
= C =p, VS {(C.6)
DON 270 e .
PRON = DON V/550 |
e horsepower (C.7)
= DON Ve/SSO o
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‘ pRon¢5'= Doy Ve/550 | : :
T horsepower : - (C.8)
1 3, '
=C =p. V_ §/550
DON 270 e

The drag coefficients CD and CD may, in general, be expressed
: ON
as cubic polynomials in terms of the 1ift coefficient C,:

o 2 3 | =
CD = CDO + kl CL + k2 CL + k3 CL (C.9)
C. =cC' +k C +kbCEakyC ©.10)
D D 1 L 2 L 3 L
ON 0
The 1ift coefficient C, is defined by,
12
L=W= CL > p V'S
(C.11)
1 2 e
=C 7P Ve S
where
L = airplane 1ift force, 1bf

W = airplane gross weight, 1bf.

The quantities C. , C! , k., k! (i =1,2,3) are discussed below.
D0 D0 i i

Plots of C_ versus C, and C versus C,, as described by Equations
D L DON - L
C.9 and C.10, are referred to as the airframe power-off drag polar and

the airframe power-on drag polar respectively.

THE AIRFRAME DRAG POLAR

- ‘ ' The following discussion develops an expression for the airframe



power-off drag polar in terms of fhe airframe geometry, aerodynamic
characteristics and centér of gravity (c.g.) position. By suitable
adjustment of the values of certain parameters in that expression,‘the
airframe power-on drag polar is obtained.

Abspecified airframe geometry is assumed, with the exception of
the tailplane geometry. In particular, this discussion pertains to a
specified geometry bf the undercarriage, high lift devices, cowl flaps‘
and other variable geometry devices. The airplane is assumed to be
trimmed by varying the tailplane geometry.

The airplane is assumed to be 1afera11y symmetric about its
longitudinal centerline, with respect to_geoﬁetry and mass distribution.
Therefore only longitudinal variations in c.g. position are conSidered;

The airplane geometry is shown in Figure C.1.

Power-0ff Flight

The following definitions apply (36):

bw = wing span, ft
bt = tailplane spanAf_bw, ft
¢ = local wing chord, ft
¢ = mean aerodynamic chord of the wing, ft. ¢ is defined by
b /2
—_ 2 Y 2
c = = ¢ dy feet
S
: 0
CL = 1ift coefficient of complete airplane
CL = 1ift coefficient of airplane less tailplane
w
CL = 1ift coefficient of tailplane
t




pitching moment coefficient of complete

" airplane, about the airplane c.g.

\pitching moment coefficient of the airplane

less tailplane, about the aerodynamic center

C of the airplane less tailplane

distance of the airpiane center of gravity aft
of the 1eadihg edge of the mean aerodynamic
chord of-the wing, ft

distance of the aerodynamic center C of the
airplane less tailplane aft of the leading

edge of the mean aerodynamic chord of the wiﬁg,
ff

tail arm = distance of the tailplane aerodynamic
center aft of the aerodynamic center C of the
airblane less tailplane, ft

1ift of complete airplane = gTross weight W, 1bf
1ift of airplane less tailplane, 1bf.

1ift of tailplane, 1bf

pitching moment of complete airplane about the
airplane c.g., ft 1bf

pitching moment of aéfodynamic forceS'for‘the
airplane less tailplane about ‘the éerodynamic
center C of the airplane less tailplane, ft 1bf
wing area, ft2

tailplane area, ft2

tail volume ratio = Stl/SE

C-5



n, = tailplane efficiency = qt/q = %4>vi/%¢>v2 = (dynamic

pressure at tailplane)/(freestream dynamic pressure).

We have (36, 37):

o loy2
L =C 3pV’S
_ 1 .2
.Lw—CL -Z-OVS
w
1 .2 _
Ly =C, zeVim, S
t .
12 -
M o=cC zpVeSE
' 1 .2 . -
M_ = Cmo.7pv S ¢

Also,

Therefore from Equations C.12 and C.13,

C =Cm +CL(h—ho)-CL Vn

m
o] t t

In trimmed étraight and level s;eady‘flight Cm = 0, so that from
Equation C.14,

Ath = [cm'0 + €y (h-h )1/ n,

Also from Equation C.13,

C-6
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Consider

apply:

pmw

We have,

OFF

2

_ X
=Cp - CLt s Mt

- g ,
¢, [1-3 (-h)]-¢ cmo : (C.16)

the power-off airplane drag. The following definitions

= aspect ratio of tailplane

= airplane power-off drag coefficient

= power-off parasite dfag'coefficient of airplane
less iailplane

= lift-independent part of CD

pw

= power-off parasite drag coefficient of tailplane
= lift-independent part of CD

= airplane power-off induced drag coefficient
= airplane power-off drag, 1bf

= power-off parasite drag of airplane less tailplane, 1bf
=>power-off parasite drag of tailplane, including fuselage/-
tailplane interference drag, 1bf

= airplane power-off induced drag, 1bf.

p V™S

1]
[@]
N+
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_ 1,2
Dpw = CD > pVvV™S
pPw
1 2
D =C =p V" S _n
pt Dpt 2 t 't
-c L2
Dl = CD. 5 P V© S
i
DOFF = Dpw * Dpt * D1
. St
CD = CD + CD T Nt CD. » (C.17)
pw pt 1

The parasite drag coefficients CD and CD may be written (9, 38):

pw pt

C. =C. +K (C. -E)° | (C.18)
D D w (O W C -
pw pmw W

C, =Cy +K (€ - gt)z (C.19)
pt ©  “pmt t

where
CD s CD s Kw, Kt’ gw and Et
pmw pmt

are constants. The quantities &w and Et are included to account fof
non-symmetric wing and tailplane sections respectively. .In order to
trim the airpiane in level flight, the 1ift of the tailplane is
established at the required valﬁe*(Equation C.15) by deflecting the
elevator and/or trim tab, or by changing the incidence of the (all-
moving) tailplane. For the small tailplane geometry changes> S0
involved, the quantities CD . and K, are assumed to retain constant

pmt
values.
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Laifone (20),demon§trates the use of the eguation
for the induced drag éf a biplane; as ‘it apﬁlies to computations of
the induced drag of a monoplane wing and tailplane. In the case of
a monoplane with an elliptically loaded wing and tailplane in potential

fiow, the biplane induced drag equation (9, 20) yields

r-2 . - 227
1 Ly Oelyly Ly L
T |2 R, T2 (€.20)
PV T]D W't b
2 W t
where
Ot = a coefficient dependent upon the span ratio bt/bw

and the gap g (the vertical distance between the
two wings), but independent of thé staggef distance
{(the horizontal distance between the two wings) with
potential flow.
By invoking Munk's equivalence theorem for stagger (9), Laitone
(20) shows that the mutual interference between the wing and _
tailplane (the middle term of Equation C.20) can be cémpu;ed with the
tailplane at infinity downstream of the wing (£ > «), with a gap g -
_equal”to that of the actual airplaneT In addition, Laitone gives the‘

following expression for th:

b v | | | |

w 2 2g\2}-1/2

MLy 22, (2 | | _
owt[bt] b, [ + (bw)] (C.21)

This procedure is adopted here. The mutual interference is computed
for the tailplane placed at infinity downstream of its actual position
on the airplane, with the wing wake assumed to be a flat vortex sheet
extending to infinity downstream of the aerodynamic center C of the
airplane less tailplane. The mutual interference is then adjusted
for rollup of the flat vortex sheet into a horseshoe vortex (9).

c-9



This equation yields the value of o,, appropriate to a tailplane

operating in conjunction'with an elliptiéally loaded wing._ The wing : s
wake is assumed to extend back to infinity, from the elliptically
loaded wing, aé a flat vortex sheet. Laitone (20) states that

the value of Ot given by Equation C.21 is accurate within 7% for

b /b, = 0.6, within 2% for bt/bQ = 0.3, and within 1% for b /b_ < 0.25.

Referring to Figure C.2, we may write

g = llg, + 2 tan (a,-i)] cos (o -1 0] (C.22)
where o, = angle of attack of the zero-1ift line of the airplane
less tailplane to the freestream velocity vector, radians
8y = vertical distance of tailplane below wing when o, = iw?

ft.
Note that g is always positive; g is positive (negative) when the

tailplane lies below (above)} the wing.’ The angle of attack a of

the zero-1ift line of an untwisted wing to the freestream velocity

vectof is given by (9):

a+7) ‘
o = CL [a + — ] radians (C.23)
W w .

C-10




where

o
1

. sl ’ . -1
wing section 1lift curve slope, radian

~—
]

correction factor for wing spanwise loading.

Figure C.3 (9) shows typical values of T, =T

The angle o in Equation C.22 is here computed from Equation C.23
with o = a.

w .

The biplane Equation C.20 applies to two wings operating in an
airstream with a dynamic pressure q = %1>V2. When the wing operates

in an airstream with dynamic pressure q, and the tailplane operates

in one with dynamic pressure n.q, then Equation C.20 becomes

2 2
~lL 20 L L L
D, = ;| o+ = :_F b (C.24)
ZPVmIb,  bb vn by -
In coefficient form, Equation C.24 is,
2 2
ch LY 2chth S, Vn, th S, ny
Cp, W& * "%, WA 5§ ‘' TA S - 2y
1 W t w t

When the wing and tailplane are not elliptically loaded, and
allowing the wing wake to roll up into a horseshoe vortex (9), Equéfiop

C.25 becomes:

Cc-11



where

Also

where

N

Gw’ Gt = induced drég correction factors for
Spanwise loading of the wing and tailplane
.re;pectively. Figure C.3 (9) shows typical
valués of Gw = § or Gt = § for untwisted wings

of rectangular planform.
= ! = ' v
e, = e'/e .2/(8/80) (C.27)

€ = wing wake downwash angle at downstream infinity
(measured on the wing longitudinal centefline), due
to a wing with 1ift coefficient CL and any load
distribution, and having a horseshge vortex wake,
radians |

gl = 280 = wing Qake downwash angle at downstream infinity
(measured on the wing longitudinal centerliﬁe), due

to an elliptically loaded wing with 1ift coefficient

CL and a flat vortex-sheet wake, radians
‘ W

€, = CL /'nAw = downwash angle at the center of pressure
W

of an elliptically loaded wing with 1ift coefficient

CL , radians.
w

Values of e/so, for an elliptically loaded wing and for a rectangular

wing with various aspect ratios, are given by Glauert (9, pg._168),'

The quantity Ot in Equations C.21 and C.26 is assumed here to

be invariant with the 1ift distribution of the wing, ard to be the

same for a horseshoe vortex wake as it is for a flat vortex sheet wake.

C-12




In the foregoing discussion, the wing downwash has received
very simpié treatmeﬁt.“Héwever fhe caicuiafion bfrwiﬁg dowﬁwash
is, in general, very complex; this matter is discussed in detail
by Spreiter and Sacks (39).

Substitution of Equations C.18, C.19 and .26 into Equation

C.17 yields:

\
S.n
_ 2 2 °t't
Cp=Cp +KE, *KEi3
pm
C. (2K C. (2K.& St
L ( wgw) T YL ( t t) S
W ‘ t L
2C. C
. 0wtbw Lw Lt St /Et
bt TrAwet S
1+ § 1 + 8 S, n
2 w 2 t t 't
* ¢ [Kw * TR ] * Cp [Kt * TR ] S
W t
P g
where
S, n
_ t 't
b =C  *& 3
pm pmw pmt

Substituting Equations C.15 and C.16 into Equation C.28 then yields:

. - 1+8 1+8 S
c 2 w 2 t t
C. = C + (.__ C ) K + + C K <+ __.—
D D L mo [ W ‘nAw ] mo[ t TTAt ]SVZ nt

c 2 ¢
+ 2 f'cm ngw * ngw -G, gth 2
o o
2
2C :
. g2 K St "t _ 0wtbw M (§>2
t 'tSs b 2

=
t ﬂAwet nt

(this equation is continued on the
next page)

Cc-13
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' 145t St
* CL 2 (h'ho)[%t Y IR =2

o t SV nt

: 1+6w

=00

[ -

bl el

- 2C

C it vt e v ‘ c
-2 [1 -3 Mm-h)IEK -2 (h-h) EK ¢
o b - -
b ML 2SR f_’{cm - 2pc (h—ho)]
t TrAwet n, o . o
- 1+8
2 c 2 w {
+ ¢ | [1 -7 (h-h)] [Kw " ]
148 S
+ (h—ho)2 [Kt + ﬁK_E} _;
t SVn
t .
o ..b = =
- ZCC/iz' [1 "%'(h‘ho)] (h-h ) (C.29)
t TrAwet Ny
.Equation C.29 may be expressed as
C.=Kn +K, C. +kK C2 ' (C.30)
D~ Kot 1%y ;

2 "L
, are dependent upon CL inasmuch as

+
dwtbw/bt is. dependent on CL (see Equations C.21,.C.22, C.23 and C.16) .

The coefficients KO,‘Kl and K

.1.

D D
pW pt ) .
accurately as cubic polynomials in CL and CL respectively.
' W t

Also, C and C (Equations C.18 and C.19) might be written more

C-14




Consequently  the curve given by Equation'C.SOVmay—be represented

by a least squares cubic fit of the form

- 2 3
Cp = CDO + kO + kL + kL) | (C.9)

as previously written. Equation C.9 describes the airframe power-off

drag polar.

Power-On Flight

In powered flight, the following parameters may have values
different from those pertaining to power-off flight at the same Cz:

1. ¢y
pm

2. C
m
0

3. a_ with corresponding values of éw, T and e

Substitution of these power-on values in Equation C.29 gives the power-
oon drag polar,

C = g/!
DON 0

A least squares cubic fit of Equation C.31 then yields the coefficients

2
] 1 .
+ k1 Co+ k) CF | (C.31)

of Equation C.10. The relationship between CD and CD may be deter-
ON

mined from a comparison of Equations C.30 and C.31 or Equations C.9

and C.10.

We assume that the thrust vector passes horizontally through the air-
- plane c.g. so that the foregoing 1lift and pitching moment equations

are unaffected by the application of power. (This is not always the
case.) :

C-15



of particularvinterest'in the present study is the influence of
c.g. position on the power-on drag polar. As shown by the foregoing
analysis, variations in longitudinal c.g. position,necessitate changes
in the tailplane and wing lift forces (Equations C.15 and C.16)
S0 as to trim the airplane. These 1ift variations result in vari-
ations in both lift-dependent parasite drag and induced drag
(Equations C.18, C.19 and C.26). These drag variations in turn cause
changes in the coefficients Ké,-Ki and Ké in Equation C.31. Such
changes in drag, dug to longitudinal movement of the c.g., are re-
ferred to as '"trim drag.". Associated changes in the airplane power-

on drag polar result in changes in the airplane power-on lift/drag

ratio, which affects the value of R*.

C-16 .
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Rectangular Aerofoils

0-3
L
0.2 . //
T
0-1
00‘ 05 1-0 5 20
. Ao,
Fig. 85.
A = ASPECT RATIO OF WING
A, = WING SECTION LIFT CURVE SLOPE

( 2-DiMENSIONAL FLOW ), TFER RADIAN.

T = (oreecrion FacoR  FoR WinG STANWISE LOADING EFFECTS oN
| WING ANGLE OF ATTACE . ’

CoRRECTION FACTDR FOR WING SFPANWISE LOADING EFFECTS own
WING WDULED DRAG COEFFICIENT. | |

(fgfﬂgﬁ»zc& S, p 147)

- Fleure C.3 AERODYNAMIC CHARACTERISTICS OF UNTWISTED
WINGS WITH RECTANGULAR PLANFORM.
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APPENDIX D

THE PROPELLER PERFORMANCE MODEL

INTRODUCTION

This Appendix presents a method for modelling the per-
formance of a propeller operating in the presence of an airframe
(installed propeller), and the propulsive efficiency of the
propeller-airframe combination; in terms of the performance of
the propeller operating in isolation from any body (free pro-
peller). Compressible flow effects on performance are modelled as
a correction factor which adjusts efficiency and torque computed
under the assumptioﬁ of incompressible flow.

Specification of the performance of a propeller-body com-
bination in terms of the free propeller performance facilitates
Computétion of the former performance when only free propeller.per—
lformance data are available.

The discussion is appropriate to fixed pitch propellers
(those made in one piece, and ground-adjustable propellers) and
to variable pitch propellers {(controllable pitch and constant
speed propellérs). These various propeller types are described
by Bent and McKinley (24).

The geometry and performance of the McCauley C33/90M-4 cén—
stant speed free propeller are presented and discussed at the

conclusion of this Appendix.



THE FREE PROPELLER

Performance Characteristics

Dimensional analysis shows that the thrust developed by any free
propeller, having a specific blade shape and number of blades, may be

expressed by the functional relation
= 23k ' ' '
T = (pn2d") £.0J, 8, Ry M] (D.1)

Similarly, the shaft torque required to turn the propeller

. may be expressed by the functional relation

Q = (pn?d®) £0[J, 6, Ry, M] . , (D.2)

where T Thrust of the free propeller, 1b
Q = Shaft torque of the free propeller, 1b ft

p = Density of the air, slugs/ft3

n = Propeller rotation rate, revolutions/second
d = Propeller diameter, ft

J = Advance ratio = V/nd

B = Representative blade angle, degrees

Reynolds.number = VNZN/v

ZJ

M = Representative Mach number

V = Free stream airspeed parallel to'propeller shaft
axis, ft/sec

v = Kinematic viscosity of air, ft2/sec.

The performance of all geometrically similar propellers is charac-
terized by the same function fT and the same function fQ.

In this wofk unless otherwise stated, the blade angle B8 is

the «ngle between the plane of rotation of the propeller and the

D-2




flat face of the blade, at a radius of 0.75R (where R = d/2 is
the propeller tip radius, ft).

The definition of the Reynolds number requires the use of a
representative speed VN (ft/sec) and length QN (ft). Since the
airflow over the elements of a propeller blade varies greatly
from the hub to the tip, a number of choices for these quantities
is available. Glauert 9 defines

mnd, ft/sec

n

VN

N

d/2, ft
as useful quantities for evaluating RN.
A useful representative Mach number is the helical tip Mach

number MT given by

1
_ Vrrp ~ [v2 + w2n242]" .
Mp=—% = a (D's)

Helical tip speed, ft/sec

where V,
TIP

]
L]

Speed of sound in air, ft/sec.

The dimensional quantities on both sides of Equations D.1 and

D.2 are combined to give the non-dimensional thrust and torque

coefficients:
T ,
C. = ' : (b.4) -
T pn2d"
CQ =J._ (D.S)
on2d>

D-3



Using Equations‘D.4.and D.5 and substituting MT for M, the

functional relations D.1 and D.2 become
Cp = £.0J, 8, R, M1 B ~ (D.6)
CQ = fQ[J, B, RN’ MT] ' » : (b.7)
General aviation airplane propellers operate at Qalues.of:

the Reynolds nﬁmber RN (as defined above) of approximately 107.

For values -of RN < 107, the thrust and torque coefficients can

show a strbng dependence on RN. However, according to Glauert

(1), for RN > 107, "important changes of the propeller character-

istics . . . are improbable. . . ." Consequently, full scale propeller

characteristics, such as those used in the present work, are

treated as being independent of Reynolds number.
As a result of their performance-invariance with Reynolds

number, we have, for full-scale airplane propellers:

C

T fT[J, 8, MT] . (D-S)v

cQ = fQ[J, R, MT] | (D.9)

The power P (ft 1b/sec) needed to drive the propeller is the
product of the torque and the shaft speed; and a non-dimensional

power coefficient Cp is defined by

= 21C. ’ (D.10)

(D.11)




For some purposes it is convenient to use propeller character-

istics other than CT’ CQ’ Cp and n. It is sometimes convenient

to use the forward speed V instead of nd in defining non-dimensional

coefficients. By multiplying both CT and CQ by 1/J2 we obtain

o
TC=—I-= T
J2  pv2d?
C
and QC=—g=i_
J2 pv243

In the design of propellers, use is often made of the non-

dimensional Speed-Power coefficient CS defined by

s
CS=T}J—5-=V-—P_-
Cp Pn2

Since CS does not contain the propeller diameter as a factor, it
is useful for determining the optimum diameter propeller of any
family of geometrically similar propellers, for specific operating
conditions of the airplane and the engine (4, 7, 8, 10).

Polar diagrams, consisting of plots of CP/J2 Versus CT/J2
are -used in various forms for airplane performance analysis (4),
inclu&ing range computation. Kerber (2) makes use of a plot of
A TC versus J for estimating propeller performance by the Lesley-
Reid Method. A scaled plot of TC versus J2 is presented by Von
Mises (4) who discusses its usefulness in determining the optimum
diameter propeller of any family, given values of the thrust,
altitude, airspeed and engine revolutions.

In this work, use is made of the Speed-Thrust coefficient

CR defined by

D-5
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1

—

—

plotted against J2.

Performance Characteristics: Incompressible Aerodynamics

The functional dependence of CT and C
Mach number MT {(Equations D.8 aﬁd D.Q) is important only when the
value of Mf exceeds some critical value. For spbcritical helical
tip Mach numbers, the propeller flow. field is essentially incompres-

sible; then this dependence on MT may be ignored; and we may write:

Tl

pn2d"

Q.

pn2d>

"
N
=
(@]

i
£1[3, 6]

i .
fQ[J, 8]

. D-6

on the helical tip

(D.

(D.

(D.

(D.

(D.

(D.

(D.

(D.

15)

16)

17)

18)

19)

20)

21)

22)




where the superscript i denotes incompressible aerodynamics.

At the end of this Appendix, the McCauley C33/90M-4 constant
speed propeller is described; its free performance as computed by
McCauley (using incompressible aerodynamics) tabulated (Table D.1);
and the assumptions underlying those computations listed. Figure D.1
depicts the geometry of this propeller; Figures D.2-D.4 are plots
i
p
for fixed values of B; and Figures D.5-D.7 show plots of C; and

of the data in Table D.1 showing C;, C. and n' plotted against J

C; computed from Table D.1. The McCauley C33/90M-4 constant speed
propeller is installed on the Lockheed LASA 60 airplane owned by

Princeton University.

Performance Characteristics: Compressible Aerodynamics

As the helical tip Mach number increases toward unity, the
propeller blade airfoil characteristics are affected by the onset
of compressibility. When this occurs, the functional dependence

of CT_and C. on M (Equations D.8 and D.9) must be considered.

Q
For fixed values of J and Bg: CT is observed to increase slightly
above C% and then to decrease, while CP rises above C; at firgt
slowly and then more rapidly; as the helical tip Mach number in-
- creases toward unity (40). Glauert (1), considering the effects
of compressibility on the blade airfoil characteristics, states:
At comparatively low speeds the 1ift and drag coefficients

both increase, and in consequence the torque coefficient
of the propeller also increases, while the thrust
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coefficient remains sensibly constant since the increases
of the 1ift and drag coefficients produce opposite effects
on the thrust of the propeller. This conclusion has been
confirmed by flight tests [British A.R.C. R. and M. 1173,
1928] which showed no change of the thrust coefficient
and an increase of the torque coefficient. = At higher
speeds the thrust coefficient would decrease owing to the
decrease of the 1lift coefficient .
The helical tipspeed (Mach numbef) at which CT begins to fall
and CP to rapidly rise is called the Critical Helical Tipspeed
(Mach Number). Helical tip Mach numbers less (greater) than the
critical value are referred to as subcritical (supercritical).
When the helical tip Mach number is supercritical, propeller
performance may be characterized, at a constant value of‘MT, by

variations of CT and C_ with J and B (plots of such performance

Q
have the same form as those appropriate to: incompressible aero-
dynamics). When these performance characteristics are available
for a number of values of MT,-thezperformancg in any operating
condition may be obtained by interpolation. This method of
performance esiimation requires a large quantity of data.

In the present work, propeller performance in all operating
conditions is computed from the performance appropriate to
incompressible aerodynamics, the effectS'of compressibility on
the efficiency and thrust coefficient being accounted for by the
use of Compressibility Correction Factors féomp and f' as

comp

follows:

N, B, M) = ni(d, B) £ (J, B, M)

comp.
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_ Al '
CT(J: 8’ MT) = CT(J: B) fcomp(J, 8’ MT).

General Aviation airplane propellers are assumed to operate with
helical tip Mach numbers not greatly in excess of the critical
value. Noting the quote from Glauert above (pp. D-7 and D.8) we

therefore set f! = 1. Consequently,
comp

- ¢ (D.24)
CT(J, B, MT) = CT(J, B) 24
N3, B M) =00, B) o (L B MY | RS

CQ0» 85 Mp) = CqUds BY/E o (9578, M) (.26)

Before computer technology significantly impacted the propeller
industry, a common method for computing fComp was included in the
"Hamilton Standard Method of Propeller Performance Calculation,"”
1941 (21). That method is based upon the correction curves of
Fred Weick (10).

The Hamilton Standard Method uses an effective helical tip-

speed VTIPE defined as

= £ f f
TIP Vrip "¢ *h Yo

\Y
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speed of sound at sea level, agy,

where f
c

speed of sound at altitude, a

f, = correction factor for blade thickness ratio at 0.75 tip radius

fa = correction factor for blade angle of attack
. VTIPE = 0 £) agy
For a given propeller, fh is a constant, so that VTIP is a function
E

only of MT and blade angle of attack distribution. The value of
fa is computed from the ratio J/Jm, where J is the acfual advance
ratio, and Jm is the advancg ratio yielding maximum efficiency at
the operating value of CS' The value of fcomp is determined by

entering a plot of fcomp versus VTIPE with the values of VTIpE

and Jm (this plot is reproduced here in Figure D.8).
This method of computing féomp is not ‘accurate for four
reasons: |
1. The_correction curves used (Figure D.8), taken directly
from Weick (10), were computed from propeller experimental
performanée data by an only approximate method (10).
2. Thesevcorrection curves are entered with a value for
Jm’ which is not a measure of a single performance item
at the operating condition of the propeller.
3. The value of fa is computed in an indirect manner.
4. The thickness ratio correction fh is approximate; In.
discussing this correction, Hamilton Standard (21)
state: "Since this correction factor is really a function

of some thickness factor integrated along the blade, one
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“would expect a correction based on the three-quarter
station to be only approximéte."
A more accurate method for computing fcomp for a particular
propeller is required. Such a method has not been detérmined here.
In the present work, it is assumed that:

1f fcomp (2, 8, MT), for a given free propeller, may be re-

presented by a number of plots here referred to as fcomp
Plots.

2. The free propeller fcomp plots are assumed to be applicable

to the same propeller installed on an airframe, with the
provision that: J and MT are computed using the reduced
forward speed fJV (see the following discussion of the

Installed Propeller).

A number of items that should be considered in a detailed study of

fcomp are‘briefly discussed in Chapter 4 (pp. 4-20 and 4-21).

Values of £ .
comp

Lockheed LASA 60 airplane, computed using the Hamilton Standard

for some typical flight conditions of the

Method (21), are given in Chapter 4.
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THE INSTALLED PROPELLER
Free propeller performancé characteristics do not directly

specify the perfofmance of the same'propellér inséalled on an
airframe. The installed propeller operates in the presence of

the airframe body (fuselage, lifting surfaces, undercarriage) and
.. . an important mutual interference [ariées]: the flow around
.the'body médifies the conditions under which the'pfopeller operates,
and the flow génerated by the propeller augments the drag of the
body. This mutual interference may be complicated also by the
proximity of the wings of the airplane, whose 1ift is modified

by the slipstream of the propeller" (Glauert, 1).

The following definitions are adopted:

DOFF = power-off airframe drag (Appendix C), 1b

DON = power-on airframe drag (Appendix C), 1b

D = DOFF/E’ 1b

b, = DON/E = "apparent drag" (Glauert, 1), 1b

E = number of engines, each driving one propeller

T = free propeller thrust (tension in the propeller shaft),

1b

'Ta = installed propeller thrust (tension in the propeller

shaft) called "apparent thrust" (Glauert, 1), 1b
T = propulsive thrust: ‘the apparent thrust less the increase

~in drag of the body due to the action of the propeller, 1b.
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P

a

T

p

=T _- (D, - D)

a

Tp is that thrust available to overcome the power-off

drag of the airplane, and to enable the airplane to

climb or maneuver.

free propeller shaft torque, 1b ft

installed propeller shaft torque, called "apparent torque'

{Glauert, 1), 1b ft

L]

free propeller shaft power, ft 1lb/sec = 2mnQ

installed propeller shaft power, ft 1lb/sec = anQa.

The superscript i is added to propeller performance quantities to

denote incompressible aerodynamics, while the absence of a super-

script denotes compressible aerodynamics.

The performance of a particular propeller-body combination

is expressed by equations identical to Equations D.1-D.26 defining

free propeller performance, with the following alterations (10, 40,

\413;
| (1)
1. Tb
(1)
2. Qa
3. P(i)
a
(1)
4. np
(1)
5. fT
P
(1)
6. an

(1

replaces T

(i)

replaces Q

p ()

replaces

(1)

(propulsive efficiency) replaces n
replaces fél)

(i)
fa

replaces

and V is the airplane true airspeed (ft/sec).
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The propulsive efficiency npl

(1) (1)

o VT
p 5@ e

) a a

In straight and level steady flight, Tél) = D so that the pro-

pulsive efficiency is

(1) _ _Dv
o T
a
7
_ Pors'
Ep(l)
a
' P
R . _®
EPél)/SSO EPg
whgre PR =

o
L]

The performance of the propeller-body combination is not
always available. The next two subsections address the computation

of such performance from the performance characteristics of the

free propeller.

Computation of Installed Propeller Performance from Free

is given by

airframe power required (power-off), horsepower
DOFFV/SSO horsepower (Appendix C)
engine shaft horsepower

Pil)/ssovhorsepower (Appendix A).

Propeller Performance

Tractor propellers (those mounted in front of the body) and
pusher propellers (those mounted behind the body) operate in a
flow which is different from the free stream. "The body does not

have the effect of a change of velocity which is uniform throughout
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the entire plane of the propeller disc. With bodies of ordinary
rshéﬁé,rhaving fheirrloﬁgitudiﬁal center lines in the héighbbrh&od
of the propeller shaft axis, the velocity of the air with respect
to the body is reduced very greatly at the center but practicélly
none out as far as the propeller tips' (10) . The drag of the
fuselage, wings and undercarriage influence this flow field
while in generaifthe tail surfaces have a negligible effect on it.
Glauert (1) discusses the evaluatioﬁ of apparent propeller
thrust and torque for a propeller operating in such a non-unifofm
flow field. For a freestream velocity V and a body present,
Glauert represents the axial velocity in the plane of the propeller
(propeller absent) as V(1 - h) where h is a function of radial
position on the blade. The thrust and torque of each annular
element of the propeller are calculated "as if it [the annular
elemenf] were 0perafing in a stream of velocity V(1 - h).
Integration along the blades then gives the apparent thrust Ta
and the apparent torque Qa" (Glauert, 1). More generally, h is
a function of both the radial position on the blade and the blade
azimuth. The body also causes each blade element to experience
a tangential and a radial velocity component. Glauerf ignores
the small perturbations in tangential and radial velocity caused
by the body. 1In relation to the axial velocity he states:
"Although in detailed calculations it is necessary to use values
of the parameter h which vary along the blade of the propeller,
for many purposes it is sufficiently accurate to use a suitable

average effective value of h for the whole propeller. The

TWith tractor propeller(s). D-15



estimation of the behavior of the propeller as modified by the

interference of the body then follows quite simply from the <
characteristics of the undisturbed propeller . . . The apparent
thrust and torque of the propeller in the presence of the body <

and’at the advance-diameter ratio J are determined as the free
thrust and torque of-fhe propeller at the lower advance-diameter
ratio (1 - h)J and at the same rate of rotation'" (1).
For the installed propellér, the advance ratio J is defined
as for Equation D.1,
\

J=H€

where V = airplane true airspeed, ft/sec.
In addition, we defiﬂe fJ, the propeller J-factor, to be
fJ =1 - h, h constant (D.30)
and the apparent advance ratio (the advance ratio seen by the
installed propeller) Ja as

J, = £, = £V/nd (D.31)

The installed propeller characteristics are then written:

(1) = (1) = (1) :
T, 3 =T1 (fJJ) = T (Ja) (D.32)
Qii)(J) = Q(i)(fJJ) = Q(i)(Ja) | (D.33)
The installed performance coefficients are
(1)
X T
C;l) _a (D.34) .
a pn2gd"
(1)
; Q
¢ . 2 (D.35)  »

Q pn2d>
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p(i) zan(i)

cél) = -2 = a_ . g2ncM)
‘a on3d> pn3d> Q,
and the installed propeller efficiency is
(i) ¢y
RO T,V (£5V) _ T,
2 2mQH ¢
a P,

" The use of free propéller characteristics (incompressible) for the
computation of installed characteristics (incompressible} is
summarized in Table D.2.
Installed performance at any {J, B, MT} may be computed by:
1. Assuming a value for fJ-and using thé free propeller
‘characteristics (incompressible) in the manner described.
in Table D.2.
2. Computing the compressibility correction factor fcomp
(see the above discussion of compressibility effects
on free propeller performance).

3. Computing the thrust, installed efficiency and propeller

shaft torque from:

_ Al
¢ =%
a ‘a
i
C =C. /f
Qa Qa comp
T =T
a a
n '_'T]i
a a ~comp
- al/e-
Q = Qa/ comp
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The operation of a propeller on an airplane results in the
propeller éxis being skewed to the airstream at all values but one
of the wing angle of attack, and consequently at all values but one
of the equivalent airspeed, for a given airplane weight and center
of gravity position. Wind tunnel tests 'have shown that tﬁe effect
of this inclination of the axis is to increase the thrust and
torque of.the propeller" (Glauert, 1). 1In the same Reference
Glauert also concludes however "that the thrust and torque of a
propeller are not altered by a small velocity of sideslip or
angle of .yaw.'" He quotes experimental results indicating notice-
able increases in the torque coefficient at sideslip angles of 10
degrees, and rapid increases of the torque coefficient with further
increases in sideslip angle. Weick (10) states that "in actual
flight the propeller axis assumes angles as high as 10 or
12 deg. with respect to the flight path. Full-scale tests in the
20-ft. Propeller Research Tunnel of the N.A.C.A. have shown, however,
that the propeller characteristics are practically unaffected
within that range" (see also Reference 21). Consequently in this
work, installed propeller characteristics are considered invariant
with airplane angle of attack.

The influence of the wing circulation on the thrust and
torque coefficients, in effectively skewing the propeller shaft
to the flow, is neglected in the same manner that the effects of
airplane attitude are neglected. Any perturbation in propeller
axial velocity caused by wing circulation is included in the value

of fJ.
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Dommasch (8) states that the presence of the wing may improve
thé bfobﬁiﬁiveieffiéieﬁéy of a siﬁgle iotationrpropellérr"by
.removing some of the rotation of the wake.! Removing the wake
rotation effects a change in the induced velocity field of the
propeller; and such changes from free-propeller operation are
grossly accounted for here in the value of fJ.

For a specific airframe-propeller combination, the value of
f_is here considered to be invariant with flight condition.

J

The magnitude of fJ is dependent upon the airplane geometry.

Influence of the Slipstream on the Body

In general, the presence of the slipstream in trimmed powered
flight causes changes in the values of the following varigﬁles
from the values they takerin trimmed power-off flight at the same
value of the 1ift coefficient CL (see Appendix C):

1. C,
1
pm

. i i S de
3. a with corresponding values of W Ty 2nd e,

The drag coefficient of the body in trimmed powered flight therefore
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differs from that pertaining to trimmed power-off flight at

the same CL’
In determining the effect of the slipstream on drag, we
first consider the lift-independent drag alone. The variations

in lift-independent drag due to power here considered correspond

: . 2 . , S
to changes in Cme apd ne (the term gthStnt/S in «, only) in

Equation C.29. These variations are (Glauert, 1):
(1) The increase of body drag due to the increased velocity
in the slipstream.
(2) The mutual reaction between the body and propeller due
to the pressure gradient in the slipstream.
(3) The shielding of the nose of the body or the inclusion
of the boss of the propeller inside the body."

The drag of the body with propeller absent may be written:

D = DO + Di
where D = DOFF/E’ 1b
DO = (the entire lift-dependent drag, plus the lift-

independent drag of those parts of the airﬁlane
outside the region to be influenced by the slip-

stream when the propellers are running)/E, 1b

o
"

(the lift-independent drag of those parts of the
airplane inside the region to be influenced by the
slipstream when the propellers are running)/E, 1b.
When the propellers are running, the lift-independent drag of
those parts of the body within each slipstream is altered to Dia

and we may write
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Glauert (1), in considering those parts of the body totally
immersed in the slipstream, shows that the apparent drag Dia may

be written:

: T
D,, =D, A+ B -2
1 mR2pV2

where A 2 1, and B is a constant dependent updn the airplane
geometry. Glauert (1) shows that the vaiue of A is, in general,
approximately unity, especially in those cases where the free pro-
peller thrust has been evaluated from blade forces alone (has not
~included the drag of the boss) which is true in the present work.
In addition, he indicates that the value of B may vary with thé
ﬁropellér advance ratio, but he neither includes such an effect

in his analysis nor discusses the magnitude of the variation.

Consequently any such variation of B will be ignored here (see also =

Reference 21). From Equation D.27, the propulsive thrust is
=T - (D -
=T, (D, - D)
From Equations D.41 and D.42,
Tp =Ty - Dy, - Dy

Substituting Equation D.43 in Equation D.44 yields

‘BD, -
T, =T |[1- —
P TR2pV2

-and since Di is a lift-independent drag, it may be expressed as
a constant multiple of the dynamic pressure pV2/2. Consequently,

T, = T (L - €)
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where € is a small constant. Defining the slipstream interference

factor fD as

. 1 ‘
fD =T - ° constant
we then have
Ta = fDTp

It is assumed that the above argument applies equally to compres-
sible and incompressible propeller aerodynamics, and that fD retains

the same value in both cases. Then
i i
Ta = fDTp

In straight and level steady flight the propulsive thrust

Ti = T° = D and hence
P P

1) o p - £
a a D
= fDDOFF/E
and hence
ETa DON fDDOFF

Equation D.46, in which fD is constant, was derived from a
consideration of power effects on lift-independent drag alone.
It is shown in Chapter 3 that the effects of power on the drag,
in addition to those effects considered in the formulation of
Equation D.46, are small for the LASA 60 airplane. The additional
effects, arising from variations in items 2-5 (p. D-19) due to
power, "are taken to be small for GA airplanes in general. In
this work, all power effects on drag are subsumed into fD‘ While

fD is not strictly constant with variations in power, it is assumed
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to be constant in Equation D.46.
Equations D.30-D.46 are applicable to both tractor and pusher
propeller installations. The magnitudes of fJ and fD are dependent

upon the airplane geometry.

Propulsive Efficiency

From Equations D.37, D.45 and D.28,

(1)
T, " (£,V)

NESIN
a (1)
ZTrnQa
(1)
_ (fDTP )(fJV)
2qp. (1)
Q, |
- (1) | _
= foJnP (D.47)
ni
i a
. n = (D.48)
P,
Substituting Equation D.39 in Equation D.47 yields
n: fcom
L ¥
D°J
=olf (D.49)
np comp ' T

The foregoing diécuSsion has established the fact, expressed
by Equations D.48 and D.49, that the propulsive efficiency for any
set {J, 8, MT} may be expressed in terms of:

1. The installed propeller efficiency ni computed using

incompressible aerodynamics for the set {Ja, B}: the
computation of ni has been discussed.

2. The propeller-body interference factors fD and fJ.
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3. The compressibility correction factor fcomp'

The operation of the installed propeller in straight steady flight *

is subject to the following constraints:

I. The propeller and airframe move with the same forward o
speed.
II. The propeller shaft torque is a constant multiple

(the transmission gear ratio G)Aof the engine shaft
to-rque.+
III. The propeller shaft-speed is a constant multiple
(the inverse of the transmission gear ratio G) of the
engine shaft speed.
In straight steady level flight, the following force constraiht
must also be satisfied:
Iv. The sum of the thrusts ETgi) from all propellers is

equal to the power-on airframe drag f (Equation

DDOFF
D.46).
The above four constraints apply to. the operation of propellers

with fixed or variable pitch. All fixed pitch propellers operate

with the additional and final constraint:

V. The blade angle B is invariant. v |
- We now seek an understanding of the functional nature of
ni subject to the constrain;s I and IV. This is achieved through
a study of the Speed-Thrust Coefficient C;. Presentation of
propeller performance in terms of C; is an extension of the ﬁethod
of analysis presented by Pye (12) and Kerber [The Lesley-Reid

Method] (2) for the performance analysis of fixed pitch propellers.

¥ - : ' ;
After auxiliary equipment power P X has been removed from the engine.

shaft: see Figure A.2. AU
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The Speed-Thrust Coefficient:

Consider the problem of determining the propeller speed n
revolutions/seéond and blade angle B which maximize the efficiency
of a given free propeller, under the comnstraints of a prescribed
forward speed, air density and thrust. Assume that compressi- |
bility effects are absent.

This computation is facilitated by plotting a propeller
parameter that incorporates all of the known quantities
V, o, Ti, d) versus a second propeller'parémeter containing the
unknown n, for fixed values of blade angle B‘and efficiency ni.
Two such parameters are reépectively Ti and J. The cémputation
proceeds by calculating the value of Ti from the given quantities,
and picking off the Ti:J plot that value of J which corresponds
to maximum efficiency at the fixed value of Ti. The blade angle
required is readily determined at the resulting {Ti, J} point.

The required value of n is then calculated from the value of J.

The task of interpolation on such a plot .is made easier by

plotting

i J 1

Cp = =
v.i V.1

C T
T c
. _vd
/o

versus J2 for fixed values of B and nl. The quantity C; is here

defined as the propeller Speed-Thrust Coefficient. The plot of

C;:J2 for the McCauley C33/90M-4 constant speed free propeller is

presented in Figure D.6. Plotted in this manner, the lines of
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constant blade angle 8 are almost straight and equally spaced.
The dotted contour lines of constant efficiency clearly define
a three-dimensional surface, an efficiency ridge. The line of
maximum efficiency running up this ridge indicates the maximum
efficiency achievable for any value of C;; and the corresponding
value of J? provides the propeller speed n necessary to achieve
that efficiency when V and 4 are known. In Figure'D.7 Cé is
plotted against 1/J which is essentially a scale of n revolutions/
second for any fixed values of V.and d: the efficiency ridge is
again clear. For any fixed value of the blade angle 8, the
efficiency ni is seen to remain almost constant at the higher
values of C%.

Now consider an airplane in straight and level steady
flight, with E propellers each providing identical thrust. Then,

for each propeller,

i J £,vd
¢ =& - (D.52)
Ra /I y .

Ta a P

where V is the airplane true airspeed, ft/sec (constraint I).

Invokipg Equation D.46 for Ti {constraint IV) and Equationic.l

for DOFF’
2f§Ed2 I

N o (D.53)

For a given airplane, the only variable on the right hand

side of Equation D.53 is the airframe power-off drag coefficient

'CD, whicn is a function only of V

£’ W and h (Appendix C) where
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=_equivalent airspeed, knots

,,VE =
W = gross weight, 1b
h = center of gravity position.

For any value of CD, the right hand side of Equation D.53 may be

computed (values of C; so computed for the LASA 60 airplane are
, a

Tnt+tad in Rignra N 9\ nnfoving +ha :meo nranoel Tar {‘1.‘[2
W Wl ik & & & . J . Aedd A 23 L2 ¥4 P - y‘.v kAl L -

with this computed value of C; gives the variation of {n;, B}
a

with Jg, and the values of {Ja, B8} yielding maximum n; are obtained.

Now
f.v 101.34 £ .V
3, = "%E - JE ~ (D.54)
NV/od
where N = 60n = propeller revolutions/minute i
o = atmospheric density_ratidf(Appendix B).

For a given airframe and propeller in straight and level steady

flight, the C; :J2 plot (such as Figure D.6) therefore represents
d
a

. . . i,
a three-dimensional surface, whose height n, is

i i . v
na = na[VE’ W, h, N, U] | o (D.55)

and upon which lines of constant R are inscribed.
For a given airframe and propeller in straight and level

: i .52 ‘o
steady flight, the CRa.Ja plot, the fcomp plots and Equations D.48

and D.49 together define:

n, = np[vE, W, h, N, o, MT] (D.56)

This is a complete definition of np.

TStandard and non-standard atmospheric conditions.
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Propeller Shaft Torque

Since the airframe power required P_ is a function only of

R

{V_., W, h, o} (Appendix C and Chapter 3), we have from Equations D.29,

E,
D.48 and D.55:

i i_ i '
P, = 2mQ, = Pa[VE, W, h, N, o]

Hence the propeller shaft torque Q; is:
i i : ,
Qa - Qa[VE’ w: h) N, 0] (0'57)
For a given airframe and propeller in straight and level

steady flight, the C; :Jg plot, the C; :J, plot and Equation D.36
a a

together define the function in Equation D.57. This is a complete
definition of Q;.
Similarly, from Equations D.29 and D.56:

P, =2mQ, = Pa[VE, W, h, N, o, MT]

Hence the propeller shaft torque Qa is:
Q, = Q[Vg, W, h, N, o, M]] | (D.58)

For a given airframe and propeller in straight and level

steady flight, the c; :32 plot, the c;

:J_ plot, the f
a a 2

comé

plots, and Equations D.36 and D.40 together define the

function in Equation D.58. This is a complete definition of Qa'
Qa and N are used in the computation of the engine shaft

torque and rotational speed respectively (constraints II and III).

Propeller Blade Angle

For a given airframe and propeller in straight and level
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1.

2.

10.
Finally,

11.

12.

13.

steady flight, the lines of constant g in the C;

a

the functional relation

8 = 8[Vg, W, h, N, o]

D.38 and D.52.

PERFORMANCE MODEL

For a given set {VE, W, h, N, o, MT} the propulsive

blade angle B are computed in this work as follows:

Assume values for fJ and fD

Compute C; - Equation
a
Compute Ja - Equation
Compute C; - Equation
a :
Compute B - Figure D.
Compute C; - Figure D.
’ a
Compute n: - Equation
Compute n; - Equation
Compute P; - Equation

Compute Q; = P;/Znn

the effects of compressibility are included:

Compute fcomp - See page
Compute np - Equation
Compute Qa - Equation

D-29

:Jg plot define

Equation D.59 displays no MT dependence by virtue of Equations

~efficiency np’ the propeller shaft torque Qa and the propeller

D.53

D.31

D.52

D.37

D.48

D.36

D-11

D.49

D.40

(D.59)



The computation of 8 (Step 5) could be performed using Figure D.2

with the available values of C% and Ja. The advantages of using
a

the Speed-Thrust Coefficient Figure D.6 are:
1. It affords physical insight into the variation of
i,
N, in {VE, W, h, N, o} space,
2. It identifies the trajectory of maximum n; in

{V W, h, N, ¢} space.

E,

CHARACTERISTICS OF THE McCAULEY C33/90M-4 CONSTANT SPEED FREE PROPELLER

Geometry
The geometric data of Figure D.1 were provided by the McCauley
Accessory Division of the Cessna Aircraft Company (Drawing Number

90M).  The modifiéd RAF.6 section used is described by Weick (10).

Performance: Incompressible Aerodynamics

The performance characteristics of the McCauley C33/90M-4
constant speed free propeller (provided by McCauley) are presented
in Table D.1. The power coefficient Cg, efficiehcy ni, and thrust
coefficientvC% are given for a range of advance ratios J from zero
through 0.9, for various values of the blade angle g degrees.

The data were computed using a Goldstein-Lock analysis
(1, 8). McCauley was not able to provide any supporting test data.
The following should be noted with regard to the computations:

1. The propeller was assumed to operate in a free stream

of uniform velocity. No account was taken of the presence
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of a body in detérmining,the inflow velocity or the
wake structure. The free stream velocity was parallel
to the propeller shaft axis.

Radial integration was performed between 20% and 100%
of the propeller tip radius R. In this manner the
preéence of the spinner was recognized, although no
account was taken of its effect on the inflow velocity
field.

Zero drag is attributed to the radial stations inboard
of 0.2R.

The analysis used experimental two-dimensional 1ift and
drag coefficient data from early NACA tests of modified
RAF.6 airfoil sections with various thickness to chord
ratios (similar data are given by Weick, 10)}. These
data were taken for a Reynolds number of 1.0 x 106,
based on airfoil chord as the length measure.

The thickness and chord distributions of the C33/90M-4
propeller blade were properly represented in the‘analysisi
For those inboard stations where the blade sections
deviate from the modified RAF.6 (0.2R-0.35R), the
section was assﬁmed to be a modified RAF.6 section

with the correct thickness and chord.

No account was taken of compressibility effects.

The blade angle B is measured between the plane of

rotation and the flat face of the blade, at a radius of

0.75R. Although the computations assume rigid propeller
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blades, the.performance figures may be used for a
flexible propeller when B is considered to be the blade
angle in operation (5, 10).

The performance characteristics in Table D.1 are plotted in

Figures D.2-D.4.

3
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TABLE D.1

PERFORMANCE CHARACTERISTICS OF C33/90M-4 TYPE PROPELLER

o R e

_Cp
.02L45
.0308
.0373
.0hL1
.0525
.0629
L0719
0771
.0785
L0787

L0244
.0309
.0382
.05k
.0526
.0622
.0729
.0806
L0837
.0839

.0235
.0303
.0379
.OL6k
.0546
.0620
0727
.0831
.0895
.0912

.0212
L0282
.0362
.0k52
.0548
L0641
.0725
.0833
.0931
.0986
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7

.2953
2748
.2551
.2310
.2045
.1695
.1k02
.12k1
.1187

118k

.516kL
L4875
L4579
.4300
.LOOk
.3527
.2890
.2L39
.2223
L2173

6696
.6153
.6132
.5808
.5501
.5188
L4667
3790
.3259
.3021

Cb
,0807
.0928
.1009
.1062
.1058
.1033
.1009
.0998
.0995
.0995

0721
.08kL9
L0974
.1049
.1076
.105k
.1022
.1000

- .099k

.0993

L0607
.0739
.0868 -
.0998
.1093
.1093
.1051
.1013
.0995
.0991

L0473
L0607
.0Tk0
.0875
.1005
.1109
.1128
.1052
L1011

- .0993
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TABLE D.1
(continued)

PERFORMANCE CHARACTERISTICS OF C33/90M-4 TYPE PROPELLER

g

10
12
1k
16
18

20

22
2k
26
28

10

12
14
16
18
20
22
24
26
28

1k
16
18
20
22
2k
26
28

30

32
- 18

20
22
2k
26
28
30
32
3k
36

5

S
.0170
.02kk
.0328
.0k22
.052k
.0633
.0Th1
.0836
.0938
.1031

.0112
.0185
0272
.0372
.0L80
0595
.0723
.08L43
.09LL
L1049

.0198
.0300
LoLh1h
.0536
L0670
L0814
.09kk
.1048
.1160
L1241

.0326
L0455
.0596
.0Th6
.0903
.1ok2
.1156
127k
.1357
L1k
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.7519
.T5k2
. 7293
.6973
6648
.633L
.5976
.5487
4548
.394k

L6911
.8053
.8102
. 786k
L7551
L7227
.6866
L6517
.6096
.5221

.8396
.8490
.8261
.T949
L7568
.7219
.6933
6584
o .57k
.5061

.8751
.8529
.81kl
JTTTT
L7501
L7281
.695L
.61L5
.5499
5027

i

_¢Cr

.0320
.0L60
.0598
.0736
.0871
.1002
.1107 .
L1147
L1067
.1017

.0155
.0298
.Obk1
.0585
.0725
.0860
.0993
.1099
.1151
.1095

L0277
.0k24
.0570
.0710
.0845
.0979
.1091
.1150
.1110
L1047

.oLo8
.055L
.0693
.0829
.0968
.108L
1148
1118
.1066
1015




TABLE D.1
(concluded)
PERFORMANCE CHARACTERISTICS OF C33/S0M-4 TYPE PROPELLER
I B Lo n [
.8 22 .0500 .8596 .0537
. .8 2L .0659 .82540 L0679
T .8 26 .0821 .T961 L0817
. .8 28 .0990 .T755 .0960
- .8 30 .1143 .T553 .1079
i .8 32 .1269 .7233 L11h7
8 .8 34 .1393 .6L59 .1125
g .8 36 : .1k79 .5843 .1080
- .8 38 L1541 .539L4 .1039
5 .8 L0 .1540 .5264 .1013
- .9 2k .0549 .8579 .0523
b .9 26 .0721 .8343 . 0668
j .9 28 .0896 .815k .0812
: .9 20 .1080 .7959 .0955
.9 32 .1250 L7763 .1078
.9 3L .1388 LThb1 .11L48
.9 36 L1517 L6701 L1129
.9 38 .1607 .6113 .1092
.9 Lo L1670 ‘ .5691 .1056
- .9 L2 .1672 .5538 .1029
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TABLE D.2

DETERMINATION OF INSTALLED PROPELLER CHARACTERISTICS
FROM FREE PROPELLER CHARACTERISTICS IN THE
ABSENCE OF COMPRESSIBILITY EFFECTS

Each free propeller chart with coordinates (x, y, 8) may be used
directly to determine the characteristics of any geometrically
similar propeller installed on an airplane (when scale effects
due to Reynolds number variation are negligible), by reading the
coordinates (x, y, B) as (xa, Yoo B) defined below.

7™

Free Propeller Installed Propeller
Characteristics Characteristics
X Yy Xa }’a
. f.v . .
=V_ = Tt /on2al - J i _ i, 2.4
J ) = T"/pn“d Ja = 03 CTa = Ta/on d
= ol /on245 i _ ai/0n245
J Q*/en2d 3, Cq = Q/emd
- pl,n.3,5 ' i _ pil, 345
J = P /on3d J, c, =P, /en’d
oAl i i_i i
J = CTJ/CP Ja na CT Ja/CP
a a
T R B 1 _ i, e2y2,2
J = T /pV4d J, Tc Ta/ofJV d
= ot/av243 1 _ ol oe2v243
J Q' /evad J, QC. Q/e£2vaa3.
S V4 . s ._1/5
= 1.2 1 1.2
J = V[o/P*n?] J, ¢ = £,v[e/Pn?]
3 . 1 i 1
vda/fT /o Ja CR fJVd/ Ta/p
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APPENDIX E

THE NATURALLY ASPIRATED ENGINE PERFORMANCE MODEL

INTRODUCTION

This Appendix presents a method for the computation of the per-
formance of naturally aspirated, spark-ignition, fuel injection,
4-stroke reciprocating internal combustion engines, measured in terms
of Brake Horsepower and Brake Specific Fuel Consumption. The method
in&olves: |

1. Computation of Indicated Horsepower at the required

operating point, from

a) The indicated horsepower develope& at a reference
operating point.

b) Scaling functions of the operational parameters.

2. Computation of the Lost Horsepower at the required oper-

ating point.

Uniform distribution of induction air and fuel flow to all
cylinders is assumed, a condition closely approaéhed by an engine with
a well designed. induction system and a fuel injection system. This
discussjon pertains to well designed engines utilizing inlet
port fuel injection systems. The difficulties of modelling the
effects of non-uniform induction air distribution due to bad inlet

- manifold design, or non-uniform fuel distribution associated with



carbureted engines, are avoided.

The engine is assumed to operate with all cylinder heads at a common
uniform temperature. Similarly, a uniform inlet manifold. tempera-
ture is assumed between the throttle butterfly and the inlet valves.

All computations pertain to a dry atmosphere. For detai;s on

the effects of humidity on engine performance, refer to Taylor (13).

Basic Definitions

The macroscopic gas processes which determine the work output
of any spark-ignition, 4-stroke reciprocating internal combustion
engine may be characterized by a pressure-volume (pV) cycle diagram.
Such a diagram, typical of a naturally aspirated aircraft engine, is
’shownﬁin Figure E.1l, which represents the processes in one cylinder.
Following Obert (29) the Indicated work of each cycle is Aé-
fined as area (A+C) of Figure E.1, while the Pumping Work is defined
as area (B+C). The indicated work is the energy delivered to the
piston by the gases in the cylinder during each cycle; while the pump-
ing work is the work done per cycle by the piston in expelling burnt
gases from the cylinder and drawing in a fresh charge.
The Indicated Horsepower (IHP) of the engine is the rate at which_
indicated work is done on all the pistons of the engine.
The Pumping Horsepower (PHP) is the rate at which pumping work
is done by all the engine pistons. ‘ |
Associated Qith the gas prbcesses of Figure E.1, but not shown
therein, is the work done by the entire engine in overcoming mechanical

friction. The horsepower required for this is denoted by MHP (Mechanical
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friction Horsepower).
The horsepower consumed by pumping and mechanical friction is
not availabie as useful power at the engine shaft, and therefore is
referred to herein as Lost Horsepower (LHP):
LHP = PHP + MHP (E.1)
The horsepower available for useful work at the engine shaft i§

Brake Horsepower (BHP):

Pr = BHP = IHP - LHP : (E.2).
27
= Gzom & N (E.3)

engine brake torque (1b ft}

where QE

NE engine shaft speed (revolutions/minute)

Mean effective pressure (MEP) is work done per unit time, diyided
by engine power-stroke displacement per unit time (13). Hence,
brake mean effective pressure is (29):

BMEP = 458.33 (BHP]/DNE 1b/in2 © (E.4)

where D = total engine displacement (cubic ft).. Similarly, indicated mean

~ effective pressure is:

IMEP = 458.33 (IHP)/DNg 1b/in° (E.S)

and the lost mean effective pressure is:

IMEP IMEP - BMEP

458.33 (LHP) /DNy 1b/in? (E.6)

The fuel economy of a reciprocating internal combustion engine is
usually measured by its Indicated Specific Fuel Cbnsumption (ISFC) or
its Brake Specific Fuel Consumption (BSFC). If the fuel mass flow

rate into the engine is ﬁf 1bm/hr then:
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£ pm/IHPehr (E.7)

ISFC = THD
he |
BSFC = AP 1bm/BHP *hr (E.8)
Conseqhently,
1 1 LHP
BSEC = ISFC ~ = (E.9)
Mg

Design Parameters and Operational Parameters

Many parameters, both design and operational, determine the quan-
tities IHP, LHP and hence BHP, ISFC and BSFC. Full treatment of these
parameters may be found in References 11-14, 29.

Design parameters are those fixed by engine design such as: engine
geometry, corpression ratio, valve timing , gasoline octane rating ,
fuel metering system, air induction system, exhaust system, bearing
design and so on. In the present study the design parameters are con-
sidered quahtities not under our control.

Operational parametefs characterize the environment and mode of

operation of the engine. These are:

1. Fuel-dry air mass ratio F
2. Ignition timing : T
3. Inlet manifold absolute pressure Pm
4. Inlet manifold temperature Tm
5. Cylinder head temperature » CHT
6. Exhaust back-pressure ’ P,
7. Exhaust gas temperature Te
8. Engine shaft speed » N



9.7 Engine brake torque o ,QE
10. Atmospheric mass ratio water vapour/dry air h
These apply to both naturally aspirated and turbocharged engine types.
Each operational parameter is here considered to be measurable during
the operation of the engine; and with the exception of atmospheric
humidity, each is considered to bé controllable (its steady state
value may be set within a finite range). However, the operational
pafameters are not independently controllable, so that only a limited
number of them may be prescribed at any one time. The means availa-
ble for controlling the operational parameters are:
a) Fuel flow lever
b) Variable spark-advance system
c) Throttle
- d) Induction air heater (and after-cooler in the case of

turbocharged engines)

) Turbine waste-gate and nozzle geometry, in the case of turbo-
"charged engines
g) Propeller governor

h) Flight altitude

- The operational parameters primarily influenced by each of these con-

trols are indicated in Table E.1.
The discussion following addresses the computation of engine per-
formance, and its variation with changes in the operational parameters

1-10, with the exception of atmospheric humidity.
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INDICATED HORSEPOWER

The well known expression for indicated horsepower is written (13):

IHP = KJ m . E.10
£ UMy (E.10) .{
o — . { 1\
= KJ ma F QC ni. (E.11)
sietr Uw cemstant = 1/LED X 7830 o, hwiFfr.ih

J = ﬁechanical eduiyaleﬁt of heat = 777;98 ff;lb/Btuv
me = fuel mass flow rate , 1bm/hr |

m o= dry air mass flow rate, 1lbm/hr

F = fuel-dry air mass ratio = ﬁf/ﬁa

Q. = heat of combustion per unit mass fuel, Btu/1bm
n. = indicated thermal efficiency

1

Aviation gasoline is here taken to have the properties (13):

C8H17 Chemical composition

Mf = 113 Molecular weight

Fc = 0.067 Stoichiometric fuel-dry air mass ratio
QC = 19,020 Lower heat of combustion, Btu/lbm

Using Equation E.11 we may write, for a change in operating.condi-

tions from point 1 to point 2:

"a, 11E || T, |
mp, = P, | —2 [ {2 |1 (E.12)
2 1= F o
m 1 i
a 1

Air Mass‘Flow Rate

The total induction mass flow rate (denoted ii 1bm/hr) through

the engine consists of a mixture of dry air, fuel and water vapour.
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This induction mixture flow rate is conveniently expressed in terms of

the volumetric efficiency of the engine (13):

m = 60 n, NED pi/z ibm/hr (E.13)
where n, = volumetric efficiency based on inlet manifold density
NE = engine shaft speed, revolutions/minute

total displacement volume of the engine, cu ft

(O

i density of mixture at the inlet port, 1lbm/cu ft

Defined in this way, '"the volumetric efficiency measures the pumping
performance of the cylinder and valves alone" (13). This definition
is the most convenient measure of pumping performance in turbocharged
engines, and is retained for use with naturally aspirated engines.

Letting P be the mass of dry air per unit volumg of fresh mix-
ture at the inlet port,(and since ﬁa/pm = ﬁi/pi)we have the dry air
mass flow ratevﬁa as:

.

m, = 60 ny, NED pm/2 1bm/hr (E.14)

Hence the variation in dry air mass flow rate from operating con-

N o) |
E m
2 2
[N .‘ [p -l (E.15)

dition I to 2 is:

Inlet Air Density

The inlet manifold density of dry air is expressed (13) as:

_m 1 L el3 '
pm =R N W 1bm/ft (E.16) -

1+ F(;ff-) + h(gD)
w




In this work, where engines using inlet port fuel injection are stud-

ied, we may take (13):

Pm = inlet manifold absolute pressure, 1b/ft2
Th = inlet manifold absolute temperature, degrees Kelvin
Ra = gas constant for dry air

= 96.03474 ft 1b/1lbm.degree Kelvin

Ma = molecular weight of dry air
= 28.96408
Mw = molecular weight of water

= 18.016 (Ref. 42)
h = mass ratio of water vapour to dry air where Pm and Tm are
measured.
The values of Ra and Ma have been computed from the sea level values
of pressure, temperature and density in the standard atmosphere (see
Appendix B).

The contribution of F in Equation E.16 is here ignored since fuel
evaporation is by no means complete during the induction process with
inlet port fuel injection. In addition, humidity is not considéred
as a variable in this Study: all computations pertain to a dry atmos-
phere. Consequently, Equation E.16 is here used in the form:

Pr 3
p. = BT l1bm/ft (E.17)

anm

and the variation in inlet manifold dry air density from operating con-

dition 1 to 2 is:

=5 7  (E.18)
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‘Volumetric Efficiency

The volumetric efficiency (based on inlet manifold conditions

as defined by Equation E.14) may be expressed by the functional rela-

tionship: ‘
| n, = n,[Ng, CHT, T_, P, P, ¢] e (E.19)
where N = engine shaft speed

CHT = cylinder head temperature

Tm = inlet manifold absolute temperature.

Pm = inlet manifold absolute pressure

Pe = exhaust absolute back-pressure

¢ = equivalence ratio, defined as:

¢ fuel-air mass ratio of fresh mixture
stoichiometric fuel-air mass ratio

= F/F (E. 20)
c \
All engine design ratios have been omitted from Equation E.19 since
they are not variables. We seek an expression for the variation of

n, when the operational parameters in Equation E.19 are varied from
condition 1 to condition 2.

Taylor (13) writes the functional relation for volumetric effi-

ciency in the form of non-dimensional groups. He has (with some re-

arrangement) :
Pm T.C TCC
n, = fI[Z’ oo RN , Tﬁsz s ?6—2-, F, Ry 5 -eo Rn] (E.21)
e c c
where Z = inlet valve Mach Index, defined in terms of piston

speed and speed of sound in the inlet manifold

2°

Réynolds Index based on the speed of sound in the
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inlet manifold
C_ = specific heat of fresh mixture at constant pressure
T_. = coolant temperature (for liquid-cooled engines), here
taken to be cylinder head temperature
Rl""Rn = engine design ratios. |
Taylor (13) shows that:- |

a) n, is a unique function of Mach Index Z for a given engine
(Z is defined by Equation E.44). For the reasonably small
variations in piston speed and inlet manifold temperatufe
encountered herein, with variation of operating condition
for a given engine, the functional dependence of n, on Z is
ignored.

b) n, is a non-linear function of Pe/Pm, dependent on the value
of Z. Variations of n& with back-pressure are reflected in
variations of Brake and Indicated horsepower.

Lycoming (25) states: 'Many tests‘have been made, includ-
ing some at Lycoming; which show that the weight air consumed,
and therefore the IHP developed at constant mixture strength,
is inversely proportional to the exhaust back pressure raised
to the one tenth power." Pye (12) states: '"The effect of a
change of the exhaust back pressure upon the BHP of an engine
Qill depend a good deal upon the speed and the valve timing;
and the magnitude,of the effect will be different according
to whether the back'pressure is ‘above or below that in the
inlet manifold."

In the present work, the functional dependence of volu-

metric efficiency on engine pressure ratio Pm/Pe is taken to be
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c)

d)

n P € Pe €
2| M| P 2 }?
v

n P P
1 €2 1

(E.22a)

and € = 0.1 is used as a typical value.
The effect of Reynolds Index R, on volumetric efficiency is
negligible.

Volumetric efficiency varies almost in direct proportion to

TO'S.
m

Lycoming (25) have found that, for Lycoming naturally aspirated
aircraft engines employing inlet port fuel injection, the

indicated horsepower and the air mass flow rate are both pro-

portional to l/TO'S, at sea level (and at altitudes above

sea level - Reference 43) where T is the fuel injection sys-
tem airbox inlet absolute temperature (the airbox houses
the air throttle butterfly).
In the present work involving naturally aspirated inlet
port‘fuel injection engines, we modify this Lycoming
result and write
now—
Ta T (i€

T
m

where Tm is the inlet manifold absolute temperature. Compar-

ing this expression with Equation E.14 yields
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t
n, Tm
so that
T €
M |
N T (E.22b)
Y1 m ‘

This variétion accounts for

i)  The effect of fuel evaporation on the mixture tempera-
ture at inlet valve closing

ii) Heat transfer to the mixture from the engine: from the
inlet port, inlet valve and cylinder walls wﬁile the
inlet valve is open.

In accordance with the findings of Lycoming, € = 0.2 is used

in this work as a typical value; and this value is here taken

to be invariant with flight altitude.

Coolant temperature change (in liquid- cooled engines) has

a small effect on volumetric efficiency over a range of

610250°R. The variation is éxpressed as

n TC + 2000
2 1

n, TC2 + 2000

{coolant temﬁeratures Tcl and T;Z in degrees Rankine) about
a nominal operating point Tcl = 610°R. The corresponding
nominal operating point cylinder head temperature (CHT)
would be greater thah 610°R, and a 1°R vafiation in coolant
temperature would correspond to a larger variétion in CHT.

With air-cooled engines, the temperature of the cooling

air affects the CHT which in turn affecis volumetric efficiency
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.(as here defined) by heat transfer from the inlet pori,i
inlet valve and cylinder walls. This effect is accounted
for with normal levels of CHT and changing Tm by the factor
in Equation E.22b. Variations in CHT itself are here con-
sidered to have no effect on that factor, nor to vary
volumetric efficiency when Tﬁ is fixed. It is recognized
that large departures in CHT from normal values will almost

certainly violate these two assumptions.

f)  Fuel-air ratio affects the temperature drop of the inducted
mixture due to fuel evaporation. The effect of fuel evapora-
tion on volumetric efficiency, included in (d) above, is
here considered tb be invariant with fuel-air ratio.

Considering items (a)-(f) above together, the change in volumetric

efficiency (for engines employing inlet port fuel injection) from op-

erating point 1 to 2 is expressed:

n T £ P 3 p £
v m t m P e P
ET T R e I (£.23)
n, 1T P Pm '
1 € 1

(o
H
N

Fuel -Air Ratio

Equation E.12 shows that the variation in IHP from condition 1 to
2 is in direct proportion to the variation in,fuel-air ratio, for con-

stant dry air mass flow rate and constant indicated thermal efficiency.
Note that
2
F1

9—'-6-
— o

(E.24)
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where ¢ = equivalence ratio.

In General Aviation piston engines, fuel is metered to the engine

for three purposes:

1. To provide a combustible mixture for the development of power.
2. - To aid in cooling the engine, especially at high power levels.
3. To ensure detonation-free operation.

The fuel-air ratio appropriate to the various regions of engine opera-

tion is discussed under the heading Fuel Métefing Schedule below.

Indicated Thermal Efficiency

The indicated thermal éfficiency measures the efficiency of ;on-
version to indicated work of the total heat energy available in the
fuel burned. The total available heat energy per unit mass of fuel
is Qc’ the lower heat of combustion (13).

Comparison of Equations E.7 and E.10 shows the relationship between
indicated thermal efficiency and indicated specific fuel consumption,

1

n; = KJQ, (1SFC)

(E.25)

The indicated thermal efficiency of a spark ignition reciprocating
internal combustion engine can never exceed the ideal efficiency of

the 'constant-volume air cycle' for which

n=1- @' | (E.26)
where r = the compression ratio of the cycle
Y = the ratio of specific heats for air, considered as a perfect

gas.

While useful in establishing an upper bound for efficiency, the constant
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volume air cycle does not consider the phenomenon of combustion. The

idealized cycle which does consider combustion is the 'constant volume

fuel-air cycle' whose indicated efficiency is somewhat lower than that

of Equation E.26 because (13) of:

1.

2.

Variations in specific heats of the gases

Progressive and incomplete oxidation of the fuel to CO2 and

50.

Real four-stroke spark ignition;engines demonstrate indicated

thermal efficiencies below those computed for their equivalent constant

volume fuel-air cycles which "represeﬁt the 1imit which can be approach-

ed by spark-ignition engines'" (13). Departures from this limit, accord-

ing to Taylor (13) may be attributed to:

1.

2.

Leakage - blow-by, usually insignificant

Incomplete combustion - failure to reach theoretical chemical -
equilibrium before the exhaust valve opens.

Progressive burning - finite flame speed.

Time losses - the loss of work done on the pistons due to
piston motion during combustion.

Heat losses - losses of heat energy to the piston, cylinder
head and cylinder walls during the compression and expansion
strokes. |

Exhaust losses - due to opening the exhaust valve before bot-
tom dead center. This loss is seen as a roundoff in the pV

cycle diagram during the blowdown process.

As a consequence of these considerations, the following functional

relation may be written for the indicated thermal efficiency of a given
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engine burning a particular type of fuel:

n‘ = f2[¢’ T', N > Pm’ P

i T_, CHT, h) (E.27)

e’
where T = ignition timing: the number of crank angle degrees before
top deac center (BTDC) at which the spark (ignition event)
occurs.
In‘Equatién E.27 the compression ratio and engine geometry (including
valve timing and number of ignition points per cylinder) have been omit-
ted since they are here considered to be constants, as are mixture homo-
geneity and the condition of the spark. In addition, the residual ex-
haust gas fraction is accounted for by ¢, Pm' Pe and Tm. |

Since indicated work is obtained di;ectly from the pV cycle diagran,
the indicated thermal efficiency may be obtained from the pV cycle diagram
and a knowledge of the fuel mass burned during the cycle. The contribution
to ny of each of the arguments of f2 in Equation E.27 might well Be described
in terms of its effect on the pV diagram. It is more convenient however,
to consider an equivalent plot of cylinder pressure versus crank angle
for this purpose.

Figure E.2 shows a typical trace of cylindér pressure versus crank
angle for the compression and power strokes. The magnitude of the
indicated work is determined by:

(a) The magnitude of §, the location of the pressure peak in crank

angle degrees after top dead center (ATDC)

(b). The magnitude P6 of the peak cylinder pressure

(c) The shape of the pressure versus crank angle curve

of Figure E.2, which together determine the area (A+C) of Figure E.l.
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We -are concerned with maximizing indicated thermal'efficieﬁcy, and’
therefore with maximizing the sum contribution of (a)-(c¢) to indicated
work for a given mass of fuel burned. Maximizing indicated thermal
efficiency contributes to minimizing BSFC (Equations E.25 and E.9).

It is well known that for wide variations in the operating
conditions of any spark-ignition internal combustion engine, maximum
torque is obtained when the pressure peak P6 falls within a very small
neighborhood of 6=60 (2 constant) crank angle degrees ATDC. Pye (11)
determines a single angle 6=50 = 12° ATDC for the enginesin his discussion;
Curtiss Wright (15) claim 60 = 15° ATDC for their Turbo Compound TC18
engine; and Powell (44) found 60 = 15.7o ATDC a good mean value for his

work with a CFR enginef. Since variation of the location of Pébcannot
significantly affect the Lost Horsepower, it is apparent that
indicated work and hence indicated thermal efficiency are both

maximized by so positioning the pressure peak.

Consider the operational parameters which determine the location ¢
~of the pressure peak Ps-

.Following the ignition event, there is a delay interval du:ing which‘
no appreciaﬁléArise in cylinder pressure occurs due to combustion. The
délay interval is characterized by a time period Td and a.change in crank

angle 6 Following the delay interval is the pressure rise interval,

q
during which the cylinder pressure rises to its peak value. The pressure
rise interval is characterized by a time period Tp and a change in crank

angle ep. The following functional relations may be written from Pye(11)

and Taylor (13):

+This fact stimulated the successful attempt by Powell (44) to use cylinder

pressure peak position feedback in the closed-loop control of 1gn1t1on
timing for minimum brake specific fuel consumption.

E-17



Td =‘f3(¢) , | (E.28)
64 = £,(Ng, ) (E.29)
6, = £5(¢5 T P, £, 1) (E.30)

where T, is the mixture temperature at the ignition event.
PT is the mixture pressure at the ignition event.

. f is the residual exhaust gas fraction.

Pyé(ll) shows that Td is not sensitive to changes: in TT and PT; also Td
was found to be virtually independent of engine speed NE’ but dependent on ¢.
Consequently ed varies approximately in direct proportion to NE’ and
varieé with ¢. The pressure rise time Tp decfeases with increasing flame
speed, which in turn increases with turbulence level and hence with engine
speed. As a result, Gp is virtually independent of NE for fixed values
of ¢, TT, PT, f and 'h. The flame speed is strongly dependent on ¢
and TT (29); it is also dependent on f(11) and h( 13, 44).

Consequentiy the crank angle interval between the ignition event
“and the peak of the cylinder pressure‘is, from Figure E.2 and Equations
E.29, and E.30:

T+ 6=-Od+-6p = f6(¢,NE,Pm,Pe,Tm,CHT,h) (E.31)
where, for a given engine: TT and PT have been assumed to be determined
by Pm’ Tm’ CHT and h; and the residual gas fraction f of the charge by

¢, Pm’ P and Tm.

e
Rearranging,
8 = f6(¢, Ngs Pm, Pos Tos CHT, h) - 1 (E.32)
For maximum n; we have 6=60 a constant, for variations in the engine
operating conditions: in particular for variations in the arguments of
the function f6 of Equation E.32. Constancy of § under these conditions

can only be achieved through variation of ignition timing t. The value

of =1, which establishes maximum torque and hence maximum ny in any
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operating condition is called Minimum ignition advance for Best
Torque (MBT). Considering any variation in § about 60 at MBT to
be itself dependent only on the arguments of f6’ we may express

the MBT ignition timing T, as

Ty = £5(6,Ng,P P CHT,h) ~ (E.33)

e’Tm’
"Generally, the purpose of using a spark timing other than

that for best power is either to control detonation or to make it

unnecessary to re-adjust the spark as a function of engine operating

conditions'" (Taylor 13). Detonation is discussed in Appendix F.

The use of fixed ignition timing is the current practice in General

Aviation piston engines.

Variation of ny with each of the arguments of f2 in Equation
E.27 is now considered.

' Equivalence Ratio and Ignition Timing:

These two arguments are considered together because of their pOWér—
ful interaction in determining n;. Figure E.3 (45) depicts the
performance of a naturally aspirated Volkswagon automobile engine
tested under the conditions:

1. Constant RPM

2. Constant fuel flow rate ﬁf

3. Air-fuel ratio and hence torque varied by throttling.

Hence Pm i; not constant.
No indication is given by Reference 45 of the variation of

P, T

e Tpo CHT and h in Figure E.3. The parameter X is the inverse of
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equivalence ratio ¢ (A < 1 is a mixture richer than stoichiometric,

A > 1 is a mixture leaner than stoichiometric). Variation of BMEP
(which is proportional to engine shaft terque) and BSFC are shown along
lines of constant ignition timing T. For mixtures richer than
stoichiometric, BSFC and torque show a very weak dependence on
ignition»timing; for mixtures leaner than stoiehiometric they show

a marked dependence on ignition timing; MBT timing establishes the
upper boundary of the BMEP curves, and the lower boundary of the

BSFC curves. thh MBT timing, BSFC falls continuously as the‘ﬁixture
is leaned, reaching a minimum around A = 1.3 (¢ = 0.77). No indication
of the onset of rough running is given on the curves of Figure E.3.

Figuie E.4 (16) depicts similar data taken with a Lycoming TIO-
541-E (turbocharged) aircraft'engine, in fligﬂt at constant BHP and.con—
stant RPM; rough running regions are indicated. For these data, Pm
and CHT vary as shown;vwhile variations in Pe, Tm and h are not
presented in Ref. 16. These data show a decrease in BSFC of about
18% from ¢ = 1 to ¢ = 0.75, along the lower envelope of the curves.
Since 35° spark advance was not established to be MBT (16), a further
decrease in BSFC may indeed have been possible with ignition timing
advanced beyond 35° BTDC.

Figure E.5 (16) depicts similar data taken with a Lycoming TIO-
541-E (turbocharged) aircraft engine, in flight at constant inlet
manifold preseure and constant RPM; rough running regions are indicated.
For these data, BHP and CHT vary as shown; while variations in Pe’

Tp and h are not presented in Ref. 16.
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-Figures E.3-E.5 shpw similar trends in BSFC with variétions in
'¢ and ignition fiming} These data'suggeét that, for a fixed set
{N., (i or BHP or P ), P_, T, CHT, h}: |
1. Lowest BSFC is obtained with ¢ < 1 and MBT ignition timing
2. For constant ¢ > 1: BSFC is not sensitive to ignition
timing so that a wide range of ignition timings is essentially
MBT.

3. For cohstant ¢ < 1: departure from MBT can result in
large increases iﬁ BSFC.

The BSFC curves of FiguresE.3-E.5 show brake performance and
therefore reflect variations in pumping losses and mechanical friction.
If the pumping and mechanical friction 10$ses were removed from these
data, and the brake performance thereby reduced to indicated performance,
one would expect curves for ISFC similar in form to these BSFC curves.
Since Ny is inversely proportionél to ISFC (Equation E.25), wg_expe;t
(for a given engine) a variation of n. with ¢ and ignition timing
similar to that shown in Figure E.6, for constant values of
{NE,(fnf or BHP or P ), Py, T,» CHT, h}. The envelope of these curves
corresponds to MBT ignition timing. MBT ignition timing becomes
progressively more advanced as ¢ decreases.

Throughout .the fﬁllowing discussion; and in keeping with Equation
E.27, indicated thermal efficiency will be considered to be a

function of Pm rather than mf or BHP. The following notation is

defined:
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e
"

indicated thermal efficiency for an equivalence

ratio ¢, a set S' = {Né,

MBT ignition timing Té . A curve such as that

t | t
P, P, T!, CHT', h }, and

shown in Figure E.7 (suitably adjusted for compression
ratio and engine geometry) is. appropriate to every
General Aviation piston engine. Note that ni is
a simple function of equivalance ratio ¢.

né = equivalent constant volume fuel-air cycle indicated
efficiency corresponding to ¢ and S'.

n. = 1indicated thermal efficiency corresponding to
equivalence ratio ¢, a set S = {NE, Pos Per T
CHT, h}, and ignition timing 7. S # S'.

n_ = . equivalent constant volume fuel-air cycle indicated
efficiency corresponding to ¢ and S.

Variation of the operating conditions from the set S' to

the set S, and in the ignition timing, results in:

Bni Bni ani ap
N. = n! + dN. + dp  +
i i NG s16 E P st M 55;'8',¢ e
any ang I oy ‘
+ dT_ + =—= d (CHT) + h
T, lgr o ™ a(CHT) 5.6 5}‘_5',¢>
ani ,
+ dt + (higher order terms) : (E.34)
a1 S0
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whererdNEé NE-Né etc., and the partial de:iyativesrare evalua;ed
for the conditions (S',9).

When MBT ignition timing is employed, the constraint Equation
E.33 applies. Considering this constraint in conjunction with
Equation E.34 (and neglecting terms higher than first order

therein) we may write:

on. omn.
_ i i on. on
R G— aN + 3 b+ 1! ap_ + 2 aT_
E Sto.1 mige 4t 5Pe , oT
SRR *T o $'.9.7, T 8',0,T,
+ Oy ‘d(ch) + Oy dh (E. 35)
5 (CHT) 3 |, -
5',0,7, 51,0,7, |

where the subscript T is used to indicate that MBT ignition
timing is maintained during each perturbation.
Following is a discussion of each of the perturbation terms

-on the right of Equation E.35.
Engine Shaft Speed:

_Figure E.8 shows some data from References 11 and 13 on
the effects of engine speed on n, - In both cases fuel-air ratio
was constant and MBT timing was used.+ According to Pye (11):
"an increase or decrease of speed as much as 20 per cent. above
or below the normal speed of an engine will have a very small
effect on efficiency". The variation in ny which does occur

with change of speed is the result of the collective contributions of:

fThe use of MBT ignition timing is implied rather than explicitly
stated by Pye(11). '
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" (a) Decreased heat loss to piston, cylinder walls and

cylinder head during combustion and expansion, due
to decreasing time for heat transfer as speed increases,

(b) Increasea rate of heat transfer to piston, cylinder walls
and cylinder head, due to increased scouring action of
the gases (turbulence) over the metal surfaces as speed
incieases,

(¢) Varying effect of the fixed valve timing with speed

changes.

The speed variations encountered in General Aviation piston
engines in cruise are typically Né + 300 RPM, with Né in the range
2200-2600 RPM, The percentage speed variations are therefore

within 15% of the midrange value Né.

In this study therefore, variations of indicated thermal

efficiency ny with changes in engine speed are ignored when MBT

timing is employed: ani
™ = 0 is assumed.

E S',¢,TO
Inlet Manifold Pressure and Exhaust Back-Pressure:
Figure E.9(a) shows data from Reference 13 on the effect
of inlet pressure P, = P on indicated thermal efficiency of fuel-
air cycles, for various valuesof equivalence ratio FR'= 6. (fuel
l-octene) and inlet temperature T1 = T, . Over the range 0.5 <

Py < 2.0 atmospheres, there is negligible variation in indicated

thermal efficiency. These figures are supported for a real
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cycle by Taylor (13, page 131) wherein varying Py from 28 to 20
rinéhes Hg absolute; wifh”MBT, altered ni from.0;292 t070.305T

As an engine is throttled, there is a progressive rise in
the proportion of residual exhaust gas which mixes with the
fresh charge during each cycle. This dilution decreases th? flame
speed and with fixed ignition advance, results in a dramati¢ fa11
in indicated thermal efficiency: see curve 'a' of Figure E;Q(b)
taken from Pye(11)+T According to Pye (11): "...the only wgy of
avoiding the fall of efficiency whenia homogeneous mixture is
throttled is the provision of adequate ignition advance'. fith
MBT ignition timing, curve 'b! (wherein ignition timing is
progressively advanced as the throttle is closed) of Figure E.9(b)
firs; rises siightly (as does the quoted data for the real cycle
pf Taylor (13)) and then drops back to its full load value5
However, the variation from a constant value of ni with |
throttling at MBT is slight.

The quantity of residual exhaust gas in the cylinder is
influenced not only by Pm, but also by the exhaust back—préssufe
Pe(lS). MBT ignition advance nullifies the influence of Pe on
ni, as was the case with Pm(13).

Consequently in this study, variations of indicated thermal

efficiency ny with changes of inlet manifold pressure and exhaust

+ : : '

'These figures were obtained on a CFR engine , 3 1/4 x 4 1/2 inch:
compression ratio 6:1, P_ = 30 in. Hga, T_ = 1509F, N_ = 1200 rpm
¢ = 1.13. e m E -

-++It is-assumed that equivalence ratio is constant in Figure E.Q(b),v
a fact not stated by Pye(11).

E-25



back-pressure are assumed negligible, when MBT ignition timing

is employed: ani ‘ Sni
3P = 55 = 0 is assumed.

S'.6,T € 5',0,T,
Cylinder Head Temperature:

Discussing a typical heat balance for an engine of compres-
sion ratio 5:1, Pye(11) states: 'The important thing to grasp
about the relationship beiween I.H.P. and heat loss to the
cylinder walls is ... that even if it were possible to rTun an
engine under truly adia batic conditions in which this loss to
the cylinder walls was entirely suppressed, that would ohly
mean an increase in the heat to I.H.P. of some 4 per cent.of‘
the total." The majority of heat lost to the cylinder walls
cannot be converted to indicated work even in this ideal case.

We therefore consider that variations in Cylinder Head
Temperature resulting from changes in heat flow rate from the
burned gases are not indicative of significant variations in
indicated thermal efficiency. -

As a result of these considerations, this study assumes that
indicated thermal efficiency shows no direct dependence on cylinder

head temperature:

an. an. ‘
— = 1 = 0 is assumed
9(CHT) ~ S (CHT) '

t
51,9,

In some installations, cylinder head temperature influences inlet
manifold temperature Tm and thereby indirectly influences indicated b
thermal efficiency. The effect of inlet manifold temperature Tm on

- indicated thermal efficiency is discussed below.

E-26




Humidity:

The effect of humidity on indicated thermal efficiency is
discussed by Taylor (13). In this study, huﬁidity is not cdnsidered
to be a variable: all computations pertain to a dry atmosphere.
Hence h' = dh = 0. |
Inlet Manifold Temperature:

As a result of the above discussion, Equation E.35 is contractedvf
to

on; |
nyo=ng o+ 57;- d'I‘m (E.36)
S',¢,To :
The author was unable to obtain data showing the explicit variation
of ng Qith Tm’ aé required by the derivative in Equation E.36. The

following means was therefore adopted for computing variations of

ni with Tm.
= '
:Let R no/no
R, = ny/n! (E.37)
R1 = ni/no
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Figure E.10(a) taken from Taylor (13) shows the variation
6f R = (constant volume fuel-air cycle indicated efficiency)/
{constant volume fuel-air cycle indicated efficiency for_'l‘1 =
T, = 700 R®) with inlet temperature T1 = Tm'; The curves are .
drawn for various values of FR = ¢ (fuel l-octene) and inlet
pressures p, = Pm tatmospheres). Indicated efficiency is
apparently most sensitive to inlet temperature Tm with fuel-
air ratios near stoichiometric, and with low manifold
pressures. It is assumed in this work that Figure E.10(a)
is typical of General Aviation piston engines, and that it is

typical for all temperatures T&. That is,

OR(9,P ,T )
R = R(¢,Pm,Tm) =1 + —r 'dTm (E.38)
m S
where
BROPLT s ron
T Tyl M o-900 | ¢ TR
S' 1 P' = p, = 1 atmos
' m 1 . :
< o)
. T1 = 700 R
= Tt
dTm = Tm Tm .
FIGURE E.10(a)

The small influence of P, on R is ignored.
Figures E.lO(b-e),»also from Taylor (13), show typical
variations of (indicated thermal efficiency)/(indicated efficiency
of the equivalent constant volume fuel-air cycle) with compression
ratio r, exhaust pressure pe/inlet pressure p., equivalence ratio
F/Fc, and inlet temperature Ti(MBT ignition timing is assumed throughout).

Comparing the present notation with that shown in these figures:
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Present Notation: P =019 : Figures E.10(b-¢)

e e
P =Py
¢ = F/F,
T =T
m i
Ny =N
o = Mo

For a given compression ratio enginé, it is apparent that the
effects of Pe/Pm are negligible, and that the effects of ¢

and Tm are independent. Hence:

; 3R, (9,T,)
Ry =R @OTY = 7 =R(&TYL  *+ —%F aT,
o S',T m '
0 St
o}
where R = R (¢,T.) is given by Figure E.10(d)
© o Ll P
e
oR. (¢,T ) . X
__%Tr__ﬂ_ is the slope of Figure E.10(e)
m S',1 '
o
dT_ = Tm - T!

T& = 550° Rankine in Figure E.10(d)
It is assumed in this work that Figures E.10(b-e) are typical

of General Aviation piston engines.

Now
L
Ei__ N s Mo
T S T T T
ni N, Mg n{
_ R1 R
R
o

(E.39)



Therefore

o}

R,R
- nt s
n; =n} = , (E.40)

Equation E.40 is used in this work in the computation of

Ny for MBT ignition timing. For these computations:

1. ni is represented by a cubic equation

nIe) = e + eo + e2¢2 . e3¢3 (E.41)

where the coefficients €, €15 €y, €3

are constants (see Figure E.7)
2. T! = 550° Rankine = 305.556° Kelvin
3. dTm = Tm - T
4. Figures E.10 (a,d,e) and Equations E.38 and E.39
supply the bracketed quantities on the right
hand side of Equation E.40. |
Figure E.11 shows a typical variation of the quantity
RIR/RO(Equation E.40)with Tm, computed from the data of Figure

E.10.

Summary of Effects on Indicated Thermal Effieiency:
Indicated thermaliefficiency ny has been shown to be a function
of {¢,T,NE,Pm,Pe,Tm,CHT,h}.
MBT ignition timing maximizes Ny for all sets {¢,NE,Pm,Pe,Tm,CHT,h}. "

Maximizing ni contributes to minimizing BSFC. In this study MBT



ignition timing is assumed for all modes of engine operation.
This "assumption reduceS'ni to a function of ¢ and Tﬁ;'given by
Equations E.40 and E.41.

The contributions of ¢,T and'Pm to ny (Equation E. 34) aré
shown schematically in Figure E.12. The variations of ny with

¢ in the vertical plane A correspond to Figure E.6; while the variations

of ni’in the plane B {constant

-

)} are postulated on the basis
of figure E.9. It is postulated that similar figures will be
obtained when Avais replaced by either ANE, APe, ATm, ACHT
-or Ah in Figure E.12, noting that ani/BTmls'_¢ ) # 0.

Y20

‘Summary of Indicated Horsepower Variations

Combining Equations E.15, E.18 and E.23, the variation of

" air mass flow rate from operating point 1 to operating point 2 is:

T (l-et) p (1+ep) p € N
. . ! ) 1 2
ma =m, — —_— (E.42)

1 T__ —p—
R L™ L2 | 1]
Then, from EquationsE.12, E.24 and E.42, the variation of indicated

horsepower fromoperating point 1 to operating point 2 is:

(1-g,) (1+€)
- n. T L PPir 1% |.n
7 12 ™ ™ 1 E,
IHP, = IHP. | -= — | |2 2 _1 2
2 1 ¢1 ni Tm pm Pe NE
1 2 1 2 1
(E.43)
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_f here ni_'ahd ﬁi, are separately computed from Equation E.40.

112

T HORSEPOWER

The ioétf%eah effective pressure and hence the lost horsepower
vaetefﬁiﬁééiﬁy the energy required for pumping, plus that

.. required to oVércome mechanical friction.

.

 Pumping Losses

Losses of.mean effective pressure due to pumping occur at

”1nlet and»é*héuSt valves. Taylor (13) has for the inlet valve:

5 MEP, P, ‘
o = fl Z, i P— (E-44) .
- 'm m

',fbr a given ehéine, where MEPi is the mean inlet pressure during

-,iﬁe inlef Stféke, aﬁd Z is the inlet valve Mach Index defined as:

. 2 . :
YA =[%] f%;‘ (non-dimensional)

2(b/d)2. Ng
30 C; /aYR. /T
N -
= c, E (E.45)
Tm

13 . '

 §here : é?linder bore, ft
d = inlet valve diameter, ft
g = piston stroke, ft

§‘é‘ﬁeaﬁ piston speed = ZKNE/GO, ft/sec

L3

: ﬁéaﬁ inlet flow coefficient

a é'sﬁéed of sound at the inlet valve, ft/sec
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g = gravitational acceleration, ft;/sec2

Y = ratio of specific heats for the inducted

fuel-air mixture

R = inducted mixture gas constant, ft.1b/1bm.°K

H

‘R, = gas constant for dry air (Equationm E.16)
CZ =~ constant

Figure E.13(2) from Taylor (13) shows a typical relationship

represented by Equation E.44. The effect of Pe/Pm is negligible

(Pm = P;» Pe = pe). Linearizing this curve gives the expression:

MEPi = Pm(l - ka), ' km >0 (E.46)
We expect an expression similar to Equation E.44 for the
exhaust valve. Taylor (13), instead of defining an exhaust valve

Mach Index Zé, expresses the exhaust MEP in terms of the inlet

valve Mach Index:

MEP_ ' P,
s—= £ |2, 5 F (E.47)

e

for a given engine. The temperature and pressure at exhaust valve
‘opening, which are "chiefly dependent on the volumetric efficiency,

the fuel-air ratio, and the compression ratio" (13) have been
characterized by Z, Pe/Pm,F (and compression ratio, which is here

not included for an engine of fixed designj. "In spark-ignition engines,

variations in fuel-air ratio are generally within the range in which
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the effect on pumping losses is small" (33). The effect of

varying F on the exhaust gas temperature, and hence on the speed

of sound at the exhaust vélve, is thus taken to be small. In.

the previous discussion of volumetric efficiency, it was

determined that the effect of Pm/Pe on n, was small for the engihes
here discussed. Hence itvis expected that the effect of Pe/Pm

~in Equatioﬁ E.47 would also be small for these engines. Consequently

we may write

e
P = £ (2] | (E.48)

where the exhaust valve flow characteristics are expressed
approximately by the inlet valve characteristics.

Figure E.13(b) from Taylor (13) shows a typical relationship
represented by Equation E.48 for an engine in which the effect of
Pe/Pm is not negligible: these curves have Pe < Pm. Taking the
form of these curves to be general, we may linearize Equation E.48
to:

MEPe = Pe(l + keZ), ke >0 (E.49)
for application to General Aviation piston engines,

CombininngquationsE.46 and E.49, the total lost mean

effective pressure due to pumping is:

PMEP

MEP - MEP.
e i

P (1 +k2) - P (1-k7) B (E.50)
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From Equation E.50 it is clear that:
(a) Increasing inlet maﬁifold éfessﬁfe Pﬁ
decreases pumping losses,
(b} Increasing exhaust back-pressure Pe
increases pumping losses,
(c) Increasing engine speed increases both
inlet and exhaust pumping losses.

Mechanical Friction

The discussion by Taylor (13) permits the approximate
representation of lost mean effective pressure due to mechanical

friction:

MMEP = (NE+mo) (m1 +m, - IMEP) + m (E.51)

3

Total Lost Mean Effective Pressure and Lost Horsepower

Combining Equations E.S50 and E.51, the total lost mean
effective pressure is

LMEP

PMEP + MMEP

Pe(l + k2) - Pr(1 - Kk 7)

- + (Ng#m)) (my+m, .IMEP) + m, (E.52)
and substituting for Z from Equation E.45,
: Np NE
LMEP = P_(1+k_C, — ) - P (1-k C )

e e’z /ﬁ; m' T m 2z fﬁ;

+ (NE+m°) (my+m, . IMEP) + my (E.53)
The lost horsepower is then:

LHP = (LMEP) DNE/458.33 (E.54)

for LMEP (1b/in%), D(ft%), Ng (RPM) .
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Lost Horsepower Based on the Motoring Test

Tayler (13) states: '"The mechanical friction mep of an engine
can be measured by measuring indicated and pumpihg mep with an
indicator énd the bmep by means of a dynamometer...Friction measurements
by meané of indicator diégrams are rare, and in most cases fhe basic
data musf come from the results of motoring tests...It has been shown
‘that motoring-test results are a reasonably accurate measure of
mechanicai-plus-pumping friction when imep is in the range of 100 psi
and) in the case of four-stroke engines, when pe/pi is nearly 1.0.
Thus in estimating friction for supercharged or throttled engines,
in which these conditions do not hold, suitable correction factors
must be applied to motoring-test data."

In the absence of data taken with the engine firing, it is
not possible to evaluate the constants in Equation E.53. An equivalent
expression for the lost horsepower, based upon motoring-test data,
is obtained as follows.

Taylor (13) shows that a reasonable estimate of LMEP for a
firing engine is:

LMEP = LMEP | + x (Pe-Pm) + y (IMEP-100) . (E.55)
where LMEPo is the result of a motoring test (with Pe and Pm
near one atmosphere). All pressures in Equation E.55 have units
of 1b/in2.

Values for x and y are given in Figure E.14(13), from which

it is apparent that:



b
1]
rd
t
>
bed
™~

=y s =y ' ' .56
y =y, * kyss Yo * kynNE (E.56)
where
kx = constant > O
Yo = constant > O
kyn = 2 kys 2/60 = constant > 0

The lost horsepower of the firing engine is then:

LHP

(LMEP) DNE/458.33

LHPO + DNE [x(Pe—Pﬁ) +y (IMEP-100)1/458.33

LHP_ + DNp [(1-k,2) (P
N
LHP -+ DNp [(1-k,C, ¢$:= ) (P-P) + (v, * kyNp)

P+ gk Np) (IMEP-100)]/458.35

tm o

(IMEP-100)]/458.33 | (E.57)

where LHPo “the lost horsepower obtained during the motoring test,

with P_ = P_ = 1 atmosphere.
e m

(LMEP ) DN;/458.33 horsepower

LMEP, P Pm and IMEP have the units lb/inz.

e,
The motoring horsepower LHP0 may be represented by a quadratic

algebraic equation in engine speed NE(RPM):

2
LHPO = a +.a1NE + a2NE (E.58)

where the coefficients a, a;, a, are constants. Representative

12 72
motoring horsepower data for General Aviation aircraft piston engines
are shown in Figure E. 15 (28).

Equations E.57 and E.58 are used in this work to determine the

Lost Horsepower in all operating conditions.
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FUEL METERING SCHEDULE

Fuel metering requiremenis for spark ignition reciprocating
internal combustion enginesarediscussed by Obert(29). Figure E.16
taken from Reference 15 shows the fuel-air ratio used by the
Curtiss-Wright TC18 Turbo Compound Engine.

. A rich fuel-éir ratio (¢>1) is required during idling,
decreasing to a lean fuel-air ratio (¢<1) requirement for
medium-power operation. The fuel-air ratio must be enrichened
again at high power levels.

Figure E.17 (from Reference 23) shows the mixture schedule
used by the Beech Single Lever Power Control system. While the
pfevious Figure E.16 carries air mass flow rate along the abscissa,
Figure E.17 shows an abscissa of percent rated power. Since éir
mass flow rate is related to IHP by Equation E.11, these two
representatiqns are essentially equivalent.

While a constant lean fuel-air ratiz is appropriate during
cruise below about 75% rated power, richer hixtures are necessary

at higher powers for three reasons:

-1. Full power can only be developéd with a rich mixture.
"Best Power Mixture' at wide open throttle (indeed,
at any constant air mass flow rate) is a fuel-air
ratio of apprbximately 0.08, ¢ = 1.2 (11, 23), with
MBT timing.

2. Excess fuel is required to provide cooling for the
engine.

3. A rich mixture is réquired to avoid detonation (see

Appendix F).
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For studies of engine performance in this work, the fuel-
air schedules shown in Figure E.18 are used. The abscissa .
scale is the mass fraction of dry air consumed at some specified
Fuel Schedule Datum condition (see below). . Schedule A repreﬁents
éruise operation near best power mixfure, enrichening to a fuel-
air ratio of 0.084 (¢ = 1.25) at maximum air mass fraction
(cf. Figure E.17). Schedule B differs from Schedule A at low
values of the air mass fraction, representing the.Desirable‘
Schedule of Figure E.17; while Schedule C gives a constant
lean fuel-air ratio in all operating conditions.

Humidity will affect metered fuel-air rétio in a manner
determined by the installation. Humidity is hotvconsidered.in
this study.

COMPUTATION OF NATURALLY ASPIRATED ENGINE PERFORMANCE

The procedure used here to compute the performance of a
naturally aspiratgd engine at a prescribed operating point |
requires the specification of certain engine characteristics;

a Reference Operating Point Condition; and a Fuel Schedule Datum
Condition.

Required Engine Characteristics

The following characteristics must be specified for the
computation of engine performance:

1. Engine displaéement,cu ft D

E-39



10,

Fuel metering schedule

fuel/dry air mass ratio

s
L]

(dry air mass flow rate)
(dry air mass flow rate at
the Fuel Schedule Datum)

»
]

Coefficients of the cubic Equation E.41

Manifold temperature pertaining to Equation E.41

3R versus ¢ (Equation E.38)
oT

me,
Ro versus ¢ (Equation E.39)

BRI (Equation E.39)

oT
m

Motoring coefficients (Equatidn E.58)

Lost horsepower coefficients (Equation E.57)

Volumetric efficiency .correction indices

(Equation E.23)

Reference Operating Point

F(x)

€0°€1°%27¢3 ¥

T'

The performance of the engine at the Reference Operating Point

(denoted by subscript 1) is completely defined by the above char-

acteristics and the following set of mutually consistent operating

parameters:
1. Inlet manifold absolute pressure
2. Inlet manifold temperature
3. Exhaust absolute back-préssure
4. Fuel/dry air mass ratio
5. Brake horsepower
6. Engine shaft speed

E-40

inches Hg
deg. K

inches Hg

horsepower

RPM



When values for these parameters have been specified, the

remainder of the engine performance at the Reference Operating

Point may be computed as follows:

1.

2.

LHP1 - Equations E.57, E.58
IHPl, IMEP1 - Equations E.2, E.5
ny - Equations E.40, E.41

1
m Ehanat+ian B 1N
m - £quation C.iv

f1
m =mn_ /F

24 fl 1

p - Equation E.17

my .
n - Equation E.14

"1

Fuel Schedule Datum

Iteration on
IMEP

The Fuel Schedule Datum condition (denoted by subscript fsd) is

nominally Wide Open Throttle at maximum continuous RPM at sea :

level; but it can be any other desired condition.

The dry air mass flow rate corresponding to this condition

‘may be computed from a knowledge of the engine performance at

the Reference Operating Point, and the following set of

parameters:

1. Inlet manifold absolute pressure P
Mesd

2. Inlet manifold temperature T
' Msd

3. Exhaust absolute back-pressure P
€fsd

4. Engine shaft speed NE‘

fsd

E-41
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When values for these parameters have been specified, the

corresponding dry air mass flow rate may be computed as follows:

1.
2.

3.

4.

=1

Feeq - Fuel Metering Schedule F(x) at x
P - Equation E.17
fsd _ .
n, - Equation E.23 (using the Reference Operating
fsd
Point value n_ )
Vi
m - Equation E.14

afsd

General Operating Point

Utilizing the computed performance at the Reference Operating

Point and the Fuel Schedule Datum, the performance of the engine .

at any other operating point (denoted by subscript 2) may be

computed by specifying the set:

1.

2.

3.

4,

Inlet manifold absolute pressure sz
Inlet manifold temperature Tm2
Exhaust absolute back-pressure Peé
Engine shaft speed » NE2

inches Hg
deg. K.
inches Hg

RPM

The computation of the performance proceeds as follows:

E-42

P -~  Equation E.17
2
ﬂv - Equation E.23 (using the Reference
2
Operating Point value n, )
1
m ‘- Equation E.14
a
2
X = maz/ma
fsd
F2 - Fuel Metering Schedule F(x)




. ¢2 - Equation E.20

mf2 = Fzmaz

niz - ) - Equations E.40, E.41
IHP2 - Equation E.10

IMEP2 - Equation E.5

LHP2 - Equations E.57, E.58
BHP2 - Equation E.Z2

BSFC2 - Equation E.8

Torque QE2 | - Equation E.3

* % % % *k % %k *k * * *x Kk & * * *
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TABLE E.1
PRIMARY INFLUENCE OF CONTROLS

ON ENGINE OPERATIONAL PARAMETERS

Engine [Fuel Variable Spark- | Throttle | Induction Air | Cowl Flaps | Turbine Waste- | Propeller Flight
Oper'l [Flow Advance System Heater and/or Gate § Nozzle |[Governor Altitude
Param. [Lever ‘ After-Cooler Geometry Control

F X

T X

p X X

m

T X X X
CHT X X X X X

Pe X X

Te X X X X

NE X

’ X X
QE - X X
h X




P
‘/ INDICATED WORK
1 - Area(A+C)
/e,C
e ——
ZPUMPING WORK
ARea (B +C)
. —V
FIGURE E.!'  TYPicAL PRESSUEE - VOLUME CYCLE DIAGRAM FoR A
NATURALLY ASPIRATED AIRCRAFT ENGINE.
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Fig 5-21. Comparison of efficiencies of actual cycles with efficiencies of equivalent
fuel-air cyclee—spark-ignition engines: n = efficiency of equivalent constant volume
fuel-air cycle with octane; y = indicated efficiency of CFR, 3}{ x 4)4 in engine, 1200 «_
rpm; fuel, gaseous butane, C3Hs. (Van Duen and Bartas, ref 5.21)

(REF. I3, page 134)
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SCHEMATIC
PoSTULATED TYPICAL VARIATIoNS OF INDICATED THERMAL EFFICIENCY T/{
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Fig 9-19. Ratio of inlet-stroke mep to inlet pressure: CFR engine 314 x 414 in; r =
1.9; T; = 580°F; p./pi = 1.0, 0.5, and 0.25; v 2= 1.2. (From indicator diagrams taken
by Livengood and Eppes in connection with ref 6.44.)
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Fig 9-18. Ratio of exhaust-stroke mep to exhaust pressure: CFR engine, 33{ x 434 1n,
r = 49; T; = 580°F; p,/p; = 1.0, 0.5, and 0.25; ¥y == 1.2. (From indicator diagrams
taken by Livengood and Eppes in connection with ref 6.44)

(b (Rer. 13, page 341)
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APPENDIX F
AUTOIGNITION, DETONATION AND KNOCK
IN SPARK-IGNITION PISTON ENGINES

 DEFINITIONS

The phenomena of autoignition, detonation and knock are dis-
cussed at length by Obert (29).

Autoignition is a spontaneous chemical reaction {(oxidation)
in the unburned mixture, ahead of the flame front in the combustion
chamber. This reaction may be either explosive (usual) or non-
exp}osive. |

Knock is the ndise accompanying autoignition. According to
Obert (29): |

In general, knock is the term used to signify any
unusual sound that arises because of autoignition
in the combustion process. 1In automotive work,
borderline knock is defined as audible knock
apparent in a quiet test room. In aviation work,
such borderline knock would be quite inaudible

. . . Here vibration pickups are attached to

the engine and, quite arbitrarily, a certain
level of indication is specified to be objection-
able knock.

. A detonating wave has been proposed as
the mechanism for explosive autoignition . . . It
would be well to . . . explain that the terms
detonation and knock are used synonymously by most
engineers although, to the physical chemist, de-
tonation is a unique propagation of combustion by
a shock wave at superacoustic velocity.

A complete understanding of autoignition phenomena has not
yet been reached. It is well recognized, however, that severe
autoignition is destructive in an engine. This is espetially true

in aircraft engines where light structures are used.
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FACTORS INFLUENCING THE OCCURRENCE OF KNOCK

Amongst those factors which influence the occurrence of

knock in Spark Ignition (SI) engines, Obert (29) lists temperature,

density, time and composition factors here quoted.

A.

TEMPERATURE FACTORS. Increasing the temperature of
the unburned mixture by any of the follow1ng factors
will increase the possibility of knock in the SI
engine:
1. Raising the compression ratio .
(a) Supercharging
2. Raising the inlet air temperature
3. Raising the coolant temperature
4. Raising the temperatures of the cylinder and
combus tion-chamber walls
(a) Opening the throttle (increasing the load)

5. Advancing the spark timing .

DENSITY FACTORS. Increasing the den51ty of the

unburned mixture by any of the following will in-

crease the possibility of knock in the SI engine:

1. Opening the throttle (increasing the load)

2. Supercharging the engine
(a) Raising the compression ratio

3. Advancing the spark timing

TIME FACTORS. Increasing the time of exposure of

the unburned mixture to autoigniting conditions by

any of the following factors will imncrease the pos-

sibility of knock in the SI engine: .

1. Increasing the distance the flame has to
travel in order to traverse the combustion
chamber v

2. Decreasing the turbulence of the mixture and
thus decreasing the speed of the flame .

3. Decreasing the speed of the engimne, thus
(a) decreasing the turbulence of the mixture .
(b) increasing the time available for preflame

reactions . .

COMPOSITION. The properties of the fuel and the fuel-

air ratio are the primary means for controlling

knock, once the compression ratio and engine dimen-
sions are selected. The probability of knock is
decreased by

1. Increasing the octane rating of the fuel .

2. Either rich or lean mixtures .

3. Stratifying the mixture so that the end gas
is less reactive

4. Increasing the humidity of the entering air

F-2
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 ENGINE PERFORMANCE -MODELLING

No attempt is made in this study to either pfedict the
occurrence of detonation or to model its effects on engine per-
formance. 1t is assumed that detonation-free operation prevails
at all times.

In justification of this assumption, the flight test experience
of Reference 16‘is invoked. In those experiments, fuel-air ratios,
ignition timings and manifold pressures were employed which were
beyond the domains of current General Aviation engine‘practice.

The latter two resulted in the simultaneous occurrence of:

1. Advanced spark

2. High inlet manifold pressure

3. High inlet manifold temperature

4. Moderately high cylinder head temperature.

Each of these conditions is conducive to detonation. Nevertheless
Chirivella (16) states that detonation was not observed:

During the initial flights and at high po&er

settings, detonation equipment was used to

monitor the engine operation . . . It was soon

realized that the techniques used to gather the

experimental data were not detonation-limited.

The detonation equipment was then removed from

the aircraft.

The engine used in these experiments was a Lycoming TIO-541-E.

The absence of detonation in the flight tests of Reference 16

is probably largely attributable to the use of low fuel-air ratios.

in conjunction with items 1-4 above. Figure E.16, taken from

Reference 15, shows how lean (as well as rich) fuel-air ratios in



the Curtiss-Wright TC18 Compound engine permitted higher aif-mass
'flow rates than would have been possible with a stoichiometric
mixture, due to the shape of the detonation boundary. In general,
detonation is most probable with fuel-air ratios in the vicinity/
of'stoichiomefric.

However, while spark advances from 20° BTDC (standard for
the Lycoming TIO-541-E) to 35° BTDC were.used in the flight tests
of Refereﬁce 16, the spark advance for maximum torque (MBT timing)
was not identified. Obert (29) states  that "maximum power [torﬁue]
‘is obtained with the usual SI engine (and fuel) when the spark is
adjusted to the point‘of audible knock.'" The use of MET ignition
timing thué commonly corresponds to the presence of some level
of detonation. Some detonation may therefore have been encountered
in the flight tests of Reference 16 had the spark been further
advanced to MBT.

The assumption of MBT ignition timing in this work, with its
attendant fuel economy advantages, is made in the knowledge that

such an operational mode may approach an autoignition condition.
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BMEP

BSFC

dh

OFF

NOMENCLATURE

Airframe-?ropeller-Atmoéphere
Tailplane span, ft

Wing span, ft

Brake Horsepower

Brake Mean Effective Pressure
Brake Specific Fuel Consumption

Brake specific fuel consumption, 1lbm/BHP.hr

Mean aerodynamic chord of the wing,'ft
Shaft specific fuel consumption, 1bm/SHP.hr
Airframe power-off drag coefficient

Airframe power-on drag coefficient

Airframe 1lift coefficient

Power coefficient

Torque coefficient

Speed-Thrust coefficient

Speed-Power coefficient

Thrust coefficient

Calibrated Airspeed

CylinderVHead Temperature

Propeller diameter, ft

Increment in center of gravity position h

Airframe drag (power-off), 1bf
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OFF
c

IHP
1SA
ISCPM

ISFC

Corrected airframe drag, 1bf

Airframe drag (power-on), 1bf

Number of engines, each driving -one propeller
Exhaust Gas Temperature
Compressibility'correétion factor

Slipstream interference factor

Propeller J-factor

Fuel-dry air mass ratio of fresh mixture entering the
engine

Stoichiometric -fuel-dry air mass ratio

. . . 2
Sea level gravitational acceleration, ft/sec
Transmission gear ratio

General Aviation

" ‘Distance of the airplane center of gravity aft of the

leading edge of ‘the mean aerodynamic. chord of ‘the wing,
fraction of c. “The quantity h f_is'a reference value
of h. re

Atmospheric mass -ratio of water vapour/dry air
{Chapter 5 and Appendix E only)

Geometric altitude above sea level “in the standard
atmosphere (=density altitude), ft

Pressure altitudg, ft

Indicated Horsepower

International Standard Atmosphere

Integrated Subsystem Cruise Performance Model
Indicated Specific Fuel Consumption
Propeller advance ratio

Propeller apparent advance ratio

N-2
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'NACA
NASA
NEA
NMBTE

OAT

Patmos
AUX

AUX
c

Airframe 1lift, 1bf .

Lost Horsepower
Air mass flow rate into each engine, 1lbm/hr

Corrected air mass flow rate into each engine, lbm/hr

Fuel mass flow rate into each engine, 1bm/hr

Total fuel mass flow rate to all engines, lbm/hr

Total fuel mass burned during a trip, 1lbm
Propeller helical tip Mach numEer

Inlet Manifold Absolute (static) Pressure
Minimum ignition advance for Best Torque
Propeller shaft speed, revolutions/second
Density Index |

Propeller shaft speed, RPM

Commanded propeller shaft speed, RPM
Engine shaft speed, RPM

National Advisory Committee for Aeronautics

National Aeronautics and Space Administration

Naturally aspirated MBT ignition timing Engine-Atmosphere

Naturally aspirated MBT ignition timing Engine

Outside Air Temperature (=atmospheric ambient air
temperature) :

Installed propeller shaft power, ft 1b/sec

Atmospheric ambient air absolute pressure, lbf/ft2

Auxiliary equipment power consumed per engine, horsepower

Corrected auxiliary equipment power, horsepower
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POH

PCHCPM

RPM

S*

Exhaust absolute static back-pressure, inches Hg
Brake horsepower (BHP) per engine

Inlet manifold absolute static pressure, inches Hg -
Airframe power required (power-off), horsepower

Corrected airframe power required (power-off), horsepower

Airframe power required (power-on), horsepower

Propeller shaft power, horsepower

Peripheral Computational Package
Pilot Operating Handbook
Pilot Operating Handbook Cruise Performance Model

Installed propeller shaft torque (apparent torque),
1b ft

Engine brake torque, 1lb ft

Corrected brake torque, 1b ft
Kernel of Qa,'lb ft

Propeller tip radius, ft

Gas constant for dry air, ft.1bf/lbm.degree Kelvin

Point Economy Function (=Specific Range), ground
nautical miles/1bm

Revdlutions Per Minute

. . 2
Airframe reference area = wing area, ft

ot

The kernel of R*c, knots/BHP

Corrected S*, :knots/BHP 2
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o h

T
atmos

TAS
TEA

TIT

‘Spark Ignition

Atmospheric ambient air temperature at pressure
altitude Hp’ degrees Kelvin.

Inlet manifold temperaturé, degrees Kelvin
Propulsive thrust, 1bf

Atmospheric ambient air temperature at altitude H in
the standard atmosphere, degrees Kelvin

True Airspeed

Turbocharged MBT ignition timing Engine-Atmosphere
Turbine Inlet Temperature

True airspeed, ft/sec

Equivalent airspeed, ft/sec

Equivalent airspeed, knots

Groundspeed, knots

- True airspeed, knots

Geocentric true windspeed along track, knots

Corrected géocentric true windspeed along track, knots

Airplane gross weight, 1bf
Wide Open Throttle
Corrected airspeed, knots

Corrected propeller shaft speed, RPM

Corrected Q*, 1b ft

Inlet valve Mach Index

N-5



Angle of attack, degrees

Propeller blade angle, degrees

Kernel of B, degrees

Airplane flight path angle to horizontal, degrees
Denotes an increment

Index for correcting volumetric efficiency for effects
of engine pressure ratio

Index for correcting volumetric efficiency for effects
of inlet manifold temperature

Constant which describes the effect of airplane longi-
tudinal center of gravity position on L/D

‘ ON
Free propeller efficiency

Installed propeller efficiency

Indicated thermal efficiency

Propulsive efficiency

Kernel of n

Tailplane efficiency
Volumetric efficiency

Constant which describes the effect of airplane
longitudinal center of gravity position on L/DOFF

Angular spacing of straight radial lines approximating
the constant B lines in the Cﬁ:Jz plot, degrees

Auxiliary equipment power loading factor
Atmospheric air density, slugs/ft3

Atmospheric air density at sea level in the standard
atmosphere, slugs/ft3

Atmospheric air density ratio = o/oo
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Ignition timing, crankshaft degrees before top
dead center

MBT ignition timing, crankshaft degrees before top
dead center

Equivalence ratio

Airplane heading, degrees True
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